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ABSTRACT

Sol-gel method was used to prepare a novel 5%In-0.05%Sm-TiO, photocatalyst. The materials were
characterized by XRD, SEM, FT-IR/FIR, UV-Vis diffuse reflectance, and N, adsorption—-desorption anal-
yses. Anatase phase TiO, is formed in all the samples while calcination temperature ranges from 350°C
to 600°C. Cell volume of anatase TiO, slightly expands with rising calcination temperature. The band
gap energies of the 5%In-0.05%Sm-TiO, samples calcined at 350°C, 400°C, 450°C, 500°C and 600°C are
2.84,2.90, 2.91, 2.95 and 3.02 eV, respectively. Specific surface area of the samples gradually decreases
with rising calcination temperature, while the average pore size and total pore volume constantly
increase at the same time. The maximum photocatalytic activity is found on the sample calcined at
400°C. 97.7% of the initial methyl orange is removed from the solution after 45 min of irradiation. The
conjugated chromophores in methyl orange molecule are almost decomposed at this time.
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1. Introduction

Photocatalytic oxidation of organic pollutants in waste-
water has been studied for nearly half a century [1-3].
This technique has been applied to produce many kinds of
environmentally functional materials. The application of
photocatalytic oxidation in large-scale wastewater treatment
plant is interesting. As for the two major factors influenc-
ing wastewater treating efficiency, that is, illumination and
photocatalyst, materials with high photocatalytic activity
are always the research focus. Despite the various types of
materials, TiO, is the most studied one that has the greatest
activity [4-6]. TiO,-based materials can be utilized in almost
all the fields relating to photocatalytic technique [7,8]. On the
other hand, modification of TiO,-based materials is capable of
greatly improving their activity [9,10]. Metal ion doping into
TiO, crystalline skeleton is a widely applied method [11-14].
Recombination of photogenerated electron-hole pairs can
be retarded by the doped metal ions [15,16]. Photocatalytic
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activity of the TiO,-based materials can be enhanced due to
extending lifetime of the charge carriers.

Many elements have been used to modify TiO,-based
materials as dopants. Moreover, a recent attempt is to
simultaneously dope two dopants into TiO, [17,18]. The
combination and synergistic effect of two different elements
are absolutely important. Tobaldi et al. [19] reported pho-
tocatalytic properties of TiO, nano-heterostructure after
Cu-Zn modification. Kotesh et al. [20] studied Ag-Cu/TiO,
photocatalyst under solar and artificial light for H,O split-
ting. Sasani et al. [21] studied Mg-Nb co-doped TiO, with a
preferred (101) anatase surface [21]. However, it is hard to say
that co-doping of different elements is positive to improve
activity of TiO,-based materials.

The selection of two different types of elements is com-
plex and the effects must be ascertained by experimental
results. Rare earth metals are effective dopants in many pho-
tocatalytic materials. The combination of rare earth metal ions
and main group element ions in TiO, is a new approach. The
synthesis of a novel In-Sm co-doped TiO, material through
sol-gel route was studied in this work. XRD, SEM, FT-IR/FIR,
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UV-Vis diffuse reflectance and N, adsorption-desorption
analyses were conducted to the synthesized materials. The
effects of calcination temperature on characterizations and
photocatalytic activity of 5%In-0.05%Sm-TiO, materials were
studied.

2. Experimental methods
2.1. Synthesis of 5%In-0.05%Sm-TiO,

In-Sm co-doped TiO, was synthesized through a sol-gel
route. 0.9 mL distilled water and 4 mL anhydrous ethanol
were mixed to form a transparent solution. 8 mL anhy-
drous ethanol and 0.1 mL concentrated hydrochloric acid
were mixed in another beaker, followed by addition of 2 mL
tetrabutyl titanate, Sm(NQO,), and In(NO,).. After the second
solution became transparent under stirring, it was mixed
with the first solution. A transparent sol formed after 30 min,
and then a sticky gel formed after stirring for about 1 h. After
staying at ambient temperature for 12 h, the gel was dried at
80°C in the furnace for another 12 h. The obtained solid was
transferred into an oven. The oven was heated at 5°C/min
to the desired calcination temperature. The powders were
calcined for 3 h.

2.2. Characterization of photocatalysts

Crystal structure of materials was analyzed by D8
Advance X-ray diffractometer at 40 kV and 40 mA for
monochromatized Cu Ka (A = 1.5416 A) radiation. The sur-
face morphology was observed by QUANTA 250 scanning
electron microscope at an accelerating voltage of 30 kV.
A thin layer of gold was coated on the samples to avoid
charging. Infrared and far infrared absorption spectra
were recorded by a Frontier FT-IR/FIR spectrometer in the
wavenumber between 50 and 4,000 cm™. UV-Vis diffuse
reflectance spectra were recorded by LAMBDA 35 UV-Vis
spectrometer equipped with an integrating sphere. The
spectra were measured using BaSO, as a reference and were
transformed from reflection to absorbance by the Kubelka-
Munk method. Specific surface area and pore characters of
the materials were measured by an F-sorb 3400 analyzer
through N, adsorption-desorption.

2.3. Decoloration of methyl orange

Decoloration of methyl orange (MO) was measured to
study the activity of 5%In-0.05%Sm-TiO,. A 100 mL quartz
beaker and a 20 W UV-light lamp irradiating at 253.7 nm
were set up as the lab-scale reactor. 15 mg photocatalyst and
50 mL of 10 mg/L MO solution were used in each experiment.
Prior to turning on the light, the suspension was ensured
adsorption-desorption equilibrium after stirring in the dark
for 60 min. Adsorption percent of MO on the photocata-
lyst was measured at this moment. The average irradiation
intensity was 1,300 uW/cm?, as measured on the surface of
the suspension using an actinometer. The irradiation time
in the subsequent experiments was set to 30 min except for
the prolonged time reaction. Absorbance of the solution was
measured by a 721E spectrophotometer at the maximum
absorption wavelength of MO, that is, 466 nm. Photocatalyst

was removed from the solution through a Millipore filter.
MO concentration was calculated according to Lambert-Beer
theory.

3. Results and discussion
3.1. Characterization results

Fig. 1shows XRD patterns of 5%In-0.05%Sm-TiO, samples
that were prepared at different calcination temperatures. All
the diffraction patterns belong to anatase phase TiO, despite
the difference in calcination temperature ranging from 350°C
to 600°C. The diffraction peaks of rutile phase TiO, are not
found in the patterns. Phase transformation from anatase to
rutile does not happen at the given temperature. Crystallite
formation of anatase TiO, is favored at relatively high tem-
perature, as indicated by the sharpening of the diffraction
peaks with rising calcination temperature. Crystallite size of
the TiO, (101) plane is calculated from Scherrer formula. The
crystallite sizes of the 5%In-0.05%Sm-TiO, samples are 8.7,
8.9,10.2, 11.3 and 13.4 nm when the calcination temperatures
are at 350°C, 400°C, 450°C, 500°C and 600°C, respectively.
High temperature treatment is beneficial to formation and
growing of TiO, crystals.

Lattice parameters of 5%In-0.05%Sm-TiO, samples
are calculated from the diffraction patterns, as listed in
Table 1. Cell volume of anatase TiO, slightly expands with
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Fig. 1. XRD patterns of 5%In-0.05%Sm-TiO, samples calcined at
different calcination temperatures.

Table 1
Lattice parameters of 5%In-0.05%Sm-TiO, samples as a factor of
calcination temperature

Temperature a(=b) c \%

°C) (10" nm) (10" nm) (107 nm?)
350 3.7209 9.4266 130.52
400 3.7624 9.3839 133.68
450 3.7781 9.3742 133.81
500 3.7849 9.3619 134.12
600 3.7887 9.3541 134.27
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rising calcination temperature, indicating crystal growth
during thermal treatment. Meanwhile, lattice parameters
a and b are enlarged at higher temperature, while lattice
parameter ¢ encounters a reverse trend. That means the cell
expands at two dimensions and shrinks at the third dimen-
sion. This might cause the reduction of lattice distance in the
third dimension, which can also be indicated by the shifting
of diffraction peaks to the larger angle. Substances containing
indium and samarium cannot be distinguished in the XRD
patterns, although the indium doping content is as high as 5%
in the 5%In-0.05%Sm-TiO,. Similar result is reported in our
previous work using aluminum and indium as dopants [22].

Surface morphologies of 5%In-0.05%Sm-TiO, samples are
shownin Fig. 2. The particles in all the samples are irregular in
shape and with different particle size. The TiO, crystals tend
to aggregate together to form large particles during sol-gel

synthesizing process. The particle size becomes larger after
being calcined at higher thermal temperature. Meanwhile,
there are also smaller particles scattering among the large
ones, partly as the result of grinding after calcination.

FT-IR and FT/Far IR spectra of 5%In-0.05%Sm-TiO, sam-
ples are shown in Fig. 3. The adsorbed hydroxyl groups can
be distinguished by the stretching and bending vibrations of
O-H bond at 3,422 and 1,641 cm™ [23,24]. Surface adsorbed
hydroxyl is important to photocatalytic generation of holes
after electron exciting. Although the materials are dried
before IR examination to remove the adsorbed water mole-
cules, there is still detectable hydroxyl group combining with
TiO,. The absorption of stretching vibration of C-O bond is
also found at 1,387 cm™ [25]. The absorption intensity of O-H
bond becomes a little weaker after calcining at higher tem-
perature. At the same time, the removal of organic substances

Fig. 2. SEM images of 5%In-0.05%Sm-TiO, samples calcined at different temperatures. (a) 350°C, (b) 400°C, (c) 450°C, (d) 500°C and

() 600°C.
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Fig. 3. (a) FT-IR and (b) Far IR spectra of 5%In-0.05%Sm-TiO,
samples with respect to calcination temperature.

can also be proven by the shrinking absorption intensity of
C-O bond.

FT-far IR spectra are used to ascertain metal-oxygen
bondings in the 5%In-0.05%Sm-TiO, samples. The broad
absorptions centered at 458 and 344 cm™ are attributed to
bending vibration of Ti-O-Ti [26]. The variation of calcina-
tion temperature does not noticeably influence the bonding
characters of TiO,. The major skeleton of anatase TiO, lattice
forms at relatively low temperature and does not change
with rising calcination temperature.

UV-Vis diffuse reflectance spectra of 5%In-0.05%Sm-TiO,
are illustrated in Fig. 4. The band gap energies of the semi-
conductors can be calculated using Tauc plot method [27].
All samples have strong absorption in the ultraviolet region.
The increase of calcination temperature leads to a continuous
red shift of the absorption edges. The band gap energies of
the 5%In-0.05%Sm-TiO, samples that were calcined at 350°C,
400°C, 450°C, 500°C and 600°C are 2.84, 2.90, 2.91, 2.95 and
3.02 eV, respectively. The synthesized pure TiO, in this work
has a band gap of 3.08 eV. The doping of indium and samar-
ium leads to a slight red shift of the band gap energy.

Absorbance
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250 300 350 400 450 500
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Fig. 4. UV-Vis diffuse reflectance spectra of 5%In-0.05%Sm-TiO,
samples.

On the other hand, all the samples contain equal amount
of dopants in the TiO, base materials. The variation of band
gap energy with rising calcination temperature can be
attributed to the change in crystallite size during thermal
treatment. Crystallite size expansion of TiO, is usually
accompanied with enlarging band gap energy. The slight
variation of band gap energy is not believed to put much
effect on photo-exciting of electrons in the valence band, since
the lamp in this work can irradiate photon at the wavelength
of 253.7 nm. The photons possess enough energy to excite all
the samples in this work.

N, adsorption-desorption method is used to measure
the specific area and porous structure of 5%In-0.05%Sm-TiO,
samples. Desorption isotherms are presented in Fig. 5. As can
be seen in the figure, the prepared sample at low temperature
can adsorb more N, molecules. The desorption isotherms of
the calcined samples at 350°C and 400°C represent a typi-
cal mesoporous structure. All the materials contain certain
amount of macropores, which can be proved by the abrupt
increasing adsorption at relative pressure near 1.0.

Table 2 gives specific surface area and porous characters
of 5%In-0.05%Sm-TiO, at different temperatures. Specific sur-
face area of the samples gradually decreases with rising calci-
nation temperature, whereas the average pore size and total
pore volume constantly increase at the same time. Organic
substances in the gel are removed through oxidation during
thermal treatment, leaving porous structure in the produced
solid powders. Small mesopores are formed at relatively low
temperature. There are still some organic residues remaining
in the materials, resulting the large surface area and small
pore size. When calcination temperature increases, crystal
formation and growing are accompanied with crystal aggre-
gation. The small pores merge into large pores in this stage.
Crystal growing and pore expansion are the two major fac-
tors that lead to shrinking surface area at high temperature.

3.2. Photocatalytic degradation of methyl orange on
5%In-0.05%Sm-TiO,

Methyl orange was used as a probe substance to
measure the photocatalytic activity of 5%In-0.05%Sm-TiO,.
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Fig. 5. N, desorption isotherms of 5%In-0.05%Sm-TiO,.

Table 2
Specificsurface areaand porous characters of 5%In-0.05%Sm-TiO,
calcined at different temperatures

Temperature BET surface Average pore Pore volume
(°C) area (m%/g) size (nm) (cm®/g)

350 136.5 10.8 0.2186

400 113.1 12.5 0.2312

450 63.6 20.5 0.2928

500 51.7 30.6 0.3218

600 21.4 45.3 0.4383

Fig. 6 shows adsorption and photocatalytic degradation of
MO on 5%In-0.05%Sm-TiO, as a factor of calcination tem-
perature. The sample calcined at 350°C can adsorb as much
as 12.4% of the initial MO molecules on its surface after
adsorption—-desorption equilibrium. The adsorption percent-
age constantly declines when the calcination temperature
increases from 350°C to 600°C. The adsorption capacity is in
close relationship to the specific surface area of the materi-
als. The adsorption of MO molecules can only contribute to a
small part of removing the dye from the solution.

The sample calcined at 350°C has comparatively weak
activity on photocatalytic degradation of MO. Although
anatase TiO, crystal begins to form at this low temperature,
crystallization of anatase TiO, is insufficient. The remaining
organic residues in the material are detrimental to photon
absorption. The maximum photocatalytic activity is found
on the sample calcined at 400°C. The degradation efficiency
is as high as 69.8% after 30 min of illumination. However, the
samples calcined at higher temperatures encounter a sharp
reducing activity on MO degradation.

Calcination is a key process in sol-gel synthesizing of
TiO,-based materials. Crystallization, phase transformation,
particle aggregation and pore forming can be affected by the
variation of calcination temperature. A material of well crys-
tallization, fine crystallite size, porous structure and large
surface area usually has strong photocatalytic activity on deg-
radation of organic substances. As the result, there is always
an optimal thermal treating temperature of synthesizing the
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Fig. 6. Photocatalytic activities of 5%In-0.05%Sm-TiO, samples as
a factor of calcination temperature.

material. The above mentioned complex effects must be con-
sidered in order to clarify the influence of calcination.

Fig. 7(a) shows the removal of MO with extending
irradiation time on 5%In-0.05%Sm-TiO, that is calcined at
400°C. The solution containing photocatalyst powders and
MO molecules were stirred in the dark for 60 min to ensure
adsorption—desorption equilibrium. Photocatalytic degrada-
tion of MO is initiated after turning on the lamp. 97.7% of the
initial MO is removed from the solution after 45 min of irra-
diation. Although the adsorption of the dye on the surface
of the photocatalyst can also remove some MO molecules
from the solution, photocatalytic degradation is the major
dye decoloration way. Photogenerated electrons, holes and
various subsequently produced oxidation species react with
MO molecules for the subsequent degradation.

Fig. 7(b) shows the UV-Vis absorption spectra of
MO solution during photocatalytic ~degradation on
5%In-0.05%Sm-TiO,. The absorptions of MO molecule in
visible and ultraviolet regions can be used to indicate the
degradation process. A strong and broad absorption peak
centering at466 nmin the visible region is often used to measure
the concentration of MO solution. This absorption is related
to the conjugated chromophores group in MO molecule.
There are several weak absorption peaks caused by MO in the
ultraviolet region. These absorptions are due to the benzene
ring in MO molecule. As a typical azo dye, MO is known as
its orange juice-like color. After this dye is discharged into the
aquatic system, the wastewater can be readily distinguished
by its apparent color even at considerably low concentration.
Methyl orange aqueous solution has high absorption intensity
in the visible region at low concentration.

Methyl orange molecules can be degraded into small
fragments during photocatalytic process. After 60 min of illu-
mination on 5%In-0.05%Sm-TiO,, the broad absorption peak
in the visible region nearly disappears in the spectrum. That
means the conjugated chromophores in MO molecule are
almost decomposed at this time. As a result, the MO solution
is consequently decolorized. However, the total mineraliza-
tion of the intermediate organic residues might require much
longer time. There are still weak absorptions in the ultravio-
let region of the spectra.
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Fig. 7. (a) Degradation of methyl orange on 5%In-0.05%Sm-TiO,
calcined at 400°C and (b) UV-Vis absorption spectra of MO
aqueous solution catalyzed by 5%In-0.05%Sm-TiO,.

Fig. 8 shows the effect of 5%In-0.05%Sm-TiO, dosage
on the photocatalytic degradation efficiency. The initial MO
solution is 10 mg/L. Degradation efficiency is enhanced
after using more 5%In-0.05%Sm-TiO, photocatalyst when
the dosage is low. The maximum degradation efficiency is
obtained at 5%In-0.05%Sm-TiO, dosage of 200 mg/L. 67.4% of
the dye can be degraded after 30 min of irradiation. Further
increase of photocatalyst dosage encounters a slightly
reducing efficiency. A similar phenomenon is often observed
in the suspension containing photocatalyst powders. Fine
photocatalyst powders tend to aggregate into large particles
at high dosage.

4. Conclusions

In-Sm co-doped TiO, was synthesized through a sol-gel
route. The effects of calcination temperature on characteri-
zations and photocatalytic activity of 5%In-0.05%Sm-TiO,
materials were studied. All the samples are composed of
anatase phase TiO, despite the difference in calcination tem-
peratures. Substances containing indium and samarium are
not found in the XRD patterns. Cell volume of anatase TiO,
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Fig. 8. Photocatalytic degradation of methyl orange with respect
to 5%In-0.05%Sm-TiO, dosage. The sample was calcined at
400°C.

slightly expands with rising calcination temperature. FT-far
IR spectra ascertain Ti-O-Ti bonding in the 5%In-0.05%Sm-
TiO, samples. The increase of calcination temperature leads
to a continuous red shift of the UV-Vis absorption edges.
Crystal growing and pore expansion are the two major fac-
tors that lead to shrinking surface area at high temperature.
The sample calcined at 400°C has the maximum activity on
MO photocatalytic degradation. The maximum degrada-
tion efficiency is obtained at 5%In-0.05%Sm-TiO, dosage of
200 mg/L.
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