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Highly dispersed metal oxide nanoparticle sols are of great interest in science and engineering because of their
broad potential applications in optics, electronics, sensors, catalysis, biomedicines, and even in cosmetics. Here, we re-
port the size-controlled synthesis of cerium oxide nanoparticle sols by a reflux method with poly(vinylpyrrolidone) as a
coating agent to afford stable monodispersions of spherical particles with size of 50-120 nm. The size of nanoparticles
can be easily controlled by appropriate adjustment of the molecular weight of the added polymer. Colloidal crystals of
cerium oxide are also obtained by evaporation of the cerium oxide sol. As cerium oxide has a larger refractive index than
silica and polymers typically used for the preparation of colloidal crystals, the present sols are expected to be useful for
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the fabrication of high-performance photonic crystals.

Dispersions (sols) of metal oxide nanoparticles are of inter-
est in various scientific and technological fields. For example,
sols of dielectric nanoparticles are used to make dielectric de-
vices,! sols of silica nanoparticles are used to make colloidal
crystals,z*3 sols of MFe,0O4 (M = Fe, Co, and Mn) have been
used in the production of magnetic nanodevices and biomedi-
cines,* and sols of cerium oxide nanoparticles are used for
chemical mechanical polishing (CMP).>® Cerium oxide itself
exhibits a range of useful functions, including high oxygen
storage capacity,”'> high diffusion coefficient for the oxide
ion,'*!5 high refractive index,'®!” and high ultraviolet (UV)
absorption,>'® and is used in a range of applications; as a pro-
moter in three-way catalysts,”!3 in resistive oxygen gas sen-
sors,'®23 in photonic crystals,?* and in oxide ion conduc-
tors.>>?” A number of devices incorporating cerium oxide
are now in practical use. The sol of cerium oxide nanoparticles
is used not only in CMP but also as a UV absorbent.> %13
Nanoparticles of cerium oxide have been the focus of substan-
tial research, and it has been revealed in a number of studies
that the nanoparticles are spherical, with a particle size of
50-500 nm and a narrow size distribution.28-32 However, there
appear to be no reports on the preparation of stable sols of such
cerium oxide nanoparticles, which would be useful for the syn-
thesis of high-performance colloidal crystals (i.e., photonic
crystals) in addition to the applications above. Although there
are some commercialized sols including cerium oxide nano-
particles, the shape of the nanoparticles in the sols are not
spherical but polyhedral. The dispersion of nanoparticles in a
medium can be improved by applying a process that prevents
particle aggregation simultaneously with the synthesis of par-
ticles, as breaking down the aggregation after synthesis is dif-
ficult. Aggregation prevention is usually performed by coating
the surface of the nanoparticles with a polymer. Recently, a re-
flux method has been reported®® as a method for precipitating
cerium oxide nanoparticles, although the addition of alkaline
substances is the common method.>*

In this study, a sol of cerium oxide spherical nanoparticles is
prepared by a reflux method whose synthesis conditions are
much different from Ref. 28, and the dispersion of the sol is
investigated. By optimizing the synthesis conditions using ce-
rium nitrate as the source material and poly(vinylpyrrolidone)
(PVP) as the polymer, a sol of PVP-coated cerium oxide nano-
particles is obtained with good dispersion of spherical particles
of 50-120 nm in size with a narrow size distribution. The size
of nanoparticles can be controlled by appropriate adjustment
of the molecular weight of the polymer added during synthesis.
The method proposed here for the control of nanoparticle size
is novel, and contrasts with the conventional method of chang-
ing the concentration of the source material. Ordered self-ag-
gregations can be prepared using the sol, with possible appli-
cations in the fabrication of photonic crystals.

Experimental

As-Prepared Dispersion Sol and Dried Powder. Poly(vinyl-
pyrrolidone) (PVP; Sigma-Aldrich or Acros) and cerium nitrate
Ce(NO3)3+-6H,0 (Kojundo Chemical Laboratory) were added to
30cm?® of ethylene glycol (Wako Pure Chemical Industries) and
stirred. The concentrations of PVP and cerium nitrate in the solu-
tion were 120kgm~ and 0.600 kmol m~3, respectively. PVP ad-
ditives with average molecular weights of 4350—18000 were test-
ed. Molecular weights were determined by gel permeation chro-
matography calibrated against poly(ethylene glycol). The mixture
was heated under reflux to the boiling point of ethylene glycol
(190°C) for 15-20 min, yielding a white sol. A powder of the
as-prepared sol was prepared by removal of unreacted material
and excess PVP by centrifugation (10000—18000 rpm), followed
by washing with water and ethanol and drying at 80°C.

Redispersed Sol. Redispersion was investigated by dispersing
the dried nanoparticle powder in a range of media (water, ethanol,
terpineol, and ethylene glycol). The ratio of powder to dispersion
medium was fixed at 0.1 g per 5cm? in all cases. After mixing the
powder into the dispersion medium, the mixture was homogenized
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by ultrasonication (30 W) for 3—10 min under cooling but without
dispersing agents to afford a redispersed sol.

Assemblies. The redispersed sols were heated to 50 or 60°C
for slow evaporation of ethanol to afford fibrous and crystalloid
nanoparticle assemblies. Assemblies were also prepared by rapid
evaporation in a heated oven at 80°C.

Characterization. The obtained nanoparticles, sols, and as-
semblies were characterized by X-ray diffraction (XRD) analysis,
scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), Fourier transform infrared (FTIR) spectroscopy,
thermogravimetry (TG), dynamic light scattering (DLS) measure-
ments, viscosity measurements, ultraviolet (UV)—visible spectros-
copy, and optical microscopy. XRD analysis was carried out using
a RINT 2100V/PC instrument (Rigaku Corporation) equipped
with a copper source (CuKa). SEM was carried out using a
JSM-6335FM microscope (JEOL Ltd.) equipped with a field-
emission gun. TEM was carried out using a JEM-2010 instrument
(JEOL Ltd.). FTIR spectroscopy was carried out using an FT/IR-
610 spectrometer (JASCO Corporation). TG was carried out using
a TGD7000RH-S instrument (ULVAC Sniku-Riko) at a heating
rate of 15°C min~'. DLS was performed using an FPAR-1000I in-
strument (Otsuka Electronics Co., Ltd.), and the particle size was
estimated using the software provided. UV—visible spectroscopy
was carried using an MSV-370 microspectrophotometer (JASCO
Corporation) with a sampling area of 100 um x 100 um and inci-
dence angle of 67°.

Results and Discussion

Characterization of Nanoparticle Powder. A dry powder
of the as-prepared sol was used for characterization of nano-
particles. A cerium oxide sol prepared with a reflux time of
15 min using PVP with a molecular weight of 4350 was centri-
fuged and washed with water and ethanol to remove unreacted
materials and excess PVP. The resultant product was then
dried at 80 °C to eliminate the dispersion medium to afford a
dry powder.

The X-ray diffraction (XRD) pattern of the powder displays
diffraction peaks identical to that given by card 34-0934 of the
Joint Committee on Powder Diffraction Standards (JCPDS),
confirming that the powder is cerium oxide (Figure 1). The
crystallite size determined from the full-width at half-maxi-
mum of the diffraction peaks on the Williamson—Hall plot is
approximately 3 nm. Figure 2a shows a scanning electron mi-
croscopy (SEM) image of the nanoparticle powder, revealing
spherical particles with uniform size. The average particle size
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determined from the SEM images is 114 nm with a coefficient
of variation of 0.120 (standard deviation divided by average).
Figure 2b shows a transmission electron microscopy (TEM)
image of one of the 110 nm particles. The gray rim and black
core of the particle suggest that the particles observed are
aggregates of much smaller crystallite particles with size of
approximately 3 nm.

When ammonium cerium(IV) nitrate (NH4)>Ce(NO3)¢ was
used instead of cerium nitrate in the synthesis process, the
obtained nanoparticles were not CeO, but Ce(HCOO);. The
morphology of the particles was not spherical but rod, and
the sol of the nanoparticles showed poor dispersion. When
the PVP concentration was changed from 120 to 16kgm™3,
the obtained sol of the nanoparticles showed poor dispersion.
When the PVP concentration was changed from 120 to
160 kg m~3, no nanoparticles were obtained. These results im-
ply that an optimum concentration of PVP exists to obtain a
high dispersion sol. The experimental conditions to obtain a
high dispersion sol of cerium oxide nanoparticles were much
different from that of Ref. 28.

Thermogravimetry (TG) analysis revealed a gradual weight
loss of 5% with heating to 150 °C and a sudden weight loss of
15% with further heating to 300°C (Figure 3). Heating the
powder to 900 °C resulted in a total weight loss of 21%. These
results indicate that the powder is composed of not only ceri-
um oxide but also other materials that are decomposed by heat-
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Figure 1. XRD pattern of nanoparticle powder (dry pow-
der of as-prepared sol) prepared under the following con-
ditions: PVP molecular weight of 4350 and reflux time of
15 min.

Figure 2. Microstructure of nanoparticle powder prepared under the following conditions: PVP molecular weight of 4350 and

reflux time of 15 min: (a) SEM image; (b) TEM image.
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Figure 3. TG curve of nanoparticle powder (dry powder of
as-prepared sol) prepared under the following conditions:
PVP molecular weight of 4350 and reflux time of 15 min.
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Figure 4. FTIR spectra of various powders: (a) nanoparti-
cle powder (dry powder of as-prepared sol) prepared under
the following conditions: PVP molecular weight of 4350
and reflux time of 15 min, (b) dried powder of the sample
obtained after a reflux experiment of PVP 4+ EG without
Ce(NO3)3+-6H,0 at 190°C, (c) PVP powder, (d) commer-
cial CeO, powder (Mitsuwa Chemicals Co., Ltd.).

ing. This is confirmed by Fourier transform infrared (FTIR)
spectrum (Figure 4), which contains peaks not attributable to
cerium oxide. The unknown peaks are thought to be attributa-
ble to the rim layer on particles observed by TEM. The FTIR
spectrum for the rim layer is similar to that of PVP (Figure 4),
which would have decomposed under exposure to the electron
beam during TEM observations. These results suggest that that
polymer was absorbed on the surface of the secondary particles
of cerium oxide.

We demonstrated the reflux method using hydroxypropyl
cellulose with a molecular weight of 15000-30000 (HPC,
Wako Pure Chemical Industries) instead of PVP. Other exper-
imental conditions were the same as those described in the Ex-
perimental Section. The experimental results using HPC were
almost the same as those using PVP. The XRD pattern of the
obtained particles showed cerium oxide. The particle shape
was spherical. The average particle size determined from the
SEM images was 90nm with a coefficient of variation of
0.22. These results suggested that not only PVP but also other
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Figure 5. Average size of nanoparticles obtained by syn-
thesis using PVP with a molecular weight of 4350,
4790, 13900, or 18000.

polymers are applicable to the reflux method presented in this
study.

Control of Particle Size. Reflux experiments were carried
out using a range of molecular weights of PVP (4350, 4790,
13900, and 18000) to determine the effect on particle size.
The average size of nanoparticles obtained in these experiments
is shown in Figure 5. The average particle size decreased with
increasing molecular weight of PVP. The coefficient of varia-
tion for all samples was 15% or less, indicating monodispersal
of particles in all cases. The particle size of the as-prepared dis-
persion sols, as determined by dynamic light scattering (DLS)
measurements, is consistent with that of the powder determined
from SEM images. Therefore, the size of nanoparticles appears
to be controllable by appropriate adjustment of the molecular
weight of the polymer added to prevent aggregation.

We discuss the control of the particle size by the adjustment
of the molecular weight of PVP. If the molecular weight of
PVP becomes larger in a solution, a larger force is needed
for the migration of PVP. This macroscopic phenomenon is
the increase of viscosity of the liquid. For example, the viscos-
ity increases with increasing molecular weight of PVP added
into a liquid, when the weight of PVP added is constant. The
formation mechanism of nanoparticles is considered to be that
primary particles of cerium oxide nucleate and aggregate to
grow secondary particles. Because the space of the nucleation
is several nanometers,>* PVP has to be excluded in order to in-
crease the size of the secondary particles to tens of nanometers.
Although a small force is needed for the exclusion of PVP of
low molecular weight, a larger force is needed in the case of
high molecular weight. In the case of high molecular weight,
it is considered that the growth rate of the secondary particles
is small owing to the large force, and the growth stops early
because of the formation of PVP layer around the secondary
particles. This may be the reason why the particle size decreas-
es with increasing molecular weight of PVP. In the future, we
will clarify the details of the formation mechanism by analysis
of the polymer layer on the surface of the nanoparticles.

Recently, a size control method in hydrothermal synthesis
of cerium oxide nanoparticles has been reported, in which
the size of cerium oxide nanoparticles is controlled by the mo-
lar ratio of PVP to cerium nitrate and the concentration of ce-
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Figure 6. As-prepared sol and redispersed sol of cerium oxide nanoparticles: (a) Size distribution of nanoparticles in as-prepared
sol; (b) Photographs of redispersed sol in ethylene glycol (depth: 4 cm).

Table 1. Parameters of Redispersed Sols of Cerium Oxide Nanoparticles

Dispersion medium

After redispersion

Appearance after 7 days

1 day 8 days
Particle size/nm  CV®  Particle size/nm  CV?

Water 121 0.172 121 0.138  16% transparent
layer

Ethanol 115 0.261 117 0.273  13% transparent
layer

Terpineol 120 0.131 129 0.133  No change

Ethylene glycol 101 0.221 104 0.135  No change

a) Coefficient of variation.

rium nitrate.® In the report, the size is controlled by not mo-
lecular weight but molar ratio. Therefore, the reported method
is much different from our result. The control of particle size
by adjustment of molecular weight of PVP may be useful for
improvement of monodispersity of the nanoparticles, because
the molecular weight distribution of PVP used in this study
is not monodispersive but polydispersive. If the molecular
weight distribution becomes narrow, we would obtain more
monodispersed cerium oxide nanoparticles. The improvement
of monodispersity is difficult by the particle size control meth-
od described in Ref. 35. Therefore, it is considered that con-
trolling particle size using the molecular weight of PVP is
superior to that described in Ref. 35.

Characterization of Sols. The size distribution of nano-
particles in the as-prepared dispersion sol is shown in
Figure 6a. The average particle size is 110 nm, with a coeffi-
cient of variation of 0.065, consistent with the results obtained
by SEM observations. This result demonstrates that the spher-
ical particles are completely separated in ethylene glycol. This
good dispersion may be due to coating with PVP. It is consid-
ered that aggregation is prevented by coating with PVP be-
cause the polymer is lyophilic in dispersion media, and/or that
the polymer coating acts as a barrier to aggregation.

The DLS particle size of the sols prepared by redispersing
the dried powder in various media is shown in Table 1. The
results show that dispersion was very good even in the case
of redispersion. The size of cerium oxide nanoparticles in
the redispersed sol after 1 day is approximately equal to that
after 8 days, indicating that aggregation did not occur even af-
ter 7-8 days. Figure 6b shows photographs of a redispersed sol
of cerium oxide nanoparticles in ethylene glycol after 0, 2, 7,

and 14 days. No precipitation or transparent layer was ob-
served in these samples, demonstrating that the redispersed
sols are stable over extended periods. Redispersion in water
or ethanol resulted in the appearance of a transparent layer
on the surface of the sol after 7 days, indicating that sedimen-
tation of the nanoparticles occurred. The transparent layer was
not observed in the case of redispersion in terpineol or ethyl-
ene glycol. The transparent layer appears due to the ready sed-
imentation in water and ethanol, which have lower viscosity
(ca. 1 mPas)*®¥ compared to terpineol or ethylene glycol
(10-40 mPass).383° After 4 months, the redispersed terpineol
and ethylene glycol sols exhibited approximately only 10%
of transparent layer at the top of the sols, while approximately
90% of the sol was transparent in the case of the water and
ethanol sols. This further demonstrates the stability of the ter-
pineol and ethylene glycol sols. However, the opaque layer in
all cases was still soft, and uniform dispersion could be achiev-
ed with small vibration. The ability for redispersion is attribut-
ed to the PVP coating on the cerium oxide nanoparticles.
Characterization of Nanoparticle Assembly. Assemblies
of nanoparticles were obtained by slow and rapid evaporation
of ethanol from the sols by heating at different temperatures.
Figure 7a shows an optical micrograph of the resultant assem-
blies obtained by slow evaporation. The formation of assem-
blies of silica has been reported to occur through the formation
of homogeneous films followed by the generation and propa-
gation of cracks and the formation of fibers.*> The formation
mechanism of the assembly prepared by slow evaporation ap-
pears to be similar to that of silica.*® Cracks in the lower layers
of the assembly could be observed through the upper layers in
the optical micrographs, indicating that this assembly transmit-
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Figure 7. Microstructure of assemblies formed by slow evaporation: (a) Optical micrograph; (b) SEM image; (c) High-magnifica-

tion SEM image.

10 T T T T

sl Assemblies A sz

f\ =
.:\I

=
i
g s : . : |
§ st ; S
2 Assemblies B ]
U 4
-5}
il
N
LI e—
0 I I L L
200 300 400 500 600 700

Wavelength, /nm

Figure 8. UV-visible spectra for assemblies formed by
slow (A) and rapid (B) evaporation.

ted visible light. The SEM image of the assembly (Figure 7b)
reveals a structure of rectangular parallelepipeds with very
smooth planes. The ordered structure as shown in Figure 7c
was observed on the surface of the assembly, although not
whole.

Figure 8 shows the ultraviolet (UV)-visible reflectance
spectra of both assemblies. In the case of the assembly pre-
pared by rapid evaporation, the reflectance is constant over a
wavelength range of 250 to 350 nm, above which the reflec-
tance increases with wavelength from 350 to 450nm. The
slow-evaporation assembly, on the other hand, exhibits a peak
reflectance near 330 nm. The wavelength (1) of light reflected
by Bragg diffraction owing to the ordered arrangement of

nanoparticles can be calculated by the following equation:>*!
A = 2D’ ¢ — sin” 0)°, (1
where
ner = n*1 Vi + n V. 2

Here, D is the spacing between planes, n.s is the average re-
fractive index, 6 is the angle between the incident ray and scat-
tering planes, n; is the refractive index of component i, and V;
is the volume of component i. As the average size of nanopar-
ticles is 110 nm, D is 110 nm. The value of 0 of the UV—visible
instrument is 67°. If the structure of the arrangement of nano-
particles is assumed to be face-centered cubic (fcc), V, = 0.74
and V, = 0.26. Using values of n; = 2.1'%17 and n, = 1, the
calculated wavelength of reflected light is 4 = 359 nm, which
is only 10% larger than the experimental value. The difference
between the calculated and experimental values may be due to
the influence of the PVP coating on the nanoparticles, as the
PVP layer cannot be included in these calculations. The reflec-
tance peak at 330 nm is thus attributed to the ordered arrange-
ment of nanoparticles, representing a colloidal crystal (i.e.,
photonic crystal). This result therefore indicates that the nano-
particles underwent ordered self-arrangement during evapora-
tion. In general, if the particles have no spherical structure or
small size distribution, an assembly with ordered structure
can not be obtained. Therefore, the realization of ordered self-
arrangement is evidence that the nanoparticles have spherical
shape with narrow size distribution. The broadness of the peak
suggests the inclusion of many defects in the assembly. Never-
theless, it is expected that a highly ordered structure can be ob-
tained through optimization of the synthesis process of assem-
bly and the preparation of a sol containing spherical particles
with a very narrow size distribution.

Conclusion

By a very simple synthesis process, sols of polymer-coated
spherical and monodispersed cerium oxide nanoparticles were
obtained. Coating the nanoparticles with a lyophilic polymer
(PVP) was found to be effective for promoting good dispersion
in a range of media. Self-assembled structures of nanoparticles
were obtained easily by evaporation of the sols, and the or-
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dered arrangement of nanoparticles in the resultant assemblies
was found to be excellent. As there are many applications
of cerium oxide nanoparticles in dry and sol form, the present
results represent a valuable contribution to progress in the
science and technology of cerium oxide nanoparticles. In
future research, we plan to make spherical nanoparticles of
cerium oxide with a very narrow size distribution and a colloi-
dal crystal with more highly ordered structure.

We thank Y. Hayakawa for helpful discussions on gel per-
meation chromatography, E. Watanabe for centrifuge process-
ing, and T. Kimura for helpful discussions on TEM.
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