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A facile one-step hydrothermal method for a novel discoid crystal of rutile SnO, modified by reduced
graphene oxide (rGO) is reported in this work. X-ray powder diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), field emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM) were performed to characterize the structure and morphology of the SnO,/rGO com-
posites. Uniform discoid rutile SnO, monocrystal with a diameter of approximately 100 nm and a center
thickness of 40 nm was anchored on both sides of rGO nanosheets. The SnO,/rGO composite exhibited

IT(I.?]/ ‘;V::ir;: preferential detection toward NO, with high response, good selectivity and reproducibility. The response
Graphene of the sensor to 1 ppm NO; at 75°C was nearly one order of magnitude higher than that of SnO,, and
Gas sensor the detection limit was improved to 50 ppb. The improved response was discussed and the gas sensing

Metal oxide semiconductor mechanism was established.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Since air pollution has become an urgent global problem with
the development of industry and technology, detecting gases, espe-
cially toxic gases as the basis for controlling air pollution, has
become increasingly significant. NO, is a toxic compound produced
by combustion in power plants and combustion engines. This gas is
harmful to the environment and is a major cause of acid rain, photo-
chemical smog and pollution haze. EPA recently established a new
1-h standard at 0.1 ppm, which is well below the values fixed by
previous safety guidelines, to provide requisite protection of public
health [1-3].

Among the different types of gas sensors, metal oxides (MOS)
semiconductor sensors are widely used in toxic and flammable
gas detection because of their sensitivity, selectivity and stabil-
ity. SnO, is an important n-type semiconductor with a wide band
gap (Eg=3.6eV), which was first reported in the 1990s. It is one of
the most intensively investigated materials because of its widely
important applications such as gas sensors [4,5], solar cells [6,7],
lithium-ion batteries [8,9] and transparent electronics [10]. Most
high-response SnO, sensors typically operate at high temperatures
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of over 200°C for enhanced adsorption and reactivity. However,
high temperatures intensify the aggregation between particles,
and high working temperatures lead to power waste. Existing
Sn0, sensors with low operating temperatures usually show poor
gas sensing performance, especially in detection limit, response
and recovery time. Given the fact that the composition, size and
morphology of MOS exhibit a considerable impact on their prop-
erties, tremendous efforts have been devoted to improving the
performance of MOS semiconductor sensors. The formation of a
heterojunction by introducing other promising materials into com-
posites also enhances the sensing performance. Numerous studies
have proved that the p-n heterojunction formed by n-type and
p-type materials can play a positive role in the sensing process
[11-15].

Graphene is a single-layer sp? carbon atom lattice. This material,
has become a star compound for gas sensors because of its out-
standing qualities, such as high charge carrier mobility, mechanical
robustness, large surface area (2630m2g-') [16], special optical
propertieies, and good thermal stability. Graphene and reduced
graphene oxide (rGO)-based nanostructures have been widely
studied for gas sensor applications because of their high sensitiv-
ity to electrical perturbations from gas molecule adsorption as a
result of their ultra-small thickness [17]. rGO has lower conduc-
tivity, more dangling bonds and defect than intrinsic graphene,
which do good to its adsorption and interaction with target gas.
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Some research groups recently introduced graphene or rGO to
MOS-based materials, and obtained unique structure composites
to improve sensing performance. MOS/rGO was proved to be effec-
tive for constructing high-performance gas sensors [18-20]. Pinna
reported a room-temperature hydrogen sensor based on SnO,/rGO
and Pt-Sn0,/rGO [21]. Highly aligned SnO, nanorods on graphene
sheets were synthesized to enhance the sensitivity to H,S at
the operating temperature of 260°C [22]. Selective acetone and
hydrogen sulfide sensors based on SnO, nanofibers functionalized
with rGO nanosheets were fabricated at operating temperatures of
200°C and 350°C, respectively [23]. The NH3 sensing performance
of flower-like SnO, /[rGO composites was investigated at room tem-
perature [24]. Zhang et al. found that SnO, nanoparticles/rGO
composites exhibited high response to NO, at low operating tem-
perature (50°C) [25]. And high-performance NO, sensing of 3D
mesoporous rGO aerogel-supported SnO, nanocrystals was stud-
ied at low temperature [26]. Although the studies on SnO,/rGO
have improved the NO; sensing performance compared to intrinsic
graphene at room temperature or relative low operating tempera-
ture, their gas sensing response and detection limit should still be
developed further.

In this work, SnO,/rGO with a novel structure was synthe-
sized through a facile one-step hydrothermal method. The SnO,
in the composites was discoid rutile monocrystalline with rough
surface. The sensors based on the SnO,/rGO composites were fab-
ricated, and their NO, sensing performance was investigated. The
Sn0,/rGO exhibited n-type semiconductor behavior in the gas
sensing process because of the small amount of rGO. Investigations
on gas sensors showed that sensors based on SnO,/rGO compos-
ites exhibited more than one order of magnitude improvement in
the response and a shorter response time compared with that of
individual SnO,.

2. Experimental
2.1. Materials

All chemicals were the analytical-grade reagents and used with-
out any other further purification. Graphite powder, potassium
peroxydisulfate, phosphorus pentoxide, potassium permanganate,
sulfuric acid, sodium citrate (Na3CgH507°2H;0), stannous sulfate
were purchased from Sinopharm Chemical Reagent Co. Ltd. (China).

2.2. Instrumentation

X-ray diffraction (XRD) patterns of the as-prepared products
were conducted on a Rigaku D/max-2500 X-ray diffractometer
using Cu-Ka radiation, at a scanning speed of 12°/min. Field emis-
sion scanning electron microscope (SEM) was taken on a JEOL
JSM-7500F microscope operating at 15kV. Transmission elec-
tron microscopy (TEM), high resolution transmission electron
microscopy (HRTEM), and selected-area electron diffraction (SAED)
were conducted on a JEOL JEM-3010 microscope with an accelerat-
ing voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was
conducted on an ESCALAB MKII X-ray photoelectron spectrometer.

2.3. Synthesis and characterization of the Sn0O,/rGO composite

Graphene oxide (GO) was prepared by a modified Hummer’s
method as described in reference [27]. The SnO,/rGO material
was synthesized via a hydrothermal method with SnSO4 and
GO as precursors. In a typical process, 0.1g SnSO4 and 1.37g
Na3CgH507°2H;0 were dissolved in 32 mL mixture of deionized
water and glycerol (5:3, v:v) under continuous stirring. Then
1.37mL HCl (38%) was added into the above solution and follow-
ing with aliquot GO solution (0.5mg, 1 mg, 2mg). After 30 min
vigorous stirring, the mixture which had formed a homogeneous

solution was transferred into a Teflon-lined stainless-steel auto-
clave and maintained at 180°C for 24 h. After the hydrothermal
procedure, the autoclave cooled down naturally to room temper-
ature. Afterward, the product was collected by centrifugation and
washed several times with deionized water, and dried at —50°C.
Finally, a series of SnO,/rGO composites with 0.7, 1.4 and 2.8 wt.%
rGO was obtained. For control experiments, rGO and pure SnO,
were prepared under the same condition with only GO and with-
out adding GO respectively. All samples were freeze-dried without
any treatment before characterization.

2.4. Fabrication and measurement of gas sensors

The gas sensors were fabricated as follows: the as-prepared
materials were mixed with deionized water to form slurry, and
made a uniform thick coating layer using a small brush with the
slurry onto an alumina tube (4 mm in length, 1.2 mm in external
diameter, 0.8 mm in internal diameter) which was attached with
a pair of gold electrodes. After the coating layer drying in air at
room temperature, the alumina tube was heat treated at 350°C
for 2 h. In order to control the operating temperature of sensors,
a Ni-Cr alloy coil was inserted to the alumina tube as a heater.
The gas-sensing properties were investigated using a RQ-2 series
Intelligent Test Meter (China) by testing the changing of resistances
of the coating layer when the tube was exposed in air and tested
gases atmosphere under laboratory conditions (30 RH%, 22 °C). The
gas-sensing properties of the sensors were measured with a static
gas-sensing characterization system, environmental air was used
as both a reference gas and a diluting gas to obtain desired concen-
trations of target gases. A typical testing procedure was as follows.
Firstly, the sensor was put into the chamber of air to get a steady
state, then the sensor was took to another chamber filled with the
uniform tested gas, which was injected with calculated amount.
When the response reached a constant value, the sensor was trans-
ferred back to chamber containing air and kept there until complete
recovery. The response of the gas sensor is defined as the ratio of the
resistance of the sensor in the tested gases (Rg) to thatin air (Rq). For
oxidizing tested gases, that is Response = Rg/Rg, while for the reduc-
ing tested gases, Response = Rq/R,. The response and recovery time
is defined as the time taken by the sensor to achieve 90% of the
total resistance change in the case of adsorption and desorption
respectively.

3. Results and discussion
3.1. Morphological and structural characteristics

The XRD patterns of the crystallographic structure of GO, rGO,
Sn0; and SnO, /rGO composites are shown in Fig. 1. The diffraction
peakataround 26 =11.2°inFig. 1abelongs to the (0 0 1) reflection of
GO. The rGO sample showed two characteristic diffraction peaks at
24.4° and 42.8°, which corresponded to the (002) and (1 0 0) planes
of graphene, indicating that GO was reduced to rGO via the hydro-
thermal treatment [28]. All diffraction peaks in the SnO, patterns
could be clearly indexed to rutile SnO, according to JCPDS card No.
41-1445. The mean spherical crystallite size of the SnO, calculated
by the Scherrer equation was 53 nm. The pattern of SnO,/rGO was
similar to that of SnO,, and no obvious diffraction peaks of rGO
were observed owing to small amount of rGO in the composites
and its intrinsic weak diffraction intensity.

The morphology and microstructure of the samples were
characterized using field-emission scanning electron microscopy
(FESEM). As shown in Fig. 2a, b, the GO exhibited the wrinkled
flaky structure, and the obtained rGO after hydrothermal treatment
showed a more curly structure and aggregation. SEM images of the
SnO, and SnO, /rGO are shown in Fig. 2¢, d. The SnO, particles with
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Fig. 1. XRD patterns of GO, rGO (a), SnO, and SnO,/rGO (b).

relatively uniform size distribution were tightly stacked. For the
sample of Sn0,/rGO, it can be observed that the SnO, particles are
stacked on both sides of rGO sheets. Due to the low percentage
of rGO, rGO sheets were wrapped by SnO, nanoparticles with few
visible edges. In local magnification (Fig. 2e, f), the discoid SnO,
with rough surface were shown from different lateral positions,
as well as flaky rGO edges among the monodisperse SnO, discoid
particles. The morphology and size of SnO, were approximately the

a

same irrespective of the presence or absence of rGO, suggesting that
loading of rGO did not noticeably affect the growth of SnO,.

A detailed TEM was performed to further investigate the crys-
tal structure of the SnO, discoid particles. Fig. 3a, b, showed the
TEM image of individual SnO, nanoparticle. The morphology of
Sn0, is shown as discoid particles with rough surface which were
in good accord with the FESEM observations. And the detail of a
single “discus” revealed a clear and well-defined discoid structure

Fig. 2. FESEM images of GO (a), rGO (b), SnO; (c, e), SnO,/rGO (d, f).
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Fig. 3. Typical TEM images of SnO, nanoparticles (a, b) and SnO,/rGO composites (d). HRTEM images of SnO, nanoparticles (¢) and SnO,/rGO composites (e). The inset in (c)

is the corresponding SAED pattern.

with a diameter of approximatey 100 nm and a center thickness of
about 40 nm. The HRTEM image (Fig. 3c) exhibits that the fringe
distance is 0.335 nm which corresponds to the lattice distances of
the (11 0) plane of rutile SnO, [29]. The SAED pattern of an individ-
ual “discus” (the inset in Fig. 3c shows the single crystalline nature).
Fig. 3d illustrates the TEM image of the SnO,/rGO composite, SnO,
particles were compactly anchored on both sides of rGO sheets.
The rGO sheets with clear wrinkles were obviously observed in the
composites. In the HRTEM image, both the lattice of SnO, and rGO

wrinkles can be observed at the junction of SnO,/rGO composites
(Fig. 3e).

The surface composition and element analysis for the as-
prepared products were characterized by an XPS. As shown in
Fig. 4a, the XPS spectra of GO and SnO,/rGO both reveal two peaks
at 284.6 and 532.2eV, corresponding to C 1s and O 1s, respec-
tively. The other two strong peaks at 486.1 eV and 494.5 eV were
also observed on the spectrum of the composites, which were
associated with Sn 3d. The high-resolution Cls XPS spectrum of
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Fig. 4. XPS spectra of GO and SnO,/rGO composite (a). C1s spectra of GO (a), and SnO,/rGO composite (c).
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Fig. 5. Response of sensor based on Sn0O,/rGO and SnO; to 1 ppm NO; as a function
of the operating temperature. The inset is response transient curves of SnO,/rGO
and SnO, to 1 ppm NO; at 75°C and 65 °C, respectively.

GO and SnO,/rGO (Fig. 4b, c) showed peaks at 284.6, 286.6 and
288.4 eV, accounting for the C-C, C-OH and C=0[30,31]. The inten-
sities of C-0 and C=0 were much weaker in SnO,/rGO than in GO.
The results suggested that most oxygen containing groups were
removed during the hydrothermal treatment. Thus, the GO was
successfully reduced to rGO.

3.2. Gas-sensing properties to NO;

In order to investigate the properties of the SnO,/rGO compos-
ites, a series of gas-sensing tests were conducted and the results are
shown as follows. The operating temperature is an important factor
in the gas sensing properties of materials. In the Fig. 5, the response
to 1 ppm NO, of the sensor based on SnO,/rGO composites with
different percentages of rGO as a function of the operating temper-
ature. The responses of all the SnO,/rGO composites at any tested
temperature were higher than that of SnO,, which indicated that
the introduction of rGO can enhance response to NO, with varying
degrees. Sensor response of SnO,/rGO with 1.4 wt.% rGO reached a
maximum value at 75 °C, which was enhanced by nearly 10 times
that of pure SnO,. However, an insufficient but additional content
of rGO decreased the gas responses. When the percentage of rGO is
insufficient, the resistance modulation of rGO is limited (discussed
in mechanism section). When the percentage of rGO exceeds the
critical rGO content, additional conducting channel will be formed
and the percolation will happen in the composites, resulting in the
decrease of the response. In this case, p-type rGO sheets will con-
nect with neighboring rGO, promoting hole current flow through
the continuous rGO layer, which acts as parallel resistance and
reduces the total resistance. The response of the sensors based on
Sn0,/rGO composites showed the highest value to NO; at 75 °C, and
decreased when increasing the operating temperature above 75 °C.
Gases react optically with chemisorbed oxygen on metal oxides
semiconductor at a particular temperature, which makes the resis-
tance in tested gases varying significantly [32]. There is not enough
energy to make full reaction between oxygen species and NO, when
the temperature is below 75°C. At temperature of 75°C, all the
oxygen species may have the required energy to react with NO,
molecules. But when the temperatures is above 75 °C, the amount
of oxygen ion species adsorbed on the surface sites of the Sn0O, may
be insufficient to react with NO, molecules, and more electrons
will jump into the conduction band at higher temperatures, so the
resistance in air (Rg) and the response (R =Rq/Rg) will decrease [33].
Therefore, further gas sensing studies based on SnO, /rGO were con-
ducted with the sample of 1.4 wt.% rGO at the optimum operating
temperature of 75°C.
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Fig. 6. The response of sensor based on SnO,/rGO to different concentrations NO,
at75°C.

The response and recovery time should be evaluated as impor-
tant parameters of sensors. In the inset of Fig. 5, the transient
response curves of the SnO,/rGO and SnO, at respective optimum
operating temperature were shown. It can be seen that not only
the response value but also the response and recovery time were
improved due to the presence of rGO in samples. The response and
recovery time of the sensor based on SnO,/rGO were 11 and 6 min
while respectively, whereas those of sensor based on SnO, were 13
and 9 min respectively. In addition, the resistance of SnO,/rGO was
higher than that of SnO, when exposed to air. A potential barrier
exists at the interface between the n-type SnO, nanoparticle and
p-type rGO, and depletion layers coexist in this p-n heterojunction.
The potential barrier and depletion layers resulting from p-n junc-
tion modulate the resistance of SnO,/rGO to show higher resistance
than SnO, in air [34]. SnO, is a classical n-type semiconductor that
increases resistance exposed to oxidant gas from air. The increased
resistance of Sn0O,/rGO in NO, indicated that the composite also
exhibited n-type semiconductor behavior. In our case, the huge
amount of SnO, provided a short path for carrier between discrete
rGO sheets and dominated its n-type semiconductor behavior.

The relationship between response and NO, concentration for
the sensor at operating temperature of 75°C was displayed in
Fig. 6, in which the logarithmic values of response are plotted as
a function of NO, concentration. It was shown that the response
increased with the NO, concentration in the range of 50 ppb to
2 ppm. The limit of detection was 50 ppb and the response of the
sensor to 50 ppb NO, was 2.9. The good reproducibility of the sen-
sor to 1 ppm NO; is shown in Fig. 7. During the five continuous
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Fig. 7. The five periods of response transient of SnO,/rGO to 1 ppm NO; at 75°C.
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Fig. 8. The response of sensor based on SnO,/rGO to various gases at 75°C.

response/recovery cycles, the sensor exhibited approximately the
same response value and response/recovery time.

The selectivity of the sensor was also studied, and the results
shown in Fig. 8 illustrate the cross-responses of the sensor towards
various tested gases, nmely H,S, NH3, Cly, O3, methane, ethylene,
toluene, acetone and ethanol. All the gases were tested at 75°C
with a much higher concentration (at least 10-fold) against NO5.
The responses of the sensor to various testing gases were lower

Y. Xiao et al. / Sensors and Actuators B 227 (2016) 419-426

Ambient relative humidity (%)

Fig.9. Effect of ambient relative humidity on the response of sensor based SnO, /rGO
(1.4%) exposed to NO.

than 2, while the response to NO, was ~700, which indicated the
good selectivity to NO,. The effect of environmental humidity on
the response of sensor based Sn0,/rGO (1.4%) exposed to NO,
has been studied, and the results are shown in Fig. 9. The sensor
response decreased with increase in environmental humidity, and
the response decreased to 50% when humidity was 100%.
Comparison of the NO, sensing performances of the sensors
based on SnO,/rGO or SnO,/graphene is summarized in Table 1.
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Fig. 10. Schematic illustration of the sensing mechanism of the NO, sensor based on SnO,/rGO (a), model of a potential barrier to electronic conduction at heterojunction
boundary and grain boundary (b).
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Table 1

The sensing performance comparison of different SnO,/graphene composites towards NO;.
Sensing Synthesis method Optimum operating Sensing performance Detection Reference
materials temperature (°C) NO, concentration Response limit

(ppm) (Rg/Ra or Ra/Rg)

Sn0, /rGO Hydrothermal treatment 50 5 3.31 0.5ppm [25]
Sn0;/rGO Hydrothermal treatment 45 100 1.083 14 ppm [26]
Sn0,/rGO Electrospinning 200 1 ~15 1ppm [34]
SnO,/rGO Thermal evaporation with CVD 150 0.1 ~11 10 ppb [35]
Sn0;/rGO Solvothermal treatment Room temperature 10 —4%(AR/Rq) 10 ppm [36]
SnO, /rGO Hydrothermal treatment 75 1 696 50 ppb Present work

Compared with previous results in literatures [25,26,34-36], our
sensor has improved detection limit to tens ppb level at a rela-
tively low temperature and has a wider detection range, so it can
be used as a promising trace NO, sensors with low power con-
sumption. Although some SnO,/rGO composites [25,26] were also
synthesized by hydrothermal treatment, there are significant dif-
ferences in the percentage and size/morphology of SnO, crystals in
composites, which maybe have effect on the sensing performance.

As literatures reported [11,19,25,26,34,36,38], improved
response of MOs-graphene-based sensor were always explained
by two factors: (1) enhancement of the surface accessibility of
Sn0,-rGO and (2) effective electronic interaction between SnO,
nanocrystals and the rGO sheets. Since the operation of gas
sensors involves adsorption/desorption processes and reactions
at the interface, the surface accessibility of sensing material is
crucial to achieve high response [37]. The surface areas of the
Sn0O, and SnO,/rGO samples were determined by BET. The BET
results demonstrate that the variation of the surface area with the
absence and presence of rGO is negligible (23.5m? g~ for SnO;,
and 20.7 m? g~ for Sn0,/rGO), and the even smaller surface area of
Sn0,/rGO cannot contribute to positive effects on sensing perfor-
mance. Thus, in this work, the modulations of material resistance
play a major role in the sensing mechanism of SnO,/rGO. The p-n
heterojunction formed between the n-type SnO, and the p-type
rGO displays significant effects on the resistance modulation of
Sn0,/rGO [3,19,25,34,36,38]. In our case, SnO, was major content
and covered a considerable part of the rGO surface and rGO had a
discrete configuration. Thus main conduction would occur along
continuous Sn0O,, rather than along discrete rGO. SnO, is consid-
ered to be involved in the receptor function while the rGO mainly
provides the electronic conduction path. The percentage of O
element in our rGO sample can be calculated by XPS results, which
is about 22%. The literatures reported the calculated work function
and band gap of rGO with ~20% O content are about 5.4eV [39]
and 0.914 eV [40]. The work function of such rGO was higher than
that of SnO, (4.8 eV), and hence in these p-n heterojunctions the
discrete rGO as an electron-absorption body will receive electrons
from adjacent SnO, resulting in modulation of the resistance of the
composites. As shown as in Fig. 9-10, two different potential barri-
ers and depletion layers coexist in SnO,/rGO heterostructures. One
is on the interface between SnO, nanograins and the other is at the
interface between rGO and SnO,. The two potential barriers will be
changed by adsorption or desorption of gas molecules, resulting in
additional modulation of the total resistance of the sensor. In the
air, oxygen molecules are adsorbed on the surfaces of the SnO, /[rGO
and ionized to 0,~, 0~ or 02~ by capturing free electrons from the
Sn0,/rGO, which directly influences the resistance of the sensor.
When exposed to NO,, the adsorbed oxygen species interact
with NO,, causing the extraction of electrons to be extracted
from SnO, and widening both depletion layers. Moreover, the
monocrystalline nature of SnO, benefits electronic transmission
and thin thickness of discoid SnO, facilitates the depletion of its
surface by the adsorbed NO, which in turn strongly modifies the
heterojunction layer, and therefore alters the whole resistance of

the heterostructured sensor. Additionally, the interaction between
SnO, and rGO may influence the redox and electronic properties
of Sn0, [41,42], that leads to more active sites for the adsorption
and reaction of NO, molecules. In summary, the formation of p-n
heterojunction and the morphology of SnO, nanograins contribute
to tens ppb level of detection limit to NO,.

4. Conclusions

In summary, novel discoid crystals of rutile SnO, modified by
rGO nanosheets have been successfully synthesized using a facile
one-step hydrothermal method. The as-synthesized SnO,/rGO
composites exhibited the morphology of the compact monodis-
perse SnO, discoid particles with the rGO flaky structure among
them. The characterization results demonstrated that the rGO
existed in composites and was successfully reduced from GO. The
gas properties of this discoid SnO,/rGO were measured and the
results indicated that it showed high sensing performance to NO,
at a low operating temperature with enhanced response, relatively
short response and recovery time, good reproducibility and excel-
lent selectivity, especially in detection limit as low as 50 ppb. The
improved response was attributed to the modification of potential
barrier at the SnO,-rGO interface.
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