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a  b  s  t  r  a  c  t

Self-assembled  curling-like  Bi2WO6 microdiscs,  consisting  of  closely  packed  nanosheets  with  thickness
of  50  nm,  have  been  successfully  synthesized  by a  simple  solvothermal  route.  This structure  was  charac-
terized  by  field  emission  scanning  electron  microscopic  (FESEM)  and  transmission  electron  microscopy
(TEM).  The  results  show  that  the  Bi2WO6 samples  are  mostly  microdiscs  in  shape  and  have  an  average
eywords:
i2WO6

urling-like
amellar structures
thanol sensing

side  thickness  of 500  nm. The  time-dependent  morphology  of the  Bi2WO6 samples  has  been  investigated,
and  gas  sensors  based  on  these  products  were  fabricated  for  ethanol  detection.  The  sensor  based  on  the
curling-like  Bi2WO6 nanostructures  shows  much  better  sensing  properties  than  other  Bi2WO6 structures.
The  response  of the  curling-like  Bi2WO6 sensor  to 100  ppm  ethanol  is  about  11.9  with  the  response  time
of  1 s.  The  dramatic  improvement  in sensing  properties  of the  present  curling-like  Bi2WO6 sensor  may
be  attributed  to  the  unique  structures,  the good  crystallization  and  large  surface  area.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

It is well known that the physical and chemical properties of
ost materials are strongly dependent on their shape and structure

1,2]. In particular, the alignment of nanostructure building blocks
nanoparticles, nanorods, and nanosheets) into three-dimensional
uperstructures received great attentions, owing to their poten-
ial applications in electronic, magnetic, optoelectronic, catalytic,
ensing and biomedical fields [3–7]. To date, intensive studies have
een carried out on the synthesis of hierarchical binary oxide nano-
tructures as well as the exploration of their novel properties,
or example, ZnO, NiO, In2O3, SnO2, and WO3 [3,8–12].  How-
ver, in comparison with simple binary oxides, there are still very
ew studies concerning multicomponent oxides nanostructures,
hough multicomponent oxides have more freedom to tune the
hemical and physical properties of materials by altering the com-
ositions and more defects which are good for the photocatalytic
nd gas sensors [13].

Bismuth tungstate (Bi2WO6), as one kind of multicomponent
etal oxide compounds with wide-bandgap (Eg = 2.69 eV) [14],

as received great interest over the past few years because

f its potential applications in photoluminescence, microwave,
ptical fibers, catalysts, magnetic devices, and chemical sensors
15–17]. In recent years, stimulated by the promising applications

∗ Corresponding author. Tel.: +86 431 85168385; fax: +86 431 85168270.
E-mail address: zhangtong@jlu.edu.cn (T. Zhang).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.02.091
of Bi2WO6 and the novel properties of nanomaterials, much effort
has been made to synthesize Bi2WO6 with various morphologies,
such as nanoparticles, nanoplates, nanospheres, and nanosheets
[14,18,19]. Significantly, Luo [20] and Wang [21] groups have
reported the preparation of Bi2WO6 hollow spheres and hierarchi-
cal structures by the typical hydrothermal process and improved
their visible-light-driven photocatalytic activities. These works
revealed that different shape, size and structure of Bi2WO6 materi-
als could realize different physicochemical properties, which might
be beneficial for sensing application. Very recently, Chen and co-
workers [22] reported on the synthesis of unusual Aurivillius type
Bi2WO6 hierarchical structures by the “Doctor Blade” method,
which were found to exhibit unusual humidity sensing properties.
This has triggered an immense research interest in the synthesis
of Bi2WO6 structures and in the investigation of the corresponding
relations between sensing activity and morphology.

To enrich the research in this area, herein, we  demonstrate
a facile solvothermal route for controllable synthesis of curling-
like Bi2WO6 microdiscs in the presence of sodium citrate in a
glycol/H2O two-phase system without any templates. By tuning
appropriate solvothermal reaction times, Bi2WO6 with different
shapes, grain sizes, and structures can be controllably synthesized.
Correspondingly, the obtained nanostructures have been fabricated
into gas sensors and used to detect some gases such as ethanol. The

results show that the gas sensors based on curling-like Bi2WO6
microdiscs exhibit high response, fast response time, and good
selectivity for ethanol, which should be attributed to the surface
structure of the nanocrystals and good crystallization.

dx.doi.org/10.1016/j.snb.2013.02.091
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:zhangtong@jlu.edu.cn
dx.doi.org/10.1016/j.snb.2013.02.091
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Table 1
Structural parameters of Bi2WO6 samples from different reaction times.

Sample no. React time
(min)

Size (�m) SBET (m2 g−1) Morphology

S-1 0 ∼0.02 4.0 Nanoparticles
S-2 10 ∼1.5 7.3 Nanoparticles/sheets

2

2

S
u
B
o
m
N
a
a
f
t
p
w
d
B

2

u
(
a
s
n
r
s
r
p
s
o
u

2

w
s
e
s
s
t
f

C
s
t
b
t
T
i
t

discs with an average side thickness of 500 nm are formed multi-
layered structures by many nanosheets. This hierarchical network
S-3  30 ∼1.5 16.5 Disc-like structures
S-4  60 ∼1.5 28.7 Curing-like microdiscs

. Experimental

.1. Synthesis of curling-like Bi2WO6 microdiscs

All chemical reagents in this work were purchased from the
hanghai Chemical Company. They were of analytical grade and
sed without further purification. In a typical procedure, 0.243 g of
i(NO3)3·5H2O and 0.1 g of sodium citrate were added into 30 mL
f glycol/H2O mixed solution with a volume ratio of 1:1 to form the
etal–citrate complex. After vigorous stirring for 10 min, 0.33 g of
a2WO4·2H2O was introduced into above solution. After further
gitation for 5 min, the solution was poured into a stainless steel
utoclave with a Teflon liner of 50 mL  capacity and heated at 180 ◦C
or 60 min. After the autoclave had cooled to room temperature,
he products were separated centrifugally and washed with ultra-
ure water and absolute ethanol several times. Then, the products
ere dried under vacuum at 80 ◦C for 6 h. Table 1 showed different
etailed parameters of curling-like Bi2WO6 microdiscs and other
i2WO6 samples.

.2. Characterizations

The product was characterized by X-ray diffraction (XRD)
sing a Rigaku D/Max-2550 diffractometer with Cu K� radiation
� = 0.15418 nm,  40 kV, 350 mA)  in the range of 20–80◦ (2�) at

 scanning rate of 6◦ min−1. The morphologies characteristic of
amples were obtained on a XL 30 ESEM FEG field emission scan-
ing electron microscope (FESEM). TEM and HRTEM images were
ecorded with a Tecnai G2 20S-Twin transmission electron micro-
cope operating at an accelerating voltage of 120 and 200 kV,
espectively. The energy dispersive X-ray (EDX) analysis was  also
erformed during transmission electron microscope (TEM) mea-
urements. Specific surface areas were computed from the results
f N2 physisorption at 77 K (model: BECKMAN SA3100 COULTER)
sing the BET (Brunauer–Emmett–Teller) formalism.

.3. Fabrication and measurement of gas sensors

The as-synthesized sample was mixed with deionized water in a
eight ratio of 4:1 to form a paste. The paste to form about 600 �m

ensing film was  coated on a ceramic tube on which a pair of gold
lectrodes was previously printed. The structure of the sensor is
hown in Fig. 1. Gas-sensing measurements were made in a static
ystem and different concentrations of ethanol were introduced to
he testing chamber (1 L) by an injection. The details of the sensor
abrication are similar to those reported in the literature [8].

The electrical properties of the sensor were measured by the
GS intelligent test system (China). The response (S = Ra/Rg) of the
ensor was defined as the ratio of sensor resistance in dry air (Ra)
o that in a target gas (Rg) between 240 and 360 ◦C. The time taken
y the resistor to range from Ra to Ra − 90% (Ra − Rg) is defined as
he response time, when the sensor is exposed to the target gas.

he time taken by the resistor to range from Rg to Rg + 90% (Ra − Rg)
s defined as the recovery time, when the sensor is departed from
he target gas.
Fig. 1. Schematic structure of the gas sensor.

3. Results and discussion

3.1. Structural and morphological characteristics

The XRD pattern of the as-prepared product is shown in Fig. 2. It
is shown that all the diffraction peaks for the as-synthesized prod-
uct can be indexed as orthorhombic bismuth tungstate (Bi2WO6),
having orthorhombic structure (JCPDS No. 73-1126). No phases
corresponding to impurities are detected in the XRD pattern.

The morphologies of the as-prepared Bi2WO6 products with dif-
ferent reaction times were investigated in detail by FESEM, which
are shown in Fig. 3. Before reaction-treatment, it can be observed
that the sample consists of some irregular nanoparticles agglom-
erates, as shown in a panoramic image (S-1, Fig. 3a). When the
solvothermal time is 10 min  (S-2), a small amount of sheet-like
structures with size of about 1.5–2.0 �m slowly formed, and the
irregular particles coexisted in the system, as seen from Fig. 3b.
Increasing the solvothermal time to 30 min  (S-3), oriented aggrega-
tion happened and many nanoparticles and nanosheets aggregated
into analogous disc-like lamellar structures (Fig. 3c). Interestingly,
when the solvothermal time is increased to 60 min  (S-4), many
disc-like lamellar structures with a few peaks appeared. The typical
curling-like Bi2WO6 microdiscs are formed (Fig. 3d). More details
can be observed in the inset of Fig. 3d, which demonstrates that the
Fig. 2. XRD patterns of curling-like Bi2WO6 microdiscs prepared by a hydrothermal
method with a reaction time of 60 min.
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Fig. 3. FESEM images of the products obtained with differen

s believed to be favorable for gas sensors, which can facilitate the
nward and outward gas diffusion.

Further investigation was carried out by TEM and HRTEM to
eveal the organization of such self-assembled complex structures.

 TEM image of typical S-4 is shown in Fig. 4a. The diameter of

he S-4 is about 1.5 �m (Fig. 4b), which agrees well with the FESEM
mages (Fig. 3d). Combined with the observed concaves in FESEM, it
s reasonable to conclude that the central section of the microdiscs

Fig. 4. (a–c) Typical TEM and (d and e) HRTEM imag
tion times: (a) 0 min, (b) 10 min, (c) 30 min  and (d) 60 min.

is thinner than the edges of such structures. Fig. 4c presents the
side of an individual microdisc, and we  can see that the convex-
ity part is formed by the nanosheets. Fig. 4d and e are the HRTEM
images taken from the sections 1 (Fig. 4b) and 2 (Fig. 4c) of the
microdiscs. From Fig. 4d, the lattice interplanar spacing is measured

to be 0.274 nm,  corresponding to the (2 0 0) plane of orthorhombic
Bi2WO6. As can be seen from Fig. 4e, the d spacings are 0.272 and
0.193 nm,  which agrees well with the lattice spacing of (0 2 0) and

es of S-4. (f) The corresponding EDX pattern.
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able to detect ethanol with low concentration. Fig. 9 depicts the
histogram of the response of four sensors to 50 ppm of various
gas vapors, including ethanol, acetone, ammonia, methanol and
Fig. 5. XRD patterns of four samples: (a) S-1, (b) S-2, (c) S-3, (d) S-4.

2 2 0) of orthorhombic Bi2WO6, respectively. EDX spectroscopy
Fig. 4f) displays that the S-4 are elementally composed of Bi, W,
nd O. The signal of Cu originates from the copper grid, and no other
lements are detected.

The corresponding XRD patterns of the time-dependent prod-
cts are shown in Fig. 5, and the crystallinity of the products

ncreased with increasing reaction time. The XRD patterns of the
roducts obtained from S-1 to S-4 are well indexed to Bi2WO6
JCPDS No. 73-1126). XRD pattern of the products obtained before
olvothermal reaction-treatment reveals it is amorphous (Fig. 5a).

hen the solvothermal reaction time is prolonged to 10 min  (S-2)
r longer (S-3, S-4), the diffraction peaks become gradually stronger
n relative intensity, demonstrating that the crystallinity of the
roduct improved significantly with the reaction time increased
Fig. 5b–d). Moreover, we  can conclude that the crystallite sizes of
he samples S-2, S-3 and S-4 increased with decreasing the width
f the main peaks.

.2. Gas-sensing properties

To demonstrate the usage of such unique nanomaterials, four
as sensors have been fabricated from the synthesized Bi2WO6
amples and investigated for ethanol detection. The working
emperature range is an important functional characteristic for
emiconductor oxide sensors. Fig. 6 shows the responses of four
ensors to 50 ppm of ethanol at operating temperatures from 240
o 360 ◦C. The sensors show different responses with the operat-
ng temperature changed and the highest responses of each sensor
re also different. The highest response is obtained at the operating
emperature of 280 ◦C for the S-4 sensor. It is worthy to note that the
perating temperature has a slight shift in the maximum response
oward lower temperatures with the crystallinity increased. As an
ptimum between response/recovery time and the response, the
perating temperatures of 280 ◦C (S-3, S-4) and 300 ◦C (S-1, S-2)
re chosen for the remainder of the experiments.

Response and response rate are two important factors of gas
ensors: high response and fast response rate can usually allow for

 low detection limit and a short detection time [10]. Fig. 7 presents
he dynamic response-recovery curves of four sensors to different
oncentrations of ethanol. It can be seen that the response of S-4
ensor is much higher than that of other Bi2WO6. Furthermore, the

-4 sensor exhibits a fast response time (1 s) to ethanol. However,
he response times of the S-1-S-3 sensors are much longer than that
f the S-4. The remarkable response and fast response rate can be
ttributed to the uniquely structures with the high surface area and
Fig. 6. Responses of four sensors to 50 ppm ethanol at different operating temper-
atures.

the rapid diffusion of the target gas toward their sensing surface via
well-aligned nanostructures. It can be observed (in Fig. 4c) that the
surfaces of the curling-like structure are very rough and loose. Thus,
the gas diffusion toward the entire sensing surface is not hampered,
which exhibits a fast response/recovery time [23,24].  The inset of
Fig. 7 shows the resistance-temperature behavior in air of Bi2WO6
sensors. Over the whole temperature range studied, the resistance
values of all the sensors decrease with increasing working temper-
ature due to the intrinsic characteristics of the semiconductor.

We  then investigated the response of these sensors at different
ethanol concentrations (Fig. 8). Fig. 8a shows the response of S-4
sensor increased rapidly with further increases in ethanol concen-
tration from 10 to 300 ppm, but increased more slowly from 800
to 2000 ppm as the sensor began to saturate. The responses of S-
4 sensor to 10–2000 ppm ethanol ranged from 3.0 to 29.8, which
was about 2–13 times higher than that of other Bi2WO6 sensor.
Fig. 8b shows that the increase in the responses depends nearly lin-
ear on the gas concentrations in the range from 10 to 100 ppm for
four sensors, which further confirms that the S-4 are more favor-
Fig. 7. Dynamic ethanol sensing transients for the sensors composed of S-1 (300 ◦C),
S-2 (300 ◦C), S-3 (280 ◦C) and S-4 (280 ◦C). The insets show the relationship between
the resistance in air and the working temperature of sensor components with the
S-1,  S-2, S-3 and S-4, respectively.
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ig. 8. Comparison in sensor response to different concentrations of ethanol for Bi
oncentration.

oluene. Clearly, the responses of S-4 sensor to five gases are all
mproved compared with the others, and the largest increase is only
bserved for ethanol, implying the good selectivity of the sensor for
thanol.

The gas-sensing property of S-4 sensor for ethanol is much bet-
er than that of others. This may  be attributed to two factors. One is
hat S-4 exhibits good crystallization. It can be observed (in Fig. 5)
hat the crystallinity of the products was improved as the reaction
ime was prolonged. It is well known that the crystallization is the

ost important parameters to enhance the gas sensing perform-
nces [25]. The other factor is their unique structure assembled
y the nanosheets, resulting in a much larger surface area and
ell-aligned nanostructures which have been demonstrated by
runauer–Emmett–Teller (BET) method (Table 1). The response of
etal oxide gas sensors is based on the adsorption and desorption,

he exchange of charges between absorbed gaseous species and the
etal oxide surface. In the air, oxygen molecules are adsorbed onto

− 2−
-4 sample to form chemisorbed oxygen species (O , O ) by cap-
uring free electrons from the conduction band. Thus, a depletion
ayer at S-4 surface is formed. When the S-4 is exposed to target gas,
he ethanol molecules will react with the adsorbed oxygen species

ig. 9. Responses to 50 ppm of different gases for sensors composed of Bi2WO6

repared with different reaction times.
prepared with different reaction times versus: (a) high concentration and (b) low

on the surface and release the trapped electrons back to the con-
duction band leads to the increase of conductivity, as in Eqs. (1) and
(2) [26].

C2H5OH(g) → C2H5OH(ad) (1)

2C2H5OH(ad) + 4O2−(ad) → 2C2H4O−(ad) + O2(g) + 2H2O + 6e−

(2)

4. Conclusion

In summary, nanoparticles, nanosheets, compact nanosheets
and curling-like Bi2WO6 structures were fabricated as gas sensors
and their ethanol sensing characteristics were also investigated.
The results reveal that curling-like Bi2WO6 sensor exhibits much
higher response, faster response and recovery, and better selec-
tivity than that of other products. Typically, the responses for
curling-like Bi2WO6 structure to 50 ppm ethanol were about 2–5
times compared to other structures. The response and recovery
times for curling-like Bi2WO6 are about 1 and 7 s, respectively,
implying that curling-like Bi2WO6 is suitable for fabricating ethanol
sensor.
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