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ABSTRACT

Chemiresistors based on graphene/SnO, quantum dots composites have been fabricated
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for low temperature detection of liquefied petroleum gas (LPG). Because of the flammable
nature of LPG, this investigation focused on the detection of LPG at low temperatures, in
order to find a cost-effective and low risk detection method. The structural, morpholo-
gical, and optical characterization of synthesized composites was done using X-ray

diffraction, field emission-scanning electron microscopy, transmission electron micro-
scopy, UV-visible and fluorescence spectroscopy. The as-obtained composites show
significantly better performance for the detection of LPG. The sensing mechanism used

defects chemistry.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Liquid petroleum gas (LPG) is a clean fuel with a high
octane number and is suited for use in vehicles with both in
terms of emissions and cost of the fuel. The main advantage
of using automotive LPG is that it is free of lead and has a
very low concentration of sulfur. Moreover, LPG is not a
greenhouse gas. LPG forms an explosive mixture with air at
concentrations between 2% and 10%. This is considerably
narrower than other common gaseous fuels. Therefore LPG
vapors which can collect in low-lying areas in the even-
tuality of the leakage are hazardous [1]. The auto-ignition
temperature of LPG is ~683-853 K and hence it is neces-
sary to be able to detect LPG at low temperatures [2].

Photo-acoustic spectroscopy has been proposed as a
successful option for gas detection with high sensitivity
and good selectivity with the possibility of non-destructive
analysis. These attributes make photo-acoustic spectroscopy
a powerful analytical tool for monitoring of gases [3].
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However, some serious limitations also are associated with
spectroscopy, e.g. the source of energy must be sufficient
(10 pW/cm?), the window of the sampling cell must be
transparent, and background noise can hamper the acoustic
measurements. Besides those limitations, it is a very expen-
sive technique for monitoring of gases [4]. Compared with
photo-acoustic spectroscopy, chemiresistive detection of
gases is a more straightforward and cost effective technique
[5-9].

LPG sensors using semiconducting metal oxides are the
most promising for the detection of LPG because of their
high sensitivity, low cost, and the possibility of continuous
monitoring [10-12]. However, a disadvantage of this LPG
sensor was low selectivity [13,14]. Choi et al. have fabri-
cated a nanowire-based gas sensor using a simple method
of growing Sn0O, nanowires. The gas sensing performance
of this sensing material was demonstrated using diluted
NO,. The sensitivity, as a function of temperature, was
highest at 473 K [15].

Thus, great attention has been recently paid to devel-
opment of new material for LPG gas sensing. Therefore, the
goals for this research are to produce a reliable, highly
selective, and sensitive LPG sensing material. Hence, the
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present work comprises a bold attempt to develop a chemir-
esistor based upon unattempted graphene/SnO, composite as
the sensing material.

Li et al. have previously reported the synthesis of
graphene/Sn0O, nanocomposites for application as electro-
chemical supercapacitors [16]. Zhang et al. have examined the
H,S sensing applications of highly aligned SnO, nanorods on
graphene three-dimensional (3D) array structures synthe-
sized by a straightforward nanocrystal-seeds-directing hydro-
thermal method [17]. Song et al. have demonstrated a
cataluminescence gas sensors application of graphene sheets
decorated with SnO, nanoparticles, synthesized by hydro-
thermal assisted an in situ synthesis route [18]. A new simple
route to prepare N-doped graphene-SnO, sandwich papers
was developed by Wang et al. for high-performance lithium-
ion batteries [19]. Wang et al. have also reported graphene-
supported SnO, nanoparticles prepared by a solvothermal
approach for enhanced electrochemical performance in
lithium-ion batteries [20]. Lian et al. have reported a gas-
liquid interface synthesis approach, which has been devel-
oped to prepare SnO,/graphene nanocomposites and focused
on the high reversible capacity of SnO,/graphene nanocom-
posites as anode materials for lithium-ion batteries [21].

Therefore, in this work, we fabricated graphene/SnO,
chemiresistors for LPG sensing and studied its defects-
based mechanism. Some crucial accomplishments are
reported; e.g. the chemiresistors have high sensing
response and selectivity, low operating temperature, fast
response and recovery, and good stability.

2. Experimental

In the present work, we adopted a convenient in situ
method to prepare graphene/SnO, quantum dots (QDs)
composites. All chemicals were of analytical grade and used
as received, without further purification. The preparation of
graphene/SnO, QDs composites can be divided into three
steps. First, in two separate beakers, SnCl; and NaOH
dissolved in deionized water of resistivity not less than
18.2 MQ.cm with a molar ratio of 1:4. The solution was put
in an ultrasonic bath for 2 h. Second, graphene was mixed
in solution placed in oven to dry at 373 K. The graphene
samples used in this study were prepared by a previously
reported method [22]. Accordingly, four samples were
prepared by altering the proportion of graphene from 0.4
to 1.6 wt.%. Third, the dried products were sintered in a
quartz tube at 473 K for 8 h under a nitrogen atmosphere.

The X-ray diffraction patterns were obtained using a
Rigaku (Miniflex II, Japan) diffractometer with CuKa radiation
in the range 10°-70°. The morphology of the sample was
observed using field emission-scanning electron microscopy
(FE-SEM) and transmission electron microscopy (TEM) using
JEOL JSM-7500F and (JEOL-1200ex, Japan) equipment, respec-
tively. The UV-visible analysis was performed on a Perkin
Elmer UV spectrophotometer in the range 200-400 nm. The
fluorescence measurement was done using an FL spectro-
photometer (Model: Hitachi, F-7000, Japan).

The chemiresistors of as-prepared samples were fabri-
cated by a screen-printing technique on a 25 mm x 25 mm
glass substrate using a temporary binder (composed of
butyl carbitol and ethyl cellulose). For the gas sensing

measurements, ohmic contact was achieved using high-
conducting silver paint deposited on adjacent sides of the
chemiresistor and annealing the chemiresistors at 373 K for
30 min in argon. The average thickness of the screen-
printed layer was ~9pum, measured using a Digimatic
Outside Micrometer (Series-293, Japan). In order to test
the gas sensing ability of chemiresistors, the gas sensor unit
was specially designed.

The sensing response of the chemiresistors was analyzed
at different concentrations (ppm) and temperatures. The
gas concentration required inside the 5-1 chamber was
maintained by injecting a known volume of test gas using
gas-injection syringes of different volumes. The concentra-
tion inside the chamber was increased by adding a parti-
cular amount of gas. During this experiment, the resistance
of the chemiresistor was measured using the voltage drop
method [23]. All measurements were carried out using dry
air as the carrier gas having a H,O content lower than
2 ppm. The sensing response of the chemiresistor is defined
as the ratio of resistance in the gas-air mixture to the
stabilized resistance in air and is given in Eq. (1) [24]:

AR _ [Rg —Ra|

5= Rq Rq

M

where R, and Ry is the resistance of the chemiresistor in air
and gas, respectively.

3. Results and discussion
3.1. Materials characterization

Fig. 1a-d shows XRD patterns of the as-prepared
graphene/Sn0O, QDs composites. From the XRD patterns, it
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Fig. 1. XRD patterns of (a) 0.4wt%, (b) 0.8wt% (c) 1.2wt% and
(d) 1.6 wt.%, of graphene/SnO, QDs composites.
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can be seen that two peaks, (002) and (100) appear
prominently, and these are the characteristic peaks of
graphene [25]. Moreover, it can be seen also that the
intensities of the XRD peaks of the SnO, QDs weakened.
This indicates that the SnO, average grain dimension is
smaller than that of the graphene. By using Scherrer’s
formula, the average grain size is ranges between 4 and
8 nm. The shoulder peak appears at 20=27° and is a
characteristic peak of SnO,. The intensity associated with
this peak decreased significantly with increased wt.% of
graphene.

In order to shed light on the morphology, FE-SEM and
TEM analysis was performed. The FE-SEM image in Fig. 2a
clearly shows the typical morphology of the as-obtained
product for 1.6 wt.% graphene/SnO, QDs composites. This
product comprised QDs with the sizes of ~4-8 nm. The
FE-SEM micrograph also indicates that SnO, QDs are
exclusively deposited on the graphene sheets with high
density and high uniformity. These SnO, QDs are firmly
attached to the graphene sheets. As shown in the TEM
image (Fig. 2b), many SnO, QDs with diameters of 2-4 nm
are attached to the corner of the graphene sheets. Tiny
Sn0, QDs are found anchored on this graphene.

UV-VIS spectra of the as-synthesized graphene/SnO,
QDs composites is shown in Fig. 3. It is observed that the
samples have a strong absorption peak within the range of
203-206 nm. The particle size distribution of SnO, QDs

Fig. 2. (a) FE-SEM and (b) TEM image of 1.6 wt.% graphene/SnO, QDs
composite.
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Fig. 3. UV-visible absorption spectrum of the as-synthesized composites.
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Fig. 4. Fluorescence spectrum of the as-synthesized composites.

Table 1
Iuv, Ipy and (Iyy/Ipy) ratio values for graphene/SnO, QDs composites.

Sample Iuv IpL (Iuv/IpL) Ratio
0.4 wt.% 26.92 1.33 20.240

0.8 wt.% 30.97 1.33 23.285

1.2 wt.% 37.86 1.33 28.466

1.6 wt.% 45.22 1.33 34

was found to be in the range of 2-4 nm, with absorption in
UV region, which clearly confirmed the presence of a
strong quantum confinement effect [26,27].

Sensing properties are strongly affected by the defects
concentration. The defect concentration can be estimated
by using the fluorescence intensity ratio between the
ultraviolet (Iyy) and visible deep levels (Ip ) [28]. The
emission spectra of graphene/SnO, QDs composites were
recorded under irradiation by 254 nm in the range 300-
650 nm as shown in Fig. 4. The Iyy, Ipy, and (Iyy/IpL) ratio
values for composites are listed in Table 1. It may be
directly observed from table that the defect density
increases with the content of graphene. This reflects
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SnO, QDs are firmly attached to graphene sheets through
dangling bonds.

3.2. Gas sensing properties

The capability of a chemiresistor to respond to a particular
gas in the presence of other gases is known as selectivity.
A comparative plot of sensing responses of chemiresistors to
LPG (as a representative of reducing gas) and CO, (as a
representative of oxidizing gas) is presented in Fig. 5. From
Fig. 5 it is seen that the maximum sensing response is
observed for LPG as compared to CO, gas. The results of
selectivity performance of as-synthesized composites show
that materials are more selective towards the LPG than CO,.
This may be due to the free energy difference between gas
molecules and sensing surface. The free energy that drives the
adsorption and chemisorption reaction is the difference in
reduction potential between donor and acceptor.

Because the chemiresistors are more selective towards
the LPG, further study of gas sensing is carried out using
LPG. Fig. 6 shows the sensing response as a function of LPG
concentration (ppm) at room temperature. It is seen from
Fig. 6 that for each chemiresistor, the response increased
with the wt.% of graphene. The plot clearly shows that the
sensing response improved in the composite state more
than in pristine SnO,.
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Fig. 5. Comparative gas sensing responses of chemiresistors towards CO,
and LPG for 50 ppm at room temperature.
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Fig. 6. The variation of sensing response of chemiresistors with the
concentration of LPG at room temperature.

The possible reason for increase in sensing response is
that at low contents of graphene, electrons mainly transfer
due to SnO, and electrons follow a hopping mechanism.
By contrast, at a high content of graphene, it overlaps on to
the SnO, QDs and the resistance of graphene is lower than
that of SnO, QDs. Hence, the adsorption of LPG increases
with the wt.% of graphene and SnO, played important to
make graphene sheets defective. When chemiresistors are
exposed to an LPG environment, LPG molecules are
adsorbed onto oxygen ions. Therefore, the physical adsorp-
tion of LPG on the graphene surface is the dominant
sensing mechanism. The plausible sensing mechanism
for LPG detection is shown in Fig. 7. The gas sensing action
basically depends on the adsorbed oxygen density.
As mentioned above, the gas sensing response is related
to defects, that is, oxygen vacancies can act as adsorption
sites for gas molecules. The reaction for adsorbed oxygen
ions are shown in (Eqs.(2)-4) [23].

0> (gas) — O (ads) (2)
0O, (ads) + e~ — O, (ads) (3)
0O, (ads) + e~ — 20~ (ads) (4)

LPG is the composition of CH4, C3Hg, C4Hqg etc., and these
molecules have a tendency to donate electrons to the
surface. A powerful odorant, ethanethiol, is added so that
leaks can be detected easily. It is an organosulfur com-
pound with the formula CH3CH,SH. Humans can detect
ethanethiol in minute concentrations as low as one part in
2.8 billion parts of air. Ethanethiol is intentionally added to
LPG for detection purposes. Thus, the impact of etha-
nethiol is not considered in chemiresistive gas sensing
[29,30]. When the chemiresistor is exposed to LPG, it
interacts with the adsorbed oxygen ions and forms H,O
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Fig. 7. Plausible sensing mechanism for LPG detection.
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and CO,. The reaction between LPG and adsorbed oxygen
ions are represented by (Egs. (5) and 6) [23].

CnH2n+2 + 20~ (ads) — H,0 + CHyn: O + e~ (5)

CyHzn: O + O™ (ads) —» CO, + HyO + e~ (6)

Fig. 8 shows the sensing response as a function of operat-
ing temperature to 30 ppm LPG. It may be observed from
Fig. 8 that the response increased up to 423 K. This is the
operating temperature for chemiresistors, which is much
lower than the autoignition temperature of LPG. This is an
important accomplishment of this present work. At higher
temperatures, the thermal energy is sufficient to overcome
the potential barrier and resulted in a significant increase
in electron concentrations for the sensing reaction. The
sensing response of semiconductor-oxide-based gas sen-
sors depends on the speed of the chemical reaction on the
surface of the particles and the speed of diffusion of
the gas molecules to that surface. At lower temperatures,
the sensing response is constrained by the speed of the
chemical reaction, and at higher temperatures it is con-
strained by the speed of diffusion of gas molecules. At
some transitional temperature, the speed values of the two
processes become equal, and at that point the chemire-
sistor response attained its maximum value [31]. The
response value starts to decreases beyond 423 K. This
may be due to the desorption of oxygen ions and diffused
gas molecules from the sensing surface [23].

As discussed earlier, the defects concentration affects
the sensing response significantly. Therefore, the study of
sensing parameters as a function of defects density is
crucial. It is evident that good correlation exists between
the Iyy/Ip ratio (defects density) and gas sensing response
as a function of wt.% of graphene as shown in Fig. 9. The
increase in defects density may be due to the SnO, QDs
forming dangling bonds with graphene [32]. As the wt.% of
graphene increases, more and more graphene sheets come
in contact with Sb,03 QDs and are damaged. Thus, the
graphene sheets becomes defects rich. This is one of the
possible reasons for the increase of the sensing response
with the increasing wt.% of graphene.
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Fig. 8. Chemiresistor response as a function of operating temperature to
30 ppm LPG.
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Fig. 9. The variation of defects density (Iyy/Ip.) ratio and LPG sensing
response with graphene content (wt.%).
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Fig. 10. Transient response of 1.6 wt.% graphene/SnO, QDs chemiresistor
to 50 ppm LPG.

The sensing response of a chemiresistor depends on the
removal of adsorbed oxygen molecules by reacting with a
target gas resulting in the generation of electrons. The gas
sensing response is related to the defects concentration
through the oxygen vacancies, which can act as adsorption
sites for atmospheric oxygen [33]. The higher the capabil-
ity of the surface to receive and oxidize the target gas, the
higher the change in conductance of the chemiresistor
could be, and, consequently, enhancement of the gas
sensing response. As the LPG comprises CH4, C3Hg, C4H10,
etc., it interacts with the adsorbed oxygen ions on the
surface and undergoes complete oxidation forming water
and CO, [34].

The transient response characteristic for 1.6 wt.%
graphene/SnO, QDs chemiresistors to 50 ppm LPG is
shown in Fig. 10. For the transient response measurement,
the gas was filled into the chamber and the chemiresistor
attained its highest stable sensing response value. A fast
response of ~16s for LPG was shown by chemiresistors.
The chemiresistor was exposed to air and the time taken
by it to reduce its highest value by 90%, is known as the
recovery time. For 1.6 wt.% graphene/SnO, QDs chemire-
sistors, the recovery time was ~20 s.

For stability measurements, 1.6 wt.% graphene/SnO,
QDs chemiresistor responses towards 50 ppm LPG at room
temperature was measured for 30 days and are shown
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Fig. 11. Stability characteristics of 1.6 wt.% graphene/SnO, QDs chemir-
esistor to 50 ppm LPG.

in Fig. 11. The chemiresistors show a nearly constant
response to LPG, indicating good stability.

4. Conclusions

We have successfully demonstrated a chemiresistive
gas sensing application of graphene/SnO, QDs composites
for LPG. The phase composition and structural purity
analyzed by XRD showed the formation of the composite.
FE-SEM and TEM was used to analyze the morphology of
the materials and shows SnO, QDs finely anchored on the
graphene. The UV-VIS and fluorescence spectroscopy were
used to investigate the quantum confinement and defects
density, respectively. The 1.6 wt.% graphene/SnO, QDs
composite chemiresistor is a good candidate for practical
use in the detection of LPG as it shows a good sensing
response at low operating temperatures, good stability,
fast response times and good recovery.
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