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Abstract: Cerium oxide nanoparticles have unique cata-
lytic and oxygen storage capacity properties. In this
work, the morphology and size of cerium oxide nanopar-
ticles were experimentally and theoretically investigated.
For the synthesis of nanoparticles, the laser ablationmethod
was used. The analysis of the size and morphological char-
acteristics of nanoparticles was performed using transmis-
sion electron microscopy. Using the method of molecular
dynamics, we reveal the limiting dimensional transition
from octahedral morphology to a spherical form in cerium
oxide nanoparticles. The results obtained will be relevant for
the controlled synthesis of nanostructured materials based
on cerium oxide.
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1 Introduction

Due to its unique properties, nanostructured cerium oxide
is commonly used in solid oxide fuel cells [1] and as a
catalyst [2]. Understanding its main properties such as
high oxygen storage capacity, redox catalytic properties
[3], and electronic properties is an important step to

creating highly promising nanomaterials based on cerium
oxide nanoparticles. For a detailed understanding of these
processes, it is necessary to consider the dimensional,
morphological, and thermodynamic features of nano-
structured compounds based on CeO2. Recent experimental
studies show that the lattice parameters increase with a
decrease in the size of cerium oxide nanoparticles. The
authors explain this lattice expansion as a result of the
formation of significant amounts of Ce3+with corresponding
oxygen vacancies [4–6]. Our theoretical calculations within
the framework of the density functional theory confirm this
result [7]. In refs. [8,9], it was shown that the surface ener-
gies of cerium oxide are characterized by the relationship
(111) < (110) < (100). These surfaces, depending on the size
of the CeO2 nanoparticles, determine their morphology
according to the Wulff rule [10,11]. The synthesis of the
nanocrystalline cerium oxide uses various common physi-
cochemical methods such as the co-precipitation method
[3], the solvothermal method [12,13], the hydrothermal
method [11], pyrolysis [14], the sol–gel process [15], etc.
These methods can produce cubic, octahedral, spherical,
and other forms of CeO2 nanoparticles. In particles with a
more developed morphology, the physicochemical activity
increases significantly. So, for cubic and octahedral parti-
cles in comparison with spherical particles of the same
volume, the specific surface area increases significantly.
In addition, at the boundaries and vertices of the faces,
favorable conditions arise for the formation of structural
defects, which contribute to a significant increase in the
catalytic, nanoelectronic, energy storage, and biomedical
properties of particles.

One of the most promising methods for nanostruc-
turing a substance, especially for obtaining nanoparticles,
is laser ablation [16,17]. The advantage of this method is
the possibility of obtaining metastable condensed phases
due to the development of high-temperature gradients in
the process of ultrafast heating and cooling of matter.
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These physical processes are characterized by the accumu-
lation of structural defects in the nanoparticles’ crystal
structure that can affect the functional properties of CeO2

when it is used in applied problems, such as photocata-
lysis [18], thermoelastic stabilization [19], and antioxidant
properties [20]. When cerium oxide nanoparticles are obtained
using laser ablation [21,22], there is a strong scatter in the
particle sizes, and, in general, they are characterized by
octahedral and spherical morphology [23,24]. However, at
what nanoparticles diameter and why the transition from
octahedral to spherical morphology occurs is still unclear.
For a more detailed and accurate description of the proper-
ties of nanosized systems based on cerium oxide nanopar-
ticles, it is necessary to use computational methods capable
of describing the structure and morphology of the nano-
particles for sufficiently large sizes. Themolecular dynamics
method served such a computational technology.

This work is devoted to the experimental and theore-
tical study of the morphology of cerium oxide nano-
particles. Here, the cerium oxide nanoparticles were
produced by laser ablation; the analysis of the size
and morphological characteristics of the nanoparticles
was carried out using transmission electron microscopy.
Using the method of molecular dynamics, the agglomera-
tion of CeO2 nanoparticles depending on their size has been
calculated for the first time. With the help of our studies, we
were able to identify the phase transition from octahedral to
spherical morphology and determined the limiting size of
this transition.

2 Experiments and calculations

2.1 Materials and methods

Cerium dioxide nanoparticles were obtained by pulsed
sputtering of the target material using an IPG Photonics
diode-pumped ytterbium fibre laser with the HighContrast
option (radiation wavelength: 1.06 µm, laser radiation
intensity: 1010W m−2, pulse duration: 200 µs, and pulse
repetition rate: up to 1 kHz). The target for laser ablation
was a tablet of remelted chemically pure (>99.99%) cerium
dioxide powder. Under the action of focused laser radia-
tion, cerium dioxide was explosively sprayed, forming a
flow of ablated particles [18,19,25]. Layers of ablated
cerium dioxide nanoparticles were deposited onto a silicon
wafer. The spraying timewas 1–10min. Then, the resulting
particles were dispersed in an ultrasonic bath for at least
40min. Deionized water was used as a solvent. After dis-
persion, the nanodispersed solution of cerium dioxide was

centrifuged at various spin rates in the range from 800 to
13,400 rpm to minimize the limiting particle size. After
centrifugation of the colloidal CeO2 system at 500 rpm,
the limiting particle size in the colloidal system is reduced
up to 80nm; at 2,000 rpm, 50nm; at 5,000 rpm, 40nm; and,
at 12,500 rpm, 30nm [26]. Cerium dioxide nanoparticles were
characterized using transmission electron microscopy (ZEISS
LIBRA-120). For size and morphological analysis, several
TEM images (more than 10 images for each sample) were
used and the data are subsequently summarized.

2.2 Calculation methods

To carry out molecular dynamics calculations for cerium
oxide nanoparticles, we used the Desmond package [27]
implemented on the basis of “neutral territory” methods
with a high degree of computational parallelism [28–30].
This software package has previously been successfully
used to simulate the behaviour of CeO2 nanoparticles [31].
All calculations were carried out at a constant temperature
of 300 K and pressure of 1 bar within the NPT ensemble (a
statistical mechanical ensemble that maintains constant
temperature T, constant pressure P, and a constant
number of particles N). For electrostatic and van der
Waals interactions, we used a cut off at 9 Å taking into
account the reversible reference system propagator algo-
rithms (RESPA integrator) [32]. To describe the boundary
conditions, all particles were placed in a cell with an
orthorhombic shape.

3 Results and discussions

The TEM images of cerium oxide nanoparticles obtained
by laser ablation are shown in Figure 1a. The results show
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Figure 1: (a) Transmission electron microscopy image of cerium
oxide nanoparticles obtained by laser ablation. (b) Dependence of
the degree of nanoparticles' sphericity on their size.
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that ablated nanoparticles have a wide size variation
from 5 to 200 nm and can be characterized by both octa-
hedral and spherical morphology. To determine the spheri-
city degree of the nanoparticles, the characteristic parameter
of the sphericity coefficient was chosen:

d
D

,R = (1)

where d and D are the diameters of the inscribed and
described spheres for a nanoparticle of a certain size.
The results of the analysis of TEM images show (Figure 1b)
that an octahedral morphology is observed for ablated
nanoparticles with sizes less than 23 nm, and a more
spherical shape of particles is characteristic for sizes
larger than 23 nm (the particle size was characterized
by an equivalent spherical diameter for a sphere that
has a volume equal to the volume of the particle). To
explain this effect, the method of molecular dynamics
was used.

According to transmission electron microscopy, X-ray
diffractometry, and electron energy loss spectroscopy
studies, it has recently been established that the ablated
CeO2 nanoparticles are enriched in oxygen vacancies that
stabilize their internal structure. At this, with a decrease
in the particle size, the concentration of crystal defects in
the ablated particles increases [20]. The methodology of
the laser ablation experiment is such that nanoparticles
are sprayed in air under the influence of high tempera-
ture, and when they are deposited on a substrate (in our
experiment on silicon), they quickly cool to room tem-
perature. Therefore, molecular dynamics were simulated
at a temperature of 300 K. The purpose of the calculations
using molecular dynamics was to reveal the regularities

of the agglomeration of CeO2 nanoparticles during their
synthesis by laser ablation.

We began our calculations of molecular dynamics by
studying the interaction of three nanoparticles with a com-
position Ce231O448. We studied this nanoparticle size using
the electron density functional theory method in our pre-
vious work [7]. Unfortunately, these are the largest cerium
oxide nanoparticles that we could calculate within the
DFT method using the Vasp software package [33,34]
and the computational resources at our disposal. There-
fore, it is logical that we took the particle data as the
objects of the computational experiment. Initially, the par-
ticles were positioned randomlywith respect to each other.
Then, after a specified simulation time of 8,000 ps, three
nanoparticles agglomerate into the structure shown in
Figure 2a. They form a particle with a size of about
4.7 nm. Moreover, it can be seen that it is more advanta-
geous for the particles to combine with each other, mainly
via the (111) faces. The results are in good agreement with
the theoretical data of ref. [35], carried out by the density
functional theory method. When nine nanoparticles of
cerium oxide are combined (Figure 2b), they tend to
form an octahedral nanoparticle with a size of 7.3 nm.
The total number of atoms in this nanoparticle is 6,111,
of which 2,079 are Ce and 4,032 are O atoms. When 27
nanoparticles are combined, the same pattern is observed:
the particles agglomerate and try to form an octahedron
with an average size of 10 nm (Figure 3a). This particle
contains 6,237 Ce and 12,096 O atoms. A further increase
in the number of combined nanoparticles leads to an
increase in the size of the total agglomerated particle,
and a spherical morphology is observed to form beyond
20.6 nm. Thus, our calculations show that with an increase

Figure 2: Structure of agglomerated nanoparticles with a size of (a) 4.7 nm and (b) 7.3 nm. The cerium and oxygen atoms are depicted by
yellow and red balls, respectively.
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in the size of cerium oxide nanoparticles over 20 nm, spher-
ical nanoparticles become more stable than the octahedral
forms. The calculations are in good agreement with the
experimental data acquired in this work, where the experi-
mental value of the transition size from octahedral to spher-
ical morphology was 23 nm.

4 Conclusion

In this work, experimental and theoretical studies of the
influence of morphological and dimensional parameters
on the thermodynamic stability of cerium oxide nanopar-
ticles were carried out. The cerium oxide nanoparticles
were synthesized using the laser ablation method, and
the size and morphological characteristics of nanoparti-
cles were analysed using transmission electron micro-
scopy. Experimental data have shown that the resulting
nanoparticles predominantly have octahedral and sphe-
rical morphology with a particle size ranging from 5 to
200 nm. Using the molecular dynamics method, we have
shown that with an increase in the size of cerium oxide
nanoparticles to more than 20 nm, spherical nanoparti-
cles become more stable than the octahedral forms. This
result is in good agreement with our experimental data
of the transition size from an octahedral morphology
to a spherical one equal to 23 nm. Our novel results will
be important for the analysis and planning of con-
trolled synthesis of high-quality nanomaterials based
on cerium oxide nanoparticles with the aim of their
promising application in catalysis, nanoelectronics,
and biomedicine.
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