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ABSTRACT: The on-chip growth and surface-functionalization have been recently
regarded as promising techniques for large-scale fabrication of high performance
nanowires gas sensors. Here we demonstrate a good NO2 gas-sensing performance
of the tungsten oxide nanowires (TONWs) sensors realized by scalable on-chip
fabrication and RuO2-functionalization. The gas response (Rg/Ra) of the RuO2-
functionalized TONWs to 5 ppm of NO2 was 186.1 at 250 °C, which increased up
to ∼18.6-fold compared with that of the bare TONWs. On the contrary, the
responses of the bare and functionalized sensors to 10 ppm of NH3, 10 ppm of H2S
and 10 ppm of CO gases were very low of about 1.5, indicating the good selectivity.
In addition, the TONW sensors fabricated by the on-chip growth technique
exhibited a good reversibility up to 7 cycles switching from air-to-gas with a response
of 19.8 ± 0.033 (to 1 ppm of NO2), and this value was almost the same (about 19.5
± 0.027) for 11 cycles after three months storage in laboratory condition. The
response and selectivity enhancement of RuO2-functionalzied TONWs sensors was attributed to the variation of electron
depletion layer due to the formation of RuO2/TONWs Schottky junctions and/or the promotion of more adsorption sites for
NO2 gas molecule on the surface of TONWs, whereas the good reversibility was attributed to the formation of the stable
monoclinic WO3 from the single crystal of monoclinic W18O49 after annealing at 600 °C.
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1. INTRODUCTION

Tungsten oxide, as an important semiconductor metal oxide,
have a wide range of applications such as electrochromic
devices, photocatalytic, field-emission displays, dye-sensitized
solar cells, optical data storage, and gas sensors.1 Numerous
nanostructures of tungsten oxide have successfully synthesized
make it a great candidate for gas sensors to detect highly toxic
gases.2 High performance gas sensors based on tungsten oxide
nanostructures have been increasingly demonstrated.3,4 Among
nanostructured tungsten oxide, the nanowires (NWs) been
received great attention for gas-sensing applications because of
their unique properties.5,6 For instant, TONWs-based gas
sensors can be effectively functionalized by catalytic nano-
particles on the surface to enhance both the sensitivity and
selectivity likely,7 and they can be used to developed self-
heating gas sensors working at ultralow power consumption.8,9

With regard to the surface-functionalization, TONWs function-
alized with Pd and Pt nanoparticles have been recently reported
for enhanced sensitivity to H2, CH4 and C2H5OH gases.10−12

So far, TONWs for gas-sensing applications could be
prepared through various methods including heat-treatment
of tungsten foil,13 thermal evaporation,14 and wet-chemical
approach.15 Frequently, the gas sensors based on TONWs were

fabricated via the postsynthesis technique, in which TONWs
are synthesized, collected and then coated on prefabricated
electrodes substrates.3,4,10,11 As for the metal oxides NWs gas
sensors, the NWs-NWs junctions play an important role on gas-
sensing performance,16 which could not form naturally on the
electrodes by using the postprocess methods, and this could not
result in as-expected gas-sensing response and stability of the
NWs-based sensors.17 The on-chip growth is one of the most
promising fabrication platforms for NWs gas sensors, which has
been investigated by some research groups16,18−20 and present
authors.21,22 Most of the works demonstrated the on-chip
fabrication technique have focused on SnO2 and ZnO NWs,
but not yet on TONWs. Our recent works reported about
TONWs-based gas sensors23,24 were also not yet applied by the
on-chip fabrication technique. In the present work, we have
developed an effective process for on-chip fabrication of
TONWs via thermal evaporation methods using W film as
seeds layer. As-obtained sensors were measured with NO2 gas
and different operating temperatures. Subsequently, to enhance
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the sensitivity and selectivity to NO2 gas, the TONWs sensors
were functionalized with RuO2 nanoparticles. In the on-chip
fabrication process, TONWs were integrated into electrodes in
a single-step way, so it can minimize the surface contamination
because of the electrode posts’ prefabrication. These NWs
sensors were effectively functionalized with RuO2 for
significantly enhancing NO2 gas-sensing performance. This
method could be used for scalable fabrication of TONWs
sensors with relatively high yield. As-developed sensors can be a
potential candidate for various applications such as air-quality
monitoring (a need of detection of NO2 gas concentrations
from few ppb to ppm), monitoring air pollution of hazardous
environment (a need of gas sensors with good stability) and car
emission control.

2. EXPERIMETAL SECTION
The fabrication procedures for on-chip fabrication of TONWs gas
sensors are shown in Figure 1. An Al2O3 substrate (size 20 mm × 15
mm; thickness 0.25 mm) was scribed by laser to separate into 12 chips
(size 5 mm × 5 mm) as shown in Figure 1c. The substrate were
ultrasonically cleaned with acetone and ethanol for 20 min each
followed by blow drying with nitrogen gas. In step 1, the square-
shaped W seed layers (thickness: ∼20 nm) were deposited by
sputtering through the first shadow metal mask (Figure 1a). In step 3,
the pillar-shaped Pt electrodes (thickness 200 nm) were also deposited
by sputtering through the second shadow metal mask (Figure 1b). As-
obtained substrate contains 12 pairs of Pt electrodes (i.e., 12 sensor
chips) with a gap of ∼1 mm (Figures 1e). In step 3, the TONWs were
then grown on the substrate via thermal evaporation of WO3 powder
source using thermal evaporation setup as previously described.23 The
Al2O3 boat (size the length of ∼10 cm and the width of ∼1 cm) filled

with about 0.3 g of WO3 powder (99.98%, BDH Chemicals Poole
England) and the substrate with 12 sensor chips were loaded in the
middle of a quartz tube (size length of 60 cm and inner diameter of 2.5
cm) as shown in Figure 1g. The TONW is expected selective growth
on the predeposited tungsten layers as described in Figure 1h. Note
that the distance between the boat and the substrate was placed far
away from the boat ∼7 cm. Then the completed quartz tube was
placed in the horizontal tube furnace of the thermal evaporation so
that the boat located in the center of the furnace [the position of
thermal couple, Figure 1g]. After evacuation to ∼10−2 Torr by using a
rotary pump, the reacted quartz tube was filled with Ar gas (99.99%)
to atmosphere pressure and pumped down again to 10−2 Torr (this
step was repeated about 4 or 5 times). After that the furnace was
heated up to 1000 °C in 1 h, and held in 2 h for the NWs growth,
followed by cooling down to room temperature in 4 h to get the
sensor chips. No carrier gas was introduced into the reaction tube. The
pressure increase was caused by the leakage of air into and outgassing
from vacuum components. Hence, the pressure inside the tube was
estimated to be ∼4 Torr. The decorating TONWs with RuO2
nanoparticles was performed through the deposition of a solution
containing the Ru-precursor [Ru(COOCH3)2] using a micropipette
(10 μL), followed by a heat-treatment at 600 °C. Different
concentrations (1, 10, and 100 mM) of the Ru-precursor solution
were used to control the density of RuO2 on the NWs surface in this
investigation. The morphologies of the TONWs were characterized by
field emission scanning electron microscopy (FE-SEM, Hitachi S-
4800, Japan), high resolution transmission electron microscopy
(HRTEM, JEM-3010 HR by JEOL), and an X-ray diffraction (XRD,
Philips Xpert Pro) with a CuKα (wavelength: 0.15418 nm) radiation
source operated at a voltage of 40 kV.

Operational principle of sensors based on the variation in electrical
resistance of devices upon exposure to analytic gas. Therefore, to
evaluate the gas-sensing characteristics of the sensors, the resistance of

Figure 1. On-chip fabrication process of TONWs included: (step 1) sputtering 30 nm W through first metal shadow mask (a) on Al2O3 substrate
(c) to form as catalyst layer (d); (step 2) sputtering Pt through second metal shadow mask (b) to form two pillar electrodes (e); and (step 3) the
growth of TONWs (f, h) using a thermal evaporation setup (g).
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the devices was continuously measured upon time, and the
environmental ambient gas was switched on/off from air to target
gas.23 Measurements of the gas-sensing characteristics were performed
by using flow-through technique with a standard flow rate of 200 sccm
(standard cubic centimeters per minute) for both reference (dry air)
and target gases, at different temperatures (200, 250, and 300 °C), and
to NO2 gas (1−5 ppm) other gases such as NH3 (10 ppm), H2S (10
ppm), and CO (10 ppm). The gas sensor was mounted on a hot-plate
and equipped with two tungsten needles as 2 DC-probes, and the gas-
line was directly exposed to the surface of WO3 NWs sensors.
Configuration of the gas-sensing chamber can be seen in Figure S1
(Supporting Information). Details about the experimental setup for
measuring the gas-sensing characteristics of the sensors were reported
in our previous work.25 The resistance of the sensors was measured by
two-point configuration using a voltage source meter (Keithley 2602)
interfaced with a computer.

3. RESULTS AND DISSCUSION
An optical image of as-sputtered Pt pillar electrodes and as-
fabricated TONWs is shown in Figure 2a and b, respectively.

There are 12 sensor chips were fabricated in one run of thermal
evaporation process. The TONWs were uniformly grown on
the Al2O3 substrate, this demonstrates that this route can be
used to realize TONWs gas sensor on a large scale. The surface
of as-fabricated sensor chips were characterized at selected
positions by FE-SEM and the results are shown in Figure 2c−f.
As can be seen TONWs selectively grown on the area of W
seed layer but neither on Pt electrode nor Al2O3 bare substrate
(Figure 2e and f). As-grown TONWs show a highly porous
structure, and a network NWs is also formed for electron
conduction between the two Pt electrodes (Figure 2d). The
high magnification FE-SEM image shows that tungsten NWs
are several tens of micrometers long and 90−300 nm diameter.
Compared with previous work,23 in which TONWs grown on

W substrate covered on the boat, the morphology of the
TONWs from present work is relatively different. This is
attributed to the use of W layer as seed and the placement at
lower temperature region (the temperature of substrate region
is around 880 °C).
The detail microstructures of as-synthesized TONWs were

characterized by using TEM. Typical TEM image of a TONW
is shown in Figure 3a. The surface of TONWs is quite smooth

and its diameter is around ∼100 nm. The HRTEM image and
corresponding fast Fourier transformation (FFT) of the same
TONW are shown in Figure 3b and 3c, respectively. They
indicate that the TONWs is single crystalline with preferred
growth direction of [100]. The inset in Figure 3b is the
scanning of 10 nm in length along the same TONW, indicating
about 26 planes. This means the lattice fringes of TONW are
around 0.38 nm, which is indexed to be the (010) plane of
monoclinic W18O49.
The XRD characterizations of as-grown TONWs and after

annealing at 600 °C are shown in Figure 4. The diffraction
peaks of as-synthesized TONWs (Figure 4a) can be well
indexed to monoclinic W18O49 phase with unit cell parameters
of a = 18.32 Å, b = 3.784 Å, c = 14.03 Å, and β = 115.20
(JCPDS: 36−0101). In the XRD patterns, the (010) diffraction
peak was the strongest. This result indicates that the [010] is
the dominant growth direction of the NWs that agreed with
TEM characterization. The diffraction peaks of TONWs after
annealing at 600 °C (Figure 4b) the diffraction peaks can be
well indexed to monoclinic WO3 phase with unit cell
parameters of a = 7.297 Å, b = 7.539 Å, c = 7.688 Å, and β
= 90.91 (JCPDS 43-1035). These parameters are consistent
with those reported in previous works.26,27

The growth mechanism of TONWs from the present work is
similar to previous works.14,23 Both W seed layer and WO3
powder source are crucial to ensure the successful growth of
TONWs. To verify this, we have conducted two other

Figure 2. As-obtained TONWs sensors: (a) Al2O3 substrates with
presputtering W layer and Pt electrodes; (b) the TONWs grown on
the Al2O3 substrates; (c) low magnification SEM image of the
TONWs sensors, higher magnification SEM image focused on area
between electrodes (d), Pt electrode (e), and the border between Pt
electrode and NWs (f).

Figure 3. TEM mage of TONWs (a), selected diffraction area (b),
HRTEM image of the NWs and element mapping on a distance of 10
nm corresponding to 26 planes (c).
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experiments without using W seed layer (i.e., the use of bare
Al2O3 substrate) or WO3 powder source (i.e., the use of empty
Al2O3 boat) with keeping other growth parameters, and
TONWs were not observed from the both experiments (data
not show). The results revealed that the TONWs were not
observed on the substrate when the WO3 powder source or the
W seed layer was not used. This is to rule out the possibility of
TONWs grown directly from the oxidation of the W layer as
previous report28 and to convince the necessary of W seed layer
for TONWs growth as previous work.29 We also grew TONWs
with the use of W seed layer with different thickness (10, 20, 30
nm), the as-obtained TONWs were very similar. Although the
seed layer is needed for TONWs growth, the growth
mechanism is unlikely to be the typical vapor−liquid−solid
(VLS) mechanism. This is because seed nanoparticles were not
found at the top or bottom of TONWs as similar as the NWs
grown by VLS mechanism. So the growth mechanism of
TONWs from the present work seems to be VS mechanism as
previous reports.23,29−32 The role of the W seed layer oxidized
by heating under the growth pressure is provided nucleation
site for TONWs growth, and it is promoted by modifying the
adsorption and diffusion characteristics of the substrate surface
to be become a preferential place for adsorbing and trapping of
tungsten oxide vapor.31,32 This suggests that the W seed layer
should be used for selected growth of TONWs.
Before gas-sensing measurements, the as-obtained TONWs

sensor was annealed at 600 °C for 5 h to stabilize the resistance
of the sensors. The gas-sensing response was statically
measured on 12 sensors at the same substrate (Figure 5a),
and their resistance transient responses to 1 ppm of NO2 and at
300 °C are shown in Figure 5b. Because the prototype sensors
did not content the microheater, thus external heater was used
to heat up the sensor to operating temperate. However, to use
these sensors in real environment, the compacted devices which
included the heater, temperate sensors and back side etched to
reduce the power consumption are all under developed in our
laboratory using silicon technology and will be reported
elsewhere. It can be seen that resistance in air and NO2 gas

seems to be in relatively large variation. The resistance in air
(Ra) is in the range from 106 to 439 kΩ. The sensor response
calculated by the ratio of Rg/Ra (Rg is the resistance in gas) is
plotted corresponding to the position of the sensor chips on
the substrate as shown in Figure 5c [rows 1, 2, 3, and 4 and
columns B, C, and D]. It can be seen that the sensor response is
varied in a relatively large range from 1.4 to 3.1. The gas
sensing characteristics of random sensors obtained from four
different fabrication runs were also checked to 1 ppm of NO2 at
temperature of 300 °C to evaluate the reproducibility of the
synthesis process. The variation in response of different sensors
was negligible (see Figure S2, Supporting Information),
indicating the good reproducibility of the devices.
We believe that such large variations in the response and the

resistance of the as-fabricated TONWs sensors can be
improved by using a larger tubular thermal evaporation setup
and a smaller chip-size for large-scale fabrication. Furthermore,
using our synthesis method, it can be scalable fabrication of
sensor chips by silicon microelectronic technology for
improved cost efficiency of the process. The stability of gas
sensors are one of the most important parameters influenced
their reusability that should be taken into account for real-life
application. To verify the stability of the gas response of the on-
chip fabrication sensors, we recorded the sensor response by
cycling between reference air and target gas (1 ppm of NO2) at
300 °C for 7 times (7 cycles) and 11 times (11 cycles) on 3
months later, as shown in Figure 5d. The TONWs gas sensor
exhibited very stable signals for 7 cycles of NO2 gas and air
exposure, and after 3 months, such stability was also observed
for another 11 cycles. A statically analysis of the gas response
before and after 3 months was showed in Figure 5(e). Very
reproducible response with average variation of ∼1.7% (0.033/
1.98) for the 7 cycles was observed. After 3 months,
comparatively, the variation was about ∼1.4% (0.027/1.95)
for 11 cycles. This result might be attributed to the highly
crystalline structure of TONWs and natural formation of the
network NWs on the substrate by using on-chip fabrication
technique. The highly crystalline structure can diminish the
grain growth and degradation under long-term operation at
elevated temperatures and electrical transport as reported in
previous work.33 The NW-NW junctions play important role
for gas-sensing performance of the network NWs sensors, and
the supposed in situ formation of these junctions during
growing NWs are more stable than that of postprocess.
A typical TONWs gas sensor was measured to 1, 2.5, and 5

ppm of NO2 gas at 200, 250, and 300 °C. The transient
resistances and the sensor response as a function of gas
concentration are shown in Figure 6a−c and d, respectively.
The sensor showed stable sensing and recovery characteristics
regardless of the measured temperatures. The sensor responses
to 1−5 ppm at temperature of 250 °C are in the range of from
2.7 to 10, which are higher than that at temperatures of 200 and
300 °C. The response value to 5 ppm of NO2 was around 10.1
at 250 °C, which was decreased to 7.1 and 5.2 at 200 and 300
°C, respectively. Thus, the sensing-temperature of around 250
°C can be considered as an optimum operating temperature of
the present TONWs sensors. This tendency is consistent with
the variation of the NO2 gas response of WO3 NWs gas sensor
in literature,23,34 but such optimum operating temperature is
higher than that of W18O49 NWs gas sensors as reported
works.4,35 Compared with recent works on the NO2 gas sensors
based on TONWs prepared by thermal evaporation and
solvothermal methods,29,35 the NO2 gas-sensing response of

Figure 4. XRD patterns of the as-obtained NWs after growth (a) and
annealing at 600 °C (b).
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the present work is relatively lower. However, the advantage of
the present fabrication route is the cost-effective and facile
method, which can employed to prepare highly crystalline
TONWs network gas sensors on a large-scale. Such low
responses to NO2 gas can be attributed to following reasons: (i)
a buffer layer always exits under the TONWs network film (i.e.,
making a leakage current between electrodes) and (ii) the
average diameter of TONWs is relatively larger compared with
that synthesized via thermal evaporation as reported in
literature.30,31 These issues can be improved by (i) designing
novel structures for the on-chip growth of TONWs gas sensors
such as air-bridged NWs-junctions sensors36 and discrete island
NWs-array network37 and (ii) optimizing synthesized param-
eters to reduce the size of TONWs. Once the gas-sensing
performance of TONWs sensors is improved, the scalable
fabrication route of the present work can be absolutely
employed for mass-production of TONWs gas sensors toward
product commercialization. Because the present sensor
fabrication protocol can be used to develop a large scale
fabrication of TONWs sensors by employing large tube thermal

evaporation system and designing sensor chip size in the range
of μm. Despite that, for large scale production in industrial
process, further study about the homogeneity and reproduci-
bility are needed. To quickly demonstrate enhanced NO2 gas-
sensing response, we have carried out surface-functionalization
of TONWs with the RuO2, which has pronounced one of
promised catalyst oxides for NO2 gas sensors enhancement.

38

The FE-SEM images of bare TONWs and RuO2-functionalized
TONWs (RuO2-TONWs) are shown in Figure 7a and b,
respectively. Compared with bare TONWs, the surface of
RuO2-TONWs had distributive decoration of RuO2 nano-
particles on their surface after heat-treating at 600 °C. To
confirm this finding, the RuO2-TONWs were examined by
XRD and energy dispersive X-ray spectroscopy (EDX) as
shown in Figure 7c and d, respectively. The XRD pattern of
RuO2-TONWs sample exhibited the coexistent phase of WO3
and RuO2 with their typical peaks identified from JCPDS Card
No. 43-1035 and 40-1290. The EDX spectroscopy of the RuO2-
TONWs sample is composed not only W and O elements, but
also Ru one. HRTEM image of the WO3 nanowire decorated

Figure 5. NO2 sensing characteristics of 12 sensors obtained from one-run fabrication: (a) fabricated sensors on Al2O3 substrate, (b) dynamic
sensing transients of the sensors measured at 1 ppm and 300 °C, (c) gas response distribution of the as-fabricated sensors on the chip, (d) dynamic
sensing transient recorded by cycling between air and target gas for 7 times and another 11 times on 3 months later, and (e) statistics on gas
response before and after 3 months.
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with RuO2 nanoparticle is shown in Figure 7e. It is clearly that
the RuO2 nanoparticle with a size of about 10 nm decorates
strongly on the surface of the WO3 nanowire. The RuO2
nanoparticle has a high crystallinity of a single crystal, as
confirmed by a higher magnification HRTEM image (Figure
7f) and the corresponding fast Fourier transform (Figure 7g).
The distance between lattice fringes calculated from the
HRTEM image is about 0.318 nm, this value is consistent
with the interspace of (110) planes of tetragonal RuO2
(JCPDS, 40-1290; d110 = 0.318 nm). The fast Fourier transform
also shows the two bright dots of (110) of single crystal
RuO2.

39

RuO2-TONWs sensor was then measured to 1, 2.5, and 5
ppm of NO2 gas at 250 °C. Figure 8a−c showed the resistance
transient of the RuO2-TONWs gas sensors, in which the
functionalization was conducted by using Ru(COOCH3)2
different solvents with concentration of 1, 10, and 100 mM.
All the RuO2-functionalized TONW gas sensors showed stable
sensing and recovery characteristics at 250 °C. The NO2 gas
response as a function of the gas concentration is shown in
Figure 8d, indicating that all the functionalized sensors have
much better response to NO2 gas compared to bare TONWs
sensor.
The functionalized sensor using Ru(COOCH3)2 solvents

with concentration of 10 mM relatively shows the most
enhancement. The response to 1, 2.5, and 5 ppm of NO2 gas is
in the range from 14 to 188, which is higher than that
compared with the bare TONW sensors. This suggests that the
simple step of RuO2 functionalization can result in a
significantly enhanced NO2 gas response. The gas response
to 5 ppm of NO2 at 250 °C of RuO2-TONWs sensor is
increased by a factor up to ∼18.6-fold. The as-obtained
responses to NO2 gas of RuO2-TONWs sensors are
comparable with some of the highest responses reported in
the literature for TONWs-based gas sensors.3,29,35,40

Figure 6. Dynamic NO2 sensing transient of the TONWs sensors measured at 200 (a), 250 (b), and 300 °C (c). Gas response (Rg/Ra) plotted as a
function of gas concentrations (d).

Figure 7. (a) FE-SEM images of TONWs, (b) FE-SEM images, (c)
XRD pattern, and (d) EDS mapping of RuO2-TONWs; (e, f) HRTEM
images of RuO2-TONWs (10 mM Ru-precursor sample), and
corresponding fast Fourier transform (g) indicated that single crystal
RuO2 nanoparticle was effectively decorated on the surface of
TONWs.
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The gas response of TONWs and RuO2-TONWs sensors
were individually measured with other gases such as NH3, H2S,
and CO at 250 °C to investigate their selectivity, and the results
are shown in Figure 9a. In the bare TONWs sensor, the gas

response value to 5 ppm of NO2 (Rg/Ra = 10.1) at 250 °C is
not much higher than that to 10 ppm of NH3 (Ra/Rg = 1.5), 10
ppm of H2S (Ra/Rg = 2.1), and 10 ppm of CO (Ra/Rg = 1.1)
(black bars, Figure 9a). Thus, the bare TONWs sensor seems
to be difficult for selective detection of NO2 gas in the present
of NH3, H2S and CO gases. In contract, the RuO2-TONWs
sensor exhibited a great selectivity to NO2 gas. The response
value (Rg/Ra) to 5 ppm of NO2 of this sensor at 250 °C was as
high as 186, which is much higher than that to 10 ppm of NH3
(Ra/Rg = 1.3), 10 ppm of H2S (Ra/Rg = 1.4), and 10 ppm of
CO (Ra/Rg = 1.2). The as-obtained selectivity to NO2 gas of
RuO2-TONWs gas sensors from the present work are among

the best achievement for NO2 gas sensors based on various
functionalized metal oxides NWs, such as Co2O4−ZnO NWs,41

Pd-SnO2 NWs,42,43 and Pd−In2O3−NWs.44 The developed
RuO2-TONWs sensors could detect highly toxic NO2 gas at
low concentration of less than 5 ppm, with good selectivity to
NH3, H2S, and CO, thus they are suitable for application in
monitoring of urban air pollution, petrol and metal refining,
and manufacturing industries.
The enhanced the NO2 gas response and the selectivity of

RuO2-TONWs can be attributed by two following mechanisms.
First, the extension of the depletion layer at the neighborhood
of RuO2 nanoparticles (NPs) is due to the formation of
Schottky junction of RuO2/TONWs (RuO2 is metallic
characters45). This mechanism was frequently used to explain
the enhanced gas-sensing performance of various NPs-
functionalized NWs sensors in the literature.10,12,46,47 Second,
the RuO2 NPs decorated on the surface of TONWs provide
more active site for NO2 adsorption because of their acting as
catalyst site. The catalyst active of RuO2 cannot explain based
on the well know spillover effect as usual,10,12,46,47 because this
mechanism promotes more the adsorption of oxygen molecules
(O2

−, O−, O2−), resulting an enhanced gas response to reduced
gases. We have found out that the catalyst active of RuO2 can
be explained based on “NO2-traps” as reported.

48,49 The RuO2

can be more efficiently trapped NO2 and stored as nitrates
(NO3

−). However, we believe that further studies on the RuO2-
TONWs are needed to optimize and to understand the
enhanced NO2 gas-sensing performance. In additionally, the
effect of humidity on the gas-sensing characteristics of the
fabricated sensors was not systematically studied yet. However,
during gas sensing measurement, dry air was used as reference
and carrier gas using the flow-through technique thus we could
ignore the effect of humidity.

Figure 8. Dynamic NO2 sensing transients of the WO3 NWs sensors functionalized with RuO2 using 1 (a), 10 (b), and 100 mM Ru-precursor
solution (c). Gas response (Rg/Ra) plotted as a function of gas concentration (d).

Figure 9. Gas response of bare WO3 and RuO2−WO3 sensors to 5
ppm of NO2 and 10 ppm of NH3, H2S, and CO.
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4. CONCLUSION
In this work, we have fabricated single crystalline tungsten
oxide nanowires sensors by the on-chip growth route using
vapor phase reaction, which shows a facile and scalable
fabrication method. The gas-sensing performance of the 12
sensor chips fabricated from one-run of thermal evaporation
process was investigated. As-fabricated sensors showed
relatively good response to NO2 gas and good stability. The
response and selectivity of the nanowires sensors to NO2 gas
exhibited a great improvement by simply functionalizing with
RuO2 nanoparticles. Both on-chip growth and surface-
functionalization have great potential for development of
novel nanowire gas sensors.
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