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High performance nickel cobaltite (NiCo2O4) with ultrahigh capacitance is synthesized by a facile sol-gel process and then calcined
at 300◦C. The structure and morphology is characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscope (TEM), and nitrogen adsorption/desorption experiments. A mesoporous structure with high specific
surface area is obtained. Electrochemical properties are investigated by cyclic voltammetry (CV), galvanostatic charge/discharge, and
electrochemical impedance spectroscopy (EIS). The NiCo2O4 exhibits excellent electrochemical performance. The highest specific
capacitance of 1128 F g−1 is achieved at a current density of 5 mA cm−2 and 92.5% of the initial specific capacitance remained after
1000 cycles. NiCo2O4 prepared by this scale-able route could be a promising electrode material for electrochemical capacitors.
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As energy storage devices having properties intermediate to those22

of batteries and electrostatic capacitors, electrochemical capacitors23

(ECs) exhibit the desirable properties of high power density, fast24

charging, excellent cycling stability, small size, and low mass, which25

make them one of the most promising candidates for next generation26

power devices.1–4 On the other hand, ECs deliver a low and unsatisfac-27

tory energy density.5 Current research work on ECs has been mainly28

focused on the enhancement of energy density to make it compara-29

ble to that of batteries.6,7 Generally, faradaic pseudo capacitors based30

on metal oxides or conducting polymers that can be doped electro-31

chemically have a higher energy density than electrochemical double-32

layer capacitors (EDLCs) based on carbon materials.8–10 Conducting33

polymer materials are considered to have relatively lower specific ca-34

pacitances and also poor electrochemical stability.11–13 Metal oxides35

have been considered to be one of the most promising materials for36

ECs.14–16
37

As a typical metal oxide electrode material, RuO2 has a high capac-38

itance, reversible charge/discharge features, and good electrical con-39

ductivity, all of which make it the focus of research and development40

of supercapacitors having the potential to achieve higher energy and41

power densities.17–19 Unfortunately, its high cost renders this material42

unsuitable for commercialized in many applications. Thus, develop-43

ment of alternative electrode materials having improved characteristic44

and performance is the next logical step.20–22 Transition metal oxides45

possess multiple oxidation states/structures that enable rich redox46

reactions for pseudo capacitance and have drawn much attention in47

recent years.23 Interestingly, mixed metal oxides24–26 and binary metal48

oxide/hydroxides,27,28 which have been reported to exhibit a higher49

performance than single component oxides/hydroxides, seem to be50

one of the most promising electrode materials for ECs.51

One of the binary metal oxide, NiCo2O4 adopts a spinel structure52

in which nickel occupies the octahedral sites and cobalt distributes53

over both octahedral and tetrahedral sites.29 It is expected to offer rich54

redox reactions and is highly considered in energy-conversion/storage55

systems due to its better electronic conductivity and higher electro-56

chemical activity than those of nickel oxides and cobalt oxides.30 Re-57

cently, some studies have been carried out on the supercapacitive per-58

formance of NiCo2O4.23,31,32 However, a high degree of crystallinity59

and low level of electrochemical active sites was introduced into the60

synthesis by the high calcination temperature used, which leads to61

a low specific capacitance. In contrast, Chen and co-workers31 have62
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synthesized NiCo2O4 crystals by a sol-gel method then calcined the 63

product at 400◦C. The highest specific capacitance of 217 F g−1 they 64

achieved is, however, lower than that reported for NiO and Co3O4. 65

Lu et al.23 have synthesized NiCo2O4 aerogels at 200◦C and a spe- 66

cific capacitance of 719 F g−1 was obtained. Unfortunately, the syn- 67

thesized NiCo2O4 aerogel is a composite of Ni(OH)2, NiO, Co3O4, 68

and NiCo2O4 according to the XRD characterization. Its higher spe- 69

cific capacitance was not only contributed by the NiCo2O4 phase, but 70

also by Ni(OH)2, NiO, and Co3O4. Hence, the exploitation of pure 71

NiCo2O4, using an sol-gel technique, raises the expectation of a facile 72

and scale-able synthesis of a high specific capacitance NiCo2O4. 73

An appropriate mesostructure, which is expected to enhance the 74

electrochemical performance owing to the shape-selective properties 75

and large surface area,33–36 is essential to improve the performance of 76

electrode materials. Here, we report a porous NiCo2O4 single phase 77

fabricated by a sol-gel process then calcined at a moderate temper- 78

ature of 300◦C. The effects of calcination temperature on product 79

phase were investigated. The as-prepared NiCo2O4 exhibits a higher 80

specific capacitance than NiO and Co3O4, showing high performance 81

electrode material of ECs. On the one hand, this can be attributed to 82

the low crystallinity and large specific surface area of the as-prepared 83

NiCo2O4, which result in a high activity and an effective utilization 84

of the active materials. On the other hand, it benefits from feasible 85

oxidation states/structures of NiCo2O4 contributed by both nickel and 86

cobalt ions. Moreover, the excellent rate capability and cycle stability 87

of the as-prepared material is also demonstrated. 88

Experimental 89

Materials.— Analytical grade CoCl2 · 6H2O, Ni(NO3)2 · 6H2O, 90

KOH, propylene oxide, and absolute alcohol were purchased from 91

Sinopharm Chemical Reagent Co. Ltd. and used as received without 92

any further purification. 93

Fabrication of the NiCo2O4.— The NiCo2O4 was synthesized us- 94

ing a modified version of the procedure described in a previous 95

report.23 In a typical process, 0.225 g Ni(NO3)2 · 6H2O and 0.37 g 96

CoCl2 · 6H2O were dissolved in 2.5 mL ethanol and stirred for 5 min, 97

then 2.0 g propylene oxide was added and the mixture was stirred 98

at room temperature (25◦C) for another 12 h. The resulting solution 99

was then stirred at 75◦C to promote gelation. The product was dried 100

at 60◦C for 12 h then heated in an air atmosphere at 200, 250, 300, 101

or 350◦C for 5 h. The resulting samples were washed with ethanol 102

and distilled water several times then dried at 80◦C for 12 h. For 103
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comparison, NiO and Co3O4 were synthesized by the same proce-104

dure. The mechanism of gelation can be explained as the following105

reaction sequence:106

where M represents nickel or cobalt ions, A− represents Cl− or NO3
−

107

ions. In this procedure, the propylene oxide acts as an acid scav-108

enger through protonation of the epoxide oxygen and subsequent ring109

opening by the nucleophilic, anionic conjugate base.39
110

Structure characterization.— The microstructure and morphology111

of the as-prepared NiCo2O4 was characterized by transmission elec-112

tron microscope (TEM, JEOL, JEM-2010, Japan) and field emis-113

sion scanning electron microscope (SEM, JEOL, JSM-6701F, Japan).114

The pore properties, including the BET surface area and pore size115

distribution were investigated volumetrically by nitrogen adsorp-116

tion/desorption experiments (ASAP 2020). Crystallite structures were117

determined by X-ray diffraction (XRD) using a Rigaku D/MAX 2400118

diffractometer (Japan) with Cu Kα radiation (λ = 1.5418 Å) operating119

at 40 kV and 60 mA.120

Electrode preparation and electrochemical measurements.— The121

working electrodes were prepared as follows. 80 wt% of NiCo2O4 was122

mixed with 7.5 wt% of acetylene black and 7.5 wt% of conducting123

graphite in an agate mortar until a homogeneous black powder was124

obtained. To this mixture, 5 wt% of poly (tetrafluoroethylene) was125

added together with a few drops of ethanol. The resulting paste was126

pressed at 10 MPa into a nickel foam (ChangSha Lyrun New Material127

Co. Ltd., 90 PPI, 2 mm) then dried at 80◦C for 12 h. Each carbon128

electrode contained approximately 8 mg of electroactive material and129

had a geometric surface area ≈1 cm2.130

A typical three-electrode glass cell equipped with a working elec-131

trode, a platinum foil counter electrode, and a saturated calomel132

reference electrode (SCE) was used for electrochemical measure-133

ments of the as-prepared working electrodes. All electrochemical134

measurements were performed using an electrochemical working sta-135

tion (CHI660C, Shanghai, China) in 2 M KOH aqueous solution at136

25◦C. The corresponding specific capacitance was calculated from the137

following equation:138

Cm = C

m
= I × �t

�V × m
[1]

where Cm (F g−1) is the specific capacitance, I (A) is discharge current,139

�t (s) is the discharge time, �V (V) represents the potential drop140

during discharge process, and m (g) is the mass of the active material.141

Results and Discussion142

Structure characterization.— XRD was employed to determine143

optimum calcination temperature of the pure NiCo2O4 phase. Fig. 1144

shows XRD patterns of four samples calcined at various tempera-145

tures. When samples were calcined at 200 or 250◦C, the (111) peak146

and (400) peak of NiCo2O4 (JCPDS No. 20-0781) were observed, in-147

dicating that the NiCo2O4 phase was successfully obtained. Unfortu-148

nately, the diffraction peaks of NiO (JCPDS No. 04-0835) and Co3O4149

(JCPDS No. 42-1467) also appeared, i.e. the as-fabricated samples150

were a NiO/NiCo2O4/Co3O4 composite rather than the pure NiCo2O4151

phase sought. A pure NiCo2O4 crystalline phase was obtained at a cal-152

cination temperature of 300◦C. The resultant diffraction peaks were153

in good accordance with the standard pattern for face-centered cubic154

spinel NiCo2O4, the absence of NiO and Co3O4 characteristic peaks155

affirming phase-purity of NiCo2O4 crystal and suggesting that 300◦C156

is optimum suitable temperature for fabricating pure NiCo2O4. On157

further increasing the calcination temperature to 350◦C, the NiCo2O4158

coexists with NiO and Co3O4 phases, the Co3O4 crystalline phase even159

Figure 1. XRD patterns of the NiCo2O4 following calcination at various
temperatures.

becoming dominant due to its sharper and narrower diffraction peaks 160

compared to NiCo2O4. Appearance of the diffraction peaks for NiO 161

and Co3O4 show that 350◦C is too high for formation pure NiCo2O4 162

crystal, or else that a higher calcination temperature may lead to the 163

decomposition of NiCo2O4 to NiO and Co3O4 phases and also the 164

growth of the resulting Co3O4 crystals. The unit cell dimension of 165

the spinel structure NiCo2O4 crystal, a, was determined from the ob- 166

served d-spacing for the (111) and (400) planes using the formula for 167

a cubic lattice: 168

a = d
√

h2 + k2 + l2 [2]

where h, k, and l are the Miller indexes. The calculated value of 169

a corresponding to (111) and (400) planes, which ranges between 170

0.8080 and 0.8238 nm, is very close to that of 0.8110 nm given in the 171

JCPDS 20-0781 file for NiCo2O4. 172

The surface morphology of the fabricated NiCo2O4 was investi- 173

gated by SEM measurement. As shown in Fig. 2a, a loosely packed 174

porous structure consisting of interconnected nanoparticles, tens of 175

nanometers in size, was clearly visible. This is in accordance with 176

Figure 2. (a) SEM image of NiCo2O4. (b, c) TEM and (d) HRTEM images
of porous NiCo2O4.
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the results of TEM imaging shown in Fig. 2b. Fig. 2c exhibits the177

porous structure of NiCo2O4 with a pore size approximately 10 nm.178

The high-resolution TEM (HRTEM) image shown in Fig. 2d reveals179

an interplanar spacing of 0.2803 nm for the (220) plane of spinel180

NiCo2O4, which is close to that of 0.2869 nm given in the JCPDS181

20-0781 file. The results suggest that the as-fabricated NiCo2O4 has182

a porous structure which will enhance the facility of ion transporta-183

tion and maintain the smooth electron pathways facilitating rapid184

charge/discharge reactions and is a promising candidate for EC elec-185

trode materials.186

The porous characteristics of NiCo2O4 were further investigated187

by N2 adsorption/desorption. Fig. 3a and 3b show the N2 adsorp-188

tion/desorption isotherms and corresponding BJH pore size distri-189

butions. As seen from Fig. 3a, the existence of the hysteresis loops190

indicates the porous structure of NiCo2O4. In Fig. 3b, NiCo2O4 ex-191

hibits a narrow pore-size distribution at 3.28 nm and a wide pore size192

distribution around 6.24 nm, suggesting a hierarchical porous struc-193

ture. The sample shows a specific surface area of 32.7 m2 g−1 and an194

average pore size of 11.1 nm.195

Electrochemical characterization.— CV, chronopotentiometry,196

EIS, and cycle measurements were employed to evaluate electro-197

chemical capacitive performance of NiCo2O4 electrodes.198

Fig. 4a shows the CV of a pure NiCo2O4 electrode at different199

scan rates. A pair of redox peaks is visible in each voltammogram,200

suggesting that the measured capacitance is mainly based on the re-201

dox mechanism. The anodic peak current is increasing at 0.2 V, and202

that for the corresponding cathodic peak is evident at approximately203

0.18 V, indicating that the oxidation reaction and reduction reaction204

of active material began at 0.2 and 0.18 V, respectively. This was205

attributed to the redox reactions of Ni (II)/Ni (III). According to206

the literature,38,39 anodic peaks located at approximately 0.35 V in207

the CV curves at a scan rate of 10 mV s−1 was also contributed208

Figure 3. (a) N2 adsorption/desorption isotherms and (b) pore size distribution
curve of the as-synthesized NiCo2O4.

Figure 4. Electrochemical properties of porous NiCo2O4. (a) CV curves and (b) charge/discharge curves of NiCo2O4. (c) Complex-plane impedance plots of
Co3O4, NiO, and NiCo2O4. (d) Cycling performance of the as-synthesized NiCo2O4.
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by the transition of the redox couple Co (II)/Co (III), indicating209

that both nickel and cobalt ions were involved in energy storage.210

Based on the results of Fig. 4a, it is evident that the CV curves of211

NiCo2O4 electrode at different scan rates display a high redox peak212

current.213

To further understand the rate capability and to estimate the spe-214

cific capacitance of the NiCo2O4 electrode, charge/discharge mea-215

surements were performed. Fig. 4b shows charge/discharge curves216

of the NiCo2O4 electrode at a current density ranging from 5 to217

50 mA cm−2. The calculated specific capacitances of NiCo2O4 elec-218

trode are 1128, 1068, 988, 937, 888, and 833 F g−1 corresponding219

to the discharge current densities of 5, 10, 20, 30, 40, and 50 mA220

cm−2, respectively. The specific capacitance gradually decreased at221

higher current density due to the incremental (IR) voltage drop and222

insufficient active material involved in redox reaction at a higher cur-223

rent density. However, the as-fabricated NiCo2O4 possesses excellent224

capacitance at all the current densities evaluated and shows a good225

rate capability. Even at a high current density of 50 mA cm−2, nearly226

74% of the initial capacitance value remains. We believed that the227

porous structure of NiCo2O4 provides a larger surface area and a high228

density of active sites. The porous structure also allows rapid trans-229

portation of electrolyte ions into bulk materials, improving the rate230

capability of the electrodes.231

Figure 4c displays the EIS of NiO, NiCo2O4, and Co3O4 elec-232

trodes, respectively. The inset shows the semicircle evident at high-233

frequency. All the impedance spectra were similar, being composed234

of one semicircle at high-frequency followed by a linear component235

at low frequency. The internal resistances (Rb) of Co3O4, NiO, and236

NiCo2O4 electrodes, obtained from the intercept of the plots on real237

axis, are very similar (0.94, 1.07, and 1 �, respectively.). However, the238

semicircle for the NiCo2O4 electrode is smaller than that of Co3O4239

and NiO, revealing a lower pseudo charge transfer resistance (Rct)240

which dues to the good electrical conductivity of NiCo2O4. At lower241

frequencies, the straight line represents the diffusive resistance (War-242

burg impedance) of the electrolyte ions diffusion in host materials.243

Each spectrum has higher angles above 45◦, corresponding to the244

lower Warburg impedance. Interestingly, the Warburg impedance of245

the NiCo2O4 electrode is lower than that of NiO, which is attributable246

to the effective porous structure of NiCo2O4 facilitating ionic trans-247

portation.248

The excellent cycle stability of the as-fabricated NiCo2O4 elec-249

trode at a current density of 20 mA cm−2 is demonstrated in250

Fig. 4d. The specific capacitance of the electrode increased over the251

first 100 cycles dues to complete activation of the active materials.13,23
252

After 100 cycles, the capacitance gradually decreased at higher cycle253

numbers such that 92.5% of the initial specific capacitance was re-254

mained after 1000 cycles. The results reveal the excellent stability of255

the NiCo2O4 electrode as high-performance electrochemical pseudo256

capacitors.257

To further illustrate the excellent electrochemical properties and258

the suitability of the synthesized NiCo2O4 as an electrode material for259

ECs, the specific capacitance of NiO and Co3O4 electrodes at various260

current densities were measured for comparison. As shown in Fig. 5,261

the specific capacitances of NiCo2O4 are much higher than that of NiO262

and Co3O4. There are three contributions to the excellent supercapac-263

itive performance of NiCo2O4. The first is the higher electrochemical264

performance of NiCo2O4 compared to NiO and Co3O4 because of265

the possible increase in feasible oxidation states contributed by both266

constituent metal ions. The second is the high utilization of active ma-267

terial and excellent reversibility in faraday reactions resulting from its268

unique morphology and hierarchical mesoporous structure. The third269

is the high electrical conductivity of NiCo2O4 which improves the270

rate capability of the electrodes. The highest specific capacitance of271

1128 F g−1 is relatively close to that of 1580 F g−1 reported for RuO2.40
272

Taking advantage of its excellent electrochemical capacitive proper-273

ties, low cost, and easy fabrication, sol-gel synthesized NiCo2O4 is274

a promising alternative material to RuO2 in next-generation superca-275

pacitors.276

Figure 5. Specific capacitances of Co3O4, NiO, and NiCo2O4 at a controlled
current density.

Conclusion 277

A promising electrode material, NiCo2O4 is successfully synthe- 278

sized by a sol-gel process followed by calcining at 300◦C. It exhibits 279

a high specific capacitance, excellent rate capability, and good cy- 280

cle stability. A high specific capacitance of 1128 F g−1 is achieved 281

at a current density of 5 mA cm−2 and 92.5% of the initial specific 282

capacitance was remained after 1000cycles. The excellent electro- 283

chemical capacitive performance, low cost, and easy fabrication of 284

the as-prepared NiCo2O4 render it a promising electrode material for 285

electrochemical capacitors. 286
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