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a b s t r a c t

A series of highly vis-light active Ni,La-codoped SrTiO3 photocatalysts were successfully synthesized with
sol–gel process. The characterization results show that the calcination temperature has a strong influence
on the physical–chemical properties of as-synthesized photocatalysts. The surface area and porosity, even
the initial adsorption rate for malachite green (MG), decreased with increasing calcination temperature.
eywords:
hotocatalysis
ol–gel
trontium titanate
odoped

To evaluate the photocatalytic activities, the photodegradation of a water contaminant (MG) was carried
out under visible light irradiation. The as-synthesized photocatalysts exhibited a high vis-light activity,
and a 100% degradation of MG was observed for the Ni,La-SrTiO3-x catalysts calcined at low temperature
under visible light irradiation for 1 h, during which only 7% and 15% of MG was degraded for self-degrade
and commercially available photocatalyst Degussa P25, respectively. The high vis-light activity is a result
of the best combination of many properties, such as the intensive visible light response, the large surface

d the
isible light activity area and pore volume an

. Introduction

As an efficient photocatalyst, strontium titanate (SrTiO3) has
een widely researched for the degradation of various organic con-
aminants, such as dyes [1–5] and other organic compounds [6,7],
o solve environmental problems and for water splitting to produce
lean energy [8–12]. A main drawback of the lack of photoresponse
o the visible light, under which the SrTiO3 cannot be effectively
xcited because of its wide band gap, limits its applications in solar
ight containing only 3% UV light. Therefore, numerous studies have
ttempted to extend the photoresponse of wide band gap photo-
atalysts, such as TiO2 and SrTiO3, towards the visible light to use
olar light. A common method is modifying them by anion doping
13–17], metal doping [11,18–21] or generating oxygen deficiency
22].

In the 1980s, Domen et al. [9,12,23] found that NiO is an effective
o-catalyst for photocatalytic decomposition of H2O over photo-
atalyst of SrTiO3. Recently, it has been reported that the visible
ight response can be effectively improved by doping SrTiO3 with

i2+ due to the forming of an electron donor level by Ni 3d orbits

n the forbidden band to the conduction band [24]. However, the
tudy on SrTiO3 doped with Ni is still very few and only reported
y Niishiro et al. [24]. It has also been proved that charge balance

∗ Corresponding author. Tel.: +86 22 23509005; fax: +86 22 23509005.
E-mail address: sxliu@nankai.edu.cn (S. Liu).
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high initial adsorption rate for substrate.
© 2010 Elsevier B.V. All rights reserved.

by codoping of another ion plays an important role in the photo-
catalytic activity [25,26]. It is known that La3+ has nearly the same
ionic radius (0.115 nm) as Sr2+ (0.113 nm) and can replace Sr2+ in
SrTiO3 without producing a large lattice strain. Besides the photore-
sponse, the photocatalytic activity is also strongly affected by many
other physical–chemical properties, such as particle size [27], crys-
tal form [28,29], initial adsorption rate for substrate [30,31], surface
area [32,33] and surface properties [34,35], which are changed
remarkably according to different preparation and/or treatment
procedure, during which the calcination temperature is the key
factor in determining the above-mentioned.

Within this context, the present work aims to extend the pho-
toresponse of SrTiO3 towards visible light region by co-doping
it with metal ions, namely nickel and lanthanum. The effect of
calcination temperature on the physical–chemical properties and
on photocatalytic activities of the synthesized catalysts has been
investigated in detail. The photocatalytic activities were evaluated
by studying the degradation of malachite green (MG), a water con-
taminant, under visible light irradiation.

2. Experimental
2.1. Preparation of photocatalysts

Ni,La-codoped SrTiO3 powders were synthesized by a sol–gel
process. A typical procedure was carried out as follows: 6.8 mL of
tetrabutyl titanate was mixed with 10 mL of acetic acid glacial, and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sxliu@nankai.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.01.068
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ig. 1. TG/DTA curves of the xerogel precursor powders dried at 453 K: (a) Ni,La-
rTO-0; (b) Ni,La-SrTO-1.0; (c) Ni,La-SrTO-5.0.

0 mL of water was added dropwise into the solution. The mixture
as stirred until a clear solution (solution A) was obtained. A cer-

ain amount of La, Ni and Sr precursors was dissolved in 10 mL of
ater, and 8.4 g of citric acid in 10 mL of water was added dropwise

solution B). After stirring for 30 min at room temperature, solution
was added dropwise into solution A. The resulting solution was
tirred for another 30 min at room temperature, and then it was
eated to 338 K by water bath and kept at this temperature for 4 h

n a closed system. And then most of water was evaporated slowly
t this temperature in 4–5 h, the solution turned very viscous and
t was thoroughly dried at 383 K for 12 h and at 453 K for another
Fig. 2. XRD patterns of synthesized photocatalysts: (a) Ni,La-SrTO-0; (b) Ni,La-SrTO-
1.0; (c) Ni,La-SrTO-5.0.

12 h. The brown powder was obtained after milling. The photocat-
alysts of Ni,La-codoped SrTiO3 were produced by calcinating the
powder at 673 K for 6 h and then at the stipulated temperature for
24 h. The synthesized catalysts were marked as Ni,La-STO-x, where

x denotes the mol percent of Ni and La corresponding to Ti, and the
equivalent doping of Ni and La was used in this experiment. The
nondoped SrTiO3 was synthesized for comparative purposes using
the same method.
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Fig. 3. The main peaks in XRD patterns of the synthesized Ni,La-STO-x seri

.2. Characterization

Thermogravimetric analysis (TGA) and differential thermal
nalysis (DTA) of the precursor decomposition were simultane-
usly performed on a TG–DTA thermoanalyzer (PTC-10A) from 298
o 1073 K at a heating rate of 10 K min−1. X-ray diffraction (XRD)
atterns were collected on a Focus diffractometer (Bruker D8) with
u K� radiation (40 kV and 40 mA) at a scanning speed of 6◦ min−1.
he UV–vis diffuse reflectance spectra were measured at room tem-
erature with a UV–vis spectrophotometer (Shimadzu 2550) in the
ange 200–800 nm. Scanning electron microscopy (SEM) images
ere recorded on an electron microscope (Shimadzu SS-550) oper-

ted at 25.0 kV. Nitrogen adsorption–desorption isotherms were

etermined at 77 K with a Micromeritics Tristar 3000 volumet-
ic apparatus. Specific surface areas were calculated following the
ET procedure. Pore diameters were estimated by applying the BJH
ethod to the adsorption branch of the isotherm. Fourier trans-

orm infrared spectroscopic (FT-IR) analysis was conducted on a

able 1
he structure properties of the synthesized photocatalysts and the initial adsorption rate

Photocatalyst Calcination temperature (K) Physical properties

SBET (m2/g) Por

Ni,La-STO-0 773 17.7 11.
Ni,La-STO-0 823 10.6 18.
Ni,La-STO-0 873 7.9 31.
Ni,La-STO-0 973 4.1 –
Ni,La-STO-0 1073 1.5 –
Ni,La-STO-1.0 773 17.8 14.
Ni,La-STO-1.0 823 12.3 21.
Ni,La-STO-1.0 873 11.0 29.
Ni,La-STO-1.0 973 9.9 –a

Ni,La-STO-1.0 1073 3.2 –
Ni,La-STO-5.0 773 13.1 10.
Ni,La-STO-5.0 823 11.5 18.
Ni,La-STO-5.0 873 11.2 27.
Ni,La-STO-5.0 973 9.2 32.
Ni,La-STO-5.0 1073 5.7 –

a Hierarchical pore distribution.
cined at different temperatures: (a) 773 K; (b) 873 K; (c) 973 K; (d) 1073 K.

FT-IR spectrometer (Bruker VECTOR22) with a resolution of 1 cm−1

for the framework of materials. It was conducted using KBr wafers
(1 wt.% catalyst mixed with 99 wt.% KBr).

2.3. Photocatalytic activity tests

The photocatalytic activities of the Ni,La-STO-x catalysts were
evaluated by studying the photodegradation of MG under visible
light irradiation. A 500 W xenon lamp was used as the light source
and a UV filter plate was used to cut off the light of wavelength
shorter than 400 nm. The suspension of 40 mL of 20 mg L−1 MG dye
solution and 0.04 g of as-synthesized catalyst was stirred in 50 mL
quartz reactor tube using a magnetic stirrer for 30 min before irra-

diation. After irradiation for 1 h, the degradation ratio of MG was
measured using the UV–vis spectrophotometer at the maximum
absorbance (617 nm) of MG. As a comparison, a blank experiment
and a degradation reaction over commercial available photocata-
lyst Degussa P25 were also carried out under the same conditions.

(h) of MG on photocatalysts.

Initial adsorption rate (h)
(mol/g min) × 106

e size (nm) Pore vol. (cm3/g)

5 0.061 9.04
2 0.058 3.75
9 0.047 2.45

0.015 1.82
0.006 2.11

9 0.054 6.31
7 0.064 2.92
7 0.068 1.98

0.046 1.48
0.021 1.53

9 0.040 3.11
5 0.046 1.96
1 0.050 1.53
4 0.045 1.24

0.034 1.07
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ig. 4. FT-IR spectra of the synthesized photocatalysts and their xerogel precursors
ried at 453 K: (a) Ni,La-SrTO-0; (b) Ni,La-SrTO-1.0; (c) Ni,La-SrTO-5.0.

The photocatalysts were recovered by centrifugation and dried
t 373 K for 4 h.

. Results and discussion

.1. Characterization

.1.1. TG/DTA analyses

The simultaneous TG/DTA analyses of the xerogel precursor

owders containing different amount of Ni and La and dried at
53 K were carried out to study the thermal behavior, including
he decomposition temperature and the corresponding weight loss,
nd the results are displayed in Fig. 1. The TG curves display a signif-
Fig. 5. N2 adsorption–desorption isotherms and pore size distribution profiles
(insets) of the synthesized photocatalysts: (a) Ni,La-SrTO-0; (b) Ni,La-SrTO-1.0; (c)
Ni,La-SrTO-5.0.

icant weight loss of more than 50% for all xerogel precursors below
873 K, and show three mass loss steps. The first one is ascribed
to the dehydration which can be seen through an endothermic

peak at about 361 K in the DTA curve. The second one is attributed
to the decomposition of organic compounds corresponding to the
endothermic peak at around 696 K in the DTA curve. The last step
of mass loss is due to the combustion of organic compounds and/or
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ig. 6. SEM images of the synthesized photocatalysts of Ni,La-SrTO-0 (left-hand side
b and f) 873 K; (c and g) 973 K; (d and h) 1073 K.

he carbon formed via decomposition of organic compounds as sug-
ested by the exothermic peak around 800 K in the DTA curve. So,
n this work, the investigation on the effect of calcination tempera-

ure was conducted at temperature no lower than 773 K. It should
e noted that the intensity of the exothermic peak at about 870 K
as obviously increased when some Ni and La ions were added in

he xerogel precursor. It can be attributed to the involvement of
ore cation vacancies in the equilibration reactions at high tem-
Ni,La-SrTO-1.0 (right-hand side) calcined at different temperatures: (a and e) 773 K;

perature in the case of donor doped material [36] when some ions
were doped into the lattice of SrTiO3.
3.1.2. X-ray diffraction analyses
The crystallinities of the obtained Ni,La-STO-x series were exam-

ined by XRD. The XRD patterns of Ni,La-STO-x series as compared to
the commercial SrTiO3 are shown in Fig. 2. The intensity of diffrac-
tion peaks increased with the increase of calcination temperature.
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Fig. 7. UV–vis diffuse reflectance spectra of the synthesized Ni,La-STO-x se

he dominant peaks at about 32.4◦, 39.9◦, 46.4◦, 57.8◦, 67.8◦ and
7.2◦ represent the SrTiO3 (1 1 0), (1 1 1), (2 0 0), (2 1 1), (2 2 0) and
3 1 0) surfaces [4], respectively, indicating that all the synthesized
atalysts possess a perovskite structure, in spite of some weak
eaks attributed to the intermediate phase found in the XRD pat-
erns of catalysts calcined below 873 K. Furthermore, no peaks due
o the other impurity appear in XRD patterns, indicating that dop-
ng of Ni and La has no obvious negative effect on the formation of
erovskite structure.

Fig. 3 shows the main peak in the XRD patterns of Ni,La-STO-x
eries. In contrast to the nondoped SrTiO3 series, the Ni,La-STO-x
eries show broad and weak diffraction peaks, which are proba-
ly due to the small sizes of SrTiO3 crystals in the catalyst. It was
lso found that the peaks of Ni,La-STO-x shifted to lower angles
ompared to those of nondoped SrTiO3, especially for the catalysts
alcined at higher temperatures. This suggests that Sr2+ ions, with
onic radius of 0.113 nm in the lattice, were replaced by La3+ ions
0.115 nm), revealing a larger distortion and more defects were
nduced by doping the photocatalysts with Ni2+ and La3+ ions when
he materials were calcined at higher temperatures.

.1.3. FT-IR spectroscopy
Fig. 4 exhibits the FT-IR spectra of the catalysts doped with dif-

erent amount of dopants and calcined at different temperature
s well as their precursors. The absorption around 3423 cm−1 is
ssigned to the stretching vibration of lattice hydroxyls (either
i–OH perturbed by nearby Sr atoms or Sr–OH groups) and nat-
rally absorbed surface water whereas the peak around 1630 cm−1

an be assigned to the bending vibration of –OH [37,38]. The inten-
ities of these peaks were observed to decrease with the increase
n calcination temperature. For the catalyst calcined at 1073 K, the

eaks almost disappeared. This demonstrates that more and more
i–O–Sr and/or Ti–O–Ti bands had been formed via the dehydration
eaction between Sr–OH and/or Ti–OH groups when the materials
ere calcined at the higher temperature. The shoulder appear-

ng below 1000 cm−1 in the spectra of synthesized photocatalysts
lcined at different temperature: (a) 773 K; (b) 873 K; (c) 973 K; (d) 1073 K.

corresponds to the SrTiO3 crystal lattice vibrations [17] and its
intensity obviously increased with the increase in calcination tem-
perature, indicating the formation of high crystallinity perovskite
structure at high temperature.

In the spectra of precursors, the infrared spectral features
appeared at 1380, 1223, 1066 cm−1 and at below 1000 cm−1 are
attributed to the vibrations of C–H, C–C, and C–O of the residual
organic compounds after baking at 453 K for 12 h. The complexa-
tion of Ti and Sr metallic cations can be analyzed by the vibrations
at 1638, 1556 and 1380 cm−1. The vibration at 1638 cm−1 is charac-
teristic of a COO− stretching mode for a unidentate complex and the
vibrations at 1556 and 1380 cm−1 are related to a COO− stretching
mode for a bidentate complex [17,39].

3.1.4. N2 adsorption–desorption isotherms
The effect of calcination temperature on the porous structure

of as-synthesized catalysts was determined by nitrogen sorption.
Fig. 5 presents the N2 adsorption–desorption isotherms and the
Barret–Joyner–Halenda (BJH) pore size distribution curves (insets).
It is clearly seen that the isotherms of the catalysts calcined at low
temperature (773 K) are type IV, indicating the existence of well-
developed mesopores in their assembled frameworks [4]. With
the increase in calcination temperature, the isotherms were trans-
formed from type IV to type II, indicating that its pore structure
was enlarged from mesopore to macropore, as confirmed by a very
broad and right-shift pore size distribution, as shown in Fig. 5
(insets). Comparing the pore distributions, it can be found that the
pores were broadened with increasing calcination temperature and
thoroughly collapsed at 1073 K. This can be explained by the fact
that the high temperature is favorable to the formation of dense
phase and to the dehydration reaction between –OH groups, result-

ing in more Ti–O–Sr and/or Ti–O–Ti bands formation which is in
good agreement with the results of FT-IR spectra discussed earlier.
By comparing the average pore size (Table 1) and the pore size dis-
tribution of the catalysts doped with different amount of dopants
(insets of Fig. 5a–c) it was found that the mesoporous structure
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as still kept in the case of doped catalysts, whereas the meso-
tructure totally collapsed in the case of nondoped SrTiO3 when
alcined at 873 K, indicating that the doping of Ni and La increases
he framework stability.

.1.5. SEM images
The morphologies of nondoped SrTiO3 and Ni,La-doped SrTiO3

owders were studied using SEM. The SEM images of Ni,La-STO-0
eries and Ni,La-STO-1.0 series exhibited in Fig. 6 show that both
he catalysts possess anomalous morphology. It seems that the par-
icle sizes of the doped catalysts were smaller than those of the
ondoped SrTiO3 in general. This is attributed to the fact that many
rystal defects have been formed when the dopant ions occupy reg-
lar lattice sites inside and/or on the surface of SrTiO3. As a result,
he increase of the surface defect inhibits the growth of the crys-
al, which has also been reported in previous work [40,41]. The
ecrease of particle size would enhance the photocatalytic activ-

ties of the catalysts via increasing the active reaction sites by
nlarging the surface area and decreasing the recombination of the
hoto-generated electrons and holes.

.1.6. UV–vis diffuse reflectance spectra
Fig. 7 displays the UV–vis diffuse reflectance spectra of non-

oped SrTiO3 and Ni,La-codoped SrTiO3 catalysts. As can be seen
rom Fig. 7, doped catalysts exhibit an absorption tail extending
rom UV to the visible region. With the increase of dopants, the pho-
oabsorption of the catalysts in the visible region increased rapidly.
n the case of Ni,La-codoped SrTiO3 series, especially for the cata-
ysts calcined at lower temperature and doped with high content
f dopants (5%), a new broad absorption peak around 520 nm was
bserved in UV–vis diffuse reflectance spectra. It has been reported
hat the absorption band around 520 nm is attributed to a transi-
ion due to the level formed by Ni3+ ions [24,42]. The absorption
ntensity for the as-synthesized catalysts in this work was weaker
han that of the reported results [24], indicating that the formation
f Ni3+ ions has been evidently suppressed by codoping of La3+ ions.
he broad absorption band transforms to an absorption tail when
he catalysts were calcined at higher temperature, indicating that
he formation of Ni3+ ions was inhibited at high temperature.

.2. Catalytic properties
.2.1. Adsorption kinetics
A study of kinetics of adsorption for MG is desirable as it pro-

ides the initial adsorption rate of the photocatalysts, which is
mportant to their efficiency. The results for MG adsorption on
i,La-STO-0, Ni,La-STO-1.0 and Ni,La-STO-5.0, which were calcined

able 2
inetic model parameters for the adsorption of MG on the prepared photocatalysts (qe: m

Photocatalyst Calcination temperature (K) qexp × 105 Pseudo-fi

qe × 105

Ni,La-STO-0 773 10.80 6.99
Ni,La-STO-0 823 9.02 7.47
Ni,La-STO-0 873 8.53 7.53
Ni,La-STO-0 973 7.03 6.20
Ni,La-STO-0 1073 6.13 5.35
Ni,La-STO-1.0 773 10.30 8.56
Ni,La-STO-1.0 823 9.21 8.63
Ni,La-STO-1.0 873 8.51 7.88
Ni,La-STO-1.0 973 6.45 5.76
Ni,La-STO-1.0 1073 5.25 4.50
Ni,La-STO-5.0 773 9.96 9.39
Ni,La-STO-5.0 823 8.43 7.88
Ni,La-STO-5.0 873 6.81 6.24
Ni,La-STO-5.0 973 5.17 4.81
Ni,La-STO-5.0 1073 2.52 2.25
Fig. 8. The adsorption of MG on catalysts calcined at 773 K of Ni,La-SrTO-0, Ni,La-
SrTO-1.0 and Ni,La-SrTO-5.0.

at 773 K, are shown in Fig. 8. The validity of adsorption kinetic
model can be checked by the linearized plot. If it is applicable,
the plot of t/qt versus t should show a linear relationship. As
shown in Table 2, the coefficient of determination values (R2:
0.9560–0.9967) obtained from the pseudo-second-order kinetic
model are higher than those obtained from the pseudo-first-order
kinetic model (R2: 0.8961–0.9886) and also the estimated qe val-
ues from the pseudo-second-order model are more accurate. Both
of them indicate that pseudo-second-order kinetic model is more
applicable for the adsorption of MG on photocatalysts. Therefore,
the pseudo-second-order model was selected, which is expressed
as dqt/dt = k2(qe − qt)2. As described in the work [43], the above-
mentioned equation can be integrated to give t/qt = 1/k2q2

e + t/qe,
where qe and qt are the amount of MG adsorbed (mol g−1) at
equilibrium and at time t (min), respectively, and k2 is the pseudo-
second-order rate constant of adsorption (g mol−1 min−1). The
initial adsorption rate, h (mol g−1 min−1) is expressed as h = k2q2

e ,
and the h values were calculated and listed in Table 1, from
which it can be concluded that the initial adsorption rate evi-
dently decreased with the increase in calcination temperature and

the increase in dopant content. This trend can be attributed to
the decrease in surface area and in the density of surface –OH
groups with increase in calcination temperature, and the electro-
static repulsion between the metal cations and the cationic dye of
MG.

ol g−1; k1: min−1; k2: g mol−1 min−1).

rst-order Pseudo-second-order

k1 R2 qe × 105 k2 × 10−2 R2

0.030 0.9705 11.58 6.74 0.9967
0.020 0.9450 9.87 3.84 0.9752
0.016 0.9661 9.40 2.77 0.9674
0.017 0.9576 7.55 3.19 0.9581
0.020 0.9604 6.77 4.60 0.9665
0.020 0.9717 11.29 4.95 0.9808
0.020 0.9426 10.51 2.64 0.9642
0.014 0.9478 9.35 2.26 0.9663
0.013 0.9872 7.01 3.01 0.9677
0.017 0.9338 5.37 5.30 0.9560
0.021 0.9581 10.50 2.82 0.9771
0.015 0.9462 9.37 2.23 0.9650
0.019 0.9132 7.05 3.07 0.9649
0.015 0.8961 5.36 4.31 0.9678
0.023 0.9108 2.81 13.55 0.9824
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The stabilities of the synthesized Ni,La-STO-1.0 series catalysts
ig. 9. The degradation of MG over synthesized photocatalysts doped with differ-
nt amount of Ni and La and calcined at different temperature under visible light
rradiation for 1 h.

.2.2. Photocatalytic activities
The photocatalytic activities of nondoped SrTiO3 and Ni,La-

TO-x catalysts were evaluated in the MG degradation reaction in
queous solution under visible light irradiation for 1 h, under which
he self-degradation of MG in the absence of any catalysts was only
%. The percentages of MG degradation versus the Ni and La content

n Ni,La-STO-x series catalysts calcined at different temperature are
hown in Fig. 9. It is found that all the synthesized catalysts have a
uch higher activity than that of commercially available photocat-

lyst Degussa P25, with which the degradation of MG was only 15%.
ig. 9 shows that the catalysts calcined at 773 K showed the high-
st photocatalytic activity (100% degradation of MG for Ni,La-STO-x
x > 1.0)) as compared to those calcined at higher temperatures. It
s surprising that the nondoped SrTiO3, which is almost nonactive
n the visible region, also gave high degradation of MG. This can be
xplained according to the sensitization mechanism of photocatal-
sis. The MG molecules adsorbed on the catalysts can be excited
y visible light photons [44,45]. The electron from the excited dye
olecule is rapidly injected into the conduction band of the SrTiO3,

nd the cation radical formed at the surface quickly undergoes
egradation according to the following reactions:

G + hv → MG∗ (1)

G∗ + SrTiO3 → MG+ + SrTiO3(e−) (2)

rTiO3(e−) + O2 → SrTiO3 + O2
− (3)

G+ → Degradation of MG+ (4)

The UV–vis diffuse reflectance spectra of MG-adsorbed SrTiO3,
G-adsorbed doped SrTiO3 and nondoped SrTiO3 are shown in

ig. 10. For comparison, the solution spectrum of MG in water
s also shown. The MG-adsorbed SrTiO3 and MG-adsorbed doped
rTiO3 display a very broad absorption in the 200–750 nm region,
hereas, the nondoped SrTiO3 and the MG in aqueous solution
isplay different absorption bands. Such an extended coverage of
G-adsorbed SrTiO3 in the visible region makes it possible to uti-

ize most of the energy from visible light. So the nondoped SrTiO3
lso exhibits a high photocatalytic activity under visible light irra-
iation. However, the photocatalytic activities of all synthesized

atalysts decreased with the increase in calcination temperature.
his can be attributed to the obvious decrease in surface area and
n initial adsorption rate as a result of calcination at higher temper-
ture as shown in Table 1.
Fig. 10. UV–vis diffuse reflectance spectra of (a) MG-adsorbed SrTiO3, (b) MG-
adsorbed doped SrTiO3, (c) nondoped SrTiO3, and (d) MG in water solution.

As shown in Fig. 9, there is an optimum doping amount of Ni
and La for the visible light activity. Although the Ni,La-STO-5.0
series have the highest absorption in the visible light region (see
Fig. 7), the degradation reaction over them gives a lower degrada-
tion rate than that of Ni,La-STO-1.0 series, which displays a lower
absorption in the visible light region. Especially in the case of pho-
tocatalysts calcined at 1073 K, the activity decreased remarkably
when the doping amount of Ni and La was higher than 1.0%. A simi-
lar phenomenon has also been reported by Miyauchi et al. [46], and
it was ascribed to the result of creating more defects and/or large
lattice distortion when the photocatalysts were doped with excess
amount of metal ions. The crystal lattice of as-synthesized catalysts
calcined at high temperature (given in Fig. 3) show a larger distor-
tion when doping a higher amount of Ni and La cations, whereas, it
is not notable for the catalysts calcined at low temperature. So the
decrease in photocatalytic activities of photocatalysts calcined at
high temperature may be assigned to the large lattice distortion in
a certain extent. Furthermore, the evident decrease in surface area
and the decrease in initial adsorption rate (as shown in Table 1)
are other key factors for the decrease of visible light activity. For
the special phenomena of catalysts calcined at 1073 K, it can be
explained as the following. Firstly, for the dopant loading range
from 0 to 1.0%, the increase in dopant loading led to an increase in
both the specific surface area and the visible light response but to
a decrease in the initial adsorption rate. In this loading range, the
increase in the photocatalytic activity due to the positive effect of
the increase of specific surface area and visible light response might
exceed the negative effect of the decrease in initial adsorption rate.
Secondly, for the dopant loading range from 1.0 to 5.0%, although
the surface area and the visible light response increase with the
increase of dopant loading, the negative effect of the reduction of
the initial adsorption rate is dominant. So it seems reasonable to
believe that the highest visible light activity is a result of the best
combination of many properties of the synthesized photocatalysts.
Fig. 11 illustrates the UV–vis spectra of MG solutions at different
visible light illumination time over the catalyst of SrTiO3-1.0 cal-
cined at 773 K. The maximum absorbance of MG solution decreased
markedly with a prolongation in the illumination time as shown in
Fig. 11. This indicates that the MG has been degraded effectively
over the prepared catalyst under visible light irradiation.
calcined at different temperature have also been investigated and
the results for four runs are given in Fig. 12. It is interesting
to note that the catalysts calcined at lower temperatures were
more stable and the degradation of MG for the catalyst calcined
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Fig. 11. UV–vis spectra of the MG solutions at different visible light illumination
time over the catalyst of SrTiO3-1.0 calcined at 773 K.

F
a

a
d
o
f
i
(
fl
b

4

n
a
T
d
d
r
l
v
t
c
c
o

[

[

[

[

[

[

[

[

[

[

[

ig. 12. Evaluation of the stability of the synthesized Ni,La-STO-1.0 series photocat-
lysts calcined at different temperature.

t 773 K was more than 98% even after 4 runs. However, an evident
ecrease of activity for catalyst calcined at higher temperature was
bserved. This may be due to the increase in hydrophobic property
or the recycled catalysts, on which the static contact angle of water
ncreases from 1◦ to >140◦ (measured on a contact angle analyzer
OCA-30)) after four runs, which makes most of recycled catalysts
oated on the MG solution, resulting in an insufficient interaction
etween the catalysts and MG.

. Conclusions

It was found that the calcination temperature strongly affects
ot only the structural properties and the vis-light photocatalytic
ctivities but also the stability of the synthesized photocatalysts.
he photocatalytic activities of the synthesized photocatalysts
ecreased with increasing calcination temperature due to the
ecrease in specific surface area, pore volume and initial adsorption
ate as well as the large lattice distortion. The catalysts calcined at
ower temperatures were more stable. A broad absorption tail in
isible region was observed after co-doping of Ni and La. Although

he nondoped SrTiO3 shows a high activity due to dye-sensitization,
o-doping of Ni and La did enhance the vis-light activity, espe-
ially for the catalysts calcined at high temperature. Moreover, the
ptimal doping amount of Ni and La is 1.0%. The photocatalytic

[

[

aterials 178 (2010) 233–242 241

activities of all synthesized photocatalysts are found to be greatly
superior to that of the commercial P25 under visible light irradi-
ation. Therefore, it is possible that the synthesized photocatalysts
will be of great value to the efficient utilization of solar energy and
will be used for various applications, such as self-cleaning, water
contaminants degradation and air purification.
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