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Abstract 

Superfine cerium-zinc oxides Ce1−xZnxO2−x with x = 0, 0.1, 0.3, 0.5, and 1.0 were obtained by grinding Ce(SO4)2·4H2O, ZnSO4·7H2O and 
NH4HCO3 under the condition of surfactant PEG-400 being present at room temperature, washing the mixture with water to remove soluble 
inorganic salts, drying at 80°C, and calcining. The precursor and its calcined samples were characterized using thermogravimetry and differ-
ential thermal analyses (TG/DTA), UV-vis absorption spectroscopy, X-ray powder diffraction (XRD), and scanning electron microscopy 
(SEM). The results showed that superfine Ce1−xZnxO2−x behaved as an excellent UV-shielding material. The ZnO-doped CeO2 can facilitate 
the formation of crystalline state CeO2. The catalytic ability of products used in air oxidation of castor oil was investigated. The results 
showed that the catalytic abilities of products decreased with increasing zinc amount. 
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1. Introduction  

It has been well known that ultraviolet (UV) rays in 
sunlight cause several problems such as photodegradation of 
organic materials and damaging human health (causing 
sunburn, acceleration of aging, causing cancer, and so on) 
[1-3]. Therefore, excellent sunscreen materials for 
UV-shielding have received considerable attention, and 
some progress has been made [2-13]. Ultrafine ceria (CeO2) 
has ideal characteristics for use as a broad-spectrum inor-
ganic sunscreen in personal-care products: it is relatively 
transparent to visible light, but has excellent ultraviolet ra-
diation absorption properties [6]. However, because of its 
high catalytic activity for the oxidation of organic materials, 
ceria has seldom been used commercially as a sunscreen 
material. Therefore, how to prepare low catalytic activity 
ceria powder with excellent ultraviolet radiation absorption 
properties is a key for application. It was found that the 
catalytic activity of ceria can be related with the oxygen re-
lease, and the oxygen release may be depressed by doping 
with metal ion possessing both larger ionic size and lower 
valence than Ce4+ to stabilize the fluorite structure of ceria 
[14]. Therein, Ca2+ and Zn2+ ions were widely used as doped 
ions. The catalytic ability of calcia-doped ceria was de-
creased substantially by coating with silica shell, but its 

UV-shielding ability also decreased substantially, which is 
attributed to the presence of a number of calcia and silica of 
no UV-shielding ability [13, 15]. Li et al. [14] found that 
zinc oxide-doped ceria showed as excellent UV absorption 
and transparency in the visible ray region in a similar man-
ner as that of the undoped ceria, but zinc oxide-doped ceria 
substantially decreased the catalytic activity. The two kinds 
of doped ceria described above were synthesized via soft 
solution chemical routes at 40°C when CeCl3, CaCl2, and 
ZnCl2 were used as raw materials, and NaOH and hydrogen 
peroxide were used as a precipitator and oxidant, respec-
tively. The process was rigorous and it was not easy to pre-
pare the product on a large scale. 

Solid-state reaction at room temperature or near room 
temperature (< 40°C) is a novel synthetic technique that has 
been developed in the past twenty years [16]. It has received 
considerable attention because of its simplicity, low cost, 
high output and little pollution in addition to easily prepar-
ing superfine materials by this method. This paper reports on 
the preparation of superfine Ce1−xZnxO2−x with x = 0, 0.1,  
0.3, 0.5, and 1.0 via solid-state reaction at room temperature 
when Ce(SO4)2·4H2O, ZnSO4·7H2O, and NH4HCO3 were 
used as raw materials. The results showed that the precursor 
decomposed into superfine Zn2+-doped CeO2 with excellent 
UV-shielding ability below 150°C, and the catalytic ability 
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of products for air oxidation of castor oil was decreased sub-
stantially. 

2. Experimental 
2.1. Reagent and apparatus  

All chemicals were of reagent-grade purity. TG/DTA 
measurements were made using a Netsch 40 PC thermogra-
vimetric analyzer. X-ray powder diffraction (XRD) was per-
formed using a Rigaku D/max 2500 V diffractometer 
equipped with a graphite monochromator and a Cu target. 
The UV-vis diffuse reflectance spectra of the prepared and 
calcined samples were recorded on a UV-2501 IPC instru-
ment using integrated sphere and BaSO4 powder was em-
ployed as a reference. The morphology of the product was 
examined by S-3400 scanning electron microscopy (SEM). 

2.2. Preparation of Ce1−xZnxO2−x 

The dosage of Ce and Zn was fixed to 20 mmol, and that 
of surfactant PEG (polyethylene glycol)-400 was 600 μL in 
the experiment. The synthetic procedure was as follows: The 
Ce(SO4)2·4H2O, ZnSO4·7H2O, NH4HCO3, and surfactant 
PEG-400 were placed in a mortar. The mixture was fully 
ground by hand with a rubbing mallet for 40 min. The 
grinding velocity was about 90 r/min and the strength was 
moderate. The reactant mixture gradually became damp, and 
then a paste formed quickly. The mixture was washed with 
water to remove soluble inorganic salts until 2

4SO −  ion 
could not be visually detected with a 0.5 mol·L−1 BaCl2 so-
lution. The solid was then washed with a small quantity of 
anhydrous ethanol and dried at 80°C for 3 h to give the pre-
cursor of Ce1−xZnxO2−x. The Ce1−xZnxO2−x powder was ob-

tained via thermal decomposition of the precursor. 

2.3. Catalytic ability of products 

The catalytic ability for oxidation of organic material was 
determined by conductometric determination method (Ran-
cimat method) [17] using castor oil of reagent-grade as oxi-
dizing material. The sample powder (1.0 g) was mixed with 
castor oil (10.0 mL) and followed by blast air with 566 
mL/min at 125°C, where the air was introduced into deion-
ized water. The catalytic ability was determined by measur-
ing the increase in the electric conductivity of deionized 
water by trapping the volatile molecules coming from the 
oxidation of castor oil on heating. 

3. Results and discussion  
3.1. TG/DTA analysis of Ce1−xZnxO2−x precursor  

Fig. 1 shows the TG/DTA pattern of Ce1−xZnxO2−x pre-
cursor (with x = 0 and 1) when heated at a rate of 10°C/min 
from ambient temperature to 725°C. From Fig. 1(a), the 
DTA curve shows that thermal decomposition of CeO2 pre-
cursor below 725°C occurs at an endothermic peak and an 
exothermic peak. The broad endothermic DTA peak at 
96.8°C is attributed to the dehydration of adsorption water 
or hydroxide. The exothermic peak, which is located at 
486.6°C, is related to the elimination of oxygen gas from 
decomposition of CeO2 and formation of Ce2O3 [12]. From 
Fig. 1(b), the DTA curve shows that thermal decomposition 
of ZnO precursor below 725°C occurs at an endothermic 
peak. The endothermic peak at 264.1°C is attributed to 
thermal decomposition of ZnCO3 and the formation of crys-
talline ZnO [18].  

 
Fig. 1.  TG/DTA patterns of Ce1−xZnxO2−x precursor: (a) x = 0; (b) x = 1. 

3.2. UV-vis analysis of the precursor and calcined sam-
ples 

The UV-vis absorption spectra of the precursor and cal-

cined samples are presented in Fig. 2. It can be seen that all 
the samples obtained at 80°C have strong UV absorbing 
between 280 and 400 nm and their absorbency exceeds 1.60 
except ZnO. The absorbency of Ce1−xZnxO2−x between 280 
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and 400 nm changes with x and calcination temperature. 
Therein, the UV absorbency of samples obtained from cal-
cining ZnCO3 is markedly influenced by calcining tempera-
ture, which is because the sample obtained below 300°C is 
ZnCO3, and the sample obtained above 300°C is ZnO [18]. 
In order to compare the UV absorbing ability between sam-
ples with different compositions quantitatively, the depend-
ence of UV absorbency peak area between 280 and 400 nm 
for Ce1−xZnxO2−x on calcination temperature is given in Fig. 
3. The results show that UV absorbency peak area between 

280 and 400 nm for Ce1−xZnxO2−x decreases with an increase 
of calcination temperature on the whole, which is because 
particle size of CeO2 powder increases with the increase of 
calcining temperature, and amorphous particles can be easily 
transformed into crystalline states. These facts were con-
firmed by XRD analysis. However, authors think the change 
of the crystallinity is dominant. The larger the UV absorp-
tion peak area, the stronger the UV absorbency, and thus, 
Ce0.9Zn0.1O1.9 obtained at 150°C has the strongest ultraviolet 
absorption ability.  

 
Fig. 2.  UV-vis absorption spectra of Ce1−xZnxO2−x samples calcined at different temperatures for 2 h: (a) CeO2; (b) Ce0.9Zn0.1O1.9; (c) 
Ce0.7Zn0.3O1.7; (d) Ce0.5Zn0.5O1.5; (e) ZnO.  

3.3. XRD analysis of the calcined samples  

Fig. 4 shows the XRD patterns of the calcined samples at 
different temperatures for 2 h. Fig. 4(a) shows that the 
structure of CeO2 particles obtained below 300°C is amor-
phous. However, the characteristic diffraction peaks of 
crystalline CeO2 appear when it is kept at 400°C for 2 h, and 

its degree of crystallinity increases with calcination tem-
perature, for example, the resulting particle sizes of CeO2 

from calcining CeO2 at 400, 500, and 600°C are 12, 13, and 
17 nm, respectively. In Fig. 4(b) and Fig. 4(c), the charac-
teristic diffraction peaks of crystalline CeO2 appear when 
Ce0.7Zn0.3O1.7 and Ce0.5Zn0.5O1.5 samples are heated at 300 
and 150°C, respectively. It is explained by the fact that 
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ZnO-doped CeO2 can facilitate formation of crystalline state 
CeO2. The exact crystallization mechanisms of CeO2 in the 
presence of ZnO are not clear. No characteristic diffraction 
peaks of crystalline ZnO appear at all the calcination tem-
peratures, and it is confirmed that ZnO forms a solid solu-
tion with CeO2. 

3.4. SEM analysis of Ce1−xZnxO2−x samples 

The SEM micrographs of Ce1−xZnxO2−x obtained at 300°C 
for 2 h are shown in Fig. 5. It can be seen that all products 
have near spherical shapes, and there is a soft agglomeration 
phenomenon in the particles of samples. The average parti-
cle diameters of CeO2, Ce0.7Zn0.3O1.7, and Ce0.5Zn0.5O1.5 are 
about 75, 90, and 100 nm, respectively.  

 

Fig. 3.  Dependence of the UV absorption peak area of 
Ce1−xZnxO2−x on calcination temperature. 

 
Fig. 4.  XRD patterns of Ce1−xZnxO2−x obtained at different temperatures for 2 h: (a) x = 0; (b) x = 0.3; (c) x = 0.5. 

 
Fig. 5.  SEM micrographs of Ce1−xZnxO2−x samples obtained at 300°C for 2 h: (a) CeO2; (b) Ce0.7Zn0.3O1.7; (c) Ce0.5Zn0.5O1.5 . 

3.5. Catalytic ability of products 

The catalytic ability of ZnO-doped ceria obtained at 
300°C for 2 h for air oxidation of castor oil at 125°C is 

shown in Fig. 6. It can be observed that the catalytic ability 
of ZnO-doped ceria for air oxidation of castor oil at 125°C 
was decreased substantially, and increasing the molar ratio 
of Zn2+ to Ce4+ can increase the time needed for oxidation of 
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castor oil. Yabe et al. [6] considered that the catalytic activ-
ity of ceria must have been related to the oxygen release and 
absorption equilibrium reaction shown by  

4+ 3+
2 1 2 /2 / 2CeO Ce Ce Ox x x x− − � +⎯⎯→←⎯⎯ 2O

4
x   (1) 

where � is the oxygen defect and 0 < x < 1.  

 
Fig. 6.  Evaluation of oxidation catalytic ability at 125°C with 
the Rancimat systems: (a) blank (without any sample); (b) 
CeO2; (c) Ce0.9Zn0.1O1.9; (d) Ce0.7Zn0.3O1.7; (e) Ce0.5Zn0.5O1.5. 

By doping an ion with a lower valence and larger ionic 
size than Ce4+, the fluorite structure of ceria can be stabilized 
and consequently the oxidation catalytic activity can be re-
duced. However, Zn2+ possesses a smaller ionic size than 
Ce4+, and the low oxidation catalytic activity of Zn2+-doped 
CeO2 is suspected to be mainly due to the formation of the 
oxygen defect in CeO2.  

4. Conclusions 

When Ce(SO4)2·4H2O, ZnSO4·7H2O, and NH4HCO3 
were used as starting materials, superfine Ce1−xZnxO2−x sam-
ples were obtained via a solid-state reaction at room tem-
perature. The ZnO-doped CeO2 can facilitate formation of 
crystalline state CeO2. The results of UV-vis analysis sug-
gest that all ZnO-doped CeO2 powders still have strong UV 
absorption ability between 280 and 400 nm. The catalytic 
ability of ZnO-doped ceria for air oxidation of castor oil at 
125°C was decreased substantially. Therefore, the superfine 
cerium-zinc oxides would have a better future as sunscreen. 
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