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amounts of graphene oxide (GO) prepared by the modi ed Hummers' method. The
resulting nanocomposites were used as sensing material for the detection of 1000 ppm CO
and VOCs including ethanol, acetone and toluene, and CH4 in a temperature range of 150300 C. The nanocomposites were characterized by Raman spectroscopy, XRD, BET surface
area measurement, FT-IR, and SEM methods. It seems that SnO2 layers were deposited
on the GO surface and incorporated into the matrix. This resulted in 47% increase in
the nanocomposite BET surface area. The addition of 0.1 wt% GO to SnO2 increased
the response to CO by about 6 times at 300 C. 0.05 wt% GO as an optimum amount
was included in SnO2 up to 2-fold enhancement in response to ethanol, and toluene was
observed. At 250 C, the highest response to ethanol was obtained, which is 120, 114, 1400,
and 15 times larger than the responses to CO, toluene, methane and acetone, respectively,
making the sensors quite selective to ethanol. Furthermore, this sensor exhibited good
response in the low concentration of ethanol.
© 2017 Sharif University of Technology. All rights reserved.

1. Introduction

graphene and its derivatives a promising material for
many applications, including lithium-ion batteries [3],
transistors [4], fuel cells [5], and sensors [6].
Volatile Organic Compounds (VOCs) are the
most important indoor pollutants emitted from various
sources such as cleaning supplies, cosmetics, pesticides,
and oce equipment. VOCs present in an indoor
environment are considered as the main cause of the
Sick Building Syndrome (SBS) [7].
Chemical gas sensors utilizing semiconductor
metal oxides, such as SnO2 , ZnO, and Fe2 O3 , are the
most promising devices due to the low fabrication cost,
simplicity in practical application, low weight and fast
response to a wide variety of VOCs, and pollutant and

Graphene was discovered in 2004, and K. Novoselov
and A. Geim received the Nobel Prize in physics
for their fundamental experiments on graphene in
2010 [1]. Graphene has a two-dimensional structure of
carbon with a carbon{carbon bond length of 0.142 nm.
The combination of large thermal conductivity, unique
electrical properties, and large surface area [2] makes
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toxic gases. Among metal oxides, SnO2 is well known
for the detection of di erent pollutants. The band
gap of SnO2 is 3.6 eV. SnO2 has excellent electrical
properties and high chemical stability. Although the
exact mechanism of gas sensor behavior is not well
known, it is basically the resistance change upon
adsorption of oxygen [8]. SnO2 -based gas sensors
typically operate by monitoring changes in surface
conductivity. Oxygen species, mainly in the form of
O , are generated by dissociative chemisorption of
oxygen molecules on SnO2 surface followed by electron
depletion from the surface, resulting in a decrease in
conductivity [9].
Recently, graphene or graphene quantum dots
have been utilized for fabrication of chemical gas
sensors [10,11]. This is because graphene has special
features such as large speci c surface area, high carrier mobility at room temperature, and low electrical noise [11]. Furthermore, graphene decreases the
sensing temperature and, therefore, lowers the energy
consumption.
On the other hand, in recent years, researchers
have focused on improving the stability and selectivity
of the sensing materials for detecting VOCs by the
addition of other semiconductors and insulators to the
base semiconductor. While there are several reports
on the use of semiconductor oxides for detection of
VOCs [12-14], there is no signi cant amount of the
related literature review on SnO2 /GO nanocomposites
for this purpose. Zhang et al. used SnO2 /reduced
graphene oxide nanocomposites for detecting NO2 [15].
Song et al. examined this nanocomposite for H2 S
sensing at room temperature [16]. Also, Xiao et al.
reported the use of hydrothermal method for SnO2
modi ed by reduced graphene oxide (rGO) for detection NO2 in trace concentrations [17]. Detection of
acetone and hydrogen sul de in exhaled human breath
by SnO2 nano ber decorated on rGO nanosheets was
done by Choi et al. [18].
In this work, GO/SnO2 nanocomposites are
synthesized by an ultrasonic deposition-precipitation
method, and their gas sensing properties for the
detection of toxic/combustible gases and VOCs are
investigated.

2. Experimental
2.1. Synthesis of sensing materials

Graphene Oxide nanosheets were prepared by the
improved Hummers' method [19]. Graphite akes were
added to a mixture of 9:1 H2 SO4 /H3 PO4 . KMnO4
was added slowly while stirring. The mixture was then
heated at 50 C and stirred for 48 h. H2 O2 was added to
the brown mixture, then washed with deionized water
(HCl) and ethanol several times, and dried at room
temperature.

SnO2 was prepared via an ultrasonic depositionprecipitation method. Details of this method have
been described elsewhere [10]. Brie y, for 0.05 and 0.1
wt% GO/SnO2 nanocomposites, GO was dispersed in
0.15 M SnCl4 aqueous solution and ammonia as the
precipitating agent was added while sonicating. The
precipitate was collected, washed with deionized water
several times, and dried and heated at 400 C for 1.5 h.
For the sake of brevity, hereafter, pure SnO2 , 0.05 and
0.1 wt% GO/SnO2 nanocomposites are denoted as S,
SG5, and SG10, respectively.

2.2. Characterization of the sensing materials

The morphology of GO and GO/SnO2 nanocomposites
was characterized using a eld emission scanning electron microscope (FE-SEM) operating at 20.0 kV by
JSM 6700F-JEOL. Crystal structure of the powders
was recorded with X-Ray Di raction (XRD) using a
Philips PW1800 apparatus. Speci c surface areas of
the samples were determined by the Brunauer-EmmetTeller (BET) method with a Quantachrome CHEMBET 3000. The Fourier-Transform Infrared (FT-IR)
spectra of the samples were measured using a Bruker
VECTOR 22. Raman spectra of the powders were obtained by Bruker SENTERRA equipment. Morphology
of the synthesized GO was investigated using transmission electron microscopy (TEM; Philips, CM120).

2.3. Fabrication of the sensors

Sensing materials were mixed with deionized water
to form a thick paste. This paste was then screen
printed on alumina substrates previously coated with
Au electrodes. The fabricated sensor was dried and
annealed at 400 C for 1.5 h.
The performance of the sensors for the detection
of target gases was measured by a test setup composed
of Mass Flow Controllers (MFCs) to adjust concentration of the target gas in air, furnace equipped with PID
temperature controller, sensor holder and electronic
board for measuring resistance/conductance of the
sensor. The target gas with proper concentrations was
introduced into a glass reactor, whose temperature was
adjusted by the temperature controller. The sensors
were exposed to 1000 ppm ethanol, CO, toluene and
acetone; 5000 ppm CH4 and instantaneous resistance
changes were monitored. Finally, the sensors' responses, de ned as (Ra/Rg-1), versus the temperature
in the range of 150-300 C were studied. Ra is the sensor
resistance in air and Rg is its resistance in the presence
of the target gas.

3. Results and discussion
3.1. Characterization

BET surfaces areas of S, SG5, and SG10 are 64, 93, and
94 m2 /g, respectively. About 47% increase in the BET
surface area is observed upon the addition of GO to
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SnO2 . GO surface may comprise numerous nucleation
centers [20] for the formation of SnO2 nanoparticles
when a ultra-sonicated deposition-precipitation procedure is applied to the preparation of the samples. In
this way, SnO2 nanoparticles' sizes decrease and lead
to an enhancement in the BET surface area.
The TEM and SEM micrographs of GO and
SG5 are shown in Figure 1. As is evident from
Figure 1(a) and (b), the transparency, as compared
to the background, indicates that the synthesized GO
comprises 1-5 layers of graphene in good agreement
with other reports [21]. Figure 1(c) shows the SEM
micrograph of the SnO2 /GO nanocomposite. It seems
that SnO2 nuclei are formed on the GO nanosheets
in the sonication process and cover the GO sheets, in
addition to the formation of SnO2 nanoparticles in bulk
solution making SnO2 matrix.
Figure 2 shows XRD patterns of SnO2 , SG5, and
SG10. The di raction peaks corresponding to (110)
at 26.56 , (101) at 32.28 , and (211) at 51.49 belong
to the tetragonal rutile structure of SnO2 (JCPDS File
No. 41-1445) [22]. The speci c di raction peaks of GO
20 [23] are not observed. This can be related to too
low concentrations of GO to be detected by XRD.
Figure 2 also demonstrates that by increasing
the amount of GO in the nanocomposite samples, the
XRD patterns exhibit weaker peaks of (110) and (211)
planes, while the peak intensity of (101) plane is
enhanced. Moreover, by increasing GO content, the full
widths at half-maximum (FWHM) increase, suggesting
that GO nanosheets act as crystallite growth inhibitors
for SnO2 crystals.
Figure 3 shows the Raman spectra of GO and
SG5 in 400-3500 cm 1 range. The appearance of a
2D peak at 2740 cm 1 and the overtone of D band
imply that the GO contains a few layers [24]. Dband peak at 1360 cm 1 is indicative of defects in the
crystalline structure of the graphite. The peak that
corresponds to E2g phonon at the central zone of the
Brillouin zone is at 1600 cm 1 . The peak at about 670
cm 1 corresponds to O-Sn-O vibrations. The FTIR
spectrum of GO, presented in Figure 4, con rms the
C-O, C=O and O-H (C-OH, COOH, H2 O) bonds in
GO sample. The carboxylic groups are almost at the
edge of planes and epoxy groups are usually formed on
the surface [25]. C-O bonds may be attributed to the
epoxy functional groups present on the basal plane of
GO. O-Sn-O vibration is observed at about 700 cm 1
in the spectra which is also attributed to SnO2 [26].

3.2. The sensing properties

The responses of SnO2 , SG5, and SG10 toward
1000 ppm ethanol, CO and toluene in the air as a
function of temperature are presented in Figure 5.
The insets of diagrams show the response toward GO
content at various temperatures.
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Figure 1. The TEM (a) and SEM (b) micrographs of GO,
and SEM of SG5 (c) containing 0.05 wt% GO in SnO2 .

For most gases, the response versus temperature
has a somehow volcano-type behavior. This behavior
seems to be the result of the competition between
surface reaction and adsorption and di usion on the
surface and into the sublayers of the surface, respectively [27]. By the addition of 0.05% GO to SnO2 , the
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Figure 2. The XRD patterns of (a) blank SnO2 , (b) SG5,
and (c) SG10.

Figure 3. The Raman spectra of (a) GO and (b) SG5.

Figure 4. FTIR spectra of (a) blank SnO2 (b) SG5 and
(c) GO.

response to ethanol and toluene increases compared to
pure SnO2 (Figure 5(a)-(c)). The maximum responses
of SG5 to both ethanol and toluene are obtained at
250 C, which are about 1.3 and 1.2 times larger than
those of the pure SnO2 , respectively. At 300 , the
responses increase by a factor of 2 for ethanol and
about 5 for toluene. The responses of SG10 to toluene
at 150 and 300 are 1.4 and 6.5 times larger than

Figure 5. The sensors' responses to 1000 ppm: (a)

Ethanol, (b) CO, and (c) toluene in the air as a function
of temperature.
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those of blank SnO2 , respectively. As GO is added
to SnO2 , the sensor's response to CO decreases at low
temperatures, while the response signi cantly increases
at higher temperatures. For instance, the addition of
0.05 and 0.1 wt% GO to SnO2 at 250 increases the
response by factors of 1.5 and 5.1, respectively.
The response of the sensor to ethanol is much
higher than those to toluene and CO. This is most
likely due to the mechanism of reactions taking place
on the surface of the sensor. When a target gas
is exposed to the sensor, it reacts with the oxygen
species on the surface, mainly in the form of O . This
interaction results in the electron being transferred
into the conduction band of the semiconductor, and
thus, the resistance of the sensor decreases. However,
the number of electron transfer and the time constant
of this interaction are considered to be among the
parameters a ecting the performance of the sensor
including sensitivity and response time.
As compared to toluene, ethanol and CO are
small molecules; thus, their di usion and adsorption
on the surface are easier (Molecular weight of toluene,
ethanol, and CO are 92.14, 46, and 28, respectively.)
On the other hand, the lower amount of toluene is
weakly adsorbed on the sensor's surface because of
steric hindrance of its aromatic ring [9]. Possible
chemical reactions for the target gases at the surface
can be described as follows [28]:
CO + O

! CO2 + e

C2 H5 OH + 6O
C6 H6 CH3 + 18O

! 2CO2 + 2H2 O + 6e
! 7CO2 + 4H2 O + 18e

structure combined with the surface reactions of the
target gas. This phenomenon has been observed and
reported by other groups [30,31]. However, the exact
mechanism of sensing has not been fully understood
yet and needs further investigations.
Figure 6 shows the responses of SG5 towards
5000 ppm methane and 1000 ppm acetone. The
response of the sensor to acetone is up to more than
two orders of magnitude higher than its response to
methane. Figure 7 shows the selectivity, at 250 , of the
sensor to ethanol de ned as its response to ethanol divided into its response to another gas. The selectivities
of SG5 to ethanol with respect to methane, CO, and
toluene are about 1800, 120 and 114, respectively. This
indicates that SG5 is a selective sensor to ethanol in the
presence of the other gases. Therefore, the sensor may
be used as a breathalyzer to selectively detect ethanol
in the presence of automotive emissions including CO
and hydrocarbons.
The variation of the response of SG5 sensor to
various concentrations of ethanol at 250 C is shown in
Figure 8. It is interesting to note that the response of
SG5 to ethanol concentration as low as 50 ppm is 22.5.
The normalized transient responses of the SG5

(1)
(2)
(3)

Based on these equations, the reaction of one
ethanol molecule with surface oxygen would release 6
electrons into the semiconductor conduction band compared to one electron per carbon monoxide molecule.
This may explain the dramatically larger responses to
ethanol [28]. On the other hand, although the toluene
would release even more electrons, the di usion onto
the surface and the oxidation reaction may be more
dicult due to its aromatic ring [29].
GO in its nanocomposite with SnO2 enhances the
responses to di erent gases through increasing the rates
of di usion and adsorption on sensing layer and forming
a heterostructure of p-n junctions between GO and
SnO2 . There are at least 3 kinds of interfaces in the
sensing material: interface between the SnO2 grains,
between the GO sheets, and between the SnO2 grains
and GO sheets. GO acts as a p-type, while SnO2 is an
n-type semiconductor; therefore, depletion regions at
the interface between SnO2 and GO and on the surface
of SnO2 grains are formed. Eventually, the response
is enhanced due to the ampli cation e ects of junction
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Figure 6. The response of SG5 towards 5000 ppm
methane and 1000 ppm acetone.

Figure 7. Selectivity of SG5 sensor to ethanol with
respect to methane, CO, and toluene.
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Figure 8. Responses of SG5 sensor to various
concentrations of ethanol at 250 C.

is de ned as the time required for the sensor to reach
90% of its nal response. According to Figure 9(a),
relatively fast and similar responses to CO and ethanol
are observed. These compounds have one oxygen atom
in their structure that can facilitate the reaction of their
adsorbed species with the surface oxygen species [9].
SG5 sensor's response to acetone and toluene lags
behind that of ethanol, and the most sluggish response
is observed for methane. The response times of
SG5 at 250 C for CO, ethanol, acetone, and toluene
are 8, 8, 31, and 83 s, respectively. This may show the
relative rates of di usion through the sensing layer and
adsorption and reactions on the sensor surface of the
gases. The di erences in response times are believed
to be following the two- lm theory [32]. Based on this
theory, when a sensing layer is in contact with air, the
gas lm is formed between the gas phase and the solid.
The driving force for the gas di usion through the lm
is managed by the di erence of gas concentration at the
solid surface and concentration in the gas phase-gas
lm interface. Some reactive gases, e.g., CO, di use
across gas lm and are oxidized immediately, while
some other gases do not have this ability and have to
be dissociated from atoms prior to being reacted on the
surface [32].
Figure 9(b) indicates that as 0.05 wt% GO is
added to its nanocomposite with SnO2 , the response
time signi cantly decreases due possibly to an enhancement of the surface area and the larger concentration
of adsorbed oxygen species on the surface. Further
addition of GO has minor e ects on lowering the
response times. However, the response times for all
the sensors pass a minimum at 250 C.

4. Conclusion

Figure 9. (a) Normalized transient responses of SG5 to

various gases at 250 C. (b) Response times of the sensors
containing various amounts of GO to 1000 ppm ethanol at
di erent temperatures.

sensor to various gases at 250 C are shown in Figure 9(a). The normalized transient response is de ned
as (Rt Rg )/(Ra Rg ), where Rt is the sensor's
instantaneous resistance, and Ra and Rg are the stable
resistances in the air and the target gass, respectively.
Figure 9(b) shows various sensors' response times to
ethanol at di erent temperatures. The response time

In this study, graphene oxide was prepared by improving Hummers, method, and SnO2 particles were
deposited on the graphene oxide sheets. Moreover,
e ects of the addition of low amounts of graphene
oxide (GO) to SnO2 on di erent characteristics of
the resulting nanocomposite and detection of various
volatile organic compounds (VOCs), CO, and CH4
were investigated.
The Raman spectrum and TEM micrograph of
the GO show the formation of 1-5 layers of graphene
nanosheets. The carboxylic groups on GO nanosheets
may act as nucleation centers for ultrasonic depositionprecipitation of SnO2 and signi cantly enhance the
BET surface area. P-n junction may also be formed at
SnO2 -GO interface which in turn creates two depletion
layers. As compared to SnO2 , 0.05 wt% GO-SnO2
sensor (SG5) shows about 2 times larger response than
those of both ethanol and CO, while the response to
toluene is enhanced by 3.6 times on the 0.1% GOSnO2 sensor. The ratios of SG5 sensor's response to
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ethanol to responses to methane, CO, and toluene at
250 are about 1400, 120 and 115, respectively. This
indicates that SG5 is a selective sensing material for
ethanol in the presence of the other gases. SG5 also
shows signi cantly lower response times to ethanol
than SnO2 due possibly to an enhancement in the
surface area, gas di usivity, and adsorbed oxygen
concentration. GO-SnO2 nanocomposite is suggested
to be utilized in the fabrication of breathalyzers to
selectively detect ethanol in the presence of automotive
emissions including CO and hydrocarbons.

Acknowledgment
Financial support of this research by University of
Tehran is gratefully acknowledged.

References
1. Castro Neto, A.H. \The carbon new age", Mater.
Today, 13(3), pp. 12-17 (2010).
2. Zhang, M., Lei, D., Du, Z., Yin, X., Chen, L.,
Li, Q., Wang, Y. and Wang, T. \Fast synthesis
of SnO2 /graphene composites by reducing graphene
oxide with stannous ions", J. Mater. Chem., 21(6),
pp. 1673-1676 (2011).
3. Liu, F., Liang, J., Yu, L., Zhao, J., Liu, C., Lan,
Q., Chen, Sh., Cao, Y.C. and Zheng, C. \Reduced
graphene oxide encapsulated sulfur spheres for the
lithium-sulfur battery cathode", Results in Physics, 7,
pp. 250-255 (2017).
4. Feng, Z.H., Yu, C., Li, J., Liu, Q.B., He, Z.Z.,
Song, X.B., Wang, J.J. and Cai, S.J. \An ultraclean
self-aligned process for high maximum oscillation frequency graphene transistors", Carbon., 75, pp. 249-254
(2014).
5. Song, T., Jin, Y., Bao, J., Kang, D. and Xie,
J. \Graphene/bio lm composites for enhancement of
hexavalent chromium reduction and electricity production in a biocathode microbial fuel cell", J. Hazard.
Mater, 317, pp. 73-80 (2016).
6. Andre, R.S., Shimizu, F.M., Miyazaki, C.M., Jr, A.R.,
Manzani, D., Ribeiro, S.J.L., Jr, O.N.O., Mattoso,
L.H.C. and Correa, D.S. \Hybrid layer-by-layer (LbL)
lms of polyaniline, graphene oxide and zinc oxide to
detect ammonia", Sens. Actuators B., 238, pp. 795801 (2017).
7. Barro, R., Regueiro, J., Lompart, M. and Garcia-Jares,
C. \Analysis of industrial contaminants in indoor air:
Part 1, Volatile organic compounds, carbonyl compounds, polycyclic aromatic hydrocarbons and polychlorinated biphenyls", J. Chromatogr. A., 1216(3),
pp. 540-566 (2009).
8. Aliha, H.M., Khodadadi, A.A. and Mortazavi, Y. \The
sensing behaviour of metal oxides (ZnO, CuO and
Sn2 O3 ) doped SnO2 for detection of low concentrations
of chlorinated volatile organic compounds", Sens. Actuators B., 181, pp. 637-643 (2013).

3039

9. Ahmadnia-Feyzabad, S., Khodadadi, A.A., VesaliNaseh, M. and Mortazavi. Y. \Highly sensitive and
selective sensors to volatile organic compounds using
MWCNTs/SnO2 ", Sens. Actuators B., 166-167, pp.
150-155 (2012).
10. Tang, Y., Liu, Z., Shen, Z., Chen, W., Ma, D. and Dai,
X. \Adsorption sensitivity of metal atom decorated
bilayer grapheme toward toxic gas molecules (CO, NO,
SO2 and HCN)", Sens. Actuators B, 238, pp. 182-195
(2017).
11. Khaleed, A.A., Bello, A., Dangbegnon, J.K., Madito, M.J., Ugbo, F.U., Akande, A.A., Dhonge, B.P.,
Barzegar, F., Momodu, D.Y., Mwakikunga, B.W.
and Manyala, N. \Gas sensing study of hydrothermal
re ux synthesized NiO/graphene foam electrode for
CO sensing", J. Mater. Sci., 52, pp. 2035-2044 (2017).
12. Geng, L., Zhao, Y., Huang, X., Wang, Sh., Zhang,
Sh. and Wu, Sh. \Characterization and gas sensitivity
study of polyaniline/SnO2 hybrid material prepared
by hydrothermal route", Sens. Actuators B., 120, pp.
568-572 (2007).
13. Kasalizadeh, M., Khodadadi, A.A. and Mortazavi, Y.
\Coupled metal oxide-doped Pt/SnO2 semiconductor
and yittria-stabilized zirconia electrochemical sensors
for detection of VOCs", J. Electrochem. Soc., 160 (11),
pp. 218-224 (2013).
14. Khuspe, G.D., Navale, S.T., Chougule, M.A., Sen,
Sh., Agawane, G.L., Kim, J.H. and Patil, V.B.
\Facile method of synthesis of polyaniline-SnO2 hybrid
nanocomposites: Microstructural, optical and electrical transport properties", Syn. Metals., 178, pp. 1-9
(2013).
15. Zhang, H., Feng, J., Fei, T., Liu, S. and
Zhang, T. \SnO2 nanoparticles-reduced praphene oxide nanocomposites for NO2 sensing at low operating
temperature", Sens. Actuators B., 190, pp. 472-478
(2014).
16. Song, Z., Wei, Z., Wang, B., Luo, Z., Xu, S., Zhang,
W., Yu, H., Li, M., Huang, Z., Zang, J., Yi, F. and Liu,
H. \Sensitive Room-Temperature H2S Gas Sensors
Employing SnO2 Quantum Wire/Reduced Graphene
Oxide Nanocomposites", Chem. Mater., 28(4), pp.
1205-1212 (2016).
17. Xiao, Y., Yang, Q., Wang, Zh., Zhang, R., Gao,
Y., Sun, P., Sun, Y., Lu, G. \Improvement of NO2
gas sensing performance based on discoid tin oxide
modi ed by reduced graphene oxide", Sens. Actuators
B., 227, pp. 419-426 (2016).
18. Choi, S.J., Jang, B.H., Lee, S.J., Min, B.K., Rothschild, A., and Kim, I.D., \Selective detection of acetone and hydrogen sul de for the diagnosis of diabetes
and halitosis using SnO2 nano bers functionalized
with reduced graphene oxide nanosheets", ACS Appl.
Mater. Interfaces., 6(4), pp. 2588-2597 (2014).
19. Marcano, D.C., Kosynkin, D.V., Berlin, J.M., Sinitskii, A., Sun, Z., Slesarev, A., Alemany, L.B., Lu,
W. and Tour, J.M. \Improved synthesis of graphene
oxide", ACS Nano., 4(8), pp. 4806-4814 (2010).

3040

M. Arvani et al./Scientia Iranica, Transactions C: Chemistry and ... 24 (2017) 3033{3040

20. Bezemer, G.L., Radstake, P. B., Koot, V., Van Dillen,
A. J., Geus, J.W. and De Jong, K.P. \Preparation of
Fischer-Tropsch cobalt catalysts supported on carbon
nano bers and silica using homogeneous depositionprecipitation", J. Catal., 237(2), pp. 291-302 (2006).
21. Wu, Z.S., Wang, D.W., Ren, W., Zhao, J., Zhou, G.,
Li, F. and Cheng, H.M. \Anchoring hydrous RuO2 on
graphene sheets for high-performance electrochemical
capacitors", Adv. Funct. Mater., 20(20), pp. 3595-3602
(2010).
22. Wang, H., Li, B., Gao, J., Tang, M., Feng, H., Li,
J. and Guo, L. \SnO2 hollow nanospheres enclosed
by single crystalline nanoparticles for highly ecient
dye-sensitized solar cells", Crystengcomm, 14 (16), pp.
5177-5181 (2012).
23. Liu, H., Huang, J., Li, X., Liu, J., Zhang, Y. and Du,
K. \Flower-like SnO2 /graphene composite for highcapacity lithium storage", Appl. Surf. Sci., 258(11),
pp. 4917-4921 (2012).
24. Ferrari, A., Meyer, J.C., Scardaci, C., Casiraghi, C.
and Lazzeri, M. \Raman spectrum of graphene and
graphene layers", Phys. Rev. Lett., 97, pp. 187401187404 (2006).
25. Dreyer, D.R., Park, S., Bielawski, C.W. and Ruo ,
R.S. \The chemistry of graphene oxide", Chem. Soc.
Rev., 39(1), pp. 228-240 (2010).
26. Galande, C., Mohite, A.D., Naumov, A.V., Gao, W.,
Ci, L., Ajayan, A., Gao, H., Srivastava, A., Weisman,
R.B. and Ajayan, P. M. \Quasi-molecular uorescence
from graphene oxide", Sci. Rep., 1, pp. 1-5 (2011).
27. Sakai, G., Matsunaga, N., Shimanoe, K. and Yamazoe,
N. \Theory of gas-di usion controlled sensitivity for
thin lm semiconductor gas sensor", Sens. Actuators
B., 80, pp. 125-131 (2001).
28. Ang, G.T., Toh, G.H., Bakar, M.Z.A., Abdullah, A.Z.
and Othman, M.R. \High sensitivity and fast response
SnO2 and La-SnO2 catalytic pellet sensors in detecting
volatile organic compounds", Process Saf. Environ.
Prot., 89(3), pp. 186-192 (2011).
29. Liu, L., Zhang, Y., Wang, G., Li, S., Wang, L.,
Han, Y., Jiang, X. and Wei, A. \High toluene sensing
properties of NiO/SnO2 composite nano ber sensors
operating at 330 C", Sens. Actuators B., 160(1), pp.
448-454 (2011).
30. Van Hieu, N., Thuy, L.T.B. and Chien, N.D. \Highly
sensitive thin lm NH3 gas sensor operating at room
temperature based on SnO2 /MWCNTs composite",

Sens. Actuators B., 129(2), pp. 888-895 (2008).
31. Wang, J., Liu, L., Cong, S.Y., Qi, J.Q. and Xu, B.K.
\An enrichment method to detect low concentration
formaldehyde", Sens. Actuators B., 134(2), pp. 10101015 (2008).
32. Mishra, V.N. and Agarwal, R.P. \Sensitivity, response
and recovery time of SnO2 based thick- lm sensor
array for H2 , CO, CH4 and LPG", Microelectron J.,
29, pp. 861-874 (1998).

Biographies
Maedeh Arvani received her BSc degree in Physics

from University of Tehran, Tehran, Iran and her MSc
degree in Electrical Engineering from Halmstad University, Halmstad, Sweden. She has been a Research
Assistant at the Catalysis and Reaction Engineering
Laboratory, University of Tehran since 2012. She is
currently a Researcher at the Tampere University of
Technology. Her research interests include nanostructured materials, quantum dots, graphene and metal
oxide semiconductor gas sensors.

H. Mohammad Aliha received her BSc and MSc

degrees in Chemical Engineering from University of
Tehran, Tehran, Iran. She has been a Research
Assistant at the Catalysis and Reaction Engineering
Laboratory, University of Tehran since 2010. Her
research interests include nanostructured materials,
graphene and metal oxide semiconductor gas sensors.

A. A. Khodadadi received his MSc in Chemical

Engineering from University of Tehran in 1986 and
his PhD in Catalysis and Reaction Engineering from
University of Waterloo, Canada, in 1994. His research
interests include synthesis of nanostructured materials
including metals (oxides), carbon nanotubes, graphene,
etc. via various methods and their applications in
nano/bio/photo/plasma-catalytic reactions, gas/biosensing, nano lters and membranes for natural gas
and petroleum conversions and air pollution control.

Y. Mortazavi received BSc degree in Chemical En-

gineering from University of Shiraz, Shiraz, Iran,
and MSc and PhD degrees in Chemical Engineering
from the University of Waterloo, Waterloo, Ontario,
Canada. He joined University of Tehran in 1995
and is currently the Chairman of Nanotechnology
Department of College of Engineering, University of
Tehran, Tehran, Iran. His research interests include
catalysis and reaction engineering, especially in CI
chemistry, air pollution control, chemical gas sensors
and nanostructured materials.

