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Abstract  

Nickel cobalt oxide (NiCo2O4) thin films were grown by using chemical spray pyrolysis on conducting substrate (FTO) for 
energy storage application. The physical and electrochemical properties of prepared NiCo2O4 thin films were reported via 
various analytical techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM) and electrochemical 
measurements. The higher specific capacitance of the NiCo2O4 thin films demonstrated their suitability as outstanding 
candidates in electrochemical applications. The maximum evaluated specific capacitance of 777 F/g obtained at scan rate 5 
mV/s. 
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1. Introduction 

Supercapacitor is one of the excellent energy storage devices 

because of best power density, ultrafast charging discharging 

rate, stability and economically cheap.[1-2] The extraordinary 

power density and good stabilities are tremendously attracted 

to make the supercapacitor promising material for wide range 

of applications.[3] However, scientific have been focused on 

increasing electrochemical properties of electrode elements 

like oxides, carbonous materials and conducting polymers. [4] 

Now presently, oxides like RuO2, NiO, MnO2, Co3O4 have 

been extensive functional elements as electrodes in future-

generation supercapacitors application due to the 

extraordinary ability to storing charge and exhibiting high 

capacitance values resulted from fast redox reactions.[5-10]  

The cubic spinel structure such as ternary metal oxides is 

important material owing their multifunctional property 

towards the energy storage device uses. The NiCo2O4 is a 

cheap and more oxidation states with better electrochemical 

property and electronic conductivity with at least two orders 

greater than single NiO or Co3O4.[11-12] Moreover, NiCo2O4 

have been gained attention as pseudo-capacitors as well as 

theoretical capacitance values, environmentally friendliness 

and naturally abundance.  Additionally, the nickel cobalt oxide 

is effectively utilized as an electrode material in different  

applications, alkaline batteries, Li-air batteries, and lithium 

ion.[13- 19] Hence, researchers are working on the pure phase 

synthesis of this functional compound at lower temperatures 

by using different preparation methods. To date numerous 

chemical methods are utilized such as co-precipitation, 

nanocasting, sol–gel, hydrothermal, combustion, chemical 

spray, hydroxyl-carbonates, and metal hydroxides. [11, 17,18, 20-23] 

This paper reports the facile synthesis of NiCo2O4 thin films 

by a chemical spray technique. These films were characterized 

by X-ray diffraction (XRD), field emission scanning electron 

microscope (FESEM) and electrochemical properties reported 

in details. Further electrochemical performance of NiCo2O4 

thin film is examined by cyclic voltammetry and charge 

discharge measurement. 

 

2. Experimental and characterizations  

The NiCo2O4 thin films were prepared using a spray pyrolysis 

method on conducting glass (FTO) substrate. Two different 

aqueous solutions of 0.1 M NiCl2·6H2O and 0.1 M 

CoCl2·6H2O were prepared with a volume ratio of 1:2 and 

were deposited on FTO substrate.[24] Structural analysis of 

NiCo2O4 thin films was performed on (XRD Bruker AXS D8 

Advance Model) with the radiation source Cu-Kα (λ=1.5406 

Å) at 2θ in the range 20 to 80°. Field emission scanning 

electron microscope (FE-SEM, SU8000, Hitachi) was used to 

study the surface morphology. The electrochemical 

measurements of the NiCo2O4 thin film electrodes were 

reported using cyclic voltammetry and galvanostatic charge 

discharge analysis. Computer controlled potentiostat (CHI 
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6005E Made in USA), and (CHI 6002E Made in USA) were 

used with three electrode electrochemical cell. 

 

3. Results and discussion 

In the chemical spray pyrolysis aqueous solutions of nickel 

and cobalt precursor were sprayed over the FTO coated glass 

substrates kept at 548 K spray pyrolysis unit. The chemical 

reaction involved for the formation of NiCo2O4 film can be 

presented as: 

𝑁𝑖𝐶𝑙26𝐻2𝑂 + 2𝐶𝑜𝐶𝑙2. 6𝐻2𝑂 ⇒ 𝑁𝑖𝐶𝑜2𝑂4 + 6𝐻𝐶𝑙 + 𝐻2 +
14 𝐻2𝑂                        (1) 

The NiCo2O4 films synthesized at 548 K were highly 

adhered to the FTO glass substrate. Further, the structural 

properties of films were analyzed with the help of X-ray 

diffractometer as given in Fig. 1. The peaks corresponding to 

the planes (111) (220) (311) (400) (422) (511) and (440) 

indicated that NiCo2O4 has polycrystalline face-centered cubic 

spinel nature (JCPDS No. 20-0781)[25], the absence of NiO and 

Co3O4 characteristic peaks affirming phase-purity of NiCo2O4 

crystal. The diffraction peaks of NiCo2O4 were broad and 

weak, indicating the small particle size, provide favorable path 

ways for intercalation/deintercalation of protons or alkali 

metal cations. The surface morphology of NiCo2O4 films were 

studied by FE-SEM, as shown in Fig 2. The morphology 

obtained for NiCo2O4 thin film represents smooth surface with 

smaller grains having uniform particle distribution size 

between 100–200 nm. 

 
Fig. 1 The X-ray diffraction pattern of NiCo2O4 thin film on FTO 

substrate. 

 

Cyclic voltammetry (CV) is a best technique to analyze the 

electrochemical performance of any active component. A 

voltammogram with rectangular shape, displaying large 

current values, and identical in anodic and cathodic directions, 

is an indicative of perfect capacitor material.[7] The cyclic 

voltammograms of NiCo2O4 thin film deposited at different 

temperatures is shown in Fig. 3 (a). The CV was measured in 

aqueous 2M KOH electrolyte in potential window 0 to 0.5 V 

at scan rates of 5 to 200 mV s-1. The shapes of the CV profile 

deviated from ideal rectangle; clearly signify the 

pseudocapacitive nature of NiCo2O4 thin films produced by 

electrochemical reactions at the electrode surface. It is noticed 

that the profile of the CV plot does not appear to alter 

significantly even at large scan rates and the total charge 

accumulation increases with increasing scan rates. The CV 

results reveal a good rate performance and excellent capacitive 

behavior for NiCo2O4 electrode. Further, it is obvious that 

current densities obtained in CV plots are directly proportional 

to the scan rate of CV, signifying ideal capacitive behavior. [26, 

27] Moreover, it is noticed that the separation between the 

reduction and oxidation peaks becomes larger with the 

increase in current density as a function of scan rate. This 

separation in the redox peaks can be attributed to the 

polarization of the cell under the relatively high scan rate. 

 
Fig. 2 FE-SEM micrographs of NiCo2O4 thin film. 

 

The faradic reactions occurring on the NiCo2O4 electrodes 

surface during the charge stowage process are responsible for 

the observation of redox peaks. Furthermore, the two different 

reversible reactions associated with transitions of Ni2+/Ni3+ 

and Co3+/Co4+ occurring in the alkaline electrolyte contribute 

to the redox peaks. The faradic reactions corresponding to the 

reversible charge stowage mechanism is as follows. [28-29] 

𝑁𝑖𝐶𝑜2𝑂4 + 𝐻2𝑂 ⇔ 𝑁𝑖𝑂𝑂𝐻 + 2𝐶𝑜𝑂𝑂𝐻 + 2𝑒−       (2) 

𝑀𝑂𝑂𝐻 + 𝑂𝐻− ⇔ 𝑀𝑂2 + 𝐻2𝑂 + 𝑒−       (3) 

where M is Co or Ni. It is worthwhile to note that the changes 

in the valence states from Co3+ to Co4+ and from Ni2+ to Ni3+ 

in the due course of charge/discharge process are occurring on 

the material surface, where fast and reversible redox reactions 

occur. However, the changes in the oxidation states of the 

material cannot be observed, because the redox potentials of 

Ni2+/Ni3+ and Co3+/Co4+ transitions during electrochemical 

reaction are so close that the redox peaks may get overlapped. 

The specific capacitance (Cs) was calculated using following 

relations: 

𝐶 =
𝐼max

dv/dt
, 𝐶𝑖 =

𝐶

𝐴
 and  𝐶𝑠 =

𝐶𝑖

𝑚
                          (4) 
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where C is the differential capacitance, I is the average current 

in ampere and dV/dt is voltage scanning rate, Ci is the 

interfacial capacitance, A is the area of active material dipped 

in the electrolyte, and m is the weight of NiCo2O4 film dipped 

in electrolyte. The specific capacitance value found to be 777 

F/g at the scan rate 5mV/s for the NiCo2O4 thin film electrode. 

Fig. 3 (b) shows the variation of specific capacitance and 

interfacial capacitance with different scan rates. The obtained 

values of specific and interfacial capacitance are decreased 

from 777 to 145 F/g and 0.31 to 0.02 F/cm, respectively. The 

maximum specific capacitance 777 F/g was obtained at the 

scan rate 5 mV/s. The decrease in capacitance has been 

attributed to the presence of inner active sites that cannot 

sustain the redox transitions completely at higher scan rates. 

This is probably due to the diffusion effect of protons within 

the electrode. The decreasing trend of the capacitance suggests  

 
Fig.3 (a) Cyclic voltammogram of NiCo2O4 thin film at different 

scan rates in 2 M KOH electrolyte.  

 
Fig. 3 (b) Variation of specific and interfacial capacitances. 

that parts of the surface of the electrode are inaccessible at 

high charging–discharging rates.[23]  

Fig. 4 (a) shows the galvanostatic charge–discharge curves 

of NiCo2O4 electrode in 2 M KOH electrolyte at 1 mA/cm2 

current density. The obtained curve showed particular straight 

discharge slope and the excellent discharge capabilities. The 

specific capacitance values are calculated by the following 

relationship, i.e. 

Cs=
𝐼×𝑡𝑑

𝑚×𝑣
                            (5) 

where I (mA), the discharge current density, v (V), the 

working potential window, and td (s), the discharge time. A 

specific capacitance value of 217 F/g was obtained for 

NiCo2O4 electrode material. Fig. 4 (b) shows electrochemical 

impedance spectra in the form of Nyquist plot the NiCo2O4 

electrode exhibits a small real axis intercept and negligible 

semicircle, suggesting a low interfacial resistance between 

current collector and active material, active material resistance, 

electrolyte resistance as well as low charge transfer resistance, 

which is in agreement with the CV analysis. 

 
Fig. 4 (a) Galvanostatic charge–discharge curves of NiCo2O4 thin 

film. 

 
Fig. 4 (b) The electrochemical impedance spectra of NiCo2O4 

thin film. 
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4. Conclusion 

The nanocrystalline NiCo2O4 thin films were prepared by 

spray pyrolysis method. The structural study revealed that the 

NiCo2O4 thin film exhibits spinal structure. The 

nanocrystalline grain surface morphology was observed from 

field emission scanning electron micrograph images. The 

NiCo2O4 electrode exhibited the specific capacitance of 777 

F/g and interfacial capacitance of 0.31 F/cm2 at a scan rate 5 

mV/s. Therefore, NiCo2O4 electrode can be used for the 

supercapacitor applications. 
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