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a b s t r a c t

The transformation behaviors of La3+/Ce3+-doped TiO2–SnO2 gels were studied by using differential ther-
mal analysis and X-ray diffraction methods so as to improve the phase transformation and decrease the
granularity of crystals. Experimental results show that, anatase, rutile and SnO2 nanocrystals can exist in
the sintering products by varying La3+/Ce3+ contents and sintering temperatures. 0.8–1.1 wt% of La2O3 or
CeO2 doping greatly depresses the growth of anatase and rutile crystals, obtaining nanosized crystals
when sintered up to 600 �C for 2 h. With La3+/Ce3+-doping and increasing their contents, the transforma-
tions of gel to anatase and anatase to rutile, as well as the growth of anatase and rutile crystals can be
depressed, while the transformation temperature of anatase to rutile receives much less affect. Moreover,
the La3+-doping has stronger effects on them than Ce3+ doping, but has a weaker inhibiting effect on pre-
cipitation and growth of SnO2 crystals.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recently years, the monitoring and controlling of local environ-
ment become an important topic in fields of industry, agriculture
and military. It is necessary to develop environmental sensing de-
vices with high accuracy and high reliability to meet the require-
ments. Due to their special semiconductive properties, titania
porous ceramics and films have been widely used for preparing

chemical gas sensors (H2, O2, CO, NOX, alcohol, ammonia, etc.)
[1–11] and humidity sensors [12–19], which are working at ambi-
ent and elevated temperatures.

Generally, the sensing behaviors for chemical gases and humid-
ity are greatly dependent on the adsorption and ionization of outer
molecular as well as the ionic transport on the surface of sensing
materials [2,4,14,19]. Therefore, phase composition, granularity
and the crystal defects of the materials play an important part in
these actions. Fortunately, these requirements can be tailored by
means of ion-doping, nanostructure and composite in the prepara-
tion to improve the sensing properties of ceramic bulks and films.
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Hazra and Basu [1] prepared Al3+-doped porous titania films by
the thermal oxidation of Titanium substrates, the sensor shows
appreciably high sensitivity and fast response to hydrogen. Sotter
et al. [2] found that the film with an anatase phase has a better ef-
fect on detecting trace oxygen than with a rutile phase. Sun, et. al
[3] noticed that the nanosized titania thin film has a good sensing
property to alcohol gas. Ferroni et al. [4] prepared thick films based
on nanosized anatase powders doped with Ta and Nb for CO detec-
tion; the average granularity is respectively reduced from 110 nm
to 35 nm and 45 nm for Ta and Nb doping. Dutta et al. [5] prepared
the dense rutile films with a granularity of less than 20 nm as a
high-temperature carbon monoxide sensor by the sputtering
method. Nikolić et al. [6] prepared nanostructured titania coatings
with a granularity up to 50 nm and a thickness less than 1 lm by
the sol–gel method for gas sensing application. Gao et al. [7] eval-
uated the oxygen sensitivity of nano-scale rutile thick films calci-
nated at 800 �C; the improvement of oxygen sensitivity of films
profits from their large surface area. Mohammadi and Fray [8]
found that, the nanostructured and mesoporous TiO2–Ga2O3 thin
films exhibit a remarkable response to low concentrations of CO
and NO2 gases at low operating temperature of 200 �C, and the re-
sponse decreases with increasing annealing temperature owing to
the sintering of nanoparticles. Zakrzewska and Radecka [10] pre-
pared TiO2–SnO2 system for H2 sensing and photodegradation of
organic components; AFM image indicates that the grain size of
titania and SnO2 is of the order of 10–50 nm for the films produced
by RF sputtering on silica substrates, which depends on the chem-
ical composition and substrate temperature. Lee and Hwang [11]
studied the effect of substrates on the oxygen gas sensing proper-
ties of SnO2–TiO2 thin films with mean SnO2/TiO2 granularity of
56–77 nm for Corning glass 1737 and 44–67 nm for SiO2/Si sub-
strate. It was found that the oxygen sensitivity of the film depos-
ited on Corning glass 1737 substrate is significantly lower than
that of the film grown on SiO2/Si substrates. Gusmano et al. [12]
found that the titania thin film prepared by the sol–gel route has
a rapid response to the humidity but a much higher electric resis-
tance at lower humidity. Faia et al. [13] prepared a titania thick
film humidity sensor, obtaining anatase crystals with a granularity
of larger than 1lm when sintered at 800 �C for 2 h. Biju and Jain
[14] noticed that, the sol–gel derived TiO2–ZrO2 multilayer films
with an anatase phase possess the best humidity sensing proper-
ties due to their higher water adsorption capacity. Traversa et al.
[15] observed that 10 at.% K+-doped TiO2 sintered at 300 �C for
30 min presents the best humidity sensitivity, however the activity
decreases with the increase of sintering temperature. Yoshimura et
al. [16] found that the humidity sensitivity of TiO2–SnO2 films is
much better than that of pure TiO2. Tai et al. [17,18] confirmed that
the resistance of TiO2–SnO2 films linearly decreases with the in-
crease of SnO2 content and the nanostructured TiO2–SnO2 film pos-
sesses the highest sensitivity. Sousa [19] noticed that TiO2 and (Ti,
Sn)O2-based polycrystalline shows a non-linear electricity–voltage
response at low voltages. Shi et al. [20,21] studied the phase trans-
formation behaviors of TiO2–SnO2 gels, it was found that the trans-
formation temperatures of gel to anatase and anatase to rutile
present the trend of first decrease and then increase with the in-
crease of Sn2+ content, and the Sn2+-doping depresses the growth
of anatase and rutile crystals. When sintered at 600 �C for 2 h,
the granularity is reduced from 70 nm to less than 30 nm for ana-
tase crystals and from 140 nm to less than 40 nm for rutile.

As mentioned above, the TiO2–SnO2 porous ceramic and film
have better sensing properties than that of pure titania. Rare earths
are good candidates for modifying the sintering process and
improving the properties of functional ceramics owing to their spe-
cial physicochemical activities. Therefore, the present work aims to
investigate the phase transformation behaviors of La3+/Ce3+-doped
TiO2–SnO2 gels, as well as the variations of crystal granularity and

phase composition with sintering temperature and rare earth con-
tents, hoping to further improve sintering procedure and decrease
the granularity of anatase and rutile crystals.

2. Experimental procedures

2.1. Preparation of samples

The sol-gel method was adopted to prepare La3+/Ce3+-doped
TiO2–SnO2 gels. Chemical reagents of tetrabutyl titanate (P98.0%),
SnCl2�2H2O (P98.0%), Ce(NO3)3 � 6H2O (P99.0%), La(NO3)3 � 6H2O
(P99.0%), absolute alcohol (P99.7%), HCl (36%) and ammonia
(27%) were used as precursory materials. First, Tetrabutyl titanate
was poured into strongly stirring absolute alcohol with a volume
ratio of 1:5(±0.2); 1(±0.2) vol.% of HCl was added into the solution
to insure tetrabutyl titanate to be sufficiently hydrolyzed into sols.
Then, SnCl2 � 2H2O, La(NO3)3 � 6H2O and Ce(NO3)3 � 6H2O were
respectively dissolved into other absolute alcohol solutions with
mass ratio of 1:5(±0.1). These solutions were mixed with the previ-
ous sol and continuously stirred to obtain seven composite sols. The
nominal compositions of samples are shown in Table 1. The com-
posite sols were titrated with ammonia solution until the gels are
formed. The gels were dried at 80(±2) �C for 24 h and ground for
3 h through ball-milling for use.

The ground dried gels were conducted to analyze the crystalli-
zation process. The powder samples for phase analysis were pre-
pared as follows. The ground dried gels were molded into green
bodies through half-dry compression by 70 ± 2 MPa, which were
then heated to different temperatures (with errors of ±2 �C) at a
constant rate of 5 �C/min, soaking for 2 h in air. The sintered prod-
ucts were ground and screened into powders with a granularity
range of 74–63 lm (ASTM E11-58T).

2.2. Measurements

A differential thermal analyzer (DTA) (DTG-50/50 H, Shimadzu,
Japan) was adopted to examine the crystallization process of dried
gels, using a-Al2O3 powder as the reference, in air and at a heating
rate of 10 �C/min. The accuracy of measurement is ±1 lV. An X-ray
diffractometer (XRD) (D8 Advance, Bruker, Germany), with copper
Ka radiation, 40 kV, 120 mA and at a scanning speed of 4/min, was
employed to inspect the phase compositions. The accuracy of mea-
surement is ±0.0001� and the minimum step is 0.0001 degree. The
relative content (v) of rutile crystal was calculated by using follow-
ing formula [22]

x ¼ 1
1þ 0:8 IA

IR

; ð1Þ

where IA and IR respectively are the diffraction peak intensity of
anatase (101) and rutile (110).

The granularity (D) of both crystals was calculated by using
Scherrer formula [23]

D ¼ 0:89k
B cos h

; ð2Þ

Table 1
Nominal compositions of La3+/Ce3+-doped TiO2–SnO2 samples, wt%

Samples TiO2 SnO2 La2O3 CeO2

ST 0 0
5L 0.5 (±0.05) /
8L 0.8 (±0.05) /
11L 80 (±1) 20 (±1) 1.1 (±0.05) /
5C / 0.5 (±0.05)
8C / 0.8 (±0.05)
11C / 1.1 (±0.05)
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