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Abstract :
Herein, we report a simple hydrothermal method to synthesize CeO2/Ce2O3quantum dots anchored on
reduced graphene oxide (RGO) sheets of different weight fractions for application as supercapacitor
electrode. Of all the tested samples, the one containing 7 wt% RGO (CRGO3) as measured by
thermogravimetry, exhibited the highest specific capacitance of 1027 F/g at 1 A/g along with good
cycling stability. At current density of 4A/g, the CRGO3 sample showed charge retention of 79% after
5000 cycles, whereas at 20A/g, it showed 85% charge retention after 3000 cycles. The values obtained
for CRGO3 electrode are better than all previous ceria and RGO based electrode suggesting its potential
use in supercapacitor. High resolution transmission electron microscopy (HRTEM) revealed well
crystalline CeO2 nanoparticles (~5 nm) uniformly distributed on the RGO sheets as well as few lattice
planes indicative of presence of some Ce2O3 mixed with CeO2. X-ray photoelectron spectroscopy (XPS)
revealed presence of a mixed oxides containing mostly CeO2 with some Ce2O3 phase on the surface. The
enhanced performance of the CRGO3 electrode was attributed to the optimized weight fraction and large
surface area of electrically conducting RGO combined with enhanced electrocatalytic activity of
CeO2/Ce2O3 mixed oxides.
Keywords: Ceria quantum dots; supercapacitor electrode, x-ray photoelectron spectroscopy,
graphene; pseudocapacitance; electrochemical properties.
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1.

Introduction

Supercapacitors have generated huge research interest in the recent years owing to their increasing
applications as an efficient energy storage device. Supercapacitors have emerged as a fast growing
energy storage technology that can find application in niche areas where conventional capacitors and
batteries fail. Supercapacitors or electrochemical capacitors are devices that store energy by
transforming chemical energy into electrical energy [1-5]. Energy storage in batteries and fuel cells
takes place through chemical processes, whereas the electrostatic charge separation between electrodeelectrolyte is utilized for harvesting energy in supercapacitors [6-7]. Supercapacitors exhibit unique
properties such as extremely high power density, reasonable energy density, longer cycle life, and
minimum charge separation which make them superior to the conventional capacitors [8-10]. The
combination of these features makes supercapacitor an effective energy storage device in the field of
modern consumer electronics, electric vehicles, and industrial power set-ups. Based on the charge
storage mechanism, supercapacitors are classified into two types: electrical double layer capacitors
(EDLCs) and pseudocapacitors. EDLCs use of the electrical double layer on the electrode surface for
charge storage while pseudocapacitors rely on Faradaic or redox reactions occurring on the electrodeelectrolyte interface. In general, carbon nanostructures like multi-walled carbon nanotubes (MWCNT),
single-walled carbon nanotube (SWCNT), graphene, graphene oxide (GO), reduced graphene oxide
(RGO), etc. are used as EDLC materials [11-19] whereas transition metal oxides like nickel oxide
(NiO), cobalt oxide (Co3O4), manganese oxide (MnO2), copper oxide (CuO) etc. and conducting
polymers like polyaniline (PANI), polypyrrole (PPy) etc. are used as pseudocapacitor materials [20-25].
However, poor electrical conductivity of these pseudocapacitive materials is often a hindrance to their
high performance as supercapacitor electrode. To overcome this limitation, often these pseudocapacitive
materials are combined with EDLC materials such as CNT, RGO, etc. to form nanohybrids. [26-33]
A relatively less studied metal oxide is ceria (CeO2) in spite of its dynamic redox reaction, ecofriendly
features and low cost. A major drawback of CeO2 is its poor electrical conductivity [34] that can be
tuned by changing its shape and size using controlled synthetic conditions by playing with the growth
parameters. Chiang et al. showed that the electronic conductivity of CeO2 nanocrystals can be increased
by 4 orders of magnitude from its bulk value.[35] There were multiple attempts made by research
groups to tune the electrochemical performance of CeO2 based electrodes for potential use in
supercapacitor both by controlling its size/shape and by combining it with RGO.[36-43] However, in
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spite of using a variety of simple to complex synthesis methods and different shapes and size of CeO2,
the values of specific capacitance reported for ceria-RGO based electrodes ranged within few hundreds
of Farad/g which is much smaller than those reported for other commonly used oxides of Mn, Ni, Co
which exhibited specific capacitance values in excess of 2000 F/g.[31-33] A detailed description of
interactions between CeO2 based electrode and electrolyte is missing in those reports, especially no
details are available on how RGO is influencing the electrode interaction with the electrolyte at the
interface. Also, we could not find any systematic investigation reporting optimization of the
electrochemical performance of CeO2-RGO nanohybrid as a function of RGO weight fraction which is
essential for designing high performance CeO2 based supercapacitor electrodes.
In view of the above, here we present an investigation of the CeO2-RGO nanohybrid with a fresh
outlook firstly, by simplifying the synthesis approach to have better control over the size and shape of
the CeO2 particles and secondly, by conducting a systematic investigation of the influence of RGO
weight fraction on the electrochemical properties of the composite electrodes. Thus, here, we report the
synthesis of a CeO2-RGO nanohybrid based electrode consisting of CeO2 quantum dots of ~5 nm
diameter uniformly distributed on RGO nanosheets via a one-step hydrothermal method. The advantage
of quantum dot is essentially its small size which makes its surface to volume ratio very large and
renders its surface more reactive both of which are desirable characteristics of a good electrode material.
Other advantages of quantum dots in electrochemistry are the reduction of the diffusion length for both
ions and electrons, and negligible volume expansion/contraction.[44] Several samples were produced by
varying the relative weight fraction of RGO to find its optimized weight fraction for best
electrochemical performance. Electron microscopies were used to evaluate the microstructure and
morphology

whereas

x-ray

diffraction

(XRD)

was

used

to

evaluate

their

crystallinity.

Thermogravimetric analysis (TGA) revealed the relative weight fraction of RGO in the CeO2-RGO
nanohybrid samples. X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy were further
employed to understand the chemical and oxidation states of CeO2. The electrochemical properties of
the prepared samples were evaluated using cyclic voltammetry (CV), galvanostatic charge
discharge(GCD) and electrochemical impedance spectroscopy (EIS) techniques.
2.EXPERIMENTAL
2.1 Materials Used
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Natural graphite flakes were procured from Kai Yu Industries, Nanjing, China. Sulphuric acid (H2SO4,
98%) sodium nitrate (NaNO3, 97%), potassium permanganate (KMnO4, 98%), hydrogen peroxide (H2O2,
30%), hydrazine hydrate (N2H4.H2O), sodium hydroxide pellets (NaOH, 97%), 2-propanol (IPA),
werepurchased from Merck India. Cerium nitrate hexahydrate (Ce(NO3)3.6H2O, 99.9%) were purchased
from Alfa Aesar. Nafion (NR-50) pellets were purchased from Sigma Aldrich. All chemicals were used
as received without any further purification.
2.2 Synthesis of CeO2/Ce2O3-RGO composites
GO was prepared from natural graphite flakes using a modified Hummer’s method according to our
previous study [45]. To synthesize the composites, 10 mg of GO was dissolved in 50 mL of deionized
water and stirred for 30 min. Cerium Nitrate hexahydrate (0.1M) was added to the GO suspension
followed by stirring for 30 min. Subsequently 35 ml of 1M NaOH solution (1.4 gm in 35 ml DI water)
was added to the suspension and the pH of the solution was around 10.0. Next, 10 ml of N2H4 solution
(0.1 M) was added to reduce the GO to RGO which led to the increase in the pH value of the resulting
mixture to 12. The reaction mixture was then stirred vigorously for 1 h to mix homogeneously and
transferred into a 100 mL teflon lined steel autoclave for heating at 140 °C for 6 h in an oven. After the
autoclave cooled down to room temperature, the reaction mixture containing Ce(OH)3-RGO was
collected by filtering and washing with IPA and DI water until pH neutral. Finally the dried Ce(OH)3RGO material was calcined in air for 4 h at 300 °C in a muffle furnace to obtain CeO2-RGO nanohybrid.
Similarly three more samples were prepared using the above synthesis route for different weights of GO
(10 mg, 25 mg, 50 mg and 100 mg) which were labelled as CRGO1, CRGO2, CRGO3 and CRGO4,
respectively.
2.3 Characterization Techniques
XRD was carried out for powder samples using PANALYTICAL X Pert Pro diffractometer and Cu Kα
radiation (1.5414 Å) was employed as X-ray source. TGA curves were obtained over the temperature
range of 35-800 °C at a heating rate of 10 °C/min under nitrogen atmosphere using STA 6000 thermal
analyser (Perkin Elmer, USA). HRTEM images were obtained using a JEOL 2100 transmission electron
microscope. The HRTEM samples were prepared by depositing a few drops of a very dilute solution of
the sample in isopropyl alcohol (IPA) on a 300 mesh holey carbon grid followed by drying overnight in
air at room temperature. The analyses of TEM images were done by using ImageJ software. Raman
spectra were recorded by a Raman Spectrometer (LabRAM HR JobinYvon) with an argon ion laser
radiating wavelength of 514.5 nm (green) with a 10% filter and 50X objective. All Raman spectra were
4

calibrated with respect to the position of the Si peak at 520 cm-1 originating from the Si wafer on which
the sample was deposited by drop casting of its dilute solution in IPA.[46] XPS measurements were
carried out at a base pressure of ~ 6 × 10-8 mbar using an unmonochromated Mg Kα radiation giving an
overall energy resolution of 1 eV. All spectra were calibrated by the position of the Au 4f peak
originating from a gold foil in direct contact with the samples. The XPS peaks were fitted using CASA
XPS software with a Shirley type background subtraction and Gaussian/Lorentzian peak shapes. The
binding energies were corrected by setting the C 1s peak of adventitious carbon at 284.7 eV in
accordance with literature.[47,48] Electrochemical measurements were conducted in an electrochemical
workstation(CHI 660E, USA) using a 3 electrode cell containing 1M NaOH as electrolyte and
comprising of a 3 mm dia glassy carbon electrode coated with a CeO2-RGO film as working electrode, a
Ag/AgCl reference electrode and a platinum wire counter electrode. The working electrode was
prepared by dropcasting a thick slurry, containing 92 wt.% active material, i.e., CeO2-RGO nanohybrid
and 8 wt.% nafion (used as a binder) dissolved in a solution (5mg/ml) containing water and IPA in 1:1
ratio, on the glassy carbon disc in accordance with literature.[26] The loading mass of the active material
on glassy carbon substrate was 0.35 mg/cm2.
3.
3.1

Results and Discussion
TGA and XRD analyses

Figure 1: (a)TGA curves of CeO2, CeO2-RGO nanohybrids and RGO (inset); and (b) XRD patterns of
GO, RGO, CeO2 and CRGO3.
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TGA curves were obtained for CeO2, RGO and CRGO nanohybrids to evaluate the exact weight faction
of RGO in various nanohybrid samples which are presented in Figure 1(a). As the temperature reaches
increases, the TGA curves show a gradual loss of mass between 100 and 500°C for all the samples with
the highest loss recorded for CRGO4 and the lowest loss recorded for bare CeO2. By measuring the
difference in the loss of mass from that of the bare CeO2, the weight fractions of RGO in the nanohybrid
samples were estimated which are listed in Table 1.
Table 1: The details of various prepared samples.
Sample name
Wt% of RGO

Bare CeO2
0

CRGO1
3%

CRGO2
4.5%

CRGO3
7%

CRGO4
9%

XRD patterns of the prepared samples are shown in Fig. 1(b) in which a peak at 2θ = 11.3° can be
observed in the pattern of GO, which corresponds to an expanded interlayer spacing of 0.77 nm between
graphitic layers, owing to the chemical exfoliation by attachment of oxygen containing functional
groups on the surface of graphitic sheets. The XRD pattern of RGO (blue curve) shows a small hump at
25.0° corresponding to reflections from (002) planes of graphite suggesting a complete reduction of GO
because the characteristic peak of GO (at 11.3°) disappeared [49-51]. The CRGO3 nanohybrid displayed
a typical cubic phase of CeO2 (Fm3m, α = 5.411 Å, JCPDS File no.98- 001-1731) corresponding to
(111), (002), (022), (113), (222), (004), (113), (024) and (224) planes. Absence of the diffraction peak
due to RGO in the CRGO3 sample may be due to its small weight fraction and destruction of regular
stacks of RGO sheets in the nanohybrid [29]. The average crystallite size of CeO2 particles in CeO2 and
CRGO3 samples was estimated to be 8.4 nm and 5.6 nm respectively using Debye-Scherrer equation.
XRD curve of only CRGO3 is presented in Figure 1(b) and most other characterization data shown
below because this sample exhibited the best electrochemical performance as discussed in section 3.4.
3.2 HRTEM analysis
Fig. 2(a) represents a typical TEM image of the CRGO3 nanohybrid sample in which one can see welldispersed CeO2 nanoparticles embedded on RGO sheets. The size of the CeO2 nanoparticles ranged
between 4 and 8 nm with a mean diameter of 5 nm as estimated from log normal fit of the histogram
plot (Fig. 2b). A few larger particles can also be observed which are possibly agglomeration of few
particles. It is to be noted that this size of CeO2 nanoparticles is lower than the Bohr exciton radius of
CeO2 (7-9 nm), which confirms that our prepared nanoparticles are quantum dots [52].From the HRTEM
image in Figure 2(c), (111), (022), (133) and (002) lattice planes of CeO2 quantum dots were identified
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in accordance with the JCPDS card number 98-001-1731. In addition, a few locations were identified to
have (010) and (011) lattice planes corresponding to Ce2O3 even though these planes were not observed
in the SAED pattern in Fig. 2(f). Figure 2(d) presents the HRTEM image of CRGO3 which shows that
ceria quantum dots are anchored to the RGO sheets. From the well resolved HRTEM image of CRGO3
(Figure 2(e)) shows the presence of (111) cubic phase of CeO2 and (100) hexagonal phase of Ce2O3. The
SAED revealed the presence of (111), (002), (222), (022) and (113) planes of CeO2 confirming that
majority of the synthesized particles were CeO2.

Figure 2: (a) TEM image, (b) particle size distribution, (c-e) HRTEM images, and (f) SAED
pattern of CRGO3 nanohybrid.
7

3.3 Raman Analysis:
In the Raman spectra (Fig. 3), the most intense peak is observed at 460 cm-1 for the two ceria containing
samples which originate from the F2g symmetrical stretching mode (Ce−O8) of CeO2. Two more peaks,
much weaker in intensity, are also observed at 598 and 832 cm-1, originating from the intrinsic oxygen
vacancies (Ce2O3) and weaker phonon band of CeO2 [53-56]. In fact, there is a small shift in the position
of these two peaks in the Raman spectrum of CRGO3 nanohybrid compared to those for pure CeO2
phase which suggests a good interaction (attachment) of CeO2 nanoparticles with RGO. The Raman
spectrum of GO exhibits two strong peaks assigned as G band at 1595 cm-1, and D band at 1349 cm-1 in
accordance with established literature. [57] The intensity ratio of these two peaks (ID/IG), which is
widely used as a measure of disorder in carbonaceous materials, decreased from 0.98 for GO to 0.76 for
RGO. This decrease confirmed the restoration of the sp2 domains within GO during its reduction
through removal of oxygen containing defect states.[58-61] For CRGO3 nanohybrid, ID/IG value
increased compared to that of RGOin accordance with partial destruction of symmetry due to attachment
of CeO2 nanoparticles on RGO sheets.

Figure 3: Raman spectra of CeO2, GO, RGO, and CRGO3 nanohybrid
3.4 XPS analysis
The 3d XPS spectrum of Ce (Figure 4(a)) shows three distinct peaks making it quite complicated
compared to that of other 3d transition metals as one would normally expect this to resemble Ce5+(3d-l)
ionised state [62-64]. However, for crystalline cerium compounds the Ce4+(3d-l4f1) state is distinctly
8

more stable than the predicted Koopmans’ state of Ce5+(3d-l) leading to its valence state to be essentially
a two electron transition state through electron transfer from the valence O 2p orbitals to the Ce 4f
orbitals. Previous studies have described the complex Ce 3d spectrum with ten components – three for
tetravalent cerium states and two for trivalent states thus making a total of ten for the doublet of 3d3/2
and 3d5/2. [62] To understand the contributions from various states of Ce on the spectrum in Fig. 4(a),
curve fitting was performed using CASAXPS. In accordance with the original assignment by Burroughs
et al, [62] the positions of the ten components are listed in Table 2. The 18.6 eV binding energy
difference between U and V states is in line with the multiplet splitting of Ce 3d peak and the presence
of the V/, Vo and U/, U0 states confirm the presence of Ce (III) state, i.e., Ce2O3 in the sample.
Table 2: Components of Ce3d in CRGO3 nanohybrid
Cerium
Final state
State
Ce(IV)

3d94f0 O 2p6

Ce(IV)

3d94f1 O 2p5

Ce(IV)

3d94f2 O 2p4

Ce(III)

3d94f2 O 2p4

Ce(III)

3d94f1 O 2p5

Binding
Energy (eV)
( ± 0.1 eV)
898.2
916.5
889.2
907.5
882.1
900.8
885.4
903.7
880.2
899.2

Component
V///
U///
V//
U//
V
U
V/
U/
V0
U0

Fig. 4(b) and (c) depict C1s and O1s spectra of CRGO3 sample along with various components obtained
by curve fitting. In photoelectron spectroscopy the binding energy values are strongly dependent on the
electronegativity of the ligand attached to a given element that is being probed. The intense peak at
284.7 eV in the C1s spectrum corresponds to the carbon backbone of the graphitic RGO although the
contribution from both sp2 and sp3 hybridized carbon species cannot be ruled out due to limited
resolution of the spectrometer (1 eV). According to the Lerf-Klinowski model, GO sheets are decorated
with epoxide and hydroxyl groups, whereas carbonyl or carboxylic acid groups are located at the edge
sites [65]. Due to stronger electronegativity of C=O species, these carbon atoms result in a peak at
higher binding energies than that of the singly bonded oxygen moieties (hydroxyl, epoxide). Hence, the
peak centred at 286.5 eV represents the contributions from all C O groups (hydroxyl, epoxide) while
9

the peak at 288 eV shows the contribution of C=O groups (ketone, aldehyde, carbonyl and carboxylic
acid)[66]. The lattice oxygen species at 529.7 eV in the O1s spectrum (Figure 4(c)) is noticeably broad
with a FWHM of 2.2 eV due to the coexistence of peaks due to CeO2 and Ce2O3. Stetsovych et al.[63]
reported that the transformation of CeO2 into Ce2O3 can cause a shift of O 1s binding energy from
529.25 eV to 530.20 eV. In our case both the red shift and the increased FWHM of this peak
corroborates to the fact that oxygen vacancies exist in the CeO2 lattice in the form of Ce2O3. The higher
binding energy component at 532 eV comes from the various C=O and C O moieties of RGO. The
quantitative estimates were also made for each of the fitted components using CASAXPS and the data
are plotted as a column graph in Fig. 4(d) which shows that nearly 28 at. % Ce exists as Ce (III), i.e.,
28% of the ceria is actually Ce2O3 whereas 72 at.% is CeO2.
The existence of such large fraction of Ce2O3 in XPS is somewhat surprising since XRD and Raman
analyses did not detect its strong presence. However, it must be noted that XPS being a surface sensitive
technique, it overestimates the elements which are present only on the surface and hence it is possible
that Ce2O3 is present only at the surface and that the overall weight fraction of Ce2O3 in the bulk of
CRGO3 sample is much less than 28 at.% in accordance with observations from other non-surface
sensitive techniques. To support this claim, we further note that some of the Ce2O3 could even have been
produced at the surface of the sample under UHV condition of the XPS chamber through creation of
oxygen vacancies.[67] Fig. 4(d) also shows that about 68 at% of carbon is present as elemental carbon,
while the rest (~32%) is bound with oxygen and that the oxygen estimate fully supports this observation
as one can see that ~29 at% oxygen is bound with carbon while the remaining 71% is bound with Ce.
3.5 CV Analysis
The CV curves of bare CeO2 electrode within the voltage window of 0-0.65 V measured at different
scan rates (5-200 mV/s) are shown in Figure 5(a). For CeO2 quantum dots, the redox current peaks were
observed in the potential range of 0.3–0.4 V and 0.4–0.5 V corresponding to the reversible reaction of
Ce3+ to Ce4+ states [42,68]. Since XPS and HRTEM analysis indicated coexistence of both Ce3+ and Ce4+
states, the CV curves showed only one redox pair possibly because of the dynamic redox behaviour of
CeO2 and Ce2O3 occurring at the same redox potential. The redox peaks of Ce2O3,corresponding to the
reversible reaction of Ce3+ to Ce4+states, for the electrolytic conditions used in this work, are expected to
appear (at 0.2 V and 0.45 V) within the vicinity of those of CeO2 making it difficult to resolve. [69]
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Figure 4: (a) Ce 3d, (b) C 1s, and (c) O 1s XPS spectra of CRGO3 nanohybrid. (d) Atomic
fractions of different chemical states of Ce, C and O out of their total weight in CRGO3.
The overall redox reactions may be described [68, 69] as,

CeO2 + NaOH + e
(Ce2O3 )surface + 2OH

charg ing
discharg ing

CeOONa + OH

charg ing
discharg ing

2CeO2 + H 2O + 2e

(1)
(2)

Figure 5(b) compares the CV curves of bare CeO2, RGO and CRGO nanohybrids (with different wt %
of RGO) at 5 mV/s scan rate. As evident from Figure 5(b), with increasing content of RGO, the
prominence of redox peaks of ceria quantum dots gets reduced as the EDLC behaviour is increased. The
reduction and oxidation peak currents also significantly increased with increasing RGO content from
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bare CeO2 to CRGO3 sample. This is not surprising since RGO not only provides conducting pathways
for the charges to flow easily within the electrode but also facilitates larger number of ceria quantum
dots to be exposed to participate in the redox reaction by preventing them from aggregation, and by
dispersing them on its large surface area. As a consequence, ceria quantum dots are more accessible by
the electrolyte ions in the CRGO framework than bare CeO2 quantum dots and thus give better material
utilization for charge storage. The redox reaction represented by eq. (2) exhibited by Ce2O3 also
contributes to the total pseudocapacitance.

Figure 5: CV curves of CeO2 at different scan rates (a); CV curves of CeO2, RGO and CRGO
nanohybrids (with different wt% of RGO) (b); CV curves of CRGO3 at different scan rates (c); log( Ipa)
vs log (ν) plot for CeO2 and CRGO3 (d); Ipvs ν1/2 plot for CeO2 and CRGO3 (inset of d).
For CRGO4 sample, the pseudocapacitance behaviour of CeO2 is totally lost (cyan curve in Fig 5b) as
we do not see any redox peaks. It shows an EDLC behaviour of RGO along with much reduced peak
12

current values. Therefore, it can be concluded that too much of RGO has a deleterious influence on the
overall charge storage capacity of the CRGO nanohybrid electrode due to lowering of the rate of redox
reaction and associated pseudocapacitance caused by a relative reduction in the weight fraction of
CeO2 quantum dots in the nanohybrid CRGO4 compared to other nanohybrids. The specific capacitance
of the nanohybrids was calculated from the CV curves recorded at 5 mV/s (Figure 5(b)). The calculated
specific capacitances were 135 F/g, 99 F/g, 339 F/g, 438 F/g, 697 F/g and 412 F/g for CeO2, RGO,
CRGO1,CRGO2, CRGO3 and CRGO4 samples, respectively, which clearly identifies CRGO3
nanohybrid as the best material. Figure 5(c) plots the CV curves of the best performing CRGO3 sample
at different scan rates of voltage and it shows a continuous shift and rise in both the anodic and cathodic
peaks with increase in scan rate suggesting a diffusion controlled charge storage mechanism. In general,
the changes in the current density with respect to scan rates in the CV curves obey the following power
law:

𝑖 = 𝑎𝑣𝑏

(3)

where i and v represent the anodic and cathodic current and scan rate while a and b represents arbitrary
coefficients. When the value of b is 0.5 the charge storage mechanism is governed by diffusion whereas
the value of b=1, indicates that current is dominated at the surface of the electrode i.e., charge storage
takes place is governed by capacitive process [70-72].The linear plots of the log (Ipa) versus log (v)
graphs (Figure 5(d)) for anodic peaks for CeO2 and CRGO3 within the scan range 5 mV/s to 200 mV/s
confirms that the charge storage mechanism is governed by diffusion mechanism as the ‘b’-value varied
from 0.56 to 0.73 for CeO2 and CRGO3nanohybrid, respectively. The deviation observed in the b values
for both the cathodic and anodic current from the theoretical b value is due to the ohmic contribution
coming from electrode/electrolyte interface [73].
The ratio of the anodic to cathodic peak currents (Ia/Ic) for all scan rates was found to be greater than
unity indicating a quasi-reversible redox reaction [26]. Both the anodic and cathodic peak currents
(Ia and Ic respectively) show a linear dependence with the square root of scan rates as shown in the inset
of figure 5(d), a behaviour which is usually a signature of the rate determining step of diffusion of ions
in the vicinity of the electrode surface [28]. The diffusion coefficients have been calculated using
modified Randle-Sevcik’s equation [74-75] for quasi-reversible systems as below:
= 2.65 × 105
𝐼𝑞𝑢𝑎𝑠𝑖
𝑝

3/2 1/2 1/2

𝑣

(4)

where, the symbols bear their usual meaning. The diffusion coefficient was found to be higher (7.5 x1010

cm2/s) for the CRGO3 electrode compared to that for the bare CeO2 (D= 1.1x10-11 cm2/s) which also

confirms that presence of RGO improves the mobility of electrolyte ions into the electrode material.
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3.6 GCD Analysis
Figure 6(a) shows the GCD plots of CeO2 recorded at different fixed current densities from 1 A/g to 4
A/g. From the shape of the charge discharge profiles, dominance of a pseudocapacitive behaviour can be
clearly observed for CeO2 quantum dots. However on increasing RGO content, the charge discharge
profiles show an increased EDLC behaviour. This change from pseudocapacitance to EDLC behaviour
is in good agreement with the CV data. The specific capacitance (C) of the electrodes has been evaluated
using the following equation (5)[26]
=

𝐼

(5)

where C (F/g) is the specific capacitance of the electrode based on the mass of active materials, I (A/g)
is the constant current density applied during the charge- discharge process, t (s) is the discharge time,
V is the potential window (here V = 0.45 V).
For CeO2 quantum dot sample (Figure 6(a)) the specific capacitance calculated from the discharging
region was found to be 173 F/g at 1 A/g which decreased with increase in current density which can be
understood from the observed decrease in the discharge time. Figure 6(b) compares the GCD profiles of
CeO2, RGO, CRGO nanohybrids with different RGO content at constant current density of 1 A/g. An
increase in the charging-discharging times was observed with the increase in RGO content of upto 7
weight % (CRGO3 sample) after which it decreased resulting in the reduction of the specific
capacitance. Thus the highest value of specific capacitance of 1027 F/g was obtained for CRGO3
nanohybrid. Figure 6(c) plots the charge discharge profiles for CRGO3 nanohybrid at different current
densities showing the highest discharge time for 1 A/g with the estimated specific capacitance of 1027
F/g and the lowest specific capacitance of 444 F/g for 4A/g. The specific capacitance for CRGO3
nanohybrid at 3A/g was found to be 707 F/g which is comparable with that estimated from CV (697
F/g). Thus, we see a good correlation of the specific capacitance data obtained from CV and GCD. For
convenience, the specific capacitances as calculated from GCD recorded at 1 A/g current density is
separately plotted against RGO weight fraction in Figure 6(d).
In order to evaluate the cycling stability of the optimized electrode, GCD data were recorded for a
continuous charging-discharging cycle of 5000 times at current density of 4 A/g and the charge retention
with respect to initial value as a function of cycle number is plotted in Fig. 6(e). The CRGO3 sample
clearly shows a better capacitance retention of 79% as compared to that of CeO2 sample (63%) after
5000 cycles.
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Figure 6: GCD profiles of CeO2 at different constant current densities (a); GCD profiles of CeO2, RGO
and CRGO nanohybrids (with different wt% of RGO) at 1 A/g (b); GCD profiles of CRGO3 at different
current densities (c); Specific capacitance of CeO2, RGO and CRGO nanohybrids at 1 A/g (d); Capacity
retention against cycle number at 4 A/g for CeO2 and CRGO3 (e); GCD profiles (1st and 3000th cycles)
of CRGO3 at high current densities of 10A/g and 20 A/g (f).
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The stability of the CRGO3 electrode was also tested at high current densities of 10 A/g and 20 A/g for
upto 3000 cycles which are shown in Figure 6(f). The specific capacitances measured from the first
cycle of GCD at 10 A/g and 20 A/g were 175 F/g and 77 F/g, respectively. These values, although much
lower than that at 1A/g, but are expected due to less time available for the electrolyte ions to diffuse into
the active sites at such high current densities and are quite comparable with reports on other electrode
materials at such high currents.[76-78] The specific capacitance obtained from GCD plots after 3000
cycle further revealed charge retention of more than 82% at 10 A/g and 85% at 20 A/g which clearly
establishes the high stability of the CRGO3 electrode even at high current densities. Loss of charge by
about 20% is quite common after 5 to 10 thousands cycles of charging and discharging, since some
mechanical corrosion (if not chemical) is unavoidable due to diffusion of ions into the porous
nanostructured film immersed in an alkaline liquid electrolyte for prolonged duration.[79]
4. Discussion
As surface area of the nanostructures and pore size play critical role in facilitating the number of active
catalytic sites for redox reactions to take place (which in turn controls the overall pseudocapacitance of
the electrode), the specific surface areas and average pore sizes of various nanohybrid electrodes were
measured from their sorption isotherms for N2 using BET theory. The sorption isotherms are shown in
Figure 7(a) whereas the measured values of specific surface areas and average pore sizes are compared
in Figure 7(b). It is evident that in Figure 7(b) that the surface area showed a monotonous increase with
RGO weight fraction in accordance with expectation due to the influence of RGO which has much
larger intrinsic surface area of 106 m2/g [26]. The specific surface area of bare CeO2 was estimated to be
48 m2/g which increased to 76 m2/g for CRGO3 and to 98 m2/g due to the influence of RGO. To
understand why CRGO4 does not exhibit higher charge storage, we note that the overall charge storage
of an electrode not only depends on the surface area but also on other competing factors such as yield of
redox reaction, efficiency of charge transport, etc. What this means is that larger surface area although
facilitates larger adsorption of ions, but it cannot alone guarantee a higher charge storage since a higher
RGO weight fraction results in a lower weight fraction of ceria which can lead to a reduction in the
redox reaction of ceria thus lowering the pseudocapacitance. The CV curve of CRGO4 justifies this
hypothesis. Fig. 7(b) also shows that the pore size almost monotonously decreases with increasing RGO
content although the difference is very small between samples CRGO2 and CRGO3. Too small a size
can also hinder ion diffusion which may in turn reduce the charge storage capacity and may as well
contribute to the poor performance of CRGO4 sample for which the pore size is the smallest (4.4 nm).
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Figure 7: (a) N2 sorption isotherms for different samples, (b) specific surface area and average
pore sizes as estimated from the isotherms in (a).
Nyquist plots were recorded, as shown in Fig. 8, using EIS for understanding the electrochemical
transport properties of all the electrode materials synthesized in this work. Fig. 8 shows that all the
graphs begin with a semicircle within the high frequency range and then they follow a linear rising curve
in the mid to low frequency range. The diameter of these semicircles are known to represent the charge
transfer resistance (Rct) of the electrodes which clearly shows a rapid and monotonous decrease in
magnitude as the weight fraction of RGO is increased except for CRGO4. The Rct value of CeO2 is the
largest (22.8

) in accordance with its poor electrical conductivity whereas it is almost half (13.6

) for

RGO due to its good electrical conductivity. Addition of RGO enhances the charge transfer rate of ions
in the CRGO nanohybrid samples due to synergistic influence of large surface area and efficient charge
transport properties of RGO and efficient catalytic action of CeO2 nanoparticles as evident from their
much lower Rct values as listed in table 3. The intercepts of the Nyquist plot on x-axis definesthe
electrochemical series resistance (ESR) of the corresponding electrode which are also listed in Table 3.
The ESR values in Table 3 reveal a monotonous decrease influenced by the presence of RGO except for
CRGO4 sample which is very much in agreement with the trend observed in Fig.7(b). Since RGO is a
much better electrical conductor than Ceria, it is no surprise that its presence lowers the ESR value. For
CRGO4 sample, due to higher weight fraction of RGO, it is possible that aggregates of RGO forms
causing a slight increase in ESR from that of CRGO3. In the inset of Fig. 8, an equivalent circuit is
shown to represent the EIS plot and the error estimates in fitting are listed in Table 3.
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Figure 8: Nyquist plots forRGO, CeO2 and CRGO nanohybrids. Equivalent circuit for the plots
are shown in inset.
Table 3: Different resistance values for various samples as obtained from the Nyquist plots.
Electrode Material

ESR in

Rct in

Error in fitting

CeO2

7.69

22.8

1.8%

RGO

7.47

13.6

1.1 %

CRGO1

7.66

9.7

1.4%

CRGO2

6.83

8.6

1.5%

CRGO3

6.69

6.1

0.8%

CRGO4

7.1

7.6

1.4%

For better understanding of the reader of the importance of this work, we have compared the results of
this work with previously published reports on ceria based electrodes in Table 4. It is evident that the
nanohybrid synthesized in this work shows better performance in terms of specific capacitance and cycle
stability as compared to the previous reports. The table 4 also shows that previous studies have used
stronger alkaline electrolytesthan that used by us (except for Ref. 42) which are likely to have poor cycle
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stability over large number of cycles. Interestingly, except Ref. 42, the other studies did not show cycle
stability beyond 1000 cycles whereas we have shown 90% retention of charge after 5000 cycles
indicating its superior stability over previously studied materials. The enhanced performance of our
CRGO3 electrode could be due to a number of reasons such as use of an optimized weight fraction of
RGO, good attachment of ceria with RGO, positive catalytic influence of Ce2O3 mixed with CeO2 (as
reported by some literature [66]), etc.
Table 4: Comparison of the specific capacitance of the electrode prepared in this work with that of
similar electrodes reported by other researchers.
CeO2/RGO
Electrode
Material
Graphene-CeO2

CeO2
particle
Size(nm)
10-12

Graphene-CeO2
CeO2-RGO

10-50
25

Graphene-CeO2
CeO2-RGO
CeO2-graphene
CeO2-RGO
CeO2-RGO-MnO2
CeO2-graphene-Ag
CeO2/Ce2O3-RGO

100
3
2-3
14
10
20
5

Electrolyte Specific
type &
Capacitance (F/g)
molarity
191 F/g at 5 mV/s
3M KOH
208 F/g at 1 A/g
1M H2SO4 110 F/g at 10 mV/s
211 F/g at 2 mV/s
0.5M
185 F/g at 2A/g
Na2SO4
89 F/g at 1 A/g
2M KOH
265 F/g at 5 mV/s
3M KOH
383 F/g at 3A/g
6M KOH
282 F/g at 2 A/g
3M KOH
648 F/g at 5 mV/s
2M KOH
710 F/g at 0.2 A/g
3M KOH
1M NaOH 697 F/g at 5 mV/s
1027 F/g at 1 A/g

Capacity retention

Reference
number

98% @ 1000 cycles

36

No data
105%@ 4000 cycles

37
38

No data
96% @ 1000 cycles
86% @ 1000 cycles
86% @1000 cycles
90% @ 1000 cycles
99 % @ 1000 cycles
79% @ 5000 cycles
90% @1000 cycles

39
40
42
43
80
81
This work

5. Conclusions
To conclude, CeO2-Ce2O3 quantum dots (~5 nm in size) were uniformly anchored on RGO sheets to
form nanohybrids containing different weight fractions of RGO via a simple in situ hydrothermal
method. CRGO3 nanohybrid containing 7 wt% RGO emerged as the best performing material when
tested as electrode for supercapacitor since it exhibited specific capacitance of ~1027 F/gm at 1 A/g
current density which was not only higher than those of other samples tested here but also higher than all
previous reports on CeO2-RGO based electrode material tested for this purpose. The CRGO3 electrode
also showed good cycle stability with 90% of charge retention after 1000 cycles and 79% retention after
5000 cycles. The charge transfer resistance for the CRGO3 sample was found to be the lowest among all
the tested samples which was assigned as the reason for its highest charge storage capacity. A
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synergistic influence of the optimized weight fraction of RGO nanosheets leading to largest surface area
and the enhanced pseudocapacitive behaviour due to mixed phase of CeO2-Ce2O3 quantum dots is
believed to be responsible for the improved charge transfer properties of the CRGO3 electrode. Thus,
this work shows a facile, low-cost method to use ceria quantum dots as electrode material for
supercapacitor application.
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Highlights
We report a systematic investigation of influence of RGO on electrochemical properties of
CeO2/Ce2O3 quantum dots.
The optimized electrode containing 7 wt% RGO exhibited specific capacitance of 1027 F/g at 1
A/g with 79% cycling stability @5000 cycles.
The above performance parameters are better than all previous reports of CeO2 and RGO based
electrode.
High surface area of electrically conducting RGO and highly catalytic mixed phase of
CeO2/Ce2O3 resulted in the improvement.
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