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Abstract—Directed search for further manifestations of size-dependent effects in the functional properties of
nanomaterials constitutes a key line of nanotechnologies research. The major size-dependent effects were
analyzed for nanocrystalline ceria. The practically significant techniques for preparation of ceria nanopowders
with controllable micromorphology were analyzed. Selected promising applications of this material were

described.
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INTRODUCTION

Unusual functional properties of nanocrystalline
ceria stem, above all, from the unique dependence of
oxygen nonstoichiometry on the particle size in this
compound. This feature, along with well-known
changes in magnetic and optical properties with de-
creasing particle size [1, 2], can strongly exemplify
size-dependent effects.

Here, we analyzed the practically significant tech-
niques for preparation of ceria nanoparticles with
controllable micromorphology. Also, we considered
the major size-dependent effects characteristic for
nano-crystalline ceria and described some promising,
in particular, biomedical and energy-saving applica-
tions of this material.

Basic Techniques for Preparation
of Nanocrystalline Ceria

Numerous techniques are currently available for
preparation of micro- and nanosized ceria from solid,
liquid, and gas phases. Traditionally, CeO,_, is syn-
thesized by solid-state reactions, in particular, via
high-temperature thermolysis of cerium salts [3] and
mechanochemical synthesis reactions, including those
run at room temperature (see, e.g., [4, 5]). Gas-phase
methods include vacuum evaporation of metallic
cerium, followed by condensation of the metal
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particles in the cold zone and oxidation to CeO,_, [6],
as well as gas-phase thermolysis of volatile organic
compounds of cerium (chemical deposition from the
gas phase) [7]. The most extensively applied
techniques are those based on liquid-phase synthesis of
ceria in aqueous and nonaqueous media. This
concerns, above all, direct precipitation of hydrated
ceria from cerium(Ill) and cerium(IV) salts in strongly
basic solutions (see, e.g., [8]), synthesis in micro-
emulsions and reverse micelles formed by surfactants
(e.g., sodium dioctylsulfosuccinate [9] or oleylamine
[10]). The same group includes melt synthesis
techniques.

The size of the resulting CeO,., nanoparticles
typically ranges from 1-2 to 50nm. Of special
practical interest are techniques for synthesizing <5—
10-nm particles, because size-dependent effects in
ceria are predominantly observed specifically from this
particle size range on. It should be noted that most of
the above-mentioned techniques are either unsuitable
for preparing nanoparticles with desired size or require
expensive chemicals and equipment for their
implementation.

Below, we consider techniques for synthesizing
nanocrystalline ceria, as well as solid solutions and
composites thereof, with controllable particle size and
shape.
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Preparation of Nanocrystalline Ceria
by Homogeneous Precipitation

The solubility products of hydroxo compounds of
cerium and ceria are very low, for which reason they
are precipitated from cerium salt solutions under the
action of bases in strongly oversaturated solutions. We
found earlier [11, 12] that, like a number of other metal
oxides, ceria is formed by the autocalytic mechanism,
i.e., with autoacceleration. Often, this makes it nearly
impossible to control the micromorphology of solid
synthesis products. A good alternative can be found in
the use of reactants that undergo slow hydrolysis with
formation of hydroxide ions. This allows controlling
the degree of oversaturation of the solutions and avoids
local concentration gradients.

Synthesis of CeO,._, in the Presence
of Hexamethylenetetramine

Synthesis of metal oxides (in particular, ceria) by
reacting hexamethylenetetramine with metal salt
solutions can proceed in several stages. We found that
the intermediates in CeO,_, synthesis from aqueous
solutions of cerium(Ill) salts and hexamethylene-
tetramine can include insoluble hydroxo compounds of
cerium, in particular, cerium(Ill) hydroxocarbonate
[13].

Hydrolysis of cerium salts in the presence of
hexamethylenetetramine underlies numerous synthesis
routes for nanocrystalline ceria [14—16]. Zhang et al.
[15,16] showed that the CeO,, nanoparticle size
varies, nearly linearly, with the reaction time. The
CeO,_, particle growth dynamics is also governed by
other factors, in particular, the reaction temperature
and the molar ratio of reactants [13, 17]. By modifying
the synthesis conditions it is possible to widely vary
the size (from 10 to 50 nm) and shape of ceria
nanoparticles [18]. In particular, a decrease in molar
excess of hexamethylenetetramine over Ce(NOs);
leads to extremely thin (<I-nm) CeO,_, plates with
oriented attachment (Fig. 1).

Homogeneous precipitation in the presence of
hexamethylenetetramine is suitable for preparation of
not only nanocrystalline ceria but also solid solutions
thereof [19-21]. For example, Markmann et al. [19]
synthesized praseodymium-doped ceria from aqueous
solutions of cerium(Ill) nitrate and praseodymium
chloride in the presence of hexamethylenetetramine at
100°C. The resulting nanoparticles are characterized
by isotropic shape. With concentration of the initial
cerium(IIl) nitrate solution increasing from 0.005 to

Fig. 1. Ceria nanoplates prepared from Ce(NO;);/hexame-
thylenetetramine aqueous solutions (molar ratio 1:3) [18].

0.02 M the average particle size increases from 8.1 to
14.9 nm.

A similar technique was employed for preparing
gadolinium- and samarium-doped ceria [21]. It was
found that the Ce/Gd and Ce/Sm molar ratios in the
resulting products correspond to the cation ratio in the
initial solutions. Rare-earth ion doping of CeO, leads
to more finely dispersed products.

Vasylkiv et al. [22,23] proposed a modified
technique for multistage synthesis of nanocrystalline
oxide powders. It consists of the following stages:
precipitation of metal oxide nanoparticles in the
presence of hexamethylenetetramine; impregnation of
oxide powders with colloid solutions of cyclotrime-
thylenetrinitramine; and heat treatment of the resulting
nanocomposites under circumstances conducive to
explosive decomposition of cyclotrimethylenetrinitr-
amine. Combined, these stages produce negligibly ag-
gregated nanoparticles which are promising candidates
for preparation of CeO, ,-based nanoceramics.

Synthesis of CeO;._, in the Presence of Urea

Matijevic and Hsu [24] reported that, when heated
in the presence of urea, cerium(IIl) salts are hydro-
lyzed into spindle- or rod-like particles of crystalline
cerium(IIl) oxocarbonate Ce,O(CO;3),'H,O or gel-like
precipitates of the same composition. Those findings
agree with the fact that, as established in [14],
Ce,0(CO3),'H,0 is the only product of Ce(NOs);
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hydrolysis in the presence of urea at 85°C, by contrast
to the reaction with hexamethylenetetramine. At the
same time, Hirano and Kato [25] showed that, under
hydrothermal conditions (120-180°C), hydrolysis of
cerium(III) salts in the presence of urea can yield two
crystalline phases, orthorhombic cerium(Ill) oxocar-
bonate and hexagonal cerium(III) hydroxocarbonate
Ce(OH)COs;. The resultant products in each specific
case will be determined by the choice of the initial
cerium salt, the urea concentration, and the hydro-
thermal treatment temperature. Subsequent heat treat-
ment (300-900°C) of the synthesized products yields
nanocrystalline ceria with controllable particle size
within 6—40 nm.

Hirano and Kato [26] used cerium(IV) sulfate and
urea as precursors to directly synthesize nanocrys-
talline ceria under identical conditions. In that study,
the difference in the products synthesized from Ce*
and Ce’" was attributed to the fact that the former is
more prone to hydrolysis. The CeO,_, particle size can
be directly varied within 10-20 nm by varying the
synthesis temperature and urea content in the reaction
mixtures. The particles prepared by homogeneous
precipitation are several times larger than those yielded
by precipitation with aqueous ammonia, followed by
hydrothermal treatment of the precipitates under
identical conditions. This is most likely due to a lower
effective concentration of the precipitating agent and
the ensuing dominance of particle growth and smaller
contribution from nucleation. In a similar manner, an
increase in the urea concentration from 0.2 to 0.8 M
causes the size of individual CeO, . crystallites to
decrease by half, and that of the aggregates thereof, to
double [27].

The shape and size of hydroxo compounds of
cerium(Ill) and ceria prepared by hydrolysis in the
presence of urea can be additionally controlled with
the use of various templates (structure-forming agents).
In particular, Wang et al. [28] introduced polyethylene
glycols (molecular weight 1000 and 20000), as well as
cetyl trimethylammonium bromide, into reaction
mixtures. With various templates it is possible to
prepare Ce(OH)CO; particles with shapes ranging
from ellipse-like to octahedral, cross-like, etc. It was
found that subsequent high-temperature annealing
causes formation of CeQ, , particles inheriting the
Ce(OH)COs; particle shape. Zhang et al. [29] carried
out hydrothermal treatment of reaction mixtures
containing cerium nitrate, urea, and cetyl trimethyl-
ammonium bromide, followed by annealing of the

solid reaction products at 500°C, and obtained thin
rhombic CeO,_, plates. Wu et al. [30] proposed a
technique for preparation of CeO,_, nanowires with the
use of anodized porous alumina as template.

Homogeneous precipitation in the presence of urea
is successfully applied for synthesizing CeO, ,-based
solid solutions and composites. Si et al. [31] prepared
homogeneous Ce; ,Zr,O, solid solutions by hydro-
thermal treatment of ammonium-cerium(IV) nitrate,
zirconyl nitrate, and urea solutions at 140°C, followed
by annealing of the solid products at 500-900°C. Such
solid solutions can also be synthesized directly by
hydrothermal treatment of the reactants.

Cheng et al. [32] prepared samarium-doped nano-
crystalline ceria by heating cerium(IV) sulfate, sa-
marium nitrate, and urea solutions to 100°C. In those
experiments, solid solutions were formed in several
stages. These include coprecipitation of cerium and
samarium hydroxides into primary particles sub-
stantially enriched in cerium and depleted in samarium
relative to the stoichiometric composition; precipita-
tion of the residual samarium in the hydroxide form
onto the primary particle surface; and diffusion of the
samarium ions deep inside the primary particles.
Jobbagy et al. [33] suggested the use of homogeneous
precipitation technique for preparing CeO,/CuO
nanocomposites, highly efficient in catalytic afterburn-
ing of carbon monoxide. This technique is also suitable
for synthesizing other ceria-based nanocomposites.

Principal Relationships in Ceria Nanoparticle
Growth under Hydrothermal Conditions

Hydrothermal treatment route belongs to those
most extensively used for preparation of micro- and
nanodisperse functional oxide materials with con-
trollable micromorphology. The formation of metal
oxides under hydrothermal conditions is generally a
multistage process. The mechanism, kinetics, and
temperature range for individual stages were reliably
established for selected systems only.

Below, we present the data on ceria nanoparticle
formation and growth in relation to the hydrothermal
treatment conditions.

“Conventional” Hydrothermal Synthesis Route
for Nanocrystalline Ceria

In the first experiments on hydrothermal synthesis
of highly-dispersed powdered ceria the precursor was
hydrated ceria CeO,-nH,O precipitated by aqueous
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ammonia from cerium(Ill) nitrate. Hydrothermal
treatment of CeO,-nH,O was carried out at 500, 600,
and 700°C in distilled water, as well as in KF, LiCl,
LiBr, K,CO;, LiNOs, Li,SO,4, and NaOH solutions. It
was found that increases in treatment temperature and
time, as well as introduction of mineralizing agents
into the reaction mixture, caused the ceria particle to
increase in size, on the whole. Depending on the
synthesis conditions, the CeO, , particles ranged in
size from 30 to 100 nm and over.

Hirano and Kato [35, 36] were the first to sys-
tematically examine how the temperature (120-200°C)
and time (5—40 h) of hydrothermal treatment affect the
ceria nanoparticle size. As reactants in those studies
served hydrated CeO,_, suspensions precipitated by
aqueous ammonia from cerium(IIl) nitrate, cerium(IV)
sulfate, and ammonium-cerium(IV) sulfate solutions.
In hydrothermal treatment of the suspensions with the
nitrate history at up to 180°C the size of the CeO,,
crystallites was temperature-independent (~2 nm). With
cerium(IV) sulfate as reactant, the particle size varied
within 2.5-8.5 nm, depending on the treatment param-
eters (time, temperature) and suspension concentration.

Lakhwani and Rahaman [37] revealed parabolic
kinetics for the CeO, . particle growth under hydro-
thermal conditions at 150-300°C and attributed this
finding to Ostwald ripening (dissolution—crystalliza-
tion). In hydrothermal treatment of ceria suspensions
precipitated from CeCl; and Ce(NOsj); solutions the
particle growth dynamics for CeO,_, with chloride and
nitrate histories differ substantially. The particle size
for CeO,_, synthesized from Ce(NO;); varied within 9—
20 nm, while that in the case of CeCl; remains
virtually unchanged (13.5-15.5nm). The factors
responsible for this difference were not identified in
[37]. These results are inconsistent with the
dissolution—crystallization model employed in that
study: The growth dynamics for nanoparticles in that
case should be governed by their size solely and be
independent of the history.

Wau et al. [38] examined the CeO,_, particle growth
dynamics under the hydrothermal conditions (18—
240 h, 20-245°C) in relation to the acidity of the
medium. In neutral and weakly alkaline media the
ceria particles exhibited fairly slow growth, while in
acid medium they rapidly increase in size. The degree
of aggregation of CeO, , nanoparticles substantially
decreased with decreasing pH of medium. The data
reported in [38] agree, on the whole, with the results of
a study by Tok et al. [39], in which hydrothermal

treatment of hydrated ceria suspensions at 250°C for
6—24 h did no cause the CeO,_, nanoparticles to sig-
nificant increase in size (5—6 nm). That study revealed
an increase in the CeO, , unit lattice parameter upon
hydrothermal treatment, but the factors responsible for
this phenomenon were not analyzed. By contrast,
Malta et al. [40] reported that, in the course of
hydrothermal treatment, the CeO,_, unit cell parameter
were unaffected both by the treatment temperature and
time. Also, synthesis in open vessels (with reflux
condenser) yielded more coarsely crystalline samples
with larger oxygen nonstoichiometry compared to the
samples prepared in autoclaves [40].

Microwave-Assisted Hydrothermal Synthesis
of Nanocrystalline Ceria

Microwave-assisted synthesis of inorganic materials
is gaining ever widening acceptance. This is due both
to the unique features of this technique (in particular,
rapid and uniform heating) and occurrence of
nonthermal effects underlain by manyfold increase in
the effective diffusion coefficients of ions [41, 42]. In
a number of cases, microwave radiation is combined
with other physical impacts on the reaction system,
e.g., laser irradiation. Such combined synthesis
methods include, in particular, microwave-assisted
hydrothermal treatment.

There exist only fragmentary data on the prepara-
tion of nanocrystalline ceria under these conditions. In
the first publication (of 2005) dedicated to microwave-
assisted hydrothermal synthesis of CeO,_,.

Yang et al. [43] described the procedure in which
the reactants, ammonium—cerium(IV) nitrate and sodium
hydroxide, were kept in a household microwave oven
for 20 min. (This publication did not specify the size
and other features of the synthesized nanoparticles.)

Bonamartini Corradi et al. [44] examined in detail
the micromorphology of ceria nanopowders syn-
thesized from analogous precursors in relation to the
microwave-assisted hydrothermal synthesis conditions
(reactant concentrations [Ce] = 0.1-2.5 M, [NaOH] =
1-10 M, treatment time 5—240 min). Variation of the
synthesis parameters in the indicated ranges caused the
particle size and specific surface area of the products to
change from 4.0 to 5.8 nm and from 143 to 207 m* g,
respectively. Unfortunately, the characteristics of the
synthesized samples were not compared to those of
analogous samples prepared by conventional
hydrothermal route. In this situation, one cannot judge
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for certain whether or not there exist specific effects of
microwave radiation on the reaction mixtures.

Gao et al. [45] carried out microwave-assisted hyd-
rothermal synthesis of CeO, , at a fixed temperature
(160°C) with different precipitating agents (NaOH,
aqueous ammonia, urea, ethylene diamine, formamide)
which were added to cerium salt solution before the
treatment. In all cases the sole product was ceria with
the particle size ranging from 2.6 to 8.6 nm. Slowly
hydrolyzable chemicals (urea, ethylene diamine, form-
amide) led to larger CeO,_, particles. It was found that
the micromorphology is additionally affected by the
concentration of the reactants. In particular, a decrease
in the precipitating agent concentration leads to forma-
tion of larger particles. An increase in the synthesis time
produces a similar effect. It was reported [45] that,
under microwave heating, the synthesis time decreases
several times, but the validity of this conclusion cannot
be judged because of the lack of data on the technique
applied for control tests.

Our data [18] suggest that the size of the CeO, ,
particles yielded by conventional and microwave-
assisted hydrothermal treatments of freshly pre-
cipitated neutral suspensions of hydrated ceria is
independent of the synthesis temperature and time.
This suggests poor solubility of this compound in
hydrothermal media. The narrowest particle size
distribution was found in samples prepared by
microwave-assisted hydrothermal synthesis at fairly
high temperatures (180-210°C). The CeO, , nano-
powders synthesized under those conditions are
characterized by much smaller particle size and, cor-
respondingly, by a larger specific surface area
compared to samples prepared under similar conditions
by conventional hydrothermal route. The difference in
the micromorphology of the synthesized products is
associated with the fact that microwave radiation
affords uniform heat supply to the bulk of the reaction
mixture and a much higher (nearly 15 times) heating
rate. Thus, microwave radiation provides a fairly
efficient additional control over CeO,, powder
micromorphology.

Hydrothermal Synthesis of Unidimensional Ceria
Nanostructures

Formation of anisotropic nanoparticles, in par-
ticular, in “mild chemistry” processes, is typical for
substances with anisotropic crystal structure, e.g., ZnO
and CdSe. As to substances with highly symmetrical
(in particular, cubic) crystal structures, unidimensional

(1D) nanostructures for them are typically synthesized
with the use of surfactants or in porous solid matrices
[46]. At the same time, a number of techniques were
recently proposed for hydro- and solvothermal
preparation of ceria nanorods, both with and without
structure-forming agents. A feature common to all
these techniques is that unidimensional CeO,.,
structures are synthesized in alkaline and strongly
alkaline media. This, presumably, constitutes the
critical precondition to formation of ceria nanorods.

The growth mechanism for 1D CeO,, nano-
structures under hydro- and solvothermal conditions
still remains to be convincingly established. There
exist three basic models of ceria nanorod formation:

(1) topotactic inheritance of the structure of solid
precursors;

(2) particle growth by the dissolution—crystal-
ization mechanism (Ostwald ripening); and

(3) oriented attachment of isotropic crystallites with
formation of anisotropic nanostructures.

A peculiar two-stage technique for synthesis of
CeO,_, nanorods with controllable particle size was
proposed in [47-50]. Specifically, after precipitation at
the chosen temperature (70 and 90°C) the resulting
suspension are kept at a low temperature. The
precipitate formed in the first minutes after mixing of
the solutions is essentially a mixture of crystalline
ceria and cerium(Ill) hydroxide phases; it consists
predominantly of rod-shaped particles, which is typical
for Ce(OH);. In the course of aging of the reaction
mixture at 0°C the diffraction maxima characteristic
for Ce(OH); disappear only at the synthesis time as long
as 20 h. As shown by transmission electron microscopic
examination, the resulting CeO, , particles were also
shaped as rods 8—10 nm in diameter with length of over
200 nm; they are comprised of a multitude of smaller
particles. On this basis it was suggested that CeO,_,
nanorods topotactically inherit the shape of the initial
Ce(OH); nanorods.

The hypothesized formation of 1D CeO,, nano-
structures via precursor structure inheritance was
supported by Zhou et al. [51]. In that study, Ce(OH);
nanorods of several hundreds of nanometers in length
with the diameter of 15-25 nm were synthesized by
hydrothermal treatment of suspensions prepared by
mixing aqueous solutions of Ce,(SO4); and NaOH. Air
exposure of the samples led to gradual oxidation of
Ce(OH); to CeO,,, with the product preserving the
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Fig. 2. Hypothesized scheme of ceria nanorod formation by oriented attachment of isotropic crystallites, followed by Ostwald

ripening [60].

nanorod shape. Also, a peculiar technique was pro-
posed for preparation of CeO, , nanotubes via treating
partially oxidized Ce(OH); nanorods with hydrogen
peroxide [51].

Thus, it was shown experimentally [47-52] that the
microstructure inheritance may be a key (though,
probably, not the unique) factor governing the shape of
CeO,_, nanoparticles.

At the same time, there is a need in much better
substantiation of the hypothesized formation of 1D
CeO,_, nanostructures via CeO, , particle growth by
the dissolution—crystallization mechanism exclusively.
For example, Yang et al. [53] believes that formation
of particles with various shapes and sizes (nanorods at
moderate temperatures and isotropic particles at higher
temperatures) is decided by the temperature
dependence of the solubility of CeO, ,: At fairly low
synthesis  temperatures  the  dissolved  ceria
concentration will be low and the particles will grow
along selected crystallographic axes solely. An
alternative viewpoint [54, 55] assigns the deciding role
in formation of anisotropic CeO, , particles by the
dissolution—crystallization mechanism to the anions
that are sorbed on the nanoparticle surface and thereby
preclude growth along certain crystallographic axes.

An alternative mechanism of 1D ceria nano-
structure formation is oriented attachment [56-—58].
Specifically, two primary particles collide and coalesce
in a liquid medium with the same crystallographic
orientation. This is followed by coherent intergrowth

of the nanoparticles into single-crystalline particles or
polycrystals separated by twin boundaries or other
planar defects.

Si et al. [59] found that coalescence of colloid ceria
particles prepared by treating a mixture of ethanolic
solutions of cerium(IIl) nitrate and alkyl amines (or
potassium hydroxide) under hydrothermal conditions
(180°C, 24 h) can lead to mutual attachment with
formation of chain aggregates. Introduction of
polyvinylpyrrolidone into the reaction mixture causes
noticeable enhancement of orientation of the particles,
and individual particles are intergrown into single-
crystalline nanowires.

The first experimental validation of oriented
attachment in the absence of structure-forming agents
was provided by Du et al. [60]. It was shown that
hydrothermal treatment of suspensions prepared by
mixing aqueous solutions of Ce(NO;); and NaOH
heated to boiling leads to single-crystalline ceria
nanorods growing along the [211] and [110] axes. As
demonstrated by a series of additional experiments, the
intermediate stage in nanorod formation consists in
oriented intergrowth of isotropic CeO, . nanoparticles.
The resulting irregularly-shaped aggregates undergo
recrystallization  during subsequent hydrothermal
treatment. A hypothesized process scheme is shown in
Fig. 2.

We found [18] that the content of nanorods is at a
maximum at not very high temperatures (up to 120°C)
and brief synthesis times. Formation of nanorods is
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100 nm

Fig. 3. Electron images of CeO,_, nanorods prepared by hydrothermal treatment in alkaline media [18].

also promoted by increase in alkali concentration in the
reaction mixture (Fig. 3). Taken together, our results
suggest that these are compound CeO,, nanorods
formed by a mixed mechanism involving dissolution—
crystallization and oriented attachment of CeO,,
particles.

Oxygen Nonstoichiometry
of Nanodispersed Ceria

For many substances (e.g., gold [61]) the unit cell
parameters tend to decrease with crystallite size reduc-
tion to nanoscales. At the same time, certain oxide
compounds (including CeO, ,) exhibit the opposite
trend: The unit cell parameter tends to increase with
decreasing particle size. This trend was for the first
time revealed by Tsunekawa et al. [62] for CeO,.,
particles stabilized by anionic surfactants [63]. The
observed increase in the unit cell parameter from 0.545
to 0.556 nm with particle size decreasing from 6.7 to
2.1 nm was associated with partial removal of oxygen
atoms in the surface layer from certain crystallographic
sites. This leads to oxygen vacancies, in parallel with
decrease in the apparent oxidation state of cerium.
Model calculations predicted the critical size of 1.5 nm
for the CeO, , particles in the case of exhaustive con-
version of Ce*" to Ce™".

More recent studies [19, 64, 65] confirmed an
increase in the unit cell parameter with decreasing
CeO, , particle size. An electron energy loss
spectroscopic examination by Wu et al. [64] revealed a
stronger oxygen nonstoichiometry for the nanoparticle
surface compared to the bulk, with the surface com-
position being close to Ce,Os;. The nonstoichiometric
surface layer thickness tends to drastically increase
with decreasing particle size. It that study, the apparent

oxidation state of cerium was estimated at +3 already
for particles measuring 3 nm in diameter, which is
twice the value of 1.5 nm obtained in [62].

The crystal cell parameters for CeO,_, nanoparticles
of different sizes, reported by different researchers, are
inconsistent. Tsunekawa et al. [66, 67] attributed this
fact to different shapes of the CeO, , nanoparticles:
Steeper curves are observed for particles characterized
by negligible faceting [62, 64], and smoother curves,
for octahedral particles [19]. However, a limited
spectrum of the studied CeO,, samples prevents
identification of factors that are really responsible for
these differences.

A correlation between the oxygen nonstoichiometry
and nanocrystalline ceria particle size was validated by
Raman spectroscopic examinations [68—73] in which
the Raman mode at 464 cm ' corresponding to sym-
metric Ce—O® vibrations proved to be extremely
sensitive to size-dependent changes in oxygen non-
stoichiometry. A decrease in the CeO,_, particle size
causes systematic changes in the Raman spectra. A
shift of the Raman peak to lower energies is associated
with an increase in the crystal cell parameter of ceria,
and the peak broadening, with inhomogeneous lattice
strains.

The X-ray photoelectron spectroscopic examination
of the oxygen nonstoichiometry for CeO,, nano-
particles of different sizes [74] provides plain evidence
to an increase in the relative content of Ce’ with
decreasing CeO,_, particle size. It should be noted,
however, that this technique overestimates Ce**
content in micro- and nanocrystalline CeO,_, samples
even at minimal analysis times [75], and the Ce**
content in the samples of interest can vary not only
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with size but also with preparation conditions for the
particles [76, 77].

Changes in the oxygen nonstoichiometry of CeO, ,
directly affect the electronic properties of ceria which,
for this reason, acquires the properties of a wide-band
gap semiconductor. Examinations of colloid solutions
of ceria nanoparticles [78-80] showed that, with
decreasing particle size, the forbidden band width
naturally tends to increase for both direct and indirect
transitions. Zhang et al. [15] suggested the use of UV-
visible spectroscopy for controlling the growth of
CeO,_, particles immediately during their synthesis
from cerium salt solutions. Our data [13, 17, 81]
suggest that the indicated technique is actually
efficient in examining the growth dynamics for CeO,_,
particles synthesized by rapid and homogeneous hyd-
rolysis routes. At the same time, the forbidden band
width for CeO, , nanoparticles can be determined not
only by their size but also by their preparation
conditions which additionally affect the oxygen
nonstoichiometry of ceria [82].

Promising Applications of Nanocrystalline Ceria
UV Radiation Filters

State of the art UV radiation filters employ for the
most part titania or zinc oxide as active components.
The latter are able of efficiently dissipating the UV
radiation energy without formation of singlet oxygen
and other reactive species [83]. At the same time,
numerous studies revealed extremely high photo-
catalytic activity of nanodispersed powders of these
compounds [84, 85]. Also, in vitro and in vivo
experiments [83, 86] showed that titania destroys
photocatalytically not only organic components of
sunscreen creams but also the DNA molecules. Wamer
et al. [87] revealed photocytotoxicity of titania towards
skin fibroblasts. This casts reasonable doubts in the
efficiency of existing UV filters [83].

The main component of UV radiation filters can be
found in ceria-based nanocrystalline materials [88—90].
They are advantageous in terms of efficient absorption
of UV radiation, transparency in the visible, and a
yellow-brown color, which is close to that of skin.
However, noticeable catalytic activity of CeO,. in
organics oxidation can prevent its application in
sunscreen compositions. For this reason it is recom-
mended that ceria-based solid solutions, in particular,
CeiZn,0O,_, and Ce;_Ca,O,_,, rather than individual
ceria be used for these purposes. Leaving virtually
unaffected the optical characteristics of materials, such

doping significantly decreases their catalytic activity
(as demonstrated in the case of castor oil oxidation).

Tabe and Sato [91] carried out a comparative study
of the catalytic activities exhibited by samples of
nanocrystalline ceria doped with Mg>, Ca®", Sr*,
Ba®, Zn®",Y?", La**, Nd**, Sm**, Eu**, and Tb*" in
castor oil oxidation, as well as of the photocatalytic
activities in phenol decomposition. The suppression of
catalytic and photocatalytic activities was most
profound in the case of calcium- and zinc-doped CeO, ,,
in which the average size of cerium particles was
significantly decreased (to 2—4 nm).

The catalytic activity of Ce;_ ,M,0, . nanoparticles
can be further suppressed by deposition onto their
surface of amorphous silica via hydrolysis of sodium
silicate or tetracthoxysilane [92-95]. Those data were
further validated by comparative examination of the

chemiluminescence intensities of CeO, ,-based
nanocomposites under UV irradiation exposure
[92, 95].

Thus, ceria-based nanomaterials may be regarded
as suitable candidates for application in the new
generation of inorganic UV filters. However, their
applicability can be finally judged after thorough
biocompatibility testing only.

Biological Applications of Ceria

A long history of medicinal application of cerium
compounds dates back to the first relevant publications
of 1950s. The active component for the overwhelming
majority of medicinal agents was found in water-
soluble cerium(IIl) salts, as well as in some insoluble
compounds, e.g., cerium stearate and cerium oxalate,
in particular, as colloid solutions [96].

The mechanism by which cerium(Ill) compounds
affect human body still remains to be elucidated more
clearly. Jakupec et al. [96] associated the biological
activity exhibited by cerium salts in some cases with
close ionic radii of Ce*" and Ca®', for which reason
cerium ions can partially substitute calcium ions in
some biomolecules. This can be responsible, e.g., for
anticoagulation action of cerium and other lanthanide
compounds. Also, it is well known that cerium(III)
salts are suitable as antiemetics, bacteriostatics, and
bactericides, as well as immunomodulators and anti-
tumor preparations [96].

At the present time, there are no systematic data on
the biological activity of nanodispersed ceria. Never-
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theless, individual publications attest to much promise
held by CeO,_, for biomedical applications.

Schubert et al. [97] and Das et al. [98] examined
the neuroprotective action of nanodispersed CeO, .. In
experimental studies of the protective effect of CeO,
under oxidative stress, a suspension of CeO, , nano-
particles in a growth medium was added to HT22 line
neurons. Subsequently, the cells were exposed to
glutamic acid which causes cell destruction by the
oxytosis mechanism. It was found that the CeO,,
nanoparticles prevent, to a significant extent, cell
destruction. The amount of the cells that survived is
dependent on the CeO,_, content and independent of the
nanoparticle size. As to protective action mechanism, it
was found [97] that CeO,_, nanoparticles can directly
bind the reactive oxygen-containing compounds, which
fact was attributed to the oxygen nonstoichiometry of
nanocrystalline ceria.

Examinations of how ceria nanoparticles (3—5 nm)
affect the survival of spinal cord neurons [98] showed
that CeO,_, significantly decelerates dying of cells in
the populations. The reason is a prominent ability of
CeQ,, for free radical binding. It was presumed that,
when combined with other antioxidants, ceria can
mitigate the consequences of spinal cord injuries.

Chen et al. [99] provided in vitro and in vivo
validation of antioxidant activity of nanocrystalline
ceria. In that study, introduction of CeQO, , into rat
retina substantially prevented dying of photoreceptor
cells under subsequent intense light radiation exposure.
Electroretinographic examinations showed that the
retina functions also remained virtually intact. When
CeO,, is introduced into the vitreous body after
irradiation, the survival of photoreceptor cells also
increases. The reactive oxygen-containing compounds
were directly bound by CeO, , nanoparticles. Hence,
the latter hold promise for prevention and treatment of
Alzheimer’s, Parkinson’s, and Huntington’s diseases.

Rzigalinski [100] reported on ability of CeO,,
nanoparticles for significantly enhancing the viability
of brain cells, in particular, astrocytes, neurons,
microglyal cells, and oligodendrocytes. In the presence
of nanodispersed ceria those cell cultures preserve
their morphological and biochemical characteristics for
6—8 months against 26-30 days under ordinary con-
ditions. Such effect cannot be achieved with micro-
crystalline ceria, as well as with nanocrystalline
powdered oxides of other metals (including Pr, La, Ti,
Ru).

Of special practical significance is prophylactic
application of CeO,_, in radiotherapy cancer treatment
(ceria causes the amount of killed healthy cells to
decrease by 40-70%). The CeO,_, nanoparticles can
cause an increase in the life span of not only micro-
but also macroorganisms [100]. In particular, they
caused increases in the median and maximal life spans
in Drozophilas. This phenomenon is also underlain by
antioxidant action of ceria nanoparticles.

We examined the effect exerted by nanocrystalline
ceria on TG1 genetically engineered Escherichia coli
strain whose bioluminescence intensity correlates with
the enzymatic activity of the bacteria. Our tests
showed that, up to the maximal concentration
(20000 mg 1), CeO,._, in an aqueous suspension was
not toxic toward the test culture. We demonstrated for
the first time that, with decreasing CeO,_, particle size,
the bioactivity of the powders tends to significantly
increase [101]. The correlation between the particle
size and bioactivity of CeO,, nanopowder can be
explained by increases in the bulk and surface
nonstoichiometries with decreasing CeO, ., nano-
particle size.

Electrochromic Devices

The last decade has witnessed significant progress
in development of electrochromic coatings and devices
thereof. The operation of the latter is underlain by the
concept that, upon passing an electric current there-
through, positive ions (typically Li") diffuse from the
counter-electrode to the electrochromic layer, thereby
affecting its transparency. The practical application of
electrochromic coatings is constrained by moderate
performance characteristics of counter-electrodes.
Indeed, the development of efficient electrochromic
materials can be treated as a problem that has been
solved in general (with tungsten trioxide as the most
promising material). At the same time, the task of
development of counter-electrode materials is far from
being accomplished. In particular, this concerns the
color changes induced by lithium intercalation/
deintercalation in nickel and cobalt oxides employed in
these materials.

Boudry et al. [102] suggested CeO,_, as a candidate
material for counter-electrodes. Its major advantages
include the reversible Li" intercalation/deintercalation
and invariance of the optical characteristics under ex-
ploitation, as well as the lack of absorption in the
visible, the UV radiation blocking ability (this is of
special significance for electrochromic polymers), and,
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lastly, not very high cost. The drawback suffered by
CeO,_, in counter-electrode applications is associated
with not very high rate of lithium ion intercalation into
ceria.

In this context, it was suggested that ceria- and
titania-based (1:1) nanocomposites be used as counter-
electrode materials [102]. They afford a tenfold
increase in the effective diffusion coefficient for
lithium and the corresponding decrease in the response
time of the electrochromic coating.

Keomany et al. [103, 104] examined the functional
characteristics of (Ce0O,),—(TiO;),, thin films
synthesized by the sol-gel route. Each of the films is
essentially an amorphous TiO, matrix with nanocrys-
talline CeO, ., (1-5nm) inclusions. Those studies
showed that, in changing from neat CeO,, to
(Ce03).25—(Ti0,)o.75, the effective diffusion coefficient
of Li" tends to increase from 1.5x10 ' to 1x10™"? cm?s ™.
However, films with low cerium content exhibit too
low capacities with respect to lithium ions. Verma et
al. [105] took cerium(III) chloride and Ti(OC;H7)4 as
precursors for preparing (CeO,),—(TiO,); films. As
shown by X-ray phase analysis, crystalline ceria is
formed in films at high cerium content (>66%) only,
with CeO,_, crystallites measuring up to 14 nm in size.
The structure of the resulting films is fairly coarse-
grained, but the current densities for them exceed by
nearly an order of magnitude those reported in [104].
Hence, the functional properties of the films
substantially depend on the specific precursors and
synthesis conditions. The optimal electrochemical and
optical characteristics are exhibited by films containing
50% cerium.

Naturally, a much better quality of the CeO,-TiO,
composites compared to individual nanocrystalline
ceria stimulated the interest in development of new
composite materials on the CeO, , basis. A CeO,—
SnO, (17% SnO,) composite synthesized in [106]
exhibited a high capacity with respect to lithium ions
and a brief response time. However, Huggins [107]
showed that lithium intercalation can lead to partial
reduction of tin dioxide to SnO and Sn. This casts
doubts in suitability of CeO,—SnO, composites as
counter-electrode materials for electrochromic applica-
tions.

Berton et al. [108] and Zhu et al. [109] examined
the microstructure, as well as the optical and
electrochemical characteristics of CeO,-Si0; films. It
was found that, when the SiO, content increases from

0 to 35%, the ceria particles tend to decrease in size
from 7 to 3 nm, with the charge density increasing up
to a maximum achieved at 35% Si. A cyclic volt-
ammetry examination showed that lithium inter-
calation/deintercalation into thin CeO,-SiO, films is
totally reversible even after 2000 cycles, but the
capacity with respect to lithium is decreased by 40%.

It was suggested [110-112] that CeO,—ZrO, solid
solutions be used as counter-electrode materials. In
that case, the effective diffusion coefficients for
lithium can reach 1x107'? cm”s ™, which is comparable
with the data for CeO,-TiO, nanocomposites [104].
The functional characteristics of the resulting materials
fully satisfy the requirements posed on counter-
electrodes in electrochromic devices.

Solar Cells

Ceria is part of antireflective coatings applied in
silicon solar cells [113], which is primarily due to its
high refractive index estimated at 2.4-2.56 for thin
CeO,_, films against 2.23-2.33 for the bulk material
[114]. Also, the unit cell parameters of ceria and silica are
very close, which allows preparing high-quality epitaxial
films thereof [115].

Ceria is not a classical semiconductor, which typ-
ically prevents it from being treated as a photoactive
material. However, data by Corma et al. [116] suggest
the opposite: Mesoporous ceria films comprised of
crystallites 5 nm in diameter are suitable as working
components of solar cells. In particular, by contrast to
coarsely-dispersed  ceria, those materials are
characterized by prolonged lifetime of photoinduced
charge carriers, which exceeds that for nanocrystalline
titania (Degussa P-25). Zirconium and lanthanum
doping of CeO, , allows varying the forbidden band
width [116]. This offers prospects for development of
visible radiation-sensitive solar cells operating without
photosensitizers.

Lira-Cantu and Krebs [117] developed hybrid
polymeric solar cells based on nanodispersed CeO,_,
and CeO,-TiO, with poly[2-methoxy-5-(2'-ethyl-
hexyloxy)-1,4-phenylene vinylene].

As validated by relevant studies, ceria is suitable in
principle for solar cell applications. However, the
current strength generated by such cells is 2-3 times
lower than that achieved with titania. The advantages
offered by CeO, ,-based cells include more stable
characteristics and longer (threefold increased) service
life compared to TiO,-based devices.
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CONCLUSIONS

Nanocrystalline ceria is a unique polyfunctional
material having a broad spectrum of applications
owing to unusual physicochemical properties. These
include, in particular, a pronounced size dependence of
such essential characteristics as oxygen nonstoichio-
metry and optical and electrophysical properties. In
this context, an item of special urgency is to develop
highly efficient scalable technologies for preparation
of nanodispersed CeO,_, powders with preset micro-
morphology and controllable particle size distribution
to be suitable as precursors for preparation of func-
tional nanomaterials and nanocomposites.

Of no less significance are studies of the physico-
chemical properties of nanocrystalline CeO,, and
certification of nanomaterials thereof. In this context,
the key role will be undoubtedly played by techniques
utilizing state of the art neutron and synchrotron
radiation sources. Lastly, special attention is to be paid
to development and clinical trials of bioactive
preparations containing ceria nanoparticles.

The applications of nanocrystalline ceria are by no
means exhausted by the above-described examples.
Ceria is part of numerous catalysts, protective cor-
rosion-resistant coatings for metals and alloys,
polishing mixtures, and abrasives (in particular, those
intended for chemicomechanical treatment of silicon
wafer surface in micro- and nanoelectronics), sensors,
biosensors, etc. Development and improvement of the
functional characteristics of these and other CeO,_,-
based nanomaterials require interdisciplinary efforts by
experts in chemistry, physics, materials science,
biology, and medicine.
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