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A facile and effective strategy has been successfully developed to synthesize reduced graphene
oxide-multiwalled carbon nanotubes-tin oxide nanoparticles (rGO-CNT-SnO,) hybrids by hydrothermal
method. The combined characterizations of X-ray diffraction, Raman spectrum and Transmission electron
microscopy were used to characterize the samples thus obtained, indicating the successful preparation
of rGO-CNT-SnO, hybrids. A room temperature NO, sensor was fabricated by dropping the dispersion
of rGO-CNT-SnO, hybrids on the surface of ceramic substrate previously printed Au electrodes. Most
importantly, the sensor based on rGO-CNT-SnO, hybrids shows high response, fast response and recov-
ery rate, high selectivity and good stability, which are much better than NO, sensors based on pure rGO

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Development of room temperature gas sensors has attracted
considerable attention due to their excellent advantages of avoid-
ing high temperature leading to low power consumption, easy
integration, good stability, etc. [1]. However, the gas sensors based
on semiconductor metal oxides always require high temperature
to activate the semiconductor properties of sensing materials for
detection of gases, which limit their applications for gas sensing
operated at room temperature [2].

Graphene-based materials have been proven as good candi-
dates for fabrication of room temperature gas sensors due to their
excellent properties, such as high carrier mobility at room tem-
perature, detectable change in their resistance after adsorption
or desorption of guest gases, high surface area, as well as good
chemical and physical stability [3,4]. Up to now, the pure graphene
materials prepared by various methods, including chemical reduc-
tion of graphene oxide (GO) [5,6], thermal reduction of GO [7,8],
chemical vapor deposition (CVD) have been used for detection of
gases at room temperature [9]. Among them, the reduced graphene
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oxide (rGO)-based materials have attracted much attention for
gas sensing because of their great advantages of low cost and
bulk quantity production, controllable tuning the semiconductor
properties by surface modification [10,11]. However, these sen-
sors suffer from the obvious shortcomings of low response, long
response and recovery times, which limit their wide applications.
Therefore, development of high performance rGO-based room tem-
perature gas sensors is highly required.

It is well known that sensing materials play an important role in
the sensing performances of gas sensors. Tuning the semiconduc-
tor properties of rGO by surface modification via noncovalent or
covalent methods is a promising strategy for fabrication of high per-
formance rGO-based sensing materials. Recently, SnO,, as a typical
n-type semiconductor exhibiting excellent sensing performances,
has been used to modify rGO for enhancing sensing perform-
ances of rGO-based gas sensors. Although highly aligned SnO,
nanorods on graphene sheets [12], SnO, nanoparticles/rGO [13,14],
as well as SnO, nanofibers functionalized with rGO [15], have been
successfully used for detection of acetone, hydrogen sulfide and
nitrogen dioxide (NO,), relatively high operating temperature is
required. Furthermore, the SnO,-rGO hybrids have also been used
for detection of gases at low operating temperature, even room
temperature [ 16-18]. Unfortunately, sensing performances (sensi-
tivity, response time and recovery time) of these sensors still need
further enhance to satisfy the criterion for practical applications.
More recently, we have fabricated NO, sensors using SnO,-rGO
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hybrids as sensing materials. Although the sensors exhibit bet-
ter sensing performances than that of rGO, the sensors are also
required heating (operated at 50°C) for detection of gases [19].
In this paper, multiwalled carbon tubes (CNTs) were introduced
into the Sn0O,-rGO hybrids, and rGO-CNT-SnO, ternary hybrids
have been successfully prepared by hydrothermal method. Most
importantly, the sensing performances have been tremendously
enhanced by introduction of CNTs, which are much better than that
of pure rGO and Sn0O,-rGO hybrids.

2. Experimental
2.1. Materials

SnCly-5H;0, KMnOy, H,0; (30 wt.%), NaNOs, and H,S04 (98%)
were purchased from Beijing Chemical Corp (Beijing, China). CNTs
(10-20 nm in diameter and 10-30 pwm in length with purity of 95%)
were purchased from Nanjing XFNANO Materials Tech. Graphite
powder was purchased from Aladin Ltd. (Shanghai, China). All
chemicals were used without any further purification. The water
used throughout all experiments was purified through a Millipore
system.

2.2. Preparation of rGO-CNT-SnO, hybrids

The GO was prepared by the modified Hummers’ method
according to our previous reports [20]. In a typical synthesis of rGO-
CNT-SnO; hybrids, 375 pL of GO dispersion (1 mg/mL) and 75 L of
CNTs dispersion (5 mg/mL) were added into 30 mL of H, O, followed
by sonication at room temperature for 30 min. Because GO is a good
stabilizing agent for mr-rich materials [21,22], a stable GO-CNT dis-
persion was obtained. After that, 0.036 g of SnCl; was added into
the above solution, followed by transferring 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

Raman spectra were obtained on J-YT64000 Raman spectrome-
ter with 514.5 nm wavelength incident laser light. Powder X-ray
diffraction (XRD) datum was recorded on a RigakuD/MAX 2550
diffractometer with Cu Ko radiation (A = 1.5418°A). A Perkin-Elmer
TGA 7 unit was used to carry out the thermogravimetric analysis
(TGA) in air at a heating rate of 10°C/min. Transmission electron
microscopy (TEM) measurement was made on a HITACHI H-8100

electron microscopy (Hitachi, Tokyo, Japan) with an accelerating
voltage of 200 kV.

2.4. Preparation of gas sensors

The aqueous dispersion of rGO-CNT-SnO, hybrids was used as
sensing materials for fabrication of NO, sensors. The sensors were
obtained by dip-coating the dispersion onto the ceramic substrate
before it was coated with the rGO-CNT-SnO, dispersion; two pairs
of electrodes were printed on each side as signal electrode and heat-
ing electrode, respectively. For the dropping the sensing materials
onto the electrode, 0.3 pL of rGO-CNT-SnO, aqueous dispersion
was dropped on the surface of electrode, followed by dryness at
room temperature. Gas sensing properties were measured using a
static test system. Saturated target vapor was injected into a test
chamber (about 1L in volume) by a microinjector through a rub-
ber plug. After fully mixed with air (relative humidity was about
25%), the sensor was put into the test chamber. When the response
reached a constant value, the sensor was taken out to recover in
air. The electrical properties of the sensor were measured by CGS-
8 intelligent test meter (Beijing Elite Tech. Co., Ltd., China). The
response of the sensor was defined as S=Ra/Rg, where R, is the
resistance of the sensor in the air and Rg is the resistance of the
sensor in target gas. The time taken by the sensor to achieve 90% of
the total resistance change was defined as the response time in the
case of adsorption or the recovery time in the case of desorption.

3. Results and discussion

The structure of the products was first examined by XRD pat-
tern. Fig. 1a shows the XRD pattern of rGO-CNT-SnO, hybrids. It
is seen that the samples exhibit eight peaks at 26 of 26.75, 33.77,
37.99, 51.75, 61.96, 65.23, 71.13 and 78.72°, which are attributed
tothe(110),(101),(200),(211),(310),(301),(202)and(321)
planes of tetragonal rutile SnO, (JCPDS File No. 41-1445), indicating
the formation of SnO, crystals [23]. Furthermore, no peaks associ-
ated with CNT or rGO are observed for the samples, which may be
attributed to the low content of CNT and rGO in the final hybrids.

It is well known that the Raman spectrum is an effective tech-
nique to examine the structure change from GO to rGO. Fig. 1b
shows the Raman spectra of GO and SnO,-containting hybrids. Nor-
mally, the rGO-based materials exhibita D band at about 1350 cm™!
and a G band at about 1600 cm~1, which are attributed to arising
from a breathing mode of k-point photons of A;; symmetry, and the
first order scattering of the Ep¢; phonon of sp? C atoms, respectively
[24]. It is seen that GO exhibits D peak at 1352 cm~! and G band at
1606 cm~1, which are the same to GO previously reported [25]. In
contrast, after hydrothermal treatment, the hybrids show a D band

Fig. 1. (a) XRD pattern of the samples obtained by hydrothermal treatment of GO-CNT dispersion in the presence of SnCls, and (b) Raman spectra of GO and rGO-CNT-SnO;

hybrids.



320 S. Liu et al. / Sensors and Actuators B 211 (2015) 318-324

1004
C ot
17*7%
T U s
I3
[
2 o6
Z !
3 7.36% |
2 94 ' :
92
90 . .

T T T T T 7
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 2. TGA curve of rGO-CNT-SnO, hybrids heated in air by increasing the temper-
ature from room temperature to 800°C.

at 1323 cm~!, which is lower than that of GO, and the shift of the D
band is attributed to the assembly of GO and CNTs through the -1
interaction [26]. Additionally, the hybrids also exhibit a G band with
a strong peak at 1577 cm~! and a broad peak at 1601 cm~!, which
is also attributed to the modification of rGO by CNTs [27]. Accord-
ing to our previous report, rGO can be obtained by reduction of GO
through the hydrothermal method [19]. Based the above results,
it is deduced that rGO-CNT-SnO, hybrids have been successfully
prepared by the hydrothermal treatment of GO-CNT dispersion in
the presence of SnCly.

To examine the content of CNT and rGO in the hybrids, the rGO-
CNT-SnO; hybrids were characterized by TGA. Fig. 2 shows the TGA
curve of the rGO-CNT-SnO, hybrids by heating in air from room
temperature to 800 °C at a heating rate of 10 °C/min. A weight loss
of 1.77% is observed by heating the hybrids from room tempera-
ture to 200 °C, which is attributed to desorption of guest molecules
including water and gases adsorbed by the hybrids. Further increas-
ing the temperature from 200°C to 700°C, the hybrids show the
weight loss of 7.36% attributed to the loss of the functional groups
in rGO as well as the combustion of rGO and CNTs [11]. Based on
the results of TGA, the content of SnO, in the hybrids is 90.87%.

Fig. 3 shows the TEM images of rGO-CNT-SnO, hybrids. It is
seen that the hybrids exhibit typical plat morphology, which is
similar with the rGO-based materials (Fig. 3a). Compared to the
pure rGO, the hybrids consist of numerous nanoparticles on the
surface, indicating the formation of SnO, nanoparticles on the

rGO, further confirmed by corresponding high magnification TEM
image (Fig. 3b). It is also found that CNT is obviously observed on
the surface of rGO sheet, indicating the successful introduction
of CNT into the rGO-SnO, hybrids, as shown in Fig. 3b. It is also
found that the diameter of CNT and SnO, nanoparticles is about
10-15nm and 5-8 nm, respectively. It should be noted that the
structure of the hybrids can be analyzed as the immobilization of
SnO, nanoparticles on the surface of rGO decorated with CNTs,
although the content of rGO in hybrids is relatively small. The
successful modification of rGO by SnO, and CNTs could tune
the semiconductor properties of rGO, leading to a new way for
improving the sensing performances of rGO-based materials for
gas sensing operating at room temperature.

The gas sensor based on rGO-CNT-SnO, hybrids was firstly
tested to detection of NO, at room temperature and the structure
of the electrode is shown in Fig. 4a and the detailed the structure
of the electrodes is also shown in Fig. 4b. It should be noted that
the dropping method is different from the conventional dip-casting
method for preparation of metal oxide-based gas sensors. It is seen
that the concentration of the dispersion containing sensing materi-
als and the volume dropped onto the electrode could be controlled
accurately, and thus good reproducibility of the sensor fabrication
process is obtained. The present work is focused on the fabrication
of rGO-based NO, sensor operated at room temperature, where
rGO-CNT-SnO; hybrids were used as sensing materials. Although
the room temperature in theory is 25 °C, the temperature in our lab
may be higher or lower than 25 °Cin various seasons. To remain the
temperature constant for gas sensing, a slightly high temperature
(32°C) is adopted. Thus, a heater was integrated into the electrode
for detection of NO,.

Fig. 5a shows the response and recovery curve of this sensor
toward 5ppm NO,. The resistance of rGO-CNT-SnO, hybrids on
the electrode is 205 MS2, which is much higher than that of pure
rGO, indicating the successful modification of rGO by SnO,. The
resistance of the sensor decreases rapidly by placing the sensor
into the vessel containing of 5 ppm NO,, and the resistance of the
sensor recovers to the initial value after removing the sensor in
air. It is clearly seen that rGO-CNT-SnO, hybrids exhibit a typical
the p-type semiconductor property. The response of the sensor to
5 ppm NO; is 2.53, and the response time and recovery time of the
sensor toward 5 ppm NO, are 8s and 77, respectively. It should
be noted that sensing performances of the senor based on rGO-
CNT-SnO, hybrids are much better than the previously reported
NO, sensors based on rGO-based materials, and the detailed com-
parison of the sensor based on rGO-CNT-SnO, hybrids and other

Fig. 3. (a) Low and (b) high magnification TEM images of rGO-CNT-SnO; hybrids.
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Fig. 4. (a) The schematic illustration of device for fabrication of room temperature NO, sensors based on rGO-CNT-SnO, hybrids and (b) the photographs of the electrodes.

Fig. 5. (a) The response and recovery curve of the sensor based on rGO-CNT-SnO, hybrids to 5 ppm NO; operated at room temperature. (b) The responses of the sensor based
on rGO-CNT-SnO, hybrids toward the NO, concentrations ranging from 1 ppm to 100 ppm at room temperature. (c) The selectivity of the sensors based on rGO-CNT-SnO,

hybrids toward 5 ppm gases, including NO,, Cl,, CO and NH3 at room temperature. (d) The reproducibility of temporal response of rGO-CNT-SnO; hybrids exposed to 5 ppm
NO, at room temperature.
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Table 1
Comparison of sensing performances of our proposed NO; sensor with other published NO, sensors based on metal oxide-rGO hybrids.
Materials Concentration (ppm) Operating temperature (°C) Response Response/recovery Reference
times (s/s)
Zn0-rGO 5 RT 25.6% 1655s/499 s [11]
rGO-Sn0; nanoparticles 5 50 3.31 1355/200s [19]
Cu, 0 nanowires-rGO 2 RT 67.8% -/- [27]
WOj3 nanorods-rGO 1 300 61 -[- [33]
WO0;-rGO 5 250 133 25-200s/ [34]
25-200s
NiO nanosheets-rGO 5 200 ~4.7 -/- [35]
C0304-rGO 60 RT 80% -/no recovery [36]
rGO-CNTs-Sn0O; 5 RT 2.53 8s/77s This work
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Fig. 6. The response and recovery curve of the sensor based on rGO-SnO, hybrids
to 5 ppm NO, operated at room temperature.

rGO-based sensors is shown in Table 1. Furthermore, this sensor
also exhibits faster response time (8 s) and recovery time (77 s) than
that of rGO-SnO, nanocomposites (288s and 619s) as shown in
Fig. 6, indicating the improvement of sensing performances of rGO-
based NO, sensors by introduction of SnO, nanoparticles together
with CNTs. Compared to the previously reported NO, gas sensing
based graphene nanomesh [28] and Au nanoparticles-rGO [29], the
sensor based on rGO-CNT-SnO, hybrids shows fast recovery rate,
which is attributed to the modification of rGO by SnO, nanopar-
ticles, leading to the fast recovery rate through the interactions
between NO, molecules and SnO, nanoparticles; While the slow
recovery rate is attributed to the special interactions between NO,
molecules and the defect of rGO for the conventional rGO-based gas
sensors. Indeed, SnO, nanocrystals prepared by the electrospinning
method show fast response and recovery for detection of NO, at
room temperature [30]. Furthermore, the fast response and recov-
ery rate is also attributed to introduction of CNT into rGO-SnO,
hybrids. Firstly, the presence of CNT could prevent the restacking
of rGO layers, indicating improvement of the surface area due to
the formation of microstructure [31]. Secondly, the introducing of
CNT could also improve the electron-transfer rate during the pro-
cess of NO, sensing, where the conductivity of CNT is much better
than rGO as well as SnO;, nanoparticles [32].

The response of the sensor based on rGO-CNT-SnO, hybrids
to various concentrations of NO, is also examined, as shown
in Fig. 5b. It is seen that the response to NO, increases rapidly
with increasing the concentrations of NO, ranging from 1 ppm to
10 ppm, and the response increases slowly by further increasing
the NO, from 10 ppm to 100 ppm. Additionally, the response of the
sensor toward 1 ppm NO, is 1.60, suggesting that the sensor thus
fabricated can be used for detection of NO, at relatively low con-
centration of NO,. All these observations indicate that the sensor

based on rGO-CNT-SnO, hybrids can be used for detection of NO,
with a wide detection range from 1 ppm to 100 ppm. Furthermore,
a good linearity of response curve of this sensor is observed for
detection of NO, with concentration from 1 ppm to 10 ppm.

The selectivity is also a very important parameter for gas sensor,
and the sensor based on rGO-CNT-SnO, hybrids is also examined,
as shown in Fig. 5c. It is well known that the rGO-based sensors are
sensitive to NO, and NHj3, because they are strong electron donor
and electron acceptor, respectively. In addition, due to the strong
oxidation ability, Cl is also an interference for detection of NO,. As
shown in Fig. 5¢, it is seen that the response of the sensor toward
5ppm NO; is 2.53, while the response to 5 ppm Cl,, NH3 and CO
are no more than 1.20, indicating the good selectivity of the sen-
sor based on rGO-CNT-SnO, hybrids. It should be noted that the
poor response of the sensor to NH3 is observed, which is different
from the previously reported rGO-based gas sensor [37]. The poor
response to NH3 may be attributed to the presence of SnO,, which
could change the active sites on the surface of the sensing materials,
as well as tune the semiconductor property of rGO.

Fig. 5d shows the reproducibility of temporal response of rGO-
CNT-SnO, hybrids exposed to 5ppm NO,. Notably, the sensor
maintains its initial response amplitude without a clear decrease
upon three successive sensing tests to 5 ppm NO,, indicating that
the rGO-CNT-SnO, hybrids possess good repeatability. All these
observations indicate that rGO-CNT-SnO, hybrids are good candi-
date for development of high performance room temperature NO,
Sensor.

The sensing mechanism of the sensor based on rGO-CNT-SnO,
toward the detection of NO, is also discussed. It is seen that
rGO-CNT-SnO, hybrids exhibit high response, fast response time
and recovery time than that of rGO-SnO, hybrids, as shown in
Figs. 5a and 6, which are also better than that of pure rGO. The
improvement of sensing performances is attributed to the tuning
the structure of sensing materials by introduction of SnO, nanopar-
ticles and CNT, and the possible reasons for enhancing the sensing
performances may be proposed as follow. Firstly, the modification
of rGO by SnO, nanoparticles not only tunes the surface active sites
for adsorption and desorption of target gas, but also tunes the semi-
conductor properties by formation of p-n heterojunction structure
between n-type SnO, and p-type rGO. Secondly, the introduction
of CNT could improve the electron-transfer rate due the good elec-
trical conductivity of CNT, as well as the increases the surface area
of the sensing materials due to the one-dimension structure.

As shown in the above data, the SnO,-CNTs-rGO hybrids show a
typical p-type semiconductor property, which is different from the
previously reported the gas sensors based on SnO,-based materials
[38]. Two different depletions layers coexist in the hybrids, where
one is on the surface of SnO, nanoparticles and the other one is the
interface between SnO, nanoparticles and rGO sheets [14]. Due to
the high coverage of SnO, on rGO and good sensing performance
compared to that of pure rGO, thus the sensing performance is per-
formed by adsorption/desorption of NO, on the surface of SnO,. It is
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well known that the numerous oxygen adsorbates (02,0~ or 0,~)
are formed on the surface of SnO, nanoparticles after adsorption of
oxygen by SnO, nanoparticles, where due to electron transfer from
the conduction band (CB) of the SnO, to oxygen [39]. By exposition
of the hybrids into NO,, a strong electron donor, the electrons were
injecting into the hybrids, leading to the decreasing the resistance
of the hybrids. In contrast, after the sensor inserting into air, the
NO, molecule desorbed from the surface of hybrids, the resistance
of the sensor increases and recovers to the initial resistance. The
presence of p-n hetro-junction could increase the electron transfer
rate during the detection process, due to the high conductivity of
rGO, compared to SnO, nanoparticles [27,34]. However, the exact
sensing mechanism of rGO-CNT-SnO, hybrids for detection of NO,
is not completely understood at present time and requires further
study.

4. Conclusions

In conclusion, a new NO, sensor has been successfully fabricated
by using rGO-CNT-SnO, hybrids as sensing materials, which were
prepared by hydrothermal treatment of GO-CNT dispersion in the
presence of SnCly. Most importantly, the sensor based on rGO-CNT-
Sn0, hybrids exhibits high response, fast response and recovery
rate, good selectivity as well as good stability for detection of NO,
at room temperature, which are much better than the previously
reported rGO-based NO, sensors. Our present study is of impor-
tance because it provides a new sensing material for fabrication of
high-performance room temperature NO; sensors.
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