Chapter-3

NiC,04°2H,0 Nanoflakes: A Novel Redox
mediated Intercalative Pseudocapacitive

Electrode for Supercapacitor Applications
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3.1 Introduction:

Several transition metal-oxides such as MnO;, Nb,Os, and RuO, are explored as electrodes
for pseudocapacitor applications.[1,2] Due to its open-pore framework structure and more
structural stability, Transition metal oxalates have been explored as potential energy storage
materials partly because of the planar oxalate anions (C204°7) network.[3-4] Hydrated
Transition metal oxalates in general show a more open framework structure through a 3-
dimensional hydrogen bonding network as compared to anhydrous Transition metal oxalates.
Further, Transition metal oxalate-based supercapacitors perform better i aqueous
electrolytes as compared to non-aqueous electrolytes. Aqueous electrolytes have significant
inherent advantages over non-aqueous electrolytes as they are cheap, safe, and has twice

ionic conductivity as compared to the non-aqueous electrolyte.[5-6]

In this work, we have envisaged hydrated NiC,04°2H,0O as an electrode in an aqueous KOH
and neutral Na;SO4 clectrolyte for pseudocapacitive energy storage applications.
NiC204°2H,0 nanoflakes were synthesized by the single-step co-precipitation method at
room temperature. Superior specific capacitance equivalent to 990 F/g for NiC,042H,0
electrode in the potential window of 0 to 0.45 V was observed in an aqueous 2M KOH
electrolyte.  Specific capacitance equivalent to 440F/g in neutral 1M Na;SO4 electrolyte in
the operating window of 0 to 0.85 V was also observed for NiC,04°2H,O electrodes.
Further, we assembled an aqueous asymmetric supercapacitor (AAS) in which NiC,04°2H,0
is made as a positive electrode and Activated Carbon (AC) as the negative electrode. A
maximum energy density of 141.5 Wh/kg and specific power density of 5554 W/kg were
obtained at 0.2 A/g current density, by the combination of NiC,04°2H,O and AC full cell
with high cyclic stability. Synthesis, characterizations, and detailed electrochemical studies of

the developed NiC,04°2H,0O nanoflakes electrode are presented in the manuscript.
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3.2 Experimental
3.2.1 Synthesis
For the synthesis of NiC,04°2H,O, 5.94g (0.1 M) of Nickel (II) nitrate hexahydrate
(Ni(NO3),.6H,0) was dissolved in 200 ml of deionized water with continuous stiring at a hot
plate magnetic stirrer and 2.54g (0.1 M) oxalic acid dihydrate (H,C,04.2H,0) were added in
the required solution. The entire mixture was stirred vigorously at 80°C for 3 h. After 3 h of
stiring green color precipitate of product NiC,04°2H,0 was obtained. The obtained product
is then washed several times with deionized water. Finally, the washed products were dried in
a hot air oven at 100°C for 12 h. The product formation is presented in equation3.1.
Ni(NO3),.6H,O + H,C,04.2H,0 —  NiC,04°2H,0 + 2HNO3; + 6H,0 (3.1).
3.2.2 Characterizations
The phase purity and structure of the material were examined through RigakuMiniflex
desktop X-ray Diffractometer (XRD) with Cu-Ka radiation (A= 0.154nm) in the range 20 =
10°-90° with a step size of 0.02°. Xpert High Score (PANanylytical) software was used to
identify the required phase. FE-SEM (FP 5022/22) was used to determine the surface
morphology and structure of the sample. Infrared spectra of the samples were recorded using
the Nicolet iS5 FTIR spectrometer in the range of 400 to 4000 cm™'. Pore size distribution
and specific surface area of the sample were measured by BET (MicrotracBEL). All
electrochemical  performances of the sample including cyclic-voltammetry (CV),
galvanostatic charge-discharge GCD, and Electrochemical Impedance Spectroscopy (EIS)
was conducted using a conventional three-clectrode arrangement and were measured by
Metrohm Autolab (PGSTAT204) equipped with the FRA32M module. Electrochemical

measurements were analyzed using NOVAI.1 software.
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3.2.3 Preparation of Electrode

Working electrodes were prepared by taking the required amount of active material, activated
carbon, and Polyvinylidene difluoride (PVDF) binder in the ratio of 7:2:1 ratio m N-Methyl-
2-Pyrrolidone (NMP) solvent. To prepare the working electrode, the homogeneous viscous
slurry was prepared in mortar and pestle accompanied by casting over a lcm?® area of Toray
carbon paper. Further, the coated electrode was dried at 80°C for 12 h. Activated carbon was
utilized to increase the conductivity of electrodes i electrode preparation. The electrode
loading was calculated by taking the weight of the electrode on an electronic balance (error
limit: 0.01mg). For that, the first weight of Torrey paper was taken then the weight of coated
electrode (after drying the coated ink on Torrey carbon paper on a 1x1 cm?® area). Then from
the difference in the weight, the exact loading of electrode material was calculated. Typically,
the total electrode load was taken 1 mg (0.7 mg active material: activated carbon: PVDF

binder).

3.3 Results and Discussions

3.3.1 XRD Study

XRD was used to examine the overall crystallnity and phase purity of synthesized
NiC,04°2H,0. Figure 3.1 shows the XRD pattern of the prepared sample of NiC,04¢2H,0
over the range of 20 range of 10-60° with a step size of 0.02°. The prominent sharp
diffraction peak matches with JCPDS file: 001-0299, confirming the high crystallinity of
NiC;04°2H,0 and is indexed to the P-orthorhombic phase of NiC,04°2H,O having space
group Cccem with lattice parameters a = 11.842 A, b = 5.345 A and ¢ = 15.716 A.[7-8] The
crystallite size was calculated by using the Debye-Scherrer equation and the calculated value

was found to be ~20(x2) nm.
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Figure 3.1: Powder XRD of the prepared sample of NiC,042H,0.

3.3.2 SEM/EDX Study

The SEM image is shown in Figure 3.2(a) displays particle size distribution and flake type
morphology of NiC,04°2H,O powder. Prepared NiC,04°2H,0 consists of 200-1000 nm
range particles exhibiting uniform polyhedral flakes type morphology. Figure 3.2(b) shows
the EDX (energy dispersive x-ray) analysis image confirming the composition of the
material. Figure 3.2(c) shows the HRTEM image and 3.2(d) lattice fringes of nanoflakes type
NiC,04°2H,0 sample. Inset (i, i, and ii) of 3.2(d) show FFT image, enlarged lattice fringes,
and d-spacing of nanoflakes type NiC;04¢2H,0 sample. The calculated d spacing value was

found to be 0.239 nm, which matches with the (202) plane of the NiC,04°2H,0O sample.
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Figure 3.2. (a) FE-SEM images and (b) EDX analysis image of the prepared sample of
NiC;042H,0 sample showing flake type morphology. (¢) HRTEM and (d) lattice fringes of
nanoflakes type NiC,04°2H,0 sample. Inset (i, i, and ii) of (d) show FFT image, enlarged
lattice fringes, and d-spacing of nanoflakes type NiC,04°2H,0 sample.

3.3.3 Thermal Analysis

Thermogravimetric analysis (TGA) as shown in Figure 3.3 was used for qualitative analysis
of NiC,04°2H,0 in the N, atmosphere. First weight loss occurred from 120°C-300°C, which
corresponds to the removal of hydrated water from the sample. TGA curve at 220 °C,
determines the weight loss of 22.489% equivalent to 2 moles of water loss from the sample.

Similarly, the second weight loss step occurs at the temperature range of 350—500°C in which
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a weight loss of 40.190% was observed. During the second step, CO and CO, were released

into the atmosphere accompanied by the formation of NiO as the final product.[10] The

weight losses that appeared in the TGA study are represented by equation 3.2&3.3:
NiC,04°2H,0 — NiC,04 + 2H,0 (T~200°C) (3.2)

NiC,04 — NiO + CO+ CO, (T~ 450°C) (3.3).
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Figure 3.3: TGA of NiC,04°2H,0 in N, atmosphere.

FTIR spectrum of NiC;04°2H,O powder shown in Figure.3.4 reveals the presence of
different fimctional groups at different wavenumber (cm™').[8-10] The broad peak at 3400
cmr! ascribed to the stretching vibration of a hydroxyl group (v (-OH)) signifies the presence
of water in the compound. The observed peak at 1626 cm™ was assigned for anti-symmetric
carbonyl stretching band vs(C=0) specific to the oxalate group.[10] Two weak peaks at 1359
cm ! and 1317 em! were attributed to vibrations of C,04 2 vs(C—O) + v(C—C) and vs(C-O)
+ 8(0—C=0), respectively. The peak at 829 cm ' was assigned to the vibration mode of
C2047%, 0-C=0 bending vibrations (3(O—C=0)). The absorption peak at 490 cm ! can be

attributed to N+O bonding present in prepared samples of NiC,042H,0.
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Figure 3.4: FTIR of NiC204°2H,0 sample.

Figure.3.5 represents the BET surface area measurements result of the NiC,04°2H,0 sample.
The nitrogen adsorption and desorption isotherm show type IV characteristics which is
corresponding to a complex mixture of micro and mesoporous structure for the NiC,04°2H,0
sample. The calculated BET-specific surface area and average pore diameter are 22.9 m’/g
and 3.75 nm, respectively. Fast diffuision of ions into mesopores structures attributes to
excellent electrochemical performances.[11] The calculated mesopores diameter of the
NiC2042H,0 sample is much bigger than the OH™ ions present in an aqueous KOH

electrolyte.[12]
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Figure 3.5: BET nitrogen adsorption/desorption isotherm of NiC2042H,0 sample.
3.3.4 Electrochemical Studies
The electrochemical performance of NiC,04°2H,O as a working electrode was characterized
using a three-electrode system where NiC,04°2H,O was employed as a working electrode,
saturated calomel electrode (SCE) as a reference electrode, and Platimum electrode as counter
electrode in 2M KOH as an electrolyte. The charge storage behavior of NiC,04°2H,O was
characterized by using cyclic voltammetry (CV) experiment. The CV curve is shown in
Figure 3.6(a) depicts the presence of one pair of well-separated redox peaks at +0.38/+0.21
V. These peaks originated due to the reversible transformation between Ni** to Ni' as
represented in equation 3.4.

Ni£'C20422H,0 + OH o) <> (NI 'OH)C,042H;0 +¢ (3.4)

From the CV curve, the specific capacitance C (F/g) can also be calculated as one of the
significant parameters to understand the electrochemical performance of the working
electrode. [13-14]The formula for the calculation of specific capacitance is given in equation
3.5.

JiWav
2mvy9

Csp = (3.5
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where ‘m’ is the mass of active material in the electrode (g), ‘¥’ is the potential window (V)
and ‘9’ is the scan rate (mV/s). The CV curves at different scan rates ranging from 0.5 to
10mV/s are shown in Figure 3.6(b). The specific capacitances from the cyclic-voltammetry
curve were calculated using equation 3.5 and capacitance was found close to 990 F/g, 910
F/g, 871 F/g, 842 F/g, 778 F/g, and 655 F/g at scan rates of 0.5, 1, 2, 4, 5 and 10 mV/s
respectively. With an increasing scan rate, the specific capacitance decreases because at a
lower scan rate active sites of the electrode are more accessible for electrochemical
reaction.[15] Simultaneously, shifting of anodic peak potential to a more positive and
cathodic peak potential to a more negative position was observed with increasing scan rates.
Figure 3.6(c) shows the lnear relation between anodic and cathodic peak current with
respect to the square root of scan rate, indicating that the cyclic-voltammetry curve exhibits a
semi-infinite  diffusion-controlled process in the electrode. Furthermore, the diffusion kinetics
of electrodes can be understood by determining the diffusion coeflicient.[16] The diffusion
coefficient for the electrode was determined using the Randles—Sevéik equation as
represented in equation 3.6.[17-18]

i, =2.686 x 10° xn*? ADY? C,v'/? (3.6)
Where i, is peak current (A), n is the number of electrons transferred in the redox event
(usually 1), 4 is electrode area in cm®, D is diffusion coefficient in cm’/s, C,is OH ion
concentration in molem’, v is scan rate in V/s. The diffusion coefficient of diffusion of
hydroxide (OH") ions was found to be 2.601x107 cnm’/s for oxidation and 0.975x107 cm’/s
for reduction respectively for the NiC,04°2H,0 electrode.
To further understand the electrochemical kinetics of charge storage behavior of electrodes in
aqueous electrolytes, the power-law presented in equation 3.7 was used.[15, 19]

i=aWw (3.7
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where a and b are adjustable values, i is the current (A), and v is the scan rate (V/s). The
value of b lies between 0.5 to 1, b = 0.5 stands for the semi-infinite diffusion control reaction
for battery-type material while b = 1 stands for the capacitive control reaction.[20] From
Figure 3.6(d) and (e), the slopes of the corresponding log (v) versus log (i) plots for anodic
and cathodic peaks are found to be 0.68 and 0.70, respectively, consistent with kinetics
dominated by the Faradaic intercalation process. [21] Additionally, the amount of charge
stored in the outer and iner surfaces was calculated using the Trasatti plot. [22] Generally,
the total amount q, of the charge stored m the electrode is due to the sum of the charge
storage contribution from the mnner q; and outer g, tlle surface of the electrode as given in
equation 3.8.
4:=4q;:+ q, (3.8)

Where q,, q; and q, are in C/g. Graphs are shown in Figures 3.6 (e) and (f), plotted between

1 1

4o VS. V' 2 and qy Vs. Vv 2 and were used to evaluate outer surface charge storage contributions
and the total amount of charge stored in the cyclic-voltammetry curve of the electrodes. The
calculated value of g, for the sample electrode was found to be 512 F/g. The specifically
calculated values of q;and q,for the electrode were found to be 428 C/g and 84 C/g
respectively. This confirms that 84% of the charge stored n NiC,04°2H,0 electrodes was
due to pseudocapacitive intercalation type behavior. Overall it can be inferred that the

intercalative pseudocapacitive charge storage mechanism is more dominant for storing the

charge at NiC,04°2H,0 electrodes.
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Figure 3.6: (a) CV of NiC,04°2H,O electrode at SmV/s, (b) CV curves plotted at different
scan rates, (c) Plot of anodic and cathodic as a function of v!’%, (d) Plot of rate law (log I vs
log v) for the two redox couples, and Trasatti plots of (¢) 1/q vs v and () qvs v 12

Galvanostatic experiments were performed for a more accurate capacitance assessment of
NiC;04°2H,0 electrode samples. From the charge-discharge curve, the specific capacitance

of the electrode can be calculated using equation 3.9:[23]
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Csp = 1AL (3.9)

mav
where [ is the discharge current (A), At the discharge time (s), m is the mass of the active
material in the electrode (g), and AV is the potential change during discharge (V). The
specific capacitances of 838 F/g, 788 F/g, 750 F/g, 731 F/g, 713 F/g, and 650 F/g at current
densities of 1, 1.5, 2, 2.5, 3 and 5 A/g respectively. It has been observed that with the increase
in current density, there was a decrease in specific capacitance.

Figure 3.7(a) exhibits excellent long-term cycle stability of NiC,04°2H,0 electrodes at 5 A/g

for 2500 cycles. ~96% capacity of material retention was observed even after 2500cycle.

Simultaneously, Figure 3.7(b) also displays the coulombic efficiency (n = td/tc) of electrode

equivalent to 99% after 2500 cycles of charge/discharge which reveals the high reversibility
of the NiC,04°2H,0 celectrode. In addition to electrochemical stability, we performed EIS as
shown in Figure 3.7(c) in the frequency range of 1-100 kHz at 10 mV applied potential.
Figure 3.7(d) shows a comparative CV curve of different types of electrodes fabricated at nickel
foam and carbon Toray paper in 2M KOH. The carbon Toray paper electrode showed superior
diffusion control compared to the Nickel foam electrode. Figure 3.7(¢) show the Comparative CV
study in different concentration of electrolytes ranging from 1 M to 3 M. According to the study,
redox potential is shifted to a lower value with increasing concentration of KOH electrolyte and is not
desirable for high voltage supercapacitors applications. Further, current density values also confirmed
the decrease in capacitance value above 2M KOH concentration.

The sloping curve from higher to lower frequency exhibits that diffusion control reaction at
the surface of the NiC,04°2H,0 electrode. [24] The curve reveals that internal resistance and
charge transfer resistance before and after the cycles were not significantly changed. These

results confirm that NiC,04¢2H,0  electrodes prepared for this study have high specific

capacitance and excellent rate capabilities

89



=
Imcresing constunl currenl B _
_|a) -— Tl e | ]y) ENS-0-0-0-8-8-8-8—8 |
o hsk e | g 8 - -e-0-0-0-0-0——=9 N —
| charging time | —_—Al = &
H — E B | 1 £
5 ] 48 2
e N4 w— A E ;
..? — 5 A ool 1 ‘:._:
- o L
- {3 « i R = ——
e discharging fime | £ -
- N g = | o
- -0 440 B
= 0z} = . -
8 B e JLE0
:E o 8- Conlambic Efficiency (%) |12 =
0.1 5 -#- Retention (%) 1 [
o

L] HET 00 3 M 500 [ (LU ] w LI 1K 1500 2 pLIL]]

Time(s) Cycle number (n)
IIII:- } @ & lnitial . :u:.
c . @ After 2500 Cyelo| | B8
5L
100 - S s "
o L % ATS 3 Gy ':, mk
E e & i =
E h _'E o g 5k
:-:- “r & -E‘;I j" E 1 I
oy wl = . s |
4 : i 5 -
0 - Lrealith =
“. ’ e r:.. o -} £
_HTE'_W - L — N0
"E ] e st | ==Toray curhon Paper|
L] k2 1] 4 il L] L 12 LINE) [N ] 0 0l 4
L] & il
Lreal(€2) Potential { V vs SCE)
W e) |—IMKOH|
@ - e TV KOV |
< 2r | ——3M KOH]|
il
-'E' 1
B
@n
%)
= gl
ey
e |
-5}
= oo
=
&
=20+

(LR1] ol a2 03 0.4 E] (LX)

Potential ( V vs SCE)

Figure 3.7 (a) Galvanostatic charge/discharge curve at different current densities (b) Cyclic
stability graph at S5A/g for 2500 cycle and coulombic efficiency. (c) The plot of
electrochemical impedance spectra (EIS) at 10mV applied potential. d) Compare CV plot in a
different type of electrode nickel foam and carbon Toray paper in 2M KOH ¢) Compare CV
study in different type electrolyte n 1M to 3M
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Further, studies were conducted to understand the charge storage behavior of NiC,04¢2H,0
electrodes in a 1 M Na;SOy4 neutral electrolyte. The CV curve at various scan rates as shown
in figure 3.8(a) indicates a redox peak mto well-separated redox peaks at +0.52/+0.19 V. As
specific capacitance is the function of scan rate has been estimated using equation (3.5)
where 1M Na;SOy4 electrolyte, the specific capacitance of 440 F/g, 310 F/g, 256 F/g, 215 F/g,
188 F/g, 170 F/g, and 147 F/g at ImV/s, 5 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 50 mV/s, 100
mV/s respectively was observed for the NiC,04°2H,O  electrode. Subsequently, the
quantitative galvanostatic charge/discharge storage measurement has been performed and the
results are shown i Figure 3.8(b). The estimated value of specific capacitance m 1 M
Na;SO4 electrolyte was found to be 384 F/g, 220 F/g, 150 F/g, 100 F/g, 55 F/gat 0.5 A/g, 1
Alg, 2 Alg, 5 A/g, and 10 A/g respectively.

Moreover, a comparative study was conducted to analyze the effects of anions present in the
electrolyte. Figure 3.8(c) shows the comparative CV curve of NiC;04°2H,O electrodes n 2
M KOH and 1 M Na;S0Oy electrolytes. Shifts in the redox peaks were observed from KOH to
Na;SOy4 electrolyte. Further, the redox peaks were also found to be more dominant n 2 M
KOH compared to 1 M NaSO,, this may be due to the size difference of hydration radii of
sulfate jons (3.79 A) as compared to hydroxyl ions (3 A). A larger hydration sphere of SO 4
further leads to the decrement of ions entering the pores, causing lower electric double layer
formation and slower diffusion. [25-26] In addition, m KOH electrolyte, NiC,04°2H,0
electrode exhibits higher current response in CV curve due to the superior molar conductivity
OH' ion (198 cn’Q mol') as compared to S04 (79.8 cn’Q mol'l) n NaySOy4 [12,26]. From
the CV curve shape displayed in Figure3.8(c), it is evident that NiC,04°2H,O electrodes
display better Faradic redox characteristics in KOH electrolytes. Galvanostatic experiments
were performed for determmning the quantitative capacitance assessment of the electrode n 2

M KOH and 1 M Na;SOy4 electrolytes. From figure 3.8(d) (see the discharge time), it is clear
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that the electrode delivers a longer discharge time m 2 M KOH electrolyte as compared to 1
M Na;SO4 electrolyte at a 1 A/g current rate. Subsequently, comparisons of specific
capacitance carried out at different current densities in both the electrolytes are shown in
Figure 3.8(e). These studies confirm the suitability of aqueous 2 M KOH electrolyte for the
high performance of the electrode as the smaller size of OH anions matches well with the

pore diameter of the electrode resulting in superior performance
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Figure 3.8: (a) CV and (b) Galvanostatic charge/discharge (GCD) curve of NiC,04°2H,0
electrode n 1M Na;SO4 electrolyte. (c) Comparative CV diagram of NiC,04°2H,O in KOH
and Na;SO4 meduum at 10mV/s, (d) Comparative charge/discharge curve of NiC,04°2H,O in
KOH and Na;SOs medium at 1A/g, (e) Specific capacitance of NiC,04°2H,O electrode in
KOH and Na;SOy electrolyte at different current density.
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To get a negative electrode for the fabrication of a full cell, further studies were made on
activated carbon. Activated Carbon (AC) as a negative electrode was evaluated in a three-
electrode system by CV, GCD, and EIS techniques in an aqueous 2 M KOH electrolyte
solution. Figure 3.9 (a) depicts the CV curve for AC i the region -1 V to 0 V which shows
the nature of storage of charge is only due to the electrical double layer (EDLC). With the
increase in scan rate, the area under the CV curve also increases which signifies the storage
of charge n AC is due to surface absorptions of ions. The charge/discharge curve in Figure
3.9(b) between -1 V and 0.0 V at different specific currents displays a perfectly triangular
natire curve and confirms the electrical double layer behavior of AC. The specific
capacitances obtained were 140 F/g, 110 F/g, 108 F/g, 101 F/g, 97 F/g, and 94 F/g at current
densities of 0.5, 1, 2, 4, 5, and 10 A/g, respectively. From Figure 3.9(c), it can be concluded
that the AC electrode offers good cycle life ie. 98% retention after 3000 cycles at 2 A/g with
excellent coulombic efficiency. At lower frequency, the vertical line which is nearly parallel
to imaginary impedance resembles the EDLC nature of AC.[27] In addition to supporting the
high cyclic stability of AC for 3000 cycles, EIS measurements at 10mV applied potential as

shown in Figure 3.9(d) exhibits a negligible change in the resistance of the electrode.
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Figure 3.9: (a) CV curve at different scan rates, (b) Charge-discharge curve at various current
densities (c), cyclic stability and coulombic efficiency at 2A/g, and (d) plot of electrochemical
impedance test at 10mV applied Potential of Activated carbon.

3.3.5 Two electrode test

Two electrode measurements have been conducted n 2 M KOH, to understand the usable
charge storage behavior of NiC;04°2H,O using AC as a counter electrode. To determine the
maximum specific capacitance during the full test, the storage capacity of positive and

negative electrodes needs to be balanced using equation 3.10:

LI S (3.10)

Ceotal Cp ositive Cnega tive

For balancing the charge storage capacity of the cell, the mass ratio (m'/m’) of positive and

negative electrode material was measured using equation 3.11:
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ml_ CoxiF (3.11)
m C,.XAE,
m*,m~,C,,C_,AE,, AE_ are mass, specific capacitance, and potential window of positive

and negative eclectrodes estimated by three-electrode measurements. The calculated mass
+
ratio (%) was 1:1.4. For the asymmetric cell, the weight of the active material was 2.5 mg

(excluding the weight of acetylene black and PVDF). Specific capacitance for a two-
electrode system was calculated as Cpyq =4 Cy,. [27-29] Equation (3.5) was used to
determine the Cg, of NiC204°2H,0 //AC full cell. Figure 3.10(a) demonstrates the CV curve
of NiC,04°2H,0 //AC AAS cell at different scan rates, ranging from 5 mV/s to 100 mV/s.
Subsequently, the charge/discharge study shows the capacitance equivalent to 520 F/g, 277
F/g, 240 F/g, 228 F/g, 204 F/g, and 200 F/g at different current densities, ie. 0.2 A/g0.5 A/g,
0.8 A/g, 1 Alg, 1.5 A/g, and 2 A/g respectively as shown in Figure 3.10(b). NiC,04°2H,0
//AC (AAS) cell shows brilliant cyclic stability with 96% capacity retention after 1500 cycles
as shown in Figure 3.10(c). The coulombic efficiency of two-electrode cells has lost only 3%
of its initial value after 1500 cycles. In addition, EIS measurement was also carried out with
10mV applied potential before and after completion of 1500 cycles at 2 A/g as shown in
Figure 3.10(d). The EIS result supports the cyclic stability showing a slight change in internal

and charge transfer resistance of the cell before and after the test. Specific energy and specific

power of asymmetric capacitors were calculated using equations 3.12&3.13:

1

E=2Cy,V (3.12)
p==Lt (3.13)
tais

where C), is specific capacitance, V is operating voltage and t,; is discharge time
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Figure 3.10: (a) CV and (b) GCD, (c) cyclic stability and Coulombic efficiency of AAS cell
NiC,04°2H,0 //AC full cell. (d) The electrochemical impedance spectroscopy (EIS) analysis
of as-prepared of NiC,04°2H,O /AC full cell before and after 1500 cycles at 10 mV of
applied potential. (e) Ragone plot of NiC,04°2H,0 //AC full cell showing specific energy vs.
specific power.
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The asymmetric cell shows the highest specific energy equivalent to 141.5 Wh'kg at 0.2 A/g
current density and specific power of ~559 W/kg. Maximum specific power of ~5554 W/kg
was obtained when specific energy was reduced to ~54 Wh'kg at 2 A/g of current density as
shown in Figure 3.10(e). Table 3.1 shows the comparison of specific energy with

NiC,042H,0 //AC cell as an asymimetric supercapacitor.[23,30-36].

Aqueous Asymmetric Capacitors Specific Energy (Whkg) Ref.
(ASC)
NizV,03@MWCT/B-FeOOH 86.7 [23]
NiO//AC 36.5 [30]
Ni-Ni(OH),//AC 23.45 [31]
B-N¥/S//AC 42.12 [32]
H-NiCo,S4//AC 35.6 [33]
Ni3;(PO)4GF//C-FP 49 [34]
CoosNiosC204//AC 283 [35]
Anhydrous CoC,04//AC 129 [36]
NiC,04°2H,0 //AC 141.5 This work

Table 3.1. Comparison of specific energy values for different reported Aqueous Asymmetric

Nickel-based positive electrode supercapacitors

3.4 Conclusions

In summary, NiC,04°2H,O flakes were synthesized using a single-step co-precipitation
method in an aqueous medium. NiC,04°2H,O based electrode showed intercalative charge
storage behavior exhibiting specific capacitance of 990 F/g at a current density of 1 A/g with
excellent cyclic stability. NiC,04°2H,O  electrode showed superior specific capacitance
equivalent to 990 F/g in the potential window of 0.45 V was observed in an aqueous KOH
electrolyte and 440 F/g m 1M neutral Nay;SO4 electrolyte in the potential window of 0.85 V.
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Predominant intercalative mechanism seems to be operative behind high charge storage as
intercalative (Inner) and surface (outer) charges stored on NiC,04°2H,O electrodes were
found to be 84% and 16% respectively. In 2 M KOH electrolyte, NiC,04°2H,0O //AC full cell
resulted n 141.5 Whkg of maximum specific energy with specific power equivalent to 559
W/kg in the voltage window of 1.4 V in 2 M KOH electrolyte at 0.2 A/g current density.
These results confirm that NiC,04°2H,O can act as a potential pseudocapacitive electrode

for large energy storage applications.
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