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QDS modified Bi; WO (BWO) nanostructures were processed by calcination at different temperatures.
A strong correlation was found among the processing, structure and properties of the samples. With
increasing calcination temperature from 200°C to 500 °C, the crystallinity increased and the BWO QDS
gradually disappeared from the nanostructures. Both surface area and band gap of the samples decreased.
The light absorption of the samples became lower for the long-wavelength range, accompanied by a red
shift of the absorption edge. The photocatalytic activity of the samples decreased after calcination at
higher temperature. The competitive relations between crystallinity and surface area in affecting pho-
tocatalytic activity were discussed. The role of BWO QDS that played in enhancement of photocatalytic
activity was also revealed by studying structure and property evolution of the calcined samples.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor photocatalysis has become the focus of investi-
gations due to its potential applications for solar energy conversion
and environmental purification [1,2]. Among various semiconduc-
tor oxides, the layered tungsten compounds are considered to be
one important category of photocatalysts [3], such as Na,W4043 [4],
ZnWOy [5] and CdWO, [6]. But most of them respond only to UV
irradiation, which limits their application into practice. Recently,
perovskite-like Bi,WOg (BWO) has been found to have excellent
photocatalytic activity under visible-light irradiation when used to
decompose water dyes and indoor pollutants [7-9]. Though much
effort has been devoted to reveal its unique physical and chemical
properties, we still have dearth information about BWO. Thereby,
itis urgent to further explore the preparation, characterization and
application of this new photocatalyst.

It is well known that the properties of materials greatly depend
on their structure including crystal structure and microstructure.
Especially, for a specific photocatalyst, the most important fac-
tors that determine its photocatalytic activity are considered to
be crystallinity and surface area [10]. Previously, much effort has
been devoted to increase the crystallinity and the surface area,
and most measures that were taken relate to nanotechnology
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[11]. Moreover, different routines for preparing and process-
ing nanomaterials lead to different photocatalytic activity. The
routines and the properties are correlated with structure of mate-
rials [12-14]. Considering BWO photocatalyst, much attention
has been focused on preparation of BWO nanomaterials such as
nanoparticles and nanostructures. There are only a few reports
on processing-structure-property relationships of BWO photo-
catalysts. Calcination is a very common processing method to
adjust structure and properties of materials. Here we calcined
QDS modified BWO nanostructures at different temperatures and
emphasized to investigate processing-structure-property rela-
tionships by observing structure-property evolution caused by
calcination. We also attempted to reveal the role of BWO QDS in
improving photocatalytic activity of BWO nanostructures.

2. Experiments
2.1. Preparation of samples

All reagents were of analytical grade and were used as
received without any further purification. BWO nanostructures
were prepared by solvothermal method. In a typical case, 0.26¢g
Bi(NO3)3-5H,0 and 0.14 g WClg were dissolved in 25 ml ethylene
glycol, respectively. The two solutions were mixed together under
magnetic stirring for several hours at room temperature until a
transparent solution was obtained. Then 0.32 g urea was added
into the above solution. The solution was still transparent and was
transferred into an 80 ml Teflon-lined stainless steel autoclave. The
autoclave was sealed and maintained at 180°C for 15h and then
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Fig. 1. XRD patterns of the samples calcined at different temperatures.

cooled to room temperature naturally. The resultant powers were
filtered off and washed with absolute ethanol and deionized water
for three times to remove EG and impurity ions. The samples were
dried at 80°C in air for 10h and then calcined in the muffle fur-
nace at 200°C, 300°C, 400°C and 500°C for 1h. They were short
for BWO-2, BWO-3, BWO-4 and BWO-5, respectively.

2.2. Characterizations

The phase and crystal structure of the samples were analyzed
by means of a X'pert Pro X-ray diffractometer with Cu Ko radi-
ation (A=1.54184) under 40kV and 100 mA. The samples were

further characterized by a Siron field-emission scanning electron
microscopy (FESEM) and a JEOL transmission electron microscopy
(TEM) operated at 200 KV. Brunauer-Emmett-Teller (BET) surface
area of the samples were determined by a Micrometrics ASAP-2020
nitrogen adsoprtion/desorption measurement appratus. The opti-
cal properties were evaluated by studying the diffusion reflectance
spectra (DRS) on a PerkinElmer Lamda-35 UV-vis spectrophotome-
ter.

2.3. Photocatalytic activity tests

The photocatalytic activity of all the samples was measured by
degradation of Rhodamine B (RhB) under visible-light irradiation
using a 350 W Xe lamp with a 420 nm cut-off filter. The distance
between the lamp and the reactor was 20cm. In each experi-
ment, 0.05 g of photocatalyst was dispersed into 100 ml 10~ mol/L
RhB solution ultrasonically. Before illumination, the suspensions
were magnetically stirred for 60 min to ensure the establishment
of an adsorption-desorption equilibrium between photocatalyst
and RhB in the dark. Then the solution was exposed to visible-
light irradiation under magnetic stirring. At each interval of 15 min,
3 ml of suspension was sampled and centrifuged. The solution was
analyzed by a Unico-2102 spectrophotometer and the adsorption
peak at 554 nm was monitored. The photocatalytic efficiency was
calculated according to the following equation:

Co-C .
o 100%

efficiency (%) =

where Cy and C represent the initial concentration of RhB prior to
irradiation and the concentration of RhB after irradiation for in a
given time, respectively.

Fig. 2. SEM images of the samples calcined at 200°C (a) and (b), and 500°C (c¢) and (d).
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Fig. 3. TEM images of the samples calcined at 200°C (a) and (b), 300°C (c), 400°C (d), and 500°C (e) and (f).

3. Results and discussion
3.1. XRD studies

Fig. 1 shows XRD patterns of the calcined samples. From the
patterns, all peaks can be assigned to orthonormal Bi,WOg phase,
which is consistent with JCPDS No. 01-79-2381 and no other peaks
originated from impurities were found on the spectra. The peaks
in the XRD spectrum of BWO-2 were broad except for the peak
at 33.1°C corresponding to (002) plane. The sharp peak indi-
cates preferred orientation took place and the samples obtained
by solvothermal route were crystalline. The broad peaks may be
due to the existence of small size particles in the BWO nanostruc-

tures. With increasing calcination temperature, the peaks became
stronger and sharper. At 500°C, two new peaks at 26.3° and
33.2° appeared and were indexed to (050) and (2 00) planes. The
changes in XRD spectra indicate that further crystallization of the
BWO nanostructures occurred during calcination.

3.2. SEM and TEM investigations

The light absorption and photochemical reaction take place on
solid surface of photocatalysts. Thus the surface microstructure
plays key role in the photocatalytic process with respect to gener-
ation, transportation and reduction/oxidation of reactive species.
To reveal the origin of the changes in photocatalytic activity of
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Fig. 4. Adsorption/desorption isotherms of the samples calcined at 200°C and
500°C.

the samples, the microstructure and crystal structure were further
studied using SEM and TEM. Fig. 2a and b shows the SEM images
of BWO-2 which appears a nanosheet self-constructed hierarchi-
cal porous structure. As observed in Fig. 2c and d, the nanosheets
aggregated with each other and became looser after calcination at
500°C. Additionally, Fig. 3a clearly shows that the nanosheet units
of BWO-2 have irregular shape with many nanocrystals dispersed
on them randomly. The nanocrystals possess a diameter of less than
10nm and could be treated as quantum dots (QDS). Fig. 3b dis-
plays the HRTEM image of an isolated nanosheet of BWO-2. The
fringes and the inset discontinuous FFT diffraction pattern show
that the QDS and the nanosheet substrates are crystalline and they
share a similar crystal orientation. Though several research groups
have proposed possible formation mechanisms of BWO nanostruc-
tures [15-17], it is still not clear for our products considering the
unique assembling units, neither just nanoparticles nor just sin-
gle crystalline nanoplates. The difference may be closely related
with different tungsten sources and the solvothermal reaction sys-
tem. What is evident is that the calcination processing exerted a
strong influence on BWO nanostructures. To provide more details
of structure changes in calcination process, TEM and SAED analy-
sis was also carried out on BWO-3 and BWO-4, which is shown in
Fig. 3c and d. No distinct difference was observed between BWO-2
and BWO-3 while most QDS on the nanosheets disappeared when
the sample was calcined at 400 °C. The SAED patterns of BWO-3 and
BWO-4 in the inset of Fig. 3c and d also indicate the improvement
of crystallinity. When heat treated at 500 °C, the single crystalline
BWO nanoplates tended to became square, as is clearly displayed
in the TEM image of Fig. 3e. Moreover, from Fig. 3f, the fringes
became very clear and continuous, indicating the high degree of
crystallinity, which was also confirmed by the inset correspond-
ing FFT diffraction pattern. The above results demonstrate that the
crystallinity of BWO nanostructured was improved after calcina-
tion, accompanied by the disappearance of BWO QDS [18].

3.3. Surface analysis

Surface area is another key structural parameter for photocata-
lysts. To determine surface area of the samples, surface analysis
was carried out using nitrogen adsorption/desorption method.
The isotherms of BWO-2 and BWO-5 are shown in Fig. 4a. From
the figure, both isothermals were categorized as type I with a
H4 hysteresis loop according to the IUPAC classifications, indi-
cating a macroporous characteristic of BWO nanostructures with
silt-like pores. Moreover, the hysteresis loop of BWO-5 shifts to
right after calcination at 500°C, indicating the amount of pores

Table 1

BET surface area of the calcined samples.
Sample BWO-2 BWO-3 BWO-4 BWO-5
Sper (m?/g) 60.3 54.2 35.6 30.7

became less compared with that of BWO-2 [19]. The pore size dis-
tribution curves were obtained from Barrett-Joyner-Halanda (BJH)
desorption branches. As is shown in the inset of Fig. 4, there was
a peak concentrating at 100 nm for BWO-2 whereas for BWO-5,
the peak appeared at around 60 nm, suggesting the silt-like pores
between the nanosheets became smaller. The surface area of dif-
ferent samples determined by BET method was listed in Table 1.
With increasing calcination temperature, the surface area of BWO
nanostructures decreased by one half from 60.3 m?/g to 30.7 m2/g.

3.4. Optical properties

Fig. 5 shows the UV-vis spectra of the calcined samples.
The absorbance spectra were converted from the reflection by
Kubelka-Munk method [20]. From the figure, all the samples
show god response to visible light. The BWO-2 and BWO-3 exhib-
ited higher light absorption in the wavelength region longer than
438 nm. The optical band gap of the samples was also estimated
based on their absorption spectra according to the following equa-
tion:

ahv = A(Eg — hv)"

where o, A, h, v, Eg are the absorption coefficient, proportional coef-
ficient, Plank constant, light frequency and band gap, respectively,
while n describes the optical transition type of a semiconductor.
The value of n for BWO is 2, which means that the optical transition
is indirect allowed [21]. The estimated optical band gap decreased
as the calcination temperature was raised. The optical band gap
of BWO-2 was 2.76 eV larger than that of BWO-5, which could be
ascribed to the quantum confinement effect that widened the band
gap by forming discrete energy levels in semiconductor QDS [22].

3.5. Photocatalytic activity

Photocatalytic activity was evaluated by degradation of RhB
under visible-light irradiation (A>420nm). Fig. 6a shows the
change in relative concentration of RhB with irradiation time using
the calcined samples as photocatalysts. No obvious degradation of
RhB was observed for both blank test and dark test, indicating the
dyes was stable under visible-light irradiation and the adsorption of

Fig. 5. UV-vis spectra of the calcined samples and the curves of (ahv)!/2 vs. hv.
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Fig. 6. Photocatalytic activity of the calcined samples (a) and the curves of In(Cy/C)
vs. irradiation time (b).

RhB on the photocatalyst was negligible after reaching adsorption-
desorption equilibrium. After 60 min, photocatalytic efficiency of
BWO-2 reached almost 100%. The value dropped to 94% for BWO-3.
Under the same conditions, only 41% and 52% of RhB was degraded
for BWO-4 and BWO-5. The photochemical reaction was also fit-
ted for pseudo-first-order kinetics. The reaction constant k which
is used to evaluate the degradation rate could be determined from
the plots of In(Cy/C) vs. irradiation time. As is shown in Fig. 6b, the
obtained k value was much higher for the samples calcined at lower
temperature. The degradation rate for BWO-2 was almost five times
the value for BWO-5.

3.6. Processing-structure-property relationships

The processing of calcination led to structure-property evolu-
tion of the BWO nanostructures and the effects of calcination on
both the structure and the photocatalytic activity are shown in
Fig. 7. With increasing calcination temperature, the nanosheets
aggregated with each other due to thermal stress. Higher temper-
ature calcination provided more energy to enhance the mobility
of atoms, which could strengthen the crystallization effect. The
Morphology of BWO nanosheets changed from irregular shape to
square-like, which also confirmed the role of calcination in the
crystallization process. Obviously, the crystallinity of BWO nanos-
tructures was improved because of calcination, which means the
concentration of defects in the crystal structure became lower
and thereby the trapping of photogenerated carriers was greatly
weakened [23]. However the photocatalytic activity of BWO nanos-
tructures did not increased until the calcination temperature was
promoted from 400°C to 500°C. Therefore, one more structural

Fig. 7. Effects of calcination on surface area, optical band gap (a) and the photocat-
alytic efficiency (b) of the calcined samples.

factor has to be taken into account. Surface area associates with
light absorption and photochemical reaction place. Large surface
area produces better light harvesting and more active sites for
photochemical reaction [24]. The surface area of BWO nanostruc-
tures decreased with the step-rise calcination temperature. The
decrease of surface area was partly due to the aggregation of
nanosheets but mainly caused by the gradual disappearance of
BWO QDS because the atoms on the BWO QDS were more active
when calcined and they tended to migrate to BWO nanosheet sub-
strates to reduce their large surface energy [25]. Recently, Amano
evidenced the positive role of good crystallinity and large sur-
face area for the photocatalytic materials [26,27]. In this case, the
effect of crystallinity on the photocatalytic activity competed with
that of surface area, i.e. the decrease of surface area accompa-
nied by the increase of crystallinity during calcination. Based on
the changes in structure and activity shown in Fig. 7, also consid-
ering the above XRD and TEM results, the calcination processing
of BWO nanostructures could be classified into three categories.
From 200°C to 300°C, the crystallinity changed only a little and
the decrease in surface area made the photocatalytic activity drop
to a certain extent; From 300 °C to 400 °C, the crystallinity tended
to be improved and the surface area decreased a lot, which high-
lighted the important role of surface area in the photochemical
reaction; From 400 °C to 500 °C, the crystallinity became very high
and the surface area continued to decrease but not very much.
The excellent crystallinity effectively lowered the combination
probability of photogenerated carriers in the BWO nanostructures.
That led to a slight increase of the photocatalytic efficiency. But
those facts did not change the overall trend of structure-property
evolution. That is, the calcination at higher temperature indeed
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Fig. 8. Illustration of the transfer process of photogenerated carriers for the samples
calcined at 200°C and 500 °C.

brought down the photocatalytic activity of the BWO nanostruc-
tures.

Besides the most important structural factors of crystallinity
and surface area, another factor that should be considered is the
possible existence of semiconductor junction in the BWO nanos-
tructures. As is known, one popular method to improve the activity
of the photocatalysts is to couple two semiconductors [28]. There
have been many reports on heterojunction of photocatalysts such
as Co304/Bi, WOg [29] and PbS/TiO, [30] whose role is to separate
the photogenerated carriers and prolong their lifetime. However,
only a few reports referred to homojunction of semiconductors.
More recently, Yang et al. reported that the photocatalytic activity
of TiO, could be enhanced by forming homojunction between the
anatase TiO, and TiO, (B) which differed in band structure [31].
Similar electron transfer behavior also existed in the homojunc-
tion between the silicon QDS and silicon plates [32]. Inspired by
that, it was reasonable to anticipate homojunctions between BWO
QDS and BWO nanosheets. When BWO nanostructures were cal-
cined at lower temperature, there exist many BWO QDS dispersed
on BWO nanosheet substrates, and the similar crystal orienta-
tion indicates an intimate contact, which enables the formation
of homojunctions. Moreover, the energy level of conduction band
(CB) became higher and that of valence band (VB) became lower
due to the quantum confinement effect, which made the genera-
tion and migration of photogenerated carriers different from that
of the BWO nanostructures composed of only nanosheets at higher
calcination temperature. Fig. 8 illustrates the transfer process of
the photogenerated carriers for the samples of BWO-2 and BWO-5.
When the QDS modified BWO nanostructures were exposed to vis-
ible light, the photogenerated electrons and holes migrated from
BWO QDS to BWO nanosheet substrates. But generally, the migra-
tion rate of CB electrons is slower than that of VB holes [31], thus
leaving more electrons in the CB of QDS. That means the separation
of photogenerated carriers could be realized. But the separation
mechanism was vitiated when the samples were calcined at higher
temperatures such as 500 °C. Thereby, it was believed that the BWO
QDS which were stable at lower calcination temperature not only
contributed to the large surface area but also prolonged the lifetime
of photogenerated carriers.

4. Conclusions

In summary, QDS modified BWO nanostructures synthesized by
solvothermal method were processed by calcination from 200°C
to 500°C. A strong correlation was found among the processing,
structure and properties of the samples. With increasing calcina-
tion temperature, the crystallinity of the samples became higher
and most QDS gradually disappeared from the BWO nanostruc-
tures. Both surface area and band gap of the samples decreased.

The light absorption of the samples became lower for the long-
wavelength range, accompanied by a red shift of the absorption
edge. The competitive relations between crystallinity and surface
area in affecting the photocatalytic activity were discussed. It was
further proposed that the BWO QDS stable at lower calcination
temperature not only contributed to the large surface area but also
played a part in improvement of photocatalytic activity by facilitat-
ing the separation of photogenerated carriers. Our work reported
here also demonstrates a new strategy for the design of nanostruc-
tured photocatalysts with high performance.
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