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ABSTRACT: We obtained extremely high and selective sensitivity to
NO2 gas by fabricating graphene−SnO2 nanocomposites using a
commercial microwave oven. Structural characterization revealed that
the products corresponded to agglomerated structures of graphene and
SnO2 particles, with small secondary SnOx (x ≤ 2) nanoparticles
deposited on the surfaces. The overall oxygen atomic ratio was decreased
with the appearance of an SnOx (x < 2) phase. By the microwave
treatment of graphene−SnO2 nanocomposites, with the graphene
promoting eﬃcient transport of the microwave energy, evaporation
and redeposition of SnOx nanoparticles were facilitated. The graphene−
SnO2 nanocomposites exhibited a high sensor response of 24.7 for 1
ppm of NO2 gas, at an optimized temperature of 150 °C. The
graphene−SnO2 nanocomposites were selectively sensitive to NO2 gas,
in comparison with SO2, NH3, and ethanol gases. We suggest that the
generation of SnOx nanoparticles and the SnOx phase in the matrix results in the formation of SnO2/SnO2 homojunctions,
SnO2/SnOx (x < 2) heterojunctions, and SnO2/graphene heterojunctions, which are responsible for the excellent sensitivity of
the graphene−SnO2 nanocomposites to NO2 gas. In addition, the generation of surface Sn interstitial defects is also partly
responsible for the excellent NO2 sensing performance observed in this study.
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1. INTRODUCTION
In comparison with conventional heating, microwave irradiation achieves signiﬁcantly faster and more eﬃcient heating
because microwaves can deliver energy by radiation rather than
by conduction or convection.1 Since the energy can be directly
transferred to the target materials, selective heating can be
realized in which no interaction occurs between the microwaves
and their surroundings.1 Under microwave irradiation, both
polarization and conductivity play a crucial role in heating the
target materials. With regard to polarization, both interfacial
polarization and dipolar polarization are responsible for
microwave heating, in which the phase lag for the reorientation
of the polarization dissipates energy in the form of heat. With
regard to conductivity, charged particles, such as electrons,
obtain kinetic energy from the external microwaves and collide
with atoms in metals or semiconductors, generating Joule
heating.
Tin dioxide (SnO2) has good chemical and thermal stability,
high carrier density, and high response to various gases and
vapors, which make it the most widely studied material for
sensing applications. To obtain outstanding chemical sensing
© 2017 American Chemical Society

performance, SnO2 nanostructures with high speciﬁc surface
area are typically used. SnO2 is stable at higher temperatures,
being suitable for use in harsh environments. However, it
should be operated at suﬃciently high temperatures to ensure
that its sensing capabilities are reliable, which signiﬁcantly limits
the applicability of SnO2-based sensor devices by requiring a
method of external heating. To remove this limitation, it is
essential to further enhance the sensing capabilities by adjusting
the morphology of their nanostructures and incorporating
various additive materials. To eﬀectively incorporate additive
materials into the host material, a variety of additives should be
considered.2−8 Graphitic nanocarbon, particularly graphene, is
one additive that has recently attracted signiﬁcant attention in
the gas sensor community.7−13 It has unique and peculiar
properties, including a large surface area (2630 m2 g−1).14,15
This means that all atoms of the graphene are considered
surface atoms and are eﬀectively exposed to the target gas. In
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Figure 1. Schematic illustration for fabrication of graphene−SnO2 nanocomposites using the microwave process.

Accordingly, it is surmised that the microwave-treated nanocomposites will have larger surface area, more defect sites, more
heterojunctions, and more peculiar and dispersed structures,
presumably because of the microwave irradiation eﬀects during
the synthesis of nanocomposites.
In this study, we propose a method of explosive microwave
synthesis of graphene/SnO2 nanocomposites for application in
gas sensors. Because of the fast surface chemical reactions
enabled by microwave-generated plasmas, this fabrication
technique allows for rapid and large-scale production, which
can enable the commercialization of semiconductor-type gas
sensors by reducing production costs and enhancing sensing
capabilities. We investigated the eﬀects of sensing temperature
over a range of 30−190 °C. On the basis of our experimental
results, thermodynamic principles, and DFT calculations, we
proposed and discussed the sensing mechanism that is
responsible for the enhanced sensing performance of
graphene/SnO2 nanocomposites. Sensing performance was
characterized with respect to various gases as a function of
operating temperature.

addition, a small number of electrons produce a remarkable
change in the conductivity of graphene because of its high
electrical conductivity, high carrier mobility, and extremely low
electrical noise.16 Since these unusual characteristics make
graphene an attractive material for gas sensing applications,17−19 graphene-based sensors have been widely used to
detect poisonous and explosive gases.20−22 In addition,
graphene−SnO2 composites will become eﬃcient gas sensors
because of their low operating temperature and improved gas
response, selectivity, and response/recovery times.6−8 Accordingly, we expect that composites of SnO2 and graphene will
provide a synergistic eﬀect and enhance sensing capabilities.
Furthermore, it is expected that the sensing behaviors will be
synergistically enhanced by the in situ microwave-assisted
synthesis of graphene/SnO2 nanocomposites, presumably by
the microwave irradiation eﬀects. Bai et al. reported that the
response of 1D α-MoO3/5 wt % reduced graphene oxide
(rGO) nanocomposite prepared by microwave-assisted method, to H2S gases was higher than that of pure α-MoO3, owing
to the generation of p−n junctions and large surface area
provided by the rGO substrates, which facilitated molecular
adsorption, gas diﬀusion, and mass transport.23 Yin et al.
synthesized hierarchical SnO2@rGO nanostructures via microwave irradiation.24 The enhanced H2S sensing performance was
ascribed to the peculiar hierarchical SnO2@rGO nanostructure
with an ultrahigh surface area of 2100 m2 g−1. Potirak et al.
synthesized MWCNT/ZnO nanocomposites by a microwave
method.25 The sensing response increased with increasing the
irradiation in the range of 300−700 W. Higher irradiation
power resulted in the better formation of nanocrystalline ZnO
onto the CNT surface, providing greater surface area and more
active sites to alcohol sensing. Meng et al. synthesized Cu2O/
rGO nanorods by the microwave hydrothermal method.26
Enhanced gas sensing performance was ascribed to the porous
structure and high surface area, excellent catalytic activity, and
improved electrical conductivity because of the presence of
rGO. Also the chemically derived rGO consisted of defect sites
and functional groups, acting as a highly reactive center to NH3.
Wan et al. prepared hierarchical In(OH)3/rGO by a one-step
microwave-hydrothermal process.27 Enhanced sensing performance was ascribed to generation of p-n heterojunction, and the
eﬀective electronic interaction between In(OH)3 and rGO
which facilitated the gas molecule detection via the resistance
change of the hybrid composites. Yang et al. developed In2O3
cubes/rGO composites by a one-step microwave-hydrothermal
method.28 The enhanced sensing performance was due to the
uniform distribution of In2O3 cubes in the rGO networks.

2. EXPERIMENTAL DETAILS
2.1. Synthesis of Graphene−SnO2 Nanocomposites. SnO2
nanopowders (<100 nm, Sigma-Aldrich Co.) and expandable graphite
(Hyundai Coma Industry) were used as source materials. The
exfoliated graphite was sonicated in ethanol for 10 min and
subsequently dried in a vacuum oven. The sonication and drying
was processed three times, resulting in graphene ﬂakes consisting of a
few layers. More details on the graphene fabrication procedures were
explained in our previous report.29 The mixture of SnO2 nanopowders
and graphene (0.5 wt % graphene) was uniformly dispersed in ethanol
for 1 h. The dispersed solution was gathered and dried on ﬁlter paper
using an aspirator. The dried powder mixture was put into an alumina
crucible and subsequently treated by a microwave heating process with
a power of 1 kW for 5 min. A commerciall microwave oven (LG,
Model LGMM-M301) with a frequency of 2.45 GHz was used. Since
the microwave power of the present oven is ﬁxed to 1 kW, we have
varied the radiation time in the range of 1−8 min (Figure S1). The
amount of the generated secondary particles increased with increasing
the time in the range of 1−5 min. Since further irradiation for 8 min
did not signiﬁcantly increase the amount of secondary nanoparticles,
we optimized the irradiation time to be 5 min. The microwave-treated
powders were dispersed in ethanol and then the ethanol solution was
spray-coated onto a SiO2-covered substrate and placed on a hot plate
set to 140−160 °C (Figure 1). It is generally accepted that pure
graphene and graphene oxide are p- and n-typed, respectively. The
reduced graphene oxide is usually p-typed, however, the Fermi level
will be elevated, in comparison to the pure graphene. In the present
work, we aimed to generate the genuine p−n heterojunctions, with the
work function diﬀerence being maximized. Furthermore, the degree of
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Figure 2. Schematic outline for the gas sensing apparatus.
150 °C and the sensors’ resistance data were collected by means of a
multimeter (Keithley 2400). The optimized operating temperature of
150 °C used for the SnO2−graphene nanocomposite sensors of this
study is suﬃciently high, when the developed sensor material is
fabricated in the form of the conventional device structure. However,
the sensor material can be integrated into a sensor device with the
microelectro mechanical system architecture and thus only a small
amount of power will be consumed during the sensor operation at 150
°C. The sensors were placed and evaluated in a testing chamber at
constant temperature, and the operating temperature of the sensors
was controlled using an external heating source. To investigate the
eﬀects of temperature, the operating temperatures were varied in the
range of 30−190 °C. To evaluate the selectivity of the NO2 gas
sensing, we carried out the sensing tests for another typical oxidizing
gas, SO2, and typical reducing gases, such as NH3 and ethanol. Details
of sensor design, gas dilution, and the sensing system are provided in
our earlier reports30,31 and outlined in Figure 2. The sensor’s
responses to oxidizing and reducing gases were determined by the
ratios R = Rg/Ra and R = Ra/Rg, respectively. Rg and Ra are the
resistances measured with and without target gas, respectively. The
response time (τres) corresponds to the time in which the resistance of
the sensor changes by 90% of the original base resistance, and the
recovery time (τrec) can be determined by the time needed until the
90% of the signal is recovered. To investigate the eﬀect of humidity in
sensing test, we compared the sensing behaviors of the graphene−

reduction in reduced graphene oxides will be varied and thus their
sensing-related properties can be changed. On the other hand, the
properties of pure graphene will be invariant, as long as its purity can
be maintained at a suﬃciently high level.
2.2. Microstructural and Sensing Characterization. We
investigated the products using scanning electron microcopy (SEM,
Hitachi S-4200) and high-resolution transmission electron microscopy
(HR-TEM, Phillips CM-200). The conventional X-ray diﬀraction
(XRD) patterns were acquired by means of D/MAX Rint 2000
diﬀractometer model (Rigaku, Tokyo, Japan; Cu Kα radiation). To
obtain high-resolution XRD spectra, we utilized a Rigaku Model
Smartlab with Cu Kα radiation. We carried out X-ray photoelectron
spectroscopy (XPS, VG Multilab ESCA 2000 system, UK) analysis at
the Korean Basic Science Institute.
For sensing tests, top−top electrode conﬁguration was applied. For
this purpose, a double-layer electrode comprising an Au layer (300 nm
thick) and a Ti layer (50 nm thick) were sequentially deposited on the
specimens using radio frequency magnetron sputtering at room
temperature. The sensors were stabilized for about 20 min in a
baseline gas (synthetic dry air) to obtain a stable resistance prior to the
gas sensing tests. By changing the mixing ratio of dry air to the target
gas (NO2), the gas ﬂow was precisely controlled. Final concentration
of target gas was set to be in the range of 1−100 ppm using mass ﬂow
controllers with a total stream of 100 sccm. Most measurements were
performed in a special gas chamber at the optimum temperature of
31669
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SnO2 nanocomposites with the microwave heating, in dry and humid
air (RH 40%). In addition, we studied the sensing of humidity in the
absence of NO2 gas at 150 °C. We compared the resistance in dry and
humid air (RH 40% and RH 90%). Also, to examine the stability in
humid environment, we kept the sensors in a humid environment (RH
60% @ 25 °C) for 12 months and compared the sensing behaviors of
the preserved sample with the original one.

3. RESULTS AND DISCUSSION
3.1. Materials Characterization. Figure 3 shows SEM
images of the various products, including pure SnO2 particles

Figure 4. XRD patterns of (a) pristine SnO2 powders and mixtures of
SnO2 and graphene (0.5 wt %) powders, (b) prior to and (c) after the
microwave heating. Standard XRD patterns of (d) rutile SnO2
structure and (e) hexagonal graphite structure.

microwave heating. Figure 4a matches Figure 4d, corresponding to the tetragonal structure of SnO2 (JCPDS No. 41-1445).
Additionally, it is surmised that Figure 4b and 4c exhibit the
(002) peak of the hexagonal graphite structure (JCPDS No. 751621), which is also seen in Figure 4e. Figures 4b and 4c also
have peaks that correspond to the tetragonal rutile SnO2
structure. Figure 5a shows a low-magniﬁcation TEM image of
the microwave-heated products. Figure 5b shows an enlarged
TEM image, indicating the presence of SnO2 particles and
graphene sheets. The diameter of the SnO2 particles, which
include both original particles and secondary nanoparticles,

Figure 3. SEM images of (a) pristine SnO2 powders and mixtures of
SnO2 and graphene (0.5 wt %) powders, (b) prior to and (c) after the
microwave heating. (Upper-right insets: Enlarged images.)

and graphene−SnO2 nanocomposites with and without microwave heating. Figure 3a exhibits particle-like structures, whereas
Figure 3b and 3c indicates the presence of graphene sheets.
Figure 3c reveals that secondary SnO2 nanoparticles have been
generated and agglomerated, presumably on the graphene
sheets or original SnO2 particles. Figure 4 shows XRD patterns
of the various products, including the pure SnO2 particles and
the graphene−SnO2 nanocomposites with and without the

Figure 5. (a) TEM image of graphene/SnO2 nanocomposites. (b)
Enlarged TEM image. (c) SAED pattern. (d) HR-TEM image.
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Figure 7a shows raw-scan XPS spectra of pristine SnO2
powders and powder mixtures of SnO2 and graphene (0.5 wt

ranges from 5 to 200 nm. Secondary SnO2 nanoparticles, which
were generated during microwave heating, mainly agglomerated
on the graphene sheets. To certify the generation of secondary
nanoparticles, we further carried out the TEM investigation.
We compared several TEM images of two kinds of samples. For
most images, we clearly observed that the microwave-treated
composites are comprised of a lot of SnO2 secondary
nanoparticles, whereas the as-mixed composites do not exhibit
the presence of secondary nanoparticles (Figure S2). Figure 5c
shows the corresponding selected area electron diﬀraction
(SAED) pattern, revealing the presence of (110), (101), (200),
and (211) ring patterns of the rutile SnO2 structure (JCPDS
Card No. 41-1445). It is worthwhile to note that there exist
diﬀraction spots that correspond to the (010), (100), and (110)
planes of 2H graphite (JCPDS No. 75-1621). Additionally, it is
possible that a ring pattern of the (002) plane of 2H graphite
(JCPDS No. 75-1621) overlaps with the (110) plane of rutile
SnO2. Figure 5d shows the lattice-resolved TEM image, which
enlarges the area on the graphene sheets. The interplanar
distance of the graphene sheet is 0.21 nm, corresponding to the
(100) crystallographic plane of the hexagonal graphite phase. In
addition, the lattice fringes of the residing particles, which are
assumed to be newly deposited nanoparticles on the graphene
sheets, are 0.26 and 0.34 nm, respectively, corresponding to the
spacing of the (101) and (110) atomic planes of the tetragonal
rutile structure of SnO2. Figure 6 shows the result of the

Figure 6. (a) Typical TEM image and TEM-EDX elemental maps of
(b) C, (c) Sn, and (d) O.
Figure 7. (a) Raw-scan XPS spectra of pristine SnO2 powders and
mixtures of SnO2 and graphene (0.5 wt %) powders after the
microwave heating. Sn 3d XPS spectra of (b) pristine SnO2 powers
and (c) mixtures of SnO2 and graphene (0.5 wt %) powders after the
microwave heating.

elemental mapping, exhibiting the presence of C, Sn, and O
elements, in agreement with the TEM images. As expected,
close examination of Figure 6 reveals that many zones rich in
elemental O. However, it is very interesting to observe the
presence of zones that are rich in Sn but poor in O, for example
at P1, P2, and P3. These indicate either the reduction of SnO2
to SnO(2−x) (x ≤ 1) at the surface of some secondary SnO2
nanoparticles or the generation of secondary SnO(2−x) (x ≤ 1)
nanoparticles.

%) after microwave heating. On the basis of the Sn 3d 5/2 peak
in Figure 7, the peak area ratios of Sn2+ and Sn4+ in pristine
SnO2 powders were 33.1% and 66.9%, respectively. However,
for powder mixtures of SnO2 and graphene (0.5 wt %), the
peak area ratios of Sn2+ and Sn4+ were 40.3% and 59.7%,
31671
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respectively. Therefore, the Sn2+/Sn4+ ratio after the graphene
incorporation and microwave treatment increased from 0.495
(SnO1.67) to 0.675 (SnO1.60). On the basis of the Sn 3d 3/2
peak in Figure 7, the peak area ratios of Sn2+ and Sn4+ in the
case of pristine SnO2 powders were 46.4% and 53.6%,
respectively. However, for powder mixtures of SnO2 and
graphene (0.5 wt %), the peak area ratios of Sn2+ and Sn4+ were
48.8% and 51.2%, respectively. Therefore, the Sn2+/Sn4+ ratio
after graphene incorporation and microwave treatment
increased from 0.866 (SnO1.54) to 0.953 (SnO1.51). On the
basis of the Sn 3d 3/2 and Sn 3d 5/2 peaks, it is obvious that
the oxygen ratio (x) of the overall products in SnOx (x < 2)
after microwave heating decreased when using the mixtures of
SnO2 and graphene (0.5 wt %) powders compared to that of
the products when pristine SnO 2 powders are used.
Accordingly, XPS analysis indicates that the overall oxygen
content of the tin oxide structures was decreased by the
microwave treatment. It is worth noting that the XRD data in
Figure 4 do not clearly exhibit the presence of SnOx structures
(x < 2). Therefore, we utilized high-resolution XRD to
investigate the detailed crystalline structure (Figure 8). It is

temperature, when the oxygen atomic ratio is in the range of
0.5−0.667 (Text S1). Although the oxygen atomic ratio of
genuine SnO2 is 0.667, the actual oxygen ratio decreases below
0.667 for unknown reasons. Additionally, the microwave
irradiation is expected to further decrease the oxygen content
in the product. As a result, it is evident that the chemical
composition of the microwave-irradiated product is SnOx, with
x being less than two. One possibility is that the value of x is in
the range of 0.571−0.667. In this case, during cooling from
temperatures higher than 450 °C, Sn3O4 will appear.
Subsequently, the Sn3O4 structure will be transformed to
SnO at around 200 °C. The other possibility is that the value of
x is in the range of 0.5 to 0.571. In this case, it is expected that
cooling below 450 °C will again generate the Sn3O4 phase.
However, further cooling below 270 °C will result in a mixture
of SnO and Sn3O4 phases. This Sn3O4 phase will eventually be
transformed into SnO2, ultimately forming a mixture of SnO
and SnO2 phases. The Sn−O phase diagram predicts that
(SnO2 + SnO) phases are present at the oxygen atomic ratio in
the range of 50−66.7%.
3.3. Sensing Performances. We carried out sensing tests
with respect to NO2 gas. Figure S3 shows dynamic resistance
curves of the various products, including pure SnO2 particles
and graphene−SnO2 nanocomposites, with and without
microwave heating. We observe that the resistance increases
with the introduction of NO2 gas and decreases with the
removal of NO2 gas (i.e., n-type behavior). In order to optimize
the sensing temperature, we performed the sensing tests for
NO2 gas with temperatures in the range of 30−190 °C. Figure
S4 and Table S1 show the change in initial sensor resistance
with temperature varying over a range of 30−190 °C. It was
observed that the initial resistance of graphene−SnO2 nanocomposites decreased with increased temperature. Figures 9

Figure 8. High-resolution XRD patterns of (a) pristine SnO2 powders
and mixtures of SnO2 and graphene (0.5 wt %) powders, (b) prior to
and (c) after the microwave heating.
Figure 9. Sensor responses of mixtures of SnO2 and graphene (0.5 wt
%) powders, after the microwave heating, at sensing temperature in
the range of 30−190 °C. The NO2 concentration was set to 1, 3, and 5
ppm.

noteworthy that the microwave-treated graphene−SnO2 nanocomposites exhibited the (101) and (103) peaks of the
tetragonal SnO structure (lattice constants of a = 0.3803 nm
and c = 0.4838 nm; JCPDS No. 72-1012). Pure SnO2 particles
and graphene−SnO2 nanocomposites without microwave
treatment did not clearly exhibit the presence of this tetragonal
SnO structure. Thus, high-resolution XRD data suggest that the
SnO phase was generated in some part of the products during
the microwave treatment.
3.2. Thermodynamic Prediction. The generation of a
tetragonal SnO phase can be corroborated by thermodynamic
analysis. On the basis of the published phase diagram,32,33 we
can predict the existence of SnO2 and SnO phases at room

and S5 and Table 1 show the variation in response of the
sensors fabricated from mixtures of SnO2 and graphene (0.5 wt
%) powders after microwave heating, with sensing temperature
varying over a range of 30−190 °C. The NO2 concentration
was set to 1, 3, and 5 ppm, respectively. There are several
factors, which inﬂuence the NO2 sensing behavior.34,35 First,
the redox reaction, in which the NO2 molecules react with the
adsorbed oxygen species, will be activated at higher temper31672
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wave heating. For pristine SnO2 particles, the sensor responses
at concentrations of 1, 3, and 5 ppm were 7.3, 16.2, and 25.7,
respectively. For microwave-treated SnO2 particles, the sensor
responses at 1, 3, and 5 ppm were 8.3, 17.0, and 25.9,
respectively. For pristine graphene−SnO2 nanocomposites, the
sensor responses at 1, 3, and 5 ppm were 8.7, 27.2, and 46.5,
respectively. For microwave-treated nanocomposites, the
sensor responses at 1, 3, and 5 ppm were 24.7, 52.0, and
72.6, respectively. We can compare the eﬀects of the addition of
graphene and the microwave irradiation with respect to the
sensing responses of pristine SnO2 particles. This comparison
reveals that the sensor response of SnO2 particles increased by
0.8−13.7% due to the microwave irradiation and increased by
19.2−80.9% due to the addition of graphene, revealing that the
addition of graphene was relatively more eﬀective than the
microwave irradiation in enhancing the sensor response of
pristine SnO2 particles. Furthermore, for graphene−SnO2
nanocomposites, the sensor responses at 1, 3, and 5 ppm
were increased by 183.9, 91.2, and 56.1%, respectively, due to
the microwave irradiation. Since microwave irradiation
increased the sensor response of pristine SnO2 particles by
0.8−13.7%, it appears that the microwave irradiation was more
eﬀective in enhancing the sensitivity of graphene-containing
SnO2 particles than it was for pristine SnO2 particles. Figure
10c and 10d, in conjunction with Table S3, show the response
and recovery time of the various structures, including pure
SnO2 particles and graphene−SnO2 nanocomposites with and
without microwave heating. It is evident that both response

Table 1. Variation of Sensor Responses of the Sensors
Fabricated from Mixtures of SnO2 and Graphene (0.5 wt %)
Powders, after the Microwave Heating, with Varying the
Sensing Temperature in the Range of 30−190°Ca
gas response to NO2 (Rg/Ra)

a

temp (°C)

1 ppm

3 ppm

5 ppm

30 °C
50 °C
70 °C
90 °C
110 °C
130 °C
150 °C
170 °C
190 °C

1.32
1.81
1.86
3.18
3.8
7.24
24.66
11.44
13.55

1.58
2.08
3.79
6.21
8.31
13.2
51.95
24.6
31.53

1.61
2.21
3.56
6.54
8.64
19.05
72.6
29.78
40.95

The NO2 concentration was set to 1, 3, and 5 ppm, respectively.

ature. Second, the adsorption of NO2 will be suﬃciently
suppressed at further higher temperature and may be desorbed
prior to the surface reaction, contributing to the depression of
NO2 sensing. Accordingly, it is expected that the temperaturedependent sensing exhibits the bell-shaped behavior. Figure 10a
and 10b, in conjunction with Table S2, exhibit the variation in
sensor response to NO2 gas with respect to varying
concentration over a range of 1−5 ppm. These ﬁgures show
the results for various structures, including pure SnO2 particles
and graphene−SnO2 nanocomposites with and without micro-

Figure 10. (a) Dynamic response curves, (b) bar graphs exhibiting the sensor response values, (c) response times, and (d) recovery times of the
sensors of pristine SnO2 powders and mixtures of SnO2 and graphene (0.5 wt %) powders, prior to and after the microwave heating. The NO2
concentration was set to 1, 3, and 5 ppm. The temperature was ﬁxed at 150 °C.
31673
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Table 2. Summary of Sensing Performances of the Recently Developed NO2 Sensors, Comprising Graphene-Related Materials
materials
SnO2

In2O3
WO3

ZnO

NiO
Co3O4
Cu2O
Ag
α-Fe2O3
SnO2

Ag-RGO
sulfonated RGO
RGO/MW-CNTs
chemical reduction of GO
RGO
Au nanoparticle/RGO
GO by hydrothermal
RGO
RGO by sol−gel
RGO by CVD
electrospinning
chemical reduction of GO
ZnO−shell nanoﬁber
RGO
RGO
RGO
RGO nanocomposite
decorated on graphene
RGO
graphene
RGO−Au
nanorods
RGO
RGO
RGO
RGO
sulfonated RGO
RGO
graphene by microwave

target gas
NO2

temp. (°C)
RT
RT
RT
RT

conc. (ppm)
5
5

45
50
50
75
150
150
200

5−100
100
100
5
5
1
8
0.1
5

300

5
30
5
5
5
20
5
50
100
0.1
15
5
60
2
50
54

RT
RT
RT
250
300
RT
RT
80
250
RT
200
RT
RT
RT
RT
150

1−5

response
2.17
1.203
2.53−5.2
11
1.083
1.6
3.31
696
3
11
95
1.4
8.25
1.6
8.69
133
202
1.25
2.32
1.32
9.24
2.1
4.7
1.8
1.67
1.75
1.88
24.66−72.6

response and recovery times
49 s/339 s
40 s/357 s
8 s/77 s

177 s/510 s

165 s/499 s
33 s/212 s
-/320 s

12 s/20 s
-/1648 s
1 ppm: 175 s/148 s
3 ppm: 138 s/114 s
5 ppm: 129 s/107 s

ref
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
this work

recovery time. In order to examine the sensing capabilities at
higher concentration of NO2 gas, we carried out the sensing
tests at NO2 concentrations of 10, 20, 30, 50, and 100 ppm
(Figure S6 and Table S4). Figure S6a−d shows dynamic
response curves, sensor response values, response times, and
recovery times of the graphene−SnO2 nanocomposites with
microwave heating, at NO2 concentrations in the range of 1−
100 ppm. Table S4 indicates that the sensor responses at 1, 3, 5,
10, 20, 30, 50, and 100 ppm are 24.66, 51.95, 72.60, 95.50,
175.09, 246.55, 330.46, and 534.41, respectively.
To further evaluate the sensing capabilities of the current
sensor, we compared it to existing NO2 gas sensors composed
of graphene-derived materials such rGO (Table 2).36−62
Schedin et al. suggested that the graphene can detect even
individual gas molecules.16 To create graphene-based gas
sensors, several studies have been carried out. It is surmised
that these graphene-based gas sensors can be operated at low
temperature and pressure. However, because of the diﬃculty of
adsorption in pure graphene, composites of graphene and
semiconductor oxides have been extensively studied. As shown
in Table 2, a variety of semiconductor oxides, including SnO2,
In2O3, WO3, ZnO, NiO, Co3O4, Cu2O, and Fe2O3, have been
utilized. At low concentrations of 5 ppm or below, most studies
have reported a sensor response of less than 10. In contrast, the
present sensor exhibits an excellent sensor response at low
concentrations. In addition, in the present work, graphene−
SnO2 nanocomposites with microwave heating exhibited short
response time and recovery time of 129 and 107 s, respectively,

time and recovery time were decreased not only by adding
graphene, but also by microwave irradiation. Due to the
addition of graphene with subsequent microwave irradiation,
the response times compared to pristine SnO2 particles at
concentrations of 1, 3, and 5 ppm decreased by 23.6, 34.0, and
36.5%, respectively. Due to the addition of graphene with
subsequent microwave irradiation, the recovery times compared
to pristine SnO2 particles at concentrations of 1, 3, and 5 ppm
decreased by 53.0, 61.6, and 62.7%, at 1, 3, and 5 ppm,
respectively. This reveals that the addition of graphene followed
by microwave irradiation is eﬀective at reducing the recovery
time and the response time. The response time of pure SnO2
particles decreased by 14.4−16.3% due to the microwave
irradiation. By adding graphene, they decreased by 5.3−7.9%.
For graphene−SnO2 nanocomposites, the response time
decreased by 19.0−31.0% due to the microwave irradiation.
Therefore, the microwave irradiation was more eﬀective in
reducing the response time of graphene-containing SnO2
particles than that of pristine SnO2 particles. The recovery
time for SnO2 particles decreased by 15.3−16.5% due to the
microwave irradiation. Because of the addition of graphene, it
decreased by 34.0−64.7%. For graphene−SnO2 nanocomposites, the recovery time decreased by 28.8−36.0% due to the
microwave irradiation. Therefore, the microwave irradiation
was more eﬀective in reducing the recovery time of graphenecontaining SnO2 particles than of pristine SnO2 particles. Also,
for pristine SnO2 particles, the addition of graphene was more
eﬀective than the microwave irradiation in reducing the
31674
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Figure 11. Morphologies of the graphene−SnO2 nanocomposites generated by the microwave irradiation.

SnO2 phases. Therefore, the reduction in overall oxygen
content can be attributed not only to the decrease of oxygen
atomic ratio on the SnO2 surface, but also to the generation of
SnO structures.
3.5. Sensing Mechanisms. Herein, we explain the sensing
mechanism of graphene/SnO2 nanocomposites, paying attention to the eﬀects of microwave irradiation. First, with regard to
the sensing mechanism of n-type SnO2, the SnO2 particles
exhibited high sensitivity, which can be attributed to resistance
modulation. This modulation arises from the modulation of the
resistance and the potential barriers not only on the surface of
the nanoparticles, but also at the grain boundaries of the
nanograins of the nanoparticles. Under ambient air conditions,
oxygen molecules extract electrons from the surface and grain
boundaries of the nanoparticles to generate atomic and
molecular ions (O−, O2−, etc.). When NO2 gas is introduced,
the gas molecules further extract electrons and thus increase the
resistivity of the SnO2 surface. It is known that the surface
conditions of SnO2 aﬀect its sensing properties, where the
eﬀective gas-adsorptive surfaces are especially important.63 In
the present study, the sensor responses of 7.3, 16.2, and 25.7
were obtained from pristine SnO2 particles, at 1, 3, and 5 ppm
of NO2 gas, respectively (Table S2). Therefore, we surmise that
SnO2 surfaces that are signiﬁcantly favorable for the adsorption
of NO2 gas are present in the as-synthesized pristine particles.
It is noteworthy that the microwave irradiation in the present
work generates a signiﬁcant amount of secondary SnOx
nanoparticles. TEM analysis indicates that a considerable
number of SnO2 nanoparticles have been generated and
deposited on the graphene as well as on the SnO2 particles.
Therefore, microwave-generated SnO2 nanoparticles provide a
considerable number of SnO2−SnO2 homointerfaces, which
contribute to the enhancement of sensing behavior. Also, it is
expected that SnOx phases (x < 2) will be generated. The
resulting creation of SnO2−SnOx (x < 2) provides additional
modulation of resistance, depending on the relative values of
the work functions, and thus contributes to the enhancement of
sensing behavior. In particular, the generation of SnO phase
produces SnO2/SnO and SnO/graphene heterojunctions.
Notably, high-resolution XRD data and TEM analysis both
show that the amount of SnO phase is signiﬁcantly smaller than
the amount of SnO2 phase. The electrical currents responsible
for the sensing reaction mainly ﬂow through SnO2 structures,
implying that the eﬀects of SnO/graphene interfaces are not
signiﬁcant. As for the SnO/SnO2 heterojunctions, there are two
possibilities. The work function of SnO is reported to be
between 4.0 and 5.3 eV. Under the assumption that the work
function of SnO2 is about 4.55 eV, one possibility is that the
work function of SnO2 is larger than that of SnO. In this case,
electron ﬂow from SnO to SnO2 decreases the depletion region
in SnO2, decreasing the initial resistance of SnO2. Since this

at NO2 concentration of 5 ppm. ZnO−RGO−Au composites
exhibited short response time and recovery time of 33 and 212
s, respectively, at 100 ppm.55 Also, RGO−Au composites
exhibited a very short response time and recovery time of 12
and 20 s, respectively, at 50 ppm.61 Accordingly, although a few
study attained a shorter response time with the RGOcomprising composites, the sensing pressure of those sensors
was relatively higher than the present sensor.
3.4. Eﬀects of Microwave Irradiation. The nanocomposites were produced in a high-energy environment,
presumably in an explosive manner. To explain these
extraordinary phenomena, we can use microwave theory. The
source materials in the present study are composed of SnO2
powders and graphene sheets. Accordingly, the generated
microwaves will touch SnO2 powders, as well as graphene
sheets. The graphene sheets can be regarded as a metallic
material. When the microwave touches the graphene sheets, the
oscillating ﬁeld causes vibration in the free electrons in the
graphene, generating reﬂected microwaves. Since microwaves
are reﬂected from the graphene sheets, a considerable amount
of microwaves exist near the source materials in the microwave
oven. Therefore, we surmise that a signiﬁcant amount of
microwaves and thus an intensive electric ﬁeld will be applied
to the neighboring SnO2 powders. In SnO2 structures, there are
no free carriers such as electrons and holes. However, it is
possible that oxygen vacancies or tin interstitials can obtain
kinetic energy from the external microwave and collide with the
atoms in metals or semiconductors, subsequently generating
Joule heating. More importantly, both interfacial polarization
and dipolar polarization contribute to the microwave heating in
the present study. The phase lag for the reorientation of the
polarization dissipates energy in the form of heat. Therefore,
SnO2 powders are signiﬁcantly locally heated and subsequently
evaporated. Schematics of the morphologies of the graphene−
SnO2 nanocomposites are depicted in Figure 11. Based on the
experimental data and thermodynamics, the following changes
will occur: First, the evaporated SnO2 vapors deposit on the
surface of the graphene sheets as well as the remaining SnO2
source powders, generating SnO2 nanoparticles. Second,
oxygen atoms are preferentially evaporated, changing the
SnO2 surface to SnOx (1 < x < 2). Finally, the SnO phase is
generated. Since XPS and high-resolution XRD predict that the
microwave-treated graphene−SnO2 nanocomposites tend to
have lower oxygen concentration in SnOx structures, it is
assumed that a considerable amount of the SnO structure is
generated. Furthermore, Figure S7 reveals that the generation
of SnO phase is aﬀected by the irradiation time. No SiO peak is
observed then the irradiation time is in the range of 1−3 min,
whereas it starts to appear when the irradiation time is
increased up to 5 min. However, lattice-resolved TEM images
show that the secondary nanoparticles are mainly composed of
31675
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cannot account for the enhancement of sensitivity, we examine
the second possibility, in which the work function of SnO2 is
smaller than SnO. In this case, the electron ﬂow increases the
depletion region in SnO2, increasing the initial resistance of
SnO2. An equivalent increase in resistance by the introduction
of a target gas (for both oxidizing and reducing gases) will
result in a higher sensor response. Figure S8 and Table S5
exhibit the eﬀects of irradiation time on the sensing properties,
including sensor response, response time, and recovery time. It
is noteworthy that the graphene−SnO2 nanocomposites with
the microwave heating for 5 min exhibit highest sensor
response and shortest response time, with a relatively short
recovery time. On the basis of the high-resolution XRD
patterns (Figure S7), we surmise that the presence of SnO
phase will contribute to the enhancement of sensing behavior.
Second, Table S2 indicates that the microwave irradiation
signiﬁcantly enhanced the sensing behavior of SnO2−graphene
composites, whereas it only slightly increased the sensitivity of
pristine SnO2 particles. Accordingly, we expect that the
presence of graphene in the source material plays a signiﬁcant
role in the eﬀectiveness of microwave irradiation on the
improvement of NO2 sensing. It is possible that the graphene
itself contributes to the enhancement of sensing behavior
because it can act as a spacer to reduce agglomeration of SnO2
nanoparticles. Graphene facilitates the overall adsorption and
diﬀusion of NO2 gas molecules by enhancing catalytic eﬀects
with regard to chemical sensitization. Previous studies also
revealed a strong interaction between NO2 and defective
graphene; for example, H2S interaction with graphene is
observed to increase when Stone−Wales defects are present in
the graphene.64−68 It is possible that rapid conduction of
electrical currents through the metallic graphene occurs, and
the microwaves are able to deliver or transfer the energy more
eﬃciently. Therefore, the explosive evaporation of SnO2 species
will occur more eﬃciently, ultimately generating numerous
SnOx nanoparticles. Graphene’s high electron mobility
enhances electron transport between the gas and the sensing
layer, resulting in shorter response/recovery times. Table 3

Figure 12. Schematic illustration of the sensing mechanism in regard
to graphene/SnO2 heterointerfaces, when work function of graphene
is (a, b) larger and (c, d) smaller than that of SnO2. (a) Generation of
potential barrier upon the formaion of SnO2/graphene heterointerfaces. (b) Variation of potential barrier upon the incorporatin of
oxidizing and reducing gases, respectively. Changes of depletion layer
from air ambient upon the introductin of NO2 gas in (c) pristine SnO2
particles and (d) microwave-irradiated SnO2−graphene composites.

Table 3. Sensor Responses of Pure SnO2 Particles and
Graphene−SnO2 Nanocomposites with Microwave Heating
for the Detection of NO2, SO2, NH3, and Ethanol Gasa

oxides (Table S6). The work function of graphene oxide was
estimated to be in the range of 4.7−4.9 eV, that of reduced
graphene oxide in the range of 4.42−4.75 eV, and that of pure
graphene in the range of 4.2−5.3 eV. With the expectation that
a negligible amount of graphene will be oxidized during the
microwave exfoliation of graphite, it is surmised that the
present materials are very similar to pristine graphene. Since the
work function value of graphene varies over a wide range, there
are two possible comparisons between the work functions of
SnO2 and graphene. Of these, it is expected that the SnO2/
graphene heterojunctions enhance the sensing behavior when
the work function of SnO2 is smaller than that of graphene. The
transfer of electrons from SnO2 to graphene will generate the
surface depletion region on the SnO2 surface. With the
increased initial depleted region and thus the reduced initial
conduction, the modulation of the same amount of conduction
volume by the introduction/removal of a target gas will result
in a higher sensitivity. Also, regardless of the relative work
functions, the adsorption of NO2 species will signiﬁcantly
increase the depletion region, because the active defects at the
graphene/SnO2 heterointerfaces will considerably facilitate the
adsorption of NO2 species.70 This will increase the sensitivity.
Additionally, SnO/graphene heterointerfaces will be generated;
however, as stated previously, the majority of electrical current

gas response (Ra/Rg or Rg/Ra)
SnO2-G MW
SnO2 bare
a

NO2 3 ppm

SO2 3 ppm

NH3 3 ppm

ethanol 2 ppm

51.95
16.10

1.13
1.02

1.11
1.04

1.11
1.01

The temperature was set to 150 °C.

shows that both response time and recovery time of pure SnO2
particles were signiﬁcantly decreased by incorporating
graphene. Table S2 also reveals that sensor responses were
considerably increased by incorporating graphene. This additional enhancement of sensitivity can be attributed to the
graphene/SnO2 heterointerfaces (Figure 12). The introduction
of heterointerfaces also enhances the sensing behavior, being
similar to the original graphene/SnO2 heterointerfaces. In the
heterojunctions, the work function of SnO2 was set to 4.55 eV,
as obtained from studies regarding SnO2/rGO heterostructures.6,69 In particular, a work function value of about 4.55 eV
was obtained by ultraviolet photoelectron spectroscopy of SnO2
nanoﬁbers.69 There is also ample research reporting the work
function values of graphene, reduced graphene, and graphene
31676
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ﬂows through SnO2 structures so the eﬀects of SnO/graphene
heterointerfaces are not signiﬁcant.
Third, it is possible that Sn interstitial defects will be
generated with the formation of the SnO2 surface by the oxygen
evaporation that occurs during microwave treatment. These
defects provide adsorption sites for sensing gases. As shown in
our previous work,71 a similar reduction of Sn4+ to Sn2+ was
reported when applying an e-beam irradiation process. The
formation of surface interstitial Sn defects on nanoparticle
SnO2 is the controlling mechanism for NO2 sensing. Using
DFT calculations, the adsorption energies of NO2 gas on the
surface interstitial Sn defect sites are −1.83/−1.48 eV, much
stronger than the adsorption energy on a perfect SnO2 surface
(−0.29 eV). The net charge transfer from the Sn surface defect
site to an NO2 molecule ranges from 0.61 to 0.63 electrons,
which is a considerable increase from the 0.33 electrons
transferred on a perfect SnO2 surface. The same governing rules
can be used to further explain the excellent NO2 sensing
performance in this study. On the basis of the published O−Sn
phase diagram,32 after reaching chemical equilibrium, SnO
decomposes into liquid Sn and solid Sn3O4 at 270 °C, while
SnO2 is in equilibrium with liquid Sn at temperatures as low as
450 °C. Using FactSage,72 the lowest temperature for a liquid
Sn and solid SnO2 two-phase equilibrium is 414 °C. The
microwave-generated plasmas may easily increase the nanoparticle SnO2 surface temperature over 450 °C, which enables
the subsequent formation of the Sn-rich and O-poor (SnO +
Sn3O4) nanostructures. Therefore, the formation of surface Sn
interstitial defects on nanoparticle SnO2 may be responsible for
the observed excellent NO2 sensing performance.
To investigate the selectivity to NO2 gas for microwavetreated graphene−SnO2 nanocomposites, we also carried out
sensing tests for SO2, NH3, and ethanol gases. Figure S9
exhibits the dynamic response curves from these tests, revealing
that the sensor responses for the detection of SO2, NH3, and
ethanol gases were enhanced by the incorporation of graphene
sheets and microwave irradiation. Figure 13 and Table 3

composites for the detection of NO2, SO2, NH3, and ethanol
gas are about 222.7, 10.8, 6.7, and 9.9% higher than those of
pure SnO2 particles, respectively. It is noteworthy that the
incorporation of graphene sheets and microwave irradiation
more signiﬁcantly aﬀect the sensing behavior with respect to
NO2 gas than other gases, as indicated in Figure 13. Because of
the microwave irradiation, SnO2/SnO2 homointerfaces, graphene/SnO2 heterointerfaces, and SnO/SnO2 heterointerfaces
are also formed. These junctions produce additional modulation of resistance during the sensing reactions, enhancing the
sensing behavior. It is expected that NO2 is particularly reactive
compared to other gases, and that the presence of junctions will
be more eﬀective with respect to NO2 gas. Also, as stated
previously, the formation of surface interstitial Sn defects
contributes to the enhancement of NO2 sensing behavior.
Further study is in progress in order to reveal the mechanism
by which NO2 gas molecules operate preferentially at the
graphene/SnO2 heterointerfaces.70
3.6. Eﬀect of Humidity. Figure 14 and Table 4 compare
the NO2 sensor responses in humid air (RH 40%) with dry air
(RH 0%) using a mixture of SnO2 and graphene (0.5 wt %)
powders after microwave heating. The sensor responses in
humid air are noticeably reduced compared to those in dry air.
For example, the sensor responses to NO2 in humid air at
concentrations of 1, 3, and 5 ppm decreased by 54.0, 25.2, and
11.1%, respectively, compared to dry air. Furthermore, the
response times during sensing tests in humid air at 1, 3, and 5
ppm increased by 15.4, 27.5, and 30.2%, respectively, compared
to those in dry air (Figure 14 and Table 5). The recovery times
during sensing tests in humid air at 1, 3, and 5 ppm increased
by 5.4, 5.3, and −3.7%, respectively, compared to dry air.
Therefore, performing the sensing test in humid air degraded
the sensor response of the graphene−SnO2 nanocomposites.
Herein, the adsorbed water molecules will degrade the sensing
performances. First, the water molecules preoccupy the SnO2
surfaces, leading to less chemisorption of oxygen and NO2
species on this surface. Second, the water molecules will react
and thus consume the surface oxygen, in which the NO2 gas
molecules cannot suﬃciently obtain electrons from SnO2
surfaces, degrading the material’s sensing capabilities. In
addition, we investigated the humidity sensing capabilities of
a mixture of SnO2 and graphene (0.5 wt %) powders after the
microwave heating, in the absence of NO2 gas. Figure 15a
shows the dynamic resistance curves, whereas Figure 15b
exhibits the dynamic responses in dry air (RH 0%) to that in
humid air (RH 40% and RH 90%). Upon the introduction of
humid air, the resistance was decreased, however, it was
increased by the introduction of dry air. The sensor responses
for humidity at RH 40% and RH 90% are 1.55 and 2.04,
respectively.
We investigated the stability of a mixture of SnO2 and
graphene (0.5 wt %) powders after the microwave heating, in
humid environment. In Figure 16 and Table S7, we compared
the sensing response curve of the sensor, which was preserved
in the humid environment (RH 60% @ 25 °C) for 12 months,
with that of the original sensor. After 12 months, the sensor
responses to NO2 gas at 1, 3, and 5 ppm were changed from
24.66, 51.95, and 72.60 to 22.98, 47.83, and 63.37, respectively
(i.e., decreased by 7.5, 8.5, and 12.7%). In the sensing pressure
ranging from 1 to 5 ppm, the sensing behavior was slightly
decreased. It is possible that the water adsorption in the humid
environment will degrade the sensing capabilities, bringing
about the lower sensor response.

Figure 13. Bar graphs exhibiting the sensor response values with
respect to NO2, ethanol, NH3, and SO2 gases for pristine SnO2
powders and a mixture of SnO2 and graphene (0.5 wt %) powders
after the microwave heating. The concentration was set to 3 ppm.

concurrently show that the sensor responses of pure SnO2
particles for the detection of NO2, SO2, NH3, and ethanol gas
were 16.10, 1.02, 1.04, and 1.01, respectively. The sensor
responses of graphene−SnO2 nanocomposites with microwave
heating for the detection of NO2, SO2, NH3, and ethanol gas
are 51.95, 1.13, 1.11, and 1.11, respectively. Therefore, the
sensor responses of microwave-treated graphene−SnO2 nano31677
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Figure 14. Humidity eﬀects during the sensing test on a mixture of SnO2 and graphene (0.5 wt %) powders after the microwave heating, with respect
to NO2 gas. The NO2 concentration was 1, 3, and 5 ppm. Dynamic resistance curves in (a) dry air (RH 0%) and (b) humid air (RH 40%).
Comparison of (c) sensor responses, (d) response times, and (e) recovery times in humid air (RH 40%) with dry air (RH 0%).

liquid solution approach is comprised of relatively complicated
and long processes.73 On the contrary, the solid state approach
in the present study is relatively simpler and faster. Second, one
of the most important characteristics of the composites
prepared by the solid-state approach is the generation of a lot
of secondary nanoparticles and their heterojunctions with
primary SnO2 particles, which play a crucial role in enhancing
the sensing properties. In the solid-state approach, the
evaporation is relatively straightforward to produce secondary
nanoparticles. On the contrary, in the liquid-state approach,
other chemicals in the solution will aﬀect the formation of
secondary nanoparticles. Although some wet approaches
produced very small SnO2 particles,74 the adequate combination of large and very small particles is not possible. However,
in the present work, we revealed that the amount of SnO2
secondary particles can be controlled by adjusting the
microwave irradiation time. In comparison to conventional
heating, microwave irradiation achieves signiﬁcantly faster and
more eﬃcient heating because microwaves can deliver energy
by radiation rather than by conduction or convection. In the
present work with a suﬃciently high microwave power, we
surmise that the power can be transferred into the source
materials entirely and thus nearly all parts of the solid SnO2/
graphene might be heated to a suﬃciently high temperature,
achieving uniformity and reproducibility of the products.

Table 4. Comparison of Sensor Responses of the
Microwave-Treated Graphene−SnO2 Nanocomposites in
Humid Air (RH 40%) with Those in Dry Air (RH 0%)a
gas response to NO2 (Rg/Ra)
1 ppm

3 ppm

5 ppm

24.66
11.34

51.95
38.88

72.60
64.55

dry air
RH 40%
a

The NO2 concentration was set to 1, 3, and 5 ppm. The temperature
was set to 150°C.

Table 5. Comparison of Response Time/Recovery Time of
the Microwave-Treated Graphene−SnO2 Nanocomposites in
Humid Air (RH 40%) with Those in Dry Air (RH 0%)a
response time (s)

recovery time (s)

NO2 concentration

1 ppm

3 ppm

5 ppm

1 ppm

3 ppm

5 ppm

dry air
RH 40%

175
202

138
176

129
168

148
156

114
120

107
103

a
The NO2 concentration was set to 1, 3, and 5 ppm. The temperature
was set to 150°C.

There are several reasons why we chose to run SnO2/
graphene synthesis with a solid-state method. Nearly all
previous works on the synthesis of SnO2 and SnO2/graphene
have been performed by the liquid solution method. First, most
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Figure 15. Humidity sensing tests of a mixture of SnO2 and graphene
(0.5 wt %) powders after the microwave heating, in the absence of
NO2 gas. (a) Dynamic resistance curves under 40% and 90% RH at
150 °C. (b) Dynamic responses under 40% and 90% RH at 150 °C.
The response was deﬁned as the ratio of resistance in dry air (RH 0%)
to that in humid air (RH 40% and RH 90%).

Figure 16. Stability of sensor responses of a mixture of SnO2 and
graphene (0.5 wt %) powders after the microwave heating, in humid
environment (RH 60% @ 25 °C) for 12 months. Comparison of (a)
sensing response curves and (b) sensor response values of the sensors,
which were preserved in the humid environment for 12 months, with
that of the original sensor. The sensing pressures were set to 1, 3, and
5 ppm, respectively. The sensing temperature was set to 150 °C.

■

4. CONCLUSIONS
We synthesized graphene−SnO2 nanocomposites in an
extremely rapid manner using a microwave irradiation method.
The products corresponded to agglomerated structures of
graphene and SnO2 particles, with secondary small SnO2 or
SnOx (x < 2) nanoparticles deposited on the surfaces. NO2
sensing tests revealed that the graphene−SnO2 nanocomposites
exhibited signiﬁcantly high responses of 24.7, 52.0, and 72.6 at
concentrations of 1, 3, and 5 ppm, respectively. The microwavesynthesized graphene−SnO2 nanocomposites exhibited higher
sensing performances (i.e., higher sensor response, shorter
response time, and shorter recovery time) than those of a
pristine mixture of SnO2 and graphene powders, as well as
those of pristine SnO2 powders. We suggested several
mechanisms, including SnO2−SnO2 homointerfaces and
graphene−SnO2 heterointerfaces derived from the secondary
nanoparticles, SnOx−SnO2 (x < 2) heterointerfaces, and the
formation of surface interstitial Sn defects, which will promote
the NO2-sensing behavior. The graphene−SnO2 nanocomposites were selectively sensitive to NO2 gas in comparison to
other gases, including SO2, NH3, and ethanol. Since the
nanocomposites showed excellent sensitivity toward very low
concentrations (1−5 ppm) of gases, these could be potential
candidates for next-generation gas sensors.
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