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supercapacitor electrodes†
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Recently, considerable efforts have been made to satisfy the future requirements of electrochemical

energy storage using novel functional electrode materials. Binary transition metal oxides (BTMOs) possess

multiple oxidation states that enable multiple redox reactions, showing higher supercapacitive properties

than single component metal oxides. In this work, a facile hydrothermal method is provided for the syn-

thesis of wall-like hierarchical metal oxide MMoO4 (M = Ni, Co) nanosheet arrays, which are directly

grown on flexible carbon cloth for use as advanced binder-free electrodes for supercapacitors. By virtue

of their intriguing structure, the resulted active material nanosheets with a high specific surface area can

provide a large electroactive region, which could facilitate easy accession of electrolyte ions and fast

charge transport, resulting in an enhanced electrochemical performance. Separately, the as-synthesized

MMoO4 (M = Ni, Co) samples have exhibited superior specific capacitances (1483 F g−1 of NiMoO4 and

452 F g−1 of CoMoO4 at a current density of 2 A g−1), as well as excellent cycling stability (93.1% capaci-

tance retention of NiMoO4 and 95.9% capacitance retention of CoMoO4 after 2000 cycles). The results

show that the binder-free electrodes constructed by deposition of MMoO4 (M = Ni, Co) nanosheets on

carbon cloth are promising candidates for the application of supercapacitors.

Introduction

Recently, a significant amount of effort has been devoted to
the investigation of high-performance, low-cost and environ-
mentally friendly energy-storage systems, in order to meet the
requirements of rapid development of portable electronic
devices and electrical vehicles. As one of the most important
electrochemical energy storage technologies, supercapacitors
(SCs), also named electrochemical capacitors (ECs), have trig-
gered worldwide attention, due to their excellent features of

fast recharge ability, high power performance, a long cycle life
and environmental friendliness.1–5 Generally, according to
their mode of charge-storage mechanisms, SCs are usually
grouped into two categories: electrical double-layer capacitors
(EDLCs), in which the capacitance is generated from the accu-
mulated charge physically stored on the electrode surface via
adsorbing–desorbing charged ions from the electrolyte onto
the electrode surfaces, and redox electrochemical capacitors,
also called pseudocapacitors, resulting from the fast and
reversible redox reactions between the electrolyte and electrode
materials on the electrode surface.6 Regarded as typical
EDLCs, carbon-based materials including graphene,7 carbon
nanotubes,8 active carbon9 and mesoporous carbon10 have
been extensively investigated. Unfortunately, because there is
no electrochemical reaction between the electrode of carbon
and the electrolyte, the relatively low specific capacitance of
EDLCs has seriously limited their practical use in SCs. Thus,
various kinds of pseudocapacitive materials possessing revers-
ible redox reactions have long been promising alternative
materials to carbon-based materials.11–13

Although a lot of progress has been made in pseudocapaci-
tive electrode materials for SCs, high cost (e.g. RuO2-based
materials) and harm to the environment (e.g. metal sulfide)
are still the obstacles to the development of SCs.14,15 As a
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group of promising and low cost pseudocapacitive materials,
binary transition metal oxides (BTMOs) possessing multiple
oxidation states have exhibited superior electrochemical per-
formance to single component metal oxides because of their
feasible oxidation states and better electrical conductivity.16,17

In particular, binary transition metal molybdates, such as
NiMoO4 and CoMoO4, are gradually being studied for high
performance pseudocapacitor electrodes due to their abundant
resource, high availability and environmental friendliness. For
example, Jiang et al. successfully prepared NiMoO4·H2O nano-
clusters for supercapacitors by rapid microwave-assisted syn-
thesis, which showed a specific capacitance value of 682 F g−1

at the current density of 0.5 A g−1.18 Liu et al. reported a hydro-
thermal process to fabricate one-dimensional CoMoO4·0.9H2O
nanorods, which exhibited a specific capacitance of 326 F g−1

at the current density of 5 mA cm−2.19 Despite this progress,
however, it is highly desirable to design and fabricate MMoO4

(M = Ni, Co) materials via a more facile and simple approach
for achieving higher electrochemical performance.

Generally, it is well documented that a well-defined hier-
archical nanostructure assembled from two-dimensional
nanosheets has been considered as a promising structure in
the field of energy storage, which can greatly improve the elec-
trode/electrolyte contact area, increase the amount of electro-
active sites and allow the ion and electron transport.20 In order
to increase the conductivity of the electrode, growing a well-
designed hierarchical structure on the conductive substrate is
an emerging efficient strategy.21 As a soft substrate, carbon
cloth not only enables easy diffusion of the electrolyte and
numerous fast electro-transport accesses, but also avoids the
use of a polymer binder and an additional slurry-coating pro-
cedure, fully eliminating the contact resistance between the
current collector and the active materials. Hence, the controlla-
ble fabrication of hierarchical metal molybdate nanosheets
directly grown on a flexible carbon cloth substrate for use
as binder-free supercapacitor electrodes is imperative but
remains a great challenge.

In the present work, we report the facile hydrothermal
synthesis of MMoO4 (M = Ni, Co) nanosheets on conductive
carbon cloth, which is directly used as binder-free electrodes
for electrochemical capacitors (Fig. 1). The as-prepared
samples exhibit satisfactory capacitances (1483 F g−1 of
NiMoO4 and 452 F g−1 of CoMoO4 at a current density of
2 A g−1), remarkable rate capability (943 F g−1 of NiMoO4 and
356 F g−1 of CoMoO4 at a current density up to 12 A g−1) and a
good cycling stability (93.1% and 95.9% capacitance retention
after 2000 cycles in a 1 M KOH aqueous electrolyte), making
them one of the most promising, effective and scalable
alternatives for SCs.

Experimental
Materials

All the chemicals are of analytical grade. Nickel nitrate hydrate
(Ni(NO3)2·6H2O), cobalt nitrate hydrate (Co(NO3)2·6H2O) and
sodium molybdate hydrate (Na2MoO4·2H2O) are purchased
from Aladdin. Carbon cloth is brought from Taiwan Ce Tech
Co. All the chemicals are used as received without further puri-
fication. Deionized (DI) water from Millipore Q is used
throughout the whole experiment. And all aqueous solutions
were prepared with ultrapure water.

Synthesis of MMoO4 nanosheets

Prior to the synthesis, the carbon cloth substrate is cleaned
with acetone, 10% hydrogen nitrate and DI water respectively
with the assistance of ultrasonication for several minutes
before the hydrothermal reaction and then placed standing
against the wall of a Teflon-lined autoclave. The reaction solu-
tion is obtained by mixing 10 mM Ni(NO3)2·6H2O and 10 mM
(Na2MoO4·2H2O) in 20 mL DI water under constant magnetic
stirring for 30 minutes and then transferred into a Teflon-
lined autoclave. The autoclave is sealed and maintained at
150 °C for 6 h and then allowed to cool to room temperature.
After the reaction, the carbon cloth is taken out and washed
with DI water followed by ethanol in order to remove the
residual impurities, and then dried in an oven at 60 °C for
12 h. Finally, the carbon cloth with as-grown active materials is
annealed at 300 °C for 2 h under a pure argon atmosphere to
obtain NiMoO4 nanosheets.

Similarly to the preparation procedure of NiMoO4, CoMoO4

is also synthesized by hydrothermal reaction with a solution of
10 mM Co(NO3)2·6H2O and 10 mM Na2MoO4·2H2O in 20 mL
DI water, which is sealed and maintained at 180 °C for 8 h.
Finally, the as-prepared hydrate precursor is annealed at
300 °C for 2 h to obtain the CoMoO4 nanosheets.

Structural characterization

The crystal structures of the as-prepared samples were
determined by X-ray diffraction (XRD) using Cu Kα radiation.
The morphologies and microstructures of the samples were
characterized using scanning electron microscopy (SEM, JEOL,
JSM 6360). Raman spectra were collected by using a Renishaw

Fig. 1 Schematic illustration of the formation mechanism of NiMoO4

and CoMoO4 nanosheets.
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InVia Raman microscope by excitation at room temperature at
an excitation laser wavelength of 532 nm.

Electrochemical tests

The electrochemical properties of the as-obtained electrode
material are investigated in a three-electrode configuration
where the carbon cloth covered with NiMoO4 and CoMoO4

nanosheets is directly used as the working electrode, and plati-
num foil and Ag/AgCl served as counter and reference electro-
des, respectively. All the electrochemical measurements
including cyclic voltammetry, and galvanostatic charge/dis-
charge test are carried out in 1 M KOH aqueous solution with
a CHI660D (ChenHua, China) electrochemistry workstation.
Electrochemical impedance spectroscopy (EIS) measurement
is also carried out in the frequency range of 100 kHz–0.01 Hz
with a perturbation amplitude of 5 mV.

Results and discussion
Structural and morphology characterization

The fabrication of MMoO4 (M = Ni, Co) nanosheets grown on
carbon cloth substrates is schematically illustrated in Fig. 1.
Simply, the positive Ni2+ and Co2+ are attracted to the negative
MoO4

2− rapidly, then reacted to form the MMoO4 precursor
after the hydrothermal process, and finally dehydrated to
MMoO4 (M = Ni, Co) nanosheets by the annealing treatment.
The crystal structures of the as-synthesized NiMoO4 and
CoMoO4 nanosheets are studied using XRD. Fig. S1† shows
the XRD patterns of the pure carbon cloth substrate, where an
obvious and broad peak is centred at 2θ = 27°, corresponding
to the phase of carbon cloth. In order to avoid the strong
impact of the carbon cloth substrate on the XRD results, the
NiMoO4 and CoMoO4 active materials are scratched from the
carbon cloth for XRD analysis, which is shown in Fig. 2(a).
The XRD result of NiMoO4 shows various peaks at 2θ = 14.3°,
19.0°, 24.0°, 25.4°, 28.9°, 32.9°, 38.8°, 39.4°, 41.3°, 43.9°,
47.5° and 56.7°, respectively, corresponding to the (110),
(−201), (021), (−112), (220), (022), (112), (−132), (040), (330),
(−204) and (024) facets of NiMoO4 with lattice constants a =
9.566 Å, b = 8.734 Å, c = 7.649 Å, which are in good agreement
with JCPDS card no: 86-0361.17 Apparently, several diffraction
angles at 2θ = 13.2°, 23.3°, 26.5°, 28.4°, 32.0°, 36.7°, 38.8°,
40.2°, 47.3°, 53.4° and 54.5° can be assigned to the (001),
(021), (002), (−311), (−131), (400), (040), (003), (421), (−441)
and (−440) crystal planes, which are attributed to β-CoMoO4

(JCPDS card no: 21-0868, a = 10.210 Å, b = 9.268 Å, c =
7.022 Å), respectively.22 Fig. 2(b) shows the Raman spectra of
the carbon cloth substrate, NiMoO4 and CoMoO4 nanosheets.
Obviously, the pure carbon cloth displays two strong and
broad peaks at around 1350 cm−1 and 1600 cm−1, belonging
to the phonon modes of the carbon material.23 The Raman
spectrum of pure CoMoO4 exhibits bands at around
939 cm−1, 863 cm−1 and 368 cm−1, corresponding to the Mo–
O–Co stretching vibrations in CoMoO4 species, while the
bands at 816 cm−1 and 337 cm−1 can be attributed to MoO4

vibrations, respectively.24 As for pure NiMoO4, bands at
857 cm−1 and 942 cm−1 can be attributed to the symmetric
stretching of the Mo–O–Ni bond.25

The SEM images of MMoO4 (M = Ni, Co) nanosheets on
carbon cloth substrates are shown in Fig. 3. Notably, as pres-
ented in Fig. 3(a and b), it can be seen that the NiMoO4

nanosheets are uniformly grown on the carbon cloth substrate.
As can be seen from the enlarged SEM image in Fig. 3(b),
these NiMoO4 nanosheets with about 40 nm thickness are
almost vertically grown on the substrate, interconnected with
each other to form a wall-like structure, revealing a hierarchi-
cal array feature, which may allow rapid and effective ion
charge transfer and electron transport. Similarly, as indicated
in Fig. 3(c and d), nanostructured CoMoO4 products are uni-
formly distributed on the skeleton of carbon cloth, which pres-
ents a larger thickness (about 50 nm) than that of NiMoO4

nanosheets.

Electrochemical performance

To demonstrate the advantage of these electrodes and further
explore their potential applications in supercapacitors, cyclic

Fig. 2 XRD patterns (a) and Raman spectra (b) of NiMoO4 and CoMoO4

nanosheets.
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voltammetry (CV), rate capability analysis, cyclic stability
studies and electrochemical impedance spectroscopy are con-
ducted in a 1 M KOH aqueous electrolyte. A well-defined redox
peak is observed for NiMoO4 nanosheets (Fig. 4(a)), due to

the following diffusion-controlled reversible Faradaic redox
reaction:

Ni2þ $ Ni3þ þ e� ð1Þ
in an alkaline electrolyte.26,27 Notably, a pair of peaks is
observed in the CV curves of CoMoO4 nanosheets in the poten-
tial region from −0.1 V–0.5 V (Fig. 4(b)), suggesting that the
capacitance characteristics are mainly governed by Faradaic
reactions, which correspond to the following redox reaction:28

3½CoðOHÞ3�� $ Co3O4 þ 4H2Oþ OH� þ 2e� ð2Þ

Co3O4 þH2Oþ OH� $ 3CoOOH� þ e� ð3Þ

CoOOHþ OH� $ CoO2 þH2Oþ e� ð4Þ
These features are quite different from those of EDLCs with

an ideal rectangular shape, which are usually produced by the
electric double-layer capacitance. With the scan rate increase,
the anodic peak shifts toward the positive potential and the
cathodic peak shifts towards the negative potential. Besides,
the peak current increases nearly linearly with the scan rate
increase and the shapes of CV curves maintain well even at a
high scan rate of 30 mV s−1, indicating that the rates of elec-
tronic and ionic transports are rapid enough. Fig. S2† com-
pares the CV curves of the NiMoO4 nanosheets and pure
carbon cloth substrate electrode at the scan rate of 10 mV s−1.
The current density of NiMoO4 nanosheets is much higher
than that for pure carbon cloth, indicating that the contri-
bution to the capacity for the carbon cloth substrate is
negligible.

Fig. 5(a and b) represent the galvanostatic charge–discharge
curves of NiMoO4 and CoMoO4 products obtained at various
current densities ranging from 2 to 12 A g−1. Obviously, well-
defined plateaus during the charge–discharge process are
observed, suggesting that both NiMoO4 and CoMoO4 have
good pseudocapacitive behaviours, which is in agreement with
the result of the above CV tests. The capacitances of NiMoO4,
and CoMoO4 at different current densities are provided in
Fig. 6(a), which are evaluated from the charge–discharge
curves according to the equation:29

C ¼ ðI � ΔtÞ=ðm� ΔVÞ ð5Þ
where C (F g−1) is the specific capacitance of the electrode
based on the mass loading of active materials, I (A) is the
current during the discharge process, Δt (s) is the discharge
time, and ΔV (V) is the potential window. The specific capaci-
tances of NiMoO4 are 1483, 1226, 1123, 1042 and 969 F g−1

corresponding to the discharge current densities of 2, 4, 6, 8
and 10 A g−1, respectively. Though the specific capacitance
shows a gradual decrease along with the increase of current
density, the as-prepared hybrid composite presents a good rate
capability. Even at a large current density of 12 A g−1, the
NiMoO4 electrode exhibits a specific capacitance of 943 F g−1,
nearly 63.5% retention of the initial value. Similarly, the
CoMoO4 electrode also exhibits specific capacitances as high
as 452, 430, 415, 396, 378 and 356 F g−1 at the current

Fig. 3 SEM images for pure NiMoO4 (a, b) and CoMoO4 nanosheets (c, d).

Fig. 4 CV curves of NiMoO4 (a) and CoMoO4 nanosheets (b) at various
scan rates ranging from 2 mV s−1 to 30 mV s−1.
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densities of 2, 4, 6, 8, 10 and 12 A g−1, respectively. The
obtained high specific capacitance and good rate capability are
ascribed to the unique interconnected nanosheet architecture,
providing abundant space “ion-buffering reservoirs” for ion
transport.

Cycling stability is another key performance indicator of
supercapacitors. Fig. 6(b) shows the cycling performance of
the NiMoO4 and CoMoO4 electrodes at the current density of
8 A g−1 over 2000 cycles. The CoMoO4 electrode exhibits excel-
lent electrochemical stability with only 4.1% deterioration of
the initial available capacitance after 2000 cycles. Though a
slight decrease of capacitance for NiMoO4 in the initial
100 cycles is observed, the specific capacitance still reached
952 F g−1, corresponding to a retention of about 93.1%. EIS
measurements are carried out to understand the electro-
chemical behaviours of MMoO4 (M = Ni, Co) nanosheets. As
shown in Fig. 7(a), the Nyquist plots exhibit a depressed semi-
circle in the high frequency range, followed by a linear slope in
the low frequency region, which is called the Warburg resist-
ance resulting from the frequency dependence of ion
diffusion/transport in the electrolyte.30 The equivalent series
resistance (ESR) of the electrode can be obtained from the x
intercept of the Nyquist plot. The ESR values of the NiMoO4

and CoMoO4 electrodes are 3.48 Ω and 3.59 Ω, respectively.
The diameter of the semi-circle corresponds to the charge
transfer resistance caused by Faradic reactions in parallel with
the double-layer capacitance at the electrode–electrolyte
interface.31–35 According to the enlarged plots, the size of the
semicircle, which equals the charge transfer resistance Rct, is
smaller for the NiMoO4 electrode (0.8 Ω) compared to that of
the CoMoO4 electrode (1.2 Ω), indicating that the binder-free
electrode design could greatly improve the conductivity, thus
leading to enhanced electrochemical properties.

As described by various characterization methods above,
the excellent electrochemical performance of NiMoO4 and
CoMoO4 electrodes is mainly due to the following three factors
shown in Fig. 7(b): (1) the unique interconnected nanosheet
arrays may enlarge the electrode/electrolyte contact areas,
greatly shortening the diffusion and migration paths of electro-
lyte ions, which would contribute to the overall specific capaci-
tance, especially during the rapid charge–discharge process.
(2) The high electrical conductivity of metal molybdates
enables rapid and effective ion charge transfer and electron
transport, favoring the electrochemical behaviours. (3) The
direct deposition of the integrated smart architecture on
carbon cloth used as a binder-free electrode could ensure good

Fig. 5 Galvanostatic charge–discharge curves at different charge–dis-
charge current densities for NiMoO4 (a) and CoMoO4 nanosheets (b).

Fig. 6 The specific capacitances of MMoO4 at various current densities
(a) and cycling performance at the current density of 8 A g−1 over 2000
cycles (b).
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mechanical adhesion and good electrical contact with the con-
ductive substrate, thus resulting in an enhanced rate capa-
bility. The results clearly show that the as-prepared MMoO4

(M = Ni, Co) nanosheets are very promising electrode materials
for supercapacitor application.

Conclusions

In summary, a simple and environmentally friendly hydro-
thermal synthesis method is presented to fabricate MMoO4

(M = Ni, Co) nanosheets on the carbon cloth substrate for
direct use as binder-free electrodes with high electrochemical
performance for supercapacitors. The as-prepared nano-
composites exhibit high capacitance (1483 F g−1 of NiMoO4

and 452 F g−1 of CoMoO4 at a current density of 2 A g−1), good
rate capability (943 F g−1 of NiMoO4 and 356 F g−1 of CoMoO4

at a high current density of 12 A g−1) and excellent cycling
stability (93.1% capacitance retention of NiMoO4 and 95.9%
capacitance retention of CoMoO4 after 2000 cycles). Such
superior capacitive behavior is ascribed to the hierarchical
nanostructure assembled from two-dimensional nanosheets
and the direct growth of active materials on the conducting

carbon cloth substrate as binder-free electrodes. The remark-
able electrochemical properties should make the present
NiMoO4 and CoMoO4 nanosheets excellent electrode materials
for supercapacitors.
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