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The Bi»03/Bi,WOg heterojunction photocatalysts were prepared by a two-step solvothermal process
using Bi(NOs)s-ethylene glycol solution as Bi source. The catalysts were characterized by X-ray
diffraction, scanning and transmission electron microscopy, X-ray photoelectron spectroscopy, and
UV-vis diffuse reflection spectroscopy. The heterostructure catalysts are composed of Bi,O; nanopar-
ticles as modifier and 3D Bi,WOg microspheres as substrate. Bi,Os nanoparticles with diameters of
about 10-15 nm are tightly grown on the lateral surface of the Bi,WOg microspheres. The hierarchical
Bi»03/BiWOg microspheres exhibit higher photocatalytic activity than the single phase Bi;WOg or
Bi»O5 for the degradation of rhodamine B under visible light illumination (A > 420 nm). The enhance-
ment of the photocatalytic activity of the Bi,O3/Bi,WOg heterojunction catalysts can be ascribed to
their improved light absorption property and the reduced recombination of the photoexcited electrons
and holes during the photocatalytic reaction. The effect of loading amount of Bi,O3; on the catalytic
performance of the heterojunction catalysts was also investigated and the optimal content of Bi,Os3 is
3 wt%. The Bi,03/Bi,WOg heterojunction photocatalysts are essentially stable during the photocatalytic

process.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Since the discovery of photocatalytic splitting of water and
photoinduced degradation of organic compounds by TiO, as a
photocatalyst under UV light irradiation [1,2], various photocata-
lysts have been extensively developed in purifying water and air.
However, this technique can hardly satisfy practical water treat-
ment due to the rapid recombination of the photoexcited carriers
and limited efficiency in visible light [3]. Therefore, it remains a
great challenge to design efficient visible light-driven photocata-
lysts. In recent years, many strategies have been adopted to
improve this situation. Besides doping semiconductor oxides with
metals or non-metals for improving the photocatalytic activity [4],
fabrication of heterostructured photocatalysts with different car-
riers or different band gaps has turned out to be an effective
approach [5-7]. Among the semiconductive oxides, Bi,Os has
recently captured considerable attention due to its high refractive
index, visible light activity, dielectric permittivity, and thermal
stability [8]. Furthermore, Bi,O5 is a p-type semiconductor with
suitable band edge potentials for water oxidation [9,10]. For
example, Bi,03/TiO, heterostructure could be easily activated by
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visible light owing to the photosensitization by Bi,Os; [11,12].
Similarly, BiOCl/Bi,O3, Bi»O3/BaTiOs3, and Bi;O3/NiO have shown
greatly enhanced photocatalytic activity because of the efficient
separation of photoexcited electrons and holes [5,13,14].

Being another important photocatalyst, Bi;WOg has received
particular attention recently because of its excellent photocatalytic
property under visible light [15-18]. Unfortunately, its high efficiency
of electron-hole recombination prohibits the desirable catalytic
activity under visible light irradiation. Therefore, most studies have
focused on improving its catalytic activity. One solution is to prepare
3D nanostructured catalysts with large specific surface area, for
example, self-assembled three-dimensional hierarchical Bi;WOg
microspheres [19], hollow spheres [20,21], flower-like nanostructures
[22-24], and so forth. Other efforts have been made on metal and
non-metal doping, for example, doping of Bi,WOg with F, N, and Ag,
which showed improved photocatalytic performance [25-27].

Considering that Bi,Os; and Bi;WOg can be constructed to
heterojunction interface with matching band potentials (Bi»Os:
Ecg=0.33, Eyp=3.13; Bi;WOg: Ecg=046, Eyp=3.26) [9,10,28,29],
we prepared Bi,O3/Bi,WOg heterojunction photocatalysts by a
two-step solvothermal process followed by annealing at elevated
temperature. The catalysts showed superior activity compared to
neat Bi,WOg and Bi,03 for the photodegradation of RhB. The
enhancement mechanism of the heterojunction catalysts was also
discussed.
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2. Experimental section
2.1. Preparation

All chemicals were of analytical grade and used without further
purification. The Bi,03/Bi,WOg catalysts were prepared by a two-
step solvothermal process with Bi;WOg as the substrate. Bi,WOg
was firstly synthesized as follows: 2.5 mmol Bi(NOs)s-5H,0 and
1.25 mmol Na,WO, - 2H,0 were dissolved in 18 ml ethylene glycol
(EG) with the assistance of ultrasonication for 15 min, and the
mixture was continuously stirred for 10 min to form a transparent
solution. Subsequently, ethanol (18 ml), formaldehyde (4 ml) and
urea (7.5 mmol) were added, and a lot of white precipitates
appeared. The mixture was stirred for another 20 min and then
transferred into a Teflon-lined autoclave (50 ml in volume). The
autoclave was sealed and heated at 160 °C for 12 h. After being
cooled down to room temperature naturally, the products were
collected by filtration, washed by distilled water and dried at 60 °C
overnight.

For the synthesis of Bi,03/Bi,WOg, desired amount of bismuth
nitrate (Bi(NO3);-5H,0) was dissolved in 13 ml ethylene glycol
and 27 ml ethanol, and then ultrasonicated until the solution
became clear. 0.2 g Bi,WOg powders were added into the solution
and stirred for 30 min. The mixture was then transferred into a
Teflon-lined autoclave, sealed and heated at 160 °C for 5 h. After
being cooled down to room temperature naturally, the products
were collected by filtration, washed with water and dried at 60 °C.
Finally, the precursor was calcined at 400°C for 2h. As a
reference, Bi,O; powders were synthesized by the same proce-
dure without adding Bi,WOg.

2.2. Characterization

The crystalline structure of the products was examined by an
X-ray diffractometer (XRD, Bruke-D8, with CuKo radiation). The
morphology of the samples was observed by scanning electron
microscopy (SEM, JSM-6380-LA, JEOL, Japan) and transmission
electron microscopy (TEM, JEOL JEM2010). X-ray photoelectron
spectroscopy (XPS) using a Model VG ESCALAB apparatus with
AlKo X-ray source was employed to analyze the surface composi-
tion of the catalysts. The binding energies are calibrated with
respect to the signal for adventitious carbon (binding ener-
gy=284.6 eV). UV-vis diffuse reflectance spectroscopy (UV-vis
DRS) absorption spectra were recorded at a UV-2550 spectro-
photometer in the wavelength range of 200-800 nm. Brunauer-
Emmett-Teller (BET) surface area was determined by nitrogen
adsorption (Micromertics ASAP 2000 system).

2.3. Photocatalytic test

The catalysts were evaluated by photocatalytic decolorization
of rhodamine B (RhB) under irradiation of visible light
(A>420nm). A 300 W tungsten halide lamp (Foshan electric
light Ltd.) was used as the light source with a 420 nm cutoff filter
to provide visible light irradiation. Experiments were performed
at ambient temperature (25 °C). For the degradation of RhB, 0.10 g
of the prepared photocatalyst was added into 100 ml of RhB
solution (107> mol 1~1!). Before illumination, the suspensions
were stirred for 30 min in dark in order to ensure the establish-
ment of an adsorption-desorption equilibrium between the
photocatalyst and the RhB. Then, the solution was exposed to
visible light irradiation under magnetic stirring. At 1 h intervals,
6 ml solution was sampled. The concentration of RhB was
determined by measuring the UV-vis spectra every certain time.

3. Results and discussion
3.1. Characterization of the photocatalysts

Fig. 1 displays the XRD patterns of the Bi,O3/Bi,WOg samples.
The orthorhombic Bi,WOg (JCPDS No. 39-0256) and monoclinic
Bi»O5; (JCPDS No. 41-1449) were obtained for the single phase
samples. In the composites, tetragonal Bi,O3 (JCPDS No. 65-1209)
and orthorhombic Bi,WOg (JCPDS No. 39-0256) are formed. The
samples do not exhibit any Bi;Os diffraction characteristic until
its content reaches 10 wt%, which confirms the small nanoparticle
size and high dispersion degree. No significant shifts of the
principal diffraction peaks were observed, indicating the Bi,O3
exists as a separate phase rather than being incorporated into the
Bi,WOg lattice.

Fig. 2 shows quantitative XPS analysis on 3 wt% Bi,Os-loaded
Bi,WOg after thermal treatment at 400 °C for 2 h. The typical full
survey and high-resolution spectra for Bi 4f, W 4f, and O 1s region
are indicated in Fig. 2A. One can see that the sample contains only
C, O, Bi, and W elements. Carbon can be ascribed to the adventi-
tious hydrocarbon from XPS instrument itself. High resolution XPS
spectrum of Bi 4f region is shown in Fig. 2B. The peaks centered at
164.0 and 158.6 eV are assigned to Bi 4fs), and Bi 4f;,, respectively,
which demonstrate that all the Bi species in the as-prepared
samples are in the form of Bi>*. However, it is worth noting that
these binding energy values are not exactly the same as those
obtained from pure Bi»O3; or Bi;WOg [30,31], which reveals that
interfacial structure was formed and the local environment and
electron density of the elements changed in some degree. Similarly,
the W 4f peaks of the sample appear at 36.8 and 34.8 eV (Fig. 2C).
These values are also slightly deviant [31], which could be
attributed to the existence of Bi,O3 too. The O 1s band also splits
into some contributions, as shown in Fig. 2D, in which three
spectra are observed. The peak at 533.3 can be assigned to Bi-O
in Bi,O3 [30], whereas the peaks located at 529.7 and 531.6 eV,
respectively, are ascribed to the oxygen attached to bismuth and
tungsten (Bi-O and W-0 bonds) in Bi,WOg [24,32]. On the other
hand, according to the XPS result (3 wt% Bi,03/Bi,WOg), the
concentration of the surface Bi** is 8.8 atom%, whereas that of
WS+ is 3.29 atom%. The atomic ratio of Bi and W was about 2.67,
which is larger than the stoichiometric ratio in Bi;WOg. This result
reveals the existence of Bi,O3 species, which is in good accordance
with the conclusion based on the aforementioned XRD result.
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Fig. 1. XRD patterns of (a) Bi;WOg, (b) 1 wt% Bi,03/Bi,WOs, (c) 3 wt% Bi,03/
Bi,WOg, (d) 5 wt% Bi,O3/Bi,WOg, (e) 10 wt% Biy03/Bi,WOs, (f) 15 wt% BiO3/
Bi;WOg, and (g) Bi»0s.
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Fig. 2. XPS profiles of the 3 wt% Bi,03/Bi,WOgs photocatalyst.

The prepared Bi,WOg and 3 wt% Bi,03/Bi,WOg have similar BET
surface areas, which are 27.31 and 25.13 m? g~ !, respectively.

The morphology of the product was observed by SEM and
TEM. As displayed in Fig. 3A, the prepared Bi;WOg exhibits 3D
hierarchical structure, which is built from two-dimensional
nanoplatelets in a special fashion. After the deposition process
and subsequent calcination treatment at 400 °C for 2 h, the Bi;Os/
Bi;WOg hierarchical structure remains almost unchanged except
for the slightly coarse surface (Fig. 3B) compared to the unmodi-
fied Bi,WOeg. To further obtain information about the structure of
the sample, the Bi,O3/Bi,WOg was characterized by TEM. As
shown in Fig. 3C, when 3 wt% Bi,05 is loaded, Bi,O3 nanoparticles
with a small size of 10-15 nm are tightly coupled on the surface
of Bi,WOg even when they are subjected to an ultrasonic treat-
ment. By measuring the lattice fringes, the resolved interplanar
distances are 0.272 and 0.319 nm, corresponding to the (00 2)
plane of Bi;WOg and the (201) plane of Bi,Os, respectively
(Fig. 3D). Furthermore, an interconnected fine nanoparticulate
morphology was observed, indicating a Bi,O3/Bi,WOg nanocrystal
heterojunction was formed in the composite catalyst.

As indicated in Section 2, Bi,O3 was deposited onto the Bi,WOg
microspheres by a solvothermal process using Bi(NOs); as the Bi
source and a mixture of EG and ethanol as the solvent. The surface
of the Bi,WOg microsphere is hydrophilic and possesses a
distribution of OH groups [19]. As a result, EG was firstly absorbed
onto the surface of Bi,WOg microspheres by forming hydro-
gen bonds. Simultaneously, Bi*>* and EG formed a relatively
stable compound of Bi,(OCH,CH,0); because of the strong
coordination role of EG (Eq. (1)). Therefore, Bi>* can be success-
fully absorbed onto the surface of Bi,WOg [33]. Finally, the Bi,O3

nanoparticles were obtained through hydrolysis of Biy(OCH,
CH20)s (Eq. (2)) [34]:

2Bi(NO3); - 5H,0+ 3HOCH,CH,0H + 6C,H50H < Biy(OCH,CH,0)3
+6C,H50NO, + 16H,0

Bi»(OCH,CH,0)3+3H,0=Bi,03 | + 3HOCH,CH,O0H

(1)
(2)

The UV-vis diffuse reflectance spectra of the samples are
illustrated in Fig. 4. The absorption of Bi;WOg, Bi;03, and Bi,03/
Bi,WOg powders starts at about 485, 498, and 545 nm, respec-
tively, which indicates that they are all visible light active
semiconductors. The steep shape of the spectra also exhibits that
the visible light absorption is not due to the transition from the
impurity level but to the band-gap transition of the semiconduc-
tors [35]. For a crystalline semiconductor, it shows that the
optical absorption near the band edge follows the equation
a(hv) = A(hv—Eg)'/?, where o, v, Eg, and A stand for the absorption
coefficient, light frequency, band gap energy, and a constant,
respectively [36]. The band gap energy is estimated on the plot
(Ahv)Y?=f(hv) by the intercept of the tangent to the plot with
abscissa, which is 2.56, 2.48, and 2.28 eV for Bi,WOs, Bi,03, and
Bi,03/Bi;WOg, respectively. Obviously, loading Bi,O3 onto Bi,WOg
enhances its visible light absorption. This can be ascribed to the
mutual photosensitization of Bi,O3; and Bi;WOg [37].

3.2. Photodegradation of organic compounds under visible light
irradiation

The photocatalytic activity of the samples was evaluated by
decomposing RhB aqueous solution under visible light irradiation.



1980 M.-S. Gui et al. / Journal of Solid State Chemistry 184 (2011) 1977-1982

—— 100 _pp——I

0.319'nm

Fig. 3. SEM images of (A) Bi,WOg, (B) 3 wt% Bi,03/Bi;WOg, and (C and D) TEM images of 3 wt% Bi,03/Bi,WOe.
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Fig. 4. UV-vis diffuse reflectance spectra of (a) 3 wt% Bi»03/Bi,WOg, (b) Bi»03, and
(c) Bi;WOs.
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Fig. 5. Effects of the Bi,O3 content in the heterojunction catalysts on the
degradation of RhB: (a) Bi,WOs, (b) 1wt%, (c) 3wtk (d) 5wtk (e) 10 wtk,
(f) 20 wt%, and (g) Bi,0s.

Oh
1h
2h
3h
4h
5h
6h

Absorbance / a. u.

1 4 1 X I ¥ 1 L 1 - 1 X I
200 300 400 500 600 700 800
Wavelength / nm

Fig. 6. The temporal evolution of the spectra during the photodegradation of RhB
mediated by 3 wt% Bi,03/Bi,WOg under visible light.

Fig. 5 displays the changes of the RhB concentration versus the
reaction time over the catalysts with different loading levels of
Bi»Os. It is observed that compared to pure Bi,WOg, the photo-
catalytic degradation efficiency of RhB increases with the increase
of Bi,O3 content and reaches an optimum at 3 wt% Bi,Os. After
that, the activity of the photocatalysts sequentially decreases. It is
possible that excessive Bi»O3; might reduce surface active sites of
Bi,WOg. This result demonstrates that in this system, Bi,Os is
crucial for getting high performance of the catalysts and the
optimum content for the highest catalytic activity is 3 wt% Bi,Os.
It is noted that the photodegradation of RhB is lower than that
reported in Ref. [28]. This can be ascribed to the difference in the
light source used. In this study, visible light ( > 420 nm) was used,
while the previous study [28] used the simulated sun light, which
contains part of UV.

Fig. 6 depicts the temporal evolution of the spectra during the
photodegradation of RhB mediated by the 3 wt% Bi,03/Bi;WOg
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under visible light irradiation (1 > 420 nm). After 60 min irradia-
tion, the maximum absorption band of the solution gradually
shifted from 554 to 496 nm and the color of RhB aqueous solution
changed from pink to light green. Meanwhile, the absorption
band gradually decreased, which indicates that the ethyl groups
of RhB were removed during irradiation [38-43]. After 2-6 h
reaction, the adsorption peak of the dye at around 496 nm
underwent a fairly large decrease and the color of dye gradually
disappeared with the increase of irradiation time, whereas the
hypsochromic shifts of the absorption band are considerably
insignificant. It is presumed that the cleavage of the whole
chromophore structure (cycloreversion) of RhB occurs over the
photocatalysts [42,44]. The result demonstrates that the hetero-
junction structure of Bi,03/Bi,WOg can improve the catalytic
activity to degrade RhB under visible light irradiation.

Although the 3 wt% Bi,03/Bi,WOg microspheres exhibit higher
photocatalytic activity, in view of practical application, its stabi-
lity is very important. To confirm the stability and efficiency of
the photocatalytic performance of the Bi,03/Bi;,WOs, circulating
runs in the photocatalytic degradation of RhB under visible light
were checked. As shown in Fig. 7, after four terms of recycling, the
photocatalytic activity does not exhibit any significant loss,
indicating very high stability of the Bi,O3/Bi,WOg photocatalyst.

3.3. Reaction mechanism

As is known to all, in a typical photocatalytic procedure,
photoinduced holes (hyz) and/or the formed hydroxyl radicals
("OH) can be extremely active to organic pollutants as a trigger of
oxidization [45,46]. Therefore, it is important to detect the main
oxidant in the photodegradation process for investigating the
photocatalytic mechanism [47,48]. In general, experiments are
carried out using EDTA-2Na as a hole scavenger and isopropyl
alcohol as a radical scavenger to determine the active species in
the photocatalytic reactions [42,49]. In the system containing
3 wt% Biy03/Bi,WOg photocatalyst, electron-hole pairs were pro-
duced under visible-light irradiation, yielding radicals and holes
as oxidants. After a reaction of 60 min, the photodegradation
process was decelerated distinctively after EDTA-2Na was added
and the photodegradation rate was greatly decreased from 83.2%
to 39.2%, while the degradation rate of 79.7% was obtained after
isopropyl alcohol was added (Fig. 8). This indicates that photo-
generated holes are the main oxidants during photocatalytic
process.

Based on the above experimental results and discussion, the
most plausible mechanism for the degradation of pollutants under
visible light irradiation is proposed, as is displayed in Fig. 9. Under
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Fig. 7. Cycling runs of the photocatalytic degradation of RhB in the presence of
3 wt% Bi,03/Bi;WOg under visible light.
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Fig. 8. Photodegradation of RhB over 3 wt% Bi,O3/Bi,WOg: (a) without radical
scavenger, (b) with isopropyl alcohol, and (c) with EDTA-2Na (103 M).
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Fig. 9. Schematic diagram of charge separation in a visible light irradiated
Bi»03/Bi,WOg heterojunction.

visible light irradiation, electrons (e) in the valence bands (VB)
were excited to conduction bands (CB), with the same amount of
holes (h*) left in VBs in both Bi,Os and Bi,WOQOg. Then, electrons in
the conduction band of Bi,O3; were injected into the CB of Bi;WOg
because the CB of Bi;03 is more negative than that of Bi,WOg. This
is beneficial for reducing their recombination. The photogenerated
electrons were then captured by O, to yield O; and H,0,, and then
to hydroxyl radicals [50,51]. On the other hand, the photogener-
ated holes in Bi,O3 are powerful oxidative species, which can
activate some unsaturated organic pollutants, leading to their
subsequent decomposition [52]. The photogenerated holes have
been demonstrated to play a major role for the degradation of
organic compounds over the Bi,O3/Bi,WOg catalysts.

4. Conclusion

In summary, the Bi,03/Bi;WOg heterojunction photocatalysts
have been prepared via a two-step solvothermal process followed
by annealing at elevated temperature with Bi;WOg as the sub-
strate. This technique is quite simple and environmentally benign.
By this approach, a tight chemically bonded interface between the
coupled materials can be constructed. The heterojunction catalysts
Bi;03/Bi,WOg exhibit higher photocatalytic activity than pure
Bi,WOg and Bi,03 for the degradation of RhB under visible light
irradiation with an optimal activity at the 3 wt% Bi,O3/Bi;WOsg
catalyst. The remarkable enhancement in the photocatalytic per-
formance of Bi,03/Bi,WOg is ascribed mainly to the Bi,O3/Bi;WOg
heterojunction, which improves the separation of photogenerated
electron-hole pairs. The Bi,O3 and Bi,WOg mutual photosensitiza-
tion caused strong spectral response in the visible region, which is
also favorable for the high photocatalytic property. In addition,
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a more detailed investigation reveals that the photoinduced holes
(hyg) are the main active species during the photodegradation
process based on the radical and hole trapping experiments. This
study provides a new insight for developing novel heterojunction
photocatalysts for efficient removal of organic pollutants.
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