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Abstract

The single-phase CoMoO, was prepared via a facile hydrothermal method coupled with calcination treatment at 400 °C.
The structures, morphologies, and electrochemical properties of samples with different hydrothermal reaction times
were investigated. The microsphere structure, which consisted of nanoflakes, was observed in samples. The specific
capacitances at 1 A g’1 are 151, 182, 243,384, and 186 F QF1 for samples with the hydrothermal times of 1,4, 8, 12, and
24 h, respectively. In addition, the sample with the hydrothermal time of 12 h shows a good rate capability, and there is
45% retention of initial capacitance when the current density increases from 1to 8 A g~ The high retain capacitances
of samples show the fine long-cycle stability after 1000 charge-discharge cycles at current density of 8 A g~'. The results
indicate that CoMoO,4 samples could be a choice of excellent electrode materials for supercapacitor.
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Background

It is important to develop the conversion and storage of
renewable alternative energy because of the rapid decay
of fossil fuels. Supercapacitor, as a kind of energy storage
device, has attracted much attention in recent years
[1-5]. Supercapacitors show desirable performance,
such as high power density, short charging time and
long cycle life [6-8]. According to the mechanism of
charge storage, supercapacitors could be classified into
electrochemical double-layer capacitors (EDLCs) and
redox electrochemical capacitors (i.e. pseudocapacitance
(PCs)). The charge storage mechanism of EDLCs is related
to the reversible adsorption and desorption of electrolyte
ions on electrode/electrolyte surface, whereas that of PCs
is related to the redox reactions on the electrode surface
[4, 6, 8, 9]. Therefore, whether for EDLCs or PCs, the elec-
trodes are very important, and it is necessary to find an in-
teresting electrode material for supercapacitor application.
Generally, the energy density of PCs is higher than that of
EDLCs [10, 11]. Many metal oxide materials, such as NiO
[12, 13], Co30, [3], CuO [14], MnO, [15], and SnO, [16],
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have attracted much attention for the use as supercapaci-
tor electrodes. Among these metal oxides, molybdenum
oxides and cobalt oxides are the promising candidates for
applications due to its high redox activity, multiple oxida-
tion states, high theoretical specific capacitance, reversible
small ions storage and low cost [11]. Zhou et al. prepared
MoO, nanoparticles, and the sample shows a high specific
capacitance of 621 F g™ [17], and Wu et al. investigated
the properties of MoO,/CNTs with the capacitance of
4674 F g ' [18].

Mixed metal oxides have attracted much attention
because of its high redox activity, good electrical con-
ductivity, reversible small ions storage, and low cost
[11]. Among them, the metal molybdates have attracted
much attention for energy storage application. Such as
NiMoO, [19-21], MnMoOQO, [22, 23], CoMoO, [6, 8, 11,
24, 25] and other metal molybdates have been exten-
sively investigated as excellent electrode materials for
supercapacitor. As reported in Refs. [26—-28], CoMoOQy is
advantageous because of its low cost and non-toxicity
and exhibits enhanced electrochemical properties. Veer-
asubramani et al. prepared the plate-like CoMoO, with
a specific capacitance of about 133 F g'' at 1 mA cm >
[26]. Padmanathan et al. synthesized the a-CoMoO,
nanoflakes/CFC used as symmetric supercapacitor with
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a specific capacitance of 8.3 F g™* at a current density of
1 A g in organic electrolyte [29]. In addition, Kazemi
et al. obtained the dandelion-shape CoMoO, with an
excellent specific capacitance of 2100 F g™* at a current
density of 1 A g’1 [8]. Xia et al. reported that the CoMoO,/
graphene composites show a specific capacitance of 394.
5 F g ' (at the scan rate of 1 mV s™'), which is about 5.4
times the value of pure CoMoQ, [30].

In this article, the CoMoO, nanoflakes were synthe-
sized by a simple hydrothermal method at different
hydrothermal reaction time, followed by calcining at
400 °C in muffle furnace. The electrochemical properties
of samples were investigated by using the methods of
cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy
(EIS). According to GCD test results, the samples show
specific capacitances of 151, 182, 243, 384, and 186 F g*
at current density of 1 A g™' in 2 M KOH electrolyte.
The sample CMO-12 shows an interesting electrochem-
ical property.

Experimental

Synthesis of CoMoO,

The CoMoO, samples were synthesized by a simple
hydrothermal method. Firstly, 0.4410 g Co(NO3),-6H,O
and 0.2675 g (NHy)eMo0,0244H,O (AHM) were dis-
solved in 30-mL distilled water with magnetic stirring
for 10 min at room temperature to obtain clear mixed
solution. Secondly, 0.3621 g urea was slowly added into
the mixed solution of Co(NOs3),-6H,0O and AHM under
magnetic stirring. The mixture was stirred for 1 h to
form a homogeneous solution. Next, the homogeneous
solution was transferred into a 50-mL Teflon-lined stain-
less steel autoclave and maintained at 180 °C in an elec-
tric oven for 1 h. Other samples were prepared with the
hydrothermal times of 4, 8, 12, and 24 h, respectively.
The as-synthesized products were cooled to room
temperature with the oven. Then, the resulting solution
was centrifuged with distilled water and ethanol. The
obtained precipitate was dried at 60 °C in vacuum oven
for 10 h. Finally, the dried precipitate was calcined at
400 °C in muffle furnace for 2 h to obtain the final prod-
ucts. The final products were marked as CMO-1, CMO-
4, CMO-8, CMO-12, and CMO-24, respectively.

Material Characterization

The crystalline structures of samples were determined
by X-ray diffraction (XRD; Bruker, D8 Discover) at
40 kV and 40 mA. The morphologies of samples were
examined by field emission scanning electron microscopy
(FE-SEM; Zeiss, SUPRA 40) and transmission electron
microscopy (TEM; JEM-2100). The nitrogen adsorption-
desorption isotherms of samples were obtained by using
the Autosorb-iQ physico-adsorption apparatus. Then, the
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specific surface areas and pore size distributions of sam-
ples were obtained by the Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods.

Preparation of the Working Electrode and Electrochemical
Measurements

The working electrodes were prepared according to the
method reported in literature [31]. The as-synthesized
products, acetylene blacks, and polytetrafluoroethylene
(PTFE) were mixed with a weight ratio of 70:20:10 to
form homogeneous paste. Then, it was coated onto the
cleaned nickel foam with the area of 1 cm x 1 cm. After
drying in a vacuum oven at 50 °C for 6 h to remove the
solvent, the nickel foam was then pressed at 10 MPa for
2 min by bead machine. The mass of the active material
on the electrode was about 3~5 mg.

The electrochemical properties of samples were char-
acterized by using a CS 350 electrochemical workstation
(CorrTest, Wuhan) at room temperature. Two moles
per liter of KOH solutions were used as the electrolyte
solution, and a three-electrode system was used in the
measurement. CoMoQOy,, platinum, and a saturated calo-
mel electrode (SCE) were served as the working elec-
trode, the counter electrode, and the reference electrode,
respectively. The CV curves were performed in the po-
tential range of - 0.2 to + 0.6 V at different scan rates of
5, 10, 20, 40, 50, and 100 mV s*. GCD curves were
tested at different current densities of 1, 1.5, 2, 3, 5, and
8 A g '. EIS of samples were investigated from 0.01 Hz
to 100 kHz.

Results and Discussion

Structural and Morphology Characterization

As shown in Fig. 1, XRD patterns of samples are consist-
ent with the standard pattern of CoMoQ, (JCPDS No. 21-
0868), and they are similar as reported in previous [6, 8,
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Fig. 1 XRD patterns of five samples
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32, 33]. The diffraction peaks at 13.1°, 19.1°, 23.3°, 26.5°,
27.2°, 28.3%, 32.0°, 33.6°, 36.7°, 40.2°, 43.6°, 47.0°, 52.1°,
53.7°, 58.4°, and 64.5° are corresponding to reflections
of the (001), (201), (021), (002), (112), (311), (131), (222),
(400), (003), (241), (241), (204), (441), (024), and (243)
planes, respectively. As shown in Fig. 1, the broader and
weaker diffraction peaks of the XRD patterns for CoMoQO,
samples were observed, indicating the weaker crystallization
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in samples. As reported in Refs. [8, 34], the weaker crystal-
linity plays a critical role for enhancing the electrochemical
behavior in supercapacitor applications.

The surface morphologies of CoMoO, samples were
characterized by SEM and TEM. As shown in Fig. 2,
microsphere structures were observed for all samples, and
the microsphere consisted of nanoflakes. With the
increase of hydrothermal time, the thickness of

Fig. 2 The low and high-magnification SEM images of samples. a, b CMO-1. ¢, d CMO-4. e, f CMO-8. g, h CMO-12. i, j CMO-24
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nanosheetsincreases first and then decreases, and the
thickest nanoflakes were obtained in sample with the
hydrothermal time of 12 h. Figure 3a, b show the energy-
dispersive spectroscopy (EDS) element mapping images
and EDS spectrum of CMO-12. According to the element
mapping images, Co, Mo, and O elements uniformly dis-
tributed in the microsphere. The element molar ratio of
Co, Mo, and O is about 1:1:4, which is corresponding to
the composition of CoMoQO,. Figure 3¢, d show the TEM
images of the CMO-12. As shown in the inset of Fig. 3c,
the selected area electron diffraction (SAED) patterns re-
veal the single-crystalline nature of the CoMoO,. The
clear diffraction spots could be assigned to the (2 22),
(024), (131), and (002) crystal planes of the CoMoQ,.
Figure 3d is the HRTEM image; it shows the lattice spa-
cing of 0.34 and 0.27 nm, which could be related to the
(002) and (131) planes of CoMoQy, respectively.

Figure 4 shows the pore size distributions and N,
adsorption-desorption isotherms of CoMoQO, samples.
According to the N, adsorption-desorption isotherms of
samples, all the isotherms show the feature of type IV
with Hj-type hysteresis loops. The BET specific surface
areas of CMO-1, CMO-4, CMO-8, CMO-12, and CMO-
24 were calculated to be 18.4, 29.2, 42.8, 74.1, and
26.2 m> g ', respectively. Sample CMO-12 shows the
highest BET surface area, and the high BET surface
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area could increase the contact area of electrode/electro-
lyte and provide more active sites for efficient transport of
electrons and ions in electrode system [35]. As shown in
Fig. 4, sharp peaks in pore size distributions of samples
are located at 145.9, 74.1, 22.6, 27.9, and 75.3 nm, respect-
ively. It indicates that there are mesopores in CMO-8 and
CMO-24. However, a few macropores are detected in
samples CMO-1, CMO-4, and CMO-24. When materials
are used in supercapacitors, mesopore structures of mate-
rials also could increase the contact area between elec-
trode and electrolyte; there are more sufficient active sites
for efficient transport of electrons and ions in electrode
system [36-—38]. Therefore, CMO-12 with highest BET
surface area and mesopore structure might show better
electrochemical properties than other samples.

Electrochemical Characterization

CV curves of CoMoQO, samples at different scan rates of
5-100 mV s™' in 2 M KOH electrolyte with potential
range from - 0.2 V to +0.6 V (vs. Hg/HgO) are shown
in Fig. 5a —e. The typical Faradic reaction peaks can be
clearly seen in all curves, which indicate that the
CoMoO, electrodes are pseudocapacitor electrodes. The
observed redox peak is due to the charge-transfer kinetics
of Co** and Co®" associated with the OH™ in electrolyte

image of CMO-12 sample

Fig. 3 a Energy-dispersive spectroscopy (EDS) element mapping image and Co, Mo, and O distribution. b The EDS spectrum and inset are molar
ration percent of Co, Mo, and O elements. ¢ High-magnification TEM and inset are the selected area electron diffraction pattern. d The HRTEM
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Fig. 4 Pore size distributions and N, adsorption-desorption isotherms of samples
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[8, 26]. The redox reaction of Co>*/Co>* is listed as
follows [39, 40]:

CoMoOy4 + OH™—CoOOH + MoOs3 + e~ (1)
(2)

(3)

CoOOH 4+ OH <Co00, + Hy,O + e~

CoOOH + H,0 + e Co(OH), + OH

As shown in Fig. 5a—e, with the increase of scan rates,
the redox peaks shift to higher and lower potentials, re-
spectively. The potential difference between oxidation
peaks and reduction peaks also increased with the in-
creased scan rate. It indicates that the irreversible degree
and the quasi-reversible reaction are increased with the
increase of scan rate [36, 41]. The shift is mainly related
to the internal resistance of the electrode and the
polarization caused by high scan rate [36, 42]. A near
linearly relationship between redox peaks potentials and
the square root of the scan rate was observed, which can

be seen in the inset of Fig. 5f. The approximately linear
relationship also indicates that the reaction kinetics dur-
ing redox process is probably controlled by ions diffu-
sion process [6].

According to the CV curves, the specific capacitance
of samples can be calculated by the following equation:

Vs
_ Jyaav
mxvxAV’

Cop (4)
where Cg, (F g’l) is the specific capacitance, V; and V,
are the start and end voltage, [I4V is the integral area of
CV curves, m (g) is the mass of active materials loading
on the electrode, v (mV s™) is the potential scan rates,
and AV (V) is the sweep potential window. The specific
capacitances of samples were calculated based on the
CV curves by using Eq. (4), which are shown in Fig. 5f.
The specific capacitances of all samples decrease as the
increase of scan rates. More OH can reach the active
site with more favorable conditions at low potential scan



Li et al. Nanoscale Research Letters (2018) 13:120

Page 6 of 10

-0.2 0.0 0.2 0.4 0.6
Potential (V vs. Hg/HgO)

a b . c
010l E——5mVs oqol A——smVss 0.15} a——5mvis
I b——10mV/s . b——10mV/s 0.12| b——10mVss
~0.08} 0 2omvis Qo.os ——20mVis 2 c——20mV/s f
< 0.06F d&— d0mVis 1 00.06) d—daomvis £ 009 4 somvis e
£ 0.04f e——50mVis Sl B o.04f e——50mvss H E 0.06f e—s0mvis 2
) — S .
: 0.02LF 100mV/s f, g 0.02 f- 100mV/s ; §0.03 f——100 mV/s ;)
= 0.00 a ;‘ 0.00 a = 0.00
CO.0.02 Sk O-0.03
) -0.02
-0.04 0.04 -0.06
-0.06 - -0.09
-0.2 0.0 0.2 04 0.6 -0.2 0.0 0.2 0.4 0.6 -0.2 0.0 0.2 0.4 0.6
Potential (V vs. Hg/HgO) Potential (V vs. Hg/HgO) Potential (V vs. Hg/HgO)
0.15 e f @ 350
X —=— CMO-1 ~g.55
a——5mV/s ool TSmVis = cvos S0 /
 0.12) b——10mVis £~ b——tomvs o 300t\  ——cmos o=
< 0.00] S——20mVis e| < c——20mV/s o —— cMo-12 £ "
= T a——somvis df  Z006r g gmvss f S 250 P —
s 0.06 e—s0 mvs c| & e——50 mV/s 7 X & 0.30 \
= 0.03} F——100 mv/s b 20031 £ 00 mvis c g 200 025
= a = b = 112
5 0.00 6’ 0.00 2 8 150
0.03 o
0.06 -0.03 & 100
)
o
(=7
n

-0.2 0.0 0.2 0.4 0.6
Potential (V vs. Hg/HgO)
Fig. 5 The CV curves under different scan rates of 5, 10, 20, 40, 50, and 100 mV s of samples a CMO-1, b CMO-4, ¢ CMO-8, d CMO-12, and e

CMO-24 in the potential window ranged from — 0.2 to + 0.6 V. f The specific capacitance of samples under different scan rates of 5-100 mV s~ .
The inset in f is the plots of anodic and cathodic peak current against the square root of the scan rate

10 20 30 40 50 60 70 80 90 100110120
Scan rate (mV/s)

1

rate [31, 43]. Furthermore, a higher scan rate leads to
either depletion or saturation of the protons in the
electrolyte inside the electrode during the redox process,
and only the outer surface could be utilized for the
charge storage [41, 43, 44]. When the hydrothermal
synthesis time increases from 1 to 12 h, the specific
capacitances of samples show an obviously increase
from 171.3 to 315.7 F g'' at a scan rate of 5 mV s,
However, the specific capacitance decreases from 315.7
to 1787 F g'! when the hydrothermal time increases
from 12 to 24 h. Therefore, the CMO-12 sample (ie.,
the hydrothermal time is 12 h) shows an excellent spe-
cific capacitance. The specific capacitance of
315.7 F g ' at 5 mV s™! is better than that of 286 F g*
for CoMoO, nanorods [11] and 95.0 F g’1 for pure
CoMoO, [45] and comparable with 322.5 F g’1 for
RGO/CoMoQ, [45].

Such an improved electrochemical property can be
confirmed by the following galvanostatic charge-
discharge tests. The GCD tests of samples were per-
formed at different current densities of 1, 1.5, 2, 3, 5,
and 8 A g'! in 2 M KOH electrolyte, and the results
are shown in Fig. 6a—e. The nonlinear GCD curves
could be attributed by the redox reaction [46], and this
is consistent with the CV curves. As shown in these
curves, the discharge time of CMO-12 is significantly
longer than other samples, indicating a much higher
specific capacitance in CMO-12. This could be con-
firmed furtherly by the following calculated results. The

specific capacitances of CoMoQ, electrode can be cal-
culated by using the equation as follow:

I x At

c=_x2 5
mx AV’ (5)

where C (F g™%) is the specific capacitance, I (A) is the
discharge current, At (s) is refer to discharge times, m
(g) is the mass of active material loading on the
electrode surface, and AV (V) is the applied potential
window [6, 8, 26]. Figure 6f shows the calculated specific
capacitance of samples at different current densities.
With the increase of current density, the specific
capacitances of samples are decreased. This can be
attributed to the effective contact between ions and
electro-active sites of electrode. At high current density,
there is only part of the total available reaction sites be-
cause the electrolyte ions suffer from low diffusion,
which lead to an incomplete insertion reaction and a
low specific capacitance [19, 45]. From Fig. 6f, we can
see that the CMO-12 has the highest specific capaci-
tance, which are 384, 337, 307, 269, 229, and 172 F g™
at the current density of 1, 1.5, 2, 3, 5, and 8 A g/,
respectively. The specific capacitance of CMO-12 shows
a good rate capability. Furthermore, the specific capaci-
tance of CMO-12 is also higher than that reported in
some previous literatures. As reported by Tian et al.
[39], the specific capacitance of needle-like Co-Mo-O is
302 F ¢! at a current density of 1 A g”'. The maximum
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specific capacitance of CoMoO, was about 133 F g™* at
1 mA cm™2 in the article of Veerasubramani [26]. In Ref.
[29], the specific capacitance of a-CoMoQ, nanoflakes/
CEC used as symmetric supercapacitor is only 8.3 F g™
at current density of 1 A g™'. Besides, a high discharge
rate or a high current density is very important for a real
supercapacitor device, which involves a fast charging-
discharging process [43]. At a high current density of
8 A g™!, the specific capacitances for the five samples are
97, 109, 148, 172, and 98 F g%, respectively.

The stabilities of the CoMoQO, electrodes were detected
in 2 M KOH electrolyte at a current density of 8 A g™* for
1000 cycles, which are shown in Fig. 7. After 1000 cycles,

the five samples show the retention of 102.9, 87.8, 101.5,
94.2, and 100.5%, respectively. For the increase of specific
capacitance during the cyclic charge-discharge process, it
could be ascribed to activation of the CoMoQ,, surface with
time [6]. It makes the surface of CoMoO, contact fully with
the electrolyte, which leads to the improvement of electro-
chemical property [6, 47, 48]. Figure 7b shows the coulom-
bic efficiency of CoMoO, samples during the 1000 charge-
discharge cycles, which also shows high specific capaci-
tance. The results indicate that all these samples have fine
long-cycle stability. The highly specific capacitance, great
rate capacity, and fine long-cycle stability indicate that the
CMO-12 sample has an excellent electrochemical property.
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To further evaluate the electrochemical property of
CoMoQ, electrode, the EIS of five samples are recorded
in 2 M KOH electrolyte. Figure 8 is the Nyquist plots of
five samples. The Nyquist plots represent the frequency
response of the electrode/electrolyte system [26, 49]. The
EIS spectra can be fitted by the equivalent circuit diagram,
which was inserted in Fig. 8. The Nyquist plot is com-
posed of a semicircle at high frequency and a straight line
at low frequency. The semicircle diameter at high fre-
quency represents the Faraday interface charge transfer
resistance (R.), and the slope of the straight line at low
frequency is the representative of the typical Warburg re-
sistance (W) [41], respectively. CPE1 is a constant phase
element, accounting for the double-layer capacitance [43].
In addition, the series resistance R, is the internal resist-
ance, which could be obtained from the intercept of the
plots on the real axis [11]. The measured R, values
are 2.83, 2.41, 1.51, 1.22, and 2.26 Q for the five sam-
ples, respectively. And the fitted R.; values of the five
samples arel.69, 1.48, 0.72, 0.23, and 1.28 Q. The EIS re-
sults show that the CMO-12 sample has lower values of
R, and R, than the other four samples. This indicates that
the CMO-12 sample has higher electronic and ionic con-
ductivities than the other samples [35, 50, 51]. Besides,
CMO-12 with mesopores structure has higher BET sur-
face area than the other samples. The high BET surface
area and good conductivity are benefic for redox reaction
in electrode/electrolyte system.

Conclusions

In summary, the CoMoO, microspheres have been success-
fully synthesized by hydrothermal growth process coupled
with calcinations treatment. The hydrothermal synthesis
times are 1, 4, 8, 12, and 24 h, respectively. XRD patterns
indicate that single phase CoMoQ, structure was obtained.
SEM images show the microspheres were composed of

-120F Rs Ret - —s— CMO-1
CPE1 ——CMO-4
-100f —a— CMO-8
—— CMO-12
-80 —v— CMO-24

Z" (ohm)
s

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0 5 10 15 20 25 30 35 40 45 50 55 60
Z'' (ohm)

Fig. 8 EIS spectrums of samples obtained at the frequency ranging

from 0.01 Hz to 100 KHz. The inset is the local ampilification of EIS
spectrums and the equivalent circuit diagram
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nanoflakes. The CMO-12, which was prepared with the
hydrothermal time of 12 h, has demonstrated an excellent
supercapacitor performance. According to GCD tests, the
specific capacitances of CMO-12 are 384, 337, 307, 269,
229, and 172 F g " at current densities of 1, 1.5, 2, 3, 5, and
8 A g, respectively, while it just reached 151, 182, 243, or
186 F g* at the current density 1 A g™* for other samples
with different hydrothermal times. The retain capacitances
of CMO-12 sample after 1000 charging-discharging cycles
at current density of 8 A g~' show the fine long-cycle stabil-
ity. Such excellent capacitive behavior could be ascribed to
the microsphere structure and high BET surface area, and
the good conductivity in CMO-12 electrode is also helpful
to the improvement of capacitive behavior. The high spe-
cific capacitance, good rate capability, and excellent cycling
stability promote the practical application of CoMoO,4 ma-
terials in supercapacitors.
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