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Nomenclature section  

Acronyms 
& 

Abbreviations 
Definition 

Variables 
& 

constants 

Definition & Unit 

NiO Nickel Oxide Cs1 
Voltammetric specific capacitance, 

F g−1 

Gr Graphene I Current, A 

PPy Polypyrrole V Voltage, V 

EDLC Electrical Double Layer Capacitor m mass, gr 

CNT Carbon Nanotube Va, Vb 
Cut-off Voltages, V 

rGO Reduced Graphene Oxide S Scan Rate, mV s-1 

GO Graphene Oxide Cs2 
Gravimetric specific capacitance, F 

g-1 

M Molar Concentration I/m Current Density, A g-1 

TEA-BF4 
Tetraethylammonium 

Tetrafluoroborate 
∆t Discharge Time, s 

AN Acetonitrile ∆v Potential Window, V 

DMF dimethylformamide E Energy Density, Wh kg-1 

PVDF polyvinylidene fluoride P Power Density. W kg-1 

XRD Powder X-ray Diffraction CFSC 
Full Symmetric Cell Capacitance, 

F g-1 

FT-IR Fourier Transform Infrared Spectrometry � Average Value 

EDX Energy Dispersive X-ray Spectroscopy � Standard Deviation 

FE-SEM 
Field Emission Scanning Electron 

Microscopy 
N Number of Measurements 

TGA, DTG 
Thermogravimetric Analysis, Derivative 

Thermogravimetric 
xi Measured Value 

CV Cyclic Voltammetry ID/IG Defect Density 

GCD Galvanostatic Charge-Discharge IR Internal Resistance, Ω 

EIS Electrochemical Impedance Spectroscopy Rct Charge-transfer resistance, Ω 

Hz Hertz (Frequency's unit) Rs Internal resistance, Ω 

s.d. Standard Deviation ESR Equivalent Series Resistance, Ω 
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Schematic in-situ oxidative polymerization of Pyrrole on the surface of the Nickel Oxide/Graphene 
Nanocomposite to obtain hybrid ternary nanocomposite and its CV measurements in TEA-BF4/Acetonitrile 1M 
as an organic electrolyte in a Swagelok-type cell 
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Abstract 
Recently, hybrid supercapacitors have attracted tremendous attention as promising energy storage and 
conversion devices due to their excellent energy density and high power density. In the present work, a 
novel pioneering hybrid ternary nanocomposite of NiO/Gr/PPy was synthesized by a low-cost co-
precipitation method, followed by heat treatment and in-situ chemical polymerization. The as-
synthesized nanocomposite was drop-cast on a modified Cu current collector to enhance the 
supercapacitive performance and stability in the electrolyte. The results of electrochemical 
characterization in 6M KOH revealed the high specific capacitance and energy density of 970.85 F g-1 
and 33.71 Wh kg-1 at 1 A g-1, respectively. This can be attributed to the synergic effect and hybrid 
performance of NiO, Gr, and PPy. Moreover, a full symmetric cell was assembled by using this hybrid 
ternary nanocomposite and evaluated in TEA-BF4/AN. The results showed the high specific 
capacitance and energy density of 66.17 F g-1 and 36.76 Wh kg-1 within the 2 V potential window, 
respectively. 
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 Keywords: Supercapacitor, Hybrid Ternary Nanocomposite, Current Collector, Nickel Oxide (NiO), 
Graphene (Gr), Polypyrrole (PPy) 

1. Introduction 
Supercapacitors have attracted much attention due to their superior properties such as high power 
density, exceptional reversibility behavior, long cycle life, an extensive range of working temperatures, 
and low-cost maintenance [1,2]. According to charge mechanisms and electrode active materials, 
supercapacitors can be categorized into three groups: (i) Electrical Double Layer Capacitors (EDLC), 
(ii) Pseudocapacitors, and (iii) Hybrid Capacitors [3]. In EDLCs, ion adsorption in the double layer, 
which is occurred on the electrode surface, leads to electrostatic charge storage [4,5]. EDLCs are 
composed of carbon materials such as graphene, carbon nanotubes (CNT), and activated carbon [6,7]. 
The pseudo-capacitive mechanism is based on the fast reversible faradic reactions that take place on 
the surface of the electrode material [8,9]. Metal oxides, metal hydroxides, and conductive polymers 
are pseudocapacitive materials [7]. Each category has its own advantages and disadvantages. EDLC 
materials have higher power density and long-standing performance, but suffer from low energy 
density [10,11]. By contrast, despite their higher energy density, pseudocapacitors suffer from poor 
rate capability and low electric conductivity, causing lower power density [12]. Hybrid 
supercapacitors, which are consisted of both EDLC and pseudocapacitor materials, present the 
advantages of both categories simultaneously, i.e., high power density and high energy density [1,13].  

Among the above-mentioned active materials, nickel oxide (NiO) is a promising candidate due to its 
high theoretical capacitance (2584 F g-1 within 0.5V), great electrochemical activity, high redox 
reactions, environmental friendliness, low price, and good stability [14,15]. However, NiO 
performance has been limited by its poor electrical conductivity, insufficient ion diffusion, and narrow 
potential window (usually less than 0.5 V) [16].  

Recently, binary and ternary nanocomposites have been widely investigated to overcome the 
drawbacks of the base electro-active material [17]. The promising synergic effect of Polypyrrole (PPy) 
and graphene (Gr) on improving the supercapacitive behavior of transition metal oxides and 
hydroxides has been already proved [18]. Due to its simple synthesis procedure, low cost, 
environmental friendliness, acceptable thermal stability, and enhanced energy density, PPy is regarded 
as one of the modest active material among the other conducting polymers [19]. On the other hand, 
adding Gr enhances the PPy properties on account of Gr high electronic conductivity, high specific 
surface area, and excellent mechanical strength [20,21]. 

Co-precipitation is a facile and green exfoliation-restacking strategy, followed by calcination, to 
synthesize transition metal oxide/Gr in large scales, and it can be combined with other methods such as 
chemical polymerization to obtain a ternary nanocomposite [22]. Morphology, which is crucial for 
supercapacitive performance, can be controlled by adjusting the pH value of the solution via the 
precipitant agent and its concentration [23]. Moreover, to keep the nanoparticles small and their 
structure flaky, the calcination temperature is an important parameter [24].   
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There are several transition metal oxides (NiO [22,25,26], CuO [27], FeVO4 [28], Fe2O3 [29], Co3O4 

[30], Mn3O4 [31], etc.), and their nanocomposites have been fabricated by co-precipitation method for 
supercapacitor applications. Ishaq et al. [17] reported a brand-new ternary nanocomposite of 
rGO/MnFe2O4/PPy fabricated by co-precipitation and oxidative polymerization with the specific 
capacity of 232 F g-1 at 5 mV s-1 in 1M H2SO4 using a two-electrode system. The synergic effect of the 
components increased the specific capacity by 57% compare to that of rGO/MnFe2O4. In another 
work, a novel Co-Fe double hydroxide layer/PPy/GO was similarly synthesized. The significant 
382.83 C g-1 at 1 A g-1 in 2M KOH electrolyte is due to the incorporation of highly-conductive Co-Fe 
double hydroxide layer and high specific area of PPy/GO [18]. Moreover, Khalaj et al. [30] 
synthesized a co-precipitated Gr/Co3O4/PPy ternary nanocomposite with the specific capacity of 422 F 
g-1 at 10 mV s-1 in 6M KOH. This nanocomposite also exhibited the energy density of 13.4 Wh kg-1 
owing to the synergic effect of its three components. 

The current collector is another essential component playing a vital role in a supercapacitor 
performance by increasing electronic conductivity. In general, metal foils and foams (e.g., Al, Fe, Ni, 
and Cu) and carbon cloth are used as current collectors. However, these current collectors cannot be 
folded and are expensive. Electrically-conductive copper foil with a reasonable price is an appropriate 
candidate for a current collector. Nevertheless, its high activity and poor corrosion-resistant in 
electrolytes restrict its practical application. A Cu(OH)2 layer on a Cu foil can prevent corrosion and 
enhance the pseudocapacitive performance of electroactive material [32–34]. 

In this study, a unique hybrid ternary nanocomposite based on nickel oxide with Gr and PPy was 
synthesized by a facile and low-cost method on a Cu(OH)2/Cu foil as the substrate with the aim of 
taking the advantages of both electro-active material and a stable current collector. At first, a simple 
three-step method, including co-precipitation, annealing, and in-situ oxidative polymerization, was 
carried out to obtain the NiO/Gr/PPy hybrid ternary nanocomposite. The second stage was the growth 
of Cu(OH)2 nanowires on the Cu foil in an alkaline solution. To fabricate the working electrode for 
electrochemical analysis, the active material powder was cast on the Cu(OH)2/Cu foil. For comparison 
purposes, the same procedure was used for fabricating NiO, NiO/Gr, and NiO/PPy electrodes.  

2. Experimental 
2.1. Chemicals 
All the used chemicals were of analytical grade with high purity. Graphene nano-platelets were 
purchased from XG Sciences Inc., and nickel chloride hexahydrate (NiCl2.6H2O), aqueous solution of 
NH3.H2O (25-28%), pyrrole, HCl 37%, (NH4)3S2O8, NaOH, and FeCl3.6H2O were taken from Merck. 
Acetone, ethanol, and distilled water were used as cleansing solutions. Cu foil (1 cm × 2 cm × 0.03 
cm) was employed as the electrode substrate and purchased from Promax. Tetraethylammonium 
tetrafluoroborate salt (TEA-BF4 for electrochemical analysis ≥ 99%) and acetonitrile (AN) for the 
organic electrolyte were purchased from Sigma-Aldrich and Merck, respectively. 
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2.2. Growth of Cu(OH)2 nanowires on the Cu Foil 
At first, the Cu foil (1 cm × 2 cm × 0.03 cm) was rinsed by continuous ultra-sonication in acetone, 
ethanol, and distilled water for 10 minutes each. It was then placed into a 1 M HCl solution to remove 
oxide layers and surface impurities to obtain a bright surface. After that, to grow Cu(OH)2 nanowires, 
the pre-rinsed Cu foil was immersed into an aqueous solution containing 12 mL NaOH (10 M), 6 mL 
(NH4)3S2O8 (1 M), and 27 mL distilled water. After a few minutes, the foil surface became smooth and 
blue and the neutral solution became darker. Finally, the as-prepared electrode substrate was cleansed 
by ethanol and distilled water and dried in the air.  

2.3. Synthesis of NiO/Gr/PPy hybrid ternary nanocomposite 
The synthesis was performed in three steps. At first, 69 mg of graphene was ultrasonicated in 100 mL 
of distilled water for 1 h. Then, 10 mL of NiCl2.6H2O (0.5 M aqueous solution) was added to the 
graphene suspension drop-wise, and the NiCl2/Gr suspension was vigorously stirred for 50 minutes. 
After that, NH3.H2O was added to the final suspension until the pH reached 9, and precipitation 
occurred. After the precipitation, the suspension was aged for 12 h. Later, the suspension was filtered 
and rinsed several times by distilled water. Second, the produced Ni(OH)2/Gr was annealed at 450 ˚C 
for 4h with the heating rate of 2˚C/min in the air to obtain NiO/Gr binary nanocomposite. The final 
stage was the in-situ oxidative polymerization of pyrrole into the NiO/Gr to synthesize NiO/Gr/PPy 
nanocomposite. To do so, 0.2 g of the NiO/Gr binary nanocomposite powder was dispersed into 80 ml 
of distilled water. The freshly-distilled pyrrole monomer was added to the NiO/Gr suspension with the 
weight ratio of 10:1 (pyrrole: NiO/Gr). This optimized ratio leads to the homogeneous distribution of 
PPy in NiO/Gr nanocomposite and increases the electrical conductivity [35]. The suspension agent was 
distilled water. The suspension was ultrasonicated for 1 h. Afterward, FeCl3 solution in 0.1 M HCl was 
gradually added to the suspension and stirred for 24 h within 0 to 4 ˚C. Then, it was filtered and rinsed 
by water and ethanol. Finally, the product was dried at 70˚C for 24 h in a vacuum oven. The schematic 
of the synthesis procedure is shown in Fig. 1 and 2. For comparison, NiO, NiO/Gr, and NiO/PPy 
powders were synthesized by the same procedure. Jo
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Fig. 1 - Synthesis procedure of the NiO/Gr/PPy hybrid ternary nanocomposite. 

 

Fig. 2 – Synthesis flowchart of the NiO/Gr/PPy hybrid ternary nanocomposite. 
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2.4. Fabrication of the working electrodes 
All the working electrodes were fabricated by mixing the active material powder with 
dimethylformamide (DMF) and polyvinylidene fluoride (PVDF) with a weight percent ratio of 85:15 
(active material powder: PVDF) to form a slurry. The slurry was drop-cast onto the Cu(OH)2/Cu 
substrate. After deposition, all electrodes were dried under vacuum at 70˚C for 12 h.  

2.5. Cell assembling with organic electrolyte 
Four Swagelok-type two-electrode full symmetric cells were assembled and sealed in a glove box 
filled with Ar atmosphere. This assembling was performed for all the above-mentioned electroactive 
materials, which were drop-casted onto the Cu(OH)2/Cu substrates (1 cm × 1 cm) as working 
electrodes. A Celgard paper immersed in the 1M TEA-BF4/AN electrolyte was used as the separator.  

2.6. Structural characterization and electrochemical measurements 
The X-ray powder diffraction (XRD, PHILIPS, PW1730 with Cu-K� radiation, λ=1.54056Å operating 
at 40 kV, 30 mA), the Fourier transform infrared spectra (Bruker TENSOR27 FT-IR 
spectrophotometer), Raman spectroscopy (Takram P50C0R10, with a 532 nm Nd: YAG laser), and 
EDX were carried out to analyze the composition, phase, and band formations of the synthesized 
samples. Field emission scanning electron microscopy (FE-SEM) (MIRA 3 TESCAN) was used for 
examining the surface morphology of the electrodes. Thermogravimetric analysis (TGA) and 
differential thermogravimetry analysis (DTG) (TA-Q600) were performed at the heating rate of 
10˚C/min in the flowing air from room temperature to 800˚C with aim of calculating the weight ratio 
of compounds in nanocomposites.  

The electrochemical analyses, including cycling voltammetry (CV), galvanostatic charge-discharge 
(GCD), and electrochemical impedance spectra (EIS), were performed by using a VSP-300 Biologic 
multichannel potentiostat/galvanostat system with a standard three-electrode system for aqueous 
electrolyte (6M KOH) and a two-electrode full symmetric cell system (using a split test-cell) for the 
organic electrolyte (1M TEA-BF4/AN). An Ag/AgCl electrode and a platinum rod were used, 
respectively, as the reference and the counter electrode in the three-electrode system. 

In the three-electrode system, CV analysis was performed within the potential window of 0-0.5 V at 

10, 30, 50, and 100 mV s-1 scan rates. The specific capacitance (Cs1) from the CV curves was 

calculated by Eq.1 [36]: 

C�	 = � ���������
�×�×������                                                                                                                                                     (Eq. 1) 

where I is the current (A), V is the potential (V), S is the scan rate (mV s-1), m is the deposited mass of 

active material on the electrode (g), and Va  and Vb are the cut-off potentials (V).  
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The galvanostatic charge-discharge tests were carried out at the current density of 1 A g-1 within the 

potential window of 0-0.5 V. The specific capacitance from GCD curves (Cs2) was obtained by Eq. 2 

[37]: 

C�� = � × ∆�
� × ∆�                                                                                                                                     (Eq. 2) 

where 
�

� is the current density (A g-1), Δt is discharge time (s), and ΔV is the potential window (V). 

The average energy density (E) and power density (P) of the samples were also evaluated by the 
equations below [30,38]: 

E = 	
� C��∆V�� × 	���

� ��            (Eq. 3) 

P = "
� × 3600                                                                                                                                                          (Eq. 4) 

where Cs2, ∆V, and t are the specific capacitance (F g-1), the potential window (V), and the discharge 

time (s), respectively. 

For the full symmetric cells in the organic electrolyte, CV analysis was performed within the potential 
window of (-1) to (+1) V at the scan rates of 10, 30, and 50 mV s-1. The specific capacitance of the full 

symmetric cell (CFSC) was calculated by Eq. 5 and Eq. 6 [30]: 

C F� = � ��(
�×(×�)                                                                                            (Eq. 5) 

C*�+F/g� = .+
�                                                                                                                                 (Eq. 6) 

Cs1, Cs2, CFSC, and E values (both aqueous and organic electrolytes) are given as the average value (μ) 

of five different measurements ± standard deviation (σ), calculated by Eq. 7 [39]: 

σ=11
N ∑ xi-μ�2Ni=1                                                                                                                             (Eq. 

7) 

where N = 5 and xi is the measured value of the test. 

EIS analysis was performed by applying an AC voltage with the amplitude of 10 V within the 
frequency range of 0.01 Hz to 100 kHz at an open circuit potential condition. 
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3. Results and discussion 
3.1. Structural characterization 

3.1.1. XRD evaluation 
The XRD patterns of NiO powder and its composites are shown in Fig. 3a. In NiO pattern, five intense 
peaks located at 2θ = 43.51˚, 37.73˚, 62.91˚, 75.58˚, and 79.80˚ can be assigned to (2 0 0), (1 1 1), (2 2 
0), (3 1 1), and (2 2 2) crystallographic planes, respectively. These peaks are related to the cubic 
structure of NiO (JCPDS card no. 01-075-0197). No impurities were found in the pattern, indicating 
the perfect phase purity of the sample [40]. The NiO peaks are approximately the same in all the 
samples. In NiO/Gr and NiO/Gr/PPy patterns, no carbon peak is observed at 2θ = 26.38˚ due to the low 
content of graphene, messy structure, and homogenous dispersion of the graphene nano-platelets [41–
43]. Moreover, in NiO/PPy and NiO/Gr/PPy patterns, no noticeable peaks for PPy can be seen owing 
to its amorphous structure [44]. 

3.1.2. FT-IR spectrometry evaluation 
To determine the chemical characteristics of the samples, such as bonds and compositions, and 
confirm the desired formation, FT-IR spectra, shown in Fig. 3b, were used. The 466 cm-1 peak 
indicates the Ni-O stretching vibration in NiO and NiO/PPy spectra [14]. NiO peak in NiO/Gr and 
NiO/Gr/PPy spectra has shifted to a higher region (569 cm-1 and 568 cm-1, respectively) owing to the 
good intermolecular interactions between nanoparticles and bonding of the NiO to the graphene sheets 
[45,46]. The peak around 783 cm-1 confirms the pyrrole's polymerization, and 1173 cm-1 peak is 
responsible for the doped state of the PPy in the PPy-contained nanocomposites [47]. The presence of 
1039 cm-1 absorption peak in NiO/PPy curve and 1034 cm-1 absorption peak in NiO/Gr/PPy curve 
confirms the PPy formation and is also responsible for the C-H plane deformation [48,49]. The 
characteristic peaks in NiO/PPy and NiO/Gr/PPy spectra near 1455 cm-1 and 1554 cm-1 show the C-N 
and C-C stretching vibrations of PPy ring, respectively [50,51]. 

Skeletal vibration of the graphene sheets in NiO/Gr and NiO/Gr/PPy spectra can be seen at 1585 cm-1 
and 1587 cm-1, respectively [52]. In the aforementioned spectra, the band around 1637 cm-1 can be 
attributed to the bending form of the interlayer water molecule, which remained in the compounds 
[53]. Furthermore, the intensive peaks near 3443 cm-1 are related to KBr humidity, which was used for 
preparing the FT-IR samples [54]. 

3.1.3. Raman spectroscopy evaluation 
Raman spectroscopy is used for acquiring data about carbonaceous materials. In this work, this 
technique was used as a complementary method to FT-IR to justify the successful synthesis of the 
NiO/Gr, NiO/PPy, and NiO/Gr/PPy nanocomposites [36]. As shown in Fig. 3c, NiO characteristic 
sharp peak (~489 cm-1 in NiO) can be seen in all the NiO-based nanocomposites, which is related to 
the first-phonon (1P) scattering in NiO [10]. The intensity reduction of the NiO peak in nanocomposite 
samples indicates the reduction of NiO content. 1350 cm-1 and 1576 cm-1 peaks in NiO/Gr spectrum 
and 1366 cm-1 and 1576 cm-1 in NiO/Gr/PPy spectrum indicate D and G bands, respectively. D band 
shows the defects in the graphene structure, which is attributable to the vibration of aromatic rings in 
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the honeycomb lattice [10]. G band originates from the in-plane band-stretching motion of C sp2 atoms 
and shows the characteristic peak of graphite [55]. Additionally, 2D band at 2697 cm-1 is an indicator 
of the multi-layered graphene and is generated from a C-C sp2 in-plane phonon vibration [56,57]. 
Charge transfer among NiO, Gr, and PPy shifts the D and G bands in both the NiO/Gr and NiO/Gr/PPy 
nanocomposites. This indicates the local interaction of NiO, Gr, and PPy [3]. The values of ID/IG 
(defect density) in NiO/Gr and NiO/Gr/PPy spectra were 0.18 and 0.76, respectively, indicating higher 
structural defects in the NiO/Gr/PPy [58].  

The Raman spectrum of the NiO/PPy sample includes peaks at 918 cm-1, 981 cm-1, 1043 cm-1, 1231 
cm-1, 1344 cm-1, and 1576 cm-1. The characteristic bands at 1576 cm-1 and 1344 cm-1 are attributable to 
the C=C backbone stretching and ring stretching of PPy, respectively [36]. 1043 cm-1 indicates the N-
H in-plane deformation and the anion dopant in PPy [59]. 1231 cm-1 band is related to the C-H in-
plane stretching vibration. Ring deformation of dication and radical cation can be seen at 918 cm-1 and 
981 cm-1, respectively, confirming the doped state of PPy [56]. The obtained peaks confirm the 
successful synthesis of the NiO/PPy and NiO/Gr/PPy nanocomposites [59]. The broadening of D and 
G bands in the NiO/Gr/PPy nanocomposite exhibits the bonding between Gr and PPy [60]. Comparing 
the characteristic bands of PPy and Gr in the ternary nanocomposite demonstrates that the graphene 
content is less than PPy [61]. Table 1 shows a summary of the Raman spectroscopy results for all the 
samples. 

Table 1 - Summary of Raman spectroscopy analysis for NiO, NiO/Gr, NiO/PPy, and NiO/Gr/PPy samples. 

Sample Wavelength (cm-1) Description 

NiO ~489 NiO characteristic band [10] 

NiO/Gr  ~489 

1350 

1576 

2697 

NiO characteristic band [10] 

D band (Gr structure defects) [10] 

G band (graphite characteristic peak) [55] 

2D band (multi-layered Gr) [56,57] 
 

NiO/PPy ~489 

918 

982 

1043 

1231 

1344 

1576 

NiO characteristic band [10] 

Doped state of PPy [56] 

Doped state of PPy [56] 

Anion dopant of PPy [59] 

Anion dopant of PPy [56] 

PPy characteristic peak [36] 

PPy characteristic peak [36] 

Jo
urn

al 
Pre-

pro
of



12 
 

NiO/Gr/PPy All the above characteristic peaks (with a slight difference) [3,10,55–57,59] 

 

3.1.4. TGA curves assessment  
The thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) were 
performed for the NiO/Gr and NiO/Gr/PPy powders to find the weight percentage of NiO, Gr, and PPy 
in the hybrid ternary nanocomposite. As shown in Fig. 3d, there is a slight weight loss under 200˚ C 
that can be attributed to the evaporation of the physically-adsorbed water in each nanocomposite (~ 
1.29% in NiO/Gr and ~ 5.5% in the NiO/Gr/PPy sample). Another weight loss is at 200˚C and 
continues to 650˚C for NiO/Gr (5.8%), possibly due to the decomposition of Gr. The curve of NiO/Gr 
does not change after 650˚C showing that Gr in the NiO/Gr nanocomposite has been fully burned. The 
remaining weight percent, 92.91%, is related to NiO due to its thermal stability under the air 
atmosphere. Accordingly, the calculated mass ratio of NiO/Gr is 92.91:5.8. Since there is no 
significant mass variation in the NiO/Gr/PPy after 650 ˚C, the remaining weight percent, 56.67%, is 
related to NiO. Considering NiO/Gr mass ratio and its role as the starting material for the NiO/Gr/PPy 
hybrid ternary nanocomposite, the amounts of Gr and PPy are calculated as 3.53% and 34.3%, 
respectively [30] . 

3.1.5. FE-SEM and EDX analyses 
The morphology of the as-synthesized samples is shown in Fig. 4. Fig. 4 (a-b) demonstrates the flake-
like structure of the NiO sample containing open channels, which are attributable to the water 
evaporation during Ni(OH)2 to NiO transformation [24]. Flaky porous microstructure facilities the ion 
diffusion of the electrolyte that enhances the electrochemical performance [62]. This suitable 
morphology is originated from the adjusted pH value of the co-precipitation solution and heat 
treatment temperature [23,24]. Fig. 4 (c-d) shows the NiO/Gr nanocomposite and indicates that 
graphene addition does not change the morphology of NiO. Moreover, Cu(OH)2 nanowires can be seen 
which were grown by the following reaction in an alkaline solution (Eq. 8) [63]: 

Cu + 4NaOH + NH.��S�OA  ~ �� �BC DEEEEEF CuOH�� + 2Na�SO. + 2NH� + 2H�O                                      (Eq. 8)                                

The growth time of Cu(OH)2 nanowires is an important parameter to obtain a better supercapacitive 
performance. If the growth time exceeds 30 minutes, the Cu surface starts to be covered by CuO nano-
needles and urchin-like microspheres instead of Cu(OH)2 nanowires [34]. Cauliflower-like PPy is 
observed in the NiO/PPy nanocomposite in Fig. 4 (e-f). This structure may have been formed by 
initiating the polymerization between two immiscible liquids, namely an aqueous solution of 
FeCl3/HCl and an organic solution of pyrrole monomer [64]. The uniform dispersion of PPy particles 
is owing to the optimized ratio of PPy and NiO (and NiO/Gr) [35]. The ternary nanocomposite of 
NiO/Gr/PPy has a flaky structure embedded into the Cu(OH)2 nanowires. As seen in Fig. 4 (g-h), NiO 
open channels have remained in this nanocomposite. Cross-section image of the ternary 
nanocomposite, shown in Fig. 5, depicts the Cu(OH)2 nanowires clearly.  
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EDX spectra of the NiO/Gr and NiO/Gr/PPy samples (for Point 1 in the FE-SEM images) are shown in 
Fig. 4 (i-j). Ni, O, and Cu peaks are present in all the EDX spectra due to the existence of NiO and 
Cu(OH)2 in each sample. C, N, Fe, and Cl are the indicators of PPy presence in the NiO/Gr/PPy (Fig. 
4j) nanocomposites. C peak also exhibits the presence of graphene in the NiO/Gr (Fig. 4i) and 
NiO/Gr/PPy (Fig. 4j) nanocomposites. 

 

 

Fig. 3 - (a) XRD Patterns, (b) FT-IR Spectra, (C) Raman Spectra of NiO and the as-prepared nanocomposites 
NiO/Gr, NiO/PPy, and NiO/Gr/PPy, and (d) TG curves of the NiO/Gr and NiO/Gr/PPy nanocomposites. 
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Fig. 4 - FE-SEM images of (a-b) NiO, (c-d) NiO/Gr, (e-f) NiO/PPy, (g-h) NiO/Gr/PPy on the Cu(OH)2/Cu substrates; 
(i) EDX spectra of the NiO/Gr, and (j) NiO/Gr/PPy nanocomposites. 
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Fig. 5 – Cross-section image of the NiO/Gr/PPy hybrid ternary nanocomposite electrode on the Cu(OH)2/Cu 
substrate.  

3.2. Electrochemical characterization of the NiO/Gr/PPy hybrid ternary nanocomposite 
To study the electrochemical properties and capacitive behavior of the as-prepared samples, cyclic 
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrical impedance spectroscopy 
(EIS) were performed in a three-electrode system in KOH (6M). Moreover, cyclic voltammetry and 
EIS analyses for the organic electrolyte of TEA-BF4/AN (1M) were performed by using a two-
electrode system. 

3.2.1. Electrochemical performance in a three-electrode system (aqueous electrolyte) 
The CV curves of the NiO, NiO/Gr, NiO/PPy, and NiO/Gr/PPy electrodes at the scan rates of 10, 30, 
50, and 100 mV s-1 in 6M KOH are shown in Fig. 6 (a-e). Reduction of the specific capacitance with 
increasing the scan rate can be assigned to the lower diffusion of the electrolyte ions to the active site 
of the electrode material because diffusion time decreases as the scan rate increases [65]. The irregular 
shapes of the CV curves are different from the ideal shapes of EDLC and pseudo-capacitor. However, 
they are similar with the CV curves of other Cu substrates [63,66,67].  

This is due to the domination of faradic mechanism of the Cu substrates during the charge/discharge 

process [14]:  

CuOH�� + e�  ↔ CuOH + OH�  ↔ CuO + H�O + e�                                                                                           (Eq. 9) 

NiO and PPy, as pseudocapacitive components of the NiO/Gr/PPy ternary nanocomposite, experience 
reversible faradic reactions according to Eq. 10 and 11, respectively, where OH- is involved as an ionic 
charge carrier.                                 
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NiO + OH�  ↔ NiOOH + e�                                                                                                                                        (Eq. 
10) 

PPy + nOH�  ↔ PPynK: nOH�� + ne�                                                                                                                   (Eq. 
11) 

Charge process of NiO is correlated with the oxidation peak, while the discharge process is correlated 
with the reduction one [68]. Cathodic peaks in the CV curves of all the nanocomposite electrodes are 
larger in number and sharper than those in the NiO curve due to the influence of PPy and graphene 
[44,69]. There are no distinct anodic peaks in the CV curves because the cut-off potential was below 
0.7 V, and Cu(I) ↔ Cu(II) conversion and water electrolysis were occurred incompletely [70]. This 
can be also related to the high resistivity of Cu(OH)2 and the simultaneous oxidation of Cu2O and/or 
CuOH to both CuO and/or Cu(OH)2 [66,67]. CV measurements demonstrate that the specific 
capacitances of NiO, NiO/Gr, NiO/PPy, and NiO/Gr/PPy are 268.55, 650.01, 445.42, and 933.93 F g-1 
at 10 mV s-1, respectively. The enhanced electrochemical performance of the NiO/Gr/PPy ternary 
nanocomposite in comparison with the other three electroactive materials is due to the following 
reasons: 

(i) The synergistic effect between NiO and graphene leads to a more dynamic electron 
transportation [43].  

(ii)  Coupling of high electrical conductivity and large specific surface area of graphene nano-
sheets with redox reactions of PPy shortens the ion diffusion paths [71].  

(iii)  The enhanced electrical conductivity of the NiO/Gr electroactive materials in the presence 
of PPy [44].  

(iv) The simultaneous combination of EDLC behavior (from graphene) and pseudocapacitance 
behavior (from NiO and PPy) that leads to the hybrid performance [72].  
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Fig. 6 - (a) CV curves of the NiO, NiO/Gr, NiO/PPy, and NiO/Gr/PPy electrodes in 6M KOH at the scan rate of 10 
mV s-1; CV curves in 6M KOH at different scan rates for (b) NiO/Gr/PPy, (c) NiO/Gr, (d) NiO/PPy, and (e) NiO; (f) 
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Specific capacitances of the as-fabricated electrodes as a function of scan rate, error bar: s.d. from five different 
measurements. 

Fig. 6f depicts the effect of different scan rates (from 10 to 100 mV s-1) on the capacitive behavior of 
the as-fabricated electrodes. The results indicate that, as the scan rate increases, the specific 
capacitances of all the electrodes reduce with almost the same rate. In addition, the specific 
capacitance of the NiO/Gr/PPy ternary nanocomposite is the highest at all the scan rates, 
demonstrating its excellent capacitance behavior at higher scan rates. 

Fig. 7a shows the GCD curves at the current density of 1 A g-1 within the potential range of 0-0.5 V. 
All the electrodes with regular pseudocapacitive performance have nonlinear discharge curves. 
Moreover, all the charge-discharge curves are symmetric, meaning that they have excellent 
supercapacitive behavior and reversible redox reactions [73]. As seen from the curves, discharge times 
of nanocomposites are longer than those of NiO. NiO/Gr/PPy ternary nanocomposite has the longest 
discharge time. This is due to the increased redox reactions as a result of PPy addition to the NiO/Gr 
nanocomposite and the synergistic effect between NiO, Gr, and PPy [12]. The IR drop in all the curves 
demonstrates the internal resistance of electrodes [74].  

 

Fig. 7 - Comparison of GCD curves of NiO, NiO/Gr, NiO/PPy, and NiO/Gr/PPy in 6M KOH at 1 A g-1; (b) Nyquist 
plots of the as-fabricated electrodes within the frequency region of 0.01 Hz to 100 kHz (Insets: equivalents circuit 
for fitting the EIS data and enlarged Nyquist plot at higher frequency  region); (c) Energy density comparison of 

NiO and the as-fabricated nanocomposite electrodes in 6M KOH at the power density of ~250 W kg-1, error bar: s.d. 
from five different measurements. 
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EIS measurements were performed to study the participating electrochemical reactions and 
conductivity to evaluate the supercapacitor equivalent series resistance (ESR) and the frequency 
behavior [75]. Nyquist plots of NiO and the nanocomposites are shown in Fig. 7b within the frequency 
range of 0.01 Hz to 100 kHz by applying an AC voltage in 6M KOH. The presence of both semicircle 
and the straight line in the plots exhibits the capacitive behavior of the electrodes [75]. 

The semicircle diameter at high frequency (Rct) evaluates the charge transfer resistance on the 

electrode surface. The bigger diameter is related to higher resistance and vice versa [76]. Rs is 

determined by the intercept of the plot at the real axis that shows the total resistance of the 
electrochemical system, including elemental resistance of electrode material, ionic resistance of the 
electrolyte, and contact resistance between the substrate and the active material [77,78]. The linear part 
in the lower frequency region indicates the Warburg impedance or the diffusion resistance. The steeper 
the slope is, the better the ion diffusion into the electrode. NiO/Gr/PPy has the steepest slope compared 
to NiO/Gr and NiO/PPy due to its better supercapacitive behavior and lower ion diffusion resistance 

[79]. According to the fitting curves with the equivalent electrical circuit, Rs and Rct of the electrodes 

are given in Table 2. NiO/Gr/PPy has the lowest Rct due to the presence of PPy and Gr that increases 

electrical conductivity [44]. NiO/Gr has a lower Rs than NiO/PPy as the graphene is more conductive 

than PPy [80,81]. Furthermore, Table 3 shows a comparison between the results of this work and other 
published papers that have used the co-precipitation method. 

To evaluate the real functionality of the as-fabricated electrodes, the energy and power densities of all 
the samples were calculated using Eq.3 and Eq.4. Fig. 7c indicates the energy densities of all the as-
fabricated electrodes at the power density of 250 W kg-1, demonstrating the superiority of NiO/Gr/PPy 
to the other electrodes. Energy and power density values are also given in Table 2. 

Table 2. Electrochemical properties of the as-fabricated electrodes in 6M KOH. 

Electroactive 
Material 

Cs1
 (F g-1) 

(at 10 mV s-1) 

Cs2
 (F g-1) 

(at 1 A g-1) 

Energy 
density 

(Wh kg-1) 

Power 
density 
(W kg-1) 

Rs 

(Ω) 

Rct 

(Ω) 

ESR 

(Ω) 

NiO/Gr/PPy 933.93 970.85 33.71 250.00 1.03 0.97 2.00 

NiO/PPy 445.42 468.30 16.26 250.00 1.65 2.60 4.25 

NiO/Gr 650.01 667.58 23.17 250.00 1.59 2.01 3.60 

NiO 268.55 288.67 10.02 250.00 1.65 2.92 4.57 

 

Table 3. A comparison between the specific capacitance of the NiO-based nanocomposite electrodes evaluating in 
the aqueous electrolyte. 

Active material Current collector Electrolyte Scan rate/ Specific Ref. 
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Current 
density 

capacitance  
(F g-1) 

Gr/MnFe 2O4/PPy Nickel foam 1M Na2SO4 10 mV s-1 142.70 [82] 

CoHCF/CNF/PPy Platinum tip 1M Na2SO4 0.5 A g-1 512.00 [83] 

MnO 2/Gr/CNT Nickel foam 1M Na2SO4 1 A g-1 132.00 [84] 

rGO/PPy/CoFe2O4 Nickel foil 1M LiNO3 1 A g-1 261.00 [85] 

Co3O4/Graphite Graphite sheet 6M KOH 0.5 A g-1 395.04 [86] 

rGO/TiO 2/PEDOT Stainless steel 1M H2SO4 1 mV s-1 652.00 [87] 

Gr/Co3O4/PPy Cu(OH)2/Cu foil 6M KOH 10 mV s-1 422.00 [30] 

NiO/PPy Cu(OH)2/Cu foil 6M KOH 10 mV s-1 445.42 Current Work 

NiO/Gr Cu(OH)2/Cu foil 6M KOH 10 mV s-1 650.01 Current Work 

NiO/Gr/PPy Cu(OH)2/Cu foil 6M KOH 10 mV s-1 933.93 Current Work 

3.2.2. Electrochemical performance in a two-electrode system (organic electrolyte) 
To evaluate the commercial potential of the NiO/Gr/PPy nanocomposite and increase the energy 
density by extending the voltage window, symmetric supercapacitor cells were assembled by a 
Swagelok cell with the organic electrolyte of TEA-BF4/AN (Fig. 8) [88].  

 

Fig. 8 - Schematic assembling of the symmetric Swagelok-type supercapacitor cell.  

Specific capacitances of the full symmetric cells were calculated by CV measurements at the scan rate 
of 10 mV s-1 in 1M TEA-BF4/AN within the potential window of (-1) – (+1) V using a two-electrode 
system. Acetonitrile, with the support of TEA-BF4 salt, exhibits the lowest resistance compared to 
other commonly-used organic electrolytes [89]. In the aqueous electrolyte, the highest specific 
capacitances are related to NiO/Gr/PPy and NiO/Gr, but in the organic electrolyte, the specific 
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capacitance of NiO/PPy is higher than that of NiO/Gr because the charge carriers in the organic 
electrolyte are BF4

- (an anion) and TEA+ (a cation), which are different from K+ and OH- in a KOH 
electrolyte. The bigger ionic radius of charge carriers in the organic electrolyte is one of the main 
reasons. Therefore, BF4

- only diffuses into bigger pores, and a large portion of the electrode surface 
cannot participate in the charge storage mechanisms. Another reason for the lower specific capacitance 
in the organic electrolyte is that ions conductivity in this electrolyte is lower than that in the aqueous 
electrolyte [90]. This lower specific capacitance can be seen in all the CV curves in Fig. 9 (a-e) where 
the output current values in the vertical axis are lower than those in the aqueous electrolyte; hence the 
obtained specific capacitance is lower compared to those obtained with the aqueous electrolyte [91]. 
The redox peaks within the range of (-0.5) V to (+0.5) V can be attributed to Ni2+

↔Ni3+ and 
Cu+

↔Cu2+ in all the tested cells, and PPy↔PPy+ in the PPy-containing nanocomposites. These redox 

couples indicate the domination of pseudocapacitive behavior [92]. The specific capacitances (CFSC, F 

g-1) of NiO, NiO/Gr, NiO/PPy, and NiO/Gr/PPy full symmetric cells calculated from the CV curves at 
the scan rate of 10 mV s-1 according to Eq. 5 and Eq. 6 are 26.40, 32.67, 52.47, and 66.17 F g-1, 
respectively. Fig. 9f demonstrates the capacitive superiority of the NiO/Gr/PPy cell over the other 
tested cells in the organic electrolyte of TEA-BF4/AN. 
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Fig. 9 - CV comparison of the NiO, NiO/Gr, NiO/PPy, and NiO/Gr/PPy full symmetric cells in 1M TEA-BF4/AN at 
10 mV s-1; CV curves in 1M TEA-BF4/AN at different scan rates for (b) NiO/Gr/PPy, (c) NiO/Gr, (d) NiO/PPy, (e) 
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NiO full symmetric cells; (f) Specific capacitance of the full symmetric cells as a function of scan rate, error bar: s.d. 
from five different measurements.  

EIS diagrams are also shown in Fig. 10a. The NiO/Gr/PPy cell has the lowest Rct and Rs due to the 

increased electrical conductivity stemming from the simultaneous presence of Gr and PPy in the 
nanocomposite [26,45]. The NiO/Gr/PPy cell also exhibits the highest energy density of 36.76 Wh kg-

1, while NiO, NiO/Gr, and NiO/PPy cells have the energy densities of 14.66, 18.15, and 29.15 Wh kg-1, 
respectively. Table 4 and Fig. 10b present a summary of the electrochemical properties of the tested 
full symmetric cells.  

 

Fig. 10 - (a) Nyquist plots of the NiO, NiO/Gr, NiO/PPy, and NiO/Gr/PPy full symmetric cells in 1 M TEA-BF4/AN 
within the frequency region of 0.01 Hz to 100 kHz (Inset: enlarged Nyquist plot at higher frequencies); (b) 

Comparison of electrochemical properties of the tested cells in 1M TEA-BF4/AN, error bar: s.d. from five different 
measurements. 

 

Table 4- Electrochemical properties of the full symmetric cells in the organic electrolyte (1M TEA-BF4/AN). 

Symmetric Cell CFSC
 (F g-1) E (Wh kg-1) Rs (Ω) Rct (Ω) ESR (Ω) 

NiO/Gr/PPy Cell 66.17 36.76 4.63 5.78 10.41 

NiO/PPy Cell 52.47 29.15 6.11 5.86 11.97 

NiO/Gr Cell 32.67 18.15 8.92 9.12 16.05 

NiO Cell 26.40 14.66 9.59 13.70 23.29 
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4. Conclusion 
A novel hybrid ternary nanocomposite of NiO/Gr/PPy was synthesized by a facile low-cost approach, 
including co-precipitation, annealing, and in-situ oxidative polymerization. The as-synthesized hybrid 
nanocomposite was drop-cast on a modified Cu current collector, which was immersed in an alkaline 
solution for the growth of Cu(OH)2 nanowires to enhance the supercapacitive behavior and stability of 
the electrode in the electrolyte. The porous morphology of NiO, improved electrical conductivity, 
combination of EDLC and pseudopacitive behavior, and the synergic effect of NiO, Gr, and PPy all 
led to a more dynamic electron transportation and hybrid performance. As a result, the exceptional 
specific capacitance and energy density of 970.85 F g-1 and 32.42 Wh kg-1 at 1 A g-1 in 6M KOH were 
achieved. This hybrid performance also reduced ESR from 4.57 Ω for the bare NiO electrode to 2.00 Ω 
for the NiO/Gr/PPy electrode. 

Furthermore, to investigate the industrialization potential of this hybrid nanocomposite, a full 
symmetric cell of NiO/G/PPy electrodes in the organic electrolyte of 1M TEA-BF4/AN was studied. 
The specific capacitance and energy density of 66.17 F g-1 and 36.76 Wh kg-1 within the 2V potential 
window proved the remarkable supercapacitive performance of this hybrid ternary nanocomposite in 
the organic electrolyte. Considering the low-cost nature of this ternary nanocomposite and its 
improved electrochemical performance, it can be used as a promising candidate in the supercapacitor 
applications.  
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Highlights 

� Nickel Oxide/Graphene/Polypyrrole hybrid ternary nanocomposite is synthesized. 
� Its specific capacitance is 933.93 F/g in 6M KOH. 
� Its full symmetric cell exhibits the specific capacitance of 66.17 F/g in 1M 

TEABF4/AN. 
� Synergic effect and the hybrid behavior are responsible for its enhanced performance. 
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