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a b s t r a c t
The development of graphene-based room temperature gas sensors has drawn massive attention due
to their unique advantage of gas sensing at room temperature. In this paper, in pursuit of developing high-performance graphene-based gas sensors, a NO2 gas sensor has been successfully fabricated
using sulfonated reduced graphene oxide (S-rGO) anchoring with SnO2 nanoparticles as sensing materials. The SnO2 nanoparticles modiﬁed S-rGO (SnO2 /S-rGO) hybrids were prepared by deposition of SnO2
nanoparticles on the surface of S-rGO through hydrothermal synthesis method. The combined characterizations of X-ray diffraction, UV–vis spectroscopy, X-ray photoelectron spectroscopy, transmission
electron microscopy, energy-dispersive spectroscopy, as well as N2 sorption isotherm indicate the successful preparation of SnO2 /S-rGO hybrids with porous structure. Most importantly, SnO2 /S-rGO hybrids
exhibit good sensing performances for detection of NO2 at room temperature, such as high response, fast
response and recovery rate, and good selectivity. The sensor based on SnO2 /S-rGO hybrids exhibits better
sensing performances than the previously reported rGO-based gas sensors. Furthermore, the excellent
sensing performances of sensor based on SnO2 /S-rGO also render it suitable for development of high
performance gas sensors operated at room temperature.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Since the ﬁrst discovered in 2004, graphene has been attracted
considerable attention due to its excellent chemical and physical properties, which ensure its wide applications in the ﬁelds of
energy conversion and storage, adsorption and separation, catalysis, sensing, electronic devices, and so on [1–4]. Particularly,
graphene has been proven as an exciting candidate as active
constituent for fabrication of high-performance chemiresistor gas
sensors [5–7]. Taking advantages of excellent sensing performances
of conventional metal oxides, much effort has been paid on developing gas sensors using graphene-metal oxide hybrids as sensing
materials. Recent studies have shown that introduction of graphene
into metal oxide matrix dramatically enhances the sensing performances, compared to the sensors based on pure metal oxides. For
example, graphene-SnO2 nanorods [8], hierarchical SnO2 @reduced
graphene oxide (rGO) [9], SnO2 nanoﬁbers-rGO [10], and WO3
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nanorods/graphene [11] have been successfully constructed and
used for detection of gases (such as ethanol, NO2 , acetone and
hydrogen sulﬁde) with enhanced sensing performances. However,
relatively high temperature (>100 ◦ C) is required for detection of
gases using above mentioned graphene-based materials, resulting
in the shortcomings of high power consumption, poor stability,
impeding their further applications.
Alternatively, graphene also exhibits other excellent properties,
such as high carrier mobility at room temperature and detectable
change in its resistance after adsorption or desorption of gas
molecules, providing a promising sensing material for fabrication of room temperature gas sensors [12]. It is reported that
pure graphene materials prepared by various methods, such as
chemical vapor deposition [13], rGO obtained by heat reduction
method [14,15], and chemical reduction method [16] have been
used for detection of NO2 as room temperature. However, the above
graphene-based sensors exhibit obvious disadvantages of weak
response, long response time and recovery time, which has unfortunately limited their large-scale practical applications. Therefore,
much attention has been focused on developing graphene-based
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gas sensors with excellent sensing performances for detection of
gases operated at room temperature.
Efforts at improving sensing performances of graphene-based
gas sensors have centered primarily two approaches to enhance
transduce efﬁciency from target gas to electric signal. One involves
rational design of sensor with new structure to match the
properties of sensing materials. The second involves optimizing semiconductor properties of sensing materials by ﬁne-tune
chemical afﬁnity between target gas and sensing materials.
Notably, tailoring semiconductor properties of graphene-based
sensing materials should be a promising method for enhancing
sensing performances. Recently, researchers have attempted to
ﬁne-tune the semiconductor properties of graphene by modiﬁcation of graphene with other functional hybrids to overcome
shortcomings of graphene-based room temperature gas sensors.
For instance, Chung and co-authors have fabricated gas sensors
based on Pd nanocube–graphene hybrids for detection of H2 [17];
Yang et al. [18]; have constructed sensor using porous poly(3,4ethylenedioxythiophene) (PEDOT) modiﬁed rGO hybrids as sensing
materials for detection of NO2 Russo et al. [19]; have developed
sensors based on rGO-SnO2 -Pt hybrids for H2 sensing at room temperature; Li et al. [20] have fabricated SnO2 -rGO hybrids-based
sensors for detection of NH3 at room temperature. Furthermore,
Cux O nanoﬂower/graphene composites [21], Co3 O4 -intercalated
rGO [22], ZnO–graphene hybrids [23,24], SnO2 /rGO hybrids [25],
as well as SnO2 -rGO-carbon nanotubes hybrids [26] have also been
used for detection of NO2 at room temperature.
It is obviously seen that sensing performances of graphenebased gas sensors have been tremendously enhanced by modiﬁcation of graphene with metal oxides. For example, such
graphene-based sensors could recovery to the initial resistance by
returning the sensors into air without heating, or ultraviolet light.
Additionally, the response time and recovery time of the sensors
are also decreased from several minute down to tens of second.
However, the sensing performances should be further enhanced for
their potential applications, especially in speciﬁc environmental.
More recently, Shi and co-authors have reported fabrication of
graphene-based gas sensor using sulfonated rGO (S-rGO) as sensing materials for NO2 sensing at room temperature. The results
show that the sensitivity of the sensors increased by modiﬁed rGO
with sulfonic acid group [27]. Unfortunately, the response time
and recovery time are still long (more than several minute). This
is mainly ascribed to inherent afﬁnity between target molecule
(NO2 ) and sensing material (S-rGO). Although sulfonic acid group
has been introduced into rGO materials, the response to NO2 may
be still performed by interactions between NO2 and active sites
in S-rGO (defects and graphitic structure), which is similar with
the sensing mechanism for NO2 detection based on rGO-based gas
sensors [16].
Inspired by the aforementioned concepts, we have undertaken
to modify S-rGO with SnO2 nanoparticles for tuning the properties of S-rGO to improve the sensing performances. The SnO2
nanoparticles modiﬁed S-rGO (SnO2 /S-rGO) hybrids were prepared
by deposition of SnO2 nanoparticles on S-rGO by the hydrothermal
synthesis method. By introduction of SnO2 nanoparticles, SnO2 /SrGO hybrids exhibit high sensitivity and fast response-recovery
characteristic to NO2 at room temperature.

2. Experimental
2.1. Preparation of S-rGO
GO was prepared by the modiﬁed Hummers method according
to previously reported publication [28].
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The S-rGO was prepared according to previous publication using
GO as precursor [29]. In a typical synthesis of S-rGO, pH value of
GO aqueous dispersion (7.5 mL, 1 mg/mL) was adjusted to 9–10
with sodium carbonate solution (5 wt%), followed by addition of
sodium borohydride (NaBH4 ) solution (60 mg of NaBH4 dissolved
into 1.5 mL of water). After that, partially reduced graphene oxide
(P-rGO) was obtained by heating the above mixture at 80 ◦ C for 1 h
under stirring. P-rGO was centrifuged and rinsed with water several times, and then re-dispersed in 7.5 mL of water for further use.
The aryl diazonium salt used for sulfonation was prepared by the
reaction of sulfanilic acid (9.2 mg) and sodium nitrite (3.6 mg) in
20 mL of HCl solution (0.05 M) in an ice bath. The solution of diazonium salt was added into P-rGO dispersion in an ice bath for 2 h.
Sulfonated P-rGO was obtained by centrifugation and rinsing with
water for several times, and re-dispersed in 7.5 mL of water. Finally,
2.5 L of hydrazine hydrate was added into sulfonated P-rGO dispersion, followed by heating at 100 ◦ C for 1 h under stirring. The
S-rGO was obtained by centrifugation and rinsing with water for
several times, and re-dispersed in 7.5 mL of water.
2.2. Preparation of SnO2 /S-rGO hybrids
SnO2 /S-rGO hybrids were prepared by deposition of SnO2
nanoparticles on the surface of S-rGO through hydrothermal synthesis method. In a typical synthesis, 24 mg of SnCl4 was added
into 20 mL of H2 O, followed by addition of 1 mL of S-rGO dispersion. After sonication for 10 min, the mixture was transferred
into a 50 mL Teﬂon-lined stainless steel autoclave and then heated
at 180 ◦ C for 12 h. After that, the products were collected by
centrifugation, washing by water, and dispersed into water for
characterization and further use.
2.3. Characterizations
UV-vis spectra were obtained on a UV-2450 Spectrophotometer. Powder X-ray diffraction (XRD) datum was recorded
on a RigakuD/MAX 2550 diffractometer with Cu K␣ radiation
( = 1.5418 Å). X-ray photoelectron spectroscopy (XPS) analysis
was measured on an ESCALAB MK II X-ray photoelectron spectrometer using Mg as the exciting source. Transmission electron
microscopy (TEM) measurement was made on a HITACHI H-8100
electron microscopy (Hitachi, Tokyo, Japan) with an accelerating voltage of 200 kV. Nitrogen sorption isotherm was obtained
at –196 ◦ C with a JW-BK 132F analyzer. Samples were prepared for measurement by treating at 150 ◦ C under nitrogen
atmosphere for 12 h. Pore size distribution was calculated using
Barrett–Joyner–Halenda (BJH) method. The chemical composition mapping through energy-dispersive spectroscopy (EDS) of
the sample was examined by ﬁeld emission scanning electron
microscopy (JSM-6700F). A PerkinElmer TGA 7 unit was used to
carry out the thermogravimetric analysis (TGA) in air at a heating rate of 10 ◦ C/min. Raman spectra were obtained on J-YT64000
Ramanspectrometer with 514.5 nm wavelength incident laser light.
2.4. Fabrication of gas sensors
The sensors were fabricated by dropping SnO2 /S-rGO dispersion
onto the ceramic substrate. Before dropping the sensing materials,
two pairs of Au electrodes were printed on one side of ceramic substrate as signal electrode and another side of ceramic substrate as
heating electrode. During the process for gas sensing, the temperature of sensors was ﬁxed at 30 ◦ C by heating ceramic substrate. For
dropping sensing materials onto electrode, 0.3 L of SnO2 /S-rGO
aqueous dispersion was dropped on the surface of signal electrode,
followed by dryness at room temperature.
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Gas sensing properties were examined using a static test system
by CGS-8 intelligent test meter (Beijing Elite Tech. Co., Ltd., China).
Target gas with various concentrations was prepared by injection
of various volume of NO2 gas with ﬁxed concentration into a test
chamber (about 1 L in volume). After fully mixed with air (relative
humidity was about 25%), the sensor was put into the test chamber. When the resistance of sensor reached a constant value, the
sensor was taken out to recover in air. The response of the sensor was deﬁned as S = (Ra –Rg )/Rg Í100, where Ra is the resistance of
the sensor in air and Rg is the resistance of the sensor in target gas
reaching a stable value. The 100% response signal is deﬁned as the
Rg changed from Ra to the stable value when the sensor was putted
in the target gas. In this work, the response time is deﬁned as the
time required until 90% of the response signal is reached, while the
recovery time denotes the time needed until 90% of the original
baseline signal is recovered.

3. Results and discussion
It is well known that the modiﬁcation of rGO with metal
oxides could improve the sensing performances of graphene-based
gas sensors [30,31]. To enhance the sensing performances, S-rGO
was modiﬁed with SnO2 nanoparticles by hydrothermal synthesis
method. During the hydrothermal synthesis, SnCl4 conversed into
SnO2 nanoparticles deposition on the surface of S-rGO, where the
defect of S-rGO exhibits as template for formation of SnO2 nanoparticles. The scheme illustrating the synthetic process of SnO2 /S-rGO
hybrids is shown in Fig. 1.
In this work, S-rGO was prepared by covalent modiﬁcation
method, which has been proven as an effective method for introduction of sulfonic acid group onto rGO [32,33]. Thus, formation
of S-rGO from GO is simply characterized by UV–vis spectroscopy
and XPS analysis. Fig. 2 shows UV–vis spectra of GO and S-rGO thus
obtained. It is seen that GO exhibits a strong absorption peak at
230 nm and a broad peak at 300 nm, which are corresponding to
 → * transitions of aromatic C C band and n → * transitions of
C O band in GO, indicating the successful preparation of GO from
graphite [32]. Additionally, S-rGO shows a strong absorption peak
at 272 nm, indicating the reduction of GO by hydrazine hydrate
[34]. Furthermore, a well-dispersed S-rGO aqueous dispersion is
obtained by sonication of S-rGO in water, which is different from
rGO prepared by reduction of GO using hydrazine as reducing agent
in the absence of stabilizing agent. The good dispersing ability of
S-rGO is attributed to the modiﬁcation of rGO with water-soluble
sulfonic acid, further conﬁrming the formation of S-rGO.
The reduction of GO during preparation of S-rGO was further
conﬁrmed by XPS characterization. Fig. 3a shows XPS proﬁle of
C1s for SnO2 /S-rGO hybrids. It is seen that C1s spectrum could be
deconvoluted into three peaks at 284.6 eV, 286.6 eV, and 288.9 eV,
associated with C C, C O, and C O bands, respectively [35]. It is
noted that the intensities of C O, and C O bands are much lower
than that of C-C band, compared to GO used as precursor for preparation of S-rGO. Furthermore, the ratio of C O and C O in the
carbon-based bands is also much lower than that of rGO obtained
by the chemical reduction of GO [35]. Fig. 3b shows the Sn3d spectrum of SnO2 /S-rGO hybrids. The hybrids show two bands centered
at 487.3 eV and 495.8 eV, which are associated with Sn3d5/2 and
Sn3d3/2 , indicating the formation of SnO2 in the hybrids. Additionally, the O1s spectrum of SnO2 /S-rGO hybrids is also examined, as
shown in Fig. 3c. Two bands centered at 533.3 eV and 532.2 eV are
observed, which are attributed to the C-O band and C O band in
S-rGO. A new peak at 531.5 eV associated with Sn O band is also
observed in SnO2 /S-rGO hybrids.
Based on the results of XPS spectra, the composition of SnO2 /SrGO hybrids is C 8.9%, O 64.84%, S 0.56%, and Sn 25.71%. It is seen

that the ratio of O/Sn is 2.52, which is higher than that of SnO2 ,
attributed to the presence of O-containing groups in S-rGO. To accurately examine the content of S-rGO in the SnO2 /S-rGO hybrids,
the sample was characterized by TGA. Fig. S1 shows the TG curve
of SnO2 /S-rGO hybrids, indicating the content of S-rGO in the ﬁnal
hybrids is 4.38%, which is attributed to the weight loss in TG curve
with temperature ranging from 200 to 600 ◦ C.
To tune semiconductor properties of S-rGO for improvement
of sensing performances, S-rGO was modiﬁed with SnO2 nanoparticles by the hydrothermal method. Fig. 4 shows XRD pattern
of the samples obtained by hydrothermal treatment of SnCl4 in
the presence of S-rGO. The sample exhibits eight peaks at 2 of
26.57, 33.70, 37.77, 51.81, 62.40, 65.47, 71.50 and 78.05◦ , which are
attributed to the (1 1 0), (1 0 1), (2 0 0), (2 1 1), (3 1 0), (3 0 1), (2 0 2)
and (3 2 1) planes of tetragonal rutile SnO2 (JCPDS File no. 41–1445),
indicating formation of SnO2 crystals [36]. Furthermore, no peak
associated with S-rGO is observed for the samples, which may be
attributed to the low content of S-rGO in the ﬁnal hybrids. The
XRD pattern exhibits relatively wide diffraction peaks, suggesting
formation of SnO2 nanoparticles with relatively small size. Furthermore, the particle size of SnO2 nanoparticles was also calculated
using the Scherrer’s equation. The Scherrer’s equation is as follows:
D = 0.89/␤cos, where D is the average diameter of the crystallite,
 (Cu K␣) = 1.5418 Å and ˇ is the full-width at half-maximum of
the diffraction lines [37,38]. The average size of SnO2 nanoparticles
in SnO2 /S-rGO hybrids is 7.5 nm, 6.09 nm, 3.67 nm, and 3.77 nm,
according to the diffraction peak of (1 1 0), (1 0 1), (2 1 1) and (3 0 1).
The formation of SnO2 /S-rGO hybrids was further conﬁrmed
by the Raman spectra. Fig. S2 shows the Raman spectra of S-rGO,
SnO2 /S-rGO hybrids and SnO2 nanoparticles. Two strong bands centered at 1350 cm−1 and 1600 cm−1 are observed for S-rGO and
SnO2 /S-rGO hybrids, which are attributed to the D band and G
band in rGO-based materials, indicating the formation of rGO-based
materials. Furthermore, SnO2 nanoparticles exhibit two obvious
bands at 569 cm−1 and 1147 cm−1 associated with SnO2 crystals. Notably, SnO2 /S-rGO hybrids also show two weak bands at
569 cm−1 and 1147 cm−1 , indicating the formation of SnO2 /S-rGO
hybrids.
The composition of SnO2 /S-rGO hybrids was further characterized by the EDS mapping to probe the elements’ location. As shown
in Fig. 5a–e, SnO2 /S-rGO hybrids are composited by C, O, S, and Sn
elements distributing the whole samples. Furthermore, the corresponding EDS spectrum (Fig. 5f) also indicates that the samples are
comprised of C, O, S, and Sn elements. The peak attributed to Si is
also observed, which is associated with the substrate used for EDS
characterization.
The structure of SnO2 /S-rGO hybrids was further examined by
TEM images. Fig. 6a shows low magniﬁcation TEM image of SnO2 /SrGO hybrids. It is seen that the sample shows typical ﬂake-like
morphology with the size about several micrometer, in agreement
with the unique two-dimensional layer structure of rGO-based
materials, indicating the formation of graphene-based materials.
Additionally, unlike the smooth surface of rGO, numerous nanoparticles are observed on the surface of graphene-based materials
for SnO2 /S-rGO hybrids, as shown in Fig. 6b. A higher magniﬁcation TEM image (Fig. 6c) further conﬁrms the formation of SnO2
nanoparticles on the surface of S-rGO. Fig. 6d shows the high resolution TEM image (HR-TEM) of SnO2 nanoparticles on S-rGO layer.
Based on the HR-TEM image, the particles size of SnO2 nanoparticles is about 5–7 nm, which is agreement with the particle size
obtained by Scherrer’s equation from XRD pattern. Furthermore,
it is obviously seen that lattice fringe of each SnO2 nanoparticle
can be clearly observed, indicating the formation of SnO2 with high
crystallinity.
It is deduced that modiﬁcation of S-rGO with SnO2 nanoaprticles could prevent agglomerate of S-rGO affecting by the –
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Fig. 1. A scheme to illustrate the modiﬁcation of S-rGO with SnO2 nanoparticles by hydrothermal synthesis method.

Fig. 2. UV–vis spectra of GO and S-rGO.

interaction between them, leading to the formation of porous
structure. Thus, the porous structure of SnO2 /S-rGO hybrids was
characterized by the N2 sorption isotherms. Fig. 7 shows N2 adsorption/desorption isotherm of SnO2 /S-rGO hybrids. It is seen that the
N2 amount adsorbed by hybrids increases with increasing the relative pressure, indicating the formation of porous structure. The
inset of Fig. 7 shows the corresponding pore size distribution curve
of SnO2 /S-rGO hybrids. It is seen that BET surface area, pore size,
and pore volume of SnO2 /S-rGO hybrids are 173.3 m2 /g, 2.3 nm, and
0.22 cm3 /g, respectively. All these observations suggest that modiﬁcation of S-rGO with SnO2 results in formation of porous structure.
The presence of porous structure not only provides more speciﬁc
surface area for contacting with target gas, but also allows for guest
molecules inﬁltrating to the inside of the sensing materials easily,
which contribute to offering more active sites to involve the following physicochemical reactions and hence may achieve improved
sensing performances.
In order to evaluate sensing performances of SnO2 /S-rGO
hybrids, the SnO2 /S-rGO hybrids were selected as sensing materials
to fabricate gas sensor for NO2 sensing at room temperature. Fig.
S3 shows the photographs of the SnO2 /S-rGO hybrids-based NO2
sensor. Fig. 8a shows the response and recovery curve of the sensor based on SnO2 /S-rGO hybrids toward various concentrations of
NO2 . It is seen that the resistance of the sensor decreases after introduction of various concentration NO2 , while the resistance recovers

back to the initial value after returning the sensor into air, indicating the good response recovery properties of the sensors. Fig. 8b
shows the relationship curve between the responses toward NO2
and corresponding concentrations from 1 ppm to 50 ppm, revealing
that the response of sensor increases with increasing the concentrations of NO2 . Additionally, the detection limit of the sensor based
on SnO2 /S-rGO hybrids for NO2 sensing is 450 ppb and the calibration curve of SnO2 /S-rGO sensor as a function of NO2 concentration
at room temperature is shown in Fig. S4.
It has been reported that rGO-based gas sensors exhibit poor
response and recovery property, where resistance of the sensor
could recover back to the initial value by heating or irradiation by
ultraviolet. Although S-rGO exhibits high response toward NO2 , the
response time and recovery time are still long (more than several
minute) [27]. Fig. 9 shows a typical response and recovery curve
of the sensor based on SnO2 /S-rGO hybrids toward 5 ppm NO2 .
The response time and recovery time of the sensor in the present
work for detection of 5 ppm NO2 are 40 s and 357 s, which are much
shorter than those of S-rGO-based sensors, further indicating the
good response and recovery property.
Furthermore, other sensing performances for detection of NO2
by sensors based on SnO2 /S-rGO hybrids are also examined. Fig. 10
shows the reproducibility of temporal response of SnO2 /S-rGO
hybrids exposed to 5 ppm NO2 . Notably, the sensor maintains its
initial response amplitude without a clear decrease upon three
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Fig. 3. (a) C1s spectrum, (b) Sn3d spectrum and (c) O1s spectrum of SnO2 /S-rGO hybrids.

successive sensing tests to 5 ppm NO2 , indicating that SnO2 /S-rGO
hybrids possess good repeatability. Meanwhile, the selectivity of
the sensor based on SnO2 /S-rGO hybrids toward NO2 sensing is also
examined. As shown in Fig. 11, response of the sensor toward 5 ppm
NO2 is 20.31%, which is much higher than that of ammonia (7.25%),
Cl2 (0.53%), CO (1.32%) and C2 H2 (1.97%), indicating good selectivity of the sensor based on SnO2 /S-rGO hybrids. Additionally, the
effect of humidify on the sensing performances is also examined.
As shown in Fig. 11. It is seen that the humidity (33% RH and 54%
RH) has no effect on gas sensing for SnO2 /S-rGO-based NO2 sensor.
All these observations indicate that SnO2 /S-rGO hybrids are good
candidate for development of high performance room temperature
NO2 sensor.
It is well known that a variety of gas sensors based on graphenebased materials have been successfully fabricated. The comparison
of the NO2 sensing performances of sensor based on SnO2 /SrGO hybrids with previously reported NO2 sensors using various
graphene-based materials is shown in Table 1. Although pure rGO
materials, either by chemical reduction of GO [16], or by heat reduction of GO [14], exhibit obvious response toward NO2 at room
temperature, the relatively slow response and recovery rate lim-

its their practical applications. Later, the S-rGO material has been
used for detection of NO2 at room temperature and enhanced
gas sensing performances are obtained [27]. Unfortunately, the
response time and recovery time are still long more than several
minute. Notably, the sensor based on SnO2 /S-rGO hybrids exhibits
very short response time and recovery time, providing an effective and simple method for development of NO2 gas sensor with
fast response and recovery rate at room temperature. Furthermore, SnO2 modiﬁed rGO [25] and SnO2 modiﬁed 3D graphene
[39] have also been used for detection of NO2 , however, a relatively low temperature (50–55 ◦ C) is still required. Although SnO2
modiﬁed 3D graphene has also been used for fabrication of NO2
gas sensor operating at room temperature, the sensor exhibits
weak response toward NO2 (the response toward 50 ppm NO2 is
6.5%) [40]. According to the above discussion, the sensors based on
SnO2 /S-rGO hybrids exhibit obvious advantages of low operating
temperature, fast response and recovery rate, high sensitivity.
Notably, the novelty of the present work is the introduction of
S-rGO into the sensing materials. The improvement of the sensing
performances could be attributed to the following reasons. First, the
introduction of sulfonate acid into rGO could enhance the dispers-
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Fig. 4. XRD pattern of SnO2 /S-rGO hybrids.

Fig. 5. The EDS mapping for (a) all, (b) C element, (c) O element, (d) S element, (e) Sn element, and (f) corresponding EDS spectrum.
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Fig. 6. The TEM images of SnO2 /S-rGO hybrids.

Fig. 7. N2 sorption isotherms of SnO2 /S-rGO hybrids. Inset shows the corresponding pore size distribution curve.

ing ability of rGO. Second, the S-rGO exhibits better conductivity
than that of rGO obtained by hydrothermal method. Most importantly, the enhanced sensing performances are attributed to the
formation of p-n junctions between S-rGO and SnO2 , compared

to the pure rGO-based NO2 sensors. Fig. 12 shows the scheme to
illustrate the electrons transfer progress between S-rGO and SnO2
during the NO2 sensing, which is similar with our previous reported
NO2 sensors based on rGO and metal oxides hybrids [25,26,41].
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Fig. 8. (a) Dynamic sensing responses of SnO2 /S-rGO sensors upon exposure to NO2 gas with concentrations varying from 1 to 50 ppm, and (b) the corresponding response
variations of SnO2 /S-rGO sensors as a function of NO2 concentrations.

Fig. 9. The response and recovery curve of the sensor based on SnO2 /S-rGO hybrids toward 5 ppm NO2 at room temperature.

Fig. 10. The reproducibility of temporal response of SnO2 /S-rGO hybrids exposed to 5 ppm NO2 at room temperature.
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Fig. 11. Comparison of responses of SnO2 /S-rGO hybrids to various gases at room temperature.
Table 1
Comparison of sensing performances of our proposed NO2 sensor with other published NO2 sensors based on rGO-based materials.
Sensing materials

Method

Operating temperature

Concentration

rGOb
rGOc
S-rGO
SnO2 /rGO
3D graphene/SnO2
3D graphene/SnO2
SnO2 /S-rGO

Chemical reduction
Heat reduction
Wet chemical
hydrothermal
hydrothermal
hydrothermal
Wet chemical

RT
RT
RT
50 ◦ C
55 ◦ C
RT
RT

25–100 ppm
10–100 ppm
5–45 ppm
0.5–500 ppm
14–140 ppm
10–200 ppm
1–50 ppm

Sensing performances

Refs.

Response

Response time/recovery time

141 (100 ppm)
9.15 (100 ppm)
24.7 (50 ppm)
3.31 (5 ppm)
1.115 (100 ppm)
1.065 (50 ppm)
1.203 (5 ppm)

Few min/few min
Few min/few min
Few min/few min
135 s/200 s
Few min/few min
190 s/224 s
40 s/357 s

[12]
[14]
[25]
[23]
[39]
[40]
This work

that the introduction of SnO2 nanoparticles onto the surface of SrGO signiﬁcantly enhanced the NO2 sensing performances at room
temperature. 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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Fig. 12. The scheme to illustrate the electrons transfer progress between S-rGO and
SnO2 during the NO2 sensing.

4. Conclusion
In summary, a new room temperature NO2 sensor has been
successfully fabricated by using SnO2 /S-rGO hybrids as sensing
materials, where SnO2 /S-rGO hybrids have been prepared by
hydrothermal synthesis method. The gas sensing results indicate
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