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Abstract

In this paper, pure and La doped TiO, nanoparticles with different La content were prepared by a sol-gel process using Ti
(OC4Hy),4 as raw material, and also were characterized by XRD, TG-DTA, TEM, XPS, DRS and Photoluminescence (PL) spectra.
We mainly investigated the effects of calcining temperature and La content on the properties and the photocatalytic activity for
degrading phenol of as-prepared TiO, samples, and also discussed the relationships between PL spectra and photocatalytic activity
as well as the mechanisms of La doping on TiO, phase transformation. The results showed that La*" did not enter into the crystal
lattices of TiO, and was uniformly dispersed onto TiO, as the form of La,O; particles with small size, which possibly made La
dopant have a great inhibition on TiO, phase transformation; La dopant did not give rise to a new PL signal, but it could improve
the intensity of PL spectra with a appropriate La content, which was possibly attributed to the increase in the content of surface
oxygen vacancies and defects after doping La; La doped TiO, nanoparticles calcined at 600°C exhibited higher photocatalytic
activity, indicating that 600°C was an appropriate calcination temperature. The order of photocatalytic activity of La doped TiO,
samples with different La content was as following: 1>1.5>3>0.5>5>0mol%, which was the same as the order of their PL
intensity, namely, the stronger the PL intensity, the higher the photocatalytic activity, demonstrating that there were certain
relationships between PL spectra and photocatalytic activity. This could be explained by the points that PL spectra mainly resulted
from surface oxygen vacancies and defects during the process of PL, while surface oxygen vacancies and defects could be favorable
in capturing the photoinduced electrons during the process of photocatalytic reactions.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, the modification as well as prepara-
tion and characterization of TiO, nano-sized materials
has been the focus in the semiconductor photoelectric
chemistry [1,2] and photocatalysis [3—5] fields. Doping is
used to a kind of modification method. Rare earth metal
dopant can improve the activity of TiO, photocatalyst
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[6,7]. It is well known that the surface composition and
structure of photocatalyst can greatly influence their
activity. PL spectrum is an effective way to investigate
the electronic structure and optic characteristics of
semiconductor nano-materials, by which the informa-
tion such as surface oxygen vacancies and defects as well
as separation and recombination of photoinduced
charge carriers can be obtained [8—11]. Therefore, it is
of great significance for preparing the photocatalyst
with higher activity to carry out PL spectra research on
semiconductor nano-materials. Here, the pure and La
doped TiO, nanoparticles were prepared by a sol-gel
process and characterized by XRD, TG-DTA, TEM,
XPS, DRS and PL spectra, and their photocatalytic
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activity was also evaluated by degrading phenol. The
results demonstrated that the photocatalytic activity of
La doped TiO, samples could be rapidly evaluated by
measurement of PL spectra, namely, the stronger the PL
intensity, the higher the photocatalytic activity.

2. Experimental

All substances were of analytical grade and used
without further purification. Secondly distilled water
was used in our all experiments.

2.1. Preparation of pure and La doped TiO,
nanoparticles

The pure TiO, nanoparticles were prepared by a sol—
gel procedure with Ti(OBu); as raw materials [11].
10mL of Ti(OBu)4 was mixed with 40 mL of anhydrous
ethanol in a dry atmosphere. The mixed Ti(OBu),/
ethanol solution was then added dropwise into another
mixture consisting of 10mL of water and 10mL of
anhydrous ethanol as well as 2mL of 70% HNOj; at
room temperature under roughly stirring to carry out
hydrolysis. Subsequently, after continuous stirring for
3 h, the yellowish transparent sol was obtained, which
was allowed to stand for 6h at room temperature and
was dried at 70°C for 36 h. Thus, TiO, gel precursor was
obtained. Finally, TiO, nanoparticles were gained by the
thermal treatment of TiO, gel precursor at different
temperature for 2h and grinding.

La doped TiO, nanoparticles could be synthesized
using almost the same method. The appropriate amount
of La,Oj3 dissolved in 70% HNO; was added to the
mixed water/ethanol solution prior to the hydrolysis of
Ti(OBu)4. The remaining procedures were the same as
described above.

2.2. Characterization of the samples

The pure TiO, samples were analyzed by XRD using
a Rigaku D/MAX-rA powder diffractometer, and La
doped TiO, samples were analyzed by XRD using a
Shimadzu XRD-6000 X-ray diffractometer, both with a
nickel-filtered CuKao radiation source.

The thermogravimetry-differential thermal analysis
(TG-DTA) of La doped TiO, dry gel powder was
performed using a Rigaku TAS 100 thermal analyzer
with temperature rate of 10°C/min, o-Al,O; as the
referred material.

For TEM imaging with a JEOM-1200EX transmis-
sion electron microscope (TEM), the samples was
dispersed in anhydrous ethanol by an ultrasonic process
and a drop of the suspension was placed onto a carbon-
coated copper grid. The excess liquid was removed using
a paper wick and the deposit was dried in air prior to

imaging. The size and morphology of TiO, particles
were obtained from the TEM micrograph.

The surface compositions and chemical states of the
samples were examined by a VG ESCALAB MKII X-
ray photoelectron spectrometer (XPS) using a mono-
chromatic aluminum X-ray source. The pressure was
maintained at 6.3 x 107> Pa. The binding energies were
calibrated with respect to the signal for adventitious
carbon (binding energy =284.6¢V). Quantitative analy-
sis was carried out using the sensitivity factors supplied
by the XPS instrument.

The diffuse reflection spectra (DRS) of the samples
were recorded with a PE Lambda20 Spectrometry. The
photoluminescence (PL) spectra of the samples were
recorded with a PE LS 55 spectrofluorophotometer.

2.3. Evaluation of photocatalytic activity of the samples

The photocatalytic activity of TiO, samples was
tested using phenol solution [11]. The degradation
intermediates were not determined. The experiments
were carried out in a 1000 mL quartz photochemical
reactor, open to air, having the shape of a vertical
cylinder. The light was provided from a side of the
reactor by a 500 W high pressure Hg lamp without filter,
which was placed at about 20cm from the reactor, its
strongest emission light is of wavelength 365nm. The
total treated volume was 800 mL, the initial concentra-
tion of phenol was equal to 0.20 mmol/L. Phenol
solution was continuously stirred with a magnetic
stirrer. The solution was first stirred for 20 min after
0.4g of TiO, samples was added into the reaction
system, it has been shown that this period was sufficient
to reach the adsorption equilibrium, then began to
illuminate. The phenol concentrations at different times
were measured using the colorimetric method of 4-
aminoantipyrine with a model 721 spectrophotometer at
the wavelength of 510 nm after centrifugation.

3. Results and discussion
3.1. Measurements of XRD, TG-DTA and TEM

XRD was usually used for identification of the crystal
phase and the estimation of the ratio of the anatase to
rutile as well as crystallite size of each phase present. The
XRD peaks at 20 =25.25 (101) and 48.0° in the
spectrum of TiO, are easily identified as the crystal of
anatase form, whereas the XRD peaks at 20 = 27.42
(110) and 54.5° are easily taken as the crystal of rutile
form. The XRD intensities of the anatase (101) peak and
the rutile (110) peak were also analyzed. The percentage
of anatase in the samples can be estimated from the
respective integrated XRD peak intensities using the
following equation [12]: X (%) = 100/(1 + 1.265Ir /IA),
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where I represents the intensity of the anatase peak at
20 = 25.25° and IR is that of the rutile peak at 20 =
27.42°, X is the weight percentage of anatase in the
sample; The crystallite size can also be determined from
the broadening of corresponding X-ray spectral peaks
by Scherrer formula [12]: L = K1/(f cos 0), where L is
the crystallite size, 1 is the wavelength of the X-ray
radiation (CuKo=0.15418 nm), K is the usually taken as
0.89, and f is the line width at half-maximum height.
This is a generally accepted method to estimate the
mean crystallite size of nanoparticle; In addition, the
crystal lattice distortion (CLD) could also be evaluated
in the light of the following equation [13]: ¢(CLD) =
Ad/d = f/4tg6. Fig. 1 showed the XRD patterns of
pure (A) and 5mol% La doped (B) TiO, nanoparticles
calcined at different temperature. It could be seen that
the rutile phase began to appear for pure TiO, samples
when calcining temperature was 600°C, and the anatase
phase disappeared when calcining temperature was
700°C, while a little rutile phase appeared for La doped
TiO, samples when the calcining temperature was
700°C, and even most was still anatase phase at the
calcining temperature of 800°C. These demonstrated
that La dopant could greatly inhibit the phase transfor-
mation from anatase to rutile, and also enhance the
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Fig. 1. XRD patterns of pure (A) and Smol% La doped (B) TiO,
nanoparticles calcined at different temperature.

beginning temperature of phase transformation ob-
viously.

Fig. 2 showed the TG-DTA curves of Smol% La
doped TiO» dry gel powder. It could be found that there
were two main stages from the TG curve. One was that
the rate of weight loss is about 21% at the temperature
range from room temperature to 450°C, which mainly
resulted from the desorption or release of some
substances in the gel such as adsorbed water and
ethanol and the combustion decomposition of some
organic matters like butanol; the other was that the
weight loss was not very obvious or not even in the
temperature range from 450°C to higher temperature.
According to the DTA curve, a wide decalescence peak
at about 100°C could be found, corresponding to the
desorption of water and ethanol in the gel, and a
releasing thermal peak at about 350°C was also seen,
mainly due to the combustion decomposition of the
organic matters. The period from about 400°C to 650°C
exhibited a obvious decalescence phenomena, possibly
resulting from TiO, phase transformation from amor-
phous to anatase, while the phenomena of releasing
thermal at the beginning of about 700°C was attributed
to the phase transformation from anatase to rutile [11].
Thus, it could also be proved that the phase transforma-
tion of TiO, was effectively suppressed by doping La
according to the TG-DTA curves of pure [11] and La
doped TiO, gel powder. It should be pointed that the
above TG-DTA results were corresponding to the XRD
ones.

The XRD data such as crystallite size, phase
composition and CLD of 5mol% La doped TiO,
nanoparticles calcined at different temperature were
shown in Table 1. It could be seen that the anatase and
rutile phase crystallite size of the as-prepared TiO,
nanoparticle samples became larger with increasing
calcination temperature, while the CLD degree de-
creased due to the increase in the crystallite size. These
demonstrated that the calcining temperature had a great
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Fig. 2. TG-DTA curve of 5mol% La doped TiO, dry gel powder.
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Table 1

XRD data of 5mol% La doped TiO, nanoparticles calcined at different temperature

La doped TiO, Anatase crystallite Rutile crystallite Anatase Lattice distortion (Ad/d)
samples size D (nm) size D (nm) percentage
A101 RI110
500°C 3.2 100 0.042
600°C 4.0 100 0.036
700°C 4.8 5.6 86.9 0.031 0.026
800°C 8.2 5.8 71.9 0.017 0.024
2000 - La3d XPS/La doped TiO,
s 15004 500°C
(\6
I- e ™y 2
3 Xe 2 1000 -
" Q
g E
»* 600 °C
) 500 -
P
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(A) 50 nm (B) 7 nm B.E./eVv
Fig. 3. TEM photographs of pure (A) and Smol% La doped (B) TiO, 5000
nanoparticles calcined at 600°C. O1ls XPS/La doped TiO,
. . . 4000 -
effect on the properties of TiO, samples during the . i
preparation process. e 500°C
Fig. 3 showed the TEM photographs of pure (A) and > 3000
5mol% La doped (B) TiO, nanoparticles calcined at 2
600°C. It could be found that the pure and La doped é 2000 -
TiO, nanoparticles both appeared similar sphere, with
. . 600 °C
the average particle size of about 30 and 20nm, 1000 4
respectively, demonstrating that La dopant could inhibit
the increase of TiO, particle s1ze..Moreove.r, both their 524 528 532 =36 540
particle sizes were larger than their crystallite ones, and BE /eV
it attributed to the reunion of nano-sized crystallite.
Ti2p XPS /La doped TiO
3.2. Measurement of XPS 40001 . P ’
The XPS spectra of La, O and Ti elements on the S 30004 500°C
surface of 5mol% La doped TiO, nanoparticles calcined z
at 500°C and 600°C were shown in Fig. 4. According to ? 2000 4
the principle method and handbook of the XPS IS
instrument, the testing results demonstrated that both =
La elements existed mainly in the form of + 3 valence in 10004 600 °C
two TiO, samples, Ti elements were both mainly +4
valence, and both O elements had at least two kinds of 0 . . ;
chemical states, crystal lattice oxygen (1) and adsorbed 450 455 5 ;6/0\/ 465 470
.e./le

oxygen (2) with increasing binding energy. Table 2
showed the XPS data of La, O and Ti elements on the
surface of 5mol% La doped TiO, nanoparticles calcined
at 500°C and 600°C. It could be found that the amount
of crystal lattice oxygen increased with increasing
calcination temperature, while that of oxygen vacancies
decreased. The oxygen vacancies were a very active

Fig. 4. XPS spectra of La, O and Ti elements on the surface of 5mol%
La doped TiO, nanoparticles calcined at 500°C and 600°C.

group, which easily combined with other atoms or
groups to become stable. This was responsible for the
existence of a certain amount of adsorbed oxygen [14].
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Table 2
XPS data of different chemical states of La, O and Ti elements on the surface of Smol% La doped TiO, nanoparticles calcined at 500°C and 600°C
La doped Binding energy (eV) Atomic number Percentage of O(1) Evaluated
TiO, (°C) ratio of O(1), Ti and percentage of
La oxygen vacancies
La3ds Ols (1) 0l1s(2) Ti2p3
500 834.7 529.7 532.0 458.3 100:62:2.0 62.8 27
600 834.8 529.6 531.5 458.4 100:58:2.1 75.9 19
According to Table 2, the adsorbed oxygen took up 1.2 :
37.2% of total oxygen on the surface of TiO, samples e pure TiO,
1.0 4 N e Ladoped TiO,

calcined at 500°C, among which at least 27% of total
oxygen resulted from the oxygen vacancies. While the
adsorbed oxygen took up 24.1% of total oxygen on the
surface of TiO, samples calcined at 600°C, among which
at least 19% of total oxygen resulted from the oxygen
vacancies. In addition, although the ratio in mol of
Ti/La elements on the surface of La doped TiO,
nanoparticles decreased a little with increasing calcina-
tion temperature, the ratio were larger than 20:1. This
demonstrated that the concentration of La in TiO,
sample was bigger than that on the surface, and that
La®* easily diffused to the surface with increasing
calcination temperature.

3.3. Effect mechanism of doping La on TiO, phase
transformation

In general, the ionic radius and calcining temperature
are two of the most important conditions, which can
strongly influence the ability of the dopant to enter into
TiO, crystal lattice to form stable solid solution. If the
ionic radius of the dopant is much bigger or smaller than
that of Ti*", the dopant substituting for TiO crystal
lattice ions must result into CLD. Thus, certain amount
of energies can be accumulated so that the substitution
process can be suppressed [15,16]. It could be seen from
Fig. 1 that the XRD peaks of pure and La doped TiO,
nanoparticles had the same positions by and large,
demonstrating that La®> " did not enter into TiO, crystal
lattice to substitute for Ti**. This was because the
radius of La®* (1.15A) was much bigger than that of
Ti*" (0.64 A). In addition, the phase about La element
could not be found in Fig. 1, possibly demonstrating
that La®>" was dispersed uniformly onto TiO» nanopar-
ticles as the form of small cluster La,Os;. Thus, the
chemical bonds of Ti—-O-La three elements around the
anatase crystallites could easily occur during the process
of thermal treatment, which possibly inhibited produ-
cing and growing of the crystal nucleus of rutile [16].

3.4. Measurements of DRS and PL

Fig. 5 showed the DRS spectra of pure and 5mol%
La doped TiO, nanoparticles calcined at 600°C.
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Fig. 5. DRS spectra of pure and 5mol% La doped TiO, nanoparticles
calcined at 600°C.

Although the curve shape of the DRS spectrum of
TiO, nanoparticles did not nearly change after La was
doped, it could be found that the DRS spectrum shifted
to the blue, attributed to the quantum size effect [14].
These demonstrated that La dopant did not give rise to
new spectrum phenomena, and could inhibit the growth
of anatase crystallite as well as the phase transformation
from anatase to rutile of TiO,, being in good agreement
with the XRD results. Moreover, it could also be seen
that La dopant improved the optic absorption perfor-
mance of TiO, nanoparticles.

Fig. 6 showed the PL spectra of pure and La doped
TiO, nanoparticles calcined at 600°C with different
excited wavelength. It could be found that pure and La
doped TiO, nanoparticles both could exhibit obvious
PL signal with similar curve shape, demonstrating that
La dopant did not result into new PL phenomena, while
the intensity and response range of PL spectra of TiO,
nanoparticles were influenced. In addition, TiO, nano-
particles could exhibit a strong and wide PL signal at the
range from 400 to 500 nm with the excited wavelength of
300nm showed in Fig. 6a, and had two obvious PL
peaks at about 420 and 480 nm respectively, possibly the
former mainly resulting from band edge free excitons,
the latter mainly resulting from binding excitons [17,18].
There were lots of oxygen vacancies on the surface of
TiO, nanoparticles, and the size of particle was fine so
that the average distance the electrons could move freely
was very short. These factors could make the oxygen
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Fig. 6. (A—C) PL spectra of pure and La doped TiO, nanoparticles calcined at 600°C with different exciting wavelength.

vacancies very easily bind electrons to form excitons.
Thus, the exciton energy level near the bottom of the
conduction band could come into being, and the PL
band of the excitons showed in Fig. 7 could also occur
[19]. Our research group reported that there were lots of
oxygen vacancies on the surface of ZnO nanoparticles,
and proved that the oxygen vacancies had a strong
ability to bind electrons by the means of EPR
measurements [20]. In general, the smaller the particle
size, the larger the oxygen vacancy content, the higher
the probability of exciton occurrence, the stronger the
PL signal [19].

In addition, it could be found from Fig. 6a that the
threshold of PL response at the short wavelength edge of
TiO, nanoparticles shifted to the blue after La was
doped, and the PL intensity was also improved. This
was because La dopant could inhibit the crystallite
growth and the phase transformation of TiO, nanopar-
ticles so that the surface content of oxygen vacancy or
defect increased. The PL intensity gradually increased as
La content increased, and arrived at the highest degree
when La content was 1 mol%. If La content continued
to increase, namely more than 1 mol%, the PL intensity
began to go down. There were two possible reasons. One
was that the effective area for absorbing light of TiO,
nanoparticles decreased. Another was that lots of
chemical bonds of Ti—-O-La three element could occur
so that the content of surface oxygen vacancy and defect

N\Conduchonband\

i

Exciton
energy
level

2

Fig. 7. Schematic diagram of exciton energy level between the
conduction band and valence band and PL occurrence on the surface
of semiconductor nanoparticles.

decreased [16]. Therefore, the PL intensity of TiO,
nanoparticles could increase when appropriate content
of La was doped, while it could decrease when too much
content of La was doped.

It could be found from Fig. 6b that the range of PL
response with excited wavelength of 350 nm expanded a
little, and the PL spectra had obvious differences in
curve shape as compared with that with excited
wavelength of 300 nm, namely, new PL peak at about
525nm occurred, although the used excited energies
both were higher than the band gap energy. These
demonstrated that PL mechanism of TiO, nanoparticles
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was very complicated. Therefore, further research was
needed.

Fig. 6¢c showed the PL spectrum with an excited
wavelength of 420 nm, have two obvious PL peaks at
about 550 and 615nm, respectively. Since the used
excited energy was lower than the band gap energy of
TiO,, the PL signal mainly resulted from the electron
transitions related to surface defects or surface state
energy level other than the electron transitions between
the conduction band and valence band [8,17,18].

3.5. Measurement of photocatalytic activity

Fig. 8 showed the photocatalytic degradation curves
of phenol on 5mol% La doped TiO, nanoparticles
calcined at different temperature, it could be found that
the sample calcined at 600°C exhibited the highest
photocatalytic activity, indicating that 600°C was the
most appropriate calcination temperature.

Fig. 9 showed the photocatalytic degradation rate of
phenol on La doped TiO, nanoparticles calcined at
600°C for 2 h with different content of La, reflecting the
effects of La content on photocatalytic activity. Accord-
ing to Fig. 9, the order of photocatalytic activity of
La doped TiO, nanoparticles was as following:
1>1.5>3>0.5>5>0mol%. Moreover, according to
Fig. 6a, it should be pointed that the order of
photocatalytic activity was the same as that of PL
intensity, namely, the stronger the PL intensity, the
higher the photocatalytic activity.

During the process of PL, oxygen vacancies and
defects could bind photoinduced electrons to form free
or binding excitons so that PL signal could easily occur,
and the larger the content of oxygen vacancies or
defects, the stronger the PL intensity. But, during the
process of photocatalytic reactions, oxygen vacancies
and defects could become the centers to capture
photoinduced electrons so that the recombination of
photoinduced electrons and holes could be effectively
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Fig. 8. The photocatalytic degradation curves of phenol on 5mol% La
doped TiO, nanoparticles calcined at different temperature.
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Fig. 9. The photocatalytic degradation rate of phenol on La doped
TiO, nanoparticles calcined at 600°C for 2 h with different content of
La.

inhibited. Moreover, oxygen vacancies could promote
the adsorption of O,, and there was strong interaction
between the photoinduced electrons bound by oxygen
vacancies and adsorbed O,. This indicated that the
binding for photoinduced electrons of oxygen vacancies
could make for the capture for photoinduced electrons
of adsorbed O», and - O, free group was produced at the
same time. Thus, oxygen vacancies and defects were in
favor of photocatalytic reactions in that- O, was active
to promote the oxidation of organic substances [20,21].

The above results demonstrated that there were
certain relationships between PL spectra and photo-
catalytic activity, namely, the stronger the PL intensity,
the larger the content of oxygen vacancies and defects,
the higher the photocatalytic activity. This could suggest
that the photocatalytic activity of La doped TiO,
samples be rapidly evaluated by the measurements of
PL spectra at a certain degree.

4. Conclusions

We have prepared and characterized pure and La
doped TiO, nanoparticles, and mainly investigated the
relationships between PL spectra and photocatalytic
activity as well as the effect mechanism of La on TiO,
phase transformation. The results showed that La
dopant had a great inhibition on TiO, phase transfor-
mation, and did not give rise to a new PL signal, but it
could improve the intensity of PL spectra with a
appropriate La content, attributed to the increase in
the content of surface oxygen vacancies and defects. In
addition, we found that the order of photocatalytic
activity of La doped TiO, samples with different La
content was the same as that of their PL intensity. This
was because there were certain relationships between PL
spectra and photocatalytic activity, namely, the stronger
the PL intensity, the larger the content of oxygen
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vacancies and defects, the higher the photocatalytic
activity. Therefore, the photocatalytic activity of La
doped TiO, samples could be rapidly evaluated by the
measurement of PL spectra.
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