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Abstract  

Graphene (Gr)/metal oxide nanocomposites, as advanced electrode materials, have drawn significant 

attention in supercapacitors due to their two components' synergistic cooperation, which compensates 

each other's drawbacks and hence perform better than their individual components. In this study, two 

graphene/metal oxide nanocomposites, Gr/NiO and Gr/Co3O4 binaries were separately synthesized by a 

co-precipitation method in which NiO or Co3O4 as interlayer spacers were inserted into the graphene 

structure. The as-synthesized electroactive materials were drop-cast on the as-grown Cu(OH)2 nanowire 

arrays/Cu substrates fabricated by drenching copper into a rich-alkaline solution. Three-electrode's 

electrochemical characterizations in 6 M KOH electrolyte showed that Gr/Co3O4 and Gr/NiO exhibit 

high capacitances of 342.6 and 652 F g
-1

 at the scan sweep of 5 mV s
-1

, and 278.5 and 667.58 F g
-1

 at 

the current density of 1 A g
-1

, respectively. In addition, the power density of 250 W kg
-1

 leads to the 

energy densities of 23.17 and 9.7 Wh kg
-1

 for Gr/NiO and Gr/Co3O4, respectively. The Gr/NiO with the 

cyclic stability of 95% has a better electrochemical performance than Gr/Co3O4 (with the cyclic 

stability of 83%), implying more pseudocapacitance contribution of the NiO nanoparticles embedded 

within the graphene nanosheets and more efficient synergistic cooperation between these two 

components. Furthermore, full Gr/NiO/Cu(OH)2/Cu||Gr/NiO/Cu(OH)2/Cu and 

Gr/Co3O4/Cu(OH)2/Cu||Gr/Co3O4/Cu(OH)2/Cu symmetric cells in the organic electrolyte of 1 M TEA-

BF4 in acetonitrile within the potential window of 2 V were also assembled and at 10 mV s
-1

,
 
exhibited 

the highest specific capacitances of 32.67 and 24.86 F g
-1

, respectively. 
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1. Introduction 

Nowadays, energy is an integral part of our lives, and the steady demand for global energy grows 

drastically. Over-depletion of fossil fuels and their irrecoverable negative impacts on the climate and 

environment, especially the unprecedented amount of infused CO2 in the atmosphere, which leads to 

global warming, makes it an urgent case to find viable and clean energy supplies immediately. 

Considering that renewable energy sources are not widely available, electrochemical energy storage 

devices such as fuel cells, rechargeable batteries, and supercapacitors are promising candidates to 

substitute the coal-powered supplies. Rechargeable batteries and supercapacitors can mostly play 

leading roles in portable electronic devices and the upcoming clean, zero-emission electric vehicles [1-

7].  

Due to the ion diffusion dependency within the bulk of rechargeable batteries' working electrodes, they 

are afflicted by slow power delivery (i.e., charge/discharge rate). This is, while the non-diffusion 

capacitance generation of supercapacitor results in a higher power density. Besides, their long-life 

cycle, cost-effective nature, excellent reversibility during the charge/discharge process, and 

environmental innocuousness can provide the characteristics required for future energy supplies and 

make them viable energy storage devices [8-11]. The capacitance generation (i.e., energy storage) of 

supercapacitors originates from two various surface reactions of the electrode materials: (1) 

electrolyte's ions adsorption/desorption at the electrode/electrolyte interface that forms the electrical 

double-layer (EDL), arising from the electrical double-layer capacitors (EDLCs), and (2) reversible 

oxidation/reduction faradaic reactions, arising from the pseudocapacitors [12, 13]. 

In general, the supercapacitor's performance is controlled by its working electrode, which consists of 

electrode material on an electroconductive substrate known as the current collector. However, the 

electrode material ultimately determines the overall amount of stored energy (i.e., energy storage) [14, 

15]. Supercapacitive electroactive materials are mostly fabricated by (1) porous carbon allotropes that 

belong to EDLCs, (2) conductive polymers, and (3) transition metal oxides/hydroxides, which are 

classified as pseudocapacitors [8]. However, superior chemical stability in various electrolytes, high 

electroconductivity and surface area, and the inexpensive nature of the EDLCs make them more 

alluring than pseudocapacitors. On the other hand, agglomeration and re-staking in EDLCs result in 

lower specific capacitance and lower energy density than pseudocapacitors. Contrary to EDLCs, the 
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specific capacitance and energy density of pseudocapacitors are much higher owing to their underlying 

charge storage mechanism [16, 17]. Despite the given merits, pseudocapacitors, specifically transition 

metal oxides (TMOs), suffer from low power density and electroconductivity and poor long-term 

structural stability that cast a shadow on their advantages [18]. 

Fabricating hybrid electroactive materials by pairing two electrodes with different energy storage 

mechanism is a promising solution which has attracted numerous efforts during the past decades. In the 

hybrid electroactive materials, the excellent intrinsic aspects of one electrode can cover the deficiencies 

of the other through synergistic cooperation, hence leading to better electrochemical performance [1, 8, 

19]. Among different EDLCs, graphene can offer high electrical/thermal conductivity, superior 

theoretical specific surface area (2630 cm
2
 g

-1
), robust chemical/thermal stability, and excellent 

mechanical strength, making it an attractive supercapacitor electroactive material [16, 20]. In general, 

graphene is made of a large number of graphitic stacks stratified on top of each other with tiny 

interlayer space between the stacks. Therefore, the electrical double-layer can only form on graphene's 

outer surface, which limits its capacitive performance as an electroactive material [21, 22]. In addition, 

the re-stacking and agglomeration of graphene sheets due to the robust π-π interactions between the 

neighboring sheets reduce its high surface area and limit electrolyte ions accessibility to the active sites 

of individual graphene sheets, which in turn, lead to a significant reduction in its potential specific 

capacitance [9, 23, 24]. To increase the specific capacitance of graphene, its specific surface area must 

increase to accommodate the abundant ions at the electrolyte/electrode interface, which increases the 

electrical double-layer capacitance. Therefore, incorporating transition metal oxide nanoparticles as 

spacers into the graphene structure and fabricating graphene/transition binary metal oxide 

nanocomposites is a promising solution to overcome its shortcomings [16, 25, 26].  

As mentioned above, transition metal oxides (TMOs) such as NiO, Co3O4, MnO2, Fe2O3, RuO2, V2O5, 

etc., possess higher specific capacitances due to their redox energy storage mechanism compared to 

EDLCs. Among TMOs, NiO and Co3O4 have been extensively studied due to their high theoretical 

specific capacitances (2584 F g
-1

 for NiO and 3560 F g
-1

 for Co3O4) and swift faradaic behaviors. 

However, these two TMOs suffer from poor electroconductivity (0.01 − 0.32 S cm
-1

 for NiO and 10
-4

 − 

10
-2

 S cm
-1

 for Co3O4), structural instabilities, and low power densities [18, 27]. However, these 

shortcomings can be surmounted if graphene, as an EDLC material, accompanies a metal oxide phase 

within a graphene/transition metal oxide binary nanocomposite. Fabrication of graphene/Co3O4 and 

graphene/NiO binary nanocomposites is beneficial for each component owing to the synergistic effect. 

Incorporation of Co3O4 and NiO nanoparticles into graphene sheets (i) increases the distance between 
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the sheets, (ii) makes both of their faces accessible to electrolyte ions, and hence the formation of 

electrical double-layer at both of their faces, and (iii) prevents their agglomeration and re-stacking, 

leading to a higher specific surface area. In return, graphene (i) as a conductive network compensates 

the low electroconductivity of Co3O4 and NiO, (ii) disperses the metal oxide nanoparticles uniformly, 

and (iii) suppresses their dimensional changes. Eventually, graphene's oxygen-rich groups create an 

excellent electrical contact with metal oxide nanoparticles, providing a conductive network for charge 

carriers and a shorter path for ions. Therefore, due to the synergistic cooperation between the 

components of graphene/Co3O4 and graphene/NiO binary nanocomposites, enhanced electrochemical 

performance is obtained compared to single-components material [16, 21, 28]. 

The current collector is another crucial part of a supercapacitor electrode, which carries electrons and 

supports the electroactive material. For this purpose, current collectors must possess high 

electroconductivity, low interfacial resistance, and high corrosion resistance in the electrolyte medium. 

Metallic substrates (such as Cu, Ni, Al, and stainless steel foams/foils) and carbon cloths are the 

substrates commonly used as current collectors. Considering the low contact resistivity, high 

electroconductivity, lightweight, reasonable price, and availability of Cu, it can make a suitable current 

collector. Nevertheless, due to its high activity, Cu is inevitably oxidized in atmosphere and corroded in 

rich alkaline solutions, limiting its application as a current collector. The low-cost nature of growing 

arrays of copper hydroxide (Cu(OH)2) nanowires on the Cu surface not only resolves its corrosion 

problem but also allows the full utilization of its benefits. Moreover, Cu(OH)2 itself is a 

pseudocapacitive material and improves the overall electrode's supercapacitive behavior [1, 29]. 

Considering the advantages of synthesizing hybrid electroactive material, a novel, scalable, and facile 

method was employed in this work to fabricate high-performance Gr/NiO and Gr/Co3O4 binary 

nanocomposites as electrochemically enhanced supercapacitor electrodes. This novel method, in which 

synthesis conditions were optimized carefully, includes a cost-effective two-step procedure: (i) 

chemical co-precipitation of graphene and NiO or Co3O4 nanoparticles by adjusting pH and (ii) thermal 

decomposition. To preserve the low-cost nature of the final supercapacitor electrodes, besides our low-

cost fabrication procedure, we insisted on using cheap copper foil with high electrical conductivity as 

an excellent current collector rather than expensive current collectors such as nickel foam. By a facile, 

one-step surface modification method, we grew a protective layer on the copper foil, namely copper 

hydroxide (Cu(OH)2) nanowire arrays, which enabled us to utilize the full potential benefits of copper 

current collectors and to restrict its prone-to-be corroded nature. Therefore, the as-fabricated electrodes' 

electrochemical performances were studied on the as-grown Cu(OH)2 nanowire arrays/Cu current 
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collectors in 6 M KOH. Since the Gr/NiO and Gr/Co3O4 binary nanocomposites were deposited on 

Cu(OH)2/Cu current collectors, the final working electrodes possess a lamellar structure, in which even 

the intermediary layer between the actual Cu current collector and electroactive material is not passive 

and have dynamic pseudocapacitive contributions in the overall stored capacitance of the final working 

electrode. This layered-shaped structure in the preparation of working electrodes (Gr/NiO-Cu(OH)2/Cu 

and Gr/Co3O4-Cu(OH)2/Cu) is utterly novel and unprecedented among all the studied graphene-

transition metal oxide nanocomposites. In the following, comprehensive chains of structural and 

electrochemical evaluations for Gr/NiO and Gr/Co3O4 nanocomposites, fabricated from the same 

synthesis route, are expected in both aqueous and organic media. Although the organic electrolytes are 

more challenging than aqueous ones and require special equipment to provide a specific condition for 

cell assembly in the absence of water, the obtained results from this media render real-time 

functionality of the working electrodes. The as-synthesized nanocomposites’ differences in improving 

the electrochemical performance of graphene-based electrodes are investigated individually and at the 

same time to find the best synthesized binary nanocomposite as electroactive material for 

supercapacitor applications. 

2. Experimental 

2.1. Required chemical materials 

All the materials were purveyed with high purity and of analytical grade. Graphene nanoplatelets from 

XG Sciences Inc.; nickel chloride hexahydrate (NiCl2.6H2O), cobalt chloride hexahydrate 

(CoCl2.6H2O), ammonium hydroxide solution (NH3.H2O, 25-28%) as starting materials for 

nanocomposites fabrications were acquired from Merck. Ammonium persulfate ((NH4)2S2O8), 

hydrogen chloride (HCl, 37%), and sodium hydroxide (NaOH) as essential ingredients for modification 

of electrolytic copper foils were also acquired from Merck. Acetonitrile (C2H3N, Merck) and 

tetraethylammonium tetrafluoroborate abbreviated as TEA-BF4 (C8H20BF4N, ≥99%, Sigma Aldrich) 

used as required materials for supercapacitor cell assembly in organic electrolyte. Common cleaning or 

fabrication agents, including distilled water, ethanol, and acetone, were also of analytical grade. 

2.2. Co-precipitation synthesis of Gr/Co3O4 and Gr/NiO binary nanocomposites 

First, graphene nanoplatelets (70 mg) were sonicated into distilled water (100 mL) for 1 h. Meanwhile, 

CoCl2.6H2O or NiCl2.6H2O powders (1.20 g, ~0.5 M) were added to distilled water (10 mL) and 

magnetically stirred. Afterward, the addition of the prepared CoCl2 or NiCl2-containing solution to the 
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well-sonicated graphene suspension was conducted gradually; the overall solution was stirred firmly 

for a straight 50 min for obtaining a homogeneous mixture. Then, the aqueous solution of NH3.H2O 

was added one drop at a time to the still-stirring suspension until co-precipitation occurred at pH of 9. 

For allowing a complete co-precipitation procedure, the as-obtained solution was left intact and still in 

one place for 12 h as a part of the aging process. The precipitates were then separated from the solution 

via filtering, rinsed by distilled water several times, and dried at 60 
o
C for 12 h under vacuum. 

Eventually, the as-obtained Gr/Co(OH)2 powders were annealed at 250 
o
C for 5 h under the air 

atmosphere with a heating rate of 5 
o
C/min to render the Gr/Co3O4 binary nanocomposite. The as-

obtained Gr/Ni(OH)2 powder was also annealed at 450 
o
C for 4 h under the air atmosphere with a 

heating rate of 2 
o
C/min to obtain the Gr/NiO binary nanocomposite. 

 

Fig. 1 The chemical co-precipitation method's schematic illustration of Gr/Co3O4 and Gr/NiO binary 

nanocomposites. 
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2.3. Copper hydroxide (Cu(OH)2) nanowires growing process on the Cu substrate 

At first, a freshly-cut Cu substrate with dimensions of 1 × 2 × 0.3 cm
3
 was cleaned by the cavitation 

effect of ultrasonication in cleansing solutions including ethanol, acetone, and distilled water 

sequentially. It was then soaked into an HCl solution (1 M) to erase any surface oxide layers and 

contaminants. Then, the cleaned Cu substrate was placed into an alkaline-rich precursor containing 27 

mL of distilled water, 12 mL of NaOH (10 M), and 6 mL of (NH4)2S2O8 (1 M). After about 20~ 30 

min, the Cu substrate's shiny surface, which was subjected to the as-prepared alkaline solution, changed 

to pale blue, suggesting the successful growth of Cu(OH)2 nanowire arrays on the Cu surface. Finally, 

the obtained arrays of copper hydroxide nanowires on the Cu substrate was rinsed by distilled water 

and desiccated in the air. 

2.4. Preparation of working electrodes 

Firstly, the relevant electrodes were constructed by preparing the electroactive material-containing 

slurry. For this purpose, a 85:15 w/w from the electroactive material to polymer binder of PVDF 

(polyvinylidene difluoride, −(C2H2F2)n−) was mixed in DMF solvent (dimethylformamide, C3H7NO). 

Subsequently, the as-prepared thick slurry was drop-cast on the as-modified Cu(OH)2/Cu substrate and 

dried at 70 
o
C for 12 h in a vacuum oven. The mass loading of the electroactive material that covered 

the surface of Cu(OH)2/Cu substrate was realized by subtracting the measured mass of uncoated 

Cu(OH)2/Cu substrate from the measured mass of electroactive material containing-Cu(OH)2/Cu 

substrate. 

2.5. Structural characterizations  

X-ray diffraction (XRD) examination provided with a 1.54056 Å Cu-Kα radiation beam operating at 40 

kV, 30 mA (PHILIPS Xpert Pro., PW1730) was used for phase identification of the samples. The 

diffraction pattern for the 2θ angles was collected between 10° and 80°. Fourier transform infrared 

spectrometry (FT-IR, Bruker TENSOR 27 FT-IR spectrometer) with the help of KBr pellets was 

carried out to evaluate the quality of bonds within the samples. Thermogravimetric analysis (TGA, TA 

instrument/SDT Q600) was performed from room temperature to 800 
o
C with a heating rate of 10 

o
C/min, under the air atmosphere. Raman analysis provided with Nd:YAG laser (λ=532 nm) was also 

conducted using Teksan Raman Spectrometer (Takram P50C0R10). The samples' morphology 

evaluations were examined by a field emission scanning electron microscopy (FE-SEM, MIRA 3 

TESCAN) functioning at 30 KeV.  
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2.6. Electrochemical performance measurements (from three-electrode system to cell 

assembly) 

The electrochemical performance evaluations were performed by a multichannel 

potentiostat/galvanostat workstation (VSP-300-Biologic). For a three-electrode performance 

evaluation, the synthesized samples were set as working electrodes, a saturated calomel electrode 

(Ag/AgCl) as a referencing electrode, and a platinum rod as the counter electrode in the aqueous 

solution of 6 M KOH. Galvanostatic charge/discharge (GCD) and cyclic voltammetry (CV) and 

analyses were conducted in the voltage range of 0 to 0.5 V (vs. Ag/AgCl); electrochemical impedance 

spectroscopy (EIS) was carried out within the frequency range of 100 kHz to 0.1 Hz at 0 V under an 

OCP of 10 mV AC voltage. For symmetric supercapacitor cell assembly, the deposited Gr and the as-

fabricated Gr/NiO and Gr/Co3O4 nanocomposites on the Cu(OH)2/Cu substrate (1 × 1 cm
2
) used as 

working electrodes and disconnected by a paper filtration membrane. The symmetric cells were 

eventually assembled in a Swagelok device, using the organic electrolyte of 1 M TEA-BF4 in 

acetonitrile. Prior to assembling the cell in an atmosphere-controlled glove box, the membrane was 

wetted within the organic electrolyte. The assembled cells' electrochemical behavior was evaluated by 

CV analyses within the voltage range of (-1) – (+1) V and EIS analysis from the high frequency of 100 

kHz to the low frequency of 0.1 Hz.  

The voltammetric specific capacitance (CV, F g
−1

) of the working electrode was calculated using cyclic 

voltammetry's output data and equation (1): 

CV =
∫ I(V)dV

ν × m × ∆V
                                                                                                                                 (1) 

where ∫ IdV stands for the area of integration that is enclosed by the CV curve, m accounts for the 

measured weight of electrode material (g), ΔV is the voltage range (V), and ν is the applied scan/sweep 

rate (mV s
-1

). The gravimetric specific capacitance (CD, F g
−1

) of the working electrode was calculated 

using galvanostatic charge/discharge's output data and equation (2): 

CD =
I × ∆t

m × ∆V
                                                                                                                                          (2) 

where I/m stands for the applied current density, Δt refers to the discharge time (s), ΔV is the voltage 

range (V). The specific capacitance (CSC, F g
−1

) of the symmetric cell was determined by the two 

following equations: 

C(F) =
(∫ I(V)dV)

2
⁄

ν  ∆V
                                                                                                                           (3) 
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Csc(F/g) =
4C

m
                                                                                                          (4) 

where C stands for the capacitance calculated from the cyclic voltammetry curve (F), ∫ IdV is the area 

of integration that is enclosed by the mentioned curve, ΔV is the voltage range (V), and ν is the voltage 

scan/sweep rate (mV s
-1

), and m refers to the overall measured weight of the electrode material on both 

working electrodes (g) [1, 30].  

The following equations determined the specific power density (Psp, W kg-1) and specific energy 

density (Esp, Wh kg-1) of the electrode material: 

Esp =
1

2
 Csp(∆V)

2 ×
1000

3600
                                                            (5) 

Psp =
E 

t
× 3600                                                                  (6) 

where Csp stands for voltammetric/gravimetric specific capacitance (F g
−1

), t is the discharge time (s), 

and ΔV is the applied voltage range (V) [1].  

3. Results and Discussion 

3.1. Morphological and structural assessments 

3.1.1. XRD studies 

X-ray diffraction analysis was used to study the phase identification of the as-fabricated Gr/NiO and 

Gr/Co3O4 nanocomposites. XRD patterns of pristine Gr, Gr/Co3O4, and Gr/NiO are shown in Fig. 2(a). 

Two peaks can be seen in the diffraction patterns of Gr, at 2 = 26.60° and 42.36°, which are related to 

(0 0 2) and (1 0 0) crystallographic planes, respectively, in accordance with the ICDD card No. 25-

0284. These two peaks reveal the graphitic nature of Gr [31]. The diffraction patterns of Gr/Co3O4 

shows major peaks at 2 = 36.85° (3 1 1), 65.23° (4 4 0), 31.27° (2 2 0), 59.36° (5 1 1), and 19° (1 1 1), 

which is related to the spinel structure of the Co3O4, in accordance with the ICDD card No. 42-1467 

[32]. Intercalation of Co3O4 nanoparticles into the graphene sheets dissociates its long-ranged ordered 

stacking and prevents their re-staking from regaining their initial order. For this reason, in the 

diffraction patterns of Gr/Co3O4, there are no detectable characteristic peaks that can be assigned to 

graphene [33]. Homogenous dispersion of graphene can be another reason for the absence of its peaks 

[34]. In the Gr/NiO diffraction patterns, five major peaks are located at 2 = 43.51°, 37.73°, 62.91°, 

75.58°, and 79.80°, attributable to (2 0 0), (1 1 1), (2 2 0), (3 1 1), and (2 2 2) planes, respectively, 
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indicating the cubic structure of NiO, according to the ICDD card No. 01-075-0197. Likewise, there 

are no graphene peaks in the Gr/NiO pattern due to the aforementioned reasons. Furthermore, no 

signature peaks of impurities such as Ni(OH)2 and Co(OH)2 were evident in the diffraction patterns of 

both nanocomposites, confirming their excellent phase purity due to their successful synthesis. It’s 

worth mentioning that the standard XRD patterns of each sample are shown in Figure S1(a-c) of the 

Supplementary Information file.  

3.1.2. FT-IR spectra studies 

Fourier transformed infrared (FT-IR) spectrometry was employed to confirm the successful formation 

of Gr/Co3O4 and Gr/NiO binary nanocomposites. Fig. 2(b) represents the FT-IR spectra of pristine Gr 

and the as-fabricated nanocomposites within the range of 400 – 4000 cm
-1

. Since there were no 

functional groups in the Gr composition, only a vibrational band at 1567 cm
-1

 appears in its spectrum, 

which is assignable to the skeletal vibration of aromatic C=C within Gr nanosheets [35]. The Gr/Co3O4 

spectrum reveals two major peaks at low wavelength region, 570 and 664 cm
-1

, indicating the Co-O 

stretching vibration, which verifies the successful synthesis of the Gr/Co3O4 nanocomposite. The peak 

at 570 cm
-1

 is the indicator of OCo3 vibration, and the 664 cm
-1

 peak is ascribed to the vibration of Co
2+

 

Co
3+

 O in the spinel structure of Co3O4 [36]. In the Gr/NiO spectrum, 569 cm
-1

 peak is the 

characteristic peak of NiO, caused by the Ni-O stretching vibration [37]. Graphene's specific peak is 

also present in the spectra of both nanocomposites at 1633 cm
-1

 (for Gr/Co3O4) and 1585 cm
-1

 (for 

Gr/NiO). The peaks within the range of 3400-3500 cm
-1

 in all of the spectra belong to O-H's stretching 

vibration arising from the KBr used for the pellet preparation [1].  

3.1.3. Raman spectra studies 

To study carbon-based materials more accurately, Raman spectroscopy was conducted within the 

wavenumber window of 400 – 4000 cm
-1

. As illustrated in Fig. 2(c), three distinctive peaks at 1339, 

1571, and 2684 cm
-1 

stand for D, G, and 2D bands of pristine Gr, respectively. To be more specific, the 

D band originates from disorders and defects within the graphene structure as a result of the hybridized 

carbon transformation, i.e., sp
2
 of graphite to sp

3 
of diamond. The G band is related to the first-order 

scattering of the E2g phonon caused by sp
2
 carbon atoms residing in graphene nanosheets' 2D structure. 

A method to estimate the disorder degree in the carbonaceous material is the D band's intensity ratio to 

the G band (ID/IG). Eventually, the 2D (G') band is an auxiliary insinuation of the D band, arising from 

the second-order of zone-boundary phonons [1, 38, 39]. The Raman spectra of both Gr/Co3O4 and 

Gr/NiO nanocomposites have the characteristic peaks of both graphene and the metal oxide phase. The 
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Co3O4 peaks in the spectrum of Gr/Co3O4 located in the lower wavenumber zone are related to Co-O 

vibrations. Raman peaks at 465, 507, and 675 cm
-1

 belong to Eg, F2g
1
, and Ag

1
 crystalline modes of 

Co3O4 structure, respectively [35]. The intense peak of 489 cm
-1

 in the Gr/NiO spectrum is the NiO 

signature peak, which comes from the first-phonon (1P) scattering of Ni-O vibrations [40]. The 

signature graphene peaks of both nanocomposites are almost at the same wavenumber of the Gr 

spectrum. It is noteworthy that the ID/IG (defect density) value of Gr/Co3O4 (0.74) and Gr/NiO (0.73) 

has intensified in comparison to Gr (0.71), demonstrating the higher defect concentration and degree of 

disorders in the as-fabricated nanocomposites compared to pristine graphene.    

3.1.4. TGA studies 

The thermogravimetric analyses (TGA) of the Gr/Co3O4 and Gr/NiO nanocomposites were performed 

under the air atmosphere to obtain their components' weight percentage. As shown in Fig. 2(d), both 

nanocomposites have two significant stages of weight loss. The first one is a delicate weight loss below 

the 200 ℃ due to the evaporation of physically-absorbed water (~1.5 wt% for Gr/Co3O4 and ~ 1.29 

wt% for Gr/NiO). The second stage, which is assigned to the graphene's thermal decomposition, occurs 

from 200-650 ℃. TG curves' constant behavior after 650 ℃ in both samples indicates the complete 

elimination of graphene from the binary nanocomposites. Accordingly, the remaining weights (~91 

wt% for Gr/Co3O4 and ~92.91 wt% for Gr/NiO) belong to the nanocomposites' intact metal oxide phase 

because of their thermal stability under the air atmosphere. On this account, the mass ratio of Gr/Co3O4 

and Gr/NiO are calculated as 7.5:91 and 5.8:92.91, respectively. The weight percentages of each 

component in the Gr/NiO and Gr/Co3O4 are shown in Fig. 2(e) and Fig. 2(f), respectively [1, 41]. 
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Fig. 2 (a) XRD diffraction patterns, (b) Fourier transform infrared (FT-IR) spectra, (c) Raman spectra of pristine 

Gr, Gr/NiO, and Gr/Co3O4 binary nanocomposites; (d) TGA curves of Gr/NiO and Gr/Co3O4 nanocomposites in 

the air atmosphere; pie charts of the components' weight percentages of (e) Gr/NiO and (f) Gr/Co3O4 

nanocomposites calculated from TGA curves. 
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3.1.5. Morphological studies 

The morphological characterization of Gr and the as-fabricated nanocomposites were studied in detail 

via FE-SEM (Fig. 3). The Gr in Fig. 3(a) shows a moderate flaky-like surface. Fig. 3(b-c) shows the 

morphology of Gr/Co3O4 nanocomposite, which is rougher than that of Gr. This roughness is due to the 

introduced anchoring Co3O4 nanoparticles into the graphene sheets. The flaky porous microstructure of 

Gr/NiO nanocomposite is illustrated in Fig. 3(d-e). The presence of open channels in Gr/NiO 

nanocomposite is due to water elimination during the thermal decomposition stage when Ni(OH)2 is 

transformed into NiO [42]. These porous flakes of NiO facilitate the ion diffusion of the electrolyte, 

leading to better electrochemical performance [43], while the partially dense structure of Co3O4 

nanoparticles limits the number of open channels for the ion transportation, causing a lower 

capacitance comparing to Gr/NiO [44]. The side view morphology of the as-grown Cu(OH)2 nanowire 

arrays on the copper surface is exhibited in Fig. 3(f) while the electrode material is covered them. The 

underlying growth mechanism of Cu(OH)2 nanowire arrays on the Cu surface occurred based on 

equation (7) in rich-alkaline solution [29]: 

Cu + 4NaOH + (NH4)2S2O8  
~ 30 min 
→      Cu(OH)2 + 2Na2SO4 + 2NH3 + 2H2O                                   (7) 

Energy dispersive X-ray (EDX) spectra of the as-fabricated binary nanocomposites are shown in Fig. 

3(g) and Fig. 3(h), respectively. The detected C, O, Co, and Cu elemental peaks in Gr/Co3O4 

nanocomposite confirm these elements' existence in this structure. The presence of C, O, Ni, and Cu 

elemental peaks are also indicators of NiO, graphene, and Cu(OH)2 in Gr/NiO nanocomposite. 

Eventually, the morphological characterizations are in full agreement with other microstructural 

examinations. 
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Fig. 3 FE-SEM images of (a) Gr, (b and c) Gr/Co3O4 (Inset: high-magnification FE-SEM image), (d and e) 

Gr/NiO, and (f) side view morphology of the as-grown Cu(OH)2 nanowire arrays which were grown on the Cu 

surface; (g) EDX pattern of Gr/Co3O4 nanocomposite obtained from Fig. 3(c), and (h) EDX pattern of Gr/NiO 

nanocomposite obtained from the specified rectangle in Fig. 3(d). 

3.1.6. Structural characterization of Cu(OH)2/Cu current collector 

The successful growth of arrays of Cu(OH)2 nanowires on the Cu foil according to equation (7) is 

confirmed by XRD analysis, as its shown in Fig. 4(a). Diffraction patterns of uncoated Cu foil 
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demonstrate three distinctive peaks located at 73.88˚, 50.30˚, and 43.19˚, from high intensity to low 

ones, which can be assigned to the diffraction planes of (220), (200), and (111), respectively. The XRD 

patterns of protected Cu foil with the anti-corrosive Cu(OH)2 coating reveals eight explicit diffraction 

peaks that belongs to this protective coating at 2θ = 73.33˚, 52.86˚, 43.49˚, 39.65˚, 35.61˚, 

33.80˚,23.63˚, 16.71˚ [1].  

As mentioned in the introduction, the chosen media to conduct the electrochemical investigations is a 

high alkaline solution, which is 6 M KOH. This media's presence is urgent and vital to activate the 

charge-discharge mechanisms of the as-synthesized nanocomposites' components, especially NiO and 

Co3O4 nanoparticles. This urgent need for the presence of alkaline media for the as-synthesized 

nanocomposites is demonstrated in equations 12-17. Copper, as the selected current collector in our 

research work, has many advantages compared to the frequently used current collectors, especially its 

high electrical conductivity. However, its susceptibility to oxidation and corrosion in air/humid 

environment is inevitable and takes place at low speed. When it is exposed to harsh aqueous solutions 

like 6 M KOH, this reaction accelerates. During the oxidation of copper in alkaline media, the 

unsaturated bonds of surface Cu atoms (Cu
2+

) willingly join the reactive species of the surrounding 

media (OH
-
) and lead to the formation of CuO film according to the following equations [45-48]: 

Cu + 2OH− → Cu(OH)2                                                                                                                         (8)                                                                                                                                                 

Cu(OH)2 → CuO + H2O                                                                                                                          (9) 

With regard to the above condition and also according to the Pourbaix diagram of copper in alkaline 

media, If a copper current collector is used without any surface protection in 6 M KOH during 

electrochemical investigations, its corrosion and oxidation cannot be inhibited during the cycling 

process of such analysis; therefore, such rapid reactions doesn't allow the deposited electroactive 

material on copper to perform its charge storage mechanism correctly [49]. Furthermore, these 

reactions cause the deposited electroactive materials to peels from the copper current collector, and we 

cannot correctly evaluate their electrochemical behavior. Therefore, conducting surface oxidation 

treatment as a protection layer on the copper surface not only improves the stability of copper foil 

against inevitable oxidation and corrosion reactions but also can keep its electrical conductivity at a 

relatively high level [48].  

The cupric oxides or hydroxides film can act as protective layers for copper current collectors against 

oxidation and corrosion. Among cupric oxides and hydroxides, copper hydroxide (Cu(OH)2) is more 

promising than copper oxide. During the charge-discharge process in high KOH concentration 
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solutions like the 6 M KOH, the redox reaction of copper oxide is involved in the transition between 

species that originates from the oxidation of Cu2O and/or Cu(OH) to CuO and/or Cu(OH)2. So, under 

the potential sweep, the transformation of copper oxide to copper hydroxide is inevitable. Therefore, 

the copper hydroxides (Cu(OH)2) possess excellent stability in comparison to copper oxides in alkaline 

media [50]. Moreover, owing to the higher stability of copper hydroxides in alkaline solutions, they can deliver 

better capacitance (higher power delivery) than copper oxides, according to the published literature [50-52]. All 

these reasons encouraged us to use the copper hydroxide (Cu(OH)2) coating as a protection layer 

against corrosion on copper because of its chemical stability and good electrical conductivity in 6 M 

KOH rather than the unprotected copper itself. This coating allowed us to prevent copper corrosion and 

take advantage of copper current collectors' unique features. It is worth noting that the Cu(OH)2 film 

was provided on copper by means of a low-cost method, in-situ oxidation of copper foil in alkaline 

solution in which the arrays of Cu(OH)2 nanowires were directly grown onto copper foil without using 

organic binders (Fig. 4(b)). The absence of organic binders in this method causes that the Cu(OH)2 

nanowire arrays connects directly to copper substrate, as it is shown in Fig. 3(f), provide pathways for 

efficient electron transport and fast power delivery. Eventually, the Cu/Cu(OH)2 3D current collector 

improves the specific surface area, prevents the "dead surface" area, modifies the connection between 

itself and the electroactive material, and reduce the interfacial contact resistance [1, 29, 53-55]. 

 

Fig. 4. (a) XRD diffraction patterns of unprotected Cu foil and protected Cu foil with Cu(OH)2 nanowire arrays; 

(b) photograph of pale blue Cu(OH)2 coating on the Cu surface against corrosion in high concentration alkaline 

solutions. 
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3.2. Supercapacitive performance assessment 

3.2.1. Performance evaluation and electrochemical behavior in a three-electrode system  

The comparative CV curves of the working electrode at the scan rate of 5 mV s
-1

 are shown in Fig. 

5(a). As seen, the electrodes' CV profiles follow the same pattern and deviate from a perfect 

rectangular form of an electrical double-layer capacitor (EDLC); thereby, the dominance of a 

pseudocapacitance behavior can be perceived from the overall capacitive performance of the electrodes 

[1]. Since Cu(OH)2/Cu is used as the current collector for the tested electrodes, a meticulous 

comparison between its CV curves obtained from the current research and previous literature [1, 29, 

50] clarifies that the pseudocapacitance performance of the Cu(OH)2/Cu current collector controls the 

capacitive behavior of pristine Gr and the binary nanocomposites. In other words, because of the 

complicated faradaic redox reactions of the Cu(OH)2/Cu current collector in an alkaline-rich electrolyte 

like 6 M KOH, neither graphene as the electrical double-layer component nor NiO and Co3O4 as the 

pseudocapacitive component have the chance to exhibit their intrinsic and recognizable capacitive 

peaks. The pseudocapacitance performance of Cu(OH)2/Cu current collectors within the lower and 

upper voltage limits of 0-0.5 V is concomitant with the transition between Cu
+
 ↔ Cu

2+
, which is 

faradaic reversible according to the equations (10) and (11).  

CuO2 + 2OH
− ↔ 2CuO + H2O + 2e

−                                                                                                 (10) 

2Cu(OH)2 + 2e
− ↔ CuO2 + 2OH

− +H2O                                                                               (11) 

According to the above equations, as a result of anodic oxidation, CuO2 converts to CuO and Cu(OH)2 

components, which leads to the emergence of an anodic peak. In contrast, as a result of the cathodic 

reduction, CuO and Cu(OH)2 components convert to CuO2, which leads to the appearance of a cathodic 

peak. Since the formation of Cu
3+

 species only materializes above 0.6 V and with respect to this work's 

upper potential restriction, which is 0.5 V, Cu
3+

 species did not form during the CV analyses [50].  

In Gr/Co3O4 nanocomposite, Co3O4 acts as the pseudocapacitor component. The reversible faradaic 

conversion between the Co ions valence states, which is Co
2+ 

↔ Co
3+

, forms the underlying redox 

mechanism of Co3O4 according to the reactions listed below:  

Anodic scan (charging process): 

Co3O4 + H2O + OH
− → 3CoOOH+ e−                                                                                         (12) 

CoOOH+ OH− → CoO2 +H2O + e
−                                                                                             (13) 
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Cathodic scan (discharging process):  

CoO2 +H2O + e
− → CoOOH+ OH−                                                                                         (14) 

3CoOOH+ e− → Co3O4 + H2O + OH
−                                                                                    (15) 

According to the equations (12-15), the surface adsorption/desorption of OH
-
 ions is responsible for the 

pseudocapacitive behavior of Co3O4-containing nanocomposites. In Gr/NiO nanocomposite, NiO act as 

the pseudocapacitor component [1]. Like Co3O4, the pseudocapacitance performance of NiO is 

governed by the surface adsorption/desorption of OH
-
 ions. The reversible faradaic conversion between 

the oxidation valence states of Ni ions, which is Ni
+
 ↔ Ni

2+
, takes place, as stated by the following 

equations [56]: 

NiO + OH−
charging  (oxidation)
→               NiOOH+ e−                                                                              (16)           

NiOOH + e−
discharging (reduction)
→                 NiO + OH−                                                                                   (17)                                          

By a keen and acute glance at the CV curves, it can be perceived that no anodic oxidation peaks can be 

recognized while wide cathodic reduction peaks are distinctively visible. Besides the water splitting 

effect, the unfinished conversion of Cu
+
 → Cu

2+
 is responsible for the indiscernible anodic peaks [57]. 

In the electrodes' CV profiles, the pseudocapacitance participation of Co3O4 and NiO in the form of 

faradaic redox peaks cannot be observed. However, more expanded area of integration enclosed by the 

CV curve and higher voltammetric output current of the Gr/NiO electrode compared to those of Gr and 

Gr/Co3O4 indicate that its specific capacitance is the highest due to more pseudocapacitance 

contribution of the NiO nanoparticles embedded within the graphene nanosheets and more efficient 

synergistic cooperation between these two components compared to Gr/Co3O4 nanocomposite [1, 38, 

58, 59]. As maintained by the obtained CV results and equation (1), Gr/NiO nanocomposite has the 

maximum specific capacitance of 652 F g
-1

 while those of Gr and Gr/Co3O4 nanocomposite are 180.7 

and 342.6 F g
-1

, respectively, at the scan rate of 5 mV s
-1

. The enhanced capacitive performance of 

Gr/NiO nanocomposite stems from the efficient synergistic collaboration of its two components as 

describes in the followings:  

(I) The combination of high specific surface area and high electroconductivity of graphene 

nanosheets efficiently accommodates the NiO nanoparticles [31]. 

(II) The incorporation of NiO nanoparticles into the individual graphene nanosheets increases 

the interlayer space between the graphitic stacks, which leads to the electrolyte ion 
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accessibility and formation of electrical double-layer at both faces of the sheets; thereby, 

exploiting the high double-layer specific capacitance of graphene as well as the high redox 

capacitance of NiO [21].    

(III) NiO nanoparticles' attachment to the graphene surface minimizes the π-π interaction 

between its nanosheets and inhibits their re-stacking and agglomeration. Therefore, it 

prevents a drastic reduction in the graphene specific capacitance by preserving more 

accessible active sites and shortening the diffusion path [23, 60, 61]. 

(IV) Coupling the high electroconductivity of graphene with the low electroconductivity of 

anchoring NiO nanoparticles compensates the metal oxide phase's low electroconductivity, 

shortens ion diffusion path, offers increased contact area for ions, and provides a more 

dynamic electron transportation contact area for electrolyte,  [16, 31]. 

To further evaluate the electrodes' capacitive behavior, CV curves were also collected at different scan 

rates from low to high, and the obtained results are depicted in Fig. 5(b-d). As seen, the CV shape of 

each individual electrode follows the same pattern as the scan rate increases from 5 to 100 mV s
-1

, 

proving their exemplary capacitive behavior, which originates from rapid diffusion of electrolytes ion 

in and out of working electrodes [32]. It can also be inferred that the voltammetric output currents of 

Gr/NiO nanocomposite at all scan rates outstrip those of Gr/Co3O4 nanocomposite and Gr, implying the 

higher electroconductivity and lower internal resistance of Gr/NiO nanocomposite [62]. In CV analysis, 

the applied scan rate directly influences the voltammetric output current and specific capacitance. 

Higher output current and lower specific capacitance can be achieved as the scan rate increases and 

vice versa. The capacitance generation process is under the surveillance of the ion diffusion process 

quality. At lower scan rates, as the consequence of the rigorous scan of the working electrode's active 

sites and hence enough time, the electrolyte's charge carriers (OH
-
 in this study) can have access to 

almost all of these sites and exploit their full potential of capacitance generation. Contrariwise, because 

of the cursory scan of the electrochemical active sites at elevated scan rates, a restricted structural 

penetrability is offered to the electrolytes ion, leading to lower capacitance [1]. According to Fig. 5(b-

d), the electrodes' broad cathodic peaks move toward the negative voltage by increasing the scan rates, 

indicating the quasi-reversible aspect of the faradaic redox reactions [50].  Figs. 5(e) and (f) exhibit 

how the tested electrodes' specific capacitances change as the scan rate increases from 5 to 100 mV s
-1

. 

According to these graphs, from 5 to 10 mV s
-1

, all the electrodes' specific capacitances decrease 

quickly, and from 10 to 100 mV s
-1

, this reduction continues slowly. Moreover, the results confirm that 

the Gr/NiO's specific capacitance outstrips those of Gr/Co3O4 and Gr at the tested scan rates. 
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Fig. 5 CV curves of the working electrodes at (a) 5 mV s
-1
, (b-d) different scan rates; (e) capacitive response of 

the working electrodes based on scan rate difference; (f) the reduction trend of the specific capacitance values of 

the working electrodes (all the measurements were conducted in a three-electrode system in 6 M KOH). 
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In general, the total amount of stored energy (capacitance) in supercapacitors could have originated 

from nonfaradaic or/and faradaic capacitance generation processes. Electrical double-layer formation 

upon electrolyte's ion adsorption/desorption and surface redox reactions are two mechanisms that the 

nonfaradaic capacitance generation process is built upon [63, 64]. It is worth mentioning that the area 

of integration under a CV curve determines whether the tested electrode's capacitive behavior has a 

nonfaradaic charge accumulation origin or a faradaic contribution of ion intercalation. The simplified 

form of the Cottrell equation known as Power's law explains this origin: 

𝑖 = 𝑎𝜈𝑏                                                                               (18) 

where ν is the scan rate (mV s
-1

), i is the voltammetric output current of CV examination, both a and b 

are considered adjustable parameters. The logarithmic form of equation (18) is log 𝑖 = log𝑎 + 𝑏 log 𝜈 

in which b is the slope of the linear plot of log i vs. log ν at a constant voltage. Two possible values 

could be assigned for parameter b: (1) if b = 0.5, thereby 𝑖 = 𝑎𝜈1 2⁄  and faradaic ion diffusion process 

is in charge of charge storage mechanism or (2) if b = 1, thereby 𝑖 = 𝑎𝜈 and nonfaradaic (non-

diffusive) capacitive process is accountable for the charge storage mechanism [64]. Therefore, b 

provides insights about the faradaic or nonfaradaic charge storage mechanism of electroactive materials 

[65]. By having the composite electrodes' CV data at different scan rates from Fig. 5(b and c), their as-

obtained cathodic and anodic currents responses to various scan rates that obeys the logarithmic form 

of Power's law are depicted in Fig. 6(a-d). According to the depicted graphs and calculated slops, both 

the anodic and cathodic parts of composites CV curves have b values of about 0.6 and 0.5, respectively, 

implying that ion diffusion is responsible for their charge storage mechanism. Thereby, their peak 

current is proportional to the square root of the scan rate (ν
1/2

) in a linear pattern [66]. It was mentioned 

earlier that the CV profiles of Gr/NiO and Gr/Co3O4 didn't reveal distinctive anodic peaks (Fig. 5(b and 

c)) while broad cathodic peaks are discernible. Therefore, their cathodic peak currents' linear 

relationship as a function of ν
1/2

 is plotted in Fig. 6(e), proving the ion-diffusion dependence of their 

capacitive performance [29, 67]. 

With regard to the charge-discharge mechanisms of Cu(OH)2/Cu as the used current collector and 

Co3O4 and/or NiO as anchored metal oxide nanoparticles, which are written in full details in equation 

(10-17), these reactions implicate the reversible faradaic redox reactions of Cu
+
 ↔ Cu

2+
,
 
Co

2+ 
↔ Co

3+
,
 

and Ni
+
 ↔ Ni

2+ 
as the result of surface adsorption/desorption of OH

-
 ion. In fact, these changes trigger 

the pseudocapacitive behavior of all the mentioned components present within the working electrodes. 
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Therefore, the as-fabricated electroactive materials linger between battery-type and supercapacitor-type 

materials and don’t settle for just one group because they show both groups' behavior at the same time. 

 

Fig. 6 (a-d) Representation of linear behavior if log i is plotted vs. log ν at a constant voltage for Gr/NiO and 

Gr/Co3O4 nanocomposites during cyclic voltammetry's charge and discharge scans; (e) linear relationship of 
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cathodic peak current density if plotted vs. ν
1/2

 for Gr/NiO and Gr/Co3O4 nanocomposites (all the measurements 

were conducted in a three-electrode system in 6 M KOH). 

To further study the electrochemical performance of the electrodes, the galvanostatic charge/discharge 

analyses of pristine Gr and the as-fabricated Gr/Co3O4 and Gr/NiO nanocomposites in 6 M KOH at the 

current density of 1 A g
-1

 were carried out, and the results are illustrated in Fig. 7(a). As seen, all the 

GCD curves deviate from an equal-sided triangle shape, indicating the superiority of faradaic 

capacitances that come from their pseudocapacitor components (NiO or Co3O4) as well as the 

Cu(OH)2/Cu substrate [1]. Discharge time is the main parameter for determining the gravimetric 

specific capacitance. Therefore, the discharge times of Gr/NiO and Gr/Co3O4 nanocomposites are 

longer than that of Gr, indicating the as-fabricated nanocomposites possess higher specific capacitances 

that stem from the intercalation of metal oxide nanoparticles (NiO or Co3O4) into the 2D structure of 

graphene. Furthermore, the discharge time of Gr/NiO surpasses that of Gr/Co3O4, confirming its higher 

specific capacitance because of more pseudocapacitance participation of the NiO nanoparticles 

embedded within the graphene nanosheets in increasing the overall specific capacitance and more 

efficient synergistic cooperation between these two components compared to Gr/Co3O4 nanocomposite, 

as shown initially in the CV section. Based on the GCD graphs and equation (2), Gr/NiO 

nanocomposite has the gravimetric specific capacitance (CD) of 667.58 F g
-1

, which is higher than that 

of Gr (138.4 F g
-1

) and Gr/Co3O4 (278.5 F g
-1

). s This is in good accordance with the obtained CV 

results. The quality of cyclic stability of the working electrodes, which is considered a key asset in a 

supercapacitor electrode's real-time functionality, was assessed by exposing each of them to 700 

consecutive charge-discharge cycles within the potential window of 0-0.05 V at the current density of 1 

A gr-1.  Based on the obtained results at Fig. 7(b), the Gr/NiO-containing electrode retained 95% of its 

initial specific capacitance, while Gr and Gr/Co3O4 nanocomposite retained only 63% and 84% of 

theirs, respectively, over the 700 continuous charge-discharge cyclings. Therefore, the Gr/NiO 

nanocomposite also precedes even in cyclic stability from the other two electrodes, implying its 

excellent mechanical stability and stable charge-discharge cycling as the result of the great synergistic 

effect between its two components, which are graphene and NiO anchoring nanoparticles [2]. 

To further analyze the electrodes' electrochemical performance, electrochemical impedance 

spectroscopy (EIS) was performed to evaluate the kinetics and quality of the charge transportation 

process. The Nyquist impedance profiles of the pristine Gr and the as-fabricated Gr/Co3O4 and Gr/NiO 

nanocomposites are shown in Fig. 7(c). In general, a Nyquist impedance profile has three main parts: 

(1) a semicircle at high to middle frequencies, indicating the charge-transfer resistance (Rct) with the 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

24 
 

diameter equal to Rct, which is responsible for the quality of charge transportation at the interface of 

working electrode and electrolyte. The electroconductivity of the electrode material has a direct 

influence on the value of Rct [62]; thus, a larger semicircle means lower electroconductivity of the 

electrode material, higher Rct value, and weaker electrochemical functionality; (2) the semicircle 

intercepts the real axis (Z') at high frequencies, implying the internal resistance (Rs) arising from the 

resistivity of the working electrode within the electrolyte including the resistance of electrode material 

electrolyte, and the contact resistivity at the electrode material-substrate interface [31]; and finally (3) a 

straight line at the middle to low frequencies known as the Warburg resistance (WZ), originating from 

electrolytes ion diffusion quality; when this line inclined more toward the imaginary axis (-Z"), the 

resistance against the ion diffusion is lower, resulting in enhanced capacitive functionality [1, 29]. 

Based on the Nyquist impedance profiles, Gr/Co3O4 and Gr/NiO nanocomposites have small 

semicircles (lower Rct, 2.01 and 2.41 Ω, respectively) compared to Gr (3.87 Ω), implying that the 

binary nanocomposites have better charge transportations due to the intercalation of metal oxide phase 

into the graphene structure. However, the semicircle diameter of Gr/NiO is even smaller than that of 

Gr/Co3O4, indicating the higher efficiency of the NiO nanoparticles and their much better 

pseudocapacitive participation in enhancing the total electroconductivity of the electrode, which leads 

to better charge transportation compared to Gr/Co3O4, as demonstrated previously in the CV and GCD 

sections. Gr/NiO has the lowest Rs (1.59 Ω) compared to Gr (1.83 Ω) and Gr/Co3O4 (1.74 Ω), showing 

that Gr/NiO nanocomposite has the lowest internal resistance. This proves the better accessibility of the 

OH
-
 ions to its active spots with the least impediment force. All the electrodes have the linear part at 

low frequencies, but Gr/NiO line is more inclined toward -Z", confirming its better capacitive behavior. 

Finally, the Gr/NiO's obtained impedance results are in excellent accordance with the obtained results 

of cyclic voltammetry and galvanostatic charge/discharge measurements. 

Specific power and energy densities play essential roles in the overall performance of the 

supercapacitive electrodes.  Therefore, these parameters are calculated according to equations (5) and 

(6), and the results are plotted in the form of a column graph in Fig. 7(d) at a specific power density of 

250 W kg
-1

. As expected, Gr/NiO holds first place on this chart, suggesting it is more suitable for 

supercapacitor applications than pristine Gr and Gr/Co3O4. An abstract of the calculated 

supercapacitive properties of the tested electrodes is presented in Table 1. A performance comparison 

between our work and the previously published literature is listed in Table 2.  
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Fig. 7 (a) GCD curves and (b) cyclic stability of the working electrode over 700 consecutive charge/discharge 

cycles at 1 A g
-1

; (c) EIS profiles of the working electrodes within frequency scope of 100 kHz to 0.1 Hz 

(insets of Fig 7(c): The enlarged Nyquist graphs at high frequencies and equivalent circuit); (d) comparing the 

specific energy densities of the working electrodes at the specific power density of ~250 W kg
-1 

(all the 

measurements were conducted in a three-electrode system in 6 M KOH). 

Table 1. Calculated supercapacitive values of the analyzed working electrodes in 6 M KOH 

Electroactive 

Material 
CV, (F g

−1
) 

(at 5 mV s
-1

) 
CD, (F g

−1
) 

(at 1 A g
-1

) 

Cyclic 

Stability 

Energy 

Density 

(Wh kg
-1

) 

Power 

Density 

(W kg
-1

) 

Rs 

(Ω) 

Rct 

(Ω) 

ESR 

(Ω) 

Gr 180.7 138.4 63% 4.8 250 1.83 3.87 5.70 

Gr/Co3O4 342.6 278.5 84% 9.7 250 1.74 2.41 4.15 

Gr/NiO 652 667.58 95% 23.17 250 1.59 2.01 3.60 
 

Table 2. Performance comparison of the current work and different literature sources 

Working Electrode 
Current 

Collector 
Electrolyte 

Scan Rate 

/Current 

Density 

Specific 

Capacitance 

(F g
-1

) 

Ref. 
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rGO
a
/NiO 

Nickel 

Foam 
6 M KOH 0.38 A g

-1
 428 [68] 

rGO/NiO Graphite 1 M KOH 5 mV s
-1

 500 [69] 

Gr/NiO 
Nickel 

Foam 
6 M KOH 0.2 A g

-1
 525 [70] 

Gr/NiO 
Carbon 

Paper 
6 M KOH 1 A g

-1
 628 [34] 

rGO/NiO 
Stainless 

Steel 
1 M KOH 5 mV s

-1
 656 [71] 

Gr/NiO Cu(OH)2/Cu 6 M KOH 
5 mV s

-1
 652 Current 

Work 1 A g
-1

 667.58 

rGO/Co3O4 
Glassy 

Carbon 
6 M KOH 10 mV s

-1
 156 [72] 

Gr/Co3O4 Ni Foam 2 M KOH 0.1 A g
-1

 157.7 [73] 

GNS
b
/Co3O4 

Nickel 

Foam 
6 M KOH 10 mV s

-1
 243.2 [74] 

rGO/Co3O4 
Nickel 

Foam 
6 M KOH 1 A g

-1
 291 [75] 

Gr/Co3O4 
Nickel 

Foam 
6 M KOH 5 mV s

-1
 396 [76] 

Gr/Co3O4 Cu(OH)2/Cu 6 M KOH 
5 mV s

-1
 342.6 Current 

Work 1 A g
-1

 278.5 
          a 

Reduced Graphene Oxide, 
b
 Graphene Nanosheets 

3.2.2. Supercapacitive performance assessment of the symmetric supercapacitor cells 

To assess the practicality of Gr and the as-fabricated Gr/NiO and Gr/Co3O4 nanocomposites in 

supercapacitor cells, symmetric cells were assembled in organic electrolytes. The cells were assembled 

in a Swagelok, as demonstrated in Fig. 8(a). The schematic cell assembly is also illustrated in Fig. 7(a). 

The comparative CV plots of the tested cells (symmetric Gr/Cu(OH)2/Cu||Gr/Cu(OH)2/Cu, 

Gr/NiO/Cu(OH)2/Cu||Gr/NiO/Cu(OH)2/Cu, and Gr/Co3O4/Cu(OH)2/Cu||Gr/Co3O4/Cu(OH)2/Cu cells) 

within the voltage window of (-1) − (+1) V at 10 mV s
-1

 are plotted in Fig. 8(b). In general, organic 

electrolytes' electrochemical stability surpasses aqueous ones due to the absence of water and hence no 

trace of water splitting. Therefore, by taking benefit from this feature of organic electrolytes, the 

supercapacitor cells' voltage window was extended, and a higher energy density was obtained 

according to equation (5). However, organic electrolytes are composed of organic charge carriers with 

large ionic radius and lower electroconductivity. This leads to the considerable reduction of specific 

capacitance in comparison to aqueous electrolytes. Since the organic charge carriers of TEA-BF4/AC 

are different from those of KOH used as the aqueous electrolyte, the nanocomposites' reversible 

faradaic redox reactions include NiO and Co3O4 change to conform to these new charge carriers. In the 
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TEA-BF4/AC electrolyte, BF4
-
 and TEA

+ 
serve as the anion and cation, respectively, and are the 

initiators of the charge storage mechanism according to the following reactions [77].  

Cobalt (II) Oxide + [TEA]+ + e− ↔ Cobalt (III) Oxide [TEA]                                                (19) 

Nickel (I) Oxide + [TEA]+ + e− ↔ Nickel (III) Oxide [TEA]                                                      (20) 

According to Fig. 8(b), Gr/NiO/Cu(OH)2/Cu||Gr/NiO/Cu(OH)2/Cu cell has a more expanded area of 

integration and higher voltammetric output current compared to Gr/Cu(OH)2/Cu||Gr/Cu(OH)2/Cu and 

Gr/Co3O4/Cu(OH)2/Cu||Gr/Co3O4/Cu(OH)2/Cu, confirming its higher electrochemical capacity due to 

more pseudocapacitance participation of the NiO nanoparticles embedded within the graphene 

nanosheets and more efficient synergistic cooperation between these two components. By a meticulous 

look, it is evident that duck-shaped CV curves are common among all tested cells, implying the 

presence of redox-active materials, i.e., the embedded Co3O4 or NiO nanoparticles as pseudocapacitors 

and the Cu(OH)2/Cu as the current collector. According to equations (3) and (4), 

Gr/NiO/Cu(OH)2/Cu||Gr/NiO/Cu(OH)2/Cu full cell has the specific capacitance (CSC) of 32.67 F g
-1 

at 

10 mV s
-1

 while those of Gr/Cu(OH)2/Cu||Gr/Cu(OH)2/Cu and 

Gr/Co3O4/Cu(OH)2/Cu||Gr/Co3O4/Cu(OH)2/Cu are 14.02 and 24.86 F g
-1

, respectively. The CV 

analyses at different scan rates were also performed for the cells to examine the influence of different 

scan rates on their capacitive response, and the results are depicted in Fig. 8(c-e). As seen, the cells' CV 

shapes do not significantly change from low to high scan rates, implying their excellent capacitive 

behavior originated from facilitated and swift ion transportation [1, 32]. Concerning the earlier 

explanation considering the effect of various scan rates on the electroactive materials' capacitive 

response, Gr/NiO||Gr/NiO has the highest capacitances at all scan rates. In addition, the capacitive 

responses of the cells as a function of applied scan rates are plotted in Fig. 8(f). Jo
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Fig. 8 (a) Left side: the assembled Swagelok cell, and right side: schematic of the symmetric cell assembly; (b) 

CV curves of as-assembled symmetric cells at (b) 10 mV s
-1

, (c-e) different scan rates; (f) capacitive response of 

the cell's specific capacitance as a function of scan rate (all the measurements were conducted in a two-electrode 

system in 1 M TEA-BF4/AC). 
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According to the results, Gr/NiO/Cu(OH)2/Cu||Gr/NiO/Cu(OH)2/Cu has the superior energy density of 

18.15 Wh kg
-1 

at 10 mV s
-1 

while those of Gr/Cu(OH)2/Cu||Gr/Cu(OH)2/Cu and 

Gr/Co3O4/Cu(OH)2/Cu||Gr/Co3O4/Cu(OH)2/Cu are 7.79 and 13.81, respectively. The EIS profiles of the 

cells are demonstrated in Fig. 9(a). Gr/NiO/Cu(OH)2/Cu||Gr/NiO/Cu(OH)2/Cu cell has both the lowest 

Rs (8.92 Ω) and semicircle diameter (lowest Rct, 22.01 Ω) in comparison to those of 

Gr/Co3O4/Cu(OH)2/Cu||Gr/Co3O4/Cu(OH)2/Cu (Rs: 9.04 and Rct: 26.58 Ω) and 

Gr/Cu(OH)2/Cu||Gr/Cu(OH)2/Cu (Rs: 11.05 and Rct: 31.04 Ω). These results indicate the excellent 

charge transportation process in Gr/NiO/Cu(OH)2/Cu||Gr/NiO/Cu(OH)2/Cu cell due to its working 

electrodes' higher electrical conductivities. Considering the lower electroconductivity of the organic 

electrolyte compared to that of the aqueous one, the values of equivalent series resistance (ESR = Rs + 

Rct) obtained from the organic electrolyte are higher than those obtained from an aqueous electrolyte. 

Therefore the high values of ESR, in this case, can be justified [78]. Eventually, Fig. 9(b) and Table 3 

presented an abstract of the tested cells' supercapacitive properties. 

 

Fig. 9 (a) Electrochemical impedance spectroscopy profiles of the symmetric cells within the frequency scope of 

100 kHz to 0.1 Hz; (b) comparing the calculated supercapacitive values of the symmetric cells (all the 

measurements were conducted in a two-electrode system in 1 M TEA-BF4/AC). 

Table 3. Calculated supercapacitive values of the symmetric cells in 1 M TEA-BF4/AC 

Symmetric 

Cell 

CSC, (F g
−1

) Energy 

Density 

 (Wh kg
-1

) 

Rs  

(Ω) 

Rct 

(Ω) 

ESR 

(Ω) 10 mV s
-1

 30 mV s
-1

 50 mV s
-1

 

Gr 14.02 10.28 8.64 7.79 11.05 31.04 42.09 

Gr/Co3O4 24.86 16.57 12.92 13.81 9.24 26.58 35.82 
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Gr/NiO 32.67 28.40 26.46 18.15 8.92 22.01 30.93 

4. Conclusion 

In this study, two graphene/metal oxide nanocomposites, i.e., Gr/NiO and Gr/Co3O4 binaries, were 

separately synthesized by a simple and cost-effective approach known as chemical co-precipitation in 

which anchoring nanoparticles of NiO or Co3O4 were embedded within the 2D graphene structure. The 

binary nanocomposites were deposited on the as-grown Cu(OH)2 nanowire arrays/Cu substrates 

fabricated by drenching Cu into an alkaline-rich precursor to exploit the advantages of this ideal current 

collector while restricting its corrosion and oxidation. In brief, the synergistic cooperation of the two 

components of Gr/NiO and Gr/Co3O4 nanocomposites compensates each other's drawbacks, leads to a 

better electrochemical performance by exploiting the full advantages of NiO or Co3O4 

pseudocapacitance and graphene-based double-layer capacitance. According to electrochemical 

characterizations, Gr/NiO and Gr/Co3O4 nanocomposites have high capacitances of 652 and 342.6 F g
-1

 

at the scan rate of 5 mV s
-1 

and 667.58 and 278.5 F g
-1

 at the current density of 1 A g
-1

, respectively, in 

a three-electrode system. In addition, the energy densities of 23.17 and 9.7 Wh kg
-1

 are achieved for 

Gr/NiO and Gr/Co3O4, respectively, at the power density of 250 W kg
-1

. Gr/NiO has shown a better 

electrochemical performance than Gr/Co3O4, implying more pseudocapacitance contribution of NiO 

nanoparticles and more efficient synergistic collaboration of its two components. Eventually, the binary 

nanocomposites' electrochemical performances were also evaluated by the symmetric cells within the 

potential window of 2 V in 1 M TEA-BF4/AC. Full Gr/NiO||Gr/NiO and Gr/Co3O4||Gr/Co3O4 cells 

showed the maximum specific capacitances of 32.67 and 24.86 F g
-1

 at 10 mV s
-1

, respectively. The 

economic-efficient nature of this fabrication process and the obtained electrochemical results of 

Gr/NiO prove that this hybrid nanocomposite is a promising candidate to be considered an electrode 

material in high-performance supercapacitor applications. 
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Graphical abstract 

 

Highlights 

 Graphene/NiO and Graphene/Co3O4 nanocomposites are fabricated by co-precipitation. 

 Low-cost co-precipitation method leads to high performance electroactive material.       

 Specific capacitance of Graphene/NiO binary is 652 F/gr at 5 mV/s in 6 M KOH. 

 Specific capacitance of Graphene/Co3O4 binary is 342.6 F/gr at 5 mV/s in 6 M KOH. 

 Synergistic cooperation is responsible for their enhanced capacitive performance. 
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