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In this work, triclinic WO3 nanoplates and WO3 nanoparticles were comparatively investigated as sens-
ing materials to detect acetone vapors. Single-crystalline WO5; nanoplates with large side-to-thickness
ratios were synthesized via a topochemical conversion from tungstate-based inorganic-organic hybrid
nanobelts, and the WO; nanoparticles were obtained by calcining commercial H, WO, powders at 550°C.
The acetone-sensing properties were evaluated by measuring the change in electrical resistance of
the WOs3 sensors before and after exposure to acetone vapors with various concentrations. The W03
nanoplate sensors showed a high and stable sensitive response to acetone vapors with a concentra-
tion range of 2-1000 ppm, and the sensitivity was up to 42 for 1000 ppm of acetone vapor operating at
300°C. The response and recovery times were as short as 3-10s and 12-13 s, respectively, for the WO3
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Gas sensing nanoplate sensors when operating at 300°C. The acetone-sensing performance of the WO3; nanoplate
Nanoplate sensors was more excellent than that of the WO3; nanoparticle sensors under a similar operating condi-

Nanoparticle tion. The enhancement of the W03 nanoplate sensors in the acetone-sensing property was attributed to
the poriferous textures, single-crystalline microstructures and high surface areas of the aggregates con-
sisting of W03 nanoplates, which were more favorable in rapid and efficient diffusion of acetone vapors
than the W03 nanoparticles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Chemical sensors on the basis of semiconductor metal oxide
nanomaterials have extensively been developed to detect volatile
organic reagents and toxic gases [1-16]. The general mechanism of
the oxide semiconductor sensors is based on the changes in elec-
trical properties before and after exposure to the target gases or
vapors [1]. Acetone, a common reagent widely used in industries
and labs, is harmful to health, and it is also a biomarker for diagnosis
of diabetes [2]. Recently, there is increasing attention attracted on
the investigation of acetone-sensing materials and devices [3-16].
ZnO-based nanocrystals [3-6], perovskite ABO3-type oxides [7-9],
Sn0,-based nanocrystals [10-15] and La, 03 nanocrystals [16] have
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been investigated as the sensitive materials for the detection of
acetone vapor at various concentration levels.

Tungsten oxides, n-type semiconductor materials with a band
gap of 2.5-3.0eV, have widely been investigated as photocatalysts
[17], electrochromic materials [18] and electrodes for solar cells
[19]. Recently, tungsten oxide nanocrystals have also been found
to be promising candidate materials for gas-sensing applications
[20]. WO3 nanowires [21-23], WO3 nanofibers [24], WO3 hollow
microspheres [25], WO3 nanocrystals [26,27], WO3 thin films [28]
and h-WO3/MWCNTs composites [1] have been used as the sens-
ing materials for the detection of nitrogen oxides (N,O, NO, NO5).
The sensors based on W;3049 nanowires [29], h-WO3 nanocrys-
tals [30], (Cr, V, Cu)-added WO3 powders [31] and Cr-doped WO3
nanocrystals [32] have been reported for NH3 sensing applications.
WO3-based nanocrystals and films have also been investigated for
gas-sensing applications in H, [28,33], ethanol [34,35], CO[36], H,S
[37], ozone [38] and humidity [39]. As far as we know, there are
few reports on the acetone-sensing property of WO3 nanocrystals
[20].
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Recently, we developed a facile and efficient route to synthesize
ultrathin WO3 nanoplates with large side-to-thickness ratios, using
tungstate-based inorganic-organic hybrid nanobelts as the precur-
sors [40,41]. Our further research indicated the sensors using the
above W03 nanoplates as the sensing material showed a highly
sensitive property to alcohols [42].

In this work, we investigate the acetone sensing properties of
the two-dimensional WO3 nanoplates derived from a topochemical
conversion route. For purposes of investigating the morphological
effects, we also synthesize WO3 nanoparticles by calcining com-
mercial HyWO4 powders, and their acetone-sensing properties are
also investigated. The related mechanisms for gas sensing are dis-
cussed.

2. Materials and methods

WO;3 nanoplates were synthesized according to our previ-
ously reported methods with some modification [40]. Firstly,
H,W,07-xH,0 powders were prepared by leaching [Bi,0,] lay-
ers from layered Bi,W;0g using an HCl aqueous solution
[43]. Secondly, the as-obtained HyW,07-xH,0 powders reacted
with n-octylamine in a nonpolar solvent of heptane to form
tungstate-based inorganic-organic hybrid nanobelts with a lamel-
lar microstructure, alternately consisting of inorganic [WOg] layers
and organic ammonium layers [41]. Thirdly, removal of the organic
ammonium layers from the tungstate-based inorganic-organic
hybrid nanobelts led to the formation of ultrathin plate-like H, WO,
nanosized particles. Finally, the as-obtained HWO4 nanoplates
were then calcined at 250°C for 5h in air to synthesize WO;
nanoplates. For purposes of comparison, commercial H;WO,4 pow-
ders (AR, Sinopharm Chemical Reagent Co., Ltd.) were calcined at
550°C for 2 h to prepare WO3 nanoparticles.

The phase compositions of the products were determined by
X-ray diffraction (XRD, Rigaku D/Max-3B diffractometer with Cu
Ka radiation). The morphologies of the as-obtained products were
observed on a scanning electron microscope (SEM, JEOL JSM-5600,
10KV, coating Au) and a transmission electron microscope (TEM,
JEOL JEM-2100F, 200 kV). The cell parameters of the products were
calculated on the basis of their XRD patterns using a UnitCell pro-
gram (by TJB Holland and SAT Redfern, 1995) by minimizing the
sum of squares of residuals in 26.

The as-obtained W03 nanoplates (or nanoparticles) were used
to make sensors for investigation of their acetone-sensing per-
formance using a similar method reported in Ref. [42]. WO3
nanoplates (or nanoparticles) were firstly mixed with a small
amount of de-ionized H,0 to form WOs3 pastes in a glass dish.
The WOj3 pastes were then coated onto the surfaces of an Al,03
microtube with four Pt electrodes. After the WO3 coating was air-
dried, the coating process was repeated until a complete coating
was formed. The WO3-coated Al,03 microtube was then fixed to a
special pedestal with 6 poles by welding the four Pt electrodes to 4
poles of the pedestal, respectively. A heating coil was then inserted
through the Al,03 microtube and its two ends were welded to the
other two poles of the pedestal.

The acetone sensing response of the WOs; nanoplate or
nanoparticle sensors was measured using a commercial computer-
controlled HW-30A system under a static testing condition. The
sensors, integrated in a large circuit board with 32 inlet-sites, were
encased in a transparent glass chamber with a volume of 13.8L.
The testing system was placed in a ventilating cabinet with a large
draught capacity. Acetone vapors with various concentrations were
used as the target gases to characterize the sensing performance
of the W03 sensors. Acetone was sampled using a syringe-like
sampler. Liquid acetone was injected to a hot stage located in the
chamber, and then the liquid acetone evaporated quickly to form

an acetone vapor. The acetone vapor concentrations (2-1000 ppm)
were calculated according to the acetone density and the volume
of the chamber. The amounts (Vacetone, L) of liquid acetone were
determined according to Eq. (1).

1079‘/0 -M- Cacetone
22.4p-p

Here, Vj is the volume of the chamber (Vo =13.8 L), p is the density
of acetone (g cm~3), M is the mole mass (g mol~1) of acetone, p is the
rate of purity of acetone, and Cacetone iS the acetone concentration
(ppm). The operating temperature was 100-300 °C, controlled by
an electric heating system. The relative humidity (RH) was 30-40%.

The WO3 sensor (R) is connected in series with a load resistor
(Ro) with a known resistance (22-1700K€2), and a source voltage
(Up) of 5V is loaded on the circuit [42]. The system measured the
voltages (U) loaded on the resistor Ry, and the resistances (R) of
the WO3 sensors can therefore be calculated according to Eq. (2).
For the reducing gas of acetone and n-type semiconducting WO3
sensors, the sensitivity (S;) is defined as Eq. (3), where R, and Rg
are the resistances of the W03 sensor in air ambient and in acetone
ambient, respectively. The response time (Ties) is defined as the
time required for the sensor to reach 90% of the stabilized value of
its resistance in the presence of the test gas. Similarly, the recovery
time (Trec) is defined as the time required for the sensor to reach
10% of the initial steady state value of its resistance after the gas
was removed.

(1)

Vacetone =

Up—U

RonxRo 2)
Ra

Sr—R—g (3)

3. Results and discussion

Fig. 1a shows the XRD pattern of the WO3 nanoplates derived
from tungstate-based inorganic-organic hybrid nanobelts. As
Fig. 1a shows, there are intense peaks at 260=23.19°, 23.72° and
24.44°, and these diffraction peaks can readily be indexed to 002,
020 and 200 reflections of a triclinic WO3 phase (S.G.: P1 [1]),
respectively, according to the literature data (JCPDS card No. 32-
1395). According to its XRD result, the cell parameters of the WO3
nanoplates are calculated to be a=0.728(2)nm, b=0.751(2) nm,
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Fig.1. Typical XRD patterns of (a) the WO3 nanoplates derived from tungstate-based
inorganic-organic hybrid nanobelts and (b) the WO3 nanoparticles from commercial
H,WO4 powders.
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¢c=0.769(2)nm, «=88.6(2)°, B=91.1(3)° and y=91.0(3)°, which
are close to the literature values (a=0.7309nm, b=0.7522 nm,
¢=0.7678 nm, o=88.81°, $=90.92°, ¥=90.93°). In the previous
report, we indexed the WO3; nanoplates to a monoclinic phase
[40], but our further refined results indicate that the calculated cell
parameters of the WO3 nanoplates are closer to a triclinic phase
than a monoclinic one. Fig. 1b shows the XRD pattern of the W03
nanoparticles derived from commercial H,WO,4 powders. There
are intense reflections at 26=23.13°, 23.60° and 24.37°, which
can also be indexed to a triclinic WO3 phase. The calculated cell
parameters are a=0.731(1)nm, b=0.754(1)nm, c=0.770(1) nm,
o =88.2(1)°, B=91.4(1)°, y=90.5(1)°, which are close to those of
WO3 nanoplates. The (00 2) reflection in Fig. 1b is the third largest
peak in relative intensity, similar to the literature data. When com-
paring Fig. 1a and b, one can easily find that the (002) reflection
in Fig. 1a is the first largest peak. The enhanced intensity indicates
that the WO3 nanoplates present a preferred orientation along the
[002] direction. Also, one can find that the peaks in Fig. 1b are
sharper than the corresponding ones in Fig. 1a, indicating that the

WOs3 nanoplates have a smaller crystal size than that of the W05
nanoparticles. In fact, the WO3; nanoplates have a specific surface
area of 180 m?/g, according to the BET result [40].

Fig. 2a-d shows the typical TEM observations of WOj3
nanoplates derived from the tungstate-based inorganic-organic
hybrid nanobelts. The low-magnification TEM image (Fig. 2a) indi-
cates that the product obtained is of a predominant plate-like
morphology according to the shallow contrast. Fig. 2b shows a
single nanoplate with a dimension of ca. 200 nm x 400 nm. A typ-
ical HRTEM image of a W03 nanoplate is shown in Fig. 2c. The
clear two-dimensional ordered lattice structure indicates that the
obtained WO nanoplate is single-crystalline. The interplanar dis-
tance values of ca. 0.364 and 0.376 nm can be readily assigned
to the reflections from (200) and (02 0) planes of triclinic WO3,
respectively. Its corresponding SAED pattern is shown in Fig. 2d.
The uniform, wide and ordered diffraction spots can be assigned to
a single-crystalline triclinic WO3 phase along the [002] zone axis.
The TEM observation of the W03 nanoplates is very close to our
previous report [40]. Since the WO3 nanoplate is lying along the

Fig. 2. (aand b) TEM images, (c) HRTEM image and (d) SAED pattern of WO3; nanoplates; TEM images of (e) WO3 nanoparticles and (f) the corresponding commercial H;WO4

powders; (g) SEM image of the as-obtained WO3 nanoplates.
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Cu grid, the thickness of the WO5 nanoplate can be considered to
be the [002] direction (i.e., c-axis). The point is also corroborated
by the XRD result that the WO3 nanoplates show a higher intensity
from the (00 2) plane than that of the WO3 nanoparticles, as shown
in Fig. 1.

Fig. 2e shows a typical TEM image of the W03 nanoparticles
obtained from commercial H;WO,4 powders. There are several mor-
phologies, including spherical nanoparticles with sizes of 30-60 nm
and plate-like aggregates with sizes 200-300 nm. The morphology
of their precursor of H;WO, is shown in Fig. 2f. It consists of par-
ticles with various sizes and shapes, including small nanoparticles
with sizes of several nanometers, one-dimensional nanostructures
with apparent diameters of 10-40 nm and lengths of 100-150 nm,
and large particle aggregates with sizes of about 100 nm. Due to the
wide size-distribution and multi-shapes of the H,WO,4 powders,
the resultant WO3 nanoparticles accordingly take on diversiform
morphologies with various sizes.

Fig. 3 shows the acetone-sensing response profiles of the sensors
made using the as-obtained WO3 nanoplates as the sensitive mate-
rial. Fig. 3a shows a typical response profile of the WO3 nanoplate
sensors operating at 300°C to acetone vapors with various con-
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centrations from 2 ppm to 1000 ppm. One can find that there are
sharp rises and drops in U values when the acetone vapors are
injected and discharged, respectively, which indicates that the
WO3 nanoplate sensors are of fast response and recovery speeds
to acetone vapors. Fig. 3b shows a similar rapid acetone-sensitive
response of the W03 nanoplate sensors at an operating tempera-
ture of 250°C. When we compare the U values of Fig. 3a and b, the
change amounts in U of the WO3 nanoplate sensors operating at
250°Careless than those of the W03 nanoplate sensors operating at
300°C. Fig. 3¢ shows typical response results of the WO53 nanoplate
sensors operating at 200°C, and Fig. 3d shows the response curve
operating at 100°C. One can find that when the operating tem-
perature decreases to 100°C, the change amounts in U obviously
decrease, the response speed and the detectable limits decrease,
and the response profiles become instable, as shown in Fig. 3a-d.
Fig. 4a presents the sensitivities (Ra/Rg) of the WO3 nanoplate
sensors operating at various temperatures and acetone concen-
trations. As Fig. 4a shows, the sensitivities of the WO3 nanoplate
sensors decrease as the operating temperature decreases in the
range of 100-300°C under the same acetone concentrations in
the range of 2-1000 ppm. Also, we can find that the sensitivity
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Fig. 3. Acetone-sensing response profiles of the W03 nanoplate sensors operating at various temperatures and various acetone vapor concentrations. The Ry values are
22 k€2, 100kS2, 100 k2 and 470 k€2, respectively, for the measurements operating at (a) 300°C, (b) 250°C, (c) 200°C and (d) 100°C.
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Fig. 4. (a) Sensitivities of the W03 nanoplate sensors as a function of the concentration of acetone vapor at various operating temperatures, and (b and c) response and
recovery times of the WO3 nanoplate sensors to acetone vapor with various concentrations operating at (b) 300°C and (c) 250°C.

increases with an increase in the acetone concentration at the
same operating temperature, which is similar to the results of the
Lag ggPbg 33 FeO3 sensors [7]. At an operating temperature of 300 °C,
the WOs3 nanoplate sensor has a sensitivity as high as 42 for a
1000 ppm acetone vapor, and it has a detectable limit as low as
2 ppm of acetone vapor with a sensitivity of about 4, as shown as
curve A. At a low operating temperature of 100 °C, the sensitivities
of the WO3 nanoplate sensors are about 3 for 100-500 ppm acetone
vapors (curve D in Fig. 4a).

Fig. 4b and c shows the response and recovery times of the
WO3 nanoplate sensors under various concentrations of acetone
vapors at operating temperatures of 250-300 °C. As Fig. 4b shows,
the response times of the WO3; nanoplate sensors operating at
300°C are 3-10s in the vapor concentration range of 2-1000 ppm,
and their corresponding recovery times are 6-13s. For the case of
the response of the WO3; nanoplate sensors operating at 250°C,
as shown in Fig. 4c, the response times lie in a range of 8-15s5,
and their recovery times are 15-31 s. Both the response times and

recovery times increase with the increase in operating tempera-
ture.

For purposes of comparison, Fig. 5 shows the acetone-sensing
response profiles of the WO3 nanoparticle sensors using the cal-
cined products of commercial HoWO, powders as the sensing
material. Fig. 5a-c presents the typical results operating at 300 °C,
250°C and 200°C, respectively. At relative high operating temper-
atures of 250-300 °C (Fig. 5a and b), the WO3 nanoparticle sensors
show a rapid and detectable response to acetone vapors with con-
centrations of 2-1000 ppm, whereas the response profiles become
not typical at an operating temperature of 200°C, as shown in
Fig. 5c¢.

The sensitivities of the WO3 nanoparticle sensors are shown in
Fig. 6a. The sensitivity of the W03 nanoparticle sensor increases
with the increase of acetone concentration from 2 for 2 ppm of ace-
tone vapor to 19 for 1000 ppm of acetone vapor, operating at 300 °C,
as shown as curve A in Fig. 6a. For the cases of operating at 250°C
and 200°C, as shown as curves B and C in Fig. 6a, their sensitivi-
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ties increase with the increase in concentrations of acetone vapors,
but the values are less than 15. The change trends in sensitivity
of the W03 nanoparticle sensors are similar to those of the W03
nanoplate sensors (Fig. 4a).

Fig. 6b shows the response times of the WO3; nanoparticle
sensors operating at 300 °C under acetone vapors with various con-
centrations of 2-1000 ppm. The response times are less than 10s
in the testing concentration range, and the corresponding recovery
times are 10-17s. When the operating temperature decreases to
250°C, the response times are 4-20s, and their recovery times are
17-35s, as shown in Fig. 6¢.

When comparing the acetone-response  properties
(Figs.3 and 4) of the W03 nanoplate sensors and those (Figs. 5 and 6)
of the WO3 nanoparticle sensors, we can reach the following points:
(1) the WO3 nanoplate sensors have much higher sensitivities than
the WOs3 nanoparticle sensors in an acetone concentration range
of 2-1000 ppm at operating temperatures of 250-300°C; (2) the
WO3 nanoplate sensors have faster response speeds than the WO3
nanoparticle sensors; (3) the WO3 nanoplate sensors show more
stable response performance than the WO3 nanoparticle sensors.

The enhancement in acetone-response properties of the
WO;3 nanoplate sensors should be attributed to the ultrathin
two-dimensional plate-like morphology of the single-crystalline
WO3 nanoplates, derived from tungstate-based inorganic-organic
hybrid nanobelts via a topochemical conversation route. The ultra-
thin WO3 nanoplates with large side-to-thickness ratios show a
favorable tendency to form loose and poriferous aggregates in a nat-
ural manner. In fact, this poriferous microstructure can be clearly
corroborated by the SEM observation, as shown in Fig. 2g. The loose
and poriferous structured aggregates provide numerous channels
for the efficient and rapid diffusion of acetone vapors [42]. Also, the
plate-like morphology of the WO3 nanoplates is helpful to form an
interconnected film for the gas-sensing applications. Furthermore,
the single-crystalline structure of the WO3 nanoplates provides a
favorable precondition both for the rapid sorption-desorption of
acetone vapors and for the high efficient circulation of electrons
produced in the response process, because of the large surface areas
and the low rates of crystalline defections for the WO3 nanoplates.
Whereas for the W03 nanoparticles from commercial H, WO, pow-
ders, their morphologies are not uniform and their sizes are large,
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recovery times of the WO3 nanoparticle sensors to acetone vapor with various concentrations operating at (b) 300°C and (c) 250°C.

which led to hard aggregates (Fig. 2e). Therefore, the morphologi-
cal difference between the WO3 nanoplates from hybrid precursors
and the W03 nanoparticles from commercial H,WO,4 powders and
the difference in textures of the resultant aggregates account for the
different performance of the WO3 sensors toward acetone vapors
with various concentrations operating at 100-300 °C.

The gas-sensing mechanisms for the same type semiconductors
are usually of some similarity, and WOs5 is an n-type semiconductor,
similar to ZnO and SnO, [42]. Therefore, the acetone-sensing mech-
anisms of W03 nanocrystals are also similar to those of ZnO and
Sn0, nanocrystals [5,13], and can be explained using a depletion-
layer model [44]. For acetone vapor sensing of WO3 nanocrystals,
oxygen sorption plays a critical role in the electrical resistance. In
an air environment, the oxygen ionosorption depletes conduction
electrons and then enhances the resistance of the WQO3 sensors,
whereas their resistance can sharply decrease upon exposure to
the reducing substance of acetone vapor.

When the WO3 sensors are exposed to air, the O, molecules
in air react with WO3 and produce oxygen species of 0,~, 0%~
and O—, which are adsorbed on the surfaces of WO3; nanocrystals
at an elevated temperature. The amounts of the oxygen species
adsorbed are strongly dependent on the operating temperature,
and the higher the operating temperature, the larger the amounts
of 02~ and O~ are in the testing temperature range [5]. The related
reaction kinetics can be described as Eqs. (4)-(6).

0,(gas) < O,(adsorbed) (4)

(5)
(6)

When the WO3 sensors are exposed to acetone vapors, the ionic
oxygen species adsorbed on the surface of WO3 nanocrystals react
with reducing acetone molecules, as shown as Eqs. (7)-(9) [5]. The
released electrons in the reactions compensate to the conduction

0,(adsorbed) + e~ < Oy~
O, +e < 20°
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band, and thus enhance the conductance of the WO3 sensors [13].

CH3COCH; + 0~ — CH3C*O + CH30 +e- (7)
CH3C*0 — C*H;3+CO (8)
CO + 0 — COy+e- (9)

According to the above acetone-sensing mechanism, one can
easily conclude that large surface areas, high crystallinity, and
expedite diffusion channels of WO3 nanocrystals are favorable
in enhancing the acetone-sensing performance of the resultant
sensors. The W03 nanoplates with high specific surface areas
(~180 m?/g~1)and high crystallinity are of more excellent acetone-
sensing properties than the WO3 nanoparticles in this work.

Cao and co-workers [20] reported an acetone-sensing result of
WO3 nanotubes and found that the WO3 nanotube sensors had
a peak sensitivity of 32.7 at 340°C for a 5 x 107> mol/L acetone
vapor, but the sensitivities were less than 20 when the operating
temperatures were lower and higher than 340°C. More and co-
workers [11] reported the acetone-sensing property of Co-doped
Sn0,, thin films, but their response and recovery times were longer
than 100 s even at an operating temperature higher than 300 °C. Xu
and co-workers [13] investigated the acetone-sensing performance
of Sn0, nanowire sensors, but their peak sensitivity was less than
10. Therefore, the WO3 nanoplate sensors reported here are of good
overall properties to acetone sensing applications comparing these
literature results.

4. Conclusions

We have comparatively investigated the acetone-sensing
properties of the WO3 nanoplates from tungstate-based
inorganic-organic hybrid nanobelts and the WO3; nanoparticles
from commercial H,WO4 powders in an acetone-concentration
range of 2-1000 ppm operating at 100-300 °C. The WO3 nanoplate
sensors showed a high and stable sensitive response to acetone
vapors, and the sensitivity was up to 42 for 1000 ppm of acetone
vapor operating at 300°C. The response and recovery times were
as short as 3-10s and 12-13 s, respectively, for the WO3 nanoplate
sensors when operating at 300°C. The acetone-sensing perfor-
mance of the WO3 nanoplate sensors was more excellent than
that of the W03 nanoparticle sensors under a similar operating
condition. The enhancement of the WO3 nanoplate sensors in the
acetone-sensing property could be attributed to the poriferous
textures, single-crystalline microstructures and high surface areas
of the aggregates consisting of WO3; nanoplates, which were
favorable in rapid and efficient diffusion of acetone vapors.
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