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Abstract
In the present work, we have synthesized a series of composites with NiO, Co3O4, and NiCo2O4 and reduced graphene 
oxide (RGO). The hybrid composites were fabricated trough a single step hydrothermal approach with subsequent heat 
treatment. X-ray diffraction, Raman spectroscopy and Transmission Electron Microscopy analyses indicate the metal oxide 
nanoparticles were integrated well in the carbon cloth substrate with rGO support. The as-prepared materials were evaluated 
as the electrodes for energy storage and conversion devices. As the electrode for supercapatteries, rGO supported NiCo2O4 
exhibits highest specific capacity of 333 C g−1 at a specific current of 1 mA cm−1 when compared to their monometallic 
oxides and also exhibits excellent cycling stability with 89% retention at 5 mA cm−1 after 5000 cycles in a three-electrode 
system. Furthermore, we have investigated the electro-oxidation of methanol with these electrode in an alkaline medium. 
Compared to individual oxide composites, the NiCo2O4–rGO electrode shows excellent electro-catalytic activity towards 
methanol oxidation with low onset potential of ~ 0.3 V and high catalytic current density. The observed bi-functionality of 
rGO supported metal oxide composite could be attributed to the enhanced electrical conductivity and the well-integrated 
contact with carbon cloth back bone. Thereby it can be concluded that the design of hybrid composite electrode could be 
the better choice of electro-active materials for both energy storage and conversion applications.

1  Introduction

The demand for clean and sustainable energy has been con-
tinuously increasing due to the exhaustion of conventional 
fossil fuels and their linked ecological issues [1]. These con-
sequences makes it necessary to focus intensive research 
towards the development of advanced energy storage and 
conversion devices. Recently, supercapacitors (SCs) and 
direct methanol fuel cells (DMFCs) have received great 
research interest as high performance energy storage and 
conversion devices [1–10]. Both of these devices require 
promising electroactive materials with featured electro-
chemical activity (i.e., multiple oxidation states, low onset 
potential, more surface active sites for redox reaction etc. 
that affect the exchange current density) [2, 5, 7, 10]. Till 
date, the practical requirement of electrochemical devices 
have not been achieved with the single element or com-
pound electrodes. However, there is a possibility to achieve 
the desirable device performance with the hybrid and com-
posite materials that combine the unique characteristics 
of each component to surpass the limitations of the single 
materials [11]. Therefore, it is essential to discover novel 
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and environmentally friendly multifunctional hybrid elec-
trode materials for both energy storage and conversion 
applications.

In a related process, the performance of DMFCs is 
directly related to the catalyst activity used to oxidize the 
liquid fuel. In this view, transition metal oxides (TMOs), 
hydroxides, and their compounds are being extensively dem-
onstrated for high capacity supercapacitors with enhanced 
energy density and non-precious catalyst for DMFCs 
because of their more abundance in nature, less toxicity, and 
tuneable microstructures [12–20]. These materials provide 
with high surface area, good structural stability, electrical 
conductivity and processability and can shows enhanced 
electro-catalytic activity relevant to both of these energy 
storage and conversion technologies [21–24]. However, 
these electrodes limit their further practical applications 
due to inadequate conductivity to support rapid electrode 
kinetics during redox process [25]. In order to increase the 
intrinsic electrical conductivity of the electrode, the con-
ductive carbon materials are being proposed as a backbone 
support [25, 26]. Most efforts have been focused to synthe-
sis composite electrode with activated carbon (AC), carbon 
nanotubes (CNTs) and reduced graphene oxide (rGO) [27]. 
However, the electrode performance is still not satisfactory 
due to the dissolution and detachment of the metal oxide 
from the carbon support. Hence the recent studies focuses 
the direct integration of metal oxide nanostructure onto con-
ductive substrate. In particular the flexible carbon cloth (CC) 
have received more attention owing to its unique functional 
features including large surface area, high porosity, good 
electric conductivity, and excellent chemical stability in a 
wide variety of liquid electrolytes [25]. Although, CC sup-
ported electrode materials have been extensively studied 
for batteries, supercapacitors and fuel cells [28–32], many 
approaches have been explored, in particular graphene-based 
nanocomposites for the fabrication of high-performance 
supercapacitors and fuel cells [33]. However composite of 
rGO supported hybrid metal oxides nanostructures grown 
on carbon cloth is rarely been reported. The inherent prop-
erties of rGO and CC such as high surface area, electrical 
conductivity, high porosity and high stability related to the 
specific capacitance will increase the electrode performance 
and the catalytic properties.

The second important property is the long term resist-
ance from corrosion in alkaline medium, and in this regard 
nickel–cobalt–rGO hybrid materials are found to be attrac-
tive as the superior electrode/catalyst for electrochemical 
energy storage and conversion. Dong et al. reported 3D 
graphene supported Co3O4 nanowires for high performance 
supercapacitor [34]. Recently, Ni–Co binary oxide/reduced 
graphene oxide composite has been reported for super-
capacitor by Bai et al. [35]. Similarly, Gao et al. reported 
the improved electrochemical performance with rGO/NiO 

composite electrode towards supercapacitor application [36]. 
Equally, these materials are being utilized as the catalyst for 
DMFCs, recently, Yu et al. investigated NiCo2O4 anchored 
on 3D graphene for methanol oxidation [37]. In continua-
tion, Hassen et al. demonstrated Co(OH)2/graphene meso-
structures as the ethanol oxidation catalyst [38] followed by 
graphene/NiO nanocomposite as efficient electro-catalyst for 
methanol oxidation by Li et al. [39]. However the simultane-
ous growth of rGO/metal oxide using cost-effective synthe-
sis process is limited and needs to be explored.

In the present study, we developed a novel synthetic strat-
egy to fabricate bifunctional rGO supported hybrid metal 
oxides (MOs) nanostructure on carbon cloth substrate and 
investigated for both energy storage and conversion appli-
cations. One-pot hydrothermal approach has been followed 
to design rGO/MOs (M = Ni and Co) on CC substrate. The 
electrochemical characteristics of as fabricated hybrid nano-
structures has been examined as a high performance flex-
ible non-capacitive faradaic energy storage electrode and 
electro-catalyst for methanol oxidation. Among the prepared 
materials, the bimetallic rGO/NiCo2O4 hybrid electrode has 
delivered a maximum specific capacity of 333.3 C g−1 at 
a constant current of 1 mA cm−2 and a long-term stabil-
ity for supercapatteries. In addition, the electrode showed 
superior electrocatalytic activity with lower onset potential 
(0.31 V) and greater stability for methanol oxidation. This 
bifunctional activity is principally due to the integrative 
consequence of both Ni and Co active sites with graphene 
intercalation in addition to the well supported CC. These 
results further open-up a new platform for large scale pro-
duction and utilization of hybrid electrodes based on transi-
tion metal oxides and graphene for energy storage and con-
version devices.

2 � Experimental procedure

2.1 � Fabrication of hybrid composites

The synthesis of hybrid electrode involved two steps, prepa-
ration of Graphite oxide followed by simultaneous growth 
of metal oxides/rGO on carbon cloth using hydrothermal 
approach. The precursors and solvents were all analytical 
grade and used as received without further purification. The 
graphite oxidation was done by well-known modified Hum-
mer’s method. In detail, 1 g of graphite flakes and 0.5 g of 
NaNO3 were mixed with 30 mL of concentrated H2SO4 in 
ice bath (0–5 °C) under constant stirring. Subsequently, 8 g 
of KMnO4 was slowly added to the graphite mixture and 
continued stirring for 30 min. Then 100 mL of DI water was 
added dropwise into the above oxidized graphite in order to 
quench the reaction. Brownish yellow mixture was obtained 
and the stirring was further continued at 30 °C for 4 h. 
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Followed by addition of 20 mL of H2O2 (28%) was added to 
the solution. The end product was repeatedly washed with 
diluted HCl solution followed by DI water until to reach the 
neutral pH. Finally, Graphite oxide suspension was dried 
under vaccum at 60 °C for overnight and used for further 
hydrothermal reduction process with metal oxides.

To design the rGO/metal oxide hybrid electrode, the 
flexible substrate carbon cloth (CC) was pre-treated with 
3 M HCl through ultra-sonication followed by washing with 
deionized (DI) water. The hydrothermal growth process was 
same as that of our previous report [30]: typically, 1 mg/mL 
of GO was ultrasonically (1 h) dispersed in equal volume 
of mixed solvent ethanol/water (40/40 mL) which contains 
pre-treated CC (4 cm × 4 cm), 0.01 M of Ni(NO3)3·6H2O, 
0.02  M of Co(NO3)3·6H2O and excess amount of urea 
(0.1 M) for CC@rGO/NiCo2O4 hybrid material. Whereas 
for CC@rGO/NiO and CC@rGO/Co3O4 only 0.01 M of 
Ni(NO3)3·6H2O and 0.01 M Co(NO3)3·6H2O respectively 
were alone dissolved. The other procedure is followed 
same as before. After that, the homogenous solution was 
transferred to a stainless steel autoclave and kept at 180 °C 
for 12 h in an oven. Finally, the oven was cooled down to 
room temperature naturally and CC was separated out from 
the container and washed with DI water thrice. Then it 
is allowed to undergo heat treatment in muffle furnace at 
300 °C for 3 h in air. To make easy identification the mate-
rials were labelled as CCG, CC@NG, CC@CG and CC@
NCG in respective of pristine rGO, rGO/NiO@CC, rGO/
Co3O4@CC and rGO/NiCo2O4@CC. The mass loading of 
the composite was measured carefully from the weight dif-
ference of the substrates before and after the hydrothermal 
growth of materials. The estimated approximate mass load-
ing of the composites were ~ 0.5, ~ 0.9, ~ 1.2 and 1 mg cm−2 
for CCG, CC@NG, CC@CG and CC@NCG respectively.

3 � Materials characterization

The phase of CC-supported hybrid electrodes were char-
acterized using X-ray diffractometer (XRD) (Bruker 
D2-PHASER). Raman spectra of the samples were taken 
under visible excitation at 514.3 nm using a Laser Raman 
Spectrophotometer. The morphologies of all the samples 
were observed under a (FEI 200F HRSEM) scanning elec-
tron microscopy after sputtering the samples with plati-
num for 30 s. Energy dispersive X-ray measurements were 
conducted using the EDAX system attached to the same 
microscope. High resolution transmission electron micro-
scope was carried out in TECNAI HRTEM-3010 at 200 kV. 
Electrochemical characterization was carried out at room 
temperature using CHI 7007C electrochemical workstation. 
The fabricated hybrid electrodes were used as the binder-free 
working electrode. A three electrode cell was constructed 

with the working electrode, Pt wire counter electrode and 
saturated calomel electrode (SCE) as a reference electrode. 
The 3 M KOH aqueous solution was used as the supporting 
electrolyte. Similarly, for fuel cell application, the electro-
catalytic-activity of the electrode was studied in 1 M KOH 
solution with and without 0.5 M CH3OH by cyclic voltam-
metry and chronoamperometry.

4 � Results and discussion

The crystal structures of the rGO incorporated NiO, Co3O4 
and NiCo2O4 grown over carbon cloth were investigated by 
XRD analysis. Figure 1 shows the XRD pattern of the pure 
CC, CCG, CC@NG, CC@CG and CC@NCG hybrid elec-
trodes. The observed X-ray diffractions peaks are found to 
be intense and broad indicating polycrystalline nature with 
nano-sized crystallites. In Fig. 1, the NiO peak intensity for 
CC@NG electrode is very low, thereby it has shown in Fig. 
S1 (supplementary information) as separate graph in order 
to support the growth of NiO. The diffraction peak posi-
tions match well with standard diffraction patterns (CC@
NG #47-1049; CC@CG #78-1970; CC@NCG #20-0781) 
and the reflections can be indexed to the respective crys-
tal planes as shown in Fig. 1. The pure CC showed well-
known XRD peaks related to the graphite (JCPDS 08-0415) 
[30]. In CCG sample, the observed peak shift at 2θ value of 
graphite approximately 24°–26° indicating the successful 
formation of reduced graphene oxide on CC. Based on the 
metal oxide, the characteristic peaks at the corresponding 
2θ values as indexed in the XRD pattern are respectively 
attributed to the diffraction of peaks of crystalline metal 
oxides. Nevertheless, the diffraction peak related to rGO is 

Fig. 1   XRD pattern pure carbon cloth, pristine rGO@CC, NiO@CC, 
Co3O4@CC and NiCo2O4@CC



4872	 Journal of Materials Science: Materials in Electronics (2018) 29:4869–4880

1 3

not distinguishable in the hybrid CC@NG, CC@CG and 
CC@NCG due to its low content or low degree of graphiti-
zation [40]. No other secondary phase is detected, indicating 
a well-defined crystal structure with high quality of hybrid 
electrode.

In order to further confirm the growth of rGO/metal oxide 
hybrid materials, the Raman spectroscopy was used. Fig-
ure 2 shows the Raman spectra of the as prepared hybrid 
CCG, CC@NG, CC@CG and CC@NCG samples in addi-
tion to the pure CC. All the samples exhibits the D-band 
(arising from the edge or defect sites of carbon) and (G-band 
representing the sp2 carbon) vibrations with different inten-
sity associated to metal oxide at 1345 and 1588 cm−1 respec-
tively [41]. Pristine CC and CCG showed only the disor-
dered carbon and graphitic carbon bands. With the metal 
oxide, there is few more additional bands at low wavenum-
ber which indicating that incorporation of rGO into metal 
oxide nanostructures. For CC@CG electrode, the Raman 
spectra is distinct and prominent oxide bands are observed as 
shown in Fig. 2. The well resolved Raman peaks at 190, 474 
and 687 cm−1, can be attributed to the Eg, F2g and A1g modes 
of Co3O4 [34, 42]. However, the carbon bands with dimin-
ished intensity in CC@CG further reveals the prominent 
growth of Co3O4 and is in consistent with XRD analysis. 
In the CC@NG, the characteristic Ni–O peak appeared at 
508 cm−1, whereas for CC@NCG, more bands are observed 
at 188, 471, 509, and 649 cm−1, related to F2g, Eg, F2g, and 
A1g modes of the NiCo2O4 nanostructure, respectively [30, 
43].

The surface morphology of the rGO/metal oxide com-
posites were examined by FE-SEM, as shown in Fig. 3a–d 
and Fig. S2a–h. SEM image of CCG (Fig. 3a) showed the 
attachment of graphene layers on carbon cloth. The coverage 
of rGO incorporated NiO flakes on the CC surface can be 

observed for CC@NG in Fig. 3b. Freestanding NiO nano-
flakes are uniformly grown onto the flexible carbon fiber. 
From Fig. 3c, it can be seen that dense growth of Co3O4 
nanoparticles with graphene when CC acted as flexible tem-
plate as well as substrate. Additionally, the graphene/Co3O4 
composites experienced a strong aggregation during growth 
when compared to other two composites. This result is well 
consistent with XRD and Raman analysis. NiCo2O4 nano-
spheres anchored on the carbon fiber can be observed in the 
FE-SEM image of CC@NCG as shown in Fig. 3d and Fig. 
S2g, h. In this case, the well distributed nanospheres are 
formed during hydrothermal treatment in addition to rGO. 
In comparison with the FESEM image of CCG, the surface 
of the composites are much rougher, which is attributed to 
the growth of the metal oxides with RGO during hydrother-
mal process. Further it reveals that rGO are enclosed by the 
aggregated metal oxides when oxide fractions are compara-
tively very high.

To understand the microstructure, the TEM analysis was 
carried out for the samples scratched off ultrasonically from 
the CC substrate. Figure 5a–h shows the TEM images of the 
hybrid composites with their corresponding SAED pattern. 
The Pristine CCG showed transparent reduced graphene 
oxide sheets with tri-layered structure. The observed diffrac-
tion pattern of CCG confirms the crystalline structure with 
the reflection of (1100) plane [41]. From the TEM image 
of CC@NG shown in Fig. 5c, it can be seen that stacked 
flake like NiO–rGO composite structure. The corresponding 
SAED pattern in Fig. 5d shows the dispersed ring patterns, 
indicating the polycrystalline nature of the NiO nanoflakes. 
However, from the TEM image of CC@CG composite as 
shown in Fig. 5e, it can be found that the Co3O4 nanoparti-
cles are attached in the rGO sheets. Additionally, the SAED 
pattern of Co3O4/rGO composite presented in the Fig. 5f 
showed diffused rings which infers the high crystallinity of 
the CC@CG composite. The observed diffraction pattern 
matched well with the typical spinel crystal structure of 
Co3O4. Furthermore, the TEM image of the CC@NCG com-
posite designate that spherical NiCo2O4 nanoparticles were 
homogeneously deposited on the surface of CC in addition 
with rGO. Also, the well-defined rings in the SAED pattern 
(Fig. 5h) specifies the polycrystalline characteristics of the 
NiCo2O4/rGO composite, and the rings could be assigned 
to the appropriate crystal planes of (111), (220), (311), and 
(400) of spinel nickel cobaltite [30]. The energy dispersive 
spectra analysis of the prepared metal oxide/rGO compos-
ite is shown in Fig. 4a–d. The corresponding EDS spectra 
shows the primary elements of Ni, Co, C, and O exhibit in 
the appropriate composition without any impurities.

To investigate the electrochemical behaviors of the metal 
oxide/rGO composite electrodes, cyclic voltammetry (CV) 
and galvanostatic charge–discharge (GCD) techniques 
were applied. All the electrochemical performances of the 

Fig. 2   Raman Spectra of pure and hybrid composite materials grown 
on carbon cloth
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as–prepared metal oxide/rGO composites are examined in 
three electrode configuration with 3 M KOH electrolyte solu-
tion and shown in Fig. 6a–d. CV is one technique used to 
distinguish capacitive or non-capacitive characteristic of the 
electrode materials. Basically, rectangular CV curves indicates 
the ideal electrochemical double layer capacitive nature of the 
electrode which has been observed in carbon based materials 
[44]. Noteworthy, the transition metal oxide identified with 
their surface redox activity and thereby named as the pseudo-
capacitive electrode [45]. In general, metal oxide electrodes 
are used to describe by the term pseudo-capacitive. However, 
these electrode does not exhibit the linear relationship between 
potential and current like an ideal capacitor except the RuO2 
and MnO2 [46–48]. Hence, such a non-capacitive faradaic type 
charge storage process should be excluded from discussions on 
pseudo-capacitive faradaic processes. Due to the misconcep-
tion of the term pseudo-capacitance, many researchers have 
categorized their materials as the electrode for supercapacitor 
which showed battery like redox profile [46]. Figure 6a shows 
the CV curves of the pure and composites electrodes at a scan 
rate of 5 mV s−1. The bare CC and CCG electrode shows the 

rectangular shape CV response, indicating capacitive behavior 
of the carbon structures. As seen in Fig. S3a, the CV current 
density increases gradually with the increase of the scan rate, 
and retains rectangular shape even at 50 mV s−1. Ultimately, 
the rGO/metal oxide hybrid electrodes showed distinct CV 
curve as shown in Fig. 6a. All the composite electrode have 
showed pair of oxidation/reduction peak in the CV curve indi-
cating the faradaic charge storage mechanism of the electrodes. 
The observed redox couples mainly due to the reversible reac-
tion of MO/MOOH formed on the CC surface and the faraday 
reaction of OH− with the residual function groups in the rGO. 
The redox couples are corresponding to the following faradic 
reactions (Eqs. 1–4):

(1)NiO + OH
−
↔ NiOOH + e−

(2)Co3O4 + OH
− + H2O ↔ 3CoOOH + e−

(3)NiCo2O4 + OH
− + H2O ↔ NiOOH + 2CoOOH + e−

(4)CoOOH + OH
−
↔ CoO2 + H2O + e−

Fig. 3   HRSEM images of a CCG, b CC@NG, c CC@CG and d CC@NCG
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Among them, the large area under CV of CC@NCG 
electrode reflects enhanced electrode conductivity due to 
the rGO. When compared to monometallic electrode, com-
posite electrode CC@NCG showed well-distinct two pair 
of redox peaks corresponding to the reversible reaction 
of both Co2+/3+ and Ni2+/3+. It is interesting to point out 

that, this dual redox features is generally not discernible 
in bimetallic electrodes and only one redox peak of Co2+/3 
was observed based on the earlier reports. In our earlier 
report on NiCo2O4/CFC nanostructures also showed only 
one redox pair [43, 49]. Here, the two redox pair may 
be attributed to the strong chemical interaction between 

Fig. 4   EDS spectra of a CCG, b CC@NG, c CC@CG and d CC@NCG

Fig. 5   HRTEM images and the corresponding SAED pattern of a, b CCG, c, d CC@NG, e, f CC@CG and g, h CC@NCG
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NiCo2O4 nanoparticles and residual oxygen containing 
functional groups on the rGO as suggested by the wang 
et al. [50]. In addition the intimate binding with CC affords 
facile electron transport within the metal oxide and gra-
phene sheets thereby both the redox features were clearly 
observed. Noticeably, no appropriate redox peaks could 
be seen in the CV curve of the CC@CG electrode due 
to the poor conductivity of Co3O4. This results were fur-
ther confirmed with the scan-rate dependent CV analysis 
as shown in Fig. S3b–d. When the scan rate is increased 
from 5 to 50 mV s−1, the redox peaks in the CV curve 
shifted appropriately, which suggest low polarization of 
the electrodes. From the CV graphs, it can be seen that 
the peak current increases approximately linear with the 
square root of the scan rate (not shown here), indicating 
diffusion controlled faradaic reactions [49]. For further 
confirmation of the electrochemical activity, constant cur-
rent charge–discharge analysis was carried out and shown 
in Fig.  6b. The measured charge–discharge profile at 
1 mA cm−2 for all the composite electrodes are consistent 

with the CV results and showed faradaic type energy stor-
age features with quasi nonlinear charge–discharge curves. 
Since the discharge time is directly controlled by the rate 
of electrolyte ions diffusion into and out of the electrode 
surface, the electrochemical activity can be described with 
their discharge time. The CC@NCG electrode exhibits a 
much longer discharge time than the pristine and mono-
metallic composite electrodes. This can be ascribed to an 
increased redox reactions arises by hybrid structure that 
offer high electrical conductivity and more active sites 
of the bimetallic electrode. To further quantify the spe-
cific capacity, the charge–discharge test was measured at 
various specific current and displayed in Fig. S4a–d. The 
similar trends were observed for all the electrodes by vary-
ing the specific current from 1 to 10 mA cm−2 suggesting 
that good rate capability of hybrid electrodes. Due to the 
observed non-capacitive faradaic charge compensation in 
hybrid electrodes, it does not make sense to calculate the 
‘specific capacitance’ which is not a constant throughout 
the measured potential regime [47]. Hence, the specific 

Fig. 6   a Cyclic voltammogram of pure and hybrid electrode 
at 5  mV  s−1, b charge/discharge curves of hybrid electrodes at 
1  mA  cm−2 (inset for CCG), c cyclic stability of the electrodes at 

5  mA  cm−1 (for CCG at 1  mA  cm−1), d Nyquist plot of pure and 
hybrid electrode and the inset represents the corresponding extended 
view (left) and equivalent circuit (right)
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capacity or the amount of charge stored in the electrode 
was calculated using, Cs = It∕m, where I is applied cur-
rent, t is discharge time and m is the mass of the active 
material [51, 52]. Thereby, the capacity should be termed 
in C g−1 or mA h g−1, which provides a real metric value of 
the electrode against other capacitive materials. The spe-
cific capacity values of these hybrid composite electrodes 
are shown in Table 1. Obviously, the estimated specific 
capacity was found to be high for CC@NCG electrode, 
is 333.3 C g−1 at an applied current of 1 mA cm−2 and 
reduced to 184.7 C g−1 at higher current of 10 mA. It has 
retained its 55.2% of the initial capacity values when the 
current was increased tentimes, whereas, the estimated 
specific capacity for pristine and CC@NG and CC@CG 
composites are 24.2, 124.8, and 61.7 C g−1 respectively at 
1 mA cm−2. In terms of better vicinity to the readers, the 
specific capacitance was also calculated simply by divid-
ing the specific capacity value with the corresponding 
potential (0.8 V for pristine and 0.5 V composites) and 
the values are tabulated. The bare carbon cloth showed 
negligible specific capacitance of 3.4 mF g−1 from the 
charge discharge measurement (not shown here). From 
this value it can be observed that CC@NCG electrode 
exhibit superior electrochemical performance when com-
pared to their monometallic oxides and the other materials 
reported earlier. Our specific capacitance are significantly 
higher than the values reported 221 F g−1 at 0.6 A g−1 
for meso-porous Co3O4 [53] and 461 F g−1 at 0.2 A g−1 
for NiO/rGO composites [54]. Also, this value is much 
higher than 415 F g−1 at 3 A g−1 in 6 M KOH electro-
lyte for Co3O4/rGO composite prepared via hydrothermal 
technique [55]. Furthermore, our electrode performance 
is even better than the value of 508 F g−1 at 0.5 A g−1 for 
NiCoO2/rGO composite electrode reported by Liu et al. 
[56]. The high specific capacity is mainly derived from the 
highly porous texture with more active sites, and the redox 
transformation between different states of Ni and Co ions. 
Noteworthy, the observed specific capacity values are even 
much higher than the synergistic value of the individual 
oxides. This can be explained by the presence of rGO in 
the electrode which significantly enhanced the contribu-
tion of both Ni and Co ions for redox process as observed 

from the CV analysis thereby high specific capacity was 
obtained. The stability of the electrode is one of the most 
substantial factors for their practical applications. Hence 
the electrode was tested by continuous charge–discharge 
analysis at 5  mA  cm−2 upto 5000 cycles as shown in 
Fig. 6c. It demonstrate that the stability of the electrode 
was quite good for all the electrodes, however the CC@
NCG hybrid electrode showed better capacity retention of 
about 89% after 5000 cycles, whereas the monometallic 
composites delivered 85 and 81% for CC@CG and CC@
NG respectively. It is worth mentioning that pristine CCG 
electrode showed high capacity retention of 92% indi-
cating the presence of rGO in the CC could increase the 
cyclic stability of the electrodes. To further interrogate 
the electrochemical performance, the EIS analysis was 
performed in the frequency range of 100 kHz to 0.01 Hz 
at open circuit potential with an AC perturbation of 5 mV. 
The resultant Nyquist plots are shown in Fig. 6d and the 
insets showed the enhanced view of high frequency region 
(left) and the corresponding equivalent circuit (right). The 
sloped line in the low frequency range corresponds to War-
burg impedance (W) followed by the visible semicircle 
at high frequency regime, shows that diffusion controlled 
electrochemical capacitive behavior of the composite elec-
trodes. Among them, CC@NCG electrode exhibits small 
charge transfer resistance as seen in Fig. 5d infers the high 
electrical conductivity. These results can be due to the 
hybrid structure of graphene and NiCo2O4 nanoparticle 
integrated onto porous carbon cloth which could promote 
the rapid electron and electrolyte transportation at the 
electrode surface [30].

The electro-catalytic activity of metal oxide/rGO hier-
archical architecture on CFC towards methanol oxidation 
was evaluated within the alkaline medium. Since the bare 
carbon cloth and pristine CCG showed poor methanol oxi-
dation only metal oxide/rGO composites are further studied 
for methanol oxidation. Figure 7a represents the CV curves 
of MO/rGO@CC catalysts under 1 M KOH at a sweep 
rate of 2 mV s−1. Without the methanol, CV curve shows 
the visible pair of redox peak over the measured potential 
range which demonstrates the surface redox process [10, 
57] and the sharp increase in anodic current in the CV curve 

Table 1   Electrochemical 
charge storage capability of the 
electrodes

Electrode materials Specific capacity from charge–dis-
charge studies in C g−1

Specific capacitance from charge–dis-
charge studies in F g−1

1 mA 5 mA 10 mA 1 mA 5 mA 10 mA

CC – – – 3.4 (mF g−1) – –
CCG​ 24 – – 30.25 – –
CC@NG 124.8 50 25.1 249.6 100 50.2
CC@CG 61.7 26.2 17.5 123.4 52.4 35
CC@NCG 333.3 228.4 184.7 666.6 456.8 369.4
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measured with 0.5 M CH3OH reveals the methanol oxida-
tion of the catalyst as shown in Fig. 7b. The mechanism for 
electro-oxidation of methanol by this CC@NCG composite 
electrode is as follows (Eqs. 5–7) which is the combination 
of individual oxides as reported earlier [58].

Noticeably, an increase in the anodic peak current and 
decrease of cathodic peak current during the negative sweep 
was observed in the CV curve with the presence of metha-
nol. The methanol oxidation current for CC@NCG is much 
higher at 0.7 V and exhibits a lower onset potential (~ 0.3 V) 
as well. The monometallic oxide composites shows higher 
onset potential of 0.43 and 0.45 V for CC@NG and CC@CG 
respectively. Interestingly, the low onset potential for CC@
NCG electro-catalyst was observed when compared to mon-
ometallic oxides and as reported earlier (~ 0.4 V) [59] indi-
cates that there is a scope for nanostructured metal oxide/

(5)NiCo2O4 + OH
− + H2O ↔ NiOOH + 2CoOOH + e−

(6)NiOOH + CH3OH + xO2 → Ni(OH)2 + CO2 + yH2O

(7)
2CoOOH + mCH3OH + nO2 ↔ 2Co(OH)2 + 2CO2 + zH2O

rGO composite electro-catalyst for DMFCs. The maximum 
current density of 43 mA cm−2 was observed and which 
is comparatively higher than the earlier report [32, 59]. 
These result evidences the superior electro-catalytic perfor-
mance of the hybrid NiCo2O4/rGO nanostructure. Further 
the methanol reacts with the proposed catalyst components 
as suggested reactions, initially MOOH (M = Ni and Co) 
formed on the electrode surface and increases the anodic 
current and decreases the corresponding reverse cathodic 
current. The scan rate dependent electro-catalytic activity 
of composite electro-catalysts was investigated using CV 
under 0.5 M CH3OH. Figure S5a–c indicates the CV curves 
measured at different scan rate ranging from 5 to 50 mV s−1. 
It reveals that the hybrid nanostructure showed the increas-
ing oxidation current with the scan rate and describes the 
rapid ion/electron transfer within the electrode. At a high 
scan rate of 50 mV s−1 high anodic current was observed 
and it retained even at a low scan rate of 5 mV s−1 which 
ascribes the greater electro-catalytic activity of the hybrid 
electrodes. The catalytic stability of these metal oxide/rGO 
hybrid catalysts towards methanol oxidation were inves-
tigated by repeated cyclic voltammogram at a 20 mV s−1 

Fig. 7   a Cyclic voltammogram of hybrid electrode measured in 1 M KOH, b 1 M KOH + 0.5 M CH3OH at 5 mV s−1. c CV curves of the hybrid 
electrodes after 500 cycles at 20 mV s−1. d Amperometric curves of the hybrid electrodes at 0.4 V
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over 500 cycles and shown in Fig. 7c. It can be seen that 
the catalytic activity of the electrode even after 500 cycles 
was excellent and demonstrates the good stability. Further, 
chronoamperometic curve at 0.4 V for an extended time of 
3000 s is shown in Fig. 7d. The initial loss upto 50 s fol-
lowed by stable curve noticed upto 2950s indicates the long 
term stability of this hybrid nanostructure. The slight fluctu-
ation in the amperometric for CC@NCG curve indicates the 
influence of generated gases during methanol oxidation [60]. 
The excellent methanol oxidation behavior of these hybrid 
catalysts was further evaluated with the electrochemical 
impedance spectra (EIS) measurement. Figure S5d shows 
the EIS spectra of hybrid electro-catalysts with methanol. 
The observed Nyquist plot consists of visible semicircle at 
high frequency region and extended tail at low frequency 
region related to the charge transfer resistance and pseudo-
capacitance over the metal oxide surface respectively. From 
the EIS spectra it can be observed that the Rct value has 
been increased slightly during methanol oxidation process 
due to methanol adsorption. It was noticeable that the diam-
eter of the semicircle is small and can be understandable 
from the superior electrical conductivity of the catalyst 
in 0.5 M CH3OH. The observed impedance spectra were 
compared to the equivalent circuit as given in the inset of 
Fig. 6d. According to the equivalent circuit, Rs, Cdl, Rct, 
and W are the solution resistance, double layer capacitance, 
charge transfer resistance and Warberg’s diffusion elements, 
respectively [60]. With 0.5 M CH3OH, the estimated solu-
tion resistance values were ~ 2.2, 2.6 and 4.5 Ω for CC@
NG, CC@CG and CC@NCG respectively. This indicates 
that our hybrid nanostructures on CC substrate exhibit the 
good tolerance against the methanol adsorption or interme-
diates oxidation. Furthermore, the effective contribution of 
both Ni2+/3+ and Co2+/3+ for methanol oxidation process and 
thereby enhanced solution resistance of CC@NCG hybrid 
electrode is clearly confirmed. The excellent electrical con-
ductivity, and admirable mechanical integrity between CC 
and metal oxide/rGO facilitates rapid electron transfer within 
the electrode which results in high catalytic current den-
sity. Therefore it can be concluded that, since during the 
methanol oxidation, the CC@NCG catalyst retained their 
high electrical conductivity with negligible CO poisoning 
and has long-term stability, therefore, the developed com-
posite material would serve as a promising electro-catalyst 
in DMFCs.

The bi-functional electrochemical activity with high 
charge storage capacity, high rate and cycling capability, and 
excellent electro oxidation of methanol with high current 
density demonstrates the high performance characteristics 
of these hybrid electrode materials. This can be explained 
by the following structural features of the electrode. Firstly, 
the incorporation of rGO offers coarse morphology with lot 
of pores and leads to the fast electron/ion transfer within the 

electrode. The addition of rGO further enhance the elec-
tronic conductivity of the electrode thus enhance the specific 
capacity for the hybrid electrodes. Finally, the stable bond-
ing between CFC and metal oxide provide good mechanical 
integrity for the electrode which increase the electrochemi-
cal stability of the electrode for long term applications. How-
ever, the exact reason for the superior performance is not 
clear and need further investigations related to microstruc-
ture and composition which are in progress.

5 � Conclusions

A reduced graphene oxide supported NiO, Co3O4 and 
NiCo2O4 electrode-catalysts were synthesized via facile 
one step hydrothermal technique. The hybrid electrodes 
have been demonstrated for both non-capacitive energy stor-
age and electro-oxidation of methanol in alkaline solution. 
Because of good conductivity and intimate contact with CC 
support, the CC@NCG composite electrode exhibited supe-
rior specific capacity of 333.3 C g−1 with excellent cyclic 
stability. In addition, the proposed hybrid materials exhibit 
greater electro-catalytic activity toward methanol oxida-
tion and excellent tolerance against intermediates with long 
term stability. The above superior electrochemical perfor-
mances for CC@NCG electrode when compared to their 
monometallic ones were due to the more active sites from 
synergistic contribution of both Ni and Co ions, mechanical 
stability and good conductivity of CC support. The present 
study validates that reduced graphene oxide reinforced metal 
oxide hybrid with dual-functionality would be an encourag-
ing substitute of expensive electrode or catalyst systems for 
high performance energy storage and conversion devices 
applications.
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