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Bismuth tungstate (Bi;WOg) has many intriguing properties and has been the focus of studies in a variety
of fields, especially photocatalysis. However, its application in gas-sensing has been seldom reported.
Here, we successfully synthesized assembled hierarchical Bi,WOg which consists of ultrathin nanosheets
with crystalline-amorphous composite phase by a one-step hydrothermal method. X-ray diffraction
(XRD), X-ray photoemission spectroscopy (XPS), field-emission scanning electron microscopy (FESEM),
and high-resolution transmission electron microscopy (HRTEM) techniques were employed to character-

ll;ey\vagrds: ize its composition, morphology, and microstructure. By taking advantage of its unique microstructure,
N;nosgeets phase composition, and large surface area, we show that the resulting Bi,WOg is capable of detecting

ethanol gas with quick response (7s) and recovery dynamic (14 s), extremely high sensitivity (R./
R = 60.8@50 ppm ethanol) and selectivity. Additionally, it has excellent reproducibility and long-term
stability (more than 50 d). The Bi,WOg outperform the existing Bi,WOg-based and most of the other
state-of-the-art sensing platforms. We not only provided one new member to the field of gas sensor,

Assembled structure
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Ethanol detection

but also offered several strategies to reconstruct nanomaterials.
© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Accurate and selective detection of volatile organic compounds
(VOCGs) is highly desirable for a variety of fields, for example,
energy conservation, health and safety, and environmental pollu-
tion [1-4]. In recent years, different gas sensing materials such as
semiconductor metal oxides, conducting polymers, organic func-
tionalized carbon or silica, and fluorescent molecules have been
synthesized, with significant improvements being made [5-8].
Amongst these, three-dimensional structure oxides with well-
defined microstructures have been demonstrated to show excel-
lent sensitivity and selectively, which can be attributed to their
high surface area and hierarchy structures [9,10]. In addition, the
typical three-dimensional structures provide an efficient gas diffu-
sion channel to give fast gas response [11,12].

Ethanol is a common VOC and its efficient detection is impor-
tant in several areas [13-15]. Many composite metal oxides have
been reported to show good sensitivity to ethanol. For example,
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An et al. [16] synthesized Zn,SnO, nanoparticles via a co-
precipitation method and its gas-sensing performance to ethanol
reached a value of R,/Rg = 26.5@50 ppm (parts per million), where
R, is the sensor resistance in air, R is the sensor resistance in the
test gas. Zhang group [17] fabricated Cl-doped nanocrystalline
LaFeOs_; through a citric sol-gel method and obtained a superior
ethanol gas sensing performance response of R,/Rg=79.2@200 -
ppm. Lu and co-workers [18] prepared Al-NiO nanorod-flower by
a solvothermal method and achieved a good response value of
R./Rg =12@100 ppm ethanol. Bismuth tungstate (Bi,WOg) is one
of the Aurivillius composite oxide families of layered perovskites
with corner-sharing WOg octahedral sheets and bismuth oxide
sheets [19]. It has a variety of intriguing physical properties and
a broad potential utility in photocatalysis, ferroelectric, and chem-
ical sensors [20-22]. Despite its excellent semiconductor proper-
ties applied in the field of photocatalysis, few studies have
examined the feasibility of employing Bi;WOg in gas sensing
[23,24]. Some strategies that improved the chemical reactivity of
nanomaterial have been investigated by researchers, such as
ultra-dispersed single-atoms [25-27], defect engineering [28] and
reducing one dimension size of nanomaterial [29] and so on.
Although some progress has been made, for example, synthesizing

2095-9273/© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.


https://doi.org/10.1016/j.scib.2019.04.014
mailto:xujiaqiang@shu.edu.cn
mailto:yuenwu@ustc.edu.cn
https://doi.org/10.1016/j.scib.2019.04.014
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib

596 T. Yuan et al./Science Bulletin 64 (2019) 595-602

Bi,WOs with different morphologies, including nanoparticles,
nanosheets, and nanospheres, the resulting improvement in etha-
nol gas sensing has been limited. This challenge drives us to
develop a practical and facile approach to construct nanostruc-
tured Bi;WOg to give further enhanced ethanol gas sensing
performance.

In this work, we describe a facile hydrothermal approach with
assistance of hexadecyl trimethyl ammonium chloride (CTAC) to
synthesize a unique hierarchical multilayered Bi,WOg architecture.
Each layer exhibited an average thickness of 6.5 nm. Meanwhile,
the crystalline-amorphous composite phase was formed because
of the inhibitive function of CTAC in the process of crystal growth
of Bi,WOg. A remarkable work has proved that the crystalline-
amorphous composite phase has very outstanding chemical activ-
ity, comparing with traditional nanocrystal [30]. Then, this mate-
rial was assembled into a gas sensor to validate its potential
utility for ethanol gas sensing. The experimental results demon-
strate its remarkable ethanol gas sensing performance (sensitivity,
selectivity and stability). By contrast, without the assistance of
CTAC, the Bi,WOgs is just large size aggregate with poor gas sensing
properties, which has directly proved the validity of the strategies
we have taken. Also, the gas sensing performances are superior to
any of the existing Bi,WOg-based sensors.

2. Experimental
2.1. Chemicals and materials

Analytical grade sodium tungstate dihydrate (Na,WQO4-2H,0),
bismuth nitrate pentahydrate (Bi(NOs)s-5H,0), hexadecyl tri-
methyl ammonium chloride (C;gH33(CH3)sNCl), and ethanol (CHs-
CH,OH) were purchased from Shanghai Sinopharm Chemical
Reagent Co., Ltd., China. Methane, hydrogen and carbon monoxide
were purchased from Dalian Special Gases Co. Ltd. Analytical grade
benzene, toluene, ammonia (25%), xylene, methanal (37%), ace-
tone, and methanol were purchased from Shanghai Sinopharm
Chemical Reagent Co., Ltd, China. Ultrapure water (18.2 MQ) from
Milli-Q System (Millipore, Billerica, MA) was used in experiments.

2.2. Preparation procedure

2.2.1. Synthesis of 3D nanoflower Bi,WOg (NF-BWO)

After dissolving 120 mg of Na,W0,4-2H,0 in 20 mL of deionized
water, 60 mg CTAC was added and stirred for 5 min to give a uni-
form transparent solution. Then 295 mg Bi(NOs3)3-5H,0 was added
under stirring for 40 min to gain a milky suspension. Then it was
transferred into a 25 mL Teflon-liner, sealed in a stainless auto-
clave, and placed in an oven at 150 °C for 20 h. After cooled down
to room temperature, the as-product was centrifuged at 7,000 r/
min for 5 min, washed with mixed solvent (50 vol% ethanol solu-
tion). After centrifugation and washing for five times, the sample
was placed into vacuum drying oven at 70 °C for 12 h.

2.2.2. Synthesis of Bi;WOg
The process used to synthesis of Bi,WOg was similar to NF-BWO
but without addition of CTAC.

2.2.3. Synthesis of the product prepared by different addition sequence
of reagents

A 295 mg powder of Bi(NO3)3-5H,0 was added into 20 mL of
deionized water under stirring for 3 min. Then 60 mg of CTAC
was dissolved into the suspension and 120 mg powder of Na,WO4-
-2H,0 was added and kept stirring for 40 min. The following steps
were the same to the NF-BWO.

2.2.4. Synthesis of the samples prepared by different additive amount
of CTAC

With the same operations to the NF-BWO except the amount of
the addition of CTAC was changed to 30 and 90 mg.

2.3. Characterization

Powder X-ray diffraction patterns (PXRD) of samples were
recorded at 0.02°/s on a Rigaku Miniflex-600 operating at
40kV voltage and 15mA current with Cu Ko radiation
(2=0.15406 nm). The morphologies of the samples were
observed by field emission scanning electron microscopy (FESEM,
JSM-6700F), transmission electron microscope (TEM, JEM-200CX)
and a high-resolution transmission electron microscope (HRTEM,
JEM-2010, JEOL). To measure the thickness of NF-BWO, atomic
force microscopy (AFM) image were captured by Dimension
ICON with NanoScope V controller (Bruker) in ScanAsyst mode.
Raman scattering spectra were recorded with a Renishaw System
2000 spectrometer using the 514.5 nm line of Ar+ for excitation.
X-ray photoelectron spectroscopy (XPS) was collected on a ther-
mofisher equipment (WSCALAB). Ultraviolet-visible diffuse
reflectance spectroscopy (UV-DRS) was performed on Hitachi
U-3010, using BaSO, as reference. Nitrogen sorption measure-
ment was conducted using a Micromeritics ASAP 2020 system
at 77 K.

2.4. Gas sensing measurements

2.4.1. Fabrication of gas sensors

NF-BWO or Bi,WOg powder was mixed and ground with a small
amount of ethanol to form a paste which subsequently was coated
on an alumina ceramic tube with a fine brush, and then dried
under an infrared lamp (about 0.1 mg sample for each tube). After
transferred into a tubular furnace, it was heated to 250 °C for 2 h at
a rate of 5°C/min, and then cooled down to room temperature.
This step was used to enhance the stability of the gas sensitive
material. The four platinum wire pins of the core component were
welded to the base of the gas sensor. And then Ni-Cr heating wire
was inserted into the ceramic tube and welded. Install the base on
the test circuit board. After aging at 250 °C for 5 d, the semiconduc-
tor components entered a stable performance period for gas sens-
ing tests.

2.4.2. Measurement of gas sensing performance

The gas sensing tests were carried out on a WS-30A gas sen-
sor measurement system (Hanwei Electronics Co. Ltd.). The test
was carried out in a sealed container with a static valve chamber
of 20 L. The liquid or gas was injected directly into the sealed
space with a syringe. The characteristics of gas sensor were
reported by measuring the output voltage (V) on the load resis-
tance R; connected in series with gas sensor. The work tempera-
ture was controlled by the heat voltage (Vhear)) and the
relationship between temperature and Ve, is shown as the
Table S1 (online).

The testing conditions adopted in the measurement: the loop
voltage was set at 5V, adjusted Vj,e, from 2 to 5.5V, the acquisi-
tion speed is 1 time/s, and the supply voltage is 220V, 50 Hz.
Define R, is the resistance of sensor in the air and Rg is in the
gas, then the calculation method is as follows.

Response: S = % (reducing gas), (1)
g
Re e
Response : S = R (oxidizing gas). (2)
a
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3. Results and discussion
3.1. Synthesis and characterization

Our strategy to fabricate Bi,WOg hierarchical architecture was
mainly focused on the utilization of CTAC as an additive to fine
tune the structure and the corresponding gas sensing properties
(Fig. 1a). The synthetic route is shown in Fig. S1 (online). First, Na,-
WO,4-2H,0, Bi(NO3)3-5H,0 and CTAC were mixed for hydrothermal
reaction to give the white powder of nanoflower Bi;WOg (NF-
BWO). For comparison, a control sample (Bi,WOg) was prepared
without addition of CTAC (Fig. S2 online) [31,32]. We also tested
the influence of the sequence of addition of the reagents (Na,WO4-
-2H,0 and Bi(NOs)3-5H,0), as well as the usage of different amount
of CTAC (0, 30, 60 and 90 mg). We found the use of 60 mg CTAC and
order of Bi(NOs3)3;-5H,0 introduced into Na;W0O4-2H,0 are critical
to give the ideal product.

Surface morphologies of NF-BWO and Bi,WOg were first
explored by TEM, SEM and AFM. We observe the nanosheets of
NF-BWO with a high purity was obtained, along with an average
thickness of 6.5nm (Fig. 1b). Furthermore, these ultrathin
nanosheets were assembled into uniform three-dimensional hier-
archical architecture (Fig. 1c).

However, the desired bismuth tungstate product cannot be syn-
thesized by changing the order of addition of the reagents. Both
product’s morphologies tested by TEM and SEM (Fig. S3 online)
are both quite anomalous. Because Bi(NO3);-5H,0 has strong
hydrolysis in pure water, it will produce a series of hydrolysis
products, including BiONOs, Bi,O,(OH)NOs; and other intermedi-
ates. Some of these products may not participate in the formation
of bismuth tungstate when sodium tungstate is subsequently
added. By contrast, there are no impurities in the operation of add-
ing sodium tungstate first. Because tungstate and bismuth ion
could promote each other’s hydrolysis and make the reaction pro-
ceed in the direction of producing bismuth tungstate. Moreover,
we note that the addition of CTAC played an important role in
the synthesis of NF-BWO. By changing the amount of CTAC from

iy o

Precursors

0 to 90 mg but keeping the correct feeding sequence, different
morphologies can be obtained (Fig. S4 online). Bi,WOg agglomer-
ate was produced without addition of CTAC. With the increase of
CTAC from 0 to 60 mg, the assembled structure become more open
and orderly. Therefore, the CTAC plays a critical role in the assem-
bly process of nanomaterial. However, when excessive amount
(90 mg) of the CTAC was used, the process of nucleation will be
constrained. High-resolution TEM was carried out to provide fur-
ther insights on the structural characteristics. We observe disor-
dered areas are randomly distributed in crystalline phases of NF-
BWO, giving numerous atoms at the crystalline-amorphous bound-
aries as shown in Fig. 1d. This is wholly different from the as-
prepared Bi;WOg which possess a single crystalline nature
(Fig. S5 online). Generally, amorphous phases possess a higher sur-
face activity in chemical reactions because of unsaturated surface
atoms [33,34]. Moreover, the lattice spacing of 3.15 and 3.75 A cor-
respond to interplanar spacing of the (113) and (11 1) planes of
orthorhombic NF-BWO.

The phase compositions of the samples were tested by X-ray
powder diffraction (Fig. 2a). The diffraction peaks of NF-BWO and
control sample can be indexed as orthorhombic Bi;WOg (JCPDS
No. 72-1126). In addition, the peaks of NF-BWO are relatively
broader and lower in intensity compared to the control sample,
suggesting a lower degree of crystallinity. This agrees well with
the crystalline-amorphous composite phase observed by HRTEM.
The XRD pattern of the sample produced by changing the sequence
of addition of the reagents was also given (Fig. S6 online). We spec-
ulate it is likely attributed to hydrolysis of Bi(NO3)s-5H,0 in water.
According to theoretical speculation and XRD data analysis, it is
concluded that the impure crystalline phases mainly belong to
BiONOs [35]. The resulting precipitates led to impurities in the pro-
duct without ordered morphologies. The crystallinity of the sample
decreases with the increase of CTAC (Fig. S7 online). Therefore,
CTAC might be the key factor to introduce disordered areas on
the surface of bismuth tungstate.

XPS was performed to determine the chemical composition of
the samples. The XPS results show that the NF-BWO sample

Fig. 1. (Color online) (a) Effect of CTAC on the assembly of the product. (b) TEM and AFM images of the corresponding nanosheets. (c) SEM image of the NF-BWO. (d) HRTEM

image and the SAED of the NF-BWO nanosheet.
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Fig. 2. (Color online) (a) XRD patterns of Bi,WOg and NF-BWO. (b) XPS spectra of W 4f of Bi,WOg and NF-BWO. (c) Nitrogen adsorption-desorption isotherms and Barrett-
Joyner-Halenda (BJH) pore size distribution plot (insert graph) of Bi,WOg and NF-BWO. (d) Raman spectra of Bi,WOg and NF-BWO.

contains W, B, O, and a trace of C (Fig. S8 online). The C peak might
result from contamination of the sample in the XPS chamber and
can be used to calibrate other elements’ peaks. For Bi, the two
peaks observed at binding energies of 163.9 and 158.6 eV may be
assigned to Bi 4fs;, and Bi 4f;, respectively, and are consistent
with the presence of a Bi®" species in the sample. By comparing
the W elements of both samples (Fig. 2b) peaked at 37.1 and
35.0eV of NF-BWO and 37.5 and 35.4 eV of Bi,WOg, the peaks
can be assigned to W 4fs, and W 4f,, respectively. This suggests
a slight negative shift of W element in the surface of NF-BWO. The
main difference between two samples’ surfaces is that NF-BWO
possesses crystalline-amorphous phase while Bi,WOg is just crys-
talline. It could be attributed to the existence of disordered area
because a part of W atoms might be unsaturated. This means that
the valence of unsaturated W atoms maybe lower than the highest
(VI) [36]. The O 1s spectrum of NF-BWO can be fitted to two peaks
at 529.6 and 530.3 eV, corresponding to the crystal lattice in differ-
ent chemical environments, being [WO04]*>~ and [Bi,0,]** layers
(Fig. S9 online) [37]. For Bi;WOeg, the corresponding peaks are at
529.1 and 531.1 eV. This means that a higher concentration of elec-
trons caused by W03~ is adsorbed onto the NF-BWO surface rela-
tive to Bi,WOe, giving rise to the negative shift binding energies.
The specific surface area was measured as it is an important fac-
tor that would affect the gas sensing performance [38,39]. The iso-
therms of two samples can be categorized as type IV with an H3
hysteresis loop, indicating the presence of mesopores (2-50 nm)
(Fig. 2c). Type IV curve means the existence of mesopores while
the H3 hysteresis loop indicates slit pores. Brunauer-Emmett-
Teller (BET) surface areas tested for Bi,WOg and NF-BWO are
13.50 and 31.12 m?/g, respectively. Because slit pores are pro-
duced by the assembled structure, there are no penetrated pores
existing in each nanosheet, which is highly consistent with the
electron microscope photographs. Together, the NF-BWO has a

higher specific surface area relative to Bi,WOQOg. This potentially
provides a higher number of active sites and molecular transport
channels, which would substantially improve the corresponding
gas sensing properties [40].

The Raman spectra of NF-BWO and Bi,WOg are shown in
Fig. 2d. Specially the bands at 796 and 829 cm™! can be ascribed
to the antisymmetric and symmetric Ag; modes of terminal
O—W—0 bonds. The band at 716 cm™! is associated with an
antisymmetric bridging associated with the tungstate chain. The
band at 308 cm™! can be ascribed to the translational modes of
Bi>* and WO~ [41].

3.2. Evaluation of gas-sensing properties

We then assembled the sensing material NF-BWO into the gas
sensor to evaluate its sensing performance to ethanol. The gas sen-
sor consists of two gold electrodes, four Pt wires, an Al,O3 tube, a
Ni-Cr heater, and a layer of gas-sensing materials (Figs. 3a and
S$10 (online)). The sensor and load resistor are connected in parallel
to direct current circuit with voltage of 5 V (Fig. 3b) and then inject
various gases into the gas sensing test machine. The electrical
resistance of gas-sensing material, assembled in semiconducting
metal oxides-based gas sensor, changes along with the effects of
VOCs on the sensing materials [42]. The operating temperature
was first optimized (Fig. 3c) as it directly affects the sensor’s sensi-
tivity to VOCs. The temperature could be adjusted by changing the
heating voltage (Table S1 online) The results show the NF-BWO-
based sensor reached its maximum response value of 60.8 to sens-
ing 50 ppm ethanol at an operating temperature of 290 °C. By con-
trast, further increasing the operating temperature results in a
decreased response trend. Therefore, 290 °C was employed as the
optimal operating temperature in the present work. We further
studied the selectivity of the sensing platform using 10 interfering
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gases at a concentration of 50 ppm (Fig. 3d). We notice the NF-
BWO shows a highest response value to ethanol gas than other
control gases, whereas the Bi,WOg gives nearly indistinguishable
responses to all gases. Specifically, the response value of NF-BWO
to ethanol is approximately 10 times higher compared to that of
Bi,WOg, suggesting excellent sensitivity and selectivity. Moreover,
the response ratios of ethanol to other gases (Sethanol/Sother gases) fOr
NF-BWO and control sample are calculated and the values are in
the ranges of 3.0-60.8 and 1.1-5.7, further demonstrating the
excellent selectivity of our sensing material NF-BWO to ethanol
gas (Table S2 online). Another important feature in the response
signal is there are rapid response (7 s) and recovery (14 s) dynam-
ics for NF-BWO in testing 50 ppm ethanol (Fig. 4a). For Bi,WOg
(Fig. S11 online) it shows a similar fast response and recovery (8
and 13 s). This is essential for assessing the performance of the
sensing materials [43].

In order to establish a functional relationship between concen-
tration and response value, we have tested the alcohol responses at
different concentrations ranged from 1 to 50 ppm (Fig. 4b). The
curve of voltage demonstrates a well-defined trend of response
increase with the change of ethanol concentrations. The corre-
sponding values of response exhibit a proportional relationship
with ethanol vapor for concentrations from 5 ppm down to
1 ppm (Fig. 4c). Therefore, the linear equator is calculated as
y=1.108 +3.998 x and the sum squared residual is 0.991. This
means the NF-BWO-based sensor has an excellent linear relation-
ship when the ethanol concentration is relatively low. Moreover,
the data show that this platform can achieve an ultra-low limit
of detection for ethanol gas down to 1 ppm (R,/R, = 3.7), as shown
in Fig. S12 (online), superior to the corresponding values tested by
Bi,WOg (no obvious signal when exposed to 1 ppm ethanol) and
most of the other sensing systems (Table S3 online). From
Figs. 4c and S12 (online), a theoretical limit of detection of
0.11 ppm can also obtained (S/N = 3).

Reproducibility is a critically important factor for assessing the
performance of the gas sensor. In our study, seven repeated cycles

were tested on the gas sensor using 50 ppm ethanol gas and the
result (Fig. 4d) shows essentially identical sensing performance
(average * standard deviation of the R,/R, tested: 60.5 + 0.4). This
reveals a superior reproducibility of the sensing platform. As for
Bi,WOs (Fig. S13 online), the response is also consistent, but the
response is extremely low (average + standard deviation of the
R./Rg tested: 5.4+ 0.3).

Long-term stability of the gas sensor is another key factor for
validating this sensing platform. The sensing response of our gas
sensor (NF-BWO) for 50 ppm ethanol was carried out for 50 d
(Fig. 4e). The result shows the individual response was highly con-
sistent throughout this period (average * standard deviation of the
Ra/Rg tested: 59.3 +2), demonstrating the exceptional long-term
stability of the sensing material. Together, these data unambigu-
ously validate the potential application of NF-BWO as an excep-
tional sensing material for ethanol gas sensing.

The performance data were measured under 40% RH humidity.
To explore the effect of humidity on the response of gas sensitive
materials, the humidity of test chamber was controlled from
25%—70% RH (Fig. 4f). It is found that the response of NF-BWO to
50 ppm ethanol is relatively stable under 50% RH humidity, along
with a downward trend higher than 50% RH, because the adsorp-
tion of water affects the performance of gas sensitive materials.

3.3. Proposed sensing mechanism

The oxygen ionosorption can remove conduction electrons to
give a lower conductance of semiconductors [44]. For NF-BWO
and Bi;WOg-based sensors, the changes in resistance are predom-
inantly by the adsorption and desorption of gas molecules on the
sensing material surfaces. When the fabricated sensor is exposed
to air, oxygen molecules can adsorb on the surface of sensing mate-
rials to form O3, O~ and 0%~ by capturing electrons from the con-
duction band (CB). This results in the formation of a thick space-

charge layer that increase the potential carriers to give a higher
resistance [45].
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OZ(gas) - 02(ads) (])
Ozads) + € — O34 (2)
O;(ads) +e — 20(;ds) (3)

The reactive oxygen species adsorbed on the surface of sensing
materials are governed by temperature [46]. For example, 0% is
generally chemisorbed at low temperatures, whereas O3 and O~
are chemisorbed at high temperatures. In our study, 290 °C was
used as the operating temperature, therefore, the O~ species were
predominantly contributed to the sensing behavior as follows:

COfas) + Ojags) — COz + € (4)
Ha(ads) + Ofagyy — H20 + € (5)
HCHO 45) + 20,4 — COz + Hz0 + 2e~ (6)
C2HsOHaas) + 70,345 — 2CO; + 3H,0 + e~ (7)

When reductive ethanol gas is introduced, it will react with
adsorbed oxygen species on the sensing material to generate CO,
and H,0, and release electrons back to the conduction band of
the sensing material, resulting in a reduced sensor resistance
(Fig. 5) [47]. These equations indicate the electron donating effect

of ethanol is stronger other gases. Meanwhile, comparing with
BTEX (benzene, toluene, ethylbenzene and xylene) molecules,
ethanol has a relative low reaction barrier [48].

Bi,WOgs is less sensitive in our experiments compared with NF-
BWO. The facile strategy we have taken is adding an appropriate
amount of CTAC to reshape the structure, resulting in the assem-
bled hierarchical nanoflower which consists of ultrathin
nanosheets with crystalline-amorphous phase. The reasons of gas
sensing performance improvement of NF-BWO can be explained
as follows. (1) Ultrathin nanosheet. When the oxygen molecules
adsorb onto the surface of the semiconductor and then become
oxygen ions by capturing the electrons from semiconductor. And
the charge depletion layer has its depth. Therefore, if the thickness
of semiconductor is small, the charge depletion layer would pene-
trate the whole nanosheet. This means the thin nanosheet has
more electrons to expropriate than the thick one, resulting in more
sensitive properties [49]. (2) Hierarchical assembly structure. The
three-dimensional structure brings more specific surface area
and gas diffusion channels, which are both significant to surface
reactions. Also, each slit pore likes a micro-reactor that offer far
more reaction sites than Bi,WOg agglomerates [50]. (3)
Crystalline-amorphous composite phase. The crystalline and amor-
phous phases are both significant, the unique structure of NF-BWO
would not form without crystalline part while the amorphous part
offer more active reaction sites [51].
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Fig. 5. (Color online) Proposed mechanism of NF-BWO-based gas sensor in air (a and c) and in ethanol (b and d).

Overall, the ultrathin nanosheet, unique three-dimensional
structure and special crystalline-amorphous composite phase
together contribute to the excellent sensing performance.

4. Conclusions

In summary, we have taken a facile strategy of introducing
CTAC to reconstruct the structure of Bi,WOg, which successfully
transfer a less sensitive material to remarkable ethanol gas sensing
material. This method has been seldom reported previously.
Specifically, this sensing material shows quick response and recov-
ery dynamics, excellent sensitivity and selectivity, admirable
reproducibility and exceptional long-term stability. Significantly,
these performances of NF-BWO are generally far superior to the
existing bismuth tungstate-based, implying the substantial pro-
mise of our NF-BWO-based sensor. Together, this study demon-
strates the feasibility of employing NF-BWO in ethanol gas
sensing, we have not only introduced a new member to the field
of gas sensor, but also have offered an effective strategy to reform
nanomaterials.
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