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SrgBi; Og powders were synthesized by a sol-gel method using Bi(NO3 )3-5H,0 and Sr(NOs ), as the starting
materials and were characterized by X-ray diffraction (XRD), UV-vis diffuse reflectance spectrum (UV-vis
DRS), Fourier transform infrared (FT-IR) spectrum and Raman spectrum. The as-prepared SrgBi;O9 pow-
ders showed an efficient photocatalytic activity in the decomposition of 4BS dye (a widely used azo dye)
and 4-nitrophenol (4-NP, a priority pollutant) under visible light irradiation (A >400 nm). TA-PL analy-
sis reveals that HO* was not the dominant photooxidant. The radical scavengers experiments indicated
that the main active species was O,*~ in the photocatalytic degradation of dye under visible irradiation.
A possible photodegradation mechanism of organic pollutants by the visible light driven SrgBi,O9 was

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, oxide semiconductor photocatalysts have
attracted extensive attention because of their wide applications
in solar energy conversion and environmental purification [1-5].
To date, TiO, has been proved to be one of the best photocata-
lysts for widespread environmental applications [1,6-8]. However,
TiO, photocatalyst could only be activated by UV light (A <380 nm)
due to its large energy band gap (3.2eV). In order to extend the
absorption region of TiO, to visible light, some kinds of surface
modification methods, such as metal doping, nonmetal doping or
ion-implanting, have been used to obtain visible light driven pho-
tocatalysts [9-12]. However, some doped materials often suffer
from thermal instability [9], increased carrier-recombination cen-
ters, or the requirement of expensive ion-implantation equipments
[13]. Therefore, many researchers have focused their efforts on the
design and development of undoped, single-phase oxide photocat-
alysts working under visible light illumination [14-16]. However,
in oxide semiconductors, the conduction band levels of small-
band-gap semiconductors are usually low because the deep valence
bands are formed by O 2p. This is a major problem in enhancing the
photocatalytic activities of oxide semiconductors. Recently, it has
been reported that the Bi-based oxide photocatalysts are poten-
tial candidates for the visible light driven photocatalysts. In these
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materials, the valence band maximum (VBM) contains Bi 6s and O
2p orbitals, which results in a largely dispersed hybridized valence
band. Thus, Bi-based oxide semiconductors are easy to acquire a vis-
ible light responsive ability [14,17]. The typical efficient Bi-based
photocatalysts are BiVO4 [18-21], CaBiy04 [22], Bi;WOg [23,24],
Bi;Mo0Og [25], bismuth titanium oxides [26-28] and some Bi-based
multiple-metal oxides [29-32].

In the present paper, we reported a novel Bi-based photocata-
lyst, SrgBi> Og, which is active in the photocatalytic decomposition
of 4BS and 4-NP in water under visible light irradiation. The absorp-
tion edge of the as-obtained sample is at ca. 530 nm, corresponding
to the band gap energy of 2.34 eV. Terephthalic acid photolumines-
cence probing technique (TA-PL) was used to detect the formation
of the HO* radicals in the process of photodegradation [33,34], and
a visible light photocatalytic mechanism was conjectured.

2. Materials and methods
2.1. Preparation

The SrgBi; 09 powders were prepared by a sol-gel method. The
process flow chart for the sample is shown in Fig. 1.

Bismuth nitrate (Bi(NO3)3-5H,0), strontium nitrate (Sr(NO3),),
citricacid (CA), ethylene glycol (C;HgO5 ), ammonia water and ethy-
lene diaminetetraacetic acid (EDTA) were used as starting chemical
reagents. All of the reagents were analytical grade and were used
without further purification.
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Fig. 1. The process flow chart for the preparation of SrgBiO9 powders.

Firstly, appropriate amounts of citric acid (CA) and
Bi(NO3)3-5H,0 were added into distilled water at 80 °C under mag-
netic stirring, and then EDTA-ammonia solution was added slowly
into the solution under continuous stirring until Bi(NO3)3-5H,0
was absolutely dissolved and the Bi-CA solution was obtained.
Secondly, a Sr(NO3 ), solution in a molar ratio of 3:1 of Sr to Bi was
added in the Bi—CA solution to prepare a homogeneous transparent
aqueous solution. After being stirred for 30 min, ethylene glycol
was added to promote citrate polymerization by polyesterification
reaction [35]. In order to prevent precipitation, the precursor
solution was prepared according to the molar ratio approximately
1:3 of Bi-Sr/CA, 3:2 of CA/EDTA and the pH was adjusted to 7.5
by using ammonia water. The mass ratio of the ethylene glycol
to CA was 60:40. The as-obtained solution was stirred at 80°C
until it became transparent, and was then heated at 200-300°C on
electronic furnace until the amorphous polymeric precursors were
formed. The precursors were calcined at 400 °C for 4 h at a heating
rate of 10°Cmin~! to promote the decomposition of organic
matters, and then were ground and sintered at 800 °C for 6 h (the
heating rates of 10°C min~—! from room temperature to 700°C and
5°Cmin~! from 700°C to 800°C were used, respectively). Finally,
the SrgBi; Og powders were obtained.

2.2. Characterization

The structure and phase composition of the as-synthesized pow-
ders were characterized using X-ray powder diffraction (XRD) on
a D/MAX-RB X-ray difractometer (Rigaku, Japan) equipped with
Cu Ko radiation (A =1.5406 A) and recorded with 26 ranging from
5° to 70°, while the accelerating voltage and the applied current
were held at 40kV and 50 mA, respectively. The Fourier transform
infrared (FT-IR) spectra of the prepared powders were measured
by the KBr pellet method with a Nexus Fourier transform infrared
spectrometric analyzer. The Raman spectrum was recorded using
a Renishaw invia spectrometer equipped with notch filter and a
CCD detector. The absorption edge of the SrgBi;Og samples was
measured by a UV-vis spectrophotometer (UV2550, Shimadzu,

Japan). BaSO4 was used as a reflectance standard in the UV-vis dif-
fuse reflectance experiment. The HO*® trapping fluorescence spectra
were taken on a fluorescence spectrophotometer (Shimadzu RF-
5300PC). Total organic carbon (TOC) was measured by a TOC/TN
multi analyzer (Multi N/C 2100, Analytik Jena, Germany).

2.3. Evaluation of photocatalytic activity

The photocatalytic activity of the SrgBi,Og powders was eval-
uated by the degradation of 4BS and 4-NP in aqueous solution
under visible light irradiation. A 300 W Dy lamp was used as the
light source with a 400 nm cutoff filter to ensure complete removal
of radiation below 400 nm. For the degradation of 4BS, 0.05g of
photocatalyst was added into 50 mL of 4BS aqueous solution with
a concentration of 30 mg/L. For the degradation of 4-NP, 0.2 g of
the photocatalyst was added into 100 mL of 4-NP aqueous solution
(5mg/L). In each experiment, the suspensions were stirred in the
dark for 5 min to disperse the catalyst prior to irradiation. At given
time intervals, about 5mL aliquots were sampled and centrifu-
gated to remove the photocatalyst particles. Then the adsorption
UV-vis spectrum of the centrifugated solution was recorded using
a UV-vis spectrophotometer (Unico UV-2102PC). In the anaerobic
study, the solution was deaerated by bubbling high pure N, dur-
ing the decomposition process. For the adsorption measurement,
0.05g of the as-prepared photocatalyst was added into 50 mL of
4BS aqueous solution with initial concentration of 5 mg/L, 20 mg/L,
30 mg/L, and 50 mg/L, respectively. The suspensions were stirred at
room temperature in the dark to reach equilibrium, after centrifu-
gated, the solution was taken to determine the 4BS concentration
in the aqueous phase Ceq by UV-vis spectrophotometer at 500 nm.

Our experimental results confirmed that the relationship
between the absorbance and the concentration of 4BS aque-
ous solution could be described as the standard curve equation
[36]:

A~0.0231C (1)
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Fig. 2. XRD patterns of the SrgBi,O9 sample calcined at (a) 400°C, 4 h; (b) 700°C,
6h; (c)800°C,6h; (®)Sr;Bi,Os5; (#) SrCO3; (%) Bi;03; (V)SreBiz Og.

So the 4BS degradation was calculated by the following equa-
tion:
G -C _Ag-A
T G Ao

(2)

where Cp and Ag are the initial concentration and absorbance of
organic solutions at 500 nm corresponding to maximum absorption
wavelength, C and A are the concentration and absorbance after
visible light illumination, respectively.

3. Results and discussion
3.1. XRD analysis

Fig. 2 displays the XRD patterns of the SrgBi,Og powders pre-
pared at different temperatures. As shown in Fig. 2, when the
precursors were calcined at a lower temperature 400°C for 4h,
a predominant phase SrCO3, some Bi, O3 and little Sr,Bi, 05 were
formed. The sample prepared at 700°C for 6 h was composed of
the Sr,Bi;05 phase with orthorhombic structure (JCPDS Card: 39-
1472) and a small amount of SrCOs. All of the diffraction peaks
of the sample prepared at 800°C for 6 h can be indexed with the
standard data of SrgBi; Og (JCPDS Card: 46-0498).

3.2. FT-IR absorption spectra

Fig. 3 gives the FT-IR spectra of the precursors and the pow-
ders annealed at different temperatures. It can be found that the
intensity of the vibration peaks decreased during the conversion
process of the precursors into the SrgBi;Og sample, which was due
to the decomposition of the organic substance and the formation of
the crystalline phase at the process of heat treatment. It has been
known that —~COOH group shows a group of absorption peaks at
3000-2500cm~! [37]. However, these peaks were not observed
in the FT-IR spectrum of the precursors. The absorption peak at
1706cm! in the FT-IR spectrum of the precursors is due to the
symmetry and asymmetry flexing vibration of hydroxyl (-COO~),
which confirms the formation of metal citrate complexes in citrate
precursors. As shown in Fig. 3, the intensity of the peaks between
400cm~! and 800cm™! increased with the increase of tempera-
ture, which indicates that the metal-oxide bond gradually formed
[38].

Fig. 3. FT-IR spectra of the precursors and powders calcined at different tempera-
tures: (a) precursors; (b) 700°C; (c) 800°C.

3.3. Raman spectrum analysis

Raman spectrum of the SrgBi,Og sample prepared at 800°C for
6h is shown in Fig. 4. The Raman bands can be interpreted for
four types [39,40]: acoustic Raman (AR) peaks in the low frequency
region (less than 100 cm~1); heavy metal (HM) peaks in the region
70-160 cm~!; bridged anion (BA) peaks in the intermediate region
(300-600 cm~') and non-bridged anion (NBA) peaks at higher fre-
quencies.

In this study, Raman spectrum had been measured in the bridged
and non-bridging regions of wavenumber between 200 cm~! and
2000cm~!. On the basis of the previous reports, the band at
621cm~! can be attributed to the overlapping vibrations of Bi-O
bonds in the distorted BiOg octahedral units [41].

A higher Raman stretching mode wavenumber indicates a
more distorted structure, whereas a lower Raman stretching mode
wavenumber reveals a more regular structure [42]. The as-prepared
sample showed two peaks at 570cm~! and 621 cm™1, suggesting
that SrgBi;Og has a distorted structure. The lattice distortion is one
of the important parameters for charge separation and is benefi-
cial for photodegradation, and thus enhancing the photocatalytic
activity [43,44].

Fig. 4. Raman spectrum of the SrgBi,Og catalyst prepared by the sol-gel method at
800°C for 6 h.
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Fig. 5. UV-vis diffuse reflectance spectrum of the SrgBi,Og sample prepared by the
sol-gel method at 800°C for 6 h.

3.4. UV-vis DRS analysis

The optical absorption property of the material and the migra-
tion of the light induced electrons and holes are considered as the
most key factors controlling a photocatalytic reaction, which are
relevant to the electronic structure characteristics of the material
[22,45]. The photoabsorption ability of the material was detected
by the UV-vis diffuse reflectance spectrum, as shown in Fig. 5. The
SrgBi; Og powders showed the strong photoabsorption properties
in the UV-vis light region. The band gap energy (Eg) of the material
can be estimated by the formula [46]: Eg =1240/Ag, where Ag is the
wavelength corresponding to the intersection point of the vertical
and horizontal parts of the spectrum. From Fig. 5, the wavelength
of the absorption edge of the as-prepared sample was 530 nm.
Thus, the band gap energy estimated from the absorption edge was
about 2.34 eV. This result indicates that the SrgBi, Og powders have
a suitable band gap for photocatalytic decomposition of organic
contaminants under visible light irradiation.

3.5. Photocatalytic properties

The photocatalytic degradation of 4BS dye (a kind of chemically
stable and difficult decomposed dye) was used to investigate the
photocatalytic activity of the SrgBi,Og catalyst prepared at 800°C
for 6 h. Fig. 6 illustrates the UV-vis absorption spectra of 4BS aque-
ous solution at different reaction times. The adsorption spectrum
of the original solution showed four characteristic absorption spec-
tra at 208 nm, 235nm, 337 nm and 500 nm. The two absorption
peaks at 208 nm and 235 nm belong to the structure of the ben-
zene rings, the other two peaks correspond to the naphthalene
rings and the nitrogen to nitrogen double bond (-N=N-), respec-
tively. The absorption peak at A =500 nm decreased rapidly with
increasing photocatalytic reaction time and almost disappeared
after 60 min, indicating that the chromophore structure (-N=N-)
of the azo dye was destroyed [47]. The characteristic peaks of naph-
thalene ring and benzene ring also became more smoothness after
visible light irradiation for 60 min, and no new absorption spectra
appeared in the visible and ultraviolet regions, which illuminates
that the catalyst not only destroyed the chromophore of 4BS, but
also decomposed the naphthalene ring and benzene ring partly.
Fig. 7 displays the degradation of 4BS solution under different con-
ditions. As shown in Fig. 7, a blank experiment in the absence of the
photocatalyst under visible light irradiation shows that the photol-
ysis of 4BS was negligible. However, with the as-prepared SrgBi;0g

Fig. 6. UV-vis spectral changes of 4BS solution during the photocatalytic degrada-
tion by the as-prepared SrgBi;Og sample under visible light illumination.

as the photocatalyst, 98% of 4BS was degraded after 60 min, show-
ing the excellent photocatalytic activity of the as-prepared SrgBi; Og
under visible light irradiation. Meanwhile, the adsorption of 4BS
on the photocatalyst in the dark was also checked. After 60 min,
approximately 23% of 4BS was adsorbed. This result showed that
the as-prepared SrgBi; Og powders had a high adsorption capacity
for 4BS, which was in favor of the photocatalytic decomposition of
4BS. Fig. 8 shows the adsorption isotherm of 4BS on SrgBi;Og cata-
lyst at room temperature, the L-shape isotherm indicates that there
was no strong competition between the solvent and the absorbate
for the absorbent sites. As seen from the inset of Fig. 8, the adsorp-
tionisotherm was well represented by the Langmuir model. Alinear
relationship between 1/ge and 1/Ce was observed, where Ce rep-
resents the equilibrium bulk concentration of 4BS and ge is the
amount of 4BS adsorbed onto the photocatalysts.

It is well-known that 4-NP is a priority aromatic compound and
isdifficult to be degraded in environment. To further investigate the
photocatalytic property of the as-prepared SrgBi, Og powders, 4-NP
was selected to evaluate the photocatalytic activity. Fig. 9 displays
UV-vis spectral changes of 4-NP (5 mg/L) solution during the pho-
tocatalytic degradation by the as-prepared SrgBi, Og sample under
visible light illumination. As shown in Fig. 9, an apparent decrease
of 4-NP at the wavelength of 400 nm was observed, which indicates

Fig. 7. The photodegradation efficiencies of 4BS solution as a function of irradiation
time under different conditions.
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Fig. 8. The adsorption isotherm of 4BS on the as-prepared SrgBi; Og catalyst at room
temperature.

that the SrgBi; 09 photocatalyst also showed an efficient photoac-
tivity for the degradation of 4-NP under visible light irradiation
(A>400nm). From Figs. 6 and 9, the photocatalytic degradation rate
of 4BS over the SrgBi; Og photocatalyst was higher than that of 4-NP.
It can be attributed to the fact that the nitro group has high conju-
gated and resonance effects with the benzene ring which results in
the high stability of 4-NP [48-50].

TOC removal of the 4BS and 4-NP solution are shown in
Figs. 10 and 11, respectively. From Fig. 10, after a period of 60 min,
the 4BS solution was completely decolored and 55.11% of TOC was
removed. As shown in Fig. 11, 94.79% of 4-NP was degraded (ana-
lyzed at A=400nm) and 30.73% of TOC of the 4-NP solution was
removed after 8 h of irradiation. Clearly, the TOC removal of the 4BS
solution and 4-NP solution was lower than the degradation (ana-
lyzed at the maximum wavelength) of 4BS and 4-NP, suggesting
that the intermediates occurred during the photocatalytic process,
this was in accordance with the absorption band shifting shown in
Fig. 9 [51].

3.6. Visible light driven degradation mechanism

In the photocatalysis process of a semiconductor for the degra-
dation of organic contaminants, photo-induced active species

Fig. 9. UV-vis spectral changes of 4-NP (5 mg/L) solution during the photocatalytic
degradation by the as-prepared SrgBi;Og sample under visible light illumination.

Fig. 10. The degradation and TOC removal of the 4BS solution under visible light
illumination.

such as trapped holes, HO*® radicals, peroxide radicals (HO,*) and
superoxide radical anions (O,*~) are suspected to be involved in
the photocatalytic reaction. Terephthalic acid photoluminescence
probing technique (TA-PL) has been widely used in the detection of
HO-* radicals. 2-Hydroxyl-terephthalic acid (TAOH), which is gen-
erated when terephthalic acid captures the HO® radicals, performs
a strong fluorescence at around 426 nm on the excitation of its own
312 nmabsorption band [33,34]. Therefore, the photoluminescence
technique by TA-PL to detect the formation of the HO® radicals was
conducted, and the intensity of the peaks increased slightly with
the illumination time as shown in Fig. 12. This result indicates
that the free HO® radicals could not be the main active oxygen
species in the photochemical process. This phenomenon can be
confirmed by the theoretical viewpoint. Generally, when the Bi3*
ion forms a valence band, the holes formed by photoexcitation are
regarded as Bi®* (or Bi**). Although a redox potential in an aqueous
solution is different from that in solids, the standard redox poten-
tial of Bi;O4/BiO* (Bi®*/Bi3*) (E9=+1.59eV at pH 0) could make
sense for a rough estimation of the oxidation potential of the holes
(Bi>*) photogenerated in SrgBi; Og photocatalyst [52,23]. Therefore,
it can be postulated that the hole photogenerated on the surface
of SrgBi;Og could not react with OH~/H,0 to form HO* radicals
because the standard redox potential of Bi®*/Bi3* is more negative
than that of HO*/OH~ (+1.99) [53]. As mentioned above, the pho-
tocatalytic degradation of organic contaminant on SrgBi;Og could

Fig. 11. The degradation and TOC removal of the 4-NP solution under visible light
illumination.
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Fig.12. HO* trapping PL spectra of SrgBi» 09 on TA solution under visible irradiation.

be proceeded via direct reactions with holes trapped and super-
oxide radical anions (O,°~). To further understand the effect of
positive holes and 0,°~, the comparison experiments were per-
formed between the original degradation curves of SrgBi;Og/4BS
dispersions with those obtained after addition of millimolar con-
centrations of quenchers in the initial solution, under otherwise
identical conditions. From Fig. 13, it can be observed that KI (a
quencher of positive hole and HO* radicals on catalyst surface
[54,55]) did not affect the degradation rate of 4BS throughout the
experiment. This result indicates that the direct holes were not the
active oxidative species involved in the photodegradation process.
However, addition of 2 mM of 1,4-benzoquinone (BQ, CgH40-, a
quencher of 0,°~ [56]), the photodegradation efficiency of 4BS was
apparently decreased, showing the O,*~ was the main oxidative
species responsible for the reduction of the 4BS dye solution. The
generation of O,°~ could be via photogenerated electron reacting
directly with O, adsorbed on the surface of the catalyst. The anaero-
bic experiment was conducted to understand the effect of oxygen.
As shown in Fig. 14, the photodegradation efficiency of 4BS was
decreased apparently under the anoxic suspension (N,-saturated
condition). This result indicated that the presence of oxygen was
responsible for the significant reduction of the 4BS solution, and
its effect was to primarily act as an efficient electrons trap, lead-

Fig. 13. Photocatalytic degradation of 4BS over the as-prepared SrgBi,Og photocat-
alyst under different solutions.

Fig. 14. Photocatalytic degradation of 4BS solution by the as-prepared SrgBi;Og
sample in N,-saturated and air-equilibrated solutions.

Scheme 1. Schematic illustrations of the SrgBi,Og photocatalytic reaction process
under visible light irradiation. Minus and plus signs denote e~ and h*, respectively.
CBand VB denote the conduction and valence bands of the SrgBi, Og particles, respec-
tively. Wavy arrows represent the migration of charge carriers in the particles.

ing to the generation of O,*~ and preventing the recombination
of electrons and holes [23]. Bandara and Kiwi [56] and Kondarides
and co-workers [57] also showed that the main oxidative species
was O,*~ (or HO,*) in the photocatalytic degradation of dye under
visible irradiation.

On the basis of the above experimental results, a possible
mechanism for the dye photodegradation over SrgBi;Og could be
proposed (Scheme 1). The photocatalyst could be efficiently stim-
ulated to create electron-hole pairs under visible light irradiation
which were long-lived enough to react with adsorbed O, to pro-
duce superoxide radical anions (O,°*~). The produced superoxide
radical anions decomposed the organic contaminant to the final
carbon dioxide and some inorganic products.

4. Conclusions

Visible light induced SrgBi,Og photocatalyst was prepared via
a sol-gel method. The as-obtained SrgBi;Og9 powders showed a
strong photoabsorption property from the UV light region to visible
light and the band gap energy was about 2.34 eV. The as-prepared
samples exhibited a high photocatalytic activity for the degrada-
tion of 4BS and 4-NP solutions. The photocatalytic reaction not
only destroyed the chromophore of 4BS, but also decomposed the
naphthalene ring and benzene ring partly. The HO® trapping PL
studies suggested that HO* was not the dominant photooxidant in
the SrgBi;Og photocatalysis. The superoxide radical anions (0,°*~)
could take part in SrgBi;Og photocatalysis. The presence of oxygen
was in favor of generating O,°~ and preventing the recombination
of electrons and holes.
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