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a b s t r a c t
A novel NO2 gas sensor has been constructed using Ag nanoparticles-SnO2 nanoparticles-reduced
graphene oxide (AgNPs-SnO2 -rGO) hybrids as sensing materials. AgNPs-SnO2 -rGO hybrids were prepared by a two-step wet-chemical method. Firstly, SnO2 -rGO hybrids were synthesized by hydrothermal
treatment of aqueous dispersion of GO in the presence of SnCl4 . Then, AgNPs-SnO2 -rGO hybrids were
obtained by in situ reduction of AgNO3 on the surface of SnO2 -rGO hybrids. The combined characterizations of UV–vis spectroscopy, X-ray diffraction (XRD), energy-dispersive X-ray spectrometer (EDX),
elemental mapping, X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM)
and Raman spectra were used to investigate the structure of AgNPs-SnO2 -rGO hybrids. Most importantly, the sensor based on AgNPs-SnO2 -rGO hybrids exhibits good sensing performance for NO2 sensing
operating at room temperature. For example, the response time and recovery time of the sensor based on
AgNPs-SnO2 -rGO hybrids for 5 ppm NO2 are 49 s and 339 s, which are much shorter than that of SnO2 -rGO
hybrids (415 s and 740 s), indicating that the sensing performances for NO2 sensing at room temperature
have been tremendously enhanced by introduction of AgNPs into SnO2 -rGO hybrids.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
It is well known that nitrogen dioxide (NO2 ) is a common toxic
and harmful gas, and NO2 primarily comes from burning fuel at high
temperature and exhaust of motor vehicle. The increase levels of
NO2 in cities cause dramatic environmental pollution as well as
severe damages on human respiratory tract [1,2]. The detection of
NO2 is thus of great importance in both environmental protection
and human health. Therefore, the development of high performance detection techniques for detection of NO2 has important
scientiﬁc signiﬁcance and application value.
Up to now, numerous techniques have been successfully developed for detection of NO2 , such as metal oxide semiconductorbased gas sensors, solid electrolyte-based gas sensors, optic ﬁber
and surface acoustic wave (SAW) devices [3–6]. Among them, metal
oxide semiconductor-type NO2 gas sensors have attracted much
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interest, due to their good sensing performances including high
response, fast response and recovery rate. The good sensing performances could be attributed to unique properties of metal oxides,
such as high surface-to-volume ratio, tunable surface defects,
abundant active sites and so on. Indeed, the typical metal oxides
including WO3 , ZnO, SnO2 , In2 O3 have been successfully used for
fabrication of NO2 gas sensors [7–10]. However, these sensors are
always operated at high temperature, resulting in high power consumption and difﬁculty in integration. Therefore, development of
NO2 sensors operating at room temperature has important practical signiﬁcance.
Graphene is a typical two-dimensional sheet of sp2 -hybridized
carbon atoms nanostructure, which exhibits excellent chemical and
physical properties, such as high speciﬁc surface area, high thermal
stability, good mechanical strength, good electronic conductivity, carrier mobility at room temperature, etc. [11–13]. Hence,
graphene has been considered as a promising sensing material
for gas detection at room temperature [14,15]. Although various
NO2 sensors have been successfully constructed by using reduced
graphene oxide (rGO)-based materials as sensing materials, the relatively poor performances such as low response, long response time
and recovery time should be further improved. It is well known that
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the response of rGO-based gas sensors is attributed to the interaction between NO2 molecule and active sites (mainly defect) in
rGO [16]. Thus, the response (or sensitivity) is subjected to the
amount of defects in rGO. Unfortunately, the relatively low content of defects in pure rGO results in poor response (or sensitivity)
for NO2 sensing, which have been further conﬁrmed by Huang’s
report that the porous rGO exhibits higher response to NO2 than
that of conventional rGO [17]. The long response time and recovery time are related to interaction between NO2 molecules and
high-energy binding sites (such as vacancies, defects, and oxygen
functional groups), and the thermal energy of rGO is usually insufﬁcient to overcome the activation energy for desorption, leading to
slow response and recovery rate [18].
To overcome these problems, modiﬁcation of rGO-based materials with metal oxides has been proven as an effective method
for enhancing NO2 sensing performances. During the past few
years, different n-type metal oxides (SnO2 , ZnO, WO3 ) and ptype metal oxides (Co3 O4 , Cu2 O) have been successfully used for
modiﬁcation of rGO, which exhibit better sensing performances
for detection of NO2 at room temperature than that of pure rGO
[19–22]. The modiﬁcation of rGO with metal oxides could enhance
sensing performances, which may be attributed to the following
three important factors: (i) the tailoring of the surface active sites
[23], (ii) increasing the speciﬁc surface area [24], and (ii) the heterojunction formed at the interface between n-type metal oxide
(such as SnO2 , ZnO, WO3 ) and p-type rGO [24,25].
Among all the rGO-metal oxide hybrids, SnO2 modiﬁed rGO
nanocomposites have attracted much attention because SnO2
materials are promising materials for detection of gases at relatively high operating temperature. For example, Lee et al. have
prepared SnO2 nanoﬁbers loading rGO nanosheets by electrospinning method for detection of NO2 at 200 ◦ C [25]; Marichy et al.
have fabricated SnO2 -rGO heterostructures for detection of NO2 at
150 ◦ C [26]; Neri et al. have examined sensing behavior of SnO2 /rGO
nanocomposites for detection of NO2 at 200 ◦ C [27]. Although good
sensing performances are observed by addition of SnO2 into rGO
matrix, relatively high operating temperature is required for detection of NO2 . Alternatively, the high carrier mobility ensures that rGO
also a good candidate for fabrication of gas sensor operating at room
temperature. For instance, Mao et al. have reported that the sensor based on SnO2 nanocrystals-rGO shows a low detection limit
(1 ppm) with the sensitivity of 1.11 to NO2 at room temperature
[28]; Cui et al. have synthesized indium-doped SnO2 nanoparticles
on rGO for NO2 detection at room temperature with low concentration detection (1 ppm) [29]; Liu et al. and Li et al. have developed
novel NO2 sensors using 3D graphene supported SnO2 as sensing
materials for detection of NO2 at room temperature [30,31]. It is
obviously seen that these efforts have been devoted to enhancing
the sensing properties of rGO-based materials by introduction of
SnO2 materials. However, the sensors based on SnO2 -rGO still have
more or less disadvantages, such as low sensitivity, long recovery
times, high operating temperature, etc.
Recently, we have fabricated NO2 sensors using SnO2 -rGO
hybrids as sensing materials. Although the sensors exhibit better sensing performances than that of rGO, the sensors are also
required heating (operated at 50 ◦ C) for detection of gases [32].
In spite of these reports, developing rGO-based high-performance
gas sensors for detection of NO2 at room temperature is indeed
necessary. More recently, we have developed a new strategy for
improvement of sensing performances toward NO2 detection by
introduction of multiwalled carbon nanotubes (MWCNTs) into the
SnO2 -rGO hybrids, paving the pathway for enhancing sensing performances of rGO-based NO2 sensors by preparation of ternary
rGO-based hybrids [33].
On the other hand, introduction of noble metals into metal
oxide-based sensing materials has been widely used for the

improvement of gas sensing performances at high operating
temperature, where the noble metals exhibit as catalysts for dissociation of gas molecules into more reactive species, thereby
enhancing the gas sensitivity [34,35]. Recent researches have
shown that introduction of Ag nanoparticles (AgNPs) into the
MWCNTs/SnO2 hybrids could enhance the NO2 sensing performances at room temperature, which is attributed to the “electronic
sensitization” mechanism [36]. Furthermore, the introduction of
Ag NPs into the sensing materials for detecting NO2 could also
increase electronic conductivity and catalytic activity, which are
other important factors for improvement of sensing performances
[37,38].
In this paper, we focused on the fabrication of a novel NO2 sensor based on AgNPs-SnO2 nanoparticles-rGO (AgNPs-SnO2 -rGO)
hybrids, where the enhancing sensing performances toward NO2
detection at room temperature is observed by introduction of Ag
NPs into SnO2 -rGO hybrids. The gas sensing performances have
been examined in detailed and the results indicate that the NO2
sensors based on AgNPs-SnO2 -rGO exhibit better sensing performances than that of SnO2 -rGO hybrids in the absence of Ag NPs.
2. Experimental
2.1. Materials
SnCl4 ·5H2 O, KMnO4 , H2 O2 (30 wt%), NaNO3 , H2 SO4 (98%),
AgNO3 and sodium citrate were purchased from Beijing Chemical Corp (Beijing, China). Graphite powder was purchased from
Aladdin Ltd. (Shanghai, China). All chemicals were used without any
further puriﬁcation. The water used throughout all experiments
was puriﬁed through a Millipore system.
2.2. Preparation of SnO2 -rGO hybrids
GO was prepared from natural graphite powder by a modiﬁed Hummers’ method [39]. The SnO2 -rGO hybrids were prepared
according to our previously reported publication [32].
2.3. Preparation of AgNPs-SnO2 -rGO hybrids
The AgNPs-SnO2 -rGO hybrids were prepared by deposition of
Ag NPs on the surface of SnO2 -rGO hybrids using sodium citrate
as reducing agent. In a typical run, 16 L of 0.5 M AgNO3 aqueous
solution and 10 mL of 1% sodium citrate solution were introduced
into 1 mL of SnO2 -rGO aqueous dispersion. The resulting mixture
was heated to 100 ◦ C and kept at this temperature for 1 h. Finally,
the products were collected by centrifugation and washing several
times with water for the purpose of the removal of impurities. The
resulting precipitates were dispersed in water for characterization
and further use.
2.4. Fabrication of gas sensors
The sensing performances of the sensors were carried out on
microstructure electrodes, and a scheme to illustrate the structure
of the sensor was shown in Fig. 1a. Fig. 1b shows the photographs of
the signal electrode and heating electrode, respectively. The sensors
were obtained by drop-coating method by dropping the aqueous
dispersion of sensing materials onto the ceramic substrate coated
with two pairs of Au electrodes. The photograph of a single gas
sensor constructed in this work is shown in Fig. 1c.
The gas sensing properties of sensors were measured using a
CGS-8 intelligent test meter (Beijing Elite Tech. Co., Ltd., China). Saturated target vapor was injected into a test chamber (about 1 L in
volume) by a microinjector through a rubber plug. The gas sensing
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Fig. 2. UV–vis absorption spectra of aqueous dispersion of GO (blue line), SnO2 -rGO
hybrids (red line) and AgNPs-SnO2 -rGO hybrids (black line). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

Fig. 1. (a) A schematic illustration of the NO2 sensor, (b) the photographs of the electrodes on NO2 sensors, (c) the photographs of the sensors coated with the sensing
material.

properties of the samples were determined under speciﬁc conditions (relative humidity was about 25%). The response of a sensor
was deﬁned as the ratio (response: S = Ra /Rg ) of the sensor resistance in air (Ra ) to that in the target gas (Rg ). The time taken by the
sensor to achieve 90% of the total resistance change was deﬁned as
the response time in the case of adsorption and recovery time in
the case of desorption.
2.5. Characterizations
Powder X-ray diffraction (XRD) data were recorded on
a RigakuD/MAX 2550 diffractometer with Cu K␣ radiation
( = 1.5418 Å). UV–vis spectra were obtained on a UV-2450
Spectrophotometer. Transmission electron microscopy (TEM) measurement was made on a HITACHI H-8100 electron microscopy
(Hitachi, Tokyo, Japan) with an accelerating voltage of 200 kV.
The morphology of the samples was observed by ﬁeld emission
scanning electron microscopy (FE-SEM) on a JSM-6700F electron microscope (JEOL, Japan). Field emission scanning electron
microscope (FE-SEM) equipped with an energy-dispersive X-ray
spectrometer (EDX) was performed on a XL 30 ESEM FEG. X-ray
photoelectron spectroscopy (XPS) analysis was measured on an
ESCALABMK II X-ray photoelectron spectrometer using Mg as the
exciting source. Raman spectra were obtained on J-YT64000 Raman
spectrometer with 514.5 nm wavelength incident laser light.
3. Results and discussion
Fig. 2 shows the UV–vis absorption spectra of aqueous dispersion of GO, SnO2 -rGO hybrids and AgNPs-SnO2 -rGO hybrids,
respectively. The UV–vis spectrum of the GO exhibits two characteristic bands at 230 nm and 305 nm, which are attributed to the
electronic –* transitions of C C aromatic bonds, and the n–*
transitions of C O bonds [40]. It is seen that SnO2 -rGO hybrids
show a broad absorption peak between 250 nm and 300 nm, after
hydrothermal treatment of GO and SnCl4 , which is attributed to
the strong absorption of SnO2 nanoparticles [41]. Furthermore,
a strong absorption band at 408 m is observed on AgNPs-SnO2 rGO hybrids, which is attributed to the surface plasmon of AgNPs,
indicating the formation of AgNPs [42]. Additionally, a band at
260 nm is also observed on AgNPs-SnO2 -rGO hybrids, which is associated with the rGO obtained by reduction of GO [42]. All these

observations indicate that AgNPs-SnO2 -rGO hybrids have been successfully prepared by the two-step method in this work.
The structure of the AgNPs-SnO2 -rGO hybrids was further
examined by the XRD technique. Fig. 3a shows the XRD patterns of
GO, SnO2 -rGO hybrids and AgNPs-SnO2 -rGO hybrids, respectively.
It is seen that GO exhibits a strong diffraction peak at 2 of 10.68◦
attributed to (0 0 2) diffraction of GO, indicating the formation of GO
by Hummers’ method from graphite powder [40]. The XRD pattern
of SnO2 -rGO hybrids shows four highly broadened peaks at 2 of
26.46◦ , 33.48◦ , 51.54◦ and 65.40◦ , which are attributed to the (1 0 0),
(1 0 1), (2 1 1) and (1 1 2) planes of tetragonal rutile SnO2 , indicating
the formation of SnO2 crystals, which is the same to our previous
report on preparation of SnO2 -rGO hybrids [32]. It is also found that
the peaks attributed to SnO2 are also observed for AgNPs-SnO2 -rGO
hybrids, indicating the presence of SnO2 . Furthermore, compared
to XRD pattern of SnO2 -rGO hybrids, four diffraction peaks at 2
of 38.22◦ , 44.38◦ , 64.52◦ and 77.48◦ are observed for the AgNPsSnO2 -rGO hybrids, which are indexed as (1 1 1), (2 0 0), (2 2 0) and
(3 1 1) diffractions of face-centered cubic crystal of Ag [43]. These
observations further indicate the successful preparation of AgNPsSnO2 -rGO hybrids.
It is well known that XPS measurement has been proven as
an effective technique to examine elemental composition and
chemical status for functional materials, especially for rGO-based
materials. Thus, the AgNPs-SnO2 -rGO hybrids were characterized
by XPS technique. Fig. 3b shows the Sn3d spectrum of AgNPsSnO2 -rGO hybrids. It is seen that two strong peaks at 487.3 and
495.75 eV are observed, which are attributed to binding energy
of Sn3d3/2 and Sn3d5/2 , respectively, indicating the formation of
SnO2 [32]. Fig. 3c shows the Ag3d spectrum of AgNPs-SnO2 -rGO
hybrids. It is well known that metallic Ag3d peaks are centered
at 373.9 and 367.9 eV [44] and Ag+ exhibits two peaks at 375.8
and 369.6 eV [45]. In the present work, AgNPs-SnO2 -rGO hybrids
show the Ag3d peaks at 374.5 and 368.5 eV, suggesting that there
are both metallic Ag and Ag+ adsorbed on the AgNPs-SnO2 -rGO
hybrids [46]. Based on the Ag3d XPS spectra, the content of Ag+
in the hybrids is relatively low, and the formation of Ag+ could be
associated with the oxidation of Ag metal in air. Furthermore, it
has been proven that the C1s XPS spectrum is an effective method
to estimate the reduction level for chemical reduction of GO. C1s
spectrum of AgNPs-SnO2 -rGO hybrids (Fig. 3d) exhibits three peaks
at 284.8, 286.5 and 288.4 eV, attributed to the C C, C O and C O
bands in rGO-based materials [47]. Compare to the high intensity
of oxygen-containing groups such as C O, and C O bands (data
now shown), the intensity of C C band is much higher than that
of oxygen-containing groups, indicating the successful reduction
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Fig. 3. (a) XRD patterns of GO (blue line), SnO2 -rGO hybrids (red line) and AgNPs-SnO2 -rGO hybrids (black line), (b) Sn3d XPS spectrum, (c) Ag3d XPS spectrum and (d) C1s
XPS spectrum of AgNPs-SnO2 -rGO hybrids. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

of GO by the hydrothermal synthesis process. All these observations indicate the successful formation of SnO2 and reduction of
GO by hydrothermal treatment process and deposition of Ag NPs
on SnO2 -rGO hybrids.
Fig. 4a shows the TEM image of AgNPs-SnO2 -rGO hybrids. It is
seen that the hybrids exhibit typical plat morphology attributed
to the presence of rGO. Compared to pure rGO, the hybrids consist of numerous nanoparticles on the surface of rGO, indicating
the formation of SnO2 nanoparticles on the rGO, further conﬁrmed by corresponding higher magniﬁcation TEM image (Fig. 4b).
Fig. 4c shows the high magniﬁcation TEM image of AgNPs-SnO2 rGO hybrids, revealing two kinds of nanoparticles with different
particle size are observed on rGO, which is different from our previously reported SnO2 -rGO hybrids [32]. The high resolution TEM
(HR-TEM) image of AgNPs-SnO2 -rGO hybrids is also examined to
illustrate the structure of the nanoparticles, as shown in Fig. 4d. The
large size nanoparticle exhibits the lattice fringes with interplanar
spacing of 0.235 nm corresponding to the (1 1 1) planes of Ag, indicating the formation of AgNPs, while the small size nanoparticle
shows lattice distance of 0.33 nm ascribed to the (1 1 0) plane of
SnO2 , indicating the preparation of SnO2 nanoparticles. Based on
the HR-TEM results, the particle sizes of AgNPs and SnO2 nanoparticles are 12–15 nm and 4–5 nm, respectively. All these results
further support the synthesis of AgNPs-SnO2 -rGO hybrids.
Fig. 5 shows the elemental compositions of the as-synthesized
AgNPs-SnO2 -rGO hybrids investigated by EDX and elemental mapping. The presence of various well-deﬁned peaks of C, O, Ag and
Sn conﬁrms the formation of high purity AgNPs-SnO2 -rGO hybrids.
To conﬁrm the distribution of C, O, Ag and Sn onto the lattice surface, elemental mapping of the area was carried out as shown in
Fig. 5a and b and the results are depicted in Fig. 5c–f. The analysis
shows that C, O, Ag and Sn are distributed homogeneously over the
whole material, which further conﬁrms the formation of AgNPsSnO2 -rGO hybrids. Based on the results of EDX, the composition of

AgNPs-SnO2 -rGO hybrids is Ag 4.80%, C 20.75%, O 28.07% and Sn
46.37%.
It is well known that Raman spectroscopy is an efﬁcient technique to investigate the structure of rGO-based materials, and thus
the structure of rGO-based materials thus obtained was further
characterized by Raman spectroscopy. Fig. 6 shows Raman spectra
of GO, SnO2 -rGO hybrids and AgNPs-SnO2 -rGO hybrids, respectively. It is reported that rGO-based materials exhibit a D band
at about 1356 cm−1 and a G band at about 1600 cm−1 , which are
attributed to a breathing mode of k-point photons of A1g symmetry and the ﬁrst order scattering of the E2g phonon of sp2 C
atoms, respectively [48]. Although all the samples exhibit D band
and G band, there are some obvious differences. Firstly, the intensities of D band to G band (ID /IG ) of AgNPs-SnO2 -rGO hybrids
(0.92) and SnO2 -rGO hybrids (0.93) are higher than that of GO
(0.84), where ID /IG is involved in the -conjunction extent and
concentration of defects. The increasing intensity of ID /IG indicates the successful reduction of GO by hydrothermal treatment
of GO [49]. Additionally, the increase of ID /IG could be attributed
to the decrease in the sp2 carbon domain and a high concentration
of defects caused by an increase in vacancies, grain boundaries,
amorphous carbon species, as well as SnO2 nanoparticles inserted
between rGO sheets [31]. The increased ID /IG intensity ratio AgNPsSnO2 -rGO hybrids may be related to an increase in the degree of
disorder of the GO matrix, in part due to chemical bonds between
the carbon matrix and AgNPs [50]. Secondly, the G band of the
SnO2 -rGO hybrids (1623 cm−1 ) shows an obvious red-shift compared to that of GO (1614 cm−1 ), which indicates the p-type doping
effect between SnO2 nanoparticles and rGO nanosheets. The ptype doping effect of SnO2 -rGO reveals the electronic interaction
between SnO2 nanoparticles and rGO nanosheets to construct a
three-dimensional electron network [51]. Finally, enhanced Raman
bands were observed for AgNPs-SnO2 -rGO hybrids compared to the
other samples, which is attributed to the surface-enhanced Raman
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Fig. 4. (a, b) Low magniﬁcation, (c) high magniﬁcation, and (d) HR-TEM images of AgNPs-SnO2 -rGO hybrids.

scattering activity of AgNPs by electromagnetic and charge transfer
mechanisms [50].
In this work, two-step wet-chemical synthesis method has
been developed to prepare AgNPs-SnO2 -rGO hybrids. Firstly, a
hydrothermal synthesis process is performed by heating the aqueous solution containing GO and SnCl4 in an autoclave at 180 ◦ C for
12 h. During the hydrothermal process, two reactions were carried out: (i) GO was reduced into rGO, which has been reported
by the other researchers [52]. (ii) SnCl4 was conversed into SnO2
nanoparticles along with production of HCl, which has been used
for preparation of SnO2 nanoparticles [53]. As we have known, GO
is also a good support for depositing inorganic nanoparticles, and
thus SnO2 -rGO hybrids are obtained by this hydrothermal process.
Secondly, in situ reduction method was used for preparation of
AgNPs-SnO2 -rGO hybrids. It is well known that sodium citrate is
an effective reducing agent for preparation of AgNPs by reduction
of AgNO3 under heating condition [54]. Furthermore, SnO2 -rGO
hybrids are also an excellent substrate for preparation of rGO-based
materials. Thus, AgNPs-SnO2 -rGO hybrids are successfully prepared by reduction of AgNO3 in the presence of SnO2 -rGO hybrids.
The schematic illustration for the synthesis of AgNPs-SnO2 -rGO
hybrids is shown in Scheme 1.
To demonstrate the sensing application of SnO2 -rGO hybrids
and AgNPs-SnO2 -rGO hybrids, NO2 sensors were fabricated by
dropping the dispersion onto the electrode as shown in Fig. 1.
Fig. 7 shows the response and recovery curves to 5 ppm NO2 of the
sensor based on AgNPs-SnO2 -rGO hybrids and SnO2 -rGO hybrids
at room temperature. It is seen that the response of the sensor
based on AgNPs-SnO2 -rGO hybrids is 2.17, which is higher than
that of SnO2 -rGO hybrids (1.31), indicating the enhancing sensing
response by introduction of AgNPs. The response time and recovery time of the sensor based on AgNPs-SnO2 -rGO hybrids are 49 s
and 339 s, respectively, which are shorter than that of SnO2 -rGO

hybrids (415 s and 740 s). All these observations indicate that the
sensing performances of the SnO2 -rGO sensor have been strongly
enhanced by addition of AgNPs, which may be attributed enhancing more active sites for the adsorption of gaseous molecules and
tuning the surface of rGO matrix composites group and semiconductor performance, further improving the sensing properties of
rGO-based NO2 gas sensor.
To examine the effect of the thickness for sensing materials
on sensing performance, three sensors with different thicknesses
(0.16, 0.49 and 1.02 m) were fabricated and their NO2 sensing
performances were researched. The thickness of the sensing layer
on the response of the gas sensor to NO2 gas is also examined
and shown in Fig. S1. It is seen that the sensor with a thickness
of 0.49 m shows the highest response (2.17), which was used for
further investigation.
Fig. 8a shows the responses of the AgNPs-SnO2 -rGO hybrids
operated at room temperature versus concentrations of NO2 . It
is seen that the responses rapidly increase with increasing the
concentrations of NO2 from 1 to 100 ppm. The responses increase
more slowly with increasing the concentrations ranging from 100
to 500 ppm, indicating that the adsorption of NO2 by AgNPs-SnO2 rGO hybrids has almost reached the saturation. Fig. 8b shows
the response and recovery curve of the sensor based on AgNPsSnO2 -rGO hybrids to various NO2 concentrations ranging from
1 to 10 ppm, where the responses are 1.26, 1.70, 2.17 and 2.65,
respectively, indicating that the NO2 sensor thus constructed can
be used detection of NO2 with a wide concentration ranges. A linear
ﬁtting curve of the sensor response versus the NO2 concentration
in the range of 1–10 ppm is exhibited in Fig. S2 where the correlation coefﬁcient R2 of the ﬁtting curve is 0.87. Fig. 8c shows the
reproducibility of temporal response of AgNPs-SnO2 -rGO hybrids
exposed to 5 ppm NO2 at room temperature. It is seen that the sensors maintain its initial response amplitude upon three successive
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Fig. 5. The typical EDX spectrum and elemental mapping of the AgNPs-SnO2 -rGO hybrid.

sensing tests to 5 ppm NO2 , indicating that the AgNPs-SnO2 rGO hybrids possess good repeatability. All these observations
indicate that AgNPs-SnO2 -rGO hybrids are good candidate for
development of high performance NO2 sensor operating at room
temperature.
Furthermore, the stability of the sensor for detection of NO2 is
also examined. Fig. S3a shows response of the AgNPs-SnO2 -rGObased sensor to 5 ppm NO2 for successive 15 day. It is seen that the

response of the fabricated AgNPs-SnO2 -rGO-based sensor ﬂoats
slightly within 5% of its initial value after 15 day. The response and
recovery curve of the sensor based on AgNPs-SnO2 -rGO hybrids
to 5 ppm NO2 in the 15th day is shown in Fig. S3b revealing no
obvious change of sensing properties, compared to the sensor
test in the 1st day (Fig. 7a) The observed results reveal that
AgNPs-SnO2 -rGO-based sensor exhibits good stability, which is
very important for practical applications.

Scheme 1. Schematic illustration of the synthesis of AgNPs-SnO2 -rGO hybrids.
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Fig. 6. (a, b) Raman spectra of GO (black line), SnO2 -rGO hybrids (red line) and
AgNPs-SnO2 -rGO hybrids (blue line). (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)

The selectivity of the sensor based on AgNPs-SnO2 -rGO hybrids
toward NO2 is also examined. Fig. 8d shows the response of AgNPsSnO2 -rGO hybrids at room temperature to 5 ppm of various gases,
including NO2 , NO, Cl2 , NH3 , and C2 H2 . It is seen that the response
of the sensor to NO2 is much higher than that of other gases. This
is because NO2 molecule tends to interact with the active sites
on rGO through its electron-deﬁcient N atom, which enhances the
electron-withdrawing ability of the oxygen functional groups [55].
In addition, the introduction of AgNPs into the SnO2 -rGO hybrids
for detecting NO2 could also increase electronic conductivity and
catalytic activity, which are important factors for improvement of
the sensitivity. Although Ag is also a good catalyst for C2 H2 , the
AgNPs-SnO2 -rGO hybrids exhibit poor response to C2 H2 , which
may be attributed the low operating temperature in the present
work. Additionally, the effect of relative humidity (RH) on the sensing performance is also examined. As shown in Fig. 8d by increasing
the relative humidity from 22%RH to 95%RH, no obvious response
is observed, indicating the good anti-interference of AgNPs-SnO2 rGO hybrids toward water molecules. It is well known that both
NO2 and H2 O are strong electron acceptors, which could enhance
the concentration of hole in rGO after adsorbed by rGO, resulting
in decreasing the resistance for gas sensing. However, the unmatching adsorption energy between H2 O and rGO results in poor
response of rGO-based sensors to H2 O [56]. Furthermore, based
on the theoretical calculation and the experimental data, the rGObased gas sensors exhibit excellent selectivity toward NO2 gas.
This phenomenon is attributed to the suitable adsorption energy
between NO2 molecule and rGO materials. All these observations
indicate that AgNPs-SnO2 -rGO hybrids exhibit high selectivity for
NO2 sensing.
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Furthermore, the effect of annealing temperature on the sensing performances is also examined. Fig. S4 shows the response and
recovery curve of the sensor based on AgNPs-SnO2 -rGO hybrids
to 5 ppm NO2 after annealing at 400 ◦ C for 2 h. Although a obvious response to NO2 is also observed after annealing, poor sensing
performances are observed, compared to the hybrids without
annealing. For instance, the sensor shows low response (1.92),
long response time (324 s) and recovery time (1442 s). This may
be attributed to the loss of surface area by annealing, leading
to decreasing the rate for absorption and desorption of NO2 gas.
Furthermore, the effect of operating temperature on the sensing
performances is also examined. Fig. S5 shows the response and
recovery curves of the sensor based on AgNPs-SnO2 -rGO hybrids
to 5 ppm NO2 operating at various temperatures ranging from
30 to 70 ◦ C. It is seen that the responses decrease with increasing the operating temperature, which is similar with our previous
report [32]. Additionally, the response time and recovery time also
decrease with increasing the operating temperature.
Furthermore, the effect of annealing temperature on the sensing performances is also examined. Fig. S4 shows the response and
recovery curve of the sensor based on AgNPs-SnO2 -rGO hybrids
to 5 ppm NO2 after annealing at 400 ◦ C for 2 h. Although an
obvious response to NO2 is also observed after annealing, poor
sensing performances are observed, compared to the hybrids without annealing. For instance, the sensor shows low response (1.92),
long response time (324 s) and recovery time (1442 s). This may
be attributed to the loss of surface area by annealing, leading
to decreasing the rate for absorption and desorption of NO2 gas.
Furthermore, the effect of operating temperature on the sensing
performances is also examined. Fig. S5 shows the response and
recovery curves of the sensor based on AgNPs-SnO2 -rGO hybrids
to 5 ppm NO2 operating at various temperatures ranging from
30 to 70 ◦ C. It is seen that the responses decrease with increasing the operating temperature, which is similar with our previous
report [32]. Additionally, the response time and recovery time also
decrease with increasing the operating temperature.
It is well known that the gas sensing performances of rGO
materials can be enhanced by modiﬁcation with metal oxide
nanoparticles. The sensing performances of the NO2 sensor based
on AgNPs-SnO2 -rGO hybrids were also compared with the previously reported NO2 sensors based on rGO-based materials, as
shown in Table 1. The response of AgNPs-SnO2 -rGO hybrids to NO2
is higher than that of Cu2 O-rGO [22] and In2 O3 -rGO [57]. Although
the response of AgNPs-SnO2 -rGO hybrids to NO2 is lower than that
of WO3 -rGO [20] and Co3 O4 -rGO [21] at room temperature, the
sensor in this work exhibits shorter response time and recovery
time. Furthermore, the sensing performances of the sensor based on
AgNPs-SnO2 -rGO hybrids are also compared with pure SnO2 -based
NO2 sensors. Most of the SnO2 -based NO2 sensors are operated at

Fig. 7. (a) The response recovery curves to 5 ppm NO2 of the sensor based on (b) SnO2 -rGO hybrids and (c) AgNPs-SnO2 -rGO hybrids at room temperature.
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Fig. 8. (a) The responses of AgNPs-SnO2 -rGO-based sensor to different concentrations of NO2 at room temperature, (b) response and recovery curve of the sensor based on
AgNPs-SnO2 -rGO hybrids to various NO2 concentrations of 1 ppm, 3 ppm, 5 ppm, 10 ppm at room temperature, (c) The reproducibility of temporal response of AgNPs-SnO2 rGO hybrids exposed to 5 ppm NO2 at room temperature, and (d) the selectivity of the sensors based on AgNPs-SnO2 -rGO hybrids toward 5 ppm gases, including NO2 , NO,
Cl2 , NH3 , C2 H2 and H2 O (different relative humidity) at room temperature.

high operating temperature [9], and thus the huge advantage of the
AgNPs-SnO2 -rGO hybrids-based NO2 sensor is low operating temperature. To satisfy the practical applications for detection of NO2
operating at room temperature, additional work is also required
to further enhance the sensing performances of NO2 sensor based
on AgNPs-SnO2 -rGO hybrids. For example, the sensor in this work
exhibits shorter response time and recovery time at room temperature, compared to the previously reported rGO-based sensors.
It is well known that the recovery time is related to the intimate
chemical interactions between the sensing materials and adsorbed
gas molecules [58]. For rGO-based sensors, and the recovery time
can be shorten by heating the sensors at high temperature [18]
or irradiation the sensors by the UV light [59]. In addition to the
possible damage to the rGO ﬁlm structure, irradiation and heating
treatments are time- and energy consuming, which contributes to
increased associated costs. Another possible technique to decrease
the recovery time is chemical doping of boron or nitrogen in rGO.
Insertion of such heteroatom (such as N, and B) could tune the
electronic properties of rGO. Meanwhile, the physical and chemical properties of rGO are also altered by the introduction of doped
atoms, which could be extremely useful for enhancing the performance of gas sensors [60]. Indeed, Niu et al. have reported that the
response time and recovery time of the sensor based on N and Si

co-doped graphene for 21 ppm NO2 are 68 s and 635 s, where the
short recovery time is attributed to the introduction of doped atoms
[61].
The sensing mechanism of the sensor based on AgNPs-SnO2 -rGO
hybrids toward the detection of NO2 is also discussed. First of all, the
most important factor for good sensing performances is the presence of rGO. The superior electrical properties of rGO, such as high
carrier mobility at room temperature, and detectable change in
their resistance after adsorption or desorption of guest gases, contribute to application of AgNPs-SnO2 -rGO hybrids for NO2 sensing
at room temperature.
The improvement of sensing performances, especially compared to SnO2 -rGO hybrids, is attributed to the tuning the structure
of sensing materials by introduction of AgNPs into SnO2 -rGO
hybrids and the possible reasons for enhancing sensing performances may be proposed as follows: (i) the introduction of AgNPs
increases the electron transfer rate of sensing materials. As shown
in Fig. 9, the AgNPs-SnO2 -rGO hybrids exhibit much larger slope
than that of SnO2 -rGO hybrids, indicating the low resistance of
AgNPs-SnO2 -rGO hybrids, which is also conﬁrmed by response
and recovery curve shown in Fig. 7, (ii) the introduction of AgNPs
also effects the porous structure of sensing materials. Fig. S6
shows N2 sorption isothermals and pore size distribution curves of

Table 1
Comparison of sensing performances of our proposed NO2 sensor with other published NO2 sensors based on metal oxide-rGO hybrids at room temperature.
Materials

Concentration (ppm)

Operating temperature (◦ C)

Response

Response time and recovery time (s/s)

Ref.

WO3 -rGO
Co3 O4 -rGO
Cu2 O-rGO
In2 O3 -rGO
AgNPs-SnO2 -rGO

5
60
2
5
5

RT
RT
RT
RT
RT

769%
80%
67.8%
37.81%
2.17

540 s/1080 s
–/no recovery
–/–
–/–
49 s/339 s

[20]
[21]
[22]
[57]
This work
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Fig. 9. Representative I–V curves for rGO (blue line), SnO2 -rGO (red line) and AgNPsSnO2 -rGO (black line). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

SnO2 -rGO hybrids and AgNPs-SnO2 -rGO hybrids. The BET surface
area of SnO2 -rGO hybrids is 212 m2 /g, which is higher than that of
Ag-SnO2 -rGO hybrids (91 m2 /g). Notably, the pore size of AgNPsSnO2 -rGO hybrids is 3.2 nm, which is larger than of SnO2 -rGO
hybrids (2.1 nm). The relatively large pore size could increase the
adsorption and desorption rate of NO2 molecules, which may be
another factor for enhanced the sensing performances of AgNPsSnO2 -rGO hybrids. (iii) The introduction of AgNPs leadings to
formation of new heterojunctions between the various components in sensing materials. In the case of SnO2 -rGO hybrids, p-n
heterojunction is formed between n-type SnO2 and p-type rGO,
which could increase the electron transfer rate during the detection
process. In the case of AgNPs-SnO2 -rGO hybrids, the introduction of AgNPs, a typical noble metal, could result in formation of
nano-Sttocky contact between Ag metal and the p-type rGO or ntype SnO2 . (iv) The enhanced sensing performances obtained by
the “electronic mechanism” and “chemical mechanism” due to the
introduction of AgNPs. The “electronic mechanism” proposes the
formation of depletion zones around the SnO2 particles by addition
of AgNPs attributed to the modulation of the nano-Schottky barriers, thereby improving the surface reactivity at low temperature.
An alternative “chemical mechanism” proposes that the AgNPs
activate and dissociate of molecular oxygen, whose atomic products then diffuse to the SnO2 support by the spill-over effect. This
process greatly increases both the quantity of oxygen that can
repopulate vacancies on the SnO2 surface and the rate at which
this repopulation occurs, resulting in a greater (and faster) degree
of electron withdrawal from the SnO2 at lower temperature [36].
(v) The catalytic activity of AgNPs could also enhance the gas sensing performances. AgNPs could tailor the surface active sites over
the surface SnO2 -rGO hybrids, which could enhance the adsorption
and desorption of NO2 gas owing to the high catalytic or conductive
nature of Ag [62].
The sensing process of AgNPs-SnO2 -rGO-based sensor for NO2
is possibly proposed as follow. In this work, the components of
the hybrids are comprised of p-type rGO, n-type SnO2 and noble
metal Ag. When AgNPs-SnO2 -rGO hybrids are exposed to air, the
oxygen molecules are adsorbed on their surface and electrons captured from the conduction band of SnO2 nanoparticles to form the
ﬁrst depletion layer (O2− , O2 − or O− ). The second depletion layer is
formed by p-n junction at the interface of n-type SnO2 and p-type
rGO in the hybrids. The modulation of resistance of the sensors by
formation of p-n junction between n-type SnO2 and p-type rGO
is another important factor for enhancing the sensitivity for NO2
sensing. In fact, the experimental observation of the conductivity decrease of the rGO sensor after SnO2 nanoparticles decoration
suggests the formation of a hole depletion layer of the p-type rGO
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near the interface with n-type SnO2 . In addition, the introduction of
AgNPs could result in formation of nano-Sttocky contact between
AgNPs and p-type rGO or n-type SnO2 . The AgNPs can dissociate and
chemisorb O2 under atmospheric conditions. Thus, electron depletion zones form around AgNPs by oxygen adsorption. The work
function of these regions is higher than that of SnO2 nanoparticles
[36], which result in the forming nano-Schottky barriers at the AgSnO2 interface, leading to an electron transfer from SnO2 and rGO
to AgNPs.
It should be noted that the formation of p-n junction between
SnO2 and rGO plays an important role in improving the sensing
performance for rGO-based sensors. Scheme 2 shows a scheme to
illustrate the mechanism for formation of p-n junction of SnO2 -rGO
hybrids. As reported in the previous publication, since work functions of n-type SnO2 and p-type rGO are about 4.55 and 4.75 eV,
thus electrons will ﬂow from SnO2 to rGO, establishing the holedepletion region [28]. This phenomenon is also the similar with
the sensors based on MWCNTs/SnO2 hybrids [63]. The sensing
mechanism for NO2 sensing based on SnO2 -rGO hybrids could be
described as follows: When the sensor based on SnO2 -rGO hybrids
is exposed to NO2 , the gas molecules could attract the electrons
from SnO2 -rGO hybrids, which leads to electron transfer from the
SnO2 -rGO hybrids to surface adsorbates NO2 . The adsorption of NO2
on SnO2 -rGO hybrids leads to NO2 − . The process induces electrons
ﬂow from SnO2 to rGO, leading to the increasing hole density. It
ﬁnally results in a rapid decrease of the resistance and higher sensitivity. Moreover, NO2 directly adsorbs onto SnO2 -rGO hybrids and
react with O2 − (the stable oxygen ions are O2 − below 100 ◦ C [64])
and generate NO3 − [55]. It is well known that the effects of the
p-n heterojunctions between SnO2 and rGO would play an important role, but the attachment of SnO2 nanoparticles onto the rGOs
also leads to more active sites (such as defect sites and functional
groups) for the absorption of NO2 molecules.
In this work, the experimental data indicate that AgNPs-SnO2 rGO hybrids exhibit as a typical p-type semiconductor for detection
of NO2 . By putting the sensor into NO2 atmosphere, the adsorbed
oxygen (O2− , O2 − or O− ) on the SnO2 surface will interact with
NO2 gas molecules, resulting in transferring electron from hybrids
to NO2 molecule. Thus, the concentration of hole in the hybrids
increases after adsorption of NO2 , leading to decreasing the resistance of hybrids. By putting the sensor into air atmosphere for
sensor recovery, the NO2 molecules are desorbed from hybrids,
along with returning the electron back to hybrids. Thus, the concentration of hole in the hybrids decreases and the resistance of
the sensor increases. However, the exact sensing mechanism of
AgNPs-SnO2 -rGO hybrids for detection of NO2 is not completely
understood at present time and requires further study.
Furthermore, the improvement of response and recovery rate
of AgNPs-SnO2 -rGO-based sensor compared to SnO2 -rGO-based
sensor may be attributed to the following reasons: (i) The relatively large pore size of AgNPs-SnO2 -rGO hybrids could increase
the adsorption and desorption rate of NO2 molecules. (ii) The
introduction of AgNPs could result in formation of nano-Sttocky
contact between Ag metal and the p-type rGO or n-type SnO2 .
This all could increase the electron transfer rate during the detection process. (iii) AgNPs could activate and dissociate of molecular
oxygen. This process greatly increases both the quantity of oxygen that can repopulate vacancies on the SnO2 surface, resulting
in a greater (and faster) degree of electron withdrawal from the
SnO2 at a lower temperature. Furthermore, this process could also
increase the electron transfer rate. (iv) The catalytic activity of
AgNPs could also enhance response and recovery rate of AgNPsSnO2 -rGO hybrids. Because AgNPs could control the surface active
sites over the SnO2 -rGO hybrids surface, which could enhance the
adsorption and desorption of NO2 gas owing to the high catalytic
or conductive nature of Ag.
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Scheme 2. A scheme to illustrate the mechanism for formation of p-n junction of SnO2 -rGO hybrids.

4. Conclusions
[13]

In summary, a new NO2 sensor has been successfully fabricated
by using AgNPs-SnO2 -rGO hybrids as sensing materials, which have
been prepared by hydrothermal synthesis method. The gas sensing
results indicate that the introduction of AgNPs into the SnO2 -rGO
hybrids signiﬁcantly enhanced the NO2 sensing performances at
room temperature, compared to SnO2 -rGO hybrids. Our present
study is of importance because it provides a new sensing material for fabrication of high-performance room temperature NO2
sensors.
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