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ABSTRACT: In this work, we report a facile two-step
hydrothermal method to synthesize the unique three-dimen-
sional Co;0,@NiMoO, core/shell nanowire arrays (NWAs)
on Ni foam for the first time. The Co;0, nanowires are fully
covered by ultrathin mesoporous NiMoO, nanosheets. When
evaluated as a binder-free electrode for supercapacitors in a 2
M KOH aqueous solution, the Co;O,@NiMoO, hybrid
electrode exhibits a greatly enhanced areal capacitance of
5.69 F cm™ at a high current density of 30 mA cm™2, nearly S
times that of the pristine Co;0, electrode (1.10 F cm™2). The
energy density of the hybrid electrode is 56.9 W h kg™' at a
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high power density of S000 W kg™'. In addition, the Co;0,@NiMoO, hybrid electrode also exhibits good rate capability and
cycling stability, which would hold great promise for electrochemical energy storage.
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1. INTRODUCTION

The development of efficient energy storage systems is an
emerging requirement to meet the needs of modern society and
ecological concerns.'™ Lithium-ion batteries (LIBs) and
supercapacitors (SCs), as two major devices for electrochemical
energy storage, have been receiving worldwide attention
because of their vital roles in our daily lives.*> Compared
with LIBs, SCs are superior in the areas of high power density,
fast charge/discharge processes, long lifespan, environmental
friendliness, and safety.é’7 SCs, also called electrochemical
capacitors, are usually grouped into two categories: electrical
double-layer capacitors (EDLCs) and pseudocapacitors.®”
Carbonaceous materials are typical electrode materials for
EDLCs, and metal oxides/hydroxides and conducting polymers
are typical electrode materials for pseudocapacitors.'”'! In
general, pseudocapacitance is much higher than electrical
double-layer capacitance because of their fast and reversible
faradic redox reactions. RuO, is one of the most notable
pseudocapacitive materials, but the expensive nature and
toxicity of ruthenium exclude it from wide application,">”"*
Cobalt oxide, because of its high theoretical specific
capacitance, low cost, and environmentally friendly nature, is
generally considered as a promising electrode material for
pseudocapacitors.'>~*® Currently, tremendous efforts have been
devoted to combining the unique properties of individual
constituents to further improve their electrochemical perform-
ance.””™* For examples, Liu et al. reported the unique
C0;0,@MnO, hybrid nanowire arrays (NWAs), which
exhibited a high capacitance (4—10-fold increase in the areal
capacitance with respect to a pristine Co;0, array) with good
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cycle performance.*" Zhou et al. reported a three-dimensional
(3D) CoO@PPy hybrid NWA on Ni foam with outstanding
pseudocapacitive performance that exhibited a much higher
areal capacitance of 4.43 F cm™ at 1 mA cm™?, nearly 4 times
that of the pristine CoO nanowire electrode (1.23 F cm™2).>

Metal molybdates, especially NiMoO,, have attracted great
research interest because of their excellent electrochemical
performance, low cost, and environmental friendliness.> ™% 1t
is well-accepted that large specific area and high electrical
conductivity can lead to excellent performance for SC
applications.'”>*** The binary metal oxide NiMoO, has been
reported to exhibit high electrical conductivity of about 107¢ S
cm™, which is much higher than that of the single-component
metal oxide NiO.*® It has been proven that the main function of
the Mo element is to improve the conductivity of metal
molybdates, and it does not participate in any redox reaction.””
However, it is still a big challenge to synthesize a NiMoO,
nanomaterial with large specific area and high electrical
conductivity for SC applications. Recently, we synthesized
ultrathin mesoporous NiMoO, nanosheets with large surface
area (107.4 m* g'), which exhibited an ultrahigh specific
capacitance of 1654.9 F g™' at a current density of 2 A g~'.*®
On the basis of the above consideration, in this work, we
successfully develop a facile and efficient hydrothermal method
to construct a unique Co;0,@NiMoO, hybrid nanostructure
on Ni foam by growing ultrathin mesoporous NiMoO,
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nanosheets on Co;0, NWAs. To the best of our knowledge,
such a unique Co;0,@NiMoO, hybrid nanostructure has
never been reported before. Benefiting from the multiple
apparent advantages of the NWA configuration, such as high
surface area, short ion diffusion path, and direct growth on a
conductive substrate, the as-prepared Co;0,@NiMoO, hybrid
electrode exhibits remarkable electrochemical performance with
high capacitance, good rate capability, and desirable life cycle at
high current density.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. All of the reagents used in the
experiment were of analytical grade and were used without further
purification. Prior to the synthesis, the Ni foam (2 X 1 X 0.1 cm®) was
cleaned by sonication in acetone, ethanol, and deionized (DI) water in
sequence for 10 min each.

Synthesis of Co30, NWAs. The Co;0, NWAs growing on Ni foam
were from the literature.”>* In a typical synthesis, 0.727 g of
Co(NO;),-6H,0 and 0.7 g of urea were dissolved in 35 mL of DI
water under constant magnetic stirring. The solution was transferred
to a 50 mL Teflon-lined stainless steel autoclave, with a piece of
pretreated Ni foam immersed in the reaction solution. The autoclave
was sealed and maintained at 95 °C for 8 h and then cooled to room
temperature. The array sample was collected and rinsed with distilled
water several times, followed by annealing at 400 °C in air for 3 h.

Synthesis of Co;0,@NiMo0, Hybrid NWAs.?® In a typical
synthesis, 1 mmol of Ni(CH;C00),-4H,0, 0.2 g of
(NH,)sMo0,0,,-4H,0, and 0.24 g of urea were dissolved into 10.0
mL of DI water. The mixture was subjected to an intense ultrasonic
treatment for a few minutes in order to form a light-green solution and
then transferred to a 25 mL Teflon-lined stainless steel autoclave.
Afterward, a piece of the Co;0, NWA supported Ni foam was
immersed in the reaction solution. The autoclave was sealed and
maintained at 160 °C for 1 h and then cooled to room temperature.
The array sample was taken out and rinsed with distilled water and
alcohol several times, followed by annealing at 400 °C in air for 2 h.

2.2. Material Characterization. The powder X-ray diffraction
(XRD) patterns were recorded on a Panalytical X-pert diffractometer
with Cu Ka radiation. The morphology and crystal structure were
observed by scanning electron microscopy (SEM; Hitachi $4800) and
high-resolution transmission electron microscopy (HRTEM; JEM-
2100) with an acceleration voltage of 200 kV.

2.3. Electrochemical Measurements. The electrochemical
measurements were carried out in a three-electrode electrochemical
cell containing a 2 M KOH aqueous solution as the electrolyte. The
Co;0, NWAs and Co;0,@NiMoO, hybrid NWAs were directly used
as the working electrodes. The area of the working electrode immersed
in the electrolyte was controlled to about 1 cm® The mass loading of
Co;0, on Ni foam was around 2.4 mg cm ™, and the mass loading of
NiMoO, on Co;0,/Ni foam was around 2.8 mg cm ™, respectively.
The electrochemical measurements were conducted with a CHI660E
electrochemical workstation. A standard calomel electrode was used as
the reference electrode and Pt foil as the counter electrode, and all of
the experiments were done at ambient temperature. Electrochemical
impedance spectroscopy (EIS) measurements were performed by
applying an alternating-current voltage with 5 mV amplitude in a
frequency range from 0.01 Hz to 100 kHz. The specific capacitance
(C) and areal capacitance were calculated according to following
equations: 1621

C=i and C=£
mV N

(1)
where I is the constant discharge current (A), ¢ is the discharge time
(s), V is the potential window (V), m is the total mass (g) of the
electrode material on Ni foam, and S is the geometrical area (cm?) of
the working electrode.
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3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. The unique
Co;0,@NiMoO, core/shell nanostructure is synthesized
through a facile two-step hydrothermal method. Figure 1

2.1mm x500 SE(U)

6mm x15.0k SE(U)

Figure 1. (A—C) Typical SEM images of the Co;0, NWAs on Ni
foam at different magnifications. (D) Co;0, NWAs from the side
view.

shows typical SEM images of the Co;0, NWAs on Ni foam
under different magnifications. The Ni foam is covered by a
large number of Co;0, nanowires (Figure 1A,B). The
magnified image (Figure 1C) reveals that they are highly
porous, which is due to the release of gases during the
calcination process.””*° The aligned Co;0, nanowires with an
average diameter of 70 nm are adequately separated. Figure 1D
shows an SEM image of the Co;0, NWAs from the side view,
and their height is about 3 ym. The composition of the Co;0,
NWAs was studied by XRD. As shown in Figure S1 in the
Supporting Information, two typical peaks in the XRD pattern
of Co;0, are well indexed to the (311) and (440) planes of
Co;0, (JCPDS card 42-1467), which is consistent with the
literature.">"*

Afterward, the Co;O, NWAs on Ni foam serve as the
backbone for subsequent hydrothermal growth of the ultrathin
mesoporous NiMoO, nanosheets. Figure 2 shows typical SEM
images of the Co;0,@NiMoO, core/shell NWAs on Ni foam
under different magnifications. It is worth noting that the
uniformity of the nanostructure is still well retained (Figure
2A,B). The core/shell nanostructure can be easily distinguished
from the magnified image (Figure 2C). The NiMoO,
nanosheets show folding silk-like morphology with a trans-
parent feature, suggesting the ultrathin nature. Impressively, the
Co3;0, NWAs can provide a vast number of sites for the growth
of ultrathin NiMoO, nanosheets, leading to a large increase of
the surface area. The NiMoO, nanosheets are interconnected
with each other, which creates loose porous nanostructures
with abundant open space for ion diffusion within the
electrode.® Obviously, the Co;0, nanowires are uniformly
covered by the NiMoO, nanosheets from the root to the tip, as
observed from the side view in Figure 2D. Because of the low
crystallinity of these NiMoO, nanosheets, the Co0;0,@
NiMoOQ, core/shell nanowires were scratched down from Ni
foam and studied by XRD. As shown in Figure S1 in the
Supporting Information, apart from the peaks from Co;0,
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Figure 2. (A—C) Typical SEM images of the Co;0,@NiMoO, core/
shell NWAs on Ni foam at different magnifications. (D) Co;0,@
NiMoO, core/shell NWAs from the side view.

(JCPDS card 42-1467), we do observe some new peaks in the
XRD pattern of the Co;0,@NiMoO, core/shell nanowires.
According to our previous work, these new geaks could be
indexed to NiMoO, (JCPDS card 45-0142).>® The probable
reason for such a weak signal is attributed to the low
crystallinity and ultrathin features of the NiMoO, nanosheets.

The structural and morphological properties of the Co;0,
and Co;0,@NiMoO, core/shell nanowire were characterized
by transmission electron microscopy (TEM). As shown in
Figure 3A, the highly porous structure of the Co;O, nanowire
is also confirmed by the TEM image. The rings in the selected-
area electron diffraction (SAED) pattern can be indexed as the

Figure 3. (A) Typical TEM image of an individual Co;0, nanowire.
(B) Corresponding SAED pattern (with the inset showing the
HRTEM image). (C) typical TEM image of an individual Co;0,@
NiMoO, core/shell structure. (D) Observation of the mesoporous
feature (with the inset showing the SAED pattern taken from the shell
region).
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(111), (220), (311), and (511) planes of the the cubic structure
Co30, (JCPDS card 42-1467), respectively, which is consistent
with the XRD results, as shown in Figure 3B. From the
HRTEM image, the lattice fringes can be readily indexed to the
(111) ecrystal planes of Co;0,. Figure 3C shows the typical
TEM image of an individual Co;0,@NiMoO, core/shell
nanostructure. The TEM image also confirms the unique core/
shell nanostructure. The surface of the porous Co;O,4 nanowire
is fully wrapped by the ultrathin NiMoO, nanosheets.
Numerous mesopores (about 5—10 nm) are uniformly
distributed throughout the whole surface of the nanosheets
(Figure 3D). It is well-accepted that the mesoporous structure
will not only greatly increase the electrode/electrolyte contact
area but also facilitate mass transport of the electrolytes within
the electrodes.'”*" The well-defined diffraction rings in the
SAED pattern (inset in Figure 3D) indicate the polycrystalline
nature of the ultrathin NiMoO, nanosheets. Furthermore,
energy-dispersive spectrometry (EDS) analysis reveals the
elements of Co in the core region and Mo and Ni in the
shell region. The signal of Cu is from the copper grid (Figure
S2 in the Supporting Information).

3.2. Electrochemical Investigation. In order to highlight
the merits of our electrode design, both of the Co;0, and
Co;0,@NiMo0O, hybrid NWAs were evaluated as binder-free
electrodes for SCs in a 2 M KOH aqueous solution. Figure 4
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Figure 4. CV curves of the Co;0, and Co;0,@NiMoO, hybrid
electrodes at a scan rate of 5 mV s\,

shows the typical cyclic voltammetry (CV) curves of the Co;0,
and Co;0,@NiMoO, hybrid electrodes at a scan rate of 5 mV
s™'. Two pairs of redox peaks are observed for the Co;O,
electrode, which is due to the Co?*/Co®" and Co*/Co*"
reactions.'®*> For the hybrid electrode, the exganded peaks
are mainly attributed to the Ni**/Ni** reaction.””** The CV-
integrated area of pure Ni foam is almost negligible compared
with that of the Co;0, and Co;0,@NiMoO, hybrid electrodes,
revealing the almost no capacitance contribution of the current
collector. Remarkably, the CV-integrated area of the hybrid
electrode is much larger than that of the Co;O, electrode,
indicating a significant increase of the areal capacitance. The
four peaks of the pristine Co;0, electrode are almost
encompassed by the Co;0,@NiMoO, hybrid electrode,
indicating that the inside Co;O, nanowire is not blocked
from particigating in the Faradaic reaction despite the NiMO,,
covering.u’3

The typical CV curves of the Co;0,@NiMoO, hybrid
electrode at various scan rates are shown in Figure SA. As the
scan rate increases, the cathodic peak position shifts to a lower
potential, which is attributed to the polarization effect of the
electrode.>* Figure 5B shows the charge/discharge curves of the
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Figure S. (A) CV curves of the Co;0,@NiMoO, hybrid electrode at various scan rates. (B) Charge/discharge curves of the Co;0, and Co,0,@
NiMoO, hybrid electrodes at a current density of 10 mA cm™ (C) Areal capacitances at different current densities. (D) Specific capacitances at
different current densities (based on the total mass of the electrode materials on Ni foam).
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Figure 6. (A) Long-term cycling stability of the Co;0, and Co;0,@NiMoO, hybrid electrodes. (B) Impedance Nyquist plots of the Co;0,
electrode and the Co;0,@NiMoO, hybrid electrode before and after 3000 cycles.

Co05;0, and Co;0,@NiMoQ, hybrid electrodes at a current
density of 10 mA cm™> Evidently, the Co;0,@NiMoO, hybrid
electrode delivers higher areal capacitance than the Co;0,
electrode. Parts C and D of Figure 5 show the areal and specific
capacitances of the Co;0; and Co;0,@NiMoO, hybrid
electrodes at different densities ranging from 10 to 80 mA
cm™2 On the basis of the above equations (the detailed specific
capacitance calculation is described in the Supporting
Information), the areal capacitances of the pristine Co;0,
electrode are calculated to be 1.42, 1.24, 1.10, 1.01, 0.94,
0.85, and 0.70 F cm™2, and the specific capacitances are 590,
518, 459, 423, 391, 356, and 292 F g_1 at the current densities
of 10, 20, 30, 40, 50, 60, and 80 mA cm™? respectively.
Compared with the pristine Co;0, electrode, the hybrid
electrode exhibits significantly enhanced areal capacitances as
high as 6.40, 5.93, 5.69, 5.59, 5.44, 5.31, and 5.05 F cm ™%, and
the specific capacitances are 1230, 1140, 1094, 1076, 1046,
1022, and 970 F g™ at the current densities of 10, 20, 30, 40,
50, 60, and 80 mA cm 2, respectively. When the current density

increases from 10 to 80 mA cm™?, the capacitance retention of
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the hybrid electrode is about 79%, which is higher than of the
pristine Co;0, electrode (49%). This good rate capability is
ascribed to the highly porous structure and the abundant space
between the interconnected NiMoO, nanosheets, which can act
as “lon-buffering reservoirs” for ions and thus shorten the
diffusion distance from the external electrolyte to the interior
surfaces.” It is worth mentioning that the results in this work
are also higher than those in other previously reported core/
shell nanoarchitectures, such as CoO@PPy hybrid NWAs (2.13
F cm™ at 10 mA cm2),** Co,0,@NiO core/shell NWAs
(1.35 F cm™ at 6 mA cm™2),** and NiCo,0,@MnO, core/
shell NWAs (1.66 F cm™ at 20 mA cm™2).> Moreover, the
hybrid electrode also delivers an impressive high energy density
of 569 W h kg™' at a high power density of 5000 W kg™,
higher than the Co;0, electrode of 25.7 W h kg™" at 3969 W
kg™

The cycling stability plays a key role in SC applications. The
long-term cycling stabilities of the Co;0, and Co;0,@
NiMoO, hybrid electrodes are shown in Figure 6A. The
pristine Co;0, electrode displays an areal capacitance of 0.92 F
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cm™> (~84% capacitance retention) after 3000 cycles at a
current density of 30 mA cm™> Impressively, even with cycling
at a higher current density of S0 mA cm™? the Co;0,@
NiMoO, hybrid electrode still exhibits a high areal capacitance
of 4.19 F em ™ (~77% capacitance retention) after 3000 cycles.
Capacitance fading occurs within the initial 500 cycles and then
becomes stable from the 500 to 3000 cycles, which is similar to
previous reports.”**® It is worth mentioning that the cycling
stability of the Co;0,@NiMoO, hybrid electrode is better than
that of other reported results, such as ZnO@Ni;S, NWAs on
Ni foam (42% capacitance retention after 2000 cycles at 10 A
g"), Co;0,@Ni(OH), NWAs on Ni foam (76% capacitance
retention after 1000 cycles at S0 mA cm™2), and Ni(OH),/
NiCo,0,/CFP (36% capacitance retention after 1000 cycles at
5 mA cm2).>’7* In addition, EIS was further carried out to
reveal the reason for the excellent electrochemical behavior of
the Co;0,@NiMoO, hybrid electrode. Figure 6B shows the
impedance Nyquist plots of the Co;0, electrode and the
Co;0,@NiMo0O, hybrid electrode before and after 3000 cycles
in the frequency range of 0.01—100 kHz. In a low-frequency
area, the Co;0,@NiMoO, hybrid electrode has a more ideal
straight line, indicating more efficient electrolyte and proton
diffusion. This can be attributed to the ultrathin and
mesoporous NiMoO,, nanosheets with large surface area and
abundant open space that have enhanced utilization of the
electrode materials and the supply of OH".*® Obviously, the
Co;0,@NiMoO, hybrid electrode also exhibits low bulk
resistance and also low charge-transfer resistance, demonstrat-
ing the high electrochemical activity of the Co;0,@NiMoO,
hybrid electrode for energy storage.*® After 3000 cycles, the
impedance spectra of the Co;O,@NiMoO, hybrid electrode
almost remain unchanged, indicating the good cycling stability.

On the basis of the above results, the Co;0,@NiMoQO, core/
shell NWAs on Ni foam would provide great potential as
binder-free electrodes for SC applications. The superior
electrochemical performance can be mainly attributed to their
multiple merits: (1) both the core and shell materials are good
pseudocapacitive materials, contributing to the total capaci-
tance;***' (2) the direct growth of Co;0,@NiMoO, core/shell
NWAs on the current collector ensures good mechanical
adhesion and electric connection of the active material to the
current collector;*'>** (3) this electrode design avoids the use
of polymer binder and conducting additives, improving
utilization of the electrode material;'”** (4) the Co,0,
nanowires provide a vast number of sites for the growth of
ultrathin and mesoporous NiMoO, nanosheets, leading to a
large increase of the surface area; (S) the porous structure and
abundant space between the interconnected NiMoO, nano-
sheets can act as “ion-buffering reservoirs” for ions and thus
shorten diffusion distance from the external electrolyte to the
interior surfaces.'”*'

4. CONCLUSIONS

In this work, 3D Co;0,@NiMoO, core/shell NWAs on Ni
foam have been synthesized through a facile two-step
hydrothermal method. The Co;0,@NiMoO, hybrid electrode
exhibits good electrochemical performance, with a large areal
capacitance of 5.69 F cm™ (1094 F g™') at a high current
density of 30 mA cm > When the current density increases
from 10 to 80 mA cm™? the capacitance retention is about
79%, indicating a good rate capability. Impressively, the
Co;0,@NiMoO, hybrid electrode still exhibits a high areal

capacitance of 4.19 F cm™ (~77% capacitance retention) after
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3000 cycles at a high current density of S0 mA cm ™2, suggesting
good cycling stability. These results demonstrate that the
Co;0,@NiMoO, core/shell NWAs would provide great
potential for electrochemical energy storage.
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