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Synthesis of Cr and La-codoped SrTiO3
nanoparticles for enhanced photocatalytic
performance under sunlight irradiationt

Surendar Tonda,® Santosh Kumar,? Oruganti Anjaneyulu® and Vishnu Shanker*®

In this study, we report a facile polymeric citrate strategy for the synthesis of Cr,La-codoped SrTiOs
nanoparticles. The synthesized samples were well characterized by various analytical techniques. The UV-vis
DRS studies reveal that the absorption edge shifts towards the visible light region after doping with Cr,
which is highly beneficial for absorbing the visible light in the solar spectrum. More attractively, codoping
with La exhibits greatly enhanced photocatalytic activity for the degradation of Rhodamine B under sunlight
irradiation. The optimum photocatalytic activity at 1 atom?% of Cr,La-codoped SrTiOs nanoparticles is almost
6 times higher than that of pure SrTiOs nanoparticles and 3 times higher than that of Cr-doped SrTiOs
nanoparticles. The high photocatalytic performance in the present photocatalytic system is due to codoping
with La, which acts as a most effective donor for stabilizing Cr** in Cr,La-codoped SrTiOs nanoparticles.
More importantly, the synthesized photocatalysts possess high reusability. A proposed mechanism for the
enhanced photocatalytic activity of Cr,La-codoped SrTiOs nanoparticles was also investigated by trapping
experiments. Therefore, our results not only demonstrate the highly efficient visible light photocatalytic
activity of the Cr,La-codoped SrTiOs photocatalyst, but also enlighten the codoping strategy in the design
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Introduction

For the sustainable development of human society, developing both
alternative clean energy supplies and pollution-free technologies for
environmental remediation is an urgent task. Among the wide
variety of renewable energy strategies underway, semiconductor
photocatalysis has emerged as one of the most promising
technologies because it represents an easy way to utilize the
solar energy or artificial indoor illumination, and is thus abundantly
available everywhere in the world."™ For efficient solar energy
conversion, visible light responsive photocatalysts are important
because around 45% of the whole solar energy is visible light while
only 4% is UV light.>® Since the discovery of hydrogen production
through photoinduced water splitting on titanium dioxide (TiO,),°
the photocatalytic properties of various metal oxide semiconductors
have been extensively studied. The metal oxides such as SnO,, ZnO
and SrTiO; have a wide band gap and possess suitable band
structures to act as photocatalysts. An ideal visible light responsive
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and development of advanced photocatalytic materials for energy and environmental applications.

photocatalyst is required to have not only a small band gap
energy but also proper positions of the valence band and
conduction band edges for oxidation and reduction reactions
of water and organic molecules.”

Among the vast majority of active metal oxide photocatalysts,
the perovskite strontium titanate (SrTiOs) is a promising photo-
catalyst because of several advantages, such as a high chemical
stability and an abundance of constituent elements. It has been
regarded as one of the most efficient photocatalysts for water
splitting and photodegradation of organic pollutants due to its
strong catalytic activity, high photochemical stability, and good
biological compatibility.®'® Moreover, when compared to the
well known semiconductor photocatalyst TiO,, the conduction
band and valence band edges of SrTiO; are 200 mV more
negative, a favorable feature for efficient photoelectrochemical
water splitting without an applied bias."*™** However, the photo-
absorption range of SrTiOj; is restricted to UV light because it has
a large energy gap of about 3.2 eV that hinders the efficiency of
solar-energy conversion. Doping foreign elements into wide
band gap semiconductors is an effective method being employed
for the extension of light absorption into the visible region. Many
efforts have therefore been made to reduce the energy gap of
SrTi0;."**° It was found that chromium (Cr) doping is an
effective way to shift the light absorption, because the occupied
Cr** level is usually 2.2 eV lower than the conduction band
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bottom formed by the Ti 3d orbital or 1.0 eV higher than the
valence band top formed by the O 2p orbital."” Unfortunately,
the photocatalytic activity was enhanced by the presence of the
Cr’* charge state, but diminished by the presence of Cr®',
probably due to the formation of defects in the crystal, for
example the oxygen vacancy, which usually acts as a recombination
center of the photogenerated electron-hole pairs."*>° Therefore,
the stabilization of Cr*" is a key strategy for enhancing the
photocatalytic performance of Cr-doped photocatalysts. To resolve
this problem, codoping is a promising method to suppress the
formation of defects and to maintain the charge balance.>*>* Some
experimental reports showed that the photocatalytic performance
of Cr-doped SrTiOj; is improved by codoping with Sb**, and Ta>"*
or Nb**.'52* Recently, Ouyang et al.>® found that the Cr and
La-codoped SrTiO; showed an enhanced photocatalytic perfor-
mance in H, evolution. However, the photocatalytic activity and
pathway of Cr and La-codoped SrTiO; for the degradation of
organic pollutants remains unclear.

In the present study, we report the synthesis of Cr and
La-codoped SrTiO; nanoparticles via a polymeric citrate precursor
method. The synthesized photocatalysts were characterized by
various analytical techniques. The photocatalytic activities were
evaluated by studying the degradation of Rhodamine B (RhB), a
water contaminant, under sunlight irradiation. Furthermore, the
effect of doping on the physico-chemical properties and on the
photocatalytic activities of the synthesized catalysts has been
investigated in detail. Based on the experimental results, a possible
photocatalytic mechanism for the degradation of RhB over Cr and
La-codoped SrTiO; nanoparticles under sunlight irradiation was
discussed. To the best of our knowledge, there is no report on the
synthesis of Cr and La-codoped SrTiO; nanoparticles by a facile
polymeric citrate route for the photocatalytic degradation of RhB
under sunlight.

Experimental details
Materials

Titanium isopropoxide (Sigma-Aldrich, 99.9%), strontium nitrate
(SRL, 99.0%) chromium nitrate nonahydrate (SRL, 99.0%),
lanthanum nitrate hexahydrate (SRL, 99.0%), citric acid (Merck,
AR grade), Rhodamine B (Sigma-Aldrich, 95.0% dye content),
terephthalic acid (Merck, AR grade), tert-butyl alcohol (Merck, AR
grade), and ammonium oxalate (Merck, AR grade) were used as
received. All other reagents used in this work were of analytically
pure grade and used without further purification. All aqueous
solutions were prepared with doubly distilled water.

Method

The various SrTiO; samples were synthesized by a polymeric
citrate precursor method (Fig. S1, ESIT). A typical procedure was
carried out as follows: 3.26 mL of titanium isopropoxide was
dissolved in 25 mL of ethylene glycol for about 30 min under a
N, atmosphere at room temperature. While the solution was
continuously stirred, 20.82 g of citric acid was added and
stirred until complete dissolution of the reagents. To this
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solution, the required amount of strontium nitrate (Sr:Ti =
1:1) was added slowly until it became transparent. However,
for the preparation of the Cr and La-codoped strontium titanate
Sr; ,La,Ti; ,Cr,O; (x = 0.005, 0.01, 0.015 and 0.02) nano-
particles, the stoichiometric amount of chromium nitrate
nonahydrate and lanthanum nitrate hexahydrate along with
strontium nitrate was added. The reaction mixture was subse-
quently stirred for a few minutes to achieve the complete
dissolution of reagents, and then heated at around 120 °C for
5 h to promote polymerization. After heating and evaporation
of the solvents, the reaction mixture gelled into a transparent
brown resin. The formed resin was charred at 350 °C for 3 h
with a slow heating rate and then ground to obtain a fine
powder. Subsequently, the resulting powders were calcined at
800 °C for 6 h. The color of the synthesized pure SrTiO; powder
was white, whereas the Cr,La-codoped SrTiO; samples were
yellow. The obtained pure SrTiO; powder was denoted as STO
and the obtained 0.5 to 2 atom% Cr,La-codoped SrTiO; samples
were denoted as Cr,La-STO-0.5, Cr,La-STO-1.0, Cr,La-STO-1.5
and Cr,La-STO-2.0, respectively.

Characterization

X-ray diffraction (XRD) patterns were recorded on a Bruker AXS
D8 Advance X-ray diffractometer using a Ni filtered Cu Ko
(4 = 1.5406 A) radiation source. UV-vis diffuse reflectance
spectra (UV-vis DRS) were obtained on a THERMO Scientific
Evolution 600 diffuse reflectance sphere, and BaSO, was used
as a reference standard. Fourier transform infrared (FT-IR)
spectra were recorded in transmission mode from 4000 to
400 cm ™" on a PerkinElmer Spectrum 100 FT-IR Spectrophoto-
meter. Field emission scanning electron microscopy (FE-SEM)
studies of samples were carried out on a FEI quanta 3D FEG-
FESEM operated at 10 kV by coating the powder sample with
gold. The composition of the samples was investigated by
energy dispersive spectroscopy (SEM-EDS; OXFORD Instruments,
INCAx-act). The transmission electron microscopy (TEM) measure-
ments were conducted on a FEI Tecnai G* Spirit transmission
electron microscope with acceleration voltage of 200 kV. The
surface area measurements were recorded by using Quanta
chrome NOVA 1200e and the surface areas of the catalysts were
estimated using the BET method. UV-visible absorption spectra
(UV-vis) were recorded on a THERMO Scientific Evolution 600
UV-Vis NIR spectrophotometer. X-ray photoelectron spectro-
scopy (XPS) was carried out on a Kratos Axis ULTRA system
incorporating a 165 mm hemispherical electron energy analyzer.
The photoluminescence (PL) spectra of the photocatalysts were
recorded on a TSC Solutions F96pro fluorescence spectro-
photometer at an excitation wavelength of 365 nm.

Photocatalytic activity

The photocatalytic activities of the synthesized samples were
evaluated by the photocatalytic degradation of RhB in an
aqueous solution under sunlight irradiation. Photocatalytic
experiments of all the samples were conducted under similar
experimental conditions in the month of April 2014 at NIT
Warangal, where the fluctuation of the sunlight intensity is
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minimal during this month. For comparison, we have also
conducted the photocatalytic experiments under a solar simulator
300 W Xe lamp with a super cold filter (positioned 25 cm above
the top of the dye suspension), which provides the visible light
region ranging from 400 nm to 700 nm. The cooling water was
circulated outside the photoreactor to avoid the heating effect
from the radiation. In the experiment, 100 mg of photocatalyst
was added into 250 mL of RhB solution with a concentration of
5 mg L™". Prior to irradiation, the solution mixture was agitated
for 30 min to ensure the adsorption-desorption equilibrium
between RhB molecules and photocatalyst was reached. At given
irradiation time intervals, the suspensions were periodically with-
drawn and centrifuged to separate the photocatalyst particulates for
analysis. The filtrates were analyzed by recording variations at the
wavelength of maximal absorption in the UV-vis spectrophotometer.
A blank test was also conducted for the RhB aqueous solution
without photocatalyst under sunlight irradiation ie., photolysis of
RhB to evaluate the efficiency of the photocatalyst.

Analysis of reactive species

The effect of various reactive species on the degradation of RhB
over Cr,La-codoped SrTiO; was examined to understand the
photocatalytic mechanism under sunlight irradiation. The RhB
solution was subjected to various scavengers prior to addition
of the photocatalyst. The analysis method was similar to the
photodegradation experimental process. Furthermore, the for-
mation of hydroxyl radicals (*OH) on the surface of the sunlight
irradiated photocatalyst was detected by the PL technique using
terephthalic acid (TA) as a probe molecule. Terephthalic acid
readily reacts with *OH to produce a highly fluorescent product,
2-hydroxyterephthalic acid. This method relies on the PL signal
generated by the hydroxylation of terephthalic acid.***” In a
brief experimental procedure, 0.1 g of the Cr,La-codoped SrTiO;
sample was dispersed in 100 mL of a 5 x 10~ * mol L™* TA
aqueous solution with a 2 x 10~ mol L ™" concentration of NaOH
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at room temperature. The resulting solution was magnetically
stirred and the suspension was exposed to sunlight. At 5 min
intervals, the suspension was collected and centrifuged to measure
the maximum PL intensity using a fluorescence spectrophotometer
with an excitation wavelength of 365 nm.

Results and discussion

The crystal structures of the synthesized pure and Cr,La-codoped
SrTiO; samples were analyzed using XRD. As shown in Fig. 1a, all
the diffraction peaks could be assigned to the perovskite struc-
ture having cubic symmetry (JCPDS No. 79-0176). The intensity
of the diffraction peaks is decreased for Cr and La-codoped
SrTiO; samples compared to pure SrTiO;, which indicates the
successful incorporation of Cr and La into the SrTiO; crystal
structure. A careful comparison of the diffraction peaks in the
range of 20 = 32 to 33° showed that the peak positions of the
Cr,La-codoped SrTiO; samples are almost the same as those of
STO, since the La and Cr substitute the Sr and Ti, respectively,
and the radius of La (1.032 A) is smaller than that of Sr (1.180 A)
while the radius of Cr (0.615 A) is bigger than that of Ti
(0.605 A).>® The average crystallite size of all the samples was
also estimated using the Scherrer equation. However, the
average crystallite size was found to have decreased with an
increase in Cr and La content. This is because many crystal
defects form when the dopant ions occupy the regular lattice
sites of SrTiO;, and these defects inhibit the growth of the
crystal, and thus decrease the crystal size.***’

It is well known that the ideal perovskite structure is cubic
with space group Pm3m-Oy, and with a unit formula of ABO;.*°
To evaluate the deviation of SrTiO; from the ideal situation,
Goldschmidt® introduced a tolerance factor (¢), defined by the
equation: 7= (rp +70)/(rs +70)V2 (ra, s, and ro are the
empirical ionic radii at room temperature). The ¢ values in STO,
Cr,La-STO-0.5, Cr,La-STO-1.0, Cr,La-STO-1.5 and Cr,La-STO-2.0
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Fig. 1 (a) XRD patterns of the synthesized pure and Cr,La-codoped SrTiOz nanoparticles. (b) UV-vis diffuse reflectance spectra of all the synthesized
samples.
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were calculated to be 0.928, 0.917, 0.915, 0.912 and 0.909,
respectively, all of which are the normally allowed ¢ values
(0.75 to 1.0).%° So, it is further demonstrated that there is no
significant distortion in the SrTiO; crystal structure.

Fig. 1b shows the absorption spectra of Cr,La-codoped SrTiO;
nanoparticles determined by the diffuse reflectance measure-
ments. For comparison, the spectra of 1 atom% La-doped SrTiO;
and 1 atom% Cr-doped SrTiO; nanoparticles (synthesized by the
same method, Fig. S2, ESIt) were measured and depicted in
Fig. 1b. From Fig. 1b, it can be seen that the La-doped SrTiO; has
an almost identical absorption edge at around 390 nm (3.12 eV)
to that of pure SrTiO; (3.20 eV). Interestingly, a broad visible
light absorption band, which indicates a high response to visible
light, appears at around 580 nm (2.21 eV) in the UV-vis spectra
of Cr-doped SrTiO;. The electronic band structure of the
Cr,La-codoped SrTiO; is further narrowed compared to the
Cr-doped SrTiO3, which is due to the large energy dispersion
between the intra energy levels after codoping with La.**® The
absorption around 400-500 nm might be ascribed to the charge
transfer from Cr** to Ti**, while the broad absorption around
580-750 nm might be ascribed to a d-d transition of *A,~"T, in
Cr’*.*>* Moreover, the absorption spectra of Cr,La-codoped
SITiO; samples are highly dependent on the dopant concen-
tration as shown in Fig. 1b, which exhibits obvious absorption in
the visible light region. Table 1 summarizes the band gaps of the
synthesized samples, which was calculated from the Kubelka-
Munk functions against the photon energy (Fig. S3, ESIT).**
The band gaps of Cr,La-codoped SrTiO; photocatalysts with a
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high doping amount were about 1.91 eV due to the electron
transition from the electron donor levels formed by the 3d orbits
of Cr*" ions to the conduction band. As shown in Table 1, the
values of the band gap for the synthesized samples are decreasing
with an increase in the Cr and La doping content. These results
suggest that the Cr’* donor levels act as intermediate states for
multiple photon transitions that allow electron-hole pair excitation
in SrTiO; with visible light.

The FT-IR spectra of the synthesized pure and Cr,La-codoped
SrTiO; samples are shown in Fig. 2. The two strong characteristic
absorption bands, located at about 432 and 645 cm ', are
ascribed to the vibrations of the Ti-O bonds within the TiOg
groups, bending at a lower-frequency and stretching at a higher-
frequency, respectively.>® It is also observed that these main
characteristic peaks of SrTiOj; are shifted to a lower wave number
region in the Cr,La-codoped SrTiO; samples as shown in Fig. 2.
The red shift of these bands indicates the successful doping of
Cr and La into the SrTiO; crystal structure. The broad and low
intensity absorption bands observed in all the samples in the
range 2850-3450 cm™ ', and 1618 cm ™ * correspond to the stretching
and bending vibrations of O-H groups in the physically adsorbed
H,O molecules, respectively.***”

The microstructure of the synthesized Cr,La-codoped SrTiO3
nanoparticles were studied using FE-SEM. Fig. 3a shows the
representative FE-SEM image of the Cr,La-STO-1.0 sample.
From Fig. 3a, we can see that the formed crystallites possess
uniform size distribution and are homogeneous without
preferentially oriented shapes. Moreover, Cr and La doping

Table 1 Physical and textural properties of the synthesized pure and Cr,La-codoped SrTiOs samples

Cr,La loading Actual Cr loading Actual La loading Crystallite Energy
Sample (atom%) (from EDS) (atom%) (from EDS) (atom%) size (nm) gap (eV)
STO 0 0 0 37 3.20
Cr,La-STO-0.5 0.5 0.45 0.37 24 1.97
Cr,La-STO-1.0 1.0 0.98 0.96 21 1.91
Cr,La-STO-1.5 1.5 1.27 1.42 22 1.92
Cr,La-STO-2.0 2.0 1.85 1.93 18 1.84
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Fig. 2 FT-IR spectra of the synthesized pure and Cr,La-codoped SrTiOz nanoparticles.
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Fig. 3 (a) FE-SEM image of the synthesized Cr,La-STO-1.0 nanoparticles.
(b) TEM image of the synthesized Cr,La-STO-1.0 nanoparticles, and
corresponding selected area electron diffraction (SAED) pattern (inset).

concentrations in Cr,La-codoped SrTiO; nanoparticles,
identified by SEM-EDS results, were similar to those initially
added as shown in Fig. S4 and S5 (ESIt). These results
indicate that the Cr and La ions were successfully incorpo-
rated into the crystal lattice of Cr,La-codoped SrTiO; in the
present synthesis. However, the Cr and La contents in the Cr,La-
codoped SrTiO; nanoparticles obtained from the EDS results are
listed in Table 1.

The morphologies of the synthesized pure SrTiO; and
Cr,La-codoped SrTiO; nanoparticles were characterized with
TEM. All the samples show cubic morphology and their surfaces
are fairly smooth. As shown in Fig. 3b, the introduction of Cr and La
does not obviously change the morphology of SrTiO; nanoparticles
compared with the TEM image of pure SrTiO; (Fig. S6, ESIT). The
mean diameter of the pure and 1 atom% Cr,La-codoped SrTiO;
nanoparticles is approximately 40 nm and 25 nm, respectively,
which are in good agreement with the corresponding crystallite size
calculated using the Scherrer equation. The regular crystal diffrac-
tion spots in the selected-area electron diffraction (SAED) patterns
shown in the inset of Fig. 3b, reveal the single-crystalline nature of
each particle for the Cr,La-STO-1.0 sample.

It is well known that the activity of a photocatalyst is also
strongly influenced by the surface properties. The specific
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surface area of the pure SrTiO; and Cr,La-codoped SrTiO;
nanoparticles was investigated by nitrogen adsorption-
desorption isotherm analysis as shown in Fig. 4. The results
revealed that the Cr,La-STO-1.0 sample has a surface area of
about 16.85 m* g~', which is larger than that of pure SrTiO;
(8.24 m? g™'). The relatively large specific surface area of the
Cr,La-codoped SrTiO; nanoparticles is useful for the better
adsorption of organic molecules and also provides a greater
number of reactive sites for the photocatalytic process, thereby
enhancing the photocatalytic performance.?”:*®

PL studies

In order to further investigate the effect of Cr and La modifica-
tion in SrTiO; on photocatalysis, PL spectra analysis was
applied to reveal the migration, transfer, and recombination
processes of photo-generated electron-hole pairs in semicon-
ductors.®” Fig. 5 shows the PL spectra of the synthesized pure
and Cr,La-codoped SrTiO; nanoparticles recorded at room
temperature with an excitation wavelength of 365 nm. The PL
spectra of the Cr,La-codoped SrTiO; nanoparticles are similar
to that of pure SrTiO; with these samples having a strong
emission band centered at around 510 nm. From Fig. 5, it is
also observed that there is a significant decrease in the PL
intensity of Cr,La-codoped SrTiO; nanoparticles compared to
that of pure SrTiO; nanoparticles. Moreover, the intensity of the
PL signal for the Cr,La-STO-1.0 photocatalyst is much lower in
comparison with pure SrTiO;. The weak intensity PL signal
indicates that the Cr,La-codoped SrTiO; photocatalysts have a
lower recombination rate of photogenerated electron-hole
pairs under sunlight irradiation, which is useful for greater
separation of photogenerated electron-hole pairs in SrTiO;.

Photocatalytic activity

The photocatalytic activity of the synthesized samples was
evaluated by the degradation of an organic dye under sunlight
irradiation. Rhodamine B (RhB) was chosen as a representative
hazardous dye in the present work. For comparison, the
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Fig. 4 Nitrogen adsorption—desorption isotherm plots for (a) pure SrTiOz and (b) Cr,La-STO-1.0 nanoparticles.
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Fig. 5 Room temperature PL spectra of the synthesized pure and Cr,La-
codoped SrTiOz nanoparticles excited at 365 nm.

photolysis of RhB dye (without catalyst) and adsorption ability
of the catalyst (in absence of sunlight) for the same duration
under the same experimental conditions were also investigated.
These results suggest that both light and catalyst are necessary
for an efficient photocatalytic degradation reaction. The time
for RhB degradation in different catalyst systems are shown in
Fig. 6a. It is interesting that the pure SrTiO;, which is almost
inactive in the visible region due to a high band gap (3.2 eV),
also gave some degradation of RhB due to the sensitization
mechanism of photocatalysis.* According to the dye sensitization
mechanism the RhB molecules adsorbed on the surface of catalysts
can be excited by sunlight irradiation. The electron from the excited
dye molecule is rapidly injected into the conduction band of the
SITiOz;, and the formed radicals at the surface undergo dye
degradation quickly.”® As can be seen from Fig. 6a, the
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synthesized Cr and La-codoped SrTiO; photocatalysts exhibit
a much higher photocatalytic activity than pure SrTiO;. These
results also demonstrate that the doping amount of Cr and La
has a strong influence on the photodegradation of RhB. Thus,
the optimal Cr and La content in SrTiO; is 1 atom%, and then
the photocatalytic activity decreases with increasing Cr and La
content. The decrease in the photocatalytic activity can be
attributed to the fact that excess dopant species may act as
recombination centers for photo-induced electron-hole pairs,
thereby reducing the efficiency of charge separation.”® The
corresponding first-order kinetics plot shown in Fig. 6b
indicates that the Cr,La-STO-1.0 nanoparticles exhibit the high-
est degradation rate, which is almost 6 times higher than that
of pure SrTiO; and 3 times higher than that of Cr-doped SrTiO;
nanoparticles. Furthermore, the photocatalytic activity of the
synthesized catalysts for the degradation of RhB was also
investigated under visible light irradiation. The efficiency of
the photolysis of RhB was negligible under the same experi-
mental conditions, which indicated that the RhB is stable
under visible light irradiation. Notably, the photocatalytic
activity of pure SrTiO; under visible light irradiation is much
lower compared to the activity under sunlight irradiation as
shown in Fig. S7 (ESIt). However, the photocatalytic activity of
the Cr,La-codoped SrTiO; photocatalysts under visible light irradia-
tion is slightly lower compared to the activity under direct sunlight
illumination but it is much higher than that of pure SrTiO;, La-
doped SrTiO; and Cr-doped SrTiO; nanoparticles.

According to theoretical investigations,?>*"*> the valence
band maximum (VBM) of SrTiO; is mainly composed of the
nonbonding O 2p orbitals whereas the conduction band minimum
(CBM) is merely the contribution of the Ti 3d orbitals. Moreover, the
Sr 3d orbitals contribute very little to both the valence band and the
lower part of conduction band. On the other hand, the Cr-doped
SrTiO; shows high photocatalytic activity compared to pure SrTiO;
due to the formation of new energy states introduced by the Cr 3d

3.5
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Fig. 6 (a) Comparison of photocatalytic activity for the degradation of RhB in aqueous solution under sunlight irradiation over pure and Cr,La-codoped
SrTiOs nanoparticles and (b) the corresponding first-order kinetics plot of pure and Cr,La-codoped SrTiOz nanoparticles.
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orbitals which lie above the VBM (Fig. 7). Thus, the minimum energy
gap is reduced because the excitation energy of the electrons in these
states is lower than that of the O 2p electrons. For comparison,
photodegradation of RhB over 1 atom% La-doped SrTiO; and
1 atom% Cr-doped SrTiO; photocatalysts were also carried out.
The photodegradation results show that La-doped SrTiO; nano-
particles display a very low activity, which is close to that of the pure
SrTiO;, whereas Cr-doped SrTiO; nanoparticles exhibit a higher
activity as shown in Fig. 6a. It is obvious that the Cr-doping enhances
the photocatalytic activity, while the La-mono doping is almost non-
effective because it does not reduce the band gap of SrTiO3, which is
also confirmed by UV-vis DRS studies. However, the synthesized
Cr,La-codoped SrTiO; samples show a much higher activity com-
pared to Cr-doped SrTiO; for the photodegradation of RhB under the
same conditions. This is because, only Cr substituting for Ti with a
+3 oxidation state accounts for such visible light activity for Cr-doped
SrTiO;, while Cr substituting for Ti with +6 oxidation state, will act as
a recombination centre for photogenerated electron-hole pairs. After
La incorporation into the Cr-doped SrTiO; structure, one excess
electron is released to compensate for Cr’* in Cr,La-codoped SrTiO;
as La is mainly a substitute for Sr but not Ti.*>** The expanding light
absorption region can also effectively improve the photocatalytic
activity of Cr,La-codoped SrTiO;. More importantly, the synthesized
Cr,La-codoped SrTiO; nanoparticles have a high surface area which
is almost twice that of the pure SrTiO; and smaller in crystallite
size. From the aforementioned results, we can conclude that the
synthesized Cr,La-codoped SrTiO; photocatalysts display the highest
photocatalytic activity for the degradation of RhB under sunlight
irradiation.

Trapping experiment

Although the above mentioned results and analyses have
revealed that the incorporated Cr and La ions could change
the physico-chemical properties such as band structure and
surface area of SrTiO;, and thus improve the photocatalytic
activity of Cr and La-codoped SrTiO; photocatalysts, it is not
clear about the reactive species which are mainly responsible
for the degradation of RhB under sunlight irradiation. To
answer this question, we studied the role of main reactive

This journal is © the Owner Societies 2014

species including hydroxyl radicals (*OH), superoxide anion
radicals (0,* ") and holes (h"), in the degradation of RhB under
sunlight irradiation over Cr and La-codoped SrTiO; nano-
particles, by performing a radical trapping experiment. To
confirm the role of these reactive species, different scavengers,
namely ammonium oxalate (AO) for h”, tert-butyl alcohol (TBA)
for *OH and N, for O,*, were employed in this study.>”** As
can be seen from Fig. 8a, the photocatalytic degradation of RhB
decreases most rapidly after the addition of TBA, indicate that
*OH was the major reactive species during degradation of RhB
in the Cr and La-codoped SrTiO; system. It was also observed
that the degradation of RhB was inhibited by the addition of AO
(an efficient trapper of holes), which is significant but does not
lead to complete quenching of the reaction (Fig. 8a). In addi-
tion, a very small change in the degradation of RhB is observed
after N, purging was conducted. These results confirm that
photogenerated *OH and h" play an important role in the
degradation of RhB.

Hydroxyl radical generation

It has been widely accepted that hydroxyl radicals (*OH) are the
main reactive species responsible for the degradation of
organic pollutants under light irradiation. The *OH generation
during the photocatalytic process can be easily detected by a PL
technique using terephthalic acid (TA) as a probe molecule. The
*OH reacts with terephthalic acid in a basic solution to generate
2-hydroxyterephthalic acid which emits a unique fluorescence
signal with its peak centered at around 425 nm. As shown
in Fig. 8b, significant fluorescence signals associated with
2-hydroxyterephthalic acid were generated upon sunlight irra-
diation of the Cr,La-codoped SrTiO; photocatalysts suspended
in a TA solution at different irradiation times. These results
confirm that the fluorescence is caused by chemical reactions
of terephthalic acid with *OH formed on the surface of the
Cr,La-codoped SrTiO; photocatalysts via photocatalytic reactions.***>

Reusability

In addition to photocatalytic efficiency, the reusability of a
photocatalyst is also very important for practical applications.
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To evaluate the reusability of Cr,La-codoped SrTiO; nano-
particles, five successive photocatalytic experimental runs were
conducted by adding recycled Cr,La-STO-1.0 photocatalyst to
fresh RhB solutions with no change in the overall concentration
of the catalyst under sunlight irradiation. As shown in Fig. 9a, it
is found that the photocatalytic activity of the Cr,La-STO-1.0
sample does not exhibit a significant loss after five recycles for
the photodegradation of RhB. Moreover, the XRD pattern
(Fig. 9b) of the reused sample also illustrated that the crystal
structure of the Cr,La-STO-1.0 photocatalysts did not change
after the photocatalytic reaction, which indicates that the
synthesized Cr,La-codoped SrTiO; nanoparticles can be used
as a reusable photocatalyst for photocatalytic oxidation of
pollutant molecules.

In addition, XPS measurements were also performed to
investigate the oxidation state of Cr in Cr-doped SrTiO; and
Cr,La-codoped SrTiO; nanoparticles before and after the photo-
catalytic experiments. As shown in Fig. 10, the Cr,La-STO-1.0
photocatalyst shows the sharp peak at about 576.3 eV, which
could be assigned to Cr*", indicating that the oxidation state of
Cr didn’t change after the photocatalytic reaction. The Cr-doped
SrTiO; sample showed a relatively low peak intensity of Cr**, and
a small shoulder peak assigned to Cr®" at 579.2 eV was also
observed,'® however, a high concentration of Cr®" was observed
after the photocatalytic reaction. Therefore, the results of XPS
allow us to understand the effect of the codopant on the
oxidation state of the doped Cr, which strongly influences the
photocatalytic activity of Cr,La-codoped SrTiO; photocatalysts.
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(a) Reusability of the Cr,La-STO-1.0 photocatalyst in five successive experimental runs for the photocatalytic degradation of RhB in aqueous

solution under sunlight irradiation. (b) XRD patterns of the synthesized Cr,La-STO-1.0 photocatalyst before and after the cycling photocatalytic

experiments.
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Conclusion

In summary, Cr,La-codoped SrTiO; nanoparticles have been suc-
cessfully synthesized via a polymeric citrate precursor method. The
band structure, crystal size and surface area of SrTiO; were
significantly affected after the introduction of Cr and La into the
SITiO; crystal structure. The Cr,La-codoped SrTiO; nanoparticles
exhibited an enhanced photocatalytic activity for the degradation of
RhB under sunlight irradiation. The photocatalytic results revealed
that the charge state of Cr plays an important role in the improved
photocatalytic activity of Cr,La-codoped SrTiO; nanoparticles. The
enhanced photocatalytic performance of Cr,La-codoped SrTiO;
nanoparticles under sunlight irradiation is due to synergistic effects
including a high visible light response, a significant decrease in
crystal size, and a high surface area. In addition, the trapping
experiments confirmed that photogenerated *OH and h" are the
major reactive species responsible for the photodegradation of RhB
in the Cr,La-codoped SrTiO; system. Therefore, the present work
demonstrates that the codoping strategy can be useful in the design
and development of advanced photocatalytic materials for environ-
mental remediation.
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