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a b s t r a c t

One-pot polyol process was combined with the metal organic decomposition (MOD) method to fabricate
a room-temperature NO2 gas sensor based on tungsten oxide and reduced graphene oxide (RGO/WO3)
nanocomposite films. Fourier Transform infrared spectrometer (FTIR), X-ray diffractometry (XRD),
scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to analyze the
microstructure and morphology of the fabricated films. The electrical and NO2 gas-sensing properties of
WO3 to which various amounts of RGO were added were measured in detail as a function of
concentration of NO2 gas at room temperature, to elucidate the contribution of RGO to the NO2 gas-
sensing capacity. The NO2 gas-sensing mechanism of the RGO/WO3 nanocomposite films were explained
by considering their composition and microstructures. The sensor that was based on a nanocomposite
film of RGO/WO3 exhibited a strong response to low concentrations of NO2 gas at room temperature,
satisfactory linearity and favorable long-term stability.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen oxides generated by combustion facilities and auto-
mobiles are known to be extremely harmful to the human body
and are also a main cause of acid rain. Traditional, the detection of
NO2 gas has been carried out by using chemiluminescent or non-
disperse infrared (NDIR) analysis. But these instruments are large,
expensive and need a sampling system and complicated main-
tenance. Therefore, many researchers have been searching for a
suitable NO2 gas sensor for the exhaust monitoring.

Graphene consists of a two-dimensional (2D) array of carbon
atoms that are covalently connected via sp2 bonds to form a
honeycomb sheet [1]. Graphene exhibited intriguing properties
such as high electron mobility at room temperature (250,000 cm2/
Vs), exceptional thermal conductivity (5000 W m�1 K�1), and
superior mechanical properties [2,3]. The electrical properties
make it to be attractive candidates for new materials. Graphene
oxide (GO) sheets have recently become attractive as possible
intermediates in the manufacture of graphene [4]. In GO, carboxyl
groups locate at the carbon sheet edges, and epoxy and hydroxyl
functional groups decorate the surface of carbon sheets [5].
However, the oxygen functional groups of GO render it too
electrically insulating for use as a conductance-based sensors.
Moreover, GO can be chemically or thermally reduced to restore

its conductivity several orders of magnitude by removal some of
oxygen functional groups [6,7]. Therefore, reduced GO (RGO)
exhibited conductive and chemically active defect sites making it
an active material for sensor applications. Moreover, the RGO
sheets have been used for chemiresistive sensors and exhibit great
potential for gas sensing applications [8–12]. Moreover, in order to
improve the sensing performance of these graphene-based sen-
sors, the conducting polymers, metals, and metal oxides have been
anchored on the surface of graphene sheets to improve the
sensitivity of the resultant gas sensors [13–16].

Recently, metal oxide/graphene composite materials have
attracted a great deal of attention due to potential applications
in optoelectronics, energy conversion devices and gas sensors
[1,17,18]. Many methods have been used to prepare metal oxide/
graphene composite materials, including the hydro/solvothermal
method, solution mixing method, the in-situ growth method and
the photoreduction method, all of which have their own advan-
tages and particular conditions of application [17,19–21]. Among
these methods, hydro/solvothermal method is the most widely
used to prepare metal oxide/graphene composite because chemi-
cal bonds form between metal oxides and graphene, which can
improve the electric properties of the composite over those of the
same metal oxides or graphene alone. Recently, composite films
that are based on WO3 nanopowders and graphene have been
reported to be as new gas-sensitive materials to reduce further the
operating temperature and to improve the sensitivity of sensors
based on these materials [22,23]. Yu et al. fabricated WO3

nanorodes/graphene nanocomposites using the hydrothermal
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method for sensing NO2 [22]. Senguttuvan et al. fabricated a more
rapidly responding NO2 gas sensor based on WO3/graphene
nanocomposites that were made by the hydrothermal method
[23]. The sensing characteristics of these WO3/graphene-based
NO2 gas sensors depend on their microstructure, which are
determined by their fabrication process. Most NO2 gas sensors
have been fabricated by synthesizing graphene that is decorated
with WO3 nanomaterial and drop-coating it on a substrate.

Polyol-based synthesis route has been used for preparing nano-
metal oxide materials, because the reaction conditions are easily
established, and yield nano-sized particles in the form of dimen-
sionally stable colloidal suspensions. Briefly, this approach uses a
polyol with a high boiling point, including diethylene glycol,
glycerol, glycol and others, as the reaction medium in the pre-
paration of oxide materials. The polyols act as stabilizers, limiting
particle growth and prohibiting agglomeration. Therefore, suitable
reactants from homogenous solution (metal acetates/chlorides/
alkoxides) are hydrolyzed at elevated temperature, forming nano
metal oxides/precursors in suspension in polyol [24–26]. Addi-
tionally, the metal organic decomposition (MOD) method for
depositing a metal oxide thick film is easily and inexpensively
applied [27,28]. Briefly, a metal alkoxide is spin-coated on a
substrate, and then MOD forms a strongly adhesive and homo-
geneous film of metal oxide. Tsai et al. [29–31] used the MOD
method to prepare a SnO2 film to detect amounts of alcohol and
CO gases. No attempt has been made to fabricate an NO2 gas
sensor that is based on RGO/WO3 nanocomposite films by combin-
ing the one-pot polyol process with the MOD method. Addition-
ally, the pure WO3 film typically must usually be used at
temperatures from 200 to 500 1C [32,33]. To improve the high
resistance and weak response of the WO3 film operating at room-
temperature for practical use, nanocomposite films of RGO and
WO3 were fabricated in this study by such a combination of
methods. These films have the advantages of being highly effec-
tive, inexpensive and suitable for industrial for mass production.
The key step in the fabrication of the RGO/WO3 nanocomposite
film was that the reduction of GO to RGO and the conversion of
WO3 nanoparticles from H2WO4 precursors were produced simul-
taneously in the one-pot polyol approach. The structural charac-
teristics of the RGO/WO3 nanocomposite films were investigated
by X-ray diffraction (XRD) and Fourier Transform infrared spectro-
meter (FTIR). The surface characteristics of the RGO/WO3 nano-
composite films were observed using atomic force microscopy
(AFM) and scanning electron microscopy (SEM). The NO2 sensing
performance of RGO/WO3 nanocomposite films with various
amounts of the RGO loaded into the WO3 matrix was studied as
the function of concentration of NO2 gas at room-temperature.
Differences in the composition and microstructure were adopted
to explain the effect of adding RGO on the sensing mechanism of
the RGO/WO3 nanocomposite films.

2. Experimental

2.1. Preparation of GO

GO was prepared from natural graphite by the Hummers
method [34]. Briefly, 0.5 g graphite powder was reacted with a
mixture of 2 g NaNO3, 12 mL concentrated H2SO4 and 3 g KMnO4;
then 40 mL deionized water (DIW) and 10 mL H2O2 (30%) were
added. The product was filtered and washed with 5% HCl solution
and deionized water to yield a brown power. An exfoliated
aqueous GO dispersion was produced after sonication for 2 h.
The resultant mixture was filtered and washed with DIW by
centrifuging until the solution attained a pH of 6, and was then

sonicated to form a stable suspension of GO in aqueous media. The
resulting aqueous GO solution had a concentration of 0.85 mg/mL.

2.2. Fabrication of gas sensors based on WO3 films

Fig. 1 displays a picture of the structure of NO2 sensors
fabricated on an alumina substrate. The interdigited gold electro-
des were made by screen printing. The electrode gap was 0.2 mm.
Tungstic acid (H2WO4) (3.0 g) (99.9%, 5.59 g/cm3, Merck) was
added to 10 g of glycerol (99.5%, 1.259 g/cm3, Merck) and the
solution was heated to 190 1C for 1 h with vigorous magnetic
stirring. The reaction can be easily followed by observing its
distinctive color changes. Within minutes after the reaction's
reaching 190 1C, the yellow solution turned pale green and then
slowly changed to a deep blue suspension, indicating the forma-
tion of tungsten oxide nanoparticles in glycerol. The blue pre-
cursor was spin-coated on an alumina substrate with a pair of
comb-like electrodes. Then, it was dried by heating to 170 1C in air
for 2 h; MOD was then performed in a furnace at 500 1C for 4 h in
the ambient atmosphere to form a film of WO3. During the MOD
process, the temperature was increased from the ambient tem-
perature to 500 1C at a heating rate of 5 1C/min. Therefore, a gas
sensor based on WO3 film was obtained (Fig. 1).

2.3. Fabrication of gas sensors based on RGO/WO3 nanocomposite
films

The RGO/WO3 nanocomposites were synthesized as follows.
Tungstic acid (H2WO4) (3.0 g) and the required amounts of GO
were added to 10 g of glycerol and the resultant solution was
heated to 190 1C for 1 h with vigorous magnetic stirring. The
solution was continuously stirred until a stable suspension was
obtained. The level of doping with GO was varied among 1.6 wt%,
3.2 wt% or 11.8 wt% (of H2WO4). The RGO/WO3 nanocomposite
films were formed by MOD in the same manner as used in the
fabrication of a gas sensor based on a WO3 film. For fabricating the
RGO/WO3 nanocomposite films, an MOD temperature of 500 1C
was maintained for 4 h.

Gas sensitive film

Alumina substrate

Gold electrode

Wire

Gap size: 250 µm 
Line width: 200 µm

Fig. 1. Structure of NO2 gas sensor.
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2.4. Instruments and analysis

A Fourier Transform infrared spectrometer (FTIR, Nicolet 380)
was used to obtain the IR spectra of the GO and RGO. The surface
microstructure of the WO3 film and RGO/WO3 nanocomposite
films coated on an alumina substrate was investigated using a field
emission scanning electron microscope (FEI company, Nova Nano-
SEM™ 230) quipped with an energy dispersive spectrometer
(EDS) and an atomic force microscope (AFM, Ben-Yuan, CSPM
4000) in tapping mode which the horizontal and vertical resolu-
tion are 0.26 and 0.10 nm, respectively. The XRD powder pattern of
the WO3, GO and RGO/WO3 nanocomposite films were measured
using Cu Kα radiation (Shimadzu, Lab XRD-6000). The electrical
and sensing characteristeristics were measured using a static state
system at room temperature, as shown in Fig. 2. Each sensor was
connected in series with a load resistor and a fixed 5V tension
(DC mode) was continuously supplied to the sensor circuit from a
power supply (GW, PST-3202). The resistance of the sensor was
determined from the voltage at the ends of the load resistor using
a DAQ device (NI, USB-6218) in various concentrations of gas. The
standard NO2, NH3, and H2S gases were purchased from Shen Yi
Gas Co. (Taiwan). The concentration for standard NO2, NH3, and
H2S gases were 100,000, 1000 and 1000 ppm, respectively. The
required various gas concentrations were produced by diluting the
known volume of standard gas with dry air and then were injected
into the chamber. The desired various gas concentrations were
measured using a calibrated gas sensor system (Dräger, Mini-
Warn). The interfering experiment was performed by measuring
the resistance of the sensor exposure to NH3, H2S and H2O gases,
respectively. The volume of the chamber is 18 l. The gas inside the
chamber was uniformly distributed using a fan. After some time,
the chamber was purged with air and the experiment was
repeated for another cycles. All experiments were performed at
room temperature, which was about 23.071.5 1C and the relative
humidity was 40% RH.

3. Results and discussion

3.1. Preparation and structural characteristics of RGO/WO3

nanocomposite films

3.1.1. IR spectra
GO was used as the precursor to prepare the RGO/WO3

nanocomposite was prepared by the one-pot polyol reaction of
H2WO4 in glycerol because that the GO had hydrophilic property
to be homogenously dispersed in a H2WO4 matrix and easily

reduced to RGO. To confirm the feasibility of the polyol method for
reducing GO to RGO in the one-pot polyol synthesis of RGO/WO3

nanocomposite, GO was the first reduced in the absence of H2WO4

in glycol. The IR spectrum of the GO in Fig. 3(a) includs a peak at
3350 cm�1 attributable to the O–H stretching vibration, peaks at
1740 and 1630 cm�1 attributable to the C¼O stretching vibrations,
and a peak at 1357 cm�1 attributable to the deformation of O–H.
The one-pot polyol synthesis process reduced the heights of the
peaks at 1740, 1630 and 1357 cm�1 (Fig. 3(b)), suggesting the
successful reduction of GO in the one-pot polyol reaction. There-
fore, partially reduced GO was formed in the RGO/WO3 nanocom-
posite. Additionally, W(VI) was partially reduced to W(V) in polyol
to yield a deep blue non-stoichiometric precursor because W(VI) is
a moderate oxidizing agent [35]. Therefore, polyol acted as a
reducing agent for W(VI), and GO was simultaneously reduced to
RGO in the one-pot polyol reaction of H2WO4. Additionally, no new
peak was observed from the RGO/WO3 samples, indicating that no
new bonding formed between the RGO and WO3 matrix.

3.1.2. XRD characterization
Fig. 4 shows the XRD spectra of the GO, WO3 film and RGO/

WO3 nanocomposite films that were prepared by the combined
one-pot polyol and MOD method. For GO, a sharp diffraction peak
(002) appears at 10.751, which indicates that most of the graphite
powder was oxidized into GO by expanding d-spacing of 6.70 Å
[36]. The XRD patterns of WO3 film show three main peaks at
2θ¼23.1, 23.6 and 24.31, which are identified as corresponding to
(002), (020) and (200) orientations, respectively. The XRD patterns
showed the formation of monoclinic WO3, as in the Joint

Power supply
PST-3202

DAQ Device
USB-6218

Sensors

Gas in

Gas out

Resistance Socket

PC

Fig. 2. Measurement system for testing gas sensors.
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Fig. 3. IR spectra of (a) GO and (b) RGO was fabricated by one-pot polyol process.
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Fig. 4. XRD patterns of WO3 film and RGO/WO3 nanocomposite films that were
fabricated by one-pot polyol process and MOD at 500 1C for 4 h.
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Committee of Powder Diffraction Standards (JCPDS 00-020-1324)
[37]. For the RGO/WO3 nanocomposite, by increasing the doping
amount of GO in the precursor solution from 1.6 to 11.8 wt%, the
XRD patterns showed no appreciable difference between the
orientations and phases of WO3 and RGO/WO3 samples, probably
due to the reduction of GO by glycerol or RGO was embedded in
the WO3 matrix and so could not be easily detected by X-ray
diffraction. The crystallite size of WO3 and RGO/WO3 samples after
MOD at 500 1C for 4 h was estimated from XRD peaks according to
Scherrer's equation,

D¼ 0:9λ
ðΒ cos θÞ ð1Þ

where D represents mean grain size; B represents the full width at
half maximum of the peak; λ is the wavelength of the X-rays, and θ
is the angle of the center of the peak. The crystallite size was
estimated from the half width of the (200) peak. Table 1 shows the
estimated sizes of the crystallite of the WO3 and RGO/WO3

samples. By increasing the doping amount of GO in the precursor
solution from 1.6 to 11.8 wt%, no appreciable difference between
the crystallite size of WO3 and RGO/WO3 samples was observed.

3.1.3. AFM and SEM analyses
Fig. 5 presents the surface morphology of the WO3 film and

3.2 wt% RGO/WO3 nanocomposite film that were prepared by the
combined one-pot polyol and MOD method, determined using
tapping-mode AFM. The size of each image is 5 μm�5 μm. Both
WO3 film (Fig. 5(a)) and 3.2 wt% RGO/WO3 nanocomposite film
(Fig. 5(b)) exhibited a uniform granular morphology. The surface
roughness of the WO3 film and 3.2 wt% RGO/WO3 nanocomposite
film were 21.2 and 19.2 nm, respectively. Fig. 6 presents SEM
images and EDS spectra of the WO3 film and 3.2 wt% RGO/WO3

nanocomposite film that were prepared by the combined one-pot
polyol and MOD method. Both WO3 film (Fig. 6(a)) and 3.2 wt%
RGO/WO3 nanocomposite film (Fig. 5(b)) exhibited a flat surface.
In Fig. 6(b), a local dark region was clearly observed. Comparing
the EDS spectra of the WO3 film and the 3.2 wt% RGO/WO3

nanocomposite film reveals that the RGO was doped into the
WO3 matrix. Additionally, no naked RGO was present on the
surface of the RGO/WO3 nanocomposite film, even when the
amount of added RGO was 11.8 wt%.

3.2. Electrical and Gas sensing properties of RGO/WO3

nanocomposite films

3.2.1. Effect of RGO content on the electrical properties and sensing
mechanism

The sensor response (S) was calculated by the following
equation:

Sð%Þ ¼ ðRgas�RairÞ
Rair

� 100%¼ ðΔRÞ
Rair

� 100% ð2Þ

where Rgas and Rair are the electrical resistances of the sensor in
the tested gas and air, respectively. Fig. 7 plots the responses of the
sensors that were based on WO3 film and RGO/WO3 nanocompo-
site films that were prepared using various amounts of GO, to

various concentrations of NO2 gas at room temperature. Clearly,
the responses (S) of the sensors that were made of the RGO/WO3

nanocomposite films were significantly stronger than that of the
sensor that was made of the pure WO3 film. When the amount of
RGO added was below 3.2 wt%, the response (S) of the sensors
increased and the concentration of NO2 gas-sensing increased
with increasing the amount of RGO added. However, when the
mass of RGO added was increased to 11.8 wt%, the RGO/WO3

nanocomposite film exhibited a small response (S) in the NO2 gas
range studied. When less than 3.2 wt% of RGO were added, as
described in Section 3.1.3, the surface morphology of the WO3 film
did not obviously differ from that of the RGO/WO3 nanocomposite
film. Additionally, BET analysis reveals that the difference between
the surface area of WO3 and RGO/WO3 films was very small.
Therefore, differences in surface morphology may not be directly
responsible for the improved in the NO2 gas-sensing of the RGO/
WO3 nanocomposite films compared to that of the pure WO3 film.
Therefore, two main effects are proposed to the improvement in
the response (S) of the sensors of the WO3 film doped with RGO.
First, the resistance of pure WO3 film was around 800 kΩ. When
the doping amount of RGO was 1.6 wt%, the resistance of the RGO/
WO3 nanocomposite film was reduced to �98 kΩ. When the
doping amount of RGO was increased to 3.2 wt%, the resistance
of the RGO/WO3 nanocomposite film was reduced further to
�9 kΩ. Therefore, revealing that the added GO was reduced to
conductive RGO which formed new electrical paths in the WO3

matrix in the one-pot polyol reaction. In this situation, a new
conductive path was formed by the embedded RGO, and thus the

Table 1
Crystallite size of RGO/WO3 prepared by one-pot
polyol process combined with MOD at 500 1C.

Sample Crystallite size (nm)

WO3 61.59
1.6 wt% RGO/WO3 61.60
3.2 wt% RGO/WO3 61.61
11.8 wt% RGO/WO3 61.61
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Fig. 5. AFM images of (a) WO3 film and (b) 3.2 wt% RGO/WO3 nanocomposite film
that were fabricated by one-pot polyol process and MOD at 500 1C for 4 h.
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sensitivity of the RGO/WO3 nanocomposite film was better than
that of the WO3 film. When the amount of added RGO was
increased to 11.8 wt%, the amount of added RGO exceeded the
percolation threshold so that the change in conductance of the
sensing material due to adsorption of NO2 gas molecules was not
obvious. Second, the WO3 behaved as an n-type semiconductor,
and RGO behaved as a p-type semiconductor. Therefore, from the
results of XRD and SEM analyses, the WO3 matrix surrounds the
RGO, the p–n hetero-junction that was formed by WO3 and RGO,
as presented in Fig. 8. This hetero-structure was associated with

the co-existence of two depletion layers (and associated potential
barriers). The first depletion layer was located at the surface of the
WO3 film and the second was at the interface between the RGO
and the WO3 film. Therefore, the p–n heterojunctions were
responsible for the fact that the sensor that was based on WO3/
RGO nanocomposite filmwas much more sensitive than that based
on WO3 film [38,39]. Therefore, the RGO/WO3 nanocomposite film
easily detected the gas at room temperature, owing to the effects
of by the combination of the percolation effect and its hetero-
structure.

3.2.2. Gas-sensing properties
Fig. 9 plots the responses (S) of the sensor that was made of the

3.2 wt% RGO/WO3 nanocomposite film to various concentrations
of NO2. The sensor had a response of 16.8% even at a low NO2

testing concentration of 0.5 ppm. Therefore, the NO2 gas sensor
that was made of the RGO/WO3 nanocomposite film that was
doped with 3.2 wt% of RGO was chosen to study further its other

Fig. 6. FE-SEM images and EDS spectra of (a) WO3 film and (b) 3.2 wt% RGO/WO3 nanocomposite film that were fabricated by one-pot polyol process and MOD at 500 1C
for 4 h.

Fig. 7. Response (S) of NO2 gas sensors based on RGO/WO3 nanocomposite films
that were prepared by one-pot polyol process and MOD at 500 1C for 4 h with
various amounts of added RGO, as function of time (s) for various concentrations of
NO2 gas at room temperature.

Depletion layer

Au electrode

Au electrode

n-WO3 film

n-WO3 film

p-RGO

(+)

( )_

Fig. 8. Equivalent cross-sectional views of a NO2 gas sensor based on RGO/WO3

nanocomposite film with hetero-structure (Au/n-WO3/p-RGO/n-WO3/Au).
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gas sensing properties. Fig. 10 plots the response (S) as a function
of concentration of NO2 gas for the sensor that was made of the
3.2 wt% RGO/WO3 nanocomposite film. The sensitivity (ΔS/ΔC) is
determined from the slopes of the plots of response vs. gas
concentration. A steep decrease in the slope was observed at from
5 to 20 ppm of NO2 gas. Therefore, the sensitivity at 0.5 to 5 ppm
NO2 gas was higher than that at 5 to 20 ppm. Fig. 11 plots the
results concerning the interfering effects of NH3 and H2S gases
on the NO2 gas sensor. NH3 and H2S gases may be regarded as
having unobvious interference effects with NO2 at a testing NO2

concentration of 5 ppm. However, NH3 and H2S gases may be
regarded having interference effects with NO2 at a testing NO2

concentration under 1 ppm. Additionally, from the results in
Fig. 11, the sign of the response (S) for the considered adsorbates
can be understood as indicating one of two charge transfer
mechanisms. In this work, NO2 doped the RGO/WO3 film with
holes, while NH3 and H2S doped it with electrons. Accordingly, the
prepared RGO/WO3 film exhibited the electrical behavior of an n-
type semiconductor. During the sensing process, the adsorption of
electron-withdrawing NO2 molecules compensates for the hole
carriers in the n-type RGO/WO3, causing the electrical resistance of
the RGO/WO3 nanocomposite film to increase with concentration
of NO2. The electrical resistance of the RGO/WO3 nanocomposite
film decreased when the film was exposed to NH3 and H2S gases
because NH3 and H2S are electron-donating gases. Fig. 12 plots the
effect of ambient humidity on the response (S) of the NO2 gas0 10000 20000 30000 40000 50000

0

500

1000

1500

2000

Time (s)

0.5 ppm

1 ppm

2.5 ppm

5 ppm

10 ppm

15 ppm
20 ppm

S 
(Δ

R
/R

ai
r) 

(%
)

0 2000 4000 6000 8000 10000
0

20

40

60

80

100

Fig. 9. Response (S) of NO2 gas sensors based on 3.2 wt% RGO/WO3 nanocomposite
film, as function of time (s) for various concentrations of NO2 gas at room
temperature.
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RGO/WO3 nanocomposite film that was fabricated by one-pot polyol process and
MOD at 500 1C for 4 h in 5 ppm of NO2.
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sensor at a testing NO2 concentration of 5 ppm. The response (S) of
the NO2 gas sensor decreased as the ambient humidity increased,
because the physisorbed water occupied the active sites of the
sensing materials. Fig. 13 plots the real-time response of the NO2

gas sensor at a testing concentration of NO2 of 5 ppm. The
response of the sensor increases significantly when the NO2 gas
was introduced into the chamber. However, we did not observe
the saturated state of the NO2 gas sensor, even when the exposure
time was prolonged to 10 min. Additionally, two gas on/off cycles
produced similar responses, indicating that the NO2 gas sensor
exhibited excellent reproducibility even when the exposure time
was prolonged to 10 min. Therefore, we defined the exposure time
of about 10 min as the effective response time for the NO2 gas
sensor. The recovery time is defined as the time required for the
sensor to recover 90% of the decrease in resistance after the sensor
is exposed to a dry gas. The recovery time of the NO2 gas sensor
was 18 min at a testing concentration of NO2 of 5 ppm. Fig. 14 plots
the long-term stability. The response (S) of the NO2 gas sensor did
not significantly vary for at least 45 days in a testing NO2

concentration of 5 ppm. Table 2 compares the NO2 gas sensing
properties of the NO2 gas sensor proposed herein with those of
sensors in our previous work [39] and elsewhere in the literatures
[22,23]. The response of the NO2 gas sensor that was proposed
herein was stronger than that of the NO2 gas sensor that was
fabricated by the hydrothermal method. Additionally, the NO2 gas
sensor that was made of RGO/WO3 nanocomposite film exhibited
higher response than that of the NO2 gas sensor made of
MWCNTs/WO3 nanocomposite film because that the RGO had
high electron mobility, favoring the transport process of electron
easily in the RGO/WO3 nanocomposite film at room temperature
[2]. However, the response/recovery times of the NO2 gas sensor
that was proposed herein were longer than that of the NO2 gas
sensor that was fabricated by the hydrothermal method, perhaps
because the former sensor had a compact sensing-film.

4. Conclusions

RGO/WO3 nanocomposite film was fabricated on an alumina
substrate by combining the one-pot polyol process with the MOD
method. It was found that the introduction of RGO was effective
for increasing the conductance of RGO/WO3 nanocomposite film
especially at low concentration of NO2 gas. Therefore, the response
of the RGO/WO3 nanocomposite film to NO2 gas increased dra-
matically when a few RGO was added to the WO3 film. However,
the amount of RGO added exceeded the percolation threshold, no
variation in response versus concentration of NO2 gas was clearly
observed.

The NO2 gas sensor that was based on a RGO/WO3 film that was
doped with 3.2 wt% of RGO responded more strongly than any of
the tested sensors that were based on such films with different
degrees of doping. The NO2 gas sensor was very sensitive with

acceptable linearity (Y¼171.34 X–58.9; R2¼0.9794) between
0.5 and 5 ppm, good reversibility and long-term stability (at least
45 days) when used at room temperature. NH3 and H2S gases may
be regarded as having unobvious interference effects with NO2 at a
testing NO2 concentration of 5 ppm. Ambient humidity signifi-
cantly affected the NO2 gas sensor. The response and recovery
times were 9 and 18 min, respectively.
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