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bstract

A La-doped TiO2(La/TiO2) photocatalyst with optimum La/Ti molar ratio of 1.25% is prepared by ultrasound-assisted sol–gel method, followed
y supercritical drying in ethanol fluid. During liquid phase photocatalytic degradation of phenol, the as-prepared La/TiO2 exhibits higher activity
han the La/TiO2 obtained without ultrasonication. Meanwhile, the La/TiO2 obtained via supercritical treatment is more active than either the
ndoped TiO2 obtained under supercritical conditions or the La/TiO2 obtained via direct calcination instead of supercritical treatment. Based on
arious characterizations, the promoting effects of ultrasonication, supercritical treatment, and La-modification are discussed by considering the
nhanced particle dispersion, the higher crystallization degree of anatase and the increase of the surface oxygen vacancies and/or defects, which

acilitates the adsorption of phenol molecules and also inhibits the recombination between photoelectrons and holes, resulting in the higher quantum
fficiency of photocatalysis. Meanwhile, the ultrasonication and supercritical treatment also strengthen the interaction between the La-dopants and
he TiO2, which could enhance the light absorbance and thus, increase the photocatalytic activity.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalysis attracts considerable attentions owing to its
otential in environmental cleaning [1]. Most studies have
nvolved the TiO2-based photocatalysts owing to the cheap-
ess, stability, nontoxicity and environmental friendship [2–4].
owever, the pure TiO2 usually shows low quantum efficiency
ue to the recombination of photo-induced electrons and holes.
any attempts have been made to achieve high activity by dop-

ng the TiO2 with metal particles, metallic ions, nonmetallic
ons, and other semiconductor oxides [5–9]. La compounds
re easily obtained and it has been proved that modifica-
ion of TiO2 with La-dopants shows significant improvement
n both the photocatalytic activity and the thermal stability
10–13]. To date, nearly all the La-doped TiO2 photocatalysts

re synthesized by sol–gel method, followed by calcination to
trengthen the incorporation between the La-dopants and the
iO2 and to enhance the crystallization degree of anatase. How-

∗ Corresponding author. Tel.: +86 21 6432 2142; fax: +86 21 64322272.
E-mail address: HeXing-Li@shnu.edu.cn (H. Li).
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henol degradation

ver, calcinations at high temperature usually cause particle
gglomeration and pore collapse, leading to the low surface
rea and the poor dispersion of the La-dopants in the TiO2
etwork which is harmful for photocatalytic activity [14–16].
reviously, we reported a new approach to synthesize TiO2-
ased photocatalysts via supercritical treatment [17–19]. The
bsence of surface tension under supercritical conditions leads
o preservation of the porous structure in the precursors during
alcinations, corresponding to the high surface area. Meanwhile,
he very high pressure and local temperature under super-
ritical conditions ensure strong incorporation of the dopants
nto TiO2 network. Up to now, the N-, S-, and SO4

2−-doped
iO2 photocatalysts have been synthesized under supercritical
onditions which show higher activity than the corresponding
nes obtained via direct calcinations instead of supercritical
reatment. Besides, the application of ultrasonication in prepa-
ation of TiO2 photocatalysts has been recently developed
y Yu et al. [20,21]. In this paper, as a continuation of our

esearching work, we report the preparation of a La-doped
iO2(La/TiO2) photocatalyst via ultrasound-assisted sol–gel
ethod, followed by supercritical treatment. The promoting

ffects of both the La-doping and the supercritical treatment

mailto:HeXing-Li@shnu.edu.cn
dx.doi.org/10.1016/j.molcata.2007.07.054
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the agglomeration of the TiO2 nanoparticles. The particles in
the La/TiO2(SC/US) are even more homogeneous owing to
the dispersing role of ultrasonication. Considering the parti-
cle shape, it is found that La/TiO2-1.25(DC) is comprised of
38 Y. Huo et al. / Journal of Molecular C

s well as the ultrasonication are discussed briefly based on a
etailed characterizations.

. Experimental

.1. Catalyst preparation

A solution containing desired amount of La(NO3)3, 2.5 ml
1:5, v/v) HNO3 and 10 ml alcohol (EtOH) is added dropwise
nto the solution containing 10 ml Ti(O–C4H9)4 and 40 ml EtOH
t 313 K under vigorous stirring, which is allowed to hydrolyze
nder 100 W 60 kHz ultrasonic irradiation (JY88-II). After being
ged for 48 h at 313 K, the xerogel is transferred into 500 ml auto-
lave containing 250 ml EtOH and is treated under supercritical
onditions (553 K and 11.5 MPa) for 2 h. Then, the vapor inside
he autoclave is released slowly and the system is cooled down
o room temperature in the N2 flow. The as-received solid is cal-
ined for 8 h at given temperature to remove the residual organic
ompounds and solvent. The optimum calcination temperature
s determined as 773 K. The La-content in the La/TiO2 sample
ould be adjusted by changing the La(NO3)3 concentration in
he mother solution. The as-prepared samples are denoted as
a/TiO2-x(SC/US), where SC, US and x represent the super-
ritical treatment, the ultrasonication, and the La/Ti molar ratio,
espectively. For comparison, the La-doped TiO2 samples are
lso prepared by sol–gel method without ultrasonication and/or
upercritical treatment, and are denoted as La/TiO2-x(DC) and
a/TiO2-x(SC) where DC refers to the direct calcination.

.2. Catalyst characterization

The structure of the as-prepared samples is determined by
oth X-ray diffraction (XRD, Rigacu Dmax-3C, Cu K� radi-
tion) and FTIR (NEXUS 470) as well as Raman spectra
Super Labram). Transmission electronic micrograph (TEM,
EM-2010) is employed to observe the surface morphology. The
2 adsorption–desorption isotherms are obtained by on a NOVA
000 at 77 K, from which the surface area (SBET), the pore vol-
me (VP) and the pore diameter (dP) are calculated by BET and
JH methods, respectively. The light absorption is detected by
hotoluminescence spectra (PLS, Varian Cary-Eclipse 500) and
V–vis diffuse reflectance spectra (DRS, MC-2530).

.3. Activity test

The phenol degradation is carried out at 303 K in a self-
esigned glassy reactor containing 0.050 g catalyst, and 30 ml
.1 g/l phenol aqueous solution. The reaction mixture is stirred
igorously (>1000 rpm) to eliminate the diffusion effect. After
eaching adsorption equilibrium, the photocatalysis is initiated
y irradiating the system with three 8 W lamps (characteristic
avelength of 310 nm). Each run of the reaction is lasted for 4 h

nd the phenol left in the solution is analyzed by a UV spec-

rophotometer (UV 7504/PC) at the characteristic wavelength
λ = 270 nm), from which the phenol degradation yield is cal-
ulated. Preliminary tests confirm a good linear relationship
etween the light absorbance at 270 nm and the phenol con-
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entration. Meanwhile, blank experiments also demonstrate that
nly less than 3% phenol decomposed after reaction for 4 h in the
bsence of either the photocatalyst or the UV light irradiation and
hus could be neglected in comparison with the phenol degrada-
ion yield through photocatalysis. The GC and HPLC analyses
emonstrate that, besides carbon dioxide, the intermediates pro-
uced during the photocatalysis could be neglected after the
henol degradation yield reaches more than 30%, showing the
omplete mineralization of phenol under present conditions. The
eproducibility of the results is checked by repeating the results
t least three times and was found to be within acceptable limits
±5%).

. Results and discussion

.1. Structural characteristics

The FTIR spectra (Fig. 1) demonstrate that, besides of
he absorption peaks at 1630 and 3400 cm−1 indicative of
he Ti–O bonding and the surface OH group was found
n undoped TiO2(SC) [16], both the La/TiO2-1.25(SC) and
he La/TiO2-1.25(SC/US) samples display an absorption peak
round 510 cm−1 characteristic of the La–O bond [22], showing
he successful incorporation of the La-dopants with the TiO2,
hich are mainly present in oxides. The XPS spectra in Fig. 2

onfirm that all the La species are present in the form of La2O3,
orresponding to the binding energies of 835.5 and 852.3 eV in
he La 3d5/2 and La 3d3/2 levels, respectively.

Fig. 3 shows the TEM morphologies of the undoped
nd La-doped TiO2 samples obtained via different methods.
he La/TiO2(SC) shows more homogeneous particle distribu-

ion than either the undoped TiO2(SC) or the La/TiO2(DC),
ndicating that both the La-doping and the supercritical treat-

ent instead of direct calcination could effectively inhibit
ig. 1. FTIR spectra of TiO2(SC), La/TiO2-1.25(SC), and La/TiO2-1.25(SC/
S) samples.



Y. Huo et al. / Journal of Molecular Catalysis A: Chemical 278 (2007) 237–243 239

s
v
a
t
a
m
H

F
1

t
L
c

F
a

Fig. 2. XPS spectra of La2O3 and La/TiO2-1.25(SC/US) samples.

pherical nanoparticles while all the other samples obtained
ia supercritical treatment, i.e., TiO2(SC), La/TiO2-1.25(SC)
nd La/TiO2-1.25(SC/US), are present in the cubic nanopar-

icles. Taking into account of the cubic crystal lattice of
natase, one could conclude that the supercritical treatment pro-
otes the crystallization of anatase. The attached SAED and
RTEM images show that all the samples are present in crys-

t
L
t
T

ig. 3. TEM morphologies of (a) TiO2(SC), (b) La/TiO2-1.25(DC), (c) La/TiO2-1.2
re the SAED and HRTEM images.
ig. 4. XRD patterns of (a) La/TiO2-1.25(DC), (b) TiO2(SC), (c) La/TiO2-
.25(SC), and (d) La/TiO2-1.25(SC/US) samples calcined at 773 K.

alline anatase after being calcined at 773 K for 8 h, but the
a/TiO2-1.25(SC) and the La/TiO2-1.25(SC/US) display high
rystallization degree which is further confirmed by XRD pat-

erns. As shown in Fig. 4, both the La/TiO2-1.25(SC) and the
a/TiO2-1.25(SC/US) display more distinguished peaks indica-

ive of anatase phase with extensive intensity than either the
iO2(SC) or the La/TiO2-1.25(DC), implying that the La-doping

5(SC), and (d) La/TiO2-1.25(SC/US) samples calcined at 773 K. The attached
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peak around 382 nm for both the undoped and La-doped
TiO2 samples, corresponding to the emission peak from
band edge free excitation. The intensity of the peak around
382 nm increases in the order of La/TiO2-1.25(DC), TiO2(SC),
ig. 5. XRD patterns of (a) La/TiO2-1.25(DC), (b) La/TiO2-1.25(SC), and (c)
a/TiO2-1.25(SC/US) samples calcined at elevated temperatures.

nd the supercritical treatment lead to the increase of crystal-
ization degree of anatase. The La/TiO2-1.25(SC/US) exhibits a
imilar XRD pattern to the La/TiO2-1.25(SC), suggesting that
he ultrasonic irradiation has no significant influence on the
rystallization degree.

Fig. 5 reveals that the crystallization degree of anatase
ncreased with the increase of calcination temperature. Both the

a/TiO2-1.25(SC) and the La/TiO2-1.25(SC/US) remain their
natase phase until being calcined at 1223 K. However, the
a/TiO2-1.25(DC) sample displays transformation from anatase

o rutile at 1073 K. We previously reported that the rutile phase

F
1
L

sis A: Chemical 278 (2007) 237–243

ppears in the TiO2(SC) after being calcined at 1023 K [17]. The
igher thermal stability of the La/TiO2-1.25(SC) than that of the
iO2(SC) demonstrates the stabilizing effect of the La-dopants
n the anatase since the coverage of the TiO2 surface by La2O3
pecies could protect the TiO2 nanoparticles from agglomeration
uring calcinations. Meanwhile, partial La2O3 species incorpo-
ate into the TiO2 network might enhance the straining force
n the anatase lattice due to structural distortion, which could
urther inhibit the phase transformation from anatase to rutile.
he La/TiO2-1.25(SC) exhibits much higher thermal stability

han the La/TiO2-1.25(DC) owing to the presence of porous
tructure in the TiO2 sample which might inhibit particle gath-
ring. Besides, the supercritical treatment might strengthen the
nteraction between the La-dopants and the TiO2 network, lead-
ng to enhanced thermal stability since the phase change from
natase to rutile during calcinations is effectively inhibited.
o speaks indicative of the anatase crystallization phase have
een observed in the XRD patterns even after being calcined
t very high temperature, possibly due to the low La-content
nd the high dispersion of the La-dopants in all the La/TiO2
amples.

The Raman spectra in Fig. 6 demonstrate that all the samples
alcined at 773 K are present in pure anatase phase correspond-
ng to the characteristic peaks around 142, 394, 514, 638 cm−1,
espectively [23]. The La-doping causes a slight blue shift of the
rincipal peak and the ultrasonication leads to further blue shift,
howing the increase of oxygen vacancies [24], which could be
ttributed to the distortion of anatase crystalline lattice induced
y La-doping. The attached Raman spectra demonstrate that the
ncrease of the calcination temperature results in a slight red
hift of the principal peak in the La/TiO2-1.25(SC/US), imply-
ng the decrease oxygen vacancies which could be attributed to
he enhanced crystallization degree of anatase.

As shown in Fig. 7, the PLS spectra display an absorbance
ig. 6. Raman spectra of TiO2(SC), La/TiO2-1.25(SC) and La/TiO2-
.25(SC/US) samples calcined at 773 K. The attached is Raman spectra of the
a/TiO2-1.25(SC/US) calcined at elevated temperature.
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ig. 7. PLS spectra of (a) La/TiO2-1.25(DC), (b) TiO2(SC), (c) La/TiO2-
.25(SC), and (c) La/TiO2-1.25 (SC/US) samples calcined at 773 K.

a/TiO2-1.25(SC), and La/TiO2-1.25(SC/US), indicating that
he La-doping, the supercritical treatment and the ultrasonica-
ion could increase oxygen vacancies and/or surface defects
n the TiO2 photocatalysts [25], which is consistent with the
esults from aforementioned Raman spectra. Meanwhile, the
V–vis DRS spectra (Fig. 8) display enhanced ability for UV

ight absorbance in the order of TiO2(SC), La/TiO2-1.25(DC),
a/TiO2-1.25(SC), and La/TiO2-1.25(SC/US), showing the pro-
oting effect of the La-doping, the supercritical treatment and

he ultrasonication on the light absorbance.
Other structural parameters are listed in Table 1. The

a/TiO2-1.25(SC) exhibits much higher SBET than either the
iO2(SC) or the La/TiO2-1.25(DC). On one hand, treatment
nder supercritical conditions could preserve the porous struc-
ure existed in the TiO2 xerogel precursor owing to the lack of
urface tension, resulting in the larger VP and DP which could
ccount for the higher SBET of the La/TiO2-1.25(SC) than that
f the La/TiO2-1.25(DC). On the other hand, the La-doping

ould enhance the particle dispersion [10], as confirmed by TEM
orphologies in Fig. 3. Meanwhile, more micropores might be

reated owing to the incorporation of the La2O3 into the TiO2
etwork, corresponding to the increase in VP but the decrease

p
u
p

able 1
ome structural parameters of the TiO2 and La-doped TiO2 samples

ample Calcination
temperature (K)

SBET

(m2/g)

25 773 45
iO2(SC) 773 68
a/TiO2-1.25(DC) 773 86
a/TiO2-1.25(SC) 673 141
a/TiO2-1.25(SC) 773 139
a/TiO2-1.25(SC) 973 126
a/TiO2-1.25(SC) 1173 54
a/TiO2-1.25(SC/US) 773 153

eaction conditions: 0.050 g photocatalyst, 30 ml 0.10 g/l phenol aqueous solutio
emperature = 303 K, stirring rate = 1000 rpm, reaction period = 4 h.
ig. 8. UV–vis DRS spectra of (a) TiO2(SC), (b) La/TiO2-1.25(DC), (c)
a/TiO2-1.25(SC), and (d) La/TiO2-1.25(SC/US) calcined at 773 K.

n DP. These results could account for the higher SBET of the
a/TiO2-1.25(SC) than that of the La/TiO2-1.25(DC). Compar-

ng the La/TiO2-1.25(SC) and the La/TiO2-1.25(SC/US), one
ould see that the ultrasonication could further enhance the SBET,
ossibly owing to increase of particle dispersion degree [26] and
he presence of more micropores in the La/TiO2-1.25(SC/US),
hich could be attributed to the bubbles arisen from acoustic

avitation [27,28]. The presence of more micropores could also
ccount for larger VP but lower DP of the La/TiO2-1.25(SC/US)
omparing to the La/TiO2-1.25(SC). Increase of the calcination
emperature from 773 to 973 K results in a slight decrease in SBET
ue to the particle gathering. Further increase in the calcination
emperature to 1173 K leads to an abrupt decrease in the SBET,
ossibly due to the collapse of porous structure, corresponding
o the abrupt decrease in VP.

.2. Catalytic performance
The photocatalytic degradation of phenol is employed as a
robe to examine the catalytic performances of the as-prepared
ndoped and La-doped TiO2 samples. Besides CO2, no other
roducts have been identified during the reaction, suggesting

Vp

(cm3/g)
dP

(nm)
Degradation
(%)

0.25 20 38
0.37 20 57
0.11 5.0 56
0.50 15 52
0.51 15 68
0.49 16 61
0.13 9.0 31
0.99 8.2 73

n, three 8 W lamps (310 nm) at 4 cm above the reaction solution, reaction



242 Y. Huo et al. / Journal of Molecular Catalysis A: Chemical 278 (2007) 237–243

Fig. 9. Dependence of the activity on the La-content. Reaction conditions:
0
o
r

t
t
d
d
t
t

(

(

F
p

(

(

.050 g La/TiO2 photocatalyst calcined at 773 K, 30 ml 0.10 g/l phenol aque-
us solution, three 8 W lamps (310 nm) at 4 cm above the reaction solution,
eaction temperature = 303 K, stirring rate = 1000 rpm, reaction period = 4 h.

he complete phenol mineralization under the present condi-
ions. Fig. 9 reveals that the activity first increases and then
ecreases with the La-content. The optimum La/Ti molar ratio is
etermined as 1.25% for all the as-prepared La-doped TiO2 pho-
ocatalysts. From the phenol degradation yields listed in Table 1,
he following results can be drawn.

1) The La/TiO2-1.25(SC) exhibits much higher activity than
the TiO2(SC), showing the promoting effect of the La-
modification. On one hand, the La-modification increases
the SBET (see Table 1), which facilitates the adsorption for
phenol molecules. On the other hand, the La-modification
could enhance the crystallization degree of the anatase
(see Fig. 4), which favors the transfer and the separa-
tion of photo-induced electrons and holes to prevent from
their recombination, leading to the enhanced quantum effi-
ciency. Meanwhile, the La-modification could increase the
oxygen vacancies and/or surface defects in the TiO2 pho-
tocatalysts which might capture photoelectrons and thus,
inhibit the recombination between photoelectrons and holes,
resulting in enhanced quantum efficiency. Furthermore,
the La-modification could enhance the absorbance for UV
lights, which could generate more photo-induced holes
served as active sites for phenol degradation. However, as
shown in Fig. 9, very high La-content is harmful for the
photocatalytic activity due to the great coverage of the TiO2
surface by La2O3 species, taking into account that the TiO2
serves as active sites for photocatalysis.

2) The La/TiO2-1.25(SC) shows higher activity than the
La/TiO2-1.25(DC), indicating the promoting effect of the
supercritical treatment which has been discussed in our
previous papers [17–19]. Briefly, the La/TiO2-1.25(SC)
obtained under supercritical conditions has high surface
area and large pore volume owing to the reservation of

porous structure originally present in the xerogel precur-
sor, which facilitates the adsorption for phenol molecules
and the subsequent degradation. Besides, the higher crys-
tallization degree of anatase, the more oxygen vacancies
ig. 10. Durability test of the La/TiO2-1.25(DC) and the La/TiO2-1.25(SC)
hotocatalysts. Reaction conditions are given in Fig. 9.

and/or defects, the stronger absorbance for UV lights result-
ing from the supercritical treatment could also enhance the
photocatalytic activity, as discussed above. Furthermore,
the supercritical treatment could strengthen the interaction
between the La2O3 and the TiO2, which might enhance
the promoting effect of the La-modification on the pho-
tocatalytic performance. The durability test could further
confirm the above conclusion. As shown in Fig. 10, the
La/TiO2-1.25(SC) can be used repetitively for more than
eight times without significant decrease in activity. How-
ever, the La/TiO2-1.25(DC) loses 32% activity even after
being used for three times. According to ICP analysis, the
deactivation of the La/TiO2-1.25(DC) is mainly attributed
to the leaching off of the La-dopants since 37.6% La2O3
in the La/TiO2-1.25(DC) has been leached-off after being
used for three times. However, no significant leaching-off
of La2O3 in the La/TiO2-1.25(SC) has been observed even
after being used for eight times. Thus, one could conclude
that the supercritical treatment could enhance the interac-
tion between the La2O3 and the TiO2 and thus inhibit the
leaching of the La-dopants, leading to enhanced durability
of the La/TiO2-1.25(SC) in photocatalysis.

3) The activity of the La/TiO2-1.25(SC) increases with the cal-
cination temperature increasing from 673 to 773 K, which
could be attributed to the increase of the crystallization
degree of anatase as shown in Fig. 5. Further increase in
the calcination temperature results in the decrease of sur-
face area, leading to the decrease in activity. The optimum
calcination temperature is determined as 773 K.

4) The La/TiO2-1.25(SC/US) is most active among all the as-
prepared undoped and La-doped TiO2 photocatalysts. Its
activity is nearly twice as that of the P25, showing a good
potential in practical application. The higher activity of the
La/TiO2-1.25(SC/US) than that of the La/TiO2-1.25(SC)
could be mainly attributed to both the higher particle disper-

sion owing to the dispersing effect of the ultrasound and the
stronger absorbance for UV lights owing to the enhanced
interaction between the La2O3 and the TiO2 induced by
ultrasonication.
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. Conclusions

In summary, a new approach has been developed to synthe-
ize a highly active La-doped TiO2 photocatalyst by combining
he sol–gel method with both the ultrasonication and the super-
ritical treatment. The La-modification, the ultrasonication and
he treatment under supercritical conditions could increase the
article dispersion, the crystallization degree of anatase, the sur-
ace oxygen vacancies and defects, the interaction between the
a-dopants and the TiO2, which might facilitate the adsorption

or reactant molecules and UV lights, and also inhibit the recom-
ination between photoelectrons and holes, leading to the higher
hotocatalytic activity. The present method offers new opportu-
ities for designing more active TiO2-based and even non-titania
hotocatalysts which may promote the practical application of
hotocatalysis in environmental cleaning.
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