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WO3 nanorods with exposed (100) and (002) facets were fabricated via a hydrothermal route using different

directing agents. Microspheres that were assembled randomly by WO3 nanorods with exposed (002) facets

were porous with a specific surface area of 62.2 m2 g�1. Acetone gas sensing properties of the as-prepared

sensors were investigated for the breath diagnosis of diabetes. The acetone detection limit of WO3

microspheres was 0.25 ppm, and the response (Ra/Rg) to 1 ppm acetone was 3.53 operated at 230 �C
with a response and recovery time of 9 and 14 s, respectively. WO3 samples with exposed (002) facets

exhibited better acetone sensitivity and selectivity than those with (100) facets. The sensing mechanism

was discussed in detail. Because of the asymmetric distribution of unsaturated coordinated O atoms in

the O-terminated (002) facets, the surface had an extent of polarization. Induced local electric dipole

moment contributed to easy adsorption and reaction between the (002) facets and acetone molecules

with a large dipole moment at low working temperatures. Room temperature PL spectra clearly

displayed that the WO3 samples exposed with (002) facets had numerous oxygen vacancies and defects,

resulting in excellent acetone sensing properties.
Introduction

Among the hundreds of volatile organic compounds (VOCs) in
human breath, acetone is a biomarker of type-1 diabetes.1 The
average concentration of acetone in healthy human breath is
lower than 0.8 ppm, while in a diabetic patient it is higher than
1.8 ppm.2,3 The accurate and rapid detection of low concentra-
tions of acetone is necessary for exhaled breath sensors based
on gas sensing materials. Tungsten oxide (WO3) is widely
studied because of its feasible fabrication, low cost, and excel-
lent gas sensing properties towards different oxidizing and
reducing gases.4–6 Acetone is a kind of reducing gas decreasing
the resistance of WO3 aer being induced into air. The chemical
reactions between the disturbing gases (such as ethanol,
ammonia, benzene andmethanol) and thematerials surface are
similar with those of acetone. To achieve accurate disease
diagnosis, the selectivity of the sensing material is essential but
difficult to realize.

Monoclinic II (3-WO3) phase is ferroelectric with a large
electric dipole moment but it is only stable at �40 �C. Acetone
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has a large dipole moment and can react selectively with 3-WO3.
WO3 nanoparticles with a 3-WO3 phase could be obtained by
doping with Cr and Si via a ame spray pyrolysis method.7,8

However, strict operation condition increases fabrication diffi-
culty, and it is still difficult to ensure their thermal stability. The
selective acetone sensing property could also be enhanced by
fabricating Pt-functionalized WO3 hemitube networks.9

However, noble metal modication increases the fabricating
cost, and the catalyst effect of noble metal nanoparticles is only
good for their sensitivity. Hierarchical WO3 nanostructures can
facilitate gas diffusion and provide efficient electron transport
because of their large surface-to-volume ratio.10–13 Gas sensi-
tivity can be improved in this manner but it has a little effect on
the acetone sensing selectivity.

Surface properties such as catalytic, adsorption, and gas
sensing are strongly dependent on the exposed planes for single
crystal materials. In recent years, several studies on metal oxide
nanocrystals with predominantly highly reactive surfaces have
been reported. Co3O4 nanosheets with exposed {112} planes
displayed better catalytic activity than nanocrystals with {001}
and {011} planes.14 The high-index {332} facets of SnO2 had the
most dangling bonds, showing selective sensing performance to
ethanol.15,16 ZnO with exposed active polar (0001) facets
exhibited signicantly higher catalytic activity, better photo-
catalytic performance, and excellent gas sensing properties.17–20

WO3 nanorods grown along [110] with exposed (001) facets
exhibited higher adsorption capacity for organic dyes than
This journal is © The Royal Society of Chemistry 2014
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those along the [001] axis with (100) facets.21 Octahedral WO3

showed good sensing properties to benzene gas, whichmight be
due to its exposed (111) facets;22 however, the sensing mecha-
nism was not clear. Numerous attempts have been reported
with respect to controlling the exposure of certain facets to
improve the gas sensing properties of ZnO and SnO2 but reports
on the surface design and control of WO3 for gas sensing
applications are still lacking.23 Based on the density functional
theory (DFT) calculations, WO3 (001) facets could effectively
detect NO2 gas,24 and the O-terminated (001) surface of hexag-
onal WO3 was more active to react with CO molecules than the
WO-terminated (001) surface.25 Therefore, it is possible to ach-
ieve better acetone gas sensing sensitivity and selectivity by the
fabrication of certain crystal facets exposed WO3 nano-
materials.

In this work, WO3 samples exposed with different facets were
prepared via a hydrothermal method, and their gas sensing
performance was measured. It was shown that WO3 nanorods
with exposed (002) facets exhibited excellent acetone sensing
selectivity against ethanol and other reducing gases. The
microspheres assembled by WO3 nanorods with exposed (002)
facets had the largest specic surface area, thereby the highest
gas sensitivity. This result was considered to be originated from
the asymmetric distribution of unsaturated coordinated O
atoms in the O-terminated (002) facets and their abundant
oxygen vacancies and structural defects. To the best of our
knowledge, the controllable exposure of the crystal facets of
WO3 and their effect on gas sensitivity and selectivity are
reported for the rst time.

Experimental
Synthesis of materials

The fabricated WO3 nanorods grown along the [001], [110] axis,
and microspheres assembled by nanorods along [110] were
named as NR-1, NR-2, and MS, respectively. The typical prepa-
ration procedure of NR-1 is as follows: 1.320 g Na2WO4$2H2O
was weighed and dissolved in 40 mL of deionized H2O. pH was
adjusted to 2.0 by the dropwise addition of dilute H2SO4 under
constant magnetic stirring at room temperature. Light yellow
H2WO4 was precipitated gradually. Then, the solution was
added with 4.0 g Na2SO4 and 1.008 g oxalic acid as the directing
agent. The precursor solution was transferred into a Teon-
lined 50 mL autoclave for hydrothermal reaction at 180 �C for
24 h. Aer cooling to room temperature, the prepared WO3

powders were centrifuged and washed alternately with distilled
water and ethanol several times. Finally, the obtained products
Table 1 Raw materials and treating conditions of NR-1, NR-2, and MSa

Sample Tungsten source Acid source pH

NR-1 Na2WO4$2H2O H2SO4 2.0
NR-2 Na2WO4$2H2O H2SO4 1.0
MS (NH4)10W12O41$xH2O H2SO4 1.0

a All chemical reagents were of analytical grade and obtained from Tianji
China.

This journal is © The Royal Society of Chemistry 2014
were dried in air at 80 �C for 4 h. According to the raw materials
and hydrothermal conditions listed in Table 1, NR-2 and MS
samples were also prepared.

Characterization

The morphological features of WO3 were investigated by eld
emission scanning electron microscopy (SEM, Hitachi, S4800),
energy dispersive spectrometry (EDS), transmission electron
microscopy, and high-resolution transmission electron
microscopy (TEM, HR-TEM, FEI Tecnai G2 F20). The crystalline
structures of the products were examined by X-ray diffraction
(XRD) via a Rigaku D/max 2500 diffractometer at 40 kV and
200mA with Cu Ka radiation (l¼ 0.15406 nm) ranging from 10�

to 70�. The photoluminescence (PL) spectra of WO3 were
recorded at room temperature using a spectrometer (Jobin Yvon
Fluorolog 3-21, Jobin Yvon Inc.) at an excitation wavelength of
325 nm.

Gas sensing characterization

Side-heating gas sensors were prepared to measure the gas
sensing properties of the WO3 samples. Fig. 1a shows the
photograph and schematic diagram of a typical gas sensor. An
appropriate amount of WO3 powders were mixed with several
drops of distilled water to form a paste, which was then coated
onto an alumina tube whose length and diameter were 4 and
1.2 mm, respectively. Electric contacts were made with a pair of
Au electrodes and four Pt wires. A Ni–Cr alloy lament used as a
heater was inserted into the tube. The temperature of the coated
tube was controlled by regulating the current from 0 to 300 mA.
The gas sensors were placed in a gas chamber (20 L). Fig. 1b
shows the measurement of the electric circuit of gas sensing
properties. In the test process, a heating voltage (Vh) and test
voltage (Vt) were supplied to the sensor. A load resistor was
connected to the sensor, whose voltage (VL) and resistance (RL)
were measured and used for calculating and outputting the
corresponding sensor resistance through a computer connected
to the testing apparatus. The gas sensors were aged completely
for several hours at their working temperature before
measurement to improve their mechanism strength and electric
contact. The gas sensing properties were measured by a CGS-8
intelligent gas sensing analysis system (Beijing Elite Tech. Co.
Ltd., China). A given amount of target gases were injected into
the closed gas chamber by a microliter syringe andmixed with a
fan for several minutes. Aer each measurement, the sensors
were exposed to atmospheric air by opening the chamber. The
sensor response (S) to the target gas was dened as:
Capping agent Hydrothermal condition

Na2SO4 and oxalic acid 180 �C 24 h
(NH4)2SO4 and oxalic acid 180 �C 10 h
(NH4)2SO4 and oxalic acid 180 �C 10 h

n Chemical Reagent Factory and Sinopharm Chemical Reagent Co. Ltd.

J. Mater. Chem. A, 2014, 2, 13602–13611 | 13603
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Fig. 1 (a) Photograph and the schematic diagram of a typical gas
sensor and (b) the measurement of the electric circuit of gas sensing
properties.
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S ¼ Ra/Rg (1)

where Ra and Rg were sensor resistance in air and in a target
reducing gas, respectively. The time required to reach 90%
variation in resistance upon different gases were dened as the
response time and recovery time, respectively. It has been
proven by our previous work that the relative humidity has little
effect on gas sensing properties26 so the relative humidity (RH)
was maintained at approximately 25%, and the ambient
temperature was 20 �C.

Results and discussion
Material characteristics

Fig. 2 shows (a1, b1, c1) the SEM images (insets are the sketch
maps), (a2, b2, c2) magnied SEM and TEM images, and (a3, b3,
c3) HRTEM images (insets are the corresponding FFT images)
of NR-1, NR-2, and MS, respectively. The nanorod bundles of
NR-1 are in a diameter range of 300–500 nm, which are
compactly arranged in parallel by thin nanorods of 10–20 nm.
The plane distance along the axis of the WO3 nanorods of NR-1
is 0.382 nm, revealing that the single crystals were grown along
the [001] axis. The NR-2 sample displays well-dispersed nano-
rods with a diameter of 15–50 nm. The plane distance along the
growth direction of NR-2 is 0.368 nm, indicating that the
preferred growth direction is [110]. The microspheres of the MS
sample have a diameter of 2–3 mm, which are randomly
assembled by numerous nanorods of 10–20 nm size. The lattice
distance of nanorods from MS is 0.366 nm, indicating a [110]
growth direction. It is observed from the FFT images that the
three samples are well grown single crystals. The EDS analysis of
MS shown in Fig. 2d reveals that WO3 microspheres are
primarily composed of O and W elements. The C element is
possibly derived from the remaining oxalate ions during prep-
aration. Pt element is sprayed on the surface for good electric
conduction during SEM characterization. The atom ratio of
O–W is 2.87, which is smaller than 3, indicating that the
fabricated WO3 microspheres are non-stoichiometric
compounds due to the absence of oxygen in the crystal lattice.
13604 | J. Mater. Chem. A, 2014, 2, 13602–13611
The XRD patterns of the NR-1, NR-2, andMS samples and the
standard patterns of PDF card nos. 75-2187 and 85-2460 are
displayed in Fig. 3a. All the typical diffraction peaks are well-
indexed to the prole of hexagonal WO3. The (100) peak of NR-1,
(002) peaks of NR-2 andMS are signicantly stronger than those
of the standard patterns. The relative texture coefficient of a
certain crystal facet (TChkl) is dened to evaluate the degree of
the crystal facet exposure. The texture coefficients of (100) and
(002) facets are given by:27,28

TC100 ¼
I100

�
I0100

I001
�
I0001 þ I100

�
I0100

(2)

TC002 ¼
I002

�
I0002

I002
�
I0002 þ I100

�
I0100

(3)

Here, TC100 and TC002 are the relative texture coefficients of
the diffraction peaks of (100) over (001), and (002) over (100),
respectively. Ihkl is the measured diffraction intensity of the (hkl)
facet, and I0hkl is the corresponding value of the standard XRD
patterns measured from the randomly oriented powders. The
texture coefficient of h-WO3 with random crystallographic
orientations is 0.5. Fig. 3b displays the texture coefficients of
NR-1, NR-2, and MS. As calculated by eqn (2) and (3), TC100 of
NR-1 is 0.611, TC002 of NR-2 and MS are 0.617 and 0.637,
respectively. It can be concluded that NR-1 is mainly exposed
with (100) facets, while NR-2 andMS are predominantly exposed
with (002) facets. This result is in agreement with the HRTEM
analysis and the previous report by J. Zhu.21 In most cases with
inorganic salts as capping agents (NaCl, Na2SO4, K2SO4, et al.),
hydrothermally synthesized WO3 nanorods are along the
intrinsic c-axis because the surface energy of the (001) crystal
facets are higher than the (110) facets. However, the NH4

+ ions
could adsorb on the (001) surface and force WO3 nanorods to
grow along the [110] direction with exposed (001) facets, which
are seldom prepared.21 Hence, in this experiment, WO3 nano-
rods of the NR-1 sample grow along the [001] axis with exposed
(100) facets because of Na+ ions as the capping agent, while the
nanorods in NR-2 and MS samples are along the [110] direction
with exposed (002) facets because of the existence of NH4

+. NH4
+

ion concentration in the precursor solution for the preparation
of MS was higher than that for preparing NR-2, therefore, MS
exposes a larger proportion of (002) facets.

Considering the requirement of maintaining the
morphology and the structure of the WO3 samples under a high
working temperature, the as-prepared WO3 powders of NR-1,
NR-2, and MS were heat-treated at 300 �C for 0.5 h at a heating
rate of 3 �Cmin�1. It is observed in the SEM images of the three
samples (Fig. S1 in the ESI†) that the morphologies are almost
unchanged aer the heat treatment. The XRD patterns and
TChkl of the three samples (Fig. S2 in the ESI†) could further
display the preservation of the crystal phase structure and their
predominant exposed facets of the three samples. The large
decrease of the TC001 of NR-1 originated from the shrinkage and
the damage of the end face of the WO3 nanorod bundles, which
did not occur in the NR-2 and MS samples.
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 SEM, TEM, and HRTEM images of theWO3 samples of (a) NR-1, (b) NR-2, and (c) MS; (d) EDS analysis of MS. (The inset images of a1, b1, and
c1 are the sketch maps of the three samples. The inset images of a3, b3, and c3 are the FFT images of the three samples).
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Complete nitrogen adsorption–desorption isotherms were
measured to gain information regarding the specic surface
area (SBET) and pore size distribution of NR-1, NR-2, and MS, as
shown in Fig. 4. The SBET of NR-1, NR-2, and MS were evaluated
to be 28.6, 32.2, and 62.2 m2 g�1, respectively, from data points
in the nitrogen adsorption–desorption isotherms using the
Brunauer–Emmett–Teller (BET) equation. According to the
IUPAC classication,29 the three samples show type II curves
with H3 hysteresis loops, indicating that the WO3 nano-
structures are non-porous or macroporous materials. Pore size
distribution peaks (inset in Fig. 3) were determined using the
Barrett–Joyner–Halenda (BJH) method using the desorption
branch of the isotherm. The pore size distribution are not well
concentrated for NR-1 and NR-2 but most of the pores are
centered at 1.5, 4.4, and 16.9 nm for NR-1, NR-2, and MS,
respectively, corresponding to the average gaps between the
WO3 nanorods for the three samples. Apparently, samples with
larger SBET and moderate pore sizes are likely to exhibit better
gas sensing properties. In the gas sensing process, gas mole-
cules can diffuse into the inside of pores and deplete the surface
of nanorods to a large extent.30 The formation of pores in the
This journal is © The Royal Society of Chemistry 2014
three samples was attributed to their assembly mechanism
during the hydrothermal reaction. Currently, the shape-
controlled assembly mechanism of hierarchical WO3 nano-
structures is still unclear.31 However, it is believed that the
inherent growth of crystals as well as the specic interaction
between the inorganic salt ions and their crystal surfaces might
have played a crucial role in controlling the morphology of the
nal crystals.31
Gas sensing properties

The operating temperature of a gas sensor is an important
indicator, which is closely related to energy consumption, easy
usage, testing convenience, etc. During the gas sensing of a
semiconductor based gas sensor under thermal activation, the
adsorption, surface chemical reaction, and molecules desorp-
tion process of the gas molecules will constitute a balance,
which exhibits the best response value at optimum operating
temperature. In this study, the responses of WO3 samples
towards 30 ppm acetone and ethanol as a function of operating
temperature are displayed in Fig. 5. It is depicted that the
response value increases rst with increasing operating
J. Mater. Chem. A, 2014, 2, 13602–13611 | 13605
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Fig. 3 (a) XRD patterns of NR-1, NR-2, and MS, and the standard
patterns of h-WO3 (PDF card no. 75-2187 and 85-2460) and (b) TChkl

of NR-1, NR-2, and MS.

Fig. 4 Nitrogen adsorption–desorption isotherms and pore distribu-
tion curves according to the BJH model calculated by the desorption
branch of (a) NR-1, (b) NR-2, and (c) MS.
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temperature and then decreases. The maximum responses of
NR-1, NR-2, and MS toward 30 ppm acetone are 5.8, 9.1, and
15.4 at an optimum operating temperature of 310, 280, and
230 �C, respectively. Whereas, the responses of NR-1, NR-2, and
MS toward 30 ppm ethanol are 6.7, 5.5, and 5.22, respectively, at
the same optimum operating temperature of 280 �C. It is
observed that the response value toward acetone increases from
NR-1 to MS, which might be a result of the increased specic
surface area and the increased exposure degree of active (002)
facets in the NR-2 and MS samples. At the same time, the
optimum operating temperature of NR-1, NR-2, and MS for
detecting acetone signicantly decreases from 310, 280, to
230 �C, indicating easier adsorption, chemical reaction, and
desorption behaviour between gas molecules and the surface of
the NR-2 and MS samples. On the other hand, NR-1 exhibits a
better response to ethanol than acetone at a lower optimum
operating temperature (Fig. 5a). However, NR-2 and MS
samples with predominantly exposed (002) facets selectively
respond to acetone (Fig. 5b and c), and the selective sensitivity is
clearly higher for MS because of the larger exposure of (002)
facets.
13606 | J. Mater. Chem. A, 2014, 2, 13602–13611
As is well-known, large specic surface area (SBET) can
contribute to gas sensitivity but not theoretically benet acetone
selectivity. In this work, the SBET of NR-2 (32.2 m2 g�1) is not
signicantly larger than that of NR-1 (28.6 m2 g�1) but the
response of NR-2 to acetone increases and to ethanol decreases,
leading to remarkable acetone selectivity. For MS, acetone
selectivity against ethanol is further enhanced. This acetone gas
selectivity performance can possibly originate from the
predominantly exposed active (002) facets of NR-2 and MS.
Acetone selectivity constitutes an important and practical
property for a gas sensor applied in the breath diagnosis of
diabetes.
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Responses of (a) NR-1, (b) NR-2, and (c) MS to 30 ppm acetone
and ethanol at different operating temperatures.

Fig. 6 (a) Sensing transient curve of NR-2 and MS to different
concentrations of acetone measured at 230 �C and (b) response and
recovery time of NR-2 and MS to 1 ppm acetone.
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The responses of NR-2 and MS towards acetone at concen-
tration ranging from 0.5 ppm to 3 ppm are measured at 230 �C
(the weak response curve of NR-1 is not shown here). It can be
seen from the sensing transient curves (Fig. 6a) that the resis-
tance of the two samples decreases immediately aer acetone is
induced, exhibiting n-type semiconductor characteristic. The
decrease in the resistance of MS is larger than that of NR-2,
displaying better acetone sensitivity for MS. The larger initial
electric resistance of MS is a result of its high contact barrier
height derived from its unique hierarchical nanostructure. The
baselines dri slightly due to the unstable surface of single
This journal is © The Royal Society of Chemistry 2014
crystal surfaces but they are still stable enough to enable the
practically repeatable detection of low concentrations of
acetone. It is clearly observed in the dynamic response curves
shown in Fig. S3 in the ESI that the response value of the MS
sample increases with an increase in acetone concentration,†
and that MS is more sensitive than NR-2. The response and
recovery time of NR-2 and MS to 1 ppm acetone are 9 and 14 s,
respectively, as shown in Fig. 6b.

The sensor responses (S) of the three samples towards
various acetone concentrations are calculated and shown in
Fig. 7a. Compared with NR-1, NR-2 and MS exhibit better gas
sensitivity to acetone. For the MS sample, the response
increases from 3.1 to 6.17 as acetone concentration ranges from
0.5 to 3 ppm, which is an evidence for the (002) facets exposed
WO3 microspheres to be a promising candidate in the human
breath analysis of type-1 diabetes. On the other hand, the gas
responses of NR-2 and MS to ethanol concentration of 0.5 to 3
ppm are lower than 2, indicating that NR-2 and MS exhibit
enhanced selective response towards acetone against ethanol
gas. The response of various WO3 nanostructures for the
selective sensing of low concentrations of acetone in previous
literature and the present study are summarized in Table 2. It is
clear from the table that the operating temperature of MS is the
lowest among these materials, and the response of MS to
acetone is the highest compared with other reported WO3

sensors. Moreover, the synthesis method of MS is a simple
J. Mater. Chem. A, 2014, 2, 13602–13611 | 13607
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Fig. 7 Responses of NR-1, NR-2, and MS to the different concentra-
tions of (a) acetone and (b) ethanol, measured separately at 230 �C and
280 �C.

Fig. 8 Response of NR-1, NR-2, and MS to 100 ppm of different
reducing gases operated at 230 �C.
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hydrothermal method without any ion dopants, while some
other WO3 based nano-materials are fabricated using compli-
cated methods such as ame spry pyrolysis and RF-sputtering.

To further investigate gas selectivity, the responses of NR-1,
NR-2, and MS to 100 ppm of various reducing gases (acetone,
ethanol, benzene, ammonia, methanol, and n-butanol) were
measured at 230 �C, and are shown as polar plots in Fig. 8. The
gas response to acetone increases from NR-1 to MS, while the
response to ethanol decreases. The responses of the three
samples towards other reducing gases are negligible. It is
concluded that NR-1 exhibits poor acetone gas selectivity and
cannot distinguish between acetone and ethanol gas. NR-2 and
MS with exposed (002) facets exhibited good selectivity for
detecting acetone against other disturbing gases. The response
Table 2 Gas responses to acetone in the present study and those repo

Sensing materials Operating temperature (�C) Ace

MS sample 230 0.2
MS sample 230 0.5
MS sample 230 1
Si–WO3 nanoparticle 400 0.6
Cr–WO3 nanoparticle 400 1
Pt–WO3 hemitubes 300 1
Pt–WO3 nanober 350 0.3
WO3–Cr2O3 thin lm 320 1

13608 | J. Mater. Chem. A, 2014, 2, 13602–13611
of MS to acetone and ethanol are 25.71 and 4.5, respectively. In
the ppm-region comparison, the sensors exhibit nearly no
response to 1 ppm of other gases (benzene, ammonia,
methanol, and n-butanol), and the response of the three
samples to 1 ppm of acetone and ethanol (Fig. S4 in the ESI†)
also displays excellent acetone selectivity of NR-2 and MS
samples with predominantly exposed (002) facets. This result
demonstrates that the selective and accurate detection of
rted in the literature

tone concentration (ppm) Response (S) Reference

5 1.47 This study
3.1 This study
3.53 This study
2.3 7
3.0 8
2.8 9
1.27 32
1.5 33

This journal is © The Royal Society of Chemistry 2014
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acetone is successfully realized by controlling the crystal surface
of WO3 without any special doping agent and additional tech-
nological treatment.

Gas sensing mechanism

The gas sensing mechanism of n-type semiconductor is based
on conductivity changes caused by the adsorption and desorp-
tion of gas molecules on the surface.34 Therefore, the gas
sensing response of semiconducting materials is strongly
related to their surface state. As mentioned above, small crystal
size and large specic surface area are denitely advantageous
to improve gas sensing response. Moreover, the design and
control of the surface state is another possible way to obtain
good gas sensitivity and selectivity.

In the present study, the NR-1 sample has (100) facets
exposed, while NR-2 and MS are predominantly exposed with
(002) facets. Fig. 9 depicts the geometrical structures of the (100)
facet of h-WO3 (PDF card no. 75-2187) and the (002) facet of
h-WO3 (PDF card no. 85-2460), following the coordinate data of
W and O atoms from the corresponding standard ICSD
patterns. The respective facets are represented by dashed lines.
It is clearly noticeable that in the single unit cell, there are two
4-coordinated W atoms and one 2-coordinated O atom in
the WO-terminated (100) facet (Fig. 9a). In contrast, the
O-terminated (002) facet contains ve 1-coordinated O atoms
(marked with purple color for clear observation), as shown in
Fig. 9b. As reported by the DFT method,25 the O-terminated
(001) surface is more active than aWO-terminated (001) surface.
Therefore, gas molecules are more likely to adsorb on the (002)
facets containing unsaturated coordinated O atoms as chemical
adsorption, leaving more oxygen vacancies and resulting in a
larger charge transfer from gas molecules to the materials
Fig. 9 Geometrical structures of the (100) facet of h-WO3 from PDF
card no. 75-2187 and the (002) facet of h-WO3 from PDF card no. 85-
2460; (a and b) 3D structures, (c and d) top view pictures.

This journal is © The Royal Society of Chemistry 2014
surface. This is the main reason for WO3 nanorods with largely
(002) facets exhibiting better gas sensing response.

Furthermore, the arrangement of atoms in the (100) facet is
symmetric as observed in the top view picture (Fig. 9c). While in
the (002) facet of h-WO3 (PDF card no. 85-2460), O atoms are
displaced off from the center of the crystal face and edge. This
asymmetric arrangement is possibly caused by the distortion of
[WO6] octahedra, which is familiar in themetastable WO3 phase
structures. These acentric O atoms can cause the non-uniform
distribution of electron cloud around the (002) facet, leading to
local electric polarization to some extent. The dipole moment of
acetone (2.88 D) is signicantly larger than other gases;35 thus,
the interaction between acetone molecules and the (002) facet
of h-WO3 is considerably stronger, displaying the observed
signicant selectivity. Moreover, easier chemical adsorption
and reaction results in lower operating temperature for samples
with exposed (002) facets.

The intrinsic sensing characteristics of WO3 samples are
analysed using room temperature photoluminescence (PL)
measurements to investigate the native structural defects of the
WO3 nanostructures. As clearly shown in Fig. 10a, when the
samples are excited at 325 nm, the luminescence peak intensity
order is: MS > NR-2 > NR-1. Aer peak separation using the
Gaussian t method, the PL spectra of the WO3 samples are
divided into several individual peaks, as shown in Fig.10b–d.
The peaks centered at ca. 374 nm in the UV emission region
originate from intrinsic band to band transition emission.36 Lee
et al. also reported a similar PL peak at a wavelength of 350 nm
for tungsten oxide. In our study, the intrinsic emission peaks
are red-shied compared with other reports,37,38 implying a
reduced band gap in the present tungsten oxide nanorods,
which is attributed to the quantum-connement-effect in these
nanostructures.39,40 Another strong-intensity region is the blue
emission peaks centered at ca. 435, 465, and 528 nm, which are
attributed to the localized state induced by the presence of
oxygen vacancies or defects.38,41 The wavelengths of blue emis-
sion peaks in this study are longer than the observed wave-
lengths centered at 405 and 420 nm due to quantum-
connement-effect.36,42 The MS sample has another blue emis-
sion peak at 414 nm, indicating larger quantity of structural
defects, such as oxygen vacancies, on the surface.

Although the BET surface area is similar, the intensity of the
blue emission peak of NR-2 is much signicantly stronger than
those of NR-1. The reason is mainly due to the large exposed
(002) polar facets, which contain numerous oxygen vacancies
compared to (100) facets. On the other hand, with a similar
exposure degree of (002) facets, MS has a considerably higher
level of oxygen vacancies and defects than NR-2, which is
possibly because of its structural features and large specic
surface area. It is believed that the junction between the thin
nanorods of each microsphere could increase the density of
defects, leading to a stronger intensity of the blue emission
peak of the PL spectra in our work. As a surface property, gas
sensing of metal oxide semiconductor is signicantly related to
the density of oxygen vacancies and defects.41,43 The highest
level of oxygen vacancies and defects on the surface of the MS
sample can act as preferential adsorption sites for oxidizing gas
J. Mater. Chem. A, 2014, 2, 13602–13611 | 13609
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Fig. 10 (a) Room temperature PL spectra of NR-1, NR-2, and MS; and Gaussian fit results of (b) NR-1, (c) NR-2, and (d) MS with the original
profiles in black, the Gaussian fit overlaid in red, and the divided peaks in different colors (for interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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molecules44 such that more oxygen species can be absorbed.
Once the sample is exposed to acetone, more acetone molecules
can react with the absorbed oxygen species. In addition, more
structural detects can increase the barrier height of electron
mobility, leading to high electric resistance and gas response.
Conclusions

In conclusion, WO3 nanorods with exposed (100) and (002) facets
have been synthesized, and the effect of exposed facets on acetone
selective sensing properties are discussed in detail. The (100)
facets exposed WO3 nanorods were sensitive to both acetone and
ethanol, whileWO3 nanorods with exposed (002) facets responded
selectively to acetone. The microspheres assembled by WO3

nanorods with (002) facets exhibited a high BET surface area of
62.2m2 g�1, and therefore their response to 1 ppm of acetone was
3.53 with a response and recovery time of 9 and 14 s, respectively,
which is the most excellent gas sensitivity reported so far. This
selective sensing performance was because the (002) facets
comprised unsaturated coordinated O atoms, which were
arranged asymmetrically. This asymmetrical distribution caused
the distortion of the electron cloud and local electric dipole
moment on the surface; thus, it was easier to selectively react with
acetone molecules. High gas sensitivity is a result of the large
quantity of oxygen vacancies and defects on the (002) facets.
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