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In this work, we report an enhanced nitrogen dioxide (NO;) gas sensor based on tungsten oxide (WOj3)
nanowires/porous silicon (PS) decorated with gold (Au) nanoparticles. Au-loaded WO3 nanowires with diameters of
10 nm-25 nm and lengths of 300 nm-500 nm are fabricated by the sputtering method on a porous silicon substrate. The
high-resolution transmission electron microscopy (HRTEM) micrographs show that Au nanoparticles are uniformly dis-
tributed on the surfaces of WO3 nanowires. The effect of the Au nanoparticles on the NO,-sensing performance of WO3
nanowires/porous silicon is investigated over a low concentration range of 0.2 ppm-5 ppm of NO; at room temperature
(25 °C). It is found that the 10-A Au-loaded WO3 nanowires/porous silicon-based sensor possesses the highest gas response
characteristic. The underlying mechanism of the enhanced sensing properties of the Au-loaded WO3 nanowires/porous sil-

icon is also discussed.
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1. Introduction

Nitrogen dioxide (NO,), often produced in coal, coal oil
or natural gas manufacturing, is a toxic gas that harms the en-
vironment and human health even at extremely low concen-
trations and a sub-ppm level. When the concentration of NO,
is higher than 20 ppm, it is dangerous to the human body and
may cause death. Reliable NO; sensor with high sensitivity,
selectivity and low energy consumption is highly demanded
for environmental safety and industrial control. In recent
years, one-dimensional metal oxide nanocomposites have at-
tracted enormous attention due to their unique electronic prop-
erties, flexible structures and excellent adsorptions. Many re-
cent studies have shown that the important sensing parameters
of one-dimensional metal oxide sensors can be improved by
making them composite ones (e.g., dissimilar metal oxide,!!~¢]
organics,m and other semiconductors[3-! 1]), which opens a
new door to realize smart sensor systems based on nanostruc-
tured materials in the NO, gas sensing industry./ 1213

Tungsten oxide (WO;3), a typical n-type metal ox-
ide semiconductor with a relatively large indirect band gap
of 2.8 eV exhibits promising application potentials in cat-
alytic/photocatalytic processing, humidity and temperature
sensors, biosensors and photonic crystals!'®'° in compar-
ison with their diverse crystal types and also has unique
electrochromic, optochromic and gaschromic properties. In
the research of gas sensor applications, the gas sensitivity
of WOs3 heavily depends on film parameters, such as com-
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position, morphology (e.g., grain size), nanostructure and
microstructure (e.g., porosity, surface-to-volume ratio).2%-2!!
Since one-dimensional tungsten oxides, including nanowires
and nanorods, exhibit high crystallinities and large surface-to-
volume ratios!?>~4l compared with their bulk materials, ex-
tensive efforts have been made synthesize the tungsten oxide
nanostructures and assembled ordered superstructures for de-
tecting NO, gas. Porous silicon (PS), fabricated simply by
electrochemical etching of silicon resulting in periodically ar-
ranged arrays of pores, has been widely used as a scaffold
to synthesize nanowires and nanotubes.!>=28! It is facile to
tune pore diameters and pore spacing by adjusting parame-
ters such as the type of electrolyte, the PH, and the applied
voltage. Therefore, the composites of one-dimensional nano-
materials/PS may have enhancing effects.

The functional properties of the metal oxide-based gas
sensors can be improved not only by tailoring the crystal size
of metal oxides but also by adding noble metal (Pt, Pd, Ag,

etc.).[2932

I Tt was observed that the surface modification of
nanocrystalline metal oxide by noble metal sensitizers reduced
the operating temperatures appreciably and improved the sens-
ing properties towards target gas species. Liu e al.[>3] re-
ported a shape-controlled synthesis of Pd nanocubes on WO3
nanoplates by a solvothermal method, which presented a high
and fast response at room temperature. Liu ef al.3*! also pre-
pared a Pt-WO3 sensor which exhibited a fast response and
recovery as well as a high sensitivity compared with the un-

decorated sensor. Many studies have been performed to fabri-
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cate metal oxide semiconductor materials and to optimize their
detection capability and optimum working conditions. Also,
though WOj3 and Au are investigated intensively in the litera-
ture, not many studies of their properties after mixing and sub-
sequent annealing have been conducted. What we have done
for the first time is to successfully synthesize the Au-loaded
WO3 nanowires on PS substrates.

In this paper, we report a novel synthesis of Au-loaded
WOj3 nanowires/PS composite, which presents good sensitiv-
ity and selectivity. In addition, the NO, sensing characteristics
of this composite are compared with those of unloaded WO3
nanowires/PS. The Au-loaded WO3 nanowires/PS composite
exhibiting an enhanced NO; response may be attributed to the
excellent dispersion of Au nanoparticles on WO3 nanowires
having a very large effective surface area, leading to highly
effective spillover of molecular nitrogen dioxide through Au
nanoparticles onto the WO3 nanowires surface. More impor-
tantly, this work suggests that seeking methods to form com-
posite structures between noble metal and WO3 nanowires/PS
is a promising strategy to improve the performance of gas-
sensing.

2. Experiment

The Au-loaded WO3 nanowires/PS composites were pre-
pared by the following process. First, the PS substrate with
large pore size (1 wm-1.5 pm) was prepared by an electro-
chemical etching method in a Teflon double-cell configura-
tion, which was described in detail in our previous work. 1351
Silicon substrate was designed to be 22 mm x9 mm after
cutting from a p-type (100)-orientation monocrystalline sili-
con wafer with a resistivity of 10 Q-cm-15 Q-cm. The wafer
was placed in an electrolyte solution, which was composed
of a 1:2 volume mixture of 40-wt% hydrofluoric acid and
99.5-wt% N,N-dimethyl formamide (DMF). The etching cur-
rent density and etching time were 100 mA-cm~2 and 8 min,
respectively.[*®] Before the etching process, the Si substrate
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was cleaned necessarily and immersed in hydrofluoric acid
to remove the oxide layer. The etching process was carried
out at room temperature (RT). After etching, all PS samples
were rinsed with ethanol and dried in air. In order to ob-
tain WO3 nanowires/PS composite, a metallic tungsten film
with a thickness of 150 nm was pre-deposited on the PS sub-
strate by DC magnetron sputtering. Subsequently, the sput-
tered PS substrates were placed in the hot zone of a hori-
zontal tube furnace. After the quartz tube was pumped to a
vacuum of 5 x 102 Torr (1 Torr=1.33322x10? Pa), a mix-
ture of argon and oxygen was introduced at rates of 80 sccm
and 0.5 sccm, respectively. Then the tube furnace tempera-
ture increased gradually from room temperature to 700 °C and
was maintained at this temperature for 1 h. The schematic di-
agram for synthesizing the WO3 nanowires/PS composite is
shown in Fig. 1. Then the furnace cooled naturally to room
temperature. Next, the WO3 nanowires/PS composites were
transferred into an ion sputtering chamber. A 3-inch-diameter
(1 inch=2.54 cm) gold disc with 99.995% purity was used as
a sputtering target. The specimen prepared by loading Au lay-
ers with thickness values of 10, 20, and 30 A are referred to
as “10Au-WO3NWs/PS”, “20Au-WO3NWs/PS”, and “30Au-
WO3NWSs/PS”, respectively. Finally, the obtained samples
of Au-loaded WO3 nanowires/porous silicon were further an-
nealed in a muffle furnace at 400 °C for 1 h with a tempera-
ture ramp up/down of 5 °C/min in order to stabilize the WO3
nanowires structure.

The surface morphologies of the samples were investi-
gated by field emission scanning electron microscopy (FE-
SEM, Hitachi S4800).
and Au-loaded WO;3; nanowires were examined by x-ray
diffraction (XRD, RIGAKU D/MAX 2500V/PC, Cu Ko ra-
High-resolution transmission electron microscopy

The phase structures of unloaded

diation).
(HRTEM, Tecnai G2 F20) and energy dispersive x-ray spec-
troscopy (EDXS) were also used to confirm the presence of
Au nanoparticles on WO3 nanowires.

tungsten thin layer/PS WO3 nanowires/PS

quartz tube

Fig. 1. (color online) Schematic diagram for synthesizing WO3 nanowires/porous silicon composite.
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The gas sensing properties of the unloaded and Au-loaded
WOj3 nanowires/porous silicon were measured in a home-
made testing system consisting of a sealed 30-L test cham-
ber, a heating plate with an adjustment range of temperature
from RT to 300 °C, a professional digital multimeter (NUI-T
UT70D), a data acquisition PC, and a stirring mini-fan to pro-
mote the diffusion of the detected gas. Pure target gas was in-
jected into the test chamber directly to obtain the desired con-
centration. The ambient relative humidity is about 35% dur-
ing the entire measurement. The resistance change of the sen-
sors during the whole measurement process was continuously

r.137] The gas sensing response (S)

monitored by the multimete
is given by S = Ry /R,, where R, and R, are the resistances of

the samples in oxidizing gas and air, respectively.

3. Results and discussion
3.1. Structure characterization

Figures 2(a) and 2(b) show the plain view and cross view
SEM images of porous silicon with pore sizes ranging from
1.2 um to 1.5 wm and a vertical thickness of about 14.5 pm on
average. Figures 2(c) and 2(d) show the SEM images of the
unloaded and Au-loaded WO3 nanowires/porous silicon. The
radial nanowires have diameters between 10 nm and 25 nm
and lengths of up to 1 um. In addition, high magnification
SEM image (Fig. 1(e)) indicates that gold nanoparticles are
evenly distributed on the surface of the WO3 nanowires. As
shown in Fig. 1(f), WO3 nanowires also grow randomly inside

a porous silicon structure.

Fig. 2. SEM images of (a) plan view and (b) cross section view of the porous silicon, (c) unloaded WO3 nanowires /porous silicon,
(d) low magnification, (e) high magnification, and (f) corresponding cross-sectional SEM image of Au-loaded WO3 nanowires.

The diffraction spectra of unloaded WO3 nanowires and
Au-loaded WO3 nanowires with different amounts of Au con-
tent are presented in Fig. 3. The inset shows three high mag-
nification peaks. All the diffraction peaks can be well indexed
to the orthorhombic WO3 (JCPDS 20-1324). The Au peaks
can be observed at an angle of around 38.1 of 26 (JCPDS 65-
8601). Moreover, the presence of Au nanoparticles will be
also proved by HRTEM and EDXS.

Figure 4(a) shows the TEM micrograph of Au-loaded
WOs3 nanowires with short-axis and long-axis dimensions
varying in ranges of 15 nm-20 nm and up to 1 pum, respec-
tively. The HRTEM image (Fig. 4(b)) shows a single WO3
nanowire with a cubic crystal structure where the lattice spac-
ings are measured to be 0.359 nm and 0.361 nm along two or-
thogonal directions, respectively. Au nanoparticles, uniformly
dispersed on the surfaces of WO3 nanowires, are mostly spher-
ical with diameters varying in arange of 1 nm-5 nm. The EDX
spectrum (Fig. 4(c)) shows that the atomic concentrations of
C, Cu, W, O, and Au are 33.19%, 19.02%, 12.36%, 33.34%,
and 2.10%, respectively. The Cu and C elements in the EDS

can be attributed to the copper grids. The XRD and SEM re-
sults indicate the successful syntheses of orthorhombic WO3

nanowires.
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Fig. 3. (color online) XRD patterns of Au-loaded WO3 nanowires.
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Fig. 4. (a) TEM and (b) HRTEM images and (c) EDS spectrum of obtained samples.

3.2. Gas sensing properties of NO;

Figure 5(a) exhibits the sensing response curves of the
unloaded and Au-loaded sensors for NO; at different concen-
trations at room temperature. It can be seen that the responses
of these sensors vary with not only the NO, concentration
but also the amount of Au. Besides, the 10Au-WO3;NWs/PS,
which exhibits a much higher response than the unloaded
WO3NWSs/PS prepared by the same method, presents the high-
est gas response (S) 3.357 to 2-ppm NO,. Figure 5(b) shows
the dynamic response of 10Au-WO3NWs/PS to NO; gas with
concentrations ranging from 0.2 ppm to 5 ppm at room temper-
ature. Especially, the gas response to 200-ppb NO» is 1.331,
which suggests that the sensors can be used to monitor the low
concentration of NO; gas.

6 L—=— 10Au-WO;NWs/PS (a)
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Fig. 5. (color online) (a) Sensing performances of unloaded and loaded
WO3NWSs/PS to different concentrations of NO, at room temperature;
(b) dynamic response of 10Au-WO3;NWs/PS.

3.3. NO; sensing mechanism

As has been reported, WO3 is a representative n-type
semiconductor with a surface-controlled sensing mechanism.
The change of resistance is largely dependent on the amount
and the species of chemisorbed oxygen on the surface. Fig-
ures 6(a) and 6(b) show schematic diagrams of a typical resis-
tance change when NO;, molecules are adsorbed and desorbed
on the sensor respectively.

(b) A o

Au nanoparticle

heterojunctio‘n_Meteroj unction

potential barrier

Fig. 6. (color online) (a) Schematic illustration of a network of Au-
loaded WO3 nanowires/porous silicon composite sensor and (b) the gas
sensing mechanism.

The highly distributed Au nanoparticles on the surfaces
of WO3 nanowires facilitate the ion sorption of the oxygen
molecules (O, , O~ 0?7) by the well-known spillover effect

through the following processes: 840!

02 (gas) — Os (ads), ey
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0, (ads)+e~ — O, (ads), (2)
0, (ads)+e~ — 20" (ads), 3)
O~ (ads) +e~ — O~ (ads). (4)

Electrons in the conduction band can be easily captured
by the oxygen species. Therefore, an electron depletion layer
is formed on the WO3 nanowire surface. When NO; gas is in-
troduced into the experimental cavity, it is adsorbed directly on
the surface of the WO3 nanowire and reacts with the adsorbed

O~ (ads) by the following reactions:*!]

NO,(g)+e~ — NO, (ads), 5)
NO; (ads) +0O~ (ads) +2e~ — NO(g) +20?" (ads). (6)

Both reactions take free electrons from the conduction
band of WOj3 resulting in a wider electron depletion layer,
which is supposed to narrow the conducting channel of WO3
nanowire thereby increasing the nanowire surface resistance.
Furthermore, the heterojunction formed at the interface be-
tween WOj3 nanowire and porous silicon should also be taken

(421 The heterojunction prompts the electrons to

into account.
flow from the porous silicon with a low work function to WO3
with a high work function until their Fermi levels equalize,
which creates an electron depletion layer or potential barrier
at the interface and bends the energy band. When NO; gas is
adsorbed, the electrons associated with these charged species
are drawn from the conduction band. As a result, the initial
depletion layer further extends to increase the potential barrier
height of the heterojunction.

The notable phenomenon in Fig. 5(a) is that the response
of the 30Au-WO3NWs/PS sensor is low compared with the
others’. It may be explained as follows: when the catalyst
is added too much, under relatively high anneal temperature
(400 °C), Au particles might be seriously agglomerated, which
leads to the decrease of the total area of the catalyst surface.
As we mentioned above, the reaction between the sensor and
the gas molecules takes place on the surfaces of the additives,
therefore the decrease of the total area of the catalyst surface
will result in the decrease of the response. Within a certain
range, the gas sensitive response decreases with the increase

in gold content.

4. Selectivity

Figure 7 shows gas responses of the sensors based on
10Au-WO3NWs/PS to 2-ppm NO,, 50-ppm NHj3, 100-ppm
ethanol, and 100-ppm acetone at 25 °C. It is clearly seen that
the sensors show the highest responses to NO,. Thus, Au-
WO3NWs/PS may be a promising sensitive material for NO;

detection.

NO, 2 ppm
NH; 50 ppm
ethanol 100 ppm
acetone 100 ppm
0 1 > 3 x

Response (Ry/ R, or R,/ R,)

Fig. 7. (color online) Selectivities of Au-WO3;NWSs/PS at room temper-
ature.

5. Conclusions

In this work Au loaded WO3 nanowires/PS composites
with Au layer thickness values ranging from 10 A to 30 A,
are prepared by the sputtering method. The structures and
morphologies of the WO3 nanowires are investigated by us-
ing XRD, FE-SEM, and TEM. The XRD results show that the
WOj3 nanowires present a well orthorhombic system after the
thermal treatment at 400 °C for 1 h. SEM and TEM analyses
show that Au nanoparticles disperse evenly on the surfaces of
the prepared products. The 10Au-WO3NWs/PS sensor shows
a high response (3.357) and good selectivity to 2-ppm NO; at
room temperature. Therefore the sensor based on WO3 with
a proper Au loading demonstrates a promising process in the

field of gas detection.
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