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Synthesis and microstructure
of calcia doped ceria as UV filters
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Fine particles of calcium oxide doped cerium dioxide, 2-4 nm in diameter, were prepared
by the chemical reaction of CeCls-CaCl, mixed aqueous solution and NaOH aqueous
solution at pH 6-12 and 40°C followed by the oxidation with hydrogen peroxide. Doping of
CaO with CeO; resulted in decreasing the particle size and consequently, increasing UV
shielding efficiency and transparency to visible light. The particle shape of ceria changed
significantly depending on the reaction condition, i.e., rod-like particles and spherical
particles were formed by the H,0, oxidation of cerium trihydroxide pH above 8 and

below 7, respectively. © 2002 Kluwer Academic Publishers

1. Introduction

Ultrafine titanium dioxide and zinc oxide which are
n-type semiconductor possessing ca. 3 eV of band gap
energy are effective inorganic sunscreens used in cos-
metics, however, their high refractive indices can make
the skin look unnaturally white when incorporated into
the products. Additionally, their high photocatalytic
activity facilitates the generation of reactive oxygen
species, which can oxidize and degrade other ingredi-
ents in the formulation, raising safety concerns. Cerium
dioxide (CeO,) possessing ca. 3 eV of band gap energy
has characteristics ideal in a broad-spectrum inorganic
sunscreen: it is quite transparent to visible light, but
has excellent ultraviolet radiation absorption proper-
ties, and appears natural on the skin without impart-
ing an excessively pale white look. Many workers have
prepared cerium dioxide using various methods in or-
der to control the size and morphology of the particles
[1-11]. Synthesis of inorganic materials via so-called
soft solution chemistry route is a promising method to
control the morphology of the products. In a previous
paper [12], we succeeded in synthesizing nanoparticles
of CeO, by the chemical reaction of CeCl3; and NaOH
aqueous solutions at 40-60°C. However, nanoparticles
of CeO;, had high catalytic activity for the oxidation
of organic materials. The oxidation catalytic activity of
CeO; could successfully be decreased by coating with
amorphous silica [12], but coating with amorphous sil-
ica resulted in decreasing UV-shielding effect. It was
also found that the oxidation catalytic activity of ceria
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could be decreased substantially by doping with Ca>*
[13]. The morphology and UV-shielding property of
nanoparticles of CeO, changed significantly depending
on the reaction conditions such as pH, etc., however, the
details have not been clarified yet. In the present paper
a series of test were conducted to evaluate the effect of
reaction conditions on the morphology of CaO-doped
CeO, particles.

2. Experimental method

All chemicals were of reagent grade and used without
further purification. The fine powders of calcia doped
ceria were prepared by so-called soft solution chem-
ical reactions at 40°C via 3 different routes (Method
A-C). At first 100 cm? of CeCls and CaCl, mixed aque-
ous solution (CeClz + CaCl, = 1M) and stoichiometric
amount of 3 M NaOH aqueous solution were simulta-
neously added to 150 cm? of distilled water at 40°C at
a flow rate of 0.83 cm?/min with stirring to precipate
Ca?* doped Ce(OH)3. After adjusting the solution to
pH 11 with IM HCI and/or NaOH, 25 cm? of 6 wt%
H,0, aqueous solution was added at a flow rate of
1.25 cm?/min to oxidize Ca’>* doped Ce(OH); to form
CaO doped CeO,. Finally the samples were washed
with water and methyl alcohol several times and suffi-
ciently dried at 120°C. These process was designated as
Method A. Method B was the same with method A ex-
cept for adjusting solution pH to 7 before adding H,O,
aqueous solution. In Method C, the solutions of NaOH,
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CeCl3-CaCl, and H,O, were simultaneously dropped
into 150 cm? of distilled water (40°C) with stirring and
adjusting pH at 7.

The crystalline phase was determined by X-ray
diffraction analysis (Shimadzu XD-01) The mor-
phology of the samples was observed by transmis-
sion electron microscopy (TEM)(JEM-1200EX II and
JEM-3010 operated at 100 and 300 kV, respectively).
The specific surface area of the powders was measured
by BET. The UV-shielding properties of the particles
were evaluated by measuring the transmittance of the
film uniformly dispersed the sample powder with a UV-
Vis spectrophotometer (Shimadzu UV-2500PC), where
2 g of powder, 4 g of nitrocellulose of industrial grade,
10 g of ethyl acetate and 9 g of butyl acetate were mixed
uniformly using a paint shaker (Asada) and 100 g of
2.7¢ zirconia ball for 40 h. The dispersion mixture was
applied onto a quartz glass plate with an applicator.
Thickness of the film was 3 um after drying at room
temperature for 24 h.

3. Results and discussion

3.1. Solubility limit of CaO doped ceria

The composition of precipitate determined by a induc-
tively coupled plasma spectrometry (ICP) are listed in
Table I. In the case of the higher final solution pH
(Method A), most of ICP data were in fair agreement
with the amount of added materials. The results showed
that total amount of CaO were doped in CeO;. But in
the case of adding 30 mol% CaO, the precipitate didn’t
contain 30%mol CaO. It suggested that solubility limit
of CaO in CeO; is less than 30 mol%. On the other
hand, in the case of lower final solution pH (Method
B and C), the amount of Ca’* in precipitates were less
than those added in the solutions. It might be due to the
large solubility of Ca’>* below pH 7.

XRD patterns of ceria doped with various amount of
calcia formed by Method A are shown in Fig. 1. All
peaks could be identified as ceria with fluorite struc-
ture of space group Fm3m although the peak position
slightly shifted to low 26 angle with increasing CaO
content. The samples contained ca. 13 wt% H,O and
showed broad XRD peaks. Therefore, the lattice con-
stants of ceria determined after calcination at 1000°C
for 1 hr in order to obtain clear XRD pattern using
NaCl as an internal standard are plotted as a func-
tion of CaO content in Fig. 2. The lattice constant
linearly increased with increasing CaO content up to
20 mol% and then almost constant, indicating the solu-
bility limit is ca. 20 mol% and Ca>* possessing larger
ionic size (1.12 A) simply substitutes for Ce** (0.97 A)
in CGOQ.

TABLE I The composition of CaO doped CeO, with ICP
measurement

Analytical value/wt%

Ca/(Ca+Ce) Ca/(Ca+Ce)

added mol% CeO, CaO H,O» Found mol%
5 85.40 1.61 13.00 5.48

10 82.80 2.76 14.40 9.30

20 80.30 6.21 13.50 19.20

30 78.90 7.11 14.00 21.70
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Figure 1 X-ray diffraction profiles of (a) B : 20 mol% CaO doped CeO;
and (b) B : undoped ceria, ¥ : NaCl fabricated by Method A.
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Figure 2 Lattice constant of ceria as a function of CaO content.

3.2. Particle shape and size
TEM images of (a) undoped CeO, and (b) 20 mol%
CaO doped CeO; formed by Method A are shown in
Fig. 3, where the solutions were kept above pH 8 dur-
ing the oxidation reactions of Ce(III) to Ce(IV). Both
samples consisted of rod-like particles similar to the
cerium hydroxide before H, O, oxidation in both Meth-
ods A and B as shown in Fig. 4a but the particle size
was significantly different. The particle length of un-
doped CeO; and 20 mol% CaO doped CeO, were ca.
40-50 nm and 5-10 nm, respectively, indicating that
doping CaO with CeO; resulted in decreasing the par-
ticle size of ceria. This mechanism has not been fully
understood and further study is necessary to clarify it.
On the other hand, the 20 mol% CaO doped CeO,
particles formed by adjusting the solution pH above 8
and below 7 during the neutralization reaction and ox-
idation reaction, respectively (method B), were spher-
ical as shown in Fig. 4b. Undoped CeO, particles
prepared by the similar reaction conditions were also
spherical and has similar particle size. It is notable that
rod-like and spherical particles of ceria were formed
depending on the solution pH during the oxidation re-
actions of Ce(II) to Ce(IV). In solutions below pH 7
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Figure 3 TEM images of (a) undoped CeO, and (b) 20 mol% CaO doped CeO, formed by Method A (the solution during H,O, oxidation was kept
above pH 8).

Figure 4 TEM images of (a) 20 mol% CaZt doped Ce(OH)3 (before HO, oxidation in Methods A and B), (b) 20 mol% CaO doped CeO; oxidized
at pH 7 (Method B) and (c) 20 mol% CaO doped CeO; oxidized at pH 11 (Method C). (Continued.)
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Figure 4 (Continued.)

during the oxidation reaction, we observed, with the
TEM, that the rod-like Ce(OH);3 particles had begun
to separate into spherical shaped subunits after a few
minutes to form spherical CeO,. Therefore, the H,O,
oxidation reaction appeared to proceed by a topotac-
tic reaction mechanism and a dissolution-precipitation
mechanism in alkaline solution and acidic solution,
respectively.

Furthermore, similar spherical particles of undoped
and 20 mol% CaO doped CeO, were also obtained by
conducting a neutralization reaction and oxidation reac-
tion simultaneously by adding CeCl; and CaCl, mixed
aqueous solution, NaOH aqueous solution and H,05,
simultaneously (method C). Fig. 4c shows the TEM
image of the 20 mol% CaO doped CeO; adjusting the
solution pH above 11 during the whole reactions. Al-
though the pH of the solution was kept above 11, spher-
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ical nanoparticles of ceria were obtained. It may be due
to the lack of time to grow rod-like Ce(OH); parti-
cles since the nano sized spherical Ce(OH)s particles
formed should be immediately oxidized to ceria un-
der present reaction conditions. High resolution TEM
image of Ca’>" doped Ce(OH); are shown in Fig. 5.
Large lod-like particles was not single crystal but con-
sisted of small subunits ca. 5 nm in diameter. Matijevic
[14, 15] has pointed out that the formation of spherical
CeO, particles of narrow size distributions, consisting
of a large number of small subunits, is caused by the
uniformity of the latter and the chemical surface re-
actions taking place on their collisions. Similar reac-
tions seemed to proceed in the formation of rod like
Ce(OH); particles under present reaction conditions.
BET specific surface areas of undoped ceria, 20 mol%
CaO doped ceria via method A and 20 mol% CaO



Figure 5 High resolution TEM images of 20 mol% Ca?* doped Ce(OH);.
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Figure 6 UV-Vis transmittance spectra of [J : undoped CeO, and
W : 20 mol% CaO doped CeO, formed by Method A.

doped ceria via method C were 67, 111 and 101m?/g,
respectively.

UV-Vis transmittance spectra of (a) undoped CeO,
and (b) 20 mol% CaO doped CeO, formed by Method
A are shown in Fig. 6. CaO doped CeO, showed excel-
lent UV-shielding capacity and high transparency in the
visible light comparing with undoped CeO;. The dif-
ference might be due to the difference in particle size.
Namely, since the particle size of CaO doped CeO, was
much smaller than that of undoped CeO,, the particles
dispersed well in the film and consequently could ab-
sorb UV-light more effectively. On the other hand, since
the scattering of the light decreases with decreasing
the particle size, the nanoparticles of CaO doped CeO,
could show higher transparency in visible light region.

4. Conclusions
From the present results, following conclusions may be
drawn. (1) Fine particles of calcia doped ceria, 2—4 nm

in diameter, were prepared by the chemical reaction
of CeCl3-CaCl, mixed aqueous solution and NaOH
aqueous solution at pH 6-12 and 40°C followed by
the oxidation with hydrogen peroxide. (2) Doping CaO
with CeO; resulted in decreasing the particle size and
consequently, increasing UV shielding efficiency and
transparency to visible light. (3) The particle shape of
ceria changed significantly depending on the reaction
condition, i.e., rod-like particles and spherical particles
were formed by the H,O, oxidation of cerium hydrox-
ide above 8 and below 7, respectively.
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