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ABSTRACT

Fulfilling the increasing energy demands of the world through renewable energy sources requires the utilization of a highly
efficient large-scale electrochemical energy storage device. A hybrid supercapacitor (HSC) that consists of a battery-type elec-
trode coupled with a counter-capacitive electrode, while in principle offering supercapacitor-like power, cyclability, and higher
energy density, can be a potential device for large-scale energy storage to cater to the energy needs through renewable energy
sources. The KCo,, .Ni, .PO, electrode demonstrated notably enhanced electrochemical performance, attributed to the syn-
ergistic interaction of Co?* and Ni?* ions in a phosphate framework. The incorporation of redox-mediated diffusive charge
storage through the incorporation of Ni?* on the Co?* site resulted in a large-scale charge storage capacity, coupled with
capacitive-type surface charge storage on the KCo, ,Ni PO, electrodes. The KCo, .Ni, .PO, delivers 173 mAh/g (capacitance:
1038 F/g) at a current density of 0.5A/g in an aqueous 2M KOH electrolyte, accompanied by cyclic stability up to 5000 cycles.
HSC mode consists of activated carbon as the negative electrode along with KNi, .Co, .PO, as the positive electrode, dis-
playing high energy density and power density of 183.7Wh/kg and 7952 W/kg, respectively, in 2M aqueous KOH electrolyte.
The superior performance in HSC mode makes KCo, ;Ni, .PO, a potential positive electrode for the development of high-
performing HSCs.

1 | Introduction such as solar, wind, or tidal, large-scale electrochemical energy
conversion and storage devices are required [3-8]. Batteries and
supercapacitors have recently gained more attention due to their
superior performance in terms of excellent efficiency, cyclic
stability, energy density, and fast charging/discharging at high

current rates. Batteries have high energy density because ions

Increasing energy demand to sustain the growth and develop-
ment of the world is met by burning fossil fuels, resulting in
global warming. To meet global energy needs, harnessing en-
ergy from renewable energy sources such as solar, wind, and

tides can be a prominent solution [1-3]. However, power pro-
duced through renewable sources faces fluctuations due to de-
pendency on weather conditions. To effectively overcome these
fluctuations and supply stable power through renewable sources

© 2025 John Wiley & Sons Ltd.

enable redox reactions in bulk electrode materials, which are dif-
fusion controlled. On the contrary, supercapacitors store charge
by the adsorption of electrolyte ions onto the surface of electrode
materials [5]. Notably, the low power density of the batteries due
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to the sluggish faradic charge storage mechanism and the low
energy density of supercapacitors due to the double-layer charge
storage on the electrode surface have made researchers deliber-
ately contemplate hybrid energy storage devices [5-7]. A hybrid
supercapacitor (HSC) is a relatively new device that consists of
a battery-type electrode coupled with a counter-capacitive elec-
trode, while in principle offering supercapacitor-like power, cy-
clability, and higher energy density [9].

The selection of electrode material is a crucial step toward cre-
ating effective and reliable HSCs. Carbon-based materials, such
as activated carbon, can be used as negative electrodes for deliv-
ering high power density with long-lasting cycles without any
constraints [3-10]. Moreover, the positive electrode must be a
battery-type material, capable of delivering high energy density
with minimal loss of capacity over cycles. However, oxide-based
electrodes show slow kinetics with low cyclic stability, which ul-
timately limits the attainment of higher power density and sta-
ble life cycles [11, 12]. Polyanion frameworks indicate a class of
materials that incorporate covalently bonded (XO )"~ tetrahe-
dra (where X=P, S, B, C, Si, etc.) with a subunit of M-O polyhe-
dra (where M =Fe, Ni Co, etc.) [13]. Polyanion framework-type
materials are structurally more stable than oxides, as the oxy-
gen atom is tightly bound to the central ion X in the tetrahedral
coordination sphere. In addition to that, the presence of the in-
ductive effect of the central metal ion in the polyanionic sub-
unit increases the ionic character of the M-O bond, resulting
in an increase in the redox potential by compelling co-active
participation of the M"*"*! redox couple [14-16]. Transition
metals such as nickel and cobalt are frequently utilized due
to their electrochemically active nature in alkaline solutions.
Cobalt-based phosphates exhibit pseudocapacitive behavior
with high-rate performance but a reasonable amount of specific
capacitance [11, 17, 19]. On the contrary, nickel-based phos-
phates show battery-type characteristics with higher specific
capacitance/capacity compared to cobalt but are limited in rate
performance [15, 20, 22]. As a result, the substitution of nickel
into cobalt-based compounds can improve their overall electro-
chemical performance. The incorporation of Ni atoms will be
a suitable way to increase active sites in the electrode material,
leading to higher electrochemical performance [23, 24].

The present study reports the synthesis, characterization,
and electrochemical charge storage performance of nickel-
substituted potassium cobalt phosphate KCo, Ni PO,
(0<x<0.5) and a detailed investigation of KCo,, ;Ni, .PO, as a
potential robust positive electrode in a full cell in asymmetric
supercapacitance (ASC) mode. The KCo, .Ni, PO, electrode
demonstrated notably enhanced electrochemical performance
attributed to the synergistic effect of cobalt and nickel. The
KCo, (Ni, .PO, delivers 173mAh/g (capacitance: 1038 F/g) at a
current density of 0.5A/g in an aqueous 2M KOH electrolyte, ac-
companied by cyclic stability up to 5000cycles. The HSC mode
consists of activated carbon as the negative electrode coupled
with KNi, .Co, PO, as the positive electrode, displaying high
energy density and power density of 183.7Wh/kg and 7952W/
kg, respectively, in 2M aqueous KOH electrolyte. The superior
full performance in HSC mode makes KCo,, ;Ni, .PO, a potential
positive electrode for the development of high-performing HSCs.

2 | Experimental Procedures
2.1 | Synthesis of KCo, .Ni, PO,

The synthesis of KCo, ;Ni, .PO, was done by the sol-gel auto-
combustion process followed by calcination of the precipitate at
elevated temperatures to obtain the crystalline material shown
in the Figure 1 schematics. Precursors of analytical grade were
used for synthesis without any further purification. Nickel ni-
trate hexahydrate (Merck 99.0%), 0.5 cobalt nitrate hexahydrate
(Merck 99.0%), 1 mM potassium carbonate (Merck 99.9%), am-
monium phosphate (Merck 99.0%), and citric acid (Merck 99.9%)
were taken in the respective molar ratios for the synthesis of
KCo,_,Ni PO,. Citric acid was taken twice the total moles of
Co, Ni, and K precursors in the synthesis. For the preparation of
KC, .Ni, .PO,, first, 0.5mM nickel nitrate hexahydrate (Merck
99.0%), 0.5mM cobalt nitrate hexahydrate, and 1 mM potassium
carbonate (Merck 99.0%) were dissolved in 100mL of DI water
to prepare cation solution A. Then, solution B was prepared
with 1mM ammonium phosphate (Merck 99.0%). Solution B
was slowly added to solution A. After that, 4mM citric acid was
added drop by drop to the cation solution to form a homoge-
neous metal citrate complex at 100°C. The solutions were mixed
with continuous stirring for 4h at 80°C, creating a light pinkish
gel. Eventually, the reaction temperature was raised to 200°C for
the combustion process. The combustion process took ~3-5min,
yielding voluminous fluffy brown material. The material was
ground and kept in a muffle furnace at 400°C for 6 h. The result-
ing powder was transferred to a furnace and calcined at 600°C
for 8 h to get crystalline KCo, ,Ni; ;PO,. The indigo blue-colored
powder was collected from the crucible, ground adequately, and
utilized for further characterization and electrochemical perfor-
mance studies.

2.2 | Materials Characterization

Powder XRD of all KCo,_ Ni PO, samples was performed to
examine the crystallinity and phase purity with monochroma-
tized Cu Ka radiation (A=1.54056 A) as the x-ray source in a
benchtop x-ray diffractometer (Rigaku Miniflex 600) with a
10-60° 26 range with a step size equal to 0.02°. The structure
was matched using X'Pert High Score Plus (PANalytical), and
the crystal structure of the materials was further refined by
the Rietveld refinement method using FullProf Suite software.
The morphology of the as-prepared sample KCo,, .Ni, ,PO, was
characterized using an EVO—Scanning Electron Microscope
(MA15/18 CARL ZEISS). FT-IR spectra were recorded in the
wavenumber range of 400-4000cm™~" to understand the pres-
ence of functional groups in the prepared sample using an
FT-IR spectrometer (Nicolet 6700, Thermo Scientific). The el-
emental composition and their electronic states present in the
sample were examined by x-ray photoelectron spectroscopy
(XPS), measured using a Thermo Scientific instrument with
a monochromatic Al Ka x-ray source. A Brunauer-Emmett-
Teller (BET) analyzer was used to determine the specific sur-
face area of the KCo, ,Nij, ;PO, sample using a BELSORP-II
(Microtrac BEL Japan) with the help of N, adsorption/desorp-
tion isotherms at 77 K.
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FIGURE1 | Schematic of synthesis of the KCo, .Ni, .,PO, sample.

To investigate the electrochemical properties of the synthesized
KCo, ;Ni, .PO, sample, cyclic voltammetry (CV), galvanos-
tatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) were performed using a conventional three-
electrode system and measured with a Metrohm Autolab
(PGSTAT204) coupled with an FRA32M module for impedance
analysis. NOVAL.1 software was used to analyze the electro-
chemical measurements.

2.3 | Electrode Preparation

Electrochemical measurements were performed in a three-
electrode electrochemical cell, which involved KCo,_ Ni PO,
(x=0,0.1, 0.3, and 0.5) as the working electrode, a saturated cal-
omel electrode (SCE) as the reference electrode, and a platinum
plate as the counter electrode. The working electrode was pre-
pared in 70:20:10wt% for the active material (KCo,_ Ni PO ),
conducting carbon (acetylene black, Alfa Aesar), and binder
(PVDF, Merck), respectively, in NMP (N-methyl-2-pyrrolidone)
solvent. The homogeneous slurry was made in an agate mortar
pestle. This slurry mixture, containing ~1 mg of active material,
was coated onto a 1 cm? area of Toray carbon paper (Alfa Aesar).
It was followed by drying at 80°C for 12h to obtain the working
electrode. After that, the weight of the loaded electrode material
was calculated by taking the difference between the weight of
the material-loaded electrode and the weight of the blank elec-
trode (Shimadzu electronic weighing balance machine, error
limit: 0.01mg). As-prepared, dried electrodes were used for
further study of electrochemical measurements. In the full cell
(HSC mode), electrochemical studies were performed using ac-
tivated carbon as the counter/reference electrode in 2M KOH
electrolyte.
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FIGURE2 | Powder XRD pattern of KCo,_ Ni PO, (x=0,0.1,02,0.3,
0.4, and 0.5).

2.4 | Results and Discussion

The powder XRD pattern of KCo, _ Ni PO, (x=0,0.1,0.3,and 0.5)
samples calcined at 600°C is presented in Figure 2. XRD peaks
of all the samples match well with JCPDS no.: 82-0762 of hexag-
onal KCoPO,. Rietveld refined powder XRD profile of calcined
KCo, .Ni, .PO, is shown in Figure 3a, which matches the refer-
ence structure (JCPDS No.: 82-0762 of KCoPO,) without observ-
ing any impurity peaks. Refined cell parameters (a=18.021660,
b=18.021660, and c¢=8.604042) and RP =175, pr =11.4,
R,,,=878,and x>=1.67 represent the hexagonal crystal structure
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FIGURE 3 | (a) XRD Rietveld refinement pattern of the KCo, .Ni, ;PO, powder sample, (b) VESTA image of KCo, .Ni, .PO, (blue, green, and
gray are tetrahedra of Co-0O, Ni-O, and P-O, respectively), (¢) FTIR spectrum of KCo, ,Ni; ;PO,, and (d) N, adsorption/desorption isotherm of the

KCo, (Ni, .PO, sample.

formation with space group P63. Similarly, the refinement of an-
other prepared sample of KCo,_ Ni, PO, (x=0, 0.1, 0.3, and 0.5) is
shown in Figure S1. The presence of Co-O and Ni-O polyhedra,
shared and connected by corner sharing oxygen of phosphate, is
confirmed by the VESTA image displayed in Figure 3b. The ionic
radius of Ni?* is smaller than that of Co?* in tetrahedra. The sub-
stitution of Ni?* ions at the Co?* site enhances the entropy of the
system, which reduces the growth of large crystallites. That is
why, when substitution increases up to 50%, the grown crystallites
are in the range of nanometer sizes, as confirmed by SEM, TEM
study, and crystallite sizes calculated using Debye—-Scherrer's
equation from XRD peak broadening [25].

The FTIR spectra of KCo, ;Ni, PO, powder samples, recorded
between the wavenumber ranges of 400-4000cm™!, are shown
in Figure 3c. The broad peak at 3400cm™ in the KCo, (Ni, .PO,
spectra implies the stretching vibration of a hydroxyl group (v
(-OR)), signifying the presence of water in the compound. In
the FTIR spectra, a strong band appeared at 1054.83cm™! due to
the asymmetric stretching (v, ) of the P-O bond vibration (990-
1200cm™), and symmetric stretching (v,)) vibration of P-O re-
sulted in a strong transmittance peak at 944 and 845.9cm™" for

the -PO, group [26]. Peaks at 620 cm™" correspond to O-P-O out-
of-plane bending, and those at 428 cm™ correspond to the -5PO,
group. Thus, the major vibrational spectra validate the presence
of the -PO, group in KCo, .Ni, .PO,. The asymmetric stretching
modes of CoO octahedra have been observed at 587cm™ [27].
The peak around 549 cm™~ may be ascribed to the asymmetric
stretching of Ni-O bonds in NiO, octahedra [28]. The absorption
peak at 479 cm™! is also attributed to both Ni-O and Co-0 bond-
ing present in the prepared sample KCo, .Ni, .PO, [29].

Indeed, to analyze the surface area and pore volume of the sam-
ple, the N, adsorption-desorption isotherm carried out at 77k
is shown in Figure 3d. It represents a type III isotherm with
a hysteresis loop of H3 type, implying the presence of meso-
porous structures connected via macropores [30, 31]. The small
hysteresis in the high relative pressure range in the N, adsorp-
tion-desorption isotherm indicates the capillary condensation
phenomenon, indicating the mesoporous nature [32]. Moreover,
the specific surface area of the prepared sample is equivalent to
25.875m?/g, with the major pore size distribution in the range
of 3 to 10nm and some macropores (~220nm), obtained by
BJH (Brunauer, Joyner, and Halenda) plot (inset of Figure 3d).
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Mesopores are attributed to the good electrochemical perfor-
mance of the materials because of their high porosity. The cal-
culated average pore diameter of the KCo, ;Ni, .PO, sample was
found to be ~20.79 nm.

The chemical composition and valence state of constituent ele-
ments of the KCo, ;Nij ;PO, sample were examined by the XPS.
The wide-range survey spectrum shown in Figure 4a confirms
the presence of K Co, Ni, P, and O in the sample. Moreover,
Figure 4b shows the binding energies of K 2p,, and K 2p, ,
states at 292.2 and 295.1eV, respectively, confirming the pres-
ence of K* ions in the sample. The Co(2p) spectrum shown in
Figure 4c splits into different peaks, corresponding to 2p,,, of
Co’* at 780.63eV and 2p, , of Co** at 796.41 eV, as well as satel-
lite peaks at 784.17 and 801.96€V that arise from Co?* ions. The
core-level spectrum of Ni(2p) is shown in Figure 4d and is decon-
voluted into Ni 2p,, and Ni 2p, , states at the binding energies
of 855.6 and 873.4¢€V, respectively, with corresponding satellite
peaks at 860.9 and 879¢V. These binding energies confirm Ni
as Ni** in the sample. O(1s) state of the KCo, \Ni, ;PO, sample
has two prominent peaks shown in Figure 4e at 530.8 eV for the
metal-oxygen bond of (Ni-O, Co-0) and 532.2 for P-O bonding,
respectively [33]. The P(2p) peak, de-convoluted into 2p;;, and P
2p,,, in Figure 4f, is observed at binding energies at 132.41 and
133.47eV, respectively, confirming P>* ions in the -PO, unit.

The morphological characterization of the prepared
KCo,_,Ni PO, (x=0, 0.1, 0.3, and 0.5) sample was observed by
electron microscopy techniques. Figure 5a represents the FE-
SEM image of the sample, displaying the particle morphology
and surface structure of the KCo, Ni, .PO, powder sample,
suggesting an average particle size of 437nm with flake-like
arrangements. Elemental analysis of the KCo,,Nij PO,

sample is shown in Figure 5b in the form of an energy disper-
sive x-ray analysis (EDX) image, which shows the peaks of all
elements such as K Co, Ni, P, and O present in KCo,, .Ni, ;PO,.
Further, FESEM mapping of the prepared sample is shown in
Figure 5c-g and confirms that K, Co, Ni, P, and O are distributed
throughout the electrode material present in their purest form
on the synthesized product. Similarly, Figures S2-S4 represent
the FE-SEM image of KCo,  Ni PO, for x=0, 0.1, and 0.3, with
particle size distribution. Subsequently, the introduction of Ni in
KCo,_ Ni, PO, has a significant effect on the morphology of the
sample, as the average particle size reduces in order of Ni doping
in KCo,_,Ni PO, (x=0>0.1>0.3>0.5) [25]. Additionally, EDX
along with elemental mapping of KCo,  Ni PO, for x=0, 0.1,
and 0.3 was performed to understand the composition of doping
in a prepared sample.

High-resolution transmission electron microscopy (HRTEM)
images of the KCo, ;Ni, ,PO, sample are shown in Figure 6a,
which represents the lattice fringes of the sample. Figure 6a(i-
ii) shows the FFT (fast Fourier transformation) and inverse
FFT images. Figure 6b shows the thickness of the lattice
fringes, with the calculated d spacing of 0.252nm match-
ing very well with the (600) plane of the prepared sample
KCo, . Ni, .PO,.

2.5 | Electrochemical Studies

Cyclic voltammogram (CV plots) of all the KCo,_ Ni PO,
(x=0, 0.1, 0.3, and 0.5) samples in 2M KOH electrolyte is
shown in Figure 7 for comparison at a scan rate of 5mV/s in
the voltage range of 0-0.6V. The CV plot of KCoPO, shows
capacitive charge storage with a near-rectangular-type CV
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curve. Redox peaks start appearing in the CV plot after Ni The specific charge storage capacity in mAh/g can be calculated
doping in the samples. As Ni content increased in the sample, using Equation (2).

the redox peak intensity increased, along with the increased

area under the CV curve, representing an increase in the mAh Ii V)dv

charge storage capacity of Ni-doped KCoPO, samples. The c<_) =Cyp XAV = —— @
charge storage capacity of the electrode materials was calcu- g 2md X 3.6

lated using Equation (1) to examine the electrochemical char-
acteristics of the prepared sample. where ‘m’ is the active mass of the electrode (g), ‘V” is the op-

erating voltage window (V), and ‘® is the scan rate (mV/s).
_ [i(vydv @ The charge storage capacity of KCo, Ni PO, (x=0, 0.1,
SPT omve 0.3, and 0.5) samples was found to be 575, 623, 735, and
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845F/g, respectively, at the scan rate of 5mV/s in 2M KOH
electrolyte. The highest charge storage performance along with
a distinctive redox peak was observed for the KCo, .Ni, .PO,
sample. That is why, the investigation of the electrochemi-
cal performance of KCo, .Ni, .PO, as the working electrode
was carried out by CV, GCD study, and impedance spectros-
copy (EIS) in a three-electrode arrangement in 2M KOH as
the electrolyte. In Figure 8a, the CV curves at various scan
rates exhibit redox peaks between the potential range of
0-0.6V. Figure 8a shows the CV curve of KCo, .Ni, ;PO,;
the nature of the curve presents the redox-mediated interca-
lating storage coupled with surface redox (electrosorption)
behavior. The nature of the CV curve nature confirms the in-
tercalative type of redox-mediated storage. The redox peaks
result from the reversible interconversion of both Co?+/3* and
Ni%*/3*+ through electrosorption of OH~ ions, as represented
by Equation (1).

KCo, s(A))Ni((I)), sPO, + OH ™, <> KCo((I1)), sNi, s((III)) (OH™)PO,
(redox —mediated diffusion controlled intercalation)

©)

EDLC-type surface capacitance:

KCo, s((AD)Ni((11)), s PO, + xKOH « K*, |KCo, s((I1))Ni((11)), s PO, |xOH"~
O

Total charge storage capacity:

KCo, s((ID)Ni((II)), sPO, + KOH+ OH; < K* |KCo 5((II))
Ni((I1))g sPO,|OH™ 1,

®)
The charge storage capacity of KCo, \Ni, ;PO, was calculated
using Equations (1) and (2), and the charge storage capacity
was found to be close to 142.3mAh/g (capacitance: 854 F/g)
at 0.5mV/s scan rate. The shifting of the anodic and cathodic
peaks was observed linearly with increasing scan rate, con-
firming the dominance of diffusion-controlled intercala-
tive type of redox-mediated charge storage in the materials.

= N N
a O O
T L | |

KCoPO,
= KCo,,Ni PO,
KCooJNio_aPO4
K(Eooileo'.sPOA

S
=)
.

Current Density (A/g)

S
o
=

00 01 02 03 04 05 06 07
Potential (V vs Hg/HgO)

FIGURE 7 | Comparative CV of KCo,_ Ni PO, (x=0, 0.1, 0.3, and
0.5) in 2M KOH electrolyte solution and 5mV/s scan rate.

Figure 8b shows the relation of anodic and cathodic peak
currents linearly with the square root of the scan rate, con-
firming that the KCo, ,Ni, ;PO, electrode exhibits a semi-
infinite diffusion-controlled redox reaction. The kinetics of
the electrodes can be examined by determining the ion diffu-
sion coefficient. The ion diffusion coefficient of the electrode
was calculated using the Randles-Sevick equation presented
below [34, 35].

i, =2.686 x 10° x n*/> AD'>C v'/? )

where i is peak current density (A), n is the number of electrons
that participated in the redox reaction (usually 1), A is the area
of the electrode in cm?, D is the diffusion coefficient in cm?/s,
C, is the OH~ ion concentration in mol/cm?, and v is the scan
rate in V/s. Using Equation (6), the diffusion coefficient of OH~
in the KCo,, ,Ni, ;PO electrode was found to be 1.47x10~¥cm?/s
for the oxidation reaction and 1.38 x 10~8cm?/s for the reduction
reaction.

To qualitatively understand the electrochemical kinetics, a
power-law equation was used, given below in Equation (7) [34].

i=av’ ™)

a and b are adjustable parameters, i is the current (A), and
v is the scan rate (V/s). The b values lie between 0.5 to 1, b
equal to 0.5 for the intercalative semi-infinite diffusion-
controlled redox process or battery-type charge storage behav-
ior, while b equal to 1 represents the surface-controlled charge
storage. Figure 8c shows the log[peak current (ip) vs. log (v)
plots], and from the slope of the plot, b values are extracted.
The b-values of current observed for oxidation and reduction
were close to 0.623 and 0.651, respectively, suggesting that
the charge storage mechanism in KCo, .Ni, ;PO, is a semi-
infinite diffusion-controlled intercalating process rather than
capacitive.

The scan rate dependence on the current density plot, which can
quantitatively determine the contribution of the capacitive and
intercalation of ions at low scan rates, is shown in Figure 8d.
Dunn's method quantitatively separates the capacitive and
diffusion-controlled charge storage in the electrodes into two
components using Equation (8) [15, 29, 36].

i(0) = kyv + kv ®)

Equation (8) was simplified into Equation (9) to separate the
total charge stored into the respective contributions.

i) VYD =k, vV 4k, ©

From Equation (9), k, and k, explain the contribution of current
from the surface capacitance and diffusion-controlled interca-
lation charge storage, respectively. Consequently, the current
response i(V) is from CVs for a range of scan rates, and the slope
of a linear fit offers a constant k, and y-axis intercept for the
constant k,, when plotted i(V)/v'/2 versus v'/2, as displayed in
Figure 9d. As shown in Figure 8e, after the calculation of k, and
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FIGURE 8 | (a) Cyclic voltammetry of KCo ,Ni, ;PO electrode in 2M KOH electrolyte, (b) peak current density vs. square root of the scan rates
plot, (c) plot of log (peak current) vs. log (scan rate) presenting b values, (d) capacitive and diffusion control process contribution in the current density
at the scan rate of 0.5mV7/s, (e) surface capacitance and diffusion-controlled interaction process contribution at a scan rate of 0.5mV/s on the charging
peak potential equal to 0.31V, and (f) capacitive and diffusion control process contribution at different scan rates.

k, values, the contribution of surface-controlled charge storage peak potential with a 0.5mV/s scan rate. The contribution of
was close to 37.7%, and the contribution from the diffusion- diffusion-controlled intercalative and surface-controlled charge
controlled interaction process was close to 62.3% at 0.31V  storage at various scan rates is shown in Figure 8f.
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According to Trassati, the sum of the contributions from the elec-
trode's inner and outer surfaces determines a material's overall
charge storage capacitance and is represented by Equation (10)
[11, 15, 34].

Ctotal = Cin + Cout (F/g) (10)

The total charge storage capacitance contribution from the
inner and outer surface of the electrode is dependent on the
square root of the scan rate. The total charge stored at the elec-
trode or the total capacitance of the electrode is measured by the
y-intercept of the linear fit of C~! vs. v'/2 at different scan rates,
as shown in Figure 9a. Further, the y-intercept of the linear C vs.
v1/2 curve determines the outer surface contribution to charge
storage or outer capacitance (C, ) of the electrode, as displayed
in Figure 9b. Using the Trasatti plot, the total amount of charge
stored in the electrode was found to be close to 142.3mAh/g
(capacitance: 854F/g) at 0.5mV/s, in which the inner surface
contribution and outer surface contribution in total capacitance,
C,, was found to be 91mAh/g or 546 F/g (64% of total capacity)
and C_ , was found to be 51.3mAh/g (capacitance: 308 F/g [36%
of total capacity]), respectively. Overall, it can be concluded
that the electrode stores charge primarily by the semi-infinite
diffusion-controlled mechanism [37].

GCD analysis was performed within the potential window
0-0.6V at constant and different current density values to fur-
ther analyze the charge storage performance. From the GCD
curves at numerous discharge currents, the electrode’s charge
storage capacity (total capacitance) can be calculated using
Equation (11) [38, 39].
IAt

= Ay an
The specific capacity of the electrode in mAh/g is calculated by
modifying Equation (11) as represented below.

mAh iAt
Cl — ) =C,, xAV=
< g > 5P mx 3.6 12)

where I is the discharge current density (A), At is the discharge
time (s), m is the active mass of the electrode (g), and AV is the
potential window of the discharge (V).

Figure 10a depicts the Galvanostatic capacity/capacitances of
KCo, .Ni, ,PO,, and the values are found close to 173mAh/g
(capacitance: 1038 F/g), 144.3mAh/g (capacitance: 865.8 F/g),
115.5mAh/g (capacitance: 693F/g), 85.8 mAh/g (capacitance:
515F/g), 61.2mAh/g (capacitance: 367.6 F/g), and 37.4mAh/g
(capacitance: 224.4 F/g) at current rates of 0.5, 1, 2, 3, 4, and
5A/g. The GCD curves of KCo, ,Ni, .PO, electrodes exhibit
a stable and symmetric charging and discharging nature,
which indicates that the electrode shows a pseudocapacitive
nature, which originates from redox-mediated intercalating
storage. Higher capacity was observed in GCD experiments
compared to CV, suggesting more diffusion-controlled bulk
charge storage of the material, confirming the redox-mediated
battery-type intercalating charge storage in the material. The
specific capacity of KCo, ;Ni; ;PO, is measured at different
current densities from 0.5 to 5A/g with cycle number, as pre-
sented in Figure 10b. With the increase in current rates, the
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FIGURE 9 | (a) C'vs. v'/2, (b) C vs. vV/2 derived from Trasatti's
method.

charge storage capacity of the material decreased. It is worth
noting that when the current density is reversed back to 1 A/g
after testing at different rates, it clearly shows that the spe-
cific capacity of KCo, ;Ni, .PO, is stable. Figure 10c presents
the superior cycle stability of KCo, (Ni; PO, electrodes at
5A/g for 5000cycles. It was observed that 88.93% of capacity
retention after 5000cycles. Simultaneously, Figure 10c also
displays the coulombic efficiency (n =1/t of the electrode,
and it was found to be ~97.2% after 5000 cycles of charge/dis-
charge, suggesting the superior reversibility and robust per-
formance of the KCo, .Ni, .PO, electrode. Further, EIS was
conducted to investigate the electrochemical performance of
the KCo, ,Ni, .PO, electrode during long-term application.
EIS spectra are shown as Nyquist plots in Figure 10d for the
KCo, .Ni, PO, electrode before and after the cycling stabil-
ity test, within the frequency range from 100kHz to 0.1 Hz
at 10mV of the applied potential. The solution resistance (R)
has suffered a very minute change (from 1.23 to 1.52Q). The
charge transfer resistance (R,), which describes the accumu-
lation of electrolyte ions across the KOH/ KCo, (Ni, .;PO, in-
terface, increased from 0.55 to 0.81 Q. The total resistance (a
summation of R, and R ), representing the equivalent series
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resistance (ESR), an important parameter for generally eval-
uating storage materials [36]. In this particular instance, the
KCo, .Ni, .PO, electrode’s ESR increased little (from 1.78 to
only 2.35Q), demonstrating the KCo, ;Ni, .PO, material’s su-
perior performance.

2.6 | Full-Cell Measurements in HSC Mode

An HSC was fabricated to demonstrate the practical application,
employing KCo,, [Ni, .PO, as the positive electrode and activated
carbon (AC) as the negative electrode in a 2M KOH electrolyte.
To obtain the highest charge storage capacity in the full-cell test,
the storage capacity of both electrodes was balanced using the
equation presented below:

1 _ 1 1 "
Ctotal c c ( )

positive negative

In a two-electrode system, the optimal mass ratio (im*/m~) of the
positive electrode and the negative electrode can be calculated
according to the equation:

0.7
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where m*,m~,C,,C_, andAE_, AE_are both electrodes’ active
mass, specific capacitance, and potential window.

Figure 11a shows the independent CVs of AC (activated car-
bon) (the negative electrode) and KCo, (Ni, .PO, (the positive
electrode). The active mass ratio (2—;) of electrodes was found
to be 3.1: 1. Figure 11b demonstrates the CV curve of the AC//
KCo, Ni, ;,PO, full cell in two-electrode HSC mode in the
potential window of 1.6V with different scan rates from 1 to
100mV/s. Subsequently, Figure 1lc, shows the quantitative
charge storage ability of the full cell using the GCD plot. The
capacity/capacitance value was calculated using Equation (10),
and the charge storage capacity of the full HSC was found to be
228.3mAh/g (capacitance: 514 F/g), 174.8 mAh/g (capacitance:
394F/g), 112.5mAh/g (capacitance: 254F/g), 77.2mAh/g (ca-
pacitance:173.7F/g), and 45.57mAh/g (capacitance: 102.5F/g)
at respective current rates of 0.5, 1, 2.5, 5, and 10 A/g. Figure 11d
depicts the EIS spectra (Nyquist plot) in the frequency range
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FIGURE10 | (a)Charge/discharge plot (V vs. time) of the KCo, ,Ni, ;PO, electrode at various constant current rates (0.5, 1, 2, 3,4, and 5A/g), (b)
capacity/capacitance performance of the KCo, ;Nij ;PO, in 2M KOH electrolyte at different current densities, (c) capacity retention and Coulombic

efficiency plot, and (d) Nyquist plot before and after cycle at 10mV applied voltage in the frequency range of 1 MHz to 0.1 Hz.
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(I1MHz to 0.1 Hz) at 10 mV/s of applied potential before and after
cyclability. According to the Nyquist plot, before and after cy-
clability, the value of solution resistance R,;=1.44 and 2.12Q
respectively, accompanied by the charge transfer resistances of
the device being R =5.03Q (before) and R, =7.86Q (after life
cycle test). However, the change in resistance from EIS spectra
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reveals that higher charge transfer resulted in the superior ca-
pacitive performance of the full cell (AC//KCo, (Ni, .PO,). The
HSC-based AC//KCo,, (Ni, .PO, full cell delivered a Coulombic
efficiency of nearly -96% (Figure 11e) with excellent stability,
owing to a capacitance retention of 87.2% after 5000cycles.
The specific energy density (E) and specific power density (P)
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FIGURE11 | (a)CV curves AC and KCoPO4 electrode at 5mV/s in a three-electrode system, (b) CV curves of AC//KCo, ,Ni, PO, as HSCs in 2M
KOH at different scan rates, (c) specific capacity of AC//KCo ,Ni, PO, as HSCs in 2M KOH at different current densities, (d) capacitive retention

and Coulombic efficiency of the HSCs device, (e) Nyquist at initial cycle and after 5000cycles of the full cell in HSC mode, and (f) Ragone plot of AC//

KCo, Ni, .PO, as HSCs with another literature report.
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of the HSCs can be calculated according to the equations pre-
sented below:

1C
E(Wh/kg) = 3 % V2 (15)
E x 3600
P(W /kg) = == =—— ()
dis

where Cyygc is the specific capacitance, V' is the potential win-
dow, and ¢ty is the discharge time.

Figure 11f presents a Ragone plot of energy density vs. power
capacity at different constant current densities. The full cell
(AC//KCo, Ni, .PO,) delivered a maximum energy density
equal to 183.7Wh/kg at a 0.5A/g current rate, achieving a
power capacity close to 414 W/kg. The maximum power den-
sity equal to 7952 W/kg was obtained at an energy density of

36 Wh/kg at a current density of 10 A/g for the full cell. These
enhanced full-cell performances in the two-electrode HSC
mode of the KCo, .Ni, PO, electrode validate the suitabil-
ity of the new KCo, .Ni, ;PO, electrodes for creating superior
HSCs. In the HSC mode, we presented a comparison of the
performance of alternative phosphate-based transition metal
phosphate-containing electrodes in Table 1 [11, 15-18, 20-24,
40-42]. The table confirms the superior performance of the full
cell in HSC mode, confirming the battery-type intercalating
KCo, (Ni, .PO, electrode as a potential candidate to fabricate
high-performing HSCs.

3 | Conclusions
KCo, ,Ni PO, (x=0, 0.1, 0.3, and 0.5) powder was synthe-

sized through a facile two-step process utilizing a sol-gel
auto-combustion method followed by calcination at elevated

TABLE1 | Comparative study of electrochemical performances of cobalt and nickel-based phosphate electrode materials in full cells.

Electrode material (negative Energy density/
electrode//positive electrode) Electrolyte Specific capacitance power density Reference
AC//y-KCoPO, 1M KOH 100C/g at 0.6 mA /cm? ED=28Wh/kg at [11]
PD =1600W/kg
AC//KNiPO, 2MKOH 168.5mAh/g (capacitance: ED=200Wh/kg [15]
935F/g) at 1A/g PD =819 W/kg
AC//NaMn, ,Ni, ,Co, ,PO, 2M NaOH 45F/gat 0.5A/g ED=15Wh/kg [16]
PD =400 W/kg
AC//Co,P,0,/MWCNT 1M KOH 114mAh/gat2.9A/g ED=573Wh/kg at [17]
PD =4100W/kg
AC//Co,(PO)), 1M NaOH 111.2F/g at 5SmA/cm? ED=29.20Wh/kg [18]
at PD=4687W/kg
AC//Co,(PO),-8H,0 1M KOH 163F/g at 2mA/cm? ED=58.12Wh/kg [19]
at PW=3520W/kg
HPGC//Ni,P,0, 1M NaOH 183F/gat 1A/g ED=65Wh/kg at [20]
PD =800 W/kg
AC//NH,NiPO,-H,0 3M KOH 1513F/gat 5A/g ED=41.6Wh/ kg [21]
at PD=375W/kg
AC//NaNiPO, 2M NaOH 90F/gat 0.3A/g ED=32Wh/kg at [22]
PD =300W/kg
AC//KCo, ,.Ni, .PO,-H,0 1M KOH 227F/gat1.5A/g ED=280.64Wh/kg [23]
at PW=8000W/kg
AC//CoNiP,0,/NF@PPy 2M KOH 390mAh/gat2A/g ED=94.6Wh/kg at [40]
PD=2791W/kg
AC//Ni,P,0,/Co,P,0, 2M KOH 2074F/gat 5A/g ED=33.3Wh/kg [41]
at PD=257W/kg
AC//Co, ,,sCu, 5,sMn, (PO,), 1M KOH 158.5F/g @1A/g ED=56Wh/kg at [42]
PD =6420W/kg
AC//KCoPO4 2M KOH 387F/gat1A/g ED=121Wh/kg at Previous work
PD = 6947 W/kg
AC//KCo, (Ni, .PO, 2MKOH 173mAh/g@0.5A/g ED=183.5Wh/kg This work
at PD=7952W/kg
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temperatures of 600°C. Due to the synergistic interaction of Co?*
and Ni?* ions in the phosphate framework, the incorporation of
redox-mediated diffusive charge storage through the incorpo-
ration of Ni?* on the Co?* site resulted in a large-scale charge
storage capacity coupled with capacitive-type surface charge
storage on the KCo,  Ni PO, electrodes. The KCo, ,Ni; ;PO,
electrodes delivered a specific capacity of 173mAh/g (capaci-
tance: 1038 F/g) at 0.5A/g current density with excellent cyclic
stability. Involvement of -1:1 Co: Ni composition has a signif-
icant impact on charge storage in HSC mode. Intercalative
(inner) and capacitive (outer) surface charge storage on the
electrode were close to 58% and 42%, respectively, suggesting
that the high capacitance of the electrode is due to the predom-
inant intercalative pseudocapacitive charge storage behavior
caused by the active involvement of Co?**/3+ and Ni?*/3* redox
couple-mediated charge storage. The superior cycle stability of
KCo, Ni, .PO, electrodes at 5A/g for 5000cycles, with 88.93%
capacity retention and coulombic efficiency (n = %/:,), was ob-
served. In the potential window of 1.6V in 2M KOH electrolyte,
the AC//KCo, .Ni, .PO, cell in HSC mode achieved the highest
energy density, nearly 183.7Wh/kg, with a power capacity of
414W/kg. Moreover, the full cell (AC//KCo, .Ni, ;PO,) demon-
strated an exceptionally high power capacity of about 7952 W/
kg, which allowed it to store 36.4 Wh/kg of charge at a current
rate of 10 A/g while maintaining excellent cycle stability. After
5000cycles, AC//KCo,, \Ni, PO, HSCs coulombic efficiency has
lost just 4.7%, demonstrating good capacity retention (87.2%) of
its initial value. In conclusion, the KCo, .Ni, ;PO, reported in
this work showed promising application as an efficient, stable,
and environmentally benign electrode for supercapacitors in
grid-scale energy storage applications.
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