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The supercapacitor is an intriguing future energy storage device. 2D nanomaterials such as Graphene oxide (GO) and
MoS, are well-known electrostatic double layer capacitance (EDLC) based electrode materials. In the present work, the
effect of compositing CeO, with GO and MoS, on their electrochemical performance has been investigated. The crystal
structure of the pure CeO, and composites were confirmed by XRD analysis. Raman spectroscopic analysis revealed the F,,
vibration mode of CeO,, D and G bands of GO nanosheets. SEM analysis confirmed the spherical morphology of CeO,
nanoparticle and sheets like morphology of rGO and MoS,. The SEM images of composites show the presence of spherical
particles and nanosheets, which confirm the formation of CeO,/rGO and CeO,/MoS, nanocomposites. The electrochemical
characteristics of CeO,/rGO and CeO,/MoS, nanocomposites-based eclectrode materials were evaluated using cyclic
voltammetry (CV), chronopotentiometry (CP), and EIS analyses. The CeO,, CeO,/MoS,, and CeO,/rGO electrodes
exhibited the specific capacitance of 660, 866, and 959 Fg™', respectively at 5SmVs™. Due to the synergistic effect of CeO,
with rGO and MoS,, the CeO,/rGO and CeO,/MoS, nanocomposite electrode materials have shown improved energy

storage performance compared to pure CeO,.
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In response to ever-increasing energy consumption and
technological advancements, the scientific community
has made energy storage a primary focus area of
research'™. Supercapacitors have received great research
interest for energy storage applications. In particular, to
develop a Li-ion battery along with supercapacitor as a
hybrid energy storage device in electric vehicles,
electronic gadgets, and grids, significant attention must
be given to the energy density, power density, internal
resistance, and cycle stability of the supercapacitor™™®.
To construct supercapacitors with desired energy
density, suitable electrode materials with high
electrical conductivity, high surface area, high thermal
and chemical stability, and good electrochemical
reversibility are essential. The electrode material mostly
determines the performance of a supercapacitor. In
recent times, research has been focused on a diversity of
electrode materials, including high surface area
carbonaceous materials, metal oxide/sulfide/nitride,
conducting polymers and nanocomposites’.

Generally, carbon-based electrode materials have
shown high power density and long cycle life, but they
exhibited a low specific capacitance value that limits
their applications®. Alternatively, Transition metal
oxides (TMOs) such as RuO,, NiO, Co;04 and MnO,
have been previously reported as supercapacitor
electrodes due to their high theoretical specific
capacitance and fast reversible redox reactions’'.
However, the TMOs have some problems, such as high
cost, low conductivity, and poor stability. To overcome
these problems, environmental friendly, cost-effective,
and high-performance materials can be used as an
electrode.

Cerium Oxide (CeO,) is one of the rare earth (RE)
metal oxides with pseudocapacitance behaviour. Despite
being a RE element, cerium is quite common in the
earth's crust. It is the most ubiquitous of the Lanthanides.
It is one of the 78 common elements in the earth's crust,
ranking 25" in prevalence with a 20-60 ppm average
distribution. It has a unique structure and peculiar redox
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and catalytic properties due to their oxygen storage
capacity”. It has two oxidation states, 3 and 4". The
variation in oxidation state is beneficial for redox
reactions in electrochemical energy storage process.
Moreover, nano CeO, provides maximal reactivity and
thermodynamic stability.'* It is inferred that the
graphene oxide-based CeO, nanocomposite exhibits
high specific capacitance due to the combination of
EDLC and pseudocapacitance behaviour'>?'. MoS, is a
semiconducting 2D material. The combination of
CeO,/MoS, increases specific capacitance over pure
Ce0O,. However, the electrochemical properties of
CeO,/MoS, nanocomposites have been rarely
investigated. The presence of GO and MoS, inhibits
aggregation, facilitates the electrolyte ions' interface
with the electrode, and restricts the structural changes of
CeO, nanoparticles™>'. Moreover, the electrochemical
properties of CeO,/rfGO and CeO,/MoS, nano-
composites need to be investigated further to improve
their performance. Therefore, the purpose of the present
work is to synthesize CeO,, CeO,/rGO, and CeO,/MoS,
nanocomposites and comparatively investigate their
structural, morphological, and electrochemical properties.
The electrochemical performance of pure CeO,,
CeOyrGO, and CeO,/MoS, composite materials
were examined using cyclic voltammetry (CV),
chronopotentiometry  (CP) and  Electrochemical
Impedance Spectroscopy (EIS).

Experimental Section

Synthesis of cerium oxide nanoparticles

The microwave-assisted method was used to
synthesis CeO,. Hydrated cerium nitrate (Alfa aesar,
99.5%) was used as a precursor to synthesis cerium
oxide. Initially, 0.1 M of cerium nitrate was mixed
with 0.2 M of citric acid in 30 mL of ethylene glycol
solvent at 100°C, under stirring condition. It must be
ensured that the solution was completely transparent.
The solution was placed in the microwave oven
(850 watts) for 1 min. The solution was transformed
into yellow colour. Following that, ammonium
hydroxide (NH,OH) was added to the obtained
solution and system was brought to a higher
pH wvalue under the stirring for 30 min.
Simultaneously, water was gradually added to the
solution until a volume of 220 ml was obtained. The
solution was washed three times with double distilled
(DD) water. The CeO, powder was obtained by
drying the slurry at 100°C in hot air oven for 12 h to
give a pale yellow powder.

Synthesis of GO nanosheets

A modified Hummer's method was used to
synthesize graphene oxide from graphite powder’>. To
prepare a suspension, graphite powder (3 g) was
added to 69 mL of concentrated H,SO, solution and
stirred for 45 min in an ice bath. After that, 1.5g of
NaNO; was gradually added and stirred for 30 min.
Then, for 3 h, 3g of KMnO, was slowly added while
stirring, and the temperature of the mixture was
maintained below 20°C using an ice bath. After that,
the temperature was raised to 35°C and the mixture
was stirred for 6 hours. The suspension was then
diluted in the ice bath with 138 mL of distilled water
to keep the temperature below 60°C. After 6 h, 3 mL
of H,O, and 300 mL of distilled water were added,
and the colour of the suspension changed from dark
brown to a turbid yellow solution. To remove the
acid, the suspension was washed three times with
distilled water and centrifuged at 6000 rpm for 15
min. The GO powder was obtained by drying the
dispersion for 24 h at 80°C in a hot air oven.

Synthesis of MoS; nanosheets

The hydrothermal method was used to synthesize
the MoS, nanosheets. In 80 mL of distilled water, 1:3
molar ratio of sodium molybdate (Na,MoO42H,0)
and thioacetamide (C,HsNS) were dissolved with
constant stirring for half an hour. The solution was
then transferred to a Teflon lined stainless steel
autoclave and maintained at 180°C in a box furnace
for 24 h. The reacted precipitate was then collected
and centrifuged three times with distilled water.
Finally, the sample was dried at 80°C in a vacuum
oven for 12 h.

Synthesis of CeO,/MoS, &CeO,/GO nanocomposites

The CeO,/MoS, nanocomposite was synthesized
by the ultra-sonication method. For synthesizing the
composite, Swt % of MoS, was added into the
solution dispersed with 300 mg of cerium oxide under
continuous stirring at room temperature. Then the
sonicated sample was dried at 100°C. A CeO,/MoS,
nanocomposite was obtained.

The CeO,/rGO nanocomposite was synthesized by
the ultra-sonication method. To prepare the
composite, 15 mg (5wt%) of GO was dispersed in
30 mL of DD water and sonicated for 2 h, followed
by the addition of 300 mg of as synthesized CeO,
powder in the GO dispersed DD water for 1 hour.
Then the sonicated sample was dried at 100°C in hot
air oven. A CeO,/rGO nanocomposite was obtained.
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Results and Discussion

The XRD analysis was carried out to study the
crystal structure and to estimate the crystallite size of
the samples. Fig 1 (a-c) shows the XRD patterns of
Ce0,/MoS,, CeOy/rGO and CeO, nanoparticles. The
sharp and high intense peaks of CeQ, illustrate high
crystalline nature of the sample. The diffraction
pattern of pure CeO, contains four major peaks
corresponding to (111), (200), (220) and (311)
diffraction planes at two theta values of 28.39,
33.34, 47.26, and 55.97 degrees, respectively. The
diffraction pattern is well matched with the standard
JCPDS no0.81-0792, which confirms the cubic fluorite
structure of the sample. The full width half maximum
of the diffraction peaks of nanocomposites increased
compared to pure CeO, due to the anchoring of CeO,
nanoparticles on the 2D materials.

Moreover, rGO and MoS, related peaks were not
observed in the XRD patterns Fig. 1(a) and (b) of
nanocomposite due to least amount of (5%) 2D
samples added into the composite. Fig 1(d) and (e)
shows the XRD patterns of 2D materials of MoS, and
rGO, respectively, MoS, XRD patterns confirms the
formation of 2H hexagonal MoS, structure and the
pattern is well matched with standard JCPDS card
37-1492. The XRD of rGO sample shows a broad
peak at 21 degree which confirms the formation of
exfoliated rGO sheet like structures. Both patterns
were well broadened and less intense which confirms

the formation of 2D materials with sheet like
morphology. Furthermore, the calculated crystallite
size of the pure CeO, CeOy/rGO and CeO,/MoS,
nanocomposites are 9.56, 3.62, and 3.21 nm,
respectively, from Debye Scherrer equation (1).

KA

D=— (1
Prxicos @ )

where D is the crystallite size of the nanoparticle,
K the form factor (0.9), A is the X-ray wavelength,
and B is the X-ray diffraction angle. B is the full width
half maximum (FWHM) of the diffraction peak in
radians.

The crystallite size of the composites was relatively
lesser than the pure CeO, nanoparticles. Because, the
high surface area 2D materials (rfGO and MoS;)
facilitate to anchor the CeO, nanoparticles on their
surface and well prevent the agglomeration of
nanoparticles with well dispersion of CeO,
nanoparticles.

Raman spectroscopic analysis of CeO,, and CeO, /GO
nanocomposites

The Raman analysis revealed the molecular
vibrations in cerium oxide and its composites.
Figure 2(a) and (b) show the Raman spectra with
active vibration modes of CeO,/MoS, nanocomposite
and pristine CeO, nanoparticles, respectively. The
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Fig. 1 — XRD patterns of (a) CeO,/MoS, (5 wt%); (b) CeO,/rGO (5 wt%); (c) CeO, nanoparticle; (d) MoS, nanosheets and (e) rGO

nanosheets.
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Fig. 2 — Raman spectra of (a) CeO,/MoS, (5 wt%) nanosheets; (b) CeO, nanoparticles; (c) CeO,/rGO (5 wt%) nanosheets; (d) rGO

nanosheets and (¢) MoS, nanosheets

CeO, nanoparticles sample shows the vibration
peak at 458 cm” [Fig. 2(b)] which confirms the
cubic structure of CeO, corresponds to F», symmetry,
and it can be viewed as a symmetric breathing mode of
oxygen atoms around each cerium cation. As only the
oxygen atoms move, the vibration mode is nearly
independent of cation mass. On the other hand,
Figure 2(a) shows the Raman spectrum of CeO,/MoS,
composite with F», mode of CeO, vibration along
with the Ey, and A;; modes of vibrations of MoS,
nanosheets, which confirms the formation of composite.
The intensity of MoS, related peaks are very weak
due to the lower weight percentage of MoS, in
the composite. Figure 2(c) and (d) depict the
Raman spectra of CeO,/rGO and rGO, respectively.
The Raman spectrum of CeO,/rGO nanocomposite
[Fig. 2(c)] consists of the F,, mode of CeO, vibration at
461 cm™ with in-plane C-C vibration (G band) of GO at
1595 cm™ and the disorder (D band) of rGO at 1333 cm’
as can be seen in Fig. 2(c). Figure 2(d) shows the
Raman spectrum of rGO which exhibits D and G bands
at 1340 and 1585 cm’, respectively. The presence of
Fy, D and G bands vibrations in the CeO,/rGO
nanocomposite with a measured intensity ratio of D and
G bands (Ip/lg = 0.83) and peak shift confirms the
formation of the CeO,/rGO nanocomposite. Figure 2 (e)
depicts the Raman spectrum of nanostructured MoS,,
which reveals two primary Raman-active modes of E,,
and A,,. The E,, mode is an in-plane vibration present at

382 cm’, while the A, mode is an out-of-
plane lattice expansion at 423 cm’ which
confirms the formation of 2D layered MoS,
nanosheets. These two peaks are clearly observed in the
Ce0O,/MoS; composite which confirms the formation of
composite.

FTIR analysis of Ce0O2, CeO2/rGO & Ce02/MoS2
nanocomposites
Figure 3 shows the FTIR spectra of CeO,,

CeO,/rtGO and CeO,/MoS, nanocomposites.
Figure 3(a) depicts the FTIR spectrum of pristine
CeO, with lower wave number vibration at 458 cm’
confirms the presence of Ce-O stretching of CeO,
nanoparticles. In addition, hydroxyl group related
peaks were observed in the sample due to low
temperature processing. Figure 3(b) represents the
FTIR spectrum of CeO,/rGO nanocomposite with
various functional groups related peaks of the
sample. The vibrational peaks of major functional
groups such as C=C, C=0, and OH of rGO were
observed at 1551, 1739, and 3342 cm’', respectively
along with CeO, vibration a t488 cm™. Figure 3(c)
shows the FTIR spectrum of CeO,/MoS,
nanocomposite. The thiol functional group and
sulfur functional groups of MoS, were observed at
1219 and 1361 cm™ along with CeO, vibration peak
at lower wave number confirms the formation of
Ce0,/MoS, nanocomposite.
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Fig. 3 — FTIR spectra of (a) CeO, nanoparticles, (b) rGO
nanosheets (c) CeO,/rGO (5 wt%) nanosheets.

Morphological analysis of CeO, CeO,/rGO& CeO,/MoS,
nanocomposites

Figure 4 (a) show the SEM image of cerium oxide,
which shows the evenly distributed particles with
spherical morphology and the size of the particles is less
than 150 nm. Figure 4(b) shows the sheet-like
morphology of GO. Figure 4 (c) depict the morphology
of CeO,/rGO nanocomposite, with CeO, nanoparticles
decorated on the surface of rGO sheets with less
agglomeration of nanoparticles. Moreover, size of the
CeO, nanoparticles is relatively decreased compared to
pure sample due to anchoring on rGO sheets. As like
GO, the MoS, exhibitsthe sheet like morphology
depicted in Fig 4 (d). Figure 4 (e) and (f) shows the
SEM images of CeO,/MoS, nanocomposite which
shows that the CeO, nanoparticles decorated
on the surface of MoS, nanosheets. The CeO,
nanoparticles were anchored on the MoS, nanosheets
and thereby the size of the particles. The distribution of
nanoparticles in the high surface area 2D materials
prevents the agglomeration of nanoparticles, provide
structural stability, and improve the ionic and electronic
conduction from electrode material to current collector.

Electrochemical studies

Electrode preparation

The electrochemical properties of CeO,,
Ce0,/MoS,, and CeO,/rGO electrode materials were
studied using CV, CP, and EIS analysis. The working
electrode was prepared by mixing 10 mg of electro-
active materials of CeO,, CeO,/MoS,, and CeO,/rGO
dispersed in 0.5 mL of ethanol and 20 uL Nafion. The
mixture was ultrasonicated for 10 min. Finally, the
obtained slurry was coated onto the classy carbon
electrode and dried in air. As prepared, CeO,,
Ce0,/MoS,, Ce0,/rGO as the working electrode, Pt
wire and the Ag/AgCl were used as a counter and
reference electrodes, respectively. Aqueous 2 M KOH
solution serves as the supporting electrolyte. CVs
were measured in an electrochemical system for
different sweeping rates from 5 to 100 mVs™. CPs of
the electrodes were measured in the potential range of
—0.6 to 0.4 V (verses. Ag/AgCl) at different current
densities using a electrochemical workstation.

Cyclic voltammetry analysis
Ce0y/MoS; nanocomposites

The shape of the CV curves in Fig. 5(a) indicates
the pseduocapacitive behaviour of the material. The
voltammetery current is always directly proportional
to the scan rate because, at low scan rate the K ions
have more time to intercalate at many active site of
electrode material, on the other hand at higher scan
rate the K' ions were less intercalated due to shorter
time for adsorption. As can be seen from Figs 5(b)
and (c), the current density of CeO,/rGO two-fold
increased than the CeO,. The current density of
CeO,/MoS, nanocomposite also relatively increased
than the pristine CeO,. The drastic increase in the
current density of CeO,/rGO nanocomposite was due
to the high conductive nature of rGO than MoS,
nanosheets and pristine CeOZZS'ZS. The maximum
specific capacitance of 660 Fg' was obtained for
CeO, at a lower scan rate at 10 mVs™.

Figure 5(d) shows the comparison of CV curves of
Ce0,, Ce0O,/MoS, and CeO,/rGO. The area of CV
curve was increased for CeO,/rGO nanocomposite
compared to other samples. Hence, CeO,/rGO shows
the high Specific Capacitance of 959 Fg' whereas
Ce0,/MoS, shows 866 Fg' at 10 mVs™. rGO has high
surface area compared to MoS, thereby the adsorption
and storage capacity of rGO based nanocomposite
was relatively higher than other samples. Table 1
shows the calculated specific capacitance values of
Ce0,, Ce0,/MoS,, CeO,/rGO electrodes from CV.

of Ce0O, CeOyrGO, and
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Fig. 4 — SEM images of (a) CeO, nanoparticles; (b) GO; (c) CeO,/rGO (5 wt%) nanocomposite; (d) MoS, nanosheets and

(e & ) CeO,/MoS,; (5 wt%) nanocomposite.
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Fig. 5 — CV curves of (a) CeO,; (b) CeO,/MoS,; (c) CeO,/rGO; (d) comparison of CV curves of CeO, CeO,/MoS, &
Ce0,/rGO at 10 mVs™ and (e) specific capacitance of CeO,, CeO,/MoS, & CeO,/rGO

Figure 5(e) shows the variation of specific capacitance
with scan rate for various electrodes. The specific
capacitance of all electrodes decreases with the
increasing scan rate from 10 to 100 mVs", due to the
reduced intercalation of electrolyte into the pores of
electrode materials™**,

The CP charge/discharge profiles of CeO,,
Ce0,/tGO and CeO,/MoS,; are shown in Fig 6 (a-d).

Figure 6 (a) shows the CP curves of CeO,
nanoparticles recorded at various current densities
from 0.06 to 1 Ag'.The curves are symmetric and
charge and discharge time increased with decreasing
current densities. At higher current density the
electrolyte ions adsorbed at limited active sites on
surface of the electrode materials, which reduce
surface redox reactions at electrode/electrolyte
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Table 1 — Specific capacitance values of CeO,, CeO,/MoS,, and CeO02/rGO from CV curve.

Scan rate (mVs')  Specific capacitance of CeO, (Fg™)

Specific capacitance of Specific capacitance of CeO,/rGO

Ce0/MoS,(Fg™) (Fgh
10 660 866 959
20 616 766 927
30 533 666 820
50 466 593 750
80 419 537 727
100 386 520 697
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Fig. 6 — Charge and discharge curve of (a) CeO, nanoparticles; (b) CeOyrGO (5 wt. %); (c) CeO/MoS,; (5 wt. %) and (d)

comparative CP curve of electrodes at 0.06 Ag™

interface. Whereas at lower current densities the
electrolyte ions adsorbed at almost all the active
sites on the surface area of the electrode material
which increase the surface redox reaction at
electrode/electrolyte interface. Hence the sample
exhibit prolonged discharge time for lower current
densities. The CeO,/rGO electrode shows prolonged
discharge time compared to other electrodes. From
the discharge curve, the specific capacitance was
calculated for CeO,, CeO,/rGO, and CeO,/MoS, The
composite electrodes shown the maximum specific
capacitance (CeO,/rGO - 911 Fg™) (CeO,/MoS, -877
Fg™') compared to pristine CeO, (128 Fg™) electrode at
a constant current density of 0.3 Ag”. The symmetric
charge discharge curve shows the profound capacitive
nature of the electrode material'®*’. The calculated

specific capacitance of the prepared pure and
composite electrodes is compared with reported
values of similar electrode materials in Table 2.

EIS analysis
nanocomposites

of Ce0, CeOyrGO, and CeOyMoS,

Electrochemical charge storage performance of
Ce0,, Ce0,/rGO, and CeO,/MoS, electrodes was
further analysed through EIS studies. The semicircle
region in Fig. 7 shows the Faradaic charge transfer
process of CeO, material, which confirms the
pseudocapacitive behaviour of the material. The
equivalence series resistance (Rgsg) of the CeO,
was 0.5 Qwhich is relatively lower than CeO,/rGO
(2.3 Q), and CeO,/MoS, (2.7 Q) respectively.

Moreover, the semicircle region was decreased in
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Table 2 — Comparison of capacitance values for various CeO,-based electrodes

Electrode materials Electrolyte Specific capacitance (Fg™) Ref. No
Ce0,/rGO 0.5 M Na,SO, 211 12
CeOy/N-rGO 6 M KOH 230 13
CeO,/CNT 0.5 M Na,SO, 289 14
C0304-Ce0O, 3 M KOH 1288 17
Ce0,/C 3 M KOH 602 16
rGO/Ce0, 3 M KOH 265 15
CeO, 2 M KOH 660 Present work
CeO,/MoS, 866
Ce0,/rGO 959
-200 transfer in CeO,/rGO composite electrode and hence
180 -e-CeO, it shows high specific capacitance compared to other
160 - ——CeO/rGO electrodes >’
. 7 —o- CeO/MosS,
140 /G Q/Q Conclusion
& -120-. /0 /<)/ — The pure CeO,, CeOy/rGO, and CeO,/MoS,
g 100 /6 <'/0 . Toam nanocomposites were successfully synthesized. The
N8 fF Y . s structural, morphological and electrochemical
- ?? 09 g properties of the composites were comparatively
1é . investigated by XRD, SEM, FTIR, Raman
B Spectroscopy and electrochemical analyses. XRD
204 e " pattern confirms the crystal structure of the prepared
o material as cubic structure and the high intense peaks
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Fig. 7 — Electrochemical impedance spectra of CeQO,,
CeOy/ rGO, and CeO,/MoS, nanocomposite.

both composites compared to the pure CeO,, which
shows the low charge transfer resistant (R.) of
composites. The R is responsible for the contact
resistance between current collector and electrode
material. Hence, the high conductive rGO and MoS,
in the composite electrode reduce the R, which
increase the conductivity of the electrode material®.
The straight line of the Nyquist plot at lower
frequency is related to Warburg frequency
dependence of ion diffusion in the electrolyte. The
Ce0,/rGO shows vertical line close with larger slope,
which confirms the diffusive dominant ionic transport
in the sample. The slope of the linear region of CeO,
and CeO,/MoS, was relatively smaller at lower
frequency shows higher resistance. = The large
Warburg region of these electrodes show greater
variation in ion diffusion path lengths and increased
obstruction of ion movement. The vertical linear
region with large slope indicate fast diffusion of ion in
the electrolyte during charging and discharging
process. The presence of rGO with high electrical
conductivity resulted in a lower resistance of charge

illustrate the crystalline quality of the material. SEM
images show the spherical morphology of CeO,
nanoparticles on the surface of rGO and MoS,
nanosheets. The electrochemical performance of
prepared nanocomposite electrode materials was
investigated by three electrodes system. CeO,/rGO
nanocomposites show high specific capacitance of
959 Fg'1 at 5 mVs' compared to CeO,/MoS,
(866 Fg') and CeO, (660 Fg'). The high
electrochemical  performance of  CeO,/rGO
nanocomposites is mainly due to anchoring of CeO,
nanoparticles on the surface of rGO, which resulted
the effect of synergistic enhancement. The
experimental results demonstrated that the CeO,/rGO
nanocomposite material is a promising electrode
material for supercapacitor application.
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