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Liquid petroleum gas (LPG) sensing characteristics of graphene/Bi;O3 quantum dots (QDs) composites
have been studied. The prepared materials were characterized through X-ray diffraction, atomic force
microscopy, Raman, high resolution-transmission electron microscopy along with selected area electron
diffraction, ultraviolet—visible spectroscopy, fluorescence spectroscopy and thermo gravimetric-
differential thermal analysis. The X-ray diffraction pattern of BiO3 showed broad peaks and intense

absorption at 362 nm in UV-VIS spectrum confirms that chemically synthesized Bi;Os particles are

quantum dots. The composites show significant better performance towards the LPG. The defects

Keywords: R N . . . . . . o
Graphene chemistry was employed to analyse the increasing gas sensing properties with an increasing wt.% of
BiyO3 graphene. Also, excellent correlation observed between the defects concentration (Iyy/IpL) and sensing
LPG response as a function of wt.% of graphene.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

LPG is a very competent energy source that burns in a clean way,
but due to extremely flammable nature this gas is hazards to
humans [1]. LPG is invisible and has no natural smell, so a unique
smell is added to make possible any leaks to be detected. Due to its
highly explosive nature, even for low concentration (ppm) creates
serious problem [2]. Hence, it is important to detect it at its lower
concentration very efficiently. Metal oxide based LPG sensors en-
ables to detect lower concentration of LPG presence, but suffer from
lack of selectivity and high operation temperature [3]. The detec-
tion of LPG at higher temperature increases power consumption
and risk [4]. For this, many efforts are made by researchers to
investigate novel LPG sensing materials. Gurav et al. reported the
LPG sensing using Pd-sensitized vertically aligned ZnO nanorods
[5] with operating temperature 573 K. Hence, the present work is a
bold attempt to resolve high temperature operation disadvantage
using novel material graphene/Bi;O3 composite.

As a potential candidate in material science, graphene has
excellent gas sensing properties due to its high surface to volume
ratio [6]. Schedin et al. reported graphene based FET (field-effect
transistors) to detect the absorption of a single gas molecule [7].
The Biy03 is much more known transition metal oxide semi-
conductor. It has been extensively investigated for various appli-
cations as photocatalyst [8], ion conducting solid electrolyte [9],

* Corresponding author. Tel.: +91 9423124882.
E-mail address: sandeepwaghuley@sgbau.ac.in (S.A. Waghuley).

1293-2558/$ — see front matter © 2013 Elsevier Masson SAS. All rights reserved.
http://dx.doi.org/10.1016/j.solidstatesciences.2013.05.008

optical and electrical material in solid oxide fuel cells [10] and
oxygen sensors [11], and selective sensing material for NO detec-
tion [12]. In the last decade, BiO3 has been reported with various
morphologies, such as nanorods [13], nanotubes [14], nanowires
[15] and nanofibers [16]. Due to such morphology, Bi,O3 has found
numerous modern applications in electronics and electro-optics
[17—20], catalysis [21] and gas sensors [11].

In the present work, for the first time, we explored the LPG
sensing properties of graphene/Bi,O3 composite. Much effort has
been put to reduce operating temperature in order to reduce
operation cost and risk. The structural, morphological, optical and
thermal properties of graphene/Bi»03 composite were investigated
using X-ray diffraction (XRD), atomic force microscopy (AFM),
Raman, high resolution-transmission electron microscopy (HR-
TEM)-selected area diffraction pattern (TEM-SAED), ultraviolet—
visible (UV—VIS) spectroscopy, fluorescence spectroscopy and
thermo gravimetric-differential thermal analysis (TG-DTA).

2. Experimental

The Bi;O3 QDs were obtained through chemical route. In a
typical experiment, precursors bismuth nitrate (1 M) and hexa-
methylenetetramine (HMT) (1 M) were dissolved in 30 ml double
distilled water separately. The solutions were mixed thoroughly by
addition of HMT drop-by-drop under magnetic stirring for 2 h at
room temperature. Subsequently, the product was kept for a
centrifuge operating at 3000 rpm for 30 min. This centrifuged
precipitate was collected through cellulose nitrate filter paper. The


mailto:sandeepwaghuley@sgbau.ac.in
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.solidstatesciences.2013.05.008&domain=pdf
www.sciencedirect.com/science/journal/12932558
http://www.elsevier.com/locate/ssscie
http://dx.doi.org/10.1016/j.solidstatesciences.2013.05.008
http://dx.doi.org/10.1016/j.solidstatesciences.2013.05.008
http://dx.doi.org/10.1016/j.solidstatesciences.2013.05.008

28 K.R. Nemade, S.A. Waghuley / Solid State Sciences 22 (2013) 27—32

filtrate was dried at room temperature for over night in vacuum
chamber and then sintered at 373 K for 3 h.

The electrochemical exfoliation method was used to synthesize
graphene; during the process silver was used as a cathode and
graphite flake as anode. The electrodes were inserted into the ionic
solution with separation of 5 cm. The ionic solution was prepared
by taking 4.8 g of sulphuric acid diluted in 100 ml of double distilled
water [22]. Exfoliation process was carried out by DC bias
arrangement (10 V) at room temperature. The prepared graphene
was collected through cellulose nitrate filter paper and washed
with double distilled water several times. The obtained sample was
dried at 373 K for 2 h.

The graphene/BiO3 QDs composites were prepared by mixing
graphene in constant 1 g BiO3 QDs, where acetone used as organic
media. The solution was thoroughly mixed by magnetic stirrer for
30 min at room temperature. The resultant solution was kept for over
night for evaporation of acetone. In this manner, prepared composite
was sintered at 373 K for 1 h. During this stage, complete evaporation
of acetone takes place. Same method was employed to prepare
composite with varying wt.% of graphene from 20 to 80 wt.%.

The X-ray diffraction (XRD) patterns of samples were recorded
on an XRD Philips PW 1830 using CuK,, radiation (1 = 1.54 A) in the
range 1060°. The morphology of the samples was studied using
imaging techniques, high resolution-transmission electron micro-
scopy (HR-TEM)- selected area electron diffraction (SAED) (Philips
Tecnai F-30107). The surface topography and thickness distribution
of graphene was observed by AFM on Bruker Webinar Series.
Raman spectra was acquired on a BRUKER RFS 27: Raman Spec-
trometer using Nd: YAG laser source of excitation 514 nm. The
optical transmission was measured by a UV—VIS spectrophotom-
eter (Perkin Elmer) for the conformation of quantum confinement.
The fluorescence analysis was done on FL Spectrophotometer
(Model: HITACHI, F-7000) to know the defects density. The thermal
stability of material analysed through thermo gravimetric-
differential thermal analysis (TG-DTA) on Shimadzu DTG-60h
thermal analyser under nitrogen atmosphere.

The chemiresistor films for LPG sensing were prepared by
screen-printing on glass substrate of size 25 mm x 25 mm and then
dried at room temperature for 24 h [23]. The heating treatment was
given to the film at 373 K for 3 h. For surface resistance measure-
ment, the electrodes of silver were deposited on adjacent sides of
the film and then it was kept to heating at 353 K for 15 min for
drying the silver paint. The sensing response was determined from
resistance change of chemiresistor. The electrical resistance was
measured by using a voltage drop method adopted by Waghuley
et al. [23]. The gas sensing response of chemiresistor is defined as

_ AR _ |Rg—Rq|

S“R T R

(1)

where R, is the resistance of chemiresistor in air and Rg is the
resistance chemiresistor in gas. The response time was determined
by injecting known amount of gas in the chamber. The time taken
by chemiresistor to achieve 90% of its highest value was considered
as response time. While, the recovery time of the chemiresistor was
defined as the time taken for its resistance to be reduced by 90%
from its highest value. The experiment was carried out 5 times for
reproducibility of chemiresistors.

3. Results and discussion
3.1. Materials characterization

Fig. 1(a)—(f) depicts the XRD patterns of graphene and Bi>O3; QDs
along with (20—80 wt.%) graphene/Bi;03 QDs composites. The XRD
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Fig. 1. XRD patterns of (a) graphene, (b) Bi,O3 QDs and (c) 20 wt.%, (d) 40 wt.%, (e)
60 wt.% and (f) 80 wt.% graphene/Bi,03 QDs composites.

pattern shown in Fig. 1 (a), indicates the formation of graphene.
There are two prominent peaks (002) and (100) which are char-
acteristic peaks of graphene [24]. Fig. 1(b) shows the structural
purity of BiO3 QDs. There are seven prominent peaks observed in
the XRD pattern, (102), (122), (212), (014), (302), (304), and (323)
which are characteristic peaks of Bi;O3 QDs. All the peaks exactly
match with JCPDS Data Card No. 41-1449. The XRD pattern of
composites shows in Fig. 1 (c)—(f) displays broad hump peak, which
implies that the composites are nanocrystalline or loose the crys-
tallites [25]. This loose crystallites may be due addition of graphene
in Bi,03 induce disorder/defects in the structure [26,27]. The
crystallite size decreases with an increase in the wt.% of graphene.
Debye—Scherrer formula was used to calculate the crystallite size.
The average crystallite size of Bi,03 QDs was found to be 4.63 nm
and for composites, it was found to be ranges between the 5.23 and
5.68 nm. The smallest crystallite size was found to be 5.23 nm for
80 wt.% graphene/Bi,03 QDs composite. The crystallite size of
composites does not show significant difference.

Fig. 2(a) shows AFM image and thickness profile of graphene.
The thickness distribution of graphene was 1.77 nm, indicated the
few layered structure of graphene possesses 5—6 layers. The Raman
spectrum of graphene is shown in Fig. 2(b). The prominent Raman
features of FLG are D-band (~1300 cm™!), G-band (~1580 cm™!)
and 2D-band (~2700 cm™'). The D-band is known as the defect
concentration band. The intensity of the D-band is directly pro-
portional to the concentration of defects. The G-band assigned to
in-plane vibration of sp? carbon atoms [28]. The 2D-band originates
from a two-phonon double resonance process [29].
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Fig. 2. (a) AFM image with thickness distribution of graphene and (b) Raman spectrum of graphene.

80

70 |

60

% Transmission
o
[—]

20

10

0 - - - -
’
350 360 370 380 390 400
Wavelength (nm)

Fig. 3. UV-VIS spectra of the Bi,03 QDs dispersed in distilled water. Inset shows the
optical photograph.

Fig. 3 shows UV—VIS spectrum of Bi;O3 QDs. The plots show
intense absorption at 362 nm. This absorption in UV region con-
firms the presence of quantum confinement.

The morphology of as-prepared graphene was examined
through TEM; representative image is shown in Fig. 4(a). The TEM

image of graphene shows a wrinkled sheet like structure at the
edges. Inset of Fig. 4(a) shows the SAED image of graphene. The
planes appeared in SAED image are agreed with the results ob-
tained from XRD analysis. The SAED image is clearly visible, and the
bright diffraction spots reflect the hexagonal symmetry [30].
Fig. 4(b) presents the TEM image of Bi;O3 QDs. TEM image shows
the small amount of aggregation of Bi,O3 QDs. The average crys-
tallite size of BipO3 QDs estimated from XRD analysis agrees with
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Fig. 4. (a) TEM image of graphene and inset shows the SAED image. (b) TEM image of Bi,O3 QDs shows the aggregation of particles and inset shows the SAED image.
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Fig. 6. TG—DTA curves of 80 wt.% graphene/Bi,O; QDs composites.

TEM investigation. The inset image shows the SAED image, which is
consistent with the diffraction planes obtained from XRD analysis.
The HR-TEM image of the 80 wt.% graphene/Bi,O3 QDs com-
posite provided in Fig. 5. This image shows hybridised structure of
graphene and Bi,03 QDs. The inset of Fig. 5 shows the SAED image
of composite; reflects composite possesses less crystalline or
amorphous structure. This result is consistent with XRD analysis.

Fig. 6 demonstrates the TG-DTA of 80 wt.% graphene/Bi,O3 QDs
composites, in order to study the changes occurred regarding the
phase transition during heat treatment to the sample. The TG-DTA
analysis was carried out from room temperature to 775 K in ni-
trogen atmosphere.

According to the % TGA curve, the sample shows sharp weight
loss upto 373 K and DTA shows an endothermic pick at 346 K
corresponding to the evaporation of absorbed water. The total mass
loss from room temperature to 453 K was about 7.0339%. The DTA
curve shows another peak at 551 K, corresponds to the evaporation
of the constitution water in BiO3 QDs. The weak peak at 578 K
assigned to the oxidation of amorphous carbon present on the
surface of graphene [31]. The exothermic peak appears at 759 K,
which may be associated with the phase transition from «-Bi;03 —
8-Biy03 in composite [32]. The thermal study of sample shows the
stability of composite material in the vicinity of operating tem-
perature of 80 wt.% graphene/Bi,O3 QDs composites chemiresistor.

The sensing characteristics are significantly influence by defects
concentration on the sensing surface [33,34]. Thus, the fluores-
cence spectroscopy is straightforward approach of measurements
of defects density. Fig. 7 shows the fluorescence spectrum of (20—
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Fig. 7. Fluorescence spectrum of (20—80 wt.%) graphene/Bi,O3 QDs composites.
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Fig. 8. Response of chemiresistors towards CO, (30 ppm) and LPG (30 ppm) at 398 K.

80 wt.%) graphene/Bi;O3 QDs composites. From plots, it is observed
that the intensity value of ultraviolet (Iyy) enhanced with an in-
crease in wt.% of graphene. This shows that the graphene surface
becomes defects rich in the presence of Bi;O3 QDs. The intensities
ratio of the ultraviolet (Iyy) to visible leep levels (Ip) is measure of
defect concentration [34].

3.2. LPG sensing characteristics

The capability of a chemiresistor to respond to a definite gas is
known as selectivity. The selectivity response of chemiresistors was
checked towards to 30 ppm CO; and LPG at 398 K. The results are
shows in Fig. 8. The composites are more selective towards the LPG,
than CO,. It is clearly observable that 80 wt.% graphene/Bi;O3
composites chemiresistor is highly selective.

As the composite chemiresistors are more selective towards the
LPG, the sensing response of chemiresistors was measured as a
function of concentration of LPG at room temperature (303 K). The
results are presented in Fig. 9. The chemiresistors shows an in-
crease in response as a function of LPG concentration upto
100 ppm. Beyond 100 ppm, response of chemiresistors decline
from linearness. This suggested the saturation effect of chemir-
esistors. From the plots, it is observed that 80 wt.% graphene/Bi,03
composite highly responsive even at room temperature. This may
be due the smaller crystallite size, which provides a larger surface
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Fig. 9. Chemiresistor response as a function of concentration of LPG.
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Fig. 10. The variation of defects density (Iyy/Ip.) ratio and LPG sensing response with
the wt.% of graphene.

to volume ratio for gas—solid interaction [35]. An additional reason
for increase in response with wt.% of graphene attributed to an
increase in defects concentration. Fig. 10 shows the variation of
defects density (Iyy/IpL) ratio and LPG sensing response as a func-
tion of wt% graphene. From the plots, it is analysed that LPG
response increases linearly with defects concentration and wt.%
graphene. This result is consistent well with the [34].

Gas sensing action basically depends on electron transfer re-
actions, which are redox reactions. The free energy that drives the
reaction is the difference in reduction potentials between donor
and acceptor [36]. As mentioned above, gas sensing related to de-
fects, that is oxygen vacancies can act as adsorption sites for gas
molecules. The reactions for adsorbed oxygen ions are as follows
(Egs. (2)—(4)) [37].

0,(gas) — 05 (ads) (2)
0,(ads) + e~ — 05 (ads) (3)
05 (ads) + e~ — 20~ (ads) (4)

It is well known that LPG is composition of CHg4, C3Hg, C4Hg, etc.,
and these molecules having tendency to donate electron to the
surface. When the chemiresistor is exposed to LPG, it interacts with

Sensing Response

1 ——Graphene

=i-Bismuth Oxide QDs

=20 wt.% ——40 wt.%
051 ——60weo —0—80 wt.%
0
323 373 423 473
Temperature (K)

Fig. 11. Chemiresistor response as a function of operating temperature to 50 ppm LPG.

the adsorbed oxygen ions and formed H»0 and CO,. The reaction
between LPG and adsorbed oxygen ions are as follows (Egs. (5) and

(6)) [35].

ChHop o +20° (ads)—>H;0 + CyHy,: O + e~ (5)

CuHap: O+ 0 (ads)—CO, + HyO + e~ (6)

The response of chemiresistors towards the 50 ppm LPG as a
function of operating temperature is shown in Fig. 11. All curves
shows a highest sensing response values corresponding to tem-
perature. From the plot, it is examined that all composites possess
low operating temperature at 398 K. The 80 wt.% graphene/Bi,03
composites exhibited the optimum value of sensing response. This
is the most important accomplishment of present investigation,
which reduced the operation cost. Besides that, sensing of LPG at
elevated temperature is tricky due to its explosive nature. This
problem resolved up to some extent by present study. The response
value start to decreases from certain temperature, this may be due
to desorption of oxygen ions from sensing surface [37].

The primary sensing mechanism is applicable to pure graphene
and Bi>0O3 QDs, which is based on charge transfer between adsor-
bed gas molecules and sensing surface, leading to change in its
resistance. It is known that a certain amount of oxygen from air is
adsorbed on the surface of the chemiresistors. The graphene and
Bi»O3 QDs interact simply with the oxygen, by transferring the
electrons from the conduction band to adsorbed oxygen atoms.
Therefore, the adsorption of LPG molecules on the sensing surface
is the dominant sensing mechanism [38—40]. Careful analysis of
sensing mechanism in case of composites shows that Bi,O3 QDs act
as active sensing sites by damaging the graphene surface, which
may create vacancies or dangling bonds on graphene surface and
subsequently, enhance defects density [28].

In order to check the stability of 80 wt.% graphene/Bi»0O3 com-
posites, its responses to 100 ppm LPG was measured for 30 days at
an interval of 5 days at room temperature. The results are illus-
trated in Fig. 12. The chemiresistors have nearly constant response
to LPG indicating the good stability. The transient response char-
acteristic of 80 wt.% graphene/Bi,03 composite chemiresistor to
100 ppm LPG were studied at room temperature and displayed in
inset of Fig. 12. In this measurement, gas inserted in the chamber
and resistance of chemiresistor was measured in air and in
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Fig. 12. Stability and transient response (inset) characteristics of 80 wt.% graphene/
Bi,03 QDs chemiresistor to 100 ppm LPG.
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presence of gas. The 80 wt.% chemiresistor shows fast response
time towards the LPG of the order 16 s. For measuring the recovery
time, chemiresistor was exposed to air. The chemiresistor achieve
fast recovery in 20 s. The results indicate that the chemiresistor can
meet the practical application for detection of LPG.

On the basis of above discussion, it can be hypothesized that, as
a general, increasing the graphene content in Bi;O3 enhances the
sensing response to LPG. Obviously, a more detailed investigation is
necessary to validate this hypothesis. Further work on enhance-
ment of sensing response is currently under way.

4. Conclusions

The addition effect of graphene on LPG sensing properties of
graphene/Bi;03 QDs composites was successfully investigated. It
was found that the addition of graphene into Bi»O3 QDs, makes
graphene surface defective. This directly and simply confirmed
using fluorescence spectroscopy. Simultaneously, provide strong
support to improvement in LPG sensing properties based on defect
density. The 80 wt.% graphene/Bi,O3 composite possesses high
sensing response; low operating temperature, fast response and
recovery time along with good stability are adequate to be a
practical LPG sensor. Low operating temperature feature of 80 wt.%
graphene/Bi»O3 composite chemiresistor reduced the operation
cost as well as risk.
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