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bstract

La/Ti mixed oxides with weight ratios of 1:9, 2:8, 3:7, and 4:6 were prepared by sol–gel method. The photocatalytic activity of La/Ti oxides was
valuated based on the pCBA photodecomposition. The catalyst samples were characterized by XRD, TEM, DRS, BET, and photoluminescence
PL) spectra. Particles of the La/Ti-mixed oxides showed the diameter of about 7 nm. We found that 30% doping of lanthanum ions on the TiO2

owders induced the highest pCBA (4-chlorobenzonic acid) photodecomposition in these experimental conditions. The order of its photoactivity
as as following: 30 > 20 > 0 > 10 > 40 wt%, which was the same for PL tendency. Also, PL spectra intensity increased with calcination temperature
rom 500 to 600 ◦C, then decreased at 700 ◦C. Phtotcatalytic activity followed the trend of the PL spectra intensity. The modification of TiO2 surface
y lanthanum ion made it possible to enhance the photoactivity by retarding the recombination of photoexcited electron/hole pairs, in the result of
he higher photoactivity in the stronger PL intensity.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Currently, titanium dioxide (TiO2) has been used enormously
n many products and in different processes, such as pigments in
oodstuffs, paint, and cosmetics, due to its broad functionality,
ong-term stability, and non-toxicity. The oxidizing power of the
hotogenerated holes in TiO2 has been proved to be sufficient in
ecomposing the pollutants in water and air, about 30 years ago
1]. The photocatalytic activity of TiO2 strongly depends on its
rystal structure, particle size, surface area, and porosity. When
he TiO2 particle size is decreased to the nanometer scale, the
ptical band gap has been widened due to the effect of quan-
um size, combined with the increased surface area, resulting
n the enhancement of catalytic activity [2,3]. Doping of ions
as been employed as one of TiO2 powder modification meth-
ds. The activity of TiO2 as photocatalyst can be improved by

sing rare earth metal as dopant can improve the activity of TiO2
hotocatalyst [4,5]. It is well known that the activity of the pho-
ocatalysts can be greatly influenced by the surface composition
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nd structure of them. Due to the recombination between excited
lectron/hole pairs at the surface of the oxides, PL spectrum has
een strongly affected [6–8]. Liqiang et al. [9], Toyoda et al.
10], and Rahman et al. [11] observed surface oxygen vacancies
nd defects of La, Ce, and Pb doped TiO2 with PL spectra.

The purposes of this study are to prepare the pure and
a/Ti nanoparticles using sol–gel process, and to characterize

hem with XRD, TEM, DRS, BET, and PL spectra. Further-
ore, the photoluminescence results have been connected to

he photocatalytic behavior for the decomposition of pCBA (4-
hlorobenzonic acid) as with varying the lanthanum dopant and
alcination temperature.

. Experimental

La-doped TiO2 nanoparticles were prepared by the
ol–gel method. Thirteen millilitres of tetraisopropyl titanate,
i[OCH(CH3)2]4, was dissolved in 50 ml of absolute isopropyl
lcohol, and then this Ti[OCH(CH3)2] solution was added under

igorous stirring into the appropriate amount of La2O3 dis-
olved in 20 ml of 35% HCl. The resulting transparent solution
as stirred for 6 h at room temperature and dried at 110 ◦C for
2 h. The obtained sample was calcined at various temperatures

mailto:shulyg@yonsei.ac.kr
dx.doi.org/10.1016/j.jphotochem.2006.05.027
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the red shift, effect of La ion was more distinctive than that of
calcination temperature; this observed red shift of the absorption
edge was probably due to the increment of the particle size from
varying La contents. Fournier et al. [12] previously reported that
H.R. Kim et al. / Journal of Photochemistry an

etween 500 and 800 ◦C for 2 h. The crystal phase composition
f the prepared La-doped TiO2 nanoparticles was determined
rom X-ray diffraction patterns (XRD) obtained by using a
igaku Denki (4057A2, Japan) diffractometer. Optical proper-

ies were analyzed by UV-diffuse reflectance spectrometer (V
50, Jasco). Surface area was evaluated by N2 adsorption in a
onstant volume adsorption apparatus (ASAP 2010, Micromet-
ics). The particle sizes and morphology of photocatalyst powder
ere investigated with a transmission electron microscopy (JEM
010, Jeol). The photoluminescence (PL) measurements of pre-
ared photocatalysts have been conducted under the exciton
f a 325 nm line from a 50 mW He–Cd laser. The PL spectra
ave been analyzed by employing conventional photon-counting
echnique.

The photocatalytic experiments were carried out using a 6-
BLB lamp with a main emission peak at 365 nm, which

as surrounded by a circulating water jacket to maintain a
onstant temperature during the reaction. The reaction suspen-
ions were prepared by adding 1 g of photocatalyst powder into
00 ml of pCBA aqueous solution with an initial concentration
f 0.15 mg l−1. The pCBA aqueous solution was continuously
tirred for 15 min after 1 g of photocatalyst powder was added
nto the reaction system. The analytical samples were taken from
he suspension and passed through a 0.45 �m Milipore filter.
he concentration of pCBA was measured with HPLC (P580A,
ionex) equipped with an ODS-23Micron. The mobile phase
as a mixture of water and acetonitrile. The flow rate of the
obile phase was in 1.0 ml min−1 at 30 ◦C.

. Results and discussion

Table 1 summarizes the BET surface area of the photocatalyst
sed in this study. BET surface area increases with the amount
f La in TiO2 catalyst up to the low 30% La/Ti. The BET sur-
ace area suddenly drops in 40% La/Ti. The pure TiO2 shows the
ow surface area in comparison with the mixture oxides. Fig. 1
hows the XRD patterns of mixed oxides of various La/Ti ratios
fter heat treatment at 600 ◦C. Up to 20% of La, anatase phase
s dominant without showing any crystalline peak consequent
rom lanthanum ion. At 30% of La, rutile and La2Ti2O7 phase
re observed and those phases are increased with the La contents
s showing 40% La sample. It implies that La doping affects the

hase transition behavior of TiO2 during the calcinations pro-
ess. Fig. 2 shows the X-ray diffraction patterns of 30% La/Ti
alcined sample at various temperatures. The peak intensity for
a2Ti2O7 increased with the calcination temperature indicating

able 1
ummary of BET surface area of the photocatalyst used in this study

amples (calcined at 600 ◦C) BET surface
area (m2 g−1)

iO2 28.2
0% La/Ti 56.1
0% La/Ti 54.7
0% La/Ti 56.5
0% La/Ti 32.9 F

(

ig. 1. XRD patterns of doped TiO2 with various La content (LT2: La2Ti2O7,
T3: La2Ti3O9).

rystal growth of La2Ti2O7. The XRD pattern after heat treat-
ent at 800 ◦C shows that the sample is a mixture of anatase,

utile, and binary oxide phase. Therefore, it can be concluded
rom these results that delaying of the phase transformation of
itania from anatase to rutile has been performed due to lan-
hanum doping and may hinder the increase of the crystallite
ize.

Fig. 3 shows the TEM images of pure TiO2 and 30% La/Ti
amples calcined at 600 ◦C. The average particle sizes of pure
nd 30% La/Ti samples were about 12 and 7 nm, respectively.
his suggests that doped La may prohibit the primary particle
rowth.

UV–vis diffuse reflectance spectra of the samples are shown
n Figs. 4 and 5. Although, the curve shape of the DRS spec-
rum of pure TiO2 was similar to that of La/Ti mixture oxides,
t was found that the increase of La3+ contents shifted the light
bsorption of the specimens to the visible region. In terms of
ig. 2. XRD patterns of doped TiO2 (30% La) calcined at various temperatures
LT2: La2Ti2O7, LT3: La2Ti3O9).
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Fig. 4. DRS spectra of La-doped TiO2 calcined at 600 ◦C with various La con-
tents.

F

The PL intensity gradually increases as La content increases,
and arrives at the highest degree when La dopant is 30 wt%. In
the case of 50 wt% La/Ti calcinated at 1150 ◦C, the PL intensity
is more conspicuous than other La/Ti mixed oxides. The change
ig. 3. TEM photographs of (A) pure TiO2 and (B) 30% La-doped TiO2 calcined
t 600 ◦C.

and position of DRS spectrum is mainly dependent on struc-
ural characteristics, e.g. cluster size and its dispersion pattern
ver the support .In our study, the average particle sizes were
.6, 5.4, 7.0, and 16.0 nm for 10, 20, 30, and 40 wt% La/Ti mix-
ure oxide indicating that the increment of the particle size is
esponsible for the edge position shift of the absorption spec-
rum towards the longer wavelength.
PL spectrum can provide the information about the surface
xygen vacancies and defects based on the electronic structure
nd optical characteristics [13–16]. Fig. 6 shows the PL spectra
f La/Ti mixture oxides with varying the lanthanum dopant.

F
(

ig. 5. DRS spectra of doped TiO2 (30% La) calcined at various temperatures.
ig. 6. PL spectra of doped TiO2 calcined at 600 ◦C with various La content
excitation: 325 nm).
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ig. 7. PL spectra of doped TiO2 (30% La) calcined at various temperatures
excitation: 325 nm).

f PL intensity as a function of the calcinations temperature is
hown in Fig. 7. PL spectra intensity increases with calcination
emperature from 500 to 600 ◦C, then decreases at 700 ◦C. It
as found that that an appropriate change by lanthanum ion and

alcination temperature affected the increase of PL intensity for
ure TiO2. The increase of PL intensity was responsible for the
urface content of oxygen vacancy or defect. In general, with
ecrease in the particle size of the catalysts the oxygen vacancy
ill be enhanced and probability of exciton occurrence will also

ncrease, resulting the stronger PL signal [17].
The photocatalytic degradation rate of pCBA on La/Ti mixed

xides (calcined at 600 ◦C for 2 h) is shown in Fig. 8. The order of
hotoactivity was as following: 30 > 20 > 0 > 10 > 40 wt%. The
0% La loading in TiO2 showed the lowest performance. This
ay be due to the existence of lower active phases of La2Ti2O7

nd La2Ti3O9. The order of photocatalytic activity was the same
s that of PL intensity, indicating that the high number of oxygen

acancies and defects might be beneficial to pCBA decompo-
ition by La/Ti mixed oxides. Similar observation on the close
elationship between PL intensity and photocatalytic activity

ig. 8. Decomposition of pCBA by La-doped TiO2 calcined at 600 ◦C with
arious La contents.

t
p
i

F
i

ig. 9. Decomposition of pCBA by doped TiO2 (30% La) calcined at various
emperatures.

as previously reported by Liqiang et al. [9]; during the photo-
atalytic reaction, the oxygen vacancies and defects effectively
apture the photoinduced electron preventing electron/hole pairs
rom any possible recombination. Also, the oxygen vacancies
romote the adsorption of O2 and capture the photoinduced
lectrons of the adsorbed O2 to produce •O2 group, which then
xidize the target organic substances.

Fig. 9 shows the photocatalystic degradation curves of pCBA
n 30% La/Ti mixture oxides calcined at various temperatures.
he photocatalytic activity gradually decreased with increasing
alcination temperature. This behavior may be explained by the
articles agglomeration and growing of La2Ti2O7 and La2Ti3O9
hase, which was observed from SEM and XRD. The order
f photocatalytic activity was the same as that of PL intensity
easured, except for the 30% La/Ti mixed oxide calcined at

00 ◦C; the PL intensity of 30% La/Ti mixed oxide calcined at
00 ◦C might be affected by La2Ti2O7 and La2Ti3O9, which
ere not the case for the pCBA decomposition.

The change in the decomposition rate of pCBA as a func-

ion of the quenching area is shown in Fig. 10. As discussed
reviously, Jung et al. [18] and Anpo et al. [19], the quench-
ng phenomenon by the addition of oxygen can be explained

ig. 10. Photoreactivity of as-prepared La–Ti mixed oxides w.r.t. the PL quench-
ng area.
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y the band bending—upward bending of the band edge, which
roduces thicker space charge layer and effectively separates
he photogenerated electron/hole pairs is mainly responsible for
he quenching of the photoluminescence. The degree of quench-
ng has a relation with the availability of surface-active sites on
hich oxygen can be adsorbed. Thus, increasing number of oxy-
en vacancies and defects means increasing amount of adsorbed
2. In other words, the stronger the PL intensity, the more the
xygen vacancies and defects, and the more the oxygen vacan-
ies and defects, the higher the photocatalytic activity. In this
tudy, with the exception of 30% La/Ti (800 ◦C) and 50% La/Ti
1150 ◦C), the PL quenching area increased monotonously with
he pCBA decomposition rate. According to the XRD patterns
f La/Ti mixed oxide, increasing the calcination temperature
esulted in the increased portion of La2Ti2O7 and La2Ti3O9 in
he La/Ti mixed oxide. It was also found that more of La2Ti2O7
nd La2Ti3O9 were generated for the case of 30% La/Ti (800 ◦C)
nd 50% La/Ti (1150 ◦C) than any other tested cases (La/Ti ratio:
alcination temperature). The photocatalytic activity of pCBA
ecomposition in La/Ti oxides, which calcined at below 800 ◦C,
as investigated using the PL intensity measurement. The pho-

ocatalytic activity increased with PL intensity for catalysts with
arious La compositions calcined at 600 ◦C and catalysts with
dded TiO2 (30% La) calcined at the temperatures between 500
nd 700 ◦C.

. Conclusions

La/Ti mixture oxides with various La contents and calcination
emperatures were examined and compared to pure TiO2. The
resence of La3+ enhanced the light absorption of the specimens
n the visible region hindering the TiO2 phase transformation.
he modification of TiO2 surface by appropriate lanthanum ion
nd calcination temperature improves the increase of PL inten-
ity, which was relative to the quantity of the surface oxygen
acancy and/or defect reported by researchers [9]. The rela-
ionship between PL spectra and photocatalytic activity was
iscussed. The order of photocatalytic activity of La/Ti mix-
ure oxides calcined at 600 ◦C with various La contents was
he same as that of the corresponding PL intensity. For 30% La-

oped TiO2 calcined at various temperatures from 500 to 800 ◦C,
he photocatalytic activity showed the same tendency with the
ntensity of PL intensity except for the one calcined at 800 ◦C.
his may be affected by La2Ti2O7 and La2Ti3O9 phase from

[

[

tobiology A: Chemistry 185 (2007) 156–160

0% La/Ti (800 ◦C). The change in photocatlalytic surface with
anthanum dopant and calcination temperature was measured by
L spectra. The experimental results showed a linear relation-
hip between the PL intensity and the photocatalytic activity
f the tested La/Ti oxides; photocatalytic activity followed the
rend of the PL spectra intensity.
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