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Transition metal phosphate (TMP) based materials are developing as
advanced type electrode materials for hybrid supercapacitors (SCs) due to
their unprecedented conductivity, and rich redox activity. Attracted by
these fabulous physicochemical characteristics of metal phosphates, binder-
free nickel copper (Ni-Cu) phosphate thin films with Ni-Cu composition
variation were directly grown on stainless steel (SS) substrate via
hydrothermal and SILAR methods. The composition of nickel and copper
ratio varied to achieve better results by using synergy among them. Binder-
free and adherent thin films of nickel copper phosphate were
characterized by various physico-chemical methods. The best performing
nickel copper phosphate electrodes were used for the fabrication of
asymmetric (Ni-Cu Phosphate//rGO) aqueous (1 M KOH electrolyte) and
solid state device (SSD) (PVA-KOH gel electrolyte). Moreover, SSD brightens
a panel of 201 red light-emitting diodes (LEDs) illustrating its commercial
practicability to next-generation hybrid energy storage devices.

Dr. Sachin Pujari studied master of physics at New
Arts College, Ahmednagar, and received a Doctorate
degree in 2022 from D. Y, Patil Education Society,
Kolhapur, India under the supervision of Dr. U. M.
Patil. His research interests currently focus on metal
phosphates for energy conversion/storage devices
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1D, 2D, and 3D Structured Metal
Chalcogenides for Supercapacitor
Application

S. S. Kumbhar, S. J. Marje, V. V. Patil, S. B. Bhosale, S. S. Pujari,
J. L. Gunjakar, C. D. Lokhande, and U. M. Patil

Abbreviations

1D One dimensional

2D Two dimensional

3D Three dimensional
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FESEM Field emission scanning electron microscopy
GCD Galvanostatic charge-discharge

GO Graphene oxide

NG N-doped graphene

NMC Nitrogen-doped mesoporous carbon
NWs Nanowires

PANI Polyaniline

Pt Platinum

rGO Reduced graphene oxide

TEM Transmission electron microscopy
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ARTICLE INFO ABSTRACT

Keywords: Transition metal phosphate (TMP) based materials are developing as advanced type electrode materials for

Ccf“centraﬁon variation hybrid supercapacitors (SCs) due to their unprecedented conductivity, and rich redox activity. Attracted by these

x%cmplztes fabulous physicochemical characteristics of metal phosphates, binder-free nickel copper (Ni-Cu) phosphate thin
1crorods

films directly grown on stainless steel (SS) substrate by hydrothermal method. The morphological alteration from
microplates like nickel phosphate to microrods like copper phosphate is detected with increasing copper content
in Ni-Cu phosphate thin films. The optimal 1:1 ratio of nickel and copper in Ni-Cu phosphate (Nij g2Cu; 35(-
PO4)2-H20) thin film illustrates high specific capacitance (Cs) (capacity (Cc)) of 711 F g’1 (355.5C g’l) at1.5A
g L. More significantly, a hybrid aqueous SC (HASC) and all-solid-state SC (HASSC) electrochemical energy
storage devices (ESDs) have been fabricated. The HASC device showed superior Cg (85 F g’1 at 0.8 A g’l) with
specific energy (SE) of 30 Wh kg™! at 1.27 kW kg ™! specific power (SP). Additionally, HASSC device offers a
higher C5 (52 Fg ! at 0.6 A g~!) with 18.53 Wh kg ! SE at 1.64 kW kg~ SP. Also, both HASC and HASSC devices
exhibit excellent long-term durability of 84.81 and 80.83 %, respectively, after 5000 GCD cycles. Moreover,
HASSC device brightens a panel of 201 red light-emitting diodes (LEDs) illustrating its commercial practicability

Nickel copper phosphate
Hydrothermal method

Hybrid energy storage devices
Thin film electrode

to next-generation hybrid energy storage devices.

1. Introduction

High-performance electrochemical energy storage devices (ESDs) (e.
g., supercapacitors (SCs) and batteries) are acquiring increasing focus
from researchers in the industrial field as well as fundamental scientific
research [1]. The SC as steady and reversible ESDs has become the most
favourable commercial device [2]. Unlike batteries, SCs possess high
specific power (SP) and long cycle lifespan that make them promising
candidates where (a) peak power demands and (b) maintenance-free
ESDs are necessary [3]. A unique scheme to improve the specific en-
ergy (SE) of a SC is the usage of electrolytes with a wide working voltage
window and a high specific capacitance (Cs) electrode (since E = 0.5
CVz) [1,4]. Remarkably, hybrid SC can offer both high SE and excellent
SP, ideally suitable for many emerging applications such as smart grids,
portable electronics, and electric vehicles [5]. The electrochemical be-
haviours of hybrid devices depends characteristics of the electrode
materials (porosity, surface area and conductivity) and sensitively on

* Corresponding author.
E-mail address: umakant.physics84@gmail.com (U.M. Patil).

https://doi.org/10.1016/j.est.2022.105037

the structures, particularly with the negative electrode materials (car-
bon based materials) [6,7]. Hence, the design and construction of novel
advanced electrode materials along with unique functionalities and
structural properties are critical to attaining breakthroughs in the
improvement of high-performance hybrid devices [8].

Till today, the various types of cathode materials have been exam-
ined for SCs including conducting polymers (polypyrrole, polyaniline,
etc.) and transition metal oxides/sulfides/hydroxide. Out of these elec-
trode materials, currently, TMPs have been fascinating enormous
attention for several applications including energy conversion, sensors,
magnetic devices, and ESDs owing to their metalloid characteristics [9].
Especially, TMPs with the qualities of outstanding redox activity, high
conductivity, environmental compatibility, earth abundance, sustain-
ability is more advantageous for ESDs and have been recognized as
competitive alternates for conventional metal oxide and hydroxide
along with conducting polymers-based electrodes [10]. Basically, PO~
polyhedral anions along with a zeolite structure are much more

Received 3 March 2022; Received in revised form 18 May 2022; Accepted 1 June 2022

2352-152X/© 2022 Elsevier Ltd. All rights reserved.
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favourable than those of phosphides, sulphides and oxides counterparts
owing to the lower electronegativity of P atom, aimed to remarkable
electronic properties [11]. Compared with other pseudocapacitive ma-
terials, TMPs possess highly desirable electrical conductivity (quick re-
action dynamics, naturally effective redox activity, rapid electron
transport), and also offer tuneable meso- and nano-structures to enhance
access of electrolytic ions, which is beneficial in SCs [12,13].

The mixed metal compositions have been examined as a cathode
material in hybrid SCs, since mixed metal compounds can reveal high SE
than single metal compounds because of the synergetic effect among two
metal cation species [14]. Presently, some attention has been paid to the
binary TMPs owing to their high electrochemical activities, when
serving as electrode materials in SCs. Specifically, in TMPs metals like,
Ni, Cu and Co, can provide multiple oxidation states, which demon-
strates pseudocapacitive behaviour. Hence, researchers have been
developing numerous TMPs, such as Nig(PO4)2 [15]. Cua(PO4)(OH) [16]
and Co3(POy4)2 [17] and used as a cathode in hybrid ESDs. Particularly,
nickel phosphate and copper phosphate are favourable electrode mate-
rials for SCs owing to their low cost as well as richer redox reactions
[16,18,19]. However, pristine nickel phosphate has some limitations,
such as poor rate capability [20] along with slow ion transfer rate [21],
and copper phosphate demonstrates low Cs;. Hence, nickel phosphate
and copper phosphate combination can resolve these shortcomings and
offer an efficient approach to perform higher supercapacitive perfor-
mance (durability, SE and C;). The combined advantages of nick-
el-copper (Ni-Cu) phosphate can exhibit superior electrochemical
performance in SC applications. Moreover, the studies on Ni-Cu phos-
phate thin film synthesis by using hydrothermal method for SC appli-
cation have been not investigated yet.

Considering the interplay and synergy matrix effect of bimetallic
phosphates, the binder-free Ni-Cu phosphate thin films are prepared for
the first time by using one-step hydrothermal method with various ratios
of nickel and copper molar concentration and investigated for SC
application. The impact of molar composition on morphological and
structural characteristics is investigated and analysed. The electro-
chemical capacitive performance of Ni-Cu phosphate electrodes was
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tested in a 1 M KOH electrolyte. Moreover, the HASC device (NCP-3//
KOH//rGO) and HASSC (NCP-3//PVA-KOH//rGO) devices were con-
structed using the highest performing Ni-Cu phosphate thin films as a
cathode and rGO as an anode. The combined influence of both types
(pseudocapacitive and EDLC) electrodes at the hybrid supercapacitor
device are examined and described herein.

2. Experimental section
2.1. Preparation of nickel copper phosphate thin films

In the Ni-Cu phosphate material synthesis, NiSO4.6H20,
CuS04.5H,0, and KH,PO4 were used as a source of nickel, copper, and
phosphate, respectively. For the controlled reaction procedure, urea is
added as a hydrolyzing agent in the chemical bath. Initially,
NiSO4.6H20 (0.033 M), CuSO4.5H20 (0.033 M) and KH,PO4 (0.066 M)
sources were dissolved in 50 ml of DDW along with urea (0.075 M). The
prepared mixture was stirred intensely till the formation of a homoge-
nous solution, and then it was utilized for further Ni-Cu phosphate
preparation. The Ni and Cu content is varied by altering molar compo-
sition as 0.033:0 (1:0), 0.024:0.008 (0.75:0.25), 0.016:0.016
(0.50:0.50), 0.008:0.024 (0.25:0.75) and 0:0.033 (0:1) M in chemical
bath and named as H-NCP-1, H-NCP-2, H-NCP-3, H-NCP-4, and H-NCP-
5, respectively. In prepared solution baths with different Ni and Cu
molar ratios (as mentioned above), best cleaned SS substrates were
dipped vertically. After dipping the substrate, the solution baths were
put into a hydrothermal autoclave and kept at a stable 388 K tempera-
ture for 60 min as displayed in schematic Fig. 1. After continuous 60 min
heating, the reaction bath was removed from hydrothermal autoclave
and deposited substrates were taken out from solution. The substrates
with deposited material rinsed several times in DDW for removal of
loosely bonded particles from the surface and dried at ambient condi-
tions. The prepared Ni-Cu phosphate electrodes on SS substrate were
directly employed for physicochemical characterizations. The deposited
mass of Ni-Cu phosphate material with various nickel:copper ratio is
analysed by weight difference method (Fig. S1) (see ESI). For samples H-

S
j:liSO.,. 6H,0

msog@\ 00(

Stainless Ratio variation
steel Ni:Cu
substrate

388K for 60 min

autoclave

Hydrhemal

Fig. 1. Schematic illustration of Ni-Cu phosphate thin films deposition by hydrothermal method at various nickel and copper molar ratio.
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NCP-1, H-NCP-2, H-NCP-3, H-NCP-4, and H-NCP-5, the deposited mass
per unit area is 0.65, 0.67, 0.70, 0.71, and 0.73 mg cm_z, respectively. It
is noted that, the increasing concentration of copper gradually increases
the mass of thin films, which may be owing to the little faster growth
kinetics of copper than nickel phosphate.

2.2. Preparation of reduced graphene oxide (rGO) electrode

The rGO was synthesized by using Hummers method from graphite
flakes [22]. Then, the achieved graphene oxide (GO) slurry was reduced
by employing hydrothermal technique (453 K for 14 h) and freeze-dried
to maintain a porous structure with a large surface area. Further, the
rGO electrode was made as follows: 75 wt% of well-synthesized rGO
powder, 20 wt% of carbon black (CB), and 5 % polyvinylidene difluoride
(PVDF) in N-methyl-2-pyrrolidone (NMP) were added to constitute a
uniform slurry. Then, the achieved slurry was laminated on the SS
substrate (area 2 cm?) and dried at 328 K for 3 h. Prepared rGO electrode
was utilized to probe electrochemical capacitive investigation and
construction of hybrid SC devices.

2.3. Hybrid device fabrication

In the present work, the PVA-KOH gel electrolyte is prepared as
discussed in our earlier report [17]. In constructing a hybrid device, Ni-
Cu phosphate served as a cathode electrode and rGO served as an anode
electrode along with gel electrolyte. To achieve better performance of
the device, charge balance between anode and cathode is crucial and it is
achieved by mass balance of both electrodes according to Eq. (6). The
mass balance ratio is found to be 0.44:1, where mass loading of H-NCP-3
electrode is 0.51 mg cm™2 and rGO is 1.16 mg cm 2. Positive and
negative electrodes were painted herewith the gel electrolyte to develop
a thin layer and dried at ambient temperature. Later together the elec-
trodes were sandwiched over each other in such a way that the elec-
troactive surface of both the electrodes was facing each other. After the
whole assembly was packed in the insulating tape to avoid any
contamination. Furthermore, the constructed device was pressed under
a hydraulic pressure at 0.7-ton pressure for 12 h to enhance the inter-
facial interaction of gel electrolyte among both electrodes. The con-
structed devices were packed in a plastic box and examined for the
electrochemical capacitive study.

2.4. Characterization techniques

The structural characterization of the Ni-Cu phosphate thin films
were examined by XRD from Rigaku miniflex-600 with Cu Ka (A =
0.15406 nm) in the 20 range of 10-80°. The FT-IR spectra were recorded
by an FT-IR 4600 type-A instrument using a KBr pellet at ambient
temperature for the detection of functional groups in Ni-Cu phosphate
thin films. The XPS (K-alpha XPS System, Thermo Fisher Scientific, U.K.)
was analysed for identifying oxidation states and chemical composition
of Ni-Cu phosphate thin film. The surface area and porosity were
measured from BET analysis using (Belsorp II mini) instrument. The FE-
SEM (JSM-6500F, JEOL) was utilized to examine the surface
morphology of prepared material and EDS (Oxford, X-max) was used to
observe elemental analysis. All electrochemical activities were evalu-
ated by using the ZIVE MP1 multichannel electrochemical workstation.

2.5. Electrochemical measurements

ZIVE MP1 electrochemical workstation was used to study the elec-
trochemical properties of Ni-Cu phosphate electrodes in 1 M KOH
electrolyte at the ambient conditions. The standard three-electrode
system was configured, where Ni-Cu phosphate electrodes were act as
a working, platinum sheet as the counter and the mercury/mercury
oxide (Hg/HgO) employed as the reference electrodes. The utilized
geometrical area in electrochemical measurements of working and
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counter electrodes was ~1 cm x 1 cm. Moreover, the examination of
electrochemical capacitive performance of hybrid devices was carried
out by using a two-electrode system.

The electrochemical properties of the Ni-Cu phosphate material were
studied by conducting cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) and cycling stability. The electrochemical impedance
spectroscopy (EIS) was conducted in the frequency range from 100 kHz
to 100 mHz at 10 mV amplitude and fitted well suitable equivalent
circuit utilizing ZView impedance software. Specific capacity (C.), Cs
and energy efficiency (EE) of the Ni-Cu phosphate sample was estimated
from the GCD tests as per following equations,

I xAr

-1

c.=—=0(ce?) eH)
I xAr .

¢ = av Fe) @

Lus [} Vadt
EE = dﬁ}];“ % 100 3)
L Jy Vendt

where m denotes the mass of electroactive material (g), At denotes the
discharge time (s), I denotes the applied current (A g’l), AV denotes the
potential range (V), I;s/I1 are the respective discharge/charge currents,
Viis/ Ven are the discharge/charge cell voltages, | 2 denotes discharging
time and [ & denotes charging time.

The SE and SP of the HASC and HASSC devices were calculated by
using Egs. (4) and (5), respectively as,

0.5 x Cs x (AV)?
SE=-"—~—""" 7
3.6

(Whkg™') 4
- E x3.6

SP
At

(kW kg™") (5)

where AV denotes potential windows (V/Hg/HgO) as well as At denotes
discharging time (s). The optimum mass ratio of the cathode material
(m,) and anode electrode material (m_) is calculated according to
charge balance equation as,

m, C_XxAV_

m_ C, x AV, ©®

where, C (4 or yand AV (4 o .) are Gs and potential window of the cathode
and anode electrodes, respectively.

3. Results and discussion
3.1. Nickel-copper phosphate thin film formation mechanism

Hydrothermally synthesized Ni-Cu phosphate material strongly de-
pends on the controlled precipitation via direct heating under enclosed
conditions and the development of solid-state through the conversion of
supersaturated phase to saturated phase of a solution [19]. Two signif-
icant steps contribute to the film formation process, the initial one is
nucleation monitored by the second one of crystal growth. During the
process of thin film formation, on the surface of a substrate, the growth
of material is followed by nucleation, coalescence, and stacking [17,23].
The deposition of Ni-Cu phosphate thin films is executed for different
molar ratios (H-NCP-1, H-NCP-2, H-NCP-3, H-NCP-4, and H-NCP-5) of
nickel and copper by using a hydrothermal method, and urea is utilized
as a hydrolyzing agent in the synthesis process. When the reaction bath
is heated at 363 K temperature, then urea decomposes delicately pro-
ducing CO, and NH3 as [24,25].

CO(NH,), + 3H,0—2NH} + CO,1 + 20H" )

According to the Eq. (7), released NHY ions complexes the Ni?t and
Cu?* ions in solution and forms Ni(NH3)?>" of Cu(NH3)?>" (Eq. 8). This
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metal amine complex gradually releases Ni2*/Cu?* ions, which inhibits
fast nucleation and controls the reaction rate, subsequently producing
homogeneous nucleation in the solution and heterogeneous on substrate
surface.
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monoclinic crystal structure of prepared nickel phosphate and copper
phosphate in H-NCP series. The peaks noted with an asterisk (*) are
recognized to the SS substrate. It can be noticed that, the diffraction
peaks relate to nickel phosphate are more prominent in H-NCP-2 than

NiSOy4.6H,0 + CuSO,.5H,0 + 2NH,OH— [Ni(NH;) |** 4 [Cu(NH;) " + 13H,0 +2S0%" ®

Also, KH,PO4 decomposes as given below,
KH,PO,—~K* + H,PO; 9

Finally, Ni2*/Cu?" ions from nickel/copper complex and H,POj ions
from phosphate precursor react with each other and produces Niy
Cus_x(PO4)2. nH0 solid state thin film, as per following reaction,

X[Ni(NH;3) ]** + (3 — x)[Cu(NH;) |** + 2H,PO; —Ni,Cu;_, (PO,),.nH,0 + 3NH;1 + 2H, 1

Reaction temperature (388 K) and reaction time (1 h) were opti-
mized for the uniform deposition of material on SS substrate as shown in
Fig. 1.

3.2. Structural and morphological analysis

XRD patterns of Ni-Cu phosphate (H-NCP-1 to H-NCP-5) electrodes
are exhibited in Fig. 2 (a). The H-NCP-1 and H-NCP-5 are XRD patterns
of pristine nickel phosphate and copper phosphate electrodes, respec-
tively. The sample H-NCP-1 (indicated as “@” in Fig. 2 (a)) affirms the
formation of Nig(PO4)2.8H0 (JCPDS-033-0951) with plans ascribed to
the (110),(020),(200),(011),(130),(101),031),(301),
(321),(141),(110),(251), (220), and (0 8 0) lattices. Also, the
sample H-NCP-5 (indicated as “a” in Fig. 2 (a)) confirms the formation
of Cug(PO4)2 (JCPDS-01-070-0494) with planes corresponding to the (0
01),(010),(101),(012),(121),(102),(210),(211),(232)and
(321). Crystal planes and detected peaks represent the creation of

other samples electrode, where nickel concentration is more than copper
in Ni-Cu phosphate films. Moreover, peaks related to copper phosphate
are more dominant than nickel phosphate in samples H-NCP-4, due to
higher concentration of copper. Intensity of peaks corresponding to
nickel phosphate decreases with decreases in concentration of nickel in
Ni-Cu phosphate sample and thus, XRD results affirm the formation of
Ni-Cu phosphate thin film form on SS substrate. The obtained XRD
patterns exhibits sharp intensity peak implies that, Ni-Cu phosphate thin
films are highly crystalline. Moreover, well crystallinity of Ni-Cu phos-

10)

phate may favourable for improving the electrochemical performance
by providing excellent electrochemical conductivity [26].

FT-IR spectroscopic investigation was performed to examine the
molecular chemical bonds and functional groups present in the syn-
thesized H-NCP thin films. Fig. 2 (b) reveals the characteristic peak at
559 cm ™! originated from metal-oxygen bonding of Ni—O in H-NCP-1
sample [27] and peak at 620 cm~! reveals Cu—O bonding in H-NCP-5
thin film [28,29]. The vibrational bands of PO?{ anion are noticed
around wavenumbers of 750 cm ! [30,31]. The peak positions at 1003,
1049 and 1134 cm ™ are attributed to symmetric stretching vibration of
P—O, and antisymmetric stretching of PO~ [32-34]. The absorption
peak of 1361 cm ! reveals bending mode of H—O—P bond [35]. The
peak of 1593 to 1698 cm™! illustrates H—O—H bending vibration of
structural water form H-NCP series samples. Also, the broad band from
3004 to 3387 cm ! signifies the O—H stretching from adsorbed water in
the synthesized material [36,37]. The prepared samples denote almost
similar range of peaks which confirms occurrence of similar chemical
bonds present in the Ni-Cu phosphate material and affirms presence of
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Fig. 2. (a) XRD patterns of Ni-Cu phosphate (H-NCP series) thin films, (b) FTIR spectra of as-prepared Ni-Cu phosphate thin films series.
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Fig. 3. Nitrogen adsorption-desorption isotherm of samples (a) H-NCP-1, (b) H-NCP-2, (c) H-NCP-3, (d) H-NCP-4 and (e) H-NCP-5.

structural water in the prepared Ni-Cu phosphate thin film samples. The
FT-IR investigation indicates successful synthesis of the hydrous Ni-Cu
phosphate thin films.

The Ny adsorption-desorption experiments were executed for the
analysis of specific surface area and pore characteristics of H-NCP series
samples, as depicted in Fig. 3 (a—e). The detected isotherms of H-NCP
series sample reveal a type III isotherm with H3 type hysteresis loop
except for sample H-NCP-3, which exhibits hysteresis of type IV
isotherm and H2 type of physisorption [38]. The type III isotherm rep-
resents most likely macroporous structural of material, and a lower
energy of adsorption, whereas, type IV isotherm indicates characteristic
property of mesoporous material [39]. A typical H3 type hysteresis loop
of H-Ni-Cu phosphate series samples represent plate-like particles
generating slit-shaped pores. On the other hand, H2 type hysteresis loop
of H-NCP-3 (c) sample represents well-ordered pores with narrow as
well as wide portions due to interconnecting channels [39,40].

Accordingly, BET surface area were calculated as the 16.74, 25.66,
83.74, 24.25 and 19.41 m? g~ for samples H-NCP-1, H-NCP-2, H-NCP-
3, H-NCP-4 and H-NCP-5, respectively.

The BET results reveal that, H-NCP electrode with optimum
composition of Ni and Cu (50:50), exhibits large surface area of 83.74
m? gL, The obtained high surface area can assists more active sites for
electrochemical interactions with electrolyte ions and it is convenient
for energy storage application. The average pore size distribution of H-
NCP series is shown in Fig. S2 (see ESI). Average pore diameters of
26.83, 23.79, 8.90, 24.03 and 20.76 nm are found for samples H-NCP-1,
H-NCP-2, H-NCP-3, H-NCP-4 and H-NCP-5, respectively. This macro and
mesoporosity along with higher surface area of the electrodes is bene-
ficial for electrochemical capacitive performance.

The chemical environment and composition of the elements are
investigated by employing XPS analysis. The survey spectrum of XPS for
sample H-NCP-3 (Fig. 4 (a)) displays existence of Ni, Cu, P and O
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Fig. 4. XPS complete survey spectra (a) and the corresponding (b) Ni2p, (c) Cu2p, (d) P2p and (e) O1s of the sample H-NCP-3.

elements. The Ni2p XPS spectrum in shown Fig. 4 (b) exhibits two peaks
at 874.6 and 856.90 eV corresponding to Ni2p; » and Ni2ps,s, respec-
tively which are characteristic to Ni2* states with satellite peaks at 861.7
and 879.9 eV are attributed to Ni®* placed at the surface [26,41,42]. For
the XPS spectrum of Cu2p region (Fig. 4 (c)), the peak at 935.0 eV
binding energy corresponds to Cu2ps,» along with satellite peak at
941.9 eV binding energy, signifies presence of Cut [43]. Similarly, the
intense peak at 955.1 eV binding energy implies Cu2p; /2 and the sat-
ellite peak at 963.3 eV reveal Cu?" oxidation state [44]. The P2p spec-
trum reveals a peak at 133.5 eV is due to 2P3/, state, which represent
P—O bonding (Fig. 3 (d)), and confirms pentavalent state of phospho-
rous (PO3") [45,46]. Fig. 4 (e) displays the spectrum of Ols which
deconvoluted into two peaks at 530.9 and 532.2 eVs attributed to strong

P—O and minute amount of O—H which reaffirms hydrous nature of H-
NCP-3 thin film [47].

The change in microstructure of Ni-Cu phosphate thin film electrodes
is visualized by FE-SEM images, owing to the ratio variation of Ni:Cu in
synthesis process. The SEM micrographs of Ni-Cu phosphate thin film
electrodes at two different magnifications (X500 and X2000) are
depicted in Fig. 5 (al-e2). The FE-SEM pictures of H-NCP-1 for pristine
nickel phosphate displayed in Fig. 5 (al, a2), indicates microplates like
architecture consisting of irregular shapes with average length of 12.23
pm and average thickness of about 1.4 pm. FE-SEM morphology of H-
NCP-2 sample is shown in Fig. 5 (b1, b2), the increased concentration of
copper in H-NCP-2 thin film exhibits change in morphology from dense
microplates like network to microflower with interconnected
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Fig. 5. FE-SEM images of Ni-Cu phosphate electrodes: (al, a2) H-NCP-1, (b1, b2) H-NCP-2, (c1, c2) H-NCP-3, (d1, d2) H-NCP-4, and (el, e2) H-NCP-5 at different
magnifications of X500 and X2000.
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microflakes like structure. It is observed that, the microflakes are
interconnected with each other and microflowers are over grown on the
surface of interconnected microflakes with an average thickness of 0.67
pm. Further increase in the content of copper for H-NCP-3 thin film
sample shows the microflakes like morphology with some individually
overgrown microrods as displayed in Fig. 5 (c1, c2). Also, these micro-
flakes are connected to each other forming into interconnected net-
works. The average thickness of flakes is 0.50 pm which is less than
observed for H-NCP-2 sample. The interconnected flakes like network of
H-NCP-3 can give enough space for diffusion of electrolyte ions, which is
highly desirable for SC electrodes [48]. Fig. 5 (d1, d2)) displays a
microrod -like morphology with an average thickness of 6.59 pm over
microflakes with further increase of Cu concentration in H-NCP-4 thin
film sample. The sample H-NCP-5 of pure copper phosphate exhibited in
Fig. 5 (el, e2) represents uneven structured microrods with an average
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length of 12.11 pm. The surface morphologies of H-NCP series thin films
demonstrate conversion of microplates to microflakes to microrod like
structure upon Ni:Cu composition variation in Ni-Cu phosphate thin
films. Such a change in microplates to microrods like morphology can
allow faster charge transport and rapid ion accessibility during an
electrochemical reaction [49].

The chemical composition of Ni:Cu phosphate executed by EDS study
and shown in Fig. S3 (see ESI). For sample H-NCP-1 exhibits Ni, P and O
elements, and affirms formation of nickel phosphate. Similarly, the H-
NCP-5 sample exhibits Cu, P and O elements and affirms formation of
copper phosphate. The other samples (H-NCP-2 to H-NCP-4) exhibit
nickel, copper, phosphorous also oxygen elements in the EDS analysis
without any other impurity, which confirm successful preparation of Ni-
Cu phosphate material in thin film form. The observed atomic ratios of
Ni:Cu (H-NCP-1 to H-NCP-5) electrodes along with experimental ratios
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Fig. 6. Electrochemical properties of H-NCP electrodes (a) comparative CV plots at scan rate of 20 mV s~1, (b) CV curves of H-NCP-3 electrodes at scan rates from 2
to 20 mV s~ %, (c) plot of log (peak currents) vs the log (scan rate) for electrode H-NCP-3, (d) plots of current contribution of battery type and capacitive type processes
of H-NCP-3 electrode, (e) comparative GCD plots at current density of 1.5 A g~1, (f) GCD curves of H-NCP-3 electrodes at current densities from 1.5 to 6.0 A g™ .
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are provided in Table S1 and it affirms a change in Ni:Cu composition in
Ni-Cu phosphate material, according to experimental molar variation.
The SEM and EDS results confirm Ni:Cu ratio variation influence to the
morphological alteration of Ni-Cu phosphate material.

4. Electrochemical analysis of nickel copper phosphate thin
films

The morphology alteration caused by molar ratio variation of nickel
and copper in Ni-Cu phosphate and its effect on supercapacitive per-
formance was examined in electrochemical cell of three electrode sys-
tem. The CV curves of H-NCP series electrodes are measured in
optimized potential range of 0 to 0.6 V (vs Hg/HgO), as shown in Fig. S4
(a) (see ESI). The comparative CV curves of H-NCP series electrodes at
20 mV s~ ! scan rate are revealed in Fig. 6 (a). The area under CV curve of
H-NCP-3 (Fig. 6 (b)) electrode is higher than nickel phosphate (H-NCP-
1), copper phosphate (H-NCP-5) and other Ni-Cu phosphate (H-NCP-2,
H-NCP-4) electrodes as shown in Fig. S4 (see ESI). The microstructure of
interconnected microflakes in H-NCP-3 sample reveal higher current
area under the curve than microplates and microrods like structure may
be due to high surface area offered by large number of pores created in
interconnected structure.

The CV curves of H-NCP-3 electrode at different scan rates from 2 to
20 mV s~ ! are displayed in Fig. 6 (b) and CV for reaming electrodes are
provided in Fig. S4 (a) (see ESI). The nickel phosphate electrode (H-NCP-
1) and copper phosphate electrodes (H-NCP-5) show well-established
redox peaks (Fig. S4 (b) and (e)) (see ESI) confirm pseudocapacitive
nature of material. Increasing copper content affects the morphology
that ultimately influence on the electrochemical performance in terms of
area under CV curves. The change of CV curve nature from nickel
phosphate to copper phosphate electrode (H-NCP-1 to H-NCP-5) is very
clearly noticeable in the Fig. S4 from (b) to (e) (see ESI). Area under the
CV curve increases for each sample with increasing scan rates from 2 to
20 mV s}, which exhibits the voltammetric current is directly propor-
tional to the scan rate. Furthermore, the reaction kinetics of CV curves
was obtained by using power's law expressed as follows;

i, =ar an

where, i, denotes peak current, a and b are adjustable factors, v denotes
scan rate, while b denotes determined values. The graph of log (i) vs log
(v) is used to calculate b value from slope of graph, where, if b is near to
0.5, the diffusion-controlled charge storage process is dominant, while b
is near to 1 represent the non-diffusion-controlled process [50]. The
calculated b-value of sample H-NCP-3 is 0.53, as shown in Fig. 6 (c). The
prepared H-NCP-1, H-NCP-2, H-NCP-4, and H-NCP-5 electrodes exhibit
b values of 0.52, 0.50, 0.51, and 0.76, respectively as shown in Fig. S5
(see ESI). The values of b for H-Ni-Cu phosphate series electrodes are
between 0.5 and 1, illustrating both (diffusive as well as capacitive)
processes are responsible for charge storage. To evaluate the distinct
influence of battery process (diffusion controlled) as well as surface
pseudocapacitive (non-diffusion controlled), modified Power's law is
used as expressed in following equation.

I, = Iy + I,y 12)

where, I, denote peak current density, I,y denote pseudo-capacitive
process (Isurface), 7?2 represent bulk process (Ipy) and v is the scan
rate [16]. Distribution of current density from pseudo-capacitive (Isy,-
face) as well as battery-like (Ipyk) process for all five Ni-Cu phosphate
thin films electrodes calculated using above equation and expressed in
Fig. S6 (see ESI). It depicts that, with increasing scan rate the distribu-
tion from pseudocapacitive process increases, which concludes that
capacitive process is dominant at high scan rate and diffusive process is
predominant at low scan rate and so, the active material demonstrate
battery like behaviour at low scan rate. At lower scan rate, due to more
time available for the diffusion process, electrolytic ions get accessibility
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in inner surface of the material which improves the utilization of elec-
trode material and store more charges and vice versa. The H-NCP-5
electrode (copper phosphate) shows highest capacitive contribution (24
%) than the other samples at scan rate of 2 mV s~ * (Fig. $6 (d) (see ESD).
Conversely, the nickel phosphate electrode (H-NCP-1) shows compara-
tively less surface capacitive current contribution (~10 %) in total
current at scan rate of 2 mV s~ ! (Fig. S6 (a) (see ESI)). The H-NCP-3
electrode shows (Fig. 6 (d)) surface moderate capacitive current
contribution of ~13 % and other sample reveals different values of
current contribution owing to different chemical compositions (nickel
and copper) and morphology.

The synthesized H-NCP series electrodes are further studied by per-
forming GCD measurements in the optimized potential of 0.0 to 0.5 V (vs
Hg/HgO) and comparative GCD plots of all H-NCP electrodes at a cur-
rent density of 1.5 A g~ are exhibited in Fig. 6 (e). The GCD plots of H-
NCP-3 electrode at various current densities are exhibited in Fig. 6 (f),
and GCD plots of other H-NCP series electrodes are given in Fig. S7 (a-d)
(see ESI). The nickel phosphate (H-NCP-1) and copper phosphate (H-
NCP-5) electrodes show distinct nature of charge-discharge curve as
shown in Fig. S7 (see ESI). The quasi-triangular (non-linear) profile of
the GCD plots exhibits the intercalation pseudo-capacitive nature of Ni-
Cu phosphate material [51,52]. The iR drop at the discharge curve is
very negligible and it is found in the range of ~0.005 to 0.02 V/Hg/HgO
for current densities from 1.5 to 6.0 A g 1. Such a low iR drop suggests
excellent electrochemical conductivity of Ni-Cu phosphate thin film
electrodes, and it is attributed to the binder-free synthesis by the hy-
drothermal method. We have calculated the energy efficiency (Eq. (3))
and the maximum energy efficiency value of 82.8 % is obtained for H-
NCP-3 electrode at 1.5 A g~ ! current density.

The H-NCP-3 (Fig. 6 (f)) electrode with optimum Ni:Cu ratio shows
high discharging time and reveal high charge storing capacity than other
Ni-Cu phosphate electrodes. The C; is calculated from GCD curves for H-
NCP series electrodes using the Eq. (2) and shown in Fig. 7 (a). The H-
NCP-3 electrode displays maximum C, value of 711 F g~ ! (355.5 C g™1)
ata current density of 1.5 A g~* and maintain C;of 672 Fg ! (336 Cg 1)
at current density of 6.0 A g~* confirms good capacitive retention (85 %)
even at high current density as displays in Fig. 7 (a). Similarly, the H-
NCP-1, H-NCP-2, H-NCP-4 and H-NCP-5 thin film electrodes show
maximum Cs value of 159, 672, 555 and 185 F g}, respectively at 1.5 A
g*1 current density as shown in Fig. 7 (a) and the Cg values calculated at
various current densities from 1.5 to 6.0 A g~ ! are plotted in Fig. S8 (see
ESI). It indicated that, C; value decreases at high current density because
of quick charging-discharging rate. Conversely, large exertion of active
material is feasible at lower current density which results in the high
capacitance values, owing to more penetration time available for elec-
trolytic ions to access inner surface of the material [53]. The well
electrochemical capacitive behaviour of H-NCP-3 electrode is originated
from synergistic influence of nickel and copper species (50:50 ratio) and
high surface area offered by interconnected flakes-like morphology.

Electrochemical cycling stability is crucial parameter for the SC
application. The electrochemical stability of H-NCP-3 electrode was
examined for 4000 GCD cycles at current density of 11.5 A g~! and
exhibited in Fig. 7 (b). The H-NCP-3 electrode shows 88.5 % capacitive
retention over 4000 GCD cycles. The GCD plots of first and last 5 cycles
are presented as inset (A and B) of Fig. 7 (b). The reduction in charge-
discharge time is noticed in final GCD cycles (inset Fig. 7 (b)) and
such, decrease in capacitance after 4000 cycle is observed may be due to
the loss of minute active material by the dissolution or detachment
during the early charging-discharge cycles [54]. The XRD, XPS and FE-
SEM analysis of nickel copper phosphate (H-NCP-3) sample was carried
out after the stability test. As mentioned in the XRD analysis, the before
stability H-NCP-3 sample displays crystalline nature due to the forma-
tion of interconnected microflakes of nickel copper phosphate material.
Moreover, the XRD patterns of H-NCP-3 samples for the before and after
stability test seem almost similar, as shown in Fig. S9 (a) (see ESI). There
is a minor change in XRD pattern of the H-NCP-3 sample after stability.
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Fig. 7. (a) Specific capacitance at current density of 1.5 A g~ of H-NCP electrodes (H-NCP-1 to H-NCP-5), (b) Capacitive retention vs cycle number plot of H-NCP-3
electrode at 11.5 A g~! current density for 4000 cycles (inset: GCD plots of (A) first and (B) last 5 cycles). (c) Nyquist plots of H-NCP electrodes (H-NCP-1 to H-NCP-5)

and (d) the fitted equivalent circuit.

Upon matching, it is confirmed that the most intense peaks of H-NCP-3
sample (before and after stability) match perfectly with Nig(PO4)2.8H20
(JCPDS: 00-033-0951) and Cu3(PO4)2 (JCPDS-01-070-0494). Most of
the peaks of H-NCP-3 sample match with the peaks present in the
Ni3(PO4)2.8H20 and Cug(PO4),, confirming the relatively stable nature
of nickel copper phosphate thin film electrode prepared by hydrother-
mal method. Moreover, to investigate the structural stability of nickel
copper phosphate electrodes, the XPS analysis of nickel copper phos-
phate (H-NCP-3) electrodes before and after the stability test was carried
out (Fig. S9 (b)). In the XPS analysis of H-NCP-3 electrode, it is observed
that the valence states of Ni and Cu sites are slightly changed because of
oxidation/reduction of cations after stability. In Ni2p spectra (Fig. S9 (b
(1)), the Ni®" state is slightly suppressed after stability and shows a little
increase in Ni®* state (855.2 and 872.8 eV), which is evident in the
transition of Ni states from Ni>* to Ni2" after the stability [26,41,42].
Similarly, oxidation in valence states of Cu cation is observed in Cu2p
region, as presented in Fig. S9 (b (ii)), which demonstrates oxidation
from Cu™ to Cu®" (934.2 and 954.3 V) [43,44]. Moreover, the satellite
peak at 940.2 and 943.1 reveals Cu®>" oxidation state of Cu cations,
which further confirms the partially filled d-orbital of divalent copper
(Cu®") [43,44]. Also, a slight change in Cu2p and Ni2p binding energies
after stability material confirms a similar transformation of valence
states of Cu and Ni cations. However, the major intensity decrement of
P2p (phosphorous) spectra is observed after stability (Fig. S9 (b (iii)),
which shows the pentavalent state of phosphorous is diminished near
the surface of electrode material. Moreover, an extra metal-oxygen bond
(M-0) is observed after the stability in O1s spectra, as shown in Fig. S9 (b
(iv)). These transformations of valance states of cations and the
appearance of M-O bonding confirms the insertion and extraction of
OH™ ions in the material during the charge-discharge process. The
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overall observed changes in the XPS study state that the vacancy sites of
(PO4)3 are occupied by the intercalated hydroxyl ions during charge and
deintercalated from their accommodated positions upon undergoing the
discharge process.

Furthermore, to examine the morphological change of nickel copper
phosphate electrodes, FE-SEM analysis (at different magnifications) of
nickel copper phosphate (H-NCP-3) electrodes before and after long-
term cyclic stability test was carried out (Fig. S9 (c)). It is clearly
observed that the microflakes like morphology is not much disturbed
and looks similar to before and after cycling (Fig. S9 (c (i, iii))). At higher
magnification of SEM images (Fig. S9 (c (ii, iv))), the external surface of
H-NCP-3 microflakes seems plane after cycling, where the overgrown
particles have vanished. The surface of microflakes is clearly observed,
which further confirms of sustainability of morphology after several
cycling (presented in Fig. S9 (c (i, iii))). The small change in surface
morphology without degrading microflakes like structure displaying
good electrolyte ion interaction and the stable morphology of the ma-
terial. Less damage in microstructure of microflakes proves excellent
electrochemical cyclic stability of nickel copper phosphate (H-NCP-3)
thin film electrode. Conclusively, XRD, XPS and FESEM analysis of Ni-Cu
phosphate thin film electrode after stability test illustrates that the
crystalline phase and interconnected microflakes like morphology are
relatively stable and can sustain strain and stress upon the intercalation
of OH ions during charging and discharging, and suggests that binder
free Ni-Cu phosphate thin film electrodes are suitable for energy storage
application. Also, it is found that, the achieved supercapacitive perfor-
mance for Ni-Cu phosphate electrodes is higher by means of C; and
durability compared to pristine nickel and copper phosphate/pyro-
phosphate based materials reported previously, as given in Table S2 (see
ESI).
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The measured electrochemical impedance quantitatively examines
the characteristics of thin film electrodes and electrolytes and interfacial
contact between them. The Nyquist plots of H-NCP series electrodes are
presented in Fig. 7 (c). Typically, all Nyquist plots display two different
portions: the semi-circle in high-frequency portion indicates solution
resistance (R;) and charge transfer resistance (R,), the middle frequency
portion related with diffusion-controlled process denoted by Warburg
element (W), and the low-frequency (straight line) part shows the
capacitive behaviour of electrode [55,56]. An equivalent circuit is
shown in Fig. 7 (d) and the fitted factors of equivalent circuit are given in
Table S3 (see ESI). The Rg and R represent interface resistance along
with constant phase element (CPE) exhibit general imperfect capacitor
(when n = 1 and Q = C) recognized to semi-infinite diffusion charges
[57]. The Ry values for H-NCP-1, H-NCP-2, H-NCP-3, H-NCP-4 and H-
NCP-5 electrodes are found to be 0.81, 0.98, 0.59, 0.68, and 0.90 Q
crn’z, respectively, and the R values are 1.73, 5.33, 1.60, 2.80, and
3.50 Q cm ™2, respectively. The smaller values of Rs and R for H-NCP
series thin films indicate a good attachment (binder-free) of active ma-
terial with current collector (SS substrate) and the spontaneous elec-
trochemical reaction among the electrolyte and active electrode
material. Also, it reveals good ionic conductivity of electrolyte and very
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low R value of material which lead to a high capacitance of H-NCP-3
electrode.

4.1. Hybrid aqueous supercapacitor (HASC) device

Improved working voltage range and higher SE is the vital benefits of
a hybrid SC device so herein HASC device is fabricated. To evaluate
practical feasibility of Ni-Cu phosphate electrode (H-NCP-3) in hybrid
device, a two-electrode system executed by constructing HASC device in
1 M KOH. The HASC device was fabricated by incorporation of best
achieved Ni-Cu phosphate electrode (H-NCP-3) and rGO electrode as
cathode and anode electrode, respectively. The schematic of the as
fabricated HASC device is illustrated in Fig. 8 (a). The electrochemical
study and characterization of rGO electrode (anode) are provided in
supporting information (Fig. S10) (see ESI). Fig. 8 (b) displays the CV
plots of rGO and H-NCP-3 electrodes within distinct potential windows
ata 50 mV s~ ! scan rate in a 1 M KOH. Fig. 8 (c) demonstrates that the
two individual pseudocapacitive electrodes with a balanced combina-
tion can achieve an extensive operating voltage in the HASC device. The
voltage of HASC device was optimized within the range of 1.2-1.7 V by
CV analysis, as revealed in Fig. S11 (a) (see ESI). The quasi-rectangular
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Fig. 8. (a) Schematic illustration of process to construct the HASC device, (b) The electrode CV curves for the rGO and H-NCP-3 electrode at a scan rate of 50 mV s7L
(c) the CV and (d) GCD curves for the HASC device at different scan rates (5-100 mV s ') and current densities (0.8-1.7 A g’l), respectively, (e) a plot of Cs with
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nature of CV plots are achieved up to voltage within 0 to 1.6 V and
thereafter, sudden increase in cathodic current is observed in CV pro-
files, signifying the corrosion of the electrode material and decomposi-
tion of the electrolyte can lead to irreversible electrochemical reactions.
Furthermore, the GCD curves of the HASC device at various voltages
(+1.2-1.7 V) are exhibited in Fig. S11 (b) (see ESI). At a voltage of +1.6
V, HASC device exhibits well GCD performance. Also, Fig. 7 (d) reveals
the GCD curves within a 0.0 to +1.6 V voltage range at 0.8-1.7 A g~
current densities. The Cs (displayed in Fig. 8 (e)) of the HASC device
calculated by using the discharge times according to Eq. (2) and
maximum C, of 85 F g~! is obtained at a current density of 0.8 A g™ .
Electrochemical impedance analyses of HASC device are presented in
Fig. 8 (f). Nyquist plot with fitted equivalent circuit as shown in Fig. 8 (f)
for HASC device. From the fitting circuit, equivalent series resistance
(Rs) and charge transfer resistance (R¢;) of the HASC device are esti-
mated to be 1.05 and 247.3 Q cm 2. A less Rq signifying electrochemical
interaction in among the electrode material as well as the electrolyte
ions. Also, in equivalent circuit W (4.49 Q) and CPE (0.82 mF) are
Warburg impedance and general imperfect capacitor when n = 0.84,
respectively, where the CPE represent an imperfect capacitor owing to
semi-infinite diffusion of ions [57]. Furthermore, SE and SP are crucial
factors for a hybrid SCs. Fig. 8 (g) displays the comparative Ragone plot
of the HASC device and it demonstrate maximum SE of 30.22 Wh kg ! at
a SP of 0.63 kW kg L. Also, the SE of 21 Wh kg ! is retained even at high
SP of 1.42 kW kg™L. The superior SE and SP values are the outcomes of
rational combination of cathode with the synergy of Ni-Cu phosphate
and anode of rGO electrode. The cycling performance of HASC device at
a current density of 3 A g~ is presented in Fig. 8 (h). The HASC device
displays 84.81 % capacitive retention over 5000 cycles, displaying
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superior reversibility of the HASC device. All of above tests exhibits that
the HASC device with favourable cycling stability as well as excellent SE
and SP has a great potential application as the hybrid SCs.

4.2. Hybrid all solid-state supercapacitor (HASSC) device

Last few years, significant demand for portable electronics such as
roll-up-displays, mobile phones, wearable electronics, etc. have special
requirements of HASSC device as the latest ESDs due their facile fabri-
cation, cheap cost packaging, lightweight, compatibility and smaller
size. In this regard, Ni-Cu phosphate electrode based HASSC device was
constructed using PVA-KOH gel electrolyte as demonstrated in sche-
matic Fig. 9 (a) and probed its applicability. The HASSC device was
assembled with H-NCP-3 (Nij g2Cuj.35(PO4)2) as a cathode and rGO
selected as an anode with gel electrolyte; its SC performance were pro-
bed using CV, GCD, and EIS study. The CV curves of the HASSC device
are estimated at various voltage range (+1.2 to +1.7 V), as displayed in
Fig. S12 (a) (see ESI) at a 20 mV s~! fixed scan rate. However, a fabri-
cated HASSC device shows a quasi-rectangular nature of CV curve in the
voltage range 0 to 1.6 V. Hence, the HASSC device is examined within
0-1.6 V at scan rates from 5 to 100 mV s~ ! and depicted in Fig. 9 (b). The
show CV curves maintain their nature at various scan rates, indicating
better capacitive characteristics of the device. The GCD plots of the
HASSC device at voltage range of +1.2-1.7 V at 2.0 A g~ ! are displayed
in Fig. S12 (b) (see ESI). In the voltage range 0-1.6 V, the HASSC device
exhibits well GCD performance. Fig. 9 (c) exhibits GCD curves of the
HASSC device at 0.6-2.7 A g ! current densities. Non-linear behaviour
of GCD curves affirms the typical diffusion-controlled charge storage
mechanism of pseudocapacitive (H-NCP-3) electrode. The HASSC device
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exhibited maximum Cg of 52 F g~! at current density of 0.6 A g~! as
displayed in Fig. 9 (d).

Fig. 10 (a) shows Nyquist plot of the HASSC device and inset shows
fitted equivalent circuit. The low values of Rs (6.33 Q) and R (17.3 Q)
of HASSC device suggest the facile electrochemical interaction among
electrolyte and electrode material. Also in equivalent circuit, W (0.20 Q)
and CPE (0.50 mF, n = 0.84) are Warburg impedance and general
imperfect capacitor. Fig. 10 (b) shows a comparative Ragone plot of the
HASSC device, which displays that the HASSC device has achieved the
maximum SE of 18.53 Wh kg ! at SP of 0.47 kW kg 1. The stability test
of the HASSC device is examined for 5000 GCD cycles at current density
of 4.8A g_l, and 80.83 % retention is achieved as illustrate in Fig. 10 (c).
The HASSC device displays long-term stability as well as good interac-
tion between electrode and electrolyte ions. Fig. 10 (d) illustrate the
practical applicability of the HASSC device, illumination of red LED
panel is executed using two series connected HASSC devices. Two series
connected HASSC devices operated at voltage of +3.2 V for 20 s and then
discharged through a LED panel of 201 parallel connected LEDs. More
strikingly, the HASSC device can glow the LED panel (201) for 65 s. The
present demonstration of HASSC device proposes that it is a favourable
hybrid ESD and can be utilize in portable electronic.

According to literature survey, there have not yet been studies on Ni-
Cu phosphate material based hybrid ESDs and therefore, hereby the
obtained performance of HASC and HASSC devices is compared with
other metal phosphate based devices by means of SE, SP and stability, as
given in Table S4 (see ESI). For example, Mirghni et al. [58] constructed
NaNi4(PO4)3/GF//AC device in a 2 M NaNOs electrolyte and it shows SE
of 19.5 Wh kg™! at a SP of 0.57 kW kg~'. An AC|NaNiPO4 based
asymmetric SC device was constructed by Senthilkumar et al. [59],
which exhibits the SE of 20 Wh kg™ and a SP of 0.13 kW kg~!. Also, a
NaNig 33C00.67P04.H20//AC device constructed by Liu et al. [60]

13

revealed an SE of 29.85 Wh kg’1 and 0.374 kW kg’1 SP. Gu et al. [61]
constructed Ni-CoP@C@CNT//GO based SC and it exhibits an SP of
17.4 Wh kg~ and SP of 0.69 kW kg~!. Wang et al. [62] assembled T-
NbyOs@NiyP//AC asymmetric SC that presents a maximum SE of 30.2
Whkg ™! and SP of 0.45 kW kg L. Lan et al. [63] fabricated NiCOP@NF//
AC asymmetric device, which exhibits SE of 27 Wh kg ™! at a SP of 0.64
kw kg_l. Li et al. [64] demonstrate AC//Ni-P@NiCo204 asymmetric SC
and the SC exhibit maximum SE 13.3 Wh kg™ ! at a SP 5.7 kW kg~ ..
Andikaey et al. [65] constructed an asymmetric SC device of FeCoCuP//
AC. The FeCoCuP//AC device exhibits maximum SE of 61.5 Wh kg ™!
and a high SP of 1201.7 W kg™!. H. Sharkawy et al. [43] assembled
hybrid Ni-Cu-P/NF//AC SC device and reported a high SE of 40.5 Wh
kg’1 at 875 W kg’1 SP. Furthermore, Alzaid et al. [66] assembled
Nig.75Mng 25(PO4)2//AC device which shows remarkable SE of 64.2 Wh
kg~ ! and SP of 11,896 W kg~ . Various electroactive materials based on
Ni, Cu, P delivered different charge storage properties with enhanced
electrochemical activities. The reported energy densities for T-
szOs@NizP/NF, FeCoCuP/NF, Ni-Cu-P/NF, and Ni0.75Ml’lo.25(PO4)2/
NF devices are little higher than current work, which may be owing to
the usage of Ni-foam (NF) as a current collector. In this study, SS is
employed as a current collector, which does not involve in the redox
reaction and contribute in capacitance. Hence, the obtained SE and SP
are ultimately delivered by the Ni-Cu phosphate material in present
work. The HASC and HASSC devices display high performance which is
ascribed to the several benefits delivered by Ni-Cu phosphate-based
cathode such as, the microflakes like morphology, synergistic impact
among bimetals and binder-free preparation of Ni-Cu phosphate thin
film electrodes.
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5. Conclusions

In this study, Ni-Cu phosphate thin films are successfully prepared on
SS substrate with variation in nickel and copper content by utilizing
single-step hydrothermal method. The XRD analysis affirms the mono-
clinic crystal structure, and XPS study and FTIR spectroscopy denote the
hydrous nature of Ni-Cu phosphate (NizxCuyx(PO4)2-nH50) thin films.
The molar variation (Ni and Cu content) affects the reaction kinetics,
eventually changing the morphology of microplates to microrods via
microflakes and offers distinct surface area with numerous electroactive
sites. The optimum Ni and Cu ratio (~1:1) in Ni-Cu phosphate
(Ni 2Cu1.35(PO4)2-H50) thin film electrode exhibit maximum Cg (C,) of
711 F g1 (355.5 C g~ 1) at a current density of 1.5 A g~ owing to high
surface area (83.74 m? g_l) and low EIS. Furthermore, the HASC device
delivers a maximum C, of 85 F g~ ! with a high SE of 30.22 Wh kg ! at SP
of 0.63 kW kg 1. Also, the HASSC device displayed a Cs value of 52.12 F
g ! with a SE of 18.53 Wh kg ! at 1.64 kW kg~! SP. Moreover, HASC
and HASSC devices demonstration better cyclic durability of 84.81 and
80.83 % after 5000 cycles. These superior electrochemical features and
practical applicability of fabricated devices suggesting a great potential
of Ni-Cu phosphate thin film electrodes as cathode in enlarging the era of
portable electronics.
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Currently, amorphous, hydrous compounds are receiving much attention as electrodes in hybrid
supercapacitors (S.C.s) as they offer extraordinary electrochemical efficiency because of disorder in their
structure and an excellent electrochemical interface. In this study, a simple, cost-effective and binder-
free synthetic SILAR method is used for preparing amorphous, hydrous nickel copper phosphate (NCP-S)
thin film on a stainless steel substrate (S.S.). The amorphous, hydrous NCP-S thin films exhibit
mesoporous, clustered spherical particle-like morphology. The optimal ratio (1:1) of nickel and copper
in the NCP-S (Niy56Cuy 44(PO4)2-H,O) material gives a high specific capacitance (C;) (capacity) of 750 F
g1 (41250 C g7 at 1.0 A g% More significantly, hybrid asymmetric aqueous S.C. (HAASC) and hybrid
all-solid-state asymmetric S.C. (HASASC) electrochemical energy storage devices (ESDs) have been
fabricated using NCP-S as a cathode and rGO as an anode. The HAASC device showed a superior Cs
(95.62 F gt at 3.0 A g~ with specific energy (S.E.) of 34 W h kg™t at 2.40 kW kg~ specific power (S.P.).
Additionally, the HASASC device offers higher C, (37.62 F g™t at 0.7 A g3 with 13.51W h kg™ S.E. at 0.55
kW kg™t S.P. Also, both devices exhibit excellent long-term durability (94.11 and 93.81%, respectively,

Received 17th July 2022 after 5000 GCD cycles). The amorphous, hydrous structures clearly indicate excellent accessibility of
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ions and stability of electrodes, which is favourable for the hybrid S.C.s. These remarkable
DOl 10.1039/d25e00978a supercapacitive results promise the application of amorphous NCP-S as a cathode in commercialized

rsc.li/sustainable-energy hybrid energy storage systems.

range. Owing to such excellent properties, they are found to be
more favourable ESDs for modern electronic applications in
Supercapacitors (S.C.s) have attracted extensive attention energy regeneration and hybrid electric vehicles, weight level-
among all energy storage devices (ESDs) due to their unique ling, and aerospace industries."” Nevertheless, the surface-
properties, which include long cycling durability, high-power ~controlled electrochemical reactions of S.C.s restrict the
capability, ease of operation and wide working temperature charge transfer process near and on the electrode surface,

1. Introduction

“Centre for Interdisciplinary Research, D. Y. Patil Education Society, (Deemed to be capacitance of the NCP-S series electrodes at various current densities, XPS

University), Kasaba Bawada, Kolhapur-416 006, M.S., India. E-mail: Umakant.
physicss4@gmail.com

*Department of Physics, National Dong Hwa University, Hualien-97401, Taiwan
°School of Chemical Sciences, Punyashlok Ahilyadevi Holkar Solapur University,
Solapur 413255, India

T Electronic supplementary information (ESI) available: Formulae for
calculation, mass deposition graph, pore size distribution curves of the NCP-S
series samples, EDS spectra of the NCP-S series samples, the CV graphs of
NCP-S1, NCP-S2, NCP-84 and NCP-S5 electrodes, pseudocapacitive (surface
current) and battery type (bulk current) current density contribution graph at
various scan rates for NCP-S1, NCP-S2, NCP-S4 and NCP-S5 electrodes, the
GCD curves of NCP-S1, NCP-S2, NCP-S4 and NCP-S5 electrodes, the specific

This journal is © The Royal Society of Chemistry 2022

study of the NCP-S3 sample before and after stability testing, the structural
and electrochemical study of the rGO electrode, the CV and GCD curves of
the HAASC device in different potential windows, schematic of HASASC
device fabrication, the CV and GCD curves of the HASASC device in different
potential windows, compositions of nickel and copper precursors,
experimental and observed nickel and copper atomic ratios in NCP-S series
thin films, comparison of various amorphous nickel copper
phosphate/pyrophosphate based electrodes, EIS fitted circuit parameters of
the NCP-S series electrodes, and comparison of electrochemical performance
for HAASC and HASASC devices with previous metal phosphate based devices.
See DOI: https://doi.org/10.1039/d2se00978a
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resulting in less energy storage capability than for the recent
lithium-ion batteries.** Therefore, upcoming modifications in
the S.C. field are on achieving a high specific energy (S.E.) value
while sustaining additional features such as specific power
(S.P.), cycle lifespan and fabrication cost. The most impressive
way to recognize S.C.s with improved S.E. is to fabricate hybrid
asymmetric S.C.s using separate cathode and anode electrode
materials with different operating potentials in the same
electrolyte.*® Typically, hybrid S.C.s are constructed utilizing
redox-active materials as a cathode (high S.E.) and carbon-based
materials as anode (high S.P.) electrodes. However, detecting
suitable cathode and anode materials that can enhance the S.C.
energy storage capability in terms of S.E. with maintained S.P. is
crucial.

So far, transition metal phosphates (TMPs) have been widely
employed as a potential cathode electrode in hybrid S.C.s;
besides this application, they are used in photocatalytic reac-
tions,” electrocatalytic water splitting," and rechargeable
batteries.™ As counterparts to transition metal carbides,
nitrides, oxides or hydroxides, TMPs have arisen as decent
mechanically steady and hard and good conductors for elec-
tricity and heat."* Open-framework-like structures along with
interstitial spaced and enormous channels endow them with
excellent ionic conductivity, facile ion/electrolyte mass trans-
port, high ductility with various stoichiometries, good access to
active sites for ion intercalation and excellent charge storage
capacity. Moreover, strong P-O covalent bonds offer high
structural strength and stabilize the lattice oxygen similarly in
the highly charged state, hence promising long lifespan and
safety in hybrid S.C.s.'' Thus, rich redox activity and the
distinctive structure of TMPs make them favourable cathodes
for ESDs. Furthermore, various TMPs have been introduced as
electrode materials in hybrid S.C.s due to their metalloid
properties and phosphorus that boost charge transportation
during electrochemical reactions. Inspired by these fascinating
features, various binary transition metal phosphates/
phosphides/pyrophosphates of Co-Mn,">'* Ni-Mn,"”** Ni-
Co,"?° and Ni-Cu*** along with several morphologies as well as
crystallinities have been explored towards hybrid S.C. applica-
tion. Among these TMPs, nickel-copper phosphate is desired to
be an ideal rival to traditional Co or Ni phosphates, as metallic
Cu reveals higher intrinsic conductivity than those of nickel and
cobalt, which will enhance the high electron transport rate.*
Still, the performance of nickel-copper phosphate in the energy
storage field has not been explored.

Recently, researchers reported that the amorphous and
hydrous structure of compounds reveals superior electro-
chemical activities with improved lifespan than their crystalline
or bulk counterparts owing to the reduced and disordered
structure, which reduces ion diffusion lengths.** The remark-
able nature of amorphous compounds is a disorder in structure.
Furthermore, amorphous materials dominate in the context of
unsaturated atoms ligands and effective faradaically active sites
comparable to their crystalline counterparts.*® These features
promote the charge storage process in the material. Wang et al.
reported that amorphous barium nickel phosphate prepared
using the cation-exchange reaction method exhibits good
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electrochemical properties with C; of 1058 F g ' and higher
surface area (64.8 m> g~ ') than that of its crystalline counter-
part.> Moreover, Xi et al. described the higher electrochemical
performance of ultrathin amorphous cobalt phosphate nano-
wires (Cs 1174 F g ') than the corresponding crystalline
compound.”” Chen et al synthesized amorphous vanadyl
phosphate (VOPO,)/graphene composites by a hydrothermal
method.”® Pang et al. prepared amorphous nickel pyrophos-
phate microstructures using calcination of the ammonium
nickel phosphate hydrate.” Omar et al. prepared a nickel
phosphate (Ni;(PO,),) material using a sonochemical strategy.*
Agarwal et al. reported SILAR synthesized Cu,P,0, nanoflakes.**
Agarwal et al. synthesized cobalt phosphate by a chemical
method.** Marje et al. reported that binder-free amorphous
nickel phosphate offers a higher C; (1031 F g™ ') value than its
crystalline counterpart.®® Hence, the reduced electrical
conductivity of amorphous compounds can be the main barrier
in attaining high electrochemical performance. Such a barrier
can be eliminated by developing direct growth or reproducing
binder-free electrodes of an amorphous compound on
a conductive substrate.

To date, various processing techniques have been used for
the synthesis of metal phosphates, such as hydrothermal,***
co-precipitation,® solid-state reaction,*” and various other
methods.**?* However, these methods include post-annealing
treatment, high temperatures, toxic gases, and time-
consuming reaction, which altogether hinder their commer-
cialization in the real world. Conversely, the SILAR method is an
efficient substitute for synthesizing amorphous nickel copper
phosphate (NCP-S) material in thin film form because of its
simplicity, less-time-consuming nature and cost-effectiveness.
Yet, no work has been reported on the SILAR synthesis of
NCP-S thin films.

Herein, for the first time, binder-free amorphous NCP-S thin
films were prepared on a conducting S.S. substrate using an
industry scalable and simple SILAR method at ambient
temperature and their potential in asymmetric hybrid S.C.s was
explored. Furthermore, the physicochemical characterization of
the synthesized binder-free NCP-S thin films was examined by
various techniques to determine the nature of the materials for
electrochemical analysis. Moreover, aqueous and hybrid asym-
metric devices were successfully constructed in 1 M aqueous
KOH and polymer gel electrolytes, respectively, using the best-
performing amorphous NCP-S as the cathode electrode and
rGO as the anode.

2. Experimental section

2.1 Preparation of amorphous nickel copper phosphate thin
films

Amorphous NCP-S thin film electrodes were synthesized by the
SILAR method, as shown schematically in Fig. 1(a), which
reveals the SILAR method using a three-beaker system at
ambient temperature. The S.S. substrates were first wiped with
acetone and smoothened with polish paper before ultra-
sonication in DDW. Varying concentration solutions of nickel
sulphate (0.0333-0.0249 M) and copper sulphate (0.0249-0.0333

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) lllustration of NCP-S thin film deposition by the SILAR method. (b) Photograph of SILAR synthesized NCP-S thin films with different

concentrations of nickel and copper.

M) (serving as the source of Ni* and Cu®* ions) were prepared
by dissolving stoichiometric amounts of NiSO,-6H,O and
CuSO,-5H,0 in 50 ml DDW, which served as the cationic
precursor source. 0.075 M dipotassium hydrogen orthophos-
phate was dissolved in 50 ml DDW, serving as the anionic
precursor source (source of PO,>~ ions). Detailed proportions of
nickel (Ni) and copper (Cu) precursors used experimentally are
provided in Table S1 (see the ESIT), for deposition of NCP-S
materials. In a typical synthesis, the precleaned S.S. substrate
was sequentially dipped in the cationic and anionic solutions
for 10 s each. After that, the substrate was rinsed in DDW for
20 s. At ambient temperature, 70 such cycles were repeated to
ensure a uniform deposition of amorphous NCP-S on the S.S.
substrate material.

The adsorption, reaction, and rinsing time in this experi-
ment are optimized by some trials to obtain a uniform and
adherent film on the substrate. After 70 deposition cycles, light
blue-colored thin films were obtained on the surface of S.S.
substrates as displayed in Fig. 1(b). The thin film electrodes
prepared by using different compositions of Ni and Cu
precursors are denoted as NCP-S1, NCP-S2, NCP-S3, NCP-54,
and NCP-S5 (given in Table S1 (see the ESI})).

2.2 Synthesis of the reduced graphene oxide (rGO) electrode

The G.O. was made by using a (top-down approach) modified
Hummers method* and further, the rGO was synthesized by
reducing the G.O. by the hydrothermal method (458 K for 12 h)
and freeze-dried to retain porosity with large surface area.
Furthermore, the rGO (negative) electrode made by using the as-
synthesized rGO powder (75 wt%), carbon black (C.B.) (20 wt%)
and polyvinylidene difluoride (PVDF) (5%) in N-methyl-2-
pyrrolidone (NMP) was utilized to make a uniform slurry.
Then, the achieved slurry was laminated on the S.S. substrate

This journal is © The Royal Society of Chemistry 2022

(area 2 cm?) and dried at 333 K for 2 h. The synthesized GO
electrode was used as an anode in the asymmetric hybrid device
fabrication.

2.3 Preparation of polymer gel electrolyte

To make the solid state device (SSD), polyvinyl alcohol (PVA)
and KOH were utilized for the preparation of a gel electrolyte.
Initially, 2 ¢ PVA was taken in 20 ml DDW and dissolved at a 363
K temperature under constant stirring until the solution
became transparent and clear. After that, 1 M KOH solution (in
10 ml of DDW) was dissolved in PVA solution and rigorously
stirred until the appearance of the solution became viscous,
clear and uniform.** The viscous as well as transparent gel
(PVA-KOH) was utilized as the gel electrolyte and separator in
SSD fabrication.

2.4 Characterization techniques

The structural characterization of the NCP-S thin films was
carried out by XRD using a Rigaku MiniFlex-600 with Cu Ko
radiation (A = 0.15406 nm) in the 26 range of 10-80°. The FT-IR
spectra were recorded using an FT-IR 4600 type-A instrument
using a KBr pellet at ambient temperature for the detection of
functional groups. XPS (K-alpha XPS system, Thermo Fisher
Scientific, UK) was carried out to determine the oxidation states
and chemical composition of the NCP-S thin film. The surface
area and porosity were measured via a BET investigation using
a Belsorp-mini II instrument. FE-SEM (JSM-6500F, JEOL) was
employed to examine the surface architecture of the prepared
material and EDS (Oxford, X-max) was used for elemental
analysis. All supercapacitive properties were estimated by using
ZIVE MP1 multichannel electrochemical equipment. The
prepared NCP-S thin films were employed as a working elec-
trode, with a platinum sheet and mercury/mercury oxide (Hg/
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HgO) as a counter and reference electrode. The electrochemical
properties of the prepared thin film electrodes were examined
using cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS). The
formulae used for electrochemical performance assessment in
three and two electrode systems are provided in the ESL

3. Results and discussion

3.1 Amorphous nickel copper phosphate thin film
formation mechanism

Amorphous NCP-S thin films were developed on the S.S.
substrate by adsorption as well as reaction among cations and
anions on the S.S. surface (as displayed schematically in
Fig. 1(a)). In brief, in a three beaker SILAR system, the first
beaker contains a mixture of nickel sulphate and copper
sulphate (NiSO,-6H,0/CuSO,-5H,0) aqueous solution with
different compositions as a cationic precursor. Then, the
adsorbed cations react with anions from the precursor
(K,HPO,) in the second beaker. Moreover, DDW in the third
beaker is utilized for rinsing purposes. The reaction mechanism
for amorphous NCP-S thin film development by the SILAR
method is as follows: a thin layer of Ni**/Cu®" ions become
adsorbed on the S.S. substrate while dipping the substrate in
a cationic precursor solution (kept at room temperature).

NiSO4-6H,0 + CuSO4-5H,0 + nH,O —
Ni** + Cu®* + 280, +nH,O0 (1)

An anionic precursor of K,HPO, dissociates as per eqn (2),
K,HPO, — HPO; + 2K* (2)

Furthermore, the reaction that occurred after dipping of the
wet substrate in the K,HPO, anionic solution, where a chemical
reaction between HPO2™ and adsorbed Ni*'/Cu** ions leads to
the deposition of an adherent NCP-S layer, is

@)INi** + (3 — x)[Cul** + 2HPO3  + nH,0 —
NiXCU3,X(PO4)2'I’lH20 + 2H+ (3)

Thus, the thin film of Ni,Cu;_,(PO,),-nH,0 is developed by
the layer-by-layer growth mechanism, where film growth occurs
by the nucleation of the ions at the nucleation middle on the
immersed surface of the S.S. substrate. The weight of amor-
phous NCP-S on the S.S. substrate was measured by the gravi-
metric mass difference method (Fig. S1, see the ESIf). The
deposited mass of material for electrodes NCP-S1, NCP-S2, NCP-
S3, NCP-S4, and NCP-S5 is 1.22, 1.10, 0.90, 1.02, and 1.12 mg
cm 2, respectively.

3.2 Structural and morphological analysis

The crystallinity of NCP-S1 to NCP-S5 electrodes was examined
by XRD analysis and the results are displayed in Fig. 2(a). The
amorphous phase of the as-prepared nickel copper phosphate is
observed, since no significant diffraction peaks were observed
in the XRD patterns. The peaks represented as ‘S.S.” are related
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Fig. 2 (a) XRD patterns of NCP-S series thin films. (b) FT-IR spectra of
NCP-S thin films (NCP-S1 to NCP-S5).

to the stainless steel substrate. The absence of diffraction peaks
from the XRD patterns of the NCP-S series electrodes indicates
creation of the amorphous phase of the material. With NCP-S it
is feasible to improve the electrochemical activities due to large
active sites being obtained owing to the irregular structure of
the material. Such amorphous structure of the material can
provide facile access to ions for storage in the nickel copper
phosphate material and permits a continuous redox reaction on
the surface, aimed at enhancing the performance compared to
crystalline structures.”>** The presence of chemical bonding in
the prepared electrodes was studied by FT-IR analysis. The FT-
IR spectra of NCP-S series thin films were examined in the
range of 4000-400 cm™ " and are presented in Fig. 2(b). The
characteristic peaks at 563 and 623 cm ™" are ascribed to metal-
oxygen bonding in the obtained thin films.*** The observed
peak at 765 cm ' is ascribed to P-O-P linkage.*** The
symmetric and asymmetric (P-O) vibrational mode of PO,*~
anions is confirmed by peaks observed at wavenumbers of 995
and 1050 cm ™ '."” The peak at 1385 cm ™" can be assigned to
H-O-P bending mode vibrations* and the absorption peak at
1598 cm ™' to water molecules (H-O-H). Moreover, a wide band
at 3480 cm™ " is observed due to the O-H stretching vibration
mode from structural water molecules captured in the material
during SILAR synthesis.*® The FT-IR spectra reveal the charac-
teristic properties of nickel, copper, phosphate and structural
water molecule bonding, which indicates the successful
formation of the hydrous NCP-S material.

Fig. 3 shows the surface area and pore size (Fig. S2 (see the
ESIT)) distribution of the NCP-S series samples examined using
N, adsorption-desorption isotherms. The obtained isotherms
of samples (a) NCP-S1, (b) NCP-S2, (c) NCP-S3, (d) NCP-S4, and
(e) NCP-S5 reveal a type III isotherm along with an H3 type
hysteresis loop which signifies a lower energy of adsorption and
characteristic features of mesoporous-like material.*® Using the
BET equation, the surface areas were calculated to be 23.77,
36.91, 37.30, 16.02 and 17.09 m” g~ for samples NCP-S1, NCP-
S2, NCP-S3, NCP-S4 and NCP-S5, respectively. The distribution
of pore size of the NCP-S series samples is revealed in Fig. S2
(see the ESIT). An average pore diameter of 28.82, 21.49, 18.48,
27.90 and 25.67 nm is obtained for samples NCP-S1, NCP-S2,
NCP-S3, NCP-S4 and NCP-S5, respectively, which is attributed
to the mesoporous structure of the prepared materials. The

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Nitrogen adsorption—desorption isotherm of samples (a) NCP-
S1, (b) NCP-S2, (c) NCP-S3, (d) NCP-S4 and (e) NCP-S5.

amorphous NCP-S thin film exhibits mesoporous like structures
as well as providing maximum surface area and numerous
mesoporous channels which may allow facile access to the
electrolyte within the material.

The surface information and valence states of elements in
the SILAR deposited NCP-3 thin film sample were further
examined by XPS and the results are presented in Fig. 4. The
existence of Ni, Cu, P and O elements was identified from
a survey scan of the NCP-S3 electrode (Fig. 4(a)). Fig. 4 (b-e€)
exhibit the high resolution emission spectra of Ni 2p, Cu 2p, P
2p and O 1s, respectively. In the Ni 2p spectra (Fig. 4(b)), the
peak for Ni 2p,,, located at 875.9 eV and for Ni 2p;/, at 858.4 eV
in association with the two satellite peaks at 880.1 and 862.6 eV
can be attributed to nickel species with the chemical states of
Ni*" and Ni*" at the surface of the material.¥” In the Cu 2p
spectra (Fig. 4(c)), the peaks situated at 956.5 and 934.3 eV are
from Cu 2p4/, and Cu 2p3,, associated with two satellite peaks at
963.1 and 943.9 eV and can be attributed to copper phosphate
with the chemical states of Cu®* and Cu*".>* The P 2p XPS
spectra (Fig. 4(d)) of the P element reveal one peak at 134.8 eV,
confirming the pentavalent state of phosphorus (PO,*7).*
Further, the O 1s band (Fig. 4(e)) was deconvoluted into two
peaks at 534.7 and 532.8 eV attributed to metal-oxygen mole-
cules and the O-H group from adsorbed water, respectively.**>°
The XPS results confirm the successful synthesis of hydrous Ni-
Cu phosphate in thin film form.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 XPS profile of the NCP-S thin film: (a) complete survey spec-
trum, and Ni 2p (b), Cu 2p (c), P 2p (d) and O 1s (e) spectra for sample
NCP-S3.

FE-SEM investigation was utilized for the surface
morphology analysis of SILAR deposited NCP-S thin films. Fig. 5
displays the morphologies of SILAR deposited thin films at
different magnifications (x30000 and x100000). The
morphological evolution is observed from samples NCP-S1 to
NCP-S5 due to variations in nickel and copper composition. The
FE-SEM images in Fig. 5 reveal a porous morphology consisting
of a spherical particle-like structure of NCP-S material. The FE-
SEM images of pristine nickel phosphate (NCP-S1) exhibited in
Fig. 5(A1 and A2) reveal that the sample consists of an
agglomerated spherical particle-like structure having an average
particle size of 110 nm. Moreover, with an increase of copper
content in the NCP-S2 sample (Fig. 5(B1 and B2)), a spherical
particle-like morphology is detected with an average particle
size of 135 nm. Moreover, the sample (NCP-S3) with the same
concentration (50:50) of nickel and copper phosphate dis-
played in Fig. 5(C1 and C2) reveals inter-connected spherical
particles with an average particle size of 86.50 nm with
a comparatively compact structure. Further, increasing the
copper concentration (NCP-S4), the morphology revealed
a porous network of particles having an average particle size of
115 nm, as shown in Fig. 5(D1 and D2). The pristine copper
phosphate sample (NCP-S5) displayed in Fig. 5(E1 and E2)
depict an aggregated particle-like structure along with an
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Fig. 5 FE-SEM images of NCP-S electrodes: (A1 and A2) NCP-S1, (B1
and B2) NCP-S2, (C1 and C2) NCP-S3, (D1 and D2) NCP-S4, and (E1
and E2) NCP-S5 at different magnifications (x30 000 and x100 000).

average particle size of 104 nm. At lower magnification
(Fig. 5(A1-E1)), the as-prepared (NCP-S series) samples seem to
have uniform, dense, compact and well-covered particles over
a substrate. A spherical particle-like structure may exhibit
a more porous surface area, which can result in a maximum
capacitance value by providing a large number of electroactive
sites. At higher magnification, numerous uniform spherical
particles possess loosely packed structures (Fig. 5(A2-E2)),
which are favourable for the accessibility of electrolyte ions to
active materials, which can offer excellent capacitance retention
at high charge-discharge rates.

Elemental mapping of the NCP-S series thin film samples
was carried out using EDS analysis and is presented in Fig. S3(a-
e) (see the ESIt). The presence of Ni, Cu, P and O elements in the
prepared samples NCP-S2 to NCP-S4 confirms the successful
deposition of the nickel copper phosphate material on the S.S.
substrate in thin film form via the SILAR deposition method.
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Also, the absence of copper in NCP-S1 and nickel in NCP-S5
samples confirms the formation of pristine nickel phosphate
and copper phosphate materials, respectively. The experimental
and observed nickel/copper ratios for the NCP-S series samples
are provided in Table S2 (see the ESIf). It is found that the
experimental and observed ratios of nickel and copper contents
in the samples are very similar, which further confirms the
formation of Ni,Cuz_,(PO,),-nH,0 (0 < x < 3) in NCP-S series
thin films.

3.3 Electrochemical analysis of amorphous nickel copper
phosphate (NCP-S) thin films

In the amorphous NCP-S material, the variation of the Ni: Cu
ratio and its effect on electrochemical capacitive performance is
examined by assembling a half test cell. Fig. 6(a) exhibits the
comparative CV plots of the NCP-S series electrodes in 1 M KOH
electrolyte at a scan rate of 20 mV s~ in the potential range of 0-
0.65 V (vs. Hg/HgO). The CV plot of the NCP-S3 electrode,
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Fig. 6 (a) The comparative CV curves of the NCP-S series electrodes
ata20 mV s tscanrate, (b) the CV curves at different scan rates from 2
to 20 mV s~ for sample NCP-S3, (c) plot of log peak currents (A g™2) vs.
the log scan rate (mV s7%) for NCP-S1, NCP-S2, NCP-S3, NCP-S4 and
NCP-S5 electrodes, (d) graphs of calculated pseudocapacitive (surface
current) and battery type (bulk current) contribution to current density
at various scan rates (2 to 20 mV s73) for the NCP-S3 electrode, (e) the
comparative GCD profiles of the NCP-S series electrodes at a current
density of 1 A g7 and (f) GCD profiles at different current densities
ranging from 1 to 4 A g~* for the NCP-S3 electrode.
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compared with other NCP-S series thin film electrodes, encloses
a larger area under the CV, reflecting its higher charge storing
ability. The amorphous NCP-S electrodes reveal well-established
redox peaks that confirm the pseudocapacitive behaviour of
thin films. The insertion of OH ™ ions from the electrolyte to the
amorphous NCP-S material takes place at charging and de-
insertion during discharging. The CV curves of the NCP-S3
electrode at different scan rates ranging from 2 to 20 mV s "
are presented in Fig. 6(b), and CV plots of other NCP-S series
thin film electrodes are supplied in Fig. S4 (see the ESIT). The
alteration of CV nature is distinctly observed from amorphous
nickel phosphate to amorphous copper phosphate electrodes
(NCP-S1 to NCP-S5) (Fig. S4(a-d)) (see the ESIt). The scan rate
dependent CV curves indicate that the area under the CV curves
increases with increasing scan rates, indicating that the vol-
tammetry current is proportional to the scan rate, which
confirms the pseudocapacitive nature of the prepared NCP-S
series electrodes.>

A charge kinetic investigation was performed to examine the
charge storage mechanisms of the NCP-S series thin film elec-
trodes. The charge stored in the electrode can be a result of the
combination of two mechanisms (diffusion-controlled and
capacitive components) and it is analyzed with the help of the
power law using scan rate dependent CV curves and can be
represented as follows,

ip=ar (4)

where i, denotes peak current, a and b denote adjustability
factors, and v is the scan rate. The b value of the NCP-S series
electrodes is estimated from the slope of the graph of log(i) vs.
log(v)** as displayed in Fig. 6(c). The graph illustrates that the
b values of NCP-S1, NCP-S2, NCP-S3, NCP-S4, and NCP-S5
electrodes are 0.68, 0.51, 0.59, 0.52 and 0.84, respectively as
displayed in Fig. 6(c). The values of b for the NCP-S series
electrodes range from 0.5 to 1 (ref. 53), which indicates that
both (capacitive and diffusive) processes lead to charge storage
in thin film electrodes. To recognize the individual contribution
of the capacitive and diffusion-controlled processes, a modified
power law can be used as expressed in the following equation.

I,=Cy+ Cy'? (5)

where I, represents peak current, v is the scan rate, and Csv and
Cpv'’* denote the charge contribution to current density from
capacitive (Isyrface) and diffusion-controlled processes (Ipyji)-**
For NCP-S3 thin film electrodes the current contribution (Igyrface
and Iy ) at different scan rates of 2-20 mV s~ is expressed in
Fig. 6(d). The current contribution of Igyace and Ipyy for the
NCP-S series electrodes is calculated at various scan rates and
presented in Fig. S5 (see the ESIt). It is noted that the capacitive
contribution is more for high scan rates and more diffusive at
low scan rates. Also, other electrodes display different current
contribution values due to different concentrations of nickel
and copper in the material. The NCP-S3 electrode offers ~58%
capacitive current contribution at a 20 mV s~' scan rate
(Fig. 6(d)) and it is higher than for nickel phosphate (NCP-S1)

This journal is © The Royal Society of Chemistry 2022
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(~42%) and copper phosphate (NCP-S5) (~46%) electrodes
(Fig. S5(a and d) (see the ESIt)).

The GCD analysis was executed within the optimized
potential window of 0-0.55 V (vs. Hg/HgO) and comparative
GCD plots of all NCP-S electrodes at a current density of
1.5 A g~ ! are exhibited in Fig. 6(e). In a comparative study, the
NCP-S3 electrode reveals larger charging and discharging time
than other electrodes. The GCD curves of other NCP-S series
electrodes at various current densities from 1 to 4 A g~ ' are
given in Fig. S6(a-d).f Non-linear discharging curves of the
NCP-S series electrodes exhibit deep ion intercalation and redox
reaction, which indicates the pseudocapacitive nature of the
material.** GCD analysis concludes that the NCP-S3 electrode
gives a higher charge-discharge response which may be due to
the large surface area offered by the nanostructure and
optimum composition of nickel and copper. From the GCD
graph, the C; of the NCP-S series electrodes are calculated and
plotted in Fig. S7.1 The NCP-S3 electrode displays higher dis-
charging time that accounts for the high Cs of 750 F g™" at
a 1A g ' current density compared to other electrodes and it
decreases down to 618 F g ' at a 4 A g ' current density.
Similarly, the NCP-S1, NCP-S2, NCP-S4 and NCP-S5 thin film
electrodes offer maximum Cy of 540, 640, 594, and 83 F g/,
respectively at a 1 A g~ " current density as presented in Fig. 7(a).
The achieved performance of the NCP-S electrodes is compa-
rable with that of other phosphate/pyrophosphate based
materials owing to the substrate, method of deposition and
capacitance, given in Table S3 (see the ESIt). The decrement in
Cs is noted with respect to an increase in current density owing
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Fig. 7 (a) Cs (F g% of NCP-S electrodes (NCP-S1 to NCP-S5) at
a current density of 1.0 A g%, (b) Nyquist plots of NCP-S thin film
electrodes (NCP-S1 to NCP-S5) and (c) the fitted circuit for the EIS
data. (d) Capacitance retention (%) vs. cycle number plot of the NCP-
S3 electrode at a current density of 6 A g~* for 4000 cycles (inset: GCD
plots of (A) the first and (B) last 5 cycles).
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to shorter time for electrochemical reaction with the nano-
structure by electrolytic ions at higher current density.** At the
same time, the longer interaction of electrolyte ions with the
inner and outer surface of the electrode material at lower
charge-discharge rates gives high Cs values.** The superior
electrochemical pseudocapacitive behaviour of the NCP-S3
electrode originates from the synergistic influence of nickel
and copper species (50 : 50 ratio) and high surface area offered
by the interconnected spherical particle-like morphology.

The EIS technique is employed to examine the ion transfer
and electrochemical conductivities of the electrodes. The
Nyquist plots for EIS measurements for the NCP-S series elec-
trodes are presented in Fig. 7(b). The EIS analysis was con-
ducted in the region of 100 kHz to 100 MHz at 10 mV amplitude
and fitted to a suitable equivalent circuit utilizing ZView
impedance software, as displayed in Fig. 7(c). The values of
fitted parameters of the equivalent circuit are tabulated in Table
S4.t1 The lower values of R, (0.55, 0.45, 0.33, 0.48 and 0.38 Q) and
R (0.70, 1.04, 0.38, 0.87 and 1.20 Q) are obtained for the NCP-S
series electrodes. The small values of R, (0.33 Q) and R (0.38 Q)
for the NCP-S3 thin film electrode denote a good attachment of
the binder-free active material with the substrate and the
spontaneous electrochemical reaction between the electrolyte
and active electrode material. From Fig. 7(d), the NCP-S3 elec-
trode shows 96.23% capacitance retention over 4000 GCD cycles
at a current density of 6 A g~ ", and the GCD curves of the initial
(A) and final (B) 5 cycles are revealed as an inset of Fig. 7(d). The
decrease in capacitance is noted because of the minute deple-
tion of active material from the surface after several charge-
discharge cycles. Moreover, to examine the structural durability
of nickel copper phosphate electrodes, the XPS study of nickel-
copper phosphate (NCP-S3) electrodes is performed before as
well as after the stability test (Fig. S81). In the XPS analysis of the
NCP-S3 electrode, it is noted that the valence states of Ni and Cu
sites are slightly inter-changed due to oxidation/reduction of
cations after stability testing. In the Ni 2p spectra (Fig. S8(a)T),
the Ni*" state is barely suppressed after the stability test and
exhibits a slight increase in Ni*" state (855.3 and 872.9 eV),
which is apparent in the Ni** to Ni** transition of Ni states after
the stability test." Similarly, oxidation in the valence states of
the Cu cation is detected in the Cu 2p region, as revealed in
Fig. S8(b),T which illustrates oxidation from Cu®* to Cu** (933.8
and 953.5 eV).** Also, a minute change in Cu 2p and Ni 2p
binding energies after the stability test confirms a similar
transformation of valence states of Cu and Ni cations. The slight
shift and decrease in intensity of the P 2p (phosphorus) spectra
observed after the stability test confirm the diminishing of the
phosphorus pentavalent states near the surface of the electrode
(Fig. S8(c)t). Furthermore, a slight shift of M-O and O-H bonds
in the O 1s spectra towards lower binding energy, as shown in
Fig. S8(d),T confirms the insertion and extraction of hydroxyl
ions (OH") during the charge-discharge process. The overall
XPS analysis states that the intercalated hydroxyl ions utilize the
vacancy sites of (PO4); in the process of charging and de-
intercalating from their accommodated positions upon
discharging.

Sustainable Energy Fuels
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3.4 Hybrid asymmetric aqueous supercapacitor (HAASC)
device

In order to further study the nano-structured electrodes for
practical application, an HAASC device was constructed, where
the NCP-S3 (Ni; 56Cuy 44(POy), - H,0) electrode as a cathode and
rGO electrode as an anode are utilized and estimated by a full
test cell using a 1 M KOH electrolyte. The schematic represen-
tation of the as-fabricated HAASC device is illustrated in
Fig. 8(a). To sustain charge storage equilibrium between the
positive and negative thin film electrodes in an HAASC device,
the required weight ratio of amorphous NCP-S3 and rGO elec-
trodes is found to be 0.38 : 1. Using a three-electrode system, the
NCP-S3 and rGO electrodes function in a distinct voltage range
that is favourable for enhancing the voltage range of the HAASC
device. The supercapacitive properties and characterization of
the rGO electrode are provided in Fig. S9 (see the ESIt). The
working potential limit for NCP-S3 is 0-0.65 V (vs. Hg/HgO)
whereas the rGO potential range is —1 to 0 V (vs. Hg/HgO) as
revealed in Fig. 8(b). The HAASC device was examined at a fixed
50 mV s~ ! scan rate in the range of 0 to 1.2-1.7 V and the results
are exhibited in Fig. S10(a) (see the ESIf). Upon increasing the
operating voltage window from 1.2 to 1.7 V, the current
contribution of the CV curve increases. The quasi-rectangular
nature of the CV loop is achieved up to a voltage limit of 0 to
1.6 V. Thereafter, an abrupt increase in current is noted owing
to the polarization phenomenon at 1.7 V, which may be
contributing to the irreversible reaction. Thus, the 0-1.6 V
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Fig. 8 (a) Diagram illustrating the process of assembling the HAASC
device, (b) three-electrode CV plots for the rGO and NCP-S3 elec-
trodes at a scan rate of 50 mV s, (c) the CV and (d) GCD plots for the
HAASC device at different scan rates (5-100 mV s™Y) and current
densities (3.0-3.9 A g1, respectively, (e) a plot of Cs with employed
current density for the HAASC device, (f) Nyquist plot for the HAASC
device and the inset displays the equivalent circuit for fitted data, (g)
Ragone plot of the HAASC device, and (h) a plot of capacitance
retention (%) vs. cycle number for the HAASC device.
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voltage range is selected for electrochemical examination of the
HAASC device. The CV curves of the HAASC device at different
scan rates ranging from 5 to 100 mV s ' are exhibited in
Fig. 8(c). The device displays a similar and reversible shape of
CV curves with good rate capability at various sweep rates.*

The GCD measurements of the HAASC device in different
voltage ranges (1.2 to 1.7 V) at a 3.6 A g~ current density are
given in Fig. S10(b) (see the ESIt). The GCD plot displays the
good performance within the voltage range of 0 to 1.6 V by
showing the symmetric charge-discharge nature. Hence, from
CV and GCD studies, the operating voltage range of 0 to 1.6 V
was selected for the HAASC and applied for further analysis. The
GCD plots of the HAASC device at various current densities
ranging from 3.0 to 3.9 Ag~ " are presented in Fig. 8(d). The non-
linear GCD plots are detected for the HAASC device. The C; of
HAASC devices evaluated from GCD measurements are shown
in Fig. 8(e). The HAASC device achieves a highest C, of 95.62 F
g~ " at a current density of 3.0 A ¢~ " and it decreases down to
65.81 Fg 'ata 3.9 Ag ' current density as depicted in Fig. 8(e).
The small decrement of capacitance at higher current density
suggests the excellent rate capability of the HAASC device. The
C; of the device decreases with increasing current density, due
to the inadequate electrode-electrolyte interface at higher
current density.>*3*

The properties of charge transfer kinetics in the HAASC
device were investigated by EIS analysis. The Nyquist plot of the
HAASC device is revealed in Fig. §(f) and the equivalent circuit is
depicted as inset of the figure. Low R, (0.87 Q) and R (96.92 Q)
values are observed owing to the excellent electrochemical
charge transfer kinetics. Also, the values of Wand CPE are 0.811
mF and 0.205 Q, respectively. The mutual nature of both elec-
trodes (NCP-S and rGO) is responsible for the better electro-
chemical performance of the HAASC with the enhanced
operating voltage range, Cs and S.E. The S.E. and S.P. are two
essential parameters in the S.C. performance analysis. The S.E.
and S.P. of the HAASC device are calculated and exhibited in
Fig. 8(g). The S.E. of the HAASC reached up to 34 W h kg~ " with
an S.P. of 2.40 kW kg '. Moreover, the S.E. remained at 23.39 W
h kg™ ' at a high S.P. of 3.11 kW kg™, which indicates the high
rate capability of the device. The asymmetric device with two
different EDLC and pseudocapacitive materials exhibits an
improved working potential window and S.E. and S.P.

The cycling stability of the HAASC device was studied by
testing for 5000 continuous GCD cycles at a current density of
13 A g~ ' (Fig. 8(h)). The capacitance retention with respective
cycles is plotted in Fig. 8(h) and the GCD plots of the initial (A)
and final (B) 5 cycles are depicted as an inset of the figure. The
HAASC device demonstrates an excellent 94.11% capacitance
retention after 5000 GCD cycles. The HAASC device shows
a decrement in the Cg in the initial cycles followed by an
increase in Cs owing to the expansion of the electrochemically
active volume of the material due to intercalation and de-
intercalation of ions after many GCD cycles. The amorphous
nature with superior capacitance of the HAASC device encour-
ages further usage of SILAR deposited amorphous NCP-S thin
films and rGO electrodes in the hybrid solid state energy storage
device application.

This journal is © The Royal Society of Chemistry 2022
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3.5 Hybrid all-solid-state asymmetric supercapacitor
(HASASC) device

Improving the energy storing capability of S.C.s is essential to
expand their feasibility at the commercial level. Drawing
inspiration from this, researchers are attempting to enhance
the advancement of electrode materials, flexible design and
electrolytes to boost the charge storing ability of the HASASC
device by keeping its fundamental characteristics. Therefore, an
HASASC device is fabricated, which offers many advantages,
such as low cost packing, wide working voltage range, and ease
of handling owing to lightweight and leakage-free fabrication.*”
The HASASC device is fabricated using amorphous NCP-S3 and
rGO as cathode and anode electrodes, respectively, in PVA-KOH
gel electrolyte, as shown in the schematic displayed in Fig. 9(a).
An HASASC device was fabricated employing large area (5 x 5
cm?) amorphous NCP-S3 and rGO electrodes. Furthermore,
those two electrodes were painted with PVA-KOH gel to form
a thin layer of electrolyte and dried in an ambient environment.
After drying, the edges of the electrodes were enclosed with
insulating tape to inhibit any shortening through the electrode
sides. The gel electrolyte was again painted on the surface of the
active material to ensure proper contact between the electrode
and electrolyte. Later, both electrodes were assembled to form
an SSD with the gel electrolyte. The assembled HASASC was
further packed with transparent plastic strips. Lastly, the
prepared device was pressed under a 1 ton pressure for 12 h to
increase the interfacial contact between the active electrode
materials and gel electrolyte. Thus, the HASASC device was
successfully fabricated by the aforementioned steps shown in
Fig. S11 (see the ESIT).
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Fig. 9 (a) Diagram illustrating the process of making the HASASC
device, (b) the CV and (c) GCD curves for the HASASC device at
different scan rates (5-100 mV s™!) and current densities (0.7—
2.8 A g, respectively, and (d) a plot of C, with the employed current
density for the HASASC device.
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The HASASC device CV and GCD plots optimized in various
voltage windows of 0 to 1.2-1.7 V were estimated at a 50 mV s ™"
scan rate and 2.8 A g~ ' current density as displayed in Fig. S12(a
and b) (see the ESIT). From the CV as well as GCD analysis, the
voltage range of 0 to 1.6 V is selected for electrochemical anal-
ysis of the HASASC device. Fig. 9(b) displays the CV curves of the
HASASC device at various scan rates from 5 to 100 mV s~ *. The
profile of the CV curve reveals a larger area under the curve with
perfect pseudocapacitive behaviour of the HASASC device. All
the CV plots maintain their profile irrespective of sweep rate,
signifying the capacitive behaviour of the HASASC device. The
GCD curves of the HASASC device at different current densities
ranging from 0.7 to 2.8 Ag~ ' are shown in Fig. 9(c) and the non-
linear charge-discharge profile illustrates a better electro-
chemical capacitive behaviour based on reversible redox reac-
tions. Fig. 9(d) displays the Cs of the HASASC device analyzed
from the GCD profile and the device attainsa C;0f 37.62 F g " at
a current density of 0.7 Ag™", and up to 22.75 F g~ " is retained at
a current density of 2.8 A g™,

The Nyquist plot for the HASASC device was studied by using
EIS analysis and is exhibited in Fig. 10(a) with an equivalent
circuit in the inset of the figure. The low values of Ry (0.24 Q)
and R (144 Q) are attributed to the superior ionic conductivity
of the gel electrolyte and compatibility of the binder-free elec-
trode material. The W and CPE are found to be 0.28 Q and 0.568
mF, respectively in the equivalent circuit.

The Ragone plot of the HASASC device is presented in
Fig. 10(b) and the fabricated device delivered the highest S.E. of
13.51Wh kg~ ' with an S.P. of 0.55 kW kg™ ', and maintained
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7.82Wh kg ' S.E. at a maximum S.P. of 2.16 kW kg . This
result illustrates enhanced S.E. and good rate capability of the
HASASC device that may have originated from the good Cy and
broad working voltage range. Furthermore, the electrochemical
cycling stability of the HASASC device is examined by taking the
GCD over 5000 cycles at a fixed current density of 8 A g~*
(Fig. 10(c)). The HASASC device delivers 93.81% capacitance
retention over 5000 cycles, suggesting the good electrochemical
reversibility and extensive lifespan of the device, ascribed to the
utilization of the gel electrolyte. To demonstrate the practical
applicability of the HASASC device, the illumination of the LED
(201) panel is executed using two serially joined HASASC
devices, as displayed in Fig. 10(d). First, two serially joined
HASASC devices were charged at +3.2 V for 30 s and then dis-
charged through a LED panel. More remarkably, the HASASC
device can light up the LED panel for almost 125 s. The digital
pictures of the shining LED panel at various time intervals are
displayed in Fig. 10(d). The initial bright shining of LED lights
denotes the eminent power output performance, thus offering
the fabulous competency of the developed HASASC device.
According to a literature survey, there have not yet been
studies on nickel copper phosphate material based asymmetric
hybrid devices, except our work reported earlier on synthesis of
microflakes of nickel copper phosphate®® and therefore, hereby,
the obtained performance of the HAASC and HASASC devices is
compared with earlier metal phosphate based devices by means
of S.P., S.E. and stability tests, and given in Table S5 (see the
ESIY). Also, the corresponding Ragone plot of the HAASC and
HASASC devices with comparative literature reports is plotted in
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Fig. 10 (a) Nyquist plot for the HASASC device and the inset reveals the equivalent circuit for the fitted data, (b) Ragone plot of the HASASC
device, (c) a plot of capacitance retention (%) vs. cycle number for the HASASC device, and (d) digital photographs for demonstration of the
HASASC device with a glowing panel of 201 red LEDs at distinct time periods.
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Fig. 10(b). For example, Andikaey et al.*® reported an asym-
metric FeCoCuP//AC device and shows an S.E. of 61.5 W h kg ™"
and a high S.P. of 1201.7 W kg~ ". Mirghni et al.*® constructed an
NaNi4(PO,);/GF//AC device and reported an S.E. of 19.5Wh
kg ' ata S.P. of 0.57 kW kg~ ’. An AC||NaNiPO, SC was reported
by Senthilkumar et al.®* which exhibited an S.E. of 20 W h kg ™"
and an S.P. of 0.13 kW kg . Also, a NaNig 33C0, 6,PO4.H,0//AC
device constructed by Liu et al.®* revealed an S.E. of 29.85W h
kg ' and 0.374 kW kg ' S.P. H. Sharkawy et al** reported
a hybrid Ni-Cu-P/NF//AC device which exhibited a high S.E. of
40.5Wh kg™ at 875 W kg ' S.D. Wang et al.** assembled a T-
Nb,Os@Ni,P//AC asymmetric S.C. that shows an S.E. of 30.2 W
h kg™" and S.P. of 0.45 kW kg~ '. Furthermore, Alzaid et al.®®
reported an Nig ;5Mn 25(PO,4),//AC device which shows an S.E.
of 64.2Wh kg and S.P. of 11896 W kg . Lan et al.** fabri-
cated a NiCoP@NF//AC device which exhibits an S.E. of 27 Wh
kg ' at a S.P. of 0.64 kW kg '. The reported FeCoCuP/NF, T-
Nb,0;@Ni,P/NF, Ni, ;sMn, ,5(PO,),/NF and Ni-Cu-P/NF based
hybrid devices exhibit slightly higher S.E. than those in the
present work, which may be owing to the usage of Ni-foam (N.F.)
as a current collector. Also, various electroactive materials (like
Ni, Cu, and P) delivered different charge storage properties for
enhancement in electrochemical activities. In this study, S.S. is
employed as a current collector, which does not participate in
the redox reaction and the achieved S.E. and S.P. are delivered
solely by the active material (NCP).

In summary, the amorphous, hydrous and mesoporous NCP-
S thin film delivers a higher specific surface area, less imped-
ance (Rs and R.) owing to binder-free synthesis and speedy
charge delivery in redox reaction.®**® In the amorphous mate-
rial, electrolytic ions freely diffuse because of the defect-rich
structure, which is favourable to accessing more electroactive
material.*® Additionally, the amorphous NCP-S material offered
excellent cycling stability relative to the crystalline phase since
the amorphous phase does not show changes in strain while
charging and discharging.” Hence, in the present work, the
achieved amorphous, hydrous material uniquely delivers high
S.E. and S.P. due to the mesoporous structure and amorphous
spherical particles. The HAASC and HASASC devices display
high performance which is attributed to the several benefits
delivered by the amorphous nickel copper phosphate cathode,
such as spherical particle-like morphology, mesoporous and
hydrous nature, synergistic impact of the metal (Ni: Cu) phos-
phate, and binder-free preparation of the Ni; 56Cu; 44(PO,4),-
-H,O thin film electrode.

4. Conclusions

In this report, an amorphous NCP-S thin film (binder-free
approach) electrode was prepared on an S.S. substrate
employing a facile SILAR method at ambient temperature and
applied as a cathode material in a hybrid S.C. A facile SILAR
method allows binder-free synthesis of an amorphous, hydrous
Ni;_,Cu,(PO,), - nH,0O material with selective Ni: Cu composi-
tion variation. The mesoporous, amorphous composition,
spherical particles with Ni:Cu composition of 1:1 deliver
a higher specific capacitance (C;) (capacity) of 750 F g~ (412.50

This journal is © The Royal Society of Chemistry 2022
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C g 1). The spherical particle-like morphology as well as the
amorphous nature of the Ni; 56Cuy 44(PO4),-H,O thin film
electrode exhibit high performance owing to lesser diffusion
pathways and extra electroactive sites (37.30 m” g~ ') for elec-
trolyte ion penetration. Furthermore, the constructed HAASC
device delivers a C, of 95 F g~ ' along with a higher S.E. of
34 W h kg ' at an S.P. of 2.40 kW kg . Also, the HASASC device
displayed a C, value of 37.62 F g~ " with an S.E. of 13.51 Wh kg "
at 0.55 kW kg~ ' S.P. Moreover, the HAASC and HASASC devices
demonstrated outstanding cycling durability of 94.11% and
93.81% capacitance retention after 5000 cycles. Such an inex-
pensive, binder-free, facile SILAR synthetic approach and high
performance of the amorphous Ni; 56Cu; 44(PO,)>-H,O spher-
ical particle-like structured cathode paves a novel way to
a bright future for practical production of high-energy hybrid
devices.
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To achieve higher supercapacitive performance of active material, several materials with precise structures and
properties have been prepared using different chemical synthesis methods. Recently, amorphous materials are
gaining much attention as an electrode in supercapacitor application as it provides superior electrochemical
properties due to disorder in structure. So, in this investigation, a facile, binder free successive ionic layer
adsorption and reaction (SILAR) method is adopted for the preparation and deposition of amorphous, hydrous
nickel phosphate thin films on stainless steel substrates. The amorphous nickel phosphate shows mesoporous,
clusters of particles like morphology. In the electrochemical study, the amorphous, hydrous nickel phosphate
electrode demonstrates a superior specific capacitance of 1700 F g~! (specific capacity- 814 C g™1) at 0.5 mA
em ™2 current density along with excellent capacitive retention (96.55%) and coulombic efficiency (98.62%) over
5000 cycles. Furthermore, fabricated hybrid supercapacitor device using the nickel phosphate as cathode and
reduced graphene oxide as anode exhibits specific capacitance of 113.5 F g1 at 3 mA cm 2 current density with
a high 40.37 Wh kg~ ! energy density at 1.689 kW kg~ power density alongwith excellent cyclic stability
(95.09% retention after 5000 cycles). The obtained results illustrate that the amorphous, hydrous nature of
nickel phosphate is a beneficial and superior choice as a cathode material in high-performing hybrid asymmetric
supercapacitor devices.

1. Introduction intrinsic pseudocapacitor, charges are stored by double layer and sur-

face redox mechanism on the surface of a material or near the material

Electrochemical supercapacitors have recently gained much atten-
tion as superior electrochemical energy storage devices due to their high
power density and exceptional stability. Generally, stored electrical
energy in supercapacitors is based on two primary electrochemical
double-layer capacitance and pseudocapacitance mechanisms. EDLC
based supercapacitor exhibits excellent stability and high power, since
charge storing proceeds physically via ions adsorption/desorption inside
carbon-based materials; however, these materials suffer from low en-
ergy density [1]. The pseudocapacitive capacitance originates electro-
chemically either via redox reactions (e.g., metal
oxides/hydroxides/phosphate) or through ion intercalation (e.g., con-
ducting polymers) [2-5]. Further, pseudocapacitor is divided into three
types such as intrinsic, intercalation, and extrinsic pseudocapacitor. In

* Corresponding author.
E-mail address: umakant.physics84@gmail.com (U.M. Patil).

https://doi.org/10.1016/j.synthmet.2021.116876

surface. In intercalation type, pseudocapacitor charge stores through
intercalation of electrolytic ion in interplanar space or tunnels. How-
ever, in extrinsic pseudocapacitors, battery-type materials exhibit
pseudocapacitive behavior with a reduction in their crystallinity or
morphology (nanomaterials) [6]. Besides the excellent energy density of
pseudocapacitive materials, they suffer from poor stability and less
power density.

Transition metal sulfides/oxide/hydroxide and phosphates have
been comprehensively explored as pseudocapacitive material for energy
storage devices because of their abundant resources and electrochemical
activity [7,8]. Among various pseudocapacitive materials, the excellent
electrical conductivity of metal phosphate executes a rapid charge
transfer, and it is beneficial for supercapacitor [9,10]. Also, the
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Fig. 1. (a) The schematic representation of SILAR method for the preparation of nickel phosphate thin film electrodes, (b) photograph of nickel phosphate thin films

prepared at different molar ratio.

transition metal phosphates demonstrate superior charge/ion conduc-
tivity since they have an open framework, including cavities and large
solid channels. Moreover, chemically stable P-O covalent bond in metal
phosphate exhibits excellent stable structure of material, which is a
prime prerequisite of electrochemical energy storage devices [11]. Up to
now, various chemical methods were employed for the synthesis of
nickel phosphate materials with different microstructure such as,
calcination [12,13], hydrothermal [14-20] sonochemical [21,22],
co-precipitation [23,24] microwave assisted [25] and chemical bath
deposition [26] and utilized in an energy storage devices. Different
synthetic approaches provide various morphologies of crystalline nickel
phosphate such as nano-microspheres, nano-microrod, nanowire,
microflower, micro leaf-like, etc. Eventually, these morphologies
display distinct electrochemical capacitive performance.

Recently, researchers noted and reported that the amorphous hy-
drous phase of materials exhibits excellent pseudocapacitive perfor-
mance with enhanced stability than their bulk or crystalline
counterparts due to the disorder and decreased ion diffusion lengths
[27]. Marje et al. noted that the chemically deposited amorphous nickel
phosphate delivers maximum specific capacitance than that of crystal-
line [26]. However, the poor electrical conductivity of amorphous ma-
terial can be a major hurdle in achieving the high capacitive
performance of the electrode. Such a hurdle can be overcome by the
preparation of binder-free electrodes or the direct growth of amorphous
material over a conductive substrate. Amongst the earlier reports, only
Shankar et al. [18] and Marje et al. [9] used a binder-free approach for
the deposition of NipP,0; on the substrate using chemical bath deposi-
tion and hydrothermal method, respectively. Therefore, the present
research is directed in search of a facile and reliable synthetic approach
to prepare binder-free amorphous materials over conductive substrates.
The successive ionic layer adsorption and reaction (SILAR) method is a
facile synthetic approach for the preparation of amorphous/nanocrys-
talline materials over substrate since this method allows abruption of
material growth while deposition and can restricts crystalline growth of
material. Compared to other methods, the SILAR method is a simple, less
time-consuming and less expensive method for the deposition of metal
phosphate thin films [28]. Moreover, to the best of our knowledge, this
facile synthetic approach (SILAR) has not been investigated yet for the
binder-free synthesis of nickel phosphate thin film.

In present work, the SILAR method has been employed for the first
time to synthesize binder-free nickel phosphate thin films on stainless

steel (SS) substrate. The electrochemical capacitive performance of
amorphous, hydrous nickel phosphate thin film electrodes is studied in
1 M KOH electrolyte. Also, excellent performing nickel phosphate thin
film was employed (cathode) to fabricate hybrid asymmetric devices
accompanied by reduced graphene oxide (as an anode). The capacitive
accomplishments were examined and reported herein.

2. Experimental section
2.1. Preparation of nickel phosphate thin films

The binder-free nickel phosphate thin films were synthesized by the
facile SILAR method. SILAR method is the facile synthetic approach for
the preparation of amorphous/nanocrystalline materials on a substrate,
which is established on the subsequent accumulation of cation and re-
action with anions over substrate surface from separately placed pre-
cursor’s solution. A modified three-beaker SILAR system (shown in
Fig. 1(a)) was employed to synthesize nickel phosphate thin films at
room temperature (300 K). Different molar compositions of nickel sul-
phate (NiSO4.6H20) and di-potassium hydrogen orthophosphate
(K2HPO4) were prepared separately by dissolving in 50 ml of double
distilled water (DDW). The molar ratios of NiSO4.6H>0 (used as cationic
precursor solution) and K;HPO4 (used as anionic precursor solution)
(NiSO4.6H20:K;HPO,4) were varied in the synthesis process as 0.66:0.34,
0.5:0.5, and 0.34:0.66, and indicated as S-NiPi-1, S-NiPi-2, and S-NiPi-3,
respectively. Three steps are implemented for the deposition of nickel
phosphate thin films in the SILAR method. Ho0) Initially, SS substrate
dipped in cationic precursor solution for 10 s to adsorb nickel ions on the
surface of the substrate. Then in second step, the substrate was dipped
for 10 s in an anionic precursor solution (KoHPO4) for reaction purpose.
In the final step, the substrate was rinsed in DDW for 20 s to remove un-
reacted and un-adsorbed species from the surface of SS substrate. The
whole three-step procedure is the single SILAR cycle, and it is sche-
matically displayed in Fig. 1(a). Similar 80 SILAR cycles were continued
to achieve an optimal thickness of nickel phosphate thin film on the SS
substrate. The obtained greenish-white colored thin films (shown in
Fig. 1(b)) were dried at ambient temperature, and all preparative pa-
rameters are tabulated and given in Table S1 (see ESI). Furthermore,
these thin films were directly used for different characterization and
electrochemical capacitive testing.
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2.2. Preparation of reduced graphene oxide (rGO) electrode

For the preparation of rGO, primarily graphene oxide (GO) was
prepared using Hummer’s method [29]. Then, the obtained GO solution
was reduced hydrothermally (453 K for 12 h) and freeze-dried to ach-
ieve a high surface area with a porous structure. The rGO electrode was
prepared as follows: 75 wt% of as-prepared rGO material, 20 wt% of
carbon black, and 5% polyvinylidene fluoride (PVDF) in N-methyl 2-pyr-
rolidone (NMP) were used to make a homogeneous slurry. The obtained
slurry was covered on a SS substrate (1 x 1 cm ™2 area) and dried up in
an oven at 333 K for 2 h. As-prepared rGO electrode was employed as an
anode in the hybrid asymmetric supercapacitor device.

2.3. Characterization techniques

The crystal structure of the prepared thin films was examined using
an X-ray powder diffractometer (XRD, Mini Flex 600, Cu Ka character-
istic radiation at A = 1.54 A; Rigaku). The chemical bonding and func-
tional groups present in the prepared material were analyzed by
employing a 4600 type-A Fourier transform infrared (FT-IR) instrument.
The pore size distribution and surface area are evaluated from (BJH)
analysis and Brunauer-Emmett-Teller (BET) technique (Belsorp II
mini). The elemental composition and surface morphology of thin films
were investigated using energy-dispersive x-ray spectroscopy (EDS) and
field-emission scanning electron microscopy (FE-SEM, JSM-6500F,
JEOL).

2.4. Electrochemical measurements

The electrochemical properties of nickel phosphate thin film elec-
trodes were investigated by employing ZIVE MP1 multichannel elec-
trochemical workstation. The electrochemical capacitive performance
of the electrodes was probed in 1 M KOH electrolyte using a three-
electrode system at the ambient environment, where S-NiPi series
electrodes (area ~1 sz) served as a working electrode, the mercury/
mercury oxide (Hg/HgO) was utilized as the reference electrode and a
platinum plate (area ~1 cm?) as the counter electrode. The super-
capacitive performance of the electroactive material was determined by
cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanostatic charge-discharge (GCD). The specific capacity
(C g1 and specific capacitance (F g~1) of the S-NiPi series sample was
evaluated from the GCD curves using the following equation,

*- stainless steel (a)

*

S-NiPi-3

Intensity (A.U.)

lIIIIIIIlIIIIIIIIIIIIIIIIII

20 40 60 80
2 Theta (degree)

Transmittance (%)
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Where m, At, I, and AV represent the mass of active substance (g),
discharge time (s), current density (mA cm’z), and potential window
(V). The energy density (E, Wh kg’l) and power density (P, kW kg’l) of
the supercapacitor were calculated from GCD tests using Egs. (3) and
(4), respectively as,

2
E _05 xGCs x (AV) (Wh ke!) 3)
3.6
Ex3.6
P= kW kg 4
A g ) ©)]

Where At exhibits discharge time (s) and AV represents (V/Hg/HgO) a
potential window. EIS was evaluated at the open-circuit potential in the
range of 100 kHz to 100 mHz at 10 mV amplitude. The electrochemical
characteristics of the asymmetric device were examined by constructing
a two-electrode system combining a nickel phosphate thin film and rGO
as a positive electrode (cathode) and the negative electrode (anode),
respectively. To achieve the best supercapacitive performance of the
hybrid asymmetric devices, the charges of anode and cathode was
balanced by the theory of mass balance using the equation as,

m, C_xAV_

m. . CLxAV. ®)

Where m (4 or -, AV (4 or -) and C (4 or ) are the mass of active substance
(g), potential window (V) and specific capacitance (F g_l) of the positive
and negative electrode, respectively.

3. Results and discussions
3.1. Nickel phosphate thin film formation mechanism

Nickel phosphate thin films are prepared on the SS substrate via
electrostatic adsorption of cations as well as a reaction between anions
and cations over the surface of SS substrate (as shown in schematic Fig. 1
(a)). In brief, a three-beaker arrangement was used, where the first
beaker contains an aqueous solution of nickel sulphate (NiSO4.6H20) as
a cationic precursor. When the well-cleaned SS substrate is dipped in

i (b) ——s-ipil
- e §-Ni Pi-2
- —— S-NiPi-3

o
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Fig. 2. (a) XRD patterns (b) FT-IR spectra of S-NiPi-1, S-NiPi-2 and S-NiPi-3 electrode.
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Fig. 3. BET surface area evaluation of sample (a) NiPi-1, (b) S-NiPi-2 and (c) S-NiPi-3.

cationic precursor solution for 10s, the Ni?* ions get adsorbed at
nucleation centers over SS substrate surface because of attractive forces
(electrostatic or Van-der wall or cohesive forces) between SS substrate
and nickel species. Then the adsorbed ions react with anions (HPO4%")
from anionic precursor (K;HPO,) in the second beaker. Furthermore,
DDW in the third beaker was employed for rinsing purpose, where
unreacted or loosely bounded molecules detach from the surface.

The reaction mechanism for nickel phosphate thin film formation via
the SILAR method is as; a thin layer of Ni2* ions gets adsorb on SS
substrate when the substrate is dipped in a cationic precursor (kept at
the ambient condition).

NiSO4.6H,0 — Ni*t +504* + 6H,0 (6)

Also, an anionic precursor of dipotassium hydrogen orthophosphate
dissociates as per Eq. (7).

K,HPO, — HPO,> + 2K* %)

Furthermore, the reaction performed by immersion of wet substrate
consisting of Ni%* ions layer on surface in the solution of KoHPO, anionic

precursor, in which a chemical reaction among HPO4? and adsorbed
Ni%* ions lead to the deposition of adherent nickel phosphate monolayer
on a substrate as per the following reaction.

3Ni?*+2HPO,* + nH,O — Niz(POy4),-nH,0) +2H™ (8)

Thus, the thin film is deposited through the ion-by-ion growth
mechanism, where film deposition occurs by the nucleation of ions at
the nucleation centre on the dipped surface of a substrate. Further, the
growth of material over substrate surface occurs through coalescence
and stacking of particles. Accordingly, the binder-free, well adherent,
and uniform nickel phosphate thin film deposited on SS substrate. The
molar ratios of anionic and cationic precursors varied in the synthesis
process of nickel phosphate to optimize the phase of the material. Upon
varying the composition of anionic precursor, the mass of deposited
material varied as 0.34, 0.40, and 0.25 mg cm 2 for S-NiPi-1, S-NiPi-2,
and S-NiPi-3 samples, respectively. It is found that the increase in
anionic precursor leads to an increase in reaction rate and resulted in to
increase in deposited mass of the material from S-NiPi-1 to S-NiPi-2
sample.
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Fig. 4. FE-SEM pictures of prepared sample S-NiPi-1 (a, b), S-NiPi-2 (c, d) and S-NiPi-3 (e, f) at various magnifications of 20,000X and 50,000X.

3.2. X-ray diffractometer, FT-IR, BET study

The structural investigation of nickel phosphate thin films was
executed by X-ray diffractometer (XRD) and displayed in Fig. 2(a). The
XRD pattern does not show any diffraction peak instead of SS peaks
represented by the symbol (*). The absence of diffraction peak from the
S-NiPi series thin film electrode suggests the formation of amorphous
material. The amorphous phase of material is feasible to achieve
enhanced electrochemical activities since the irregular structure can
provide large active sites and extended extrinsic pseudocapacitive per-
formance [30]. Also, such an amorphous structure of the material can
provide improved stability since sluggish intercalation/deintercalation
of electrolytic ions in crystalline material renders its stability [31].

The FTIR spectra of nickel phosphate thin films (Fig. 2(b)) were
probed in the range of 400-4000 cm™!. The vibration mode of Ni-O
bond is credited to the peak on 587 cm™! [26] and the stretching mode
of P-O-P linkages is assigned to 777 cm ™! [32]. The peak positioned at

1028 cm™! belongs to PO4> vibrational mode. The water molecules
(H-O-H) bending vibrational mode appeared at 1353 and 1594 cm ™
[33]. Also, the -OH bond from adsorbed water is accredited to the broad
peak near 3414 cm ™. As results illustrated in Fig. 2(b), no significant
change is observed in FTIR spectra of S-NiPi-1, S-NiPi-2, and S-NiPi-3
electrodes upon cationic and anionic concentration variation. The FTIR
results demonstrate that the structural water content exists in synthe-
sized material and the formation of hydrous nickel phosphate thin film
over SS substrate.

The porosity and surface area of nickel phosphate thin film is
examined by BET analysis. Fig. 3(a)-(c) displays the isotherms of Ny-
adsorption-desorption (at 77 K liquid nitrogen) for nickel phosphate
thin films. According to the International Union of Pure and Applied
Chemistry (IUPAC) classification, the nickel phosphate thin films dis-
played a type III isotherm with a hysteresis loop of H3 type. Type IIL
isotherm and H3 type hysteresis loop depict characteristic property of a
mesoporous structure created by aggregated particles [34,35]. The
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Fig. 5. (a) Comparative CV curves of nickel phosphate electrodes (S-NiPi-1, S-NiPi-2 and S-NiPi-3) at scan rate of 2 mV s~ and (b) CV curves of S-NiPi-3 electrode at

various scan rates from 2 to 20 mV s .

specific surface area evaluation is analyzed to be 7.47, 6.03, and
15.38 m? g ™! for samples S-NiPi-1, S-NiPi-2, and S-NiPi-3, respectively.
The corresponding distribution of pore size was analyzed by utilizing
Barrett-Joyner-Halenda (BJH) technique from the desorption section of
isotherm and presented in Fig. S1 (see ESI). The pore size distribution
plot indicates an average pore diameter of 14.31, 15.92, and 15.12 nm
for sample S-NiPi-1, S-NiPi-2, and S-NiPi-3 respectively, which ascribed
to the mesoporous structure of accumulated particles. The mesoporous
morphology of thin film electrodes gives rise to the high surface area as
well as several channels provide easy access to the electrolyte in the
interior of electrode material [36].

3.3. Morphological analysis

The surface morphology of as-synthesized nickel phosphate thin
films is examined via FE-SEM. The FE-SEM images of nickel phosphate
thin films at two different magnifications (50,000X and 20,000X) are
exhibited in Fig. 4(a)-(f). The low magnification (20,000X) FE-SEM
image (Fig. 4(a), (c), (e)) of nickel phosphate shows uniformly and
densely packed particle-like architecture covered over the SS substrate
surface. Also, these particles are randomly distributed on the surface of
substrate and created multiple voids and large pores (cavities). Such
cavities and voids can offer efficient ways and the lowest diffusion
length for ionic easy access. The SEM images at higher magnification
(50,000X) shown in Fig. 4(b, d, and f) demonstrate accumulated parti-
cles with distinct particles size having an average diameter of 209.6,
185.1, 144.7 nm for sample S-NiPi-1, S-NiPi-2, and S-NiPi-3, respec-
tively. Such smaller particle size of nickel phosphate can give a high
electroactive surface area and achieves maximum capacitance through
the mesoporous structure. The variation in particle size is observed with
variation in precursors concentration due to the alteration in growth
kinetics in the SILAR method. It is found that the average particle size
reduces with an increase in phosphate precursor concentration, and at
the molar composition of 1:2, the prepared thin film shows the smallest
size of particles (~144.7 nm). With an increase in phosphate concen-
tration, the reaction kinetics increases and results in forming a stable
phase of the material, which restricts the growth of particles. Moreover,
such a porous network with aggregated particles like morphology of
nickel phosphate is favourable for energy storage applications.

Elemental investigation of amorphous nickel phosphate thin film
was analyzed by EDS, and the outcomes are depicted in S2 (see ESI (a-

c)). The atomic ratio of nickel to phosphorus (Ni:P) was 1:1.61, 1:1.71,
and 1:1.72 for samples S-NiPi-1, S-NiPi-2, and S-NiPi-3, respectively. It
is observed that phosphorous content increases in thin film with an in-
crease in phosphate precursor concentration. The elemental composi-
tion of nickel and phosphorus is quite similar in S-NiPi-2, and S-NiPi-3
samples that attribute to the saturation of phosphate content and
confirm the ratio of 1:2 is sufficient to obtain nickel phosphate thin
films. Moreover, Ni, P and O elements in the material confirm that the
obtained material is hydrous nickel phosphate thin film.

4. Electrochemical study of nickel phosphate thin film

The supercapacitive properties of S-NiPi series electrodes are inves-
tigated by a three-electrode cell configuration in a 1 M KOH electrolyte.
Fig. 5(a) illustrates comparative CV curves of nickel phosphate thin films
between + 0.2-0.60 V (vs Hg/HgO) potential range at a scan rate of
2mV s~ L. The S-NiPi-3 electrodes indicate maximum current under the
curve than S-NiPi-1 and S-NiPi-2 electrodes. The amorphous nature and
particle-like morphology of the NiPi-3 sample provide a high surface
area and exhibit enhanced electrochemical performance in terms of
current response in the CV curve. The CV curves at scan rates from 2 to
20 mV s! for the S-NiPi-3 electrode are presented in Fig. 5(b). In CV
curves, a current area under the curve increases with an increase in scan
rate, and obtained redox peaks attribute to the pseudocapacitive nature
of material [37]. The CV curves of S-NiPi-1 and S-NiPi-2 electrodes at
scan rates from 2 to 20 mV s~ ! are provided in Fig. S3 (see ESI).

The charge storage kinetics of prepared nickel phosphate thin film
electrodes are examined by using power’s law. The correlation between
scan rate and peak current density can be represented by following
power’s law as,

iy = a’ 9

Where i, denotes peak current density, a and b are adjustable factors and
v is scan rate. The slope (linear fit) of the current [log (i)] versus scan
rate [log (v)] plot represents the b values. The b value represents two
distinct charge storage processes as, when b is 0.5 and 1, then the
electrochemical process is diffusive and capacitive, respectively [38,39].
In the present analysis, b values are evaluated from cathodic peak re-
gimes and found to be 0.56, 0.65, and 0.51 for the S-NiPi-1, S-NiPi-2,
and S-NiPi-3 electrode, respectively (Fig. 6(a)), which indicate that both
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(diffusive and capacitive) processes are contributed for charge storage in
the electrode materials. To identify the individual contribution of sur-
face pseudo-capacitive and battery process by using modified Power’s
law expressed as,

I, = Cu+Cy'? 10)

Where I, represents peak current density, v is the scan rate and C,v and
CpuY/2 illustrate current contributions from surface pseudo-capacitive
(Lsurface) and bulk process (Ipyk), respectively [40]. Corresponding
Fig. 6(b) displays the contribution of current density from the surface
pseudo-capacitive (Igyface) and battery-like (Ipyk) process for nickel
phosphate thin film electrodes at various scan rates from 2 to 20 mV s~ *.
At a low scan rate current, it is noted that current is contributed
moderately from the surface pseudo-capacitive process and mostly from
the battery-like process. In the case of S-NiPi-1, the contribution of
Lsurface increases from 5% to 15%, whereas the contribution of Iy de-
creases from 95% to 85%. The contribution of Igface increases from 3%
to 8%, whereas the contribution of I,k decreases from 97% to 92% in

sample S-NiPi-2. However, the contribution of Igface increases from 8%
to 22%, whereas the contribution of Ik decreases from 92% to 78% for
S-NiPi-3 sample. Additionally, S-NiPi-3 exhibits a higher contribution of
Isurface, indicating the high porosity of material that permits the passage
for electrolyte ions to penetrate and execute surface redox reactions.
Fig. 7(a) displays relative GCD curves of nickel phosphate electrodes
within 0 to 4+ 0.50 V (vs Hg/HgO) potential range at current density of
0.5 mA cm™2. Likewise CV analysis, the non-linear discharge in every
curve demonstrates pseudocapacitive and diffusion-controlled charge
storage mechanism of the nickel phosphate electrodes. The S-NiPi-3
electrode exhibits a large discharge time as compared with S-NiPi-1 and
S-NiPi-2 electrodes. The GCD analysis of S-NiPi-3 electrode at
0.5-4 mA cm ™2 current densities is displayed in Fig. 7(b). Similarly, the
GCD curves of S-NiPi-1 and S-NiPi-2 electrodes at 0.5-4 mA cm ™2 cur-
rent densities are provided in Fig. S4 (a-b) (see ESI). As an increase in
the current density, the discharge time decreases because of less time
available for interaction between electrode and electrolyte at the higher
current density. Moreover, the bell-shaped symmetric charge-discharge
profile indicates pseudocapacitive property and good supercapacitive



S.S. Pujari et al.

Synthetic Metals 280 (2021) 116876

0.6 0.6 -
-2 |—— §-NiPi- - 0.5 mA em”?
S () Sswham” s & + ® P e
= - —— S§-NiPi-3 o = F=S—
EL 1 E T mA em”
o 0.4 = 04
# % -
- -
£ z
s 0.2 E 02
W L. o L
IS =
[~ i -t E
0'0 Illllllllllll Il.lllllllllll L1 0.0 i \
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (sec) Time (sec)
2000
- (C) —@— S-NiPi-1|
= L —@— S-NiPi-2
:t' 1500 - —@— S-NiPi-3|
‘; L
5 i
= 1000
=
-4 i
g L
£ 500 [
;E L
7 i
Pt sl iafeiailuly

0.00.51.01.52.0253.03.54.045

Current Density (mA cm™)

Fig. 7. (a) Comparative GCD curves of nickel phosphate electrodes (S-NiPi-1, S-NiPi-2 and S-NiPi-3) at current density of 0.5 mA cm~2 and (b) GCD curve of S-NiPi-3

electrode at various current densities from 0.5m to 4 mA cm 2

3 electrodes.

behavior of the electrode [41]. The specific capacitance calculated from
the GCD curve for S-NiPi-1, S-NiPi-2, and S-NiPi-3 electrodes are 686,
1062, and 1700 F g1, respectively, at 0.5 mA cm ™2 current density. The
obtained performance of nickel phosphate electrodes is compared with
previous work by means of crystal structure, morphology, capacitance,
and stability and is provided in Table S2 (see ESI). Some previous work
[18,20,21,23] reported higher specific capacitance than present work,
probably due to the employment of the nickel foam (NF) as a current
receiver, which participates in an electrochemical reaction as well as
assists to enhance the performance of the whole electrode by including
self-capacitance [42]. Nevertheless, in the present work, SS substrate is
utilized as a current collector to synthesis nickel phosphate thin film and
does not participate in the electrochemical reactions since it is quite
stable in the alkaline medium than nickel foam. Therefore, obtained
capacitive performance in the present work is solely served by nickel
phosphate material.

EIS analysis was carried out to examine the resistance and capacitive
characteristics of the amorphous nickel phosphate electrodes in the
100 kHz to 100 mHz frequency range at open circuit potential. The
Nyquist plots of S-NiPi-1, S-NiPi-2, and S-NiPi-3 electrodes are demon-
strated in Fig. 8, inset display fitted equivalent circuit using ZView-
impedance software, and the tailored parameters of equivalent circuit

and (c) specific capacitance versus current density graph for S-NiPi-1, S-NiPi-2 and S-NiPi-

are provided in Table S3 (see ESI). In the Nyquist plot, the high-
frequency portion (semicircle) indicates the interfacial processes, the
middle frequency portion is associated with a diffusion-controlled pro-
cess, and the low-frequency (straight line) portion indicates the capac-
itive behavior of the material. The initial point/intersection of the
semicircle represents solution resistance (Rg), the approximate closing
point of the semicircle indicates the resistance of charge transfer kinetics
(Rer), and the straight-line at the lower frequency region indicates
Warburg diffusion resistance (W). In an equivalent circuit, Ry and R
interface resistance with CPE exhibits a general imperfect capacitor
(when n = 1 and Q = C) ascribed to semi-infinite diffusion charges [43].
The solution resistances are found to be 0.56, 0.66, and 0.46 Q,
respectively. Also, the charge transfer resistances of 1.12, 1.03, and
0.58 Q are obtained for S-NiPi-1, S-NiPi-2, and S-NiPi-3 electrodes,
respectively. The smaller values of R and R, indicate easy diffusion of
electrolyte in the amorphous structure of material and inclusive utili-
zation of particle like morphology of nickel phosphate electrodes.
Electrochemical cycling stability of working electrode is an impor-
tant aspect for its utilization in the supercapacitor. Fig. 9 displays the
cyclic stability and coulombic efficiency of the best-performed electrode
(S-NiPi-3) tested at 4 mA cm 2 current density for 5000 cycles. Nickel
phosphate electrode exhibited excellent cyclic stability by sustaining
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capacitive retention of 96.55% and coulombic efficiency is found to be
98.62% over 5000 GCD cycles. The potential vs time curves of the first
(A) and last (B) five GCD cycles are presented in inset of Fig. 9. Initial
and final GCD cycles display symmetric potential-time response. The
long-term cyclic stability of S-NiPi-3 electrode is credited to the amor-
phous nature and porous surface morphology of material since such an
amorphous structure can efficiently sustain swelling and diffusion of
electrolytic ions than its crystalline and bulk counterpart.

4.1. Aqueous hybrid asymmetric supercapacitor device (AHASD)

To an additional investigation of hydrous, amorphous, particle like
structured nickel phosphate electrode for feasible application in
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supercapacitors, a hybrid asymmetric supercapacitor device (AHASD)
was constructed by using nickel phosphate as a positive electrode
(cathode) and rGO as the negative electrode (anode). Supercapacitive
analysis of rGO electrode was executed in 1 M KOH electrolyte. The CV
test of rGO electrode at various scan rates from 5 to 100 mV s ! in the
optimized potential range of 0 to — 1 V (vs Hg/HgO) depicted in Fig. S5
(a) (see ESI). The CV curve of rGO electrode demonstrates a nearly
rectangular nature, and the absence of a redox peak proves the electric
double layer capacitive nature of rGO material. Also, it was verified by
linear GCD plots of rGO electrode shown in Fig. S5(b) (see ESI)). The EIS
plot along with the fitted circuit (Fig. S5 (c) (see ESI)) for the rGO
electrode represents a semicircle in the high-frequency region and a
straight line in the low-frequency region. The initial point of the semi-
circle is attributed to solution resistance (Rs = 0.48 Q) and the value of
semicircle diameter is an electron transfer resistance (Rq= 47.61 Q),
which is responsible for the exclusive electrochemical resistivity of the
rGO electrode. The CV graph of rGO electrode and amorphous nickel
phosphate electrode (S-NiPi-3) in different potential ranges at
50 mV s~ scan rate is displayed in Fig. 10(a). Fig. 10(a) indicates two
individual pseudocapacitive electrodes with practical integration can
obtain a wide operating potential window for a hybrid device. Enhanced
operating potential window and high energy density are the main ben-
efits of constructing AHASD. To achieve better outcomes of AHASD,
mass balancing between two electrodes is essential since both electrodes
depict distinct capacitive performance. So, the mass balance among
positive and negative electrodes is calculated using the charge balance
theory (Eq. 5). To maintain charge storage equilibrium between positive
and negative electrode in an AHASD, the weight ratio of nickel phos-
phate (S-NiPi-3) and rGO electrode is obtained as 0.352:1. The voltage
range of AHASD is optimized by performing CV analysis in different
(1.2-1.6 V) voltage range at 50 mV s™' scan rate as displayed in Fig. S6
(a) (see ESI). The AHASD does not exhibit a change in redox peaks in CV
analysis, but after a 1.6 V slight increase in current is detected at the end
of the CV curve, which signifies oxygen evolution reaction [44,45].
Hence, the voltage limit of 0-1.6 V is optimized for AHASD. In a similar
way, voltage range (1.2-1.6 V at 4 mA cm2) for GCD analysis is opti-
mized as revealed in Fig. S6(b). Both CV and GCD analysis confirms the
optimum voltage limit for AHASD is 1.6 V. Fig. 10(b) exhibits CV curves
of S-NiPi-2//KOH//rGO AHASD at various scan rates from 5 to
100 mV s 1. Good reversibility of AHASD was observed within the
voltage range of 0.0-1.6 V at various scan rates. Fig. 10(c) revealed GCD
profiles of prepared AHASD in the voltage range of 0.0-1.6 V at different
current densities from 3 to 4.5 mA cm 2. The specific capacitance of
AHASD was calculated using Eq. (2) and shown in Fig. 10(c) from the
GCD profile. The AHASD delivered a high specific capacitance of
113 F g~ ! at 3 mA ecm 2 current density. It is observed that, as applied
current density increased, the discharge time of the AHASD device
decreased, and it indicates that the specific capacitance of the device
decreases with an increase in current density because of inadequate
electrode-electrolyte interaction at high current density (Fig. 10(d)).
The power and energy density of the AHASD are prominent factors for
analyzing its feasibilities for practical application. Based on active ma-
terials of positive and negative electrodes, power and energy density are
calculated using Egs. (3) and (4). The AHASD device achieved the
highest energy density of 40.37 Whkg™! at a power density of
1.68 kW kg, Specific capacitance, energy, and power density of
AHASD device with comparative literature survey are presented in
Table S4 (see ESI) [9,15-26]. Also, the corresponding Ragone plot of
AHASD device with comparative literature is plotted in Fig. 11(a). Only
a few articles [18, 21, 23, 24, and 26] reported little higher energy
density values than the present study for the devices based on nickel
phosphate; however, in most works, nickel foam (NF) was used as a
current collector. Nickel foam promotes the entire capacitive perfor-
mance of electrode as well as a device since it includes self-capacitance
originated from the conversion of surface Ni atom to NiO during
charging-discharging [42]. Moreover, the AHASD device exhibits
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excellent stability (~95%) along with competitive energy density and
power density than all other supercapacitor devices based on crystalline
nickel phosphate electrodes, which underlines the utilization of amor-
phous nickel phosphate electrode in hybrid supercapacitor device
fabrication.

EIS evaluation (Fig. 11(b)) of AHASD is conducted in the frequency
range of 100 kHz to 100 mHz at open circuit voltage. The Nyquist plot of
AHASD device exhibits Rg and R values of 0.9 and 114 Q, respectively,
and the CPE exhibits an imperfect capacitor ascribed to semi-infinite
diffusion charges [43]. The hybrid asymmetric device with rGO and
mesoporous nickel phosphate electrodes promotes the facile ion trans-
port and enhances the electrochemical capacitance of the device. The
cycling stability and coulombic efficiency of the AHASD device were
examined for 5000 cycles at 12 mA cm ™2 current density and presented
in Fig. 12. The primary (A) and final (B) 5 GCD cycles are displayed in
the insets of Fig. 12. Similar GCD nature is observed for initial and final
cycles which demonstrate good cyclic stability of AHASD. The AHASD
revealed excellent capacitive retention of 95.09% and coulombic effi-
ciency is found to be 97.91% over 5000 GCD cycles, demonstrating
excellent cycling stability of the device.

Overall amorphous nature, the mesoporous structure of nickel

10

phosphate thin film offers a large surface area and low electrochemical
resistance (Rs and Ry) for rapid charge transfer in electrochemical re-
action. Also, the amorphous nickel phosphate material has a number of
defects that may provide exclusive electrochemical and physical prop-
erties and deliver the best electrochemical performance [46]. Due to the
defect-rich structure, the electrolytic ions freely diffuse in amorphous
material, which is beneficial to access more active material [47].
Moreover, amorphous material proposed long-term durability as
compared to the crystalline structure since the amorphous structure
does not exhibit changes in strain while charging/discharging [48].
Therefore, amorphous particles and mesoporous structure of nickel
phosphate deliver high capacitive performance by means of high energy
and power density with excellent stability.

5. Conclusions

In the present work, SILAR (binder-free synthetic approach) method
successfully utilized to prepare amorphous, hydrous nickel phosphate
thin film electrodes. The mesoporous, amorphous, hydrous nickel
phosphate particles offer the maximum specific capacity of 814 C g~!
(specific capacitance —1700 F g~!) with more excellent cyclic stability
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Fig. 12. Stability and coulombic efficiency of AHASD for 5000 cycles at current
density of 12 mA cm 2. (Inset: the GCD curves of the first (A) and last (B) 5
GCD cycles).

of 96.55% and coulombic efficiency (98.62%) after 5000 cycles. The
amorphous nature and particle-like morphology exhibit smaller diffu-
sion paths and more active sites for the electrolyte ions penetration and
resulted in the utilization of high surface area of active material.
Furthermore, fabricated asymmetric supercapacitor device delivers
specific capacitance of 113.55 F g* at current density of 3 mA cm ™2
with an energy density of 40.37 Whkg™! at a power density of
1.689 kW kg~ ! along with impressively high cyclic stability (95.09%)
and coulombic efficiency (97.91%) after 5000 cycles. The obtained re-
sults indicate that amorphous, hydrous nickel phosphate is a highly
advantageous candidate in asymmetric hybrid supercapacitors for
practical applications and SILAR method is the best synthetic approach
to prepare binder-free, amorphous, mesoporous metal phosphate ma-
terials in thin film form.
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Abstract

Present investigation describes a successful preparation of nickel phosphate (Ni;(PO,),.8H,0) thin film electrodes by facile
one pot hydrothermal method. As developed Ni;(PO,),.8H,O thin film electrodes with the variation of thickness are exam-
ined for morphological change and glucose sensing. The Ni;(PO,),.8H,0 thin film electrodes exhibit linear response with
respect to the variation in glucose concentration from 2.5 to 30 mM and acquire the sensitivity of 8312 pA mM~! cm™ with
437 pM LOD. Selectivity performance of Ni;(PO,),.8H,0 thin film electrode towards glucose in presence of dopamine,
fructose and lactose is studied. The results suggest that Ni;(PO,),.8H,O thin film electrode is beneficial for glucose sensing
application due to enormous active sites with the high specific surface area of the active material.
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1 Introduction

Nowadays, biosensors are mostly investigated in the area of
biomedical analysis, food industry, and clinic diagnosis [1,
2]. Glucose sensors are widely used in clinical diagnostics
because of their fast examination and reliability [3]. There-
fore, a lot of efforts are underway for the construction of
rapid, reliable and reproducible glucose sensing devices
[4]. Electrochemical sensors are known as a good scien-
tific device due to their fast and low-cost glucose recogni-
tion [5, 6]. Biosensors prepared by various methods have
been studied from past few years. Based on the multiple
characteristics and phenomena of the techniques as well as
detector, applied biosensors would be classified into elec-
trical biosensors, vibrational biosensors, electrochemical
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biosensors, optical biosensors and mechanical biosensors.
Chronoamperometric or electrochemical glucose sensors are
classified into two types an enzymatic and non-enzymatic
glucose sensor. In the type first, enzymatic oxidase on the
surface of electrode is immobilized and dioxygen quantita-
tively reduced to the hydrogen peroxide and monitored by
chronoamperometric method [7]. The traditional enzymatic
glucose sensor offers high selectivity, better time response
but some drawbacks are associated such as, limited stability
and difference in response with the changing pH as well as
temperature [8]. On the other hand, non-enzymatic glucose
sensors offer many advantages such as stability, reproduc-
ibility and their mechanism for detecting glucose molecules
is based on redox reaction of active material [5, 9]. Among
different biosensors, electrochemical biosensors involve easy
mechanism and fabrication processes, simple operation and
quick response time. It is familiar that, transition metal based
electrodes are extremely cost-effective, facile to synthesize,
highly electroactive and exhibit good glucose sensing [10,
11].

In recent times, there are lots of efforts undergoing for
glucose detection using nickel based catalysts. Almost all
of them shown improved performance of glucose sensor by
developing nickel catalyst on the conductive materials like
as carbon nanofiber [12], Mxene [13] and graphene [14].
Yet few works were prepared to simultaneously modify
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components with structure of nickel catalyst to enhance the
performance. Numerous metal oxides tested as electrocata-
lysts, in that nickel oxide has a specific interest because of
high chemical stability and thermal stability [15, 16]. Nickel
phosphate has many different structures that may increase
its ion exchange rate and ionic conductivity [17]. Many
methods have been employed for the preparation of nickel
phosphate such as hydrothermal [18], sol-gel techniques
[19], solvothermal [20], chemical bath deposition [21],
wet chemical process [22] and applied for various applica-
tions. Some reports are available on the nickel phosphate for
non-enzymatic glucose sensor as, Padmanathan et al. [23]
hydrothermally prepared Ni;(PO,),.8H,0 on the substrate
of nickel foam (NF) and reported sensitivity of 24,390 uA
mM~! cm™2. Also, Hassaninejad-Darzi et al. [24] prepared
nickel phosphate (VSB 5) nanorods and Al-Omair et al.
[25] synthesized nano/micro particles of Ni;(PO,),.8H,0
by hydrothermal technique for glucose sensing. Accord-
ing to the literature survey, binder free synthesis of
Ni;(PO,),.8H,O0 thin films on stainless steel (SS) substrate
and their application as non-enzymatic glucose sensor have
not been investigated yet.

Herein, we report for first time synthesis of
Ni;(PO,),.8H,0 thin film (thickness variation) using a sim-
ple one step hydrothermal technique at 390 K and applied
for non-enzymatic glucose sensing application. The struc-
tural and morphological studies of as-synthesized electrode
were performed by X-ray diffraction (XRD), Fourier trans-
form infrared (FTIR), Brunauer—-Emmett-Teller (BET)
analysis and scanning electron microscopy (SEM). The
Ni;(PO,),.8H,0 thin film electrode applied as a catalyst and
thickness variation for sensing behavior towards the glucose
molecule is examined. The obtained Ni;(PO,),.8H,0 elec-
trode shows glucose sensing in a linear range from 2.5 to
30 mM having the sensitivity of 8312 pA mM~! cm~2 with
437 pM limit of detection (LOD).

2 Experimental section
2.1 Synthesis of Ni;(PO,),.8H,0 thin films

To prepare Ni;(PO,),.8H,O thin films by hydrothermal
method, analytical grade (AR grade 99.9%), nickel chloride
hexahydrate (NiCl,.6H,0), potassium dihydrogen orthophos-
phate (KH,PO,) and urea (NH,CONH,) were obtained from
Sigma Aldrich and used as received without any purification
process. In the typical synthesis process, a chemical bath
was arranged with mixing aqueous 0.033 M NiCl,.6H,0
(20 ml), 0.066 M KH,PO, (20 ml) and 0.075 M NH,CONH,
(10 ml). The SS (304 grade) substrates with surface area of
1 ecm X 5.5 cm were polished by zero fine grade polish paper.
The polished substrates washed with labogent and ultrasoni-
cally cleaned for 15 min. Further, the SS substrates were kept
vertically in prepared solution bath and a bath was placed in
hydrothermal autoclave maintained at 390 K under 15 psi pres-
sure. The reaction time was varied as, 30, 60 and 90 min, and
prepared films denoted as NiPi30, NiPi60 and NiPi90, respec-
tively. After reaction, formation of well adherent light green
colored Ni;(PO,),.8H,0 thin films was observed on SS sub-
strate. The thin films were washed with double distilled water
(DDW) and dried at ambient condition. As prepared nickel
phosphate thin films directly used for further characterizations.

2.2 Material characterizations

The X-ray diffraction pattern (XRD) obtained from Rigaku
miniflex-600 with Cu Ko (A=0.15406 nm) radiation, oper-
ated at 40 kV with scanning rate of 2° min~" for the crystal
structure analysis of prepared thin film. The Fourier transform
infrared (FTIR) spectra were recorded by an FT-IR 4600
type-A instrument. The surface areas were measured from
Brunauer—Emmett—Teller (BET) analysis (Belsorp II mini).
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The field emission-scanning electron microscopy (FE-SEM,
JSM-6500F, JEOL) equipped with energy dispersive X-ray
spectroscopy (EDS) (Oxford, X-max) was used to observe
the surface morphologies of Ni;(PO,),.8H,0 thin films. All
electrochemical sensing was evaluated by using ZIVE MP1
multichannel electrochemical workstation.

2.3 Electrochemical measurements

The electrochemical glucose sensing analysis of
Ni;(PO,),.8H,0 thin film electrode was conducted by three-
electrode cell system in 1 M KOH electrolyte. The prepared
Ni;(PO,),.8H,0 thin films, platinum plate and saturated calo-
mel electrode (SCE) were applied as working electrode, coun-
ter electrode and reference electrode, respectively. Firstly, the
working (Ni;(PO,),.8H,0) electrode was stabilized for few
cyclic voltammogram (CV) cycles in 1 M KOH electrolyte,
within 0 to 0.5 V potential window at scan rate of 50 mV s~
until the steady state of voltammogram was achieved. The
electrochemical characteristics of glucose sensing were studied
by successively adding different (or same) glucose concentra-
tions in 1 M KOH at a constant (0.43 V vs SCE) potential. To

diminish mass transfer interference, the assistance electrolyte
(1 M KOH) was continuously stirred at 230 rpm. The impact
of common electroactive species such as dopamine, fructose
and lactose was studied in interference test.

3 Result and discussion

3.1 Ni;(PO,),.8H,0 thin film formation and reaction
mechanism

A hydrothermal method was employed for deposition of
Ni;(PO,),.8H,0 thin films at 390 K. In the formation of
thin film, basically two steps are involved such as nuclea-
tion and particle growth. The nucleation is essential for
the growth of particle, thin film deposition occurs suc-
cessfully when heterogeneous nucleation is promoted over
the SS substrate and homogeneous nucleation is inhibited
in the solution [26]. In typical process, decomposition of
urea (at high temperature 363 K) gradually produces CO,
and NH** ions, released NH** ions react in terms of com-
plexing agent [27, 28]. Afterward Ni* ions, form amine
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Fig.3 SEM images of prepared
nickel phosphate sample NiPi30
(a, b), NiPi60 (c, d) and NiPi90
(e, f) at different magnification
of X1000 and X4000

complex as [Ni(NH3)]2+ and this complex acts as source
of Ni** jons and gradually releases Ni* ions [21]. Also,
KH,PO, releases PO, ions and reacts with nickel (Ni**)
ion, which resulted into formation of Ni;(PO,),.8H,0 thin
film as per following reaction:

3[Ni(NH; )|

3.2 XRD analysis

XRD patterns of hydrothermally deposited Ni;(PO,),.8H,0O
thin films on SS substrate (sample NiPi30, NiPi60 and
NiPi90) are depicted in Fig. la. The peaks marked with

+ 2H,PO; + 8H,0 — Ni;(PO,),.8H,0 + 3NH; 1 +2H, 1 ey

Formation of uniform thin film was executed by vary-
ing reaction time as 30, 60 and 90 min. The deposited
mass of thin film material was investigated by gravimet-
ric weight difference method. It was observed that, from
the sample NiPi30 to NiPi90 mass of deposited material
increases with increasing reaction time. Deposited mass
of samples NiPi30, NiPi60 and NiPi90 obtained to be
0.36, 0.44 and 0.47 mg cm™2, respectively.

@ Springer

** correspond to SS substrate in XRD pattern. The major
indexed peaks at, 11.72, 13.78, 18.80, 22.59, 23.80, 28.62,
30.96, 34.11, 39.86, 41.61, 56.01 and 71.55° are ascribed to
(110),(020),(200),(130),(101),(031),(301),(33
0), (1 12),(341) (33 2) and (4 4 2) crystal planes of nickel
phosphate hydrate [Ni;(PO,),.8H,0], respectively JCPDS
card no. 00-033-0951). Also, the average crystallite size
were calculated by Scherrer relation [29],
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Fig.4 EDS spectra of as-synthesized Ni;(PO,),.8H,0 a NiPi30, b NiPi60 and ¢ NiPi90 thin films
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Where, k is the value of shape factor (k = 0.94), A is the
wavelength of X-ray (4 =1.5406 A), B is the full width at
half maxima (FWHM) of the corresponding (0 2 0) plane
and 0 is the Bragg’s angle. The average crystallite size of
Ni;(PO,),.8H,0 in sample NiPi30, NiPi60 and NiPi90 are
49.51, 55.46 and 54.58 nm, respectively. The maximum
average crystallite size of 55.46 nm for (0 2 0) plane is
obtained for NiPi60 sample. Increase in crystallite size with
film thickness can contribute to improvement in conductivity
of electrode and subsequently glucose sensitivity.

3.3 FTIR analysis

The FTIR spectrum (Fig. 1b) demonstrates that, the band
at 578 correspond to the phosphate (PO43_) group vibra-
tional modes of the spinal compound [30, 31]. Additionally,
the stretching of the P—O-P linkages was attributed to the
peak at 765 cm~! and, 885 cm™! shows vibrational mode of

PO,*~ [32, 33]. The strong absorption asymmetric vibration
mode of PO*~ group observed at 1021 cm™'. The character-
istics band at 1401 and 1631 cm™! represents bending vibra-
tion mode of a water molecule (H-O-H) [34]. Adsorbed
water represented by absorption broad band from 3025 to
3433 cm™! and can be assigned to vibrational bond of O-H.
These results indicate that, the deposited material contains
structural water and formation of hydrous nickel phosphate
(Niz(PO,),.8H,0) in thin film form.

3.4 BET analysis

To analyze specific surface area, N, adsorption/desorp-
tion isotherms of prepared Ni;(PO,),.8H,0 thin films (at
77 K temperature of the liquid nitrogen) were recorded and
indicated in Fig. 2a, b, c. The detected isotherms of sam-
ple NiPi30 (a), NiPi60 (b) and NiPi90 (c) exhibits a type
IV isotherm with H2 type hysteresis loop of physisorption,
according to classification of International Union of Pure
and Applied Chemistry (IUPAC). The type IV isotherm rep-
resents characteristics property of the mesoporous material
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Fig.5 Cyclic voltammetry
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having high energy of adsorption [35]. Such arrangement
of type IV isotherm and H2 type hysteresis loop display
the existence of well ordered pores with wide and narrow
sections and interconnecting channels [36, 37]. According
to the analysis of Brunauer-Emmett—Teller (BET) equa-
tion, the surface areas were evaluated to be 35.07, 120.34
and 77.04 m? g~! for sample NiPi30, NiPi60 and NiPi90,
respectively. The results reveal that, electrode with optimum
thickness shows high surface area. The distribution of pore
size of all samples exhibited in Fig. 2d. The mesoporous size
distribution graph shows an average pore diameter of 6.41,
5.82 and 7.52 nm for sample NiPi30, NiPi60 and NiPi90,
respectively. The BET results confirm formation of well-
ordered slit-shaped mesoporous structure of Ni;(PO,),.8H,0
material [36].

3.5 Morphological analysis
The structural morphology and particle size of
Ni;(PO,),.8H,0 were studied by FE-SEM analysis and

revealed in Fig. 3. The microplates like architecture were
observed for NiPi30 sample (a and b). The average length,
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thickness and width of these microplates are 11.92, 0.65
and 3.21 pm, respectively. The SEM images of NiPi60
sample (c and d) states formation of willow-leaf like
microstructure. Here, the microplates are converted into
willow-leaf like morphology with the deposition time
variation. The average length, thickness and width of wil-
low-leafs are 17.81, 1.82 and 9.42 pm, respectively. The
NiPi90 sample exhibits flower like structures as shown in
(Fig. 3e and f). At higher thickness, willow-leaf like struc-
ture combines and forms flower like architectures. The
average length, thickness and width of leaves of micro-
flower are 19.09, 2.24 and 12.26 pm, respectively. With
increase in reaction time, length, thickness, and width of
leaves increased. Also, Peng et al. [38] observed change
in the morphology from microsheets to microflower-sheet
to microflower of Ni;(PO,),.8H,0 with varied reaction
time in synthesis by using microwave assisted method.
Similarly, Wu et al. demonstrated morphology change
by adjusting experimental condition in the composition
using hydrothermal technique [39]. Moreover, Marje et al.
synthesized Ni,P,0,.8H,0 and observed change in the
morphology from willow leaf like petals to microflower
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Fig.6 Cyclic voltammetry
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like structure by changing Ni and PO, ratio [21]. In pre-
sent study, it is observed that morphology changes from
microplates to willow-leaf like morphology and flower like
architectures with increase in deposition reaction time (30,
60 and 90 min).

The elemental composition of Ni;(PO,),.8H,0 thin films
were studied by energy-dispersive spectroscopy (EDS), and
outcomes are demonstrated in Fig. 4. The atomic ratio of
nickel and phosphorous (Ni:P) is obtained as, 1.80:1, 1.91:1
and 1.95:1 for the sample NiPi30, NiPi60, and NiPi90,
respectively which is near to ratio 1.5:1. The excess oxygen
obtained in chemical composition emphasizes that the pre-
pared material is Ni;(PO,),.8H,0.

4 Determination of glucose oxidation

The prepared Ni;(PO,),.8H,0 thin film electrode was used
for non-enzymatic glucose sensor. Figure 5a, b, ¢ exhib-
its CV curves of Ni;(PO,),.8H,0 at 5-100 mV s~' scan
rates for sample NiPi30, NiPi60 and NiPi90 in | M KOH

0.0 0.1 02 0.2 03 04 0.5
Voltage (v) vs SCE

electrolyte. The peak current of CV curve increases dur-
ing increasing scan rate which shifts the redox potential
from positive region and negative region which highlights
the quasi reversible nature of electrode [40]. The redox
peaks attributed to the reverse reaction and the oxidation
of Ni;(PO,),.8H,0 as indicated by the following reactions
[41],

Ni;(PO,), - 8H,0 + 30H™ « Ni;(PO,),(OH #); - 8H,0 + 3e-

3
Ni; (PO,),(OH %) + 20H™ « Ni;(P0O,),(0 %) + H,0 + e-
4
O%* +0 %< 0,1 5)

*denotes the active surface site where can adsorb OH as
well as O species. The presence of alkaline condition gives
rise to evolution of oxygen during electrochemical reaction
due to the adsorption of O and OH groups on the surface of
Ni;(PO,),.8H,0 thin film [41, 42].
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Electrochemical Impedance Spectroscopy (EIS) was con-
ducted for samples NiPi30, NiPi60 and NiPi90 in 1 M KOH
electrolyte at 10 mV bias potential with frequency range
of 100 kHz to 100 MHz (Fig. S1). The solution resistance
(Ry) of samples NiPi30, NiPi60 and NiPi90 are found to
be 1.41, 1.18 and 1.34 Q cm™2, respectively. On the other
hand electron transfer resistance (R, of samples NiPi30,
NiPi60 and NiPi90 were observed as 3.06, 2.97 and 3.17
Q cm™2, respectively, confirming a superior electrochemi-
cal conductivity of Ni;(PO,),.8H,0. The equivalent circuit
fitted for electrode NiPi60 is displayed in the inset of Fig.
(S1). The fitted circuit contains solution resistance (R),
interface resistance (R, and R,) with a general imperfect
capacitor (Q, and Q,) (when n=1). The lowest solution
resistance (Ry) 1.18 Q cm™2 and electron transfer resistance
(R,) 2.97 Q cm™? is observed for the NiPi60 electrode. The
shorter Warburg impedance (W =20 Q cm™) clear the way
for higher diffusion of electrolyte inside electrode material
and maximum utilization of willow-leaf like structure of
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Ni;(PO,),.8H,0. The EIS results exhibit excellent electro-
chemical performance of NiPi60 electrode due to its strongly
conductive network at optimum thickness of material.

Figure 6 a, b, c demonstrate CV curves of Ni;(PO,),.8H,0
electrode in a 1 M KOH electrolyte using various glucose
concentration ranging from 2.5 to 12.5 mM at 20 mV s~!
scan rate for sample NiPi30, NiPi60 and NiPi90. The anodic
peaks current increases with the increase in glucose concen-
tration and slightly shift towards the lower positive potential.
At another point, little decrement is observed in the cathodic
peak current. Electro-oxidation of glucose resulted due to
breaking and reconstructing of the bond between nickel and
phosphate with an oxygen atom at different kinetic rates
[43]. Up to now, not a perfect reaction mechanism is avail-
able which can explain the glucose oxidation on nickel based
electrodes in the alkaline electrolyte. The accepted glucose
oxidation to gluconolactone mechanism, by the familiar of
Ni**/Ni** could be as follows [44],
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The isomerization along with deprotonation process in
the glucose is carried out by the oxidative Ni** species in
an electrode.

The sensitivity of the related electrodes is explored
through chronoamperometric study. Fig S2 exhibits
effect of the applied potential on the current response of
Ni;(PO,),.8H,0 electrode with continuous addition of glu-
cose. It can be noted that, Ni;(PO,),.8H,0 electrode illus-
trates the obvious current response of the applied potentials
ranging from 0.41 V to 0.43 V. Furthermore, the current
response increases with increase in applied potential. The
maximum current response is observed when the potential
is 0.43 V and an optimal potential (0.43 V) was used in the
further chronoamperometric study. The chronoamperometry

analysis of the Ni;(PO,),.8H,0O was conducted at oxidation
potential (0.43 V vs SCE), which is optimized by CV experi-
ment. In 1 M KOH solution different glucose molar concen-
trations was added at time interval of 60 s (with continuous
stirring), which generated a stair-like graph as exhibited in
Fig. 7. The proposed sensor exhibited sensitivity of 4700
uA mM~! cm™2 for sample (NiPi30), 8312 yA mM~! cm™>
(NiPi60) and 2940 pA mM~! cm™=2 (NiPi90) as displayed in
Fig. 7a, b, c, respectively. For each addition of glucose, the
current increased stepwise followed by stepwise state current
which represent the constant accretion in oxidation current at
various glucose concentration [45]. For glucose recognition,
the corresponding calibration graphs are plotted and exhib-
ited in Fig. 8a, b, c. The sensor display a linear range from
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Table 1 Electrochemical

. Electrode material Linear range Detection  Limit of Sensitivity Reference
per.formarTce comparison of ™M) potential  detection (LA mM™' cm™?)
various Ni ba.sed materials fpr ) (LOD)
non-enzymatic glucose sensing (M)

NiO 100-1000 uM 0.5 10 3230 [471
NiO 0.0002-1 mM 0.5 0.2 2300 [44]
NiO 0-10,000 M 0.50 0.9 3613 [48]
NiwO, 0.0064122uM  0.55 0.18 269.83 [49]
HAC/NiO 5-4793 uM 0.5 0.055 1721.5 [50]
NiO/SiC 0.004-75mM 0.5 0.32 2037 [51]
NdNiO; 0.0005-4.6 mM 0.54 0.3 1105.1 [52]
NiO-MWCNT/CPE 0.001-14 mM 0.5 19 6527 [53]
Ni foil 10uM-10mM 046 1.8 670 [54]
Ni-CCE 0.5-5000 uM 0.45 0.1 0.04 [55]
Ni,P 1.OuM -3.0mM 0.5 0.18 7792 [56]
NA/CC
Ni(OH,)-CILE S0uM-23mM  0.55 6 202 [57]
Ni(OH), HR 0.002-3.8 uM 0.6 0.6 1569 [58]
Ni(OH,)-Graphene 2 uM- 3.1 mM 0.54 0.6 11.43 [59]
Ni(OH),/3D-graphene 0.024-1200 M~ 0.45 24 nm 3490 [60]
Ni(OH),/NF 2-40 WM 0.51 1 1130 [61]
PI/CNT-Ni(OH), 0.001-0.8 mM 0.60 0.36 2071.5 [62]
NiNPs/PEDOT/RGO 1.0uM-51mM 0.5 0.8 36.15 [63]
(NiCo)(OH), 25-3700 uM 0.47 - 122.45 [64]
NiCO,0, 5-15,000 mM - 1491 91.34 mV/decade [65]
Nickel Cobalt Phosphate  2-4470 uM 0.55 0.4 302.99 [66]
Ni;(PO,),.8H,0/NF 50-1000 uM 0.45 0.097 24,390 [23]
Ni;(PO,), VSB-5 0.1-21 uM 0.71 0.04 - [24]
0.5-10.0 mM 200
Ni;(PO,),.8H,0 2.5-30 mM 0.43 437 8312 Present work
Thin Films

HAC heteroatom-enriched activated carbon, CPF carbon paste electrode, CC carbon cloth, CCE carbon
ceramic electrode, NA/CC nanoarray on conductive carbon cloth, CILE carbon ionic liquid electrode, HR
hollow nanorods, NF nickel foam, PI/CNT polyimide/carbon nanotube, PEDOT Poly(3,4-ethylenedioxy-
thiophene), RGO reduced graphene oxide, VSB-5 Versailles Santa Barbara-5

2.5 to 30 mM with correlation coefficient (R?) of 0.9993
(Fig. 8a), 0.9991 (Fig. 8b) and 0.9984 (Fig. 8c) for sample
NiPi30, NiPi60 and NiPi90, respectively. It is observed that,
when the glucose concentration increases to 15 mM, it pre-
vents the mass transfer that influences the diffusion of pure
glucose molecules closer to the electrode surface. At higher
glucose concentrations from 15 to 30 mM the electrochemi-
cal response is not linear. The limit of detection (LOD) was
calculated using well known following formula [46].

3xSD
m

LOD =

®)
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where ‘SD’ is the standard deviation and ‘m’ is the slope
value extracted from calibration graph as shown in Fig. 8a,
b, c. The SD of the sensors is 0.2443, 0.5501 and 0.3791 for
sample NiPi30, NiPi60 and NiPi90, respectively. Slopes of
the NiPi30, NiPi60 and NiPi90 samples are 1.9550, 3.7684
and 1.9586, respectively. The calculated values of LOD
using Eq. (8) are 374, 437 and 580 pM for sample NiPi30,
NiPi60 and NiPi90, respectively.

Selectivity is the most important analytical factor for
the identification of non-enzymatic glucose sensor. The
higher sensitivity sample (NiPi60) chosen for selectiv-
ity test and sample NiPi60 shows 8312 pA mM~! cm™2
which is higher than all reported data (Table 1) but lit-
tle lower than Ni;(PO,),-8H,O/NF electrode reported by
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Fig.9 Chronoamperometric response of the Ni;(PO,),.8H,0 thin
film electrode under the successive additions of 2.5 mM glucose,
2.5 mM dopamine, 2.5 mM fructose and 2.5 mM lactose in 1 M KOH
at 0.43 V for sample NiPi60

Padmanathan et al. [23], since they used NF as substrate
which may contribute in glucose sensing by self-redox
reaction. One of the most essential analytical determinants
for a chronoamperometric sensor is the selectivity of the
sensor towards goal analytes. The interference test was
executed at 0.43 V potential using chronoamperometric
technique. The impact of different electroactive species
similar to glucose such as, dopamine, fructose and lactose
was investigated. Figure 9 shows the chronoamperometric
signals of the sensor toward the consecutive addition of
glucose (2.5 mM), dopamine (2.5 mM), fructose (2.5 mM)
and lactose (2.5 mM) into the 1 M KOH in the 60 s time
interval. As expected, Ni;(PO,),.8H,0 shows extraordi-
nary good feedback for glucose and also negligible feed-
back for other electroactive species. Subsequently, the cur-
rent feedback increases sharply for second time glucose
addition. This result shows that, the electrode surface was
stable as well as sensitive even in the existence of other
electroactive species. It concluded that, Niz(PO,),.8H,0
has better selectivity toward glucose recognition.

The reproducibility of Ni;(PO,),.8H,0 sensor is also
examined by making at least five electrodes under the sim-
ilar condition and the chronoamperometric response was
noted on injection of 2.5 Mm glucose. The non-enzymatic
glucose detection of Ni;(PO,),.8H,0 sensors with com-
parative histogram of sensitivity is depicted in Fig. 10.

8400
7200 -
6000
4800
3600
2400
1200

Sensitivity (LA mM™' cm'z)

0o 1 2 3 4 5
Eletrodes (NiPi60)

Fig. 10 Reproducibility of five identical Ni3(PO,),.8H,O thin films
electrode (NiPi60 electrode) for sensitivity of glucose recognition

Low relative standard deviation (RSD) (1.25%) confirms
an excellent reproducible sensitivity of Ni;(PO,),.8H,0
electrodes. The stability of Ni;(PO,),.8H,0 electrode
towards glucose sensing has been determined by execut-
ing CV for 1000 cycles in the presence of 1 mM glucose
molecules and shown in Fig. S3 (a). It is observed that,
Ni;(PO,),.8H,0 electrode revealed good stability (~96%)
in the applied potential window at 100 mV s~! scan rate
(Fig. S3 (b)). The good stability of Ni;(PO,),.8H,0 elec-
trode is mainly because of strong adhesion of willow-leaf
like nickel phosphate layers on SS substrate. The above
results indicates that, the Ni;(PO,),.8H,0 sensor has
excellent reproducibility as well as long term stability.
Based on the all above results, an exclusive performance
of the non-enzymatic glucose sensor is attributed to large
surface areas, low resistance pathways possess quickly
charge transfer for excellent electrochemical glucose oxida-
tion. Appropriate thickness of the electrode exhibits superior
sensing performance due to the presence of multiple elec-
troactive sites of material for adsorption/desorption of glu-
cose molecule and efficient charge transfer as demonstrated
in Scheme 1. At the lower thickness, the prepared material
gives less active sites for electrochemical glucose sensing.
Conversely, film beyond its appropriate thickness, the charge
transfer from one site to other up to the charge gathering on
the substrate becomes more sluggish and hence resistive.
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NiPi30
(Thickness 0.36 mg cm2)
(Surface area=35.07 m?g™)

(Rs=1.41 Q cm?, Ret=3.06 O cm?)

NiPi60
(Thickness 0.44 mg cm2)
(Surface area=120.34 m>g")

(Rs=1.18 Q em?, Ret=2.97 () em?)

Gluconolactone

NiPi90
(Thickness 0.47 mg cm)
(Surface area=77.04 m?g?")

(Rs=1.34 Q em?, Ret=3.17 Q em™?)

Scheme 1 Schematic diagram of thickness dependent electrochemical glucose sensing of Ni;(PO,),.8H,O thin films electrodes

5 Conclusions

In summary, binder free Ni;(PO,),.8H,0 thin films with var-
iation in thickness were successfully synthesized by a simple
one pot hydrothermal method. As prepared Ni;(PO,),.8H,0
material shows morphological transformation from micro-
plates to willow leaf-like structure with impressively
tuned up, by changing the length, thickness and width
with varying different reaction time. The glucose sensor of
Ni;(PO,),.8H,0 with optimum thickness (0.44 mg cm™?)
revealed maximum sensitivity (8312 pA mM~! cm™?), a
limit of detection (437 pM) with favorable linear response
range from 2.5 to 30 mM towards glucose. Willow leaf-like
structure offers large surface area (120.34 m? g~!) with abun-
dant electroactive sites for glucose oxidation. The optimum
thickness of Ni;(PO,),.8H,0 with willow leaf like structure

@ Springer

is favorable for glucose sensor and its better sensitivity sug-
gested usefulness for the practical application.
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Facile Synthesis of Microstrip-Like Copper Phosphate
Hydroxide Thin Films for Supercapacitor Applications
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Binder-free copper phosphate hydroxide [Cuys(PO4)(OH)] thin films have been
prepared on stainless-steel (SS) substrates at 393 K via a facile hydrothermal
method. X-ray diffraction analysis confirmed the formation of orthorhombic-
structured copper phosphate hydroxide [Cus(PO4)(OH)] thin films with uni-
form microstrip-like morphology and Brunauer—-Emmett-Teller (BET) surface
area of 5.26 m® g~ '. The electrochemical performance of the films depended on
their thickness, with a maximum specific capacitance of 280 F g~ ! at a scan
rate 5mV s in 1 M KOH electrolyte. The [Cus(PO(OH)] electrode deliv-
ered an energy density of 3.85 Wh kg~ ! and a power density of 264.70 W kg !
with excellent (91%) capacitive retention after 2000 cycles. This excellent
electrochemical performance shows that such microstrip-like Cug(PO4)(OH)
thin films are promising electrodes for high-performance supercapacitors.
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INTRODUCTION

Among current energy storage solutions, super-
capacitors are the most practical and effective
devices due to their advantages over conventional
energy storage devices.? All energy storage tech-
nologies act as interface between energy generation
and conversion, electrochemical energy storage is
used as upgraded interface. Supercapacitors have
attracted huge attention due to their excellent
cycling stability and high power density compared
with batteries. The capacitive energy storage effect
is based on conduction of electrons and ions, which
depends on the electrochemically active srces sur-
face area, and conductivity of the materlal
Dependlng on their charge storage mechanism,
supercapacitors can generally be divided into two
types, viz. electric double-layer capamtors (EDLCs)
with carbon-based electrodes”® and

pseudocapacitors with conducting polymer metal
oxide/sulfide, hydroxide, etc. electrodes.’

The class of electrodes comprising metal oxides/
hydroxides and sulﬁdes demonstrates good specific
capacitance,!™*® but suffers from limitations in
terms of poor electrical conductivity and stabil-
ity.'%2° However, many transition-metal phos-
phates, consisting of an open framework with
large solid channels and cavities, have recently
been demonstrated to show excellent ion conductiv-
ity and been analyzed as pseudocapacitive electrode
materials.?! Such phosphates contain oxyanions of
pentavalent phosphorus, ranging from single PO}~
to infinite tunnel-type frameworks.?> Metal phos-
phates exhibit highly preferable electrical conduc-
tivity and flexibility in terms of tuning the
nanostructure.?3%4 Dependlng on the coordination
between the metal ions and phosphate anions or
molecules, metal phosphates can exhibit distinctive
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structures.?>?® Only one report on synthesis of
copper phosphate material is available in literature.
Karaphun et al.?” prepared copper pyrophosphate
by a hydrothermal method and reported a maxi-
mum specific capacitance of 297.5 F g~ ! at a current
density of 1A g ! Various methods have been
applied to prepare binder-free copper-based oxide/
hydroxide materials for use in supercapacitor appli-
cations.?” 32 To date, copper oxide/hydroxide or
mixed phases such as oxyhydroxides have been
widely investigated for use in supercapacitor elec-
trodes, since the hydroxide phase with greater
interplaner distance can greatly enhance the charge
storage performance and improve its stability.
Gurav et al.?® synthesized copper hydroxide on
nickel foam wusing a chemical bath deposition
(CBD) method and reported a specific capacitance
of 120 F g ! at a scan rate of 10 mV s !. Kang
et al.?® prepared uniform copper hydroxide nan-
otubes using a one-pot solution method and
reported a high areal capacitance of 278 mF cm 2
at a current density of 1 mA ecm 2. Similarly, Patil
et al.?® employed the CBD method to deposit CuO/
(OH)y with different nanostructures over a stain-
less-steel (SS) surface and achieved a maximum
specific capacitance of up to ~340F g ! at a
current density of 1 mA cm 2. Awale et al.>! syn-
thesized copper oxide thin films by wusing a
hydrothermal method and reported a maximum
specific capacitance of 133 F g~". Among the various
chemical techniques, the hydrothermal method
offers numerous advantages for preparation of
nano/micromaterials.?? According to this literature
survey, binder-free preparation of copper phosphate
hydroxide thin films on SS substrates using a

hydrothermal method and their application in
supercapacitors have not yet been studied.

We thus report herein for the first time binder-
free deposition of copper phosphate hydroxide
[Cus(POL(OH)] thin films using a hydrothermal
method. The deposition time was varied to 90 min,
120 min, and 150 min and the effect on the struc-
tural, compositional, and surface morphological
properties investigated. According to surface mor-
phological studies, the Cuy(PO,)(OH) thin films
showed a microstrip-like structure. The surface
area of the Cuy(PO,)(OH) thin films was measured
by the Brunauer—Emmett-Teller (BET) technique.
The supercapacitive electrochemical performance of
the films was studied by cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD) measure-
ments, and electrochemical impedance spectroscopy
(EIS).

EXPERIMENTAL PROCEDURES

Synthesis of Copper Phosphate Hydroxide
Thin Films

All the chemicals used in the hydrothermal
preparation of the Cus(PO4)(OH) thin films were
purchased from Sigma Aldrich with analytical
reagent (AR) grade and purity of 99.9%. SS (304
grade) with dimensions of 1 cm x 5 cm was used as
a conducting substrate to deposit the films. The
surface of the SS substrates was polished using
smooth polishing paper (zero fine grade) then
washed with detergent. The substrates were then
cleaned ultrasonically in water for 15 min. In a
typical synthesis process, a chemical bath was
prepared by mixing aqueous 20 mL 0.05 M cupric
sulfate (CuSO45H50), 20 mL 0.025 M ammonium

__ i

T1|T2T3

J _——

Hydrothermal Deposited
Reaction at Copper Phosphate
393K Hydroxide thin film

Scheme 1. Schematic of preparation of copper phosphate hydroxide thin film electrode by hydrothermal method.
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phosphate monobasic (NHH,PO,), and 10 mL
0.1 M urea (NH;CONH,). The SS substrates were
held vertically in the solution bath, which was
placed in a hydrothermal autoclave maintained at
393 K under pressure of 17 psi. The reaction time
was varied to 90 min, 120 min, and 150 min, and
the prepared films are denoted as T1, T2, and T3,
respectively. A schematic of the Cuy(PO,)(OH)
deposition is shown in Scheme 1. After deposition,
the resulting greenish-colored thin films were
rinsed in double-distilled water (DDW) and dried
at ambient temperature. These films were used for
characterization and electrochemical testing.

Materials Characterization

The crystalline phases present in the
Cug(PO4)(OH) thin films were analyzed by x-ray
powder diffractometer (XRD, MiniFlex 600, Cu K,
radiation at 1 = 1.5406 A; Rigaku). To study the
chemical bonding and functional groups present in
the prepared samples, Fourier-transform infrared
(FTIR) spectroscopy was carried out using an Alpha
(IT) Bruker unit. The surface area of the films was
estimated by Brunauer-Emmett-Teller (BET) anal-
ysis (Belsorp II mini). The surface morphology and
elemental composition of the films were investi-
gated by field-emission scanning electron micro-
scopy and energy-dispersive x-ray spectroscopy
(FESEM, JSM-7001F, JEOL), respectively. The
electrochemical supercapacitive properties of the
film electrode were tested by using a ZIVE MP1
electrochemical workstation.

Electrochemical Measurements

The electrochemical supercapacitive properties of
the Cux(PO4)(OH) electrodes were investigated
using a half-cell arrangement in 1 M KOH elec-
trolyte with the Cuy(PO4)(OH) thin film as a
working electrode, a platinum plate as a counter-
electrode, and a saturated calomel electrode (SCE)
as a reference electrode. Cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and
galvanostatic charge/discharge (GCD) measure-
ments were performed. CV curves were obtained
at different scan rates from 5 mV s~ ' to 100 mV s !
in the potential window from 0 V to +0.55 V. The
GCD performance was studied in the potential
window from OV to +0.45V at various current
densities from 0.4 mA cm 2 to 2 mA cm 2. EIS was
carried out in the range from 100 mHz to 1 MHz at
an amplitude of 10 mV. The specific capacitance
(Cy), energy density (Eg), and power density (Pg)
were calculated from the CV and GCD curves using
Egs. 1-4:

C.(Fgl) = [Idv

“mxoxay oreV). ()

I x At
-1 o
Cu(Fgh)=———% (for GCD), (2)
Eq(Whkg™!) = %CS(AV)2, and (3)
E
—1 _ &
Pq(Wkg™') =+ (4)

where [Idv, m, v, I, At, and AV represent the area
under the CV curve, the mass of active substance on
the electrode (g), the scan rate (mV s~ 1), the current
density (mA cm™?), the discharge time (s), and the
potential window (V), respectively.

RESULTS AND DISCUSSION

Cux(PO,)(OH) Thin Film Formation
Mechanism

As shown in the schematic, cupric sulfate
(CuS0O45H,0) and ammonium phosphate monoba-
sic (NH4H,PO,) were used as copper and phosphate
precursors, respectively, whereas urea was used as
hydrolyzing agent. In the film formation reaction,
urea decomgoses at temperatures above 363 K as
per Eq. 5.3334

NH,CONH; + 3H,0 — 2NH] + CO5 1 +20H" (5)

The NHJ released from urea as per this reaction
acts as a complexing agent in the bath, and Cu®*
ions present in the solution are complexed as
[Cu(NH5)]** (Eq. 6).

CuSOy - 5H,0 + NH,OH — [Cu(NH3))?" +6H,0
+50,
74021

(6)

This complex acts as a source of Cu®" ions and
slowly releases Cu®* ions to prevent fast homoge-
neous nucleation. Conversely, in aqueous medium,
decomposition of NH,H,PO, takes place according
to Eq. 7:

NHH,PO, — HQPO; + NH;r (7)

The dihydrogen ghosphate (HyPOy) ions react
with the [Cu(NHj3)]** complex, resulting in forma-
tion of copper phosphate hydroxide [Cuy(PO4)(OH)]
as described in Eq. 8:

4]Cu(NHs)]*" +2H,PO; + 2H,0
— 2Cuy(PO4)(OH) + 4NH3 7 +3Hs | (8)
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Cuy(PO4)(OH) thin films were thus prepared
using different reaction times of 90 min, 120 min,
and 150 min and are shown in Scheme 1 as T1, T2,
and T3, respectively. It was observed that the films
obtained using the different deposition times
showed a uniform coating over the SS substrate.
The weight of the deposited film material was
measured using the gravimetric weight difference
method, revealing that the deposited mass
increased with increasing deposition time (Supple-
mentary Fig. S1). The deposited mass was
0.21 mg em %, 0.34 mgecm 2, and 0.62 mg cm 2
for samples T1, T2, and T3, respectively.

XRD, FTIR, and BET Analyses

Figure 1 shows the XRD patterns of the copper
phosphate hydroxide thin films hydrothermally
deposited on SS substrates (samples T1, T2, and
T3). The major peaks observed at 15.52°, 18.69°,
18.96°, 24.16°, 28.27°, 30.93°, 34.33°, 35.41°, 37.52°,
and 50.81° can be ascribed to orthorhombic (110),
(011), (101), (210), (121), (220), (221), (031), (202),
and (322) crystal planes of copper phosphate
hydroxide [Cus(PO4)(OH)] in Joint Committee on
Powder Diffraction Standards (JCPDS) card no. 01-
083-1557. The peak at 14.17° (A) corresponds to the
(001) crystal plane of copper hydrogen phosphate
(CuH,P507) in JCPDS card no. 00-034-0605. The
peaks marked with an asterisk at 43.90°, 64.21°,
and 74.76° can be ascribed to the SS substrate.

Figure 2 shows the FTIR spectrum of the
Cug(PO4)(OH) thin-film sample T2 in the wavenum-
ber range from 400 cm ' to 4000 cm ™ *. The absorp-
tion band at 446 cm ' is attributed to Cu-O
stretching vibrations.?® The peak at 617 cm ™! cor-
responds to the stretching vibration mode of phos-
phate molecules (P-O—P).?® The vibrational bands
of the POJ~ anion are observed at wavenumbers of
around 876 cm™!, 980 cm™ !, and 1082 cm 13738
The band at 1640 cm ! is caused by the twisting
mode of water molecules 6(H-OH) present in the
sample.?® A broad band ranging from 3136 cm ! to
3563 cm ! is assigned to stretching vibrations of
adsorbed water molecules and O-H from hydrox-
ide,* and vibration of hydrogen-bonded metal
hydroxide.*! These result confirm that the material
contained phosphate and hydroxide groups, attrib-
uted to the formation of Cuy(PO,)(OH) thin film.

To calculate the surface area of the Cus(PO4)(OH)
thin films, Ny adsorption—-desorption (BET) mea-
surements were applied on sample T1, T2, and T3;
the results are presented in Fig. 3a, b, and c.
According to the International Union of Pure and
Applied Chemistry (IUPAC) classification,*® the
most physisorption isotherms can be separated into
six types. In the present case, all the samples
displayed a typical type III isotherm and a type H3
hysteresis loop, indicating plate-like particles pro-
ducing slit-shaped pores. The prepared materials
exhibited a macroporous structure with surface

Intensity (A.U.)

10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 1. XRD patterns of copper phosphate hydroxide thin film
samples T1, T2, and T3.

Transmittance (%)

600 1200 1800 2400 3000 3600

Wavenumber (cm™)
Fig. 2. FTIR spectrum of Cux(PO,4)(OH) thin-film sample T2.

area of 270 m?> g !, 526 m* g~ !, and 3.91 m? g !
for sample T1, T2, and T3, respectively. The pore
volume versus pore diameter is plotted for all
samples in Supplementary Fig. S2, revealing an
average pore diameter of 10.65 nm, 24.35 nm, and
21.3 nm for sample T1, T2, and T3, respectively.
This high surface area and macroporosity of the
electrodes could be favorable for high electrochem-
ical capacitive performance.

FE-SEM Analysis

FE-SEM images of the Cuy(PO4)(OH) thin-film
sample T2 at different magnifications (x2k, x4k,
and x6k) are shown in Fig. 4a, b, and c. The
substrate surface is well covered with microflowers
consisting of bunches of microstrips (Fig. 4a). FE-
SEM imaging at higher magnification (x4k, Fig. 4b)
shows that the microstrips are interconnected with
each other. The average length, width, and thick-
ness of the microstrips were 3.96 ym, 0.37 ym, and
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Fig. 3. Nitrogen adsorption—desorption isotherms of Cu,(PO,4)(OH) thin-film samples (a) T1, (b) T2, and (c) T3.

0.29 um, respectively, as revealed in Fig. 4c¢ (x6k).
The images show a good coverage of identical crack-
free bunches of microrods all over the SS substrate.
Also, to measure the thickness, cross-sectional FE-
SEM images of samples T1, T2, and T3 (at 850x
magnification) are provided in Supplementary
Fig. S3. The thickness increased from sample T1
(8.23 um) to T3 (13.03 um), analogous to the results
obtained by the weight difference method. The
energy-dispersive x-ray (EDX) spectrum for sam-
ple T2 (Fig. 4d) shows the elemental composition of
the Cuy(PO4)(OH) material. The EDX results for
samples T1 and T3 are shown in Supplementary
Fig. S4. The EDX results reveal that copper (Cu),
oxygen (O), and phosphorus (P) elements were
present in the material. The atomic ratio of copper
to phosphorus (Cu:P) for samples T1, T2, and T3
was 2:1.04, 2:1.33, and 2:1.03, respectively, being
close the 2:1 as per the chemical composition. The
obtained chemical composition and excess oxygen
confirm that the material in the thin films was
Cuy(PO4)(OH). These EDX results thus confirm the

formation of copper phosphate hydroxide in thin-
film form, consistent with the XRD and FTIR
analyses described above.

A schematic of a possible growth model for
Cuyp(PO4)(OH) thin film with microstrip-like struc-
ture is shown in Fig. 4e. The growth of the particles
occurs via various steps, viz. nucleation and coales-
cence, followed by stacking of the particles to form
microstrips.*® The microstrip-like structure may
increase the surface area and electrochemically
active sites, while the interconnected morphology
decreases the resistance and provides feasible paths
for charge transfer. Moreover, the microstrip-like
structure may support fast ion and electron trans-
port during charging and discharging.**

Electrochemical Capacitive Study

Cyclic Voltammetry (CV)

Figure 5a compares the CV curves of the
Cuy(PO4)(OH) thin films within the potential range
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(e) schematic showing growth model for Cux(PO,4)(OH) thin film.

of 0 V to +0.55 V versus SCE, obtained at a constant
scan rate of 50 mV s~ ! for samples T1, T2, and T3.
Note that all three CV curves exhibit strong redox
peaks for faradaic reversible reaction in KOH
electrolyte. This result indicates that the capaci-
tance is based on a redox mechanism of the
Cuy(PO4)(OH) electrode and confirms the pseudoca-
pacitive nature of the material. Intercalation and
deintercalation of OH™ ions by the electrode is a
characteristic of the pseudocapacitance, as follows:

Cuy(PO,)(OH) + OH™ < Cuy(PO,)(OH)y+e~ (9)

It was observed that sample T2 showed the
maximum current under the curve compared with
the T1 and T3 electrodes. Figure 5b shows the CV
curves of sample T2 obtained at various scan rates
from 5 mV s~ to 100 mV s~!, showing that the area
under the curve increases with increasing scan rate.
It can be concluded that the voltammetric current is
directly proportional to the CV scan rate, indicating
the capacitive behavior of the electrode.*® The CV

curves of samples T1 and T3 obtained at scan rates
from 5 mV s~ to 100 mV s ! are shown in Supple-
mentary Fig. S5. Figure 5¢ shows a plot of the
specific capacitance versus the scan rate. At high
scan rate, the low values of specific capacitance can
be attributed to inner active sites where redox
transitions cannot proceed completely, possibliy
because of the diffusion effect in the electrode.*®*’
The maximum specific capacitances for the T1, T2,
and T3 electrodes were 74.8 F g1, 280.8 F g1, and
150.5 F g1, respectively, at a scan rate of 5 mV s .
These results clearly show that the maximum
specific capacitance of the electrode (280.8 F g~1)
was based on a redox mechanism with sufficient
electroactive material, since the maximum specific
capacitance was observed for the optimum thick-
ness (12.85 um).

A power law was used to differentiate the relative
contributions of battery- and capacitive-type mech-
anisms for the Cux(PO4)(OH) thin-film electrode.
According to this power law, the relation between
the peak current and scan rate can be expressed as
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I(V) =ar®, (10)

where I (V) represents the current (A) at potential
V, a and b are adjustable parameters, and v is the
scan rate (mV s™°). The electrochemical activity is
diffusion controlled (battery type) when & = 0.5,
while for a capacitive process b = 1. The b values
calculated from the slope (linear fit) of the log(l)
versus log(v) graph are shown in Fig. 6a. In the
present work, the b values of all the Cuy(PO4)(OH)
electrodes lay in the range of 0.5 to 1 (Fig. 6b—d),
indicating that the charge storage mechanism can
be contributed to battery- and pseudocapacitive-
type mechanism. Therefore, using a modified power
law, the charge storage mechanism under diffusion
control and the capacitive process can be expressed
as

I, = Cev + Cpo'/2, 11
P

where I, is the current density at peak, and Cyv and
Cy,vY? correspond to the current contributions from
the pseudocapacitive ([gu,fce) and bulk process
(Iyuw), respectively. The current density represent-
ing the contributions of the diffusion-controlled
battery-type and capacitive processes at scan rates
from 5mVs ! to 100mVs! for all three
Cuy(PO4)(OH) thin-film electrodes are shown in
Supplementary Fig. S6.

Galvanostatic Charge-Discharge (GCD) Results

Figure 7a compares the GCD plots for the
Cuy(PO4)(OH) electrodes within the potential range
from 0 V to +0.45 V versus SCE at a current density
of 0.4 mA cm 2 for samples T1, T2, and T3. The
discharge plateau followed by linear discharge in
each curve reveals the pseudocapacitive behavior of
the Cus(PO4)(OH) samples. Sample T2 showed a
long discharge time as compared with samples T1
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and T3. Its maximum discharge time can be
attributed to its large specific capacitance. Sam-
ple T2 was thus further tested by GCD measure-
ments at current densities from 0.4 mA cm 2 to
2 mA cm 2 (Fig. 7b). Similarly, the GCD graphs for
samples T1 and T3 at current densities from
0.4 mA cm 2 to 2 mA cm ™2 are provided in Supple-
mentary Fig. S7. Figure 7c shows that, as the
applied current density was increased, the dis-
charge time decreased, suggesting that the specific
capacitance was inversely proportional to the
applied current density. Also, the curved and sym-
metric charge profile suggests pseudocapacitive
behavior. It is observed that the time period for
discharge and charge were nearly the same, sug-
gesting high reversibility and coulombic efficiency of
the electrode. The maximum specific capacitances
for samples T1, T2, and T3 were 24.87F g !,
137.02 F g1, and 50.05 F g !, respectively, at a
current density of 0.4 mA cm 2. Sample T2 exhib-
ited the maximum specific capacitances compared
with samples T1 and T3. The corresponding energy

and power densities calculated from the GCD
results obtained at current densities of 0.4 mA cm 2
to 2mA cm 2 are shown in Fig. 8a. Sample T2
exhibited the maximum energy  density
(3.85 Whkg ') with a power density of
264.70 W kg~ '. These results are slightly higher
than those for a Cu(OH), electrode and comparable
to those for copper pyrophosphate reported by
Gurav?’ and Karaphun et al.,?® respectively.

Electrochemical Impedance Spectroscopy (EIS)

EIS was carried out on samples T1, T2, and T3 at
open-circuit potential (OCP) in the frequency range
from 100 mHz to 1 MHz (Fig. 8b). The solution
resistance (R;) and charge-transfer resistance (R)
of samples T1, T2, and T3 were 1.09 Q cm %,
125 Qcem 2, and 1.43 Q em 2 and 123.92 Q cm 2,
67.30 Q cm 2, and 96.62 Q cm 2, respectively. The
fit equivalent circuit for electrode T2 is presented in
the inset of Fig. 8b. The fit circuit consists of the
solution resistance (R), interface resistance (resis-
tances R1, R5, and R3 in series) with a capacitor (C)
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Fig. 7. Electrochemical results for Cux(PO4)(OH) thin-film electrodes: (a) comparative galvanostatic charge/discharge (GCD) plots of
Cu,(PO,)(OH) thin-film electrodes (samples T1, T2, and T3) at constant current density of 0.4 mA cm~2, (b) GCD curves of sample T2 at
different current densities from 0.4 mA cm~2 to 2 mA cm™2, and (c) specific capacitance versus current density for samples T1, T2, and T3.

and general imperfect capacitor (§) (when n = 1).*
The charge-transfer resistance and solution resis-
tance were lower for sample T2 than the other
samples.

Electrochemical Stability

The cyclic stability of the Cuy(PO4)(OH) electrode
(sample T2) tested over 2000 cycles by GCD mea-
surements at current density of 1.2 mA cm 2 is
presented in Fig. 9. This stability test revealed 91%
retention of the specific capacitance after 2000 GCD
cycles. The potential versus time curves of the first
and last 10 charge/discharge cycles are displayed in
the inset of Fig. 9 as (i) and (ii), both showing
symmetric potential-time response behavior. The
reduction in the capacitance can be ascribed to
slight degradation of the material after many
swelling and shrinking cycles. Such a low degrada-
tion (9%) of the material suggests good electrochem-
ical stability of the Cuy(PO4)(OH) thin-film

electrode. This long-term cycling stability is
achieved due to the microstrip-like macroporous
surface morphology.

Note that the specific capacitance increased up to
an optimum thickness of sample T2 (12.85 ym) from
T1 (8.23 um), then decreased again with further
increase in the thickness to sample T3 (13.03 um),
as shown in Supplementary Fig. S8. The
Cuy(PO4)(OH) thin film with optimum thickness
(sample T2) showed excellent supercapacitive per-
formance of 280 F g~'. The T2 electrode exhibited
macroporous structure with high surface area of
5.26 m? g~! compared with the T1 and T3 elec-
trodes. Also, the charge-transfer resistance (R =
67.30 Q cm2) and solution resistance (R, = 1.25
Q cm ?) of sample T2 were comparatively lower
than those of the other samples. This observation
may be due to the presence of abundant active sites
for a sufficient thickness of material, for intercala-
tion/deintercalation of ions and efficient charge
transfer. Below this optimum thickness, the
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electrode shows lower capacitance due to the
smaller amount of active sites available for charge
storage. Conversely, the charge-transfer resistance
from one site to another increases when the thick-
ness exceeds its optimum value. Therefore, achiev-
ing an optimum thickness of Cuy(PO(OH) is
favorable to achieve high capacitive performance.

CONCLUSIONS

A facile one-step hydrothermal method was suc-
cessfully utilized for deposition of Cuy(PO4)(OH)
thin films on SS substrates. The structural and
morphological results confirmed Cus(PO4)(OH) thin
films with orthorhombic crystal structure and
microstrip-like morphology. Cua(PO4)(OH) thin-film
electrodes exhibited macroporous structure with
specific surface area of 5.26 m? g~!. The micro-
strip-like = Cus(PO4)(OH) thin-film electrodes

exhibited a maximum specific capacitance of
280 F g ! for the optimum thickness of 12.85 um.
The electrode exhibited an energy density of
3.85 Wh kg ! and a power density of 264.70 W kg !
with cycling stability of up to 91% after 2000 GCD
cycles. This facile method for preparation of
Cuy(POL)(OH) thin films could enable scalable
chemical synthesis of such material and open up a
new class of pseudocapacitive electrode materials
for use in asymmetric supercapacitor devices.
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Growth Dynamics-Dependent Chemical Approach to
Accomplish Nanostructured Cobalt Vanadium Oxide Thin
Film Electrodes with Controlled Surface Area for High-
Performance Solid-State Hybrid Supercapacitor Devices

Sambhaji S. Kumbhar, Shraddha B. Bhosale, Sachin S. Pujari, Vinod V. Patil,
Nitish Kumar, Rahul R. Salunkhe, Chandrakant D. Lokhande, and Umakant M. Patil*

Rational designing of electrode materials having high surface area can
accomplish the enhanced charge-storing ability of the electrochemical energy
storage devices. Therefore, the surface area of cobalt vanadium oxide (CVO)
material is controlled by changing growth dynamics in successive ionic layer
adsorption and reaction methods. Structural analysis confirms the formation of
hydrous cobalt vanadium oxide nanoparticles (Co;V,03-nH,0) thin film elec-
trodes, and alteration in the surface area with change in growth dynamics is
observed in Brunauer—Emmett-Teller analysis. The CVO1:1 thin film electrode
prepared at optimal growth dynamics illustrates high specific capacitance (C,)
(capacity) of 793 Fg ' (396.7Cg ') at 0.5A g ', respectively. Moreover, aque-
ous hybrid supercapacitor devices constructed using CVO1:1 as cathode exhibit
high C, of 133.5Fg "' at 1.1Ag ™', specific energy (SE) of 47.7 Whkg ' with
specific power (SP) of 0.90 kW kg . The solid-state hybrid supercapacitor
devices also offer high C, 0f 102.9F g 'at 0.3 Ag ', SE of 36.6 Wh kg ' at SP of
0.30kW kg . In the SILAR approach, the dipping time plays a critical role in
improving the surface area of the material and, consequently, electrochemical

performance, as the current work amply indicates.

1. Introduction

Energy storage devices (ESDs) are an essential component for the
daily operation of nearly all technological necessities, such as
electric vehicles, mobile phones, and laptops. Hence, ESDs with
extensive cycle life, high energy, and power density, with cost-
effectiveness, are in high demand.>? Therefore, the attention

of researchers has been focused on new
energy storage applications like batteries,
supercapacitors, etc. Among available
electrochemical energy storage devices
(EESDs), aqueous electrochemical energy
storage devices (AEESDs) systems are
considered a promising alternative to
batteries owing to their nontoxic nature,
low cost, and superior safety.”! Further-
more, in AEESDs, the combination of
capacitive and battery features in hybrid
supercapacitors (HSCs) are promising
AEES systems and offer features such as
high energy, power, and stability simulta-
neously.**! Moreover, an additional highly
anticipated tactic to enhance the energy
density of HSCs is to refine the storage
capacity of electrodes by controlling the
physical (e.g., crystallinity, hydrous nature,
conductivity) and morphological (e.g., sur-
face area, porosity, particle size) character-
istics of storing materials.

Therefore, in HSCs, several metal
hydroxides, oxides, phosphates, and sulfides have been assessed
as cathode materials. Based on charge storage mechanisms, most
ever-used pseudocapacitive materials can be categorized into
intrinsic, intercalation, and extrinsic (battery-type) pseudocapaci-
tive.’? Moreover, decreasing the size or crystallinity (nanomate-
rials) of battery-type materials can illustrate pseudocapacitive
activities and are referred to as extrinsic pseudocapacitive
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materials. However, extrinsic materials endure low power den-
sity and poor stability, excluding exceptional energy density.
Therefore, developing cost-effective energy storage materials
with high specific surface area, maximum specific capacitance
(Cs), and promising cycle life is necessary to produce advanced
energy values under certain economic constraints. Among sev-
eral extrinsic pseudocapacitive materials, vanadium oxides have
garnered considerable attention due to their distinctive layered
structure, ability to exhibit multiple valence states, and cost-
effectiveness. These exceptional attributes have generated
substantial enthusiasm for their potential utilization in diverse
fields, particularly emphasizing energy storage applications.”?!
Also, transition metal oxides (TMOs) are the favorite because
of their special properties; multivalent states can provide ideal
pseudocapacitance, proceeding electrons and ions intercalation
into a metallic compound lattice, along with good intrinsic
stability.[%“] Several single TMOs like IrO,, Co3;04 V,Os,
MnO,, RuO,, NiO, etc., and binary TMOs such as NiFe,0,,
NiCo,04, Co3V,0s, MnCo,0,, Ni;V,0g, etc. have been investi-
gated as cathode material in HSCs. Moreover, the binary TMOs
possess high charge-storing performance due to good electric
conductivity, various valance states, electrochemical activity,
etc., owing to the synergistic effects of different metals compared
to single TMOs.!'?

Therefore, due to rich redox behavior, transition metal
vanadium oxide-based materials (TM3V,0g, TM = Co, Ni) have
recently taken special attention in energy-storing applica-
tions.'** Among several TMVOs, cobalt vanadium oxide
(CVO) is gaining attention as cathode material in hybrid energy
storage devices (HSCs). Some reports exist on the preparation of
CVO for supercapacitor application, and the CVO has been pre-
pared by different chemical methods such as hydrothermal,*®
coprecipitation,“ﬁl solvothermal,['”! etc., according to the litera-
ture survey. Zang et al. prepared CosV,0g nanoplates by hydro-
thermal method and reported the C; of 739 F g~ ' at 0.5 A g '.1"¥
Isacfranklin et al. synthesized nanoparticles of cobalt vanadium
oxide by hydrothermal method and showed C; of 285.65 F g * at
0.5mAg ' current density." Using the microwave-assisted
hydrothermal method, Teng’s group prepared a micron-block
of CoV,04, exhibiting C, of 114.1Fg™' at 1mAcm 21
Wang et al. synthesized quasi-cuboidal CoV,04 by microwave-
assisted method and obtained C; of 233F g™ at 1Ag 112"
However, in all these reports, cobalt vanadate-based HSC device
cathodes were fabricated using a binder-assisted casting
approach since the prepared materials were in crystalline powder
form with microscale morphologies. Also, rationalizing the
microstructure of material can lead to a change in the pseudo-
capacitive charge-storing mechanism from intercalation to
extrinsic pseudocapacitive type. Hence, it is crucial to finely tune
the features of electrode materials, such as electrical conductivity,
surface area, and porous structure, by preparing binder-free
electrodes using a novel synthesis approach to accomplish an
advanced capacity of ESDs. To date, there are no reports on
the binder-free preparation of CVO thin film electrodes and their
usage in HSCs.

Therefore, the binder-free successive ionic layer adsorption
and reaction (SILAR) synthesis approach is demonstrated for
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the first time to prepare nanostructured cobalt vanadium oxide
(CVO) thin film electrodes with controlled growth dynamics.
Here, we have studied the dip time (in adsorption, reaction,
and rinsing baths) effect for CVO thin films over their structural
and morphological properties and reported tuned electrochemi-
cal properties for HSCs application. The as-prepared CVO thin
film electrodes at optimal (1:1) dip time variation exhibited
elevated surface area with mesoporous nature and enhanced
intercalation-type pseudocapacitive performance. Moreover, the
best-performing cobalt vanadium oxide electrode is used as a
cathode, and reduced graphene oxide (rGO) is used as an anode
to fabricate HSC devices. The aqueous hybrid supercapacitor
devices (AHSD) and solid-state hybrid supercapacitor devices
(SHSD) are fabricated, and their supercapacitive performances
are tested and exhibited herein.

2. Experimental Section

2.1. Precursors Used and Cleaning of Substrates

CoCl,.6H,0 (cobalt chloride), NH,VO; (ammonium metavana-
date), CcH;sNO; (triethanolamine (TEA)), potassium hydroxide
(KOH), polyvinylidene fluoride (PVDF), N-methyl-2-pyrrolidone
(NMP), sodium nitrate (NaNO3), graphite flakes, and potassium
permanganate (KMnO,) were bought from Sigma Aldrich (AR
grade), and without any process of purification, they were used
as reaction precursors. The stainless steel (SS) 304 grade from
the market was used as conducting substrates, and a
1 x 5cm? area was used for deposition. Before using SS sub-
strates, they were cleaned by a standard process; initially,
zero-grade polish paper was used to polish the substrate surface
and create nucleation centers. Further, the SS substrate was
washed with acetone, and then ultrasonicated in double distilled
water (DDW) for 15 min.

2.2. Preparation of Cobalt Vanadium Oxide (CVO) Thin Films

The thin films of CVO were prepared by a simple chemical
SILAR method. In one beaker, 0.05M CoCl,-6H,0 precursor
was dissolved in DDW, and occurred pink-colored solution
was used as a cationic precursor. Also, 0.05 M NH,VOj; precursor
dissolved in DDW at 60 °C temperature at constant stirring, and
after cooling, 0.05M C¢HsNO; was added dropwise into the
NH,VO; solution to maintain pH around 8.5 and used as an
anionic precursor. For rinsing purposes, DDW was used. The
prepared solution beakers were placed in the sequence of
CoCl,-6H,0, DDW, NH,VO;, and again DDW, respectively,
as shown in a schematic of the SILAR method in Figure 1.
The precleaned SS substrates were immersed vertically in each
placed beaker for the desired time, called dipping time. In the
synthesis process, the dipping time of adsorption/reaction with
respect to rinsing was varied in proportion of 1:2, 1:1, and 2:1, as
given in Table S1, Supporting Information, for cobalt vanadium
oxide deposition on the SS substrate and denoted by CVO1:2,
CVO1:1, and CVO2:1, respectively. As a result, the uniform
deposition of brownish CVO thin films occurred at room temper-
ature after continuous 150 SILAR cycles. To study the impact of
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Repetition qfcycics

0.05 M
NH,VO; + TEA

Figure 1. Schematic representation of dip time variation of CVO by SILAR method.

dipping time variation, all other preparative parameters were
kept constant such as the concentration of precursors, deposition
cycles (150), deposition temperature, etc. These CVO series thin
films were exercised for further structural, morphological, and
electrochemical characterizations.

2.3. Material Characterizations

The structural investigation of the synthesized CVO thin films
was carried out using the X-ray diffractometer (XRD) of the
Rigaku miniflex-600 with radiation of Cu Ka. The accessible,
functional groups in produced thin films were investigated using
the alpha (II) Bruker instrument for the Fourier transform-
infrared spectrometry (FT-IR) technique. Energy dispersive spec-
troscopy (EDS) and field emission scanning electron microscopy
(FESEM) (Hitachi S4800) were used to examine the surface
morphology and elemental mapping of the synthesized CVO
material. Using the Belsorp II mini equipment, the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner—Halenda
(BJH) procedures were used to analyze the surface area and pore
size, respectively. The ESCALAB 250 (ThermoElectron, Al Ka)
apparatus was used for X-ray photoelectron spectroscopy
(XPS) measurement. The electrochemical reactions were
recorded using a ZIVE MP1 electrochemical battery cycler.
The supercapacitive performances of as-synthesized CVO series
thin-film electrodes were examined using cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) techniques. The CVO and rGO
electrodes as a cathode and anode were used to construct the
aqueous and solid-state hybrid supercapacitor devices. The
formulas used to evaluate the supercapacitive performance of
CVO electrodes in half-cell and full-cell systems are described
in Note S1, Supporting Information. Moreover, the rGO and
polymer gel electrolyte were prepared as procedures described
in Note S2 and S3, Supporting Information, respectively.

Energy Technol. 2023, 2300400

2300400 (3 of 16)

3. Results and Discussion

The current study uses the SILAR technique to prepare binder-
free CVO thin film electrodes at room temperature. The SILAR
method works on the adsorption of cations followed by a reaction
with anions on the substrate surface while rinsing in DDW
baths. In the cationic bath, Co®" cations are obtained from
the dissociation of cobalt chloride in the DDW at RT, as
described in reaction (R1). These cations get adsorbed at nucle-
ation centers of the well-cleaned SS substrate. Further adsorbed
cations react with anions, where metavanadate [VO;3]¥~ anions
are obtained from dissociating ammonium metavanadate at
60°C in DDW at around 8.5 pH maintained using TEA, as
per the reactions given in R2. Thus, the deposition of CVO thin
films is occurred in thin film form as per the reaction R3.

COC12 . 6H20 + nHzo — [C0}2+ =+ 2C17 =+ nHzo (R].)
NH,VO; + H,0 + C¢HysN (TEA) -

— [VO3}§7 + NH4OH + C6H15NH+ ( )
3[C0]2+ + Z[VO3]§7 + HHzo — CO3V208 . HHzo (R3)

After 150 cycles, as-prepared films were dried at ambient tem-
perature; the brown-colored CVO series thin films were obtained,
as shown inset of Figure S1, Supporting Information. The thick-
nesses of CVO series thin films are determined by the gravimet-
ric weight difference process by means of deposited mass
per unit area (mgcm™?) over SS substrate after 150 cycles, as
depicted in Figure S1, Supporting Information. The graph
reveals that the dipping time variation alters the mass loading
over the SS substrate. As a result, a maximum thickness is
observed for CVO2:1 sample; however, sample CVO1:2 shows
less thickness, and it concludes that less rinsing time demon-
strates faster growth of the material and effectively increases

© 2023 Wiley-VCH GmbH
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thickness. Hence, the growth rate of CVO thin film deposition is
strongly influenced by dipping time variation, and such a change
in the growth dynamics of the CVO thin films can lead to a
change in the physicochemical properties. Consequently, it
may influence the pseudocapacitive properties of CVO series
electrodes. So, apart from the apparent advantages of quality
yield and cost-effectiveness, control overgrowth dynamics and,
subsequently the thickness of CVO thin film is the prime advan-
tage of the SILAR method. So, one can efficiently manipulate
electrode material properties according to the prerequisites of
the electrochemical application.

3.1. Structural and Morphological Studies

The SILAR-synthesized CVO thin films were characterized by
different techniques in which the XRD is used for the structural
study. Figure 2a shows XRD patterns of crystalline CVO thin film
electrodes prepared with varying dipping times. Three peaks of
CVO are intensely associated with 20 degrees of 21.5°, 29.7°, and
36.7°, denoted by the "¢’ symbol, and are observed in all CVO
series samples. The obtained diffraction peaks indicate the for-
mation of an orthorhombic phase of Co;V,0g (JCPDS card no.-
01-074-1486), which are attributed to the (200), (002) and (311) of
(hkl) planes, respectively. Also, peaks associated with angles
44.9°,51.5°, and 75.2° showed the SS peaks, which are indicated
by the ‘@’ symbol. The effect of growth dynamics is significantly
evident from the XRD peak intensity of the materials; the
CVO1:1 sample shows a slightly higher intensity than the
CVO1:2 sample. The peak intensity of the CVO1:2 sample is
more elevated than sample CVO2:1, and such different diffrac-
tion peak intensities are attributed to the change in growth kinet-
ics of material with variation in dipping time. The XRD results
suggest that a slow CVO thin film growth rate can lead to form-
ing material with improved crystallinity. Moreover, the obtained
nanocrystalline nature of CVO thin film electrodes can exhibit
exceptional electrochemical capacitive performance.””! The FT-
IR peaks scrutiny of prepared CVO thin films was accomplished
in 400 to 4,000cm™' region and exhibited in Figure 2b.

.iu...lu;'

il

Intensity (a.u.)

a

VO1:2¢, v,0,- JCPDS card no. 01-074-1486

10 20 30 40 50 60 70 80
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The peaks are located at a range of 410-435 cm ™' (Y1) correlates
to the cobalt-oxygen stretching mode. The well-built and typical
peaks (Y2) about 551, 776, and 1073 cm ™ have been attributed to
the vanadyl group stretching vibration belonging to the out-of-
plane, and in-plane vibrational modes of V-O-V related to the
V-0, respectively.?? The (Y3) peak at 1310 cm ™" is associated
with the C-O stretching from impurities of TEA in the prepared
material.*! The peak Y'4 of absorption at 1648 cm ™" is attributed
to the vibration of water molecule bending. The stretching vibra-
tions of the O—H molecules from the structural water are respon-
sible for the broad range at higher wavenumbers between 2640
and 3990 cm ™. According to the FT-IR and XRD results, the
prepared CVO thin films are hydrous and nanocrystalline, which
can be beneficial for supercapacitor application.

The growth dynamics variation on the morphology of CVO
thin films is probed by FE-SEM analysis. The morphologies of
prepared samples at different dipping times are shown in
Figure 3a,c,e at different magnifications. It is observed that fine
spherical particles are deposited over the SS substrates. Also, the
morphology contains porous structures with voids and cavities
that can help easy access to the electrolyte. At higher magnifica-
tion, it can be seen that these spherical particles consist of nano-
particles and are interconnected with each other, as shown in
Figure 3b,d,f. However, even with aggregation of nanoparticles
present in morphology, which are acquiescent with high aspect
ratio particles, they can physically proceed to enhance the clear-
ness of their electrolytes from surfaces.”>**! Furthermore, the
average particle size is determined from the magnified image
shown in Figure 3b’,d’,f and found to be ~18, 22, and 32nm
for CVO1:2, CVO1:1, and CVO2:1, respectively. It is observed
that the average particle size increases as rinsing time decreases,
owing to faster growth kinetics resulting in the agglomeration of
the particles at a less rinsing time. In contrast, double rinsing
time than adsorption and reaction time leads to forming a com-
pact thin film with a smaller particle size in the CVO1:2 sample.
Furthermore, the elemental composition of CVO was probed
using EDS mapping, as shown in Figure S2, Supporting
Information. The EDS mapping depicts that Co, V, and O ele-
ments are present in all the CVO series samples, as illustrated
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Figure 2. a) XRD patterns of dip time variation CVO thin films (CVO1:2, CVO1:1, and CVO2:1), and b) FT-IR spectra of CVO thin films series

(CVO1:2, CVO1:1, and CVO2:1).
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Figure 3. FE-SEM images of CVO electrodes: a,b,b’) CVO1:2, ¢,d,d’) CVO1:1, and e,f,f) CVO2:1 at different magnifications.

in orange, blue, and green in Figure S2a-l, Supporting
Information. Also, EDS analysis confirms atomic percentages
of 36.26, 29.33, and 34.42% of Co, V, and O elements, respec-
tively, in the CVO 1:1 sample. As a result, the FE-SEM and
EDS analysis confirms the preparation of nanostructured, porous
CVO material in thin film form.

The surface area of the CVO1:2, CVO1:1, and CVO2:1 sample
was analyzed by adsorption and desorption of N, isotherms and
shown in Figure 4a—c. The obtained isotherms showed type-III
isotherm with H3 type hysteresis loop in the P/P, (relative pres-
sure) range of 0.04-0.9 by the International Union of Pure and
Applied Chemistry (IUPAC) classification. Using BET, the calcu-
lated surface area is found to be 54.95, 74.32, and 18.67 m? gf1
for CVO1:2, CVO1:1, and CVO2:1 samples, respectively. The
maximum surface area obtained for sample CVO1:1 sample con-
firms that dipping time influences the surface area of prepared
CVO material. Also, the pore diameter is measured by the BJH
technique and shown in the inset of Figure 4a—c. The obtained
mean pore size diameters of CV01:2, CVO1:1, and CVO2:1 sam-
ples are 9.54, 9.14, and 17.88 nm, respectively, and confirm the
mesoporous nature of the CVO series samples. The maximum
surface area is obtained for CVO1:1 owing to the optimum aver-
age particle size and pore size distribution. However, the CVO1:2
and CVO2:1 exhibited low surface area due to the compact mor-
phology with fine nanoparticles and larger average particle size
with wide porous structure, respectively. The results concluded
that the different growth kinetics due to changes in dipping
time influence the resultant surface area and porous structure.
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Thus, obtaining a larger surface area envisioned that the SILAR-
deposited CVO nanoparticles could exhibit good supercapacitive
performance.””) The higher surface area can offer a highly
electrochemically active surface by creating an easy path for
ion transportation in the material; consequently, the electro-
chemical capacitive performance of such material is higher since
capacitance is proportional to the surface area of electrode
materials.*®!

The XPS study of the CVO sample was conducted to scrutinize
the chemical composition with states of elements of prepared
CVO thin films. The total survey spectrum of sample CVO1:1
is shown in Figure 5a, which depicts Co 2p, V 2p, O 1s, and
C 1s peaks. The spectrum of Co 2p shown in Figure 5b split into
two core binding energies, i.e., Co 2p;, and Co 2ps; at 796.8 and
780.7 eV, respectively. Also, those energies deconvoluted into
two valance states such as Co’" and Co*"; Co 2p;, split at
796.4 and 797.9eV, and Co 2p;;, split at 780.4 and 782 eV,
respectively. In the cobalt spectrum, two satellite peaks are iden-
tified at binding energies of 802.9 and 786.4 eV.??! Furthermore,
the V 2p spectrum is demonstrated in Figure Sc, where the vana-
dium spectrum is deconvoluted into two primary energies of V
2p1; and V 2p3; at 524 and 516.5 eV, respectively. The V 2p; ),
split into two valance states are attributed to the V** and V°* at
energies of 516.5 and 517.6 eV, respectively, and another broad
peak at 524 eV corresponds to the V°' valance state. Also, the
deconvoluted O 1s spectrum is displayed in Figure 5d, and there
are three deconvolute peaks: Oy, Oy, and Oy at 529.9, 531.4, and
532.9 eV binding energies, respectively. The characteristic Oy is
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Figure 4. Surface area and inset pore size distribution of samples a) CVO1:2, b) CVO1:1, and c) CVO2:1.

the oxygen related to lattice oxygen, and the second peak of Oy; is
attributed to the oxygen vacancies.1%3%31 At 529.9 eV, the O
peak corresponds to the oxygen of water absorbed by the surface
or hydroxyl species. Similarly, XPS spectra of CVO1:2 and
CVO02:1 samples are provided in Figure S3, Supporting
Information, which reveals similar results to CVO1:1. In conclu-
sion, the dominant states of Co** and V** support the formation
of hydrous CVO in the polymorph of Co3V,0g in thin films,
which agrees with the XRD result. All the structural analysis
confirms the growth dynamics variation from CVO1:2,
CVO1:1 to CV02:1, ultimately influencing the morphology, pore
size distribution, and surface area of nanostructured CVO
(Co3V,04:nH,0) thin film electrodes, which are viable to accom-
plish high supercapacitive performance.

3.2. Electrochemical Capacitive Performance Evaluation of CVO
Electrodes

In CVO thin film electrodes, the physicochemical properties
are altered by dipping time variation, and its impact on
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supercapacitive performance was analyzed through electrochem-
ical characterization by forming a three-electrode system. The
three-electrode system comprises of CVO electrode as the work-
ing electrode, a platinum plate (Pt) as an auxiliary (counter) elec-
trode, and mercury/mercury oxide (Hg/HgO) as a reference
electrode. An electrolyte of KOH (1 M) is used for the ion
intercalations to store the charges. The correlative CV curves
of samples CVO1:2, CVOI1:1, and CVO2:1 at a fixed
20mVs~! scan rate in the potential range of 0-0.6VHg '/
HgO are displayed in Figure 6a.

All CVO series thin film electrodes depict individual redox
pairs related to the Faradaic reversible redox responses among
Co3V,05 to Co3V,05_,OH,. The noticeable redox pair in ~0.1
t0 0.25 V Hg™!/HgO can be allocated to the reversible redox reac-
tions involving Coll to CollI transformation. Alternatively, the
dominant redox pair in the potential range of 0.45 to 0.65V of
Co3V,0g thin films are owing to the redox reaction related to
Colll to ColV transformation.?? Thus, redox pairs correspond
to the intercalation of OH™ ions into the CVO while the charging
phenomenon occurs, and electrolyte ions are deintercalated
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Figure 5. a) XPS full survey spectra and the corresponding b) Co 2p, c) V 2p, and d) O 1s of the sample CVO1:1.

whenever discharging occurs, as given in the following
reaction (R4).

C03V208 + xOH™ < C03V208,XOH,C + e (R4)

Also, the absolute area under the CV curve of the CVO1:1 elec-
trode is larger than the CVO1:2 and CVO2:1 electrode, represent-
ing that the CVO1:1 has a maximum capacity for charge storage.
Due to the mesoporous structure and high surface area of
CVO1:1 electrode, electrolyte ions permeate effortlessly in the
interior of an electrode and enable maximum area for charge
storage. Thus, it shows an increment in the current under the
curve of the CVO1:1 electrode than other electrodes. The CV
curves of the CVO1:1 electrode at different scan rates of 2 to
20mVs~! are displayed in Figure 6b, and for other CVO1:2
and CVO2:1 electrodes provided in Figure S4a,b, Supporting
Information. Evidently, when the voltage scan rate increases,
the area under the CV curve increases, although the redox pairs
shift slightly in the CV loop owing to the polarization effect.l****

Furthermore, in a direction to evidently divulge the mecha-
nism of charge storage of CVO series electrodes, their electro-
chemical kinetics are prodigious to study.* The scan rate (v)
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versus peak current (i) in the CV area under the loop satisfied
the “Power’s law” as given below in Equation (R5)"®

i=arP (R5)

Where “a” and “b” are both adjustable parameters, Equation (R5)
determines the value of “b” by measuring the slopes of log (i) and
log (v). When the value of “b” is near 0.5, the diffusion-controlled
electrochemical charge storage process is dominant, and the sur-
face capacitive process is conquered when the value “b” is near
1.P7)The “b” values of the CVO1:2, CVO1:1, and CVO2:1 is 0.86,
0.85, and 0.78, respectively, as depicted in Figure S5a—c,
Supporting Information, and it deduced that the CVO series
material exhibits more surface capacitive charge storage process,
i.e., extrinsic pseudocapacitive behavior owing to nanoparticle
like morphology. Additionally, using the Trasatti method, the
surface capacitive contribution in the charge storage was deter-
mined,*® and additional insight into the kinetics of charge stor-
age of electrodes is examined, illustrating the battery type
(diffusion-controlled) and pseudocapacitive owing to surface
extrinsic charge storage. The pseudocapacitive charge on the sur-
face (Q;s) and battery type (Qq) is measured by the total response
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Figure 6. a) At 20mV s~ scan rate comparative CV curves, b) CV curves of CVO1:1 electrode at different scan rates (2-20 mV's™'), c) the plot of log
(peak current) versus the log (scan rate) for electrode CVO1:1, and d) comparative plot of surface and diffusive charge contribution with respect to scan

rate (CVO1:2, CVO1:1, and CVO2:1).

of current from CV. The total charge, i.e., Qa1 is the combina-
tion of battery and diffusive type, as mentioned in
Equation (R6),2%*%

Qtotal = Qs + Qd (R6)

Moreover, the following Equation (R7) examines the charge
contributions using CV curves since the Q4 varies with v~/
and Qs is independent of scan rate (v).

Qtotal = Qs + Const. V71/2 (R7)
The plot of Qo Versus v~ '/ is shown in Figure 6c, and the
Y-axis intercept represents the capacitive contribution of the
CVO electrodes. The slow scan rates are designated for estimat-
ing Qs on the Y-axis and calculating the charge contribution in
CVO electrodes. The charge contribution from Qs is lower in the
CVO02:1 electrode and higher in other CVO series electrodes, as
shown in Figure 6d. The charge contribution from the Q, i.e.,
surface pseudocapacitive, is attributed to the nanostructured
morphology and high surface area of CVO electrodes, and this
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result further ensures that the miniaturization of material size is
crucial to attain the pseudocapacitance. Also, a contribution from
Qs increases with the scan rate and accomplishes battery type
process (diffusive), leading to slow scan rates. Therefore, the
CVO material displays a diffusive (battery-type) behavior at the
lower scan rate and higher scan rates showing capacitive nature,
as shown in Figure $6, Supporting Information.*"

The GCD analysis is further used for the electrochemical per-
formance evaluation of CVO thin film electrodes. The compara-
tive GCD curves of CVO1:2, CVO1:1, and CVO2:1 electrodes at
1Ag ! constant current density are displayed in Figure 7a.
All-tested CVO electrodes characteristically show bell-shaped,
symmetric charging-discharging curves, typically representing
intercalation-type pseudocapacitive charge storage mechanisms.
In the pseudocapacitive type, charge storage contains two
concepts: surface oxidation-reduction and intercalative type.*?
The GCD/CV curve analysis depicts that CVO electrodes possess
a combination of intercalation type and extrinsic pseudocapaci-
tive behavior owing to their nanostructured morphologies and
augmented surface area. The Figure 7b displays GCD curves
of CVO1:1 electrode at different current densities, respectively,
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Figure 7. a) Comparative GCD curves of cobalt vanadium oxide electrodes (CVOT1:2, CVOT1:1, and CVO2:1) at 1A g™ current density, b) GCD curves at
different current densities from 0.5 to 5 A g™ of CVO1:1 electrode, c) the plots of specific capacitance at 0.5-5 Ag~"' current density of CVO1:2, CVO1:1,
and CVO2:1 electrodes, d) the plot of capacitive retention of CVO series electrodes at 5 A g™ for 5,000 cycles, and e) the Nyquist plots of cobalt vanadium

oxide dip time variation electrodes (CVO1:2, CVO1:1, and CVO2:1).

and GCD curves of CVO1:2, and CVO2:1 is provided in
Figure S7a,b, Supporting Information. It can be seen that, as
the current density decreases, GCD time increases, representing
typical electrochemical reactions step rate by the diffusion of
ions. Consequently, at the higher current densities, the ions
of electrolyte access the outer surfaces of active material and
hardly reach the interior of the material, and hence internal space
is not fully used for abundant redox reactions.**) The specific
capacitance and capacity of dipping time-varied electrodes are
calculated by standard formulae mentioned in Note S1,
Supporting Information (Equation E(1) and E(2), Supporting
Information). The calculated C; of CVO series electrodes at dis-
tinct current densities are shown in Figure 7c. The maximum Cj
of 793.5F g ! (specific capacity (SC) 396.7 Cg ") at 0.5A g ' is
obtained for the CVO1:1 electrode and maintains Cg of 561 F g~*
(171.9Cg ") at 5Ag ' current density, representing excellent
capacitance retention even at a high current density.
The CVO1:2 and CVO2:1 electrode exhibits maximum Cg of
586.4Fg ' (293.2Cg ") and 381.1Fg ' (190.5Cg™!) at
0.5 A g ', respectively, which is relatively less than CVO1:1 elec-
trode. The maximum C; obtained for the CVO1:1 electrode is
attributed to the maximum surface area of the CVO1:1 electrode
than the other CVO1:2 and CVO2:1 electrode. The improved
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electrochemical performance of the CVO1:1 thin film electrode
is mainly ascribed to the mesoporous structure and maximum
surface area; moreover, the synergy between cobalt and vana-
dium implies enhanced electrical conductivity and multifarious
valences. Furthermore, the cycling stability performances of the
CVO series electrodes over 5,00 charge-discharge cycles at
5A g ' are tested and presented in Figure 7d. After 5,000 cycles,
the CVO1:1 electrode demonstrates 92.8% capacity retention,
while the CVO1:2 and CVO2:1 electrode exhibits 86.4 and
82.5% capacity retention, respectively. So, the cyclic stability of
the CVO1:1 sample is higher than that of CVO1:2 and
CVO02:1, which is attributed facile interface with electrolyte
owing to the high surface area and mesoporous nature.
Moreover, decreased cyclic stability of CVO series electrodes
may be linked to the little degradation of material and/or the for-
mation of undesired intermediate or side products during inter-
calation and deintercalation.”**! Moreover, the FE-SEM images of
the CVO1:1 thin film electrode after electrochemical measure-
ments (cyclic stability) at different magnifications of X15,000
and X50,000 are investigated and provided in Figure S8a,b,
Supporting  Information. The particle-like morphology
(Figure 3c) of the CVO1:1 electrode remains relatively
undisturbed after stability, as observed in the low magnification
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FE-SEM images (Figure S8a, Supporting Information). However,
upon closer inspection of the FE-SEM image (Figure S8Db,
Supporting Information), a slight change in morphology is
noticeable where particles are made up of nanoflakes after
cycling rather than nanoparticles. This change in morphology,
i.e., the formation of nanoflakes through the interconnection
of nanoparticles, suggests that the cobalt vanadium oxide
material undergoes slight surface conversion (undesired inter-
mediates), leading to diminished cyclic stability of the electrode
after 5000 cycles.*¥

The CVO electrodes are further characterized using the EIS
technique to understand better physicochemical mechanisms
involved in electrochemical charge storage. The Kramers—
Kronig transformation analysis was accomplished in the fre-
quency range of 10 mHz to 1 MHz to ensure the precision of
the measurements. The ZView-Impedance software was used
to match the equivalent electric circuit for impedance data fits,
and an appropriate fitting was established as having a lower devi-
ation of the total fit (Chi-square <0.001). The Nyquist plots of
CVO samples are shown in Figure 7e, and the assessed mini-
mum solution resistance (R;) and charge transfer resistance
(Ret) values of 0.7 and 0.101 (Q) are observed for CVO1:1 elec-
trode, and all other fitting parameters are provided in Table S2,
Supporting Information. The vertical line has almost a phase
angle of —90° in the low-frequency range, indicating the capaci-
tive behavior of the CVO electrodes, and little inclination
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suggests a small Warburg impedance caused by ion diffusion
in the active material. Also, the Rs and Rct values are associated
with electrolyte and faradaic leakage current resistance. All the
CVO series electrodes indicate minute Ry and R values, which
are attributed to the binder-free synthesis of CVO materials on
conductive SS substrate by the SILAR method. Among all three
CVO electrodes, the CVO1:1 electrode exhibits less R, and R
values owing to the elevated surface area with the mesoporous
morphology, resulting in an enhanced electrochemical capacitive
performance.

3.3. Hybrid Aqueous Supercapacitor Device

The feasibility of CVO electrodes for applied purposes is also
revealed by making a hybrid aqueous supercapacitor device
(HASD), as shown schematically in Figure 8a. The high-
performed electrode CVO1:1 is used as the positive electrode,
and the negative electrode is rGO. The rGO electrode is
acknowledged as the best-performing negative electrode in an
aqueous KOH electrolyte, as described in Note S4, Supporting
Information. To attain the utmost supercapacitive performance,
balancing charges among cathode and anode are most important
in device fabrication by balancing mass among them according
to Equation (E3), Supporting Information provided in Note S1,
Supporting Information. Based on the evaluation by the
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Figure 8. a) Schematic illustration of the process to fabricate the HASD, b) CV curves of CVO1:1 electrode HASD, c) GCD curves at various current

densities, and d) plot of specific capacitance versus current density.
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three-electrode system, the rGO and CVO1:1 electrodes, as
provided in Figure S9, Supporting Information and Figure 6,
separate working potential windows benefit the enhancement
of the voltage of HASD. The CVO1:1 electrode is functional in
0-0.6 V versus Hg/HgO positive potential window and the poten-
tial window of the rGO electrode is between 0 and —1V versus
Hg/HgO, as displayed in Figure S10, Supporting Information.
For the HASD, the potential window range of 0 to 1.2, 1.3,
1.4, 1.5, 1.6, and 1.7 V was carried out at 50 mVs™' scan rate,
as shown in Figure S11a, Supporting Information, to conclude
the potential window of the device. The result optimizes the 0 to
1.6V potential window suitable for the CVO1:1//rGO device
(HASD) since the water-splitting process can occur after 1.6 V.
Therefore, the CV curves carried out at various scan rates from
5 to 100mVs™' in the potential window of 0 to 1.6V and
displayed in Figure 8b. The quasi-rectangular nature of CV loops
suggests supercapacitive behavior of the HASD device.
Moreover, the GCD curves of HASD were tested in various
potential windows of 0 to 1.2/1.7V, as shown in Figure S11b,
Supporting Information, at 1.2A g ' current density. The
GCD plots in the optimized potential window of 0 to 1.6V, at
current densities of 1.1 to 1.7Ag ', are displayed in
Figure 8c. The charge-discharge curves are not precisely trian-
gular, suggesting the excellent pseudocapacitive performance of
the HASD device. The C, values of the HASD are 133.5F g™ ' at
1.1A g ! and maintain C,of 74.5F g "at 1.7 A g, as displayed

www.entechnol.de

in Figure 8d. The CVO1:1//rGO (HASD) achieved a maximum
SE of 47.4 Whkg ' at 0.90kW kg™' SP and a minimum SE of
26.5Whkg ' at 1.3kWkg ' SP, as Ragone plot shown in
Figure 9a, which are calculated by using Equation (E4) and
(E5), Supporting Information, provided in Note SI,
Supporting Information. The cycling stability of HASD was
checked by continuing given 5000 cycles of GCD at the constant
current density of 1.5Ag™" and maintained 83.6% capacitive
retention with 79.7% coulombic efficiency, as shown in
Figure 9b. The HASD shows good stability, SE, and SP, which
can conclude the CVO (CVO1:1) and rGO electrode materials are
applicable in energy storage applications.

The EIS analysis was also done to understand ion migration’s
kinetics in the HASD, and the Nyquist plot is shown in Figure 9¢
with an analogous fitted circuit inset. The HASD shows less R
and R of 2.3 and 19.4 Q before the stability. The small values of
R, and R indicate efficient ion transportation and outstanding
electrochemical conduction of the constituent electrode. While
the HASD maintains less R, and R, values of 1.7 and 36.2 Q after
stability, other fitted parameters are provided in Table S3,
Supporting Information. Additionally, the vertically inclined
lines in the low-frequency region indicate a lesser Warburg
impedance for the electrolyte ions diffusion between the respec-
tive electrodes in HASD. Furthermore, the HASD shows high
electrochemical performance, including the Cj, increased work-
ing potential window, and SE, caused by the synergy between the
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Figure 9. a) Ragone plot of HASD, b) a plot of capacitive retention, coulombic efficiency versus cycle number for HASD, and c) Nyquist plot of before and

after stability for HASD.
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two electrodes (CVO and rGO). The current findings demon-
strate the positive effects of mesoporous CVO1:1 nanoparticle,
which can offer maximum surface area; it is beneficial for expo-
sure to more electrochemical active sites and electrolyte diffusion
during electrochemical processes.

3.4. Solid-State Hybrid Supercapacitor Device

The solid-state hybrid supercapacitor device (SHSD) has devel-
oped as an appealing subject in research because of its applica-
bility in portable and bendable devices. Moreover, it has excellent
superiority, like the easy carriable or handling, due to its leak-
proof and lower-weight properties and excellent stability.**! In
addition, SHSD is probable to yield in different sizes and shapes
as chosen in the application.*®) The rGO and CVO1:1 electrodes
were prepared on a large area of the SS substrate (4 x 4 cm?), as
shown in Figure S12, Supporting Information. Combining the
CVO1:1 and rGO electrodes in PVA-KOH gel electrolyte
makes an SHSD, as schematically shown in Figure 10a. The
potential window variation for the optimization of the voltage
of the SHSD, as illustrated in Figure S1lc,d, Supporting
Information, is varied from 0 to 1.2 and up to 1.7V in CV
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and GCD studies at fixed scan rate (50mV s~ ') and current den-
sity (0.7 A g "), respectively. By concluding this potential window
variation analysis, the potential window of 0 to 1.6 V for CV and
GCD is perfect for the device study. Figure 10b displays CV
graphs at various scan rates, from higher 100 mV s~ to lower
5mVs ' scan rates, of the SHSD device. The GCD curves at dif-
ferent current densities (0.3-1.1 A g™ ') are shown in Figure 10c,
and the nonlinear GCD graph affirms the combinational pseu-
docapacitive and EDLC charge-storing ability of both electro-
des.[**8] The SHSD achieves an excellent 102.9Fg ' C, at
0.3Ag™ !, as shown in Figure 10d. Furthermore, the SHSD
exhibited SE and SP of 36.6 Whkg ™" and 0.30 kW kg™, as plot-
ted in Figure 11a. By executing 500 consecutive GCD cycles at a
fixed current density of 0.9 A g™, the continuing stability of
SHSD is assessed, as illustrated in Figure 11b. After 5000
GCD cycles, the SHSD displays capacitance retention of
85.2% with coulombic efficiency of 71.9%, showing strong
cycling stability and a long lifespan. EIS study, as depicted in
Figure 11c, further explores the better charge transfer character-
istics of SHSD. The less electrical resistivity of the electrodes and
improved electrolyte-electrode intimacy without any considerable
ohmic loss are responsible for the minor Ry (0.41Q) and Ry
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Figure 10. a) Schematic illustration of assembled SHSD, b) the CV at different scan rates, c) GCD curves of SHSD at various current densities, and

d) the variation of specific capacitance with current density for SHSD.
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Figure 11. a) Ragone plot of SHSD, b) a plot of capacitive retention, coulombic efficiency versus cycle number for SHSD, and c) Nyquist plot of before

and after stability for SHSD.

(165.8 Q) values of SHSD before the stability. The retention of Ry
(0.23 Q) and R, (244.6 Q) after the 5000 cycles suggests good sta-
bility of SHSD. Other EIS parameters are provided in Table S3,
Supporting Information. Moreover, two devices are connected
serially and utilized to light a lamp of 12 white LEDs to evaluate
the practicality of SHSD, as shown in Figure 12a-d.
The lamp was used to discharge these connected devices
after charging for 30 s. The first, intense glow of the lamp after
discharge implies that the SHSD produces considerable specific
power. Furthermore, the long-lasting LED lamp brilliance
implies that SHSD has excellent energy density. A comparative
Ragone plot with reported literature on CVO-based hybrid super-
capacitor devices is shown in Figure 12e. In CVO-based hybrid
energy storage devices, Fahimi et al.*! fabricated (CosV,0s//
AC), which exhibits a high SE of 59.2Whkg™* at 250 Wkg™*
SP. Nguyen et al. constructed a Cos;V,0g//AC device and
achieved SE of 55.5 Whkg ' at a higher SP of 800 W kg ">
Moreover, Sun et al.'®! developed Co,V,0,-3.3H,0//rGO, and
Liu et al.PY prepared CoV,04-2H,0//AC devices reported SE
of I9Whkg ' at 375.8Wkg ' SP and SE of 19Whkg ' at
400W kg™ SP, respectively. Lv et al.P? fabricated Co30,/
CoV,0,//AC  asymmetric device and reported SE of
26.1Whkg ' at 400 Wkg . Zhang et al.®*! assembled Co;0,/
Co3(VO,),//AC device obtained SE of 38 Whkg ' at 275 Wkg
SP. Fahimi et al.’¥ constructed a Co;V,05/CNT//AC solid-state
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device and reported SE of 37.55 Whkg™" at 660 W kg™". Mishra
et al”® assembled Co;V,04/CN,//AC device and obtained SE
of 41 Whkg™" at 385.18 W kg™ ". Also, Hosseini et al.’® fabricated
Co3V,04-Ni3V,03  TLs@PCNFs//PCNFs reported SE of
59.7Whkg ' at 1970 Wkg ™ '. Similar to the present work, the
aqueous hybrid supercapacitor device based on Co,V,0,//rGO
was fabricated by Wang et al.') which attained 35.2 Whkg™"
SE at 101Wkg_1 SP. Moreover, the SHSD and ASHD devices
manufactured in the present work demonstrated higher perfor-
mance than the reported only similar device by Wang et al.'"
in terms of SE and SP. However, the reported energy densities
for CO3V208//AC,[49] CO3V203//AC,[50] and CO3V208-Ni3VZOg-
PCNFs//PCNFsP®! HASDs are slightly higher than the present
work due to the use of Ni-foam (NF) as a conductive substrate since
Ni foam can add its self-capacitance in the alkaline device.?”) This
work uses only SS as a conductive substrate, which avoids the redox
reaction in the alkaline electrolyte; hence the obtained SE and SP
originated from the CVO1:1 and rGO materials. Moreover, the
position of the HASD device in the Ragone plot is higher than
SHSD and reported hybrid devices in terms of SP, without scari-
fying much SE[M64958 suggesting the suitability of CVO1:1
thin film electrode for next-generation hybrid energy storage
devices.

The excellent energy storage capabilities of HASD and
SHSD devices are credited to the apparent features of CVO1:1
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Figure 12. The photographs of SHSD demonstration by glowing LED lamp at a) charging for 30 s, b—d) discharging for; 2, 30, and 73 s. ) Comparative

Ragone plot of HASD and SHSD with available literature.

electrodes as, a) most notably the intercalative charge storage
mechanism offered by mesoporous nanoparticles-like structure
with high surface area (74.32m? g™ "), b) synergy among transi-
tion metal species (Co and V), and c) binder-free preparation of
thin film electrodes tends low impedance and diminishes the
dead volume of resistive binders. Overall, SILAR synthetic
approach provides an ultimate opportunity to produce CVO thin
film electrodes with tuned surface area and nanostructured mor-
phology by simply varying growth dynamics, improving superca-
pacitive performance. In light of the impressive outcomes, the

Energy Technol. 2023, 2300400
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present work may reveal a new path for creating unique nano-
structured materials for highly competent hybrid supercapacitor
devices.

4, Conclusion

In conclusion, the growth dynamics-based SILAR method pro-
ductively synthesizes CVO (CO3V,05.nH,0) thin film electrodes
having nanoparticles-like morphology with high surface area and
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mesoporous structure. The altered growth dynamics of CVO
series thin film electrodes result in a change in morphology,
surface area, and porous structure, which ultimately influences
the electrochemical performance of the electrodes. The opti-
mized CVO1:1 thin film electrode displayed the highest C; of
793Fg ' at 0.5Ag ', owing to the maximum surface area of
74.32 m* g, Additionally, the HASD manifested the maximum
C, of 133.5Fg™" with the SE of 47.7Whkg™' with SP of
0.90 kW kg™ '. Likewise, the SHSD achieved the maximum C
of 1029Fg™" at 0.30kWkg™' SP and 36.6Whkg™' of SE.
Moreover, the superior electrochemical capacitive characteristics
in terms of Cg, SE, SP, and stability of the SHSD (CVO1:1//PVA-
KOH//rGO) and HASD (CVO1:1//KOH//rGO) devices point to
their considerable potential use in a variety of portable electronic
devices. In conclusion, SILAR is a feasible approach to produce
binder-free, mesoporous, cobalt vanadium oxide (CVO) thin film
electrodes with tuned surface area as a potential cathode for
HSC.
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ARTICLE INFO ABSTRACT

Keywords:
Growth rate variation
Nickel vanadate

Developing self-supported electrode material in the absence of electro-inert binders considering the effortless
transfer of charges and manipulating physicochemical properties of electrodes in energy storage devices is
essential. Hence, the present attempt emphasizes the facile synthetic strategy of successive ionic layer adsorption

:L&If\alie area and reaction (SILAR) for controlled nickel vanadate (NV) growth over the conducting plate. In SILAR synthesis,
Supercapacitor the growth rate is monitored by rinsing and adsorption/reaction time variation to tune the surface area, mes-
Thin film oporous structure, and surface morphology of NV thin films. As a result, the formation of mesoporous, amor-

phous, hydrous nanoparticles of NV over the stainless-steel substrate is affirmed by structural analysis.
Furthermore, alteration in specific surface area with variation in growth rate is observed in BET analysis. As a
result, the optimal NV(1:2) thin film electrode exhibited the highest specific capacity (capacitance) of 355C g’1
(710 F g™} at 1 A g™! current density. Moreover, the fabricated aqueous hybrid supercapacitor device (NV
(1:2)//rGO) delivered 109 F g~ specific capacitance at 1.3 A g~! current density, and the device exhibited a
maximum specific energy (SE) of 44 Wh kg™ at a particular specific power (SP) of 1.14 kW kg~ . Furthermore,
the solid-state hybrid supercapacitor (NV(1:2)//PVA-KOH//rGO) device conferred a specific capacitance of 89 F
g lat 0.5 A g~! current density and an SE of 36 Wh kg~! at 0.482 kW kg ™! SP. This research paved an avenue to
the binder-free, scalable synthesis of NV electrodes and employed them as a cathode in practical applications of
hybrid energy storage devices.

1. Introduction cells, etc., are highly desirable and environmentally friendly [3,4].

Among the consortium of clean energy storage systems, ‘super-

Increasing concern over the depletion of fossil fuels turned the
attention of this generation toward environmentally friendly energy
generation and conversion systems. On the other hand, the fluctuations,
intermittency, and less continuity of conventional energy generation
have urged researchers toward sources of electrical energy devices
(EEDs) [1,2]. Hence, efforts toward a highly efficient, sustainable, low-
cost, and environmentally friendly energy storage system are still in
progress. Among the various energy storage systems, electrochemical
energy storage devices (EESDs), such as supercapacitors, batteries, fuel

capacitors’ are the most common alternative to batteries in many ap-
plications and have been extensively studied for many decades because
of their high specific power (SP), rapid discharge-recharge rate, and
exceptional cyclic stability. But less specific energy (SE) sometimes
limits the practical use of supercapacitors compared to battery systems.
Hence, it is necessary to contribute more significant potential for
developing high-energy supercapacitors without sacrificing the SP. Ef-
forts toward enhancing the SE of supercapacitors by fabricating a hybrid
device that emphasizes cathode materials superiority, exhibits high
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specific capacitance (Csp), and provides a wide potential window when
combined with an electrochemical double layer capacitive (EDLC) type
anode material is a well-known method [5-71].

As we know, the electrode material and choice of electrolyte play a
crucial role in the performance of applicable technologies; hence,
identifying high-performance electrode materials is essential to develop
hybrid energy storage devices (HESDs) [8]. A material with a substantial
surface area, mesoporous nature, electrochemical stability, and more
significant conductivity can achieve high energy-storing performance.
The evolution of vanadium compounds with transition metals displays
superior redox behavior due to their coordination environment and
manifold valencies. With their richer valencies of vanadium and nickel,
such as vanadium from 2+ to 5+ and nickel from 2+ to 3+, they can
make a diverse atomic ratio. Therefore, nickel vanadate (NV) materials
with multiple valencies and unique dielectric and magnetic behavior are
more suitable as electrodes in batteries, electrocatalysis, photocatalysis,
sensors, and HESDs application [9-15]. Apart from choosing the suitable
electrode material, producing a rationally designed structure with an
enhanced specific surface area and plenty of diffusion channels is
essential for active site exposure and ease of electrolyte transportation.
Also, it is well known that most redox activities in pseudocapacitors
occur on or near the surface of the material [16]. Thus, preparing
nanostructured materials is essential and mainly relies on synthetic
approaches and preparative parameters. The hydrothermal method has
been mostly employed to develop the different nanostructures of NV for
HESD applications. For instance, Li et al. [9] prepared NiV,0g, Singh
et al. [17] designed a stone-like morphology of Ni3V2Og, Nandi et al.
[18] synthesized nanopetals of NiVoOg, NizVeOg nanosheets were
developed by Merum et al. [19], Ni3(VO4), prepared by Kumar et al.
[20] through the hydrothermal method. Also, the hydrothermal method
is used by Chandra Sekhar et al. [21] to prepare NiyV,07 and the
nanorods of NiyVo0O7; were prepared by Ezhil Arsi et al. [22] through the
co-precipitation method. However, most of these reports have described
the preparation of nickel vanadate materials in powder form; addi-
tionally, the electrode preparation for supercapacitors in those reports
involved conventional binder-assisted coating techniques using PVDF.
In contrast, this study explores the direct growth of NV thin film on
conductive stainless steel (SS) current collectors, which is considered a
more effective approach for enhancing interfacial contact than binder-
enriched coating methods. Moreover, the improved electrochemical
capacitive performance of the NV electrode can be achieved by con-
trolling parameters such as the size of particles, morphology, and porous
structure. Among several deposition methods, the SILAR method is the
most efficient way to produce binder-free, amorphous, or nanocrystal-
line materials thin film electrodes. The SILAR method can control the
growth rate and, consequently, the thickness of films across a wide
range, ranging from a few layers to microns, through varying prepara-
tive parameters. Also, an advantageous feature of SILAR is that it can be
performed at low temperatures, making it convenient and energy-
efficient. These unique characteristicc make SILAR a versatile and
influential method for the preparation of binder-free thin film
electrodes.

It is crucial to create novel structural designs and optimization
strategies to surpass the limits of conventional electrodes. So far, the
very first time a facile SILAR approach has been applied for developing
binder-free NV electrodes and utilized for EESDs. Apart from the pre-
cursor concentrations, immersion cycles, pH of the cationic and anionic
precursor solutions, and bath temperature, the present study emphasizes
the influence of rinsing, adsorption/reaction time interval on the growth
kinetics, and consequent physicochemical properties of NV thin film
electrodes. The tunned surface area with the mesoporous structure of the
NV(1:2) electrode prepared at optimal growth rate exhibits excellent
charge-storing ability. Furthermore, the aqueous and solid-state hybrid
devices were fabricated benefiting from a cathode of NV(1:2), and rGO
electrode as an anode, and their electrochemical capacitive perfor-
mances are recorded and demonstrated herein.

Journal of Energy Storage 72 (2023) 108417
2. Experimental section
2.1. Materials

Nickel nitrate (Ni(NOs3)2), sodium orthovanadate (Na3VQ,), potas-
sium hydroxide (KOH), graphite flakes, sodium nitrate (NaNOs), po-
tassium permanganate (KMnO,4), N-methyl pyrrolidone (NMP),
polyvinylidene fluoride (PVDF), polyvinyl alcohol (PVA), hydrogen
peroxide (H20»), sulfuric acid (H2SO4) and hydrazine hydrate (NoHy4)
were purchased from Sigma Aldrich. Purchased chemicals are analytical
grade, afterward utilized as-received without any purification. In addi-
tion, stainless steel (SS) substrates (grade 304) were purchased from the
local market of Kolhapur, India, for the NV thin film deposition.

2.2. Synthesis of nickel vanadate

The NV thin films are synthesized via a binder-free SILAR process at
ambient temperature. Deposition of NV has been performed upon the SS
substrates used as the current collector. The cleaning of the substrate
plays a crucial role in the uniform deposition of NV material. First, SS
substrates were finely polished with smooth polish paper, followed by
acetone and double distilled water (DDW) sonication. Briefly, layer-by-
layer formation of the NV thin films comprises nickel cations adsorption
over SS substrate from the first bath containing 0.05 M of nickel nitrate
solution, followed by rinsing in a second beaker containing DDW, where
excessive and loosely adsorbed ionic species of nickel were rinsed away.
Then the third beaker contains the 0.05 M solutions of sodium ortho-
vanadate, where the reaction occurs between nickel and vanadium
species. Rinsing in DDW is also performed after the formation of the NV
thin layer to eliminate loosely bounded NV molecules/particles. This
entire process is repeated a hundred times to achieve the desired
thickness of the NV thin film, as depicted in Fig. 1(a). Furthermore,
obtained lively yellow-colored NV thin films, the photograph shown in
Fig. 1(b), were rinsed 2 to 3 times in DDW. Unlike other chemical
methods, such as co-precipitation and hydrothermal, the sequential
layer-by-layer assembly of the SILAR process avoids precipitate forma-
tion and wastage of material. Finally, the prepared NV series samples
were dried at ambient conditions. The dried NV series sample was
further characterized for structural, morphological, and electrochemical
analyses. Also, rGO used as an anode was prepared by modified Hum-
mers method followed by chemical reduction, and detailed synthesis of
rGO is discussed in Note S1 (see electronic supporting information (ESI))

2.3. Material characterizations

As prepared material is characterized using various analytical char-
acterization techniques. Structural properties of prepared NV thin films
were studied using an X-ray diffractometer (XRD) from Rigaku miniflex-
600 with Cu Ka (A = 0.15425 nm) target radiations between 10 to 80'.
Fourier transform infrared spectrometry (FT-IR) was carried out using
the Alpha (II) Bruker unit to investigate the functional groups and
chemical bonding materials. The surface morphology, cross-section, and
elemental composition of NV thin films were studied by using field
emission scanning electron microscopy (FE-SEM) (Hitachi S4800) and
energy-dispersive electron microscopy (EDS). The surface topographical
features were observed using atomic force microscopy (Oxford cipher S).
TEM measurements were performed using a JEOL JEM-ARM200F
NEOARM at 200 KeV. Surface topographical features were observed
using atomic force microscopy (Oxford cipher S). Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) techniques were used
to examine the specific surface area and pore size distribution using the
Belsorp II mini instrument. The X-ray photoelectron spectroscopy (XPS)
measurement was done using the ESCALAB 250 (ThermoElectron, Al
Ka) instrument. The electrochemical measurements of the NV series
electrode were performed using a VersaStat 4 electrochemical
workstation.
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Fig. 1. (a) Schematic illustration of NV thin film preparation by SILAR method, (b) Photographs of deposited NV series thin films, and (c) Plot of mass loading and

thickness versus NV series samples.

2.4. Electrochemical measurements

The electrochemical activities of NV series and rGO electrodes were
performed individually using a three-electrode system (Half-test cell).
Electrochemical analysis was carried out by using cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), electrochemical impedance
spectroscopy (EIS), and cycling stability tests in 1 M aqueous KOH
electrolyte. As-deposited NV electrodes were used as working elec-
trodes. Platinum plate and Hg/HgO were utilized as counter and refer-
ence electrodes, respectively. More details about the preparation of gel
electrolytes are discussed in Note S2 (see ESI), and the required formulae
for capacitive performance calculation are given in Note S3 (see ESI).

3. Results and discussion
3.1. Formation of nickel vanadate thin film

The SILAR method employs a series of steps, including the adsorption
of cations onto the surface of the substrate, followed by rinsing in DDW.
The same water rinsing procedure is pursued after the reaction among
pre-adsorbed cations and anions in the anionic precursor solution. Then
the whole process is repeated to increase the thickness of the thin film, as
shown in the schematic synthesis procedure of the NV thin film in
Fig. la. In SILAR deposition, the layers of cations and anions are

consecutively performed to grow nucleated species; the layer-by-layer
deposition procedure takes place to develop thin films. To carefully
control the deposition process, layer-by-layer assembly executes the
following steps: adsorption of nickel ions produced as per reaction (1)
from nickel nitrate precursor over SS substrate and removal of excessive
ionic species in a pure solvent of DDW in rinsing.

Ni(NO;),.6H,0 + nH,0—Ni*" +2NO*~ + (n+ 6)H, (€))

The exact process of rinsing and removing the excessive ionic species
is followed even after the pre-adsorbed nickel ions reacted with vana-
dium ion species obtained as per reaction (2) from an anionic precursor
containing sodium orthovanadate. The dissolution of sodium orthova-
nadate in water gives,

Na; VO, +nH,0—VO;~ +3Na* 4+ nH,0 )

Additionally, the reaction is carried out by immersing a substrate
with a layer of Ni%* jons on it in a precursor solution of sodium ortho-
vanadate, in which a reaction between vanadium and nickel ions results
in the deposition of adherent NV on the substrate as per the subsequent
reaction (3),

3Ni** 4+2VO;™ +nH,0-Ni;(VOy), + nH,0 3

Apart from the noticeable benefits of high yield and energy-
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preserving, the leading advantages of the SILAR method are the control
over growth rates and the film thickness, which can be accomplished by
changing adsorption/reaction and rinsing time and changing deposition
cycles. Therefore, to investigate the effect of dipping time in adsorption/
reaction and rinsing baths on growth rates of NV films, it varied in the
ratio of 1:1, 1:2, and 2:1, and termed as NV(1:1), NV(1:2), and NV(2:1),
respectively. The photographs of deposited thin films at different dip-
ping time variations are shown in Fig. 1 (b). Furthermore, the mass
loading of NV series thin films, after 100 cycles, was quantified by the
gravimetric weight difference method through the mass per unit area
(mg cm’z) over SS substrate and shown in Fig. 1 (c). Change in the
deposited weight with variation in dipping time suggests that the mass
loading of the NV thin films particularly belongs to the alteration in
growth rate, which in the SILAR method is associated with adsorption/
reaction along with rinsing periods. Also, to ensure the alteration of
growth rate, the thickness of NV series samples was measured through
cross-sectional FE-SEM images and provided in Fig. S1 (a-c) (see ESI).
More specifically, cross-sectional FE-SEM images reveal that the NV(1:1)
sample exhibits a thickness of 4.2 pm, the NV(1:2) sample displays a
thickness of 2.5 pm, and the NV(2:1) sample shows a thickness of 5.6
pm. The obtained thickness trend with respect to the dipping time
variation is analogous to the mass loading trend of NV series samples, as
shown in Fig. 1 (c). Mass loading and thickness measurements unani-
mously reveal that the NV (2:1) achieves a maximum thickness; on the
other hand, sample NV (1:2) shows less thickness, which concludes that
more rinsing time results in lowering the thickness due to the slow
growth rate of the material [23]. Hence, the growing rate of NV material
is influenced by the duration of the substrate in cationic/anionic pre-
cursor and rinsing solutions, where more rinsing time slows down the
growth rate and results in less thickness and vice versa. Therefore, such a
change in the growth kinetics of the NV materials can lead to a change in
the physicochemical properties of the material over SS substrate, and it
can influence the electrochemical properties of NVseries electrodes.

3.2. Structural and morphological study of NV series thin films

The structural examination of prepared NV thin films was performed
using the XRD technique, as shown in Fig. 2(a). The XRD patterns of all
the NV series thin film samples illustrate similar diffraction spectra
without any significant peaks from the material, except peaks from the
SS substrate. The diffraction peaks highlighted by the emblem (*) in
Fig. 2 (a) appeared from the SS substrate. The obtained spectra in the
range of 10° to 80° do not contain any significant peak of the material,

a * — stainless steel :
;f : :
& FONV(2:1) b i
2 P X
D - ]
S ENV(1:2) . ]
E E

NV(1:1) .
10 20 30 40 50 60 70
20 (degree)

80

Journal of Energy Storage 72 (2023) 108417

which suggests the formation of amorphous NV over the SS substrates.
The poor crystallinity of NV samples resulted from the lack of periodic
arrangement of atoms due to the atomic shielding between the nucleated
species and adsorbed layers of material [15]. Moreover, such an amor-
phous material structure significantly enhances the electrochemical
performance by providing an improved surface area of the material and
structural flexibility, allowing deeper diffusion of the electrolyte ions to
access the active materials [24].

The presence of various functional groups in the NV series samples
was probed by FT-IR analysis, as shown in Fig. 2 (b). It represents the FT-
IR spectra of synthesized NV (1:1), NV(1:2), and NV(2:1) samples in the
scanning range of 400 to 4000 cm™l. The occurrence of absorption
bands within the range of 400-900 cm™! is specially related to the
stretching vibrations of metal oxides. As-plotted FT-IR spectra show
similar features for all samples, and the band v; at 476 cm~ ! is allocated
to Ni—O vibrations (stretching) [25,26]. Moreover, the occurrence of
band v, at 693 cm ™! corresponds to the V-O-V vibrations (antisymmetric
stretching) [27]. The presence of band v3 around 909 cm ! is attributed
to the symmetric stretching mode of the V=0 group. [28]. Also, the
absorption band v4 related to N—O stretching vibrations is around 1351
cm’l, obtained from trapped nitrate (NO)3~ ions from the precursor
[29]. Furthermore, the bands vs at 1627 cm ! and v at 3429 cm ! are
accredited to the bending and vibrations of the hydroxyl group (H-O-H,
stretching), respectively, from structural water entrapped during the
rinsing process in synthesis [30]. Obtained characteristic peaks under-
score the presence of structural water content in prepared material.
Regardless of the growth rate variation, the XRD and FT-IR spectra
confirm amorphous and hydrous nickel vanadate material formation in
thin films in all NV series samples.

The detailed chemical oxidation states of each element contained in
the NV series sample were uncovered by XPS analysis. Observing Ni, V,
and O elements in the XPS survey spectrum (Fig. 3 (a)) indicates the
presence of the elements, as mentioned earlier, on the surface of the NV
samples. As illustrated in Fig. 3 (b), Ni 2p has two leading spectral peaks,
which rise from the spin-orbit splitting at a binding energy of 855.58 and
873.28 eV and are termed Ni 2p3,, and Ni 2p; /o, respectively. The two
prominent peaks of Ni 2p3,5 and Ni 2p;,, are separated by 17.7 eV
binding energy difference along with better-christened ‘satellite peaks’
at energy of 861.28 and 879.58 eV. The peaks reveal the presence of
Ni?* and Ni®* species [29-31], which confirms the divalent and triva-
lent states of nickel in bulk and near the surface of NV material,
respectively. The fitted spectra of V 2p, as shown in Fig. 3 (c), demon-
strated two peaks at a binding energy of 517.88 and 524.28 eV are
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Fig. 2. (a) XRD pattern (b) FT-IR spectra of NV series thin films for NV(1:1), NV(1:2), and NV(2:1) samples.
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Fig. 3. (a) Full survey spectra, (b) Ni 2p, (c) V 2p, (d) O 1 s XPS spectra of sample NV series samples.

designated to V°* state, and the formfitting peak at a binding energy of
516.78 eV represents the V4 state [1 3,32,33]. The presence of 2+ and
5+ states of nickel and vanadium, respectively, validate the formation of
the Ni3gV30g phase in all NV series thin films. The deconvoluted O 1s
spectra for all NV series samples are demonstrated in Fig. 3 (d). The

decomposition of O 1s peaks in three parts manifests the different en-
vironments of oxygen in the samples. The peak located at a binding
energy of 530.48 eV is attributed to the lattice oxygen (Oy), whereas the
peak situated at 531.58 eV corresponds to the oxygen vacancies (Op),
and at 533.18 eV assigned to the adsorbed water (Oyp) [34,35]. In
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addition to providing electroactive sites for redox processes, oxygen
vacancies can significantly increase the conductivity by facilitating the
transit of charge barriers [36]. Moreover, the deconvolution of O 1 s
spectra affirms the presence of hydrous content in NV samples and
confirms the deposition of hydrous Nickel Vanadate (Ni3V20g.nH30) in
thin films over SS substrate.

The surface morphologies were recorded at different magnifications
(x5000 and x40000) of the NV thin films and are shown in Fig. 4(a1, as),
(b1, by), (c1, c2). The overview of SEM images at lower magnification
(Fig. 4 (a1), (b1), and (c;)) demonstrated the congested spherical
nanoparticle-like morphology decorated over conducting plate of SS.
Besides, randomly decorated particles are entwined, creating large
cavities and void space. Obtained voids and cavities in the surface
texture are more beneficial by providing a lower diffusion length for the
migration of ions [37]. The agglomeration of spherical nanoparticles is

96 nm

: 107 nm
\\
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observed in SEM images recorded at higher magnification, as displayed
in Fig. 4 (ap), (b2), and (c2). The calculated average particle size is found
to be an average diameter of 120, 101.4, and 167.1 nm for samples NV
(1:1), NV(1:2), and NV(2:1), respectively, as histograms displayed in
Fig. 4 (a3, bs, c3). This difference in the average particle size reveals the
impact of alteration in the duration of adsorption/reaction and rinsing
time in their respective baths and the subsequent change in growth rate.
The slow growth rate of NV particles reduces the size of the particles
when rinsing time is twofold than the adsorption and reaction duration.
Relatively higher and sufficient time for rinsing of ions in DDW,
lowering the particle size by removing most loosely bounded or
unreacted species. In contrast, comparatively large particle size is
observed while the adsorption/reaction period was twice that of rinsing
in DDW owing to the agglomeration of the particles due to increased
growth rates of film formation. Thus, SEM analysis confirms that the
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Fig. 4. SEM images of sample (a;, ap) NV(1:1), (by, by) NV(1:2), and (c3, cz) NV(2:1) at the magnification of x5000 and x40000, respectively and (az, bz, c3) his-
tograms of particles size distribution, (d;-d3) HR-TEM image and SEAD pattern of NV(1:2) sample.
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growth rate variation by dip time adjustment significantly alters the
morphology of NV thin film electrodes, which can influence the elec-
trochemical performance. The captured 2D and 3D AFM images of NV
(1:2) sample are provided in Fig. S2 (see ESI). The topographical images
illustrate the spherical nature of nanoparticles and are well covered over
the substrate surface (Fig. S2 (a)), and obtained 3D image coincides well
with the SEM morphology of the sample, as shown in Fig. S2 (b).
Moreover, the average line (Ra) and surface roughness (Sa) is found to
be ~10.2 nm, and the maximum height of the surface (Rz) around 12.81
nm was analyzed using Profilm software, as shown in Fig. S2 (c). The
AFM profiles and analysis shown in Fig. S2 demonstrate high surface
roughness which possesses a larger surface area, and it further helps to
enhance the electrochemical properties of the NV (1:2) sample. More-
over, high-resolution transmission electron microscope (HRTEM)
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images of the NV (1:2) sample presented in Fig. 4 (d;-ds) revels
agglomerated spherical particles of nickel vanadate. Moreover, the HR-
TEM image in Fig. 4 (d2) displays interconnected spherical particles with
an average size of ~102.2 nm, and Fig. 4 (d3) demonstrates that the
merged spheres are composed of clusters of quantized particles. Also, the
SAED pattern shown in Fig. 4 (ds) inset reveals diffused ring, which
affirms the amorphous nature of nickel vanadate and agrees with the
obtained XRD results.

Furthermore, in order to scrutinize the presence of elements in the
NV sample, an EDS spectrum analysis was carried out and shown in
Fig. S3 (see ESI). EDS images demonstrated a peak corresponding to Ni,
V, and O elements with atomic percentages of 24.01 %, 12.03 %, and
63.96 %, respectively. Moreover, the elemental mapping images dis-
played in Fig. S4 demonstrate the uniform distribution of Ni, V, and O
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elements (see ESI) of NV thin film over the SS substrate. These EDS
mapping results indicate the successful hydrous nickel vanadate series
thin film electrode preparation.

To probe the influence of growth rate variation on the porosity and
surface area of deposited NV series samples, BET and BJH measurements
were performed. The plots of N3 adsorption-desorption isotherms (at 77
K liquid nitrogen) and BJH pore size distribution are displayed in Fig. 5
(a-c), and according to the International Union of Pure and Applied
Chemistry (IUPAC), obtained N5 adsorption-desorption isotherms of all
NV series samples display an H3-type hysteresis loop, endorsing the
existence of aggregated particles [38]. The assessment of the specific
surface area is found to be 147.1, 167.6, and 117.2 m? g’1 for NV(1:1),
NV(1:2), and NV(2:1) series samples, respectively. The obtained specific
surface area of 167.6 m? g~! of NV (1:2) sample is higher than ever
achieved for NV materials prepared by different synthetic methods, as
described in Table S1 (See ESI). Additionally, the mesoporous structure
of NV samples is confirmed from the pore size distribution (BJH) anal-
ysis, as displayed in the inset of Fig. 5 (a-c). The BJH plots display the
average pore size distribution of 7.6, 6.9, and 9.7 nm for NV(1:1), NV
(1:2), and NV(2:1) samples, respectively. The deviations in specific
surface area and pore size are observed due to fluctuations in growth
kinetics of the material. Consequently, obtained change in the surface
area agrees with the alteration in the surface morphology of NV samples.
The relatively higher surface area is attributed to the smaller particle
diameter with a pore size of 6.9 nm owing to the slower growth kinetics
of NV(1:2) thin film. Moreover, the high surface area with the meso-
porous structure having shortened pore diameter can introduce hierar-
chical channels to contact the electrolyte and easy ion diffusion in the
deep pore of the particles [39,40].

The overall physicochemical analysis concludes that the surface area
and porous structure of the NV samples correspond to changes in surface
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morphology and average particle size, and it can be tuned by varying
growth rates via changing dip time intervals for adsorption/interaction
and rinsing in the SILAR method. In this attempt, the dipping interval of
the substrate in cationic/anionic precursor and rinsing baths is varied to
achieve different growth kinetics as slow (1:2), intermediate (1:1), and
fast (2:1) growth rates, as schematically shown in Fig. 6. When the
rinsing time is twice, the adsorption and reaction time (NV 1:2) and ion-
by-ion growth kinetics are slow, where particle size reduces since a
sufficiently excess rinsing time avoids the agglomeration of particles and
results in smaller particle size. On the other hand, rapid growth is
observed for the larger/equal time to adsorption/reaction than rinsing
of NV(1:1) and NV(2:1) samples, resulting in relatively larger particles
than NV(1:2) samples. The increasing growth rates of NV material lead
to the formation of relatively bigger particles due to the SILAR synthesis
approach; the dipping time variation primarily results in the controlled
growth and size of the particles, which aids in tuning the surface area of
the material and consequently affects electrochemical performance.

3.3. Electrochemical study of NV series electrodes

The influence of dipping time on the structure and morphology and
its consequent impact is further scrutinized for electrochemical mea-
surements. The three-electrode electrochemical cell system is applied to
examine the electrochemical performance of as-deposited NV thin films
electrodes. The comparative CV curves are displayed in Fig. 7 (a) for NV
(1:1), NV(1:2), and NV(2:1) electrodes in the optimized potential win-
dow of 0 to 0.7 V/Hg/HgO at a 20 mV s~ scan rate. The elevated area of
the CV curve for NV(1:2) electrode leads to a higher charge-storing ca-
pacity than another two electrodes, implying a good correlation be-
tween specific surface area and CV curves. The CV curves of the NV(1:2)
thin film electrode at various scan rates from 2 to 50 mV s~ ! are shown
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Fig. 6. Schematic representation of the effect of the dipping time variation on growth kinetics, surface morphology, and surface area of NV material over a substrate.
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in Fig. 7 (b). The increasing trend of the area under CV curves with scan
rate infers the battery-type behavior of NV material. In the redox pro-
cess, a greater scan rate causes ion depletion or saturation in the elec-
trolyte inside the electrode, which mainly raises ionic resistance [41].
The observed CV curves are associated with two different domains; a
couple of oxidation-reduction peaks are obtained in the region from 0.35
to 0.7 V, mainly associated with the reversible transition of Ni®* to Ni>*
and the remaining part in region O to 0.35 V of the CV curve point to-
ward the transfer of double layer charges. Also, the absence of additional
redox peaks due to impurity phases of V505, V409, V307, VOq, etc.,
confirms that the redox couple originated from Ni3V,0g [19,42]. During
the process of intercalation and de-intercalation, OH™ ions get
exchanged into the bulk of the material and near the electrode-

electrolyte interface, and the electrochemical reactions of NV elec-
trodes could be presented as follows.

Ni3V,05 + 60H™ < 3NiOOH + H;V,03™ + 3~ @

Further, a similar trend of CV curves for NV(1:1) and NV(2:1) elec-
trodes at 2 to 50 mV s~ ! is observed, as shown in Fig. S5 (see ESI). The
CV curve provides more insights into understanding the charge storage
mechanism quantitatively. Fig. 7 (c) provides a graphic illustration of
the scan rate-dependent current response, and the following equation
summarizes the relationship:

ipear (0) =a0® 5)

where ipeax denotes the peak of cathodic current, a and b are adjustable
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factors, and v is the sweep rate. The b parameter can be determined from
the slope of log (ipeak) vs. log (v) (Fig. S6, see ESI) graph. Generally, the
value of b = 1 signifies charge storage mainly due to the surface-
controlled (electrical double layer (EDL)) process indicating capacitive
nature. In contrast, the diffusion-controlled battery-type nature is
considered for b = 0.5 [43]. In contrast, NV series electrodes exhibited b
values of approximately 0.5, suggesting that the battery type diffusive
process contributed to store charges. Further, total volumetric charge
(Qy) differentiates into capacitive (Qs) and diffusive (Qq) behaviors and
determine by the following equation:

Q=Q+Q (6)

Qs is mainly attributed to the rapid kinetics and independent of the
scan rate, while Qq parallels relatively sluggish diffusion, and it is a
function of the reciprocal of the square root of the scan rate. The Qs is
derived by plotting the total charge against the inverse reciprocal of the
square root of the scan rate (0)'2 Using CV curves, the following
equation helps to examine the scan rate-dependent charge components
and the overall charge contribution,

Q, = Q, +Conste v~/ 7

The charge contribution against the scan rate strikes a similar charge
storage mechanism. The overall contribution indicates more diffusive
battery-type charge storage; however, increasing the scan rate provides
a slight capacitive behavior. Thus, at a scan rate of 2 mV s}, diffusive
contribution accounts for 98 %, whereas it is decreased to 95 % at 20

Journal of Energy Storage 72 (2023) 108417

mV s~ ! for NV(1:2) electrode. In addition, comparatively more surface
contribution charge storage is achieved by NV(2:1) electrode, which
decreases from 9 % to 4 % with scan rate lowering from 20 to 2mV s~ ?,
respectively. Also, it is possible to distinguish between the kinetics of
charge transfer at different scan rates, and the diffusion coefficient
against scan rate is plotted in Fig. S7 (see ESI) for NV(1:1), NV(1:2), and
NV(2:1) samples. The cyclic voltammetric peaks during the positive
polarization of the cell are used to calculate the electrolytic diffusion
coefficient as described by the Randles-Sevcik equation:

Ip = 2.69 x 10~°n*?A.C.D'/2 v'/? 8)
where, “Ip” represents the peak current, “n” is the number of electrons
transferred in the electrochemical reaction, “A” is the active electrode
area, “D” is the chemical diffusion coefficient, “C” is the concentration,
and “v” is the scan rate. At higher scan rates, a lower diffusion coefficient
of ions is observed for all NV series samples, and it increases with
decreasing scan rates. Moreover, NV (1:2) electrode exhibits a higher
diffusion coefficient, it is attributed to the high surface area and meso-
porous structure.

Further, GCD analysis provides more insights to evaluate the Cg, of
the NV series electrodes. Fig. 8 (a) presented comparative galvanostatic
charge-discharge curves measured at a current density of 1 A g1 for NV
(1:1), NV(1:2), and NV(2:1) series electrodes. It is observed that the
obtained GCD profiles for all samples are similar voltage plateaus and
are analogs to CV curves. The battery-type behavior of GCD curves with
a minor voltage drop further points out the reversible nature and
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superior conductivity of the CV materials [44]. The Csp, capacity, and C,
of the prepared NV electrodes are calculated using Egs. S1, S2, and S3
(See ESI Note S3). The GCD profiles at different current densities
(1.0-3.0 A g’l) obtained for the NV(1:2) electrode are illustrated
graphically in Fig. 8 (b), and GCD plots for NV(1:1) and NV(2:1) elec-
trodes are provided in Fig. S8 (see ESI). The cyclic stability and
coulombic efficiency of the nickel vanadate electrode (NV (1:2)) for
5000 cycles were carried out at a current density of 3A g ™! and provided
in Fig. 8. (c) The NV (1:2) electrode exhibits ~92 % capacitive retention
with 96 % coulombic efficiency over 5000 GCD cycles and increase of
coulombic efficiency and stability after initial cycles attributed to the
activation of material by means of opening the pores. When using
battery-type material, throughout the potential range, average capaci-
tance is not constant [6]; in this account, the maximum C; along with Cg,,
is calculated and found to be 355C g and 710 Fgt at 1 A g! current
density for NV(2:1) electrode. Also, calculated values of Cs (Csp) for NV
(1:1) and NV(2:1) electrodes are 276C g‘1 (552 F g_l) and 150C g_1
(300 F g™1), respectively, as shown graphically in Fig. 8 (d). Moreover,
calculated areal capacitance and specific capacity values (mAh g™
values are provided in Table S2 (see ESI). The obtained storing capacity
of NV electrodes is comparable to the reported performance of NV-based
electrodes in earlier literature; for instance, Li et al. [9] prepared NiV,0g
by the hydrothermal route and obtained nanosphere with a Cg, of 565 F
g L. Singh et al. [17] reported a hydrothermal method to prepare a
stone-like morphology of Ni3V,0g, which provided a maximum Cg, of
548 F g’l. Nandi et al. [18] synthesized nanopetals of NiV,0g through a
similar hydrothermal route, which exhibited a maximum Cg; of 1252 F
g’l. Also, Ni3gV,0g nanosheets were developed hydrothermally over the
nickel foam (NF) by Merum et al. [19], providing a high Cg, of 1300 F
g, Furthermore, Ni3(VO4), prepared by Kumar et al. [20] through
hydrothermal method provided maximum Cs of 402.8C g_l at1l A g_l,
and also the hydrothermal method is used by Chandra Sekhar et al. [21]
to prepare NizV,07 which provides maximum C, of 77.1 pAh ecm 2. The
nanorods of NiyVo0; were prepared by Ezhil Arsi et al. [22] through the
co-precipitation method and reported a maximum capacitance of 894 F
g L. The detailed summary of NV-based electrodes performance with
surface area and morphology is tabulated and given in Table S1 (see
ESI), which demonstrates the obtained Cgp, in the present study is anal-
ogous and exceeds several reports [9,16-21]. Only Nandi et al. [18],
Merum et al. [19], and Kumar et al. [20] reported higher Cg, than pre-
sent work. However, in these works, NF and steel mesh were used as
conductive mediators, where NF may contribute to the enhanced
capacitance of the electrode [45]. Subsequently, the prepared NV thin
films over SS substrate thus receive full credit for the obtained excep-
tional capacitive performance in the current study owing to the high
surface area ever achieved for NV materials using any synthetic
approach.

EIS is quantitatively analyzed to extract more information related to
the electrical and ionic conductivity of the electrode material and
electrolyte. The Nyquist plots for NV series samples are shown in Fig. 8
(e). The EIS study was conducted at an amplitude of 10 mV, AC in the
frequency range of 10 mHz to 1 MHz at open circuit potential. The
experimental data of the Nyquist plot were fitted with a selected
equivalent model, and different parameters such as solution resistance
(Rs), charge transfer resistance (R.t), and Warburg impedance (W), and
fitted parameters are provided in Table S3 (see EIS). The Nyquist plot
shows a slight arc that accounts for the charge transfer reactions and
double-layer capacitance at the electrode/electrolyte interface since the
ions do not have adequate time intervals to penetrate inside the bulk of
the electrode. The diameter of the semicircle determines the R values,
and these are 0.32, 0.09, and 0.72 Q for NV(1:1), NV(1:2), and NV(2:1)
samples, respectively. Also, a slightly vertical line to the imaginary axis
at the lower frequency region with a phase angle of close to 90" suggests
capacitive behavior and complete diffusion of ions in the results in
Warburg diffusion resistance. Also, the low R value of the NV (1:2)
electrode leads to a high capacitance of the NV electrode owing to the
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spontaneous electrochemical reaction among the electrolyte and active
electrode material due to its high surface area and mesoporous structure.
Furthermore, the smaller R and R values of NV series electrodes sug-
gest an excellent attachment (binder-free) of active material with a
current collector (SS substrate). Thus, the SILAR synthesized binder-
free, mesoporous, amorphous NV(1:2) thin film electrode with a high
specific surface area (167.8 m? g 1), having a maximum C; of 355C g~}
owing to low EIS values, is suitable as cathode for fabrication of hybrid
supercapacitor devices. Furthermore, the FE-SEM images of the NV(1:2)
thin film electrode after electrochemical measurements at different
magnifications of x3000 and x40,000 are shown in Fig. S9 (a-c) (see
ESI). At low magnification (Fig. S9 (a)), it is clearly seen that the
particle-like morphology does not disturb and looks similar to before
electrochemical measurements (Fig. 4 (bl)). However, at higher
magnification of SEM image (Fig. S9 (b)), it is observed that the average
particle size slightly reduced after the electrochemical study. The
negligible change in surface morphology with a reduction in particle size
of ~83.2 nm (Fig. S9 (c)) indicates less damage in the particle-like
microstructure of amorphous NV material, which confirms good elec-
trochemical stability.

3.4. Aqueous hybrid supercapacitor (AHSc) device

Recently, hybrid supercapacitor devices have grabbed much atten-
tion by providing a large SE without sacrificing SP for practical appli-
cations. To address the device-level practical feasibility of prepared
electrodes using the two-electrode system, an aqueous hybrid super-
capacitor (AHSc) device was constructed, as shown in schematic Fig. 9
(a). For the development of the AHSc device, the best-performed NV
(1:2) electrode is used as a positive electrode, and rGO-coated SS sub-
strate is utilized as a negative electrode in 1 M KOH electrolyte. The
structural and electrochemical analysis of the capacitive type rGO
electrode is carried out and provided in Fig. S10 (see EIS). To achieve the
maximum energy-storing capacity of the AHSc device, both electrodes
are coupled with an appropriate mass ratio derived using the mass
balancing Eq. (S4) (Note S3, see ESI). The comparative CV performances
of NV(1:2) and rGO electrodes at 50 mV s~ in a single frame are shown
in Fig. S11. Moreover, the optimum potential window of the AHSc de-
vice was determined by measuring CV curves at 50 mV s~ and GCD
curves at 2.2 A g~ ! within different upper cutoff voltages in the 1.2 to
1.8 Vrange, as shown in Fig. S12 (See ESI). The maximum cell voltage is
extended up to 1.7 V; afterward, the oxygen evolution mechanism
causes a dramatic spike in current. In the AHSc device, the charge
storing is based on the intercalation/de-intercalation of OH™ ions from
the electrolyte at the interface of the NV electrode during the charging/
discharging process occurs, and at the same time, adsorption/desorption
of K™ ions on the interface of the rGO electrode as schematic presented
in Fig. S13 (see ESI), which shows the typical arrangement of cations and
anions during charging and discharging process. The CV plots for the
AHSc device were recorded in a 0-1.7 V voltage window at various scan
rates of 5 to 100 mV s’l, as shown in Fig. 9 (b). The similar trend of CV
curves at higher scan rates implies that the device can withstand higher
scan rates. Also, it can be seen that the current response under CV in-
creases with the increasing scanning rate. Fig. 9 (c) depicts GCD curves
for the AHSc device at distinct current densities from 1.3 to 3.1 A g 1.
The nearly similar and non-linear trend of GCD curves was observed for
the AHSc device, confirming the hybrid charge storage mechanisms of
the AHSc device. The AHSc device reaches Cgp as high as 109 F g lat1.3
A g7! current density and retains up to 93 F g~! for 3.1 A g~! current
density. The calculated Cs, values from charge-discharge curves are
plotted against the current densities in Fig. 9 (d). Moreover, SE and SP
are calculated using Egs. S6 and S7 (see ESI) in order to find the place of
AHSc devices among existing hybrid devices. The AHSc device can
achieve a maximum SE of 44 Wh kg ™! at an SP of 1.14 kW kg™! and
retaining SE of 37 Wh kg ™! at an SP of 2.66 kW kg~?, as revealed in
Ragone plot (Fig. 9 (e)). Additionally, the AHSc device cycled up to
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AHSc device.

5000 cycles at 4.5 A g~! to check the cyclic stability, and it was found
that the AHSc device sustained 91 % of its initial capacitance (Fig. 9 (f))
along with coulombic efficiency of 94 %. It is observed that capacitive
retention of the AHSc device initially increases with increasing charge-
discharge cycles, which might be due to the activation of material and
opening of the mesoporous structure for facile intercalation of ions, and
further slight loss in capacitance implies distortion of material surface
[46]. The EIS study further provides more information about the charge
transfer kinetics in AHSc devices. For instance, the Nyquist plot for NV
(1:2)//rGO AHSc device shown in Fig. 9 (g) demonstrated good elec-
trical/ionic conductivity and interface between material and electrolyte
as displayed in terms of lower Rg (2.77 Q) and R (3.69 Q) values. Also,
EIS was recorded after 5000 cycles (Fig. 9 (g)), and fitted parameters are
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provided in Table S4 (see ESI), which shows a slight increase in Ry and
Rt values owing to the deterioration of active material [47].

3.5. Solid-state hybrid supercapacitor (SHSc) device

The SHSc device was fabricated using NV(1:2) electrode as a positive
electrode, rGO as a negative electrode, and a prepared gel of PVA-KOH
(Note S2, See ESI) utilized as a quasi-solid electrolyte, as shown in
Fig. 10 (a). Similar to the AHSc device, CV profiles in various voltage
windows from 0 to 1.2 to 1.8 V for the SHSc device are shown in Fig. S14
(a). Also, charge-discharge curves of the SHSc device (Fig. S14 (b)) (see
ESI) in different windows were recorded up to 1.2 to 1.8 V. The equal
potential of both electrodes initiates the discharging process, taking into
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account that the oxidation potential of NV reaches up to 0.7 V, and the
full reduction potential of rGO requires 1 V; hence it takes 1.7 V to
charge the SHSc device completely. So, further electrochemical study of
the SHSc device is carried out in the optimized potential window of 0 to
1.7 V. The quasi-rectangular CV curves of the hybrid supercapacitor at
various sweep rates within the 0 to 1.7 V window are recorded and
depicted in Fig. 10 (b). The GCD curves were plotted in the range of
current densities and are shown in Fig. 10 (c). The calculated maximum
Csp of the SHSc is found to be 89 F ¢ 1at0.5 A g~! current density, and it
decreases up to 50 F g 7! at high current density of 2.1 A g~ as shown in
Fig. 10 (d). Furthermore, SE and SP are the most important factors for
assessing the practical performance of hybrid supercapacitor devices. In
this context, calculated SE and SP at an operating voltage of 1.7 V are
plotted in the Ragone plot (Fig. 10 (e)). The estimated maximum SE is
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36 Wh kg~ ! at an SP of 0.482 kW kg .. Moreover, the SE still sustains up
to 20 Wh kg ! and provides a maximum SP of 1.835 kW kg!. Apart
from the SE and SP, the long-term charge-discharge cycling stability of
the SHSc device is recorded up to 5000 cycles at 5 A g~! current density
and plotted in Fig. 10 (f). After completing 5000 charge-discharge cy-
cles, the device retained its 85 % capacitance with coulombic efficiency
of ~90 % over the initial value over 5000 GCD cycles representing a
longer life span. The complex plane EIS spectra of before and after
cycling of the SHSc are plotted in Fig. 10 (g). The fitted equivalent model
for experimental data is provided in Fig. 10 (g) inset, and corresponding
values for before and after stability are given in Table S5 (see ESI). The
superior SHSc device performance implies lower Ry (0.449 Q) and Rt
(85.4 Q) values, and a slight increase in these values (Rs-0.76 and Rct-
117.6) after 5000 cycles advocate excellent interaction of electrode/
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electrolyte interface. Moreover, the self-discharge behavior of SHSc (NV
(1:2)//PVA-KOH//rGO) device is investigated by charging it with a
constant current density of 0.7 A g~ ! and allowing it to discharge freely
where the device maintained a voltage of 0.49 V even after 24 h, as
depicted in Fig. S15 (a). Initially, the discharge rate was rapid up to 1.1 V
but gradually stabilized thereafter. The fast initial discharge rate can be
attributed to the easy release of charges stored on the surface of elec-
trodes. However, the charges stored due to the redox reaction at the
electrodes require more time to be released, resulting in a slower
discharge rate [48,49]. Furthermore, the leakage current of the SHSc
(NV(1:2)//PVA-KOH//rGO) device was recorded for constant voltages
above 0.8 V up to 1.7 V and presented in Fig. S15 (b). The current de-
creases rapidly at the initial constant-voltage charging stage due to the
charge saturation. After the initial rapid leakage, the current density
stabilizes up to 19.2,11.8, 7.6, 4.6, 2.2, and 1.1 mA cm 2 at the applied
potential of 1.7, 1.6, 1.4, 1.2, 1, and 0.8 V, respectively. It has been
discovered that the leakage current increased with the applied voltage
correspondingly. Also, reasonable leakage current and self-discharge of
SHSc (NV(1:2)//PVA-KOH//rGO) device suggest its prospect in prac-
tical applications [50,51].

Additionally, the findings of the present work in terms of SE and SP
are compared with those reported with NV electrode-based energy
storage devices, and more details are provided in Table S5 (see ESI). The
obtained SE and SP for AHSc device surpass previously reported for NV
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electrode-based energy storage devices, as shown in the Ragone plot
(Fig. 11 (a)). Conspicuously, both AHSc and SHSc devices exhibited high
SE than the reported work. Li et al. [9] reported 24.3 Wh kg™! and 800
W kg~ ! energy and power density for the liquid-state (rGO//NiV,0¢)
device and 7.8 Wh kg™! and 850 W kg~ for the solid-state (rGO//
NiV,0) device. Furthermore, a relatively high SP of 2400 W kg™ is
reported by Merum et al. [19], but the SE of 33.2 Wh kg ! is less than the
present work. Kumar et al. [20] fabricated an asymmetric device
(Ni3(VO4)2//AC) that achieves 25.3 Wh kg’1 and 240 W kg’1 SE and SP,
respectively. The symmetric device based on NizV,0g/Ni foam devel-
oped by Haldar et al. [42] exhibited SE of 32.9 Wh kg~! and SP of 189.9
W kg_l. Comparably higher SP reported by Merum [19] and Haldar [42]
than the present work may be due to the preparation of electrodes using
NF. On the other hand, the outcomes of the present investigation are
solely attributable to the active material of SILAR-synthesized NV thin
film electrodes. The excellent supercapacitive performance of fabricated
NV(1:2)//PVA-KOH//rGO SHSc device leads us to consider its possible
commercial prospect by glowing the white LED lamp, and two con-
nected devices lightened white LED lamp up to 80 s after charging for 30
s, as depicted in Fig. 11 (b), and the overall video of glowing lamp is
provided in supporting information S16 (see ESI).

Overall, mentioned aspects of binder-free, mesoporous, hydrous,
amorphous NV spherical particles prepared through the SILAR method
significantly contributed to enhanced electrochemical performance in
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Fig. 11. (a) Ragone plot of SP and SE, including AHSc and SHSc devices with the available literature on NV-based hybrid supercapacitor devices, and (b)
demonstration of glowing LED table lamp using serially connected SHSc devices.
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hybrid supercapacitor devices. A) In the first place, the thin film elec-
trode engineering strategy by the SILAR method with an optimized
growth rate (slow, at 1:2) possesses a higher surface area (167.2 m? g’l)
and mesoporous structure due to a reduced average particle size (101.4
nm), provides abundant electroactive sites for charge storage. B) Less
EIS values in terms of Ry and R are attributed to the binder-free syn-
thetic approach and the excellent interface of hydrous NV material with
electrolyte. C) Moreover, structurally disordered amorphous NV parti-
cles provide more active sites with structural flexibility that increases
the electrochemical performance in terms of electrode storage capacity
and stability.

4. Conclusions

In a nutshell, amorphous, hydrous, nickel vanadate (NizV,0g.nH30)
spherical particles are prepared over SS substrate using the binder-free
SILAR method. Alteration in adsorption, reaction, and rinsing time of
substrate in respective baths leads to a change in the growth kinetics of
the NV thin film electrode; consequently, it alters the physicochemical
properties of a material. As a result, a twofold rinsing time than the
duration of adsorption and reaction (NV (1:2)) results in a slow growth
rate, which a relatively larger specific surface area of 167.6 m? g ! with
a mesoporous structure due to the restricted average particle size of
101.44 nm. The inherited redox characteristics of nickel and vanadium
and their synergies with high surface area of NV (1:2) electrode provide
improved electrochemical performance with a maximum GCs (Csp) of
355C g~ ! (710 Fg ) at 1 A g~! current density. Additionally, the pre-
pared AHSc device delivers a maximum Cg, of 109 F g1 and SE and SP of
44 Wh kg™! and 1.14 kW kg ™!, respectively, along with 96 % retention
after 5000 cycles. The SHSc device exhibited a Cs, of 89 F g ! with an SE
of 36 Wh kg~! at an SP of 0.482 kW kg™!. Moreover, the SHSc device
possesses outstanding charge-discharge performance with 84 % capac-
itive retention after 5000 GCD cycles. The obtained results concluded
that the binder-free, facile SILAR synthetic approach is feasible to pro-
duce hydrous nickel vanadate (NigV,0g.nH50) thin films with a tuned
specific surface area and morphologies, and optimized NV(1:2) thin film
electrode is a promising candidate as a cathode in hybrid supercapacitor
devices.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.est.2023.108417.
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Abstract

An effective route towards improving the electrocatalytic performance of materials is the synthesis of nanocrystalline,
porous, and layer-structured materials. Herein, porous nickel tungstate (NiWO,) film electrode was prepared on stainless
steel (SS) substrate by inexpensive successive ionic layer adsorption and reaction (SILAR) method. This method provides a
binder-free, porous, and nanocrystalline thin layer on a SS substrate. The electrocatalytic performance of the nanocrystalline
NiWO, electrocatalyst was evaluated for enzymeless glucose measurement and water-splitting application. This electro-
catalyst exhibited excellent sensitivity of 9731 pA mM~' cm™ within the linear range of 25-325 uM. Further, the glucose
concentrations present in human blood samples were measured using the proposed nanocrystalline NiWO, electrocatalyst.
Also, hydrogen evolution reaction, the electrocatalyst exhibited 171 mV of overpotential at 10 mA cm™2 with a Tafel slope
of 70 mV dec™!. Further, chronopotentiometry study was carried out at 100 mA cm~2 and it showed 94% retention after
24 h. These findings greatly promote the outstanding electrocatalytic performance of nanocrystalline and porous NiWO,
electrocatalysts that outline their applicability for electrochemical catalysis purposes.

Keywords Electrocatalyst - Hydrogen evolution reaction - Nickel tungstate - Non-enzymatic glucose sensing - Thin film

1 Introduction

Several catalyst materials for various types of electrocata-
lytic processes have been invented so far. Research on the
synthesis of economical catalyst materials has been per-
suaded for a long time. Inestimable research in electro-
chemical catalysis has been performed due to its clean,
rapid, and economic nature [1]. Innovative ways have been
implemented for the synthesis of electrocatalytic materi-
als, such as the formation of meso/microporous materials,
layered structures, synthesis of multi-metallic materials,
and composite materials [2]. A reduction in crystallinity
results in an enhancement of defect sites in the material,
which will create the possibility of improvements in elec-
trochemical activity. However, the surge in defects reduces
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the conductivity of the material and causes additional resist-
ance from charge transfer at grain boundaries [3, 4]. So, the
appropriate nature of crystallinity is crucial for an excellent
electrocatalysis process [5]. The synthesis of porous catalyst
materials will overcome the shortcomings caused by their
excessive nanocrystalline nature. The porous nature allows
the percolation of electrolytes inside the material [6]. There-
fore, optimized nanocrystalline and porous nature will be
beneficial for excellent electrocatalytic performance.

For non-enzymatic glucose sensing and water splitting,
binder-free, nanocrystalline, and porous electrocatalytic
materials are required. Binder-free nature reduces resis-
tive parameters and provides more active sites for cataly-
sis, which could not be the case with the binder [7]. The
atomic defects generated in nanocrystalline nature provide
tremendous amounts of electroactive sites. The homogene-
ous nature and short-range ordering of these materials favor
electrocatalysis. In addition to this, the appropriate porosity
of the material would be an advantage. The catalytic mate-
rial’s porosity will assist the electrolyte diffusion inside the
electrode, providing additional active sites [8].

Considering the above points, the preparation of novel
nanocrystalline materials for catalysis purposes has become

@ Springer
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a challenge [9, 10]. Therefore, various chemical prepara-
tion methods have been used to develop highly porous and
nanocrystalline materials, for example, successive ionic
layer adsorption and reaction (SILAR), co-precipitation,
hydrothermal, chemical bath deposition, etc. Among these
synthesis methods, the SILAR method has advantages like
great control over deposition, low-temperature synthesis,
large-area deposition, effective control over film thick-
ness, and the choice of deposition on non-conducting and
conducting thin sheets. Thus, a simple SILAR technique is
being used for the deposition of a large number of materi-
als on different substrates to synthesize nanocrystalline and
mesoporous materials [11].

At present, chronic illness caused by abnormally high or
low blood sugar levels can lead to many ailments such as
abdominal pain, poor appetite, lethargy, nausea, and weight
loss due to glucose deficiency [12]. The higher glucose level
in diabetes patients has become a human health fear world-
wide. Hence, the simple fabrication of electrode materials
and investigation of electrochemical non-enzymatic glucose
detection are crucial roles in the current stage with highly
sensible and selectivity criteria. Also, severe environmen-
tal problems related to fossil fuels have grown. This has
diverted conventional energy production to other energy
sources, mainly wind turbines, hydrogen, and solar pho-
tovoltaics [13, 14]. Therefore, environmentally beneficial
hydrogen energy production is favorable towards green
energy from an upcoming perspective. Water splitting using
an electrocatalytic method means the oxidation of water. The
evolution of hydrogen has a high energy potential, which
generates electricity [15]. Therefore, the electrochemical
production of hydrogen energy at an industry level is essen-
tial for its future scope. So, it is necessary to develop low-
cost catalytic material for the hydrogen evolution reaction
(HER) [16].

Nickel-based composite materials have been developed
for catalytic reaction purposes due to their admirable electro-
catalytic results and high stability [17]. In addition, the metal
tungstate has exhibited higher conductivity than oxides and
sulfides. Therefore, few reports are available employing
nickel tungstate (NiWO,) for electrochemical non-enzymatic
glucose sensing and HER [18-20]. Still, the nanocrystalline
and mesoporous NiWO, catalyst material is not reported
for glucose sensing and HER applications using the SILAR
method.

In the present study, NiWO, film electrode is fabricated
by the SILAR method on a stainless steel (SS) substrate.
The prepared nanocrystalline film electrode is successfully
employed for enzymeless glucose detection from human
blood samples and hydrogen production. Tungsten ions are
supported for the enhancement of electrocatalytic current
response. Therefore, the proposed electrode showed remark-
able sensitivity with desirable stability and selectivity. The

@ Springer

influential parameters were optimized for the effective detec-
tion of glucose molecules in an alkaline medium. Further,
reliable electrocatalytic performance during hydrogen pro-
duction was observed.

2 Experimental details
2.1 Synthesis of nickel tungstate thin film.

The binder-free NiWO, electrocatalyst was synthesized
by a simple SILAR method. For NiWO, film deposition,
Na,WO,-2H,0 and NiSO,-6H,0 precursors were employed
as tungstate ion (WO42_) and nickel ion (Ni**) sources,
respectively. A stainless steel (SS) substrate of dimensions of
1 x5 cm was used to deposit the films. The surface of the SS
substrates was polished using smooth polishing paper (fine
grade) and then cleaned ultrasonically in double distilled
water (DDW) for 15 min. First, the SS substrate was dipped
in the cationic precursor (0.1 M NiSO,-6H,0) for 20 s. Dur-
ing this step, Ni** ions are adsorbed on the substrate. After
that, this substrate was lightly washed in DDW for 20 s due
to the unbounded weakly adsorbed Ni** ions were easily
removed. Afterward, the substrate was inserted into an ani-
onic precursor (0.1 M Na,WO,-2H,0) containing tungstate
(WO,?7) ions for 20 s. In this step, the pre-adsorbed Ni**
ions react with WO,*~ to form solid NiWO, nanoparticles.
After that, the substrate was washed with DDW for 20 s to
remove loosely bound NiWO, nanoparticles. Finally, solid
NiWO, particles were adsorbed on the SS substrate at 100
SILAR cycles. The synthesis process of NiWO, thin films
using the SILAR method on the SS sheet is presented in
supporting information (Fig. S1).

2.2 Electrochemical measurement

The electrocatalytic properties of the prepared NiWO, elec-
trocatalyst were studied by using the VersaSTAT instrument
in a traditional three-electrode cell. The three-electrode cell
was placed in a 50 mL glass cell with mercury/mercury
oxide (Hg/HgO), platinum, and NiWO, electrodes as a ref-
erence, counter, and working electrode, respectively. For
the enzyme-less glucose detection study, cyclic voltamme-
try (CV) and i—t amperometric techniques were utilized in
freshly prepared 0.5 M KOH electrolyte. The CV study was
performed at various potential scan rates (10-100 mV s~ ).
The i—t amperometric method was used to evaluate the cur-
rent response during the subsequent addition of 25 pL glu-
cose solution to 40 mL KOH electrolyte.

For water splitting, CV and linear sweep voltammetry
(LSV) techniques were used to investigate the oxidation
and reduction processes of the prepared NiWO, electrode.
The LSV polarization curves were performed at different
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potential scan rates between 1 and 50 mV s~!. These meas-
ured potential responses were altered into one of the stand-
ard reversible hydrogen electrode (RHE) scales from the Hg/
HgO scale using the Nernst Eq. (1),
Eppg = Eygugo +0.059 X pH + E, (1

g/HgO

where Ey, /o0 denotes the measured potential vs. Hg/HgO
electrode, Egg /HgO is the standard redox potential of Hg/
HgO, and Egy; denotes the measured potential vs. RHE. The
LSV curves at current density (mA cm™2) were used to cal-
culate the electrocatalytic effectiveness of the catalyst in

terms of overpotential using Eqs. 2 and 3,

N (V) = Eggp(V) — (~1.23(V) @

n=blogj+a 3)

The Tafel slope from the linear fit of the Tafel plot was
calculated using Eq. 3.where ‘a’ stands for the fitting param-
eter and ‘b’ is the Tafel slope. The CV study was performed
to evaluate the electrochemical double-layer capacitances

)

Intensity (a.u

(C4) within the potential range of 0.15-0.25 V vs. Hg/HgO
at different scan rates (20—100 mV s™1). The electrochemical
active surface area (ECSA) was determined using C, values
from following relations [21, 22],

c
ECSA = —4L

0.04 X

Here, the specific capacitance is 0.04 mF cm™ at a typi-
cal 1 cm™ flat surface. In the range of 100 MHz-100 kHz,
the electrochemical impedance spectroscopy (EIS) inves-
tigation examined various resistive characteristics and an
alternating current waveform with an amplitude of 5 mV.

3 Result and discussion

To determine the crystallinity and phase structure of the pre-
pared NiWO, film electrode, XRD analysis was conducted.
Figure 1a depicts the XRD pattern of NiWO, film electrode.
In that the observed diffraction peaks at 26 values of 23.97
and 30.95° correspond to (011) and (111) crystallographic
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Fig. 1 a The XRD pattern, b Raman spectrum, and ¢) FT-IR spectrum of NiWO,
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planes of monoclinic NiWO,, respectively. These diftrac-
tion peaks and hkl planes were matched with the powder
diffraction file (PDF) no. 96-591-0278. The axial lengths
and angles are a=4.6000 A, b=5.6650 A, c=4.9120 A and
a=y=90°, and f=90.5°, respectively, confirming the crys-
tallographic structure of the prepared material. The peaks
denoted by the triangle in the XRD pattern represent the SS
substrate. The average crystallite size of the deposited thin
film was calculated using the Scherrer formula,

094
Y ©)

where ‘A’ stands for X-ray radiation wavelength (1.5406 A),
‘B’ stands for modified band broadening, and ‘@’ stands for
Bragg’s angle in radians. The calculated average crystal size
for (011) plane was 2.25 nm. The bonding of various groups
present in NiWO, was investigated using Raman and FT-IR
spectroscopy. The Raman spectrum of NiWO, is shown in
Fig. 1b. The three prominent broad peaks in the spectrum
indicate the unique nature of nanocrystalline NiWO,. The
peak at 930 cm™! is assigned to the symmetric stretching
modes of the O—W-0 bond [23, 24]. Furthermore, the peak
at 347 cm™! corresponds to the terminal bond bending vibra-
tions in WO4 octahedra. Due to the symmetric stretching
vibration of O-Ni-O, a less intense peak at 221 cm™ is seen
[25]. Thus, the above information about chemical structure
and vibrational modes is consistent with Raman spectrum
reports [26].

Figure lc depicts the FT-IR spectrum of NiWO, sam-
ple. A wolframite-type structure appears in the range
4000—400 cm™!, which is a significant absorption band. The
presence of adsorbed water in the sample is confirmed by the
broad absorption v, at a wavenumber of 3460 cm™!, which
corresponds to stretching vibrations of -OH. The bending
vibrations of —OH group are allocated to the absorption band
vy at 1605-1631 cm™'. The band v, at 1365 cm™ is due
to the stretching modes of (W=O0) terminal bond present
in the octahedron of WO5 [27]. The band v, at 775 cm™"
arises from vibrations of the WO, entity present in the W,0q
groups. Xing et al. [28] reported similar absorption bands for
NiWO,. Therefore, the XRD, FT-IR, and Raman characteri-
zation studies of NiWO, material are consistent.

The surface texture of NiWO, film electrode was investi-
gated using FE-SEM (Fig. 2a, b) at magnifications of 3000X
and 10,000X. It can be seen that particles are combined to
form clusters, resulting in porous structures with large open-
ings and voids in between. The simultaneous processes of
nucleation and particle growth are the leading causes behind
such porous morphology. The porous nature of the material
allows the diffusion of electrolyte ions, providing a substan-
tial active site for catalytic application. Hence, the fast elec-
tron transfer rate can be enhanced due to porous active sites
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OK 21.58

Fig.2 The FE-SEM images at a 3kX and b 10kX magnifications and
¢ EDX spectrum of NiWO, (inset shows elemental composition of
NiWO,)

present on the electrode surface [11]. The specific surface
area was calculated using the BET sorption study, and it is
observed to be 25 m? g~! (supporting information, Fig. S2).
The BET study was supported to confirm the porous mor-
phology of NiWO, material. The EDS of NiWO, is shown
in Fig. 2¢, and the inset displays the atomic percentage. The
atomic ratio of Ni:W is 1:0.98, and that of Ni:O is 1:4.12,
confirming the formation of NiWO,.

The crystallographic structure of NiWO, material is ana-
lyzed using HR-TEM, which is presented in Fig. 3a—c. In
the HR-TEM images, cluster nanoparticles were observed,
which is similar to the FE-SEM images. The crystallo-
graphic planes (011) and (100) of NiWO, show interplanar
distances of 0.37 and 0.46 nm, respectively, as shown in
Fig. 3d, e. Also, Fig. 3f shows the selected area electron
diffraction (SAED) pattern of NiWO, material. The crys-
tallographic planes (030), (200), and (121) of monoclinic
NiWO, correspond to interplanar distances of 0.29, 0.22,
and 0.14 nm, respectively. The predicted interplanar distance
from XRD studies is coherent with HR-TEM and SAED pat-
terns, which confirm that the obtained NiWO, material has
a monoclinic crystal structure.

The XPS analysis was performed to examine the ele-
mental configuration and oxidation states of NiWO, film
electrode. Figure 4a shows the full-range XPS spectrum, in
which Ni, W, and O can be seen clearly. Figure 4b denotes
the XPS spectrum of Ni2p, which deconvoluted into Ni2p,,
and Ni2p,,, at binding energies of 642.3 and 653.9 eV,
respectively. These binding energies indicate Ni is in the + 2
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Fig.3 a—e High-resolution TEM images and f SEAD pattern of NiWO, material

bound state. The energy separation (17.7 eV) between the
two states of Ni2p;,, and Ni2p,,, is well followed in the lit-
erature [29]. The two satellite peaks were detected in the
XPS spectrum of Ni2p at binding energies of 863.8 and
881.5 eV [30]. The W4f peak deconvoluted into two W4f;,,
and W4{,, peaks at binding energies of 37.42 and 35.27 eV,
respectively. Therefore, W is confirmed in the + 6 chemical
state, as shown in Fig. 4c. The separation energy of 2.15 eV
between the two states is described in the literature. Besides,
Ols spectrum at 530.73 eV represents metal-oxygen bond-
ing, as shown in Fig. 4d [31]. The XRD and FT-IR analyses
supported the XPS result and confirmed that the synthesized
material is NiWO,.

4 Enzymeless glucose detection

The CV study was performed at different scan rates
(10-100 mV/s) by varying the applied potential between
0.15 and 0.65 V vs. Hg/HgO, as shown in Fig. 5a. The cur-
rent response depends on scan rates, and oxidation peak
potentials shift towards the positive and reduction peak
potentials towards the negative side as scan rates increase.

This result indicates a diffusion-controlled mechanism at
the surface of the electrode due to easy electron transfer
between the catalytic material and the supporting electrode.
This film electrode displays a pair of asymmetric behav-
iors in the positive potential region at anodic peak current
(Epo) = 0.6 mV and cathodic peak current (Ep)=0.45 mV.
The redox peak current density was linearly correlated to
the square root of the scan rates (Fig. 5b). The potentials
Epa and Epc correspond to interchanges of Ni(II) to Ni(III)
and vice-versa are observed. As aforementioned, it confirms
the further viability of NiWO, nanostructure for enzyme-
less glucose measurement. Therefore, the CV study was
performed in different glucose concentrations from 0.5
to 2.5 mM at a fixed scan rate (20 mV/s). The successive
addition of 0.5 mM glucose concentration in the supporting
electrolyte significantly increased the anodic peak current
response was increased, as depicted in Fig. Sc. The linear
rise in current density with successive additions of glucose
between the working and counter electrodes. Also, five dif-
ferent CVs with various glucose concentration studies were
performed under the same condition, and it is concluded that
the current response of five electrodes with glucose concen-
tration studies is evidently the same as shown in supporting
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Fig.4 a Survey spectrum, b
Ni,p spectrum, ¢ W4f spectrum,
and d oxygen (O) spectrum of
NiwO,

Fig.5 a The CV curves

of NiWO, electrode at

various scan rates from 10 to
100 mV s~!, b graph of current
density vs. square root of scan
rate, ¢ the CV curves with and
without glucose concentra-
tion at the fixed scan rate of
50mV s7!, and d graph of
anodic peak current response
vs. different glucose concentra-
tions along with error bar
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information (Fig. S3). From this study, the excellent non-
enzymatic electrocatalytic activity of NiWO, catalyst was
observed. The correlation coefficient and error bar were cal-
culated at anodic peak current density, and the correlation
coefficient was found to be 0.9993, as shown in Fig. 5d. The
rise in current response to increasing glucose concentrations
involved a pair of redox reactions of nickel species expressed
in the form of reactions [18, 19].

Ni(OH), + OH™ — NiOOH + H,0 + ¢~ ©)
NiOOH + CgH 1,04 + ¢~ — Ni(OH), + CoH 405 )
CeH 00 — CeH}, 0, (8)

The above reaction mechanism represents Ni(I) ions con-
verted into Ni(III) oxidation state in the alkaline medium
during the anodic scan. Alteration of redox behavior may
improve electrocatalytic non-enzymatic glucose measure-
ment activity. In this context, the existence of WO,>~ poly-
anions in the NiWO, electrode material helps to promote
higher electrical conductivity [19]. Also, NIOOH works as
an electron transfer mediator, which leads to the oxidizing
glucose molecules to gluconolactone. Further, the gluco-
nolactone molecule is converted into gluconic acid by the
hydrolyzing process. Thus, this electrode increases the
kinetic behavior of the anodic signal after the addition of

glucose molecules. Then, an additional glucose molecule
blocks the active pore sites present in the electrode material,
thereby saturating the current response.

The i-t amperometric study was performed with NiWO,
film electrode at an optimized working potential of 0.64 V
vs. Hg/HgO in an aqueous 0.5 M KOH electrolyte under
constant stirring (300 rpm). The current response observed
during the addition of glucose concentration is depicted in
Fig. 6a. The five different experiments were performed in the
same conditions as shown in supporting information (Fig.
S4). The stepwise increase in current response is observed
upon increasing the glucose concentrations from 25 to
325 pM. Therefore, a correlation was observed between the
successively increased current steps with respect to glucose
concentration from 25 to 325 pM.

The analytical performance of NiWO, electrocatalyst
compared with previous reports (Table 1) indicates that
NiWO, electrode is better than other electrodes. Moreover,
the nanocrystalline nature of NiWO, film electrode provided
fast electron transfer rates during the oxidation of glucose.
Figure 6b displays the calibration curve of step current
response and linear concentration range that exhibits kinetic
behavior, sensitivity, and detection limit. The sensitivity (S)
and limit of detection (LOD) were calculated from S =slope
of calibration curve/electrode surface area, and LOD =0 X
SD/m, respectively; where ‘c’ is the signal-to-noise ratio
(S/N=3), ‘SD’ is the standard deviation, and ‘m’ is the
slope of the calibration curve. The prepared electrocatalyst

Fig.6 a Response of current 13 ®
density vs. time measurement - 12 )
at the potential of +0.64 V/ E 42 E
Hg/HgO, b calibration curve, : :
¢ anti-interference study, and £ g 11 y =0.0097x +8.94
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Table 1 Literature survey of NiWO, for non-enzymatic electrochemical glucose sensor

Sr. No Electrode materi-  Preparation Sensitiv- Linear range (mM) LOD (uM) Working  Electrolyte References
als methods ity (A potential
mM™! cm_z) V)
1 NiwO, Electrodeposition 1200 0.0005-0.280 0.15 0.6 0.1 M [18]
KOH
NiWO, Hydrothermal 269.6 0.006-0.0041 0.18 0.55 0.1 M NaOH [19]
NiO Hydrothermal 400.29 Upto2.2 1 0.6 0.1 M NaOH [32]
NiO Hydrothermal 724 0.050-3 10 0.6 0.15 M NaOH/ [33]
0.1 M KCl
5 NiO Hydrothermal 1618.4 0.25-3.75 2.5 0.37 0.1 M NaOH [34]
6 NiO Hydrothermal 2739.5 0.075-3.837 0.75 0.47 0.5 M NaOH [35]
7 NiO coordinating 1323 0.0025-1.10 0.32 0.6 0.1 M NaOH [36]
etching and
precipitating
8 NiO Sonoelectrochem-  206.9 0.1-10 1.16 0.55 0.1 MKCI1+0.5M [37]
istry NaOH
9 NiO laser-induced oxi- 5222 0.005-1.1 331 0.6 0.1 M NaOH [38]
dation procedure
10 NiCo,0, Hydrothermal 4120 0.001-0.63 0.5 0.5 0.1 M NaOH [39]
11 NiCo,0, Hydrothermal 4710 0.001-0.88 0.063 0.4 0.1 M NaOH [40]
12 NiCo,0, Electrodeposition ~ 387.1 0.01-21 1 0.45 0.1 M NaOH [41]
13 NiwO, SILAR 9731 0.0025-0.325 0.28 0.5 05M This work
KOH

exhibited remarkable electrocatalytic performance thereof
sensitivity (9731 pA mM~! cm™) and LOD 0.28 pM. The
efficient sensitivity response was attributed to excellent elec-
trocatalytic activity towards glucose molecules.

The two main important characteristics of electrocatalytic
enzymeless glucose sensing are determining the glucose
concentration at the lowest surface area and enhancing long-
term stability. Various analytes are present in human blood
samples that can interfere during glucose detection, and they
are strong oxidizing agents. The main interfering species
fructose, lactose, ascorbic acid, urea, sodium chloride, and
dopamine generally present with glucose molecules. Hence,
the selectivity study was important for the identification of
proper glucose molecules. In this study, successive addition
of 250 uM interfering species towards glucose molecules
under the constant stirring in a freshly prepared 0.5 M KOH
electrolyte is carried out, as shown in Fig. 6¢. From this
result, no significant current appeared except for glucose
sensing response. Furthermore, the long-term stability of
NiWO, film electrodes was investigated towards glucose
molecules. Figure 6d shows with and without glucose con-
centration (0.5 mM) for the time interval of 1800s, indicat-
ing that this electrode possesses excellent stability retention
of 102.66% after 1800s.

The glucose level present in human samples were meas-
ured using NiWO, electrocatalyst. For the measurement of
current response during the oxidation of glucose molecules,
i—t amperometric method was used. First, the blood samples
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were collected from the blood bank and stored in an ice bath
before the experiment. Then, the 5 and 10 pM glucose con-
centrations were added into the human blood samples. The
recovery rate was calculated for three blood samples, which
were observed to be between 98.02 and 101.4%. The rela-
tive standard deviation was in acceptable range through five
repetitions. Recovery and the relative standard deviation are
mentioned in Table 2. Thus, the prepared electrode catalyst
can be reliable and highly sensitive for glucose detection
from human blood samples.

5 Electrocatalytic performance analysis

The electrocatalytic performance of NiWO, electrode was
used for HER application and evaluated through polarization
curves at 1, 5, 10, 20, 30, 40, and 50 mV s~! (Fig. 7a). All
polarization curves are iR-corrected. The overpotential was
measured at 100 mA cm™ current density, which negligibly
changed from the potential of 0.73-0.74 V vs. RHE as the
scan rate changed from 1 to 50 mV s~!. The overpotential
values calculated using a scan rate of 1 mV s~! at a current
density of 10 mA cm~2 and 100 mA cm~2 were 0.17 and
0.73 V vs. RHE/V, respectively. The value of onset poten-
tial (0.73 V vs. RHE) is lower than the previously reported
Ni-based electrocatalysts summarized in Table 3. For com-
parison, the polarization curves of Pt and SS at the scan
rate of 1 mV s~! are shown in Fig. 7b. The overpotential
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Table 2. The glucose level Human Samples Added (uM) Founded (uM) Our method Recovery (%) RSD (%)
measurement from three blood (uM)
different human blood samples
using NiWO, catalyst a 1 5 13.40 8.31 98.90 1.42
2 10 18.14 8.19 100.6 2.07
b 1 5 12.18 7.05 98.18 2.65
2 10 19.56 9.40 98.32 2.29
c 1 5 10.41 5.49 101.4 3.02
2 10 16.58 6.45 98.02 3.34
Fig.7 a The LSV polarization
— ] . 20 4
curves at different scan rates, “"E 0 (a) Niwo, a (b)
b the LSV polarization curves ° a0 E 0
of SS, NiWO,, and Pt at a scan E € /
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test at the potential of 0.93 E -60 —somvs?| &
vs RHE/V of NiWO, electro- = —somvs'| B 807
-80 4 —30mvs'| &
catalysts g e fu: .80 4
3 —tomvs'| 5
<40 —smve' | G100
—1mVs"
-120 T T T T -120 T T T T
-0.8 -0.6 0.4 0.2 0.0 -0.8 -0.6 -0.4 -0.2 0.0
Potential vs (RHE}V 3 Potential vs (RHE)/V
244 (C) &'E" (d)
(5]
< e NIWO \M____‘_____________x_
z-— 2.2 _p: 5 36 mV dec? E =100 -
B —ss _ —— s
5 Linear Fit B
- G $ 200
& 70 mV dect E - 9
9 =
O 1.8 e
188 mV dec'! 5
© -300
1.6 /
e i : , ‘ . ’ : i
6 5 -4 -3 -2 -1 o 0 6 12 18 24 30 36 42 48

log j (mA cm®)

Table 3 Literature survey of NiWO, catalyst for hydrogen evolution reaction

Time (h)

Catalysts Preparation method Electrolyte Over potential (mV)@current  Tafel slope (mV ~ References
density (mA cm™) dec™)
Ni;S, Sulfurization method 0.1 M KOH 158@10 83 [41]
Ni, ¢Fe, ;/NC Hydrothermal 1 M KOH 231@10 111 [43]
Ni;S, /NF Hydrothermal 1 M KOH 170@10 91 [44]
MoS,-Ni;S, HNRs/NF Hydrothermal 1 M KOH 98@10 61 [45]
Co-NizN Hydrothermal 1 M KOH 194@10 156 [46]
Ni;FeN Hydrothermal 1 M KOH 238@10 46 [47]
Ni;N/NF Calcination 1 M KOH 121@10 109 [48]
NiO/Ni-CNT CBD + annealing 1 M KOH 86@10 82 [49]
NiMosS, Anion exchange route 0.1 M KOH 98@10 252 [50]
NiFe LDH NiSe/NF Hydrothermal 1 M KOH 276@100 70 [51]
NiwO, SILAR 0.5 M KOH 171@10 70 This work
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value for Pt at 100 mA cm™2 is 0.29 V vs. RHE. The LSV
curve indicates that the overpotential value for SS is higher.
Compared to NiWO,, a higher value for overpotential for SS
confirms a fast catalytic kinetics response from NiWO,. But
the overpotential value for Pt is less than that for NiWO,.
The Tafel plot was used to evaluate the intrinsic catalytic
kinetics properties (Fig. 7¢). The Tafel slope for NiWO,,
SS, and Pt are 70, 188, and 36 mV dec™!, respectively. The
smaller value of the Tafel slope shows fast catalytic kinet-
ics for HER on NiWO, electrode. For practical application,
electrocatalyst requires long-term stability towards H, pro-
duction. The overpotential of 0.7 E (V vs. RHE) remains
the same after 48 h of durability at the current density of
100 mA cm~2 (Fig. 7d).

The ECSA was calculated from the CV curves (Fig. 8a)
performed in a non-faradaic potential range between 1.11
and 1.21 E (V vs. RHE). The slope of the graph of capacitive
current density and scan rate gives the value of the param-
eter used for the calculation of ECSA, as shown in Fig. 8b.
The different five experiments were performed to observe
the repeatability of the NiWO, electrode. It is evidently
concluded that the NiWO, electrode showed nearly equal
performance as shown in Fig. S5 (supporting information).
For NiWO,, the average value of 24.9 cm* of ECSA reveals
the origin of excellent catalytic activity for HER (Fig. 8c).
The semicircle-like structure was observed in a middle-fre-
quency range in the Nyquist plot of NiWO, (Fig. 8d). The
Zview EIS data analysis software was used to investigate

fitted experimental data analysis. The lower values of series
resistance R, of 0.68 © cm™ and charge transfer resistance
R, of 43.7 Q cm™? are due to the direct growth of material
on conducting substrate. The Nyquist plot was fitted with an
electrical circuit, shown as the inset of Fig. 8d. This electri-
cal circuit consists of R, R, W, and Cy,.

The overall electrochemical water splitting capabilities of
NiWO, electrocatalyst were measured using a two-electrode
system. Steady-state polarization curves with iR-correction
of water breaking at 1 mV s~! scan rate, indicate an onset
potential of about 1.82 V to achieve 100 mA cm™2, as shown
in Fig. 9a. The stability of NiWO, film electrode was studied
using chronoamperometric method at 1.82 V for 48 h by a
current density of 100 mA cm™? (Fig. 9b). The current den-
sity remains at 100 mA cm™ after 48 h, confirming superior
stability of NiWO, for overall water splitting. The present
electrocatalyst can be potentially applicable to hydrogen
production. The captured water splitting is provided in the
supporting information. From this video, it is concluded that
hydrogen production is possible for different uses.

6 Conclusions

The nanocrystalline NiWO, electrocatalyst is found to be
potentially applicable for dual purposes. The SILAR tech-
nique was used to successfully synthesize NiWO, electrocat-
alyst. The nanocrystalline electrocatalyst showed exceptional
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sensitivity of 9731 pA mM~! cm™ within the linear range
from 25 to 325 pM. The LOD was found to be 0.28 pM
with desirable stability and selectivity performance. The
electrocatalyst also demonstrated a 171 mV overpotential
at 10 mA cm~2 with the lowest Tafel slope of 70 mV dec™!
for HER. Furthermore, the chronopotentiometry measure-
ment at 100 mA cm~2 over 24 h exhibited 97% retention of
HER activity with an ECSA of NiWO, film was 25.5 cm?.
Therefore, NiWO, electrode catalyst can be applicable for
enzymeless glucose detection and hydrogen production.
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For practically feasible water splitting to fulfill the need of energy, the development of efficient, robust and
long lasting catalyst is necessary. Transition metal compounds facilitates the good catalytic properties due
to facile transition of their oxidation states. We here reported a novel process for the synthesis of novel
material as cobalt doped iron phosphate thin films. The pristine iron phosphate thin films have synthesized
by regular facile hydrothermal method and to achieve doping of the cobalt into iron phosphate, second step
hydrothermal ion-exchange process was used. The as synthesized cobalt doped iron phosphate thin film

Keywords: o . . .
Cajt/alytic stability electrode exhibits excellent electrochemical OER and HER catalytic water splitting performance. The pre-
Doping pared material was demonstrated by two electrodes overall water splitting electrolyzer in alkaline medium

at lowest potential of 1.72 V to deliver 10 mA/cm? current density after 4 days’ continuous water splitting
test. The outstanding catalytic stability proved 0.4 Co:FePi thin film electrodes are robust water splitting

Electrochemistry
Heterogeneous catalysis

Water splitting electrocatalyst.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Upon looking at the present scenario of the energy generation
and consumption, an eye capturing fact can be realized that we need
greater energy than what we have today. It is the necessity to pro-
duce energy from green and sustainable energy resources to main-
tain our benign environment and future from the energy crisis,
global warming and environmental pollution. Hydrogen is one of the
best energy sources from clean and green energy sources, and is
expected to play a major role in a future sustainable energy sector
[1,2]. Hydrogen from energy sources such as solar or wind electricity
is the clean production of energy, also the storage of energy in the
clean form as a standby during the ups and downs of solar and wind
power. Electrochemical water splitting is an effective technique to
convert electrical energy into chemical energy in the form of hy-
drogen by using proper catalyst electrode. Electrochemical water
splitting is the combined reaction of two half reactions as oxygen
evolution reaction (OER) and complimentary hydrogen evolution
reaction (HER). These reactions of water splitting (OER and HER) are
constrained by the rate determining sluggish four electron coupled
proton transfer process and hence have low conversion efficiency

* Corresponding author.
E-mail address: umakant.physics84@gmail.com (U.M. Patil).

https://doi.org/10.1016/j.jallcom.2021.160914
0925-8388/© 2021 Elsevier B.V. All rights reserved.

[3-5]. At present, the best electrocatalysts with high efficiency are
the state-of-the-art materials as platinum, ruthenium/iridium based
oxides which are widely used. The best electrocatalyst for HER is
platinum, which only requires onset overpotential of nearly zero. But
the commercial use of these state-of-the-art catalyst materials is
limited by their scarcity, high cost, large overpotentials at high
current densities and poor stability [6]. Many researchers are in-
terested and engage in the development of alternative cost-effective,
non-noble metal and highly stable electrocatalysts for efficient
overall water splitting. Variety of new non-noble metal based cata-
lysts are under research and development process. First row (3d)
transition metal based materials have good catalytic properties due
to facile transition of their oxidation states. Transition metal based
materials such as, transition metal-transition metal alloys (TMAs),
transition metal oxides (TMOs), transition metal nitrides (TMNs),
transition metal dichalcogenides (TMDs), transition metal phos-
phides (TMPs), transition metal carbides (TMCs), transition metal
borides (TMBs), etc. are playing leading role in water splitting [7].
Few reports are available on transition metal phosphate electrode
materials for electrochemical water splitting. Transition metal
phosphates play an important role by facilitating adsorption and
stabilizing active centers, also phosphate ligands give the favorable
conditions for electrolyte ion adsorption and oxidation by distorting
local atomic geometry and facilitating the oxidation of metal atoms
during proton coupled electron transfer [8].
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Compounds of transition metals such as Ni, Co, and Fe are out-
standing electrocatalysts for water splitting. Doping of these metals
could appreciably boost the catalytic activity which delivers high
current density and lowers the overpotential by improving the
electrical conductivity and metal-to-metal partial-charge-transfer
activation process and the reduction of adsorption energy on the
surface [9]. Due to similar atomic structure of 8/VIII, 9/VIII and 10/
VIII subgroup elements, doping of Ni, Co, and/or Fe is advantageous
to keep the original morphology and surface of the transition metal
compounds. Cobalt based materials have their existence as catalyst
for water splitting from long duration [10]. Cobalt-based oxygen
evolving catalysts are exceptional since they have various ad-
vantages such as they operate safely with high activity under benign
conditions, they are tough, self-healing, and can deposited on variety
of conducting substrates [11]. The benefit behind the use of cobalt
into the catalyst materials is that the involvement of Co?*, Co*, and
likely Co*" oxidation states in the redox cycles of 0,/H,0 at cobalt
centers which can enhance the oxygen evolution reaction (OER)
efficiency [12].

In the present study, we have investigated the synergistic effect
of cobalt doping in iron phosphate thin films on electrochemical
water splitting performance. Herein, pristine iron phosphate thin
films were prepared on stainless steel (SS) substrates by facile hy-
drothermal method and then cobalt was doped by the ion-exchange
process using second step hydrothermal. SS substrates are highly
conducting, inexpensive, easily available and non-reacting than the
other substrates like carbon cloth, copper foil, titanium or nickel
foam. As compared to the SS substrates, the nickel foam, carbon
cloth, copper foil, titanium mesh shows their own response to the
electrochemical water splitting and hence the observed performance
is due to the synergistic effect between active material and the
substrate material [13-19]. Also, SS is very stable in acidic and al-
kaline media hence, it is used as substrates for present study. The
prepared thin film electrodes were characterized by different phy-
sico-chemical techniques to identify compositional, structural,
morphological, and electrochemical properties. The electrochemical
analyses as OER and HER are carried out in 1 M KOH and 1 M H3PO4
electrolytes, respectively. Particularly, 0.4 Co:FePi thin film electrode
show the lowest overpotential of 266 mV for the current density of
10 mA/cm?. After 10 h continuous catalytic OER, Co:FePi thin film
electrode show more than 99% catalytic activity. Also, for HER the
same material electrode show outstanding performance with
82.3 mV overpotential at 10 mA/cm? current density and around
100% catalytic stability after 10 h continuous catalysis. The overall
water splitting stability test was performed for 4 days in alkaline
medium and achieved lowest potential (1.72 V) at 10 mA/cm? cur-
rent density after test.

2. Experimental section
2.1. Materials used and substrate cleaning

All the required chemicals and materials such as ferric chloride
(FeCl3), sodium nitrate (NaNOs), potassium dihydrogen orthopho-
sphate (KH,PO,4) and cobalt chloride (CoCly) of analytical reagent
grade were purchased from Sigma-Aldrich and used as it was
without any further purification. 1 cm x 6 cm sized stainless steel
(SS) (304 grade) was purchased from local market and used as a
conducting substrates. The SS substrates were cleaned by polishing
with zero grade polish paper, rinsed by doubly distilled water (DDW)
several times and then ultrasonicated for 10 min in the solution of
ethanol and DDW. After 10 min ultrasonication, the cleaned sub-
strates were dried and used for further reactions.
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2.2. Synthesis of pristine iron phosphate thin films

The pristine iron phosphate thin films were synthesized by facile
hydrothermal method as procedure followed previously [8]. For this
synthesis, ferric chloride (FeCl3) 0.1 M and potassium dihydrogen
orthophosphate (KH,PO4) 0.15 M were used as precursors of iron
and phosphate, respectively and sodium nitrate (NaNOs) 0.5 M was
used as oxidizing agent. 60 ml solution was prepared as continuous
stirring with one by one addition of above chemicals in DDW. The
prepared solution transferred in 100 ml Teflon liner and thoroughly
cleaned SS substrates were kept vertically in the solution. The liner
was closed, kept in SS vessel and completely sealed by nut-bolt fit-
ting. The prepared hydrothermal bomb was kept in laboratory oven
at 130 °C for 14 h. After 14 h, bomb was cooled naturally, and pristine
iron phosphate deposited thin films were removed from Teflon liner
and washed severally by DDW and dried naturally at ambient tem-
perature. The as synthesized pristine iron phosphate thin films
marked as ‘0.0 Co:FePi’ and were used as it is for further doping
process.

2.3. Synthesis of cobalt doped iron phosphate thin films

For the cobalt doping in iron phosphate thin films, iron phos-
phate thin films were kept into the beakers of cobalt chloride so-
lutions of different concentrations (0.1, 0.2, 0.3, 0.4 and 0.5 M) and
denoted as ‘0.1 Co:FePi’, ‘0.2 Co:FePi’, ‘0.3 Co:FePi’, ‘0.4 Co:FePi’, and
‘0.5 Co:FePi’, respectively. These beakers were kept in hydrothermal
autoclave and heated at 120 °C for 4 h which allow the cobalt ions to
diffuse into the pores and voids of iron phosphate. The doping has
done by the ion-exchange process and Fe atoms partially substituted
by the Co atoms. After the completion of reaction, samples were
removed from autoclave and washed severally by DDW. The pre-
pared thin films were dried naturally in ambient temperature and
used for the physico-chemical characterizations and also for elec-
trochemical testing. The photographs of the as deposited thin film
catalysts are shown in Fig. ST (See Electronic Supporting Informa-
tion (EIS)).

2.4. Characterizations

The X-ray diffraction (XRD) patterns of the samples were col-
lected from the Rigaku Miniflex 600 (Cu-Ka, A = 1.5406 A) in the 26
range 10-70°. Molecular bond vibrational spectra of the prepared
samples were analyzed by Fourier Transform Infrared Spectroscopy
(FTIR) using alpha (II) Bruker spectroscope in the wavenumber range
400-4000 [cm. N, adsorption-desorption isotherms were char-
acterized for surface analysis as surface area and pore size using
Belsorp II mini. Chemical composition and surface morphology were
observed by Field Emission Scanning Electron Microscope (FESEM,
JEOL JSM-6500F). With microfocus monochromatic Al Ko X-ray,
electronic structure information probed by X-ray photoelectron
spectrometer (XPS, Thermo Scientific Inc. K-alpha).

2.5. Electrochemical characterizations

ZIVE MP1 electrochemical workstation used to analyze electro-
chemical properties of the prepared materials in standard three
electrode electrochemical cell. Prepared materials coated SS sub-
strates were used as working electrode, platinum metal plate and a
saturated calomel electrode (SCE) (saturated KCl) were used as a
counter and reference electrodes, respectively. 1 M KOH (pH = 13.7)
and 1 M H3PO4 (pH = 1.5) solutions were used as electrolytes to
measure OER and HER activities. All the applied potentials were
converted in terms of reversible hydrogen electrode (RHE) potentials
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from SCE by the equation: Viyg = Vscg + 0.059 x pH + 0.241. The
cyclic voltammetry (CV) was performed in the potential window
1.05-1.6 V vs RHE at 50 mV/s scan rate. The linear sweep voltam-
metry (LSV) at 1 mV/s scan rate in the potential window 1.05-1.75V
vs RHE (for OER) and 0.33 to —0.85 V vs RHE (for HER) implemented
to measure electrochemical catalytic response. The electrochemical
impedance spectroscopy (EIS) was made in frequency range of 0.1
MHz-100 mHz with an amplitude of 10 mV. To study the durability
of the catalyst material electrodes, the chronoamperometry tests
were performed at the overpotentials. The overpotential n (V) cal-
culated by the Eq. (1) as:

1 = Vrue — 1.23 (])

where Vgye (V) is the potential in terms of reversible hydrogen
electrode (RHE).

Overall water splitting was studied using two electrode system,
where deposited material electrodes were used as both an anode
and cathode in 1M KOH electrolyte. LSV polarization curves were
recorded at 1mV/s scan rate in the potential window of 0-2.2 V.
Long term overall catalytic water splitting stability was performed
by chronoamperometry at 1.8V potential for continuous 4 days in
alkaline bath.

3. Results and discussion
3.1. Structural analysis

Fig. 1(A) shows the XRD patterns of pristine iron phosphate (0.0
Co:FePi) thin film deposited by first step hydrothermal method and
cobalt doped iron phosphate (Co:FePi) thin films (0.1 Co:FePi, 0.2
Co:FePi, 0.3 Co:FePi, 0.4 Co:FePi and 0.5 Co:FePi) synthesized by
second step hydrothermal ion-exchange processing in CoCl, bath on
SS substrates. XRD patterns matched and indexed with the standard
data JCPDS card 96-900-1208 confirms the formation of tetragonal
lipscombitg iron phospk{ate (Fe11.78Pg040) (space group P 41 21 2,
a=b=731A,c=13.2120A, a =B =y=90°). The peak marked with star
(*) indicates diffraction form SS substrate. Patterns suggesting that
the phase of the synthesized materials does not change due to cobalt
doping. The dominant peak (11 3) in all samples indicates the major
crystal growth along the same plane of lipscombite. It is observed
that, there is no any other phase formation rather than lipscombite
iron phosphate (Feq;.78Pg040). The intensity of the prominent peak (1
1 3) goes on decreasing and contrarily the broadening with the in-
crease in Co doping concentration as shown in the resolved XRD
(Fig. 1(B)). The broadening of the peaks and dislocations within
crystals may occur due to the inhomogeneous strain developed by
the guest atoms within crystallites. This decrease in peak intensity
and increase in peak width reveals that, there is decrease in crys-
tallite size with increase in doping concentration. The shift in the
peaks from the peak position of pristine 0.0 Co:FePi material is ob-
servable in all diffraction patterns (tabulated in Table S1) for cobalt
doping (0.1 Co:FePi, 0.2 Co:FePi, 0.3 Co:FePi, 0.4 Co:FePi and 0.5
Co:FePi) as shown in Fig. 1(B). The microstructural properties as
microstrain and dislocation density were calculated and given in ESI
(See Supporting Information). The existence of internal microstrain
can easily induce the formation of defect centers [20]. It is attributed
that, increase in microstrain and dislocation within the crystal (Fig.
S2) can induce the crystal compactness and hence the shift in peak
position towards higher angle.

3.2. FTIR vibrational analysis

Fourier transform infra-red spectroscopy was performed in the
wavenumber range 400-4000 /cm for the analysis of molecular
bonds present and intermolecular vibrations in the prepared mate-
rials. Fig. 1(C) shows the FTIR spectra of pristine iron phosphate and
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Fig. 1. Structural information of the cobalt doped iron phosphate catalysts: (A, B)
X-ray diffraction patterns of hydrothermally synthesized pristine 0.0 Co:FePi and
hydrothermally doped 0.1 Co:FePi, 0.2 Co:FePi, 0.3 Co:FePi, 0.4 Co:FePi and 0.5 Co:FePi
thin films on SS substrates, (C) FTIR spectra of pristine 0.0 Co:FePi and 0.4 Co:FePi.

0.4 Co:FePi thin films. The absorption band at 462 /cm in the spectra
belongs to the phosphate asymmetric stretching (v,) vibrations. The
sharp absorption at 603 /cm reveals the phosphate bending mode
(v4) vibrations. A small absorbance at 775 /cm was committed to the
stretching of P-O-P linkages [21-23]. The broad band composed with
two absorption bands wise 932 /cm and 1062 /cm revealed the
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symmetric stretching (v) and asymmetric stretching (v3) vibrations,
respectively of P—O bonds. The shrill band at 1631 /cm and broad
band at 3354 /cm are attributed to the absorption due to surface
adsorbed water by the material.

3.3. N, adsorption-desorption isotherm analysis

Material surface area, pore structure and pore size distribution of
pristine (0.0 Co:FePi) and doped (0.4 Co:FePi) samples were analyzed
by nitrogen adsorption-desorption isotherm. As plotted in Fig. S3(A),
the high hysteresis at p/p = 0.45 and minor N, adsorption at p/p=0.4,
revealed that the most porosity prompted from the mesopores. The
isotherms of pristine (0.0 Co:FePi) and doped (0.4 Co:FePi) materials
can be categorized as Brunauer-Emmett-Teller (BET) having type-IV
isotherm shape which contains mesoporosity and has a high ad-
sorption energy [24]. The hysteresis loop of both the samples cor-
responds to the type-H2 according to IUPAC taxonomy which
designates the existence of regimented pores with narrow and wide
sections and integrated channels [25]. With the fitting analysis by
BET equations, the surface area of ~53.43 m?/g for the 0.0 Co:FePi
sample and ~22.56 m?/g for the 0.4 Co:FePi sample are observed. It is
observed that, surface area of the 0.4 Co:FePi is smaller than the 0.0
Co:FePi. The pore size distribution of the prepared materials is cal-
culated using Barrett-Joyner-Halenda (BJH) method. The pore size
distribution curves of 0.0 Co:FePi and 0.4 Co:FePi materials are
shown in Fig. S3(B), from which it is observed that the narrow dis-
tribution of pores with pore diameters ~14.03 nm (for 0.0 Co:FePi)
and ~10.64 nm (for 0.4 Co:FePi), confirming the formation of me-
soporous structure. From the pore volume, it is observed that, after
cobalt doping, pore volume reduced from 0.034 cm?/g (0.0 Co:FePi)
to 0.028 cm3/g (0.4 Co:FePi). This reveals that, the diffused cobalt
atoms through the mesopores may also get deposited at the inner
surface of the pores. This cobalt diffusion reduces the pore diameter
and pore volume but their synergy may enhance electroactive sites.

3.4. X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy (XPS) measurement was car-
ried out to analyze the valance states of the elements present in the
prepared samples. Fig. 2 shows the XPS spectra of pristine iron
phosphate thin film. The survey scan spectrum reveals the presence
of P, C, O and Fe elements as shown in the Fig. S4(A) in Electronic
Supporting Information (ESI). The high resolution spectrum of Fe2p
was deconvoluted and observed in four contributing peaks in which,
two main peaks at 712.83 eV and 726.34 eV mentioned as Fe2ps,
and Fe2py, respectively and corresponding two satellite peaks at
714.68 eV and 728.38 eV (Fig. 2(A)). It proves that the presence of Fe
in pristine iron phosphate is in the Fe?* electronic state [26,27]. As
shown in Fig. S4(B), the photoelectron spectrum for P2p is split into
two different peaks at 132.12eV (P2ps;z) and 134.18 eV (P2pq)2)
which can be attributed to the phosphate group (P—0) and metal-
oxygen-phosphorous (P—O—M) bond in phosphate series corre-
sponding to P>* oxidation state [28,29]. The prominent peak of O1s
observed in Fig. S4(C) present at 532.23 eV was split into two dif-
ferent peaks at 531.37 eV and 532.45 eV which are corresponding to
the O and P-O bond in phosphate demonstrating the existence of
phosphate group in pristine 0.0 Co:FePi thin films and surface ad-
sorbed water molecules, respectively [30], which is correlated with
the results drown from FTIR.

On the other hand, survey spectrum of 0.4 Co:FePi gives the
presence of P, C, O, Fe and Co elements as shown in the Fig. S5(A). In
Fig. 2(B), presence of Fe?* electronic state of Fe element is confirmed
by the Fe2p main peaks observed at 712.12 eV and 725.58 eV cor-
responding to Fe2ps, and Fe2p,, energy levels respectively, and
two satellite peaks at 715.87 eV and 734.27 eV. Similarly, spectrum of
Co2p at resolved scale is shown in Fig. 2(C), which reveals the
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Fig. 2. Electronic state determination of the cobalt doped iron phosphate catalysts:
High resolution XPS spectra of (A) Fe2p in the sample 0.0 Co:FePi, (B) Fe2p in the
sample 0.4 Co:FePi and (C) Co2p in the sample 0.4 Co:FePi.

presence of main peaks as Co2ps; at 781.47eV and Co2p;,, at
797.40 eV and their corresponding satellite peaks at 785.79 eV and
803.03 eV, respectively. Position of peaks confirms that the observed
Co element is in Co?* electronic state [31]. Sharp peak of P2p present
at 133.04 eV (Fig. S5(B)) can be split into two distinct peaks as P2ps,
at 132.49 eV and P2p,; at 133.85 eV corresponding to P>* oxidation
state in phosphate group (P—O) and metal-oxygen-phosphorous
(P—0O—M) bond in phosphate series. The O1s main peak is composed
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of three distinct peaks located at 530.05, 531.05 and 532.11 eV as
shown in Fig. S5(C). Deconvoluted peaks (530.05 and 531.05eV)
represent the O and P-O bonds in phosphate and the peak at
532.11 eV related to the surface adsorbed water molecules [32].

3.5. Surface morphological and elemental analysis

The surface morphology of the catalyst materials plays an im-
portant role in electrochemical behavior. Field emission scanning
electron microscopy (FESEM) images at different magnifications of
the prepared material electrodes are shown in Fig. 3. As stated ear-
lier, due to similar atomic structure, doping of Co is advantageous to
keep the original morphology and surface of the transition metal
compound like FePi. Low magnification (1000x) images revealed
that all prepared pristine and doped materials are particle like, well
covered and uniformly distributed over the SS substrates as shown
in Fig. 3(A, D, G, J, M and P). In higher magnification (10000x)
images, it is observed that the particles are spherical in nature and
having size around 1-3 pm. By the closer view, it is observed that the
surface of the spherical particles gets modified slightly. The surface
roughness of particles, consisting of numerous indiscriminately
packed particles with a sub-micron size, uniformly increases with
the increase in doping concentration and it is maximum for the 0.4
Co:FePi and 0.5 Co:FePi samples (Fig. 4(C, F, I, L, O and R)). It is easily
observed that, there are few agglomeration sites formed in the 0.5
Co:FePi sample due to higher concentration of CoCl, during second
step hydrothermal process. It can be predicted that, the present kind
of morphology gives easy access of electrolyte to adsorption and
electron transfer which is advantageous for electrochemical water
splitting. By carrying the energy dispersive X-ray spectra (EDS) of
pristine FePi and doped Co:FePi catalyst materials, it confirmed that
in pristine FePi (0.0 Co:FePi) sample Fe, O and P elements and in
doped Co:FePi (0.1 Co:FePi, 0.2 Co:FePi, 0.3 Co:FePi, 0.4 Co:FePi, and
0.5 Co:FePi) samples Fe, Co, O and P elements are present as shown
in Fig. S6(A-F). Additional observed peaks of element (Cr) are found
from the surface of SS substrate. Table S2 gives the clear cut idea
about the percentage of elements present in the prepared materials.
The atomic percentages of the cobalt doping are observed as 0, 0.33,
1.37, 1.75, 2.01 and 3.12. The metal to phosphorous ratio (M:P) is
nearly the same (~3:2) for all prepared materials, which is in ac-
cordance with the material formula attained from JCPDS by
matching XRD. The EDS elemental mapping of 0.4 Co:FePi sample is
shown in Fig. S6(G). It is observed that, there is successful doping of
Co into the FePi and the homogeneous distribution of Co, Fe, P, and O
elements throughout the whole deposited coating without any
aggregation at any specific site.

3.6. Electrochemical catalytic performance analysis

The tests of pristine FePi and cobalt doped Co:FePi material
electrodes were carried out for the investigation of their electro-
chemical catalytic activity. The electrochemical water splitting in
terms of oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) are performed in 1M KOH and 1M H3PO, electro-
lytes using three electrode system. As shown in Fig. 4(A), polar-
ization curves were plotted by carrying linear sweep voltammetry
(LSV) experiments in the potential window range 1.05-1.75V vs
RHE at sweep scan rate of 1 mV/s for all electrode materials de-
posited on SS substrates. It is observed that, all curves exhibit si-
milar nature and persistent increase in current density with
increase in doping concentration up to 0.4 (sample code: 0.4 Co:-
FePi) and decreases for further. Also, overpotential at 10 mA/cm?
current density gives similar trend. The onsetpotentials of all ma-
terial electrodes have recorded and tabulated in Table S3. Lowest
onset potential (227 mV) observed for 0.4 Co:FePi thin film elec-
trode. The lowest overpotential of 266 mV recorded at 10 mA/cm?
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current density and delivers maximum current density of 272 mA/
cm? with overpotential of 500 mV for the sample having doping
concentration of 0.4. To evaluate electrochemical response of the
material, cyclic voltammetry examination was performed in the
potential range 1.05-1.6 V vs RHE at scan rate of 50 mV/s (Fig. S7).
All the observed peaks are due to the electrochemical conversion of
Fe?* to Fe3* and vice-versa during oxidation and reduction process.
It is observed that, redox peaks are shifted towards lower potential
due to the incorporation of cobalt into the iron phosphate and
hence conversion of Co®* to Co>' and vice-versa during redox
process, this synergy is great evidence for reduction in over-
potential by the doping. The trend of overpotential as a function of
doping concentration is shown in Fig. 4(B). The overpotential at
10 mA/cm? current density decreases continuously from 281 mV
(0.0 Co:FePi) to 266 mV (0.4 Co:FePi) and it again increases to
285 mV at doping concentration of 0.5 (0.5 Co:FePi). Increase in
overpotential at doping concentration of 0.5 can be attributed to
decrease in catalytic active sites due to agglomeration of particles
at higher concentration. The chemical reaction kinetics during OER
can be examined by the study of Tafel slope which indicate diverse
rate determining steps. Fig. 4(C) gives the Tafel plots achieved from
LSV curves. By the smallest Tafel slope of 42.6 mV/dec for 0.4
Co:FePj, it is proved that 0.4 cobalt doping gives the outstanding
electrochemical catalytic performance than that of the pristine FePi
and other Co:FePi material electrodes. All the Tafel values are given
in Table S3. Large Tafel values for pristine FePi and other Co:FePi
material electrodes reveals the rate limiting kinetic process of
electron transfer during -OH adsorption [33]. Simultaneously, a
small Tafel slope of 0.4 Co:FePi corresponds to the OER mechanism
involving a reversible one-electron transfer prior to a chemical
turnover-limiting step [34].

To achieve additional perceptions into electrochemical kinetic
performance, electrochemical impedance spectroscopy (EIS) was
performed at open circuit potential (OCP). The Nyquist plots of
pristine FePi and Co:FePi thin film electrodes are shown in Fig. 4(D),
inset figures gives the magnified image of Nyquist plots and corre-
sponding equivalent simple Randle circuit. All the plots containing
quasi-semicircle as a result of charging of double layer (Cq;) which is
associated with charge transfer resistance (R.), the intercept to real
axis at higher frequency region known as solution resistance or
series resistance (Rs) which is the combination of electrode re-
sistance, interface resistance and electrolyte resistance. Solution
resistances (Rs) are 0.652, 0.651, 0.668, 0.665, 0.666 and 0.632 Q for
0.0 Co:FePi, 0.1 Co:FePi, 0.2 Co:FePi, 0.3 Co:FePi, 0.4 Co:FePi, and 0.5
Co:FePi thin film electrodes, respectively. Smaller values of Ry de-
signated that all the material electrodes have small internal re-
sistances and good conductivity. The charge transfer resistance (Rcy),
attributed to the interfacial charge transfer resistance and mass
transport through the material, values for 0.0 Co:FePi, 0.1 Co:FePi,
0.2 Co:FePi, 0.3 Co:FePi, 0.4 Co:FePi, and 0.5 Co:FePi thin film elec-
trodes are 102.23, 0.878, 0.864, 0.753, 0.734, and 0.908 Q, respec-
tively. There is drastic decrease in charge transfer resistance
observed due to the high conductivity of the cobalt. The smallest R¢,
value indicates that 0.4 Co:FePi thin film electrode has outstanding
conductivity and favors fast charge transport during electrochemical
catalytic reaction. Stability of the prepared material is important
criteria before tagging it as an excellent electrocatalyst and their
application in daily life. Catalytic stability of our best catalyst elec-
trode, i.e., 0.4 Co:FePi was tested by performing chronoampero-
metric study in 1M KOH electrolyte at overpotential to deliver
10mA/cm? and 50 mA/cm? current densities for 10 h as shown in
Fig. 4(E). Figure reveals that there is almost stable delivery of current
even at higher current density throughout the period and gives more
than 99% OER catalytic stability in alkaline conditions. There is small
decrease in performance observed after 10 h at higher current den-
sity. The overpotential of the reaction increased by only 2 mV in the
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Fig. 3. Surface morphological study of the cobalt doped iron phosphate catalysts: FESEM images at different magnifications of (A-C) 0.0 Co:FePi, (D-F) 0.1 Co:FePi, (G-I) 0.2
Co:FePi, (J-L) 0.3 Co:FePi, (M-0) 0.4 Co:FePi, and (P-R) 0.5 Co:FePi.
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Fig. 4. Electrochemical (OER) analysis of the cobalt doped iron phosphate catalysts: (A) LSV polarization curves recorded with scan rate 1 mV/s in 1 M KOH electrolyte, inset shows
magnified view at current shoot point, (B) bar diagram of overpotentials observed at 10 mA/cm? current density, (C) Tafel plots derived from LSV curves, (D) magnified elec-
trochemical impedance spectra (EIS) at higher frequency region recorded at OCP, inset figures gives the whole image of EIS and equivalent circuit, (E) Chronoamperometric (I-t)
plot for electrocatalytic stability study in 1 M KOH electrolyte at different current densities, (F) comparative study of LSV before and after 10 h OER catalysis, inset figure gives the

magnified image at current shoot point.

entire duration of study which is shown in Fig. 4(F). Collectively the
good stability and exceptional OER performance corroborates that
0.4 Co:FePi can job as an outstanding and robust electrocatalyst.
Hydrogen evolution reaction (HER) is another and most im-
portant half reaction of water splitting which can be carried out in
the negative potential window of the i-v plot. The pristine FePi and
Co:FePi thin film electrodes were studied to perform HER in acidic

environment (1 M H3PO,4) within the potential window of 0.33 to
-0.85 mV vs RHE. LSV polarization curves were recorded with scan
rate 1 mV/s within the given potential window for all the sample
electrodes and plotted in Fig. 5(A). Interestingly, 0.4 Co:FePi thin film
electrode exhibits smallest overpotential of 82.3mV to deliver
-10mA/cm? current density and achieve nearly -255 mA/cm? cur-
rent density at —0.85 V vs RHE potential. In contrast, pristine FePi and
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Fig. 5. Electrochemical (HER) analysis of the cobalt doped iron phosphate catalysts: (A) LSV polarization curves recorded with scan rate 1 mV/s in 1M H3PO, electrolyte, inset
shows magnified view at current shoot point, (B) bar diagram of overpotentials observed at 10 mA/cm? current density, (C) Tafel plots derived from LSV curves, (D) electrochemical
impedance spectra (EIS) recorded at OCP, inset figures gives the magnified image of EIS at higher frequency region and equivalent circuit, (E) Chronoamperometric (I-t) plot for
electrocatalytic stability study in 1M H3PO, electrolyte at different current densities, (F) comparative study of LSV before and after 10 h HER catalysis, inset figure gives the

magnified image at current shoot point.

other Co:FePi electrodes require quite larger overpotentials to
achieve same current density. The trend of HER overpotentials with
doping concentration given in Fig. 5(B). Tafel slope values were
calculated by Tafel plot shown in Fig. 5(C) conquered from polar-
ization curves gives the information about reaction kinetics. The
smallest Tafel value was recorded by the 0.4 Co:FePi thin film elec-
trode which is 211 mV/dec. The values of onsetpotentials, over-
potentials and Tafel slopes for all prepared material electrodes are

tabulated in Table S4. Electrochemical impedances of sample elec-
trodes were studied by EIS spectra at OCP, which is composed with
Rs, Cai, Ree and Warburg diffusion (W) as shown in Fig. 5(D). The R
values are 0.79, 1.06, 1.21, 0.95, 0.90, and 1.09 Q for 0.0 Co:FePi, 0.1
Co:FePi, 0.2 Co:FePi, 0.3 Co:FePi, 0.4 Co:FePi, and 0.5 Co:FePi thin
film electrodes which reveals the good conductivity along with ex-
ceptional contact between the active material and SS substrate. The
smallest R of 23.2 Q for 0.4 Co:FePi thin film electrode confirms
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Fig. 6. Effect of electrolyte pH on OER and HER test of the cobalt doped iron phos-
phate catalyst: LSV polarization plots of 0.4 Co:FePi thin film electrode for OER and
HER in different electrolyte media at 1 mV/s scan rate.

easy electron transfer and good conductivity during catalysis. Elec-
trocatalytic HER stability test of 0.4 Co:FePi thin film electrode was
performed to study material robustness for their handy application.
Chronoamperometry was performed at constant overpotential to
achieve 10mA/cm? and 50 mA/cm? current densities for 10h as
shown in Fig. 5(E). From the figure, it is observed that, there is
practically steady delivery of current even at higher current density
during the study. The comparison between LSV curves before and
after stability test (Fig. 5(F)) gives almost 100% HER catalytic stability
in acidic environment which proves that the 0.4 Co:FePi thin film
electrode has outstanding stability and robustness.

The nonprecious metal-based cobalt doped iron phosphate thin
films catalyst electrode not only show outstanding performance of
OER and HER respectively in alkaline and acidic medium, but also
exhibits high catalytic performance over a wide pH range. The effect
of the pH of electrolyte in which the OER and HER carried out was
studied over here. The pH of electrolyte was varied from highly
acidic (pH = 1.5) to highly basic (pH = 13.7) including neutral (pH = 7).
The LSV curves were recorded at 1 mV/s scan rate for OER and HER.
For OER, polarization curves for 0.4 Co:FePi thin film electrode in
acidic, neutral and basic electrolytes were plotted at left lower
corner as shown in Fig. 6, which illustrates that, similar trend of
electrocatalytic activity in all electrolytes. The required over-
potentials to achieve 10mA/cm? current density are 422mV,
306 mV, and 266 mV in acidic (pH = 1.5), neutral (pH=7), and basic
(pH = 13.7) electrolytes, respectively. Similarly, the HER performance
was studied and plotted in Fig. 6 at the right top corner. It is ob-
served that, the required overpotentials are 82.3 mV, 128 mV, and
290 mV to achieve -10 mA/cm? current density in acidic (pH = 1.5),
neutral (pH =7), and basic (pH = 13.7) electrolytes, respectively. The
present investigation reveals that, the synthesized 0.4 Co:FePi thin
film electrode exhibit electrochemical catalysis in electrolytes
having wide pH range.

The long term catalytic property of the material was studied for
overall water splitting in same alkaline bath by constructing a full
cell device using the same 0.4 Co:FePi thin film electrodes as anode
and cathode. The chronoamperometric test was performed by ap-
plying the potential of 1.8 V to the cell for 4 days’ continuous water
splitting in 1 M KOH as shown in inset of Fig. 7. It is observed that,
there is initial increase in current density with time due to the ac-
tivation of the material and then a small reduction in current every
day because of the dehydration of the electrolyte. After adjusting the
level by addition of electrolyte, increment in the current also

Journal of Alloys and Compounds 885 (2021) 160914

120 E [ —— Before stability ;
— After stability
£ E - - :
k5 100 "
< T o
E soRi. ;
:.i' g - /_\_-
2 gof:z ™ :
@ E £ o 3
» 3 40
‘g 40 3 -20 E
t ! ! Timefbaysl ! !
S 20E -
0 b " ) AT ;
0.0 0.5 1.0 1.5 2.0 25
Voltage (V)

Fig. 7. Overall water splitting test of the cobalt doped iron phosphate catalyst: LSV
polarization plots of 0.4 Co:FePi thin film electrode before and after 4 days’ catalysis in
alkaline medium at 1 mV/s scan rate. Inset figure gives the 4 days’ continuous cata-
lytic stability test.

observed. The LSV plots before and after catalytic stability test are
shown in Fig. 7 and it revealed that, there is decrease in the potential
from 2.04V to 1.72V to deliver 10 mA/cm? current density. EIS was
measured initially and after 4 days to measure the change in charge
transfer resistance and very small decrease is observed after the
catalysis as shown in Fig. S8. The present material (0.4 Co:FePi)
performance is compared with some previously reported cobalt-iron
based phosphate and other materials as tabulated in Table S5. After
demonstrating the enhanced catalytic performance in 4 days’ sta-
bility test, it proves their strongest candidature for forthcoming al-
kaline electrolysis.

The influences of electrochemical testing on the structural, elec-
tronic state and morphology were studied by conducting the post-
mortem characterizations of the thin films restored form the
electrochemical cell. The collected thin films were kept in DDW to
washout the ions of electrolyte. XRD pattern was compared with the
pattern of same material before electrolysis as shown in Fig. S9(A).
There is no any diffraction peak observed in the sample after long
term electrolysis. It reveals that the material become amorphous in
nature after electrochemical testing which is beneficial for electro-
chemical applications. It can provide large surface area and hence
large number of active sites and easy ion transfer. X-ray photoelectron
spectroscopy (XPS) measurements were carried out to examine the
electronic states present in the sample after electrochemical testing
(survey spectrum and high resolution spectrum of O1s are shown in
ESI Fig. S10(A and B)). Fig. S9(B-D) shows the high resolution spectra
of Fe2p, Co2p and P2p states. It is observed that, the prominent peaks
Fe2ps), and Fe2py; located at 710.05 and 723.46 eV (Fig. S9(B)) can be
divided into two peaks at binding energies 709.62 and 711.34eV,
723.29 and 725.17 eV corresponding to Fe** and Fe*" states, respec-
tively. The presence of both Fe?* and Fe>* electronic states of Fe atom
can be observed due to the oxidation of the material and conversion
from Fe** to Fe** during 10h continuous electrolysis. Similarly,
spectrum of Co2p at high resolution (Fig. S9(C)), which reveals the
presence of main peaks as Co2ps, at 779.53eV and Co2p, at
795.26 eV and their corresponding satellite peaks at 785.65eV and
802.67 eV, respectively. The peak Co2ps;; can be divided into two
peaks at 779.39 and 781.55 eV corresponding to Co?* and Co>", re-
spectively. Fig. S9(D) shows the spectrum in the energy range of P2p.
It is observed that, there is no any evidential peak present for phos-
phorus. The presence of higher order oxidation states of Co and Fe and
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the absence of P can give the idea about the conversion of iron
phosphate into the highly stable and electrochemically active iron
oxide. The similar results were also observed by Yin et. al. [35]. In the
spectrum of O1ls, the intense peak at 529.35eV attributed to the
metal—0 bond [36]. The decrement in the intensity of phosphate peak
observed at 530.55 eV again evident to the conversion of phosphate to
oxide. FESEM images of 0.4 Co:FePi thin film electrode after long term
(10h and 4 days’) electrocatalysis at overpotentials to deliver 50 and
10mA/cm? current densities, respectively are studied and shown in
Fig. S11 at different magnifications. From figure, it is observed that,
the morphology after 10 h continuous catalysis of the material tested
at overpotential to deliver 50 mA/cm? current density, is almost the
same as the synthesized one (Fig. S11(A-C)). The average size of
spherical particles is almost the same. After 96 h electrochemical
testing, at overpotential to deliver 10 mA/cm? current density, the
surface of the micro spheres become rough slightly without material
degradation (Fig. S11(D-F)). Also, no change in average particle size is
observable after long term catalysis. This illustrates the robustness of
the catalyst material. The roughness of surface observed in high
magnification FESEM image (Fig. S11(F)), facilitates the large number
of active sites for —OH adsorption and oxidation and hence the en-
hancement in electrochemical water splitting.

Remarkably, the cobalt doped iron phosphate gives best perfor-
mance for electrochemical water splitting in terms of OER, HER and
overall water splitting. Doping of transition metal (Co) have sig-
nificantly enhance the catalytic activity by delivering high current
density and small overpotentials by improving the electrical con-
ductivity and metal to metal partial-charge-transfer activation pro-
cess. The mesoporosity and the synergistic effect of both metal
atoms results in the improved performance than the pristine iron
phosphate. The compounds having higher valence state metal atoms,
which results in the formation of high surface adsorbed inter-
mediates. During the long term catalysis process, there is the tran-
sition of Co®* and Fe?" states to the higher. Spectroscopic results
point to a catalyst active state is composed of Co?*** and Fe?*/3*
mixed valence clusters. The conversion from crystalline to amor-
phous, mesoporous structure, synergistic effect of Co and Fe metals,
and electronic transition to higher states results in the outstanding
and improved performance of overall water splitting.

4. Conclusions

In sum, we hereby synthesized pristine iron phosphate (FePi) and
cobalt doped iron phosphate (Co:FePi) thin film catalyst electrodes by
facile hydrothermal method. For cobalt doping, hydrothermal ion-
exchange process was preferred first time. XRD, FTIR and XPS con-
firms phase, chemical bonding and electronic states of the prepared
materials. The microspherical structure uncovered more active sites,
resulting in the superior water splitting performance. The as syn-
thesized pristine FePi and Co:FePi catalyst electrodes showed ex-
cellent electrochemical water splitting in terms of OER and HER. Best
performing 0.4 Co:FePi thin film electrode exhibited smallest over-
potential of 266 mV for OER at 10 mA/cm? current density and more
than 99% catalytic OER stability for 10 h in alkaline medium. Also, it
can perform HER with 82.3 mV overpotential at 10 mA/cm? current
density and almost 100% catalytic HER stability for 10h in acidic
environment. This phenomenon may cause due to the manifestation
of Co improves the electrical conductivity and metal to metal partial-
charge-transfer activation process. Also, due to the reduction of ad-
sorption energy of the surface by changing the surface electronic
states of iron phosphate which enhances the adsorption of OH™ ions to
the electrode surface. The two electrode electrolyzer using 0.4 Co:FePi
thin film electrodes as both an anode and cathode in alkaline medium
achieved lowest potential of 1.72V after 4 days’ continuous water
splitting test. The excellent electrochemical performance, outstanding
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stability and robustness of 0.4 Co:FePi thin film electrode material
proved their applicability for overall water splitting.
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ARTICLE INFO ABSTRACT

In present work, nickel pyrophosphate (Ni,P>0,.8H,0) thin film on stainless steel substrate synthesized using
facile chemical bath deposition method and used as cathode electrode for asymmetric supercapacitor. Three
compositions of nickel phosphate with varying of nickel:phosphate (2:1, 1:1 and 1:2) molar ratio are prepared to
study composition effect on microstructure and subsequently on supercapacitive performance. Morphology
changes with composition from microflower to leaf like, consequently supercapacitive performance influences
with increasing phosphate content in material. The well dispersed leaf like microstructure (nickel:phosphate;1:2)
of nickel pyrophosphate offers more active sites and it shows maximum specific capacitance of 482F g~ ! at
current density of 3 mA cm along with 99.73% capacitive retention over 2500 cycles. Moreover, an asymmetric
device fabricated using nickel pyrophosphate and reduced graphene oxide as a positive and negative electrode,
respectively. Prepared asymmetric supercapacitor offers specific capacitance of 74.81F g at 0.9 mA cm™
current density with 26.6 Wh kg™ energy density at a moderately high power density of 870.6 W kg™. Also,

Keywords:

Asymmetric supercapacitor
Chemical bath deposition method
Composition variation

Nickel pyrophosphate

Thin film electrode

exhibits 87.35% of capacitive retention over 5500 cycles at 4mA cm™ current density.

1. Introduction

To reduce global warming, promote green and clean energy, and
fight with energy crisis, usage of sustainable energy sources increased
[1]. Fulfil increasing demand in global power supply for different ap-
plication, have to store electricity efficiently produced from sustainable
energy sources [2]. So, attention shifted towards cost effective, easy to
use and maintenance free energy storage devices with high stability [3].
Supercapacitor come in focus because it offers high energy and power
density as compare to conventional capacitors and batteries, respec-
tively [4,5]. These amazing properties of supercapacitor encourage to
use it either individually or in combination with batteries/fuel cell for
different application [6,7].

Supercapacitors are divided into three categories on the basis of
charge storage mechanism such as EDLC, pseudocapacitor and hybrid
supercapacitor [8]. There are numerous materials were investigated as
an supercapacitor electrode material such as, metal oxides [9,10], hy-
droxides [11] and sulfides [12] but they suffers from some limitations
such as, poor stability, poor conductivity and lower specific capacitance
[13,14]. To reach high energy and economical demands, need to

* Corresponding author.
E-mail address: umakant.physics84@gmail.com (U.M. Patil).
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develop electrode material has low-cost, high specific capacitance and
favourable cycling ability [15].

Transition metal phosphates widely studies for decades and used in
various applications as, catalysis/photocatalysis [16,17], energy sto-
rage devices [18] and sensors [19]. Recently, they fascinated for energy
storage application owing to their excellent conductivity, abundant
active sites, wide structural channels for electrolyte ions percolation
and most importantly offer stable structure due to P—O covalent bond
[20]. Among metal phosphates, nickel and cobalt aided in energy sto-
rage due to excellent redox action and also, they are earth abundant
and widely distributed. Various structures of nickel phosphates such as
pyrophosphate and orthophosphate, can facilitates different ionic con-
ductivity and consequently rate capability [21].

So, different microstructure and polymorphs of nickel phosphate
were prepared using various methods for supercapacitor application
and reported in literature. Sankar et al. grown one dimensional na-
norods of nickel pyrophosphate on nickel foam by simple hydrothermal
method [22]. Similarly, Pang et al. [23] synthesized nickel pyropho-
sphate microrods by calcination of ammonium nickel phosphate ma-
terial and Senthilkumar et al. [24] prepared nano grains of nickel
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pyrophosphate using simple co-precipitation method. Also, nano-
particles like microstructure of nickel phosphate prepared by Li et al.
using precipitation method [25]. Nanorods of nickel phosphate syn-
thesized by Mirgani et al. [26] using hydrothermal method and nano-
sphere by Pramanik et al. [27] using calcination method. Moreover,
Peng et al. synthesized microflowers of nickel phosphate by microwave
assisted chemical method [28]. Among above reports, only Shankar
et al. reported a binder free direct growth of nickel pyrophosphate
material on substrate and other all reports are based on preparation of
binder assisted electrode by coating powder sample. Literature study
inspire us to synthesize binder-free nickel phosphate material on con-
ducting and cost effective stainless steel (SS) substrate as super-
capacitive electrode. Till date there is no report available on synthesis
of nickel phosphate thin film electrode (binder free) with tuned mor-
phology using chemical bath deposited (CBD) method, for super-
capacitor application.

So, for the first time we are reporting binder free synthesis of nickel
pyrophosphate thin film electrodes by simple CBD method for super-
capacitor application with nickel and phosphate molar ratio variation.
The CBD method is facile and cost effective, and any type of complex
shape of substrate with large surface area can be deposited. Change in
morphology due to composition variation in nickel phosphate is studied
and analysed. Moreover, tuned morphology to reach high super-
capacitive performance of nickel pyrophosphate thin film electrodes in
terms of specific capacitance, energy and power density. Furthermore,
nickel pyrophosphate used as cathode material to assemble asymmetric
device with reduced graphene oxide as anode material and its perfor-
mance were studied and reported herein.

2. Experimental section
2.1. Nickel pyrophosphate (cathode) electrode preparation

For synthesis of nickel phosphate, nickel chloride (NiCl,.6H,0) was
used as a source of nickel and potassium dihydrogen orthophosphate
(KH,PO,) as a source of phosphate, and urea (NH,CONH,) used as a
hydrolyzing agent. All chemicals were purchased from Sigma Aldrich
(AR grade) and used without any purification. For binder free synthesis
simple chemical bath deposition method was used to deposit nickel
phosphate on stainless steel (SS) substrate. In synthesis process, nickel
chloride, potassium dihydrogen orthophosphate and urea were dis-
solved in 50 mL of double distilled water sequently, with vigorous
stirring. To study effect of molar composition of nickel and phosphate,
different three solutions were prepared with various molar concentra-
tion of nickel chloride and potassium dihydrogen orthophosphate. In
this experiment, molar ratio of NiCl,.6H,0:KH,PO, varied as,
0.066:0.033, 0.05:0.05 and 0.033:0.066 and indicated as P1, P2 and P3,
respectively. The SS is used as a substrate. Since, it offers several ad-
vantages such as, low cost, high conductivity and stability in acids and
alkaline solution. A well-polished SS substrate placed vertically in
prepared three solution baths. All solution bath were placed in water
bath and heated at temperature of 363 K, for 2 h. After 2 h, apple green
colored nickel pyrophosphate material deposited on SS substrate.
Furthermore, prepared films rinsed with double distilled water for 2-3
times to remove residues and dried at room temperature. As prepared
thin film electrodes were characterized by different techniques and
used as cathode electrode for supercapacitor application.

2.2. Reduced graphene oxide (anode) electrode preparation

In the preparation of reduced graphene oxide (rGO), firstly gra-
phene oxide was synthesized by modified Hummer’s method [29] and
then it reduced hydrothermally. Negative electrode prepared by com-
bining 75% active material, 20% carbon black, 5% polyvinylidene
fluoride (PVDF) with N-methyl 2-pyrrolidone (NMP) to make slurry.
Prepared slurry coated on 1 x 1cm ™2 SS substrate, heated for an hour
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at a temperature 60°C and used electrode for further fabrication of
asymmetric device.

2.3. Characterization

The crystal structure analysis of prepared material was character-
ized using X-ray diffractometer (XRD) from Rigaku miniflex-600 with
Cu Ka (A = 0.15425 nm) radiation. Alpha (II) Bruker unit was used to
record Fourier transform- infrared spectrometry (FT-IR), for detection
of functional groups in the prepared material. A Thermoscientific
ESCALAB 250 (Thermo Fisher Scientific, UK) instrument was used for
X-ray photoelectron spectroscopy (XPS) measurement. Specific surface
area for all samples were measured by Brunauer-Emmett-Teller (BET)
analysis (Belsorp II mini). Field emission scanning electron microscopy
(FE-SEM, JSM-7001 F, JEOL) was used to investigate morphology of
material and energy dispersive spectrometer (EDS) for elemental ana-
lysis. Electrochemical activities measured using ZIVE MP1 multi-
channel electrochemical workstation.

2.4. Electrochemical measurements

All electrochemical analysis of prepared thin film electrodes were
measured in three electrode system at ambient conditions. Prepared
nickel phosphate thin films with various Ni:PO4 molar ratio or rGO
electrode used as a working electrodes, platinum plate and saturated
calomel electrode (SCE, with saturated KCI solution) as a counter and
reference electrode, respectively. Supercapacitive performance of pre-
pared thin film electrodes were tested using cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical impedance
spectrometry (EIS).

3. Results and discussion
3.1. Growth mechanism of nickel pyrophosphate thin film

A binder free synthesis is preferred to deposit nickel phosphate thin
films on SS substrate by chemical bath deposition method. In CBD
method, at supersaturation state of solution firstly ionic species get
absorbed on surface of substrate during heterogeneous reaction and
further it lead to nucleation with subsequent growth of material. The
P1, P2 and P3 thin film electrodes are prepared to study effect of nickel
and phosphate composition variation. In the reaction, urea used as a
hydrolyzing agent and decomposition of urea took place at 363 K and
forms CO, along with NH;. Simultaneously, Ni2* from NiCl,.6H,O get
mixed with ammonia and form amino complex [Ni(NHg)]2+, which act
as Ni?* source and control rate of reaction. On the other hand, po-
tassium dihydrogen orthophosphate releases PO*~ ions which react
with Ni?" ion and get the final product of Ni,P,0,.8H,0 (nickel pyr-
ophosphate) in thin film form over SS substrate. Possible reaction me-
chanism for formation of nickel pyrophosphate material is as follows,

4[Ni(NH3)]?" + 4H,PO*~ + 16H,0 — 2(NiyP,0,.8H,0) + 4NH3} +
2H,0 + 2H,!} (€9)

Reaction time was optimized (2 h), to get apple green colored well
adherent thin film of nickel pyrophosphate on SS substrate. Mass of
deposited material on SS substrate was calculated by gravimetric
weight difference method and it is observed that, the deposited mass of
material affected by composition variation. Deposited mass of material
get decreased from P1 to P3 as 1.31, 1.23 and 1.11 mgcm 2, respec-
tively. The high phosphate content may favour homogeneous reaction
than heterogeneous, which decreases growth of material in the form of
thin film on the surface of substrate and increases precipitation of
material in the bath. It conclude that, more homogeneous reaction
decreases amount of deposited material with increasing phosphate
content in the composition.
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Fig. 1. (a) XRD pattern and (b) FT-IR spectra of P1, P3 and P3 electrode.

3.2. Structural and morphological analysis of nickel pyrophosphate thin
film

X-ray diffractometer (XRD) was used to investigate crystal structure
of prepared thin films. The XRD patterns of P1, P2 and P3 thin film
electrodes are shown in Fig. 1 (a). It shows well define peaks with d-
spacing 7.38, 6.35, 4.7, 3.9, 3.71, 3.1, 2.89, 2.61, 2.26 and 1.64 A are
corresponds to diffraction planes of (010), (100), (110), (020), (200),
(210), (211), (022), (311) and (420), respectively. Other peaks in XRD
pattern marked with ‘.’ are attributed to SS substrate. The obtained XRD
peaks are well matches with JCPDS card no. 49-0672, which confirm
formation of hydrous nickel pyrophosphate (Ni,P>0,.8H,0) material
on SS substrate. All prepared electrode shows similar XRD spectra
confirms preparation of same material, only intensity of major peak
with d-spacing 6.35 A increases from P1 to P3 electrode (composition
variation from 2:1 to 1:2) as increase in phosphate content in the
sample. All peaks are narrow and highly intense, which infers good
crystallinity of material and oriented growth along (100) plane. Good
crystallinity can improve electrochemical performance because of its
stable structure may not destroy during charge-discharge cycling and
may improve charge transfer [30]. Peaks other than nickel phosphate
are not observed in XRD patterns, that confirms formation of
Ni,P,0,.8H,0 material on SS substrate.

FT-IR analysis is used to determine structure and composition of
prepared thin film electrode. Fig. 1 (b) shows FT-IR spectra of P1, P2
and P3 electrodes in the range of 600-4000 cm~'. The figure revels
that, stretching vibration mode of P—O—P group at 870cm™ (y1),
symmetric stretching vibration mode at 940 cm ™! (y,) and asymmetric
stretching vibration mode at 1010cm ™' (y3) of PO*/P,0,* anion
[31-33]. Other peaks are corresponds to water molecule: such as peak
at 1580-1590 cm ™! (y4) revels bending vibration of O—H in crystal-
lization water [32,34]. Also, peaks at 3000 (ys) and 3432 em~! (¥e)
corresponds to stretching vibration mode of O—H in crystallization
water [31-35]. Above observations suggest that, structural water is
present in the prepared material, in other word can say prepared ma-
terial is hydrous in nature. FT-IR spectra of prepared P1, P2 and P3 thin
film electrodes shows absorption peak in same range that confirms all
prepared material exhibits same functional groups. No significant
change in absorption spectra in all samples and hydrous content con-
firms preparation of hydrous nickel pyrophosphate material in thin film
form.

XPS analysis was used to investigate chemical environment and
valence state of the elements in prepared material. XPS survey spectra
of P3 electrode is shown in Fig. 2 (a), which consist all elements such as
nickel, phosphorous and oxygen. High resolution XPS spectra of Ni2p
(Fig. 2 (b)) shows two intense peak at 857.1 and 874eV binding

energies assigned to Ni2p3,» and Ni2p, /», respectively, and two satellite
peak at 863.8 and 881.5 eV attributed to Ni in oxidation state of Ni™*
located on the surface [36,37]. Fig. 2 (c) shows XPS spectra of P2p
region, only one intense peak at 133.6eV can be assigned to P—O
bonding and pentavalent phosphorous [38]. Moreover, O1 s spectrum
with three peak shown in Fig. 2 (d), metal oxygen bonding confirms by
intense peak at 529 eV. Also, core levels and adsorbed water observed
in prepared material confirms by peaks at 531 and 532.9 eV, respec-
tively [39-42]. XPS result supports XRD and FT-IR analysis, and con-
firms hydrous nature of formed material (Ni,P>0,.8H50).

Morphology of prepared thin film electrodes were investigated by
FE-SEM at different magnifications and shown in Fig. 3. Inter connected
and closely packed bunch of triangular microplates seems microflower
like structure is observed for P1 electrode (Fig. 3 (a—d)). Higher mag-
nification SEM image of P1 electrode (b—d) shows microplates have
average length, width and thickness of 42.3, 22.1 and 2.1 um, respec-
tively. After changing molar ratio of nickel and phosphate in P2 elec-
trode, number of inter connected triangular microplates decreases up to
half of number in comparison with P1 electrode but still it look like
flower with triangular microplates as shown in Fig. 3 (e-h). Interest-
ingly, microplates in P2 electrode has average thickness 1.5 um, which
is less as compare to P1 electrode. However, microplate shows slight
increment in length and width of 48.5 and 24.1 um, respectively, as
compare to P1 electrode. Similar decrement in thickness of microplates
is observed for P3 electrode up to 1.13 um. Also, microplates length and
width in P3 electrode is decreases up to 31.1 and 15.4 pm as compare to
other microplates in P1 and P2 electrodes. Importantly, morphology of
P3 electrode alter from microflower with rectangular microplates to
well disperse leaf like structure, as shown in Fig. 3 (i-1). Such type of
decrement noticed in thickness of microplates and change in mor-
phology from microflower to leaf from P1 to P3 electrode may be the
reason of increase in phosphate content in the prepared nickel pyr-
ophosphate material.

Schematic for growth of nickel pyrophosphate material at different
nickel:phosphate molar ratio is shown in Fig. 3 (m). In CBD method,
conversion of supersaturated solution to saturated solution is resulted
to solid phase formation. Liquid to solid phase conversion included
various steps such as nucleation, aggregation, coalescence and later
growth by stacking of the particles. Basically there are two types of
growth mechanism, one is homogeneous growth (in solution) and other
is heterogeneous growth (on the surface of foreign body). Nucleation is
the first step, in which small number of particles get adsorbed on the
surface of substrate which known as heterogeneous growth and act as a
foundation for aggregation of particle. Furthermore, in the process of
coalescence, aggregated particles merge and form a base for growth of
nanostructure. After that stacking of particle grows film on the surface
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Fig. 2. (a) XPS survey spectra of P3 electrode, (b) Ni 2p spectrum, (c) P 2p spectrum and (d) O 1s spectrum.

of substrate with a certain thickness [43]. Change in morphologies from
P1 to P3 electrodes were observed in FE-SEM result, possible formation
of that material by stacking of particle as shown in the schematic re-
presentation. So, it resulted that, morphology get affected by phosphate
content in the material, high phosphate content shows well disperse
microstructure (P3 electrode) and less content show compact micro-
flower like structure (P1 and P2 electrode). At higher phosphate con-
tent in reaction bath, phosphate ions easily available for nickel
bonding, which increase rate of reaction and easy availability forms
disperse leaf like structure. But at low phosphate content in reaction
bath, less possibility of easy bonding between nickel and phosphate,
may be they shares bonding with multiple ions, which decrease rate of
reaction and resulted into inter connected complex microflower like
structure. Such dispersed leaf like structure may show high electro-
chemical performance due to high surface area. Specific surface area for
all samples were measured by Brunauer-Emmett-Teller (BET) analysis.
All samples exhibits a type II isotherm according to classification of
International Union of Pure and Applied Chemistry (IUPAC) and dis-
played in fig. S1 (see ESI). The P3 electrode shows highest specific
surface area (36.09m?g™!) as compare to P1 (31.1m?g~ ') and P2
(35.66 m? g~ 1) electrodes. The high specific surface area of P3 sample
may lead to improve electrochemical performance of the electrode.
Elemental investigation of prepared material is done using energy
dispersive spectroscopy (EDS) and displayed in fig. S2 (see ESI). P1, P2
and P3 electrodes shows nickel:phosphorous atomic ratio of 1.1:1, 1:0.9
and 1:1.1, respectively. The EDS result confirm molar ratio variation in
nickel and phosphate concentration as 2:1, 1:1 and 1:2 in P1, P2 and P3
electrodes, respectively, and may be reason to change in morphology

from microflower to leaf like structure. Nickel, oxygen and phos-
phorous elements are present in the prepared material confirms for-
mation of Ni,P»,0,.8H,0 thin film.

3.3. Electrochemical study of nickel pyrophosphate thin film

Effect of nickel:phosphate molar ratio variation in nickel pyropho-
sphate material on morphology influenced supercapacitive perfor-
mances were investigated using three electrode system in 1M KOH
electrolyte. Fig. 4 (a) shows CV curve of prepared three P1, P2 and P3
electrodes at 20 mV s~ ! scan rate in an optimized potential window of
0-0.5V (vs SCE). P1 electrode shows much smaller current area under
curve in comparison with other electrodes. Moreover, P2 electrode
shows improve current response than P1 electrode and P3 electrode
shows higher current response in CV curve than other electrodes. So, it
is observed that, P3 electrode exhibits higher current response because
of well disperse leaf like microstructure as compare to P1 and P2
electrode having compact flower like microstructure. The leaf like mi-
crostructure may offer high surface area to reaction than the compact
structure of P1 and P2 electrode. As increase in phosphate content in
the electrode from P1 to P3, current area increases and large area under
the CV curve corresponds to high areal capacitance, it is important to
increase capacitive performance. The CVs of the P3 electrode at various
scan rate from 5-100mV s~ ! are shown in Fig. 4 (b) and CV curves of
the P1 and P2 electrode at different scan rate from 5-100mV s~ ' are
provided in fig. S3 (see ESI). Current area in CV curve increases as in-
creasing scan rate and observed redox peaks corresponds to Ni*? and
Ni*2 transition, that reveals pseudo-capacitive nature of material [44].
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Fig. 3. FE-SEM images of P1 (a-d), P2 (e-h) and P3 electrode (i-1) at different magnifications (X400, X800, X2000 and X3000, respectively). (m) Schematic

representation of growth mechanism for nickel pyrophosphate thin film.

Possible redox reaction of material can be expressed as follows,
Ni2P207.8H20 + OH™ < Ni2P207.8H20 (OH*) + e- (2)

Specific capacitance of nickel pyrophosphate material was calcu-
lated from CV curve using equation as follows,

s = Sivav Fo-l

5= ZV*W*AV( &) 3
where, [ iV dV, v, w and AV are area under the CV curve, scan rate,
deposited weight of material and potential window, respectively.
Specific capacitance with respect to scan rate plotted and shown in
Fig. 4 (c). The P3 electrode shows highest specific capacitance of 416 F
g~ 1 at scan rate 5mV s~ !. Higher specific capacitance obtained at
slower scan rate and it decreases as increasing scan rate. Higher capa-
citance obtained at low scan rate because of at a slow scan rate, enough
time is available to transfer OH from solution to surface of the electrode
material and more charges can transfer as compare to high scan rate. It
means that, at slow scan rate more charges can be stored than high scan

rate, which offer higher specific capacitance. Other electrodes P1 and
P2 shows maximum specific capacitance of 200 and 336F g~ ?, re-
spectively at 5mV s scan rate. The result revels, well disperse leaf like
microstructure offers high specific capacitance rather than compact
microflower like morphology.

Amount of total charge stored in electrode is due to contribution of
capacitive and intercalation process. According to Power’s law, CV

current dependent on scan rate can be expressed as follows,
i=ab @

where, i represents current, v is the scan rate, a and b are the adjustable
parameters. The value of b is the slope of log (i) vs log (v). The graph of
log (i) vs log (v) for P1, P2 and P3 electrodes are given in fig. S4 (see
ESI). It has two conditions when b is 0.5 and 1, then the electrochemical
process is diffusive and capacitive, respectively [45]. Using this equa-
tion, we can find charge storage mechanism for P1, P2 and P3 elec-
trode. Electrode P1, P2 and P3 demonstrates b values of 0.604, 0.606
and 0.6233, respectively. All electrodes shows b values more than 0.5
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Fig. 4. (a) CV curve of P1, P2 and P3 electrode at scan rate 20 mV s™1, (b) CV curve of P3 electrode at various scan rate from 5-100mV s

capacitance at different scan rate of all electrodes.

and less than 1, indicating charge storage mechanism contributed from
both (capacitive and diffusive) type of process.

To determine the respective contribution of current densities from
surface pseudocapacitive and battery like bulk process at various scan
rates calculated using modified Power’s law as given below,

Ip = Tsurface + Ibulk = Csurface? + Cbulkul/2 (5)

Where, I, is the peak current density, v is the scan rate, Cgyrface ¥ Te-
presents current contribution from surface pseudocapacitive process
(Isurace) and Cpup v 172 represents from bulk process (Ipy) [46-48].
Current contribution from pseudocapacitive and bulk process for all
three electrode calculated from above equation and plotted in Fig. 5
(a—c). It is observed that, current contribution mainly from battery like
bulk process and partially from pseudocapacitive surface process.
Contribution in current from pseudocapacitive surface process increases
as increasing scan rate, which resulted pseudocapacitive process higher
at high scan rate. That conclude active material shows more capacitive
nature at high scan rate and battery like nature at low scan rate.
Further, galvanostatic charge discharge (GCD) analysis of material
was performed in 1 M KOH electrolyte. The Fig. 6(a) shows GCD graphs
of P1, P2 and P3 electrode at 3mA cm 2 current density and P3 elec-
trode shows large discharging time at low current density. The charging
and discharging curve of P3 electrode at different current densities
shown in Fig. 6(b). The P3 electrode shows large discharging time as

~1 and (c) specific

compare to P1 and P2, which confirmed capacitance of material de-
pends on composition and morphology of material, and it is important
to increase capacitance of material. Discharging time decrease with
increasing current density due to inefficient interaction between elec-
trolyte and electrode at high current density. GCD graphs of P1 and P2
electrode at various current densities from 3 to 7 mA cm ~ 2 plotted and
provided in fig. S5 (see ESI). Specific capacitance of nickel pyropho-
sphate material calculated from GCD graph by following equation,

IX At
Cs = —8L (pg-1
S= o xavie) ©)

where, I, At, w and AV are current density, discharging time, mass of
active material and potential window, respectively [49]. The maximum
capacitance of P1, P2 and P3 electrodes are found to be 225, 292 and
482F g™, respectively at 3mA cm™ current density as shown in
Fig. 6(c). Furthermore, the specific capacitance decreases up to 147,
162 and 312F g~ !, respectively at higher current density of 7 mA cm™2.
Also, calculated areal capacitance of the electrodes, plotted and pro-
vided in the fig. S6 (see ESI). Leaf like well disperse microstructure offer
high surface area for electrochemical activity due to high phosphate
content which exhibits increment in specific capacitance of nickel
pyrophosphate material.

Energy density (E) and power density (P) of nickel pyrophosphate
material calculated from GCD by equation (7) and (8), respectively as
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follows,
0.5 X Cs X (AV)? _
E=—"—2—" "= "7 (Whkg!
3.6 ( ) @
And
E X 3.6
P=—""""(kWkg!
A EWke™) ®)

where, Cs, AV, and At represents specific capacitance, potential
window and discharging time, respectively. Calculated energy density
and power density is plotted and shown in Fig. 6(d). The P3 electrode
shows higher energy density of 10.7 Wh kg ™! at 0.5kW kg~ ' power
density as compare to P1 (5 Wh kg!) and P2 electrode (6.4 Wh kg™).
The energy density of sample P3 decreases from 10.7 to 6.9 Wh kg ™!
and power density increases from 0.5 to 1.19 kW kg™ with increase in
galvanostatic charge discharge current density from 3 to 7 mA cm™,
Similarly, Shankar et al. [21] reported directly grown 1D nanorods of
nickel pyrophosphate on nickel foam substrate using the hydrothermal
method, which offers highest areal capacitance of 5272mF cm?.
However, prepared nickel pyrophosphate thin film on SS substrate ex-
hibits maximum areal capacitance 535.07 mF cm™, it shows less per-
formance compared with report by Shankar et al. This may be due to
use of nickel foam as a substrate, which plays an important role to
improve electrochemical performance of electrode material by adding
self capacitance by its surface atom conversion to NiO and Ni(OH),
during electrochemical testing. So, when nickel foam used as a current
collector to test electrochemical properties of small amount active
material then nickel foam underestimate the specific capacitance value

of active material [48]. However, in this study, stainless steel substrate
is used as a substrate to synthesize nickel pyrophosphate material thin
film electrode, which only offers 2D structure and does not take part in
electrochemical reaction. So, in this work, obtained capacitance is to-
tally provided only by nickel pyrophosphate material.

Long term stability is important key factor of efficient electrode for
supercapacitor application and specific capacitance should be change as
little as possible during cycling stability. So, the stability of prepared
best electrode (P3) tested at 50 mV s~ ! for 2500 cycles and respective
capacitive retention shown in Fig. 7 (a). Importantly, P3 electrode
shows good cycling life and 99.73% capacitive retention after 2500 CV
cycles and CV curves of 1st, 500th, 1500th and 2500th cycle shown in
inset of Fig. 7 (a). In initial cycles, insertion and extraction of ions in-
creases electrochemical active volume of the electrode material which
exhibits initial slight increment in specific capacitance [50] and later
little decrement in capacitance is due to minute reduction of material
after many charging/discharging cycles. So, well disperse leaf like mi-
crostructure exhibits to excellent cyclic stability.

Electrochemical impedance spectroscopy (EIS) was carried out in
the range 100 mHz to 1MHz at open circuit potential (OCP). The
Nyquist plot of P1, P2 and P3 electrodes with fitted data, are shown in
Fig. 7(b), and inset shows equivalent circuit for P3 electrode. In Nyquist
plots, straight line appear in low frequency region and semicircle ap-
pear in high frequency region. Semicircle starting point is called as
solution resistance (R;), value of semicircle corresponds to charge
transfer resistance (R.,), straight line stands for Warburg diffusion re-
sistance (W) and Q is general imperfect capacitor whenn =1, Q = C,
due to semi-infinite diffusion of charges. Solution resistance, charge
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transfer resistance and Warburg resistance of P1, P2 and P3 electrodes
are determined by fitting the data with equivalent circuit and given in
table S1 (see ESI). Solution resistance of P1, P2 and P3 electrodes are
found to be 1.14, 0.97 and 1.19 Q, respectively and charge transfer
resistance are 40.54, 26.88 and 16.52 Q, respectively. Also, Warburg
diffusion resistance measured for the sample P1, P2 and P3 are 0.257,

0.218 and 0.205 Q, respectively. Charge transfer resistance of elec-
trodes are different due to different morphologies, since, it originates
from intercalation of charges between electrode and electrolyte [51].
P3 electrode shows low R (16.52 2) and total impedance rather than
other samples, which confirms low charge transfer and Warburg dif-
fusion resistance contributes for good electrochemical performance
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[52].

3.4. Asymmetric supercapacitor (ASC) device

As per obtained results, nickel pyrophosphate as cathode material
and rGO as anode material can use to fabricate ASC device.
Supercapacitive performance of rGO electrode tested in three electrode
system. CV curves of rGO electrode at various scan rate from 5-100 mV
s~ ! in an optimized potential window 0 to -1V (vs SCE) shown in fig.
S7 (a) (see ESI). Absence of redox peak in CV curve and rectangular-like
shape confirms electric double layer capacitive nature of rGO, and also
confirmed by linear GCD graphs of rGO electrode (display in fig. S7 (b)
(see ESI)). The rGO electrode delivers highest specific capacitance of
163.8F g~ ! at 1.25mA cm? current density calculated using Eq. (6)
and given in fig. S7 (c) (see ESI). Electrochemical impedance spectro-
scopy (EIS) measurement of rGO electrode tested in the range of
100 mHz to 1 MHz (shown in fig. S7 (d) see ESI). A semicircle observed
in high frequency region and straight line observed in low frequency
region. The obtained graph shows low solution resistance (1.14 Q) and
charge transfer resistance (41.4 Q) which is responsible for good elec-
trochemical performance. Equivalent circuit for fitted data display in
inset of fig. S7 (d) (see ESI). Best performed P3 electrode of nickel
pyrophosphate (with nickel:phosphate molar ratio 1:2) used as positive
electrode and rGO (a wider -ve potential window) as negative electrode

with 1 M KOH aqueous electrolyte in ASC device. High energy density
and improved operating potential window are main advantages of
preparing ASC devices. CV curves of anode electrode rGO and cathode
material nickel pyrophosphate at 50 mV s scan rate within different
potential window are shown in Fig. 8 (a). The theory of charge balance
used to obtain best electrochemical performance for ASC device by
balancing mass ratio between positive and negative electrode using an
equation as follows,

my  C X AV

m_  Cy X AV, 9

where, M or—), AVi4or—), and C(;or—) are the mass of material (g), po-
tential window (V), and specific capacitance of positive and negative
electrode, respectively [53,54]. By using above equation, calculated
mass ratio of the positive and negative electrode obtained as 0.17:1. To
ensure the mass balance ratio in the ASC device tailored the area of
electrodes. Applicable potential window of ASC device for CV is opti-
mized in window 1.2-1.7 V and shown in fig. S8 (a). In 1.2 to 1.5V
potential window ASC device does not shows oxidation peak of nickel
pyrophosphate electrode and at 1.7 V little straight line observed at the
end of CV curve which may indicate oxygen evolution reaction
[55-57]. So, 1.6V is an optimized window for ASC device (Ni,P»0,//
KOH//rGO). Similarly, for GCD operative potential window is opti-
mized and shown in fig. S8 (b). Both graph of CV and GCD curves
confirm the operational potential window of the ASC device is 1.6 V.
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The CV curves of ASC device at various scan rate from 5-100mV s~ *

within potential window of 0-1.6 V are shown in Fig. 8 (b). The CV
curves shows only one redox peak due to nickel pyrophosphate elec-
trode. Also, at higher scan rate it reveals good reversibility of device.
GCD graph of ASC device shown in Fig. 8 (c), at the beginning of the
discharge curve typical IR drop is not observed, that conclude negli-
gible energy of the device used during charge-discharge process. ASC
device exhibits maximum specific capacitance 74.81F g~ at 0.9 mA
ecm? current density. As increasing current density, the discharging
time of the device decreases, which resulted decrease in specific capa-
citance of the device due to insufficient electrode-electrolyte interaction
(shown in Fig. 8 (d)).

Total mass dependent energy and power density of device calcu-
lated and plotted comparatively with reported data in Fig. 9 (a). The
device obtained highest energy density of 26.6 Wh kg™' at power
density of 870.6 W kg ~*. The prepared ASC device exhibits moderately
high power density as compare to reported data (Table S2 (see ESI))
[21,23-25,27,58-61]. But, it shows less energy density as compare to
reported data, the main reason to obtain less performance of the ASC
device is may be due to, in all reports nickel foam were used as a
current collector, which added their capacitance in total capacitance of
the device. In this case, SS substrate is used as a current collector for the
both positive and negative electrode. So, the obtained results in this
study are only due to active material and it further can be improved by
using porous nickel foam as a current collector. EIS study of ASC device
carried out at open circuit potential in the range 100 mHz to 1 MHz.
Nyquist plot of ASC device and fitted data is shown in Fig. 9 (b), so-
lution resistance (Ry) of ASC device is found to be 1.66 Q and charge
transfer resistance (R¢) is 171.54 Q. In inset of Fig. 9 (b) shows

10

equivalent circuit for fitted data of ASC device. In this circuit Ry is so-
lution resistance, R is charge transfer resistance, W is Warburg diffu-
sion resistance and Q is general imperfect capacitor whenn = 1,Q = C,
due to semi-infinite diffusion of charges [62]. Stability of the ASC de-
vice tested at 4mA cm? current density for 5500 cycles and displayed
in Fig. 9 (c). Initial and final 5 GCD cycles after 50th and 5000th cycle
shown in inset of Fig. 9 (c) (i) and (ii), respectively. The ASC device
shows 87.35% capacitive retention after 5500 GCD cycles, which is
higher than reported data in Table S2 (see ESI). Similar to single elec-
trode (nickel pyrophosphate) ASC device shows increment and little
decrement in specific capacitance in initial cycles and after many
charge/discharge cycles, respectively.

Overall we observed that, microstructure of prepared material
changes with molar ratio variation of Ni:PO, (2:1, 1:1 and 1:2) in nickel
pyrophosphate. Leaf like microstructure of nickel pyrophosphate thin
film electrode offers high capacitance as compare to microflower like
microstructure because well disperse leaf like microstructure exhibit
high surface area for electrochemical activity. Also, it offers low charge
transfer resistance due to well disperse microstructure. The well dis-
perse leaf like microstructure of nickel pyrophosphate electrode offers
long term stability. Nickel pyrophosphate with stable microstructure
(leaf like microstructure) used as a positive and rGO which has a wide
negative potential window (1 V) used as a negative electrode to fabri-
cate asymmetric supercapacitor. So, it is observed that, binder free
nickel pyrophosphate (P 3 electrode) material in thin film form elec-
trode is a favorable candidate as cathode for supercapacitor application.
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4. Conclusions

In conclusion, nickel pyrophosphate material in thin film form on
stainless steel substrate successfully prepared via simple chemical bath
deposition method. Morphological conversion from compact micro-
flower to leaf like structure were achieved by varying nickel:phosphate
molar ratio. Also, thickness of microplates decreases (2.17 to 1.13 pm)
as increasing phosphate content in the electrode. A well disperse leaf
like microstructure of nickel pyrophosphate exhibit highest specific
capacitance of 482F g~ ! at current density 3mA cm™ with 99.73%
stability over 2500 cycles. The asymmetric device fabricated by com-
bining nickel pyrophosphate as cathode and rGO as anode electrodes.
The ASC device exhibits highest specific capacitance of 74.81F g~ !
with energy density of 26.6 Wh kg~! at a moderately high power
density of 870.6 W kg~ 1. Also, ASC device exhibits 87.35% capacitive
retention over 5500 cycles. These results conclude that, nickel pyr-
ophosphate is a promising candidate as cathode in asymmetric super-
capacitor devices for practical applications.
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ARTICLE INFO ABSTRACT

In present work, reproducible and economic chemical bath deposition method is used to deposit nickel phos-
phate thin films on stainless steel substrate for supercapacitor application and effect of anion precursors on
structure and morphology of prepared thin film is studied. Change in structure from crystalline to amorphous is
observed in prepared thin films due to precursor variation. Also, microplate to microsphere like morphological
alteration is observed with the same. The microsphere like morphology of amorphous nickel phosphate thin film
electrode exhibits the highest specific capacitance of ~1031 F g~ ' (specific capacity 114.6 mAh g~ ') at
0.5 mA cm ™2 current density. Its practical application is tested by preparing asymmetric supercapacitor device
comprasing amorphous nickel phosphate thin film as positive electrode and reduced graphene oxide as negative
electrode. Asymmetric device delivers highest specific capacitance of ~100 F g~ ! at 6 mA cm ~ 2 current density
with energy density of 45.33 Wh kg™! at a high power density of 1.5 kW kg ™! and offers 80% capacitance
retention over 3000 cycles.
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Chemical bath deposition method
Nickel phosphate

Thin film electrode

1. Introduction

Today’s increasing requirement of energy storage devices for high
power applications catches researcher’s attention. Main requirements of
energy storage device are reversible and fast release of electrical energy
and that can be fulfilled by supercapacitor devices [1,2]. Numerous
materials has been developed and studied by researcher for super-
capacitor application such as, transition metal oxides [3], hydroxides
[4], sulfides [5] and phosphides [6]. To develop economical stabled
material with high energy and power density for supercapacitor ap-
plication needs to explore new materials. In the search of inexpensive
electrochemically active material, many researchers attracted towards
metal phosphate materials for supercapacitor application [7].

Among metal phosphates, nickel and cobalt phosphate were widely
studied for different application due to its earth abundancy and high
conductivity. Moreover, several chemical methods were used to prepare
nickel phosphate materials for supercapacitor application such as hy-
drothermal [8-12], microwave assisted [13], calcination [14,15], co-
precipitation [16,17] and sonochemical [18,19] etc. Different chemical
method offers different microstructure of nickel phosphate such as
nano-microrod, microflower, nanosphere etc. that ultimately exhibits

* Corresponding author.
E-mail address: umakant.physics84@gmail.com (U.M. Patil).
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different electrochemical capacitive performances.

However, very few reports explored the effect of precursor source
on the microstructure and ultimately supercapacitive performance of
the material. Li et. al achieved different morphologies of Ag;PO,4 ma-
terial using simple way phosphate precursor variation from H3PO, to
Na,HPO, in hydrothermal synthesis process. This experiment resulted
tremendous change in morphologies in prepared material with respect
to precursor variation. Analogous effects are studied in terms of su-
percapacitive perfomance, 3D tetrapod like microcrystals of AgzPO4
sample shows 1.6 times higher capacitance than a sample composed
with irregular particles and some polyhedrons [20]. Selective shapes/
morphology of material can be prepared by changing precursors and
these results are observed by Bi. et. al. only changing silver precursor
from acetate to nitrate in the preparation of silver phosphate using
precipitation process. Without using capping agent selective shapes
from rhombic dodecahedrons to perfect cubes of silver phosphate were
prepared. Photocatalytic activity of controlled but different morpholo-
gies were studied and reported that, the rhombic dodecahedrons are
more catalytically active than perfect cubic structured material [21].
Similar type of results obtained by Gunjakar et. al. in the simple che-
mical bath preparation of silver phosphate thin films. Authors obtained
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rhombic dodecahedrons and cubes of silver phosphate material in thin
film form by varying phosphate precursor from sodium hydrogen
phosphate to ammonium hydrogen phosphate and silver precursor from
AgNO; to Ag(CH3COO), and their photocatalytic activity were studied
[22].

In this work, economic and reproducible chemical bath deposition
method was used to synthesize nickel phosphate material in thin film
form. Impact of anion precursor studied via only altering phosphate
precursor in the synthesis process. Structural and morphological
changes observed with respect to precursor variation. The impact of
structural and morphological change on electrochemical super-
capacitive performance were studied.

2. Experimental section
2.1. Nickel phosphate thin film electrode preparation

In typical synthesis, nickel chloride (NiCl,-6H,0) used as a source of
nickel and urea (NH>CONHy) as a hydrolyzing agent, and varied source
of phosphate precursor potassium dihydrogen orthophosphate
(KH,PO,4) and phosphoric acid (H3PO,4). All chemicals purchased from
Sigma Aldrich and used without any purification (AR grade). For
synthesis of nickel phosphate thin film facile chemical bath deposition
method was used. Chemical bath for the deposition of nickel phosphate
was prepared from an aqueous solution of nickel precursor, phosphate
precursor and urea. In this experiment, 0.033 M nickel precursor
(NiCl,'6H,0), 0.066 M phosphate precursor and 0.075 M urea were
mixed in a double distilled water to prepare a chemical bath. Effect of
precursor on synthesized material elaborated by varying precursor of
phosphate source. To distinguish effect of precursor two different che-
mical bath were prepared for synthesis process. First chemical bath
prepared using potassium dihydrogen orthophosphate (KH,PO,4) as a
phosphate precursor and synthesized material denoted by P1. Similarly,
second chemical bath prepared using phosphoric acid (H3PO,) as a
source of phosphate and material denoted by P2. A cost effective
stainless steel (SS) used as a conducting substrate for synthesis of nickel
phosphate. The metallic substrate was cleaned with zero grade polish
paper followed by washing with double distilled water and sonication.
A well cleaned SS substrate vertically placed in a chemical bath. Both
prepared bath heated at a temperature 363 K for 12 h. Finally, an apple
green colored films were obtained on SS substrate after 12 h. After that,
prepared films removed from chemical bath and rinse with double
distilled water for 2-3 times for removal of loosely binded material and
residue on it. Deposited films were dried naturally at room temperature
and used for further all characterization.

2.2. Preparation of rGO electrode

Modified Hummer’s method was used for the synthesis of graphene
oxide (GO) [23]. Prepared GO solution reduced hydrothermally and
then freeze dried to get porous structure with enhanced surface area.
The rGO electrode prepared using slurry which contains 75% rGO
powder, 20% carbon black and 5% polyvinylidene fluoride (PVDF) with
N-methyl 2-pyrrolidone (NMP). The prepared slurry coated on stainless
steel substrate (1 X 1 cm ™ 2), heated in an oven at 60 °C for an hour and
used as anode in asymmetric device for further study.

2.3. Characterization techniques

The crystal structure of obtained thin films were examined by X-ray
diffractometer (XRD) from Rigaku miniflex-600 with Cu Ka
(A = 0.15425 nm) radiation. Fourier transform-infrared spectrometry
(FT-IR) of prepared thin films analyzed by Alpha (II) Bruker unit, to
study chemical bonding and functional groups. A Thermoscientific
ESCALAB 250 (Thermo Fisher Scientific, UK) instrument was used for
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X-ray photoelectron spectroscopy (XPS) measurement. Surface mor-
phology and elemental distribution of prepared thin films examined
using Field emission scanning electron microscopy (FE-SEM, JSM-
7001F, JEOL). Specific surface area of samples were measured by
Brunauer-Emmett-Teller (BET) analysis (Belsorp II mini). ZIVE MP1
multichannel electrochemical workstation was used to study electro-
chemical capacitive properties of prepared thin film electrodes.

2.4. Electrochemical measurements

Three electrode system used to analyze electrochemical properties
of prepared material at room temperature for supercapacitor applica-
tion. In this system, platinum plate and saturated calomel electrode
(SCE, with saturated KCI solution) used as a counter and reference
electrode, respectively. Prepared thin films of nickel phosphate used as
a working electrode. Cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) and electrochemical impedance spectrometry (EIS)
was carried out in three electrode system to study supercapacitive
performance of prepared thin films. Asymmetric device was fabricated
using prepared best performing nickel phosphate thin film as positive
electrode and reduced graphene oxide as negative electrode, and per-
formance studied in two electrode system using 1 M KOH electrolyte.

3. Results and discussion
3.1. Growth mechanism of prepared nickel phosphate thin film

Nickel phosphate material synthesized on SS substrate using che-
mical bath deposition (CBD) method without using any surfactant and
template. CBD method is based on conversion of aqueous solution into
solid phase. Important factor in CBD method is direct deposition of
material based on heterogeneous nucleation (on the surface of foreign
body) and subsequent crystal growth of material on substrate surface.
In this work, precursor of phosphate varied to analyze effect of pre-
cursor on crystal structure and morphology of product with same
composition, reaction time and temperature. Here, precursor exhibit
key factor in thin film growth and urea control hydrolysis by slow de-
composition in the form of CO, and NH;. Released ammonia react with
Ni2" ions released from NiCl,6H,O and form a complex [Ni(NH3)1%+
as follows,

NiCly6H,0 + NH3; — [Ni(NH3)]?* + 6H,O + 2C1~ )

Complex of nickel with ammonia act as a Ni>* source and control
the rate of reaction. On the other hand decomposition of phosphate
carried out as follows,

KH,PO4 — K* + HyPO,~ 2
H;PO, — H" + H,PO,~ 3

Complex of [Ni(NH3)]?* get reacted with H,PO, ™ ions and get form
a thin film of hydrous nickel pyrophosphate material as follows,

2[Ni(NH3)1?>* + 2H,PO,~ +8H,0 — NiyP,0,8H,0 + 2NH;

Decomposition of HsPO, resulted the addition of H™ ions in bath
solution which ultimately decreases pH of solution up to ~1.7 (P2
sample bath) and provide high acidic medium during film formation.
On the other hand, in the process of KH>PO, decomposition bath so-
lution has ~4.1 pH (P1 sample bath), which is higher as compare to pH
of P2 bath. So, high acidic medium influence the growth rate of ma-
terial and hence deposited weight of material of sample P2
(0.416 mg cm ~?) is very low as compare to sample P1 (3.18 mg cm ™ 2).
This difference in weight observed possibly due to variation in pH,
which may restrict the growth of material. Adherent apple green color
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Fig. 1. Schematic representation of synthesis process of nickel phosphate.

film obtained from both phosphate precursor bath using similar reac-
tion time, reaction temperature and composition. Schematic re-
presentation of synthesis process of nickel phosphate thin films is
shown in Fig. 1.

3.2. Structural and morphological analysis

The Fig. 2 (a) represents XRD patterns of sample P1 and P2 on SS
substrate. The P1 sample shows highly intense peak that confirm
sample P1 have a crystalline nature. Highly intense peak of sample P1
matches with JCPDS card no. 49-0672 and it confirm prepared material
(sample P1) is hydrous nickel pyrophosphate. Interestingly, sample P2
does not shows any peaks in XRD pattern rather than SS substrate peak,
which conclude sample P2 has an amorphous nature. Peaks marked
with ‘<’ in XRD patterns are corresponding to SS substrate. Only change
in phosphate precursor responsible to get crystalline and amorphous
phases of nickel phosphate material at the same deposition conditions.
Amorphous nature of nickel phosphate may improve electrochemical
properties of material by providing high surface area. Moreover, crys-
talline nature may offers excellent stability due to stable microstructure
and good conductivity.

FT-IR spectra of prepared sample in the range of 400-4000 cm ™~
displayed in Fig. 2 (b). FT-IR analysis used to identify present bonding
and chemical composition in the prepared sample. In figure, peak at
590 cm ™~ revels a vibrational mode of metal oxygen bonding (Ni-O)
[24]. Peaks at the position 753, 881, 942, 994, 1016 and 1073 cm ™!

1

(a)
-;:-
a
z
w
f =
2
£
10 20 30 40 50 60 70 80
20 (degree)

(b)

Transmittance (%)

assigned P-O stretching vibrational mode of PO,>~ or P,0,*~ anions
[18,25,26]. Bending mode of water molecule observed at the peak
position of 1352, 1384 and 1595 cm ™! [25,27]. Also, adsorbed water is
identified by the peak position of 3025 and 3431 cm™?! [25,27]. Above
results revels that, structural water content is present in the prepared
material. Both material shows exactly similar peaks that confirm, both
prepared sample have similar composition. Similar composition and
hydrous content confirm prepared both materials are hydrous nickel
phosphate.

Surface chemical composition and valence states in the prepared
material investigated by XPS analysis. XPS study of prepared sample P1
and P2 are shown in Fig. 3. XPS survey spectra of sample P1 and P2 are
displayed in Fig. 3 (a). Full spectrum of XPS confirms phosphorous,
oxygen and nickel species are present in the prepared thin films. Fig. 3
(b) shows the high resolution XPS spectra of Ni2p region. Two intense
peak observed in Ni2p region at binding energy of 856.7 and 874.6 eV
corresponds to Ni2ps3,» and Ni2p,,, respectively. Also, two satellite
peaks at binding energy 861.8 and 881.9 eV represents (Ni>") state of
Ni on the surface [28,29]. The XPS spectra of P2p region is shown in
Fig. 3 (c), revels P-O bonding and pentavalent phosphorous availability
by one intense peak at the binding energy 132.85 eV [28,30,31].
Moreover, high resolution spectra of Ols region displayed in Fig. 3 (d),
peak at 529 eV confirms metal oxygen bonding (Ni-O), peak at 531 and
532.9 eV reveals O in core level of phosphate and adsorbed water, re-
spectively [32-34]. Sample P1 and P2 shows peaks at similar binding
energies that confirms prepared material over thin film is hydrous

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fig. 2. XRD patterns and FT-IR spectra of P1 and P2 electrode.
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Fig. 3. (a) XPS survey spectra, (b) Ni2p spectrum, (c) P2p spectrum and (d) O1s spectrum of P1 and P2 electrode.

nickel phosphate from both baths.

Fig. 4 displays FE-SEM images of prepared sample P1 and P2. Mi-
croflower like structure is observed for sample P1, as shown in
Fig. 4(a—c). Large number of microplates get closely packed connected
and grown on each other resulted to a flower like morphology. At

higher magnification in Fig. 4(b) dense and interconnected structure of
microplates are observed. These microflowers consist microplates has
an average thickness of 2.07 pm with sharp edges. Also, smooth surface
of microplates for sample P1 is observed in Fig. 4 (c). However, when
H3PO,4 used as a phosphate source in synthesis, prepared material has a

Fig. 4. SEM images of P1 (a-c) and P2 (d-f) electrode at different magnification (X2000, X5000 and X10000, respectively).
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particle like morphology as shown in Fig. 4 (d-f). It seems like micro-
spheres in Fig. 4 (d, e). At higher magnification in Fig. 4 (f) seen surface
of microsphere fully filled with nanoparticles so may be it amorphous in
nature. The microspheres prepared from nanoparticles have a diameter
ranging from 1.2 to 2.2 um, which makes rough surface. Rough surface
may offer high surface area and it is important to improve performance
of material. Sample P1 prepared using KH,PO, as a precursor of
phosphate in synthesis, bath solution shows less acidic medium (~4.1
pH) than sample P2 bath solution. Sample P2 prepared using H3PO4 as
a phosphate source, it makes chemical solution bath highly acidic (~1.7
pH). At similar reaction condition two prepared material shows dif-
ferent morphologies it may be resulted due to variation in pH of bath
solution. Similar change in morphology due to precursor variation ob-
served by Li et. al., they prepared 3D tetrapod like morphology of
AgsPO,4 material and this morphology altered to polyhedron due to
precursor variation [20]. Also, Bi et al. demonstrated morphology and
precursor relation, they prepared rhombic dodecahedral morphology of
AgsPO, and it transformed via precursor variation into smooth surface
with sharp edged cubic structure [21]. It resulted that, morphology of
material varied by precursor variation which changes the pH of che-
mical bath.

In CBD method “bottom up” approach was used to deposit material
on SS substrate. In this approach nucleation start on SS substrate by
self-assembly process then material growth carried out by oriented at-
tachment process. Precursor variation offers pH variation that ulti-
mately influences morphology, schematic of material growth is shown
in Fig. 5. Due to high pH of bath solution (P1 sample), after oriented
attachment process further growth of material observed and that offers
number of microplates which grown on each other and it seems like a
microflower like structure. On the other hand, at low pH of bath so-
lution (P2 sample), growth of material is based on disintegration and
reconstruction, this may be happens due to less stability of particles at
low pH. Further with extending reaction time rearrangement process of
material carried out due to coalescence process and Ostwald ripening
process tends to form spherical microstructure of the material. In this
Ostwald ripening mechanism, a smaller or less stable nucleus get dis-
solve which is near to large crystal due to ion formation. Eventually
smaller nucleus disappears and it results into expense of smaller nucleus
or particles.

Materials Science & Engineering B 261 (2020) 114641

Fig. S1 (see ESI) display energy dispersive spectroscopy (EDS) of
sample P1 and P2, which used to determine elemental composition of
prepared material. It helps to identify the prepared material is made up
from combining phosphorous with nickel and oxygen. The EDS spectra
of sample P1 and P2 resulted that nickel, phosphorous and oxygen
elements are existing in prepared samples. The atomic ratio of nickel
and phosphorous in sample P1 and P2 are 1:0.56 and 1:0.76, respec-
tively. From EDS result it confirm that prepared material is nickel
phosphate in thin film form with different morphologies. Brunauer-
Emmett-Teller (BET) analysis used to measure specific surface area of
both samples. Both sample shows a type II isotherm according to
classification of International Union of Pure and Applied Chemistry
(IUPAC) and displayed in fig. S2 (see ESI). Sample P2 shows high
specific surface area (46.51 m> g~ 1) as compare to sample P1 (36.09 m?
g~ 1. BET confirms that microsphere like microstructure due to amor-
phous nature shows high surface area. The electrochemical perfor-
mance of material may be improved due to high specific surface area.

3.3. Electrochemical study of nickel phosphate thin films

Precursor variation impact on supercapacitive performance tested
by three electrode system in 1 M KOH electrolyte. CV curves of sample
P1 and P2 electrode plotted in Fig. 6 (a), scanned at 5 mV s~ ! scan rate
in window 0-0.5 V (vs SCE). In comparative analysis of CV graph, P2
electrode shows much higher current area at very low scan rate of
5 mV s~ ! as compare to P1 electrode. Amorphous nature of material
offers high surface area which improve electrochemical performance of
material in terms of current response in CV curve and it resulted in to
high areal capacitance. All CV curves from 1 to 20 mV s~ ! scan rate of
P2 electrode are displayed in Fig. 6 (b). Area of CV curve increases with
increasing scan rate and pseudocapacitive nature revealed from redox
peak observed in CV graph [19]. Similarly, P1 electrode scanned from 1
to 20 mV s~ ! scan rate, their CV graph at different scan rate are plotted
and given in fig. S3 (a) (see ESI).

GCD analysis of prepared thin film electrodes carried out in po-
tential window of 0-0.4 V (vs SCE) at various current densities.
Comparative GCD graphs (at 0.5 mA cm ™2 current density) of prepared
P1 and P2 electrode are given in Fig. 6 (c). In this graph P1 electrode
shows higher discharging time as compare to P2 electrode. Specific

Nucleation by Growth of material Growth by stacking
self-assembly by oriented
o3 © II°R attachment
P1 §,§°
= ° |:> ::
gg o o g
on ] noﬂ o on ©
20 5° & s
a2 ;oézdn — @ o 0%
ol i i Aosoh
o
& -
PO, —& Nucleation by Growth of material Ostwald ripening
Ni —eo self-assembly by coalescence

Fig. 5. Schematic representation of growth process of

both crystalline and amorphous nickel phosphate material.
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capacitance of prepared electrode by GCD graph calculated by fol-
lowing equation,
I X At

Cs= 2 (F g

T wx AV %)

where, Cs, I, At, w and AV are specific capacitance (F g~ '), current
density (A), discharging time (s), weight of active material (g) and
potential window (V), respectively. Areal capacitance of prepared
electrodes by GCD graph calculated using following equation,

C, = 1xAt

= —"—(mF cm™?)
A X AV

(6)
where Cy, I, At, A and AV are specific capacitance (mF cm™2), current
density (mA cm™?), discharging time (s), area of active material (em™2)
and potential window (V), respectively. Furthermore, specific capacity
calculated by the following equation [10],

Ix At
Q= 3.6 X W

—1
(mAhg™) @
where, Qs, I, At andw are specific capacity (mAh g_l), current density
(A), discharging time (s), weight of active material (g) and potential
window (V), respectively.

The GCD curves of P2 electrode at various gravimetric current
densities (at areal current densities of 0.5-1 mA cm ™~ 2) are shown in
Fig. 6 (d) and GCD graphs of P1 electrode are given in fig. S3 (b) (see
ESI). The P2 electrode delivered highest specific capacitance of 1031.6
F g~ ! (specific capacity 114.6 mAh g~ 1) at 0.5 mA cm ™2 areal current
density and P1 electrode shows 249.3 F g~ ! (specific capacity 27.7
mAh g~ 1) at same current density. Specific capacitance with respect to
current density graph for P1 and P2 electrode plotted and shown in
Fig. 7 (a), as increase in current density specific capacitance of elec-
trode decreases as decreasing discharging time and at low current

density offers higher specific capacitance. Specific capacitance is low at
high current density because of all microstructures are not able to react
with the electrolyte at high current density due to less interaction time
[35]. Also, areal capacitance with respect to areal current density cal-
culated using Eq. (6) and plotted in Fig. 7 (b). Obtained results are
compared with available literature in Table S1 (see ESI) in terms of
morphology, capacitance and stability [9,10,12,13,16-18]. Prepared
amorphous nickel phosphate electrode exhibits little low capacitance as
compare to reported data. This results observed may be due to SS
substrate used as a current collector which does not added their capa-
citance but in all previous work nickel foam used as a current collector
which takes part in electrochemical reaction and helps to improve the
performance of active material by adding self capacitance [36].

EIS spectrum of nickel phosphate electrodes tested in the range of
frequency 1 MHz-10 mHz at open circuit potential and plotted in Fig. 7
(c) with best fitted data for P2 electrode. Nyquist plot of P1 and P2
electrode revels both material shows nearly similar solution resistance
(Rs) (1.65 and 1.55 Q, respectively) but different charge transfer re-
sistance may be due to different morphology. Low value of charge
transfer resistance (R.;) responsible for quick reaction kinetics and re-
sulted into improved electrochemical performance [37]. The P2 elec-
trode (180.2 Q) shows low R, value in comparison with P1 electrode
(394.6 Q). Equivalent circuit for fitted data drawn and shown in inset of
Fig. 7 (c). In fitted circuit Ry is solution resistance, R is a combined
resistance of nickel phosphate film deposited on substrate, charge
transfer and adsorption resistance, W is Warburg resistance and Q is
general imperfect capacitor [38].

3.4. Asymmetric supercapacitor (ASC) device

Low crystalline or amorphous nature leads to improve
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electrochemical performance of electrode than well crystalline nature.
So, practical usefulness of amorphous nickel phosphate electrode stu-
died via preparing an asymmetric device. An asymmetric device fabri-
cated using amorphous nickel phosphate (P2) thin film electrode as
positive electrode and reduced graphene oxide (rGO) as negative
electrode. Electrochemical study of rGO electrode carried out in 1 M
KOH electrolyte in three electrode system. CV and GCD study of rGO
electrode tested in negative window of 0 to —1 V (vs SCE) and graphs
are given in fig. S4 (a) and (b) (see ESI), respectively. Specific capaci-
tance of the rGO electrode calculated from GCD curve using Eq. (5).
Specific capacitance with respect to current density graph plotted and
shown in fig. S4 (c) (see ESI). The rGO electrode exhibits maximum
specific capacitance of 163 F g~ ! at 1.25 mA cm ™2 current density.
Nyquist plot of rGO electrode, fitted data and fitted circuit are shown in
fig. S4 (d) (see ESI).

CV graph of amorphous nickel phosphate and rGO thin film elec-
trodes at 20 mV s~ ! scan rate in different potential window is shown in
Fig. 8 (a), that is useful to select potential window for asymmetric de-
vice. In asymmetric device to obtain better results, theory of mass
balance is most important, it was achieved by balancing mass of posi-
tive and negative electrode material using following equation,

my  C_XAV.

m_  Cy XAV, (8)

where, M-y, AVitor—), and Cor—)are the mass of active material
(g), potential window (V), and specific capacitance (F g’l) of positive
and negative electrode, respectively [39]. Optimal potential window for
asymmetric supercapacitor (ASC) device decided from CV curves of
device taking in different potential windows, shown in fig. S5 (a) (see
ESI). Fig. S5 (a) suggest that 1.8 V is the best operating potential
window for ASC device because above that potential, CV curve shows
little straight line which demonstrate water splitting. Similar result

obtained from GCD curves of ASC device in different potential window,
displayed in fig. S5 (b) (see ESI). CV curves of ASC device within op-
timal potential window at different scan rate from 5 to 100 mV s~ *
tested and shown in Fig. 8 (b). Good reversibility of device reveled from
high scan rate CV curve. Fig. 8 (c) demonstrated GCD curves of ASC
device at various current densities from 6 to 10 mA cm ™2 Specific
capacitance of ASC device from GCD graph calculated using Eq. (5) and
plotted in Fig. 8 (d). ASC device exhibits highest specific capacitance of
100.7 F g~ ! at 6 mA cm ™~ 2 current density and at higher current density
it decreases up to 62.4 F g~'. At higher current density less time is
available for material and electrolyte interaction, but at lower current
density ions can easily interact with material and stores higher charges.

The crucial factors in supercapacitors are energy density (E) and
power density (P) calculated using equation as follows,

_ 05X Csx (AV)?

E hkg~!
3.6 (Whke™) ©
And
E X 3.6
P= kWkg1
A KWke™) (10)

where, Cs, AV, and At represents specific capacitance (F g~ 1), po-
tential window (V) and discharging time (s), respectively. Ragone plot
of ASC device with the comparative literature data is plotted in Fig. 9
(a) [9,10,13,16-19]. ASC device delivers highest energy density of
45.33 Wh kg ™! at power density of 1.5 kW kg~ '. Composites of nickel
phosphate on nickel foam shows little higher energy density values but
only nickel phosphate shows lower values than present study. Nickel
foam added their capacitance during charging discharging due to
conversion of surface atom of Ni to NiO, it helps to improve total ca-
pacitance of electrode and device, and dominates actual active material
performance [36]. But in this study, SS substrate used as a backbone to
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deposit material, which does not electrochemically active material to
enhance electrochemical performance, it only plays a role of conducting
collector. Herein, results reported are only of nickel phosphate and rGO
as active materials.

Nyquist plot of ASC device and its fitted data are shown in Fig. 9 (b),
EIS study carried out in the frequency range of 1 MHz-100 mHz at open
circuit potential. Semicircle in high frequency region represent charge
transfer resistance (R.) between electrode and electrolyte, starting
point of semicircle represents solution resistance (R;) and straight line
in low frequency region stands for Warburg resistance (W). Low R,
value means fast kinetics of electrochemical reaction, which improve
electrochemical performance. ASC device shows Rg and R, values of
1.78 and 237.69 Q, respectively. A low R value demonstrated high
electrical conductivity of electrode material and electrolyte, it is im-
portant for good electrochemical performance [37]. Equivalent circuit
of best fitted data shown in inset of Fig. 9 (b), in fitted circuit Ry is
solution resistance, combination of R; and R, is charge transfer re-
sistance, W is Warburg resistance and Q is general imperfect capacitor
[40]. The electrochemical stability of ASC device tested in 1 M KOH
over 3000 GCD cycles at 10 mA cm ™2 current density and shown in
Fig. 9 (c). Initial and final 10 cycles of GCD are plotted in the inset of
Fig. 9 (c). After 3000 GCD cycles ASC device exhibits 80% capacitive
retention, during initial steps material shows little improvement in the
value of specific capacitance due to increment in active material vo-
lume during ions insertion and extraction [41]. Then decrement in mass
of active material resulted into further little decrement in capacitance.

Overall in this study, selective morphologies are utilized to achieve
high electrochemical performance of material. Crystalline to amor-
phous structure of nickel phosphate material is achieved by anion
precursor variation. Amorphous phase phosphate material shows 4 fold

performance than crystalline. This results obtained due to amorphous
material have number of defects in structure that may offers unique
physical and chemical properties to it and which offers good electro-
chemical performance [42]. Electrolytic ions easily diffused in amor-
phous material due to its defect rich structure, which offers high surface
area and useful to access more active material [43]. Also, amorphous
material offers long term stability compared to its crystalline structure
because amorphous structure does not offers changes in strain during
charging/discharging [44]. It is underlined that, amorphous nickel
phosphate material is better than the crystalline nickel phosphate.

4. Conclusions

We achieve crystalline and amorphous nature of nickel phosphate
thin films using simple chemical bath deposition method by varying
anion precursor. Morphological evaluation from microflower to mi-
crosphere observed due to precursor variation which is dependence on
pH of reaction bath. Amorphous nickel phosphate shows better elec-
trochemical results as compare to crystalline nickel phosphate.
Amorphous nickel phosphate electrode delivers highest specific capa-
citance of 1031.6 F g~ ! (specific capacity 114.6 mAh g~ ') at
0.5 mA cm ™2 current density. ASC device fabricated using amorphous
nickel phosphate as positive and rGO as negative electrode, it offers
highest specific capacitance of 100.7 F g~! at 6 mA cm™2 current
density with energy density of 45.33 Wh kg~ ' at 1.5 kW kg~ * power
density, and delivered 80% specific capacitance retention over 3000
GCD cycles. These results revels that, amorphous nickel phosphate
material has a bright future in the field of energy storage devices.
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Hydrogen production is an immediate need to replace the fossil fuels to keep environmental balance, and
water splitting is an effective solution in presence of catalyst through oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER). Herein, for the first time, we have synthesized Iron Phosphate
Hydroxide (Fe;.95(P0O4)2(OH),) thin film electrode as a superior electrocatalyst by facile hydrothermal
method using binder free approach. The crystallographic properties are studied from X-ray diffraction
pattern, and Reitveld refinement analysis shows best fit with the tetragonal Lipscombite structure of Iron
Phosphate Hydroxide (Fe;95(PO4)2(OH);). Flower like structure consist of agglomerated nanorods on
micro and sub-micrometric spheres of Fe;gs5(PO4)2(OH), exhibits lower overpotential of 281 mV at
10 mA/cm? current density towards OER in alkaline (1 M KOH) medium and maintains its activity after
12 h catalytic stability test. Moreover, prepared electrode shows HER with overpotential 165.7 mV at
current density 10 mA/cm? in acidic (1 M H3PO4) medium and demonstrates enhanced performance
(126.4 mV overpotential) after 12 h catalytic stability. The Fe;95(PO4)2(OH); thin film electrodes show
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superior performance in OER and HER, compared with its oxide counterpart (Fe;03).

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Now days, a very intense work focused on the renewable energy
generation by different sources such as wind [1], solar [2], hydro-
dynamical [3], tidal [4] and geothermal [5], and utilization in
terms of electrical energy to control the global energy crisis and
reduce environmental issues. Hydrogen is one of the most clean
and potential renewable energy sources and the electrolysis of
water to generate Oxygen and Hydrogen molecules is the cost-
effective and efficient approach to get renewable energy [6—9].
The hydrogen evolution reaction (HER) and oxygen evolution re-
action (OER) are the fundamentals of typical water splitting reac-
tion and HER is comparatively easy which takes place at low
overpotential. On the other hand, water splitting efficiency is
largely constrained by the rate determining sluggish oxygen evo-
lution reaction (OER), which involves four proton-coupled electron
transfer causes high overpotential for O, assembly. In

* Corresponding author.
E-mail address: umakant.physics84@gmail.com (U.M. Patil).

https://doi.org/10.1016/j.electacta.2019.06.162
0013-4686/© 2019 Elsevier Ltd. All rights reserved.

electrochemical energy sources, appropriate electrocatalysts are
crucial components of an energy efficient hydrogen generation. To
minimize the overpotential for OER and energy losses, a good
electrocatalyst must have high catalytic activity, superior conduc-
tivity and adequate electrocatalytic stability. The state-of-the-art
electrocatalysts considered to the noble metal-based valuable
materials such as Platinum (Pt), Ruthenium (Ru) and Iridium Ox-
ides (IrO;) have an identity as best OER catalysts due to low over-
potential [10—12]. However, these metals are very rare in the
Earth's crust, thus it is difficult to commercialize them. To create the
significant development in the field of electrocatalysis and there is
need to replace the conventional electrocatalysts. Amongst various
non-noble metal catalysts, transition metals are the promising
alternative for these rare metal electrocatalysts due to their smaller
d orbitals, lower crystal-field activation energies and competent
bifunctional catalytic properties for water splitting. The materials of
transition metals as Hydroxides, Sulphides, Selenides, Phosphates,
Phosphides, Nitrides, have great interest due to their Earth abun-
dance, high-efficiency and stability for large-scale energy produc-
tion [13—-20].
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Very recently, Fe-based materials are used as electrocatalysts for
OER, HER and ORR activity. The intentional and incidental incor-
poration of Fe in the Nig75Feg25(OH), as OER electrocatalyst was
studied by Trotochaud et al. and shows that, Fe exerts a partial-
charge transfer activation effect on Ni [21]. Off late, there is
increasing attention towards the transition metal based Phosphate
materials due to its attractive properties such as, unique atomic
geometry with open channels and high catalytic performance. The
Phosphate groups gives favourable condition for water molecule
adsorption and oxidation by distorting local atomic geometry and
facilitating the oxidation of metal atoms during proton coupled
electron transfer process. The compounds of transition metal
Phosphates have been used as potential electrocatalysts, especially
Cobalt, Manganese and Nickel based Phosphates [22—25]. Three
dimensional Nickel Phosphate was synthesized on Nickel foam
(which act as conducting support and Nickel source itself) by
autologous hydrothermal and Fe was doped by electrodeposition to
study the synergistic effect of doped Iron and Nickel Phosphate on
OER action [25]. Wang et al. synthesized FeCo Phosphate composite
particles by co-precipitation method and drop casted at room
temperature using Nafion solution to bind the particles on the
Carbon paper, which exhibits 273 mV overpotential at 10 mA/cm?
current density [26]. Fe-substituted Nickel Phosphate was synthe-
sized by chemical precipitation using Potassium Phosphate buffer
solution (containing K;HPO4 and KH,PO4) and NiCl,.4H,0 as pre-
cursors of Phosphorus and Nickel, respectively. The ink of prepared
Fe-substituted Nickel Phosphate catalyst with Carbon black
dispersed in Nafion solution, and drop-casted on glassy carbon
electrode (GCE), which shows 330 mV overpotential at 10 mA/cm?
current density [24]. FeP nanoarray derived Iron Phosphate Borate
nanoarrays show 434mV to drive 10 mA/cm? current density for
OER [27]. Hollow Iron Phosphide—Phosphate composite nanotubes
synthesized by template-free hydrothermal coprecipitation
method and drop casted on GCE shows 280 mV overpotential [28].
The alkali Iron Phosphates (NaFePO4 and KFePO4) synthesized by
solution combustion with Carbon coating, exhibits good oxygen
reduction reaction (ORR) activity [29]. Only few groups studied the
bifunctional water splitting catalytic property of Phosphate based
materials. Yoon et al. have synthesized porous and granular Cobalt
Iron-Phosphorous (CoxFe1x-P) by electrodeposition method and
reported 290 mV overpotential at 10 mA/cm? for OER and 169 mV
overpotential at 10mA/cm? for HER [30]. The microrod like
Ni11(HPO3)s(OH)g exhibits 232 mV and 121 mV overpotential for
OER and HER, respectively [31]. Still there is no single report on OER
and HER by using directly grown (binder free) Iron Phosphate thin
film electrocatalyst.

For the first time, we report the synthesis of Iron Phosphate thin
film electrocatalyst using facile hydrothermal method. Herein, we
are demonstrating the electrocatalytic oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER) performances of
binder free Iron Phosphate and Iron Oxide thin films synthesized by
hydrothermal method on the stainless steel (SS) substrates. The
structural, morphological, compositional and electrochemical
properties of as synthesized Iron Phosphate thin films are explored
in detail.

2. Experimental section
2.1. Materials and substrate cleaning

The analytical reagent grade precursors and salts of Ferric
Chloride (FeCls) (99% pure), Sodium Nitrate (NaNO3) (99% pure),
Potassium Dihydrogen OrthoPhosphate (KH;PO4) (98% pure) from
Sigma-Aldrich were purchased and used as it was without any
further purification process. The doubly distilled water (DDW) was

used as a solvent for all chemicals. The flexible SS-substrates were
cut into the pieces (1 cm x 6 cm) and very fine polished by zero
grade polish paper to clean. The polished substrates then thor-
oughly rubbed in laboratory soap solution and washed several
times by DDW. The washed substrates then transferred in the
mixture of Ethanol (99.9% pure) and DDW with the ratio 3:7 and
ultrasonicated for 10 min.

2.2. Synthesis of Iron Phosphate and Iron Oxide thin films

A single step reaction procedure was followed for the direct
growth of Iron Phosphate thin films on SS-substrates by hydro-
thermal method. A hydrothermal bomb was prepared for the re-
action of Iron Phosphate thin films by 50 ml solution of NaNOj
(1M) and KH,PO4 (0.15 M) keeping for continuous stirring with
vigorous addition of 30 ml FeCl3 (0.15 M) solution. The resulting
solution containing cleaned SS-substrates were transferred to the
teflon lined hydrothermal bomb. The closed hydrothermal bomb
was kept in oven at 130 °C constant temperature for 14 h. To study
the effect of the thickness of film on the electrochemical perfor-
mance, Iron Phosphate thin films were deposited for different re-
action time (8h, 10h, 12 h, 14h and 16 h). Furthermore, for the
comparison, another reaction solution was prepared for Iron Oxide
thin films by adding 50 ml solution of NaNO3 (1 M) and 30 ml FeCl;
(0.15M) solution in the teflon lined hydrothermal bomb at same
reaction parameters as above for 14 h. The deposited Iron Phos-
phate and Iron Oxide thin films were removed from the reaction
bomb, washed twice in DDW and dried at ambient temperature. As
prepared thin films used for the further characterizations and
electrochemical water splitting.

2.3. Physical characterizations

The structural and crystallographic characteristics of Iron
Phosphate and Iron Oxide thin films were analyzed by X-ray
diffractometer D2-Phaser with the radiation source copper K,
(A=15406A) in the range (20) 10—90°. The Fourier transform
infrared (FTIR) spectra were recorded in the range
(400-4000cm™!) with Alpha (II) Bruker spectroscope. The
morphological properties and chemical composition were studied
by the FE-SEM and EDX spectroscopy (JSM-7001F, JEOL FE-SEM
Spectrometer).

2.4. Electrochemical characterizations

All electrochemical performances were studied on ZIVE MP1
electrochemical workstation in standard three electrode configu-
ration cell. Platinum metal plate as a counter electrode and a
Saturated Calomel Electrode (SCE) (saturated KCl) was used as a
reference electrode. The SS metal plates with directly deposited
Iron Phosphate and Iron Oxide catalysts thin films were used as a
working electrodes (Area=1cm?). To measure OER activity, 1 M
KOH solution (pH = 14) was used as electrolyte and for HER mea-
surement, 1 MH3sPO4 (pH = 1.5) electrolyte was preferred. The
electrochemical catalytic response in terms of OER and HER were
measured using linear sweep voltammetry (LSV) at scan rate 5 mV/
s in the potential window 0 to +0.6 V vs SCE (for OER) and
0 to —1.2 V vs SCE (for HER). The cyclic voltammetry (CV) tests were
carried out in the potential window 0 to +0.5 V vs SCE at 50 mV/s
scan rate. The electrochemical impedance spectroscopic (EIS)
studies were carried out in frequency range of 0.1 MHz—100 mHz.
The chronoamperometric measurements were followed for the
long term stability tests. All the SCE potentials are then converted in
terms of Reversible Hydrogen Electrode (RHE) potentials and the
overpotential calculated by equations (1) and (2), respectively:
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VRuE = Vscg + 0.059 x pH + 0.241 (1)

N=Vgue — 1.23 (2)

where, Vrye (V) is the potential in terms of Reversible Hydrogen
Electrode (RHE), Vsce (V) is the potential in terms of Saturated
Calomel Electrode (SCE), and n (V) is the overpotential.

3. Results and discussion
3.1. Reaction mechanism and film formation

Synthesis of Iron Phosphate and Iron Oxide thin films was
achieved by the facile hydrothermal method on SS-substrates.
Basically, hydrothermal method is “bottom-up” approach, which
is based on the formation of solid phase followed by the nucleation,
coalescence and particle growth steps from the reaction solution.
The particle development process from precursor solution is clas-
sified with subsequent crystal growth, as the homogeneous and
heterogeneous nucleation. When particle seeds produced on the
heterogeneous substrate, the subsequent growth of a uniform thin
film is feasible. Sodium Nitrate (NaNO3) is used as an oxidizing
agent in the reaction along with Ferric Chloride (FeCls), and Po-
tassium Dihydrogen OrthoPhosphate (KH;PO4) as precursors of
Iron and Phosphorus, respectively. By the addition of KH,PO4 and
NaNOj3 solutions, reaction takes place and forms Trisodium Phos-
phate with HNO3 and KOH by-products, as given in reaction Eq. (3).

KH,PO, + 3NaNO; + H,0—Na3PO, + 3HNO;3 + KOH 3)

Furthermore, after addition of FeCls in the solution, it reacts
with Trisodium Phosphate (Na3PO4) and forms a product of Iron
Phosphate in the solid form. The reaction equation for the Iron
Phosphate solid formation is proposed as given in Eq. (4).

3FeCl; + 2Na3POy + 2H,0— Fes(POy), (OH), + 6NaCl + 2HCI
+ar
(4)

The formation of Iron Phosphate at the molecular level occurs by
the heterogeneous nucleation on the SS-substrate. These nuclides
grow by coalescing to form a crystalline uniform thin layer of Iron
Phosphate. The above reaction mechanism takes place at 130°C
and 17 psi hydrothermal pressure. Thickness of the film was
measured by weight difference method and it exhibits around
551 nm for 14 h reaction time.

3.2. Structural analysis

The crystallographic properties were studied by X-ray diffrac-
tion patterns and shown in Fig. 1. Fig. 1(a) shows the diffraction
pattern of Iron Phosphate thin film deposited on SS-substrate. The
diffraction pattern matched with standard JCPDS data (Card No.-
98-004-5827) and confirms that, the deposited material is tetrag-
onal Lipscombite structured Iron Phosphate Hydroxide
(Fez.95(P0O4)2(0H);) having space group “p 41 21 2”. The Fig. 1(a) also
shows the Reitveld refinement patterns of Fejg5(PO4)2(OH)y;
where, red doted pattern represents the observed diffraction data,
black line pattern represents calculated data, vertical green ticks
represents the possible Bragg diffraction positions and blue line
pattern represents the difference between observed and calculated
data. The structural parameters of Fe;g5(PO4),(OH), after refine-
ment were found to be: a=b=7.30608 A, c =13.07000 A and cell
volume = 697.660939 A>. Other specified crystallographic and cell

refinement parameters are given in Table S1 and Table S2 provides
its atomic co-ordinates. The 3D structural illustrations of the
Fe,.95(P04)2(0OH); crystal are designed in Vesta software from the
output files of Reitveld refinement and shown in Fig. 1(b and c). The
Fe,.95(P04)2(0OH);, framework is built by sharing the edges of three
polyhedra of FeOg bridging with the four PO4 tetrahedra, whereas
Phosphate ligands are arranged at 8b Wyckoff sites and distort the
cell geometry by providing large tunnels throughout the crystal
structure. Large tunnels are one of the reason for large cell volume,
and favourable to increase the swelling-shrinking capacity during
catalysis, which may increase the durability of the catalyst. On the
other side, X-ray diffraction pattern with Reitveld refinement pat-
terns of Fe,03 is shown in Fig. 1(d). Diffraction pattern in Fig. 1(d) is
in good matching with the standard JCPDS data (Card No.- 98-002-
3369) and proves hexagonal Hematite structure of Iron(IIl) Oxide-
Alpha (Fe,03) having space group “R-3 ¢”. The structural parame-
ters of Fe,03 after refinement were found to be: a=b = 5.06992 A,
c=13.89790A and cell volume =309.372728 A3. The cell refine-
ment and specified crystallographic parameters are given in
Table S3 and Table S4 provides its atomic co-ordinates. The 3D
structural illustrations of the Fe,03 crystals are shown in Fig. 1(e
and f). Fe;O3 framework is built by sharing corners of the FeOs
trihedra interlinked with another FeOs trihedra, distinguishing
open tunnels along a and b axes. The Fe3* ion species are occupied
12c Wyckoff positions. As compared to Fe;0s, Fe;95(P04)2(0OH);
crystal have wide open channel structure along a, b, and c axes as
shown in Fig. S1.

3.3. FTIR vibrational analysis

Fourier Transform Infra-Red (FTIR) spectroscopy was used to
analyze the molecular bond formation in the hydrothermally syn-
thesized Fe;g5(P0O4)>(OH),; and Fe,03 thin films. The FTIR spectra
from wavenumber 400 to 2000cm~! having intermolecular vi-
brations of metal-oxygen (M-0O) bonding and Phosphate anion
(POz) as shown in Fig. 1(g). The absorption bands at 463.29 cm™!
can be ascribed for the Fe-O vibrational modes from
Fe;95(PO4)2(OH),. The bending vibrational region (from wave-
number 500 to 650 cm~') shows the absorption peaks of sym-
metric and asymmetric bending vibrations of PO4 bonding at
565.36 cm~! and 595.30 cm™!, respectively. The absorption bands
of PO4 symmetric and asymmetric stretching are observed at 945.3
and 1065 cm™!, respectively [29]. The vibrational stretching ab-
sorption of water molecule is observed at 1629.14cm~! wave-
number. For Fe;03 sample, the peaks observed at 436.88, 461.58
and 619.18 cm™! are the stretching vibrational absorption bands of
Fe-O molecule and the peak at 1085.48 cm~! gives the stretching
vibrational band of FeOOH molecule [32]. The H-O-H i.e. water
molecule vibrational stretching absorption is observed at the
wavenumber 1626.82cm~' [33]. The high wavenumber
(2000—4000 cm™ ') are given in Fig. S2 in ESI Fig. S2 shows the
broad vibrational band of O-H molecules. Broadening of the ab-
sorption band for Feg5(PO4)2(OH),; exhibits that, formation of
hydroxide, and is supportive to the XRD results.

3.4. Surface morphological and elemental analysis

Surface morphological properties of Fe;g5(PO4)2(OH); and
Fe,03 thin films deposited for 14 h reaction time on SS-substrates
were studied and shown in Fig. 2. The Fig. 2(a—d) shows the FE-
SEM images of Fe; g5(PO4)2(OH); thin films at different magnifica-
tions, and confirms the presence of sub-micrometric grains of the
size around 0.261 um and distributed on and around the large
particles (average size around 1.291 um). The microparticles are
formed due to the agglomeration of small particles during growth
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Fig. 2. Surface morphology of Fe;95(P04),(OH), thin film at different magnifications (a) 4K, (b) 8K, (c) 15K and (d) 20K; surface morphology of Fe,03 thin film at different

magnifications (e) 4K, (f) 8K, (g) 15K and (h) 20K.

of the film. With the closer eye of the FE-SEM, it is observed that the
surface of Feg5(PO4)2(OH), microspheres is rougher compared
with the Fe;0s. The nanorods (~210 nm length) are grown and
agglomerated individually on the microspheres and some nanorods
looks like nanoflakes over microspheres (shown in circles of
Fig. 2(d)). From Fig. 2(e), it is observed that the Fe,05 particles are
uniformly distributed over the substrate. With the high magnifi-
cation of FE-SEM, it is observed that the spherical and spheroidal
sub-micrometric individual particles of size around 0.733 pm. The
spherical and spheroidal shapes of the particles are highlighted by
the circles and ellipses in Fig. 2(h). Overall particle size around

1-1.3 pm is observed for all Fep g5(PO4)2(OH), thin films deposited
for 8 h, 10 h and 16 h reaction time (see Fig. S3 in ESI). Interestingly,
the surface modification of the spheres is observable for the reac-
tion time 8 h to 16 h, shown in higher magnification FE-SEM images
(see ESI Figs. S4(a—e)). For 8 and 10h reaction time, deposited
material show smooth surface of microparticles, moreover the
nanorods and nanoflakes are observed over the microspheres for
12-16h reaction time. Nanosized flake like structures
(200—225 nm) is observed over microspheres of Fe; g5(PO4)2(OH);
deposited for 12 h reaction time. For 16 h reaction time, there are
completely agglomerated flakes can be seen over the microsphere.
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Such nanorod like and nanoflake like structure can provide large
surface area, which is beneficial for the catalytic activity. To confirm
elemental presence and their percentage, EDS analysis is per-
formed. Figs. S5(a and b) shows the graphical representation of
elements and inset tables show weight and atomic percentages of
the Fe;g5(P04)2(0OH), and Fe,03 samples. It is observed that, the
Fe;95(PO4)2(OH), sample contains Fe/O ratio is 0.98:1 and Fe/P
ratio is 4.5:1 and Fe;03 sample contains atomic ratio of Fe/O is
1.31:1. It confirms that, the Iron rich Fe; g5(PO4)2(OH); and Fe;03 is
formed.

3.5. Electrochemical catalytic performance analysis

The electrochemical properties of the as prepared thin films of
Fe,.95(P04)2(0OH), were tested for the electrochemical water split-
ting in terms of OER and HER. To evaluate the catalytic activity, the
linear sweep voltammetry (LSV) analysis was carried out in 1M
KOH electrolyte for OER and in 1 M H3PO4 electrolyte for HER test at
5mV/s scan rate. The polarization curves for OER activity were
plotted in potential range 1.05—1.65 V vs RHE for Fe; g5(PO4)2(OH),
thin films deposited at different reaction time and shown in
Fig. 3(a). All the LSV curves show similar nature and continuous
increase in current density with increasing thickness of the film up
to the 14 h deposition time and again decreases for further. It
confirms that, the most active thickness was achieved by the
deposition for 14h and it is obtained around 551 nm. The
Fe,.95(P0O4)2(0OH); thin film deposited for 14 h reaction time shows
low overpotential 281 mV at 10 mA/cm? current density and very
high current density about 125 mA/cm? at 420 mV overpotential. To
evaluate electrocatalytic activity, the materials were further

examined by the cyclic voltammetry (CV) tests, performed in the
potential window of 0 to +0.55 V vs SCE (1.05—1.55 V vs RHE) at
constant scan rate 50 mV/s. All the redox (oxidation/reduction)
peaks observed in cyclic voltammogram are due to the conversion
of Fe?* to Fe3* and vice versa, during the anodic and cathodic
sweeps of voltage [34]. The Fe, 95(PO4)2(OH), thin films deposited
at 14 h shows best cyclic performance than the other catalyst, as
shown in Fig. 3(b). It is observed that, the optimum thickness of
electrode shows excellent performance. Such result observed due
to the presence of the abundant active sites at sufficient thickness
of material for intercalation/deintercalation of ions and efficient
charge transfer. At lower thickness, the deposited material may not
offers sufficient active sites to show better electrochemical current-
voltage response. On the other hand, when the film thickness
exceed from its optimum thickness, the charge transfer from one
site to the other up to the charge collecting plate (SS) becomes
sluggish and more resistive.

The variation of overpotential as a function of reaction time is
plotted as bar diagram in Fig. 3(c). The values of overpotential and
onset potential for all samples are tabulated in Table S5. The close
proximity into OER mechanism and reaction rate kinetics of the
catalytic activity are obtained by Tafel plot and slope which signify
different rate determining steps enclosed by a given pathway. If the
OER catalyst have higher OH™ ion affinity to adsorb on the surface
and form an OH™ intermediate then the electrocatalytic O, gener-
ation is efficient. If the formation of that intermediate state attain
faster, then those steps are the rate determining. Fig. 3(d) shows the
Tafel plot of the 8h, 10h, 12h, 14h and 16h samples of
Fe, 95(P0O4)2(OH); and shows the smallest Tafel slope 46.48 mV/dec
for sample prepared at 14 h and values for all samples are given in
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Table S5. This indicates that, the Fe;g5(PO4)2(OH); thin film
deposited for 14 h reaction time shows better electrocatalytic OER
performance with high catalytic reaction rate [35].

For comparison, the electrocatalytic performance of bare SS-
substrate, best performed Fe;g5(PO4)2(OH), and Fe;O3; prepared
at same conditions were tested. The LSV plots from Fig. 4(a) show
that, the bare SS-substrate cannot show catalytic activity up to
156V overpotential. The sample Fe;g5(PO4)2(OH), thin film
deposited for 14 h shows best ever OER catalytic activity than the
Fe;03 thin film. To investigate results from LSV, electrochemical
active area was studied by CV curves for Fe; g5(PO4)2(0OH),, Fe;03
and SS. As shown in Fig. 4(b), the cyclic voltammetry curve at a scan
rate of 50 mV/s of bare SS cannot show electrochemical perfor-
mance as compared with Fe, g5(PO4)2(OH); (14h) and Fe;03 (14h)
thin films. A very good electrochemical performance with high
current density was shown by Fe;g5(PO4),(OH), and Fe;03 thin
films. The CV plot of Fe;03 shows lower current under curve than
the Fe; g5(P04)2(OH); electrode. The comparative Tafel plots of SS-
substrate, Fe;g5(PO4)2(OH), and Fe;O3 are given in Fig. 4(c) and
corresponding values are tabulated in Table S5. This result con-
cludes that, the development of Phosphate can tune the electronic
structure around Iron, which is complimentary to accelerate the
charge transfer process [21,25,36] and this may predict the smaller
charge transfer resistance (as compared to Fe;03) in the catalysis
process. Also, comparison of Fesgs5(PO4)2(OH)2 thin film sample
with some previously reported transition metal based and also
noble metal based materials synthesized by various methods is
shown in Fig. 4(d). From the bar diagram, one can see that the
hydrothermally prepared Fe; g5(PO4)2(OH), thin films for 14 h re-
action time shows lower overpotential [24,27,37—47].
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For handy application, the essential requirement is high stability
of catalyst at the time of oxygen evolution. So, the long term oxygen
evolution catalytic activity was tested by chronoamperometry in
1 M KOH for Fe; 95(P0O4)2(OH); and Fe;03, and shown in Fig. 5(a). At
fixed overpotential 290 mV, the catalyst Fe; 95(PO4)2(OH); thin film
was tested for 12 h and compared with the Fe;O5 thin film catalyst.
It is found that, the hydrothermally synthesized Fe; g5(PO4)2(OH);
thin film catalyst demonstrates stable oxygen evolution activity at
least for 12 h. After the long term stability test, the electrochemical
polarization curves were studied to understand the catalytic
retention of the synthesized catalyst and shown in Fig. 5(b). The
increase in overpotential observed in LSV curves of the
Fe,.95(P04)2(0OH); and Fe;03 thin film catalysts after stability may
be due to the material utilization in catalytic activity for long
duration, where, some amount of material degrades in the elec-
trolyte [48]. There is slight increase in the overpotential by 12 mV
for Fe, 95(PO4)2(OH); and 33 mV for Fe;03 thin film catalysts, since
the thickness of the material plays vital role in catalytic perfor-
mance (overpotential). Corresponding Tafel slopes of
Fe, 95(PO4)2(0OH); and Fe,05 thin film catalysts after stability were
evaluated from LSV curves. From Fig. 5(c) it is observed that, there is
increase in the slope for both catalysts (56.37 mV/dec for
Fe,.95(P04)2(0H); and 82.94 mV/dec for Fe;03) than the before
stability test. To investigate the kinetics of electrochemical activity,
the electrochemical impedance spectroscopy (EIS) was carried out
before and after the catalytic stability. The typical Nyquist plots of
the catalysts Fezg5(PO4)2(OH), and Fe;0s3, with equivalent circuit
fitting are shown in Fig. 5(d), and quite smaller impedance profile
than the previous reports [49,50]. As expected, the charge transfer
resistance (Rct) of the Fe; 95(P0O4)2(OH), thin film catalyst is small
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(635.51 Q) as compared to Fe,03 catalyst (763.44 Q) before catalytic
stability test. After long term (12 h) OER catalytic performance, the
Rt of Fe; 95(P04)2(0OH); thin film is increased to 724.66 Q. Increase
in impedance can cause the increase in overpotential after stability
test. For Fe;03, value of Rt dramatically increased from 763.44 Q to
5882.10Q afters stability test. General imperfect capacitor (Q) is
introduced into the circuit due to the semi-infinite diffusion of
charges, and Q is nothing but the constant phase element that takes
into account the interfacial irregularities such as porosity, rough-
ness, and geometry [51]. The value of Q is slightly decreased after
12 h stability test for both Fe;g5(P0O4)2(OH), and Fe,;Os3 catalyst
materials. The values of fitted circuit parameters are tabulated in
Table S6 (see ESI).

The hydrogen evolution reaction (HER) was studied for the
Fe, 95(PO4)2(OH); and Fe;03 thin film catalyst electrodes by
applying potential at the range 0.33 to —0.86 V vs RHE in 1 M H3PO4
electrolyte. The polarization curves (LSV) of Fe;g5(PO4)2(OH); and
Fe,03 electrodes were carried out as shown in Fig. 6(a), depicts
rapid cathodic current rise and steeper curves of both
Fe, 95(P0O4)2(OH); and Fe,03 catalyst  electrodes. At
potential —0.86V vs RHE, the maximum current densities for
Fe,95(P04)2(0OH), and Fe,03; electrodes are 208.7 mA/cm? and
176.7 mA/cmZ, respectively. The overpotential of Fe; g5(PO4)2(0OH);
electrode is recorded as 165.7mV and for Fe,O3; electrode as
216.1 mV at 10 mA/cm? current density. The Fey.g5(PO4),(OH), thin
film electrode catalyst shows best performance than the Fe;03
catalyst. The HER rate determining kinetics (process to convert
proton into adsorbed hydrogen) was studied by plotting Tafel slope
and it is clear that, smaller the Tafel slope delivers faster hydrogen
evolution reaction. The Fig. 6(b) shows high reaction rate and lower

85.54 mV/dec Tafel slope for Fe;g5(PO4)2(0OH); catalyst electrode
and 97.66 mV/dec for Fe;03 catalyst. The long term HER catalytic
stability was studied for 12 h in the chronoamperometric mode. A
fixed overpotential 1770 mV was applied to Fe; 95(P04)2(OH); cata-
lyst electrode and 220 mV for Fe;03 catalyst electrode through
chronoamperometric stability and shown in Fig. 6(c). Initially,
catalytic sites of Fe,03 catalyst become more active and show good
performance, but after 6 h Fe,03 catalyst degrade more in the
electrolyte and finally peeled off from substrate, and shows poor
performance. On the other hand, Fe;g5(PO4)>(OH), catalyst elec-
trode show best ever performance as tested for 12 h. The after
stability OER catalytic performance was tested by LSV and
compared with the LSV curve before stability, and shown in
Fig. 6(d). After stability of 12h, the overpotential decreases to
126.4mV at 10 mA/cm? current density and the maximum current
density riches to 215.4 mA/cm? at overpotential —0.86 mV vs RHE,
and all the hydrogen evolution catalytic performance tabulated in
Table S7 (see ESI). The whole region of Nyquist plot (from lower
frequency region 100 mHz to higher frequency region 0.1 MHz)
with the inset of best fitted equivalent circuit is shown in Fig. 6(e).
The Fig. 6(f) shows the magnified view of the Nyquist plot in the
higher frequency region. By fitting an equivalent circuit, we have
determined that, there is decrement in charge transfer resistance
(Ret) by 93.36 Q from 197.98 Q to 104.62 Q for the Fe; 95(PO4)2(OH);
catalyst material after 12 h catalytic stability test. On the other
hand, for Fe,03 catalyst material, charge transfer resistance (R¢)
gets drastically increased from 980.54 Q to 11320 Q. The value of Q
is slightly increased after 12 h stability test for the Fe; g5(PO4)2(OH)2
catalyst material. The best fitted circuit parameters are tabulated in
Table S8 (see ESI). As expected, Fe; 95(P04)2(OH), thin film catalyst
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Nyquist plot in the higher frequency region.

show small charge transfer resistance and fast reaction rate than
Fe,03 thin film catalyst.

On the basis of electrochemical catalytic investigation, hydro-
thermally synthesized Fe;g5(PO4)2(OH)2 thin film catalyst elec-
trode show best ever performance for OER and HER in terms of low
overpotential, large electrochemical active area and small Tafel
slope. The achievement of low overpotential for HER and OER using
Fe, 95(P04)2(0OH); thin film catalyst is possible due to the novel
structure of sub-micrometric grains and nanoflowers made by
nanorods on and around the microspheres which act as an elec-
trocatalytic active centres. The superior water splitting in terms of
OER and HER makes Fe; g5(PO4)2(0OH); as a competitor bifunctional
electrocatalyst to replace conventional noble metal catalysts. The
development of Phosphate could introduce (i) distorted local Fe
geometry and large open channels (tunnels) to increase swelling-
shrinking capacity, (ii) tune the electronic structure around Fe.

These features further facilitates (iii) increase in oxygen adsorbates
and (iv) reasonably water splitting with improved stability, which is
complimentary to accelerate the charge transfer process.

4. Conclusions

In brief, Fe; 95(P04)2(OH); thin film electrodes are successfully
synthesized using hydrothermal method as a binder free electro-
catalyst and compared with its oxide counterpart (Fe;O3). The
microspherical structure uncovered more active sites, resulting in
the superior water splitting performance. The optimized binder
free Fe;95(PO4)2(OH), thin film (14 h sample) catalyst exhibited
highest OER activity with an overpotential of 281 mV vs RHE at
10 mA/cm? current density in alkaline electrolyte, and HER activity
with an overpotential after stability 126.5 mV vs RHE at 10 mA/cm?
current density, in acidic medium. It is mainly due to the large
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number of catalytic active sites on the surface of Fe; g5(PO4)2(OH)2
material offered by flower like structured and agglomerated nano
rods on Micro and sub-micrometric spherical novel surface
morphology. Due to the structural and compositional merits, the
stabilization of Fe>* active centres by the Phosphate framework,
the excellent long term catalytic stability proves the
Fe,.95(P04)2(0OH); thin film electrode have high structural stability,
robustness and best candidature as a electrocatalyst. The present
method demonstrates the development of novel architectures of
the binder free nano-micro structured Iron Phosphate thin film
electrodes for the water splitting, fuel cells, and metal-air batteries
applications.

5. Electronic supporting information (ESI)

Electronic supporting information (ESI) contains: Crystallo-
graphic and cell refinement fitness parameters of Fe g5(P0O4)2(OH),
crystal, Atomic co-ordinates of Fe;g5(PO4)2(OH), crystal, Crystal-
lographic and cell refinement fitness parameters of Fe;0O3 crystal,
Atomic co-ordinates of Fe;Os; crystal, Crystal structures of
Fe,.95(PO4)2(0OH); and Fe,03 extended in a, b, and c directions for
the representation of channel structures along the respective di-
rections, FTIR spectra at high wavenumber region of Fe;O3 and
FeZ.gs(PO4)2(OH)2 thin films, FESEM images of F62.95(PO4)2(0H)2
thin films deposited for 8h, 10h, 12h and 16 h reaction time at
different magnifications, Higher magnification FE-SEM images of
Fe;.95(PO4)2(0OH); thin film deposited for 8 h, 10h, 12h, 14 h and
16 h, EDS analysis of Fe;g5(PO4)2(OH); thin film, EDS analysis of
Fe,0s thin film, Data of Electrochemical Oxygen Evolution Reaction,
Electrochemical impedance spectroscopic circuit parameters, Data
of Electrochemical Hydrogen Evolution Reaction, Electrochemical
impedance spectroscopic circuit parameters.
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ABSTRACT: In the present investigation, microflowers-like hydrous
cobalt phosphate is prepared via a facile single-step hydrothermal method
on stainless steel substrate. The microflowers-like morphology of hydrous
cobalt phosphate thin film consists of microplates and further microplates
converted to flakes by means of a change in length, width, and thickness
with urea variation. Hydrous cobalt phosphate thin film electrode
demonstrates a high specific capacitance of 800 F g at 2 mA cm™> with
33.62 Wh kg™ energy density and 3.12 kW kg™ power density. By taking
advantage of hydrous cobalt phosphate thin film (as a cathode electrode)
and copper sulfide thin film (as an anode electrode), the asymmetric
devices (aqueous/all-solid-state) are fabricated. Aqueous asymmetric
device shows a high specific capacitance of 163 F g™' at 2 mA cm™
an energy density of 58.12 Wh kg™' and power density of 3.52 kW kg™".
Moreover, the all-solid-state asymmetric supercapacitor device delivers a high specific capacitance of 70 F g™" at 2 mA cm™~
with 24.91 Wh kg™' energy density and 2.63 kW kg™ power density in PVA—KOH gel electrolyte. The long-term cyclic stability
(94% after 3000 cycles) and actual practical demonstration (lightning 65 red LEDs) suggest an industrial application of the all-
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B INTRODUCTION

Increasing demand for portable electronics (like mobile
phones, e-papers, laptops, etc.) has significantly encouraged
the research community to fabricate high-performing electric
energy storage devices.' > Among the various types of energy
storage devices, a supercapacitor (SC) is the supreme choice
for clean and green energy, which offers excellent character-
istics such as good cycle stability, high power density, and
environmental benignity and is presently employed in hybrid
vehicles, consumer electronics, and renewable energy storage
devices,”™® though the major challenges of a supercapacitor are
less stability at high-rate conditions and low energy density (as
compared to batteries), which significantly constrains its
application.” As per the energy density equation (0.5 CV?),
to increase the energy density development of new electrode
materials with a high capacitance (C) is one way and another is
to build a supercapacitor device with a wide operating potential
window (V). Thus, new superior electrode materials having
high specific capacitances, long cycling lives, and rational
assemblies of anode and cathode materials in a supercapacitor
device are required to be investigated. Therefore, extensive

-4 ACS Publications  © 2019 American Chemical Society

research has been devoted to fabricating asymmetric super-
capacitor devices using different cost-effective electrode
materials with high specific capacitance.”’

Generally, carbon-based materials, e.g.,, carbon nanotubes
(CNTs), graphene and activated carbon (AC), conducting
polymers (e.g., polythiophene, polypyrrole, and polyanilines),
transition metal oxides/hydroxides/sulfides, and their compo-
sites, are employed as active materials for supercapacitors. The
transition-metal oxides, metal hydroxides, and metal sulfides
such as Co0,0,° MnCoO,” RuO,,'® p-Co(OH),,'" CoS,"
COSZ,13 etc., have attracted significant attention as pseudoca-
pacitive electrode material, but they suffer from low specific
capacitance and energy density due to poor conductivity.' "
Thus, there is a need to develop low-cost alternative electrode
materials to improve the performance of supercapacitors.
Recently, for supercapacitor as well as catalysis application,
various transition-metal phosphates have been studied and
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shown to exhibit exceptional performance.”'°~"® In particular,

cobalt phosphate is considered to be the best candidate as a
positive electrode material in energy storage devices, because
of outstanding redox activity, relatively low cost, earth
abundance, sustainability, and its eco-friendly nature.'” Various
morphologies of cobalt phosphate have been synthesized by
different methods and reported for supercapacitor applications.
Li et al.”® prepared a flower-like morphology of Co,(PO,)-
8H,0 using a green precipitate process and reported a high
specific capacitance of 350 F ¢g™' at 1 A g™' current density
with 102% stability retention over 1000 cycles. Pang et al.”'
synthesized layered CoHPO,-3H,0 by a hydrothermal
method, which exhibits a specific capacitance of 413 F g™' at
a current density of 1.5 A g~ with an energy density and
power density of 8.7 Wh kg™' and 3225 W kg ™/, respectivelzr.
The flakes of Co;P,04-8H,0 were synthesized by Liu et al.
using a chemical precipitation method and reported a
maximum specific capacitance of 205 F g_1 at1 A g_1 current
density with 106% stability for 1000 cycles. Sankar et al.*’
successfully synthesized nanograsses like Co;(PO,), using a
hydrothermal method, and nanograsses exhibit a specific
capacitance of 12285 mF cm™ at a scan rate of S mV s~ with
an energy density of 0.405 mWh cm™ at a power density of
1.065 mW cm ™2 In the available literature, only a few articles
have reported the synthesis of cobalt phosphate electrodes for
supercapacitor application but possessing a low specific
capacitance and energy as well as power density. Still, there
is scope to enhance the capacitive performance of cobalt
phosphate through morphology tuning and preparing an
electrode using binder-free approaches.

Besides an increase in specific capacitance, widening the
operating voltage is an effective approach to improve the
energy density of devices. To enhance the electrochemical
capacitive performance of SCs, numerous positive and negative
electrode materials have been investigated. In several previous
works, various carbon-based negative electrodes have been
used in asymmetric devices (ASC) like carbon aerogel,
graphene, AC, graphite, CNT’s, etc. However, limitations to
choosing carbonaceous negative electrode materials are their
lower specific capacitance and high resistivity, which restrict
achieving high energy density.”* To enhance the specific
capacitance and energy density of asymmetric devices, an
emergent need is to find new alternative anode (negative)
electrode materials which combine the properties of a high
capacitance without sacrificing the operational potential
window. Recently, few pseudocapacitive materials such as
CuS,”® Fe203,26 SnS,*” etc., have been investigated as a
negative electrode in an asymmetric device having a wide
negative potential window. Among them, copper sulfide (CuS)
is a fascinating negative electrode material for electrochemical
capacitors because of its high specific capacitance and wide
operating potential window, lower resistance, and abundant
availability in nature.”> The combination of cobalt phosphate
as a positive and copper sulfide as a negative thin film electrode
in aqueous or solid-state asymmetric supercapacitors has not
been investigated.

Encouraged by the above discussion, we fabricated an
asymmetric devices (all-solid-state and aqueous) with high
electrochemical performance by adopting Cos(PO,),-8H,0
and CuS thin films as a cathode and anode, respectively.
Taking advantage of the binder-free approach, hydrous cobalt
phosphate thin film electrodes [Cos(PO,),nH,0] are
successfully synthesized with different morphologies by a

single-step hydrothermal method. The effect of urea
concentration on the morphological, structural, and con-
sequently electrochemical capacitive behavior of Co;(PO,),
nH,O electrodes is studied. Furthermore, the aqueous
asymmetric supercapacitor (AAS) and all-solid-state asym-
metric supercapacitor (ASSC) device are assembled in 1 M
KOH and PVA-KOH gel electrolytes, respectively. The
capacitive performance of Co;(PO,),-8H,0//CuS-based
devices has been studied by means of specific capacitance,
energy, as well as power density and cyclic stability.

B EXPERIMENTAL SECTION

Synthesis of Cobalt Phosphate Thin Films (as a Cathode
Electrode). Cobalt phosphate thin films are synthesized by a single-
step hydrothermal method, and all chemicals were purchased from
Sigma-Aldrich (purity & 99.0%). In a typical synthesis, aqueous
solutions of 0.05 M cobalt chloride (CoCl,-6H,0) and 0.05 M
potassium dihydrogen orthophosphate (KH,PO,) were prepared in
double-distilled water (DDW). A stock solution of 36 mL (0.05 M) of
cobalt chloride and 24 mL (0.05 M) of potassium dihydrogen
orthophosphate was mixed, and four similar separate baths were
prepared. Then the different concentrations of urea [CO(NH,),]
0.01, 0.025, 0.050, and 0.10 M were dissolved in the above-mentioned
four baths and named as CoPOU-1, CoPOU-2, CoPOU-3, and
CoPOU-4, respectively. The above solutions were stirred for S min
until the salts were completely dissolved. Then well-washed stainless
steel (SS) substrate was immersed vertically in the chemical baths,
and these baths were put in a hydrothermal autoclave for 90 min, at
393 K, under 18 psi pressure. The violet-colored cobalt phosphate
films were deposited over SS substrates after 90 min, which were
further rinsed 2—3 times in DDW and dried at ambient conditions.
As-prepared cobalt phosphate thin films were directly used as a
cathode electrode in asymmetric supercapacitor devices.

Synthesis of Copper Sulfide Thin Film (as an Anode
Electrode). To prepare copper sulfide (CuS) thin film over SS
substrate a facile chemical bath deposition (CBD) method was used.
In bath synthesis, copper sulfate (CuSO,-SH,0) and sodium
thiosulfate (Na,S,0;-SH,0) were taken as copper and sulfur
precursor, respectively, and tartaric acid (C,H4O4) was used as
complexing agent. Initially, 25 mL of a solution of 0.1 M CuSO,-
SH,O was added dropwise in 0.1 M C,HOy solution (25 mL) with
constant stirring. Furthermore, the pH (~10) of the bath solution was
maintained by dropwise addition of liquid ammonia (NH,). Further,
separately prepared 0.1 M Na,S,0;-SH,O solution in 50 mL of DDW
was added to the above solution. Then 100 mL of the bath of the
above-prepared solution containing vertically immersed SS substrates
was kept at a constant temperature of 368 K for 240 min. After 240
min, well-adherent black-colored CuS in thin film form was covered
over SS substrate, and it was dried at room temperature. As-prepared
CusS thin films were exploited as anode electrode in the ASC devices.

Preparation of PVA—KOH Gel Electrolyte. Selection of the
proper gel electrolyte is essential for ASSC device construction
because it offers lower leakage, less water content, and most
importantly flexibility. The prepared PVA—KOH gel has various
advantages like good flexibility and high ionic conductivity, and it can
make good contact with the electrodes.”® The PVA—KOH gel was
prepared in the subsequent manner: first, 3 g of poly(vinyl alcohol)
(PVA) was dissolved in DDW (20 mL) by heating at 353 K with
constant stirring. Then 10 mL of a solution of 1 M KOH in DDW was
separately prepared and added in PVA solution. Later, the solution
was constantly stirred at room temperature to form a clear viscous
appearance. This viscous and transparent gel solution was applied as
an electrolyte and a separator in ASSC device fabrication.

Fabrication of Asymmetric Device (AAS and ASSC). In the
fabrication of an asymmetric supercapacitor device, as-prepared
Co4(PO,),-8H,0 and CuS thin films over a large area (5 X 5 cm?)
SS substrate were directly used as cathode and anode electrodes,
respectively. In AAS device fabrication, 1 M KOH is used as an
electrolyte. On the other hand, anode and cathode electrodes were
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soaked in PVA—KOH gel electrolyte and stacked on each other to
fabricate the ASSC device. The stack of electrode//gel//electrode
was pressed under a hydraulic pressure of 0.5 ton and assembled into
the sandwich-like ASSC device.

Materials Characterization. The crystal structures of the
obtained cobalt phosphate and copper sulfide electrodes were
analyzed using an X-ray diffractometer (Rigaku miniflex-600 with
Cu Ka (4 = 0.15406 nm)), functioned at 40 kV and 15 mA, at a scan
rate of 2°/min in the scanning range of 5° < € < 80°. To observe
chemical bonding, the FT-IR spectra of samples were measured by an
Alpha (II) Bruker instrument. The field emission-scanning electron
microscopy (FE-SEM, JSM-7001F, JEOL) equipped with energy-
dispersive X-ray spectroscopy (EDS) (Oxford, X-max) technique was
used to observe the surface morphologies of cobalt phosphate and
copper sulfide thin films. The transmission electron microscopy
(TEM) image was recorded using a JEM-2100 instrument. A
Thermoscientific ESCALAB 250 (Thermo Fisher Scientific, UK)
instrument was used for X-ray photoelectron spectroscopy (XPS)
measurement. The ZIVE MP1 multichannel electrochemical work-
station equipment was used to measure the electrochemical properties
of thin film electrodes.

Electrochemical Capacitive Measurements. Study of the
electrochemical behavior of the electrodes was carried out using a
conventional three-electrode cell system in 1.0 M KOH electrolyte at
ambient conditions. The cobalt phosphate and copper sulfide thin
films (an exposed area &~ 1 cm?) as working electrodes, a platinum
mesh (~2 cm?) as a counter electrode, and mercury/mercury oxide
(Hg/HgO) as a reference electrode were used in the three-electrode
system. The electrochemical capacitive performance of the electro-
active materials was evaluated by cyclic voltammetry (CV),
galvanostatic charge—discharge (GCD), and electrochemical impe-
dance spectroscopy (EIS). The specific capacitance was derived from
the GCD curve using eq 1

Ix At
m X AV (1)

where I, AV, m, and At are the current density (mA cm™2), potential
window (V), mass of active materials (g), and discharge time (s),
respectively. The energy density (E, Wh kg™') as well as power
density (P, W kg™") of the supercapacitor were calculated from the
GCD curve using eqs 2 and 3, respectively

g 05X CGx (AV)?
B 3.6 (2)

_Ex36

P=—x (3)

where AV, At, and C; are voltage (V), discharge time (s), and specific
capacitance (F g7'), respectively. Electrochemical impedance spec-
troscopy (EIS) was conducted for all samples and measured at open-
circuit potential (OCP) with an amplitude of 10 mV in the frequency
range from 100 kHz to 100 mHz. The electrochemical properties of
the asymmetric device were evaluated by fabricating a two-electrode
system composed of cobalt phosphate thin film as positive electrode
(cathode) and copper sulfide thin film as negative electrode (anode).
To obtain the best electrochemical capacitive performance of the
asymmetric device, the mass ratio between the negative and the
positive electrode was evaluated by the theory of charge balance (Q*
= Q7), and accordingly the mass balance is obtained using eq 4°°

m. C_XAV_
m_ G XAV, 4

where m(, o), AV(, o), and C(, o) are the mass (g), potential
window (V), and specific capacitances (F g™') of the positive and
negative electrode, respectively.

B RESULTS AND DISCUSSIONS

Formation and Growth Mechanism of Cobalt
Phosphate Thin Film. The formation and growth process
of cobalt phosphate thin films on SS substrate using different
urea concentrations by a facile hydrothermal method at 393 K
is illustrated in Scheme 1. Formation of the solid thin film from

Scheme 1. Schematic Diagram for the Preparation of
Hydrous Cobalt Phosphate Thin Films Using Different
Urea Concentrations

0.05M 0.05M

KH,PO,(24ml)  CoCl,.6H,0 (36 mi)

Variation
(0.010-0.10 M)

a supersaturated solution bath involves two steps, nucleation
and particle growth. Nucleation is necessary for particle
growth, thin solid film occurs when heterogeneous nucleation
is promoted on the SS substrate, and homogeneous nucleation
is suppressed in the bulk solution.”” Further, growth of cobalt
phosphate thin films can take place by adsorption of colloidal
particles from the solution at the nucleation centers on the SS
substrate. Typically, at high temperature (at 365 K),
decomposition of urea gradually forms CO, and NH," ions
in solution, and released NH," acts as a complexing agent in
the reaction bath.>>*" After decomposition of urea, NH," and
Co®" ions get complexed as [Co(NH,)]**. The amine complex
avoids rapid nucleation and controls the reaction rate by
gradually releasing Co®* ions. At the same time, potassium
dihydrogen orthophosphate releases PO*~ ions; finally, cobalt
(Co*") and phosphate (PO*") ions react to get a final product
of Co;(PO,),nH,0O (where, n = 4, 8,..) material on SS
substrate in thin film form. The possible reaction mechanism is
given in eq S.

3[Co(NH,)** + 2H,PO,” + nH,0
A
= Co4(PQ,),nH,0 + 2H," + 3NH,! ()

The deposited mass of cobalt phosphate in thin film form
was determined gravimetrically using the weight difference
method. Interestingly, from sample CoPOU-1 to CoPOU-3
the deposited weight of material is increased (0.57, 0.71, and
0.87 mg cm ™), which may be due to an increase in growth rate
with increasing urea concentration. However, a deposited mass
in CoPOU-4 sample (0.62 mg cm™?) is decreased with further
increase in urea concentration, which may be due to pilling off
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Figure 1. (a) XRD patterns. (b) Crystal structure of hydrous cobalt phosphate [Co;(PO,),-8H,0]. (c) FTIR spectra of hydrous cobalt phosphate

[Co,(PO,),nH,0; n = 4, 8] thin films.
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Figure 2. XPS spectra of CoPOU-3 sample: (a) survey spectrum of hydrous cobalt phosphate, (b) Co 2p spectrum, (c) P 2p spectrum, and (d) O

1s spectrum.

the outer layer because of overgrowth of material. In the

present case, the concentration of hydrolyzing agent plays an

important role which affects the reaction rate and consequently

growth of thin films, which show variation in the weight of thin

films.> According to the above growth mechanism, the violet-

colored cobalt phosphate grew on the SS substrate.
X-ray Diffraction, FTIR, and XPS Study. Figure 1a shows

the XRD patterns of hydrothermally prepared CoPOU series

11208 DOI: 10.1021/acssuschemeng.9b00504
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Figure 3. FE-SEM images (1000X, S000X, and 9000X) of hydrous cobalt phosphate (al—a3) for CoPOU-1, (b1—b3) CoPOU-2, (c1—c3)
CoPOU-3 (inset c1: TEM image for CoPOU-3 thin film), and (d1—d3) CoPOU-4.

of cobalt phosphate thin film electrodes. The peak marked as
“SS” corresponds to the stainless steel substrate. The
diffraction peaks (26°) at 10.31°, 13.26°, 21.97°, 26.83°,
35.91°, 55.16°, and 71.19° can be indexed to (0 0 1), (0 2 0),
(130), (121),(231),(501),and (29 1) planes,
respectively. It is observed that when increasing the
concentration of urea, the diffraction peak (26) at 10.31° (0
0 1) in CoPOU-1 and CoPOU-2 sample suddenly disappeared
from the XRD patterns of CoPOU-3 and CoPOU-4 sample,
whereas the intensity of peaks (26) at 13.26° (0 2 0) and
55.16° (5 0 1) diffraction plane get gradually stronger and
confirms the phase conversion of cobalt phosphate from
Co,(PO,),4H,0 (JCPDS card no. 34-0844) to Co;(PO,),:
8H,0 (JCPDS No. 33-0432). The peak intensity ratio (with
respect to major peak (0 2 0)) decreases from sample CoPOU-
1 to CoPOU-4, which is attributed to oriented growth of the
material toward the (0 2 0) plane with an increase in the urea

concentration. Figure 1b shows the crystal structure of
Co4(PO,),-8H,0 material, simulated by Rietveld refinement
analysis. The structural water (nH,0) exists in the cobalt
phosphate structure since in I2/m space symmetry R, values
and the positioning vector do not trail the standard Wycoff
positions. The diffraction peaks of all samples are attributed to
the monoclinic phase of the crystal structure, changes with
increases in urea concentration from Co;(PO,),4H,0 to
Co4(PO,),-8H,0, and confirms formation of hydrous cobalt
phosphate thin film.

The FTIR spectra of cobalt phosphate thin films (CoPOU-
1—CoPOU-4) were recorded in range from 600 to 4000 cm™"
and are displayed in Figure 1c. It is observed that the stretching
vibration mode at 637 cm™ can be specified to a Co—O
bond.” The lattice vibration modes of Co—O are assigned at
782 and 833 cm™' wavenumbers. The absorption band near
957 cm™" arises due to the symmetric stretching vibration of
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Scheme 2. Schematic Representation for Morphological Evolution of Cobalt Phosphate Microstructure
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P—0.>* The sharp absorption bands at 1006 and 1094 cm™'
are ascribed to the asymmetric and symmetric stretching
vibrations of the PO, group and P—O, respectively. The
characteristic band around 1636 cm™' presents the water
molecules (H—O—H) bending vibration mode,”*”* and the
intensity of the band progressively increases from CoPOU-1 to
CoPOU-4 sample, indicating increasing structural water in
cobalt phosphate thin films. Furthermore, the absorption small
band at 1993 cm™ and wide band at 3105 cm™ are attributed
to the stretching vibration mode of O—H from the water
molecule.”® These results revealed that deposited thin films
contain structural water and indicate formation of hydrous
cobalt phosphate thin films.

The XPS survey scan of CoPOU-3 thin film (Figure 2a)
shows the existence of cobalt, phosphorus, and oxygen
elements in thin film. The XPS peaks at 781.3 and 797.6 eV
binding energies can be ascribed to Co 2p;/, and Co 2p,, of
cobalt ions, including two pairs of spin—orbit doublets,
indicating the coexistence of Co** and Co®" and their four
shakeup satellites denoted as “sat” (Figure 2b).*° The P 2p
region of the CoPOU-3 sample exhibits a peak at 133.01 eV
binding energy (Figure 2c), which corresponds to the 2%[)3 )
core level characteristic peak of the phosphate PO, group.””**
The O 1s signal is deconvoluted into three peaks at binding
energies of 529.1, 530.9, and 532.5 eV as Ol, 02, and O3
(Figure 2d) and can be designated to the core levels in typical
metal—oxygen bonds, phosphate species, and hydrated oxide
species, respectively.”” XPS, FT-IR, and XRD analysis indicate
that hydrous cobalt phosphate thin films are successfully
synthesized using a single-step hydrothermal method.

FE-SEM, TEM, and EDS Study. The surface morphological
evolution of hydrous cobalt phosphate thin films was
investigated through field emission scanning electron micros-
copy (FE-SEM). The FE-SEM images of hydrous cobalt
phosphate samples at three different magnifications (1000,
5000X, 9000x) are shown in Figure 3. A change in the amount
of urea can alter the basic growth and directly affected the
morphology of the material.”® The FE-SEM images of
CoPOU-1 are shown in Figure 3al—a3, indicating that the
sample consists of a microflowers-like structure with uniform
microplates that are 14.6 ym, 2.31 pm, and 230 nm in length,
width, and thickness, respectively. The SEM images for
CoPOU-2 sample are shown in Figure 3b1—b3 and reveal a
similar microflowers-like structure as CoPOU-1 sample.
However, SEM images show the change in microplates
dimensions with a length of 17.2 ym, a width of 2.88 um,
and a thickness of 210 nm. The sample CoPOU-3 (Figure
3cl—c3) shows microflowers-like structure, and interestingly

microplates are converted into microflakes with an increase in
length and width and decreases in thickness as 34.4 ym, 3.15
um, and 59 nm, respectively. Such flakes-like morphology may
offer an improved electrochemically active surface area
(ECSA), so the electrolyte ions can make better contact with
the active sites and effortless diffusion of electrolyte ions.*' The
transmission electron microscopy (TEM) image of hydrous
cobalt phosphate (CoPOU-3) (inset Figure 3cl) displays
overlaid microflakes with a width of ~205 nm nearby tip.
Similarly, the sample CoPOU-4 (Figure 3d1—d3) shows
microflowers with a microflakes-like structure having 35.2
um length, 3.88 um width, and thickness of 38 nm.
Fascinatingly, it is observed that the length and width of
microplates increase from sample CoPOU-1 to CoPOU-4 with
an increase in urea concentration. However, the thickness of
the microplates decreases from sample CoPOU-1 to CoPOU-4
sample, as shown in Scheme 2. Such increase in length, width,
and decrease in thickness are attributed to conversion of
microplates into microflakes, and this morphological evolution
is associated with the XRD result, since oriented growth [along
(02 0) plane] of material suggests an increase in flake size with
urea variation. The reaction rate of material is controlled by the
hydrolyzing agent concentration and consequently affected the
morphology. The growth rate of a particle increases with an
increase in urea concentration, since the urea concentration
stimulates the hydrolysis rate, and therefore, microplates are
converted into microflakes with a continuous reduction in
thickness. Likewise, Ibupoto et al.*’ prepared Co;0, using a
hydrothermal method and witnessed morphology conversion
from nanoflowers- to nanowires-like structure by varying the
hydrolyzing agent (urea). It is expected that this 3D
microflower with microflakes-like morphology having large
and open interconnected stable structure may facilitate easy
electrolyte diffusion and sustain the strain induced during the
electrochemical reaction.*

Elemental analysis of hydrous cobalt phosphate was
determined by energy-dispersive spectroscopy (EDS), and
the results are presented in Supporting Information Figure
Sla—d. The EDS spectra evidenced that the hydrous cobalt
phosphate consisted of cobalt, phosphorus, and oxygen
elements without any other impurity. Cobalt and phosphorus
atomic ratios in CoPOU-1, CoPOU-2, CoPOU-3, and
CoPOU-4 samples are 3:1.58, 3:1.75, 3:1.80, and 3:1.88,
respectively, and excess oxygen confirms that the existing
materials are hydrous cobalt phosphate [Co;(PO,),-nH,0].
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Figure 4. (a) CV curves of CoOPOU-1—CoPOU-4 samples at 20 mV s™" scan rate. (b) CV curves of CoPOU-3 sample at a various scan rates (5—
100 mV s7'). (c) GCD curves of CoPOU-1—CoPOU-4 samples of hydrous cobalt phosphate at 2 mA cm™ current density. (d) GCD curves of

CoPOU-3 sample at various current densities (2—5 mA cm™2).

B ELECTROCHEMICAL CAPACITIVE STUDIES

Hydrous Cobalt Phosphate Electrode Performance.
To tune the impact of morphology and examine the best
electrode, the electrochemical capacitive performance of all
four hydrous cobalt phosphate (CoPOU-1 to CoPOU-4) thin
film electrodes was evaluated using a three-electrode
configuration in aqueous electrolyte (1.0 M KOH). The cyclic
voltammetry curves of CoPOU-1—CoPOU-4 thin film electro-
des were tested in a potential range of 0.23—0.65 V (vs Hg/
HgO) at a scan rate of 20 mV s™' and are presented in Figure
4a. It clearly shows that the pseudocapacitive properties of all
microarchitecture thin film samples are attributed to the
reversible surface redox reaction of Co®>" to Co’*. All CV
curves exhibit a redox couple, and sample CoPOU-3 thin film
shows the highest current area under the curve as compared to
other samples. The obtained large current area under the curve
for CoPOU-3 thin film electrode validates that it can
accumulate a maximum amount of energy. Figure 4b shows
the Co,(PO,),-8H,0 (CoPOU-3) thin film electrode delivers
good electrochemical capacitance (current area) with increas-
ing scan rate (from S to 100 mV s™') [CV curves of other
samples are given in Figure S2a—c (see ESI)].

The correlative contributions from the battery type and/or
electrochemical pseudocapacitive type for cobalt phosphate
thin film electrodes are investigated using the power law (i =
ar®). In the power law, b value of 1 indicates surface-controlled
current (pseudocapacitive type) and semi-infinite linear
diffusion current (battery type) when the b value is 0.5.*
Graphs of a log of current density vs log of scan rate for all four
Co3(PO,),-nH,0 thin film electrodes are shown in Figure S3
(see ESI), and b values of 0.62, 0.64, 0.68, and 0.60 are
obtained for samples CoPOU-1, CoPOU-2, CoPOU-3, and
CoPOU-4, respectively. In the present case, for scan rates from
S to 100 mV s/, the b value of all cobalt phosphate-based
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electrodes is more than 0.5 and less than 1, which indicates
charge storage is contributed by both battery- and
pseudocapacitive-type mechanisms.

Furthermore, the modified Power’s law (given below in eq
6) was used to quantify the amount of charge stored by the
surface pseudocapacitive- and battery-type mechanism

I,=Cy+ Cbl/l/2 (6)
where v is the scan rate, I, is the peak current density, and
Cy'* and Cw are consistent with the current originated from
the surface pseudocapacitive (Iyc.) and bulk process (Iyuy)
mechanism, respectively.***> The distribution of obtained
current density from the battery-like (bulk) and pseudocapa-
citive (surface) process for all four Co;(PO,),-nH,O thin film
electrodes, at different scan rates, are shown in Figure S4 (see
ESI). It is observed that the obtained capacitance is
contributed by the battery-like bulk and partially by the
surface pseudocapacitive process.

In addition, the galvanostatic charge—discharge (GCD)
curves (Figure 4c) show almost linear potential—time profiles
of all thin film samples (CoPOU-1—CoPOU-4) at constant
current density (2 mA cm™). The obvious potential platform
in the GCD curves mainly results from the typical
pseudocapacitive behavior introduced by the electrochemical
adsorption/desorption and redox procedure of the transition-
metal compound.46 The sample Co,(PO,),-8H,0 (CoPOU-
3) shows a long charging—discharging time, which indicates
excellent electrochemical capability. The GCD curves of the
CoPOU-3 sample in a potential range of 0—0.55 V (vs Hg/
HgO), at different current densities (2—S mA cm™), are
shown in Figure 4d, and GCD curves of the remaining samples
are provided in Figure SSa—c (see ESI).
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Figure S. (a) Specific capacitance of hydrous cobalt phosphate electrodes at different current densities from GCD curve. (b) Ragone plot of
hydrous cobalt phosphate thin films. (c) Nyquist plot of hydrous cobalt phosphate thin film electrodes (Inset: fitted circuit). (d) Magnified image

of EIS graph.

The specific capacitances of all four hydrous cobalt
phosphate (CoPOU-1—CoPQOU-4) thin films are calculated
from GCD curves and plotted with respect to current density
(shown in Figure Sa). Hydrous cobalt phosphate micro-
architectured thin film electrodes (CoPOU-1—CoPOU-4)
show good specific capacitance and reach maximum
capacitances of 64, 320, 800, and 230 F g_1 at 2 mA cm™2
current density (Figure Sa). The CoPOU-3 thin film electrode
exhibits an excellent specific capacitance of 800 F g™' at low
current density (2 mA cm™) and typically less capacitance at
high current density, while the specific capacitances of all
samples at a high current density (5 mA cm™) are 28, 226,
586, and 145 F g™' for CoPOU-1, CoPOU-2, CoPOU-3, and
CoPOU-4 samples, respectively, and attributed to less
utilization proficiency of the active electrode material by
electrolytic ions at a high charge—discharge rate."” Direct
growth of active material on conducting substrate is an
excellent way for good contact of an electrode and the active
material and greater electron diffusion with fast charge
transfer.*® The unique microflowers-like morphology consist-
ing of radially aligned and close-packed microflakes provides a
large surface area and exposed active sites as well as fast ion
diffusion. Thus, the cobalt phosphate thin film electrode
exhibits excellent performance due to in situ preparation of the
electrode and unique microflakes-like morphology. The
obtained value of specific capacitance in the present work is
comparable to the available literature except for a few reports
(Table S1, see ESI). Shao et al.*” prepared cobalt phosphate
hydrate (Co;(PO,),-8H,0) nanoflakes by the hydrothermal
method and obtained specific capacitance of 1578.7 F g/, in 1
M NaOH electrolyte, with an energy density of 1.17 mWh
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cm™2 and 18.75 mW cm™ power density. Also, Xi et al.*’
achieved a high specific capacitance of 1174 F g™" at a constant
current density of 2 A ¢! in 3 M KOH electrolyte for
Co;(PO,), (nanowires) prepared by the hydrothermal
method. Jiang et al.”> prepared Ni—Fe LDH@rGO ultrafine
nanosheets by the reflux method and obtained a specific
capacitance of 2715 F g™ at a 3 A g”' current density in 1 M
KOH electrolyte. Also, CoSeO;-H,0/HWCNTSs nanoribbons
hybrid paper prepared by Jiang et al.’' using the refluxing
process and achieved a specific capacitance of 2461 F g™' at
current density of 5 A ¢! in 1 M KOH electrolyte. Pan et al.”
achieved a high specific capacitance of 3946.5 F g™' ata 3 A
g™' current density in 1 M KOH electrolyte for
ZnCo, (OH),Clys-0.45H,0 nanosheets, prepared by the
homogeneous precipitation method. Similarly, Yang et al.*
synthesized (Ni,Co,_,)sSeg nanodendrite arrays by a solvo-
thermal method, and it exhibits a high specific capacitance of
3762 F g at a S A g~ current density in 1 M KOH
electrolyte. Only in these few reported works, specific
capacitance is higher than the present work possibly due to
the use of nickel foam as a substrate, which plays a vital role in
improving the electrochemical capacity of the electrode
material by adding self-capacitance due to its surface atom
conversion during electrochemical testing to NiO and
Ni(OH),. Thus, when nickel foam is used as a current
collector to test the electrochemical properties of a small
amount active material then nickel foam underestimates the
specific capacitance value of the active material. However, in
the present study stainless steel substrate is used as a substrate
to synthesize hydrous cobalt phosphate material thin film
electrode, which offers only a 2D thin film electrode structure
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Figure 6. (a) CV curves of Co;(PO,),-8H,0 and CuS electrode at 20 mV s™" scan rate. (b) CV curve of AAS device at different scan rates (10—
100 mV s7). (c) GCD curve of AAS device at various current densities (2.0—4.0 mA cm™2). (d) Specific capacitance of AAS device at different

current densities.

and does not take part in an electrochemical reaction. Thus, in
this work, obtained capacitance is totally provided only by
hydrous cobalt phosphate material. As compared with the
excellent supercapacitor performance in the available literature
of cobalt phosphate-based materials, the CoPOU-3 thin film
electrode exhibits competitive performance. For the super-
capacitor application of any electrode material, its specific
energy and power density plays a very vital role and is expected
to provide a high energy density at low GCD current density.>
Figure 5b shows the Ragone plot of hydrous cobalt phosphate
(CoPOU-1—CoPOU-4) thin film electrodes, where energy
and power density are calculated by eqs 2 and 3, respectively.
The CoPOU-3 electrode exhibits good energy density along
with power density than other electrodes. The specific power
density of CoPOU-3 increases from 1.25 to 3.12 kW kg™,
while the specific energy density decreases from 33.62 to 24.66
Wh kg™ as the GCD current increases from 2 to 5 mA cm™>

For evaluation of electrolyte diffusion and charge transfer
resistance at the electrode—electrolyte interface, electro-
chemical impedance spectroscopy (EIS) measurements were
tested (shown in Figure Sc), and Figure Sd shows its magnified
image in the higher frequency region. A very obvious straight
line at the low-frequency region accompanied by semicircles at
the high-frequency region in Nyquist plot is observed for all
CoPOU-1-CoPOU-4 thin film electrodes. The obtained EIS
data for hydrous cobalt phosphate electrode (CoPOU-3) can
be fitted by an equivalent circuit consisting of R; (solution
resistance), R, (charge-transfer resistance) from the redox
process, and CPE (constant phase element) to account for the
capacitance and W (Warburg impedance) as diffusion
resistance.”” The lowest solution resistance (R,) 0.95 © and
charge-transfer resistance (R.) 1.47 Q is obtained for the
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CoPOU-3 electrode. At the low-frequency region, the
CoPOU-3 electrode displays lower diffusive resistance (W)
in conformity with the high slope of the straight line as
compared to other thin film electrodes. The less Warburg
impedance facilitates high diffusion of electrolyte ions into
electrode material and authorizes maximum utilization of the
microflakes-like structure of hydrous cobalt phosphate.®**®
Therefore, a good electrochemical property with low electro-
chemical impedance is credited to the microflakes-like
structure of the CoPOU-3 electrode. The plot of cyclic
stability (CV cycles) is shown in Figure S6 (see ESI), and the
inset of the figure shows CV curves of the CoPOU-3 electrode
of the 1000th, 2000th, and 3000th cycles. The cyclic stability
of the Co;(PO,),-8H,0 (CoPOU-3) electrode has 83% of the
capacity retention after 3000 CV cycles, at 20 mV s~ scan rate,
in 1.0 M KOH electrolyte. After stability, a negligible change in
the surface of the microflakes without damaging microflowers-
like structure indicates stable morphology and better
interaction between electrolyte ions (shown in Figure S7a—f
(see ESI)). Less damage in a microstructure of microflakes in
microflowers confirms the excellent electrochemical stability of
the Co;(P0O,),-8H,0 (CoPOU-3) microflakes thin film
electrode. Ultimately, this result suggests that the micro-
flakes-like morphology leads to easy access for the electrolytic
ions and much longer lifetime.

Aqueous Asymmetric Device (AAS). Additionally, to
explore the device application of the hydrous cobalt phosphate
electrode, the aqueous asymmetric supercapacitor (AAS)
device was fabricated based on CoPOU-3 (Co;(PO,),
8H,0) thin film as a positive electrode (cathode) and CuS
thin film as negative electrode (anode) using 1.0 M KOH
aqueous electrolyte. The CuS thin film, used as anode material,
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Figure 7. (a) Ragone plot. (b) Nyquist plot (Inset: fitted circuit). (c) Capacity retention vs cycle number plot of AAS device (Inset: GCD cycles at

the 1000th, 2000th, and 3000th cycle).

has a hexagonal crystal structure and consists of microparticles
with flake-like morphology (XRD pattern and SEM images are
provided in ESI Figure S8). The electrochemical capacitive
performance of CuS thin film as a negative electrode has been
carried out in a three-electrode cell system by CV, GCD, and
EIS tests (see ESI Figure S9a—d), and the anode electrode
exhibits a maximum specific capacitance of 673 F ¢! at a
current density of 2 mA cm™> (see ESI Figure S9¢). The cyclic
stability of the CuS electrode is tested for 2000 cycles at a scan
rate of 20 mV s7', and it exhibits excellent (95%) capacity
retention after 2000 cycles as shown in Figure S10 (see ESI).

For equilibrium of the positive and negative charges in an
aqueous asymmetric device, the weight ratio of Cos(PO,),:
8H,0 (CoPOU-3) and CuS electrode is calculated by eq 4. By
using eq 4, the calculated mass ratio of the cathode and anode
is obtained as 1:1.37. Figure 6a shows CV curves of
Co4(PO,),-8H,0 and CuS electrode within different potential
windows (at 20 mV s~ scan rate) in 1.0 M KOH. Figure 6a
denotes that the two distinctive pseudocapacitive electrodes
with rational combination can achieve a wide potential window
(voltage) in an aqueous asymmetric device. Figure 6b shows
CV curves of the Co;(PO,),-8H,0 (CoPOU-3)//KOH//CuS
AAS device at different scan rates from 10 to 100 mV s™'. The
CV curves show an obvious four redox peaks from Co;(PO,),-
8H,0 and CuS thin films. Meanwhile, the GCD curves of the
AAS device at different current densities from 2.0 to 4.0 mA
cm™? are measured and shown in Figure 6¢c. The GCD curves
show the nonlinear behavior of the discharge curve and
confirm pseudocapacitive behavior, which is analogous with
CV results. It demonstrates redox reaction kinetics for the AAS
device, since both used electrode materials are pseudocapaci-
tive type. The calculated specific capacitances for the aqueous
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device (shown in Figure 6d) are found to be 163, 145, 138,
132, and 123 F g7 at 2.0, 2.5, 3.0, 3.5, and 4.0 mA cm™
current densities, respectively. As obvious, the specific
capacitance of the AAS device at 2.0 mA cm ™ is higher than
the 4.0 mA cm™? current density. Furthermore, to study the
performance of fabricated aqueous asymmetric SC’s device,
energy as well as power density are calculated, and the relative
Ragone plot of the AAS device is shown in Figure 7a. The AAS
device achieved an energy density of 58.12 Wh kg™" at 1.759
kW kg™' power density, and the energy density still remains
43.96 Wh kg™ at 3.517 kW kg™' power density, which
demonstrates excellent performance of the AAS device.

The performance of the AAS device is compared with some
previously reported works from the literature (see ESI Table
S2). Several AAS devices based on cobalt phosphate (as
cathode) were fabricated and reported, such as Co,P,Oy
8H,0//AC (33.4 Wh kg™!, 399 W kg™"),** Co,(PO,),//AC
(26.66 Wh kg™, 750 W kg™"),”* Co,(PO,),-8H,0//AC (5.33
Wh kg™, 4687 W kg™'),”” Co;P,048H,0//AC (11.9 Wh
kg™, 3.59 kW kg™),°® Co,(PO,),-4H,0/GF//C-FP (24 Wh
kg™, 468 W kg™!),>” and Co4(PO,),//Co;(PO,), symmetric
supercapacitor (52.8 Wh kg™, 756 W kg™').>* However, in all
reported works, cobalt phosphate as cathode and mostly
activated carbon as a negative electrode were used for
fabrication of an asymmetric device, and they exhibit low
energy density as compared to the Co;(PO,),-8H,0//CuS
electrodes-based asymmetric (AAS) supercapacitor device.
The EIS plot (Figure 7b) of the AAS device consists of a
semicircle loop at initial (high-frequency region) and later
sloped line (at a low-frequency region). The initial point of the
semicircle loop is ascribed to the solution resistance (R;) and
end point to charge-transfer resistance (R, = 37.2 Q), and the
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Figure 8. Electrochemical capacitive studies of the Co;(PO,),-8H,0//PVA—KOH//CuS ASSC device. (a) CV curves at different scan rates (10—
100 mV s7!). (b) GCD curves at different current densities (2—6 mA cm™2). (c) Specific capacitance calculated from the GCD curve (Inset:

photograph of the ASSC device). (d) Nyquist plot (Inset: fitted circuit).

slope of the line at low frequency is attributed to the Warburg
diffusion resistance (W).>” The cyclic stability of the
Co,;(PO,),-8H,0//KOH//CuS AAS device at 5 mA cm™>
for 3000 cycles is displayed in Figure 7c. It shows that the
capacity retention of the Co;(PO,),-8H,0//KOH//CuS AAS
device after 3000 cycles is about 94%. The 1000th, 2000th, and
3000th GCD cycle shows little decrease in storing capacity
with the GCD cycles (inset of Figure 7c). Ten cycles after the
100th cycle and the last 10 cycles of the GCD test are provided
in ESI Figure S11a and S11b, indicating an almost steady redox
process at the electrode surface. Thus, it confirms the long-
term stability of the AAS device with negligible degradation of
electroactive material. Finally, the device consisting of both
pseudocapacitive electrodes is beneficial for increasing the
specific capacitance without sacrificing operating potential
window (unlike symmetric devices) to enhance the electro-
chemical energy storage performance.

All-Solid-State Asymmetric Device (ASSC). To avoid
the leakage problem in the AAS device, we fabricated an all-
solid-state asymmetric supercapacitor (ASSC) device and
denoted it as Co;(PO,),-8H,0//PVA—KOH//CuS. The
ASSC device was assembled with Co3(PO,),-8H,0
(CoPOU-3) as a cathode (positive electrode) and CuS as an
anode (negative electrode) using highly viscous PVA—KOH
(gel) as solid electrolyte and separator. Figure 8a exhibits the
CV curve of the ASSC device tested at different scan rates
(10—100 mV s™') in a potential window from 0.0 to 1.6 V. The
CV curves of the ASSC device show redox peaks similar to the
AAS device and confirm capacitance is originated from
pseudocapacitance. Figure 8b displays GCD curves of the
Co,(P0O,),-8H,0//PVA—KOH//CuS ASSC device at differ-
ent current densities from 2 to 6 mA cm™> All GCD curves

display an asymmetrical shape which is attributed to the
pseudocapacitive behavior. The specific capacitance of the
Co,(P0O,),-8H,0//PVA—KOH//CuS device calculated from
the GCD curves at 2, 3, 4, 5, and 6 mA cm > was found to be
70, 45, 32, 26, and 21 F ¢!, respectively (Figure 8c). The
actual photograph of the Cos(PO,),-8H,0//PVA—KOH//
CuS device is shown in the inset of Figure 8c. Like in other
typical EIS analyses, the Co,;(PO,),-8H,0//PVA—KOH//
CuS ASSC device shows a semicircle at the high-frequency
range and a straight line at the lower frequency range (Figure
8d). The charge transfer (R = 42.12 Q) resistance is slightly
higher than that of the AAS device, which is attributed to
restriction of the ion mobility through the PVA matrix. The
energy density as well as the power density of the Co3(POy,),:
8H,0//PVA—KOH//CuS ASSC device was calculated at
current densities from 2 to 6 mA cm™> and is provided in
Figure S12 (see ESI). The energy densities of ASSC are found
to be 24.90, 16.11, 11.23, 9.15, and 7.32 Wh kg_1 with power
densities of 0.879, 1.318, 1.758, 2.197, and 2.637 kW kg_l,
respectively.

The comparative Ragone plot for AAS and ASSC devices
with previous literature is shown in Figure 9a,*%*%3%3075%60
The maximum energy and power density delivered by AAS and
ASSC devices are 58.12 Wh kg™', 3.517 kW kg™" and 24.90
Wh kg™, 2.637 kW kg ™/, respectively. Table S2 (see ESI) gives
a comprehensive comparison of cobalt phosphate material-
based ASC device with their deposition methods, capacitance
values, energy and power densities, and number of cycles
performed for stability and the percentage retention from the
previously reported literature. As compared with previous
works, it is found that the AAS device surpasses the reported
energy and power density for other cobalt phosphates
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Figure 9. (a) Comparative Ragone plot of Cos(PO,),-8H,0//
KOH//CuS (AAS) and Co4(PO,),-8H,0//PVA—KOH//CuS
(ASSC) device with available literature. (b) Demonstration of the
ASSC device by glowing 65 red LED’s panel.

(cathode)-based AAS devices. However, ASSC shows moder-
ate energy and power densities as compared with AAS devices
and exhibits much higher performance compared with the
ASSC device based on K,Cos(P,0;),-2H,0//Graphene (0.96
mWh cm™3, 54.5 mW cm™>) fabricated by Pang et al.®" and
MnO,//CuS (18.9 Wh kg™, 32 kW kg™') and CuO//CuS
(22.8 wh kg™}, 2.5 W kg™!) constructed by Patil et al.”>®* The
high energy density of the Co;(PO,),-8H,0//CusS is due to
the wide operating potential window and maximum specific
capacitance offered by both pseudocapacitive electrodes.
Figure 9b shows a photograph of the ASSC device, as
demonstrated for a series of two ASSC devices to glow a 65 red
light-emitting diodes panel (1.8 V, LEDs), called “DYPU”, and
it was powered for 4 min after 30 s charging. The image of
glowing LED:s for time periods of 40 s, 1:30 min, and 4 min are
captured, and it shows the intensity of LEDs decreases with
time (shown in Figure 9b). Therefore, the significant initial
glowing intensity of LEDs attributed to the high power density
of the Co,;(PO,),-8H,0//PVA—KOH//CuS ASSC device as
well as the higher energy density of the energy storage device is
confirmed by prolonged glowing time. The obtained result
suggests potential applicability of AAS and ASSC devices in
apparatuses which require a high energy density and leakproof
energy storage devices, respectively.

B CONCLUSIONS

In this work, a binder-free hydrous cobalt phosphate
[Co4(PO,),nH,0; n = 4, 8] microflower has been successfully
synthesized by a facile single-step hydrothermal method with
different urea concentrations. The microflower with micro-
flakes-like morphology of hydrous cobalt phosphate is
effectively tuned by changing the width, length, and thickness
of microplates by variation of the urea concentration. The
Co4(PO,),-8H,0 electrode (CoPOU-3 sample) exhibits the
highest specific capacitance of 800 F g”' at 2 mA cm ™2 The
AAS and ASSC devices are successfully assembled with the

morphologically tuned Co,;(PO,),-8H,0 (CoPOU-3) cathode
and CuS anode electrodes. The maximum specific capacitances
of the AAS and ASSC devices are found to be 163 and 70 F g™*
(at 2 mA cm™2), respectively. The cyclic stability with 94%
after 3000 GCD cycles denotes the excellent durability of the
AAS device for long cycles. The leakproof Co;(PO,),-8H,0//
PVA—KOH//CuS ASSC device drives high energy density of
24.90 Wh kg_1 at 0.879 kW kg_1 power density. Moreover, a
series combination of two ASSC devices glows a 65 red LED
panel up to 4 min. These superior results suggest that the high
performance of the asymmetric devices (AAS and ASSC)
based on Cos(PO,),-8H,0//CuS are a promising energy
storage devices for potential application at the industry level
and opens a new class of materials as compared to the
traditional asymmetric device based on pseudocapacitor and
EDLC materials.
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ARTICLE INFO ABSTRACT

Here, we report a binder-free synthesis of microrods-like manganese phosphate thin film over stainless steel
substrate by a facile, single-pot hydrothermal method. The XRD analysis reveals that, the formation of man-
ganese phosphate [Mn3(PO,4).] material of a monoclinic crystal structure. From SEM images observed microrods

Keywords:
Hydrothermal method
Manganese phosphate

N{“‘iz‘i‘)ds e solid devi like morphology of manganese phosphate with an average width of ~25 pm. The manganese phosphate elec-
I;uexelrcz s;:ﬁzlretrlc solid-state device trode shows a better electrochemical performance with a specific capacitance of 145 F g~ ! at 0.2 mA cm™
ThIi)n ﬁln]: current density in 1.0 M Na,SO, electrolyte. Moreover, the flexible solid-state symmetric electrochemical energy

storage device was assembled with PVA-Na,SO, solid gel-electrolyte consists of manganese phosphate as anode
and cathode electrode. The corresponding symmetric supercapacitor achieves a high energy density of 11.7 Wh
kg ™! at a high power density of 1.41 kW kg ™" with an excellent specific capacitance of 37 F g~ ' at 0.1 mA cm™
current density. Manganese phosphate shows long-term electrochemical cyclic stability at a current density of
0.8 mA cm™ for 9000 galvanostatic charge-discharge cycles with excellent capacitance retention (99 %). This
excellent capacitive performance confirms that the manganese phosphate is promising material and fabricated
flexible solid-state symmetric supercapacitor has high potential in the field of portable and bendable energy

storage devices.

1. Introduction

Global extensions have stimulated the rate of energy consumption
to very high levels, and the utilization of highly efficient, clean and
sustainable energy conversion technologies and renewable energy re-
sources are getting much attention. Among the existing energy gen-
eration and storage devices, supercapacitors (SCs) are considerably well
attractive to salve the increasing concern about the energy crisis. [1].
Supercapacitor provides high power density, moderate energy density,
longer durability and fast charging capability than batteries or fuel
cells. Remarkably, flexible device with long cycle life has attracted
significant attention in the field of power-source applications such as
portable electronics, rollup/wearable displays, energy back-up device,
sensor networks, electric vehicles, and mobile phones [2-4]. On the
basis of energy storage mechanism, electrochemical capacitors are ca-
tegorized into mainly two types, pseudocapacitors and electric double-
layer capacitors (EDLCs). The EDLCs based materials with large specific

* Corresponding author.
E-mail address: umakant.physics84@gmail.com (U.M. Patil).

https://doi.org/10.1016/j.synthmet.2020.116446

surface area, like carbonaceous materials, are storing the energies
through electrical double layers. However, pseudocapacitor materials
display quite a lot of oxidation states and store energy in electric double
layers, as well as redox reaction at the electrode surfaces as like the
transition metal oxides/hydroxides, sulfides, and conductive polymers
[5-7]. Therefore, comparing pseudocapacitors with the EDLCs, pseu-
docapacitor shows good capacitive behavior with excellent specific
capacitance [8].

Significantly more effort for fabricating high-performance super-
capacitors has been done using various materials, such as Co(OH), [9],
MnCo,04 [10], rGO-MnO, [11], a-MnO, [12], and Mn(OH),, [13]. Mn-
based oxide/hydroxides are hard to reach the theoretical capacitance,
power and energy density values because of poor electrical conductivity
and the less specific capacitance due to the lower ion transfer rate
[10,14]. The cobalt-based materials are more concentrated because of
their attractive capacitance values, but they shows less cyclic stability
compared to manganese based materials [15].
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Scheme 1. The schematic diagram for preparation of manganese phosphate thin film using one-pot hydrothermal method.
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Fig. 1. (a) XRD pattern, (b) Monoclinic crystal structure and (c) FT-IR spectra of manganese phosphate (MP-2) thin film electrode.

Metal phosphates are widely investigated with high performance in
lithium-ion batteries [16], solar cells [17] and rarely studied in SCs. In
general, non-metal PO,>~ anions are more advantageous than oxides/
hydroxides, sulfides, and phosphides, because of their high electro-
chemical activities, non-toxicity, and chemical stability. The strong
P—O covalent bonds to rise up redox potential and which makes the
structure of manganese phosphate chemically more stable [18]. The
chemically stable structure and a short diffusion path length of charge
carriers electrode are the very important aspects for supercapacitor
application. However, Mn-based phosphate is considered to be the most

potential pseudocapacitive electrode material due to its natural abun-
dance, low cost, eco-friendly nature and its broad potential (voltage)
window in neutral aqueous electrolytes. At ones, neutral electrolytes for
supercapacitor have numerous benefits including high ionic con-
ductivity, non-flammability, and good safety. In addition, the energy
storage efficiency and supercapacitor application of manganese phos-
phate thin film electrode material have not been extensively studied.
So, there is an opportunity to improve the performance of manganese
phosphate thin-film electrodes, and an emerging concept is to direct
growth of micro-structures on conducting substrates using the binder-
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Fig. 2. XPS spectra of MP-2 thin film electrode (a) the whole pattern of MP-2 [Mn3(PO,).], (b) Mn 2p, (c) P 2p and (d) O 1s spectrum.

free synthesis method (hydrothermal) for supercapacitor or energy
storage applications [3,15].

Recently, the flexible solid-state supercapacitors device gained ex-
cessive demand because of their lucrative combination with various
modern flexible electronics [19,20]. Manufacturing of symmetric solid-
state devices is an advantageous strategy to enhance the energy and
power density of supercapacitors. Flexible symmetric solid-state su-
percapacitors have two identical electrodes material designed as
cathode and anode [15]. To fabricate the flexible solid-state devices,
appropriate electrode material with improved electrical conductivity,
high mechanical strength, and excellent electrochemical stability is
essential. Moreover, the good cyclic stability of electrode confirms po-
tential of device in practical application. Therefore, we choose a man-
ganese phosphate thin film electrode for the fabrication of a flexible
symmetric device [21].

In this article, Mn3(PO,), microrods were productively synthesized
by facile, single-step hydrothermal route. Furthermore, supercapacitive
performance of Mn3(PO,4), microrods were tested in 1 M Na,SO,4 neu-
tral electrolyte. It is found that, electrocapacitive performance of
Mn3(PO4), microrods has displayed a high specific capacitance with
excellent cycling stability. The symmetric device is fabricated using the
same material as a cathode and anode, and exhibited a high specific
capacitance, superior energy density, and longer cyclic life. For a de-
monstration of the device, serially connected two devices are charged
and it has glowed three red LEDs.

2. Experimental section
2.1. Materials

In this investigation, analytical grade reagents were used as pre-
cursors including, manganese chloride (MnCl,.4H,0) and potassium
dihydrogen orthophosphate (KH,PO,) and purchased from Sigma
Aldrich. Polyvinyl alcohol (C;H40),, urea [CO(NH,),] and sodium
sulphate (Na,SO,4) were purchased from Alfa Aesar. Stainless steel (SS)
(304 grade) of ~ 0.25 mm thickness was purchased from a local market
of Kolhapur, India. All chemicals directly used without further pur-
ification.

2.2. Synthesis of manganese phosphate thin film

Typically, to prepare manganese phosphate, 0.05 M MnCl,.4H,0
and 0.05 M KH,PO,, were dissolved in 36 mL and 24 mL double dis-
tilled water (DDW), respectively. Then, both solutions were mixed with
each other and 0.1 M concentration of Co(NH,), was dissolved in that
bath named MP-1 and stirred for 5 min at 300 rpm. Similarly, the other
two baths prepared using the same concentration of MnCl,.4H,O and
KH,PO, but the concentration of urea is increased in baths (0.15 and
0.20 M) and named as MP-2 and MP-3. The stainless steel (SS) substrate
which was well cleaned in DDW using sonication and dipped vertically
in above 60 mL baths and those baths were placed in a hydrothermal
autoclave and heated at 120 °C for 1 h. Then, autoclave was cooled
down to room temperature in the ambient environment. Finally, the
manganese phosphate loaded milky-white colored films were obtained
over SS substrate, which was rinsed several times in DDW and air-dried



P.K. Katkar, et al.

Synthetic Metals 267 (2020) 116446

Counts (A.U.)

1.74(d) OK 60.67
PK 13.71
1.4 M 25.62
Re® \[atrix  ZAF
11| @
.8
0.6
0.3
0.0

1 2 3 4 5 6 7 8 9 10
Energy (keV)

Fig. 3. (a-c) FE-SEM images at various magnifications (4000X, 8000X, 20000X) and (d) EDS spectrum of manganese phosphate (MP-2) thin film sample.

at ambient environment and used as it is for further characterization
and electrochemical capacitive performance testing.

2.3. Fabrication of all-solid-State symmetric supercapacitor

For fabrication of a flexible solid-state symmetric supercapacitor
device (FSS-SC), two identical manganese phosphate (MP-2) electrodes
were assembled in a planar configuration with a PVA-Na,SO, gel
electrolyte. While choosing the gel electrolyte for a flexible device, the
most important criterion was that the electrolyte must be ionically
conducting and should not damage during bending and aqueous gel
electrolyte of PVA-Na,SO,4 perfectly fits the need. The gel electrolyte
was obtained as follows: In 60 mL of DDW, 6 g of PVA was dissolved by
heating at 80 °C. When, solution appeared clear and transparent, then
separately prepared (in 40 mL double distilled water) 1 M Na,SO, so-
lution was mixed slowly in the above solution. Later, the entire solution
was vigorously mixed so it became clear and transparent. Then, the
prepared gel electrolyte (PVA-Na,SO4) was coated over the active
material as an electrolyte and another two layers of gel electrolyte were
applied after 15—30 min. Eventually, the pieces of two manganese
phosphate (MP-2) thin-film electrodes pressed with each other in-
cluding gel electrolyte and lastly, solid-state flexible symmetric super-
capacitor device was developed.

2.4. Materials characterization

The structural characterization of the manganese phosphate was
performed using X-ray diffraction, (XRD, Rigaku miniflex-600)
equipped with monochromatized Cu Ka (1.5406 A) radiation. Fourier
transform infrared (FTIR) spectra were collected on an Alpha (II)

Bruker unit ranged from 400 to 4000 cm ™. Elemental analysis in-
vestigated using X-ray photoelectron spectroscopy (XPS) ES-CALAB 250
spectrometer (Thermo Fisher Scientific, UK). The morphology and
elemental composition were observed using scanning electron micro-
scopy (SEM) conducted by JSM-7001 F, JEOL microscope provided
with energy-dispersive X-ray spectroscopy (EDS) Oxford, X-max ana-
lyzer. The electrochemical characterizations of the materials were
performed with a ZIVE MP1 multichannel electrochemical workstation
equipment.

2.5. Electrochemical measurements

The electrochemical capacitive performance was characterized by
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) techniques at ambient
conditions. All electrochemical measurements were conducted in a
conventional three-electrode cell system with 1.0 M Na,SO, neutral
electrolyte. A saturated calomel electrode (SCE) and platinum (Pt) plate
were used as a reference and counter electrode, respectively along with
manganese phosphate thin film as a working electrode. The CV and
GCD tests were performed within 0.0 and 0.9 V at different scanning
rates and current densities, respectively in the three-electrode system.
The EIS was measured within frequency range of 100 mHz to 100 kHz
with a 10 mV amplitude. Also, the two-electrode system was fabricated
using a manganese phosphate thin film as positive and negative elec-
trode with PVA-Na,SO, as a solid gel electrolyte. The specific capaci-
tance, energy density, and power density were calculated using the
following equations,

I x At

G=xay (Fe D &)
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Fig. 4. (a) CV curve recorded at various scan rates from 5-100 mV s~ 1, (b) GCD curves at various current densities (0.2-1.0 mA cm ~2) of MP-2 electrode. (c) Specific

capacitance and (d) Nyquist plot of MP-2 thin film electrode (inset: fitted circuit).

Table 1
Comparative literature survey for capacitive performance of manganese phosphate based pseudocapacitive electrodes.
Sr. No. Material and structure Method of deposition Electrolyte Capacitance at a current density stability cycles Ref.
1. Mnj3(PO4)»/GF (Hexagonal Micro-rods) Hydrothermal 6 M KOH 270 Fg~' at 0.5 Ag ™! 99 % 1000 [14]
2. Mn3(PO,4),/PANI (Nanoparticle) Sonochemical 1 M KOH 347 Cg tat1Ag™?! 60% 3000 [28]
3. KMnPO,.H,O (Submicron sized particles) ~ Sol-Gel 1 M KOH 516 Fg~'at2mVs ' 82% 1000 [29]
4. NH4MnPO,4.H,0 (Micro-Nano Structure) Heat Treatment 1 mol/L NaySO, 35Fg 'at10 mV s’ - - [41]
5. MnPO,4.H,0/GO (Nanowires) Hydrothermal 3 M KOH 287.9 Fg~' at 0.625 Ag™* - - [42]
6. Mn3(PO,4), (Nanosheets) Hydrothermal 1 mol/L NaySO, 203 Fg~' at 0.5 Ag™! 91.1% 10,000 [43]
7. Mn3(PO,4),.3H,0/Graphene (Nanosheets) Exfoliation Precipitation =~ 6 M KOH 152 Fg~ ' at 0.5 Ag™! - - [44]
8. PMn (Nanosheets array) Electro-deposition 0.1 M Na,SO4 6.7mFcm 2at5mVs! 87.6% 5000 [51]
9. Mn3(PO,), (Microrods) Hydrothermal 1 M NaySO, 145 F g~ ! at 0.2 mA cm™ 99.5 % 7000 This work
E= w ( Whkg— 1) was achieved by a facile hydrothermal method. The crystal formation of
3.6 ()] the manganese phosphate material on SS substrate surface in thin film
Ex36 form can be categorized as heterogeneous nucleation and subsequent
P= 2 —(Wkg—-1) 3) particle growth. If crystals are directly grown on the conducting SS
t

Where, C, (F g~ 1) is the specific capacitance, I (mA cm™) represents
current density, AV (V/SCE) is a potential window, m (g) is mass of
active materials, At (s) is discharging time, E (Wh kg’l) is energy
density and P (W kg™ ') represents power density.

3. Result and discussion
3.1. Film formation and reaction mechanism

The formation of manganese phosphate microrods like structure

substrate in thin film form, it will be feasible for supercapacitor ap-
plications since it is a binder-free electrode synthesis approach. In the
formation of manganese phosphate, when the solution bath tempera-
ture increases to 120 °C, then decomposition of the urea starts at 90 °C
and forms NH, " and CO,, according to the following reaction equation:
[22,23]

NH2CONH2 + 3H2 O—A> 2NH4 + + CO2 1 + 20H- (C)]

Homogeneous precipitation by using hydrolyzing agent (urea) offers
the opportunity to produce uniform particles. The NH, " released from



P.K. Katkar, et al.

Synthetic Metals 267 (2020) 116446

(2)200 (b)
—-mp2| — 0.8 mA cm™2
:.33150
1 0.84
5 3]
- w
£ w 2 0s
& 1004 =
8 T 0.4
5 g°
5 50- g
§ ‘ 2 0‘2. “ \ \ \
Q
Q v T v T o v ¥ oe v v v L v ¥ v
0 2000 4000 6000 8000 0 20 40 60 80 100 120 140 160
Cycles Time (s)
(C) 1.04 ——0.8 mA cm™
w 0.8+
Q
w L
206
S
S 0.44
t
‘g L
£ 0.24 \
0.0

259350 259480 259610 250740 259870
Time (s)

cm

+ve Electrode

Flexible SS substrate
with electroactive material

PVA-Na,S0,

gel

-ve Electrode

Scheme 2. A Schematic diagram of the flexible symmetric solid-state super-
capacitor based on manganese phosphate electroactive material.

urea in the bath complexed with Mn2" ions present in the solution and
form complex as [Mn(NH3)1?" which controls the releasing rate of
Mn?* ions during the deposition of the manganese phosphate thin
films. The expected reaction mechanism can be presented as in eq. (5):

2MnCI2 + 2NH4 OHS 2[Mn(NH3)]2 + + 2H2 O+ 4Cl— 5)

On the other side, potassium phosphate dissociates [24] as per Eq.
(6),

A
KH2PO4 — H2PO4 — + K+ (6)

Lastly, complexed manganese ions (Mn>*) and phosphate (PO,)
precursor ions react and produces Mn3(PQ,4), material thin films on SS
substrate, according to reaction presented below [eq. (7)1,

Fig. 5. (a) cyclic stability at 7000 cycles of MP-2 electrode and (b-c) the charge-discharge profile of MP-2 sample for first and last ten cycles of GCD test at 0.8 mA
-2

A
3[Mn(NH3)]2 + + 2H2PO4"5Mn3(P0O4)2 + 2H2 + + 3NH31  (7)

In conformity with the above reaction mechanism, the milky white-
colored manganese phosphate grew over the SS substrate (see the
photograph of a thin film shown in Scheme 1). The manganese phos-
phate material on SS substrates was weighed by gravitational weight
difference method. It is observed that, with an increasing concentration
of urea in the reaction bath, the accumulated mass of the manganese
phosphate material decreases from MP-1 to MP-3 (deposited mass 4.62,
3.98, 3.71 mg, respectively). This is may be due to an increase in urea
concentration, which increases the rate of hydrolysis. Thus, various
concentrations of hydrolyzing agent promote reaction rates and control
the film thickness.

3.2. XRD, FTIR and XPS results

The crystal phase of a prepared samples are characterized by X-ray
diffraction (XRD) technique and the pattern is shown in Fig. 1 (a) and
S1 (a) (see ESI). It is observed that, the diffraction peaks (20 deg.) at
11.02, 18.96, 20.64, 21.98, 24.51, 28.49, 29.83, 31.23, 34.30, 35.32,
37.60 and 41.59° are indexed to (1 00),(014),(115),(023),(210),
(123),304),(026),(133),(323),(140)and (2 4 3) plane of the
monoclinic phase of manganese phosphate [Mnz(PO4).] (JCPDS Card
no. 01-073-1088) indicated as “cirf;” and the diffraction peaks 56.04
and 58.43° are indexed to (2 4 1) and (1 3 3) plane of the orthorhombic
phase of manganese phosphate [MnPO,] (JCPDS Card no. 01-077-
0180) indicated as “*” with a deviation of + 0.001 A. Moreover, the
peak intensity (with respect to major peak (1 2 3)) increases from
sample MP-1 to MP-3, which attributed to oriented growth of material
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towards (1 2 3) and (0 2 6) plane, with an increase in length and a little
decrease in the width of microrods, respectively. The monoclinic crystal
structure of manganese phosphate is shown in Fig. 1(b). Narrow shaped
peak suggests that the MP sample occupies more excellent crystallinity.
In general, materials with good crystallinity can improve electro-
chemical efficiency, as a stable crystal structure cannot be simply da-
maged between the charge/discharge processes [25].

FTIR analysis was employed to identify the phase and the presence
of functional groups in the sample MP-2. The Fig. 1(c) and S1 (b) shows,
distinct absorption bands at 576, 743, 792, 954, 1023, 1644, 3107 and
3429 cm ™. The characteristic peak at 576 cm ™' of stretching vibra-
tions of the Mn-O bond and the absorption peak at 743 cm ™! is ob-
served due to the P—O—P bending modes [26]. The peak intensity of
wavenumber 576 cm ! is progressively increased from MP-1 to MP-3
thin film samples. 792 cm ™! band is assigned to asymmetric stretching
mode of the P—OP— [27]. The symmetric stretching modes of the PO
ion observed at 954 cm ™! [28]. The peak at 1023 cm ! attributed to
asymmetric P—O stretching [29]. Further, bending vibrations of
H—OH- is observed around 1644 cm ™" and it indicates moisture ad-
sorbed on the surface of thin film sample [30]. The peak intensity of
wavenumber 1644 cm™! is decreased from MP-1 to MP-3 thin film
samples, indicates decreasing adsorbed moisture on the surface of
manganese phosphate material. The absorption band around 3107
em ™! is attributed to hydrogen phosphate due to P—OH stretching,
respectively [31]. The -O-H stretching vibrations of water molecules is
observed at 3429 cm ™! [29]. The results of the FTIR analysis are syn-
chronized with the XRD results and confirm that the deposited thin film
contains structural water. The XRD and FTIR result suggests successful
formation of the hydrous manganese phosphate thin film.

The investigation chemical composition of Mn3(PO4), by XPS
spectra is shown in Fig. 2. The survey spectrum [Fig. 2 (a)] identifies
the characteristic peaks for Mn LMM, O KLL, Mn 2p, Mn 3p, Mn 2s, P
2p, P 2s, C 1s, and O 1s, confirming the presence of respective elements
in the thin films but a signal of C element may arise from surface oxi-
dation of the product [32]. Also, O KLL and Mn LMM peaks are some of
the most commonly identified transitions during the surface analysis
[33]. The Mn 2p XPS spectrum [Fig. 2 (b)] shows two main and their
satellite peaks at higher binding energies. The Mn 2p3,» main peak is at
641.6 eV with its satellite peak at 645.1 eV and Mn 2p; » main peak is
at 653.5 eV with its satellite peak at 657.8 eV. The values are in ac-
cordance with that of Mn?>* and Mn®* oxidation states, respectively
[34]. The XPS spectra of P 2p [Fig. 2(c)] shows peak at 132.7 eV as-
signed to P 2p spectra from the PO43~ group ion [35]. The XPS peak of
O 1s [Fig. 2 (d)] deconvoluted into four peaks, the 529.5 eV peaks
correspond to oxide species (O-Mn-O) between manganese and oxygen
[36]. The peaks at binding energy of 530.8, 532.2, 533.6 eV are ori-
ginally obtained from the phosphate (P—O), oxygen and moisture or
absorbed water bonding, respectively in Mn3(PO4),, which are very
well matched with the summarized outcomes [37]. The XRD, FTIR and
XPS results show that the hydrous manganese phosphate thin film is
successfully synthesized by a one-pot hydrothermal method.

3.3. Morphology of manganese phosphate

The surface morphology of as-synthesized manganese phosphate
(MP-1 to MP-3) microrods examined by the SEM and shown in Fig. 3
and S2 (See ESI). Fig. 3 presents low and high resolution (4000X,
8000X, 20000X) SEM images of MP-2 sample. The morphology of MP
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series thin film electrodes shows hexagonal microrods like structure
which are distributed all over the substrate. The Fig. 3 (a—c) shows
hexagonal microrods like structure having uniform shapes but different
sizes with an average length of ~47.6 um and width of ~ 25 pym for MP-
2 sample. Similar, microstructure is observed for other MP-1 and MP-3
samples and shown in figure S2 (see ESI). SEM morphology is consistent
with the XRD pattern result, the hexagonal microrods are almost par-
allel to the substrate, indicating that manganese phosphate microrods
preferentially grew along with the (1 2 3) direction and it is much
stronger than the other peaks. It suggesting a preferential orientation of
the crystals along the c-axis of the manganese phosphate micro-struc-
ture. It is expected that the microrods like morphology may possess a
stable structure and may facilitate quite and easy electrolyte diffusion
[38]. This morphology is considered to perform an important part in
improving the stability of a thin film electrode in electrochemical ca-
pacitor applications.

The energy-dispersive X-ray (EDX) spectra [Fig. 3 (d) and S3 (See
ESI)] of manganese phosphate thin film samples reveal that the as-ob-
tained microrods contains Mn, P and O elements. The Mn:P atomic ratio
in MP-1 to MP-3 is 3:1.90, 3:1.60 and 3:1.73, respectively. Further-
more, the extensive EDX analysis confirms that the molar ratios of
manganese phosphate are very close to those of their precursors as 3:2.

3.4. Electrochemical capacitive studies

3.4.1. Manganese phosphate electrode performance

The electrochemical performance of manganese phosphate (MP
series) samples was assessed in a three-electrode system with conven-
tional electrochemical techniques of cyclic voltammetry (CV), galva-
nostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) using 1 M Na,SO, electrolyte. Fig. 4(a) demonstrates
a typical CV curve of MP-2 electrode measured in a voltage window
ranging from 0.0 to 0.9 V at various scan rates of 5 to 100 mV s~ . Also,
the CV curves of another thin film samples (MP-1 and MP-3) at various
scan rates are shown in figure S4 (See ESI). It is found that, the CV curve
shows a rectangular shape that represents the quasi-ideal capacitive
response of the electrode. Increasing specific capacitance with the de-
creasing current under area of the curve was further confirmed by de-
termining the area occupied by Na™ (hydrated) ions over surface of the
electrodes with respect to the scan rate. It has been found that ions
coming from the electrolyte at a low scan rate allow plenty of time to
adsorb/desorb on inner and outer surfaces of the active material. On the
other hand, at higher scan rate, movement in the electrolytic ion causes
difficulty in accessing all possible sites on the surface of electrode
material. So, the specific capacitance is lower with a higher scan rate
and vice versa [4,5,39,40].

To further investigate the electrochemical performance of manga-
nese phosphate (MP-series), the GCD study of MP-2 sample is shown in
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Table 2

Comparative literature survey of similar or close systems of Mnz(PO,), Symmetric/Asymmetric with FSS-SC device.

stability cycles  Ref.

Power density

Energy density

Capacitance at a current density

Method of deposition

Material and structure

Sr. No.

[14]
[28]
[42]

10,000
3000
1000

96%

3528 W kg !
2988 W kg !

7.6 Wh kg !

28 Fg~'at 0.5 Ag™!
73 Cg 'at0.5Ag™!

Hydrothermal
Sonochemical

Mn3(PO,),/GF//AC (Hexagonal Micro-rods)
Mn3(PO,4),/PANI//AC (Nanoparticle)

80%

14.7 Wh kg™!

85.3%
90%

1.5 x 10°Wkg™?!
7984.48 W kg !
8033 W kg !
365 W kg ™!

5.78 Wh kg ~*

115.63 Fg~ ! at 0.625 Ag ™!

46.8 Fg~! at 0.5 Ag™!
53.7 Fg~ ' at 0.5 Ag~!

Hydrothermal
Hydrothermal

MnPO,4.H,0/GO//MnP0O4.H,0/GO (Nanowires)

Mn3(PO,),//AC (Nanosheets)
Mn3(PO4)2//Mn3(PO,)

[43]

10,000
10,000
2000

16.64 Wh kg !

90%

19.09 Wh kg !
35.5 Wh kg ~*

[44]

100%

152 Fg~'at 0.5 mV s~ !

Exfoliation Precipitation

Mn3(PO4)2.3H20/Graphene// Mn3(PO4)2.3H,0/Graphene

(Nanosheets)

[50]
[52]

2000
9000

65.22%
94.2%

4250 W kg !
11 Wem ™3

32.32 Whkg™!

Chemical precipitation

MoS,@Ni (OH),//MoS,@Ni(OH), (Flowerlike nanoplates/ Microwave hydrothermal

Mn3(PO,),.3H,0//AC (Nanosheets)
sheets)

5.2mWhcm™3

14.07 m F cm ™~ 2 in area, 37.53 F cm™ in volume

at1mvVs!

[53]
[54]
[55]

10,000
5000
6000

92.1%
90.1%

2.6 kW kg™ !
89%

85.7 Wh kg !

486.5F g 'at2mVs!

Chemical bath deposition (CBD)

Refluxing process

CeO,/MWCNTs//CeO,/MWCNTs (Nanoparticle)

Ce0,/SS// Ce0,/SS (Nanoparticle)
VS,/SS// VS,/SS (Nanoparticle)

3.5 kW kg~ ?

61.4 Wh kg ™*

321.3Fg tat2mvs?
118 Fg 'at2mvs~!

1.5 kW kg™!

25.9 Wh kg~ !

Successive ionic layer adsorption and

reaction (SILAR)

Hydrothermal

11.

This work

9000

99 %

7.071 kW kg !

11.7 Wh kg™*

37 Fg~'at 0.1 mA cm™

Mng3(PO,)2// Mn3(PO,), (Microrods)

12.
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Fig. 8. Specific capacitance at different bending angles of MP-2//MP-2 FSS-SC
device from 0-180°.

Fig. 4(b) and MP-1 and MP-3 samples are shown in ESI figure S5 in
Supporting Information. It is carried out at different current densities of
0.2, 0.4, 0.6, 0.8, 1.0 mA cm ™2 in a voltage range of 0.0 to 0.9 V. As
illustrated in Fig. 4 (b), there is good symmetry in the GCD curves,
which shows their excellent reversal Faradic reactions of Mn?*/Mn®™*
and suggests superior electrochemical stability of manganese phosphate
material. The specific capacitance [shown in Fig. 4(c)] of the MP-2
electrode, calculated from GCD graph according to Eq. (1) are 145, 112,
90, 75, 65 F g'l at 0.2-1.0 mA cm~? current densities in neutral
(Na,S0,) electrolyte. This capacitive behavior is extremely competitive
compared to earlier published manganese phosphate-based electrode
materials (Table 1). Pang et al. [41] synthesized Micro-Nano like
structure of NH,MnPO,.H,0 using heat treatment and obtained specific
capacitance of 35 F g at 10 mV s™ scan rate. Yan et al. [42] prepared
nanowires like MnPO4.H,0/GO using a hydrothermal method and ob-
tained specific capacitance of 287.9 F g! at 0.625 A g™! current density.
Ma et al. [43] have prepared Nanosheets-like morphology of Mn3(PO,4)-
using hydrothermal method and reported a high specific capacitance of
203 F g'1 at 0.5 A g'1 current density. Mirghni et al. [14] prepared
hexagonal micro-rods manganese phosphate/graphene foam
(Mn3(PO,4),/GF) via a facile hydrothermal method and obtained spe-
cific capacitance of 270 F g™ at 0.5 A g current density in 6 M KOH
electrolyte. Lee et al. [28] prepared Mn3(PO,)./PANI nanoparticles by
a sonochemical method and obtained specific capacitance of 347 F g™
at a current density of 1 A g in 1 M KOH electrolyte. Also, Yang et al.
[44] prepared Mn3(PO4)» 3H,O/graphene nanosheets using the ex-
foliation precipitation process and achieved a specific capacitance of
152 Fg! at 0.5 Ag™ current density in 6 M KOH electrolyte. The specific
capacitance is higher in most current published works, it may be due to
the use of graphene or polyaniline supplemental materials, to enhance
the conductivity and electrochemical efficiency of the active material.
Moreover, the Ni-foam was used as conducting substrate and during
electrochemical testing, it plays an important role to increase the
electrochemical efficiency of electroactive material by adding self-ca-
pacitance by transforming its surface atom into NiO and Ni(OH),.
However, in the current study, stainless steel is used as the substrate to
synthesize manganese phosphate thin film electrode, which provides
only 2D structure and does not participate in the electrochemical re-
action. Therefore, in this study achieved specific capacitance is com-
pletely given by only manganese phosphate material.

The Fig. 4(d) and figure S7 (See ESI) shows the Nyquist plots of MP-
2, and MP-1 and MP-3 electrodes, respectively in the frequency range of
100 mHz to 100 kHz with 10 mV amplitude. The equivalent circuit for
the fitted data of the impedance curve is presented in the inset of Fig. 5
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(b). The fitted circuit shows solution resistance (R;), a charge transfer
resistance (R.,) of the electrolyte ions in the MP-2 thin film samples. A
constant phase element (CPE) to account for the double-layer capaci-
tance and Warburg diffusion element (W) is an equivalent electrical
circuit component in fitted circuit. The curve is made up of a semi-arc in
the high-frequency region followed by a linear region in the low-fre-
quency region. The micro-structured sample of MP-2 electrode dis-
played a very less solution resistance (ESR) (Rs, 4.92 Q and R, 138.9
Q) in the electrochemical impedance study. The EIS study explicated
that low impedance results in higher electrochemical performance of
MP-2 electrodes. The EIS curve shows good electronic conductivity and
small values of resistance indicate better charge transfer rate of man-
ganese phosphate, which is beneficial for charging the storage process
[45].

Higher cyclic stability is one more important part of the electrode
materials in the supercapacitor application. The cyclic stability was

10

measured by performing charge-discharge tests of the MP-2 electrode at
a current density of 0.8 mA cm ™2 and shown in Fig. 5 (b). The MP-2
sample displays excellent cycling efficiencies of 99.5 % after 7000 cy-
cles in neutral electrolyte. The hexagonal microrods like morphology
possess a stable structure and easy electrolyte diffusion for improving
cyclic stability of manganese phosphate electrode [38]. In Fig. 5 (c—d)
displays the charge-discharge curves of the initial ten and the last ten
cycles of 7000 cycles. It is clearly seen that, the curves of the last ten
cycles have a minimal difference compared with the initial ten cycles
with symmetric shape, highly little internal resistance (iR) drop, which
exhibits long-term cycling stability (99.5 %) of MP-2 electrode.

3.4.2. Manganese phosphate symmetric supercapacitor

A flexible symmetric solid-state supercapacitor (FSS-SC) was as-
sembled by employing highly stable manganese phosphate (MP-2) thin
film electrodes using PVA-Na,SO, gel electrolyte. Two MP-2
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symmetrical electrodes are covered and sandwiched with polymer gel
electrolyte which performs as separate as well as an electrolyte, and
demonstrated in Scheme 2. The practical applicability of this device is
evaluated using a CV, GCD, EIS and electrochemical stability analysis.
Fig. 6 (a) presents the potential window variation of FSS-SC MP-2//MP-
2 device at a constant scan rate of 50 mV s~ *. This analysis decides the
suitable potential window for SCs device. The area under CV curve for
FSS-SC MP-2//MP-2 devices is symmetric up to 1.5 V. Fig. 6 (b) de-
scribes CV curves of symmetric FSS-SC MP-2//MP-2 device for various
scan rates ranging from 5 to 100 mV s~ '. The area under the CV curve
and the high current in the PVA-Na,SO, electrolyte show high capaci-
tance, which is probably due to the high charge transfer capability of
the organic polymer solid-state gel electrolyte [46]. It is clearly seen
that, better performance of symmetric FSS-SC MP-2//MP-2 super-
capacitor device at every scan rates. At a low scan rate, limited re-
striction on the movement of electrolyte ions, entire electroactive ma-
terial contribution and extra time possess maximum capacitance
[47,48]. Similarly, the potential window selection for FSS-SC MP-2//
MP-2 device by GCD is carried out at a constant current density of 0.4
mA cm™? [shown in Fig. 6 (c)]. It is seen that the potential window
0-1.5 V is appropriate for FSS-SC MP-2//MP-2 device. In order to study
the performance of symmetric FSS-SC MP-2//MP-2 device, GCD curves
at various current densities of 0.1 —0.5 mA cm™ were tested and shown
in Fig. 6 (d). On the basis of total mass of both electrodes, the calculated
capacitance from GCD curve is 37.7, 27.6, 22.6, 20.1 and 18.8 F g_l at
current densities of 0.1, 0.2, 0.3, 0.4 and 0.5 mA cm, respectively
[shown in Fig. 7 (a)]. It is found that, the as-fabricated symmetric su-
percapacitor reveals excellent rate capability.

EIS is a better way to learn the properties of charge transfer kinetics
and its electrode-electrolyte interface [49]. The Nyquist plot of the
flexible symmetric solid-state supercapacitor is presented in Fig. 7 (b).
The semi-arc at high frequencies correlate with the Faradic charge-
transfer resistance (R.,). Intercept (Z") on real impedance axis is the
solution resistance (Rs, 0.96 Q). From the EIS, there is a low charge
transfer resistance (R¢y) of 282.6 Q manifesting the reaction of fast ion
diffusion, a CPE to account for the double-layer capacitance and the
Warburg (W) impedance specified as a linear part at low frequency
resembles the diffusion process of the charges. Moreover, to illustrate
the electrochemical efficiency of the device, the Ragone curve is plotted
in Fig. 7 (c). A high energy density of 11.7 Wh kg ™! is obtained at a
power density of 1.414 kW kg~ ! and device still retains 5.8 Wh kg ™!
energy density even at 7.071 kW kg~ ! power density. The performance
of the FSS-SC device is compared to some of the earlier published re-
search works (see Table 2). Some symmetric and asymmetric devices
based on manganese phosphate were manufactured and reported, such
as Mns(PO,),/GF//AC (7.6 Wh kg™! 3.528 kW kg 1) [14],
Mn;(PO4),/PANI//AC (147 Wh kg?', 2988 kW kg [28],
MnPO,.H,0/GO//MnP0,.H,0/GO (5.78 Wh kg, 1.5 x 10° W kg™!)
[42], Mns(PO,)»//AC (16.64 Wh kg, 7.984 kw kg!) [43],
Mng(PO4)2//Mn3(PO4)2 (1909 Wh kgil, 8.033 kW kgil) [43],
Mn;3(PO,),.3H,0/Graphene//Mn3(PO,4)2.3H,0/Graphene (35.5 Wh
kg™, 3.65 kW kg™!) [44], Mn3(PO,),.3H,0//AC (32.32 Wh kg™ ?,
4.250 kW kgfl) [501, MoS,@Ni(OH),//MoS,@Ni(OH), (5.2 mW h cm”
5,11 W em™®) [52], CeO,/MWCNTSs//CeO,/MWCNTs (85.7 Wh kg,
2.6 kW kg™) [53], Ce0,/SS//Ce0,/SS (61.4 Whkg™?, 3.5 kW kg™) [54],
VS,/SS//VS,/SS (25.9 Wh kg’l, 1.5 kW kg’l) [55]. Nevertheless, in
several published reports it states that the manganese phosphate was
used as a positive and frequently active carbon used as negative elec-
trode to fabricate asymmetric supercapacitors. The manganese phos-
phate based asymmetric devices present lower energy densities than
Mn3(POy,), electrode-based symmetric (FSS-SC) supercapacitors device
and only one report is available on manganese phosphate material
based symmetric solid-state device [44]. In these few reported works,
the obtained specific capacitance is higher than the present work,
which may be due to the use of Ni-foam as a substrate and addition of
graphene and MWCNTs, which play a vital role to improve the
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capacitive performance by adding self-capacitance during electro-
chemical testing to the electrode material and providing good porosity,
electrical conductivity, and more active sites, respectively. Moreover,
graphene provides a possibility to maximize surface areas of the elec-
trochemically active material, which contributes to shortening ion
diffusion lengths. However, MWCNTs are difficult for maintaining high
quality and minimal impurities. Also, different electroactive materials
(like vanadium disulfide, cerium dioxide, molybdenum disulfide, and
nickel hydroxide) provided different charge storage mechanisms to
improving electrochemical performance. Moreover, different methods
of fabrication can usually lead to electrode materials with different
porous structures which can also affect the diffusion path of the elec-
trolyte ion. In these above mentioned reported works, mostly PVA-
LiClO4 was used as a gel electrolyte because of the relatively easy in-
tercalation/deintercalation of the Li* ion due to its smaller ionic radius
compared to that of the Na* ion. Also, strongly alkaline electrolytes
such as KOH have high ionic conductivity, but the operating potential
window is very low and it is less stable and shows lower efficiency. In
contrast, of the different neutral electrolytes, Na,SO, is the most com-
monly used neutral electrolyte and has been shown to be a promising
electrolyte for manganese phosphate material. This is due to their
benefits such as greater working potential windows, less corrosion, and
higher safety than that of the alkaline electrolytes [56]. However, in
present work we opted Na,SO4 as an electrolyte because excellent
stability and further performance of manganese phosphate can be im-
proved by composing with carbon derivatives such as CNTs, Graphene/
Graphene oxide, etc. Therefore there is scope to further increase the
capacitance of manganese phosphate electrode by making composite
and using different electrolytes.

The CV curves of symmetric devices at different bending angles (0,
45, 90 and 180°) at constant scan rate 50 mV s~ ! in the potential
window of 0.0-1.5 V are presented in Fig. 7 (d). Fig. 7 (d) reveals that
the conjunction of CV curves on each other reflects consistent electro-
chemical performance with changing bending positions of the device. It
recommends that, the FSS-SC device can be utilized as a flexible su-
percapacitor for moderate energy device purposes [57]. The corre-
sponding specific capacitance was calculated by CV curves (shown in
Fig. 8, the corresponding measurement images), with the increasing
bending angle from 0 to 180°. The values of specific capacitance show
slight decrement (39, 39.4, 37, 34 F gf1 at a constant scan rate of 50
mV s~ ') with the increasing bending angle.

In a supercapacitor device application, its cyclic stability is an im-
portant factor. To study the cyclic stability of the symmetric device, the
GCD cycling test was completed over 9000 cycles at 0.8 mA cm ™2
current density within the voltage window 0.0-1.5 V [shown in Fig. 9
(a)]. Capacitance retention of the symmetric device is 99 % after 9000
cycles imply the stable nature of the device and it indicates outstanding
cycling durability. Inset of Fig. 9 (a) shows the GCD curve of the initial
and final ten cycles of 9000 cycles. It is evident that the last ten cycles
curves moderately changes as compared with the initial ten cycles and
still shows the symmetric shape, and exhibited no distinct change after
long-term cyclic stability. The stability test of the FSS-SC device is
compared to some previously published reports (see Table (2))
[14,28,43]. However, in all reported literature, Mn3(PO4), symmetric
(FSS-SC) device exhibits high cyclic stability as compared to manganese
phosphate electrode-based asymmetric supercapacitor device. The
commercial viability of an FSS-SC device can be tested by exhibiting the
device to a practical purpose. The series-connected two FSS-SC devices
was charged for 30 s and discharged through three red LEDs connected
in parallel sequence. The devices amazingly have lightened up the LEDs
for 5 min [Fig. 9 (b-d)]. Correspondingly, the images of lowering the
light intensity of three red LEDs while discharging up to 5 min, which
obviously demonstrates the glorious potentiality of the developed
flexible symmetric device.
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4. Conclusions

In summary, Mn3(PO,4), microrods were successfully synthesized
through a single pot hydrothermal method at 120 °C temperature using
different urea concentrations over flexible stainless steel substrate. The
electrochemical studies of Mns3(PO,), thin film electrode revealed
maximum specific capacitance of 145 F g~ ! at a current density of 0.2
mA cm? in 1 M Na,SO4 with 99.5 % capacity retention over 7000
cycles. Additionally, The MP-2//MP-2 FSS-SC device exhibits an oper-
ating voltage window of 1.5 V in PVA-Na,SO, gel electrolyte and
achieving a high specific capacitance of 37 F g~ * at 0.1 mA cm® current
density. The FSS-SC device delivers a high energy density of 11.7 Wh
kg~ ! at 1.41 kW kg~ ! power density with better cycling stability (99
%) over 9000 cycles. Overall, Mn3(PO,), microrods based thin film
electrodes can be a promising candidate in an electrochemically stable
supercapacitor device for the purpose of flexible energy storage devices.

Author statement

Authors are very much thankful to the reviewer for valuable sug-
gestions and comments. We have corrected and modified the manu-
script as per the reviewer’s suggestions.

Declaration of Competing Interest

The authors declare no competing financial interest.
Acknowledgments

Pranav K. Katkar acknowledges the Chhatrapati Shahu Maharaj
Research Training and Human Development Institute (SARTHI),
Government of Maharashtra, India for awarding the Senior Research
Fellowship (SRF). Also, we gratefully thank the Ministry of Science and
Technology India, DST-INSPIRE for financial support through research
project sanction No.: DST/INSPIRE/04,/2016,/000260.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.synthmet.2020.
116446.

References

[1] G. Gao, H.B. Wu, S. Ding, L.M. Liu, X.W.D. Lou, Hierarchical NiCo,0O4 nanosheets
grown on Ni nanofoam as high-performance electrodes for supercapacitors, Small
11 (2015) 804-808, https://doi.org/10.1002/smll.201402539.

S.S. Puyjari, S.A. Kadam, Y.R. Ma, P.K. Katkar, S.J. Marje, S.A. Khalate,

A.C. Lokhande, U.M. Patil, Facile synthesis of microstrip-like copper phosphate
hydroxide thin films for supercapacitor applications, J. Electron. Mater. 49 (2020)
3890-3901, https://doi.org/10.1007/s11664-020-08095-w.

L. Yu, G. Zhang, C. Yuan, X.W.D. Lou, Hierarchical NiCo,0,@MnO, core-shell
heterostructured nanowire arrays on Ni foam as high-performance supercapacitor
electrodes, Chem. Commun. 49 (2013) 137-139, https://doi.org/10.1039/
c2cc37117k.

U.M. Patil, R.V. Ghorpade, M.S. Nam, A.C. Nalawade, S. Lee, H. Han, S.C. Jun,
PolyHIPE derived freestanding 3D carbon foam for cobalt hydroxide nanorods
based high performance supercapacitor, Sci. Rep. 6 (2016) 1-11, https://doi.org/
10.1038/srep35490.

P. Simon, Y. Gogotsi, Materials for electrochemical capacitors, Nat. Mater. 7 (2008)
845-854, https://doi.org/10.1142/9789814287005_0033.

Y. Yang, S. Lee, D.E. Brown, H. Zhao, X. Li, D. Jiang, et al., Fabrication of ultrafine
manganese oxide-decorated carbon nanofibers for high-performance electro-
chemical capacitors, Electrochim. Acta 211 (2016) 524-532, https://doi.org/10.
1016/j.electacta.2016.06.012.

V. Subramanian, H. Zhu, R. Vajtai, P.M. Ajayan, B. Wei, Hydrothermal synthesis
and pseudocapacitance properties of MnO, nanostructures, J. Phys. Chem. B 109
(2005) 20207-20214, https://doi.org/10.1021/jp0543330.

M. Liu, L. Gan, W. Xiong, Z. Xu, D. Zhu, L. Chen, Development of MnO2/porous
carbon microspheres with a partially graphitic structure for high performance su-
percapacitor electrodes, J. Mater. Chem. A 2 (2014) 2555-2562, https://doi.org/
10.1039/c3tal4445c.

[2]

[3]

[4]

[5

fad}

(61

71

[8]

12

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Synthetic Metals 267 (2020) 116446

U.M. Patil, M.S. Nam, J.S. Sohn, S.B. Kulkarni, R. Shin, S. Kang, S. Lee, J.H. Kim,
S.C. Jun, Controlled electrochemical growth of Co(OH)2 flakes on 3D multi-layered
graphene foam for high performance supercapacitors, J. Mater. Chem. A 2 (2014)
19075-19083, https://doi.org/10.1039/c4ta03953;.

L.B. Kong, C. Lu, M.C. Liu, Y.C. Luo, L. Kang, X.H. Li, F.C. Walsh, The specific
capacitance of sol-gel synthesized spinel MnCo,0, in an alkaline electrolyte,
Electrochim. Acta 115 (2014) 22-27, https://doi.org/10.1016/j.electacta.2013.10.
089.

D. Shanbhag, K. Bindu, A.R. Aarathy, M. Ramesh, M. Sreejesh, H.S. Nagaraja,
Hydrothermally synthesized reduced graphene oxide and Sn doped manganese di-
oxide nanocomposites for supercapacitors and dopamine sensors, Mater. Today 4
(2017) 66-74, https://doi.org/10.1016/j.mtener.2017.03.006.

U.M. Patil, J.S. Sohn, S.B. Kulkarni, H.G. Park, Y. Jung, K.V. Gurav, J.H. Kim,
S.C. Jun, A facile synthesis of hierarchical a-MnO, nanofibers on 3D-graphene foam
for supercapacitor application, Mater. Lett. 119 (2014) 135-139, https://doi.org/
10.1016/j.matlet.2013.12.105.

G. rong, C.P. Xie, Y. Wen, A.P. Tang, H.S. Song, Mn(OH), electrodeposited on
secondary porous Ni nano-architecture foam as high-performance electrode for
supercapacitors, Ionics 25 (2019) 3287-3298, https://doi.org/10.1007/s11581-
018-2824-8.

A.A. Mirghni, M.J. Madito, T.M. Masikhwa, K.O. Oyedotun, A. Bello, N. Manyala,
Hydrothermal synthesis of manganese phosphate/graphene foam composite for
electrochemical supercapacitor applications, J. Colloid Interface Sci. 494 (2017)
325-337, https://doi.org/10.1016/j.jcis.2017.01.098.

P.K. Katkar, S.J. Marje, S.S. Pujari, S.A. Khalate, A.C. Lokhande, U.M. Patil,
Enhanced energy density of all-solid-state asymmetric supercapacitors based on
morphologically tuned hydrous cobalt phosphate electrode as cathode material,
ACS Sustain. Chem. Eng. 7 (2019) 11205-11218, https://doi.org/10.1021/
acssuschemeng.9b00504.

S. Nishimura, M. Nakamura, R. Natsui, A. Yamada, New lithium iron pyrophosphate
as 3.5 V class cathode material for lithium ion battery, J. Am. Chem. Soc. 132
(2010) 13596-13597, https://doi.org/10.1021/jal06297a.

Y. Tang, C. Zhou, W. Wang, Y. Zhao, S. Zhou, J. Fei, H. Cao, N* emitters realized
using ammonium dihydrogen phosphate for silicon solar cells, Sol. Energy 95
(2013) 265-270, https://doi.org/10.1016/j.solener.2013.04.024.

X. Hu, R. Li, S. Zhao, Y. Xing, Microwave-assisted preparation of flower-like cobalt
phosphate and its application as a new heterogeneous fenton-like catalyst, Appl.
Surf. Sci. 396 (2017) 1393-1402, https://doi.org/10.1016/j.apsusc.2016.11.172.
J. Cherusseri, K.K. Kar, Hierarchically mesoporous carbon nanopetal based elec-
trodes for flexible supercapacitors with super-long cyclic stability, J. Mater. Chem.
A 3 (2015) 21586-21598, https://doi.org/10.1039/c5ta05603a.

X. Lu, M. Yu, G. Wang, Y. Tong, Y. Li, Flexible solid-state supercapacitors: design,
fabrication and applications, Energy Environ. Sci. 7 (2014) 2160-2181, https://doi.
0rg/10.1039/c4ee00960f.

A.D. Jagadale, V.S. Kumbhar, D.S. Dhawale, C.D. Lokhande, Performance evalua-
tion of symmetric supercapacitor based on cobalt hydroxide [Co(OH),] thin film
electrodes, Electrochim. Acta 98 (2013) 32-38, https://doi.org/10.1016/j.
electacta.2013.02.094.

P.K. Katkar, S.J. Marje, S.B. Kale, A.C. Lokhande, C.D. Lokhande, U.M. Patil,
Synthesis of hydrous cobalt phosphate electrocatalysts by a facile hydrothermal
method for enhanced oxygen evolution reaction: effect of urea variation,
CrystEngComm 21 (2019) 884-893, https://doi.org/10.1039/c8ce01653d.

G. Briganti, S. Puvvada, D. Blankschtein, Effect of urea on micellar properties of
aqueous solutions of nonionic surfactants, J. Phys. Chem. 95 (1991) 8989-8995,
https://doi.org/10.1021/j100175a103.

S.J. Marje, P.K. Katkar, S.B. Kale, A.C. Lokhande, C.D. Lokhande, U.M. Patil, Effect
of phosphate variation on morphology and electrocatalytic activity (OER) of hy-
drous nickel pyrophosphate thin films, J. Alloys. Compd. 779 (2019) 49-58,
https://doi.org/10.1016/j.jallcom.2018.11.213.

H. Pang, Y. Liu, J. Li, Y. Ma, G. Li, Y. Ai, J. Chen, J. Zhang, H. Zheng, Cobalt
phosphite microarchitectures assembled by ultralong nanoribbons and their appli-
cation as effective electrochemical capacitor electrode materials, Nanoscale 5
(2013) 503-507, https://doi.org/10.1039/c2nr32597g.

Y.P. Zhu, Y.L. Liu, T.Z. Ren, Z.Y. Yuan, Hollow manganese phosphonate micro-
spheres with hierarchical porosity for efficient adsorption and separation,
Nanoscale 6 (2014) 6627-6636, https://doi.org/10.1039/c4nr00629a.

H.S. Liu, T.S. Chin, S.W. Yung, FTIR and XPS studies of low-melting PbO-ZnO-P,Os
glasses, Mater. Chem. Phys. 50 (1997) 1-10, https://doi.org/10.1016/50254-
0584(97)80175-7.

C.C. Lee, F.S. Omar, A. Numan, N. Duraisamy, K. Ramesh, S. Ramesh, An enhanced
performance of hybrid supercapacitor based on polyaniline-manganese phosphate
binary composite, J. Solid State Electrochem. 21 (2017) 3205-3213, https://doi.
0rg/10.1007/s10008-017-3624-1.

N. Priyadharsini, A. Shanmugavani, L. Vasylechko, R.K. Selvan, Sol-gel synthesis,
structural refinement, and electrochemical properties of potassium manganese
phosphate for supercapacitors, Ionics 24 (2018) 2073-2082, https://doi.org/10.
1007/511581-018-2449-y.

M. Aghazadeh, M. Asadi, M.R. Ganjali, P. Norouzi, B. Sabour, M. Emamalizadeh,
Template-free preparation of vertically-aligned Mn3O4 nanorods as high super-
capacitive performance electrode material, Thin Solid Films 634 (2017) 24-32,
https://doi.org/10.1016/j.tsf.2017.05.008.

B. Boonchom, S. Youngme, S. Maensiri, C. Danvirutai, Nanocrystalline serrab-
rancaite (MnPO4H,0) prepared by a simple precipitation route at low temperature,
J. Alloys. Compd. 454 (2008) 78-82, https://doi.org/10.1016/j.jallcom.2006.12.
064.

T. Liu, X. Ma, D. Liu, S. Hao, G. Du, Y. Ma, A.M. Asiri, X. Sun, L. Chen, Mn doping of


https://doi.org/10.1016/j.synthmet.2020.116446
https://doi.org/10.1016/j.synthmet.2020.116446
https://doi.org/10.1002/smll.201402539
https://doi.org/10.1007/s11664-020-08095-w
https://doi.org/10.1039/c2cc37117k
https://doi.org/10.1039/c2cc37117k
https://doi.org/10.1038/srep35490
https://doi.org/10.1038/srep35490
https://doi.org/10.1142/9789814287005_0033
https://doi.org/10.1016/j.electacta.2016.06.012
https://doi.org/10.1016/j.electacta.2016.06.012
https://doi.org/10.1021/jp0543330
https://doi.org/10.1039/c3ta14445c
https://doi.org/10.1039/c3ta14445c
https://doi.org/10.1039/c4ta03953j
https://doi.org/10.1016/j.electacta.2013.10.089
https://doi.org/10.1016/j.electacta.2013.10.089
https://doi.org/10.1016/j.mtener.2017.03.006
https://doi.org/10.1016/j.matlet.2013.12.105
https://doi.org/10.1016/j.matlet.2013.12.105
https://doi.org/10.1007/s11581-018-2824-8
https://doi.org/10.1007/s11581-018-2824-8
https://doi.org/10.1016/j.jcis.2017.01.098
https://doi.org/10.1021/acssuschemeng.9b00504
https://doi.org/10.1021/acssuschemeng.9b00504
https://doi.org/10.1021/ja106297a
https://doi.org/10.1016/j.solener.2013.04.024
https://doi.org/10.1016/j.apsusc.2016.11.172
https://doi.org/10.1039/c5ta05603a
https://doi.org/10.1039/c4ee00960f
https://doi.org/10.1039/c4ee00960f
https://doi.org/10.1016/j.electacta.2013.02.094
https://doi.org/10.1016/j.electacta.2013.02.094
https://doi.org/10.1039/c8ce01653d
https://doi.org/10.1021/j100175a103
https://doi.org/10.1016/j.jallcom.2018.11.213
https://doi.org/10.1039/c2nr32597g
https://doi.org/10.1039/c4nr00629a
https://doi.org/10.1016/S0254-0584(97)80175-7
https://doi.org/10.1016/S0254-0584(97)80175-7
https://doi.org/10.1007/s10008-017-3624-1
https://doi.org/10.1007/s10008-017-3624-1
https://doi.org/10.1007/s11581-018-2449-y
https://doi.org/10.1007/s11581-018-2449-y
https://doi.org/10.1016/j.tsf.2017.05.008
https://doi.org/10.1016/j.jallcom.2006.12.064
https://doi.org/10.1016/j.jallcom.2006.12.064

P.K. Katkar, et al.

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

CoP nanosheets array: an efficient electrocatalyst for hydrogen evolution reaction
with enhanced activity at all pH values, ACS Catal. 7 (2017) 98-102, https://doi.
org/10.1021/acscatal.6b02849.
http://www.casaxps.com/help_manual/casaxps2316_manual/xps_spectra.pdf.

G. Neher, T.T. Salguero, §-Polymorph of manganese phosphate, Cryst. Growth Des.
17 (2017) 4864-4872, https://doi.org/10.1021/acs.cgd.7b00816.

R. Yuan, J. Yuan, Y. Wu, P. Ju, L. Ji, H. Li, L. Chen, H. Zhou, J. Chen, Graphene
oxide-monohydrated manganese phosphate composites: preparation via modified
Hummers method, Colloids Surf. A Physicochem. Eng. Asp. 547 (2018) 56-63,
https://doi.org/10.1016/j.colsurfa.2018.03.023.

W. Wei, X. Cui, X. Mao, W. Chen, D.G. Ivey, Morphology evolution in anodically
electrodeposited manganese oxide nanostructures for electrochemical super-
capacitor applications-effect of supersaturation ratio, Electrochim. Acta 56 (2011)
1619-1628, https://doi.org/10.1016/j.electacta.2010.10.044.

H. Shao, N. Padmanathan, D. McNulty, C. O’'Dwyer, K.M. Razeeb, Supercapattery
based on binder-free Cos(P0O,),-8H,0 multilayer nano/microflakes on nickel foam,
ACS Appl. Mater. Interfaces 8 (2016) 28592-28598, https://doi.org/10.1021/
acsami.6b08354.

F. Yunyun, L. Xu, Z. Wankun, X. Yuxuan, Y. Yunhan, Q. Honglin, X. Xuetang,

W. Fan, Spinel CoMn,0,4 nanosheet arrays grown on nickel foam for high-perfor-
mance supercapacitor electrode, Appl. Surf. Sci. 357 (2015) 2013-2021, https://
doi.org/10.1016/j.apsusc.2015.09.176.

K.V. Sankar, D. Kalpana, R.K. Selvan, Electrochemical properties of microwave-
assisted reflux-synthesized Mn3O4 nanoparticles in different electrolytes for super-
capacitor applications, J. Appl. Electrochem. 42 (2012) 463-470, https://doi.org/
10.1007/510800-012-0424-2.

M. Rajesh, K.V. Sankar, S.M. Chen, R.K. Selvan, Eco-friendly synthesis of activated
carbon from dead mango leaves for the ultrahigh sensitive detection of toxic heavy
metal ions and energy storage applications, RSC Adv. 4 (2014) 1225-1233, https://
doi.org/10.1039/c3ra45089a.

H. Pang, Z. Yan, W. Wang, Y. Wei, X. Li, J. Li, J. Chen, J. Zhang, H. Zheng,
Template-free controlled fabrication of NH,;MnPO4H,0 and Mn,P,0, micro-na-
nostructures and study of their electrochemical properties, Int. J. Electrochem. Sci.
7 (2012) 12340-12353.

B. Yan, D. Bin, F. Ren, Z. Xiong, K. Zhang, C. Wang, Y. Du, Facile synthesis of
MnPO,.H,0 nanowire/graphene oxide composite material and its application as
electrode material for high performance supercapacitors, Catalysts 6 (2016) 1-15,
https://doi.org/10.3390/catal6120198.

X.J. Ma, W.B. Zhang, L.B. Kong, Y.C. Luo, L. Kang, Electrochemical performance in
alkaline and neutral electrolytes of a manganese phosphate material possessing a
broad potential window, RSC Adv. 6 (2016) 40077-40085, https://doi.org/10.
1039/c6ra02217k.

C. Yang, L. Dong, Z. Chen, H. Lu, High-Performance All-solid-state supercapacitor
based on the assembly of graphene and manganese (II) phosphate nanosheets, J.
Phys. Chem. C 118 (2014) 18884-18891, https://doi.org/10.1021/jp504741u.
X.J. Ma, L.B. Kong, W.B. Zhang, M.C. Liu, Y.C. Luo, L. Kang, Design and synthesis of
3D Co304@MMo0,4 (M= Ni, Co) nanocomposites as high-performance

13

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Synthetic Metals 267 (2020) 116446

supercapacitor electrodes, Electrochim. Acta 130 (2014) 660-669, https://doi.org/
10.1016/j.electacta.2014.03.080.

T. Gu, B. Wei, High-performance all-solid-state asymmetric stretchable super-
capacitors based on wrinkled MnO,/CNT and Fe,O3/CNT macrofilms, J. Mater.
Chem. A 4 (2016) 12289-12295, https://doi.org/10.1039/c6ta04712b.

K. Krishnamoorthy, P. Pazhamalai, G.K. Veerasubramani, S.J. Kim, Mechanically
delaminated few layered MoS, nanosheets based high performance wire type solid-
state symmetric supercapacitors, J. Power Sources 321 (2016) 112-119, https://
doi.org/10.1016/j.jpowsour.2016.04.116.

H.C. Tao, S.C. Zhu, X.L. Yang, L.L. Zhang, S.B. Ni, Systematic investigation of re-
duced graphene oxide foams for high-performance supercapacitors, Electrochim.
Acta 190 (2016) 168-177, https://doi.org/10.1016/j.electacta.2015.12.179.

S.A. Melchior, K. Raju, L.S. Ike, R.M. Erasmus, G. Kabongo, 1. Sigalas, S.E. Iyuke,
K.I. Ozoemena, High-voltage symmetric supercapacitor based on 2D titanium car-
bide (MXene, Ti,CTy)/carbon nanosphere composites in a neutral aqueous elec-
trolyte, J. Electrochem. Soc. 165 (2018) A501-A511, https://doi.org/10.1149/2.
0401803jes.

Y.H. Dai, L.B. Kong, K. Yan, M. Shi, Y.C. Luo, L. Kang, Facile fabrication of man-
ganese phosphate nanosheets for supercapacitor applications, Ionics 22 (2016)
1461-1469, https://doi.org/10.1007/s11581-016-1652-y.

J. Hao, W. Li, X. Zuo, D. Zheng, X. Liang, Y. Qiang, B. Tan, B. Xiang, X. Zou, Facile
electrochemical phosphatization of MnzO4 nanosheet arrays for supercapacitor with
enhanced performance, J. Mater. Sci. 54 (2018) 625-637, https://doi.org/10.1007/
s10853-018-2842-y.

C. Hao, F. Wen, J. Xiang, L. Wang, H. Hou, Z. Su, W. Hu, Z. Liu, Controlled in-
corporation of Ni(OH), nanoplates into flowerlike MoS, nanosheets for flexible
all-solid-State supercapacitors, Adv. Funct. Mater. 24 (2014) 6700-6707, https://
doi.org/10.1002/adfm.201401268.

B. Pandit, B.R. Sankapal, P.M. Koinkar, Novel chemical route for CeO,/MWCNTs
composite towards highly bendable solid-state supercapacitor device, Sci. Rep. 9
(2019) 5892, https://doi.org/10.1038/s41598-019-42301-y.

B. Pandit, N. Kumar, P.M. Koinkar, B.R. Sankapal, Solution processed nanos-
tructured cerium oxide electrode: electrochemical engineering towards solid-state
symmetric supercapacitor device, J. Electroanal. Chem. 839 (2019) 96-107,
https://doi.org/10.1016/j.jelechem.2019.02.047.

B. Pandit, L.K. Bommineedi, B.R. Sankapal, Electrochemical engineering approach
of high performance solid-state flexible supercapacitor device based on chemically
synthesized VS2 nanoregime structure, J. Energy Chem. 31 (2019) 79-88, https://
doi.org/10.1016/j.jechem.2018.05.011.

C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang, J. Zhang, A review of electrolyte
materials and compositions for electrochemical supercapacitors, Chem. Soc. Rev. 44
(2015) 7484-7539, https://doi.org/10.1039/C5CS00303B.

B. Pandit, D.P. Dubal, B.R. Sankapal, Large scale flexible solid state symmetric
supercapacitor through inexpensive solution processed V,05 complex surface ar-
chitecture, Electrochim. Acta 242 (2017) 382-389, https://doi.org/10.1016/j.
electacta.2017.05.010.


https://doi.org/10.1021/acscatal.6b02849
https://doi.org/10.1021/acscatal.6b02849
http://www.casaxps.com/help_manual/casaxps2316_manual/xps_spectra.pdf
https://doi.org/10.1021/acs.cgd.7b00816
https://doi.org/10.1016/j.colsurfa.2018.03.023
https://doi.org/10.1016/j.electacta.2010.10.044
https://doi.org/10.1021/acsami.6b08354
https://doi.org/10.1021/acsami.6b08354
https://doi.org/10.1016/j.apsusc.2015.09.176
https://doi.org/10.1016/j.apsusc.2015.09.176
https://doi.org/10.1007/s10800-012-0424-2
https://doi.org/10.1007/s10800-012-0424-2
https://doi.org/10.1039/c3ra45089a
https://doi.org/10.1039/c3ra45089a
http://refhub.elsevier.com/S0379-6779(20)30100-4/sbref0205
http://refhub.elsevier.com/S0379-6779(20)30100-4/sbref0205
http://refhub.elsevier.com/S0379-6779(20)30100-4/sbref0205
http://refhub.elsevier.com/S0379-6779(20)30100-4/sbref0205
https://doi.org/10.3390/catal6120198
https://doi.org/10.1039/c6ra02217k
https://doi.org/10.1039/c6ra02217k
https://doi.org/10.1021/jp504741u
https://doi.org/10.1016/j.electacta.2014.03.080
https://doi.org/10.1016/j.electacta.2014.03.080
https://doi.org/10.1039/c6ta04712b
https://doi.org/10.1016/j.jpowsour.2016.04.116
https://doi.org/10.1016/j.jpowsour.2016.04.116
https://doi.org/10.1016/j.electacta.2015.12.179
https://doi.org/10.1149/2.0401803jes
https://doi.org/10.1149/2.0401803jes
https://doi.org/10.1007/s11581-016-1652-y
https://doi.org/10.1007/s10853-018-2842-y
https://doi.org/10.1007/s10853-018-2842-y
https://doi.org/10.1002/adfm.201401268
https://doi.org/10.1002/adfm.201401268
https://doi.org/10.1038/s41598-019-42301-y
https://doi.org/10.1016/j.jelechem.2019.02.047
https://doi.org/10.1016/j.jechem.2018.05.011
https://doi.org/10.1016/j.jechem.2018.05.011
https://doi.org/10.1039/C5CS00303B
https://doi.org/10.1016/j.electacta.2017.05.010
https://doi.org/10.1016/j.electacta.2017.05.010

View Article Online

View Journal

M) Cneck tor updates

Journal of

Materials Chemistry A

Materials for energy and sustainability

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: S. J. Marje, S. S.
Pujari, S. A. Khalate, V. V. Patil, V. Parale, T. Kim, H. Park, J. L. Gunjakar, C. D. Lokhande and U. M. Patil, J.
Mater. Chem. A, 2022, DOI: 10.1039/D2TA00761D.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Journal of accepted for publication.

Materials Chemistry A

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY rsc.li/materials-a
OF CHEMISTRY

(3


http://rsc.li/materials-a
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d2ta00761d
https://pubs.rsc.org/en/journals/journal/TA
http://crossmark.crossref.org/dialog/?doi=10.1039/D2TA00761D&domain=pdf&date_stamp=2022-04-21

Page 1 of 16

Published on 21 April 2022. Downloaded by Y onsel University on 4/21/2022 1:03:00 PM.

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

1. Introduction

Journal ofsMaterials‘Chemistry A

View Article Online
DOI: 10.1039/D2TA00761D

Intercalation type pseudocapacitive clustered nanoparticles of
nickel-cobalt phosphate thin films synthesized via electrodeposition
as a cathode for high performing hybrid supercapacitor devices

Supriya J. Marje,? Sachin S. Pujari,® Suraj A. Khalate,* Vinod V. Patil,* Vinayak G. Parale,®
Tachee kim,> Hyung-Ho Park, Jayavant L. Gunjakar,® Chandrakant D. Lokhande,?
Umakant M. Patil#*

Abstract

The binder-free synthesis of nickel-cobalt phosphate electrodes grabs tremendous
attention in hybrid energy storage devices due to significant electrochemical activity based
on a synergy between Ni and Co cations. So, the present work describes a facile scalable
synthetic approach of potentiostatic electrodeposition (PED) for binder-free nickel-cobalt
phosphate electrodes with Ni:Co variation. Alteration in Ni:Co composition leads into
amorphous to crystalline structural conversion and microspheres to nanosheets like
morphological evolution of nickel-cobalt phosphate electrodes. The optimal ~1:1 (Ni:Co)
composition of nickel-cobalt phosphate electrode with clustered nanoparticle-like
morphology exhibits intercalation pseudocapacitive behavior and demonstrates maximum
specific capacitance (capacity) of 2228 F g! (891 C g') at 1.5 A g current density.
Moreover, a fabricated aqueous hybrid asymmetric supercapacitor (AHAS) device delivers
a high specific capacitance of 185 F g'!, having an energy density of 65.7 Whkg! at 2.2 kW
kg! power density with 97 % retention. Furthermore, the solid-state hybrid asymmetric
supercapacitor (SHAS) device displays a maximum specific capacitance of 90 F g-! with 32
Wh kg! energy density at 0.32 kW kg'! power density and upholds 89 % capacitive
retention. The present study establishes a scalable synthesis of binder-free nickel-cobalt
phosphate electrodes as a cathode in hybrid energy storage devices for practical application.

renewable energy storage systems due to the

Recently, the research has primarily been
devoted to developing sustainable, ecological, and

aCentre for Interdisciplinary Research, D. Y. Patil Education Society (Deemed to be
University), Kasaba Bawada, Kolhapur-416 006, M.S., India. Email:
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®Department of Materials Science and Engineering, Yonsei University, Seoul 03722,
South Korea.

Electronic Supplementary Information (ESI) available: [Synthesis of large area nickel-
cobalt phosphate thin film, Synthesis of rGO electrode, PVA-KOH gel electrolyte,
Fabrication process of SHAS device, Formulae for calculation, Film thickness graph, XRD
patterns of E-NCP series powder samples, EDS spectra of E-NCP series samples, Nitrogen
adsorption/desorption isotherm of E-NCP series samples, The CV graphs of E-NCP1, E-
NCP2, E-NCP3, E-NCP5, E-NCP6 and E-NCP7 electrodes, Log (current density, A g)
versus log (scan rate, mV s™!) plot for E-NCP series electrode, Pseudocapacitive (surface
current) and battery type (bulk current) current density contribution graph at various scan
rates for E-NCP series electrodes, The GCD curves of E-NCP1, E-NCP4 and E-NCP7
electrodes at 1.5 A g'! current density, ex-situ XPS study, The GCD curves of E-NCP1, E-
NCP2, E-NCP3, E-NCP5, E-NCP6 and E-NCP7 electrodes, The specific capacitance
(capacity) of E-NCP series electrodes at various current densities, Nyquist plot before and
after stability of E-NCP4 electrode, The structural and electrochemical study of rGO
electrode, The CV graphs of E-NCP4 and rGO electrodes, The CV and GCD curves of
AHAS device in different potential windows, Charted atomic percentage of existing
elements in E-NCP series samples, Comparison of electrochemical energy storage
performance of nickel-cobalt phosphate based electrodes, EIS fitted circuit parameters of
E-NCP series electrodes and E-NCP4 electrode before and after stability, Comparison of
electrochemical enerev storage nerformance of nickel-cobalt phosphate based devicesl

deterioration of the environment and fossil fuel
depletion.!3 So, electrochemical energy storage systems
such as fuel cells, batteries, and supercapacitors (SCs)
stand vital for storing non-renewable energy in the
present scenario.* Nevertheless, SCs attract more
attention due to their impressive properties like safe to
operate, high charging-discharging rate, and significant
power density with a larger life span than batteries and
fuel cells.>® So, with these exceptional properties, SCs
are gaining significant attention in various small to large-
scale electronic appliances, from portable electronic
devices to hybrid electric vehicles. However, relatively
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less energy density than batteries of SCs hinders their
application in different electronic devices.”® Therefore,
the improved energy density without negotiating its
power density is a prerequisite of SCs for practical
application. Moreover, it can be accomplished in two
ways: by increasing capacitance (C) of energy storage
materials or extending potential window (V), or by
enhancing both, since the stored energy is proportional to
capacitance and potential window of the SC device
(0.5CV?).?

Fabrication of hybrid SC devices is a competent
way to achieve improved energy and power density since
it comprises pseudocapacitive type cathode (energy
source) and capacitive type anode (power source),!®!!
and the expanded cell voltage of hybrid SCs due to well-
separated  potential electrodes.!?
Nevertheless, another highly desirable way to boost
refining electrode material's

windows  of

energy density is
capacitance via manipulating the structural and
morphological properties of energy storage materials. In
this perspective, numerous materials, including metal
oxides, hydroxides, sulfides, and phosphates, have been
tested as cathode materials in hybrid energy storage
devices. Most of the ever-utilized cathode materials can
be classified into three categories: extrinsic (battery-
type), intercalation, and intrinsic pseudocapacitive based
on their charge storage mechanisms.!* Generally,
intrinsic pseudocapacitive materials store charges via a
redox mechanism and/or by forming a double layer on
the material surface (e.g., RuO,, MnO,). However, in
intercalation type, charges are stored in the tunnels or
interplanar space of material through electrolytic ion
intercalation (e.g., Layer double hydroxides (LDH)).
While the reduction in size or
(nanomaterials) of  battery-type
demonstrate pseudocapacitive behavior and refer to

crystallinity
materials can

extrinsic pseudocapacitive materials.” The extrinsic
materials struggle with less power density and poor
stability, except for excellent energy density.'* On the
other hand, intrinsic materials have very low energy
density. Therefore, to stick out higher energy values and
economic demands, low-cost energy storage materials,
having maximum specific capacitance and favorable life
span, needed to be developed.

Among existing pseudocapacitive materials,
open and wide channel structured metal phosphate
materials are catching attention as a new emerging

2| J. Name., 2012, 00, 1-3

energy storage material as a cathode in hybrid,devices
due to their excellent properties likgcﬁ%‘%éo%%'ﬁ@@%ﬂ%@
and excellent conductive nature, and higher stability
owing to P-O covalent bond.'>'” Therefore, different
morphologies and polymorphs of cobalt and nickel
phosphates were synthesized via various synthesis

processes such as Niz(POy),,"7 Ni,P,0-,18
Ni;;(HPO3)5(OH)s," Co3(PO,), 8H,0,%
COHPO4' 3H20,21 C03P208 ' 8H20,22 C()szO7,23

Co,P,0,,,2* etc. and investigated for supercapacitor
application. Moreover, some researchers proved that the
synergetic effect between two metal species in binary
metal compounds exhibits higher capacitive performance
than single metal compounds.?>?° However, in most
reports, nickel-cobalt phosphate materials were prepared
in powder form with highly crystalline structures, and
microstructure and fabricated cathode using a binder
supplemented casting method for energy storage
devices.’*#! Also, a considerably higher ratio of surface
to the volume of material is the most significant factor in
fulfilling demands for energy-efficient application, since
downscaling the microstructure of material can regulate
different types of pseudocapacitive behaviors from
intercalation to extrinsic pseudocapacitive type. So, to
achieve a higher capacity of energy storage devices, it is
crucial to binder-free fabrication of electrodes and fine-
tuning of characteristics of electrode material (surface
area, electrical conductivity) in synthesis. Until now,
only a few reports are available on binder-free
synthesis,** and only in two reports electrodeposition
method was implemented for the synthesis of nickel-
cobalt phosphate electrodes.*>#*

Therefore, in the present investigation, a binder-
free and single-step  potentiostatic mode of
electrodeposition (PED) method is employed to
synthesize nickel-cobalt phosphate thin film electrodes
with a variation of Ni:Co composition. The structural and
morphological evolution of nickel-cobalt phosphate thin
films with molar ratio variation of nickel and cobalt is
investigated by XRD, FT-IR, XPS, FE-SEM, and EDS
Also, the influence of structural and
morphological evolution on the pseudocapacitive
performance of nickel-cobalt phosphate electrodes is
studied. Furthermore, the aqueous hybrid asymmetric
(AHAS) and hybrid  asymmetric
supercapacitor (SHAS) devices are fabricated by

analyses.

solid-state

combining the best performing nickel-cobalt phosphate

This journal is © The Royal Society of Chemistry 20xx
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electrode (cathode) and rGO electrode (anode). The
supercapacitive performances of hybrid energy storage
devices are recorded and demonstrated herein.

2. Experimental section

2.1 Synthesis of nickel-cobalt phosphate thin films
Nickel chloride (NiCl,.6H,0), cobalt chloride

(CoCl,.6H,0), and dihydrogen

orthophosphate (KH,PO,) were purchased (Sigma

Aldrich) (AR grade) and used without any further

purification. The synthesis of nickel-cobalt phosphate

potassium

thin films was carried out in an aqueous solution of nickel
chloride (NiCl,.6H,0), cobalt chloride (CoCl,.6H,0),
and potassium dihydrogen orthophosphate (KH,PO,)
precursors by the PED method. The schematic
presentation and the actual photograph of the specially
developed electrodeposition assembly consisting of
graphite pot as a counter electrode, large area stainless
steel (SS) as a working electrode, and saturated calomel
electrode (SCE) (saturated KCI solution) as a reference
electrode for the preparation of large area thin film
electrodes is shown in Fig. S1 (a) and (b) (see in the
electronic supplementary information, ESI). The nickel
chloride and cobalt chloride precursor concentrations
varied from 0.045-0 M and 0-0.025 M, respectively,
while phosphate precursor (potassium dihydrogen
orthophosphate) concentration was kept constant (0.125
M) in the deposition solution. To avoid the formation of
metal hydroxide or oxide phase, a decisively higher
concentration of phosphate precursor was used in the
deposition, and the concentration of Ni and Co precursor
were varied depending on the growth rate of nickel and
cobalt phosphate. The deposition potential of nickel-
cobalt phosphate was varied and optimized between -
0.85to -1.1 V/SCE at room temperature. A well-adherent
and uniform thin films of nickel-cobalt phosphate were
obtained at -0.85 V/SCE potential, as a photograph of
large area deposited thin film shown in Fig. S1 (¢). The
composition of precursors (NiCl,.6H,0:CoCl,.6H,0)
was varied as 1:0, 0.85:0.15, 0.75:0.25, 0.5:0.5,
0.25:0.75, 0.15:0.85 and 0:1 for nickel-cobalt phosphate
thin film deposition on SS substrate and denoted by E-
NCP1, E-NCP2, E-NCP3, E-NCP4, E-NCP5, E-NCP6,
and E-NCP7, respectively.

2.2 Materials characterization

This journal is © The Royal Society of Chemistry 20xx
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The Rigaku miniflex-600 X-ray diffragtometer
(with Cu Ka (A=0.15425 nm) radiation) Was"us&d” tor
structural analysis of synthesized nickel-cobalt
phosphate thin films. The Fourier transform-infrared
spectrometry (FT-IR) (Alpha (II) Bruker) was employed
to study available functional groups in prepared thin
films. The X-ray photoelectron spectroscopy (XPS) was
measured via Thermoscientific ESCALAB 250 (Thermo
Fisher Scientific, UK). The morphological analysis was
probed via field emission scanning electron microscopy
(FE-SEM, JSM-7001 F, JEOL) and -elemental
investigation via energy dispersive spectrometer (EDS)
analysis. The ZIVE MP1 multichannel electrochemical
workstation was used to record the electrochemical
capacitive reactions. The cyclic voltammetry (CV),
(GCD), and
impedance (EIS)
techniques were employed to probe the supercapacitive

galvanostatic charge-discharge

electrochemical spectroscopy
performance of prepared thin film electrodes. The
aqueous and  solid-state =~ asymmetric = hybrid
supercapacitor devices are fabricated using nickel-cobalt
phosphate electrode (cathode) and rGO (anode)
electrodes (Fig. S2 (a-¢) (see ESI)). The formulae used
for supercapacitive performance evaluation in half and
full-cell (device) provided in the
supplementary information (see ESI).

systems are

3. Results and discussion
3.1 Nickel-cobalt phosphate thin film formation

A large scale (5x5 cm?), binder free nickel-cobalt
phosphate thin film electrodes with a variation of Ni:Co
composition are prepared by facile PED method
(synthesis details provided in Experimental section),
using the specifically designed electrochemical cell as
shown in the schematic presentation (Fig. S1) (see in the
electronic supplementary information, ESI). For PED of
nickel-cobalt phosphate material, formal reduction
potential was examined by linear sweep voltammetry
(LSV) curves (as shown in Fig. 1 (a)) of NiCl,.6H,0,
CoCl,.6H,0, and NiCl,.6H,0+CoCl,.6H,0 with
KH,PO, aqueous precursor solutions at composition
(NiCl,.6H,0:CoCl,.6H,0O) as 1:0, 0:1 and 0.5:0.5,
respectively. The LSV curves scanned from 0 to -1.2
V/SCE at 20 mV s! scan rate depict tentative deposition
potential (onset potential) to encourage potentiostatic
deposition of nickel, cobalt, and nickel-cobalt phosphate
thin films. The reduction potentials of cobalt and nickel

J. Name., 2013, 00, 1-3 | 3
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with potassium dihydrogen orthophosphate precursors
are found to be -0.7 and -0.85 V/SCE, respectively.
However, the reduction potential (-0.75 V/SCE) of
nickel-cobalt precursor solution is in between the
reduction potential of individual precursors. It suggests
that the advanced deposition of cobalt phosphate is
possible, so to achieve the expected composition of
Ni:Co the concentration of cobalt precursor was kept a
little low.

The nickel-cobalt
deposition was performed at room temperature using
PED mode at a constant potential of -0.85 V/SCE for
5400 s, as presented in Fig. 1 (b). The observed
chronoamperometric deposition curves show two distinct
regions. The first region (I) shows an initial surge in the
current response, dependent on the available cation

phosphate  thin films

species at the interface of an electrode that discharges
immediately after the electrode polarization and then
decrease in current elucidates nuclei formation. In the
second region (II), current increases slowly up to
optimum and then establishes a steady nature
corresponding to aggregation and accompanied material
growth, respectively. A steady-state current density after
the nucleation attributes to the consistent growth of
material and a slow growth process in the second region
may be responsible for the formation of clusters owed to
processes like adsorption and coalescence. Maximum
current response observed for E-NCP7 than other
samples suggests well crystallization with excellent
cobalt phosphate material growth kinetics, and lower
current response for E-NCP1 advocates deprived
crystallization of nickel phosphate material. An increase
in deposited mass of the nickel-cobalt phosphate thin
films is observed with different bath compositions of
NiCl,.6H,0:CoCl,.6H,0, and it varies from 1.5 to 1.98
mg cm? as shown in Fig. S3 (see ESI). A change in
whitish-green to purple color of nickel-cobalt phosphate
thin films over SS substrate is observed upon Ni:Co
composition variation as a photograph shown in Fig. 1
(b) inset.

3.2 Structural and morphological analysis

The XRD analysis employed to investigate the
structural properties of prepared E-NCP series thin films
is presented in Fig. 1 (c). The XRD result of the E-NCP1
sample shows only stainless-steel peaks (marked as *)
structure of the

and confirms the amorphous

4| J. Name., 2012, 00, 1-3

electrodeposited nickel phosphate material. Howeyersthe
XRD pattern of the E-NCP7 sampleD@ébOIé%9@%??5?8(166%
peaks corresponding to (110), (020), (130), (101), (031),
(211), (321), (231), (301), (051), and (132) crystal planes
which match with the JCPDS card no. 33-0432, and
confirms Co3(PO,),.8H,0 thin film formation. Also, the
other E-NCP series sample does not show any diffraction
peaks than SS substrate in the XRD pattern and confirms
the amorphous nature of nickel-cobalt phosphate thin
film samples. For further confirmation of material phase
and to avoid dominance of substrate peaks, XRD studies
of E-NCP series powder samples (scratched from the SS
substrate) are investigated and presented in Fig. S4 (see
ESI). The powder XRD pattern of E-NCP7 sample shows
a similar diffraction pattern like thin films; nonetheless,
few extra peaks are observed, which were suppressed due
to intense SS substrate peaks. With the addition of nickel
content, peak intensities of E-NCP6 sample in powder
XRD are decreased. Furthermore, it is confirmed that
increase in nickel content, the structure of nickel-cobalt
phosphate material changes from crystalline to
amorphous and vice versa. The overall XRD study
suggests a synthesis of crystalline hydrous cobalt
phosphate (Cos(PO4),.8H,0) and transformation into
amorphous nickel-cobalt phosphate thin films with an
increment of nickel.

The existence of functional material groups in E-
NCP series electrodes was analyzed via FT-IR analysis
in the 400-4000 cm™' region and displayed in Fig. 1 (d).
The metal-oxygen bonding in samples is confirmed via
peak (y;) present in a range of 568-595 cm-!. The peak at
595 cm ! observed in E-NCP1 sample can be ascribed to
Ni-O bonding,*® and the peak at 571 cm™! is associated
with Co-O bonding in E-NCP7 sample.#’*® The
symmetric stretching of P-O-P linkage is detected at the
absorption peak (y,) in the region of 708-741 cm™.*° The
peaks (y3-ys) are noted in the region of 857-1076 cm’!
confirm the symmetric and asymmetric P-O stretching
vibrational mode of PO,  anions.’®! The absorption
peaks (ye, v7) in the region of 1400-1644 cm™! correspond
to the bending mode of a water molecule (H-O-H).>!-3
Moreover, the peaks (ys o) in the range of 3000-3464 cm-
I are belonged to O-H stretching vibration mode of
adsorbed water content in the material.’'2 Moreover, the
slight shifting in peaks (y;-ys) from sample E-NCP1 to E-
NCP7 confirms the cordial interaction between cobalt
and nickel elements in nickel-cobalt phosphate.’* Thus,

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 16


https://doi.org/10.1039/d2ta00761d

Published on 21 April 2022. Downloaded by Y onsei University on 4/21/2022 1:03:00 PM.

lournal of-Materials' Chemistry A

Journal Name

the FT-IR results demonstrate the successful preparation
of hydrous nickel-cobalt phosphate material thin films
via the PED method.

The nickel, cobalt, phosphorous, and oxygen
elements are observed in the XPS survey spectrum of
sample E-NCP4 (Fig. 2 (a)). The intense peaks at binding
energies of 854.8 and 872.5 eV in the high-resolution
Ni2p XPS spectrum confirm the Ni2ps/, and Ni2p;,, state,
respectively, indicating Ni** oxidation state and satellite
peaks at 860.8 and 878.5 eV binding energies (Fig. 2
(b)).343¢ The high-resolution Co2p XPS spectrum shown
in Fig. 2 (c) reveals a peak at 781.5 eV binding energy
and a satellite peak (785.5 eV) corresponding to Co2ps,
orbits and demonstrates +2 valence state of cobalt near
the surface.
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Fig. 1 (a) LSV curves for precursor solution of
NiCl,.6H,0, CoCl,.6H,0 and NiCl,.6H,0+CoCl,.6H,0O
(with KH,PO,) with composition 1:0, 0:1 and 0.5:0.5
(NiCl,.6H,0:CoCl,.6H,0), respectively at the scan rate
of 20 mV s, (b) chronoamperometric curves of nickel-
cobalt phosphate (E-NCP1 to E-NCP?7) at the potential of
-0.85 V/SCE on SS substrate (inset: photograph of
prepared thin film electrodes), (c) XRD patterns and (d)
FT-IR spectra of nickel-cobalt phosphate thin films (E-
NCP1 to E-NCP7).

Similarly, the intense peak at 797.8 eV binding energy
signifies Co2p,, orbits, and the satellite peak at 802.9 eV
further proves a similar assumption.’”® Fig. 2 (d) shows
the high-resolution P2p region XPS spectrum; a single
intense peak noted at a binding energy of 132.7 eV
demonstrates a pentavalent state of phosphorous in P-O

This journal is © The Royal Society of Chemistry 20xx
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bonding.’* Moreover, one broad peak is obseryed. imthe
Ols region of the XPS spectrum, as 586%%0&?/?@%\%7@?
The broad peak of Ols is deconvoluted into two peaks at
530.6 eV and 531.5 eV binding energies, which
corresponds to the core level of oxygen in phosphate
species and structural water in the material
respectively.®%-62 Thus, the XPS results endorse the
presence of the divalent state of Ni and Co in nickel-
cobalt phosphate thin film. Overall, XPS analysis proves
successful preparation of the hydrous nickel-cobalt
phosphate material by PED method over SS substrate.
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Fig. 2 (a) Survey spectrum, (b) Ni2p spectrum, (c) Co2p
spectrum, (d) P2p spectrum and (e) O1s XPS spectrum of
sample E-NCP4.

The surface morphological evolution of the
electrodeposited E-NCP thin film series was probed via
FE-SEM. Fig. 3 shows the morphologies of
electrodeposited nickel-cobalt phosphate thin films at
different magnifications (20,000X and 50,000X).
morphological
microspheres to nanosheets is observed with nickel and
cobalt composition variation in E-NCP1 to E-NCP7
samples. The E-NCP1 to E-NCP4 sample (Fig. 3 (a-d))
shows an amalgamated microspheres-like morphology

Interestingly, evolution from

J. Name., 2013, 00, 1-3 | 5
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with an average diameter of ~2-4 um, which attributed to
the growth of material through coalescence and
aggregation. The surface of the microsphere probed at
higher magnification (Fig. 3 (a'-d")) reveals microspheres
are composed of clusters of nanoparticles with uneven
pores. Interestingly, a transformation of small pores to
nano cracks on the surface of microspheres (inset Fig. 3
(d") is noticed with increased cobalt content from E-
NCP1 to E-NCP4 sample. Furthermore, with an increase
of cobalt content in the E-NCP5 sample (Fig. 3 (e, ¢),
immature nanosheets can be observed with thicknesses
of ~257-299 nm originating from the mud-like structure
of merged microspheres. Microsphere-like architecture
completely vanishes and converts into extremely close-
packed nanosheets-like architecture (Fig. 3 (f, f')) with a
further increase in cobalt content in sample E-NCP6.
Moreover, at the higher cobalt content (zero content of
nickel), sample E-NCP7 shows well-grown nanosheets-

Journal Name

like structures with curved edges (Fig. 3 (g, &) Higher
cobalt content (more than ~1:1) is BecountaBts R M
development of nano cracks on the surface of
microspheres and further evolution into a nanosheets-like
structure from the sample E-NCP5 to E-NCP7.
Moreover, TEM images of E-NCP4 sample are presented
in Fig. 3 (h, h') and affirm the merged microspheres are
composed of clusters of nanoparticles. The high-
resolution transmission electron microscope (HRTEM)
image displays several sorted sets of lattice fringes with
d-spacing of 0.78, 0.66, 0.4, and 0.38 nm corresponding
to (110), (020), (130), and (101) planes of hydrous
nickel-cobalt phosphate, respectively (Fig. 3 (h')), and
confirms the clusters of nanocrystals.* The HRTEM
analysis indicates a growth of microspheres with clusters
of quantized particles of hydrous nickel-cobalt
phosphate.
The EDS elemental analysis (Fig. S5) (see ESI)

(d')

b
F

Fig. 3 FE-SEM images of E-NCP1 (a, a'), E-NCP2 (b, b'), E-NCP3 (c, c¢'), E-NCP4 (d, d'), E-NCPS5 (e, ¢'), E-NCP6
(f, f) and E-NCP7 (g, g') sample at the magnification of 20,000X and 50,000X. (h, h') TEM images of E-NCP4

sample.
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of electrodeposited E-NCP series thin films exhibits
cobalt and nickel elements with phosphorous and oxygen
in the sample E-NCP2 to E-NCP6. It confirms the
successful deposition of nickel-cobalt phosphate on SS
substrate. As summarized in Table S1 (see ESI),
experimental and observed nickel and cobalt ratios for E-
NCP series samples are found to be nearly similar. Thus,
the EDS and FE-SEM results confirm the composition
varied in the sample from E-NCP1 to E-NCP7, ultimately
influencing the morphology of thin film samples from
microspheres consisting of nanoparticles to nanosheets.
The nitrogen adsorption/desorption isotherms
(Fig. S6 (a-f) (see ESI)) of nickel phosphate (E-NCP1),
cobalt phosphate (E-NCP7), and nickel-cobalt phosphate
(E-NCP4) samples are probed to determine the surface
area and pore size distribution. Type III isotherm with H3
type hysteresis loop of physisorption confirmed for all
samples according to International Union of Pure and
Applied Chemistry (IUPAC) classification. The type III
isotherm is attributed to the important feature of
mesoporous material, consuming low adsorption energy
for particle or plate-like structures. The specific surface
area is measured from the Brunauer—Emmett-Teller
(BET) equation analysis and found to be 8.5, 17.2, and
5.3 m? g! for E-NCP1, E-NCP4, and E-NCP7 sample,
respectively. The cracked microspheres-like morphology
shows the highest surface area than porous microspheres
and nanosheets structure. Further, the Barrett-Joyner—
Halenda (BJH) method was used to measure pore size
distributions of E-NCP1, E-NCP4, E-NCP7 samples, and
observed pore size distribution in the range of ~12-24
nm, which affirms mesoporous nature of samples. The
mesoporous architecture and high specific surface area of
electrodeposited E-NCP series samples are feasible to
perform high electrochemical capacitive performance.

3.3 Electrochemical pseudocapacitive performance of
nickel-cobalt phosphate thin films

The electrochemical activity of E-NCP series
electrodes (in 1 M KOH) was investigated by CV
analysis. Typical CV graphs of E-NCP series electrodes
measured at a scan rate of 20 mV s within 0 to 0.5
V/SCE potential window are shown in Fig. 4 (a). Fig. 4
(a) displays that the current response in CV graphs
increases with increasing cobalt content in the electrode
up to the E-NCP4 sample; furthermore, the current
response in the CV graph decreases with increasing

This journal is © The Royal Society of Chemistry 20xx
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cobalt content. Therefore, the higher charge,storage
capability is observed for E-NCP4 (X710 NIEH)
electrode by means of a higher current response in the
CV graph than other electrodes. The plotted CV graphs
of the E-NCP4 electrode at 1-20 mV s! scan rates in Fig.
4 (b) show that the current response in the CV graph
increases with increasing scan rate. The CV graphs of
other electrodes (E-NCP1 to E-NCP?7) at scan rates of 1-
20 mV s are provided in Fig. S7 (a-f) (see ESI). The
distinctive CV natures can be observed for nickel (E-
NCP1) and cobalt (E-NCP7) phosphate electrodes.
Perfect redox couple to quasi-rectangular CV shapes are
obtained from E-NCP1 to E-NCP7 sample and it
discloses battery type, intercalation type to intrinsic
pseudocapacitive behavior of the nickel-cobalt phosphate
electrodes with increasing cobalt content.®> Thus, the
nickel and cobalt ratio wvariation influences the
morphology, which affects the
electrochemical pseudocapacitive behaviors and the
performance of E-NCP series electrodes. Equal
composition (~1:1) of nickel and cobalt in E-NCP4
sample having microspheres composed with clusters of
nanoparticles like morphology exhibits higher areal

ultimately

capacitance than the other electrodes (microspheres or
nanosheets like architectures).

Furthermore, the charge storage mechanisms
(diffusion-controlled and pseudocapacitive type) of the
electrodes are investigated by Power’s law using scan
rate dependent CV curves. The b value of E-NCP series
electrodes is calculated from the slope of graph log (i) vs.
log (v)** as depicted in Fig. S8 (see ESI). Graphs
representing b values for E-NCP series electrodes are
between 0.55 to 0.90, as plotted in Fig. 4 (c). The
obtained values are higher than 0.5 and less than 1, which
affirms that total current is contributed from a
combination of diffusion-controlled and
pseudocapacitive type charge storage mechanisms. The b
values of electrodes are increased from E-NCP1 to E-
NCP7, which means that the electrodes show more
pseudocapacitive contribution in nickel-cobalt phosphate
thin films as an increase of cobalt content.

Moreover, modified Power’s law was used to
evaluate the tentative contribution of battery and
pseudocapacitive type in total specific current density®*-
7 from CV graphs measured at a scan rate of 20 mV s-!
and shown in Fig. 4 (d). Fig. 4 (d) reveals that the current
contribution from the surface pseudocapacitive process
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increases as increasing cobalt content in the sample.
Also, the contribution of pseudocapacitance (surface)
increases with an increase in scan rate, and battery type
(bulk) is high at low scan rates (Fig. S9) (see ESI). The
E-NCP4 celectrode exhibits ~32 % pseudocapacitive
current contribution at a 20 mV s! scan rate, and it is
higher than nickel phosphate (E-NCP1) (~20%) and
lower than cobalt phosphate (E-NCP7) (~87%) electrode.
Thus, the transformation from battery type (bulk
diffusion-controlled) to surface pseudocapacitive charge
storage mechanism from E-NCP1 to E-NCP7 electrode
is evident with increased cobalt content in E-NCP
samples.
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Fig. 4 (a) The comparative CV curves of E-NCP series
electrodes at 20 mV s! scan rate and (b) the CV curves at
various scan rates from 1-20 mV s! for E-NCP4
electrode. (c) b-values of different compositions of
NiCl,.6H,0:CoCl,.6H,0 and (d) Graph of the calculated
contribution of pseudocapacitive (surface current) and
battery type (bulk current) current density at 20 mV s!
scan rate for E-NCP series electrodes.

Furthermore, the optimized potential window of
0to 0.4 V (vs SCE) is used to investigate GCD analysis
of E-NCP series electrodes at 1.5 A g fixed current
density and is displayed in Fig. 5 (a). Likewise, the CV
curves nature, the nickel phosphate (E-NCP1), nickel-
cobalt phosphate (E-NCP4), and cobalt phosphate (E-
NCP7) electrode shows different shapes of GCD curves
and demonstrates plateau (battery type), bell-shaped
(intercalation pseudocapacitive), and quasi-triangular
(intrinsic pseudocapacitive) type shape, respectively

8 | J. Name., 2012, 00, 1-3

(Fig. S10 (a-c)) (see ESI). Thus, the GCD ¢urye.of.E=
NCP series electrodes exhibits transfoiation *fot
battery-intercalation-intrinsic ~ pseudocapacitive  type
charge storage mechanism of E-NCPI1 to E-NCP7
electrodes. A bell-shaped discharging curve of the E-
NCP4 intercalation  type
pseudocapacitive behavior of the material where the

electrode demonstrates
charge storage mechanism is based on deep electrolytic
ion intercalation and surface redox reactions.®-7
Moreover, to investigate the intercalative charge
storage mechanism of nickel-cobalt phosphate
electrodes, an ex-situ XPS analysis of pristine, charged
(0.4 V/SCE), and discharged (0 V/SCE) nickel-cobalt
phosphate (E-NCP4) electrodes were carried out (Fig.
S11). In the intercalative charge storage mechanism of E-
NCP4 electrode, it is observed that the Ni and Co sites
are oxidized after charging and show a change in valence
+2 and +3 states. In Ni2p spectra, the Ni** oxidation state
is slightly suppressed after charging and shows an
additional Ni** state (856.5 and 874.5 eV), which is
evident in the transition from Ni*" to Ni** after the
electrode is fully charged. Also, after the electrode is
fully discharged, a reduction in Ni** state is observed, and
it is an evident transition of Ni states from Ni** to Ni?*
(Fig. S11 (a)).”! Similar oxidation and reduction in
valence states of Co cation are observed in Co2p region,
which is evident that oxidation from Co** to Co?* (780.8
and 796.9 eV) and reduction from Co3* to Co?* (781.4
and 797.9 eV) as presented in Fig. S11 (b).>®? Also, a
slight change in Co2p and Ni2p binding energies for fully
charged and discharged material confirms a similar
transformation of valence states. The slight intensity
decrement of P2p (phosphorous) spectra is observed for
charged and discharged samples, which shows the
pentavalent state of phosphorous (Fig. S11 (c)).
However, an extra metal-oxygen bond (M-O) is observed
in Ols spectra, as shown in Fig. S11 (d), after the
electrode is charged and discharged. Moreover, the
intensity of appearing metal-oxygen (M-O) peak is
decreased, and O-H peak is increased after discharging.
These transformations of valance states of cations and the
appearance of M-O bonding confirms the insertion and
extraction of OH- ions in the material during the charge-
discharge process.

Moreover, the concentrations of cations with
different valance states are quantified from the XPS data;
after fully charged, 32 % of Ni** ions and 68 % of Co*

This journal is © The Royal Society of Chemistry 20xx
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ions are oxidized to Ni** and Co’', respectively. In
addition, 17 % of Ni** and Co?* ions are reduced to Ni*
and Co?" after discharge, respectively. A 17 % decrease
in P-O peak with raise of M-O (19 %) peak is observed
after charging the sample, and after discharge, P-O peak
regains 14 % intensity, and a 70 % decrement in M-O
peak is observed. Also, only a 9 % decrement in O-H
peak intensity is observed for a fully charged sample and
regains its original value in the discharged sample. The
overall observed changes in ex-situ XPS study states that,
the vacancy sites of (POg4); are occupied by the
intercalated hydroxyl ions during charge and
deintercalated from their accommodated positions upon
undergoing the discharge process.

A comparative study observed that the E-NCP4
electrode shows a longer charging and discharging time
than other electrodes, suggesting a high electrode
material storage capacity. The GCD analysis at various
current densities for the E-NCP4 electrode is presented in
Fig. 5 (b), and the GCD curves of other E-NCP series
electrodes at different current densities from 1.5-3.5 A g*!
are provided in Fig. S12 (a-f) (see ESI).

The GCD study concludes that the E-NCP4
electrode offers a higher charge-discharge response due
to the high surface area of specific microstructure (nano
cracked microspheres of clusters of
nanoparticles) and charge storage
mechanism. The specific capacitances (capacities) are
calculated from the GCD plots of E-NCP series
electrodes at 1.5 A g'!' current density and presented in

composed
intercalative

Fig. 5 (c). Also, the specific capacitances (capacities)
calculated at various current densities for E-NCP series
electrodes are provided in Fig. S13 (see ESI). As a result,
the E-NCP4 electrode displays a high specific
capacitance (capacity) of 2228 F g! (891 C g') at a
current density of 1.5 A g than other E-NCP series
electrodes, and it retains up to 1750 F g' (700 C g!) even
at higher 3.5 A g'! current density. Also, as shown in Fig.
5 (d), the microspheres like nickel-cobalt phosphate (E-
NCP4) electrode exhibit maximum specific capacitance
compared with available literature (detailed comparison
given in Table S2 (see ESI)).30-4473-76 The prepared
nickel-cobalt phosphate (E-NCP4) electrode in present
work delivered the highest capacitance than other
reported work, except Huang et al.,*> where Cu/p-CuO
nanowires used as a conductive current collector, and it
improve the conductivity of the electrode and also offers

This journal is © The Royal Society of Chemistry 20xx
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large specific surface area along \withi.sglf
pseudocapacitance, which ultimatély wi]r%%fg%@ém?ﬁ%
electrochemical performance of the cathode. On the other
hand, the exclusive performance of active material is
demonstrated herein since the bare SS substrate is
utilized as a conducting backbone, which does not
influence the capacitive performance of active material.
In previous report*® of the binder-free microflowers
consisting of microstrips of nickel-cobalt phosphate
electrode exhibited maximum specific capacitance of
1116 F g, and only by rationalizing the microstructure
into spheres of clustered nanoparticles of nickel-cobalt
phosphate thin films by PED method, almost 2-fold of
electrochemical capacitive performance (2228 F g!) is
achieved in present work.

The electrochemical impedance spectroscopy (EIS)
technique is used to probe electrochemical conductivity
and ion transfer progression at the electrode/electrolyte
interface.”” The fitted equivalent circuit of EIS data for
E-NCP series electrodes is shown inset Fig. 5 (e) and R;
(solution resistance), R, (charge transfer resistance), W
(Warburg impedance), and Q (constant phase element)
elements are fitted using Zview. The fitted circuit
parameter values are charted in Table S3 (see ESI). The
constant phase element is related to diffusion due to
inhomogeneities available at the electrode/electrolyte
interface owing to the disorder and porosity of the
material and represents a pure capacitor, resistor, and
Warburg diffusion impedance, when n=1, 0, and 0.5,
respectively, where ‘n’ is the correction factor due to the
roughness. In the present study, the n values are between
0.5 to 1, therefore, the Q presents pseudocapacitive
behavior of E-NCP series electrodes (Table S3, see
ESI).”%-80 Moreover, the E-NCP4 electrode shows low
charge transfer resistance (0.2 Q) compared to other
electrodes. Such less charge transfer resistance describes
good contact of active material with the substrate and
easy ion percolation in the morphology of cracked
microspheres with clustered nanoparticles. The EIS
results demonstrate binder-free synthesis and unique
morphology of E-NCP4 electrode contributed to the high
pseudocapacitive performance of the material.

Moreover, the long-term applicability of the
electrode tested by stability test since it is an essential
parameter for the suitable electrode for device
fabrication. The cyclic stability by means of capacitive
retention of the best-performing electrode (E-NCP4) is

J. Name., 2013, 00, 1-3 | 9
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Fig. 5 (a) The GCD curves at a constant current density of 1.5 A g'! for E-NCP series electrodes, (b) GCD curves
from 1.5-3.5 A g current densities for E-NCP4 electrode, (¢) The specific capacitance at a constant current density
of 1.5 A g'! for E-NCP series electrodes (E-NCP1 to E-NCP7), (d) Comparison of capacitance (capacity) obtained in
present work with reported work, (¢) The Nyquist plots of E-NCP series electrodes (E-NCP1 to E-NCP7) (inset:
equivalent circuit), (f) The cyclic stability of E-NCP4 electrode for 5000 cycles at 15 A g'! current density (inset: (i)

initial and (ii) final 10 GCD curves of cyclic stability).

carried out for 5000 GCD cycles at a high current density
of 15 A g! and presented in Fig. 5 (f). The E-NCP4
electrode exhibits ~85 % capacitive retention with 98.6
% coulombic efficiency over 5000 GCD cycles, as initial
and last ten GCD cycles of stability curves are shown in
the inset of Fig. 5 (f). The slight depletion of electrode
material is accountable for the reduction in specific
capacitance after several charge-discharge cycles
because of material volume expansion during the
insertion of ions.®82 It concludes that the microspheres
of the E-NCP4 electrode with clustered nanoparticles and
nano-cracks over the surface offer good cyclic life at high
charge-discharge current density. The Nyquist plot of E-
NCP4 electrode before and after cyclic stability with
fitted equivalent circuit is given in Fig. S14 (see ESI), and
the fitted equivalent circuit parameters are tabulated in
Table S4 (see ESI). It is observed that the solution
resistance is quite similar, and only charge transfer
resistance slightly changes from 0.2 to 0.48 Q cm after
5000 GCD cycles, which suggests well-maintained
charge transfer kinetics of electrode during cyclic
stability.

10 | J. Name., 2012, 00, 1-3

The following factors are majorly contributed to
achieving an exceptional electrochemical capacitive
performance of electrodeposited nickel-cobalt phosphate
(E-NCP#4) thin film electrode: (i) The microspheres with
clustered nanoparticle like morphology and disordered
structure (amorphous) offer unique physical and
chemical properties with abundant electroactive sites, (ii)
The microspheres with nano cracks demonstrates a high
surface area with mesoporous structure, which provides
facile access of active material for the diffusion of
electrolytic ions, (iii) the self-grown (binder-free) active
material offers not only structural continuity but also
better connectivity between the active material and
current collector and eliminate the awful impact of
resistive binders.

3.4 Aqueous
(AHAS) device
The application of electrodeposited nickel-cobalt
phosphate electrode (E-NCP4) as a cathode in a hybrid
asymmetric supercapacitor device is tested by fabricating
an aqueous hybrid asymmetric supercapacitor (AHAS,
E-NCP4//rGO) device with rGO as an anode in aqueous

hybrid asymmetric supercapacitor
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(1 M KOH) electrolyte. The structural characterizations
and electrochemical study of the rGO anode are provided
in the supplementary information (Fig. S15, see ESI).
The CV graphs of E-NCP4 and rGO electrodes in the
distinct potential windows are depicted in Fig. S16 (see
ESI). The working potential window (0 to 0.5 and -1 to 0
V/SCE) and capacitances (2228 and 200 F g-") of positive
(E-NCP4) and negative (rGO) electrodes are distinct, so
to reach the highest electrochemical performance of
AHAS device, the charge balance was maintained by
varying mass of active materials as ~0.17:1. The
operational potential window of the AHAS device (E-
NCP4/1GO) is determined by measuring CV in the range
of 0 to 1.2-1.7 V at a fixed scan rate of 50 mV s, as
shown in Fig. S17 (a) (see ESI). A good quasi-
rectangular shape of CV graphs can be observed in
potential window of 0 to 1.6 V and after 1.7 V, a sharp
increment in CV current is observed due to splitting of
aqueous electrolyte and reveals an irreversible reaction.
So, the optimum potential window for the AHAS device
from the CV analysis is found to be 0 to 1.6 V. The scan
rate (5-100 mV s') dependent CV graphs of AHAS
device are shown in Fig. 6 (a) and unaltered CV shape
even at high scan rates indicating the excellent rate
capability of AHAS device (E-NCP4//rGO).83

Similarly, to find out the operational potential
window of the AHAS device (E-NCP4//rGO), the GCD
curves are measured in different potential windows (0 to
1.2-1.7) at 6.7 A g! current density and provided in Fig.
S17 (b) (see ESI). The observed symmetric GCD curve
in the potential window of 0 to 1.6 V demonstrates the
suitable potential window for the AHAS device.
Moreover, the GCD study of AHAS device in 0 to 1.6 V
potential window at different current densities (2.7-6.7 A
g!) are presented in Fig. 6 (b). The discharging time of
the AHAS device decreases with an increase in current
density, demonstrating insufficient utilization of active
material at higher current densities. The specific
capacitance of the AHAS device depicted in Fig. 6 (c)
shows that the specific capacitance of the device is
maximum at a lower current density owing to more
interaction of active material and electrolyte. The
maximum specific capacitance of 185 F g at 2.7 A g'!
current density is achieved for the AHAS device (E-
NCP4//tGO), and upholds up to 159 F g'at 6.7 A g'!
current density. The AHAS device sustains almost 86 %
of capacitance even at a high current density, suggesting

This journal is © The Royal Society of Chemistry 20xx
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that the device can be useful even at high.charging:
discharging rates. DOI: 10.1039/D2TA00761D
Moreover, the energy density and power density
of the AHAS device are derived from GCD study and
plotted as Ragone plot in Fig. 6 (d). The AHAS device
delivers the highest energy density of 65.7 Wh kg'! at a
power density of 2.2 kW kg-!, and it decreases up to 56.4
Wh kg! at a power density of 5.4 kW kg-!. The AHAS
device (E-NCP4//rGO) shows higher energy and power
density as compared to available aqueous supercapacitor
devices based on nickel-cobalt phosphate electrodes
(Table S5 (see ESI)).30-3437-4474-76 However, the E-
NCP4//+GO device demonstrates less energy density than
the reported KCog33Nig¢,PO4//AC device by Liang et
al.*! and for Cu/p-CuO/NiCo-P//3DPG device by Huang
et al.*> The key reason to obtain improved performance
by Liang et al. and Huang et al. is that the nickel foam
and Cu/p-CuO nanowires were used as a current
collector, which may add a self-capacitive contribution to
the overall capacitance of the device. However, in the
present work, the SS substrate is used as a current
collector for both positive and negative electrodes, and it
doesn’t interfere with the capacitive performance of the
device. The high energy and power values of the AHAS
device (E-NCP4//rGO) demonstrate its applicability as
per the requirement of high power or energy appliances.
In EIS analysis, the Nyquist plot of the AHAS
device shown in Fig. 6 (e) represents lower values of Ry
(2 Q) and R (72 Q), which suggest easy interaction
between electrode-electrolyte and excellent contact of
active material with the current collector. Also, Warburg
impedance (W) and general imperfect capacitor (Q,
n=correction factor) are 0.02 Q and 0.56 mF (n=0.9),
respectively, in the fitted circuit. The GCD cycling of the
AHAS device (E-NCP4//rGO) was measured at a current
density of 15 A g'! for 4000 GCD cycles, as shown Fig.
6 (f), and the GCD curves of the initial and last 10 cycles
are displayed as an inset of figure. For initial cycles, the
AHAS device shows a decrement in the specific
capacitance, then an increment in specific capacitance
due to the expansion of the electrochemical active
volume of material after several GCD cycles. The AHAS
device withstands 97 % capacitive retention after 4000
GCD cycles and such stable nature of AHAS device with
an excellent capacitance encourages further usage of
electrodeposited nickel-cobalt phosphate thin films and
rGO electrodes in the hybrid energy storage devices.
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Fig. 6 (a) The CV graphs of the device at 5-100 mV s™! scan rates, (b) The GCD curves at different current densities,

(c) Plot of specific capacitance as a function of current de

nsity, (d) the Ragone plot, (¢) Nyquist plot and (f) Cyclic

stability at 15 A g! current density (inset: (i) initial and (ii) last 10 GCD cycles) of E-NCP4//rGO AHAS device.

3.5 Solid-state hybrid asymmetric supercapacitor
(SHAS) device

The solid-state energy storage device has
become a prominent topic in the research field because
of its application in portable electronic devices. The
solid-state energy storage devices offer numerous
advantages like the ease in handling owing to being
lightweight. Also, they can be fabricated in different
designs and sizes due to their leakage-free property as
desired for the application.?*85 Therefore, the SHAS
device is fabricated by integrating E-NCP4 and rGO
electrodes as cathode and anode, respectively, with gel
electrolyte (PVA-KOH) (Fig. S2 (a-e), see ESI). As per
the AHAS device study, the 0 to 1.6 V potential window
is also selected for the SHAS device (E-NCP4//PVA-
KOH//rGO) and wused for further -electrochemical
analysis. The CV curves of the SHAS device (E-
NCP4//PVA-KOH//rGO) are recorded at 5-100 mV s’!
scan rates, as displayed in Fig. 7 (a), and well-maintained
CV shapes suggest good rate capability of the device. The
non-linear GCD curves observed for the SHAS device
(E-NCP4//PVA-KOH//rGO) at various current densities

12 | J. Name., 2012, 00, 1-3

in 0 to 1.6 V potential window as displayed in Fig. 7 (b).
The SHAS device (E-NCP4//PVA-KOH//rGO) achieves
an optimum 0 to 1.6 V potential window with a prolonged
charging-discharging time, demonstrating maximum
capacitance with energy density. The specific
capacitance of the SHAS device is calculated from GCD
analysis at various current densities, as presented in Fig.
7 (c). The SHAS device exhibits maximum specific
capacitance of 90 F g! at a current density of 0.4 A g,
and decreases up to 65 F g'' at 2 A g'! current density with
72 % capacitive retention at a high current density. The
position of SHAS device in Ragone plot (Fig. 7 (d))
shows that the device achieves a maximum energy
density of 32 Wh kg-! at a power density of 0.32 kW kg
' and retains 23.1 Wh kg'! energy density at a power
density of 1.6 kW kg, which suggest good rate
capability of SHAS device (E-NCP4//PVA-KOH//rGO).

The Nyquist plot with an equivalent circuit of
SHAS device shown in Fig. 7 (e) validates low values of
R, (0.25 Q) and R, (15.13 Q), demonstrating good ionic
conductivity of gel electrolyte and its compatibility with

This journal is © The Royal Society of Chemistry 20xx

Page 12 of 16


https://doi.org/10.1039/d2ta00761d

Page 13 of 16 Journal ofcMaterials . Chemistry A

-
N
=3

Published on 21 April 2022. Downloaded by Y onsel University on 4/21/2022 1:03:00 PM.

(c) " View Aticle Onfne
3 - DOI: 10.1039/D2TA0076JLD
— < 100 E
- (=2}
=) 3 [
< w
> 3 8o .\I\
E = &
H 1= g '\-\-
g K] S 60
o = 8
£ 18 ]
- Qo
@ <] o 40
5 jo =
© 2
& 20
L L 1 1 1 Lo L L L 0 L 1 '} L
0.0 0.4 0.8 1.2 1.6 0 200 400 600 800 1000 0.0 0.5 1.0 1.5 2.0
Potential (V) Time (s) Current density (A g™')
120
70 T T T T T
o) (5 1 T ao
—~ 50 60 R, E Iy 100 O‘O-o_o_o 89 %
b AAAA < ~@~ -
= a0 fF 3 = 9-9-9.9-0-9-9-0-9-9%
= 50 ] J 5 8of 3
g Q T
= [
‘3,30- '\\-\N s 4o F 1 % 6ok “fi i 3
@ - o
g N0 b {1z E s
20 | 4 ‘C 40 | . o B
8 20 F 2 F- L
@ ! S
& 20 L]
i -10 /'. - . o ERE S e
Teme (s) Time (s)
o | 0 T T 0 L L L L
041 p 0 10 20 30 40 50 60 70 0 1000 2000 3000 4000
Power density (kW kg™) Z' (@) Cycle number

Fig. 7 (a) The CV curves at 5-100 mV s! scan rates, (b) The GCD curves at different current densities, (c) Plot of
specific capacitance as a function of current density, (d) the Ragone plot, (¢) Nyquist plot and (f) Cyclic stability at
5 A g'! current density (inset: initial (i) and last (ii) 10 GCD cycles) of E-NCP4//PVA-KOH//rGO SHAS device.

active materials. Warburg impedance (W) and general
imperfect capacitor (Q) are found to be 0.037 Q and 1.87
mF  (correction factor n=0.74), respectively, in an
equivalent circuit. Electrochemical stability of the SHAS
device (E-NCP4//PVA-KOH//tGO) is tested for 4000
GCD cycles at a current density of 5 A g'!; the device
retains 89 % of initial capacitance after 4000 cycles, as
presented in Fig. 7 (f) with the initial and last GCD cycles
as an inset. The good cyclic performance for a large
number of cycles at high current density suggests the
SHAS device can efficiently work at a very high rate for
a long time and can be used in various portable devices.
The practical applicability of the SHAS device
(E-NCP4//PVA-KOH/rGO) is inspected by charging
two serially connected devices at +3.2 V for 30 s and then
discharged through parallelly connected 201 red light-
emitting diodes (LEDs), where they glowed LED panel
for 180 s as represented in Fig. 8 (a-c). The demonstration
of practical usage of SHAS device (E-NCP4//PVA-
KOH/rGO) suggests its potential for application in
various electronic appliances. The Ragone plots of
AHAS and SHAS device with reported data in the

This journal is © The Royal Society of Chemistry 20xx

literature is plotted in Fig. 8 (d) (Table S5 (see ESI)).3%-
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Fig. 8 (a-c) Photographs of two serially connected SHAS
devices light up 201 LEDs panel at various time and (d)
Comparative Ragone plots of AHAS and SHAS devices
with available data.
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The prepared SHAS device (E-NCP4//PVA-
KOH//rGO) demonstrates comparable energy and power
density results with previous reports on hybrid devices.
Moreover, the AHAS device (E-NCP4//rGO) exhibits
higher energy density than previously reported works due
to the high ionic conductivity of the aqueous electrolyte.
However, the additional leakage-free characteristic of the
SHAS device makes it more advantageous for portable
applications. Therefore, both kinds of hybrid devices can
be used in the desired application e.g., AHAS device can
be used in stationary devices where high energy is
required, and SHAS device can be used in portable
electronic devices.

Moreover, the achieved excellent capacitive
performance of nickel-cobalt phosphate active material
in the present work is attributed to the intercalative
pseudocapacitive charge storage mechanism, and further,
the performance can be enhanced by doping or
compositing with other materials or by using the high
surface area current collector. The synergy between
metal ions (nickel and cobalt) at optimal composition
(~1:1) with microspheres of clustered nanoparticles like
morphology of E-NCP4 electrode possesses intercalative
pseudocapacitance and EDLC capacitance of rGO leads
to the high supercapacitive performance of AHAS and
SHAS devices.

4. Conclusions

In conclusion, the PED method is an efficient
synthetic approach for successful binder-free, large-scale
preparation of nickel-cobalt phosphate thin films with a
rational combination of cations (nickel and cobalt).
Variation in cations (Ni:Co) composition significantly
influences the structure and morphology of nickel-cobalt
phosphate thin films from amorphous microspheres to
crystalline nanosheets. The microspheres with clustered
nanoparticles of E-NCP4 electrode with ~1:1 Ni:Co
composition delivers enhanced specific capacitance
(capacity) of 2228 F g! (891 C g ') at 1.5 A g'! than other
electrodes, which accredited to high specific surface area
(17.2 m? g!) and low electrochemical impedance owing
to binder-free synthesis. In addition, the fabricated hybrid
devices based on E-NCP4 and rGO electrodes
demonstrated excellent energy storage performance as
the AHAS device exhibited the highest specific
capacitance of 185 F g! with an energy density of 65.7
Wh kg! at a power density of 2.2 kW kg-!. Likewise, the

14 | J. Name., 2012, 00, 1-3

SHAS device achieves the highest specific capacitancef
90 F g! with 32 Wh kg™! energy denSity 8t 032 4W Kg"
power density. Moreover, the SHAS (E-NCP4//PVA-
KOH/tGO) and AHAS (E-NCP4//rGO) devices with
excellent electrochemical capacitive features suggest
their significant potential for application in various
electronic devices. Conclusively, the binder-free
microspheres of clustered nanoparticles of nickel-cobalt
phosphate thin film electrode, with (~1:1) optimum
nickel and cobalt composition prepared by PED method,
is the prospective cathode for hybrid supercapacitor
devices (aqueous and solid-state).

Conflict of interest
There are no conflicts to declare.

Acknowledgments
Authors are thankful to the Ministry of Science and
Technology India, Department of Science and

Technology-Innovation in Science Pursuit for Inspired
(DST-INSPIRE), for financial support through research
project sanction no. DST/INSPIRE/04/2016/000260. Also,
the authors are thankful to the Science and Engineering
Research Board (DST-SERB), New Delhi, India, for
financial support through research project sanction no.
CRG/2019/005730. HHP, TK and VGP announce that this
work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korean government
(MSIT) (No.2020R1AS5A1019131).

References

1 E. Aboelazm, G. Ali, H. Algarni, H. Yin, Y. Zhong
and K. Chong, J. Phys. Chem. C, 2018, 122, 12200-
12206.

2 X. Zhao, W. Cai, Y. Yang, X. Song, Z. Neale, H.
Wang, J. Sui and G. Cao, Nano Energy, 2018, 47,
224-234,

3 J. Sun, C. Wu, X. Sun, H. Hu, C. Zhi, L. Hou and C.
Yuan, J. Mater. Chem. A, 2017, 5, 9443-9464.

4 L. Ghadimi, N. Arsalani, I. Ahadzadeh, A. Hajalilou
and E. Abouzari-Lotf, Appl. Surf. Sci., 2019, 494,
440-451.

5 D. Jiang, C. Li, W. Yang, J. Zhang and J. Liu, J.
Mater. Chem. A, 2017, 5, 18684-18690.

6 J. Zhao, Y. Li, G. Wang, T. Wei, Z. Liu, K. Cheng,
K. Ye, K. Zhu, D. Cao and Z. Fan, J. Mater. Chem.
A,2017,5,23085-23093.

This journal is © The Royal Society of Chemistry 20xx

Page 14 of 16


https://doi.org/10.1039/d2ta00761d

Page 15 of 16

Published on 21 April 2022. Downloaded by Y onsel University on 4/21/2022 1:03:00 PM.

7

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Journal ofcMaterials Chemistry A

F. Yu, T. Huang, P. Zhang, Y. Tao, F. Cui, Q. Xie,
S. Yao and F. Wang, Energy Storage Mater., 2019,
22, 235-255.

H. Jia, Z. Wang, C. Li, X. Si, X. Zheng, Y. Cai, J.
Lin, H. Liang, J. Qi, J. Cao, J. Feng and W. Fei, J.
Mater. Chem. A, 2019, 7, 6686-6694.

Y. Gogotsi and P. Simon, Sci. Mag., 2011, 334, 917-
918.

J. Yan, Z. Fan, W. Sun, G. Ning, T. Wei, Q. Zhang,
R. Zhang, L. Zhi and F. Wei, Adv. Funct. Mater.,
2012, 22, 2632-2641.

X. Lu, X. Chen, W. Zhou, Y. Tong and G. Li, ACS
Appl. Mater. Interface, 2015, 7, 14843-14850.

H. Xia, C. Hong, B. Li, B. Zhao, Z. Lin, M. Zheng,
S. Savilov and S. Aldoshin, Adv. Funct. Mater.,
2015, 25, 627-635.

N. Chodankar, H. Pham, A. Nanjundan, J. Fernando,
K. Jayaramulu, D. Golberg, Y. Han and D. Dubal,
Small, 2020, 16, 2002806.

F. Shi, L. Li, X. Wang, C. Gu and J. Tu, RSC Adv.,
2014, 4,41910-41921.

X. Li, A. Elshahawy, C. Guan and J. Wang, Small,
2017,13,1701530-1701554.

B. Senthilkumar, Z. Khan, S. Park, K. Kim, H. Ko
and Y. Kim, J. Mater. Chem. A, 2015, 3, 21553-
21561.

X. Peng, H. Chai, Y. Cao, Y. Wang, H. Dong, D. Jia
and W. Zhou, Mater. Today Energy, 2018, 7, 129-
135.

F. Omar, A. Numan, N. Duraisamy, S. Bashir, K.
Ramesh and S. Ramesh, RSC Adv., 2016, 6, 76298-
76306.

Y. Gao, J. Zhao, Z. Run, G. Zhang and H. Pang,
Dalton Trans., 2014, 43, 17000-17005.

H. Li, H. Yu, J. Zhai, L. Sun, H. Yang and S. Xie,
Mater. Lett., 2015, 152, 25-28.

H. Pang, S. Wang, W. Shao, S. Zhao, B. Yan, X. Li,
S. Li, J. Chen and W. Du, Nanoscale, 2013, 5, 5752-
5757.

J. Li, M. Liu, L. Kong, M. Shi, W. Han and L. Kang,
Mater. Lett., 2015, 161, 404-407.

Z. Khan, B. Senthilkumar, S. Lim, R. Shanker, Y.
Kim and H. Ko, Adv. Mater. Interfaces, 2017, 4,
1700059.

D. Patil, B. Koteswararao, K. Begari, A. Yogi, M.
Moussa and D. Dubal, ACS Appl. Energy Mater.,
2019, 2, 2972-2981.

C. Yuan, H. Wu, Y. Xie and X. Lou, Angew. Chem.
Int. Ed., 2014, 53, 1488-1504.

M. Liu, L. Kong, C. Lu, X. Ma, X. Li, Y. Luo and L.
Kang, J. Mater. Chem. 4, 2013, 1, 1380-1387.

This journal is © The Royal Society of Chemistry 20xx

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

H. Chen, J. Jiang, L. Zhang, T. Qi, D. Xig.and H,.
Wan, J. Power Sources, 2014, 248!:2813§?/D2TA00761D
F. Yang, J. Yao, F. Liu, H. He, M. Zhou, P. Xiao and
Y. Zhang, J. Mater. Chem. A, 2013, 1, 594-601.

U. Patil, J. Sohn, S. Kulkarni, S. Lee, H. Park, K.
Gurav and S. Jun, ACS Appl. Mater. Interfaces,
2014, 6, 2450-2458.

M. Liu, J. Li, Y. Hu, Q. Yang and L. Kang,
Electrochim. Acta, 2016, 201, 142-150.

L. Tao, J. Li, Q. Zhou, H. Zhu, G. Hu and J. Huang,
J. Alloys Compd., 2018, 767, 789-796.

C. Chen, N. Zhang, Y. He, B. Liang, R. Ma and X.
Liu, ACS Appl. Mater. Interfaces, 2016, 8, 23114-
23121.

B. Li, P. Gu, Y. Feng, G. Zhang, K. Huang, H. Xue
and H. Pang, Adv. Funct. Mater.,2017,27, 1605784,
Y. Tang, Z. Liu, W. Guo, T. Chen, Y. Qiao, S. Mu,
Y. Zhao and F. Gao, Electrochim. Acta, 2016, 190,
118-125.

J. Zhang, Y. Yang, Z. Zhang, X. Xu and X. Wang, J.
Mater. Chem. A,2014,2,20182-20188.

A. Mirghni, K. Oyedotun, B. Mahmoud, A. Bello, S.
Ray and N. Manyala, Compos. B Eng., 2019, 174,
106953.

S. Zhang, H. Gao and J. Zhou, J. Alloys Compd.,
2018, 746, 549-556.

Z.Xiao, Y. Bao, Z. Li, X. Huai, M. Wang, P. Liu and
L. Wang, ACS Appl. Energy Mater., 2019, 2, 1086-
1092.

Y. Zhao, Z. Chen, D. Xiong, Y. Qiao, Y. Tang and
F. Gao, Sci. Rep., 2016, 6, 17613.

M. Liu, N. Shang, X. Zhang, S. Gao, C. Wang and Z.
Wang, J. Alloys Compd., 2019, 791, 929-935.

B. Liang, Y. Chen, J. He, C. Chen, W. Liu, Y. He, X.
Liu, N. Zhang and V. Roy, ACS Appl. Mater.
Interfaces, 2018, 10, 3506-3514.

J. Huang, Y. Xiong, Z. Peng, L. Chen, L. Wang, Y.
Xu, L. Tan, K. Yuan, Y. Chen, ACS Nano, 2020, 14,
14201-14211.

S. Marje, V. Patil, V. Parale, H. Park, P. Shinde, J.
Gunjakar, C. Lokhande and U. Patil, Chem. Eng. J.,
2022, 429, 132184.

M. Li, Y. Luo, C. Jia, Q. Zhang, G. Luo, L. Zhao, R.
Boukherroub and Z. Jiang, J. Alloys Compd., 2022,
893, 162340.

S. Patil, N. Chodankar, R. Pujari, Y. Han and D. Lee,
J. Power Sources, 2020, 466, 228286.

S. Navale, V. Mali, S. Pawar, R. Mane, M. Naushad,
F. Stadler and V. Patil, RSC Adv., 2015, 5, 51961-
51965.

J. Name., 2013, 00, 1-3 | 15


https://www.sciencedirect.com/science/journal/09258388/746/supp/C
https://www.sciencedirect.com/science/journal/09258388/746/supp/C
https://doi.org/10.1039/d2ta00761d

Published on 21 April 2022. Downloaded by Y onsel University on 4/21/2022 1:03:00 PM.

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Journal of-Materials.Chemistry A

H. Wen, M. Cao, G. Sun, W. Xu, D. Wang, X. Zhang
and C. Hu, J. Phys. Chem. C, 2008, 112, 15948-
15955.

T. Nguyen, V. Nguyen, R. Deivasigamani, D.
Kharismadewi, Y. Iwai and J. Shim, Solid State Sci.,
2016, 53, 71-77.

H. Liu, T. Chin and S. Yung, Mater. Chem. Phys.,
1997, 50, 1-10.

N. Prokopchuk, V. Kopilevich and L. Voitenko,
Russ. J. Appl. Chem., 2008, 81, 386-391.

N. Priyadharsini, A. Shanmugavani, L. Vasylechko
and R. Selvan, lonics, 2018, 24, 2073-2082.

P. Noisong, C. Danvirutai, T. Srithanratana and B.
Boonchom, Solid State Sci., 2008, 10, 1598-1604.
Y. Zhu, Y. Liu, T. Ren and Z. Yuan, Nanoscale,
2014, 6, 6627-6636.

J. Chang, Q. Lv, G. Li, J. Ge, C. Liu and W. Xing,
Appl. Catal. B, 2017, 204, 486-496.

W. Bian, Y. Huang, X. Xu, M. Din, G. Xie and X.
Wang, ACS Appl. Mater. Interfaces, 2018, 10, 9407-
9414.

J. Zhang, Y. Wang, Y. Zhang, F. Zaman, L. Hou and
C. Yuan, Electrochem. commun., 2021, 125, 107006.
H. Shao, N. Padmanathan, D. McNulty, C. O'Dwyer
and K. Razeeb, ACS Appl. Mater. Interfaces, 2016,
8, 28592-28598.

Y. Li, Z. Wang, J. Hu, S. Li, Y. Du, X. Han, and P.
Xu, Adv. Funct. Mater., 2020, 30, 1910498.

N. Jiang, B. You, M. Sheng and Y. Sun,
ChemCatChem, 2016, 8, 106-112.

T. Sun, L. Xu, Y. Yan, A. Zakhidov, R. Baughman
and J. Chen, ACS Catal., 2016, 6, 1446-1450.

P. Feng, X. Cheng, J. Li and X. Luo,
ChemistrySelect, 2018, 3, 760-764.

J. Li, W. Xu, D. Zhou, J. Luo, D. Zhang, P. Xu, L.
Wei and D. Yuan, J. Mater. Sci., 2018, 53, 2077-
2086.

X. Bai, Q. Liu, Z. Lu, J. Liu, R. Chen, R. Li, D. Song,
X. Jing, P. Liu and J. Wang, ACS Sustain. Chem.
Eng., 2017, 5, 9923-9934.

M. Sathiya, A. Prakash, K. Ramesha, J. Tarascon and
A. Shukla, J. Am. Chem. Soc., 2011, 133, 16291-
16299.

H. Kim, J. Cook, H. Lin, J. Ko, S. Tolbert, V. Ozolins
and B. Dunn, Nat. Mater., 2017, 16, 454-460.

P. Yang, Z. Wu, Y. Jiang, Z. Pan, W. Tian, L. Jiang
and L. Hu, Adv. Energy Mater.,2018, 8, 1801392.
J. Duay, S. Sherrill, Z. Gui, E. Gillette and S. Lee,
ACS Nano, 2013, 7, 1200-1214.

16 | J. Name., 2012, 00, 1-3

68

69

70

71

72

73

74

75

76

71

78

79

80

81

82

83

84

&5

S. Kandalkar, H. Lee, S. Seo, K. Lee and, (. JKimy /..
Mater. Sci., 2011, 46, 2977-298pO!: 10.1039/D2TA00761D
F. Omar, A. Numan, S. Bashir, N. Duraisamy, R.
Vikneswaran, Y. Loo, K. Ramesh and S. Ramesh,
Electrochim. Acta, 2018, 273, 216-228.

K. Sankar, Y. Seo, S. Lee and S. Jun, ACS Appl.
Mater. Interfaces, 2018, 10, 8045-8056.

D. Koushik, M. Jost, A. Ducinskas, C. Burgess, V.
Zardetto, C. Weijtens, M. Verheijen, W. Kessels, S.
Albrechtbe and M. Creatore, J. Mater. Chem. C,
2019, 7, 12532.

Z.Tian, Z. Sun, Y. Shao, L. Gao, R. Huang, Y. Shao,
R. Kaner and J. Sun, Energy Environ. Sci., 2021, 14,
1602.

X. Sun, J. Sun, C. Wu, L. Guo, L. Hou and C. Yuan,
Mater. Today Energy, 2021, 19, 100592.

C. Su, S. Xu, L. Zhang, X. Chen, G. Guan, N. Hu, Y.
Su, Z. Zhou, H. Wei, Z. Yang and Y. Qin,
Electrochim. Acta, 2019, 305, 81-89.

S. Xu, C. Su, T. Wang, Y. Ma, J. Hu, J. Hu, N. Hu,
Y. Su, Y. Zhang and Z. Yang, Electrochim. Acta,
2018, 259, 617-625.

S. Xu, T. Wang, Y. Ma, W. Jiang, S. Wang, M.
Hong, N. Hu, Y. Su, Y. Zhang and Z. Yang,
ChemSusChem, 2017, 10, 4056-4065.

Z. Huang, G. Natu, Z. Ji, P. Hasin and Y. Wu, J.
Phys. Chem. C,2011, 115, 25109-25114.

P. Deshmukh, S. Pusawale, V. Jamadade, U. Patil
and C. Lokhande, J. Alloys Compd., 2011, 509,
5064-5069.

D. Dubal, D. Dhawale, R. Salunkhe and C.
Lokhande, J. Electrochem. Soc., 2010, 157, A812-
A817.

M. Singh, S. Semwal, A. Kumar and S. Singh, Turk.
J. Elec. Eng. & Comp. Sci., 2015, 23, 2208-2214.

F. Butt, M. Tahir, C. Cao, F. Idress, R. Ahmed, W.
Khan, Z. Ali, N. Mohmood, M. Tanveer, A.
Mohmood and 1. Aslam, ACS Appl. Mater.
Interfaces, 2014, 16, 13635-13641.

J. Cherusseria and K. Kar, J. Mater. Chem. A, 2016,
4, 9910-9922.

L. Hou, Z. Chen, Z. Zhao, X. Sun, J. Zhang and C.
Yuan, ACS Appl. Energy Mater., 2019, 2, 548-557.
Z. Tang, C. Jia, Z. Wan, Q. Zhou, X. Ye and Y. Zhu,
RSC Adv., 2016, 6, 112307-112316.

C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang and J.
Zhang, Chem. Soc. Rev., 2015, 44, 7484-7539.

This journal is © The Royal Society of Chemistry 20xx

Page 16 of 16


https://doi.org/10.1039/d2ta00761d

Downloaded via Umakant Patil on October 11, 2022 at 04:51:48 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

energy:fuels

pubs.acs.org/EF

Hydrous and Amorphous Cobalt Phosphate Thin-Film Electrodes
Synthesized by the SILAR Method for High-Performing Flexible

Hybrid Energy Storage Devices

Vinod V. Patil, Sachin S. Pujari, Shraddha B. Bhosale, Sambhaji S. Kumbhar, Vinayak G. Parale,
Jayavant L. Gunjakar, Hyung-Ho Park, Chandrakant D. Lokhande, Mukund G. Malj,

Dattakumar S. Mhamane,* and Umakant M. Patil*

Cite This: https://doi.org/10.1021/acs.energyfuels.2c02202

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

Q Supporting Information

ABSTRACT: Recently, excellent electrochemical performance and
good conductivity of transition metal phosphates (TMPs) have
been obtained, assuring their potential as a cathode in hybrid
supercapacitors. Also, amorphous, hydrous materials are supposed
to be exemplary active materials for high-performing super-
capacitors because of their unique porous structure, structural
flexibility, and rich defects. Therefore, the present investigation
describes a simple synthesis method for hydrous and amorphous
cobalt phosphate thin-film preparation by the simple successive
ionic layer adsorption and reaction (SILAR) method on flexible
stainless steel (SS) substrate for supercapacitor application. The
structural and morphological analyses reveal mesoporous, agglom-
erated nanoparticle-like, hydrous, and amorphous cobalt phosphate
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over the SS substrate. The mesoporous nanoparticles of cobalt phosphate material possess the uppermost specific capacitance of

1147 F ¢! and 630.7 C g specific capacity at a 1 mA cm™>

current density. To demonstrate practical relevance, hybrid

supercapacitor devices were assembled with cobalt phosphate and rGO (reduced graphene oxide) as cathode and anode electrodes,
respectively. Furthermore, the assembled hybrid aqueous supercapacitor device (S-CP4//KOH//rGO) delivers 44.8 Wh kg™
specific energy (SE) at a specific power (SP) of 4.8 kW kg™' with 126 F g™' specific capacitance. The accumulated all-solid-state
hybrid supercapacitor device (S-CP4//PVA-KOH//rGO) achieved the uppermost 77 F g~" specific capacitance and SE of 27.37 Wh
kg™' at SP of 1.5 kW kg™ with an outstanding 94% capacitive retention over 5000 cycles. Such remarkable supercapacitive
performance results demonstrate that the SILAR method is an easy synthesis process for the binder-free preparation of cathode
based on hydrous, amorphous cobalt phosphate thin films for hybrid supercapacitor devices.

1. INTRODUCTION

There has been a recent surge in energy demand for escalating
electronic appliances and limitations of existing energy storage
systems as the traditional energy storage system does not meet
the development trend, which instantly demands efficient and
clean energy.l_3 Therefore, supercapacitor devices are in high
demand and are considered an upcoming generation of energy
storage devices based on benefits such as excellent energy
storage capability and long cycle life.""® Nevertheless, their low
specific energy confines supercapacitor application in devices
that require high energy.”® Therefore, to improve specific
energy and power, hybrid asymmetric capacitor devices have
been developed, which consist of two dissimilar electrodes:
one as an energy source (cathode), where battery-type or
pseudocapacitive material is used, and another as a power
source (anode), which consists of capacitor-type or electro-
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chemical double-layer capacitor (EDLC) electrode materi-
als.” ™"

In general, existing pseudocapacitive materials are catego-
rized into intrinsic, intercalation, and extrinsic types, and they
exhibit higher specific energy than EDLC materials. Interest-
ingly, battery-type materials can exhibit pseudocapacitive
behavior upon changing their crystallite size or morphology
(nanocrystalline) and are referred to as extrinsic pseudocapa-
citive materials.'> !¢ Therefore, recent research interest has

been growing in developing and miniaturizing battery-type
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Figure 1. (a) Schematic preparation of cobalt phosphate thin-film deposition using the SILAR method, (b) thickness variation plot, and (c)

photographs of S-CP series electrodes.

materials (nanocrystalline) to explore their pseudocapacitive
performance in hybrid asymmetric supercapacitor devices as a
cathode. Also, amorphous pseudocapacitive materials are
gaining more attention than their crystalline counterparts due
to their chemical homogeneity, atomic-scale structural
flexibility, high surface area, and abundant defects.'”™ "
Owing to these unique features, the amorphous phase affects
the charge storage properties of the material in diverse ways as
amorphous materials can provide full access to electrolyte ions,
and their structural flexibility facilitates the in situ trans-
formation from originally inert species to active phases/species,
while the charging—discharging process efficiently improves
the intrinsic activity and electrochemical stability.'”*°~**
Therefore, several pseudocapacitive materials, including
metal phosphates/oxides/hydroxides/sulfides, have been enor-
mously examined as the positive electrode in energy storage
devices due to their electrochemical activity and abundant
resources.”*"*° The excellent electrical conductivity and
electrochemical stability due to phosphate’s covalent bond
(P—O) make them extraordinary contenders over the
remaining pseudocapacitive materials for supercapacitors.
Among several transition metal phosphates (TMPs), cobalt
phosphate has been gaining increasing attention since it

portrays several applications as a potential anode for
rechargeable batteries, heterogeneous catalysts, magnetism
materials, sorbents, and ion exchangers,27 due to its excellent
electrochemical redox activity. Therefore, in the last decade or
more, many research articles have described the preparation of
different polymorphs of crystalline cobalt phosphate material
with various sizes and shapes by different chemical synthesis
methods,”*™*° such as green precipitation,”® hydrothermal,””
co-precipitation,” and solvothermal,”" and also investigated
them as energy storage devices. Also, different morphologies of
well-crystalline cobalt phosphate, such as flowerlike,”® nano-
sheets,”” nanoflakes,® nanowires,”’ leaflike,”* etc., were
synthesized using different synthesis approaches, which
eventually provide distinct electrochemical capacitive perform-
ances.

Amorphization of materials is a facile and efficient strategy
that aims to obtain short-range ordering and achieve the
extrinsic pseudocapacitive behavior of battery-type materials.
Several synthesis approaches have been reported for the
preparation of well-ordered crystalline cobalt phosphate
materials; however, the amorphous phase of cobalt phosphate
has not yet been prepared and utilized for supercapacitor
application. Among several chemical methods, SILAR is a
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productive method for synthesizing binder-free, amorphous/
nanocrystalline material thin-film electrodes. Also, thin films
were prepared by dipping a substrate into placed cationic
precursor and anionic precursor solutions one by one in the
SILAR process, which prevents crystalline growth of the
material since material growth is interrupted during deposition
and results in the formation of amorphous/nanocrystalline
materials on the substrate. Moreover, the SILAR method is
scalable and can be used for larége—area deposition on any kind
of substrates (flexible/rigid).*>*” Moreover, this proficient
SILAR method has not yet been explored for synthesizing
binder-free cobalt phosphate thin-film electrodes.

Therefore, for the first time, a facile SILAR process is
utilized to prepare amorphous cobalt phosphate fine spherical
particles on a flexible SS substrate and used for supercapacitor
application. The impact of cobalt phosphate electrode
thicknesses on electrochemical capacitive performances is
studied using specific capacitance and distribution of battery
type and extrinsic pseudocapacitive behavior. Furthermore,
hybrid asymmetric supercapacitor devices, such as aqueous and
all-solid-state devices, were assembled with cobalt phosphate
and rGO"™" with aqueous 1 M KOH and PVA-KOH gel
electrolyte, respectively. Supercapacitive performances of
assembled hybrid supercapacitor devices are evaluated in
terms of specific capacitance, SE, SP, and electrochemical
durability through capacitive retention and described herein.

2. EXPERIMENTAL SECTION

2.1. Amorphous Cobalt Phosphate Synthesis. For the cobalt
phosphate preparation, precursors such as cobalt chloride hexahydrate
(CoCl,-6H,0) and dipotassium hydrogen orthophosphate (K,HPO,)
(AR grade, Sigma-Aldrich) were utilized without any purification. The
research-grade flexible SS substrate (5 X 1 cm?) was used for thin-film
deposition and to clean the substrate surface and create nucleation
centers; it was polished using polish paper (zero-grade) and further
cleaned using double-distilled water (DDW) via ultrasonication. The
equimolar (0.05 M) CoCl,-6H,0 and K,HPO, dissolved in 50 mL of
DDW are used as a cationic precursor and anionic precursor,
respectively. The amorphous cobalt phosphate thin films are obtained
by the SILAR method, as schematically shown in Figure la, which
consists of four steps. In the initial step, the finely cleaned SS substrate
is immersed for 10 s into a beaker containing a cationic precursor
(0.05 M CoCl,-6H,0) to allow for adsorption of cations on the
substrate surface. Next, the SS substrate was rinsed in DDW (5 s) in
the second step to remove the inadequately adsorbed and excess
cations from the substrate surface. In the third step, the cation-
adsorbed substrate is sequentially immersed for 10 s in the beaker
containing the anionic precursor (0.05 M K,HPO,), where anions
react with preadsorbed cations to form a cobalt phosphate layer on
the SS substrate. Finally, to ensure the removal of unreacted and
nonadherent molecules, the deposited substrate was rinsed with
DDW (S s) in the fourth step. The whole four-step process is one
SILAR cycle, and similar 20, 40, 60, 80, and 100 SILAR cycles are
varied to accomplish thickness variation of cobalt phosphate thin films
and designated as S-CP1, S-CP2, S-CP3, S-CP4, and S-CPS,
respectively. The optimized preparative parameters are summarized
in Table S1 (Electronic Supporting Information, ESI). Moreover, as-
prepared thin films are characterized by various physicochemical
techniques and used to probe electrochemical capacitive performance.

2.2. Material Characterizations. The structural properties of
prepared cobalt phosphate electrodes were examined with a Rigaku
Miniflex-600 X-ray diffractometer (XRD) using Cu Ka radiation (4 =
0.15425 nm) and functioned at 15 mA and 40 kV in the 5—80° 20
range at a 2° min~' scanning rate. Fourier transform-infrared (FT-IR)
spectrometry spectra within the region of 4000—400 cm™' were
recorded using an a (II) Bruker unit to determine functional groups
in the prepared samples. The Raman spectrum of the sample was

recorded using a Renishaw Raman microscope at a 532 nm excitation
wavelength to analyze the chemical bonding. The Brunauer—
Emmett—Teller (BET) method and Barrett—Joyner—Halenda
(BJH) method were used to calculate the specific surface areas and
pore size distribution, respectively, of samples by adsorption
measurement using a Belsorp II mini surface analyzer (77 K). An
X-ray photoelectron spectroscopy (XPS) study was carried out on a
Thermoscientific ESCALAB 250 (U.K.) instrument. The morphology
study and elemental analysis of samples were carried out by
employing field emission scanning electron microscopy (FE-SEM,
Model-JSM-7001F) and energy-dispersive spectroscopy (EDS,
Model-X-max), respectively. Supercapacitive measurements of cobalt
phosphate electrodes are studied using the electrochemical work-
station instrument (ZIVE MP1).

2.3. Electrochemical Capacitive Measurements of Cobalt
Phosphate Electrodes. The electrochemical capacitive study of the
cobalt phosphate electrodes is performed using a half test cell that
includes SS-supported cobalt phosphate, a platinum plate, and
mercury/mercury oxide (Hg/HgO) as the working, counter, and
reference electrodes in a 1 M KOH electrolyte, respectively.
Moreover, the applicability of amorphous cobalt phosphate as a
positive (cathode) electrode in a hybrid supercapacitor was probed by
assembling a full test cell as described in Note S2 (see ESI). The
cyclic voltammetry (CV) measurements, galvanostatic charge—
discharge (GCD) measurements are carried out, and electrochemical
impedance spectroscopy (EIS) were assessed at the open circuit
potential (OCP) over the frequency range of 10 mHz to 1 MHz.
Furthermore, the performance of cobalt phosphate thin-film electro-
des in terms of specific capacitance, charge contributions, SE, and SP
of devices was evaluated using formulae provided in ESI Note S3.

3. RESULTS AND DISCUSSION

3.1. Reaction Mechanism and Film Formation. In the
present study, the preparation of cobalt phosphate electrodes is
performed using the simple SILAR route. SILAR is established
on successive adsorption and reaction on the SS substrate
surface by sequentially dipping into separately located cationic
and anionic precursors, respectively. The thin film of cobalt
phosphate formed by the SILAR process, a layer of Co** ions
adsorbs at nucleation centers that exist on the SS substrate
from the cationic precursor (at ambient conditions as per eq

1).
CoCl,-6H,0 + H,0 — Co** + 2CI” + H,0 (1)

Further reaction was continued in an anionic precursor,
where PO,*” anions are available by dissociation of K,HPO, in
DDW as per eqgs 2 and 3. When the Co®" ions consisting of the
SS substrate are immersed in an anionic precursor solution, the
chemical reaction among preadsorbed Co®* and PO,’” ions
expedites the adherent layer formation of cobalt phosphate
over a SS substrate as described in eq 4.

K,HPO, + H,0 — HPO;™ + 2K* + H,0 )
HPO;™ + H,0 — PO}” + H,0" (3)

3Co** + 2PO;” + H,0 — Co,(PO,),-nH,0 + H,0
(4)
Therefore, by way of the ion-by-ion growth mechanism, the
thin film is deposited, and it is followed by the ions assembling
at nucleation sites on the immersed substrate’s surface.
Moreover, material growth on the surface of the substrate is
attained through coalescence and particle stacking. Therefore,
the preparation of cobalt phosphate electrodes employing the
SILAR process has several striking features: the ambient
deposition temperature, which eludes high-temperature effects
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Figure 2. (a) X-ray diffraction pattern, (b) FT-IR spectrum, (c) Raman spectrum, and (d) N, adsorption/desorption isotherm of the S-CP4

sample.

such as contamination, interdiffusion, dopant redistribution,
and more importantly, it can lead to the formation of
amorphous material in thin-film form due to lattice
mismatching owing to abruption in growth mechanism.

Besides the apparent benefits of energy-saving, the prime
advantage is the controlled growth rate and the film thickness,
which can be simply attained by changing adsorption time and
reaction time and varying deposition cycles. Therefore, the
thickness of cobalt phosphate on the SS substrate is varied and
quantified using the gravimetric weight difference route in
terms of the deposited mass of material on the unit area of the
SS substrate (mg cm™2). The graph of cobalt phosphate thin-
films deposited mass with respect to deposition cycles and
photographs of electrodes are shown in Figure 1b,c. The
deposited mass of cobalt phosphate material was found to be
0.345, 0.464, 0.523, 0.595, and 0.404 mg cm™? for S-CP1, S-
CP2, S-CP3, S-CP4, and S-CPS samples, respectively. In
addition, it is observed that the thickness decreases after 100
SILAR deposition cycles, which may be due to the outer layer
peeling off from the film because of the poor adhesiveness of
the overgrown material.

3.2. Structural and Morphological Study. X-ray
diffraction was carried out to study the structural properties
of cobalt phosphate electrodes. Figure 2a shows the X-ray
diffraction pattern of the S-CP4 sample. In the pattern, no
diffraction peak is observed, and instead, only SS substrate
peaks are observed, confirming the amorphous nature of the
prepared sample. The SS peak is identified with the “#”
symbol. Amorphous materials offer unique features compared
to crystalline materials, such as the disordered structure
helping to improve structural flexibility with high specific

surface area, which can lead to enhanced specific capacity, rate
performance, and good cycle life with the chemical stability of
the material.”"~>*

The molecular bonding present in the S-CP4 sample was
investigated using FT-IR analysis. The FT-IR spectrum for the
S-CP4 sample in the region of 4000—400 cm™' is
demonstrated in Figure 2b. The peak at 567 cm™" is ascribed
to the phosphate group (PO,*”), and absorption below the
800 cm™! region is related to the Co—O stretching mode.*”*
Moreover, two absorption bands (1051 and 1354 cm™") were
attributed to the P=0 asymmetric and symmetric stretching
vibration of the PO,>~ group, respectively.”>>> On the other
hand, the wide band at around 3452 cm™ is allocated to the
O—H molecular stretching vibration mode, and the vibration
band at 1601 cm™' is ascribed to the H—O—H bending
mode.”*>> The Raman spectrum of the S-CP4 sample is
displayed in Figure 2c. A sharp and strong peak at around 971
cm™ (a3) is observed in the Raman spectrum, denoting a
stretching mode of cobalt phosphate. In addition, the shoulder
of the observed peak can be assigned to a vibrational
symmetric stretching mode of tetrahedron [PO,], where
oxygen coordinated with phosphorus vibrates away.** Along
with the sharp peak, four different peaks at 370 (al), 571 (a2),
1620 (ar4), and 3316 cm™ (aS) are observed and correspond
to O—Co—O (bending), H,PO, (bending), H-O—H
(bending), and O—H (bending) modes of vibration,
respectively.*® All bonds present in FT-IR and Raman
spectroscopic analyses confirm that the S-CP4 sample contains
structural water and hydrous cobalt phosphate formation.

The specific surface area and pore size distribution of the
SILAR-synthesized S-CP4 sample were investigated by BET
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Figure 4. (a—d) FE-SEM images of the S-CP4 sample at different magnifications.

and BJH models, respectively.” The N, sorption isotherm of
the S-CP4 sample at a relative pressure (P/P,) range is shown
in Figure 2d. In accordance with the International Union of
Pure and Applied Chemistry (IUPAC), the graph exhibits an
H3-type hysteresis loop and a type IV sorption isotherm,
demonstrating 7.47 m* g~ specific surface area. Also, in Figure
2d inset, the pore size distribution graph is illustrated, which
represents the average pore volume of 22.6 nm. The BET
results show that the larger pore size can deliver more charge

transport pathways and active sites for quick transportation of
ions in the electrochemical capacitive performance.
Moreover, an XPS study was conducted to understand the
chemical environment and electronic valance states of
elements in the S-CP4 sample (Figure 3). The XPS survey
scan of the S-CP4 sample shown in Figure 3a demonstrates
that the sample contains cobalt (Co), phosphorus (P), and
oxygen (O) elements. The spectrum of Co 2p is ascribed to
Co 2p;, and Co 2p,, at 796.4 eV and 780.4, respectively, with
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Liuface and Iy contributions for the S-CP series electrodes measured at a S mV s~

series electrode at different scan rates.

! scan rate, and (f) Iygee and Iy contributions for the S-CP4

two oscillating satellite peaks (784.1 and 801.6 eV). According
to the spectrum, cobalt having a divalent state (Co®") is shown
by the energy separation between prominent peaks (~ 16 eV)
(Figure 3b).” Furthermore, the presence of P is confirmed by
the XPS spectrum of P 2p (Figure 3c), and it is deconvoluted
into two core-level characteristic peaks corresponding to P
2ps/, (132.12 eV) and P 2p, ;, (133.13 eV), which correspond
to pentavalent phosphate in the PO,>~ group.’* Also, the O s
signal is deconvoluted into two peaks at 530.1 and 531.4 eV
binding energies, which is ascribed to the metal—oxygen (P—
O/M-0) bond and hydrated oxide species in cobalt
phosphate, respectively (Figure 3d).***>*' Thus, the chemical
composition confirmed that hydrous cobalt phosphate is
successfully prepared in thin-film form.

The morphological study of cobalt phosphate thin film (S-
CP4 sample) was carried out using a field emission scanning
electron microscope at different magnifications (10, 20, 30, and
50 kX) and is exhibited in Figure 4a—d. The FE-SEM images
at lower magnifications (Figure 4a—c) show that the binder-
free SILAR-synthesized cobalt phosphate material comprises
randomly distributed fine spherical particles all over the surface
with few large overgrown agglomerated particles. Moreover,
the FE-SEM image at a high (50 kX) magnification
demonstrated in Figure 4d shows spherical particles accumu-
lated with distinct particle sizes having an average diameter of
100—150 nm. Such fine spherical particles develop multiple
large cavities and voids that offer minimum diffusion length for
easy electrolytic ion access. Thus, it provides a maximum
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Figure 6. (a) Comparative GCD curves of S-CP series at a 1 mA cm™> current density; (b) GCD curves of best-performing S-CP4 electrode at
various current densities from 1 to 5 mA cm™%; (c) specific capacitance and capacity of S-CP1, S-CP2, S-CP3, S-CP4, and S-CPS5 electrodes at a 1
mA cm™? current density; and (d) Nyquist plot of S-CP1, S-CP2, S-CP3, S-CP4, and S-CPS5 electrodes at OCP.

electroactive surface area, which may help achieve higher
specific capacitance since the capacitance is proportional to an
electroactive surface area.” Furthermore, EDS was investigated
in FE-SEM mode to examine the elemental composition of the
prepared material. The FE-SEM-EDS spectrum of the S-CP4
sample is illustrated in Figure Slab, where the atomic
percentages of 29.24, 27.49, and 43.27% are observed for
cobalt (Co), phosphorous (P), and oxygen (O), respectively.
The existence of elements in the EDS spectra confirms the
hydrous cobalt phosphate thin-film formation.

3.3. Electrochemical Evaluation of Cobalt Phosphate
Electrodes. The supercapacitive behavior of the SILAR-
synthesized S-CP series (S-CP1, S-CP2, S-CP3, S-CP4, and S-
CP5) electrodes was studied in a 1 M KOH electrolyte using a
half test cell. The electrochemical redox behavior of S-CP
series electrodes was probed using CV measurements in a
potential range of 0—0.6 V vs Hg/HgO. Figure 5a illustrates
CV curves at a fixed scan rate of 20 mV s~ of S-CP series
electrodes. All samples show quasi-rectangular shapes along
with a redox couple due to the electrochemical reaction,
confirming the pseudocapacitive behavior of thin-film electro-
des. The feasible charge storage is based on a reversible
electrochemical reaction of cobalt phosphate [Co;(PO,),
nH,0] in an aqueous KOH electrolyte, according to eq S.

Co,(PO,), + OH™ < Coy(PO,),(OH") + ¢ s)

Based on the above possible reversible redox reaction, OH™
ions are intercalated and deintercalated into the electrode from
the electrolyte in the course of charging—discharging.56 The
CV analysis illustrates that the current under the curve
increases with SILAR cycles and is maximum for the S-CP4
sample. Furthermore, the CV of the S-CP4 electrode at distinct

5—50 mV s™!' scan rates indicates that the current area
increases with the scan rates (Figure Sb), and other series
samples exhibit similar CV trends with respect to scan rate (see
Figure S2a—d).

Moreover, to investigate the storage mechanism of the
prepared thin films, the diffusion control (battery type) and
surface capacitive control processes of electrodes are probed by
using power law (eq 6),

b
IP = av (6)

where I, represents the current density (peak) of an electrode,
v represents the scan rate, and a and b are denoted for variable
factors. The b values are derived from the slope (linear fit) of
the log of scan rate versus the log of the current density graph,
as illustrated in Figure Sc. The derived b values for samples S-
CP1, S-CP2, S-CP3, S-CP4, and S-CPS are found to be 0.71,
0.89, 0.93, 0.71, and 0.64, respectively. In general, the b value
denotes different storage processes as the electrochemical
process is diffusive-controlled when b is 0.5, and it is a
capacitive type for 1. The b values of S-CP series electrodes are
more significant and lie between 0.5 and 1, confirming the
diffusion and surface ca7pacitive mechanisms involved in the
charge storage process.5 o8

Moreover, to further understand the quantitative analysis of
the charge storage mechanism of the S-CP series electrodes,
surface capacitive charge and diffusion-controlled charge (Q, —
Lisace and Qg — Iy in overall volumetric charge response
(Qy) are calculated using the modified power law as given in eq
7. In the modified power law, Q, and Q4 govern the overall
volumetric charge (Q,) according to the following equation”’

Q=Q,+Q, (7)
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-2

In total stored charge (Q.), Q, is mainly obtained from
charge stored at the material’s surface and is related to the
electric double-layer capacitance. While Q4 arises explicitly
from the reduction—oxidation reactions that take place in the
bulk of the material and is produced from a slower diffusion
process, a semi-infinite linear propagation is supposed for the
diffusion process. Moreover, Q, is linearly dependent on the
scan rate, while Qg depends on the root of the scan rate.
Therefore, the approximate Q, and Q4 values are estimated by
the total voltammetric charge Q, (charge stored, C g™') versus
the reciprocal square root of the scan rate plot, and eq 8
measures the charge of both Q, and Qg in total charge
contribution (see Figure 5d),”

Q=Q,+ k" (8)

where Q; can be evaluated from the intercept of plot Q. vs
072 as shown in Figure 5d, and k is a constant. Accordingly,

the stored charge proportion of I, and Iy contributions
for the S-CP series electrodes at a scan rate of 5 mV s is
shown in Figure Se. Orange and blue areas represent the
capacitive and diffusive charge storage contribution in total
current, respectively. The coexistence of orange and blue
regions indicates that the electrodes show combined capacitive
and battery-type behaviors. Furthermore, it is found that the
charge contribution from the bulk process (Iy) is dominated
by an increase in the thickness of the sample, which suggests
that the deposited mass of the material influences the charge
storage mechanism. The charge contribution diagram for the
S-CP-4 series electrode measured at scan rates of 5—50 mV s~
is provided in Figure Sf, and graphs of other S-CP series
electrodes are given in Figure S3, which illustrate that the
capacitive contribution increases with the scan rate. This
suggests that the capacitive contribution is rampant at a high
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scan rate and contributes more to the total capacitance of the
prepared electrodes.

The S-CP series electrodes” GCD curves at a current density
of 1 mA cm™? are demonstrated in Figure 6a. The GCD curves
exhibit an almost symmetrical triangular shape, which suggests
the extrinsic pseudocapacitive behavior of the material. The
GCD curve of the S-CP4 electrode indicates the longest
charging—discharging time compared to other electrodes,
which specifies that the S-CP4 electrode exhibits the maximum
charge storage capability. Figure 6b shows the charge—
discharge curves of the S-CP4 electrode at various current
densities (1—5 mA cm™). The curves of S-CP1, S-CP2, S-
CP3, and S-CPS electrodes are illustrated in Figure S4 a-d. The
measured specific capacitances (capacities) are shown in
Figure 6c¢; the S-CP4 electrode demonstrates maximum
specific capacitance (capacity) of 1147 F g™ (631 C g™') at
a current density of 1 mA cm™> compared to S-CP1 (71 F g™/
39Cg"),S-CP2 (265F g7'/146 Cg™'), S-CP3 (§93 F g/
326 C g'), and S-CPS (141 F g7'/78 C g™") electrodes. The
measured specific capacitances (capacities) of S-CP series
electrodes at various current densities are illustrated in Figure
SS (see ESI). The obtained specific capacitance of the S-CP4
electrode is comparable with previously reported ones. The
detailed comparison of cobalt phosphate-based electrodes (S-
CP4) in terms of preparation method, morphology, specific
capacitance, and capacitive retention with available literature
data is tabulated in Table S2 (see ESI). Among them,
nanowire-like Co;(PO,), was prepared by Xi et al. using a
solvothermal process that achieved a specific capacitance of
1174 F g! at the current density of 2 A g™.>" Shao et al.
prepared Co;(PO,),-H,O nanoflakes via a hydrothermal route
and reported a maximum 1578.7 F g~* specific capacitance at a
current density of 5 A g~'.>* Sankar et al. obtained 1174 F g™*
specific capacitance for the hydrothermally synthesized
Co;(PO,), at a 025 A g™' current density.”” Tian et al.
synthesized flowerlike Co,;(HPO,)s:(OH)4 by the solvother-
mal route and obtained a specific capacitance of 1532.2 F g™
at the current density of 1 A g~'.* According to the literature
survey, only a few articles reported higher specific capacitance
than that of the present work; the reason for the maximum
specific capacitance achieved in some reported work is the
usage of nickel foam as the conducting backbone.>"***>*!
Nickel foam as the conducting support adds self-charge storage
capacity to the electrode material through conversion of a
surface atom to NiO and Ni(OH), during electrochemical
testing.”' Nevertheless, the SS substrate used in the present
work does not contribute to the electrochemical reaction to
increase the capacitance; thus, the capacitance obtained in this
work is solely based on the hydrous, amorphous cobalt
phosphate material.

The EIS analysis is further studied to evaluate impedance
involved in electrochemical processes of the S-CP series in the
10 mHz to 1 MHz frequency range at OCP, and the graph of
the Nyquist plot is shown in Figure 6d. Magnified Nyquist plot
and fitted Randles circuit using ZView-impedance software are
shown as an inset of Figure 6d. The fitting parameters of the
equivalent circuit consist of parameters of solution resistance
(R,), charge transfer resistance (R.), Warburg impedance
(R,), and constant phase element (CPE), which are given in
Table S3. R, is the intercept on the horizontal axis containing
electrolyte resistance, contact resistance among the current
collector and the active substances, and internal electrode
resistance. The quasi-semicircle signifies the R, determined by

the electrostatic interactions and faradic redox process, which
proceeds at the electrode and electrolyte interface. The slope
of the straight line specifies R,, signifying the charge diffusion
kinetics process within the active material.”>"®> The S-CP4
electrode demonstrates minimum R, R, and R, (0.7, 0.174,
and 0.445 Q, respectively) values in comparison with S-CP1, S-
CP2, S-CP3, and S-CPS electrodes (Table S3, see ESI). Thus,
the EIS result demonstrates that the S-CP4 electrode illustrates
good capacitive behavior due to the quick charge transport rate
(low R, and R.) owing to the preparation of binder-free
hydrous cobalt phosphate material over the SS substrate.
Moreover, the excellent charge storage ability and low
impedance demonstrate the candidacy of the binder-free S-
CP4 electrode as a positive electrode (cathode) in hybrid
supercapacitor devices.

3.4. Hybrid Aqueous Supercapacitor (HAASC) Device
Performance. The practical feasibility of hydrous and
amorphous cobalt phosphate electrode is investigated by
fabricating a HAASC device with S-CP4 as a cathode and rGO
as an anode (S-CP4//KOH//rGO) in an aqueous 1 M KOH
electrolyte, and the actual working is illustrated schematically
in Figure 7a. In the present study, the S-CP4 thin-film
electrode was operated within a positive 0—0.6 V vs Hg/HgO
potential range, whereas rGO displays superior electrochemical
performance in a negative 0 to —1.0 V vs Hg/HgO operating
potential window in the 1 M KOH electrolyte as demonstrated
in Figure 7b. The preparation of rGO electrode is given in
Note S1 and the morphological, structural, and electrochemical
analyses of the rGO electrode are given in Figures S6 and S7.
The distinct operating potential windows of S-CP4 and rGO
electrodes are suitable for assembling the HAASC device to
achieve a wider voltage range for hybrid devices. Also, to
obtain the superlative performance of a hybrid supercapacitor
device, the charge balance between the S-CP4 electrode and
the rGO electrode was achieved by mass-balancing using the
charge balance eq S3 (Note S3, see ESI).

The supercapacitive performance of the HAASC device was
first tested using CV and GCD analysis at various potentials to
fix an optimum working potential window of the HAASC
device at a scan rate of S0 mV s™' and a current density of $
mA cm™? in a 1 M KOH electrolyte (Figure S8a,b, see ESI).
Hence, prominent redox contributions were seen in a potential
window of 1.2—1.6 V, while potential window extended up to
1.7 V reflected a sudden surge in current after 1.6 V due to the
aqueous electrolyte splitting.”® Therefore, a working voltage of
1.6 V is preferred for further electrochemical measurements.
Figure 7c displays CV curves of the HAASC device at various
scan rates of S—100 mV s~'. The curves illustrate the ideal
capacitive nature and are maintained even at a higher 100 mV
s™! scan rate, revealing outstanding electrochemical reversi-
bility of the aqueous device. Furthermore, the GCD profiles of
the HAASC device were probed at various current densities of
3—7 mA cm? and are plotted in Figure 7d. GCD curves are
not perfectly triangular; however, the discharge curve does not
show any initial potential drop (IR drop), signifying a
negligible energy loss of the aqueous device. The measured
specific capacitances of the HAASC device from GCD curves
versus current densities are demonstrated in Figure 7e. The
HAASC device demonstrates the highest 126 F g~ specific
capacitance at a current density of 3 mA cm™ and it reduces
up to 113 F ¢! (7 mA cm™2) and demonstrates an excellent
rate capability of 89.6% of the HAASC device even at
maximum current density. The SE and SP are measured using

https://doi.org/10.1021/acs.energyfuels.2c02202
Energy Fuels XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02202/suppl_file/ef2c02202_si_001.pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF
5x10' T T T .b T T T
a 100pQ o (Ol ]
< (@) _ 99000000000000000.
S
= ! < sl S-CP4//KOH/FGO
§ 45x10'F @ 1 = (HAASC)
< ° £
2 ) S 60 (A) (B) -
H o = " ”
o g 14
g 4x10'f 1= g ]
b=} 5 e
8 < 5o
= & o6
) 04
© J
Q@ S-CP4//KOH//rGO o
(HAASC) 20 40 “I:m 30 100 fosz80 104300 111;::: (:lunn 04360
3.5x10! L ! 1 0 . A : .
6x10° 8x10° 104 1.2x10* 0 1000 2000 3000 4000 5000
Specific power (W kg™) Cycle number
-500 —r T T T T
C
© .
400 F s cpyixominco R, 1
(HAASC)
—@— After stability
~-300 } ‘@ Before stability CPE g
£ =
e P e ,“
5200 : 1 5= - ]
-100 | ‘? 1 1
B gowa,a.mong,hwo
0 h ’ Iz'm:.m) . ) -

200
Z'(Ohm)

300 400 500

Figure 8. (a) Ragone plot of the HAASC device, (b) capacitive retention vs cycle number plot of the HAASC device, and (c) before and after
stability Nyquist plots of the HAASC device.

Potentiostat T T T T
(a) < st (b) S-CP4//PVA-KOH//rGO ]
s HASSC
5]
< 4r T
g
> 2f -
-
E
o 0F -
<
-
g af ]
T
ot
E
O 4} 1
-6 A
0.0 0.4 0.8 12 16
Potential (V)
T T T T 100 T T T T
(c) S-CP4/PVA-KORINGO | ~ (d) —0—S-CP4//PVA-KOH/rGO
1.6 (HASSC) 4 e (1ASSC)
S
> 75) 1
9
2 1.2 4 =
= g sof 1
208 1 =
;i ——5mA cm? :
——4mA em? E
0.4 ——3 mA cm? 4 8 251 7
——2mA em? %
——1.5mA cm?
0‘0 1 1 1 0 1 1 1 1
0 30 60 9 120 150 180 1 2 3 4 5
Time (s) Current density (mA cm)

Figure 9. (a) Schematic of the solid-state device, (b) CV curves of HASSC device at different scan rates from § to 100 mV s, (c) GCD curves of
the HASSC device at different current densities from 1.5 to 5 mA cm ™2

densities from 1.5 to 5 mA cm™

, and (d) specific capacitance of the HASSC device at different current

https://doi.org/10.1021/acs.energyfuels.2c02202
Energy Fuels XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02202?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02202?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02202?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02202?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02202?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02202?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02202?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02202?fig=fig9&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels pubs.acs.org/EF
10° T T T T T T
@ S-CP4//PVA-KOH//rGO 1000099 i
~ (a) (HASSC) b 9000000000000000.
';B N S-CP4//PVA-KOH//rGO
= ° z 8or (HASSC) 1
=]
g ° g
& ° g o0y (A) B) y
S 10} o = iy 6
= (* ] o
@ -Z - 14 14
£ g 40rzy E 1
3 g_ E 08 E 08
2 5 2o 2o
- ST ::: .
0 5 10 15 20 25 24400 24405 24410 24415 24420
Time (s) Time (s)
100 " M 0 1 ' 1 1
2x10° 10 ox10? 0 1000 2000 3000 4000 5000
Specific power (W kg']) Cycle number
-400 (. ) T T T
C Ry
R
=300 F B
CPE
~
£ S-CP4//PVA-KOH//rGO
S -200 | HASSC 1
= . °
= 9 After stability o°
N @  Before stability d)o"
-100 | OQQQOOOOOWW i
:0°° ?
0 i
0 100 200 300 400
Z'(Ohm)
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stability Nyquist plots of the HASSC device.

equations S4 and SS (see ESI) and plotted in a Ragone plot
(Figure 8a). The HAASC device shows a high SE of 44.8 Wh
kg™! at a 4.8 kW kg™ SP and maintains a 40.2 Wh kg™! of SE
at a maximum 11.2 kW kg™ SP.

The cyclic durability of the HAASC device is investigated by
the GCD cycles at a current density of 7 mA cm™ over 5000
GCD cycles, and the capacitive retention of the HAASC device
is demonstrated in Figure 8b. The HAASC device revealed
capacitive retention up to 92% after S000 cycles; the initial (A)
and final (B) five cycles of stability demonstrate symmetric
potential—time response in the inset of Figure 8b. The GCD
curves retain maximum symmetry, which can be attributed to
the charge equilibrium between the cobalt phosphate
(cathode) electrode and the rGO (anode) electrode. The
amorphous, hydrous cobalt phosphate electrode provides a
minimum diffusion length for electrolyte ions. In contrast, the
rGO electrode collects charge through electrochemical double-
layer capacitance and delivers quick electron transfer for
reversible and fast faradic reactions. The before and after
durability test Nyquist plots of HAASC are displayed in Figure
8¢, and both spectra indicate angles higher than 45°
demonstrating the capacitive behavior of the HAASC device.
In an equivalent circuit, before stability, the R, R, and R, are
found to be 2.17, 3.50, and 0.038 €, respectively. After
stability, all values are increased slightly to 2.44, 56, and 0.14
Q, respectively, ascribed to the enhancement of the minimum
electrochemically active surface oxidation layer (Table SS, see
ESI). The excellent supercapacitive HAASC device perform-
ance is accredited to the use of greatly conductive aqueous
electrolyte and the reciprocity effect among two asymmetric
electrodes.””

3.5. Hybrid All-Solid-State Supercapacitor (HASSC)
Device Performance. The HASSC device was fabricated
using S-CP4 and rGO electrodes, with a PVA-KOH gel
electrolyte as a separator to avoid leakage problems and sustain
the flexible nature of the device. The schematic of the HASSC
device is illustrated in Figure 9a and photographs of device
fabrication are shown in Figure S9a,b. To keep both electrodes
reversible, the potential window varied from 1.2 to 1.7 V using
CV and GCD curves at a 50 mV s~ constant scan rate and 5
mA cm”? current density (Figure S10a,b, see ESI). Similar to
the HAASC, the HASSC device also maintained the CV and
GCD curve shape up to 1.6 V with good reversibility in
electrochemical reactions. However, while expanding the
potential window to 1.7 V, electrochemical reactions resulted
in an irreversible form. Therefore, the potential window of 0—
1.6 V is selected for further HASSC device study. Figure 9b
demonstrates the HASSC device CV curves at 5—100 mV s~
scan rates. Also, curves upheld their nature and reversibility at
low and high scan rates, as demonstrated in Figure 9b.
Furthermore, the GCD curves at distinct 1.5—-5 mA cm™>
current densities are illustrated in Figure 9¢; the curves show a
nontriangular shape that can be due to charge storage from the
faradic reactions. During the charging—discharging process, a
slight IR drop is observed, representing resistance due to the
PVA-KOH gel electrolyte.”**” The specific capacitances of the
HASSC device are evaluated from GCD measurements at
distinct current densities and plotted in Figure 9d, and a
maximum specific capacitance of 77 F g_1 is achieved at a
lower current density of 1.5 mA cm™ and 24 F g specific
capacitance at a high S mA cm™ current density. Figure 10a
demonstrates the HASSC device Ragone plot, which estimates
the device’s practical potential. As displayed in the Ragone
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Figure 11. (a) Comparative Ragone plot of HAASC and HASSC devices with an available literature survey and (b) demonstration of the HASSC

device by a glowing LED table lamp.

plot, the HASSC device reached 27.3 Wh kg™' SE at 1.5 kW
kg™' SP and maintained up to 8.5 Wh kg™" SE at 5 kW kg™!
SP. In practical application, the long-term cyclic durability of
the solid-state device is another critical requirement, and the
cyclic stability of the HASSC device is investigated at a current
density of 7 mA cm™* (Figure 10b); the first five cycles (A)
and last five cycles (B) of the typical GCD profiles are shown
as an inset of the figure. The first and last five stability cycles
demonstrate symmetrical potential—time response and show
94% capacitive retention after 5000 successful cycles,
suggesting superior cycling stability. Excellent stability of the
HASSC device is obtained because of the strong coupling
between cobalt phosphate and the rGO material. To further
evaluate the charge transfer behavior and ion-diffusion
properties, EIS measurements were conducted before and
after the durability test, and the HASSC device’s Nyquist plots
are illustrated in Figure 10c. Before charging—discharging
stability cycles, the Rg value of 0.26 Q was recorded, which is
very close to the after-stability Rg value of 0.16 €2, indicating
good ion diffusion, excellent conductivity, and interaction
between the substrate and materials. Moreover, after 5000
stability cycles, the R, value increases from 92 to 314 Q,
demonstrating decreased conductivity due to surface oxidation
(equivalent fitting parameters are shown in Table S6).

To examine the practical application of the fabricated device,
the energy storage capacity and power output ability are
important measurements for evaluating the device. In this
study, both the fabricated aqueous (HAASC) and solid-state
(HASSC) asymmetric supercapacitor devices deliver impres-
sive specific energy (HAASC = 44.8 and HASSC = 27.3 Wh
kg™') and specific power (HAASC = 4.8 and HASSC = 1.5 kW
kg™!) against the reported cobalt phosphate-based hybrid
devices, as shown in the Ragone plot (Figure 1la). The

detailed comparison of HAASC and HASSC device perform-
ance with the available literature data is summarized in Table
S7 (see ESI) with specific capacitance, SE, SP, and capacitive
retention. In comparison with previous reports, it is observed
that the HAASC device exceeds the specific power while
maintaining specific energy comparable to that of reported
cobalt phosphate-based aqueous hybrid supercapacitor devices.
Nevertheless, HASSC displays moderate SE and SP compared
to aqueous hybrid supercapacitor devices. Only a few
articles”**** described a slightly higher SE than the present
work; however, the specific power is compromised in achieving
the high specific energy. The high specific energy is reported
for aqueous asymmetric (Cos(PO,),-8H,0//CuS),”” symmet-
ric (Co;(PO,),//Co,(PO,),),>* and composite-based hybrid
(Co4(PO,),/GE//ppAC)* supercapacitor devices, where
these devices are fabricated using pseudocapacitive materials
as electrodes. On the other hand, in the present work, cobalt
phosphate provides facile charge transfer kinetics, which
provides excellent specific power without sacrificing much
specific energy owing to the mesoporous, amorphous, and
hydrous nature of the pseudocapacitive cathode. Furthermore,
to evaluate the feasibility of the HASSC device, two series-
connected devices were charged for 30 s at 32 V and
successfully lighted up 12 white light-emitting diode table
lamps for 90 s, as displayed in Figure 11b(i—iv). Furthermore,
the supercapacitive performance of the solid-state hybrid
device (HASSC) at different bending angles was studied, and
CV curves at the 0, 45, 90, 135, and 175° bending angles are
shown in Figure S1la. It is found that, at distinct bending
angles, a very negligible difference among the CV curves is
observed. The excellent 89% capacitive retention is maintained
even at a bending angle of 175° (Figure S11b), confirming the
excellent flexibility of the HASSC device. The photographs of
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the flexible HASSC device at various bending angles are shown
in Figure S11c(i—v). These results highlighted the applicability
of fabricated HASSC devices in flexible, portable electronic
devices.

Opverall, the some benefits of SILAR-synthesized, binder-
free, amorphous, hydrous cobalt phosphate electrode are
accountable for the excellent electrochemical capacitive
performance, which are as follows. (1) The mesoporous
structure and amorphous nature of cobalt phosphate electrodes
demonstrate a large surface area. (2) Binder-free synthesis by
the facile SILAR method elucidates minimum electrochemical
resistance for rapid charge transfer in an electrochemical
process. (3) The hydrous nature of the material is beneficial for
accessing aqueous electrolytic ions freely. (4) Moreover, the
defect-rich amorphous material does not display alterations in
strain during the charge—discharge process as in crystalline
structures and proposes long-term durability. Thus, amor-
phous, hydrous, clustered spherical particles and the
mesoporous nature of cobalt phosphate display maximum
capacitive performance in terms of high SP and SE with
exceptional durability.

4. CONCLUSIONS

The present study introduces a SILAR synthesis method to
prepare hydrous, amorphous, binder-free, cobalt phosphate
thin films. The mesoporous, clustered spherical particles of
cobalt phosphate are grown on a flexible SS substrate. The
electrochemical testing demonstrates that cobalt phosphate
electrodes with optimum mass loading exhibit higher specific
capacitance (capacity) of 1147 F g7! (630.7 C g™') ata 1 mA
cm™? current density. Moreover, HAASC and HASSC devices
assembled using best-performing Co;(PO,),:nH,0 as a
cathode and rGO as anode display specific capacitances of
126 and 77 F g_l, respectively. Also, both HAASC and HASSC
devices deliver high SE (HAASC = 44.8 and HASSC = 27.3
Wh kg™') and SP (HAASC = 4.8 and HASSC = 1.5 kW kg ")
with outstanding 92 and 94% capacitive retention after 5000
charging—discharging cycles, respectively. Moreover, the two
HASSC series devices can power up a table lamp, indicating
wide-range applications in short-powered electronic appliances.
The results concluded that the hydrous, amorphous cobalt
phosphate thin-film electrode with an optimum mass loading is
an exceptional candidate as a cathode (positive electrode) for
hybrid supercapacitor devices with a high specific power.
Moreover, the SILAR process is an excellent synthesis method
for the binder-free preparation of hydrous, amorphous,
mesoporous cobalt phosphate in thin-film form.
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