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Abstract: The heterostructured NiWO,/WO; nanotubes (Ni/W NTs) were synthesized by using a facile self-assembly
method on the sacrificial polystyrene (PS) nanofibers templates. Then, the Pt-decorated NiWO./WOs (Pt@Ni/W)
composite NTs were obtained through using an ultrasonic mixing method. The experimental results display that the
order of gas-sensing performance is Pt@Ni/W>Ni/W>WO;. The 2wt.%Pt@Ni/W-5 NTs indicate the supreme
acetone-sensing response (Rair/Rgs=58.4 at 100x107°) at 375 °C, which is 10.6 and 1.53 times that of the WO; and
NiWO4/WO; NTs, respectively. Additionally, the 2wt.%Pt@Ni/W-5 NTs also exhibit the dramatically high selectivity
toward acetone against ethanol, methanal, methanol, NH3 and toluene. The Pt-decorated Ni/W NTs show the excellent
responsivity and stability toward acetone, which is ascribed to the construction of heterostructured NiWO4/WO; and the

spill-over effect of Pt nanoparticles.
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1 Introduction

It is crucial to explore a facile and convenient
real-time monitoring method to detect toxic and
exhaust gases for the environmental protection and
human health. For instance, acetone (CH3;COCH3),
as one of the hazardous volatile organic compounds
(VOCs), is generally used as raw materials or
organic solvent in labs or industries [1-3]. However,
it can directly damage the central nervous system,
throat, even kidney and liver [4,5]. Therefore, it is
imperative to accurately monitor concentration of
acetone in the air and decrease the interference from
other VOCs.

Recently, various gas such as
electrochemical [6], solid electrolyte [7], catalytic
combustion [8] and semiconductor metal oxide
(SMO) type [9,10], have been widely used in the
industrial and domestic environment. Among these
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gas sensors, one-dimensional (1D) SMO materials
have drawn much attention due to their direct gas
path, high aspect ratio and low grain boundary
obstacles [11,12].

It is well-known that electrospinning technique,
as one of the most versatile and cost-effective
approaches, is widely used for the synthesis of 1D
materials in large quantities [13—15]. Thus, many
oxides including nickel oxide (NiO) [16], tin
dioxide (SnOy) [17], and tungsten oxide (WOs3) [18],
have been fabricated by electrospinning method for
using as gas sensors. Among the materials, WO3 has
been regarded as one of the fascinating gas sensing
materials due to its high reactivity with various
VOCs. Nevertheless, 1D WOs electrospun nano-
fibers (NFs) have still suffered from poor selectivity
and low response [19].

Thus far, there are all kinds of effective
approaches, such as catalyst decoration,
morphology and microstructure control and doping,
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to improve the gas-sensing performance of 1D
WOs-based materials [20,21]. For example,
ZHANG et al [22] fabricated NiO—WO;3; composite
NFs with different NiO contents via electrospinning
technique followed by calcination process. Their
results demonstrated that the 3mol.%NiO—WO;
NFs possess superior sensitivity. LIU et al [23]
prepared porous WOs nanotubes (NTs) through a
facile scarified template method. Through
introducing an organic compound (3-aminopropyl-
triethoxysilane, APTES) on the surface of WO; NTs,
the as-designed sensor exhibited a highly enhanced
response toward NO,. KIM et al [24] synthesized
catalyst-loaded WO; NFs with the hierarchically
interconnected porosity. Pt nanoparticles (NPs)
were encapsulated in a protein nanocage
(apoferritin), which enabled uniform catalyst
sensitization on the surface of WOs; NFs.
Consequently, the Pt-loaded porous WO; NFs
showed excellent sensitivity and selectivity toward
acetone. The porous and hollow structures
dramatically facilitate the promotion of gas
accessibility and surface area of materials.

Hence, the 1D porous and hollow
NiWO4/WO; (Ni/W) NTs successfully
achieved after complete removal of electronspun
polystryrene (PS) fiber templates by calcination
process. The Pt-decorated Ni/W (Pt@Ni/W) NTs
were fabricated by an ultrasonic method. The
gas-sensing performance of WO;, Ni/W and
Pt@Ni/W NTs was investigated. The results
indicate that the acetone-sensing performance of
Pt@Ni/W NTs is greatly better than that of WOs3
and Ni/W NTs. Additionally, the mechanism of
enhanced gas-sensing properties was explored.
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2 Experimental

2.1 Materials

All reagents were of analytical grade and used
without further  purification. Ammonium
metatungstate  hydrate  (NH4)sH2W12040°xH-0,
AMT), and polystryrene (M=350000) were
supplied by Macklin company. Nickel acetate
(Ni(CH3COOQO);) and N,N-dimethyl formamide
(DMF) were fabricated by Sinopharm Chemical
Reagent Co., Ltd. Polyvinylpyrrolidone (PVP, M,=
10000) was obtained from Aladdin Industrial Inc.
Ethylene glycol (EG) and chloroplatinic acid

hexahydrate (HPtCls:6H,O) were purchased from
Sigma-Alarich. Absolute ethyl alcohol (EtOH) was
produced from Tianjin Fuyu Limited Liability
Company, China.

2.2 Synthesis of NiWO4/WO; nanotubes

The Ni/YW NTs were fabricated by a facile
template method. Firstly, the PS fibers were
prepared using electrospinning technology. 2.2 g PS
was added into 8 mL DMF, forming the precursor
solution. The solution was drawn into a 10 mL
plastic syringe for electrospinning after 12 h stirring.
The constant DC voltage and the nozzle- collector
distance were 15 kV and 20 cm, respectively. Then,
ultralong PS NFs were obtained. Secondly, different
molar ratios of AMT and Ni(CH3COO), were
dissolved into 2 mL deionized water. Subsequently,
the EtOH with different volumes to the 2 mL
deionized (DI) water was added into the above
aqueous solution. Then, the resulting solution was
dropped on the PS fibers until it was fully soaked.
After 120 min, the soaked PS fibers were rinsed
with EtOH and dried at 60 °C for 10 h. Finally, the
dried PS fibers were calcined at 500 °C for 3 h in
air with a heating rate of 2 °C/min. According to the
different molar ratios of Ni to W, the synthesized
NTs were noted as Ni/W-4, Ni/W-5, and Ni/W-6,
respectively. Detailed preparation processes are
shown in Table 1.

Table 1 Preparation conditions of Ni/W NTs with
different molar ratios of Ni to W

Sample Molqr ratio Mass of . Mass of
of NitoW AMT/g Ni(CH3COO),/g
Pure WO;3; NTs 0 0.9700 0.0000
Ni/W-4 NTs 4:100 0.9700 0.0395
Ni/W-5 NTs 5:100 0.9700 0.0494
Ni/W-6 NTs 6:100 0.9700 0.0593

2.3 Preparation of Pt nanoparticles

The Pt NPs with size of 3.5-10 nm were
prepared by the polyol reduction method. At
first, the solvent EG (4.5 mL) was heated to 150 °C.
At the same time, 60 mg of H,PtCls-6H,O was
dissolved into 0.5mL of EG. Then, the
H,PtCls-6H,O/EG was introduced dropwise into the
heated EG using a syringe. In order to control the
morphology of Pt NPs, 0.05 g of PVP in 2 mL of
EG was added into the above solution, and the
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reaction was carried out at 150 °C for 1 h. The
as-prepared NPs were finally cleaned in 35 mL of
acetone. The as-resulting Pt NPs were collected
using a centrifuge (3000 r/min, 5 min), and the
supernatant was discarded afterwards. Finally, the
Pt NPs were cleaned in deionized water four times,
and redispersed in 30 mL of EtOH to get a uniform
dispersion of NPs. The concentration of the
obtained Pt NPs is calculated as about 0.75 g/L.

2.4 Fabrication of Pt-decorated NiWQO4+/WO3

nanotubes

To obtain the Pt@Ni/W NTs, 5.5mg of
Ni/W-5 NTs were dispersed in 300 pL of ethanol
and followed by sonication for 5 min. The
as-prepared Pt-NPs solutions of 75, 150 and 225 pL
were mixed with the above suspension using
sonication for 1 min, respectively. According to the
calculated values, the obtained samples are defined
as 1wt.%Pt@Ni/W-5 NTs, 2wt.%Pt@Ni/W-5 NTs
and 3wt.%Pt@Ni/W-5 NTs, respectively.

2.5 Materials characterization

The morphologies and chemical compositions
of samples were analyzed by scanning electron
microscope (SEM, QUANTA-250 FEG) and
energy dispersive spectrometer (EDS), respectively.
The crystal structures of obtained samples were
characterized by a powder X-ray diffractometer
(XRD, D8-ADVANCE, Bruker Corporation) with a
CuK, (1=0.15418 nm) radiation source. The
transmission electron microscopic (TEM) and
high-resolution transmission electron microscopic
(HRTEM) images were performed on a JEOL
JEM—2100F with an acceleration voltage of 200 kV.
The surface elements were investigated by X-ray
photoelectron  spectroscopy ~ (XPS,  Thermo
Scientific Escalab Xi").
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2.6 Evaluation of gas-sensing performance

The gas sensing performances of the samples
were evaluated using CGS—4TPS apparatus with
Ag—Pd interdigitated electrodes (Beijing Elite Tech
Co., Ltd. of China). The as-prepared samples were
mixed with several drops of deionized water. Then,
they were coated onto the Ag—Pd electrode. To
obtain stable sensor, the electrodes were aged at
200 °C for 2 h. Subsequently, the sensors were
placed in a 1.8 L test chamber to adjust the work
temperature from room temperature to 450 °C.
Finally, the gas responses of sensors were tested
through liquid injection of target gas into the
chamber using micro-syringe. The relative humidity
was regulated ranging from 40% to 45%. The
gas-sensing response value is described as Rair/Rygas,
where R.ir and R, are the resistance of sensors in
air and in target gas, respectively.

3 Results and discussion

3.1 Synthesis of Pt-decorated NiWO4/WQOs3 NTs

using sacrificial template method

Figure 1 presents the fabrication processing of
Pt-decorated NiWO4/WO; NTs. Firstly, the PS
fibers as sacrificial templates were prepared through
electrospinning method (Step I). Then, the
as-collected PS fibers were soaked in the EtOH
solution of Ni/W precursor (Step II). The Ni/W NTs
obtained by calcination of resulting-
nanofibers (Step III). The Pt NPs were prepared by
a facile polyalcohol process. At last, the Pt NPs
were decorated on the surface of Ni/W NTs using
an ultrasonic method (Step IV).

WEre

3.2 Microstructure and chemical analysis
The SEM images of Ni/W-4 NTs are
presented in Fig. 2. It can be found that Ni/W-4 is

AMT/Ni(CH,COO),/

PS NFs

B

Fig. 1 Synthesis schematic illustration of Pt@Ni/W NTs

Pt@NiWO,/WO; NTs
S T -

NiWO,/WO, NTs
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tubular in shape. The wall thickness of Ni/W-4 NTs
varies with the volume ratio of DI water to EtOH.
When the volume ratio of the DI water to EtOH is
1:6 (12 mL EtOH), the Ni/W-4 NTs show rough
surface and relatively uniform diameter in the range
of 1.42—-2.21 um (Fig. 2(a)). And it can be observed
that the PS fiber template has been absolutely
removed, and the wall thickness of NTs is about
400 nm (Fig. 2(b)). Increasing the volume ratio to
1:8, the NTs have a uniform diameter in the range
of 1.39-2.14 um and a wall thickness of 370 nm
(Figs. 2(c) and (d)). Further increasing the volume
ratio to 1:10, the wall thickness is almost
unchanged but the diameter of NTs becomes
nonuniform (Figs. 2(e) and (f)). And some cracks

R ¢
\

on the surface of NTs are observed. According to
the above analysis, it can be known that the
diameter of Ni/W-4 NTs is uniform and the wall
thickness of Ni/W-4 NTs is small when the volume
ratio of DI water to EtOH is 1:8.

Accordingly, the molar ratio of Ni to W was
further adjusted from 4:100 to 5:100 and 6:100 by
keeping the volume ratio of DI water to EtOH at
1:8. Meanwhile, the WO3; NTs were also fabricated
through the same volume ratio as a control sample.
As shown in Fig. 3, it can be found that the WOs3
NTs are composed of uniform nanoparticles
(Fig. 3(a)). When the molar ratio of Ni to W was
increased from 4:100 to 5:100, the diameter of the
Ni/W-5 and Ni/W-4 NTs is 1.39-2.32 um (Fig. 3(b)).

Fig. 2 SEM images of obtained Ni/W-4 NTs prepared with different volume ratios of Ni/W precursor solution to EtOH:
(a, b) 1:6; (c,d) 1:8; (e, f) 1:10

Fig. 3 SEM images of WO3 (a), Ni/W-5 (b) and Ni/W-6 (c) NTs
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Compared with the Ni/W-4 NTs (Fig. 2(c)), the

nanoparticles consisting of the NTs is more uniform.

Further increasing the molar ratio of Ni to W to
6:100, many particles appear on the surfaces of
Ni/W-6 NTs (Fig. 3(c)). The
become loose but it is worth to noting that many

microstructures

nanoparticles agglomerate (Fig. 3(c)). Later, the
morphology transformation resulted from the molar
ratio of Ni to W is also verified by the results of
sensing response of the NTs (Fig. 8(a)).

Hence, to further improve the performance of
Ni/W NTs, the Pt nanoparticles were decorated on
the Ni/W-5 NTs by classical polyol reduction
method. The SEM images of Pt@Ni/W-5 NTs with
various mass fractions of Pt are shown in Fig. 4.
The morphologies of 1wt.%Pt@Ni/W-5 (Fig. 4(a))
and 2wt.%Pt@Ni/W-5 (Fig. 4(b)) NTs are same as
that of Ni/W-5 NTs. Figure 4(c) exhibits that the
3wt.%Pt@Ni/W-5 NTs still retain a tubular
structure but there are some big pores on their
surfaces (Fig. 4(c)). The Pt nanoparticles are too
small to be observed (Figs.4(d,e)) [19,22].
However, the EDS elemental mapping (Fig. 4(f)) of
2wt.%Pt@Ni/W NTs demonstrates the existence of
Pt, Ni, W and O elements and high dispersibility of

Pt nanoparticles.

The crystalline characteristics of 2wt.%Pt@-
Ni/W-5 NTs were investigated by HRTEM. As
shown in Figs. 5(a) and (b), the tubular structure of
sample cannot be observed through TEM image due
to the thick wall of nanotube. The lattice spacings
of 3.67 and 2.86 A are attributed to the (200) plane
of m-WO; and (111) plane of NiWO, crystal,
respectively (Fig. 5(c)), which is also confirmed by
XRD analysis (corresponding to the blue circle of
Fig. 5(b)). Moreover, Fig. 5(d) reveals that the (111)
plane of Pt is identified with the interplanar distance
of 2.28 A, confirming the presence of Pt NPs.

Figure 6 illustrates the XRD results of the
WO3, Ni/W-5 and 2wt.%Pt@Ni/W-5 NTs. All
samples are agreement with the monoclinic WO;
(m-WOs3, JCPDS No. 80-0950). There are three
main characteristic diffraction peaks observed at
260 = 23.12°, 23.58° and 24.37°, which can be well

matched with the (002), (020) and (200) lattice
planes of m-WOs;, respectively [25]. It exhibits
characteristic peaks at 19.2°, 30.9° and 36.6° for
Ni/W-5, which correspond to (100), (111) and
(002) lattice planes of NiWO,
72-0480), respectively [26].

(JCPDS No.

Fig. 4 SEM images of Pt@Ni/W-5 NTs with different Pt contents: (a) 1 wt.%; (b) 2 wt.%; (c) 3wt.%; (d, e) Enlarged

image of (b); (f) Corresponding EDS elemental mapping of (d)
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Fig. 5 TEM images (a, b) and HRTEM images (c, d) of 2wt.%Pt@Ni/W-5 NTs

— Pure WO; NTs
Ni/W-5 NTs
2wt.%Pt@Ni/W-5 NTs

aP(111)

L NiWO,(JCPDS No. 72-0480)
k? 0 Teoe e ? ° 9

Monoclinic WO,(JCPDS No. 80-0950)

20 30 40 50 60 70 80
200(°)

Fig. 6 XRD patterns of WO3;, Ni/W-5 and 2wt.%Pt@-
Ni/W-5 NTs

However, there is a weak characteristic peak at
39.3° corresponding to the (111) lattice plane of Pt
in 2wt.%Pt@Ni/W-5 NTs due to loading of small
amounts of catalysts.

The chemical composition and electronic state
of 2wt.%Pt@Ni/W-5 NTs were tested using XPS
analysis. Figure 7(a) shows the survey scans of the
XPS, confirming the existence of Ni, O, Pt and W

PN g
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elements in the 2wt.%Pt@Ni/W-5 NTs. The fine
spectrum of O 1s is shown in Fig. 7(b), exhibiting a
single asymmetric peak at 530.1 eV. The peak can
be deconvoluted to two oxygen species in the
2wt.%Pt@Ni/W-5 NTs, which are fitted to
approximately 529.3 and 530.4 eV, corresponding
to lattice oxygen (O 1) and surface chemisorbed
oxygen (O 2), respectively [25]. As shown in
Fig. 7(c), the high-resolution spectra of W 4f have
two peaks at 35.7 and 37.9 eV, matching with the
binding energy of W 4f;,, and W 415, respectively,
which resulted from W in WO; and NiWO, [26].
There are two characteristic peaks of Ni 2ps» and
Ni 2pi2 binding energy located at 854.7 and
878.5 eV, respectively, indicating the main form of
Ni?" in the 2wt.%Pt@Ni/W-5 NTs (Fig. 7(d)) [26].
The obtained two characteristic peaks in the Pt 4f
high resolution spectra (Fig. 7(¢)) at 78.6 and
70.1 eV corresponded to Pt 4fsn and Pt 4fy,,
respectively, which demonstrated the existence of
Pt [27]. Furthermore, the existence of weak peak
was estimated at binding energy of 73.6¢V,
illustrating the presence of PtO in small amounts.
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Fig. 7 XPS analysis results of 2wt.%Pt@Ni/W-5 NTs: (a) Full survey spectrum; (b) O 1s; (c) W 4f; (d) Ni 2p; (e) Pt 4f

3.3 Evaluation of gas sensing

Acetone is regarded as one of the most
dangerous VOCs. It is urgent to seek for a
gas-sensing material with high sensitivity and
selectivity ~ toward  acetone.  The  tubular
microstructures of samples are beneficial for the
sensing materials [12,14]. It is widely accepted that
the state of oxygen on the surface of sensing-
materials is extremely vital for surficial interaction
between chemisorbed oxygen species and target

gases, which is temperature dependent. Moreover, it
is very significant to adjust the sensitivity of
materials and even the selectivity by investigating
the operating temperature [25]. Figure 8(a) shows
the relationship between working temperature and
sensing response towards acetone (100x107®) for
Ni/W NTs with different molar ratios of Ni to W
and WOs in the range of 250—400 °C. The WO3 NTs

show lower acetone responses (Rair/Rqas<8.6) at the

entire temperatures. The response of Ni/W NTs was
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Fig. 8 Temperature dependent measurement toward 100x107® acetone of samples with different molar ratios of Ni to W

and Pt contents (a, b, c), dynamic response transients toward 100x107° acetone at 375 °C (d), dynamic resistance

transients toward 100x107° acetone at 375 °C (e), and gas selectivity (f)

greatly enhanced. The Ni/W-5 NTs showed better
acetone-sensing performance at the entire
temperatures than that of Ni/W-4 and Ni/W-6 NTs.
And the Ni/W-5 NTs possess the optimized sensor
response (Rair/Rgss) of 38.2 at 350 °C. To evaluate

the effects of Pt nanoparticles on the temperature-
dependent acetone-sensing performances, the
responses of Ni/W-5 decorated with different
mass fractions of Pt were investigated in the
temperature range of 300—450°C at 100x10°°
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acetone (Fig. 8(b)). The result indicates that the
2wt.%Pt@Ni/W-5 NTs exhibit the highest response
of 63.1 at 400°C. Further comparing the
temperature  dependency of acetone-sensing
characteristics in a temperature range of 300-—
425 °C, the optimum working temperatures of
WOs3, Ni/W-5 and 2wt.%Pt@Ni/W-5 NTs are
determined to be 400, 375 and 400 °C, respectively
(Fig. 8(c)). It can be seen that the 2wt.%Pt@
Ni/W-5 NTs also have the highest response at
375 °C. Additionally, dynamic response transients
toward acetone were also carried out at 375 °C in a
concentration range of (20—-200)x107° (Fig. 8(d)).
The result demonstrates that 2wt.%Pt@Ni/W-5 NTs
exhibit the highest response compared with WO3
and Ni/W-5 NTs at the entire concentrations.
Generally, the higher sensitivity of the sensing
materials possesses the shorter response and
recovery time. Here, the response and recovery time
are defined as the time to reach 90% of the full
response (recovery) value of the sensor. At 375 °C,
the responses of WOs3, Ni/W-5 and 2wt.%Pt@Ni/
W-5 NTs under 100x10°® acetone (Fig. 8(e)) are
calculated as 18, 11 and 7, respectively. And the
recovery time of them is 31, 24 and 19 s,
respectively.

Selectivity of gas sensor materials is also a
critical sensing parameter for accurate detection of
VOCs. As displayed in Fig. 8(f), the selective
response performances of WO3, Ni/W-5 and 2wt.%
Pt@Ni/W-5 NTs were investigated toward various
gases (100x107°) at working temperature of 375 °C.
The results show that 2wt.%Pt@Ni/W-5 NTs
exhibit the dramatically high selectivity toward
acetone (Rai/Rgs=58.4 at 100x107°), which is
5.9-12.3 times higher than those to 100x10°°
ethanol, methanal, methanol, NH; and toluene.
The acetone-sensing response (Rair/Rgas=58.4 at
100x107%) of 2wt.%Pt@Ni/W-5 NTs at 375 °C is
10.6 and 1.53 times that of WO3 and Ni/W NTs.
The WO; shows bad selectivity to various gases.

Based on the above analysis, the sensing
stability of 2wt.%Pt@Ni/W-5 NTs toward 100x107°
acetone was explored at 375°C. It is clear
(Fig. 9(a)) that there is no distinct change of the
response under six-cycle measurement, which
indicates that 2wt.%Pt@Ni/W-5 NTs exhibit the
utmost reproducibility and stability. Figure 9(b)
shows the corresponding response values as a

function of the acetone concentration toward
2wt.%Pt@Ni/W-5 NTs. It could be seen clearly that
the response values increased with the increase of
acetone concentration. In general, the
response and the target gas concentration (C) follow
the Eq. (1) [28]:

S=1+aC’ (1)

sensor

where S and a are named as response (Rair/Rgas) and
the pre-exponential factor, respectively. And b is
named as the surface species charge parameter,
which is usually in the range of 0.5—1 [29]. At a
certain temperature, Eq. (1) can be changed into a
linear formation as

1g(S—1)=blg C+lg a 2)

As shown in the inset of Fig. 9(b), there is a
probably linear relationship between lg (S—1) and
lg C, suggesting that the sensor response of
2wt.%Pt@Ni/W-5 NTs and acetone concentration
follow the Eq. (1).
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Fig. 9 Sensing stability measurement of 2wt.%Pt@-

Ni/W-5 NTs toward 100x10¢ acetone at 375 °C (a), and

corresponding response value as function of acetone

concentration toward 2wt.%Pt@Ni/W-5 NTs (b)
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3.4 Gas sensing mechanism of Pt-decorated

NiWO4/W 03 NTs

Nowadays, there is no overwhelming mode to
reveal the gas chemical sensing performance of
inorganic nanomaterials. It is well acknowledged
that the sensing mechanism of SMO materials is
directly related with the changing resistance that is
caused by the adsorption of oxygen active species
(07, 0O* and 0O;) on the surface of materials [30].
As depicted in Fig. 10(a), when the gas sensors are
exposed to air, the oxygen active species are formed
on the surface of the WOs3 NTs by transferring the
electrons from the conduction band of WOs to
chemisorbed oxygen, which leads to the resistance
increase of sensors due to the generation of an
electron depletion layer near the surface of WOs3
NTs. When some reducing gases, such as acetone,
are introduced to WOs NTs, the adsorbed oxygen
adions can be desorbed via surface reaction with
acetone [31]. Accordingly, many of captured
electrons were released back to the conduction band
of WOs, resulting in a reduction in the resistance of
WOs NTs. When the sensors are exposed to air, the
resistance gets back to the original again.

Herein, 2wt.%Pt@Ni/W-5 NTs exhibit the
superior acetone-sensing performances. As shown
in Fig. 10(b), the tubular structures of samples
facilitate the reaction of surface chemisorbed
oxygen with acetone molecules, and the gas

CH,;COCH
(a) o)

molecules can be diffused rapidly in the sensing
layer. The increase of oxygen absorption species
can cause the widening of electron depletion layer.
Especially, what is really needed to point out that is
the creation of NiWO4/WOs heterostructures. As
shown in Fig. 8(e), the resistances in air of the WO3
and Ni/W-5 NTs are 1.7 and 4.6 MQ, respectively.

Moreover, like Au, catalytic Pt is well-known
chemical sensitizer [32]. Pt can effectively promote
the surface reactions by the spill-over effect, which
resulted in the dramatic decline in the resistance of
sensors during exposure to acetone. Therefore, the
surface reactions to selective detection acetone of
Pt@Ni/W-5 NTs were enhanced.

To clarify the sensing mechanisms, there is a
energy level diagram of 2wt.%Pt@Ni/W-5 NTs
(Fig. 10(c)). NiWO4 and WOs3 are both the n-type
semiconductor [33]. The band gaps (£,) of NiWO,
and WO; are measured to be 2.20 and 2.62 ¢V,
respectively [34]. And the conduction band energies
of NiWO,; and WO; are calculated to be about
—0.45 eV (Ec2) and —0.03 eV (Ec3) [35]. When
NiWO; and WO; are in contact tightly, the
electrons will transfer from the lower work function
to the higher one. Thus, the potential barriers and
energy band bending are constructed near the
interface between NiWO; and WOs;. Similarly, Pt
possesses the highest work function (5.36 eV) in all
metals [35]. When the semiconductors and the Pt

Resistance

heterojunction

After contact

In acetone

P@NiwO0,/ WO,

Fig. 10 Schematic illustration of WO3 NTs (a), enhanced acetone-sensing performance (b), and energy level diagram (c)

of Pt@Ni/W NTs
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NPs are in contact the Schottky barrier will be
established, which means that Pt and WO; can
capture electrons from NiWO,4 when the sensors are
exposed to air. Due to the presence of potential
barriers, the electrons are confined to NiWO,. The
results correspond with the increased resistance of
2wt.%Pt@Ni/W-5 NTs compared with that of the
WOs NTs.

In addition, when the 2wt.%Pt@Ni/W-5 NTs
are exposed to acetone, the adsorption of electron
donor on the surface of sensors will contribute to
the downward bands bending. The resulting electric
field can separate the electron-hole pairs and
facilitate the electron transfer to the donor-
semiconductor interfaces [36]. Thus, the decreasing
potential barriers of sensors promote the electron
migration, thereby leading to the excellent
acetone-response of 2wt.%Pt@Ni/W-5 NTs.

4 Conclusions

(1) The porous Ni/W NTs were prepared using
facile self-assembly on the sacrificial polystyrene
(PS) nanofiber templates followed by calcination
process.

(2) Pt-decorated porous Ni/W NTs with high
sensitivity and selectivity for detecting acetone
were fabricated.

(3) The gas sensing properties of 2wt.%Pt@-
Ni/W-5 NTs showed dramatic improvement toward
acetone.

(4) The 2wt.%Pt@Ni/W-5 NTs possessed the
supreme acetone-sensing performance (Rair/Rgas =
58.4 at 100x107°) at 375 °C, which is 10.6 and 1.53
times that of WO; and Ni/W-5 NTs, respectively.

(5) The enhancement of Pt-decorated porous
Ni/W NTs should be attributed to the formation of
heterostructured NiWO4/WO; and the spill-over
effect of Pt NPs.
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