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5.1. Introduction

Accelerated rise of global population has led to rapid utilization of fossil fuel which is
depleting over time. The greenhouse gas emissions from these fossil fuels are creating
concerns as well. Renewable energy resources like wind, solar, etc. can be a substitute to
these fossil fuels, however, their intermittency require efficient energy storage devices
with high energy and power density. Among the electrochemical energy storage devices,
supercapacitors are attracting attention due to their high power density, fast charging-
discharging and long cycle life. Supercapacitors are inferior to batteries in terms of
energy density. This can be mitigated by creating hybrid electrodes that combine electric
double layer capacitance and pseudocapacitance into single electrode material [1]. As
electrodes are the key driving agents of energy storage devices, the energy demand has
intensified the search for efficient, cost-effective, and easily available electroactive
materials. A growing amount of focus has been placed on synthesizing materials at the
micro and nanoscale because the shape and dimensions of the materials are crucial in
enhancing the electrochemical performance. Among the pseudocapacitive materials,
transition metal oxides (TMOs) have high specific capacitance of around 100-2000 F/g,
higher chemical stability than conducting polymers [2]. TMOs also possess higher energy
density than carbon materials. Carbonaceous materials which provide electric double
layer capacitance offer low energy density, thus limiting their performance. The single
metallic oxide materials RuO> [3], Co304 [4], ZnO [5], and MnO; [6] are extensively
studied supercapacitor electrodes. Co3Oais a largely studied electroactive material which
receives attention in supercapacitors due to its high theoretical capacitance of 3560 F/g
[7], low cost, eco friendliness, strong chemical stability and multiple oxidation states
which provide reversibility to the electrode [7, 8]. However, in real practice the high
capacitance is not achieved due to several factors which reduce electron transport of
Co0304 such as low conductivity, particle aggregation, delayed kinetics, huge volume
expansion and contraction [2]. Various morphologies of Co3z04 such as nanosheets [9],
nanowires [10], nanoparticles [11], and nanofibers [12], etc. are studied as supercapacitor

electrode. NiO is another promising pseudocapacitive material due to its availability,
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affordability, high theoretical capacitance (2584 F/g), thermal and chemical stability [13,
14]. First reported porous NiO provides specific capacitance of 50-64 F/g [15]. The low
electrical conductivity of NiO causes low electron transfer, which limits the performance
of NiO supercapacitor. Thus, to boost its conductivity, NiO is composited with other
materials such as graphene, carbon nanotubes, monovalent ion doping, different metal
oxides, etc. Different morphologies of NiO namely nanoflakes [16], nanosheets [17],
nanoflowers [ 18], nanospheres [19]. etc. are studied for supercapacitor [20]. On the other
hand, mixed transition metal oxides possess higher conductivity and specific capacitance
than the monometallic oxides due to the presence of two different metal cations
exhibiting variable redox active sites. In the recent times, among the mixed metal oxides,
spinel cobaltite [21] and metal molybdates [22] are promising candidates because of their
low cost, availability and enhanced electrochemical activity. Low conductivity of
monometallic oxides can be improved by these mixed transition metal oxides. Nickel
cobaltite (NiCo204) is one of the potential candidates of the cobaltite family. As the
microstructure of an electrode affects its electrochemical activity, therefore different
morphologies and structures of NiCo0204 are studied to improve its performance [23].
Although the conductivity of NiCo0204 is higher than NiO and Co304, however, it is still
not satisfactory as compared to the carbon-based materials. Incorporating it with higher
conducting materials like graphene, carbon nanotubes, rGO, etc. one can increase its
conductivity, rate capability, and cycling stability [24]. Carbon has garnered interest in
energy storage systems due to its superior electrical conductivity, high electron mobility
and mechanical strength. Its enormous surface area, high porosity, double layer charge
storage mechanism and chemical inertness make it appropriate for applications requiring
reliable energy storage. The drawbacks of both carbon and NiCo204 can be mitigated by
combining them into composite system. For instance, NiCo204 when combined with
single walled carbon nanotube (SWCNT) delivers specific capacitance of 1642 Fg™! at
0.5 Ag!'. The high performance of the nanocomposite comes from the synergistic
contribution from each constituent material. The SWCNT provides electron and ion

conducting channels whereas NiCo0204 provides high capacitance [25].

In this chapter, a mixed metal oxide-based electrode material is developed and its
supercapacitive performance is studied. NiCo204 is induced with NiO phase and
combined with rGO nanosheets to create a hybrid supercapacitor electrode. Layer-on-

layer morphology of NiCo0204 with rGO nanosheets provide sufficient active sites for
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capacitive performance. NiO phase in introduced to create additional redox sites to the
nanocomposite. Thus, the pseudocapacitive materials NiCo020O4 and NiO offer high
specific capacitance and energy density to the hybrid, whereas rGO nanosheets provide
high cycling stability and power density to the hybrid. In other words, the nanocomposite
NiCo0204/NiO/rGO (CNOG) outperforms the pristine components due to the synergetic
contribution from each.

The detailed morphological and structural characterizations of the nanocomposite
CNOG are studied in chapter 3. In this chapter the electrochemical performance of
CNOG as a supercapacitor electrode is studied. Symmetric supercapacitor performance

of the developed CNOG is studied using aqueous as well as gel polymer electrolyte.

5.2 Experimental section

5.2.1 Electrochemical characterizations:

Electrochemical studies were conducted using three-electrode set up in Gamry (Model-
Gamry Interface 1010 E) at ambient environment. The set-up of the three-electrode
system is: Pt wire (counter electrode), Ag/AgCl (reference electrode) and graphite foil
(1.5 x 1 cm?) coated with prepared active material (working electrode). The catalyst
slurry was prepared by mixing the active material: carbon black: nafion in 75: 15: 10
ratios in isopropanol and water. The working electrodes were prepared by coating the
catalyst slurry on graphite foil. Prior to drop casting, graphite foils were washed with
ethanol. Mass of active material deposited was calculated to be 0.1 mg. Cyclic
voltammetry, Galvanostatic charge-discharge (GCD), and EIS were performed. The
parameters were: - (-0.2 to 0.55) V window for CV, 3 M aqueous KOH solution was used

as the electrolyte.

The specific capacitance (Cyp), energy density (E) and power density (P) of the
symmetric supercapacitor are calculated by considering the following relations

(equations 5.1-5.3).

I At

Csp (Fg_l) = AV (5.1)
_ 1 1000

E (Whkg™) =3 X Cep X (AV)? X =222 (5.2)

P (Wkg™t) = =22 (5.3)
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Where [ is the discharge current in ampere, At is the discharging time in second, m is the

mass of the active material (in gram) in both the positive and negative electrodes, AV is

the potential window (in volt) [26, 27]. The specific capacitance of the single electrode

(in three-electrode configuration) is measured using relation (5.1) where m is the mass

of active mass in single electrode.

5.3 Results and Discussion

5.3.1 Electrochemical characterizations

5.3.1.1 Three-electrode electrochemical behaviour of the electrodes:

The electrochemical behaviours of the electrodes are studied by performing cyclic

voltammetry using 3 M KOH as the optimized electrolyte. Cyclic voltammetry is

performed in the potential window (-0.2 to 0.55) V vs. Ag/AgCl.
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Figure 5.1: (a) Cyclic voltammetry in 3M KOH at 10 mV/s scan rate, Cyclic voltammetry

of CNOG at (b) higher scan rate, (c) lower scan rate
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As observed in fig. 5.1a, owing to the EDLC behaviour of reduced graphene oxide,
CNOG offers higher integral surface area under CV than that of pristine NCO and CNO.
Bare graphite foil shows negligible CV area and it does not exhibit any redox peak, which
implies its inactiveness in charge storage. The redox reactions of Co and Ni in the redox
couples Co304/CoOOH and NiO/NiOOH are responsible for the redox peaks [28]. The
cyclic voltammogram of CNOG is displayed at both higher and lower scan rates in fig.

5.1b and 5.1c.
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Figure 5.2: Galvanostatic charge-discharge (GCD) measurements of (a) NCO, CNO and
CNOG at 1 A/g current density; (b) NCO, (c) CNO, and (d) CNOG from 0.5 to 10 A/g,
(e) Nyquist plot of the electrodes (inset: equivalent circuit), (f) Cycling stability of CNOG
and CNO at 10 A/g current density
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The existence of pseudocapacitive component in CNOG is indicated by the strong redox
peaks in the CV curve, which shows deviation from rectangular shape. Moreover, the
shape of the cyclic voltammograms doesn’t vary much with scan rate, which implies
good reversibility of the electrode CNOG. The galvanostatic charge-discharge curve of
each electrode at a current density of 1 A/g is shown in Figure 5.2a. CNOG exhibits the
highest specific capacitance value of 854.94 F/g, whereas CNO exhibits 361.69 F/g. NCO
has the lowest discharge time and lowest specific capacitance of 158.62 F/g at 1 A/g
current density. At 10-fold current density, the specific capacitance of NCO, CNO, and
CNOG becomes 86, 150, and 588 F/g respectively. The Coulombic efficiencies of NCO,
CNO, and CNOG are 92.96%, 95.47%, and 96.75% respectively at 10 A/g current
density. Figures 5.2b, 5.2¢, and 5.2d display the GCDs of NCO, CNO, and CNOG at
various current densities, ranging from 0.5 to 10 A/g. The presence of NiO in the binary
composite CNO offers more electroactive sites, which increases faradaic reactions,
thereby enhancing the specific capacitance. Moreover, by adding NiO, impurity band
effects are introduced, which enhances electronic conductivity and facilitates efficient
charge transfer. The addition of GO provides EDLC contribution to the hybrid electrode,
which makes the GCD almost linear in shape. The porous rGO nanosheets enable easy
penetration of electrolyte ions into the electrode surface. The metal oxides NiCo0204 and
NiO embedded on rGO nanosheets reduce the restacking of the rGO nanosheets, leading
to availability of more active sites. This synergistic contribution causes a drastic increase
in specific capacitance of the hybrid CNOG. Figure 5.2e displays the Nyquist plots of
the electrode in 3 M KOH. The comparable electrochemical electrical circuit that best
fits the experimental results is shown in the inset of figure 5.2e. The different processes
and their related impedances are reflected as different elements in the circuit. The
elements are: series resistance (Rs), charge transfer resistance (Rct), constant phase
element (CPE) representing the electric double layer capacitance, faradaic capacitance
(Cp), and Warburg impedance (W). The Rs values of NCO, CNO and CNOG are found
to be 0.86 Q, 1.073 Q, and 15.10 pQ respectively. Such low series resistance of CNOG
suggests negligible inter-particle resistance and contact resistance offered by the
electrode. Additionally, CNOG has a lower R value (6.219 Q) than NCO (12.25 Q) and
CNO (10.08 Q). The nearly vertical line in the lower frequency region represents the
Warburg impedance. Lower Warburg impedance implies more effortless diffusion of

electrolyte ions into the electrode’s active sites [29]. In this study nearly vertical line of
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1
CNOG indicates good capacitive behaviour. It offers W value 0.005374 Ssz, whereas

NCO and CNO offer 0.01081 and 0.008691 Ssz1 respectively. Thus, CNOG provide
excellent conductivity, fast electrolyte ion diffusion and electrode-electrolyte interaction.
Hence, these enhanced properties make CNOG a promising supercapacitor electrode.
The high surface area of rGO, proper utilisation of the surface due to reduced stacking of
these nanosheets lead to the least charge transfer resistance of CNOG. Cycling stability
has been performed for CNO and CNOG to assess the durability of the electrode for 5500
GCD cycles recorded at 10 A/g current density in 3 M KOH aqueous solution. It is
observed from fig. 5.2f that with increase in cycle number the specific capacitance of
CNOG slightly increases and reaches its maximum at 1500 cycle from 253.67 (1% cycle)
to 321.05 F/g, which may be due to activation of the electrode after continuous insertion
and withdrawal of K" ions during the charging-discharging process [30]. This increase in
capacitance may be due to dissolution and redistribution of the metal oxides NiCo0204
and NiO and formation of symmetrical nanoplatelets (namely hexagonal, pentagonal,
etc.), as observed in fig. 5.3a [31]. This variation of geometry of the nanoplatelets may
affect the cycling stability in the long run as pentagonal platelets may develop internal
strain causing cracks, defects and mechanical instability in the system. On the other hand,
rGO nanosheets are seen intact even after 5500 cycles as shown in fig. 5.3b. After
prolonged charging-discharging, the charge transfer resistance reduces (4.985 Q, as
displayed in fig. 5.3c), thus facilitating more electrolyte ions to penetrate into the
electrode [32]. After 1500 cycles, the specific capacitance reduces and at the end of
5500™ cycle, its value becomes 280.16 F/g, which is 87.26% of that of 1500 cycle.
CNOG offers coulombic efficiency of 99.10% after 5500™ cycle. Cycling stability of
CNO has been performed for comparison. It is observed that in case of CNO the specific
capacitance keeps on increasing from 1% cycle (37.3 F/g) to the last cycle (60.5 F/g).
Coulombic efficiency of 99.3% is obtained for CNO. This continuous increase in
capacitance may be due to structural stabilization of the active material [30, 31, 33]. Due
to the pseudocapacitive components NiCo0204 and NiO, CNO exhibits structural
instability, because of the on-going faradaic reactions during charge-discharge process.
During continuous charge-discharge, the material may undergo various transformations
which leads to creation of more surface active sites, which increases the electrode-

electrolyte interactions. Thus, the enhanced effective surface area for ion adsorption leads
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to enhanced capacitance [34]. On the other hand, high structural and cycling stability of
CNOG arises due to the presence of EDLC component rGO. The layer-on-layer structure

of CNOG ensures proper utilization of the surface area and minimises restacking and

agglomeration.
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Figure 5.3: Post cycling stability test of CNOG: (a), (b) FESEM images at different

magnifications, (¢) EIS (Inset: Equivalent circuit)

5.3.1.2 Electrochemical behaviour of the symmetric supercapacitor:
5.3.1.2.1 3M KOH aqueous electrolyte:

To understand the practical application of CNOG as supercapacitor, a symmetric
supercapacitor CNOG//CNOG is developed using CNOG as positive and negative
electrode, and its behaviour is studied in 3 M KOH as the electrolyte using two-electrode

arrangement. To determine the optimum potential window, cyclic voltammetry is
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performed at 10 mV/s scan rate at various potential windows as displayed in fig. 5.4a.
Figure 5.4a shows that the current increases rapidly at potentials higher than 0.9 V (vs.
Ag/AgCl). This is mostly because of the oxygen evolution process that results from the
splitting of the aqueous KOH electrolyte. The CV of 0.85 V and 0.90 V looks good

without any sharp increase in current.
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Figure 5.4: Electrochemical study of symmetric supercapacitor CNOG//CNOG in 3M
KOH aqueous electrolyte: (a) Cyclic voltammogram of different potential windows, (b)
Comparing windows 0.85 V, 0.90 V and bare graphite at 50 mV/s, (c¢) Cyclic
voltammogram in (0 to 0.9) V window at varying scan rate, (d) Nyquist plot. (Top inset:

magnified view of higher frequency Nyquist plot, bottom inset: equivalent circuit)

To find the optimum window, the CV areas of 0.85 and 0.9 V are compared in fig. 5.4b
and it is observed that 0.90 V exhibits higher CV area, which gives more areal
capacitance than 0.85 V. Thus, 0.90 V is found to the optimum potential window without
any side reactions. The shapes of the CVs shown in fig. 5.4c, are quasi-rectangular, which

is attributed to the presence of EDLC (rGO) and pseudocapacitance (CNO) storage in the
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system. Consistency of the CV shape at higher scan rate indicates good reversibility of
the symmetric supercapacitor CNOG//CNOG. The symmetric supercapacitor offers
excellent conductivity as can be inferred from the Nyquist plot shown in fig. 5.4d. An
electrical circuit fitting the results is shown in inset of fig. 5.4d, which gives Rs and Ret

to be 1.246 Q and 0.739 Q respectively. The nearly vertical line in the lower frequency

region with Warburg impedance 0.007831 Sszl implies fast electron and ion diffusion
into the electrode. Thus, the synergistic contribution of the highly conducting rGO
nanosheets, redox active sites of pseudocapacitive NiCo204 and NiO, interfacial
interaction endowed by layer-on-layer structure, and mesoporous nature bestows the

hybrid CNOG with enhanced capacitive behaviour.
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Figure 5.5: Electrochemical study of symmetric supercapacitor CNOG//CNOG in 3M
KOH aqueous electrolyte: (a) GCD at varying current densities, (b) Specific capacitance
vs. current density plot, (c) Specific capacitance up to 4500 GCD cycles (Inset: First two

and last two cycles)
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GCD is performed at current densities varying from 1.5 A/g to 10 A/g. The GCD curves
(in fig. 5.5a) corroborate well with the CV curves, establishing the presence of EDLC
and pseudocapacitance in the symmetric supercapacitor. At 1.5 A/g current density,
specific capacitance of 59.49 F/g and energy, power density of 6.69 Wh/kg and 698 W/kg
respectively, are obtained. At higher current density, the specific capacitance reduces due
to lesser diffusion of electrolyte ions. The specific capacitance versus current density plot
shown in fig. 5.5b shows capacitance retention of 61.44% at 5 A/g and 20.5% at 10 A/g
current density, maintaining 90.37% coulombic efficiency at 10 A/g current density. The
inferior rate-capability of the symmetric device is basically because of sluggish reactions
due to limitation in ion diffusion kinetics at higher current density. At higher current
density, all the available active sites cannot be reached as the electrolyte ions find
difficulty in diffusion and penetration into the pores of the material. The redox active
sites do not get enough time to initiate the electrochemical reactions. Only the active sites
exposed to the surface participate in charge storage mechanism. Thus, at higher current
density the ion diffusion and EDLC formation gets constrained only to the outer surface
of the electrode [35, 36]. Since all the available redox active sites do not contribute to the
capacitance of the device, it leads to reduced specific capacitance of the symmetric device
at higher current density. In order to examine retention during continuous charge-
discharge, cycling stability is carried out for 4500 GCD cycles, as seen in fig. 5.5¢c. The
symmetric supercapacitor CNOG//CNOG offers specific capacitance of 55 F/g in the first
cycle, which reduces to 50.3 F/g in the 500" cycle. After 4500 cycles, specific
capacitance of 36.25 F/g i1s obtained which shows a retention of 65.9%. In the first cycle,
an energy density of 6.191 Wh/kg and a specific power value of 2249.75 W/kg are
achieved. This energy density reduces to 4.0979 Wh/kg after 4500 GCD cycles.
Coulombic efficiency which is 74.8053% in the first cycle increases to 95.57% in the
4500 cycle.

To understand the structural changes in the electrode after 4500 charge-discharge
cycles of the symmetric supercapacitor, and to reveal the formation of any new phase,
XRD is performed. The diffraction peaks of the active material (fig. 5.6a) are not visible
due to the intense graphite foil (substrate used) peaks at 26° and 53.9° corresponding to
(002) and (004) plane (JCPDS no. 75-2078) (as shown in fig. 5.6b).
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Figure 5.6: Structural and morphological characterizations after cycling stability of the
symmetric supercapacitor electrode: (a) XRD pattern of CNOG, (b) XRD of bare
graphite, (c) Magnified view of XRD peaks of active material; with symbols signifying:

& C0,04 % NiO ¥ Ni(OH), ¢ NiCo,04 phase), (d)-(f) FESEM images

However, on magnifying the XRD pattern, the peaks of the active material are clearly
visible (as shown in fig. 5.6¢). The peaks at 31.3°, 36.5°, 44°, 65.8°, and 77° are of (220),
(311), (400), (440), and (533) planes of NiC0204. Only one diffraction peak of NiO is
found at 42.6° corresponding to (200) plane. Disappearance of the other peaks suggest
the diminishing of the NiO phase and formation of different phase during the redox
reactions taking place during the charge storage process. Additional peaks which are

observed at 33.3°, and 40° reveal the formation of new phase Ni(OH)> (JCPDS 38-0715).
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These peaks are attributed to (100), (101) plane of Ni(OH); [37]. The formation reaction
of Ni(OH): can be written as NiO + OH™ & NiOOH + e~ and NiOOH + H,0 + e~ =
Ni(OH), + OH™. The peaks at 38.6° and 48.4° are due to the (222) and (422) plane of
C0204 (JCPDS 9-418) [38]. This C0204 may be formed due to the breaking down of
NiCo204 according to the equation NiO + Co,0, = NiCo,0,. The XRD peaks of
Ni(OH); and C0204 are found only for certain specific planes, which may be due to some
preferential directional growth during the charging-discharging process. The
morphological changes of the electrode are studied by observing the FESEM images. It
is observed from fig. 5.6d, the restacking of NiCo,04 nanoflakes and the wrinkled
structure of rGO nanosheets. From fig. 5.6e and 5.6f, the agglomeration of NiO
nanoparticles is evident. Thus, after such agglomeration and restacking, the interfacial
interactions among the individual components, the active surface area and the redox
active sites reduces, which leads to reduced specific capacitance of the symmetric device,

which is corroborating well with fig. 5.5c.
5.3.1.2.2 PVA/3M KOH gel polymer electrolyte:

The potential window of symmetric supercapacitor CNOG//CNOG cannot be increased
beyond 0.9 V in aqueous 3 M KOH electrolyte because of water splitting taking place.
To obtain a higher window, hydrogel polymer electrolyte of PVA/3 M KOH is developed.
The CV curves of the symmetric supercapacitor in PVA/3 M KOH for various potential
windows are displayed in Figure 5.7a. It has been observed that side reactions occurring
on the electrodes cause the current to surge dramatically over 1.3 V. Therefore, 1.3 V is
considered to be the optimum window for the hydrogel polymer electrolyte. As the CV
curves retain their shape at higher scan rates, the symmetric supercapacitor demonstrates
its reversibility at higher scans as shown in fig. 5.7b. GCD is carried out in the window
(0 to 1.3) V by varying the current densities from 1.5 to 10 A/g, as seen in fig. 5.7¢c. Non-
linear GCD curves implies the presence of both EDLC and pseudocapacitance in the
electrode. Specific capacitance of 88.80 F/g along with energy, power density being
20.84 Wh/kg and 1003.2 W/kg respectively are obtained at 1.5 A/g current density. At 10
A/g, specific capacitance obtained is 32.63 F/g with capacitance retention of 36.75%
(presented in specific capacitance versus current density plot in fig. 5.7d). A comparison
between this study and other reported works is made using the Ragone plot shown in fig.

5.7e. It is found that CNOG//CNOG using PVA/ 3 M KOH offers higher energy and
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power density than many other symmetric supercapacitors [39-48]. Thus, CNOG can be

a potential supercapacitor working at high current density.

(2) (b) .

304 —(0t0 0.9) V — 30 mVis
s = 5 ¥ =am
w— (0 to 1. e 70 mV/s
< 20{—(0to2)V 2 204 T joomuis
2 2 1.
g 10 2
Q e
Z s °
€ o] € 104 — 130 mV/s
o g —— 150 mV/s
5 5 204 — 170 mV/s
O 4. o — 200 mVis
T T T T T -30 T T T T T
00 05 1.0 15 20 00 03 06 03 12 15
Potential (V) Potential (V)
(c) d) .
1.4 — 1.5 Alg @ Qo
- — 25A/g T—
’ —— 35Alg > \
— — 5 Alg Q
e, — 7.5Alg £ 604 o\
T 08 —— 10 Alg 3 O
-
= ® O—_
404
3 0.0 % o\o
& 04 S
5 O
e 20-
0.2 ©
]
0.04~ 2 0
- v \J \J L T T i L w v L v Ll L
0 30 60 90 120 150 180 210 0 2 4 6 8 10

Current densitv (A/a)

~
¢”
N’
g

Time (s) ( i)
300

a =H=This work P Refdd :6 ey =0=54Alg
2 2 ~@-Ref39  -@- Refd5 L 2501 S12 =i
= ~A- Ref 40 =%= Ref 46 Py = — aagath
= 20 ' -y~ Ref 41 -@- Ref47 2 2004 ©08 — 4s00th
> 3 \ Refd2 -3~ Ref48 s c
B 154 -~ Ref43 'S 1504 204
] -4 o
c \. ® Q0.0
8 10 \.\ o 1004 10 2 30
2 1@ m 2 Time {s)
o 59 s 504 =),
it T W
8 | 2 9 ~0=~0~0-0-0
0 ol T T T T B 0 . . T T T
0 2000 4000 6000 8000 10000 0 1000 2000 3000 4000 5000
Specific power (W/kg) Cycle number

Figure 5.7: Two-electrode electrochemical characterization of symmetric supercapacitor
CNOG//CNOG in hydrogel polymer electrolyte PVA/3M KOH: (a) Cyclic voltammetry
in different potential window, (b) Cyclic voltammograms in (0 to 1.3) V with varying
scan rate, (c) Galvanostatic charge-discharge curves at varying current density, (d)
Specific capacitance vs. current density plot, (¢) Ragone plot, (f) Specific capacitance

with cycle number (Inset: First two and last two cycles)
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The cycling stability of CNOG//CNOG over 4500 GCD cycles (shown in fig. 5.7f)
demonstrates that, beyond 2500 cycles, the specific capacitance nearly stays constant,
retaining 57.5% and 54.10% capacitance at the 2500™ and 4500™ cycles, respectively,
maintaining 90.23% of the coulombic efficiency after 4500™ cycle. Thus, the mesoporous
morphology, interfacial interaction among NiCo204 nanoflakes, NiO nanoparticles and
rGO nanosheets, increased conductivity and surface area of CNOG allows more ion
movement and penetration into the electrode, further increasing its capacitance and

energy density.

To validate the practical application of the assembled hydrogel based symmetric
supercapacitor cell, 1.8 V LED light has been glowed. It is observed that 2 cells in series
can glow a 1.8 V LED. However, 4 cells in series can glow the LED with more intensity
and higher time (~25 to 30 seconds). The images of cells connected in series along with

the lit LED are shown in fig. 5.8a and 5.8b respectively.

Figure 5.8: (a) 2 CNOG//CNOG cells in series, (b) 1.8 V LED glow with 4 cells in series
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5.4 Conclusion

In summary, this chapter contains the electrochemical characterizations of the developed
nanocomposite NiC0204/NiO/rGO (CNOG) as supercapacitor electrode. The presence of
variable oxidation states of Ni and Co, and the presence of mesopores result in enhanced
capacitance of the electrode CNOG. Higher specific capacitance of 855 F/g is obtained
for the hybrid electrode which benefits from the synergistic contribution of the two-
dimensional nanoflakes of NiC0,04, conducting rGO nanosheets and NiO nanoparticles.
The reduced stability of CNO due to the presence of the pseudocapacitive components
NiCo0204 and NiO, is compensated by the presence of rGO nanosheets. On the other hand,
the pseudocapacitive components NiC0204 and NiO impart high capacitance to the
nanocomposite CNOG. The mesopores present on the nanocomposite CNOG increases
the electrode-electrolyte interactions and decreases ion transfer pathways. rGO reduces
the agglomeration of the transition metal oxides, which on the other hand reduces the
restacking of rGO nanosheets. The symmetric supercapacitor CNOG//CNOG in aqueous
3 M KOH offers a specific capacitance of 59.48 F/g at 1.5 A/g, and specific energy and
power of 6.69 Wh/kg and 698 W/kg respectively. The symmetric supercapacitor
maintains 90.37% Coulombic efficiency at 10 A/g current density while displaying
capacitance retention of 61.44% at 5 A/g and 20.5% at 10 A/g current density. In contrast,
the symmetric supercapacitor CNOG//CNOG in gel polymer electrolyte outshines by
offering specific capacitance of 88.8 F/g, energy and power density being 20.84 Wh/kg
and 1003 W/kg respectively at 1.5 A/g. At higher current density of 10 A/g, specific
capacitance of 32.63 F/g is obtained. Four such cells in series can glow a 1.8 V light-
emitting diode for around 30 seconds. Thus, CNOG offers good performance as a

supercapacitor electrode.
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