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Abstract

In this endeavor, cobalt molybdate dihydrate materials were synthesized by CTAB assisted hydrothermal method and this
material was utilized as electrode materials for supercapacitor application. X-ray diffraction analysis, Fourier transform infra-
red spectroscopic and Raman spectral analyses confirmed the formation of cobalt molybdate dihydrate materials. CTAB was
used to tune the morphological features of the cobalt molybdate dihydrate materials. The nanorod arrays (COM-4 material)
were formed when a high concentration of CTAB template was used during the synthesis. The supercapacitor features of
the prepared materials were characterized using cyclic voltammetric (CV), galvanostatic charge/discharge (GCD) analysis
in 1 M KOH electrolyte. The CV curves confirm the pseudocapacitive nature and provide the specific capacitance of 768
Fg~! at a scan rate of 5 mVs~! whereas the GCD curves offer the specific capacitance of 796 Fg~! at a current density of
1 Ag™!. The stability test established the capacitance retention of about 95% after 2000 continuous CV cycles at a scan rate of
100 mVs~'. These findings suggested the significant usage of cobalt molybdate dihydrate materials in energy storage devices.
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1 Introduction

Environmental problems such as pollution, global warm-
ing, and high usage of fossil fuels are required to gener-
ate energy from sustainable and renewable energy sources
[1]. Though, effective and consistent energy storage devices
are necessary for the effective utilization of renewable
clean energy sources. Supercapacitors are regarded as a
competent energy storage device when compared to other
clean energy storage devices such as batteries and fuel
cells because it is practicable, eco-friendly and sustainable
nature. Supercapacitors with favorable features such as rapid
charge—discharge progression, the high value of power den-
sity, superior cycle stability, compact size are regarded as
propitious applicants for energy storage technologies of the
next decade [2-5]. Electrochemical double-layer capacitors
(EDLC) and pseudocapacitors are the two major categories
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of supercapacitors, which are separated based on the energy
storage process. The EDLC stores energy through the pro-
cess of charge separation at the interface between electrode
and electrolyte, whereas pseudo-capacitors stores energy on
the surface of electrode materials through a faradaic redox
reaction. Numerous research efforts have been devoted to
pseudocapacitor device since it exhibits high energy density
than EDLC’s [6, 7].

The NiMoO, [8], CoMoO, [9] and MnMoO, [10] are
some of the binary transition metal molybdates, which
have recently been investigated for supercapacitor appli-
cation as their feasible properties like easy abundant, cost-
effective and eco-friendly nature. Due to variable oxida-
tion states and superior electrical conductivity, the metal
molybdates have been shown to exhibit efficient elec-
trochemical features than single transition metal oxides.
Among them, CoMoO, is a significant candidate for super-
capacitor application since it consists of two transition
metal oxides (cobalt and molybdenum oxides) with high
specific capacitances and superior long cycle life. There-
fore, combining the favorable characteristics of cobalt
and molybdenum oxides could strengthen the capaci-
tive properties [9]. Various kinds of literature are avail-
able on CoMoO, as a supercapacitor electrode material.
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For Example, Hou, et al. [11] demonstrated ultrafine
CoMo0,-0.9H,0 nanorods, achieved by hydrothermal
synthetic technique with the assistance of various tem-
plates. The CoM00,-0.9H,0 nanorods provide 377 Fg™!
of specific capacitance and retained 93% of initial specific
capacitance after 1000 cycles at a scan rate of 0.5 Ag™".
Li et al. [12] also established the CoMoO, microspheres
via the hydrothermal synthetic method which exhibits
186 Fg~! of specific capacitance and possesses excel-
lent cyclic stability up to 1000 cycles at 8 Ag™!. In addi-
tion, Long et al. [13] synthesized 3D-frameworks contain
CoMoO, nanosheets which offer 1234 Fg~! of specific
capacitance at 1 Ag~! and exhibit long cyclic stability till
5000 continuous cycles. Wang et al. [14] synthesized both
CoMoQO, nanowires covered CoMoO, nanosheets through
the water bath heating process which provide the specific
capacitance of 1960 Fg~!' at 1 Ag~! with a rating feature
of 64% and exhibits 98.79% capacitance retention subse-
quently 10,000 cycles. The outcomes of the reported elec-
trochemical analysis indicate that the ability charge storage
performance depends largely on the morphology of elec-
trode materials. Consequently, much effort is needed to
alter the morphologies of the electrode materials to attain
high specific capacitance for future energy storage devices.

Present endeavor, the nanorod-shaped cobalt molybdate
dihydrate materials were prepared through facile CTAB
assisted hydrothermal technique. The XRD, FTIR and
Raman experimental techniques confirm the formation of
cobalt molybdate dihydrate materials. The electrochemi-
cal tests proposed that the nanorod-shaped cobalt molyb-
date dihydrate electrode study the specific capacitance
and excellent rate capability. Moreover, the advantage of
hydrothermal synthetic method facile, calcination-free pro-
cess provides highly principle-oriented nanostructures were
presented.

2 Materials and methods
2.1 Materials

Analar grade of cobalt acetate tetrahydrate
(Co(CH;CO00),.4H,0), sodium molybdate dihydrate
(Na,Mo00,.2H,0), sodium hydroxide and hydrochloric acid
(HCI) were procured from Sisco Research Laboratories Pvt.
Ltd. (India). In addition, N-methyl-2-pyrrolidone (NMP),
Carbon black, and polyvinylidene difluoride (PVDF) were
obtained from Loba Chemie Pvt. Ltd. (India). Potassium
hydroxide and nickel foil (0.025 mm thickness), 99.5%
(metal basis) were purchased from Alfa-Aesar (India).
Double distilled water was utilized for all the tests and
preparations.
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2.2 Experimental section
2.2.1 Synthesis of cobalt molybdate materials

Cobalt acetate tetrahydrate and sodium molybdate dihydrate
have been selected as the precursor materials to synthesize
cobalt molybdate materials in a typical procedure. About equi-
molar (0.07 M) quantities of sodium molybdate and cobalt
acetate dihydrate crystals had been separately made to dis-
solve in 40 ml of double-distilled water using a magnetic stir-
rer which stirred at a speed of 400 rpm. The sodium molybdate
solution was mixed slowly in a dropwise manner to the cobalt
acetate solution, meanwhile stirring was also continued for
another 30 min. The pH of the solution was maintained to ~10
using 1 M sodium hydroxide solution and the temperature of
the mixture was raised to 70 °C while stirring. Ultrasonica-
tion of the resultant homogeneous mixture had been accom-
plished with an ultrasonic cleaner of type orchid scientific,
model PS-500 for 30 min at room temperature. After carrying
out the ultrasonication, the mixture was transferred to Teflon
lined autoclave and heated to 180 °C for 24 h by keeping that
in the furnace. The formed cobalt molybdate material had been
washed many times with double distilled water, filtered and
dried to 70 °C in a hot air oven for 12 h. The synthesized mate-
rial was named COM-1. To improve the morphology of the
as-synthesized cobalt molybdate, duplicate experiments had
also been performed by changing the CTAB concentration to
1 M, 2 M and 3 M and the prepared materials were labeled as
COM-2, COM-3 and COM-4, respectively.

2.2.2 Characterizations

The PANalytical X-pert PRO diffractometer with Cu-Ka radia-
tion (A=0.154060 nm, 40 kV and30 mA) at a scan rate of
0.07° s~! was used to record X-ray diffraction (XRD) patterns
for prepared cobalt molybdate dihydrate materials whereas
Perkin-Elmer RX1’spectrophotometer (with 4 cm™" resolution
for 20 scans) was used to analyze Fourier transform infrared
(FTIR) spectroscopy. Raman spectral analyses of the cobalt
molybdate dihydrate samples were assessed using Confocal
Raman (I-11 Model) spectrophotometer, Nanophoton Corp.,
which uses laser rays (532 nm), produced from Argon laser
source. The spectral data have been recorded in the range of
2000-250 cm™!. The high-resolution transmission electron
microscope (HRTEM, Techni G2S-TWIN, FEI) was employed
to analyze morphological characteristics.

2.2.3 Electrode preparation
Three electrode configurations were employed to analyze the

electrochemical properties of freshly prepared cobalt molyb-
date dihydrate material in a 1 M KOH electrolyte. Platinum
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wire and saturated calomel electrode were utilized as counter
and reference electrodes, respectively. The working electrode
was fabricated using active material, carbon black and poly
(vinylidene fluoride) (PVDF) with a ratio of 80:10:10. The
slurry was made using above-mentioned materials with the
assistance of N-methyl pyrrolidone (NMP) solvent and then
it was coated on the nickel foil. The active material-coated
nickel foil was dried in a vacuum oven at 60 °C for 24 h
and the final mass of the active materials was approximately
4 mg. Moreover, Cyclic voltammetric (CV) and galvano-
static charge/discharge (GCD) techniques were employed to
analyze supercapacitor properties using a Biologic (SP-150
model) instrument.

3 Results and discussions

The crystal phase of the materials and structural details were
evaluated using XRD spectra. Figure 1a—d shows the XRD
pattern of all the cobalt molybdate hydrate materials. Spe-
ciously, all the obtained Bragg reflection bands can be dis-
pensed to the cobalt molybdate dihydrate (CoMo,0,5(H,0),)
phase with the JCPDS card no: 98-012-0397.The diffraction
peaks obtained at 23, 25.2,26.3,26.4, 27.5, 28.6, 32.5, 33.2,
36.3,38.8,40.2,41.7,43.2,45.1 47.2, 52, 53.3, 54.5, 55.5,
58.2,60.2, 63.2 and 64.6 are corresponding to (101), (020),
(1-11), (111), (01-2), (1-1-2), (20-1), (102), (10-3), (201),
(03-1), (22-1), (20-3), (2-1-3), (202), (1-23), (04-1), (2-1-4),
(2-31), (320), (1-33), (1-3-4) and (03-4) planes, respectively.
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Fig. 1 XRD pattern of cobalt molybdate dihydrate materials; a COM-
1; b COM-2; ¢ COM-3 and d COM-4

The absence of impurity peaks confirms the formation of
highly pure cobalt molybdate dihydrate material.

The bonding structure of prepared cobalt molybdate
dihydrate is analyzed by FTIR analysis as shown in Fig. 2.
The peaks located at 927, 841, 783, 711, 647, 530 cm™! are
resembling the formation of cobalt molybdate materials. The
peaks that appeared from 927 to 711 cm™! are assigned to
Mo-O stretching bands. The band visible at 647 cm™! is
ascribed to the stretching vibration of Mo—O-Mo in cobalt
molybdate dihydrate materials. The peak at 530 cm™" is due
to Co and Mo building blocks of CoMoQO,. The peaks at
3360 and 1630 cm™! are corresponding to water molecules,
respectively [15—18]. Further, Raman spectra support the
nature of bonding in cobalt molybdate dihydrate material.
Figure 4a—d represents the Raman spectra of the electrode
materials namely COM-1, COM-2, COM-3 and COM-4,
respectively. The peaks were observed between the regions
300-400 cm™! and 800-900 cm™! in the Raman spectrum.
The bands visible at 928, 868, 810, 361 and 334 cm™! could
be assigned to cobalt molybdate specimens. Raman spectra
of COM-1, COM-2, COM-3 and COM-4 include a strong
band at 928 cm~! weaker bands at 868 & 810 cm™! and
broad bands around 350 cm™!. The broadband (around
350 cm™'), a weak band (868 cm™!) and a strong band
(928 cm™") denote the Co—O-Mo stretching vibrations of
the cobalt molybdate dihydrate materials [19, 20].

The surface morphologies of COM-1, COM-2, COM-3
and COM-4 materials were evaluated HR-TEM to explore
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Fig.2 FTIR spectra of cobalt molybdate dihydrate materials; a
COM-1; b COM-2; ¢ COM-3 and d COM-4
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the effects of template variation in cobalt molybdate dihy-
drate materials as shown in Fig. 3. Figure 3a and b shows
that lower and higher magnification images of COM-1
material which shows the micro size materials. In COM-2
(Fig. 3c and d) materials, the shaped materials are formed
which is due to the inclusion of 1 mM of CTAB template.
When the concentration of the CTAB template increased
to 2 mM (COM-3), rod-shaped materials are formed. The
shaped particles are also formed instead of rod-shaped
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Fig.3 Raman spectra of cobalt molybdate dihydrate materials; a
COM-1; b COM-2; ¢ COM-3 and d COM-4

materials as shown in Fig. 3e and f. The nanorod arrays are
formed in COM-4 material (Fig. 3g), which was prepared
using 3 mM of CTAB template. The high magnification
image (Fig. 3h) shows that single nanorods which confirm
that the single nanorods are formed initially and then it was
arranged as nanorod arrays. These results are confirmed that
the CTAB template and hydrothermal reaction condition are
more effective for the formation of nanorod arrays. Figure 3i
shows the fringes of the COM-4 materials which exhibit
the interplanar d spacing of 3.8 A corresponds to the (101)
plane. The selected area electron diffraction (SAED) pat-
tern of the COM-4 (Fig. 3g) material provides the d spac-
ing which was measured to be approximately 3.8 and 3.3 A
ascribed to the (101) and (111) crystallographic planes,
respectively. These outcomes are more comparable with the
XRD results.

3.1 Electrochemical supercapacitor analysis

The assessment of supercapacitor properties was done using
CV and GCD techniques. First, the CV performance of all
cobalt molybdate dihydrate was evaluated using 1 M KOH
and shown in Fig. 4a—d. The potential window was fixed
from —0.1 to 0.55 V at the scan rates from 5 to 100 mVs~.
The redox pairs are completely exhibited in all the CV
curves confirms the charge storage is followed the pseudoca-
pacitor mechanism. The redox peaks are originated from the
Co?*/Co** charge transfer kinetics. In addition, the molyb-
date enhances the conductivity of CoMoO, materials and it
is not involved in the redox process [21]. These redox peaks
keep the original form, at a high scan rate of 100 mVs™!,
confirm to the high stability and quick moving of ions and

(e) '

Fig.4 HR-TEM images of cobalt molybdate dihydrate materials; a&b COM-1; ¢ & d COM-2; e & f COM-3 and g & h COM-4; i fringes of

COM-4 and j SAED pattern of COM-4 material
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electrons in the cobalt molybdate dihydrate materials. In all
the electrodes, the peak current increases with raising scan
rate from 5 to 100 mVs~! which ascribed to good revers-
ibility of electrode materials [22]. Figure 4e shows the CV
curves COM-1, COM-2, COM-3 and COM-4 electrodes at
a scan rate of 5 mVs~!. When compared with all electrodes,
the COM-4 electrode exhibits a high surface area under
the CV curve indicates the specific capacitance behavior.
Besides, the specific capacitances of CV response can be
calculated using Eq. (1) [21].

Csp = ()

where Csp, [idV, AV, m and S denote the specific capaci-
tance, integral area of CV curve, potential window (V), the
mass of the active material (mg), and scan rate (mVs™),
respectively. The specific capacitances of COM-1, COM-
2, COM-3 and COM-4 electrodes are 207, 303, 681 and
768 Fg~! at a scan rate of 5 mVs™!, respectively. The spe-
cific capacitance vs scan rate graph is shown in Fig. 4f. The
specific capacitance decreased when raising the scan rate
from 5 to 100 mVs~'. Due to fast scan, the electrolyte ions
utilize only outer electrode materials for the electrochemical
reaction which provide lower specific capacitance whereas
the electrolyte ions can easily access both inner and outer
region of electrode materials due to sufficient time, which
offers high specific capacitance [23].

GCD analyses were performed to demonstrate an origi-
nal capacitive behavior of the electrode materials. The CP
curves COM-4 were recorded within a potential limit from
—0.1t0 0.4 V at a current density of 1,2, 3,4, 5 and 10 Ag™!
as shown in Fig. 5. The GCD curves show good symmetry
designates high reversibility and specific capacitive behav-
ior of COM-4 electrodes. The CP curves also exhibit slight
redox behavior confirming pseudocapacitive nature which is
more comparable with CV analyses. From the GCD curves,
the specific capacitance was calculated using Eq. (2) [24].

IAt
Csp = AV 2)
where At, AV, m and I denote the discharge time (s), poten-
tial window (V), the mass of the active material (mg), and
discharge current density (A), respectively. The discharge
specific capacitance of 796, 752, 606, 424, 250 and 180 F, g‘1
were obtained at 1, 2, 3,4, 5and 10 Ag_l, respectively. The
charging specific capacitance of 900, 812, 732, 520, 300 220
were attained 1, 2, 3,4, 5 and 10 Ag_l, respectively. The high
discharge specific capacitance such as 796 Fg~! is higher
than earlier published results such as CoMo00O,-0.9H,0
nanorods (377 Fg‘l) [11], CoMoO, microspheres (186 Fg‘l)
[12], CoMoO, material (259 Fg_l) [25], CoMoO, nanorods
(420 Fg~') [24] and CoMoO, nanomaterials(294 Fg~") [17].

The superior specific capacitance property of the COM-4
electrode is due to its nanorods array structure. It is well
known that the nanorods provide a high surface area for elec-
trochemical reaction and improved charge transport proper-
ties which enhance the specific capacitance. In addition, the
nanorods arrays provide the continuation for the electrolyte
ion moving which enhances the utilization of the more active
materials during electrochemical analysis. Figure 5b shows
the specific capacitance versus current density graph. The
specific capacitance was decreased with increasing scan
rate which is the same trend obtained in the CV profile.
Equation 3 was used to calculate the coulombic efficiency of
cobalt molybdate electrodes using charge/discharge curves:

n= 5 x 100 ?3)

c

where 7 is coulombic efficiency (%), At, is discharge
time and At charging time. The coulombic efficiency
of NiCo,0,-4 electrode is 97.6% at a current density of
10A gL

A cyclic stability study was performed to evaluate the
stability feature of COM-4 material. The cyclic stabil-
ity was recorded for continuous 2000 cycles at a scan rate
of 100 mVs~! and it is shown in Fig. 6. The initial spe-
cific capacitance is gradually decreased which is due to
aggregation, dissolution, and the volume change arisen in
the COM-4 electrode and it finally retained 95% of initial
capacitance after 2000 cycles is shown in Fig. 7. This trend
suggests that present COM-4 nanorod arrays possessing high
stability. The high specific capacitance, good rate capabil-
ity, superior cyclic stability features demonstrate the cobalt
molybdate dihydrate (COM-4) nanorods arrays is a promis-
ing material for energy storage devices.

4 Conclusion

In this endeavor, the cobalt molybdate dihydrate nanorod
arrays were successfully prepared by a CTAB assisted
hydrothermal technique. The structural features bonding
nature and surface morphological properties were briefly
examined using XRD, FTIR and HR-TEM analyses. The
CV and GCD studies demonstrated that the freshly prepared
cobalt molybdate dihydrate materials exhibit a pseudocapac-
itor energy storage mechanism. The cobalt molybdate dihy-
drate nanorods arrays (COM-4) provide maximum specific
capacitance of 796 Fg~' from chronopotentiometry analysis
at a current density of 1 Ag™!, whereas the cyclic voltam-
metric curves offer the specific capacitance of 768 Fg~! at
a scan rate of 5 mVs~!. The cyclic stability studies show
that only 5% of degradation occurs till 2000 continuous CV
cycles at a high scan rate of 100 mVs~!. The high specific

@ Springer



627 Page6of8

G. Harichandran et al.

(a)

0.12 5

Curreml (A)

0,08 1
41 00 81 02 03 04 0%
Potential (V)
<
g
S
[
=00, 1K T T T T T T
01 00 01 02 03 04 05
Patential (V)
0.104 (©
0,08 -
=
Z 006 —— coma
Z —— CcOM2
& o0 —— coms
—— COM-4
0.02 4
“-Wg :
T
40 00 01 02 03 04 05

Potential (V)

LIS

A2

Current (A)

10104

02 03
Fotentinl (V)

o1

miz
10,14 4
_ 0064
S 003
.E. 10,0000
!
0034
AL,
A0 -
-1
Roi
() v
T 4 \
_fum- |
£ s00- —s— COM-1 \
= —e— COM-2
= 400 5 —a— COM-3
5 —v— COM-4
© 300
=
g’ s M
2 )
e ]
] r T T r T pp—
00 002 004 06 0L.OR8 (N

Scan rate l\'s"]
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capacitance and superior cyclic stability suggest that the
cobalt molybdate dihydrate is a potential electrode for super-
capacitor energy storage devices.
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