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Abstract 

Binary metal oxides exhibit a compelling combination of features that make them highly 

attractive electrode materials for supercapacitors. Herein, a facile hydrothermal method is 

employed for the preparation of defect-rich hierarchical nanostructured NiCo2O4 with various 

morphologies, including urchin-like nanostructure, nanoflowers, and 2D nanosheets; and their 

electrochemical performances as electrodes for hybrid supercapacitor are studies. Notably, the 

supercapacitor based on the urchin-like nanostructure with high oxygen vacancies delivers a 

high gravimetric energy density of 45.2 Wh/kg at the power density of 750 W/kg, maintaining 

remarkable cycling stability. The electrode exhibits specific capacitance of 423.9 and 292.0 

F/g at the current density of 1.5 and 7.5 A/g, respectively, with high capacitive retention of ≈ 

94% after 1500 cycles. Crystalline defects identified in nanostructured NiCo2O4 are suggested 

to significantly contribute to the high ionic and electrical conductivity and the electrochemical 

stability of the electrodes. 

Keywords: Hybrid Supercapacitor; Hierarchical Nanostructures; NiCo2O4; Crystalline 

Defects  



   

 

  2 

 

1. Introduction 

 

Supercapacitors, also known as electrochemical capacitors or ultra-capacitors, have 

gained popularity for their high power density and cyclic retention compared to alternative 

energy storage options [1-3]. Hybrid supercapacitors, among them, show great promise as 

power sources for portable electronic devices, electric vehicles, and backup energy storage [4, 

5]. To create high-performance supercapacitors, it is crucial to develop electrodes with 

modified morphologies exhibiting enhanced values of pseudocapacitive redox activities[6]. 

This enables superior energy storage and overall performance, catering to diverse practical 

applications [7, 8].   

Transition metal oxides [9, 10], phosphides [11], and hydroxides [12] are attractive 

candidates for supercapacitor applications due to their abundance on earth, low cost, and high 

theoretical capacitance [13]. Among them, NiCo2O4 (NCO) spinel binary double metal oxide, 

has gained considerable attention from researchers since 2010 [14]. Following that, numerous 

studies have been reported with NiCo2O4 in different morphologies and structures, such as; 

nanorods [15], nanowires [16, 17], nanosheets [18, 19], nano-needles [7], nanoparticles [20, 

21], hollow-microspheres [22, 23], and urchin-like structures [8]. NCOs with hollow micro-

/nanostructures have drawn extensive attention because of their numerous inherent advantages 

such as large surface area, low density, a kinetically favourable open structure, and surface 

permeability [1, 22-24]. These advantages include a large surface area, low density, a 

kinetically favourable open structure, and a high degree of surface permeability [8, 23].  It 

offers a hierarchical structure including nanoscale and micron-scale structures [1]. These 

hollow microspheres and nanostructures are considered one of the most efficient supercapacitor 

systems [22]. Most of the existing studies explain the basics of typical pseudocapacitive 

behaviour, and considerable diminution in power density was observed in many such studies 
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as the supercapacitors reach out for higher energy densities.  However, there is a lack of studies 

identifying the NiCo2O4 crystalline defects, charge distribution, and how that governs the 

charge contribution.  

In this study, NiCo2O4 hierarchical microspheres with urchin-like nanostructures have 

been developed with a high defect density and a high surface area. We found the developed 

non-stoichiometric hydroxide formation by controlling its granulation process during the 

hydrothermal synthesis and the induction of oxygen vacancies during the calcination under 

inert conditions helped to develop a suitable electrode material for high-performing hybrid 

supercapacitors over the other crystal morphologies, where superior energy, power and, cycling 

performances were achieved. Urchin-like NiCo2O4 nanostructure exhibited a capacitance of 

423.9 F/g; while nanoflowers and 2D nanosheets delivered values of 349.5 and 334.2 F/g, 

respectively. NiCo2O4 nanostructures could provide an energy density in the range of 21.5-16.5 

Wh/kg at the power density of 2.25 kW/kg. The physical, chemical, morphological, and 

crystallographic study of as-synthesized materials revealed that highly defective and large 

surface areas combined with modified surface chemical composition are responsible for the 

exhibited enhanced supercapacitor performances.  
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2.   Experimental 

2.1 Synthesis of NiCo2O4 

 

The NiCo2O4 (NCO) compounds were synthesized using the hydrothermal method. In this 

synthesis, 0.363 g of Ni(NO3)2·6H2O, 0.727 g of Co(NO3)2·6H2O, and 0.303 g of urea were 

dissolved into 100 ml deionized water, and 70 ml of the solution obtained was transferred into 

a 100 ml Teflon-lined stainless steel autoclave vessel. The autoclave chamber was heated 

slowly at a rate of 5 oC min-1 to 120 oC, allowing nucleation to initiate, while the temperature 

was maintained for 12 hours, allowing sufficient time for the crystal growth. Then, the chamber 

was cooled down at the same rate. A pinkish-dark powder was collected and washed thoroughly 

with ethanol and DI water before drying overnight at 60 oC. The well-dried samples were 

calcined for 4 hours at 500 oC at a rate of 8 oC min-1 in dry air. A black powder was obtained 

as the final product and labelled as NCO120. In comparison, two other crystal structures were 

synthesized using the same nutrient precursor mixture but varying the experimental conditions. 

The material synthesized at 150 oC with the heating rate of 5 oC min-1 is denoted as NCO150, 

while NCO180 was heated at 180 oC at a rate of 5 oC min-1. In both cases, the autoclave was 

kept for 15 hours at designated temperatures. The calcination and purification were carried out 

following the same process as for NCO120.  

2.2 Material Characterization 

 

The nanoscopic surface morphology of the synthesized NCOs was analyzed using field 

emission scanning electron microscopy (FESEM, JEM-7500F, JEOL, Japan) and high-

resolution transmission electron microscope (HRTEM, JEM-2000F, JOEL, Japan). Gatan 

digital microscope software was used for TEM imaging and in-depth crystallographic analysis. 

Surface area and pore distribution were determined using Brunauer-Emmett-Teller (BET) 

methods (BELLSORP MINI-X, UK). The crystallinity profiles of the synthesized NCO 
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materials were identified using an automated powder X-ray diffractometer system (PXRD, D8 

Focus, Bruker, Germany) with Cu Kα radiation (λ = 1.5418 Å) from 10° to 70°. An X-ray 

photoelectron spectroscopy (XPS), EXCALABXi+ hemispherical electron energy analyzer 

(Thermo-Scientific Company, US) was used to determine the chemical state of the NCOs and 

CasaXPS software was used to analyze the chemical composition of the composite materials 

based on the spectroscopic data. 

2.3 Preparation of NCO electrodes 

 

The synthesized three NCO powders were ground with carbon black and PVDF binder at a 

mass ratio of 85:10:5. The powder mixture was dispersed in NMP and was sonicated in an 

ultrasonic bath (40 kHz) for 15 min, and the dispersed solution was cast on 1 cm2 of Graphite 

foil (Product code- 012030, MTI) at 90 °C. 

The Pseudocapacitive performances of NCO electrodes were examined using three 

electrode systems. The auxiliary Pt Sheet electrode and SCE (Saturated Calomel Electrode) 

reference electrode were used with 1 M KOH solution as an electrolyte at room temperature. 

The electrochemical impedance spectroscopy (EIS) measurements, CV, and GCD 

measurements were performed with an electrochemical workstation, Metrohom Autolab 

PGSTAT302N, Netherlands; The CV and GCD analyses were performed in potential windows 

of 0.0 – 0.6 V for NCOs. A 10 mVpp sinusoidal signal at the frequency range of 0.01 Hz to 100 

kHz was used for the EIS measurements.  

2.4 Supercapacitor Device Fabrication 

 

Each NCO electrode (positive electrode) was assembled with graphene nanoplatelets 

(GPN, negative electrode) [25] using Whatmann grade-1 filter paper (separator) in 1 M KOH 

electrolyte. The specific capacitance, CDEVICE (F/g), was calculated in Equation-1 [26]; 
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𝐶𝐷𝐸𝑉𝐼𝐶𝐸(𝐹/𝑔) =
𝐼 ∆𝑡

𝑚𝑇𝑂𝑇𝐴𝐿 ∆𝑉
     (1) 

Where I represent the discharge current, mTOTAL is the mass of active material from both the 

positive and negative electrodes, ΔV is the operating potential of the asymmetric device during 

discharging, and Δt is the total discharge time. 

To calculate the energy density, ED (Wh/kg), and power density, PD (W/kg) of the asymmetric 

supercapacitor device, the following formulas were used [27]: 

𝐸𝐷 (𝑊ℎ/𝑘𝑔) =
1

2
𝐶𝐷𝐸𝑉𝐼𝐶𝐸∆𝑉2     (2) 

𝑃𝐷 (𝑊/𝑘𝑔) =
3600 ×𝐸𝐷

∆𝑡
     (3) 

 

2.5 Theoretical capacitance calculation 

In order to calculate the theoretical capacitance of the ASCs, the following formula was used: 

[28], 

1

𝐶𝑇
=

1

𝐶−
+

1

𝐶+
       (4) 

Where, CT is the device's total capacitance, while C+ and C– are the capacitances of the 

positive and negative electrodes, respectively. The CT and CDEVICE were compared with each 

other to investigate the accuracy of the study.  
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3. Results and Discussion 

 

3.1. Material characterization 

 

The hierarchical nanostructures were synthesized using the hydrothermal method. It is worth 

mentioning that the nucleation temperature plays a pivotal role in forming different 

morphologies. At 120 oC, the crystals show a favourable nature to grow in the "Z" direction 

(Scheme: 1), leading to needle-shaped nanostructures. This is the main reason NCO120 

produced urchin-like nanostructure/microspheres with nano-needles. However, on and above 

the nucleation temperature of 150 oC, crystal growth is shown in both Z and Y directions. This 

leads to morphology conversion from an Urchin-like structure to nanoflowers. At 180 oC, 2D-

shaped nanosheets were produced due to prominent crystal growth in the Y and Z directions 

(Scheme: 1). 

The hydrothermal synthesis technique used to produce the NCO structures is well-known to 

produce metal hydroxide in a non-stoichiometric manner [29, 30], and the process helps to 

synthesize point defects-rich binary oxides as many vacant sites are available upon calcining 

in an inert environment.  
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Scheme 1: The nucleation process of the various morphologies of NiCo2O4 nanostructure 

formation. 

The SEM images exhibit a well-defined hierarchical structure of NCO compounds as 

shown in Fig. 1. Additionally, the NCO120 displays in Fig. 1a and 1b demonstrate the 

nanospikes shape particles cluster into forming urchin-like microstructures, and it provides a 

good surface area to exchange the charges in-between active material and electrolyte. The 

NCO150 in Fig. 1c and 1d exhibit the flower-like hierarchical structure, indicating that the 

crystal spikes shown in Fig. 1a have grown in one other direction and made 2d-shaped layered 

structures assembled to form the flower-like morphology. The NCO180 in Fig. 1e and 1f shows 

well-isolated individual nanosheets scattered without indications of any preferred orientation, 

which accords well with further single planer crystal growth of the nanospikes. 

Z

Y

X

Z

X Y

NCO120

NCO150

NCO180

Urchin 
Nanostructure

Nanoflower

2D 
Nanosheets

@120 oC

@150 oC

@180 oC



   

 

  9 

 

  

 

Figure 1: SEM images of NCO120 (a,b) NCO150 (c,d), and NCO180 (e,f). 
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N2 absorption desorption isotherms of NCO compounds were measured, and the 

corresponding BET surface areas were calculated, as shown in Figure 2a. The isotherms of 

these NCO compounds can be attributed to the typical type IV isotherm and H3 hysteresis 

behaviour according to IUPAC classification with calculated BET surface areas of 62.31 m2/g, 

45.21 m2/g, and 39.02 m2/g for NCO120, NCO150, and NCO180 materials respectively. The 

low surface area of NCO150 and NCO180 compared to NCO120 may be due to morphology 

and the particle shape. This agrees with the higher specific capacitance of NCO120 than the 

other NCOs. 

XRD was employed to characterize the crystal structure of the NCOs (Fig 2b). All 

NCOs exhibit reasonable crystallinity and a good match with the JCPDS 20-0781, except a 

small blue shift in the 311 plane for NCO 120 and NCO 150 structures from the position of 

36.7 o in NCO 180. NCOs exhibited all other planes of 111, 220, 511, and 440 at brag angles 

18.9o, 31.1o, 59.1 o, and 64.9 o, respectively. The HRTEM images in Fig. 2c and 2d reveal the 

crystalline patterns. The inset of Fig. 2c and 2d depicts the Inverse Fast Fourier Transform 

(IFFT) with interlayer distances 0.47 nm and 0.25 nm corresponding to the 311 and 111 planes 

in XRD (Fig. 2b), respectively. The SAED pattern in Fig. 2f and IFFT patterns in the inset of 

Fig. 2c and 2d show the crystalline nature with 0.47 and 0.25 nm interline space, which accords 

well with the line-scanning intensity profiles in Fig. 2e. The SAED pattern (inset: Fig. 2f) show 

the presence of rings/spots indicating polycrystalline nature of the NCOs. The rings and spots 

in the SAED patterns are closely indexed to NiCo2O4, which is represented in JCPDS 20-0781. 

Diffraction rings in the inset of Fig. 2f show the crystalline nature and correspond to the inter-

planar distances of 4.69, 2.87, 2.45, 2,34, and 1.56 Å in a reasonable agreement with the planes 

(111), (220), (311), (222) and (511), respectively. Further studies were conducted to determine 

the evolution of defects on NCO crystals using HRTEM images.  
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Due to the nanostructures' high surface area morphology, more oxygen vacancies are 

exposed to the surface, further aggravating the effect of vacancy induction. These vacancies 

are generated during a high-temperature calcination process for oxide formation in an oxygen-

deficient (argon-rich) environment. These oxygen vacancies can be observed as point defects 

in high-resolution TEM images, as depicted in Fig. 2f. Moreover, as common with binary 

oxides synthesized experimentally, non-stoichiometric extrinsic defects can also be observed 

in the structure, as shown by XPS in Fig. 3. 
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Figure 2: (a) The BET surface area analysis (b) powder X-ray diffraction patterns, and 

HRTEM image of (c) NCO120, (d) NCO180, and (e) their corresponding line-scanning 

intensity profiles and their (f) HRTEM images of line and point defects, inset selected area 

electron diffraction (SAED) pattern.  
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In order to investigate the chemical composition and the oxidation states of the metals 

in NCOs, the samples were subjected to XPS analyses, and the results are shown in Fig. 3. The 

XPS survey spectrum of NCOs assigned to Co 2p 3/2, 1/2 [31] and Ni 2p 3/2, 1/2 [27] shows at 

778 eV, 788 eV and, 854 eV, 871.9 eV, respectively (Fig. 3a). The Co 2P 3/2 peak of NCO120, 

deconvoluted into three major peaks assigned at 778.9, 779.8 and 781.1 eV, represented Co4+, 

Co2+ and Co3+, respectively [32]. The satellite peaks corresponding to Co 2p3/2 and Co 2p1/2 are 

shown in 789.5 eV and 804.5 eV, respectively. The Ni 2p spectrum perfectly fitted with two 

spin-orbit doublets representing the Ni2+and Ni3+ assigned at 853.5 eV and 871.9 eV with 

satellite peaks corresponding to Ni 2p2/3 and Ni 2p1/2 level at 862.3 eV and 880.1 eV, 

respectively. This indicates the co-existence of Ni3+ and Ni2+ oxidation states [32, 33].  

The high-resolution XPS O1s spectra of all NCO structures exhibit three primary 

features at 529.8, 531.1, and 532.9 eV corresponding to M-O bonds, oxygen vacancies, and 

surface-adsorbed hydroxyl bonds, respectively. To quantify the oxygen vacancies, the strength 

of the VO peak has been measured relative to the overall O1s peak. Fig. S1 displays the ratios, 

showing 37.63% for NCO120, 32.08% for NCO150, and 33.35% for NCO180. These ratios 

indicate that NCO120 possesses the highest concentration of oxygen vacancies, followed by 

NCO180 and then NCO150.  Additionally, it is known that the presence of oxygen vacancies 

in the lattice structure can induce charge compensation, leading to the direct reduction of 

associated metals [34]. This phenomenon could also explain the high amounts of Co4+ observed 

in the high-resolution Co 2p spectra. 

Further justifying the previously introduced phenomena of the point defect associated 

with atomic vacancies that arose from the non-stoichiometry of the hydrothermally synthesized 

compounds, it was revealed that the measured stoichiometry of Co: Ni has differed from the 

1:2 ratio in NiCo2O4.  The derived surface atomic ratio of Co: Ni of the synthesized NCO120, 

NCO150, and NCO180 obtained from the XPS analysis is 1.39, 1.55, and 1.74 eV, respectively, 
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aligning with the proposed extrinsic stoichiometric defects in the binary oxide structure and 

the observed defects sites in the HRTEM image (Fig. 2f), which could act as reactive centers 

promoting a higher pseudocapacitive activity in the assembled supercapacitors. 

 

Figure 3: The XPS (a) survey spectrum, and corresponding (b) Ni 2P (c) Co 2P, and (d) O 1s 

spectra observed for the NCOs. 
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3.2 Electrochemical Performance 

 

Figure 4: Cyclic Voltammetry of (a) NCO120, (b) NCO150, and (c) NCO180 with 

Galvanostatic charge-discharge curves of (d) NCO120, (e) NCO150, and (f) NCO180 and 

Electrochemical impedance spectroscopy study; (g) Nyquist plot and (h) Bode plot. In GCD 
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curves charge discharge current densities 1 A/g, 2.5 A/g, 5.0 A/g, and 7.5 A/g is represented 

as C1/D1, C2/D2, C3/D3 and C4/D4, respectively. 

To evaluate the electrochemical performance of the NCOs, the three NCOs were 

fabricated as an electrode for Supercapacitor application. First, the electrodes are tested by CV 

and GC methods with a standard three-electrode setup against SCE as a reference electrode 

and Pt sheet as a counter electrode. Fig 4 shows the CV profiles of NCO120 (Fig. 4a), NCO150 

(Fig.4c), and NCO180 (Fig.4e) recorded at different scan rates. These CV curves with different 

scan rates indicate the high rate capability and reversibility [35, 36].  The redox reaction 

equations are as follows [37]: 

          [1] 

          [2] 

Their corresponding GCD curves measured at multiple current densities are displayed 

as NCO120 (Fig. 4b), NCO150 (Fig. 4d), and NCO180 (Fig. 4f). In GCD curves charge current 

densities 1 A/g, 2.5 A/g, 5.0 A/g, and 7.5 A/g is represented as C1, C2, C3, and C4, 

respectively. Their corresponding discharge current densities are represented in Fig 4 as D1, 

D2, D3, and D4. Amongst the multiple structures, the largest specific capacitance was obtained 

from NCO120 as the charging specific capacitance of 423.9 F/g at 1 A/g of current density 

(C1). The corresponding specific discharge capacitance at 1 A/g (D1) is 412.9 F/g. The 

charging and discharging specific capacitances for all NCOs were depicted in Table S1 in the 

Supplementary section with their respective current densities. The obtained GCD curves and 

the calculated capacities in Table S1 indicate that the specific capacitance values decrease with 

increasing current densities. In addition, during discharge, voltage and time do not follow a 

linear relationship. Due to the faradaic reactions of NiCo2O4 nanoparticles, this manifests itself 

in the capacitance of electrode materials. The CV and GCD curve shapes indicate the 

pseudocapacitive or the redox reactions occur with intercalation of the porous structure among 

NiCo2O4 +  OH− +  H2O ↔ 4NiOOH + 2CoOOH +  e− 

CoOOH +  OH− ↔ CoO2 +  H2O +  e− 
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the particles [5], which are in good agreement with the expected electrochemical activity in 

NCOs, and the high surface area of NCOs identified during the BET analysis shown in Fig. 2a. 

According to the obtained GCD results, the NCO120 has shown the highest specific 

capacitance, higher than other NCOs. The lowest specific capacitance was shown in NCO150, 

which is 349.53 and 332.16 F/g at C1 and D1 current densities (Table: S1), closely following 

the trend obtained for the available amounts of oxygen vacancies in NCOs (Figure S1), 

verifying the role of surface defects promoting the high capacitance. The CV curves obtained 

for NCO-based electrodes under scan rates from 15-40 mV/s are exhibited in Figure 4, and all 

the curves indicate a decent electrochemical activity irrespective of indifference in their shapes. 

The visibility of a second strong reduction peak around 0.28 V during the cathodic scan and 

the demonstration of higher anodic and cathodic peak current densities reaching 1.5 A/g related 

to the NCO 120 catalyst in Figure 4 (a) can be identified as the major difference amongst.  In 

addition, higher current densities were recorded for all three NCOs, with an increase in the scan 

rate as the diffusion layer became thinner. More interestingly, the anodic peak position was 

found to be stationary, and the cathodic peaks only moved marginally towards lower potentials 

for NCO 120 and NCO 180 electrodes despite the increment in the scan rate. The redox peak 

positioning remains stationary independent of scan rate is only if the redox reaction kinetics 

(electron transfer rate) are much faster, hence allowing the maximum potential gradient to 

positioned at the same potential by swiftly changing the concentration of the redox couple at 

the electrode surface along with the variations of the electrode potential upon the potential 

sweep.  Otherwise, higher polarisation potentials are required to force the electron transfers as 

observed with the NCO 150 electrode, where the reaction kinetics are relatively sluggish, and 

the maximum potential gradient shifted towards higher ∆𝐸, positioning further away from the 

equilibrium (𝐸0) as the scan rate increases, leading towards the reversibility of the reactions.  

Overall, CV studies indicate high reversibility with fast reaction kinetics in NCO 120 and NCO 
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180 electrodes, and NCO 120 demonstrates the highest current rates among all NCOs, 

indicating its favourable electronic and surface structure in highly defective structures. The 

superior charge storage and electrochemical performance in the NCO 120 electrode further 

emphasize a possible correlation between the obtained results with the surface stoichiometry 

and crystal defects along with the effective surface area, where the calculated Co: Ni 

stoichiometry in the synthesized NCO120, NCO150, and NCO180 is 1.39, 1.55 and 1.74, 

respectively. The results further imply that the material with the highest offset from Ni: Co 1:2 

stoichiometry with a large number of oxygen vacancies was greatly influenced to have an 

enhanced capacitance. Consequently, the contribution of Co and Ni to the redox peaks, as 

shown in equations 1 and 2, changes as the Co: Ni ratio changes. Therefore, this phenomenon 

affects the CV curves of all three NCOs each other. 

In Electrochemical Impedance Spectroscopy (EIS), the Nyquist plot in Figure 4g, 

exhibits the solution resistance (RS) 5.0 Ω, 5.1 Ω, and 5.1 Ω for NCO120, NCO 150, and 

NCO180, respectively. These materials' corresponding contact resistance (RCT) are 0.6, 2.6, 

and 2.4 Ω, respectively. The NCO150 shows a higher RCT than the other NCOs, indicating 

lower specific capacitance in the three-electrode configuration. NCO120 shows the lowest RS, 

and RCT may be the clear reason for the high specific capacity. According to the Bode plot (Fig. 

4h), the phase angle is 71.5° (close to 90°), which indicates an excellent capacitive response 

[38]. Since capacitive and resistive impedances are identical at phase angles of 45° [39], the 

relaxation time constant (τ0) can be calculated by using the equation 1/f0 = τ0, where f0 is the 

frequency at phase angle 45o [27] at that particular phase and found to be 1.16 s, 5.2 s, and 1.18 

s for NCO120, NCO150, and NCO180, respectively. These results agree with their specific 

capacitance values that demonstrate NCO120, NCO180, and NCO150 in descending order. 
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Figure 5: (a) Percentages of capacitive and diffusion current contribution at different scan rates 

and, the capacitive current contribution of all three NCO electrodes to faradic reaction under 

scan rate, 30 mV/s in (b) NCO120, (c) NCO150 and (d) NCO180. 

 

To investigate the differences in the charge storage mechanism of NCOs, the capacitive and 

diffusion current contribution is analyzed using cyclic voltammetry. The CV curves of the 

three NCOs at scan rates from 15 to 40 mV/s measured and analyzed the obtained peak 

currents (𝑖) against the scan rates (𝑣) using the following equation [9]; 

𝑖 = 𝑎𝑣𝑏    (5) 

Where a and b are the constant parameters, It's been reported that the b value is similar or 

identical to the 0.5 value when the diffusion controls the charge storage mechanism and when 
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b < 0.5 represents diffusion control while 0.5 < b < 1 belongs to capacitive control [40-42]. 

The calculated b values for cathodic peaks of NCO120, NCO150, and NCO180 are 0.59, 0.62, 

and 0.69, respectively. These b values indicated that both capacitive and diffusion-controlled 

charge storage mechanisms are contributing to the overall charge storage in all three NCOs. 

Using these intermediate values, the NCO compounds show that both capacitive and diffusion 

currents contribute to storing the charges. This charge contribution can be accurately and 

quantitively determined by the following equation [42]; 

 𝑖(𝑣) =  𝑘1𝑣 +  𝑘2𝑣1/2  (6) 

where, k1v refers to contributed capacitive current and k2v
1/2 corresponds to contributed 

diffusion current.  Fig. 5a depicts the capacitive and diffusion current contribution of all three 

NCOs; the diffusion current contribution (the light-grey region) always represents a larger 

proportion compared to its capacitive current contribution, representing in blue, red, and black 

regions for NCO120, NCO150, and NCO180, respectively. On the other hand, using the 

simplified version of the Cottrell equation in Fig. S2a, i=aʋ1/2 where anodic peak current i with 

scan rate ʋ and constant a and A diffusion-controlled process can be observed by noting that 

the anodic peak current (i) increases linearly with the square root of scan rates (ʋ1/2) [27, 43, 

44]. In Fig. S2a, the same linearity satisfies the Cottrell equation and indicates a diffusion-

controlled process.  

These results are in good agreement with the previously discussed correlations on non-

stoichiometric defects on electrochemical activity and measured BET-specific surface (Fig. 

2a). This proves that all NCOs have larger electrochemically active surface areas. Amongst 

them, NCO120 shows the largest diffusion current contribution, around 90 % at a 15 mV/s scan 

rate corresponding to the 37.6% oxygen vacancy percentage and surface area of 62.3 m2/g. At 

the same scan rate, NCO180 and NCO150 show diffusion current contributions of 85 % and 
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65 %, corresponding to the oxygen vacancy percentages of 33.3 % and 32.1%, and surface 

areas of 45.2 m2/g and 39.0 m2/g, respectively. These results indicate that the larger defect 

density and larger electrochemically active surface areas highly contribute to redox reactions 

[9, 40]. The fraction of NCOs' capacitive current contribution is increased with the scan rates, 

indicating excellent rate performance. NCO120 shows a higher increment due to its fast faradic 

reaction and rate-independent behaviour during cycling [40]. The results also indicate that 

capacitive current contribution is favourable for rapid charge-discharge rates and long-life 

cycles (Fig. 5a). As well as the non-stoichiometry, the exciting aspect of the morphology of the 

NCO particles illustrated by the SEM images in Fig.1 contributed to the observed activity. 

Mostly NCO120 shows a complex structure; spherical shape covered with tiny spikes like 3D 

hierarchical morphology, which could help to have high electrochemically active areas with a 

high BET surface area allowing fast ion diffusion, compared to the other two microstructures 

of NCO180 and NCO150.  

Hybrid supercapacitors were fabricated by assembling NCOs as positive and graphene 

nanoplatelets (GNP) as the negative electrode with Whatmann microfiber filter paper as the 

dielectric separator (Fig. S2b). The CV and GCD profiles of the GNP electrode are shown in 

Fig. S3 in the supplementary section. The pseudocapacitive and EDLC performances of these 

two devices were assessed. 

The CV curves of various NCOs coupled with GNP as the negative electrode are shown 

in Fig. S4, which reveal the operational potential windows of the three electrode measurements. 

Combining an NCO electrode with a GNP electrode extends the operational window of the 

hybrid supercapacitor to 1.5 V without decomposing the aqueous 1M KOH electrolyte [27]. 

The feasibility of these NCOs in hybrid supercapacitors is demonstrated in Fig 5a. The CV 

curves of the NCO//GNP hybrid device were again measured at various operating potential 

windows from 0.0 to 1.0 V to 0.0–1.5 V at a fixed scan rate of 30 mV/s, as shown in Fig. 6a, 
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for NCO120//GNP device. This reveals that these devices operate stably up to 1.5 V. When the 

potential window further increases to 1.6 V, minor gas evaluation from the electrodes could be 

observed. To avoid gas emissions and electrolyte decomposition, we measured and operated 

our hybrid supercapacitor device with a potential window not exceeding 1.5 V in 1 M KOH 

electrolyte [28]. 

 

Figure 6: (a) and (b) CV curves of NCO120//GNP hybrid supercapacitor at different potential 

windows and different scan rates, respectively. The (c) and (d) GCD curves of NCO120//GNP 

hybrid supercapacitor at different current densities and different operated potential windows, 

respectively. 

Fig. 6b shows the CV curves of the NCO120//GNP, hybrid device operating at the scan 

rate of 10–50 mV/s. These devices display similar shapes at all the scan rates, indicating 
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suitable rate capability. The CV curves of NCO150//GNP and NCO180//GNP devices clearly 

show the similar behaviour and shapes of the curves (Fig. S3 in the supporting information). 

The corresponding GCD curves of the devices measured at various current densities are 

illustrated in Fig. 6c and supplementary Fig. S4. The calculated specific capacitances of the 

NCO120//GNP device are 144.6, 141.6, 138.3 and 132.1 F/g at current densities of 1.0, 2.5, 

5.0 and 7.5 A/g, respectively. The GCD curves of the NCO120//GNP hybrid device were again 

measured at various operating potential windows from 0.0 to 1.0 V to 0.0–1.5 V at a constant 

current density of 1.0 A/g, as shown in Fig. 6d: revealing that the device stability up to 1.5 V 

operating voltage. The specific capacitance for the NCO150//GNP and NCO180//GNP devices 

measured at the same current densities (1.0, 2.5, 5.0 and 7.5 A/g) are 126.7, 116.8, 107.4, 75.5 

F/g and 139.7, 127.9, 124.5, 100.1 F/g, respectively. The GCD curves of these devices are 

shown in supplementary Fig. S4a and S4c. Fig. S4b and S4d also demonstrate the GCD curves 

at different operating potential windows from 0.0-1.0 V to 0.0-1.5 V at a steady current density 

of 1.0 A/g. 

 

Figure 7: (a) Cycling performance of three hybrid supercapacitor devices at 7.5 A/g of current 

density and, (b) Rogone plot of NCO hybrid supercapacitor devices compared with other 

relevant literature. 
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The cycling performances of electrodes are shown in Fig. 7a. The capacitive retention 

monitored during 1500 cycles of GCD for the NCO120//GNP NCO150//GNP and 

NCO180//GNP hybrid devices at the current density of 1.0 A/g are shown in Fig. 7a. The 

capacitive retention can screen the illustration of the internal chemistry in the electrode active 

materials [45]. The NCO120//GNP and NCO180//GNP devices exhibit high capacitive 

retention, around 94.2 % and 94.6 %, respectively, after 1500 cycles, which demonstrates a 

stable electrochemical activity with continuous contributions from surface defects. In 

NCO150//GNP, the capacitive retention shows around 91.7 %, indicating that the stability of 

the active materials is comparatively lower than in the other two devices. The inset 

photographic image in Fig. 7a depicts the NCO120//GNP and NCO180//GNP devices 

fabricated in CR 2032 cells connected in series and lighted the LED bulb, which has an 

operational voltage of 1.8 V. 

The Rogone plot shown in Fig. 7b compares the performance of the NCO hybrid 

supercapacitor at various current densities with reported studies. NCO120 shows higher power 

and energy densities compared to NCO180 and NCO150. The results of NCO120 show a 

much-improved maximum energy density of 45.2 Wh/kg at 750 W/kg power density. The 

maximum power density of 5.62 kW/kg was obtained at 41.3 Wh/kg of energy density. 

Secondly, NCO180 shows a maximum energy density of 43.6 Wh/kg at 750 W/kg of power 

density and a maximum power density of 5.62 kW/kg at 31.3 Wh/kg of energy density. 

NCO150 demonstrates their maximum energy density of 39.6 Wh/kg at power density, 750 

W/kg, and maximum power density of 5.62 kW/kg at 31.3 Wh/kg of energy density. These 

values are higher or comparable with those of other reported NiCo2O4-based asymmetric 

supercapacitors. For example, hollow NiCo2O4 sub-microsphere hybrid supercapacitor [1], 

NiCoO2 nanosheets asymmetric supercapacitor [40], NiCo2O4 nanocomposites hybrid 
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supercapacitor [46], CNT@NiCo2O4 nanocables [47], NiCo2O4@Au nanotube asymmetric 

supercapacitor[48], NiCo2O4–MnO2 nanowire asymmetric supercapacitor [49], carbon 

quantum-dots/NiCo2O4 composite asymmetric supercapacitor [50] are compared in Fig. 7b 

with synthesized three NCO hybrid supercapacitors. 

The theoretical capacitance was calculated using Equation 4. The theoretically 

calculated capacitance (CT) values of the NCO//GNP hybrid devices at a current density of 1.5 

A/g were compared with CDEVICE obtained from Equation 1. For NCO120//GNP, 

NCO150//GNP, and NCO180//GNP devices, the theoretically calculated CT values are 155.3, 

146.1, and 139.6 F/g, respectively, and the obtained CDEVICE values are 145.1, 140.1, and 127.6 

F/g, respectively. It is worth noting that the CT values are slightly higher than the CDEVICE due 

to the capacitance drop caused by internal resistance, imperfect crimping, and the added 

resistance of the separators [28, 51, 52].  Nevertheless, the CT values agree well with the 

CDEVICE values with only slight differences, indicating the high accuracy of this investigation. 

 The results mentioned above clearly proved that the NCO hybrid supercapacitors have 

excellent electrochemical performance and high energy-power density, which could be 

deduced from the following factors. First, non-stoichiometric NiCo2-xO4-y can be synthesized 

with various morphologies having different levels of extrinsic stoichiometric defects, which 

could be identified as crystal defects or oxygen vacancies by the material characterization 

studies. The presence of defects and multivalence chemical composition of the NCOs help to 

obtain an enhanced electrochemical active surface area without any agglomeration of the 

particles. These highly active nanostructures provide enough surface for faradic reactions, 

generating a sizable pseudocapacitive contribution. Secondly, a larger contribution came from 

diffusion current, owing to the high surface area in the synthesized unaggregated hierarchical 

microstructures of NCO with advanced morphological features. 
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Conclusion 

Various defect-rich non-stoichiometric nanostructures of NiCo2O4 (NCO) were fabricated by 

controlling the temperature during the hydrothermal synthesis approach.  Materials obtained at 

120, 150, and 180 °C; called NCO120, NCO150, and NCO180, respectively, were 

characterized by various techniques, including BET surface area, electron microscopy, XRD, 

XPS, and electrochemical characterizations. Asymmetric hybrid supercapacitor devices were 

fabricated by assembling NCOs in combination with graphene nano-plates (GNP) anode. 

Highlighting the contributions of extrinsic stoichiometric crystal defects on supercapacitive 

performances, the oxygen vacancy-rich urchin-like hierarchical binary oxide structure of 

NCO120 provided the stand-out performances where the specific capacitance of 

supercapacitors made of NCO120, 150, and 180 were measured to be 145.1, 140.1 and 127.6 

F/g, respectively. Positive electrodes could exhibit a maximum power and energy density of 

2.25 kW/kg and 21.21 Wh/kg, respectively. We believe the findings presented in this article 

can open up an exciting angle on using defect-rich NiCo2O4 compounds as supercapacitor 

materials. 

  



   

 

  27 

 

Reference 

1. Zhu, Y., et al., An electrochemical exploration of hollow NiCo2O4 submicrospheres and its 
capacitive performances. Journal of Power Sources, 2015. 287: p. 307-315. 

2. Abdelkader, A.M., Electrochemical synthesis of highly corrugated graphene sheets for high 
performance supercapacitors. Journal of Materials Chemistry A, 2015. 3(16): p. 8519-8525. 

3. Abdelkader, A. and D. Fray, Controlled electrochemical doping of graphene-based 3D 
nanoarchitecture electrodes for supercapacitors and capacitive deionisation. Nanoscale, 
2017. 9(38): p. 14548-14557. 

4. Wu, P., et al., A Low-Cost, Self-Standing NiCo2O4@CNT/CNT Multilayer Electrode for Flexible 
Asymmetric Solid-State Supercapacitors. Advanced Functional Materials, 2017. 27(34): p. 
1702160. 

5. Chodankar, N.R., et al., True Meaning of Pseudocapacitors and Their Performance Metrics: 
Asymmetric versus Hybrid Supercapacitors. Small, 2020. 16(37): p. 2002806. 

6. Daneshvar, F., et al., Porous SnO2–CuxO nanocomposite thin film on carbon nanotubes as 
electrodes for high performance supercapacitors. Nanotechnology, 2018. 30(1): p. 015401. 

7. Yu, M., et al., Mesoporous NiCo2O4 nanoneedles grown on 3D graphene-nickel foam for 
supercapacitor and methanol electro-oxidation. Electrochimica Acta, 2015. 151: p. 99-108. 

8. Liu, Q., et al., NiCo2O4 with unique 3D miniature sea urchins as binder-free electrode for high 
performance asymmetric supercapacitor. Journal of Electroanalytical Chemistry, 2022. 908: 
p. 116068. 

9. Hu, J., et al., Role of Defects on the Particle Size–Capacitance Relationship of Zn–Co Mixed 
Metal Oxide Supported on Heteroatom-Doped Graphenes as Supercapacitors. Advanced 
Science, 2022. 9(34): p. 2204316. 

10. Fernando, N., et al., Flexible free-standing Ni–Mn oxide antenna decorated CNT/nanofiber 
membrane for high-volumetric capacitance supercapacitors. Nanoscale, 2021. 13(45): p. 
19038-19048. 

11. Du, W., et al., New asymmetric and symmetric supercapacitor cells based on nickel 
phosphide nanoparticles. Materials Chemistry and Physics, 2015. 165: p. 207-214. 

12. Huang, L., et al., Hybrid composite Ni (OH) 2@ NiCo2O4 grown on carbon fiber paper for 
high-performance supercapacitors. ACS applied materials & interfaces, 2013. 5(21): p. 
11159-11162. 

13. Cai, F., et al., Hierarchical CNT@ NiCo 2 O 4 core–shell hybrid nanostructure for high-
performance supercapacitors. Journal of Materials Chemistry A, 2014. 2(29): p. 11509-
11515. 

14. Wei, T.-Y., et al., A Cost-Effective Supercapacitor Material of Ultrahigh Specific Capacitances: 
Spinel Nickel Cobaltite Aerogels from an Epoxide-Driven Sol–Gel Process. Advanced 
Materials, 2010. 22(3): p. 347-351. 

15. Zhang, G. and X.W. Lou, Controlled growth of NiCo2O4 nanorods and ultrathin nanosheets 
on carbon nanofibers for high-performance supercapacitors. Scientific reports, 2013. 3(1): p. 
1470. 

16. He, G., et al., Preparation and performance of NiCo2O4 nanowires-loaded graphene as 
supercapacitor material. Materials Letters, 2013. 98: p. 164-167. 

17. Chu, W., et al., Trifunctional of phosphorus-doped NiCo2O4 nanowire materials for 
asymmetric supercapacitor, oxygen evolution reaction, and hydrogen evolution reaction. ACS 
applied materials & interfaces, 2019. 12(2): p. 2763-2772. 

18. Wang, Q., et al., Flexible coaxial-type fiber supercapacitor based on NiCo2O4 nanosheets 
electrodes. Nano Energy, 2014. 8: p. 44-51. 

19. Yuan, C., et al., Ultrathin mesoporous NiCo2O4 nanosheets supported on Ni foam as 
advanced electrodes for supercapacitors. Advanced Functional Materials, 2012. 22(21): p. 
4592-4597. 



   

 

  28 

 

20. Kumar, L., et al., Faster ion switching NiCo2O4 nanoparticle electrode-based supercapacitor 
device with high performances and long cycling stability. ACS Applied Energy Materials, 
2018. 1(12): p. 6999-7006. 

21. Nguyen, N.V., et al., Facile synthesis of a NiCo2O4 nanoparticles mesoporous carbon 
composite as electrode materials for supercapacitor. ChemistrySelect, 2020. 5(23): p. 7060-
7068. 

22. Qi, X., et al., NiCo2O4 hollow microspheres with tunable numbers and thickness of shell for 
supercapacitors. Chemical Engineering Journal, 2017. 309: p. 426-434. 

23. Yu, X.-Y., et al., Facile synthesis of urchin-like NiCo2O4 hollow microspheres with enhanced 
electrochemical properties in energy and environmentally related applications. ACS applied 
materials & interfaces, 2014. 6(5): p. 3689-3695. 

24. Wang, T., et al., Bi2WO6 hollow microspheres with high specific surface area and oxygen 
vacancies for efficient photocatalysis N2 fixation. Chemical Engineering Journal, 2021. 414: 
p. 128827. 

25. Sameera, S., et al., Enhanced wide spectrum photocatalytic activity by in-situ magnetite-
graphite nanoplatelets heterostructure. IEEE Access, 2023. 

26. Huang, H., et al., Nano-Sized Structurally Disordered Metal Oxide Composite Aerogels as 
High-Power Anodes in Hybrid Supercapacitors. ACS Nano, 2018. 12(3): p. 2753-2763. 

27. Kannangara, Y.Y., U.A. Rathnayake, and J.-K. Song, Hybrid supercapacitors based on metal 
organic frameworks using p-phenylenediamine building block. Chemical Engineering Journal, 
2019. 361: p. 1235-1244. 

28. Kannangara, Y.Y., U.A. Rathnayake, and J.-K. Song, Redox active multi-layered Zn-pPDA MOFs 
as high-performance supercapacitor electrode material. Electrochimica acta, 2019. 297: p. 
145-154. 

29. Shi, X., S.L. Bernasek, and A. Selloni, Oxygen Deficiency and Reactivity of Spinel NiCo2O4 
(001) Surfaces. The Journal of Physical Chemistry C, 2017. 121(7): p. 3929-3937. 

30. Zakutayev, A., et al., Cation off-stoichiometry leads to high p-type conductivity and enhanced 
transparency in Co 2 ZnO 4 and Co 2 NiO 4 thin films. Physical Review B, 2012. 85(8): p. 
085204. 

31. Ko, T.-H., et al., Facile synthesis of core/shell-like NiCo2O4-decorated MWCNTs and its 
excellent electrocatalytic activity for methanol oxidation. Scientific reports, 2016. 6(1): p. 
20313. 

32. Biesinger, M.C., et al., Resolving surface chemical states in XPS analysis of first row transition 
metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni. Applied Surface Science, 2011. 257(7): 
p. 2717-2730. 

33. Fu, Z., et al., Quantitative analysis of Ni2+/Ni3+ in Li[NixMnyCoz]O2 cathode materials: Non-
linear least-squares fitting of XPS spectra. Applied Surface Science, 2018. 441: p. 1048-1056. 

34. Corby, S., et al., Determining the role of oxygen vacancies in the photoelectrocatalytic 
performance of WO3 for water oxidation. Chemical Science, 2020. 11(11): p. 2907-2914. 

35. Kannangara, Y.Y., P. Prabunathan, and J.-K. Song, Facile synthesis of a hierarchical 
CuS/CuSCN nanocomposite with advanced energy storage properties. New Journal of 
Chemistry, 2018. 42(18): p. 15387-15396. 

36. Wang, C., et al., NiCo2O4-based supercapacitor nanomaterials. Nanomaterials, 2017. 7(2): p. 
41. 

37. Cai, L., et al., The electrochemical performances of NiCo 2 O 4 nanoparticles synthesized by 
one-step solvothermal method. Ionics, 2017. 23: p. 2457-2463. 

38. Pandit, B., B.R. Sankapal, and P.M. Koinkar, Novel chemical route for CeO2/MWCNTs 
composite towards highly bendable solid-state supercapacitor device. Scientific Reports, 
2019. 9(1): p. 5892. 

39. Shao, Y., et al., Flexible quasi-solid-state planar micro-supercapacitor based on cellular 
graphene films. Materials Horizons, 2017. 4(6): p. 1145-1150. 



   

 

  29 

 

40. Lan, Y., et al., Phosphorization boosts the capacitance of mixed metal nanosheet arrays for 
high performance supercapacitor electrodes. Nanoscale, 2018. 10(25): p. 11775-11781. 

41. Patil, D.R., et al., Cobalt cyclotetraphosphate (Co2P4O12): a new high-performance electrode 
material for supercapacitors. ACS Applied Energy Materials, 2019. 2(4): p. 2972-2981. 

42. Ren, C., et al., Hierarchical Porous Integrated Co1−xS/CoFe2O4@rGO Nanoflowers 
Fabricated via Temperature-Controlled In Situ Calcining Sulfurization of Multivariate CoFe-
MOF-74@rGO for High-Performance Supercapacitor. Advanced Functional Materials, 2020. 
30(45): p. 2004519. 

43. Wu, Z., et al., Electrostatic induced stretch growth of homogeneous β-Ni (OH) 2 on graphene 
with enhanced high-rate cycling for supercapacitors. Scientific reports, 2014. 4(1): p. 3669. 

44. Sathiya, M., et al., V2O5-Anchored Carbon Nanotubes for Enhanced Electrochemical Energy 
Storage. Journal of the American Chemical Society, 2011. 133(40): p. 16291-16299. 

45. Loveridge, M., et al., Towards high capacity Li-ion batteries based on silicon-graphene 
composite anodes and sub-micron V-doped LiFePO4 cathodes. Scientific reports, 2016. 6(1): 
p. 37787. 

46. Wei, J.-S., et al., Carbon Dots/NiCo2O4 Nanocomposites with Various Morphologies for High 
Performance Supercapacitors. Small, 2016. 12(43): p. 5927-5934. 

47. Cai, F., et al., Hierarchical CNT@NiCo2O4 core–shell hybrid nanostructure for high-
performance supercapacitors. Journal of Materials Chemistry A, 2014. 2(29): p. 11509-
11515. 

48. Zhu, J., Z. Xu, and B. Lu, Ultrafine Au nanoparticles decorated NiCo2O4 nanotubes as anode 
material for high-performance supercapacitor and lithium-ion battery applications. Nano 
Energy, 2014. 7: p. 114-123. 

49. Kuang, M., et al., Engineering firecracker-like beta-manganese dioxides@spinel nickel 
cobaltates nanostructures for high-performance supercapacitors. Journal of Power Sources, 
2014. 270: p. 426-433. 

50. Zhu, Y., et al., Porous NiCo2O4 spheres tuned through carbon quantum dots utilised as 
advanced materials for an asymmetric supercapacitor. Journal of Materials Chemistry A, 
2015. 3(2): p. 866-877. 

51. Zhu, P., et al., Anions influence on the electrochemical performance of Co3X4 (X= O, Se) for 
supercapacitor: Experiments and theoretical calculations. Applied Surface Science, 2022. 
574: p. 151646. 

52. Yang, J., M.A. Bissett, and R.A.W. Dryfe, Investigation of Voltage Range and Self-Discharge in 
Aqueous Zinc-Ion Hybrid Supercapacitors. ChemSusChem, 2021. 14(7): p. 1700-1709. 

 


