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Abstract
This study introduces a novel, non-toxic, scalable, two-step method for the fabrication of highly nanoporous nickel and 
nickel oxide (Ni–NiO) foam/Electrochemically reduced graphene oxide (ERGO) electrodes with exceptional capacitance 
suitable for supercapacitor application. This procedure includes drop cast and graphene oxide (GO) reduction by galvano-
static process. To create the electrodes, electrodeposition process and selective electrochemical dealloying accompanied by a 
hydrogen evolution reaction (HER) were performed on a copper substrate. Afterwards, drop cast and galvanostatic processes 
were accomplished to coat GO nanosheets on Ni–NiO foam. The structure of achieved nanocomposites was investigated by 
scanning electron microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy 
(XPS). High-specific capacitance of 1995 F g−1 at a current density of 1 A g−1 (galvanostatic charge–discharge) (GCD) was 
achieved for the Ni–NiO foam/electrochemically reduced graphene oxide (ERGO) electrode with excellent cycling stability. 
A constant, high-specific capacitance (95.1% of the initial value) was achieved after 6000 cycles at 20 A g−1.
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1 Introduction

Electrochemical supercapacitors, also known as ultraca-
pacitors due to their high capacitance, power density, and 
life-cycle stability and fast recharging capability, have 
been considered as the next generation of energy storage 
devices [1]. The supercapacitors include electrical double-
layer capacitors (EDLCs) and pseudocapacitors. Various 
kinds of materials such as transition-metal oxides and con-
ducting polymers have been considered for pseudocapaci-
tor application [2]. Scholars have done several research 
studies to raise the surface area of electroactive materi-
als to induce high-specific capacitance. In this regard, an 
easy fabrication process such as electrochemical deposi-
tion accompanied with a hydrogen evolution reaction has 
been developed [3, 4]. Hydrogen evolution results in the 
formation of a high surface area electrode of dendritic 
structure with numerous pores [5–7]. The use of high 
conductivity materials such as graphite, carbon nanotube, 
and graphene in the electrodes can increase the electri-
cal conductivity of metal oxide electrodes [8–11]. In this 
regard, graphene is a suitable matrix for the growth of 
metal oxides due to its high conductivity, electrochemi-
cal stability, great surface area, and superior mechanical 
properties. Combining graphene as the active metal oxide 
with the nanocomposite can increase electrical conduc-
tivity and mechanical strength of product. Moreover, the 
supply of 3D porous architectures by skeletons with the 
interconnected pores results in the higher surface area of 
active materials and easier ion diffusion [12–15]. Although 
NiO is known as electrode material, its low electrical con-
ductivity leads to high internal resistance and poor perfor-
mance in electrochemical devices [16, 17]. In this work, 
a dendritic Ni–NiO foam was created by electrodeposi-
tion in a hydrogen evolution reaction. Numerous dendritic 
morphologies with high surface area were fabricated by 
the application of high cathodic overpotential to a conduc-
tive substrate. Furthermore, the selective electrochemical 
dealloying of copper from Ni–Cu alloy was employed to 
create nanoporous dendritic Ni–NiO foam. For this pur-
pose, the GO films were prepared by the drop casting of 
a dilute GO dispersion on Ni–NiO foam electrodes and 
then dried in ambient conditions. Next, as-prepared GO 
films on the Ni–NiO foam electrodes were electrochemi-
cally reduced in the current density ranging from − 0.6 
to − 20 mA  cm−2 in a 1 M KOH electrolyte. The com-
bination of redox reaction of elemental nickel and GO 
in the preparation stages of Ni–NiO foam/ERGO com-
posites facilitated the preparation process and improved 
the adhesion and contact between the Ni–NiO foam and 
ERGO. Raman spectroscopy, XRD, and XPS were used to 
investigate structural changes in electrodes. Furthermore, 

supercapacitor characteristics of the samples fabricated at 
different reduction current densities were studied by cyclic 
voltammetry (CV), electrochemical impedance spectros-
copy (EIS), and GCD. The generated Ni–NiO electrodes 
showed an excellent electrochemical capacitance and good 
stability for supercapacitors.

2  Experiments

2.1  Chemicals and synthesis of Ni–NiO foam

The porous structure of Ni–NiO foam can be prepared by 
electrodeposition method by means of HER [18]. In this 
study, however, copper as co-alloyed material was employed 
in a simple electrochemical dealloying method in sulfuric 
acid to obtain dendritic and porous Ni–NiO. Three-elec-
trode cell was utilized to fabricate dendritic Ni–NiO foam 
electrode. In this regard, copper plate (1 × 1 cm2), saturated 
calomel electrode (SCE), and platinum electrode (1 × 4 cm2) 
were applied as working, reference, and counter electrodes, 
respectively. Electrodeposition process was carried out at a 
constant current density of 2 A cm−2 using a Solartron 1278 
potentiostat for a deposition time of 180 s in an electrolyte 
containing 0.5 M  NiSO4·7H2O, 1.5 M  H2SO4, 1 M HCl, and 
0.01 M  CuSO4·5H2O. Subsequently, nanoporous Ni–NiO 
electrode was fabricated by the electrochemical dealloying 
of copper at 0.5 V in a 1 M  H2SO4 solution on dendritic 
Ni–Cu alloy foam. The heat treatment of selected samples 
was performed in a Memmert oven at 200 °C for 1 h.

2.2  Preparation of GO dispersion

The hammer method and exfoliation by sonication were 
employed to synthesize GO from graphite flakes (GF) [19].

2.3  Preparation of GO and ERGO films 
for electrochemical characterization

1 mg ml−1 GO dispersion was fabricated by the ultrasonic 
exfoliation of graphite oxide powder in a 0.067 M phosphate 
buffer solution (PBS) with a pH of 9.18. ERGO electrodes 
were prepared by the drop casting of 20 µl GO dispersion 
(1 mg  ml−1) on the Ni–NiO foam electrodes. Afterwards, 
electrodes were left overnight to dry in ambient condi-
tions. The reduction process of each ERGO electrode was 
conducted at a constant current density ranging from − 0.6 
to − 20 mA  cm−2 for a duration of 200  s in a standard 
three-electrode electrochemical cell containing 1 M KOH 
electrolyte.
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2.4  Structural characterization

Raman spectra were analyzed by means of a Horiba Jobin 
Yvon LabRAM in a 100-objective lens and a 632 nm laser. The 
XPS were obtained by thermo electron multilab 2000. Before 
the XPS measurement, all samples were dried in vacuum. The 
XPS narrow scan photo peak spectrum of the C1s region was 
carried out, and the peak-fit analyses were performed by the 
casa XPS software. Moreover, SEM (CamScan- MV2300) and 
XRD, Philips PC-APD with Cu Kα radiation were used to 
investigate the morphology and phase composition (OR mor-
phology, chemical composition, and crystallographic charac-
teristics) of the deposited foams. Fourier-transform infrared 
(FT-IR) spectroscopy was performed by the use of a Bruker 
Tensor 27 spectrometer in the range from 400 to 4000 cm−1.

2.5  Electrochemical characterization

The electrochemical measurements were done by a Solartron 
1278 potentiostat using three-electrode cell containing a 1 M 
KOH aqueous solution. CV was carried out between − 0.1 
and 0.5 V at 25 °C using the 3D porous Ni–NiO foam/ERGO 
composite film, SCE, and a Pt foil as the working, reference, 
and counter electrodes, respectively. EIS measurements were 
performed with a superimposed 5 mV sinusoidal voltage in 
the frequency range of  105–10−2 Hz. The GCD tests were con-
ducted by a Solartron 1278 potentiostat with a constant cur-
rent density of 20 A g−1 for 6000 cycles. The average specific 
capacitance values were obtained from CV curves according 
to the subsequent equation:

where I, m, ʋ, and ΔV are the voltammetric current, mass of 
the whole solid electrode material, potential scan rate, and 
potential in one sweep subdivision, respectively. The specific 
capacitance was also calculated from galvanostatic discharge 
using the following equation:

in which I denotes the discharge current, Δt and m are the 
time for a complete discharge and mass of the total solid elec-
trode material, respectively, and ΔV represents the potential 
change after a complete discharge. The energy density (E) 
resulting from CV curves is calculated by Eq. (3)

where C and ΔV are the average specific capacitance and 
potential extent of one sweep fragment. Power density (P) 
is obtained by the following equation:

(1)C =
∫ IdV

�mΔV
,

(2)C =
IΔt

mΔV

(3)E =
1

2
C(ΔV)2,

where E and Δt represent the energy density and period for 
one sweep fragment.

3  Results and discussion

3.1  Characterization by SEM

According to the SEM images of Ni–NiO foam electrode 
(Fig. 1a, b), numerous dendritic morphologies between 25 
and 250 nm are observed. Due to the fact that metal atoms 
could not be deposited in the zone of hydrogen bubbles, the 
growth of ramified walls is influenced by two factors: arisen 
hydrogen bubbles from the platinum substrate and deposited 
metal by cathodic overpotential. Moreover, dendritic mor-
phology is formed by intense hydrogen bubbles due to the 
instability of surface on the near electrode layer and change 
of hydrodynamic conditions [20]. In this regard, the size 
of dendritic morphology depends on the concentration of 
metal and  H+ ions in the electrolyte. Furthermore, chlorine 
ions have considerable effects on hydrogen evolution and 
galvanic displacement reaction. For example, the displace-
ment reaction of hydrogen evolution is powerfully delayed 
when chlorine ions are not available in sulfuric acid electro-
lyte. However, the addition of  Cl− ions into the sulfate-based 
electrolyte hastens the galvanic displacement reaction, and, 
as a result, hydrogen evolves dramatically, which leads to 
the formation of a dendritic structure [19]. According to the 
cross section image (Fig. 1c) and results of elemental map 
analysis, the wall thickness was made of numerous inter-
twined, packed nanodendrites. The thickness of the Ni–NiO 
foam processed for 180 s was 34.28 µm.

Figure 2a–g illustrates the surface morphology of the 
ERGO film prepared by a constant current density. The 
highly porous Ni–NiO foam was fabricated by drop cast-
ing combined with reduction process using constant current. 
Afterwards, Ni–NiO foam was covered by graphene sheet 
film, and the surface morphology of the Ni–NiO was modi-
fied. As observed, there is ragged surface morphology on the 
surface of the film, which is due to wrinkles of the graphene 
sheet film. Such morphology has advantages in the improve-
ment of electron conductivity and increase of surface area 
between the electrolyte and electrode materials. Further-
more, the gap between the neighboring dendrites causes the 
easy diffusion of electrolyte, making dendrites in complete 
contact with electrolyte. Additionally, the uniform distribu-
tion of the ERGO sheets on the surface of the Ni–NiO foam 
can expose a higher area for electrochemical reactions. Such 
mesoporous structures are favorable for fast redox reactions 
and double-layer charging–discharging because of high mass 

(4)P =
E

Δt
,
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transportation between electrolyte and electrodes. Moreover, 
this type of structure can increase the electrode/electrolyte 
contact area greatly, resulting in enhanced electrochemical 
performance [20–22]. It should be mentioned that severe 
oxygen gas exhaustion was observed on the electrode in 
the current densities above − 10 mA cm−2, leading to the 
destruction of the coating.

3.2  Characterization by Raman spectroscopy

Figure 3 represents the Raman spectra of Ni–NiO foam/ERGO 
and Ni–NiO foam/GO, produced with the different reduction 
current densities. The peak at about 1327 cm−1 (D band) is 
associated with the defect and disorders in the graphitic layers, 
whereas the peak at about 1587 cm− 1 (G band), correspond-
ing to an  E2g mode of graphite, is related to the vibration of 
sp2-bonded carbon atoms in a two-dimensional, hexagonal 
lattice. It is generally accepted that the intensity ratio of the 
D–G bands (ID/IG) is a parameter reflecting the defect den-
sity of carbonaceous materials [23, 24]. The Raman spectra 
of GO, ERGO with reduction currents of − 1.2, − 3.0, − 5.0, 
and − 10 mA cm−2 composites for D–G peak intensity ratios 
(ID/IG) of 0.89, 0.93, 0.95, 1.0, and 1.1, respectively, are shown 
in Fig. 3. It was found out that the electrochemical reduction 

process removed most of the oxygen functional groups that 
were intercalated into the interlayer spacing of graphite. The 
electrochemical reduction of the exfoliated GO resulted in the 
depletion of the average size of the sp2 domains due to the 
creation of abundant new graphitic domains that are smaller 
in size than the ones presented in the exfoliated GO during 
the process in the presence of the Ni and NiO foam [25, 26]. 
Moreover, two characteristic Raman peaks at around 515 and 
1126 cm−1 are attributed to NiO [27–29]. According to Fig. 3, 
D and G bands of graphene in the Ni–NiO foam–graphene 
hybrid film were shifted to left with the increase in the cur-
rent density. The band shift in carbon-based composites usu-
ally is associated with the charge transfer between carbon and 
other compounds [30, 31].Therefore, the shift of Raman bands 
in the presence of NiO is attributed to the electrical interac-
tion between NiO and the graphene sheet scaffold, leading 
to charge transport between the active material and substrate.

The size of the ERGO sheet synthesized in a reduction cur-
rent of − 10 mA cm−2 is calculated using Eq. (5) [32, 33]:

(5)La(nm) = 2.4 × 10−10 × �
4 ×

(

ID

IG

)−1

.

Fig. 1  a, b SEM views, c cross section of 3D Ni–NiO foams and map electrodeposited at 2 A cm−2 for 180 s on copper substrate
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In which � is the stimulation wavelength. The graphene 
sheet size was calculated to be 34.12 nm

3.3  Characterization by X‑ray photoelectron spectra

The chemical composition of the Ni–NiO foam/ERGO com-
posite fabricated at a reduction current of − 10 mA  cm−2 was 
examined by XPS. The results are presented in Fig. 4a–e. 
The XPS survey depicted in Fig. 4b represents carbon (C 
1s), oxygen (O 1s), and Ni (Ni 2p), implying to the pres-
ence of these elements in the Ni–NiO foam/ERGO compos-
ite samples. The intensity of the C1s peak of GO is clearly 
much lower than that of the O1s peak (Fig. 4a), whereas the 
intensity of the C1s peak of ERGO is significantly higher 

than that of the O1s (Fig. 4b). It confirms that most of the 
oxygen functional groups were depleted in the electrochemi-
cal reduction of the graphene sheet film. The high resolution 
of the C1s XPS spectra of GO and the Ni–NiO foam/ERGO 
composite is shown in Fig. 4c, d, indicating four different 
functional groups corresponding to non-oxygenated ring 
carbon (284.7 eV), carbon in C–O bonds (286.6 eV), car-
bonyl (287.9 eV), and carboxylate (289.1 eV). The previous 
peaks were also detected in the deconvolution of the C1s 
spectrum of ERGO. The comparison of the XPS spectra of 
the GO sheets and Ni–NiO foam/ERGO composite revealed 
a considerable decrease in the intensities of all C1s peaks 
of the oxygen containing functional groups, particularly, 
C (epoxy)/C–OH peak after the electrochemical reduction 

Fig. 2  The SEM images of the Ni–NiO foam/ERGO samples fabricated via a constant current method at current densities of a − 0.6, b − 1.2, c 
− 1.8, d − 3.0, e − 5.0, f − 10.0, and g − 20.0 mA  cm−2



928 Journal of Applied Electrochemistry (2018) 48:923–935

1 3

process at − 10 mA  cm−2. This result denotes that these oxy-
gen functional groups were noticeably removed [34, 35]. 
Moreover, as shown in Fig. 4e, two main peaks at 872.8 and 
855.2 eV in the Ni 2p XPS spectra are assigned to Ni 2p1/2 
and Ni 2p3/2, respectively.

3.4  Characterization by XRD

The XRD patterns of the Ni–NiO foam–graphene hybrid 
film and Ni–NiO foam film, shown in Fig. 5, reveal that 
both samples were predominantly composed of the Ni foam. 
Moreover, the diffraction peaks observed for both films can 
be indexed as the (111), (200), and (220) for cubic NiO 
phase (JCPDS 4-0835) and Ni. A small diffraction peak was 
also detected at about 2θ = 26.5° in the NiO–graphene hybrid 
film, which is related to a (002) crystal plane of graphene 
(JCPDS 75-1621). The weight of Ni–NiO foam was meas-
ured by calculating the weight difference between the 3D 
porous Ni–NiO foam deposited on copper after electrodepo-
sition and the copper. The load weight of Ni–NiO foam on 
copper substrate was approximately 6.36 mg cm−2. Further, 
the percentage of Ni and NiO phase in foam was determined 
through X-ray intensity calculations using Eqs. (6) and (7).

INi and INiO are the maximum X-ray intensity peaks of Ni 
and NiO in the patterns, respectively. The calculated Ni and 
NiO phases are 4.57 and 1.78 mg, respectively. The weight 
of ERGO was measured by calculating the weight difference 

(6)Percentage of NiO=
INiO

INiO + INi

× 100

(7)Percentage of Ni =
INi

INi + INiO

× 100

between the 3D porous Ni–NiO foam and the ERGO prod-
uct after electrodeposition. The load weight of ERGO in 
the composite film for current density of − 0.6, − 1.2, − 1.8, 
− 3.0, − 5.0, and − 10.0 were approximately 1.0, 1.03, 1.05, 
1.09, 1.13, and 1.18 mg cm−2, respectively.

3.5  Characterization by FT‑IR

The Fourier-transform IR (FT-IR) was used to study the sur-
face chemical structure of Ni–NiO foam/ERGO, Ni–NiO, 
and GO. As shown in Fig. 6, the –OH (3376 cm−1), C=O 
(1732 cm−1), and C=C (1624 cm−1) functional groups in 
GO were detected [36]. However, the typical peaks of –OH 
(3376 cm−1) and C=O (1732 cm−1) almost disappeared in 
Ni–NiO/ERGO due to the conversion of GO into ERGO. 
Normally, a –OH peak at 3470 cm−1 is not detected for the 
Ni–NiO and Ni–NiO foam/ERGO samples after the thermal 
treatment at 200 °C, but it was observed here owing to the 
water absorption of calcined micropores and nanodendrites 
during mixing and pelleting with KBr.

3.6  Supercapacitor electrochemical 
characterization

The reduction behavior of chronopotentiometry (CP) of 
GO on the Ni–NiO foam is depicted in Fig. 7. An increase 
in the current density caused the reduction potential to be 
raised, exhibiting the deposition of the conducting graphene 
on the Ni–NiO foam. Moreover, in current densities above 
− 10 mA cm−2, severe oxygen gas evolution was observed 
in the electrode, which reduces the adhesion of the coating 
and degrades it.

The performance of the composite electrode was fur-
ther studied by EIS. Figure 8 presents the Nyquist plots 
of the Ni–NiO foam and Ni–NiO foam/ERGO reduced at 
− 1.8, − 3, − 5, − 10, and − 20 mA cm−2. These plots can be 
divided into the two regions: semicircle shape in the high 
frequency range, which is related to electron transfer lim-
ited process, and a straight line in the low frequency region, 
attributed to diffusion-limited electron transfer process [37, 
38]. Equivalent series resistance (ESR) (Rs) and charge 
transfer resistance (Rct) correspond to the x-interception of 
the plot at high frequency and diameter of the semicircle, 
respectively [44]. The ESR values, as shown in Fig. 8 (using 
ZSimpWin software), are 5.8 Ω for i = − 1.8 mA  cm−2, 4.6 
Ω for i = − 3.0 mA cm−2, 2.5 Ω for i = − 5.0 mA cm−2, 1.7 
Ω for i = − 10.0 mA cm−2, 2.3 Ω for i = − 20.0 mA cm−2, 
and 11.3 Ω for Ni–Ni foam. Obviously, the ERGO/Ni–NiO 
foam fabricated at i = − 10.0 mA cm−2 provided the small-
est ESR value, and thus the fastest charge/discharge process. 
The  Rct values obtained for ERGO/Ni–NiO foam composite 
electrodes are as follows: 1.8 Ω (i = − 1.8 mA cm−2), 1.3 
Ω (i = − 3.0 mA cm−2), 0.9 Ω (i = − 5.0 mA cm−2), 0.6 Ω 

Fig. 3  The Raman spectra of GO and ERGO under the different con-
stant reduction currents
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(i = − 5.0 mA cm−2), 0.65 Ω (i = − 20.0 mA cm−2), and 2.7 
Ω (Ni–NiO foam). The radius of semicircle for all of ERGO/
Ni–NiO foam electrodes were smaller than that of Ni–NiO 
foam, which suggested a lower charge transfer resistance for 
ERGO/Ni–NiO foam due to the introduction of graphene 
into the hybrid film. The line at lower frequency region is 

closely related to diffusion resistance of electrolyte in elec-
trode pores and the proton diffusion in the host material, 
which is a good indication of capacitive nature for porous 
electrodes. The almost vertical shape of this straight line 
indicates the swift diffusion of ions from the bulk of the 
electrolyte and the adsorption onto the electrode surface. 

Fig. 4  a, b The XPS survey spectra of GO and ERGOs, c, d XPS C1s spectra of GO and ERGO, and e Ni 2p 
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The  Zw values obtained for ERGO/Ni–NiO foam composite 
electrodes are as follows: 0.652 Ω  s−0.5 (i = − 1.8 mA cm−2), 
0.601 Ω  s− 0.5 (i  =  − 3.0  mA  cm−2), 0.532 Ω  s−0.5 
(i = − 5.0 mA cm−2), 0.478 Ω  s− 0.5 (i = − 5.0 mA cm−2), 
0.512 Ω s−0.5 (i = − 20.0 mA cm−2), and 0.7477 Ω  s−0.5 
(Ni–NiO foam). Moreover, the ascending trend of straight 
line slope by increasing current density at − 10 mA  cm−2 
revealed a decrease in the Warburg resistance. The desir-
able contact resistance between the ERGO film and foam 
and low resistance composite resulted in a high charge–dis-
charge rate of the Ni–NiO foam/ERGO in the supercapacitor 
performance [20].

According to the CV curves (Fig. 9a), the typical reduc-
tion–oxidation pair of NiO at − 0.1 to 0.5 V in the 1 M KOH 
solution was found by the following reaction [39]:

The CV curves of the Ni–NiO foam electrode in a 1 M 
KOH aqueous electrolyte at various scan rates ranging 
from 1 to 100 mV  s−1 are illustrated in Fig. 9a. According 
to the redox mechanism, almost all of the CV curves rep-
resent the behavior of a pseudocapacitive capacitance [40]. 
The anodic peak (positive current density) corresponds 
to the oxidation of NiO to NiOOH, while the cathodic 
peak (negative current density) is attributed to the reverse 
reduction process. Inset of Fig. 9a shows the CV curves of 
the ERGO at scan rates of 10, 20, 50, and 100 mV s−1. The 
graphene sheets demonstration a quasi-rectangular shape 
expected for an ideal capacitor representing a near electri-
cal double-layer capacitive behavior. With an increase in 
the scan rate, the current response increased accordingly, 

(8)NiO + OH−
↔ NiOOH + e−

Fig. 5  The X-ray diffraction patterns of the Ni–NiO foam/ERGO film 
and Ni–NiO foam

Fig. 6  The FT-IR spectra of GO, Ni–NiO foam, and Ni–NiO foam/
ERGO

Fig. 7  Corresponding CPs to the electrochemical reduction of Ni–
NiO foam/ERGO in 1M KOH

Fig. 8  The Nyquist plots of the Ni–NiO foam/ ERGO electrode fabri-
cated under the various reduction constant currents
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Fig. 9  The CV curves, average specific capacitance, and cathodic 
peak current versus the square root of the scan rate for a–c the Ni–
NiO foam, d CV of Ni–NiO/ERGO prepared at various reduction 
current density electrodes at a scan rate of 1 mV s−1 and e–g The CV 

curves, average specific capacitance, and cathodic peak current versus 
the square root of the scan rate for Ni–NiO foam/ERGO reduced at 
− 10 mA cm−2
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and the CV profiles remained quasi-rectangular at a high 
scan rate of 100 mV s−1, signifying low ESR, and fast dif-
fusion of electrolyte ions through the ERGO electrodes. 
The specific capacitance values for the Ni–NiO foam 
(Fig. 9b) electrode at scan rates of 1, 2, 5, 10, 20, 50, 
and 100 mV s−1 were 906, 853, 735, 667, 543, 501 and 
465 F g−1, respectively.

Figure 9d shows the CV curves of Ni–NiO foam/ERGO 
obtained at various reduction densities with a scan rate 
of 1 mV s− 1. Apparently, the current output in the CV 
curves throughout the scan range for the reduction density 
of − 10 mA cm−2 is obviously higher than that of reduc-
tion density at the same scan rate, indicating the higher 
specific capacitance. The Ni–NiO/ERGO hybrid reduced 
at − 10 mA cm−2 exhibited specific capacitances of 1935, 
1803, 1357,1184, 1027, 903, and 781 F g−1at 1, 2, 5, 10, 20, 
50, and 100 mV s−1, respectively (Fig. 9e, f). The current 
densities of the redox couple peaks for the Ni–NiO foam/
ERGO composite are higher than those of the Ni–NiO foam 
and ERGO film. This indicates that the Ni–NiO foam/ERGO 
hybrid film has a much higher electrochemical activity than 
the Ni–NiO foam and ERGO, mainly due to this fact that the 
presence of the underlying ERGO film provides more active 
sites for the redox reaction. Furthermore, the negative shift 
of the onset potential of the oxidation reaction indicated a 
decrease in an energy barrier required for the NiO/NiOOH 
reaction, denoting the improvement of the reaction kinetics 
and electrochemical activities of the NiO in the presence of 
a graphene layer. As shown in Fig. 9c, g, an increase of the 
scan rate causes to obtain a more negative cathodic peak. 
Since there was a linear dependency between the peak cur-
rents, ipc (cathodic peak current), and square root of scan 
rates from 1 to 100 mV s−1, it was deduced that the redox 
reaction of the Ni–NiO and Ni–NiO/ERGO electrodes in 
KOH electrolyte were controlled by diffusion process on 
the electrode surface.

The Pseudocapacitance behavior of the Ni–NiO foam 
is shown in galvanostatic discharge curves of Fig. 10a. 
The slope variation from 0.5 to 0.33 V is due to the redox 
reaction between Ni–NiO foam/ERGO and the electrolyte 
interface and electrochemical adsorption–desorption [41]. 
A rapid voltage drop was found at voltages below 0.33 V, 
which reveals the common double-layer-capacitance behav-
ior because of simple charge separation between the elec-
trode and electrolyte. Figure 10c shows the GCD curves of 
Ni–NiO foam/ERGO obtained at various reduction densi-
ties with a discharge current of 1 A g−1. The discharge time 
under the GCD curves for Ni–NiO foam composite at reduc-
tion density of − 10 mA cm−2 is much longer than that of 
reduction density at the same current density, confirming the 
higher specific capacitance.

According to the discharge–time data, the specific 
capacitances of the hybrid electrode are calculated and 

plotted in Fig. 10d, e. Inset of Fig. 10d shows the GCD 
curves of the three samples in the voltage range of 0–0.5 V 
(vs. SCE) at a constant current density of 1.0 A/g. The 
graphene electrode presents a nearly linear discharge 
curve, characteristic for the capacitive behavior of a typi-
cal double layer, with a specific capacitance of 286 F/g. In 
Ni–NiO foam/ERGO, the linear part could be attributed 
to pure double-layer capacitance behavior from the charge 
separation at the electrode/electrolyte interface. Since fara-
daic redox reaction is usually accompanied by the double-
layer charge–discharge process, the non-linear part could 
be correlated to a combination behavior of double-layer 
capacitance and pseudocapacitance.

The Ni–NiO/ERGO hybrid reduced at − 10 mA  cm−2 
displayed specific capacitances of 1995, 1836, 1199, 932, 
and 806 F g−1 at 1,2, 5, 10, and 20 A g−1, respectively 
(Fig. 10e), which were much higher than those attained 
from the Ni–NiO foam [924, 841, 694, 501, and 462 F g−1, 
respectively (Fig. 10b)]. This significant increase of spe-
cific capacitance can correspond to the special structure 
of the composite films. High surface area for redox reac-
tions is due to the vertically aligned nano dendrites, porous 
structure, and numerous electroactive sites of the Ni–NiO 
foam/ERGO. Therefore, such a special architecture of 
ERGO and the double NiO layers are so promising for 
supercapacitor application. The electrochemical stability 
electrode was assessed by a degradation test performed 
with 6000 GCD cycles at a high charge/discharge current 
density of 20 A g−1 (Fig. 10f). During the first 400 cycles, 
specific capacitance was increased. This phenomenon can 
be described by the activation of electrode leading to the 
increase in the number of available active sites and facili-
tating the diffusion of trapped ions. The Ni–NiO foam and 
Ni–NiO foam/ERGO composite electrodes exhibited 18.4 
and 4.9% capacity decay after 6000 cycles of charging and 
discharging at a 20 A g−1 current density, respectively. The 
unique morphology and stable structure of the Ni–NiO 
foam/ERGO composite is the main reason for such excel-
lent cycling stability. Therefore, the Ni–NiO foam/ERGO 
composite electrode can be an appropriate candidate for 
pseudocapacitors due to its high electrochemical stability.

This superior performance could be described by the 
high specific surface area of ERGO, easing the collection 
and transportation of electrons during the cycling process. 
The nanocomposite fabricated in this study exhibited much 
higher capacity retention at high current densities than 
previous reported materials such as Ni/NiO/RGO, nickel-
based compound-graphene sheet, NiO/rGO, NiO, and gra-
phene skeletons supported by nickel molybdate nanowire 
(Table 1).
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4  Conclusion

In this research, a simple galvanic displacement reaction was 
employed to fabricate dendritic Cu-dealloyed nanoporous 

Ni–NiO foam. Furthermore, a novel hybrid method incorpo-
rating drop casting and galvanostatic process was deployed 
to produce graphene-developed hybrid on the Ni–NiO 
foam. The interaction between the Ni–NiO complexes and 

Fig. 10  The GCD and average specific capacitance at the various dis-
charge current densities for a, b the Ni–NiO foam, c GCD curves of 
Ni–NiO foam/ERGO prepared at various reduction current density 
electrodes at a current density of 1 A g−1, d, e The GCD and average 

specific capacitance at the various discharge current densities for Ni–
NiO foam/ERGO reduced at − 10 mA cm−2, and f the cyclic stability 
of electrodes at a current density of 20 A g−1
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graphene resulted in an effective electrode–electrolyte inter-
facial area, the fast direction for the transport of electrolyte 
ions, and an easy Faraday reaction. The manufactured com-
posite electrode demonstrated a specific capacitance of up 
to 1995 F g−1 at a current density of 1 A g−1 in a 1 M KOH 
solution. In addition, the electrode presented impressive 
cycling stability with capacity retention of 95.1% after 6000 
cycles. It was concluded that the Ni–NiO/ERGO hybrid 
electrode materials have a promising application in electro-
chemical energy storages due to their superior electrochemi-
cal performance, cost effectiveness, and easy fabrication.
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