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Abstract:  

The ultimate goal of supercapacitor research industries is to develop devices which could be 

used as flexible, portable, ultrathin and highly-efficient power sources. However, the bulk 

NiCo2O4 materials prevents the achievement of high energy density as well as immense rate 

performance due to the limited electroactive surface area.  In this work, we proposed a new 

breakthrough strategy to develop a highly porous hierarchical flexible nanosheets of NiCo2O4-

graphene oxide (NiCo2O4-GO) on nickel foam by a facile electrochemical deposition method. 

The morphogenesis of NiCo2O4-GO hybrid nanostructure based electrode exhibit hierarchical 

porous flexible nanosheets like structures. The electrochemical properties of these electrodes 

were investigated by cyclic voltammetry and galvanostatic charge-discharge measurements in 

3M KOH electrolyte. The obtained results exhibit that this new hybrid nanostructure has a 

specific capacitance of 1078 F/g at a discharge current of 1 mA with great cyclic stability. These 

excellent capacitive performances of NiCo2O4-GO can be attributed due to its hierarchical 

porous nanosheets like unique structure. This unique structure provides efficient ion transport 

that is highly desirable for superior rate capability and excellent cycling stability. Hence, our 

method provides a promising facile and binder free nanostructure electrodes for next generation 

high-performance supercapacitor applications.   
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INTRODUCTION 

To solve the increasing demand for energy, it is perfect time for the researchers to develop 

sustainable and reproducible energy system. Recently, tremendous efforts have been devoted to 

build up more efficient energy production and storage devices to solve global energy problems.1-

7 Among various devices, supercapacitors are emerging as a novel technology to store energy 

efficiently due to their high power densities, fast charge-discharge capabilities and long cycle 

lives.8-11 These unique properties make them very expedient for the applications in emergency 

power systems, electric vehicles, and devices where high-power delivery is required.12-15 The 

charge storage mechanism of a supercapacitor can be divided into two groups: (i) electrical 

double-layer capacitors (EDLCs) where the charge is stored at the interface between the 

electrode and the electrolyte, and (ii) redox electrochemical capacitors (pseudocapacitors), in 

which charge storage arises due to Faradaic reactions at electrode/electrolyte interface.16 In terms 

of charge storage capacity, pseudocapacitors are much better than EDLSCs but suffer from high 

cost and poor cyclic stability arising from the low conductivity of the active materials.14 

Pseudocapacitors are usually made-up of using transition metal oxides, hydroxides and 

conducting polymers whereas, EDLCs are made-up of using carbon based materials.17, 18 The 

performance of a pseudocapacitor can be improved by developing a hybrid nanostructured 

material associated with metal oxide and carbon based material.19, 20  

Till date, several promising materials, including nickel oxide, ruthenium oxide, cobalt oxide, 

iron oxide and manganese oxide, have been studied as electrode materials for supercapacitor 

applications.21-30 However, most of these materials often suffer from low capacitance and/or poor 

cycling stability due to large volume change during charge-discharge process.31 This problem 

could be addressed by developing a hybrid porous nanostructured material which contains 
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carbon and metal oxide.32, 33 The porous structure could accommodate the large volume change 

due to insertion and removal of electrolyte ions during charge-discharge process. Among the 

carbon based materials, graphene oxide is very attractive due to its unique properties such as 

high conductivity, good mechanical flexibility, large theoretical surface area (2630 m2/g), high 

thermal and chemical stability.34, 35 On the other hand, NiCo2O4 is a promising material for the 

pseudocapacitors due to its higher charge storage capacity (theoretical capacitance: 3560 F/g) 

and relatively low cost compare to other oxides.36-40 The performance of a hybrid nanostructured 

material as an electrode for supercapacitor could be further improved by directly growing on 

conductive substrates.41 By growing on conductive substrates, each nanostructure gets its own 

electric contact with the substrate. Thus, it can be participate in the electrochemical reactions. 

Recently, Zhang et. al. have deposited single-crystalline nano-needle arrays of NiCo2O4 on Ni 

foam and Ti foil through a solution method.42 The specific capacitance of NiCo2O4 nano-needle 

arrays was estimated to be 1118.6 F/g. This specific capacitance of NiCo2O4 nano-needle grown 

on metallic substrate was much higher than that of free-standing porous NiCo2O4 nanowires. 

Furthermore, Yang et. al. have fabricated nanostructured porous MnO2 film on Ni foam via a 

cyclic voltammetry electrodeposition method.43 They reported a maximum specific capacitance 

of 2790 mF/cm2 at 2 mA/cm2 and 864 mF/cm2 at 20 mA/cm2. Nanostructured NiCo2O4 with 

different morphologies were directly grown on the conductive substrates (stainless steel and 

ITO) by an electrodeposition method.44 The stainless steel substrate supported NiCo2O4 was 

successfully used as an electrode for methanol oxidation and exhibited high electro-catalytic 

activity. Liu et. al. have fabricated hierarchical NiCo2O4@NiCo2O4 core/shell nano-flake arrays 

on nickel foam for high-performance supercapacitors.45 It was reported that compared with the 

bare NiCo2O4 nano-flake arrays, the core/shell electrode displays better pseudocapacitive 
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behaviors. The specific capacitance was observed to be 2.20 F/cm2 at a current density of 5 

mA/cm2. The enhanced pseudocapacitive performances were achieved due to the unique 

core/shell structure, which provides fast ion and electron transfer and a large number of active 

sites for electrochemical reactions.  

Here in this report, a hierarchical porous NiCo2O4/Graphene oxide hybrid flexible 

nanostructure sheets has been fabricated via a simple electrodeposition method followed by heat 

treatment. The hierarchical porous NiCo2O4/Graphene oxide hybrid flexible nanostructure sheets 

has been fully characterized in terms of gross structure and surface morphogenesis by XRD, 

Raman, FT-IR and scanning electron microscopy techniques. The results obtained from the 

cyclic voltammetry and galvanostatic charge-discharge tests revealed that the NiCo2O4-GO 

electrode possessed very high specific capacitances of 1078 F/g with excellent cyclic stability 

which legitimates its potential use in supercapacitor applications. 

 

METHODS 

Synthesis of Ni foam supported NiCo2O4 and NiCo2O4-GO 

Ni(NO3)2.6H2O and Co(NO3)2.6H2O of analytical grade were used  in experiments without 

further purification. Graphene oxide was synthesized by the modified Hummer’s method 

described in our previous publication.46 Before electrodeposition, the nickel foam was cleaned 

with 3M HCl solution in an ultrasound bath for 20 min in order to remove the NiO layer on the 

surface, and then rinsed with de-ionized water and absolute ethanol. The electrodeposition has 

been performed in a standard three-electrode cell using Ni foam as a working electrode. 

Electrodeposition was carried out using VersaSTAT 4 (Princeton Applied Research) in 20 ml DI 

water having 1 mmol of Ni(NO3)2.6H2O and 2 mmol of Co(NO3)2.6H2O. The electrodeposition 
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potential was -1.0 V (vs. Ag/AgCl electrode). After electro-deposition for 2000 sec, the Ni foam 

was rinsed several times with de-ionized water and absolute ethanol. After washing, the nickel 

foam was calcined at 350 °C for 3 h. Similar method was adopted for NiCo2O4-GO deposition 

except the solution contains 20 mg of water dispersed GO. The GO was dispersed using 

ultrasonication for 20 min to make homogeneous dispersed solution. 

 

Instrumentation and sample analysis 

The structural characterization and surface morphology of the NiCo2O4-GO hybrid 

nanostructure was performed using X-ray diffraction (XRD), FT-IR spectroscopy, scanning 

electron microscopy (SEM) and Raman spectroscopy. The XRD spectra was recorded with 

Shimadzu X-ray diffractometer using the 2θ-θ scan with CuKα1 (λ=1.5406 Å) radiation. The FT-

IR spectrum was recorded on a Shimadzu IR Affinity-1. A Philips XL 30 environmental 

scanning electron microscope (SEM) was used to record the microstructure of the materials. The 

Raman spectrum was recorded at room-temperature using a Renishaw 1000 micro-Raman 

system equipped with a Leica microscope. The 50×- magnifying objective of the microscope 

focused a laser beam to a spot of  ̴ 1 µm diameter. The excitation wavelength used was 514.5 nm 

from an Ar+ ion laser and 1800 line/mm grating was used in all measurements, which allowed 

one to obtain a resolution of  ̴ 1 cm-1. 

 

Electrochemical measurements 

The electrochemical measurements were performed in a standard three electrode cell 

containing a platinum wire as a counter electrode, saturated calomel electrode (SCE) as a 

reference electrode, and NiCo2O4 and NiCo2O4-GO deposited Ni foam as a working electrode. 
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The loading mass of NiCo2O4 and NiCo2O4-GO on nickel foam after electrodeposition and heat 

treatment was about 1 mg. The deposited weight after electrodeposition was accurately measured 

by weighing the nickel foam before and after deposition, drying and heating with an analytical 

balance (model MS105DU, Mettler Toledo, max. 120g, 0.01mg of resolution). An aqueous 

solution containing 3M KOH was used as an electrolyte. The supercapacitive performance was 

evaluated by cyclic voltammetry (CV) and galvanostatic charge-discharge techniques. 

Electrochemical measurements were performed on a VersaSTAT 4-500 electrochemical 

workstation (Princeton Applied Research, USA).  

 

RESULTS AND DISCUSSION  

Nanostructured NiCo2O4 and NiCo2O4-GO were electrodeposited on the nickel foam using 

nitrate salts of nickel and cobalt. During the electrodeposition, following reaction occurs at the 

Ni foam: 

���
� + 7��� + 8


� 	→ 	��

� + 10���  …………………….. (1) 

���� + 2���� + 6��� 	→ �����(��)�       ……………………... (2) 

The mixed metal hydroxide precursor converted to NiCo2O4 upon calcination 

�����(��)� +	
�

�
�� 	→ ������
 + 3���  ……………………... (3) 

The synthesized materials and the electrodes were structurally and electrochemically 

characterized for their applications as an electrode for supercapacitors. In the subsequent 

sections, we present details of the results and discussion.  

The X-ray diffraction pattern of synthesized graphene oxide (Figure S1; see supporting 

information) shows a broad peak near 10.63o. This peak of the graphene oxide corresponds to the 

interlayer spacing of 8.32 Å. There was no peak around 10.63o in the graphite which was the 
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starting material for this synthesis. The appearance of (002) peak at 10.63o indicates that 

oxygenated groups and H2O molecules have been inserted in the interlayer of the graphite which 

causes increase in the interlayer spacing.47 The FT-IR spectrum of the graphene oxide shows 

(Figure S2; see supporting information) a peak at 1734 cm-1 which corresponds to the C=O 

stretching mode of carboxylic group on the graphene oxide.48 The other peaks at 1102 cm-1 and 

1622 cm-1 correspond to the alkoxy C-O stretching vibration and the C-O stretch mode of the 

carboxylic groups.49 The broad absorption peak in the range of 3300-3500 cm-1 is due to O-H 

stretching vibration arising from hydroxyl groups. The Raman spectrum of the graphene oxide 

shows the characteristics D and G band of the carbon (Figure S3; see supporting information). 

These structural analyses have confirmed the formation of high quality graphene oxide. 

The X-ray diffraction pattern of the NiCo2O4 grown on nickel foam is shown in Figure 1. 

Apart from the peaks due to nickel foam, all the peaks correspond to NiCo2O4 crystalline 

structure. The peaks at 31.2°, 36.7°, 56°, 59.1° and  64.9° have indexed to (220), (311), (422), 

(511) and (440) plane reflections of the spinel NiCo2O4 (JCPDF file no. 20-0781; space group: 

F∗3(202)). The absence of any peaks other than due to NiCo2O4 and nickel foam suggests phase 

purity of the electrodeposited NiCo2O4. We did not observe any peaks related to graphene oxide 

in the XRD patterns of NiCo2O4-GO which could be due to high intensity of nickel foam and 

NiCo2O4. SEM images of the NiCo2O4 and NiCo2O4-GO coated nickel foam are shown in Figure 

2a-d. As seen in the SEM images, the morphology of the NiCo2O4 changes drastically by 

incorporation of graphene oxide in the electrolyte during electrode position of NiCo2O4. The 

higher magnification images of NiCo2O4-GO (Figure 2c,d) shows hierarchical nanosheet like 

structures having higher porosity through the surface of the sample. The size of these sheets are 

about 1 µm by 1 µm with thickness of only few nanometers. These nanosheets with high surface 
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area in addition to Faradic charge storage due to NiCo2O4 could be very suitable for fabrication 

of high performance pseudocapacitors. 

 

Figure 1: XRD patterns of NiCo2O4 on Ni foam (the inset figure shows (left) the digital image 
of Ni foam and (right) flexibility of the electrode). 

 

 

Figure 2: SEM images of (a) NiCo2O4, (b) NiCo2O4-GO, (c) higher magnification of NiCo2O4-
GO (top view), and (d) higher magnification of NiCo2O4-GO (angle view). 
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Electrochemical measurements were performed to evaluate the potential application of these 

materials as an electrode for supercapacitors. Figure 3 shows the cyclic voltammetry (CV) curves 

of NiCo2O4 and NiCo2O4-GO electrodes at various scan rates. As seen in the CV curves, a pair 

of redox (anodic and cathodic) peaks were observed. These redox peaks in the alkaline 

electrolyte are due to the M-O/M-O-OH (where M= Ni, Co) conversion.50 The CV curves of the 

NiCo2O4 and NiCo2O4-GO electrodes at various scan rate shows that the peak current increases 

with increase in the scan rate and difference in the cathodic and anodic peak potential expands 

gradually. The peak current increases linearly with the increasing of square root of scan rates 

(Figure S4; see supporting information) indicating that the reaction kinetics followed during the 

redox reactions may be controlled by diffusion process.51 Compared with NiCo2O4, the higher 

peak current density of NiCo2O4-GO is an indication of better charge transfer which could be 

due to graphene’s higher electrical conductivity and larger surface area with good porosity of 

NiCo2O4-GO electrode. The long term cyclic stability of NiCo2O4-GO electrode was also 

investigated using cyclic voltammetry. Figure 4 shows the CV curves of NiCo2O4-GO electrode 

at various cycles. As seen in the CV curves, the shape and area of the voltammograms nearly 

appear identical, suggesting high cyclic stability of the NiCo2O4-GO electrode. 
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Figure 3: CV curves of (a) NiCo2O4 and (b) NiCo2O4-GO at various scan rates. 

 

Figure 4: CV curves of NiCo2O4-GO at various number of cycles. 

 

The applicability of the NiCo2O4-GO electrode for flexible charge storage device was 

investigated by measuring the change in electrical resistivity as a function of bending angles. As 

seen in Figure 5, apparently there is no change in the electrical resistivity of the NiCo2O4-GO 

electrode on bending from 0 to 170o. As seen in the inset of Figure 5, NiCo2O4-GO electrode 

shows high degree of flexibility without degrading its properties. In addition, the CV curves of 

NiCo2O4-GO electrode at various angles of bending show identical shape (inset of Figure 5), 
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indicating electrochemical stability of the electrode on bending. Almost similar electrical and 

charge storage properties of NiCo2O4-GO electrode at various bending angles suggest that it can 

be successfully used as an electrode for flexible charge storage devices.    

 

Figure 5: Electrical-resistance variation of NiCo2O4-GO electrode vs. different bending angles. 
Inset shows the digital photographs of bended electrode and CV curves at various angles of 

bending. 
 
 

In order to probe the suitability and cyclic stability of the electrodes for supercapacitor 

applications, the constant current charge-discharge measurement was carried out. Figure 6 shows 

the discharge curve of NiCo2O4 and NiCo2O4-GO at various applied current in the potential 

range of 0-0.4V. The specific capacitance (Csp) of the electrode was calculated according to the 

following equation52 

																														��� �	
� ∆"

∆# $
           ……………………... (4) 

Where, I is the discharge current (A), ∆t is the discharge time (s), ∆V is the potential window (V), 

and m is the mass (g) of the active material. Figure 7 shows the variation of specific capacitance 

versus applied current for NiCo2O4 and NiCo2O4-GO electrodes. The specific capacitance of 

NiCo2O4-GO electrode was 1078 and 999 F/g at the current of 1 and 5 mA, respectively. Such a 

large value of specific capacitance can be attributed to the unique porous and nanosheets like 
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structure of NiCo2O4-GO. As seen in the Figure 7, there is a decrease in the specific capacitance 

with increasing current. The decrease in the specific capacitance with the increase of the 

discharge current is likely caused by the increase of potential drop and insufficient faradic redox 

reaction of the NiCo2O4 under higher discharge currents.53 Table 1 shows the specific 

capacitance of NiCo2O4 and NiCo2O4-GO synthesized in this work and other studies.  

 

 

Figure 6: Galvanic discharge characteristics of (a) NiCo2O4 and (b) NiCo2O4-GO at various 
discharge currents. 
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Figure 7: Specific capacitance versus current for (a) NiCo2O4 and (b) NiCo2O4-GO. 

Table 1: Specific capacitance of the NiCo2O4 based materials prepared in present work and other 
reports in previous works.  
 
Sample Specific Capacitance 

(F/g) 
Preparation methodRef 

NiCo2O4 nanoneedles 1119 solution42  
NiCo2O4 film 490 chemical bath deposition54 
NiCo2O4 film 580 electrochemical55  
NiCo2O4 flowerlike 658 hydrothermal56 
NiCo2O4-rGO nanoflake 1693 solution57  
NiCo2O4 mesoporous spinel 764 solution58  
NiCo2O4-rGO nanoplates  947  hydrothermal59  
NiCo2O4-nitrogen doped GO 
nanowires 

1273 hydrothermal60  

NiCo2O4 nanoparticles 671 co-precipitation61 
NiCo2O4 nanocrystals 580 electrochemical55 
NiCo2O4 crystals  217 Sol-gel62 
NiCo2O4-rGO nanowires 737 hydrothermal63  
NiCo2O4 835 electrochemical (this work) 
NiCo2O4-GO 1078 electrochemical (this work) 

 

Figure 8 shows the change in the specific capacitance of the NiCo2O4-GO electrode measured 

for 1000 charge/discharge cycles. The inset of Figure 8 shows first few cycles of charge-

discharge curves. It is seen that the capacitance of the electrode first underwent a gradual 

decrease followed by constant capacitance retention. The electrochemical studies show that 
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NiCo2O4-GO electrode has considerably higher specific capacitance than NiCo2O4 electrode. 

This could be due to fact that the specific capacitance of NiCo2O4-GO electrode is improved by 

having porous and nanosheet like structure as evidenced by the SEM images (Figure 2). The 

porous and nanosheet structured NiCo2O4-GO electrode provides higher specific surface area, 

which leads to the enhanced liquid-solid interfacial area for the insertion/extraction of electrolyte 

ions. In addition to porous and nanosheet like structure of the NiCo2O4-GO electrode, NiCo2O4 

participate in the redox capacitive mechanisms which further improve the charge storage 

capacity. This unique structure allows to fast access of the electrolytes to the larger surface of 

NiCo2O4-GO and thus results in a low ion-transport resistance. This is further supported by 

excellent rate capability of the NiCo2O4-GO electrode even at higher discharge current. The 

obtained excellent results fully justify its potential applications in proposed next generation 

flexible supercapacitors. 

 

Figure 8: Cycling performance of NiCo2O4-GO electrode at constant current of 3mA. The inset 
shows the first few cycles of charge-discharge curves. 

 

CONCLUSIONS 

In conclusion, we have proposed the first hierarchical porous NiCo2O4/Graphene oxide hybrid 

flexible nanostructure sheets electrodes for next generation supercapacitors using a facile 
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electrochemical deposition technique. The nanostructured NiCo2O4-GO shows excellent specific 

capacitance of 1078 F/g at a discharge current of 1 mA with a great cyclic stability. The excellent 

electrochemical performances of NiCo2O4-GO electrode are related to its unique porous and 

nanosheet like structure. The nanosheet structure greatly enhances the active sites for the Faradic 

redox reaction of NiCo2O4, while the porous structure provides large accessible surface area for 

enhanced charge storage. Thus, we envision that the flexible binder free electrodes with high 

specific capacitance would be a key to developing supercapacitor devices that can readily be 

incorporated for practical applications.  
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