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Chapter 6: NiCo2O4/NiO/MXene as non-precious metal-

based electrode for supercapacitor application   

 

6.1. Introduction 

The environmental concerns and critical situation of the fossil fuels have attracted the 

focus of researchers on development of efficient energy storage devices. Among the 

energy storage devices, supercapacitors have attracted the market in smart grid systems, 

electrical vehicles and various portable electronic devices owing to its environmental 

friendliness, high power performance, fast charge-discharge and high cycle life as 

compared to batteries [1, 2, 3]. The comparatively lower energy density of supercapacitor 

restrains its further development. As electrode is one of the major components of 

supercapacitor, so the limitations of supercapacitor can be mitigated by designing 

efficient electrode material. As charge storage occurs at the electrode-electrolyte 

interface, so large specific surface area is desirable to obtain good capacitive behaviour. 

Two-dimensional materials possess large surface area and are considered promising 

supercapacitor electrodes. Graphene is the most extensively studied two-dimensional 

material as supercapacitor electrode. In the recent times, MXene is emerging as a 

potential contender of graphene in supercapacitor. MXenes are two-dimensional layered 

structures obtained by selectively etching ‘A’ layer from MAX phase by using wet 

chemical methods [4]. The name MXene is given to show its analogy with graphene. 

Mn+1XnTx is the typical expression for MXene, where M stands for transition metal 

elements, X for Carbon and/or Nitrogen, and Tx for surface functional groups like O, OH, 

and F [14]. MXene is regarded as a promising electrode material for supercapacitor due 

to its exceptional electrical conductivity, layered structure, surface hydrophilicity, 

electrochemical stability, reversible cation intercalation and presence of variable 

oxidation states of the transition metal [5, 6]. MXene has strong electrical conductivity 

around 6000-16,000 Scm-1 which is higher than reduced graphene oxide and MoS2 [6]. 

The maximum reported specific capacitance obtained with MXene film is 245 Fg-1 [7]. 

However, self- restacking of MXene sheets cause reduction in its effective surface area 

which inhibits the insertion of electrolyte ions into the surface of the electrode. In this 

regard, developing hybrids of MXenes with different pseudocapacitive materials like 

conducting polymers, 2D materials, different transition metal oxides, etc. help reducing 
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such restacking and regaining the effective surface area. Works have been reported that 

study the combination of MXenes with single transition metal oxides SnO2, Fe3O4, 

MnO2, V2O5 [8, 9, 10, 11]; transition metal hydroxides [12]; transition metal 

chalcogenides [13]; graphene, carbon nanotube [14, 15]; conducting polymer [7,16], etc. 

For instance, PPy/Ti3C2 heterostructure nanocomposite demonstrated a specific 

capacitance of 458 Fg−1 at a scan rate of 2 mVs−1, which was much greater than pure 

Ti3C2 (132 Fg−1) in a 1.0 M H2SO4 solution [17]. The hydrophilic functional groups on 

the ultrathin Ti3C2 nanosheets provide nucleophilic reactive sites for polymerization of 

pyrrole monomers. PPy on the other hand possess good ion wettability, high electrical 

conductivity and outstanding faradaic pseudocapacitance. Additionally, the combination 

of PPy nanospheres with Ti3C2 nanosheets reduces agglomeration and stacking of Ti3C2 

layers. Thus, the synergistic contribution of the nanocomposite not only offer extra active 

sites to PPy, but also prevents PPy nanospheres from agglomeration [17]. The 

contribution from both EDLC and pseudocapacitance improves the performance of 

PPy/Ti3C2. Another group developed MnO2-MXene composite, which provided 

capacitance of 272 F/g at 0.5 A/g in KOH electrolyte, and 165 F/g at the same current 

density in Na2SO4 electrolyte. The asymmetric devices built using MnO2-MXene as 

positive electrode and activated carbon as negative electrode offers 1.6 V and 2 V 

potential window in KOH and Na2SO4 electrolytes respectively. The asymmetric device 

offered energy density of 19.3 Wh/kg and 16.8 Wh/kg respectively in KOH and Na2SO4 

solutions [18]. 

In supercapacitor, besides the electrode, electrolytes play a huge role in its 

performance. An electrolyte with large potential window, good stability and rapid ion 

transfer is utmost required for optimal performance of the supercapacitor [19]. Liquid 

electrolytes have good conductivity, fast ion diffusion, low resistance and excellent 

wetting of electrode surface [20, 21]; however, their practical application is limited due 

to low ion selectivity, large device dimension, poor portability, leakage of electrolytes 

and hence high production cost [20, 21]. The operating window of aqueous electrolytes 

is limited to 1.2 V, whereas the non-aqueous electrolytes can operate up to around 4 V 

[22], thereby increasing the specific capacitance and energy density of the supercapacitor. 

The limitations of liquid electrolytes can be overcome by solid/quasi solid-state 

electrolytes. The solid-state electrolytes offer wide potential window, lightweight, good 

ionic conductivity, flexibility and are suitable for portable devices [21, 23]. Hydrogels 
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are the gel polymer electrolytes which are classified as quasi solid-state electrolytes, 

sometimes called as solid-state electrolytes [24, 25]. Nowadays, studies on flexible and 

bendable supercapacitors are attracting attention in the field of energy storage 

applications. Hydrogels can offer excellent mechanical strength and bendability [24]. 

PVA based hydrogels are the most studied hydrogels in stretchable supercapacitors 

because of their hydrophilicity, structural integrity, high mechanical stability, chemical 

resistance, high melting point, and glass transition, which allows the flexible 

supercapacitors a great variation of bending degree [22, 24, 26]. 

A nanocomposite of binary mixed metal oxide NiCo2O4/NiO is developed with 

MXene in chapter 4. The performance of the nanocomposite NiCo2O4/NiO/MXene 

(CNOT) as supercapacitor electrode is evaluated in this chapter. The nanocomposite is 

designed to attain the synergistic contributions from pseudocapacitive NiCo2O4 and NiO 

which exhibit excellent electrochemistry due to the presence of multiple redox active 

sites and improved conductivity due to the presence of MXene nanosheets. The Vander 

Waals force between the MXene layers causes MXene nanosheets to restack [27], which 

can be mitigated by the binary mixed metal oxide NiCo2O4/NiO. The agglomeration and 

low conductivity of metal oxides NiCo2O4/NiO is compensated by MXene nanosheets. 

The layered structure of MXene renders more active sites to the nanocomposite and the 

strong interfacial interactions developed between MXene nanosheets and NiCo2O4/NiO 

shortens the ion diffusion pathways and fasten the charge transfer within the 

nanocomposite. A symmetric supercapacitor device is assembled using PVA/KOH 

hydrogel electrolyte and its performance is compared with aqueous KOH electrolyte. 

Taking the advantages of large surface area, good chemical stability, conductivity, and 

hydrophilicity, the nanocomposite provides wide potential window and good capacitance 

in aqueous as well as hydrogel electrolyte PVA/KOH.  

 

6.2 Experimental section 

6.2.1 Electrochemical characterizations:  

Electrochemical studies were conducted using three electrode and two-electrode system 

in Gamry (Model- Gamry Interface 1010 E) at ambient environment. Pt wire (counter), 

Ag/AgCl (Reference) and graphite foil coated with sample (working electrode) were used 

for the three-electrode study. Catalyst slurry was prepared by mixing the active material, 

carbon black and nafion in the ratio of 75:15:10 in isopropanol and DI water. The working 
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electrodes were prepared by coating the catalyst slurry on graphite foil (1.5 × 1 cm2). 

Mass of active material deposited was calculated to be 0.1 mg. Prior to drop casting, 

graphite foils were washed with ethanol. 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 expressions 

used for calculation of specific capacitance, energy density and power density are 

mentioned below. The specific capacitance (𝐶𝑠𝑝), energy density (𝐸) and power density 

(𝑃) of the symmetric supercapacitor are calculated by considering the following relations 

(equations 6.1-6.3) [28, 29]. 

𝐶𝑠𝑝 (𝐹𝑔−1 ) =
𝐼 ∆𝑡

𝑚∆𝑉
          (6.1) 

𝐸 (𝑊ℎ𝑘𝑔−1) =
1

2
× 𝐶𝑐𝑝 × (∆𝑉)2 ×

1000

3600
      (6.2) 

𝑃 (𝑊𝑘𝑔−1) =
𝐸×3600

∆𝑡 
         (6.3) 

where 𝐼 is the discharge current in ampere, ∆𝑡 is the discharging time in second, 𝑚 is the 

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

the potential window (in volt). The specific capacitance of the single electrode in three-

electrode configuration is measured using relation (1) where 𝑚 is the mass of active mass 

in single electrode. 

6.3 Results and Discussion 

6.3.1 Electrochemical characterizations 

  6.3.1.1 Three-electrode electrochemical behaviour of the electrodes: 

To explore the charge transfer processes of NiCo2O4/NiO/MXene (CNOT) and MXene, 

cyclic voltammetry has been performed and 3 M KOH is the optimized electrolyte used 

for all the electrochemical characterizations. Cyclic voltammetry is performed in the 

potential window (-0.2 to 0.55) V vs. Ag/AgCl. From fig 6.1a it is observed that CNOT 

offers higher CV area and current density than MXene and the metal oxides NiCo2O4 

(NCO) and NiCo2O4/NiO (CNO). Redox peaks are observed in all the electrodes NCO, 

CNO and CNOT. The area under CV curve of bare graphite is negligibly small, and it 

does not show any redox peak, which suggests its inactiveness in the charge storage. In 

the cyclic voltammogram of MXene (in fig. 6.1b), a pair of redox peaks is observed 

which denotes the pseudocapacitive behaviour of Ti atoms. However, the origin of this 
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redox peak is still not clearly understood in literature [30, 31]. The almost rectangular 

shape of MXene CV also suggest its EDLC contribution in addition of its 

pseudocapacitive behaviour [32, 33]. The redox peaks of NCO, CNO, and CNOT are 

attributed to the change in oxidation state of Co and Ni in the redox couples 

Co3O4/CoOOH and NiO/NiOOH. The redox reaction governing these peaks is-  

𝑁𝑖𝐶𝑜2𝑂4 + 𝑂𝐻− + 𝐻2𝑂 →  2𝐶𝑜𝑂𝑂𝐻 + 𝑁𝑖𝑂𝑂𝐻 + 𝑒−.  

 

 

Figure 6.1: 3-electrode electrochemical characterizations in 3M KOH: Cyclic 

voltammetry of (a) All electrodes at 10 mV/s scan rate, (b) MXene, (c) CNOT at high 

scan rate, (d) CNOT at low scan rate 

Figure 6.1c and 6.1d display the cyclic voltammogram of CNOT at both high and low 

scan rate, respectively. Due to the presence of MXene nanosheets, the shape of CV is 

almost rectangular which confirms the EDLC contribution of MXene. A higher current 

density is obtained for the hybrid electrode CNOT due to the synergistic effect of the 

individual components. The restacking of MXene nanosheets gets reduced in the 

nanocomposite CNOT, resulting in higher CV area and current density. The shape of CV 
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curves remains unchanged even at higher scan rate, which indicates good reversibility 

and coulombic efficiency of the hybrid CNOT. The contribution of both capacitive and 

diffusion controlled process in MXene and CNOT, has been verified by the kinetic 

behaviour of the electrodes, studied by plotting the logarithm of current density with 

logarithm of scan rate, and by using Dunn’s method (the study has been presented in 

Appendix A). 

Galvanostatic charge-discharge was performed for the electrodes in 3 M KOH 

aqueous solution in the potential window (-0.17 to 0.32) V vs Ag/AgCl. Figure 6.2a 

shows the GCD curve of MXene, NCO, CNO, and CNOT at 1 A/g current density. All 

the GCD curves show linearity during charging and discharging process. GCD curves of 

CNOT appears more symmetrical suggesting better reversibility of the electrode, which 

is attributed to the EDLC contribution from MXene nanosheets. CNOT exhibits the 

highest specific capacitance value of 674 Fg-1, whereas CNO, NCO and MXene offer 

specific capacitance value of 362 Fg-1, 159 Fg-1, and 26 Fg-1 respectively at 1 A/g current 

density. The GCD curves of MXene and CNOT at varying current density from 0.5 to 10 

A/g are displayed in fig. 6.2b and 6.2c respectively (The current density varying GCD 

curves of NCO and CNO are discussed in section 5.3.1.1 of chapter 5). The capacitance 

of MXene becomes 12.24 Fg-1 with capacitance retention of 47.32% at 10 A/g, whereas 

CNOT offers 63.52% capacitance retention. The presence of NiO in the binary composite 

NiCo2O4/NiO leads to more charge transport and storage. The hydrophilic terminations 

present on the surface of MXene nanosheets help in charge adsorption and enhance the 

capacitance of the system. However, the capacitance of MXene based electrodes reduces 

owing to the restacking of these nanosheets, which prevent the effective exposure of the 

surface to the electrolyte ions. This restacking has been minimised by creating hybrid of 

these MXene nanosheets with metal oxides NiCo2O/NiO. In the hybrid electrode CNOT, 

the presence of metal oxide on the surface of MXenes reduces the restacking of the 

nanosheets, thereby making the surface more accessible to the electrolyte ions. Thus, it 

reduces the charge transfer resistance offered by the hybrid CNOT, which is evident from 

the least Rct value in the Nyquist plot shown in fig. 6.2d. 
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Figure 6.2: 3-electrode electrochemical characterizations in 3M KOH: Galvanostatic 

charge-discharge of (a) All electrodes at 1 A/g current density, (b) MXene from 0.5 to 10 

A/g, (c) CNOT from 0.5 to 10 A/g current density, (d) Nyquist plot (Left inset: magnified 

view of higher frequency region of Nyquist plot, Right inset: Equivalent circuit), (e) 

Cycling stability of CNOT at 10 A/g 

To investigate the charge transfer processes and the impedances involved, EIS is 

performed and the Nyquist plots are displayed in fig.6.2d. Experimental data are fitted 

with equivalent electrochemical electrical circuit comprising of series resistance (Rs), 

charge transfer resistance (Rct), constant phase element (CPE), and Warburg impedance 

(W) (circuit shown in inset of fig. 6.2d). The high and intermediate frequency section is 
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controlled by charge transfer kinetics, and the low frequency section is controlled by 

ionic diffusion. CNOT offers very less Rs (0.613 Ω), and Rct of 1.848 Ω, whereas MXene 

offers Rs and Rct of 0.612 Ω and 0.594 Ω respectively. The closely vertical line in the 

lower frequency side represents Warburg impedance. Low Warburg impedance suggests 

easy and fast ionic diffusion into the electrode. CNOT offers low Warburg impedance of 

0.02141 𝑆𝑠
1

2  and MXene offers 0.003451 𝑆𝑠
1

2 . Thus, excellent conductivity, 

hydrophilicity, large surface area and good interfacial interaction between MXene 

nanosheets and NiCo2O4/NiO, lead to low series and charge transfer resistance of CNOT. 

Moreover, the hydrophilic groups present on MXene surface lead to decrease in series 

resistance of CNOT. To understand the stability and capacitive retention of the 

electrodes, cycling stability of MXene and CNOT have been performed at 10 A/g current 

density for 5500 GCD cycles (as shown in fig. 6.2e). MXene shows increase in specific 

capacitance from first cycle (10.5 F/g) to 5500th cycle (17.75 F/g). This increase in 

capacitance may be due to structural instability of MXene nanosheets during the 

continuous charging-discharging process. In contrast, CNOT offers an excellent cycling 

stability with 98.36% capacitive retention after 5500 cycles (observed in fig. 6.2e). The 

slight decrease in capacitance of CNOT is due to the increase in charge transfer resistance 

(2.651 Ω, as shown in fig. 6.3a along with the equivalent circuit) after continuous charge-

discharge process. The excellent stability of CNOT arises due to the synergistic 

contribution of MXene and the transition metal oxides NiCo2O4 and NiO. The strong 

interfacial interactions among the components reduces the agglomeration and restacking 

of transition metal oxides and MXene nanosheets respectively, in the nanocomposite. 

However, after 5500 GCD cycles, the MXene nanosheets restack and get rolled into 

cylindrical shape, and the NiCo2O4/NiO nanoparticles agglomerate (as observed from 

fig. 6.3b and 6.3c), which is the main reason behind increase in charge transfer resistance 

and the reduction of capacitive response of the nanocomposite after prolonged charge-

discharge. 
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Figure 6.3: Post cycling stability test of CNOT: (a) EIS (Inset: Equivalent circuit), (b)-

(c) FESEM images 

 

6.3.1.2 Electrochemical behaviour of the symmetric supercapacitor: 

6.3.1.2.1 3M KOH aqueous electrolyte: 

To assess the real-life implication of CNOT as supercapacitor, a symmetric 

supercapacitor is developed using it as cathode and anode in two-electrode system. 

Cyclic voltammetry of the CNOT//CNOT symmetric device is performed at different 

potential windows (displayed in fig. 6.4a) to find the optimized window. It is observed 

from fig. 6.4a that with window exceeding 0.9 V, the current sharply rises, which occurs 

due to splitting of water to form oxygen. The GCD is also performed in different window 

to find out the optimum one. From fig. 6.4b it is clearly visible that when potential rises 

beyond 0.9 V, some side reaction occurs in the electrode, which corroborates well the 

CV curves. Thus, (0 to 0.9) V is the optimized window, in which the electrode exhibits 

higher current density. As shown in the CV curve of fig. 6.4c, bare graphite offers 
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negligible current density as compared to CNOT, which proves the charge storage 

contribution comes effectively from CNOT.  

 

Figure 6.4: Two-electrode electrochemical characterization of symmetric supercapacitor 

CNOT//CNOT in 3M KOH: (a) Cyclic voltammetry in different potential window, (b) 

GCD at 0.5 A/g for different potential windows, (c) CV of CNOT//CNOT and bare 

graphite//bare graphite at 50 mV/s in window (0 to 0.9) V 

 

Fig. 6.5a depicts the CV curves for 0.9 V window at different scan rates. The CV curves 

are quasi-rectangular with slight oxidation peak observed around 0.5 to 0.7 V. The EDLC 

contribution from MXene dominates due to which the rectangular shape prevails. The 

quasi-linearity is also prominent from the GCD curves in fig. 6.5b. With increasing 

current density from 1.5 to 10 A/g, the decrease in discharge time is obvious due to less 

time available for the electrolyte ions to diffuse into the catalyst bulk.  
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Figure 6.5: Two-electrode electrochemical characterization of symmetric supercapacitor 

CNOT//CNOT in 3M KOH: (a) Cyclic voltammograms in (0 to 0.9) V with varying scan 

rate, (b) Galvanostatic charge-discharge at varying current density, (c) Specific 

capacitance vs. current density plot, (d) Specific capacitance with cycle number (Inset: 

Two cycles from first and last), (e) Nyquist plots (Left inset: magnified view of the higher 

frequency region Nyquist plot, Right inset: Equivalent circuit) 

Specific capacitance of 41 Fg-1 is obtained at 1.5 A/g current density with specific energy 

and power being 4.6 Wh/kg and 711.5 W/kg respectively. At 10 A/g, the values of 

specific capacitance, specific energy and power becomes 12.308 Fg-1, 1.384 Wh/kg and 

5748.9 W/kg respectively.  The specific capacitance retention of CNOT//CNOT at 5 A/g 
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is found to be 47.38%, which further decreases to 36.2% and 29.84% at 7.5 and 10 A/g, 

respectively (presented in specific capacitance versus current density plot in fig. 6.5c). It 

offers coulombic efficiency of 89.35% at 10 A/g current density. The stability of the 

symmetric supercapacitor is studied by performing GCD at 5 A/g for 4500 cycles (fig. 

6.5d). Specific capacitance of 32.33 Fg-1 and 27.185 Fg-1 is obtained for 1st and 500th 

cycle respectively, with 84% retention in the 500th cycle. This capacitance increases in 

the 1000th cycle with retention of 88.2%. The Csp value increases up to 3000 cycles, 

which reduces to 30.388 Fg-1 in the 4500th cycle, with very good capacitive retention of 

94%. The hydrophilic terminations -O, -OH, etc. of MXene, attract more electrolyte ions 

into the electroactive sites, thereby decreasing the charge transfer resistance. The low 

charge transfer resistance (3 Ω) (shown in Nyquist plot fig. 6.5e) offered by the 

symmetric supercapacitor CNOT//CNOT facilitates easy ion penetration and charge 

storage. 

 

6.3.1.2.2 PVA/3M KOH gel polymer electrolyte:  

In order to develop a potential energy storage device in the market, the potential window 

has to be improved beyond 0.9 V. Since in aqueous electrolyte, due to the splitting of 

water molecules into oxygen and hydrogen, the potential is difficult to exceed beyond 

1.23 V. To circumvent this drawback of 3 M KOH aqueous solution, a hydrogel 

electrolyte of PVA and 3M KOH is prepared. A symmetric supercapacitor device is 

designed using the hydrogel as electrolyte and CNOT as cathode and anode, and its 

electrochemical studies are displayed in fig. 6.6. Fig. 6.6a depicts the CV curves in 

different potential window. It is observed that when the potential exceeds beyond 1.4 V, 

the current sharply increases which may be due to the side reactions taking place in the 

electrolyte. Thus, 1.4 V is considered the optimized potential in which the CV is done by 

varying scan rate, shown in fig. 6.6b. With increasing scan rate, the current increases and 

retains the shape which reveals the reversibility of the electrode in this window at higher 

scan rate. GCD is performed at current densities from 2.5 to 10 A/g (shown in fig. 6.6c), 

in which quasi-linear GCD curves are obtained. The symmetric supercapacitor device 

exhibits a specific capacitance of 87.33 Fg-1, energy and power density of 23.77 Wh/kg 

and 1808.87 W/kg, respectively at 2.5 A/g. Whereas, at 10 A/g the obtained values are: 

specific capacitance = 55.916 Fg-1, energy density = 15.22 Wh/kg, and power density = 

8184 W/kg. The specific capacitance versus current density plot (in fig. 6.6d) gives 
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capacitance retention of 84.28%, 71.12% and 64% at 5, 7.5, and 10 A/g current density, 

respectively. It offers coulombic efficiency of 90.96% at 10 A/g current density.  

Figure 6.6: Two-electrode electrochemical characterization of symmetric supercapacitor 

CNOT//CNOT in hydrogel polymer electrolyte PVA/3M KOH: (a) Cyclic voltammetry 

in different potential window, (b) Cyclic voltammograms in (0 to 1.4) V with varying 

scan rate, (c) Galvanostatic charge-discharge curves at varying current density, (d) 

Specific capacitance vs. current density plot, (e) Specific capacitance with cycle number 

(Inset: First two and last three cycles), (f) Ragone plot 
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The higher rate capability of the symmetric supercapacitor in hydrogel electrolyte 

(PVA/KOH) than aqueous (KOH) electrolyte suggests better storage ability in hydrogel. 

To understand the durability of the developed symmetric device, cycling stability is done 

for 4500 GCD cycles at 5 A/g and is shown in fig. 6.6e. A retention of 47.9% is obtained 

after 4500 cycles. The energy density and power density of our developed device are 

shown in the Ragone plot in fig. 6.6f. Figure 6.6f displays a comparison with other 

reported works [34-42], from which it is observed that the energy and power density of 

the present work are better than many other reported symmetric supercapacitors. Thus, 

CNOT//CNOT based on PVA based hydrogel electrolyte provides higher energy as well 

as power density, which is due to the synergistic effect of conductivity and hydrophilicity 

of MXene nanosheets, interfacial interaction among MXene and NiCo2O4/NiO 

nanoparticles, and the widened potential window of the PVA-hydrogel electrolyte which 

offers the electrolyte ions a broad range of potential for storage, thereby increasing its 

specific capacitance. 

The structural changes in the electrode after charge-discharge for 4500 cycles are 

monitored using XRD (depicted in fig. 6.7a and 6.7b). The XRD peaks of the electrode 

material get suppressed due to the sharp peaks of graphite at 26.02° and 54° 

corresponding to (002) and (004) plane (according to JCPDS no. 75-2078) [43]. As 

observed in fig. 6.7b, upon magnifying, peaks of CNOT are observed at 16.7°, 31.4°, 

37°, 43.9°, 65.7°, and 77.13° corresponding to (111), (220), (311), (400), (440), and (533) 

planes of NiCo2O4. Peaks arising at 42.7°, 62.59° correspond to NiO planes (200) and 

(220). Another peak appearing at 60.2° corresponds to (110) plane of MXene nanosheets. 

Two additional peaks appear at 33.69° and 40.1° owing to (100), (101) plane of Ni(OH)2 

(JCPDS 38-0715) [44]; whereas, the peaks at 38.7° and 48.5° represent the (222) and 

(422) plane of Co2O4 respectively (JCPDS 9-418) [45, 46]. The XRD of bare graphite is 

presented in fig. 6.7c. The formation of Ni(OH)2 during charge-discharge occurs due to 

the reduction of NiOOH from NiO, according to the equations 𝑁𝑖𝑂 + 𝑂𝐻− → 𝑁𝑖𝑂𝑂𝐻 +

𝑒− and 𝑁𝑖𝑂𝑂𝐻 + 𝐻2𝑂 + 𝑒− → 𝑁𝑖(𝑂𝐻)2 + 𝑂𝐻−. Similarly, Co2O4 is formed by 

decomposition of NiCo2O4 into Co2O4 and NiO.  
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Figure 6.7: Structural and morphological characterization of CNOT after 4500 GCD 

cycles of the symmetric supercapacitor CNOT//CNOT: (a) XRD pattern of CNOT, (b) 

Magnified view of XRD peaks of active material; with symbols signifying: ♠ Co2O4 ♣ 

NiO ♥ Ni(OH)2 ♦ NiCo2O4 phase and ● MXene, (c) XRD of bare graphite, and (d)-(f) 

FESEM images 

After the continuous charging-discharging process, the MXene nanosheets get restacked 

(as shown in fig. 6.7d, 6.7e, 6.7f) which reduces the exposed surface area of the active 

material. Figure 6.7e shows the restacking of MXene nanosheets, marked by yellow 

circles, while the agglomeration of NiCo2O4/NiO particles can be seen marked by red 

circles. Due to frequent insertion and withdrawal of electrolyte ions for an extended 
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period of time, and the restacking of MXene nanosheets, the NiCo2O4/NiO particles tend 

to agglomerate. Thus, the agglomeration and restacking of the nanocomposite CNOT 

after continuous charge-discharge process reduces the effective surface area, interfacial 

interactions and the available active sites, leading to the reduced specific capacitance of 

the device. 

To validate the practical application of the assembled hydrogel based symmetric 

supercapacitor cell, 1.8 V LED light has been glowed. 4 cells in series can glow the LED 

for around 2 minutes 40 seconds. The images of cells connected in series, charging of 

four cells, and the lit light-emitting diode are shown in fig. 6.8a, 6.8b and 6.8c, 6.8d 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.8: Four CNOT//CNOT cells in series, (b) Charging of 4 cells, (c)-(d) 1.8 V LED 

glow with 4 cells in series 
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6.4 Conclusion 

In summary, this chapter includes the electrochemical characterizations of the developed 

nanocomposite NiCo2O4/NiO/MXene (CNOT) and studies its potential as supercapacitor 

electrode. A two-dimensional conducting material, MXene is explored as possible 

contender of the extensively studied graphene as supercapacitor electrode. With the 

unique blend of conductivity, hydrophilicity and large specific surface area, MXene 

proves its versatility in energy storage and conversion devices. Symmetric supercapacitor 

device of CNOT is developed using aqueous KOH and PVA based hydrogel electrolyte. 

The mesoporous nature of the nanocomposite CNOT facilitates facile penetration of 

electrolyte ions into the electroactive sites of the electrode. The hydrophilic terminations 

of MXene offer strong interfacial interactions with the transition metal oxides NiCo2O4 

and NiO. This strong interfacial connection among the components increases surface area 

of the nanocomposite and offer more charge transfer by reducing the ion pathways. The 

synergistic contribution of MXene and the pseudocapacitive NiCo2O4 and NiO offers 

good specific capacitance, and cycle life to the nanocomposite. The hydrophilic 

terminations formed on the surface of MXene nanosheets during the etching process help 

in charge storage by EDLC mechanism, thereby increasing the specific capacitance of 

the electrode. Thus, CNOT as an electrode offers high specific capacitance of 674 Fg-1, 

excellent cycling stability with 98.36% capacitive retention. The symmetric 

supercapacitor CNOT//CNOT in aqueous KOH electrolyte offers specific capacitance of 

32.66 Fg-1 at 2.5 A/g. Whereas, the symmetric supercapacitor device with gel polymer 

electrolyte outperforms the aqueous KOH electrolyte by providing broader potential 

window with higher specific capacitance of 87.331 Fg-1, energy density of 23.77 Wh/kg 

and power density 1808.87 W/kg at 2.5 A/g. Four such cells when connected in series 

can very well glow a 1.8 V led light for more than 2 minutes. Hence CNOT is a promising 

candidate for stretchable supercapacitor. It proves its versatility in both energy 

conversion and storage applications as discussed in chapter 4 and 6 respectively. It can 

be explored in other fields of electrochemical application as well. 
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