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Abstract

A La-doped TiO,(La/TiO,) photocatalyst with optimum La/Ti molar ratio of 1.25% is prepared by ultrasound-assisted sol-gel method, followed
by supercritical drying in ethanol fluid. During liquid phase photocatalytic degradation of phenol, the as-prepared La/TiO, exhibits higher activity
than the La/TiO, obtained without ultrasonication. Meanwhile, the La/TiO, obtained via supercritical treatment is more active than either the
undoped TiO, obtained under supercritical conditions or the La/TiO, obtained via direct calcination instead of supercritical treatment. Based on
various characterizations, the promoting effects of ultrasonication, supercritical treatment, and La-modification are discussed by considering the
enhanced particle dispersion, the higher crystallization degree of anatase and the increase of the surface oxygen vacancies and/or defects, which
facilitates the adsorption of phenol molecules and also inhibits the recombination between photoelectrons and holes, resulting in the higher quantum
efficiency of photocatalysis. Meanwhile, the ultrasonication and supercritical treatment also strengthen the interaction between the La-dopants and

the TiO,, which could enhance the light absorbance and thus, increase the photocatalytic activity.

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

Photocatalysis attracts considerable attentions owing to its
potential in environmental cleaning [1]. Most studies have
involved the TiOz-based photocatalysts owing to the cheap-
ness, stability, nontoxicity and environmental friendship [2—4].
However, the pure TiO; usually shows low quantum efficiency
due to the recombination of photo-induced electrons and holes.
Many attempts have been made to achieve high activity by dop-
ing the TiO, with metal particles, metallic ions, nonmetallic
ions, and other semiconductor oxides [5-9]. La compounds
are easily obtained and it has been proved that modifica-
tion of TiO, with La-dopants shows significant improvement
on both the photocatalytic activity and the thermal stability
[10-13]. To date, nearly all the La-doped TiO; photocatalysts
are synthesized by sol-gel method, followed by calcination to
strengthen the incorporation between the La-dopants and the
TiO, and to enhance the crystallization degree of anatase. How-
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ever, calcinations at high temperature usually cause particle
agglomeration and pore collapse, leading to the low surface
area and the poor dispersion of the La-dopants in the TiO,
network which is harmful for photocatalytic activity [14—16].
Previously, we reported a new approach to synthesize TiO;-
based photocatalysts via supercritical treatment [17-19]. The
absence of surface tension under supercritical conditions leads
to preservation of the porous structure in the precursors during
calcinations, corresponding to the high surface area. Meanwhile,
the very high pressure and local temperature under super-
critical conditions ensure strong incorporation of the dopants
into TiOy network. Up to now, the N-, S-, and SO42’-doped
TiO, photocatalysts have been synthesized under supercritical
conditions which show higher activity than the corresponding
ones obtained via direct calcinations instead of supercritical
treatment. Besides, the application of ultrasonication in prepa-
ration of TiO, photocatalysts has been recently developed
by Yu et al. [20,21]. In this paper, as a continuation of our
researching work, we report the preparation of a La-doped
TiO,(La/TiOy) photocatalyst via ultrasound-assisted sol-gel
method, followed by supercritical treatment. The promoting
effects of both the La-doping and the supercritical treatment
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as well as the ultrasonication are discussed briefly based on a
detailed characterizations.

2. Experimental
2.1. Catalyst preparation

A solution containing desired amount of La(NO3)3, 2.5 ml
(1:5, v/v) HNOj3 and 10 ml alcohol (EtOH) is added dropwise
into the solution containing 10 ml Ti(O-C4Hg)4 and 40 ml EtOH
at 313 K under vigorous stirring, which is allowed to hydrolyze
under 100 W 60 kHz ultrasonic irradiation (JY 88-II). After being
aged for48 hat313 K, the xerogel is transferred into 500 ml auto-
clave containing 250 ml EtOH and is treated under supercritical
conditions (553 K and 11.5 MPa) for 2 h. Then, the vapor inside
the autoclave is released slowly and the system is cooled down
to room temperature in the N flow. The as-received solid is cal-
cined for 8 h at given temperature to remove the residual organic
compounds and solvent. The optimum calcination temperature
is determined as 773 K. The La-content in the La/TiO, sample
could be adjusted by changing the La(NO3)3 concentration in
the mother solution. The as-prepared samples are denoted as
La/TiO7-x(SC/US), where SC, US and x represent the super-
critical treatment, the ultrasonication, and the La/Ti molar ratio,
respectively. For comparison, the La-doped TiO, samples are
also prepared by sol-gel method without ultrasonication and/or
supercritical treatment, and are denoted as La/TiO,-x(DC) and
La/TiO,-x(SC) where DC refers to the direct calcination.

2.2. Catalyst characterization

The structure of the as-prepared samples is determined by
both X-ray diffraction (XRD, Rigacu Dmax-3C, Cu Ka radi-
ation) and FTIR (NEXUS 470) as well as Raman spectra
(Super Labram). Transmission electronic micrograph (TEM,
JEM-2010) is employed to observe the surface morphology. The
Ny adsorption—desorption isotherms are obtained by on a NOVA
4000 at 77 K, from which the surface area (SggT), the pore vol-
ume (Vp) and the pore diameter (dp) are calculated by BET and
BJH methods, respectively. The light absorption is detected by
photoluminescence spectra (PLS, Varian Cary-Eclipse 500) and
UV-vis diffuse reflectance spectra (DRS, MC-2530).

2.3. Activity test

The phenol degradation is carried out at 303K in a self-
designed glassy reactor containing 0.050 g catalyst, and 30 ml
0.1 g/1 phenol aqueous solution. The reaction mixture is stirred
vigorously (>1000 rpm) to eliminate the diffusion effect. After
reaching adsorption equilibrium, the photocatalysis is initiated
by irradiating the system with three 8 W lamps (characteristic
wavelength of 310 nm). Each run of the reaction is lasted for 4 h
and the phenol left in the solution is analyzed by a UV spec-
trophotometer (UV 7504/PC) at the characteristic wavelength
(A =270nm), from which the phenol degradation yield is cal-
culated. Preliminary tests confirm a good linear relationship
between the light absorbance at 270 nm and the phenol con-

centration. Meanwhile, blank experiments also demonstrate that
only less than 3% phenol decomposed after reaction for 4 hiin the
absence of either the photocatalyst or the UV lightirradiation and
thus could be neglected in comparison with the phenol degrada-
tion yield through photocatalysis. The GC and HPLC analyses
demonstrate that, besides carbon dioxide, the intermediates pro-
duced during the photocatalysis could be neglected after the
phenol degradation yield reaches more than 30%, showing the
complete mineralization of phenol under present conditions. The
reproducibility of the results is checked by repeating the results
at least three times and was found to be within acceptable limits
(£5%).

3. Results and discussion
3.1. Structural characteristics

The FTIR spectra (Fig. 1) demonstrate that, besides of
the absorption peaks at 1630 and 3400cm™' indicative of
the Ti-O bonding and the surface OH group was found
in undoped TiO2(SC) [16], both the La/TiO,-1.25(SC) and
the La/TiO,-1.25(SC/US) samples display an absorption peak
around 510 cm™! characteristic of the La—O bond [22], showing
the successful incorporation of the La-dopants with the TiO;,
which are mainly present in oxides. The XPS spectra in Fig. 2
confirm that all the La species are present in the form of La O3,
corresponding to the binding energies of 835.5 and 852.3 eV in
the La 3ds,» and La 3d3), levels, respectively.

Fig. 3 shows the TEM morphologies of the undoped
and La-doped TiO, samples obtained via different methods.
The La/TiO»(SC) shows more homogeneous particle distribu-
tion than either the undoped TiO>(SC) or the La/TiO(DC),
indicating that both the La-doping and the supercritical treat-
ment instead of direct calcination could effectively inhibit
the agglomeration of the TiO, nanoparticles. The particles in
the La/TiO(SC/US) are even more homogeneous owing to
the dispersing role of ultrasonication. Considering the parti-
cle shape, it is found that La/TiO,-1.25(DC) is comprised of
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Fig. 1. FTIR spectra of TiO»(SC), La/TiO,-1.25(SC), and La/TiO,-1.25(SC/
US) samples.
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Fig. 2. XPS spectra of La;O3 and La/TiO,-1.25(SC/US) samples.

spherical nanoparticles while all the other samples obtained
via supercritical treatment, i.e., TiO2(SC), La/TiO,-1.25(SC)
and La/TiO;-1.25(SC/US), are present in the cubic nanopar-
ticles. Taking into account of the cubic crystal lattice of
anatase, one could conclude that the supercritical treatment pro-
motes the crystallization of anatase. The attached SAED and
HRTEM images show that all the samples are present in crys-
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(b) TiO (SC)

(¢} La/TiO -1.25(5C)
(d) La/TiO,-1.25(SC/US

® Anatase

Intensity (Arb. Units)

A, i/
[mretismsms st || ot

T T T T T L T X T L
10 20 30 40 50 60 70 80
2Theta (degree)
Fig. 4. XRD patterns of (a) La/TiO;-1.25(DC), (b) TiO2(SC), (c) La/TiO,-
1.25(SC), and (d) La/TiO;-1.25(SC/US) samples calcined at 773 K.

talline anatase after being calcined at 773K for 8h, but the
La/TiO;,-1.25(SC) and the La/TiO,-1.25(SC/US) display high
crystallization degree which is further confirmed by XRD pat-
terns. As shown in Fig. 4, both the La/TiO»-1.25(SC) and the
La/TiO,-1.25(SC/US) display more distinguished peaks indica-
tive of anatase phase with extensive intensity than either the
TiO,(SC) or the La/Ti0;-1.25(DC), implying that the La-doping

Fig. 3. TEM morphologies of (a) TiO2(SC), (b) La/TiO,-1.25(DC), (c) La/TiO,-1.25(SC), and (d) La/TiO,-1.25(SC/US) samples calcined at 773 K. The attached

are the SAED and HRTEM images.
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Fig. 5. XRD patterns of (a) La/TiO,-1.25(DC), (b) La/TiO,-1.25(SC), and (c)
La/TiO;-1.25(SC/US) samples calcined at elevated temperatures.

and the supercritical treatment lead to the increase of crystal-
lization degree of anatase. The La/TiO;-1.25(SC/US) exhibits a
similar XRD pattern to the La/TiO,-1.25(SC), suggesting that
the ultrasonic irradiation has no significant influence on the
crystallization degree.

Fig. 5 reveals that the crystallization degree of anatase
increased with the increase of calcination temperature. Both the
La/TiO,-1.25(SC) and the La/TiO,-1.25(SC/US) remain their
anatase phase until being calcined at 1223 K. However, the
La/Ti0,-1.25(DC) sample displays transformation from anatase
to rutile at 1073 K. We previously reported that the rutile phase

appears in the TiO, (SC) after being calcined at 1023 K [17]. The
higher thermal stability of the La/TiO;-1.25(SC) than that of the
TiO,(SC) demonstrates the stabilizing effect of the La-dopants
on the anatase since the coverage of the TiO; surface by La; O3
species could protect the TiO; nanoparticles from agglomeration
during calcinations. Meanwhile, partial LayO3 species incorpo-
rate into the TiO, network might enhance the straining force
in the anatase lattice due to structural distortion, which could
further inhibit the phase transformation from anatase to rutile.
The La/TiO,-1.25(SC) exhibits much higher thermal stability
than the La/TiO,-1.25(DC) owing to the presence of porous
structure in the TiO, sample which might inhibit particle gath-
ering. Besides, the supercritical treatment might strengthen the
interaction between the La-dopants and the TiO; network, lead-
ing to enhanced thermal stability since the phase change from
anatase to rutile during calcinations is effectively inhibited.
No speaks indicative of the anatase crystallization phase have
been observed in the XRD patterns even after being calcined
at very high temperature, possibly due to the low La-content
and the high dispersion of the La-dopants in all the La/TiO,
samples.

The Raman spectra in Fig. 6 demonstrate that all the samples
calcined at 773 K are present in pure anatase phase correspond-
ing to the characteristic peaks around 142, 394, 514, 638 cm !,
respectively [23]. The La-doping causes a slight blue shift of the
principal peak and the ultrasonication leads to further blue shift,
showing the increase of oxygen vacancies [24], which could be
attributed to the distortion of anatase crystalline lattice induced
by La-doping. The attached Raman spectra demonstrate that the
increase of the calcination temperature results in a slight red
shift of the principal peak in the La/TiO»-1.25(SC/US), imply-
ing the decrease oxygen vacancies which could be attributed to
the enhanced crystallization degree of anatase.

As shown in Fig. 7, the PLS spectra display an absorbance
peak around 382nm for both the undoped and La-doped
TiO, 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/TiO;,-1.25(DC), TiO,(SC),
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Fig. 6. Raman spectra of TiO,(SC), La/TiO;-1.25(SC) and La/TiO;-
1.25(SC/US) samples calcined at 773 K. The attached is Raman spectra of the
La/TiO;-1.25(SC/US) calcined at elevated temperature.
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Fig. 7. PLS spectra of (a) La/TiO,-1.25(DC), (b) TiO2(SC), (c) La/TiO,-
1.25(SC), and (c) La/TiO;,-1.25 (SC/US) samples calcined at 773 K.

La/Ti0,-1.25(SC), and La/TiO;-1.25(SC/US), indicating that
the La-doping, the supercritical treatment and the ultrasonica-
tion could increase oxygen vacancies and/or surface defects
in the TiO, photocatalysts [25], which is consistent with the
results from aforementioned Raman spectra. Meanwhile, the
UV-vis DRS spectra (Fig. 8) display enhanced ability for UV
light absorbance in the order of TiO,(SC), La/TiO;-1.25(DC),
La/Ti0;-1.25(SC), and La/TiO;-1.25(SC/US), showing the pro-
moting effect of the La-doping, the supercritical treatment and
the ultrasonication on the light absorbance.

Other structural parameters are listed in Table 1. The
La/Ti0;-1.25(SC) exhibits much higher Sggr than either the
TiO,(SC) or the La/TiO;-1.25(DC). On one hand, treatment
under supercritical conditions could preserve the porous struc-
ture existed in the TiO, xerogel precursor owing to the lack of
surface tension, resulting in the larger Vp and Dp which could
account for the higher Sggt of the La/TiO,-1.25(SC) than that
of the La/TiO,-1.25(DC). On the other hand, the La-doping
could enhance the particle dispersion [10], as confirmed by TEM
morphologies in Fig. 3. Meanwhile, more micropores might be
created owing to the incorporation of the LayO3 into the TiOy
network, corresponding to the increase in Vp but the decrease
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Fig. 8. UV-vis DRS spectra of (a) TiO2(SC), (b) La/TiO,-1.25(DC), (c)
La/TiO;-1.25(SC), and (d) La/TiO,-1.25(SC/US) calcined at 773 K.

in Dp. These results could account for the higher Sggt of the
La/TiO;-1.25(SC) than that of the La/TiO,-1.25(DC). Compar-
ing the La/TiO»-1.25(SC) and the La/TiO,-1.25(SC/US), one
could see that the ultrasonication could further enhance the SggT,
possibly owing to increase of particle dispersion degree [26] and
the presence of more micropores in the La/TiO,-1.25(SC/US),
which could be attributed to the bubbles arisen from acoustic
cavitation [27,28]. The presence of more micropores could also
account for larger Vp but lower Dp of the La/TiO,-1.25(SC/US)
comparing to the La/TiO,-1.25(SC). Increase of the calcination
temperature from 773 to 973 Kresults in a slight decrease in SggT
due to the particle gathering. Further increase in the calcination
temperature to 1173 K leads to an abrupt decrease in the Sggr,
possibly due to the collapse of porous structure, corresponding
to the abrupt decrease in Vp.

3.2. Catalytic performance

The photocatalytic degradation of phenol is employed as a
probe to examine the catalytic performances of the as-prepared
undoped and La-doped TiO;, samples. Besides CO,, no other
products have been identified during the reaction, suggesting

Table 1
Some structural parameters of the TiO, and La-doped TiO, samples
Sample Calcination SBET Vo dp Degradation
temperature (K) (m?/g) (cm?/g) (nm) (%)
P25 773 45 0.25 20 38
TiO,(SC) 773 68 0.37 20 57
La/TiO;-1.25(DC) 773 86 0.11 5.0 56
La/TiO,-1.25(SC) 673 141 0.50 15 52
La/TiO,-1.25(SC) 773 139 0.51 15 68
La/TiO,-1.25(SC) 973 126 0.49 16 61
La/TiO,-1.25(SC) 1173 54 0.13 9.0 31
La/TiO,-1.25(SC/US) 773 153 0.99 8.2 73

Reaction conditions: 0.050 g photocatalyst, 30 ml 0.10 g/l phenol aqueous solution, three 8 W lamps (310nm) at 4 cm above the reaction solution, reaction

temperature = 303 K, stirring rate = 1000 rpm, reaction period =4 h.
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the

complete phenol mineralization under the present condi-

tions. Fig. 9 reveals that the activity first increases and then
decreases with the La-content. The optimum La/Ti molar ratio is
determined as 1.25% for all the as-prepared La-doped TiO, pho-
tocatalysts. From the phenol degradation yields listed in Table 1,
the following results can be drawn.

ey

2)

The La/TiO,-1.25(SC) exhibits much higher activity than
the TiO,(SC), showing the promoting effect of the La-
modification. On one hand, the La-modification increases
the Sger (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 TiO; 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 TiO;
surface by Lay O3 species, taking into account that the TiO»
serves as active sites for photocatalysis.

The La/TiO,-1.25(SC) shows higher activity than the
La/TiO,-1.25(DC), indicating the promoting effect of the
supercritical treatment which has been discussed in our
previous papers [17-19]. Briefly, the La/TiO,-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

Fig.
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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 La;O3 and the TiO;, 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/TiO;-1.25(SC) can be used repetitively for more than
eight times without significant decrease in activity. How-
ever, the La/TiO,-1.25(DC) loses 32% activity even after
being used for three times. According to ICP analysis, the
deactivation of the La/TiO,-1.25(DC) is mainly attributed
to the leaching off of the La-dopants since 37.6% LayO3
in the La/TiO,-1.25(DC) has been leached-off after being
used for three times. However, no significant leaching-off
of LayO3 in the La/TiO,-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 LayO3 and the TiO; and thus inhibit the
leaching of the La-dopants, leading to enhanced durability
of the La/TiO,-1.25(SC) in photocatalysis.

The activity of the La/TiO»-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.

The La/TiO,-1.25(SC/US) is most active among all the as-
prepared undoped and La-doped TiO, 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 LayO3 and the TiO; induced by
ultrasonication.
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4. Conclusions

In summary, a new approach has been developed to synthe-
size a highly active La-doped TiO, photocatalyst by combining
the sol-gel method with both the ultrasonication and the super-
critical treatment. The La-modification, the ultrasonication and
the treatment under supercritical conditions could increase the
particle dispersion, the crystallization degree of anatase, the sur-
face oxygen vacancies and defects, the interaction between the
La-dopants and the TiO,, which might facilitate the adsorption
for reactant molecules and UV lights, and also inhibit the recom-
bination between photoelectrons and holes, leading to the higher
photocatalytic activity. The present method offers new opportu-
nities for designing more active TiO-based and even non-titania
photocatalysts which may promote the practical application of
photocatalysis in environmental cleaning.
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