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CHEMISTRY

A new UV-blocking material consisting of cerium oxide (ceria) and turbostratic boron nitride (t-BN) has been
synthesized. The surface of the ceria powders was coated with a t-BN layer by means of reaction between boric
acid and urea on the surface of ceria. The thickness of the t-BN layer estimated by high resolution transmission
electron microscopy was ca. 10 nm. The BN-coating was very effective in reducing the catalytic activity of the
ceria and the resulting matrial showed good light scattering and absorption of UV light. BN-coated ceria
particles included in an organic thin film showed higher transparency and blocked UV light more effectively
than conventional micronized titanium dioxide or zinc oxide particles, two inorganic materials in common use
in cosmetics and in many other applications as UV blocking materials.

1 Introduction

It is well known that ultraviolet (UV) rays cause sunburn and
suntanning.! Sunburn is mainly caused by UV-B radiation
(290-320 nm) whereas suntanning is mainly caused by both of
UV-B and UV-A radiation (320400 nm).! Although the
percentage of UV-B in total UV radiation is only ca. 10%,*
its effect in causing sunburn and to damage DNA is very
strong.!® The effect of UV-A to cause sunburn is weak, but
UV-A still produces active oxygen which can change the
structures of collagen and elastin, oxidize lipids, and also
damage DNA.'= Therefore, UV rays in sunlight are important
factors which produce skin cancer, accelerate the aging of skin
such as through the formation of wrinkles and blotches, and
induce other deleterious effects on human skin. Recently,
sunscreen products and their degree of efficacy have greatly
increased with the spread of consumers’ knowledge on the
harmful effects of UV rays.

Many organic UV absorbers and inorganic UV blocking
materials, such as micronized rutile titanium dioxide (TiO,)
and zinc oxide (ZnO) are used in practical cosmetics.’
However, organic absorbers may have safety problems when
they are used at high concentrations.® Titanium dioxide is a
very good material for blocking UV rays, but has a high
photocatalytic activity.” Also, cosmetics incorporating TiO,
particles produce unnatural pale white colors because of the
light reflecting and scattering properties of TiO, in the visible
region.® Clearly this is not good for application to cosmetics.
Although ZnO is also well known as a UV blocking material,
especially in the UV-A region,’ it has a high oxidation catalytic
activity.'%!!

Bandgap energies of TiO, (rutile) and ZnO, the conventional
inorganic UV blocking materials, are 3.0'%13 and 3.4 v, 1410
respectively. Cerium oxide (CeO,) is also well known as a UV
blocking oxide,'” since its bandgap energy is ca. 3.1 eV.22?
In addition, the refractive index of CeO, in the visible region is
2.1-2.2%728 which is less than that of rutile TiO, (2.5-2.7)*° and
is almost the same as that of ZnO (2.0-2.1).%° This suggests the
transparency of CeQO, is as the same as that of ZnO which
shows a higher transparency than TiO; in a form of thin film.
As a result, CeO, is becoming more prominent as a new UV
blocking material for cosmetics. However, CeO, fine particles

readily aggregate or agglomerate to each other to form hard
and rough surfaces,’!*? leading to lack of smoothness and a
hard touch to the skin. In addition, the high catalytic activity of
Ce0,>* may cause oxidation of sebum as well as deterioration
of the products. Consequently, there have been only a few
studies on the use of cerium dioxide as a UV blocking material
for cosmetics.>*>*

In this study, a new UV blocking material consisting of
cerium dioxide (CeQO,) and turbostratic boron nitride (t-BN)
has been synthesized by reaction between boric acid and urea
on the surface of ceria fine powders. Boron nitride is a
chemically and thermally stable white compound which shows
good slipperiness, spreading and appropriate covering
effects.>®>” Therefore, it is expected that a surface coating of
boron nitride would be effective in whitening ceria powders and
to restrain their high catalytic activities.

2 Experimental

Cerium dioxide fine powder (Shin-Nippon Kinzoku Kagaku)
with average diameters of 10 and 3.5 um for primary and
secondary particles, respectively, was of >99.9% purity. Boric
acid (Wako Pure Chemical Industries), urea (Wako Pure
Chemical Industries) and ethanol (Wako Pure Chemical
Industries) of the best quality commercially available were
used without further purification. Commercially available TiO,
(rutile, Wako Pure Chemical), TiO, (anatase, Degussa P-25)
and ZnO (Sakai Chemical FINEX-25) powders were used for
comparison studies.

Cerium dioxide particles (5 g) were ultrasonically dispersed
in 200 ml of ethanol containing dissolved boric acid and urea.
During the dispersion, 100 ml of deionized water was added to
prevent formation and vaporization of boron ethoxide. The
amount of boric acid was adjusted so as to correspond to
70 vol% of the obtained powder when all of the boric acid
reacted to form boron nitride, while the amount of urea
employed for the reaction was twice the stoichiometric value.
After ultrasonic dispersion for 1 h, the solvent was distilled off
using a rotary evaporator and the obtained powders were
vacuum-dried at 353 K for 2 days. The dried powders were
heated at 773 K in a nitrogen flow for 3 h and subsequently
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calcined at the same temperature in air for 3 h. After washing
with deionized water and then ethanol, the powders were dried
in an oven at 353 K. Pure turbostratic boron nitride was also
prepared from 3.8 g of boric acid and 7.4 g of urea in a similar
manner to the preparation of the t-BN-coated CeO,, to
compare catalytic activities and surface composition.

The obtained particles were characterized by X-ray diffrac-
tion (XRD) using Cu-Ka radiation (MAC Science M18XHF-
SHA). The morphology and the surface condition of the
particles were observed using a high-resolution electron
microscope (HREM) (Hitachi H-9000) operated at
300 kV. The microscope had a point resolution of 0.19 nm.
The average size and size distribution of the secondary particles
were measured using a particle size analyzer (HORIBA LA-
500). Densities were determined by means of a small
pycnometer employing water at 298 K. Surface composition
and coverage were examined by X-ray photoelectron spectro-
scopy (XPS) using Mg-Ka radiation (ULVAC 5500MT).

Catalytic activities of the t-BN-coated powders were
measured by the conductometric determination method
(CDM) which utilized oxidation of castor oil.>**>*® This
method has been used extensively to determine the oxidative
deterioration of fats and oils,>*' but it has also been
confirmed that this method is effective for estimating the
catalytic activity of inorganic pigments for oil containing
cosmetics.*® A sample of 0.3 g of t-BN-coated CeO, powder
was mixed with 5 g of castor oil and maintained at 403 K** with
bubbling of air (15 litersh™") for 3 h with the effluent gas
introduced into deionized water placed in an electric con-
ductivity measurement cell. Volatile molecules produced by the
oxidation of the castor oil were trapped in the water leading to
an increased conductivity. The degree of catalytic activity was
estimated by the extent of conductivity change after 3 h
oxidation. The photocatalytic activities of the samples were
also estimated by light irradiation for 9h using a solar
simulator (Yamashita Denso YSS-80) at room temperature.

Optical properties of the powder and thin film samples were
measured with a UV-VIS spectrometer (Shimadzu UV-2000).
The optical reflectance of the powder was measured using
barium sulfate as a reference. The thin film sample was
prepared by application of a mixture of 0.9 g of the BN-coated
CeO, powder with 2.0 g of castor oil and 10 g of clear lacquer
onto a quartz glass plate by dip coating. The thickness of the
film was 40 pm. Similar film samples containing TiO,, ZnO and
CeO, particles were also prepared adjusting the concentrations
of the powders to give the same approximate level of
transmittance in the visible region.

3 Results and discussion
3.1 Characteristics of the BN-coated CeQ, fine powders

Fig. 1 shows the change of the X-ray diffraction patterns
during boron nitride formation on the CeQO, fine powders. The
pattern of the CeO, fine powder is shown in Fig. 1(a). All of the
peaks were broad owing to the small size of the crystallites.
Fig. 1(b) shows the pattern of the sample after the evaporation
of ethanol and water. The diffraction patterns of boric acid and
urea were observed in addition to that of cerium oxide. The
peaks of boric acid and urea disappeared after nitrification and
calcination and a broad but very weak peak appeared at 20 ca.
25° [Fig. 1(c)] which suggested the formation of turbostratic*’
boron nitride.***® Turbostratic boron nitride (t-BN) has a
semi-crystalline structure and is a precursor of hexagonal
boron nitride (h-BN).**#¢ The structure of t-BN is analogous
to turbostratic carbon black, and can be defined in terms of
B3;Nj; hexagonal layers stacked roughly parallel to each other
with a random rotation and translation above the layer normal
which indicates a two-dimensional ordering of the mole-
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Fig. 1 XRD patterns of t-BN-coated CeO, powders: (a) starting
CeO,, (b) precursor before nitriding and subsequent calcination and (c)
t-BN-coated CeO..

cules.***  After t-BN-coating, the cerium oxide powder
changed from pale yellow to pale beige.

Size distribution histograms of the secondary particles of the
starting CeO, and t-BN-coated CeO, particles are shown in
Fig.2 while the average particle size and density are
summarized in Table 1. After the t-BN coating, the amount
of smaller particles increased while the average particle size of
the samples slightly increased from 3.5 to 4.9 pm. These results
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Fig. 2 Secondary particle size distribution histograms of CeO, and the
BN-coated CeO, powder: (a) starting CeO, and (b) t-BN-coated CeO,.



Table 1 Average size and powder density for t-BN-coated CeO,

Sample Average size/pm Powder density/g cm >
CeO, 35 3.79
t-BN-coated CeO, 4.9 2.59

suggest that hard aggregation and particle growth of CeO,
particles were prevented by ultrasonic dispersion and sub-
sequent coating with turbostratic boron nitride. The apparent
powder densities of the t-BN-coated CeO, powders also
decreased upon t-BN-coating.

3.2 HREM and XPS results

Fig. 3 shows a representative high-resolution electron micro-
graph (HREM) of t-BN-coated CeO, powders. The secondary
powder consisted of fine CeO, primary particles of 10 nm
diameter with the surface of the particles covered with a
somewhat disordered layer. Crossed lattice fringes correspond-
ing to the {111} reflections (0.31 nm) are seen for the CeO,
partcles while BN {002} lattice fringes having an interplanar
spacing of 0.34 nm were observed in the partially ordered outer
surface in the turbostratic boron nitride layer. This interplanar
spacing value (0.34 nm) corresponds closely to reported values
for hexagonal boron nitride.*’* The t-BN film covered the
CeO, particles with a thickness of ca. 10 nm, and was not
removed by washing in boiling water. This suggests a tightly
adherent coating, although it is difficult to find direct evidence
to elucidate the bonding between CeO, and t-BN from the
HREM image. Direct bonding would appear important, since
exfoliation of the t-BN layer would lead to the reappearance of
the CeO, surface which catalyzes oxidation.

X-Ray photoelectron spectra (XPS) are shown in Fig. 4.
Cerium oxide usually shows Ce 3d peaks at ca. 880-900 eV with
very strong satellite peaks caused by the induced electron
transfer from oxygen to cerium.>® However, the XPS spectrum
of the t-BN-coated CeO, [Fig. 4(c)] showed, at most, very weak
Ce 3d peaks while B1s and N 1s peaks were prominent. The
binding energies of the B 1s and the N Is peaks were 191.2 and
398.1 eV, respectively, which were slightly larger than those for
B1s (190.3eV) and N1s (397.9 eV) reported for hexagonal
boron nitride.>® In comparison, the binding energies of the B 1s
and N 1s peaks for turbostratic boron nitride prepared by the
reaction of boric acid with urea were 190.6 and 398.0 eV,
respectively. Surface compositions of cerium, boron, nitrogen
and oxygen of the t-BN-coated CeO, and the t-BN powders
were determined by the ratio of peak area intensities for
Ce3d:B1s:N1s:01s and results are summarized in Table 2.
The surface coverage of the cerium oxide with turbostratic
boron nitride calculated from the Ce 3d intensity was ca. 95%.
However, the oxygen content is high for both t-BN-coated
CeO, and t-BN.

Fig. 3 High-resolution electron micrograph of a t-BN-coated CeO,
powder.
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Fig. 4 XPS spectra of CeO,, t-BN and t-BN-coated CeO, powder: (a)
starting CeO,, (b) t-BN and (c) t-BN-coated CeO,.

Hubacek et al *>>! reported the presence of oxygen-contain-

ing phases interpreted as boron oxynitride and amorphous
boric oxide, when turbostratic boron nitride was prepared from
boric acid and urea. They elucidated that the products
prepared from boric acid and urea at temperatures as low as
493 K had the XRD diffraction patterns of t-BN, and the
prepared t-BN showed a high oxygen content of between 28
and 59 atom% which depended on the concentration of urea.*®
In turbostratic boron nitride, boron nitride and amorphous
boric oxide phases are interconnected by coordinatively
unsaturated dangling bonds at the periphery of the planar
boron nitride molecules. Boron oxynitride exists between these
two phases but is not an individual compound, rather it
represents an interfacial zone present between t-BN and
amorphous boric oxide networks. Also, the interfacial zone
represents a natural transition from boron nitride to amor-
phous boric oxide. This specific character of the transition
phase was elucidated from IR spectra measurements.*® The
present results obtained from the XPS spectra measurements of
the t-BN-coated CeO, and the t-BN powders support this
explanation, and it is suggested that the small differences of the
binding energies and the high oxygen content observed for the
t-BN-coated CeO, and the t-BN are due to the presence of a
substantial amount of residual oxygen from boron oxynitride
and amorphous boric oxide phases. Consequently, an explana-
tion for the strong interaction between t-BN and CeO, could be
attributed to the presence of chemical bonding through
bridging oxygen atoms.

3.3 Evaluation of catalytic activities

Catalytic activities of the samples measured by conductometric
determination are summarized in Table 3. After oxidation of
castor oil for 3 h, the electronic conductivity changes for the
t-BN-coated CeO, powders were compared with those of TiO,
(rutile), ZnO, and CeO,. The starting CeO, powders without
t-BN-coating showed higher activity than those of the other
powders. However, the catalytic activity was decreased after
t-BN-coating. The deactivation of the catalysis is in accord
with the surface coverage results obtained from the XPS
analysis. These results indicate that coating with turbostratic
boron nitride is very effective in reducing the high catalytic
activity of the CeO, powders. The electronic conductivity
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Table 2 Surface composition of t-BN-coated CeO, and t-BN

Surface concentration (atom%o)

Sample Ce3d Bls Nls Ols
t-BN-coated CeO, 2.5 324 10.9 54.2
t-BN 0 354 19.3 453

Table 3 Composition of thermal catalytic activities

1

Sample Electric conductivity/puS cm ™
t-BN-coated CeO, 12.5
CeO, 48.1
t-BN 8.0
TiO; (rutile) 13.1
TiO, (anatase) 12.0
ZnO 28.5
Castor oil 7.1

change of the t-BN-coated CeO, powders upon heating was
smaller than that of ZnO and almost equal to those of rutile
and anatase TiO, powders. Moreover, the t-BN-coated CeO,,
pure CeO, and ZnO showed no photocatalytic activity, while
TiO; had a high photocatalytic activity (Table 4).

3.4 Optical properties

Fig. 5 shows the reflection spectra of pressed powders of t-BN-
coated CeO, compared with those of pure CeO,, micronized
TiO;, (rutile) and ZnO powders. In the powder reflection
spectra, low reflectance values indicate high absorption in the
corresponding wavelength region. Zinc oxide and titanium
oxide totally reflected visible light, while the reflectance of pure
CeO, was reduced below 480 nm. The reflectance of the t-BN-
coated CeO, in the visible region was lower than those of the
above three samples. Taking account of the results for pure
CeO,, this reduction in reflectance can be ascribed to the
formation of a turbostratic BN layer on the surface of the
cerium oxide. Below 400 nm, the BN-coated CeO, powder
effectively absorbed UV radiation. In the reflectance spectra
there was very little difference among all samples in the UV-B
region in the region 290-320 nm, but a clear difference was
observed in the UV-A region especially in the region 390—
400 nm. As mentioned in the Introduction, titanium dioxide is
a very good material for blocking UV radiation, but the effect
in blocking UV-A rays above 380 nm was relatively lower than
that for the t-BN-coated CeO,. The wavelength at which the
reflectance began to decrease was lower for ZnO than TiO,
since the bandgap energy of ZnO is higher than that of TiO,
(rutile),">'® but the reflectance fell sharply from 380 to 370 nm.
Consequently, the absorption of long wavelength UV light in
the region 320-380 nm was greater than that for TiO,. Cerium
oxide and the t-BN-coated CeO, showed better absorption
over the whole of the UV-A region from 320 to 400 nm than
TiO, and ZnO, and in particular, the t-BN-coated CeO,
showed lower reflectance in the long wavelength UV region
near 400 nm than the other powders. The high absorption (low
reflection) in the UV region for the BN-coated CeO, showed
that this material was suitable as a UV-blocking material.

Table 4 Comparison of photocatalytic activities

Sample Electric conductivity/pS cm ™!
t-BN-coated CeO, 4.5
CeO, 49
TiO, (rutile) 10.0
TiO, (anatase) 13.9
ZnO 5.1
Castor oil 4.1
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Fig. 5 Reflectance spectra of UV blocking powders: (a) t-BN-coated
Ce0,, (b) CeO,, (c) ZnO and (d) TiO, (rutile).

Fig. 6 shows the transmittance of films with thickness of
40 pum. The films were composed of castor oil, clear lacquer and
inorganic UV blocking material. The concentrations of the
samples containing t-BN-CeO,, TiO, (rutile), ZnO and CeO,
fine powders were 7, 1, 3 and 5wt%, respectively. These
concentrations were adjusted to give the same approximate
level of transmittance in the visible regon for all the films. The
low transparency of TiO, arises from the high masking
property of this material. Generally, TiO, shows perfect
reflectance in the visible region (Fig. 5) but the material has
a high refractive index of ca. 2.6.>° This high refractive index
leads to a high degree of masking, and, therefore, it is relatively
difficult to obtain high transparency when TiO, is applied in
the form of thin films. On the other hand, the refractive indices
in the visible region of CeO, (ca. 2.1),>"*® ZnO (ca. 2.0)** and
BN (ca. 1.74)°% are lower than that of TiO,, suggesting that thin
film samples containing CeO,, ZnO and t-BN particles should
be more transparent in the visible region than films containing
TiO,. The absorbance of the thin film of t-BN-CeO, particles
started at 400 nm and the transmittance reached zero at
350 nm. This absorption behavior was similar to that of CeO,.
By contrast, absorbance of thin films of TiO, (rutile) and ZnO
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Fig. 6 Transmittance spectra of thin films containing UV blocking

particles: (a) 7 wt% t-BN-coated CeO,, (b) 5 wt% CeO,, (¢) 3 wt% ZnO
and (d) 1 wt% TiO; (rutile).



started at lower wavelength than for the t-BN-coated sample.
As a result, in the long wavelength UV-A region (380400 nm)
the blocking effects of CeO, and t-BN-CeO, are higher than
those of TiO, and ZnO.

4 Conclusions

A new material consisting of cerium oxide and turbostratic
boron nitride was prepared by chemical reaction of boric acid
and urea on the surface of the cerium oxide fine powders. The
surface coating with t-BN is very effective in reducing catalysis,
is highly transparent, yet shows the good UV blocking property
of cerium oxide. The low reactivity is attributed to covering of
active catalytic sites by chemical blocking through bridging
oxygen atoms while the high transparency is due to the low
refractive indices of t-BN and CeO, in the visible region. These
characteristics suggest that this material is suitable for
cosmetics and in many other applications as a UV blocking
material.
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