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Effect of La Contents on the Structure and Photocatalytic Activity of La-SrTiO; Catalysts
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Abstract: La-doped SrTiO; catalysts with different La contents were prepared by a sol-gel method, and characterized
by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), UV-Vis diffuse reflectance spectra (UV-Vis DRS), and low temperature
nitrogen adsorption. The photocatalytic activities were evaluated by photo-degradation of methyl orange (MO). The
results show that La-doped SrTiOs; keeps a perovskite structure and the absorption edge of 0.5% La-SrTiO; sample is
obviously red-shifted. There is no big difference between pure SrTiO; and 0.5% La-SrTiO; samples in particle size
and morphologies. With the increase of La content, the photocatalytic activities of La-SrTiO; samples under UV and
visible light irradiation first increase, reaching a maximums around La content of 0.5%, and then decrease with
further increasing La. Compared with pure SrTiOs, the 0.5% La-SrTiO; sample obviously exhibits much higher UV
and visible light photocatalytic activity. The enhanced photocatalytic activity can be mainly attributed to the increase
of BET surface area, the enhancement in adsorption performance, the stronger absorption in 250~650 nm light region
and the lower band-gap energy level.
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As one of the
SrTiO;  has  been

photocatalytic degradation of organic pollutants in the

most promising photocatalysts,
widely researched for the
past decades " However, the intrinsic property of
SrTiO; (wide band-gap energy level, ~3.2 eV) limits its
applications in solar light containing less than 5% of
ultraviolet light (A <400 nm). Therefore, to extend its
activity into the visible light region, many attempts have
been devoted to doping of transition metal ions and non-
metal elements into SrTiO; "%, For example, the Fe-
doped SrTiO; has been shown to have a much higher
StTiO; for the
degradation of RhB under visible light irradiation P.

photocatalytic ~activity than pure

Recently, noble metals such as Ag, Pt and Au have
been reported as dopants of SrTiO; to enhance the
visible light response . La** has nearly the same ionic
radius (115 pm) as Sr** (113 pm) and the Sr** ions in
SrTiO; can be isomorphic substituted by La®* ions
without producing a large lattice strain. However, to the
best of our knowledge, there has been no report on the
study of the structure and photocatalytic activity for
SrTiO; doped with La.

The aim of the present work is to synthesize La-
doped SrTiO; catalysts with different La contents by a
sol-gel method and to investigate the effect of La on the
structure and photocatalytic activity of La-SrTiO; sa

mples.
1 Experimental

1.1 Catalyst preparation

A typical synthesis procedure of La-doped SrTiOs
was carried out as follows: 5.0 mL of tetrabutyl titanate,
8.5 mL of acetic acid glacial and 8.0 mL of deionized
water were mixed under continuous stirring until a clear
solution was obtained. Then, 5.0 mL of deionized water
with a stoichiometry of strontium chloride hexahydrate,
and a certain amount of La precursors was added
dropwise. Finally, 12 mL of 4.0 mol L™ citric acid
solution was added to adjust the pH value to about 1.50.
The resulting solution was stirred for 0.5 h at room
temperature, then heated to 338 K by water bath and
kept at this temperature for 4.0 h in a closed system.

Most of the water was evaporated slowly at this

temperature in another 5.0 h and the solution turned
very viscous. After that, the solution was dried
thoroughly at 383 K for 10 h and at 453 K for another
10 h. The brown powder was obtained after milling. The
catalysts of La-doped SrTiO; were produced by
calcining the powder at 673 K for 10 h and then at 923
K for another 10 h in air. For comparison, the pure
SrTiO; was prepared using the same method. The final
samples with original La/SrTiO; molar ratios of 0.000,
0.002, 0.005, 0.010, and 0.020 were denoted as 0.0%,
0.2%, 0.5%, 1.0% and 2.0% La-SrTiOs, respectively.
1.2 Catalyst characterization

X-ray diffraction were performed on a Philips X'
pert diffractometer equipped with Ni-filtered Cu Ko
radiation source (A=0.15418 nm). The X-ray tube was
operated at 40 kV and 40 mA. X-ray photoelectron
spectroscopy  (XPS) measurements were carried out
using Multilab 2000 XPS system with a monochromatic
Mg Ka source and a charge neutralizer. All binding
energies were referenced to contaminant carbon (Cls=
284.6 eV). Scanning electron microscopy (SEM) images
were recorded on an X-650 microscope operated at 25.0
kV. Microstructures were observed by a transmission
electron micrograph (TEM, JEOL JEM-2010). The BET
surface areas of samples were determined from N,
adsorption isotherms at —196 °C using a Micromeritics
ASAP 2020 instrument with a computer-controlled
measurement system. Prior to analysis, 0.05 ~0.15 g
catalyst samples were degassed at 250 “C and 10
mmHg. UV-Vis diffuse reflectance spectra (UV-Vis
DRS) of the catalysts were determined with a Shimadzu
UV-3600

reference. The actual La/SrTiO; molar ratios of the

spectrophotometer using BaSO, as a
obtained La-SrTiO; photocatalysts were detected by
IRIS (INTREPID 2) inductively coupled plasma atomic
emission spectrometry  (ICP-AES, TICP710, Varian,
America).
1.3 Photocatalytic activity

The photocatalytic activities of La-doped SrTiO;
catalysts were evaluated by the degradation of methyl
orange (MO) in an aqueous solution. The UV light was
obtained by a 300 W high-pressure mercury lamp (A=
365 nm). The visible light source was a 500 W Xenon-



% 12 1) 2 G A X La-SITIO A fb 1) 10 25 M K 37 4 1 2 2599

arc lamp  (A,,=470 nm) with the combination of a cut-
off filter (>400 nm) to eliminate UV radiation during
visible light experiments. For each UV and visible light
test, 40 mL. MO aqueous solution (7.64x107° mol - L")
and 0.2 g catalyst was used. A general procedure was
carried out as follows. First, MO aqueous solution was
placed into a water-jacketed reactor maintained at 25
°C, and then the catalyst samples were suspended in the
solution. The suspension was stirred vigorously for 0.5 h
in the dark to establish the adsorption-desorption
equilibrium of MO, then irradiated under UV or visible
light. About 3.0 mL solution was withdrawn from the
reactor periodically and centrifuged and analyzed for
the degradation of MO using a UV-2450 UV-Vis
spectrophotometer. MO has a maximum absorbance at
464 nm, which was used as a value for monitoring MO
degradation. The absorbance was converted to the MO
concentration in accordance with a standard curve
showing a linear relationship between the concentration

and the absorbance at this wavelength.

2 Results and discussion

2.1 Catalyst structure
Fig.1 shows the XRD patterns of La-SrTiO;
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Fig.1 XRD patterns of La-SrTiO; catalysts with different
La contents (mol %)
catalysts with different La contents. It can be seen
that all samples exhibit special diffraction peaks of
SrTiOs, the peaks around 26 of 22.7°, 32.2°, 39.8°,
46.4°, 52.1°, 57.7°, 67.8° and 77.1° are indexed to
those of cubic perovskite structure of SrTiO; (PDF
Card No. 35-734) and correspond to (100), (110),
(111), (200), (210), (211), (220) and (310)
respectively, and no other peaks were detected. The
(110) in the La-

SrTiO; composites were calculated by the Scherrer

average crystalline sizes of SrTiO;

formula and the results are listed in Table 1.

Table 1 XRD and BET results for different catalysts

Catalyst Actual molar ratios / % Average crystallite size / nm BET surface area / (m?-g™)
SrTiOs 0.00 28.7 16.4

0.2% La-SrTiO; 0.19 26.1 19.7

0.5% La-SrTiO; 0.47 25.8 223

1.0% La-SrTiO, 0.95 25.3 24.1

2.0% La-SrTiO; 1.93 25.6 232

The XPS spectra of SrTiO; and 0.5% La-SrTiO; are
presented in Fig.2. No peaks attributed to La3d are
found in region of 825~840 eV (La3d). It indicates that
few of lanthanum atoms exists on the surface of 0.5%
La-SrTiO; sample. The XPS spectra of Ti2p at around
457 eV and Sr3d at around 133 eV for the SrTiO; and
0.5% La-SrTiO; are shown in Fig.3 (A) and (B),
respectively.

As shown in Fig.3, the binding energies of Ti2p
does not give an obvious change after introduction of La

into the lattice of SrTiOs, indicating that the chemical

environment around Ti atom is not strongly affected by
doping. However, by careful comparison with SrTiOs, it
can be found that the binding energies of Ti2p and Sr3d
shift slightly to lower values in 0.5% La-SrTiO; sample.
On the basis of XRD and XPS results, it is reasonable to
consider that La has been incorporated into the lattice
of the SrTiOs.

A and B of Fig.4 show the SEM morphologies of
pure SrTiO; and 0.5% La-SrTiO; synthesized under the
same condition, respectively. As seen in Fig.4, there is

no big difference between two samples in particle size
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Fig.2 X-ray photoelectron spectra of samples
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(SrTiOs: ~68 nm; 0.5% La-SrTiO;: ~60 nm) and
morphologies. A careful observation finds that the
particle in 0.5% La-SrTiO; looks a little bit smoother
than that of pure SrTiOs. It is reported that the particle
with small size is favorable for the quick transportation
of photogenerated carriers to the surface ), whereas a
rough surface might provide more effective reaction
sites for photocatalysis . Furthermore, the particle size
and surface roughness differences between two samples
Thus, the

differences of two samples should not be responsible for

are very little. micro morphological

their different photocatalytic activities.
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Fig.3 XPS spectra of (A) Ti2p and (B) Sr3d for different samples
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Fig.4 SEM images of synthesized samples

Transmission electron microscopy (TEM) images
for SrTiO; and 0.5% La-SrTiO; are shown in Fig.5. It
exhibits a well-defined cubic morphology with an
average particle size of about 70 nm for SrTiO; and a
well-defined cubic morphology with an average particle
size of 63 nm for 0.5% La-SrTiOs;, which confirms the

nanostructure characteristic of for SrTiO; and 0.5% La-

SrTi0;. This result also shows that there is no big
difference between two samples in particle size and
morphologies. A careful observation also finds that the
particle in 0.5% La-SrTiO; looks a little bit smoother
than that of pure SrTiOs;, which is in agreement with the
SEM results.

The BET surface areas of La-SrTiO; catalysts with
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Fig.5 TEM images for (A) St'TiO; and (B) 0.5% La-SrTiO;

different La contents are listed in Table 1. Obviously,
incorporation of La into the SrTiOj; inhibits the particle
growth and thus increases its BET surface area. A large
surface area can supply more active sites for the
degradation reaction of organic compounds, resulting in
a higher activity of the photocatalytic reaction.
2.2 Photocatalytic activity

The UV-Vis spectral of MO aqueous solution as a
function of UV and visible light irradiation time in the
presence of SrTiO; and 0.5% La-SrTiO; catalysts are
illustrated in Fig.6 and Fig.7, respectively. It can be
seen that the absorption peaks corresponding to MO
diminish under UV and visible light irradiation indicate
the degradation of MO and no new absorption bands are
observed. It can be also seen that the visible region
peak intensities in the photodegradation of MO by 0.5%
La-SrTiO; catalyst decrease more obviously than that by
pure SrTiO; catalyst during the same irradiation time,
which is in agreement with the results of Fig.8.
Photodegradation is rapid in the first 4.0 h and then
slows down with the increase of irradiation time. This

may be attributed to the gradual coverage of the active
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sites by the products of the reaction.

Fig.8 shows the UV and visible light photocatalytic
activity of La-SrTiO;samples with different La contents.
It can be seen that under UV and visible light
irradiation the degradation of MO is much lower without
photocatalyst in comparison, The SrTiO; and La-SrTiOs
catalysts exhibit higher photocatalytic activities for MO
degradation, and the La content in the SrTiO; exerts
great influences on the photocatalytic activity of La-
SrTiO; catalyst. With increasing La content, the
photocatalytic activity of La-SrTiO; under UV and
visible light irradiation first increases, reaching a
maximum around La content of 0.5% and then
decreases with further increasing La content. The 0.5%
La-SrTiO; catalyst obviously exhibits much higher UV
and visible light photoactivity than that of the Pure
SrTiO; catalyst, indicating that doping of La in the
SrTiO; with optimum La content remarkably enhances
the photocatalytic activity of SrTiO;.

To test the stability of the 0.5% La-SrTiO; catalyst
for the photocatalytic reaction, the catalyst was reused

for photocatalytic reaction 3 times under the same

0.5% La-SrTiO,

200 300 400 500 600 700
Wavelength / nm

Fig.6 UV-Vis spectral of the MO aqueous solution under UV light irradiation in the presence of SrTiO; and 0.5% La-SrTiO; catalysts
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UV-Vis spectral of the MO aqueous solution under visible light irradiation in the presence

of SrTiO; and 0.5% La-SrTiO; catalysts

MO degradation
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Fig.8 Photocatalytic activities of La-SrTiO; with different La content under UV (A) and visible (B) light irradiation for 2.0 h

conditions and the result is shown in Fig.9. The
photocatalytic efficiency of the 0.5% La-SrTiO; catalyst
decreases only 4.9% and 3.2% after three cycles under
UV and visible light irradiation, respectively, which
indicates that the catalyst is stable for the
photocatalysis of MO molecules.
2.3 Adsorption of methyl orange

The photocatalysis  performance has been
significantly dependent on the adsorbability "',
Therefore, a study of MO adsorption was performed on
SrTiO; and 0.5% La-SrTiO; catalysts using 10 mg of
catalyst at dark. The

adsorption capacity of SrTiO; and 0.5% La-SrTiOs

room temperature in the

catalysts is displayed in Fig.10 (A), in which the
adsorption behaviors of MO on SrTiO; and 0.5% La-
SrTiO; catalysts follow the Langmuir model. It can be
seen that MO uptake capacity strongly increases in
the presence of the 0.5% La-SrTiO; catalyst compared
to that of the SrTiO; catalyst. The adsorbed quantities
of MO, ¢, (mg-guuw), at time ¢ are calculated

according to equation (1):
q, = [(C()—C,)X ] OOOXMWX V()]/w(.m;ﬂw (1)
Where C, and C,

concentrations and concentration at time ¢t of MO,

(mol L ") are the initial

respectively; My is the molecular weight of MO (g -
mol); Vy is the volume of MO aqueous solution (L);
and Wy 1s the mass of catalyst (g). The equilibrium

adsorption capacity (q.) and adsorption rate constant

90

First Il UV-irradiation

Second
i [ Vis-irradiation

80 |
70
60
50
40
30

20

MO degradation / %

First  gecond Third

Run

Cycling runs in photocatalytic degradation of MO
in the presence of 0.5% La-SrTiO; catalyst under
UV and visible light irradiation for 2.0 h
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(a) SrTiO3; (b) 0.5% La-SrTiO;

Fig.10 MO adsorptivity (A) and second-order kinetic plots for the dye removal (B)

(k.o are usually estimated by the pseudo-first-order
and pseudo-second-order model, and the correct
values are chosen according to the higher correlation
coefficient R* '*9,

adsorption kinetics was adopted according to the

Here, the pseudo-second-order

adsorption equilibrium capacity in the form!"!

tlg, = (kg dl+ilq. 2)

Where ¢. and ¢, are the adsorption capacity at
equilibrium and at time t, respectively (mg-g™ )
and k.. is the rate constant of the pseudo-second-
order adsorption (g min™-mg™).

In this work, the experimental data evaluated
from the linear transform #/q,=f(t) in Fig.10(B) exhibits
the coincidence to the pseudo-second-order adsorption
kinetics, therefore, the ¢. and k.. values are
determined from the slope and intercept of the plot
and shown in Table 2. It can be seen that the 0.5%
La-SrTiO; catalyst shows better adsorptivity than that
of the SrTiO; catalyst. The enhancement in adsorption
performance of the 0.5% La-SrTiO; catalyst may be
attributed to its higher BET specific surface area.

2.5 Light absorption

The UV-Vis diffuse reflectance spectra of SrTiO;
and 0.5% La-SrTiO; samples are given in Fig.11. It
can be seen that the 0.5% La-SrTiO; catalyst has

much larger light absorption than pure SrTiO; sample

0.5% La-SrTiO,

SKTiO,

1 1 ! 1 1 I 1

250 300 350 400 450 500 550 600 650
Wavelength / nm

UV-Vis diffuse reflectance spectra of SrTiO; and
0.5% La-SrTiO; catalysts

Fig.11

in the wavelength ranging from 250 nm to 650 nm
and the absorption edge of 0.5% La-SrTiO; sample is
obviously red-shifted. The band-gap energy level of
SrTiO; and 0.5% La-SrTiO; samples can be estimated
from the intercept of UV-Vis diffuse reflectance
spectra using the following equation: E,=1 240/A1""]
and the results are listed in Table 2. As shown in
Table 2, the values of band-gap energy level for 0.5%
La-SrTiO; sample is lower than that of pure SrTiOs
sample, revealing that the band-gap energy level is
evidently decreased by doping the material with La.
So the 0.5% La-SrTiO; sample shows a higher
photocatalytic activity.

Table 2 Adsorption and band-gap energy level of SrTiO; and 0.5% La-SrO;catalysts

Catalyst q./ (mg- g ) ko / (g-mg”-min™) E,/ eV
SrTiOs 5.09 0.040 63 3.22
0.5% La-SrOs 10.32 0.018 78 3.18
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3 Conclusions References:

In summary, La-doped SrTiO; catalysts with
different La content have been synthesized by a sol-gel
method. TEM and SEM results show that there is no big
difference between SrTiO; and 0.5% La-SrTiO; samples
in particle size and morphologies. With increasing La
content, the photocatalytic activities of La-SrTiO; under
UV and visible light irradiation first increase, reaching
a maximum around La content of 0.5% and then
decrease with further increasing La content. The 0.5%
La-SrTiO; catalyst obviously exhibits much higher UV
and visible light photoactivity than Pure SrTiO; catalyst
and it is stable for the photocatalysis of methyl orange.
The improved photocatalytic activities of 0.5% La-
SrTiOj; catalyst can be attributed to the increase of BET
surface area, the enhancement in adsorption
performance, the stronger absorption in 250 ~650 nm

light region and the lower band-gap energy level.
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