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Abstract

Herein, we report a rational synthesis of branched CoMoO,4 nanowire arrays (NWAs) with remarkable supercapacitor performance
on Ni foam via facile low-temperature (95 °C) one-step hydrothermal method. The CoMoO4 NWAs yielded high specific capac-
itance, rate performance, and cycling stability. Moreover, the asymmetric supercapacitor device was assembled by virtue of the as-
prepared CoMoO4 NWAs as positive electrode and the activated carbon (AC) as negative electrode. This asymmetric
supercapacitor device exhibits a maximum voltage of 1.6 V and high energy density (46.7 Wh kg™' at a power density of
800 W kg ") as well as power density (8000 W kg ' at 26.7 Wh kg™"). Such outstanding electrochemical performance implied
the as-prepared CoMoO4 NWA electrode will be a prospective candidate for supercapacitors.
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Introduction

High energy storage is an urgently solved problem since the
growing demand of daily life. Supercapacitors (SCs) are one of
the most promising energy devices for their high power densi-
ty, fast charge-discharge property, long cycle life, light weight,
and environmental protection [ 1-4]. However, the energy den-
sity of the SCs is unsatisfactory and hindering their practical
applications [5-8]. The energy density (£) can be improved by
enhancing the specific capacitance (C) and the potential win-
dow (V) according to the energy density equation (E=1/2
CV?) [9]. Therefore, an effective method is to fabricate the
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asymmetric supercapacitors (ASC), which can make full use
of the different potential windows of the two electrodes to
provide a maximum operation voltage, accordingly resulting
in a greatly enhanced specific capacitance [10, 11].

Electrode materials and their structures act as a critical role
in the electrochemical performance [12—16]. Transition metal
oxides are promising electrode materials for SCs because of
their multiple oxidation states and high energy density.
Nanostructured transition metal oxides have been approved
to be promising candidates for assembling SCs electrodes be-
cause of their largely enhanced or modified electrochemical
performance [17-21]. Among those metal oxides, binary met-
al oxides show higher performances than single component
oxides due to their feasible oxidation states and high electrical
conductivity, which seem to be the potential materials for high
performance. CoMoOy4 has been considered to be promising
metal oxide electrode materials due to its simple synthesis,
low cost, outstanding conductivity, and superior rate capabil-
ity [16, 22]. Therefore, the molybdenum and cobalt binary
oxide with unique morphologies and enhanced capacitive be-
havior have attracted great research interests. To improve
supercapacitive behavior, it is crucial to enhance the kinetics
of ion and electron transport inside the electrodes and at the
electrode/electrolyte interface. An effective way is to fabricate
active material with one-dimensional structures, because they
can provide short diffusion path lengths for the ions, leading to
high charge/discharge rates.
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In this contribution, we report a simple one-step hydrother-
mal method to prepare CoMoO, nanowire array (NWAs) elec-
trodes under low temperature 95 °C. These CoMoO, NWAs
directly grew on Ni foam with superior electrochemical prop-
erties. The asymmetric SCs were assembled by CoMoO,
NWAs as the positive and AC as the negative. This ACS
can provide a maximum of 46.7 Wh kg ™' energy density (at
the current density of 1 A g~ with power density 800 W kg ")
and a maximum of 8000 W kg ' power density (at the current
density of 10 A g ' with energy density of26.7 Wh kg ') with
an operating potential of 1.6 V.

Experiment
Synthesis of the CoMo0O, NWAs

The CoMoO, NWAs were grown directly on Ni foam sub-
strate by a facile one-step and low-temperature hydrothermal
method. Firstly, 5 mM Co(NO3),°6H,0 and 5 mM
Na,Mo0O4*7H,0 were dissolved in 60 mL deionized water
under magnetic stirring for 2 h. Secondly, the mixed solution
was transferred into a 100-mL Teflon-lined stainless steel au-
toclave with a piece of pretreated Ni foam (the area 1 x 1 cm?).
The autoclave was sealed and maintained at 95 °C for 4 h and
then cooled to room temperature. Subsequently, the products
were collected and washed with distilled water and ethanol for
several times. Finally, the CoMoO, products were obtained by
drying at 60 °C for 10 h in the air.

The active carbon (AC) was used as the negative electrodes
for ASC. It was prepared by mixing AC (85 wt%) with
carbon black (10 wt%) and polyvinylidenefluoride (PVDF,
5 wt%). A small amount of N-methylpyrrolidone
(NMP) was then added to form a homogeneous mixture.
The resulting mixture was coated onto the Ni foam and dried
at 80 °C for 12 h.

Materials characterizations

Scanning electron microscopy (SEM, Hitachi S-4800) and
transmission electron microscopy (TEM, JEOL JEM-2010)
were employed for the characterization of the microstructure
of the as-prepared materials. X-ray diffraction (XRD, Rigaku
D/max-rB, Cu K« radiation, A =0.1542 nm, 40 kV, 100 mA)
was used for the phase structures.

Electrochemical measurements

Electrochemical tests were conducted by an electrochemical
workstation (CHI 660D, Shanghai, China) using a three-
electrode mode in 2 M KOH aqueous solution within the
potential window of — 0.2 to 0.6 V. The mass of nickel foam
(1 cm? area) is 0.1071 g. The nickel foam supported CoMoO,

@ Springer

(the mass of nickel foam and CoMoQO, are 0.1095 g).
Therefore, the nickel foam supported pristine CoMoO, (mass
2.4 mg). The nickel foam supported CoMo0Q, acted directly as
the working electrodes. A platinum electrode and a saturated
calomel electrode (SCE) served as the counter electrode and
the reference electrode, respectively. Electrochemical imped-
ance spectroscopy (EIS) measurements were carried out by
applying an alternating voltage with 5 mV amplitude in a
frequency range from 0.1 Hz to 100 kHz at open circuit po-
tential. The specific capacitance, energy density, and power
density were calculated from the following equations:

Cs =it/mV (1)
E=05C,V?*/3.6 (2)
P = 3600E /1 (3)

C (F gfl) is the specific capacitance, i (A) is the constant
discharge current, ¢ (s) is the discharge time, V (V) is the
potential drop, m (g) is the mass of the active materials, £
(Wh kg™ ") is the energy density, and P (W kg ') is the power
density.

Preparation and characterization of the asymmetric
supercapacitor

The ASC (CoMo00,4//AC) was assembled by using CoMoO,
NWAs as positive electrode, and AC as negative electrode.
Each electrode had the area 1 cm?® The electrochemical
performance of the ASC was tested by an electrochem-
ical workstation (CHI 660D, Shanghai, China) using a two-
electrode mode.

The mass of positive and negative is different. For the
ASC, the charge balance contains the relationship q + = q ,
where q + and q respectively reflect the charge in positive
electrode and negative electrode. The q of each electrode de-
pends on the specific capacitance (Cs), the potential range of
the charge-discharge tests (AV), and the mass of the electrode
materials according to the following equation:

q=Cs x AV xm (4)

when q + = -, the masses of the positive electrode (m,) and
negative electrode (m-) will follow the equation:

m+/m7:C7 XAV/C+ XAV+ (5)

The specific capacitances of the AC and CoMoO4 NAWs
are 125 and 950 F g ' at the same current density 1 A g ',
respectively. On the basis of the specific capacitance values
and the potential windows for the AC and CoMoO, elec-
trodes, the optimal mass ration should be m,/m_= 1/3 accord-
ing to Eq. (5) for assembling the ASC device. Herein, the
masses of the AC and CoMoO, electrodes are 7.2 and
2.4 mg, respectively.
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Fig. 1 a—c SEM images of CoMoO4 NWAs at different magnifications. d—f SEM mapping images of Mo, O, and O elements, respectively

Results and discussion

Figure 1a displays the low magnification SEM image of the as-
prepared CoMoQ, products grown on Ni foam, indicating that
the Ni substrate was fully covered. Figure 1b indicates the
middle magnification SEM image of the obtained products. It
can be found that some nanowires (NWAs) were arrayed and
interconnected with each other. Figure 1c demonstrates the
high magnification SEM image of the CoMoO, NWAs with
the diameter about 100 nm. Taking the yellow section for SEM

Fig. 2 a The EDS spectrum of
CoMoO4 NWAs. b XRD pattern
of CoMoO, NWAs. ¢ TEM image
of an individual CoM0oO4 NWAs.
d HRTEM image of the
as-prepared CoMoO4 NWAs and
the inset is the corresponding
SAED pattern

()

mapping tests, the results confirm the existence of Mo, Co, and
O clements (as shown in Fig. 1d—f).

Further taking the yellow section for EDS analysis (Fig. 2a),
Mo, Co, and O elements can be detected, which is consistent
with the SEM mapping results. The crystal phases and crystal-
linity of the CoM0oO4 NWAs were examined by XRD. The
results demonstrate the monoclinic CoMoO, (PDF card, No.
21-0868). Additionally, several weak diffraction peaks attrib-
uted to CoM0049H,0 are found. The results are consistent
with the previous reports [3, 9]. Figure 2¢, d exhibits the TEM
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Fig. 3 a CV curves of the Ni foam and CoM0oO4 NWAs. b CV curves of
CoMoO, NWAs at different scan rates. ¢ Charge-discharge curves of
CoMoO4 NWAs at different current densities. d Specific capacitance of

and HRTEM images of CoMoO, NWAs. The lattice fringes
suggest the lattice spacing is 0.33 nm, which is corresponding
to the (002) planes of CoMoQO,. The SEAD in Fig. 2d indicates
the polycrystalline characteristics of CoMoO4 NWAs.

The electrochemical performance of the CoMoO, NWAs
on Ni substrate is evaluated in a three-electrode electrochemi-
cal cell with 2 M KOH aqueous solution. Figure 3a displays
the CV curves of Ni foam and CoMoO4 NWAs at the scan rate
of 20 mV s~'. The results revealed that the interconnected
CoMoO, NWA electrode exhibits higher capacitive current
density than that of Ni foam. Further confirmed, the pure Ni
foam contributes little to the total capacitance of the CoMoO,
NWA electrode. Figure 3b exhibits the CV curves of CoMoO,4
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CoMoO4 NWAs at varied current densities. e The cycling performance of
CoMoO,; NWAs at the current density of 2 A g '. f Nyquist plot of
CoMoO4 NWAs

NWAs at different scan rates. These CV curves indicate the
pseudocapacitance features and the curves keep the original
shape with the scan rate increasing, demonstrating of the fast
ionic and electron transportation of the CoMoO, NWA elec-
trode. The peak current increases with the increase of the scan
rate, indicating the good reversibility during the fast charge-
discharge process. Charge-discharge curves were further tested
at different current densities as shown in Fig. 3c. The charge-
discharge curves indicate good symmetry, revealing the desir-
able electrochemical reversibility and charge-discharge perfor-
mance. The specific capacitances of the as-prepared products
calculated according to Eq. (1) are 910, 840, 750, 688, and

620 F g{1 at the current density of 1, 2, 5, 8, and 10 A gf1
1400
(b) . ]
2 1200 +>.—\gl +10Agl
oL e -8Ag 2 Ag
& B l.~\g'l «—5 A g'l
£
E 1000
- A-d-A-A-A
g
£ 800 |
i mmL e tedt
) * 900
=
‘; 600 J Yvvvy
o
-3
17
400 v T v T L T v T v T v T
0 100 200 300 400 500 600
Cycles

Fig.4 a Charge-discharge curves of the Ni foam and CoMoO, NWAs at the current density of 2 A g . b Cycling stability of CoMoO, NWAs at different

current densities
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Fig. 5 Charge-discharge curves of the AC electrode at different current
densities

respectively (as shown in Fig. 3d). A charge-discharge cycling
test was examined at the current density of 2 A g~ for 3000 cy-
cles as shown in Fig. 3e. The specific capacitance of the
CoMoO,; NWA electrode changes from 840 to 790 F g ',
which keeps 94% capacitance retention. The high specific ca-
pacitance and excellent cycling stability of the CoMoO, NWA
electrode are impressive values when compared to those of
many previously reported CoMoQO, or Cosz0,4 oxide-based
electrodes, as shown in Table S1. The Nyquist plots of the
CoMoO4 NWA clectrode after the 1st and 3000th cycles are
displayed in Fig. 3f. The arc increment is no obvious

difference, indicating the structures are well maintained with
little deformation. The slope of the curve illustrates the
Warburg impedance is increased after 3000 cycles. It is attrib-
uted to the loss of some active materials during the charge-
discharge process. Figure 4a presents the charge-discharge
curves of Ni foam and CoMoO, NWAs at the current density
of 2 A g'. Discharge time of Ni foam is less than 10 s.
However, discharging time of CoMoO, NWAs is more than
150 s, demonstrating that the obtained product possesses an
excellent charge-discharge performance.

Figure 4b presents the current density dependent cycling
performance. At the first 100 cycles with the current density
of 5 A g', the specific capacitance is stable. After changing the
current density continuously, the specific capacitance still keeps
stable after returning to 5 A g '. These results indicate that the
CoMoO, NWA electrode possesses good electrochemical per-
formance. It can be concluded as follows: Firstly, the CoMoO,
NWA electrode was directly grown on Ni substrate so that this
electrode has better electrical conductivity. Secondly, the 1-
dimensional nanowires connected with each other forming
the network structure, which is easier for the electrolyte pene-
trating to the surface of the electrode. Thirdly, this nanostructure
also shortens the diffusion path of the ions and electrons and
accelerates the electrochemical reactions.

An ASC device was further assembled to explore the elec-
trochemical performance. CoMoO4 NWA electrode was used
as cathode and AC on Ni foam as anode. Before assembling
the device, the charge between the CoMoO4 NWA cathodes
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Fig. 6 a CV curves of AC and CoMoO, NWA electrodes performed in a
three-electrode cell in a 2 M KOH electrolyte at a scan rate of 20 mV's . b
CV curves of CoMoO4/AC ACS device tested at different potential win-
dows at the same scan rate of 20 mV s '. ¢ CV curves of CoM0O,//AC

Power Density (W Kg'l)

ACS device at different scan rates. d Charge-discharge curves of CoMoO.//
AC ACS device at different current densities. e Specific capacitance of
CoMo0O, NWAs at varied current densities. f Ragone plots relating power
density to energy density of the CoM0oO,//AC ACS device
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and the AC anode was optimized. The mass ratios for the two
electrodes were calculated by the specific capacitance values
and potential windows. Figure 5 demonstrates the charge-
discharge curves of AC with a potential window of —1 to
0 V at different current densities.

The charge and the optimal mass ratio between the
CoMoO4 NWA cathode and the AC anode are calculated to
be 1:3 according to the specific capacitance values and poten-
tial windows. Figure 6a exhibits the CV curves of CoMoO,
NWAs//AC ASC device at the scan rate of 20 mV s '. The
potential windows of the AC and CoMoO4 NWA electrodes
are — 1 to 0 and — 0.2 to 0.6 V, respectively.

Figure 6b shows the CV curves of CoM0oO4 NWAs//AC
ASC device at different potential windows. These CV curves
present nearly rectangular curves at different potential win-
dows. The CoMoO, NWAs//AC ASC device can use the
sum of the potential range for AC and CoMoO4 NWA elec-
trodes 1.6 V. Figure 6¢ reveals the CV curves of CoMoO,
NWAs//AC ASC device at different scan rates. When the scan
rate increased, these CV curves remain the same shape, indi-
cating the fast charge-discharge of the ASC device. Charge-
discharge tests were explored at different current densities as
illustrated in Fig. 6d. Discharge curves were nearly symmet-
rical to the charge curves, suggesting good capacitive perfor-
mance for the ASC device. The specific capacitances were
calculated from the discharge curves of Fig.6d. The specific
capacitances are 131.3, 118.8, 100, 85, and 75 F gf1 at the
current density of 1, 2, 5, §, and 10 A gf1 (as shown in
Fig. 6e), respectively. Figure 6f demonstrates the Ragone plot
of CoMoO4 NWAs//AC ASC device. The energy density and
power density of CoMoO4 NWAs//AC ASC device were cal-
culated according to Egs. (2) and (3). The maximum energy
density as high as 46.7 Wh kg ' is obtained at a current den-
sity of 1 A g~ with the power density of 800 W kg_1 under the
operating voltage of 1.6 V. This ASC device possesses a max-
imum of 8000 W kg ' power density at the current density of
10 A g™! with the energy density of 26.7 Wh kg ' with an
operating potential of 1.6 V. We compared our work with the
previous reported work as shown in Fig. 6f. It is clearly seen
that the energy and power density of CoMoO, NWAs//AC
ASC are larger than those of the as-reported NiCo,S4//graph-
eme/carbon [23], NiCo,S,@PPy//AC [24], CuO//AC [25],
and Ni-Co binary oxide//reduced graphene oxide [26] due to
the improved specific capacity and wide potential window
from0to 1.6 V.

Conclusion

In summary, CoMoO, nanowires were successfully fabricated
by a simple hydrothermal method under the low temperature
90 °C. The CoMoO, nanowire electrode shows high specific
capacitance 910 F gf1 at the current density of 1 A g ' and
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good cycle performance 94% capacitance retention (at the cur-
rent density of 2 A g~' for 3000 cycles). The CoMoO4 NWAs//
AC ASC indicates high energy density (46.7 Wh kg ' at a
power density of 800 W kg™ ') and power density
(8000 W kg ' at 26.7 Wh kg "), which is believed to be a
promising energy storage device in the future.
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