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Abstract

Cerium–titanium pyrophosphates Ce1−xTixP2O7 (with x = 0, 0.50, and 1.0), which are novel phosphate materials developed as UV-shielding
agents for use in cosmetics, were characterized by X-ray diffraction, X-ray fluorescent analysis, UV–vis reflectance, and Raman spectroscopy.
Since the optical reflectance shifted to lower wavelengths by the crystallization of the phosphates and the stabilization of the amorphous
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tate of the cerium–titanium pyrophosphates was carried out by doping niobium (Nb). Raman spectroscopic study of the phosph
hat P O P bending and stretching modes decreased with the loading of Nb, accompanying with the formation of NbO stretching mode
herefore, the increase in the amount of the non-bridging oxygen in the amorphous phosphate should be the reason for the inhi
rystallization. This stabilization is a significant improvement, which enables to apply these amorphous phosphates not only to cos
aints, but also plastics and films.
2005 Elsevier B.V. All rights reserved.
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. Introduction

It has been well known that ultraviolet (UV) rays in sun-
hine are very harmful to the human skin and deteriorates
ome organic materials, and many sunscreen materials for
V-shielding have been developed using synthetic organic
nd inorganic chemicals[1]. However, the organic sunscreens
ay pose a safety problem when they are used at high con-

entrations, because it has been suggested that some of the
rganic UV absorbers cause irritation on the skin of sensi-

ive individuals and demonstrate estrogenic activities[2,3]. In
ontrast to the organic compounds, ultrafine titanium oxide,
inc oxide, and cerium oxide have been applied as effective

norganic sunscreens[4–6]. Titanium oxide and zinc oxide
re popular inorganic sunscreen agents. However, the for-
er is also known as an excellent photocatalyst that may
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be harmful for the skin, and sometimes affects other in
dients in the products. The latter has a photo-induced
solution problem to form Zn2+ ions [7,8]. Although cerium
oxide exhibits minimal photocatalysis, it has high catal
activities for oxidation of organic compounds, as applie
oxidation, combustion, and automotive exhaust cleaning
alysts[9]. Therefore, it is imperative to cover the surface
these inorganic compounds with an inert substance to
the catalytic activities.

In order to solve the problems described above, we
demonstrated that a series of amorphous cerium–tita
pyrophosphates (Ce1−xTixP2O7; x = 0–1) is a promising can
didate for advanced sunscreens[10]. Because metal pho
phates are well known as components of bones and
the present amorphous Ce1−xTixP2O7 samples are stab
and inert. Furthermore, the UV absorption edge of th
phosphates can be tunable to absorb at the desired
from UV-B (280–320 nm) to UV-A (320–400 nm) by simp
adjusting the composition. Here, it is significantly import

925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2004.12.136



1142 T. Masui et al. / Journal of Alloys and Compounds 408–412 (2006) 1141–1144

to stabilize the amorphous state in order to maintain the UV-
ray shielding effect steadily, because these materials utilized
their amorphous features that make it possible to tune the
absorption edge maintaining cerium ions in the tetravalent
state. However, systematic studies on the thermal behavior of
the amorphous Ce1−xTixP2O7 have not been reported, except
for CeP2O7 [11,12], and there is no report on the stabiliza-
tion of the amorphous state. In this study, therefore, we aim
to characterize and enhancement the thermal stability of the
amorphous Ce1−xTixP2O7 by doping niobium as a stabilizer,
because niobium ions have the same positive charge (5+)
as phosphorous and can form amorphous phosphate easily
[13].

2. Experimental

Amorphous Ce1−xTixP2O7 (with x = 0, 0.50, and 1.0) were
prepared by the co-precipitation method[10–12]. Cerium
sulfate tetrahydrate and titanium sulfate were dissolved in
deionized water in the stoichiometric ratio, adjusting the
total cation concentration to be 0.1 mol dm−3. Each solu-
tion was dropped into a 0.1 mol dm−3 of sodium pyrophos-
phate aqueous solution. Stabilization of the amorphous state
was achieved by substituting phosphorus ion with niobium
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reference is BaSO4, diffuse reflection mode) and Raman
spectroscopy (Kaiser Optical Systems, HoloProbe).

3. Results and discussion

X-ray powder diffraction patterns of as-prepared and cal-
cined Ce1−xTixP2O7 (with x = 0, 0.50, and 1.0) samples are
shown inFig. 1. It clearly shows that all the as-prepared sam-
ples are amorphous and these CeP2O7, Ce0.5Ti0.5P2O7, and
TiP2O7 amorphous phases were maintained up to 723, 873,
and 623 K, respectively.Fig. 2depicts the optical reflectance
spectra of these phosphates before (as-prepared) and after the
calcination at 673 K. The reflectance profiles shifted to lower
wavelengths after the heating, which means UV-ray absorp-
tion efficiency decreased. The degree of the decrease in UV
absorption was not so high for CeP2O7 and Ce0.5Ti0.5P2O7,
while it was particularly remarkable for TiP2O7, because
only the amorphous TiP2O7 crystallizes at even 673 K among
CeP2O7, Ce0.5Ti0.5P2O7, and TiP2O7. Therefore, the crys-
tallization of these amorphous phases affected their optical
reflection spectra critically.

The decrease in the UV absorption efficiency of the
CeP2O7 and Ce0.5Ti0.5P2O7 samples can be attributed to the
reduction of cerium ion from tetravalent to trivalent state
u long-
w ainly
c In
f hos-
p al-
l

U
t sam-
p
f d.
S eld,
i to the

and c
on in the above amorphous phosphates in the rati
0 mol%. An ethanol solution containing niobium chlor
0.05 mol dm−3) was also prepared. The cerium–titani
ulfate solution and the stoichiometric sodium pyroph
hate aqueous solution were simultaneously dropped in
thanol solution. The resulting precipitates were separat
entrifuging, successively washed with deionized wate
ve times, and dried in an oven at 353 K for 24 h.

The composition of the samples was confirmed by a
ay fluorescent spectrometer (Rigaku ZEX-100e). The X
owder diffraction data were obtained by an X-ray diffra
eter (Rigaku Multiflex) with Cu K� radiation. The sample
ere also characterized by UV–vis (Shimadzu, UV-24

Fig. 1. X-ray powder diffraction patterns of the as-prepared
pon heating, because the optical absorption in the
avelength ultraviolet region in these samples are m
aused by the O2p

2− → Ce4f
4+ charge transfer transition.

act, it has been previously evidenced that cerium orthop
hate, CePO4 (Ce3+), was partially produced by the cryst

ization of the amorphous CeP2O7 [11,12].
On the contrary, in the case of amorphous TiP2O7, the

V-ray absorption is caused by the O2p
2− → Ti3d

4+ charge
ransfer transition, because there is no cerium ion in the
le. From the X-ray diffraction patterns shown inFig. 1, the

ormation of crystalline Ti4P6O23 (Ti4+) phase was observe
ince 3d electron shell is easily affected by the crystal fi

t is reasonable to assign the optical absorption change

alcined Ce1−xTixP2O7 samples: (a)x = 0, (b)x = 0.50, and (c)x = 1.0.
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Fig. 2. Calcination temperature dependence for optical reflectance spectra of the Ce1−xTixP2O7 samples: (a)x = 0, (b)x = 0.50, and (c)x = 1.0.

variation of coordination state of the Ti4+ ion accompanying
with the crystallization.

It is not preferable for the amorphous Ce1−xTixP2O7 mate-
rials to crystallize at low temperatures, considering the appli-
cation of them to plastics and films. However, the amorphous
state is stabilized by the addition of niobium ion as a stabi-
lizer, which substitutes a part of the phosphorous ion sites in
the amorphous phosphates.

Fig. 3 depicts the composition dependence of the
crystallization temperatures of Ce1−xTixP2O7 and
Ce1−xTix(P0.6Nb0.4)2O7 (x = 0, 0.5, and 1.0), confirmed by
the X-ray powder diffraction results. Comparing the samples
with and without Nb in the phosphates, the stabilization of
amorphous phase by the Nb doping is the most effective
in TiP2O7 in which the amorphous state was maintained
up to 973 K. This temperature is higher by 300 K than
that of the sample without Nb doping. Indeed, the optical

F s of
C

reflectance of the Ti(P0.6Nb0.4)2O7 calcined at 873 K almost
corresponds to that of the as-prepared one (Fig. 4), because
the amorphous Ti(P0.6Nb0.4)2O7 does not crystallize at this
temperature.

In order to identify the reason for the stabilization of the
amorphous state of TiP2O7 by niobium doping, the changes in
the bonding state of the amorphous substance were discussed
using Raman spectra as shown inFig. 5. By the doping of
niobium ion into the amorphous TiP2O7, the relative Raman
intensity at 337 and 762 cm−1 corresponding to PO P bend-
ing and symmetric stretching modes decreased[14], while
the Nb O stretching mode at 645 cm−1 increased[13,15,16].
Therefore, the increase in the intensity of this NbO band cor-
responds to the promotion of non-bridging oxygen species
in the samples. Because the presence of the bridging oxy-
gen facilitates crystallization in phosphate grasses[17], it

F
a

ig. 3. Compositional dependence of crystallization temperature
e1−xTixP2O7 and Ce1−xTix(P0.6Nb0.4)2O7 (x = 0, 0.5, and 1.0).
ig. 4. Optical reflectance spectra of the amorphous Ti(P0.6Nb0.4)2O7: (a)
s-prepared and (b) after the calcination at 873 K.
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Fig. 5. Raman spectra of the amorphous (a) TiP2O7 and (b) Ti(P0.6Nb0.4)2O7

samples.

is concluded that the stabilization of the amorphous state is
attributable to the breaking of bridging oxygen in the PO P
bond in the pyrophosphate structure and simultaneous for-
mation of the non-bridging oxygen in the NbO bond.

In the case of CeP2O7 and Ce0.5Ti0.5P2O7, the effect of the
Nb doping was not as remarkable as that observed in TiP2O7,
because the initial amount of the PO P bond in the former
two compounds is relatively smaller than that of the latter
[10]. However, the crystallization temperatures of CeP2O7
and Ce0.5Ti0.5P2O7 increased up to 923 and 973 K after the
Nb doping, respectively, which corresponded to the increase
of the peak intensity at 645 cm−1 in their Raman spectra.
The thermal stability of the amorphous state in these samples
can satisfy the demand in the applications for UV-shielding
plastics and films, which are sometimes heated (maximum
673 K) in their production process.

4. Conclusions

This work deals with a thermal stability of the UV-
ray absorption characteristics based on amorphous state
of the Ce1−xTixP2O7 phosphates. The results of optical
reflectance analysis suggest that shielding effect for the UV-
ray decreased with crystallization of them, because of reduc-
tion of cerium ion from tetravalent to trivalent state or varia-
t ver,
i nd to

maintain the UV-ray shielding characteristics by acting on
the bonding state of oxygen in the phosphate anion, that is,
by partially substituting phosphorous site with niobium ion
in the amorphous phosphates.
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