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Functional nanomaterials based on transition metal oxides are often used for the manufacture of supercapacitors and batteries, due to their special
redox properties. The nanosized transition metal oxides used as the electrode material in some cases exhibit abnormally high values of capacitance
and energy density. In this regard, it is important to understand what structural features of the nanomaterial determine the electrochemical characteristics of an electronic device. For this purpose, ceria nanorods and nanocubes were specifically synthesized under hydrothermal conditions at
elevated pressure (15 MPa), different alkali contents, and two temperature regimes (100 and 180 ◦ C). The obtained CeO2 nanostructures were characterized using the methods of X-ray diffraction, transmission electron microscopy, and low-temperature nitrogen adsorption. The electrochemical
properties of ceria nanostructures were investigated in 1 M Na2 SO4 water electrolyte. The influence of the structural and surface characteristics
of the synthesized nanorods and nanocubes on their charge storage ability is discussed. It was shown that CeO2 in the form of nanocubes demonstrate higher specific capacitance in comparison with nanorods, which makes them more attractive for application in supercapacitors with neutral
electrolytes.
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1.

Introduction

Inorganic oxides and composites based on them with electroconducting polymers or carbon nanomaterials attract
increased attention as prospective materials for electrochemical energy storage devices due to their capability to store
charge via reversible redox reactions. In a number of recent works, the electrochemical properties of supercapacitor electrode materials containing MnO2 [1], WO3 [2], Fe3 O4 [3], Mn3 O4 [4], RuO2 [5], MoO3 [6] or Fe2 O3 [7]
were reported. Ceria (CeO2 ) is also one of the widely investigated prospective candidate [8]. In ceria structure, each
Ce4+ cation is coordinated by eight neighboring oxygen anions, which occupy octahedral interstitials surrounded by
four cerium atoms [9]. Fluorite-structured CeO2 , as a rule, contains internal Schottky and Frenkel defects caused by
thermal motion in crystals and equilibrium reactions with gaseous oxygen in the environment [10]. At low oxygen
partial pressure and elevated temperatures, Ce4+ can spontaneously reduce to the trivalent state, creating both oxygen
vacancies and quasi-free localized electrons in the ceria crystal lattice [11, 12]. Oxygen non-stoichiometry of CeO2
substantially determines its electrochemical [13], but does not have any complex mechanism that causes phase transformation and structural symmetry changes like in zirconia [14, 15]. The low redox potential of transition between
Ce4+ and Ce3+ , along with the high mobility of oxygen in the crystalline structure of CeO2 , leads to the manifestation
of mixed ion-electron conductivity. The ability to accumulate and release oxygen as a result of reversible redox transitions of Ce4+ /Ce3+ valence states causes CeO2 to be used as a promoter in three-component catalysts for removing
toxic exhaust gases [16], as a regulator of the thermal properties of polymers [17], a solid oxide fuel cell [18], an
antioxidant [19] and anode material in lithium-ion batteries [20].
It is known that the concentration of oxygen defects increases with decreasing particle size of ceria, as well as
with the transition from zero- to the one-dimensional nanostructures [21, 22]. An increase in the number of point
defects is observed in a series of nanoscale rods ¿ cubes ¿ octahedra [22]. Usually, three planes (100), (110) and (111)
go out onto the surface of ceria nanostructures. The formation energy of oxygen vacancies in the {111} facets is
higher than in the {110} and {100} ones [23]. The growth directions of CeO2 crystals and the type of planes forming
their surfaces can be controlled by varying the synthesis conditions [24, 25]. In the case of nanosized octahedra, eight
(111) and six (100) planes go outside, while CeO2 cubes are usually surrounded by six {100} facets. The situation
is much more complicated for nanorods since they can grow both 1) along the [110] direction with the exposure
of the {100} and {110} facets, and 2) along [211], [111], [102] and [100] directions, which open the {111} and
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{110} facets to the surface [26]. Moreover, the specific surface area of one-dimensional structures is usually higher
than that of cubes and octahedra. According to published data, the defectiveness and the ratio of the surface area to
volume for CeO2 nanostructures are decisive not only in terms of catalytic [27] and biological properties [28–30], but
also in electrochemical characteristics. The higher specific electrochemical capacitance for nanorods (162.47 F g−1 )
compared to nanoscale octahedra and cubes in alkali electrolyte (3 M KOH) was reported [31]. This result was
attributed simultaneously to the high surface area of nanorods and to the predominant effect of {110} and {100}
facets. For the case of ceria electrochemical properties in eco-friendliy neutral electrolyte it was demonstrated that
increasing of amount of surface defects leads to an increase in electrochemical capacitance [32]. At the same time, the
electrochemical performance in neutral electrolyte can also be influenced by crystalline facets exhibited on the surface
of ceria nanoparticles and this point was not discussed yet.
Therefore, the aim of this study was to investigate the electrochemical performance of CeO2 nanoparticles in a
neutral electrolyte and to compare the electrochemical charge storage ability of ceria nanorods, the contact surface of
which is represented by {110} / {111} facets with nanocubes surrounded exclusively by {100} ones. To this end, ceria
nanostructures of the above morphology were obtained under hydrothermal conditions. The structure of nanoparticles
and their electrochemical charge storage ability in 1 M Na2 SO4 electrolyte were studied.
2.
2.1.

Experimental
Synthesis of ceria nanostructures

To obtain ceria nanostructures in the form of rods and cubes Ce(NO3 )3 ·6H2 O (chemically pure, CAS 10294-41-4,
Vekton, Russia) and sodium hydroxide (analytically pure, GOST 4328-77, Vecton, Russia) as a precipitant were used.
A highly concentrated alkali solution (9 M for rods and 6 M for cubes) was added dropwise to a previously prepared
0.5 M solution of cerium(III) nitrate. Initially, a brown suspension formed, which after 30 minutes stirring at room
temperature changed color to light yellow. The resulting suspension was transferred to an autoclave and treated under
hydrothermal conditions for 24 hours at a pressure of 15 MPa and a temperature of 100 ◦ C to obtain one-dimensional
nanostructures or 180 ◦ C in the case of crystallization of nanoscale cubes. After hydrothermal treatment, the obtained
white precipitates of CeO2 nanoparticles were repeatedly washed with distilled water and ethanol, followed by drying
at 60 ◦ C in air for a day.
2.2.

Instruments and characterization

The size, shape and structure of the ceria nano-objects obtained in this study were determined using a JEM-2100F
(Jeol Ltd., Japan) transmission electron microscope at an accelerating voltage of 200 kV. Aqueous dispersions of
CeO2 nanopowders were deposited on copper grids coated with graphene to obtain bright-field images and electron
microdiffraction patterns.
X-ray diffraction (XRD) patterns of CeO2 nanostructures were obtained using a SmartLab 3 (Rigaku Corporation,
Tokyo, Japan) diffractometer with CuKα radiation. The scanning was conducted in the range of 2θ angles from 20
to 80◦ . To take into account the instrumental broadening, the Caglioti parameters established by fitting the complete
profile of the diffraction pattern of the external LaB6 standard in the MAUD program were used. The unit cell parameters of CeO2 nanostructures were determined in the same software package using a crystallographic information file
of ceria [33] from the COD database according to the procedure described in [34]. The average size of the coherent
scattering regions for both nanoscale rods and cubes was calculated using the Scherrer equation.
The values of SBET of the powders of CeO2 nanorods and nanocubes were measured by low-temperature nitrogen
adsorption using a Nova 4200V analyzer (QuantaChrome, USA). Before measurements, the samples were degassed
at 150 ◦ C in vacuo for 16 hours. SBET of the samples was calculated using the Brunauer–Emmett–Teller model by
7 points in the range of partial nitrogen pressures P/P0 = 0.07 – 0.25. The pore size distribution was estimated on
the basis of nitrogen desorption isotherms by the Barrett–Joyner–Halenda (BJH) method.
Fourier transform infrared (FTIR) spectroscopy study was performed on the IRAffinity-1S spectrometer (Shimadzu, Japan) in the range 350 – 4000 cm−1 . Spectra for CeO2 nanopowders were measured in the transmission
mode using KBr pellets.
The electrochemical properties of the synthesized nano-objects were tested in standard 3-electrode cells. The
working electrodes were prepared by dispersion of ceria in the N,N-dimethylformamide (anhydrous, 99.8 %, CAS
68-12-2, Sigma-Aldrich) containing carbon black and poly(1,1-difluoroethylene) (PVDF; average Mw = 1.9 × 105 ,
Kynar-720 R , Atofina Chemicals Inc., USA). The glass carbon electrode with working area 1.3 cm2 was covered with
0.3 ml of prepared dispersion and dried at 60 ◦ C. As a result, the electrodes containing 1.5 mg of ceria nanoparticles,
0.2 mg of carbon black and 0.2 mg of PVDF as a binder were prepared. The Ag/AgCl electrode as a reference and
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Pt foil as a counter electrode were used. 1 M Na2 SO4 was used as an electrolyte. Experiments were conducted with
P-40X potentiostat-galvanostat (“Elins”, Moscow, Russia).
3.

Results and discussion

Alkali concentration and hydrothermal treatment temperature were key factors in the formation of CeO2 structures
in the form of nanocubes and nanorods. CeO2 nanosized rods with an average diameter of 10 nm and a length of
100 nm are formed according to transmission electron microscopy (TEM) in the case of using a 9 M NaOH solution as
a hydrothermal medium at 100 ◦ C and a pressure of 15 MPa after 24 hours (Fig. 1a, row 1). Weaker alkaline solutions
reduce the anisotropy of ceria nanostructures, which crystallize under hydrothermal conditions, and increasing the
temperature to 180 ◦ C intensifies the dissolution/recrystallization processes and oxidation of the Ce(OH)3 clusters to
CeO2 [25, 35]. The above processes contribute to the formation of nanoscale cubes, rather than nanorods (Fig. 1b,
row 2). The CeO2 nanocubes synthesized in a 6 M NaOH solution at an elevated temperature from cerium (III)
hydroxide exhibit a wide particle size distribution ranging from 10 to 54 nm. The average nanocube size was 38 nm,
in accordance with the statistics collected on the base of 15 TEM micrographs. The rings in the microdiffraction
patterns of both nanorods and nanocubes corresponding to the diffraction planes (111), (200), (220), (311), (222),
(400), (331), (420) confirm their cubic crystalline lattice (Fig. 1b).

F IG . 1. TEM micrographs (a) and electron microdiffraction patterns (b) of CeO2 nanorods (1) and
nanocubes (2) obtained under hydrothermal conditions with varying pH and synthesis temperature
The surface structure of CeO2 nanoparticles was investigated with high-resolution transmission electron microscopy (HRTEM), images for nanocubes and nanorods are given in Fig. 2a and Fig. 2b,c, respectively. The obtained
results confirm that nanocubes exhibit {100} facets on the surface, while {110} and {111} facets are characteristic for
nanorods. On the base of this data the 3D models of CeO2 crystallites with the relevant top surfaces (Fig. 2b, e, h) and
the projections of atoms positions on the plane which is perpendicular to the surface (Fig. 2c, f, i) were built. These
projections clearly demonstrate the distance between the surface and neighboring Ce4+ ions for the different types of
crystalline facets. The maximal distance is observed for {100} facet (0.14 nm), while for {111} facet this value is
0.08 nm. In the case of {110} facet, Ce4+ ions appear on the surface. These data allow one to propose that adsorption
of sodium ions from electrolyte on {100} facet is favorable in comparison with {110} and {111} facets due to lower
electrostatic repulsion between Ce4+ and Na+ ions. As a result, the highest electrical capacitance can be expected for
the {100} surface, which is in agreement with results of electrochemical measurements presented below.
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F IG . 2. HRTEM images for surfaces of the CeO2 nanostructures (a, d, g), 3D model perspectives
(b, e, h) and projections on the plane perpendicular to the surface (c, f, i) for nanocubes (a – c) and
nanorods (d – i)
The XRD patterns of the synthesized CeO2 nanostructures are shown in Fig. 3. The XRD analysis performed
using the PD-Win 4.0 software package revealed the complete correspondence of nanoscale rods and cubes to the
fluorite structure with the Fm3m space group (Card No. 43-1002 according to the ASTM database [36]). The average
size of the coherent scattering regions for CeO2 nanorods, calculated using the Scherrer equation for broadening of
the XRD peaks, was 9 ± 1 nm (Fig. 3a). The crystallite size for cubic nanoparticles was larger, approximately 40 nm
(Fig. 3b). Compared to CeO2 nanocubes, the unit cell parameters calculated for nanorods were higher due to a greater
number of structural defects, the evolution of distortions and stresses in crystallites [37] (Table 1).
TABLE 1. X-ray diffraction data for prepared ceria nanostructures

Lengths, Å

Angles, ◦

V, Å3

Average
crystallite
size, nm

Nanorods

a = b = c = 5.427

α = β = γ = 90

159.8

9±1

2.73 · 10−3

Nanocubes

a = b = c = 5.414

α = β = γ = 90

158.7

40 ± 3

2.86 · 10−8

Morphology

Unit cell parameters

Microstrain

According to the data of low-temperature nitrogen adsorption, the porosity and SBET of ceria nanopowders substantially depend on the morphology of structures formed during hydrothermal treatment, their imperfection, and size.
Fig. 4 shows the complete adsorption-desorption isotherms for CeO2 powders of nanorods and nanocubes. Both measured isotherms are characterized by a rather narrow capillary-condensation hysteresis and are of type IV according
to the IUPAC classification. This type corresponds to adsorption on mesoporous materials. The hysteresis loop can
be classified as type H3, which is characteristic of materials with slit-like pores. Estimates of the SBET are presented
in Table 2 and indicate a significant decrease in its value from 108.2 to 18.5 m2 /g during the transition from CeO2
nanorods to nanocubes. This fact is in good agreement with the XRD data and electron microscopy, according to which
the crystallite size decreases and the fraction of oxygen vacancies in them increases, contributing to the formation of
a more developed surface (Fig. 1, Table 1).
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(a)

(b)
F IG . 3. XRD patterns of CeO2 nanorods (a) and nanocubes (b) obtained under hydrothermal conditions with varying pH and temperature of the synthesis
TABLE 2. The structural parameters determined by the method of low-temperature nitrogen adsorption for prepared CeO2 nanoparticles

∗

Morphology

SBET , m2 /g

D1 , nm

D2 , nm

∗
Vpores
, cm3 /g

Nanorods

108.2 ± 2.2

2.4

13.2

0.43

Nanocubes

18.5 ± 2.8

1.9

36.4

0.22

The specific pore volume is determined by the maximum filling (P/P0 = 0.99).
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F IG . 4. Adsorption (AD)-desorption (DES) isotherms for CeO2 nanorods (a) and nanocubes (b)
obtained under hydrothermal conditions with varying pH and temperature of the synthesis
The pore size distributions calculated from the desorption branch of isotherm by the BJH algorithm for nanorod
and nanocube powders are shown in Fig. 5. Both types of synthesized CeO2 nanostructures are characterized by a
bimodal pore size distribution. Micropores are formed as a result of the splicing of nanocrystallites by the mechanism
of oriented attachment, and mesopores are the result of their subsequent aggregation [38]. The position of the
second maximum (D2 ) for nanocubes is substantially (about 3 times) shifted toward larger pore sizes in comparison
with nanorods (Table 2). The specific pore volume for nanostructures with a minimum axial ratio, on the contrary,
decreases from 0.43 to 0.22 cm3 /g due to dense crystallite compaction.

F IG . 5. Pore size distributions for CeO2 nanorods (a) and nanocubes (b), calculated by the BJH algorithm
FTIR analysis was carried out to take into account possible effect of the surface hydroxylation degree of CeO2
nanostructures formed under different conditions of hydrothermal synthesis on the electrochemical properties of electrodes. It is known that surface hydroxyl groups can influence the electrochemical performance of inorganic electrodes.
For example, significant increase of specific capacitance of MoO3 nanowires was observed after its hydrogenation [39].
The authors mention that along with increasing of electrical conductivity, the increasing of density of surface hydroxyl
groups can be the factor that increases the specific capacitance.
However, the mechanism of influence for surface hydroxylation on the capacitance properties of metal oxides
is not clear. It can be proposed that if hydrogen is involved in electrochemical process, surface hydroxylation can
promote the reaction. This was demonstrated for electrochemical reduction of CO2 on the surface of tin oxide [40].
The increasing of electrical current during CV cycling for WO3 in acidic electrolyte was also observed [41].
The FTIR spectra of CeO2 nanostructures obtained in this work are given in Fig. 6. The following bands corresponding to surface OH groups can be found within the 3800 – 3000 cm−1 region of FTIR spectra in the case of CeO2
synthesized under hydrothermal conditions at high pH: isolated (3700 cm−1 ), bridging (3641 cm−1 ), multiple bonded
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(3550 – 3500 cm−1 ) and hydrogen bridging hydroxyls (wide band around 3400 cm−1 ) [42, 43]. It is seen in Fig. 6a
and 6b, that in our case these bands overlap forming one wide peak 3700 – 3000 cm−1 centered near 3447 cm−1
for both prepared samples. The relative number of surface hydroxyls can be estimated from the maximum of intensity of the band centered at 3447 cm−1 (I3447 ) after normalization of the spectra according to the intensity of Ce–O
stretching vibration peak (around 430 cm−1 ). The found values of I3447 were 0.080 and 0.414 for nanocubes and
nanorods, respectively (ratio nanorods:nanocubes = 5.2). Taking into account the ratio between the specific surface of
nanorods and nanocubes (5.8), the slightly higher surface density of hydroxyl groups for nanocubes in comparison to
nanorods can be proposed. However, the difference is rather small (about 12 %) thus, it can be assumed that for our
experiment the type of exhibited crystallographic plane will be the main parameter that leads to the difference in the
electrochemical performance between nanorods and nanocubes.

F IG . 6. FTIR spectra of CeO2 nanocubes (a) and nanorods (b), normalized to a band of 430 cm−1
The absorption bands for the 1250 – 850 cm−1 region in the FTIR spectra of CeO2 nanocubes and nanorods can be
attributed to the deformation vibrations of formates or carbonates formed due to the interaction of the surface of ceria
nanostructures with atmospheric CO2 . Signals in the 2800 – 2900 cm−1 range correspond to stretching vibrations
of C–H groups, and the bands at 1634 and 720 cm−1 are deformation vibrations of O–H and stretching vibrations of
Ce–O–Ce groups, respectively.
The capacitance properties of CeO2 nanostructures were investigated with cyclic voltammetry (CV) and galvanic
charge-discharge (GCD) measurements. The CV curves of ceria nanostructures with different morphology were measured at a scan rate of 10 mV/s in the potential range −0.2 – +0.5 V vs Ag/AgCl reference electrode. The results
shown in Fig. 7a demonstrate that ceria in the form of cubes has significantly higher area covered with CV curve in
comparison with CeO2 nanorods. This means higher capacitance of electrode material containing CeO2 nanocubes,
which agrees with GCD curves given in Fig. 7b. GCD curves demonstrate slightly disturbed triangular shape, which is
characteristic for capacitive behavior of the material. Non-ideal triangular shape in the connection with waves on CV
curves gives evidence that pseudocapacitance mechanism of charge storage also takes place. The specific capacitance
(CGCD ) of electrodes was calculated form GCD experiments as:
It
,
CGCD =
A(U2 − U1 )
where I – applied current, t – discharge time, A – electrode area, U2 and U1 are the upper and the lower limits of the
voltage range.
Values of CGCD for CeO2 in the form of nanocubes and nanorods found using this equation are 5.7 and
0.59 mF/cm2 , respectively. Since the specific surface for nanorods is significantly higher than that of nanocubes,
it can be suggested that the difference in capacitance is connected with crystalline structure of the surface of nanoparticles. As it was mentioned earlier, depending on the conditions of hydrothermal synthesis, various directions of crystal
growth and exposing of CeO2 planes can be realized. In addition, the possibility of the transformation of the {110} and
{100} exposed facets into {111} for nanorods obtained under hydrothermal conditions during their subsequent heat
treatment was reported [44, 45]. In our case, growth of one-dimensional ceria structures through the [211] direction
with exposed {111} and {110} facets takes place. As a result of a careful analysis of the changes in the morphology
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F IG . 7. Cyclic voltammetry curves measured at 10 mV/s (a) and galvanostatic charge-discharge
curves measured at 0.08 mA/cm2 (b)

of CeO2 nanorods at different stages of hydrothermal synthesis, prior authors [28] found that one-dimensional structures with orientation along the [211] direction are formed by the so-called “oriented attachment” mechanism. The
driving force for this spontaneously oriented attachment is a decrease in the total surface energy due to the union of
the planes by means of which the crystals are joined. The attachment can take place either along the [211] direction
with exposed {111} facets or along the [110] direction with {200} facets exposure [46]. The former would be more
favorable because the CeO2 {111} surface is the most stable one. The formation of nanorods along the [211] direction
via oriented attachment followed by Ostwald ripening under the conditions of hydrothermal synthesis applied in this
work was observed in contrast to [25]. This fact is supported with the significantly lower electrochemical activity of
nanorods in the electrochemical experiment. The mechanism, proposed for the charge storage process in ceria, takes
into account the adsorption of cation from electrolyte on the surface of crystal [31]. At the next stage, the reduction of
cerium (IV) to cerium (III) can occur, leading to the realization of pseudocapacitance in the electrode [47]. These two
stages can be summarized as follows:
CeIV O2 + e− + Na+ −→ CeIII OONa.
As it was demonstrated earlier, among the most common surface planes of ceria, exactly (100) is characterized
with the highest projection of distance between cerium and oxygen atoms on the axis perpendicular to the surface of
the nanocrystal. Thus, the possibility of most negative surface potential can be proposed for (100) plane in comparison
with others. This can lead to the enhancement of Na+ adsorption on the surface presented with this plane.
For further investigation of capacitance properties of CeO2 nanocubes, the contributions of two different mechanisms of charge storage: i.e., capacitance of “outer” active surface and capacitance connected with the ion insertion
process (capacitance of the “inner” active surface) were estimated according to the method developed by Trasatti [48].
This method is based on the analysis of variation of electrode capacitance on the scan rate during CV experiments. The
corresponding CV measurements in the range of scan rates from 1 up to 20 mV/s are given in Fig. 8a. The capacitance
values, calculated from given results, are plotted versus the square root of the reciprocal scan rate (Fig. 8b) and the reciprocal capacitance – versus the square root of the scan rate (Fig. 8c). Linear extrapolation of both plots to x = 0 gives
the values of the “outer” surface and total theoretical (Ctotal ) capacitances of the material, respectively. The “outer”
surface capacitance, which is scan-rate independent can be considered as the double-layer-like capacitance (Cdl ). The
value of Ctotal includes both the “inner” and “outer” surface capacitances. The “scan-rate dependent” capacitance of
“inner” surface can be considered as a pseudocapacitance-like (Cp ) one, which, in our case, can be connected with an
oxidation/reduction transition between Ce4+ and Ce3+ accompanied with insertion/release of sodium ions. The value
of Cp can be calculated as Cp = Ctotal − Cdl .
As it is seen from Fig. 8b and c, the values of Cdl and Ctotal for CeO2 nanocubes are 4.7 and 7.7 mF cm−2 ,
respectively. The value of capacitance, obtained from GCD measurements (5.7 mF/cm2 ) is between Cdl and Ctotal ,
which is the reasonable result. This allows to propose that 61 % of CeO2 capacitance is connected with chargedischarge of electrochemical double layer, while only 39 % is provided by pseudocapacitance-like mechanism. It
worth mentioning that, both mechanisms of charge storage are closely connected with the adsorption of cations from
solution onto the surface of nanoparticles. Thus, the structural characteristics of ceria’s surface are of prime importance
for its capacitance properties.
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F IG . 8. Cyclic voltammetry curves for CeO2 nanocubes at different scan rates (a), capacitance
dependence on the square root of the reciprocal scan rate (b), and the reciprocal capacitance dependence on the square root of scan rate (c)
4.

Conclusions

It was revealed using XRD, TEM, HRTEM that ceria nanorods are formed from the CeO2 nucleating centers along
the [211] direction with inactive {111} facets exposure by the attachment mechanism followed by Oswald ripening
during hydrothermal synthesis at 100 ◦ C. An increase in the synthesis temperature leads to the formation of CeO2
nanocubes, with surface represented exclusively by {100} facets. It was demonstrated that despite the lower specific
surface area, the capacitance of the CeO2 nanocubes is 10 times higher than one for nanorods. It was suggested that
this result is connected with the possibility of more favorable adsorption of cations onto {100} facets in comparison
with those of {110} and {111}. Investigation of mechanism of charge storage using Trasatti method allows to assume
that 61 % of total capacitance of CeO2 nanocubes is realized via charging of double-layer, while 39 % can be attributed
to the pseudocapacitance-like processes. The obtained results can be significant for further elaboration of polymerinorganic composites based on CeO2 for application in electrochemical devices and electrodes.
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