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There is a huge requirement for renewable energy resources to avoid the usage of fossil fuel attracted the
researchers to work on the energy storage devices, such as supercapacitors. Herein, the novel synthesis of
CeO,@MoS,@rGO (CeMG) ternary composite by two step microwave synthetic route that will be employed
as an outstanding electrode material for supercapacitor. In particular, the morphology studies confirm that
the cerium oxide has spherical morphology with the controlled size in the range of 12-15 nm embedded with

the layered sheets of MoS, and reduced graphene oxide. The CeMG composites exhibit excellent specific capac-
itance of 635 F g~ ! which is achieved at the current density of 1 A g~ ! compared to the pure CeO,. In addition,
prolonged cyclic stability with 88.9% capacitance is retained after 10,000 cycles of charging and discharging.

1. Introduction

The urgency in realizing the sustainable energy sources to address
the demands of continuous growth in population and environmental
pollution can be complimented by employing supercapacitor (SC) in
energy storage applications [1]. Supercapacitors are the electrochem-
ical capacitors having fascinating characteristics such as immense
power and energy density, cost-efficient, eco-friendly, attractive recy-
clability, high cyclic stability and stable charging/discharging beha-
viour as compared with the classical energy storage devices, namely,
batteries [2,3]. SC are the promising sustainable energy source with
the extended commercialization in various fields of military equip-
ment, advanced hybrid vehicles, movable electronic devices, wearable
electronic device, electrical vehicles and backup in power supply [4].

The main classification of supercapacitor depends on the charge
transfer mechanism: electrochemical double layer capacitors (EDLC)
and pseudocapacitors. On the basis of charge transfer mechanism,
the charge is deposited on the electrode-electrolyte interfaces for EDLC
and the charge is transferred through faradaic reduction-oxidation
reactions for the pseudocapacitors [5,6]. The pseudocapacitors possess
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higher storage capacity and energy density than that of EDLC. The
transition metal oxides and the rare earth (RE) oxides are the well-
being source of pseudocapacitors. The conventional transition metal
oxides such as NiO [7], Co304 [8], Fe;O3 [9], MnO, [10], ferrites
[11] and bimetallic oxides [12] etc. are reported as the pseudocapac-
itors, and recently researchers are focussing on RE metal oxide because
of compact size, effects of interface, safe environment and large sur-
face area [13]. Also, they have cost-efficiency, earth abundance and
attractive electrochemical redox behaviour. In recent years, cerium
oxide (CeO,) is of great interest among all the RE metal oxides [14].

Two approaches that could mainly improve the performance of
supercapacitor are: (i) Tuning the electrode materials thereby improv-
ing its surface area, enhanced porosity, improved redox activity and
electrical conductivity in order to attain the optimal specific capaci-
tance [15]. (ii) Designing the hybrid supercapacitor by combining
two different electrodes is carried out to maximise the operating volt-
age [16]. Currently, the researchers are attracted towards the fine tun-
ing of electrode materials by improving the surface area of the
material, electrode-electrolyte interfaces, charge density, cyclic beha-
viour and electrical conductivity of the electrode materials [17]. This

Received 20 April 2021; Received in revised form 20 May 2021; Accepted 20 May 2021

Available online 23 May 2021
1572-6657/© 2021 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2021.115401&domain=pdf
https://doi.org/10.1016/j.jelechem.2021.115401
mailto:judithvijaya@loyolacollege.edu
mailto:jjvijaya78@gmail.com
https://doi.org/10.1016/j.jelechem.2021.115401
http://www.sciencedirect.com/science/journal/15726657
http://www.elsevier.com/locate/jelechem

P.S. Selvamani et al.

approach of enhancement is feasible by combining the layered gra-
phene and transition metal dichalcogenides (TMD) materials with
the metal oxides that could further boost the specific capacitance
and pseudocapacitance behaviour [18,19]. Notably, two dimensional
(2D) layered materials, such as graphene and TMD molybdenum disul-
phide (MoS,) are potential candidates studied widely owing to their
large surface area, easy passage of ions and improved electronic prop-
erties [20,21]. On the other hand, MoS, shows lower capacitance at
the high applied current density, due to its stacked layer of S-Mo-S,
weak ionic and electronic conductivity. To overcome this issue,
MoS, binded with other 2D layered materials could be suggested for
the betterment of the electrochemical performance [22], wherein
reduced graphene oxide is found to be suitable evidenced from its
excellent conductivity and stability towards the charge transfer
[23,24].

Furthermore, the bandgap of CeO, nanoparticles could be short-
ened with the addition of graphene or reduced graphene oxide which
will be useful to overcome the disadvantage of oxygen vacancy defects
[1]. From recent studies, MoS,-graphene composites demonstrated
better SC performance with their improved specific capacitance, flex-
ibility, cyclic stability, and high conductance by eliminating the disad-
vantage of the single counterpart [25-27]. Numerous synthetic
methods such as hydrothermal [28], sonochemical [29], microwave
assisted sol-gel synthesis [30] and solution processing techniques
[31] are adopted for the synthesis of RE metal oxides. However, micro-
wave synthesis is of keen interest, because of its exquisite environmen-
tal friendliness, low cost of investment, enhanced product quality with
the removal of unwanted side products, facile operation and synthetic
route [32].

The present work is aimed at the cost effective and cleaner micro-
wave synthesis of CeO,@MoS,@rGO (CeMG) ternary composites. To
the best of our knowledge, this is the first time to report the proposed
nanocomposite combination using microwave synthesis and the as-
prepared CeMG composite evidenced its suitability for electrode mate-
rials in supercapacitor application. The obtained result corroborates
that the CeMG composite exhibits outstanding SC performance with
high specific capacitance and long term stability. The reduced gra-
phene oxide acts as the bridging material for the transfer of electrons
in between the spherical CeO, nanoparticles and the layered MoS, for
the enhancement of SC performance.

2. Materials and methods

We have purchased all the chemicals including metal precursors,
reducing agent etc. chemicals used in the synthesis process from Merck
Company. The graphite powder and chemicals needed for the elec-
trode preparation (carbon black, polyvinylidene fluoride (PVDF)) were
procurred from Alfa Aesar Company.

2.1. Synthesis of binary MoS,/reduced graphene oxide (MG) composite

Graphene oxide was prepared using improved Hummers method
[33]. In detail, the graphene oxide solution (GO) was made by dispers-
ing (10 mg/mL) in distilled water by working on the bath and probe
sonication for 15 min each. The 50 mL aqueous solution containing
sodium molybdate (1 mM) and thiourea (5 mM) was taken in one bea-
ker and prepared GO solution was taken in the another beaker added
slowly to the above mixture. It was agitated continuously to attain the
homogenous mixture followed by transfer of solution into the crucible
and kept in household microwave oven for 10 min with the operating
frequency of 2.45 GHz and power of 700 W. The black powder of bin-
ary MoS,/rGO composites was obtained after washing several times
with distilled water, ethanol, centrifuged at 3000 rpm and dried in
the hot air oven at 80 °C for 12 h [34].
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2.2. Synthesis of CeO2/MoS2/rGO (CeMG) ternary composite

About, 0.1 M of cerium (III) nitrate hexahydrate (Ce(NO3)3-6H>0)
was dissolved in 70 mL of distilled water, small amount of MG compos-
ite was added slowly and the above mixture was stirred vigorously for
20 min to attain the homogeneous layer. Consequently, 10 mL of
freshly prepared solution of 0.05 M of NaOH was slowly added to
the above mixture with continuous stirring for 30 min. Finally, the
mixed solution was transported into the crucible, kept in a microwave
oven for 10 min and the obtained yellowish grey powder was subse-
quently washed several times with distilled water and ethanol. The
prepared CeMG composite was calcined at 600 °C for 3 h for the com-
plete conversion of ceric hydroxide into cerium oxide. The cerium
oxide (CeO,) was prepared by the similar above-mentioned procedure
by eliminating the step addition of MG composite.

2.3. Characterization

The high resolution scanning electron microscopy (HRSEM) images
were recorded using FEI-Quanta FEG 200F and Transmission electron
microscopy (TEM) images were obtained from the FEI Tecnai 20
model at the accelerating voltage of 200 kV to understand the detailed
information about the structural and morphological behaviour of the
CeMG composites. X-ray diffraction (XRD) patterns were measured
with the help of Bruker D8 diffractometer with CuKa, A = 1.5406 A

2.4. Working electrode preparation

The CeMG working electrode was prepared by blending the active
material (80%), 10% of polyvinylidene fluoride (PVDF) as a binder,
10% carbon black, and made into homogenous slurry using N-methyl
pyrrolidone (NMP) as the solvent. Prior to the coating of active mate-
rial on the nickel foam (Ni-Foam), the Ni-foam is cleaned using dis-
tilled water and isopropyl alcohol in an ultra-sonication bath. Then,
the slurry was coated on the cleaned Ni-foam (current collector)
within the area of 1 cm X 1 cm. Finally, the working electrode was
dried in a hot air oven at 80 °C for 6 h to remove the excess solvent.
The mass loading of active material on the nickel foam was controlled
to 2 mg cm ™2 including binder.

2.5. Electrochemical measurements and its calculations

The electrochemical performance of the pure CeO, and CeMG com-
posite were determined using cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) and electrochemical impedance spectroscopy
(EIS) and cycling stability studies. All the electrochemical studies were
performed in the CHI660C electrochemical workstation utilizing
three-electrode configuration. The CeMG composites coated on the
nickel foam, platinum wire and Ag/AgCl were used as the working,
counter and reference electrode respectively. An aqueous solution of
6 M KOH was used as the electrolytic solution. The specific capaci-
tance of the electrode materials was determined from CV curves with
the following equation

Ixdv Al
_ JIx (or) Cy rea
m X v X AV m X v x AV

(1)

where Cg, is the specific capacitance (F g "), I is the discharge current,
m is the active mass of the electrode material (g),v is the potential scan
rate (V s™1), AV is the operating discharge potential range (potential
window) and the area of the curve is calculated from the obtained
CV curve (in AV units).

The specific capacitance was determined using the GCD curve using
the following equation

1At

sp — 2
P mAV @)
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where Csp represents the specific capacitance (F g~ 1), Atis the time
taken for the charge-discharge (s), m is the mass of the active materials
loaded on the electrode (mg cm™2) and AV is the potential window of
GCD curve.

3. Results and discussion
3.1. X-ray diffraction analysis

The characteristic crystalline nature, average crystallite size and
the purity of the prepared sample can be examined by XRD analysis.
Fig. 1(a), (b), (c) and (d) represents the XRD pattern of rGO, MoS,,
pure CeO, and CeO,@MoS,@rGO (CeMG) composites, respectively.
The XRD pattern (Fig. 1(a)) of rGO shows the peak value at 20 value
of 25.7° corresponds to the (002) plane of rGO. The XRD pattern of
MoS, perfectly matches with the JCPDS card No. 01-070-9264 and
the peak positioned at 20 values of 14.2°, 33.2°, 39.4° and 58.8° con-
firms the presence of miller indices planes of (002), (100), (103)
and (110), respectively. The XRD spectrum of CeMG ternary compos-
ites was compared with the pristine CeO,, rGO and MoS, to verify the
formation and purity of the samples. Notably, both the XRD spectrum
evidenced the same diffraction peak at the 26 values of 28.7°, 33.3°,
47.5°, 56.5°, 59.3° and 69.9° in agreement with the cubic crystals
planes of miller indices (111), (200), (220), (311), (222) and
(400) correspondingly. The achieved results revealed that the XRD
pattern resembles with the JCPDS card no. 01-0800 of CeO, with
the space group of Fm-3m. Furthermore, the other peaks present at
the 20 values of 25.7°, 14.5° and 33.2° indicated the (002) plane of
reduced graphene oxide, (002) and (1 00) planes of MoS,, correspond-
ingly. As compared with the pure CeO,, the peak intensity of the CeMG
composite was reduced after the addition of MoS,/rGO binary com-
posite. The absence of other peaks of rGO and MoS, components are
mainly ascribed to the addition of small amount of the as-prepared
sample [35]. The crystallite size of CeO, particles was determined
using Debye Scherrer formula
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D = 0.89/fCos6 3)

wherein, D represents the crystallite size, A-wavelength of X-rays, 6-
Bragg’s diffraction angle and p-full width at half maximum (FWHM)
of the diffraction peak [36]. The calculated crystallite size of CeO,
nanoparticles was in the range of 12-18 nm for both the pristine
CeO, and CeMG composites. It confirms the uniformity in crystallite
size and morphology of the CeO, nanoparticles samples before and
after the formation of composites.

3.2. Morphological analysis

The surface appearance morphology of the CeMG composite was
investigated by HR-SEM and TEM images. Fig. 2(a), (b), (c) and (d)
portrays the HR-SEM image of CeO,, MoS,, MoS,@rGO and CeMG
composite, respectively. The HRSEM image of pristine CeO, (Fig. 2
(a)) confirms the spherical morphology of CeO, nanoparticles. The
HRSEM image of MoS, (Fig. 2(b)) and MoS,@rGO (Fig. 2(c)) substan-
tiates that both the MoS; and rGO are in sheet-like morphology. The
HRSEM image of CeMG composites demonstrates that the spherical
CeO, nanoparticles that are well ingrained into the matrix of the bin-
ary composite MoS, and rGO. The microwave synthesized CeMG com-
posites are in the combined and well-organized form as the spherical
CeO, nanoparticles are completely covered with the sheet-like mor-
phology of the rGO.

Fig. 3 displays the HRTEM image of CeMG composite and the
HRTEM results affirm that the CeO, nanoparticles are homogenous
with uniform spherical morphology having average particle size in
the range of 12-15 nm in diameter (calculated using the ImageJ soft-
ware). HRTEM image (Figs. 3(a) and 1s (Supplementary)) confirms the
spherical nanoparticles of CeO, wrapping up the two different types of
flakes corresponding to rGO and MoS, having soft sheets and flower
like sheets, respectively which is in well agreement with the HRSEM
images. The resulting particle size examined from the HRTEM is in
agreement with the crystallite size calculated from the XRD spectrum
[37]. The two different alignments of lattice fringes are observed due

CeMG
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* MoS
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Fig. 1. XRD pattern of (a) rGO (b) MoS, (c) pure CeO, and (d) CeO,@MoS,@rGO (CeMG) composite.
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Fig. 2. HR-SEM image of (a) CeO, (b) MoS, (¢) MoS,@rGO (d) CeMG composite.

to the interplanar spacing for (11 1) plane of CeO, nanoparticles (hor-
izontal alignment of Ca. 0.303 nm), the interplanar spacing of (100)
plane of MoS, (horizontal alignment of Ca. 0.274 nm) and interplanar
spacing of (00 2) plane of rGO (vertical alignment of Ca. 0.382 nm). In
comparison with the alternative methods such as wet chemical,
hydrothermal and thermal decomposition synthesis of CeO,, micro-
wave methods of synthesis yield CeO, nanoparticles with uniform
structure and spherical shape [32]. Additionally, the HRTEM image
confirms that the particles are combined together leading to the forma-
tion of porous morphology (Fig. 3(b)) [38].

The selective area electron diffraction (SAED) analysis is a tool that
confirms the purity of the composites based on the crystalline struc-
ture. The SAED pattern of the CeMG composites is given in Fig. 3(a)
inset. The attained spots in the SAED pattern reflects the miller indices
planes (111), (200), (220),(311),(400), (331),(420) and (422) of
CeO, and is in accordance with the diffraction pattern as obtained in
the XRD spectrum with the JCPDS card no. 01-0800. Notably, the d-
spacing of CeMG composites exactly matches with the d-spacing of
CeO,. Furthermore, the (100) plane of MoS, and (002) plane of
rGO is also observed in the SAED pattern of CeMG composites.

The energy dispersive X-ray spectroscopic (EDX) analysis confirms
the purity of the sample and showed the presence of elements namely,
cerium (Ce), oxygen (O), molybdenum (Mo), sulphur (S) and carbon
(C) in K-series as shown in Fig. 4. Notably, no other elemental peak
is present in the EDX analysis certifying the purity of composites in
which the carbon peak is attributed mainly due to the presence of

rGO (sheets of carbon). The existence of Mo and S confirms the forma-
tion of the MoS,. The EDS spectrum of CeMG composites reveals that
the weight percentage of the elements such as Ce, C, O, Mo and S are
51.37%, 37.21%, 7.31%, 3.97% and 0.12%, respectively. This corrob-
orates the presence of excess CeO, and rGO and limited quantity of
MoS,. The results clearly affirm the purity and the formation of ternary
composites with the CeO,, rGO and MoS,.

3.3. Electrochemical studies of CeMG composites

3.3.1. Cyclic voltammetry

The CV curves (potential window of 0-0.7 V) of the pure CeO, and
CeMG composites in the Fig. 5(a) indicate the presence of well-defined
oxidation and reduction peaks, thus assuring the redox behaviour of
the samples at 100 mV s~ '. In addition, the peak broadening of CV
curve for CeMG composite indicate that the addition of the MoS,@rGO
binary composites with the cerium oxide significantly enhances the
capacitive behaviour of the material. Fig. 5(b) indicates the CV curve
with the variation in the potential scan rates of 10-100 mV s~ *. The
calculated specific capacitance is found to be 550, 436.8, 374.3,
330.6, 296.6, 271.7, 249.6, 231.2, 214.7 F g~ and 202.6 F g~ ! with
the variation in scan rate from 10 mV s~ ! t0100 mV s~ ! respectively
are shown in the Table 2. Further, the curves in Fig. 5(b) with different
voltage sweep rates showed the shift of anodic and cathodic peak
potential to the higher and lower potential respectively. At the lower
scan rate, there is a proper circulation of electrolyte ions (K* ions) into
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CeO2 Nanospheres
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Fig. 3. (a, b) HR-TEM images of CeMG composite (3(a) Inset: SAED pattern of CeMG composite).
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Fig. 4. EDX analysis of CeMG composite.

the interior electrode surface that leads to higher capacitance. Notably,
at the higher scan rate, the movements of the electrolyte ions were
blocked by its surface, enhanced reversible redox potential and outer
surface of the electrode alone involved in the charge storing process
[39,40].

The entire sweep rates having the pair of redox peaks was observed
that attributes to redox conversion of Ce®* /Ce** with the possibilities
of adsorption/desorption of K* ions on the surface of electrode and
the possibility of intercalation/deintercalation of K* ions into or away
from the surface of CeO, and the possible faradaic and non-faradaic
reactions are indicated in the following equation [41,42]:

Non-Faradaic Reaction : CeO(at Surface) + K" + e~
— (Ce0,.K") at surface (35)

Faradic Reaction : Ce™ 0, + K + ¢~ « (Ce™0.0K) Intercalation (6)

As compared, the specific capacitance calculated for the CeMG
composites (202.6 F g’l) with the pure CeO, (73.5 F gfl) at the scan
rate of 100 mV s ! is predominantly higher and this confirms the addi-
tion of MoS,@rGO composite to the pure CeO, nanospheres enhanced
the electrochemical behaviour.

3.3.2. Galvanostatic charge-discharge

Galvanostatic charge-discharge measurements are playing a vital
role in the determination of capacitive behaviour of the electrode
materials. The GCD analysis of pure CeO, and CeMG composites were
measured with the potential window of 0-0.4 V for different current
densities (1-10 A g_l). The GCD profiles of CeO, and CeMG samples
at the current density of 1 A ¢! are presented in the Fig. 6(a). It is
interesting to note that the CeMG electrode shows higher discharge
time compared to the pure sample. This behaviour is attributed to
the addition of the MoS,/rGO composites with the CeO, which notably
raised the capacitance of the bare sample. Interestingly, CeO, and
MoS, have similar functionality in terms of supercapacitor application.
For the better performance, high electrical pathway material such as
rGO is introduced to replace the properties of CeO, or MoS, for the for-

mation the ternary electrode material [43]. Fig. 6(b) shows the GCD
curves of CeMG composite for the different applied current density
of 1-10 A g~ 1. The charge-discharge behaviour of the CeMG compos-
ite is not symmetrical that might be ascribed to the reaction between
the CeO, and the aqueous KOH electrolyte solution in the lowest
applied current density [44]. The calculated specific capacitance val-
ues (using Eq. (2)) are found to be 635, 375, 326.2, 300, 291.9,
250.3, 245.8, 236.3 F g~ ! and 227.5 F g ! for the applied current den-
sity from 1 A g 7' to 10 A g~ ! respectively. The calculated values of the
specific capacitance are listed in the Table 3. The specific capacitance
calculated from GCD curve closely resembles the specific capacitance
calculated from the CV curves. Notably, there is a constant decrease
in the specific capacitance observed with the increasing current den-
sity and the high specific capacitance of 635 F g~ ! is attained for
the current density of 1 A g~ *.

The performance of the CeMG composites are compared with the
other reported CeO, based composites and indicated in the Table 1.
Notably, the calculated capacitance value for CeMG composite is
635 F g~ 'at1 A g~ '. Meanwhile, CeO, combined with the graphene
or rGO exhibits the specific capacitance of 280 F g~! which confirms
that the addition of MoS, to the CeO,/rGO composites enhances the
specific capacitance and improves the cycle life [21,45]. Vanitha
et al., [19] demonstrated that ternary Ag/CeO,/rGO composites exhi-
bit the specific capacitance of 710.42 F g~ ! at the lowest applied cur-
rent of 0.2 A g~ '. Moreover, the excellent electrical conductivity of the
layered and carbon-based materials (rGO, CNT) will boost the specific
capacitance by acting as a good electrical junction between the parti-
cles [46]. As compared with the reported, the present work manifests
the excellent specific capacitance and cyclic stability.

3.3.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is the key investiga-
tion to understand the capacitive and resistive properties of electrode
materials. EIS is the predominant technique to examine the kinetics of
the charge transfer that occurs at interface of electrode/electrolyte and
the properties, such as transport of ions and electrical conductance of
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Fig. 5. (a) Comparative CV curve of CeMG and CeO, at the voltage sweep rate of 100 mV s~1 (b) CV curve of CeMG working electrode at different voltage sweep
rates.

Table 1

Comparison of electrochemical behaviour of CeMG with other reported literatures.
Active material Electrolyte Potential Window (V) Specific capacitance Cyclic stability References
Ce0,/rGO composite 3 M KOH solution ~ 0-0.4 282Fg lat2Ag? 86% retained after 1000 cycles at 2 A g™ ! [41]
CeO,/Fe,05 2 M Na,SO4 -0.8t0 0 158 Fg 'at0.5A g™ ! 87.5% retained after 2000 cycles at 200 mV s~ * [53]
Ce0,/rGO 2 M KOH 0-0.5 280Fg lat1Ag? 98% retained after 5000 cycles [42]
CeO,/MWCNT 6 M KOH 0-0.45 4557 Fg lat1Ag! 81.1% retained after 2000 cycles at 10 A g~ ! [54]
Ag/Ce0,/ rGO 3 M KOH -02to1 71042F g 'at0.2A g™ ! Slight changes after 1000 cycles at 0.2 A g~* [43]
Ce0,/MoS,/rGO 6 M KOH 0-0.4 635Fg tat1Ag? 88.9% retained after 10,000 cycles at 20 A g~ * Present Work
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Table 2
Specific capacitance of CeMG electrode calculated from cyclic voltammetry (CV).
Scanrate 10mVs™' 20mVs' 30mVs' 40mVs' 50mVs' 60mVs ' 70mVs ' 80mVs ' 90mVs ' 100mVs '
Specific capacitance from CV 550 436.88 374.31 330.63 296.61 271.66 249.58 231.19 214.67 202.62
Fgh
A
MOS2 @1Ag
- MoS fGO @1Ag"
oS rGO@1Ag
A
_ceoz @1Ag
-1
CeMG @1 A
0.3 - @1Ag
-
>
S
©
E=]
= o, (a)
[}
i
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o
0.1
0.0 T T

I I I
0 100 200 300 400 500 600

Time (Seconds)

Potential (V)

0.0

I 1 L ) )
0 100 200 300 400 500
Time (seconds)

Fig. 6. (a) Comparative GCD curve of CeMG and CeO, at the applied current density of 1 A g~ (b) GCD curve of CeMG working electrode at different applied
current density.

the electrode material [47,48]. Fig. 7 represents the Nyquist plot with
the real component Z' (X-axis) against imaginary —Z” (Y-axis) for the
CeMG and pure CeO, as the electrode material with the Randles circuit

(inset). The three significant regions in the Nyquist plot are high, mid-
dle and low frequency regions. The semicircle occurs at the high fre-
quency region, the intersection of the semicircle and the 45° line
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Table 3
Specific capacitance of CeMG electrode calculated from galvanostatic charge discharge (GCD) studies.
Current density 1Ag!? 2Ag! 3Ag™? 4Ag?! 5Ag ! 6Ag ! 7Ag ! 8Ag! 9Ag! 10Ag!
Specific capacitance from GCD (F g~ 1) 635 375 326.2 300 291.9 258.1 250.3 245.8 236.3 227.5
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Fig. 7. (a) Nyquist plot of CeMG and pure CeO, as the working electrode material with the Randles circuit (inset) (b) Rate capability of CeMG electrode (specific

capacitance Vs. current density).

occur in the middle frequency and the inclined line occurs at the low
frequency region of the plot. The four resistive parameters, such as
solution resistance (R;), charge-transfer resistance (R;), equivalent ser-
ies resistance (ESR) and Warburg resistance (W) are the key factors

analysed using the nyquist plot. The starting point of the semicircle
is the R; the closing point of the semicircle is the R, and the slope
of the 45° inclined line denotes W. The ESR is the difference between
the charge transfer resistance and the solution resistance



P.S. Selvamani et al.

Table 4

Journal of Electroanalytical Chemistry 895 (2021) 115401

Observed resistance values of CeMG electrode from the electro-

chemical impedance studies.

Materials/Resistance R, (Q)
CeO 1.576
CeMG 1.157

Ret (Q) ESR (Q) W (Q)
2.758 1.182 ‘4.714
1.624 0.467 1.339

(ESR = R, — Ry). The calculated resistance are indicated in the
Table 4. The calculated Rs value of CeMG (1.157 Q) is lower than that
of pure CeO, (1.576 Q) owing to the lower resistance of the electrode
to the KOH electrolytic solution. In agreement with the fitted data, the
decreased value of R value for CeMG (1.624 Q) than pure CeO,
(2.758 Q) that gives rise to the improved charge-discharge by reducing
the ion-diffusion path of CeMG electrode [49]. As compared with the
resistivity behaviour of CeO, with the CeMG composites, CeMG com-
posites manifest lower resistance values of Rg, R¢, ESR and W than that
of pure CeO,. Furthermore, it confirms that the addition of rGO and
MoS, to the CeO, improves the charge transfer properties and
enhanced capacitive performance of the electrode materials.

3.3.4. Rate capability, cyclic stability, energy and power densities of CeMG
electrode

Fig. 7(b) shows the rate capability curve of CeMG composites as
calculated from the GCD measurements. It is also noted that the speci-
fic capacitance falls suddenly at the initial stage, followed by a steady
decrease in the specific capacitance. Notably, the reduced capacitance
observed for high current density is attributed mainly to the penetra-
tion speed of the K* electrolyte ions into the pores of electrode mate-
rial thereby improving the development of electrostatic charge layer.
However, in case of lower current density, there is huge time availabil-
ity for the penetration of electrolytic ions with the increase in the num-
ber of active sites [50,51]. The cyclic stability is considered as an
important property towards the commercialization of the electrode
materials. Fig. 8 presents the cyclic stability behaviour such as percent-
age retained and the specific capacitance of the CeMG composite mea-
sured at the current density of 20 A g~ ! with the potential window of

0-0.4 V. The cyclic stability results of CeMG composite indicates that
the 88.9% of the initial capacitance is retained after 10,000 cycles of
charge-discharge. At the initial stage, the calculated specific capaci-
tance is found to be 183.5 F g~ ! and the calculated specific capaci-
tance after 10,000 cycles of charge-discharge is 160.5 F g~ '. The
hump occurs during charging is on account of the increase in the
applied current and also indicates the IR drop. Notably, the decrease
in the specific capacitance is owing to the IR drop or the electrolytic
solution resistance. The improved cyclic characteristics of the CeMG
composite are owing to the addition of MoS, and rGO to the CeO, with
enhanced active cites for the faster ion movement between the elec-
trolyte and electrode material [52].

4. Conclusion

In concise, CeO>@MoS,@rGO ternary composite is synthesized
using the facile and rapid microwave synthetic route and extend it
to be the suitable electrode material for high performance supercapac-
itors application. The CeMG composite manifests the excellent specific
capacitance of 635 F g~ * at the current density of 1 A g~ ' in 6 M KOH
electrolytic solution. Importantly, the CeMG as working electrode
exhibits the extended cyclic stability with 88.9% capacitance is
retained after 10,000 charging/discharging cycles. To our best knowl-
edge, this is the first report on the CeO,@MoS,@rGO ternary compos-
ite as the working electrode for high performance supercapacitor
applications. Finally, the results obtained for the CeMG composite con-
firms that the CeMG can be the suitable candidate for the effective fab-
rication of high performance supercapacitor and for future energy
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Fig. 8. Cyclic stability of the CeMG composite over 10,000 charging/discharging cycles at the current density of 20 A g~ .
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storage device with the excellent specific capacitance and the cycling
behaviour.
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