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ABSTRACT: The development of supercapacitors with a high energy density ~Carbon cloth
and power density is of great importance for the promotion of energy storage FE=lZZINIR
technology. In this study, we designed and prepared petal-like CoMoO, clusters
combined with carbon cloth as an excellent self-standing and binder-free
electrode for asymmetric supercapacitors. Due to the abundant electrochemical
active sites, the promising electron conduction, and ion diffusion rate, the
CoMoO,@carbon cloth (CoMoO,@CC) electrode exhibits an excellent
electrochemical performance. The results show that the CoMoO,@CC material
exhibits a high specific capacitance (664 F/g at a current density of 1 A/g) and
an excellent cycle stability (capacitance remains at 84.0% after 1000 cycles). The
assembled symmetrical supercapacitor has an energy density of 27 Wh/kg when
the power density is 600 W/kg. Even at a higher power density (6022 W/kg), it
still maintains a good energy density (18.4 Wh/kg).
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1. INTRODUCTION made by the conventional slurry coating technology, in which
the binder involved undoubtedly increases the internal
resistance of the electrode. To solve these problems, many
researchers grew electrochemically active substances directly
on the substrate to prepare binder-free electrodes.”"*”

In this work, we have developed a simple and effective
method to prepare a CoMoO,@CC material with a petal-like
microstructure. CoMoO, is directly grown on carbon cloth to
] ) form a self-standing and binder-free electrode. The results
considered to be one of the most prominent and most prove that the CoMoO,@CC electrode has a high specific
efficient energy storage devices due to their high power capacity of 664 F/g at a current density of 1 A/g, and the
density, environmental friendLiggess, fast charge and discharge capacitance retention rate exceeds 84% after 1000 cycles at a
capability, and long cycle life. current density of 10 A/g. A symmetrical supercapacitor based

With the rapid development of the society, energy con-
sumption and environmental pollution are increasing. The use
of clean energy and renewable energy has become indis-
pensable. The development of high-power, high-capacity
alternative energy conversion/storage devices, especially
environmentally friendly energy conversion/storage devices,
has a special significance.'™ Supercapacitors (SCs) are

In terms of the materials of electrodes, binary metal oxides on the CoMoO,@CC material was assembled and tested for
@TMOS) possess high eleFtFOChemical activity fmd have been electrochemical performance. The symmetrical supercapacitor
widely studied to be promising electrode materials for energy has a remarkable energy density of 27 Wh/kg when the power

storage devices.'”'" Especially, metal molybdates, which are density is 600 W/kg.

AMoO,-type compounds (where A is a divalent metal ion),

have potential applications in many fields such as magnetism, 2. RESULTS AND DISCUSSION

photoluminescence, and catalysts.'>"* With the advantages of

the high redox activity, environmental friendliness, low cost,

and abundant sources, metal molybdates, such as NiMoO,,'*"*

CoMo00,,"*"” and ZnCo,0,,'*" have attracted more and

more attention. Received: April 23, 2021
In the traditional SC manufacturing process, the active Accepted:  July 13, 2021

material is often combined with a current collector through the Published: July 21, 2021

use of a polymer binder, which creates a “dead mass” in the

active material, leading to a poor specific capacitance.20

Moreover, most reported composite electrodes are usually

2.1. Materials Characterization. The morphology and
nanostructure of the CoMoO,@CC material were studied by
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Figure 1. SEM images: (A) bare CC, (B) CoMoO,@CC material, and (C) CoMoO,@CC material enlarged view; (D) CoMoO,@CC XRD
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Figure 2. SEM image of CoMoO,@CC and the corresponding element mapping for C, O, Co, and Mo.

scanning electron microscopy (SEM) and powder X-ray
diffraction (XRD). As shown in Figure 1A, the surface
morphology of the carbon cloth fiber is smooth before growth.
Figure 1B,C shows the morphologies of CoMoO,@CC
materials under different magnifications. From the low-
magnification image (Figure 1B), it can be seen that the
carbon fibers are still woven together after growing CoMoO,
nanosheets, and each carbon fiber is evenly covered by
CoMoQ, nanoflakes. Further observations show that there are
a large number of densely undulating, highly ordered
nanosheets on the surface of the carbon cloth. These
nanosheets grow vertically to the fiber surface and are cross-
linked (Figure 1C) to form a petal-like 3D nanoarray structure.
This petal-like structure has a large specific surface area, which
is beneficial to improve the ion diffusion rate. Moreover, this
structure can also provide abundant active sites, which is
beneficial to increase the specific capacitance. Figure 1D shows

the XRD result of CoMo0O,. Cobalt molybdate has two crystal
forms (a and B forms). a-CoMoO, can transform to f-
CoMoO, when the temperature is between 330 and 410 °C.>
In this work, the CoMoO, synthesized by a hydrothermal
method has an @ form. In the subsequent annealing process, a
part of a-CoMoO, transforms to -CoMoO,. According to
XRD data, a-CoMoO, may not transform completely due to
the low annealing temperature and short annealing time. The
peak at 20 = 33.0° in the XRD patterns of CoMoO, is
attributed to a-CoMoO, (JCPDS card number 25-1434). The
diffraction peak at 20 = 26.4° corresponds to the reflection of
the (002) plane of f-CoMoO, (JCPDS card number 21-
0868).”* The spectrum of CoMoO, shows wide and weak
diffraction peaks, indicating that the obtained CoMoO, sample
has low crystallinity. As previously reported in the literature,
the poor crystallizability of the material plays a vital role in

https://doi.org/10.1021/acsomega.1c02166
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Figure 3. XPS spectrum of CoMoO,@CC: (A) XPS full spectrum; high-resolution XPS spectrum: (B) Co 2p, (C) Mo 3d, and (D) O 1s.
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Figure 4. (A) CV curve of bare carbon cloth and CoMoO,@CC electrode at a scan rate of 20 mV/s and (B) Nyquist plots of bare carbon cloth
and CoMoO,@CC material (the illustration is a partially enlarged Nyquist plot).

improving the electrochemical performance of supercapaci-
tors.”
The X-ray energy spectrum (EDX) mapping of the SEM
spectrum (Figure 2) further confirmed that CoMoO,@CC is
mainly composed of Co, Mo, C, and O elements, which are
uniformly distributed throughout the carbon cloth nanowire
structure. The above results confirm that CoMoO, is
uniformly grown and covered on the carbon cloth surface.
To research the chemical composition and valence state of
CoMoO,@CC, XPS analysis was performed. As shown in
Figure 3A, C, O, Mo, and Co elements were detected in the
XPS spectrum. The Co 2p spectrum in Figure 3B shows two
main peaks, which are the characteristic peaks of Co®' in
CoMoO,@CC. The binding energy of Co 2p3/2 is 781.3 eV
and the binding energy of Co 2p1/2 is 797.1 eV, indicating the
oxidation state of Co?*.”**” Figure 3C shows the Mo 3d
spectrum; the peaks are located at 231.7 and 234.8 eV, which
belong to Mo 3d5/2 and Mo 3d3/2, respectively. They are
also the characteristic peaks of Mo®" in CoMoO,@CC,

19618

indicating the oxidation state of Mo®".”**” Figure 3D shows
the XPS spectrum of O 1s. The peaks at 532.5 and 531.2 eV
correspond to metal—oxygen bonds and oxygen defects,
respectively.”” These results indicate that CoMoO,@CC has
been successfully prepared, which is consistent with the results
of XRD and SEM-EDS.

2.2. Electrochemical Performance. A standard three-
electrode system was used to conduct electrochemical tests on
carbon cloth and CoMoO,@CC electrode materials in 3 M
KOH solution. Figure 4A shows the cyclic voltammetry (CV)
curve of bare carbon cloth and CoMoO,@CC electrode at a
scan rate of 20 mV/s. Obviously, the current density and the
surrounding area of pure CC are much lower than those of the
CoMoO,@CC electrode, which indicates that the capacitance
of carbon cloth is almost negligible. For the CV curve of the
CoMoO,@CC electrode, it can be seen that there are obvious
redox peaks in the range of —0.1 to 0.6 V. The redox peak
originates from the faradic reaction related to the OH™ ion-
mediated Co>*/Co’®" ion pair in the alkaline electrolyte,

https://doi.org/10.1021/acsomega.1c02166
ACS Omega 2021, 6, 19616—19622
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Figure 5. (A) GCD curves of CC and CoMoO,@CC materials at 1 A/g current density, (B) GCD curves of the CoMoO,@CC electrode at
different current densities, (C) specific capacitance at different current densities, and (D) cycle performance test at a current density of 10 A/g.

suggestin% that its capacitance is provided by the faradic redox
reaction.’

To further understand the charge and ion transfer
mechanism of this material, electrochemical impedance
spectroscopy (EIS) was used. The Nyquist curves of bare
carbon cloth and CoMoO,@CC electrode material are shown
in Figure 4B. In the high-frequency region, the diameter of the
semicircle represents the charge transfer resistance (R), and
the real-axis intercept represents the equivalent series
resistance (ESR).* Both carbon cloth and CoMoO,@CC
electrode materials show an inconspicuous semicircle and a
small real-axis intercept, which means that the charge transfer
resistance and equivalent series resistance are low. It can be
seen from the illustration that the x-axis intercept of the
CoMoO,@CC electrode material is smaller than that of bare
carbon cloth, which indicates the higher electron conductivity
of the CoMoO,@CC electrode. In the low-frequency region,
the linear slope of the CoMoO,@CC electrode is closer to the
y axis than that of the carbon cloth electrode, which indicates
that the electrode has a faster ion diffusion rate. These
excellent properties can be ascribed to the petal-like structure
of the CoMoO, clusters. This structure can increase the
contact area between the electrolyte and the active material,
shorten the ion transport channel, and improve the charge
transport efficiency.

Figure SA displays the galvanostatic charge—discharge-
(GCD) curves of carbon cloth and CoMoO,@CC electrodes
at a current density of 1 A/g. Obviously, the discharge time of
bare CC is much shorter than that of CoMoO,@CC electrode,
which indicates that the specific capacitance of pure CC is
almost negligible. This result is consistent with its CV test
results. Figure 5B shows the GCD curves of the CoMoO,@CC
electrode at current densities ranging from 1 to 10 A/g. The
GCD curves at all current densities are nonlinear and well
symmetrical, indicating that most of the capacitance of this
material is pseudocapacitance. Moreover, the corresponding
Coulomb efficiency of CoMoO,@CC can reach 96.7%,

19619

indicating excellent reversibility. The specific capacitance
values are calculated according to the discharge curve, and
the results are shown in Figure SC. The value of Cs decreases
with the increase in the current density. This is because less
ions can reach the electrode surface as the current density
increases.”> When the current densities are 1,2, 3, 5, and 10 A/
g, the specific capacitances of CoMoO,@CC are 664, 572,
480, 466, and 426 F/g, respectively. Even if the current density
is increased by 10 times, it can still maintain a high specific
capacitance. Figure 5D shows the results of the cycle stability
test at a current density of 10 A/g. The capacity retention rate
can reach 84% after 1000 cycles. The sharp decrease in the
specific capacitance in the initial 400 charge/discharge cycles
can be explain as the presence of the electrochemically active
but unstable oxygen groups.”> The illustration in Figure SD
shows the comparison of the CV curve between the first cycle
and the 1000th cycle. It can be seen that the CV curve is
almost unchanged after 1000 cycles. These data indicate that
the CoMoO,@CC material has an excellent cyclic stability.

To evaluate the energy storage capacity of CoMoO,@CC,
the electrochemical performance of this work was compared
with that of several previous reports about Mo-based
electrodes. As can be seen in Table 1, the CoMoO,@CC
electrode showed a competitive electrochemical performance,
which means that CoMoO,@CC is an ideal electrode material
for supercapacitors.

2.3. Symmetrical Supercapacitor Performance Test.
To further investigate the actual performance of CoMoO,@
CC, we assembled a symmetrical supercapacitor with two
identical CoMoO,@CC electrodes. Figure 6A shows the CV
curve of the CoMoO,@CC||CoMoO,@CC supercapacitor at
a scan rate of 10 mV/s in different voltage windows. The
supercapacitor shows a typical quasi-rectangular CV curve in
the voltage range of 0—1.2 V, which indicates that it has good
cycle reversibility in a broad voltage window of 0—1.2 V. The
GCD curves of the CoMoO,@CC|/CoMoO,@CC super-
capacitor are shown in Figure 6B. The shape of the GCD

https://doi.org/10.1021/acsomega.1c02166
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Table 1. Comparison Data of the Performance of the
CoMoO,@CC Electrode Material with References

specific capacity cycle
electrode material ~current density  capacitance retention  number
MoS,/C** 02Ag" 201 F g™ 94.1% 1000
MoO,/Ag” 1Ag™ 225Fg! 71.1% 10,000
a-MoO;*° 5mV s 30 F g! 80% 100
a-MoO;”’ 0.6 mA cm™ 736 F g™’ 94.7% 2000
CoMoO,/ 2 mA cm™ 71F g™ 81% 2000
chitosan®®
CoMo0,/C* 1Ag™! 1094 F g™ 99.8% 200
CoMoO,@CC 1Ag! 664 F g7 84% 1000

(this work)

curves is similar to an isosceles triangle, confirming that the
device has good reversibility in the entire potential range.
According to the discharge time and total mass of the
electrode materials, the specific capacitance at different current
densities is calculated and recorded in Figure 6C. At a current
density of 1 A/g, the specific capacitance of the device is 67.5
F/g. When the current density is increased to 10 A/g, the
capacitance is 46 F/g, which retains 68.1% of its initial value.
Figure 6D shows the Ragone plot of the supercapacitor of this
work and other Mo-based supercapacitors. It is worth noting
that the maximum energy density of the CoMoO,@
CC||CoMoO,@CC device can reach 27 Wh/kg when the
power density is 600 W/kg, superior to those of other reported
materials for supercapacitors, for instance, MoO;/Ag (15.51
Wh/kg, 348.97 W/kg),”* microrod-architectured MoO; (7.33
Wh/kg, 1200 W/kg),"" MoS,/MoO;/PPy (10 Wh/kg, 203
W/kg),"" NiMoO, (20.1 Wh/kg, 2100 W/kg), and MoO,/
PPy/rGO (19.8 Wh/kg, 301 W/kg).H’42 Even at a high

current density of 10 A/g, its energy density is still maintained
at 18.4 Wh/kg. All these excellent results prove that
CoMoO,@CC||CoMoO,@CC has a bright future in the
application of supercapacitors.

3. EXPERIMENTAL SECTION

3.1. Chemicals. Ammonium molybdate ((NH,);Mo,0,,-
4H,0, AR), cobalt chloride (CoCl,-6H,0), nitric acid
(HNO,, 65%), sulfuric acid (H,SO,, AR), and polyvinylpyrro-
lidone (PVP, AR grade) were purchased from Aladdin Co.,
Ltd. (China). Urea (CO(NH,),) and ethanol (C,H;OH) were
purchased from Sinopharm Reagent. Potassium hydroxide
(KOH) was purchased from Xilong Science, and carbon cloth
(CC) was purchased from Suzhou Yilongsheng Energy
Technology Co., Ltd. Deionized (DI) water was used
throughout the experiment. All reagents are analytically pure
and no further purification is required.

3.2. Experimental Steps. 3.2.1. Experimental Plan
Design. Using CoCl,-6H,0 and (NH,)¢Mo,0,, as raw
materials and carbon cloth as the substrate, the CoMoO,@
CC material was synthesized through the hydrothermal
reaction and annealing process.

3.2.2. Carbon Cloth Pretreatment. A mixed solution of
10% nitric acid and 10% sulfuric acid (3 nitrate:1 sulfur) was
used to pretreat the carbon cloth at 120 °C for 3 h to improve
the hydrophilicity. Then, it was washed with acetone, ethanol,
and deionized water ultrasonically for 30 min to remove the
grease and dirt on the surface. Finally, it was vacuum-dried at
60 °C for 12 h.

3.2.3. Preparation of CoMoO,@CC. Dissolve 720 mg of
CoCl,:6H,0, 520 mg of (NH,)sMo,0,, 480 mg of CO-
(NH,),, and 100 mg of PVP in 40 mL of deionized water.
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Figure 6. Electrochemical performance of the CoMoO,@CC||CoMoO,@CC symmetrical supercapacitor in 1 M Na,SO, neutral electrolyte: (A)
CV curves of different voltage ranges when the sweep speed is 10 mV/s; (B) GCD curves at various current densities; (C) specific capacitance

under different current densities; (D) Ragone curve diagram.
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After stirring for 20 min, the solution was transferred to a 100
mL autoclave and the pretreated carbon cloth (2 X 2 cm) was
added to the kettle, then sealed, and hydrothermally reacted at
160 °C for 12 h. After the autoclave was cooled to room
temperature, the samples were collected, washed several times
with water and ethanol, and dried at 60 °C. Finally, the
CoMoO,@CC sample was heated to 350 °C at a heating rate
of 5§ °C min™" and annealed in a N, environment for 3 h.

3.3. Materials Characterization. Field emission scanning
electron microscopy (FESEM) was performed on a Nova
Nano SEM 450 scanning electron microscope. The XPS
measurement was performed on a Thermo Fisher X-ray
photoelectron spectrometer equipped with Al radiation as a
probe (Ka, radiation), the chamber pressure was 5 X 107°
Torr, and the diameter of the analysis spot was 400 ym. The
crystal structure of the sample was studied by XRD (D8
Advance, Germany).

3.4. Electrochemical Tests. Whole electrochemical tests
were carried out on a CHIG60E workstation (Shanghai
Chenhua) in 3 M KOH aqueous solution. A three-electrode
system was used to investigate the electrochemical perform-
ance of the samples. A saturated calomel electrode and Pt wire
served as the reference and counter electrodes, respectively.

A two-electrode system was used to study the electro-
chemical properties of the symmetric supercapacitor con-
structed by assembling two similar CoMoO,@CC electrodes.
The specific capacitances (Cs) of the individual electrode and
the two-electrode cell were calculated from the galvanostatic
discharge curves by eq 1. The specific energy density (Ec) and
specific power density (Pc) were calculated according to eqs 2
and 3, respectively:

o= IAt
mAU (1)
CsAU?

Cc =

2 X 3.6 (2)
Ec X 3600

Pc= —

At (3)

where I is the discharge current, At is the discharge time, m is
the mass of the active material in a three-electrode system in a
two-electrode cell, m is the total active mass of both electrodes,
and AU is the voltage window.

4. CONCLUSIONS

In this work, the petal-like CoMoOQ, clusters have been directly
synthesized on the carbon cloth substrate by a simple
hydrothermal method. Electrochemical studies show that the
CoMoO,@CC electrode material has an excellent pseudoca-
pacitance performance. The CoMoO,@CC material displays a
high specific capacitance (664 F/g at a current density of 1A/
g) and an excellent cycle stability (capacitance remains at 84%
after 1000 cycles). The assembled symmetrical supercapacitor
has an energy density of 27 Wh/kg when the power density is
600 W/kg. Moreover, the energy density can still remain at
18.4 Wh/kg at a high power density of 6022 W/kg. This
convenient method provides an effective way to enhance the
electrochemical performance of supercapacitors and shows
broad application prospects in future energy storage systems.
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