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Herein, we report the comparative gas sensing performance (at room temperature) of reduced graphene
oxide sensors obtained by reducing graphene oxide using extracts of pumpkin leaf, neem leaf and
methionine. An interdigitated pattern was designed on soda-lime glass using a stamp method and the
dispersed solution of rGO was spin coated on the pattern. The electrical response of the sensors was
investigated (using a simple in-house measurement set up) by measuring change in resistance of
graphene with varying gas concentration on exposure to liquefied petroleum gas (LPG). From the
characterization results using FTIR, SEM, EDX and UV-Visible, methionine reduced graphene oxide
(MRGO 12H) indicated a greater degree of reduction compared to pumpkin reduced graphene oxide
(PRGO 12H) and neem reduced graphene oxide (NRGO 12H). The LPG sensing results showed an
increase in the resistance of the sensor materials upon the introduction of the gas and, an increased
sensitivity as the concentration of the test gas increased from 100 ppm to 200 ppm while the MRGO
12H sensor was more selective towards LPG sensing. Furthermore, it was observed that the sensor
response for the fabricated sensors is strongly dependent on the concentration of gas exposed to the
sensors and the degree of removal of oxygen functional groups in the graphene-based materials. Hence,
the MRGO 12H sensor had a sensor response of 23.58% at 200 ppm. PRGO 12H at 100 ppm illustrates
the least sensor response while NRGO 12H showed very poor sensor response that ranged between
5.10% and 7.56%. The sensor response of the materials demonstrates an improvement in results obtained
for pure rGO based sensors. We obtained a response time as low as 5.3 seconds for MRGO 12H while
the recovery time of the sensors ranged between 6.46 seconds and 41.50 seconds. The MRGO 12H

sensor typified the best recovery time and thus outperformed results from most of the reported
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Accepted 28th May 2023 literature. Considering different performance metrics such as sensor response, response time, recovery

time and sensing period, MRGO 12H is more selective towards detecting LPG. Our results showed that
DOI: 10.1035/d3ra01684f a greater restoration of the sp2 carbon chain brought about by increased reduction of graphene oxide is

rsc.li/rsc-advances largely responsible for the sensing behavior of rGO towards LPG.

1 Introduction conSISte.ntly.been ShOWl’.l to be.a promlslng material 1n.the
electronics industry owing to its extraordinary mechanical,
Graphene material and its composites have been generating thermal, optical and electronic properties® that can generate
great attention in the area of research and development. It is enhanced material performance. In the electronics industry,
becoming one of the most studied materials because of its graphene has not yet successfully replaced semiconductor
significant properties and the ability of the material to be pro- materials like silicon, but there have been steady improvements
cessed and manufactured cheaply and easily for large scale thus positioning the material for applications in the fabrication
production. Graphene, which is a single layer of graphite'> has of some devices"* while also serving appropriate purposes in
applications where silicon is deficient.

Sensing of gases in the surrounding is very important to our
aDepartmm‘zt Of Physics and Engineering Physics, Obafemi Awolowo University, Ile-Ife, daﬂy living. Some of the gases that are very harmful to human
220282, Nigeria health are colorless, odorless and flammable. These properties
*Department of Physical and Computer Sciences, McPherson University, Seriki Sotayo, .

L . ) cannot be detected by human sensory organs, hence, there is
110117, Nigeria. E-mail: kayodeolumurewa@gmail.com i K
the need for a special device that can measure or detect the

‘Department of Chemistry and Physics, Elizabeth City University, Elizabeth City, NC,
UsA presence of such gases to accelerate safety measures. Gas
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detection is very important because of the hazards of flammable
gas concentrations such as liquefied petroleum gas in domestic
area, gas depots and industries, which may lead to explosions
and toxic gas-build ups, thereby poisoning the environment. In
addition, LPG is utilized as a combustive fuel alongside
premium motor spirit (PMS) in certain devices. A device to
sense early leakages is required in systems that function on LPG
as their combustive fuels.

In recent times, sensors have received great attention by
researchers because of ever increasing applications in industry
and environmental monitoring especially with the increasing
concern in global warming. Sensors, ranging from: thermal
sensors,>® light sensors” and gas sensors®,® have attracted the
interests of researchers. Gas waste in urban areas are of great
concern due to heavy vehicular movement, emission of carbon
monoxide (CO) from industrialization of processed chemicals,
pharmaceutical, and food products.'®™ There is the need for
proper monitoring to control the ejection of gases into the
atmosphere and produce an acceptable quality of air needed for
healthy living.

Gas sensors are devices which produce an alteration in
conductivity because of exposure to a target gas molecule. The
gas sensing operation of graphene sensor device can be
ascribed to the adsorption and desorption of gas molecules
acting as donors and acceptors of electron on the surface and
thereby altering the sensor's conductivity by altering the resis-
tance of graphene.'” Properties such as: ability to operate at
room temperature, good sensitivity, sensor response and
recovery rate to the target gas are very important indicators
needed to measure the efficiency of a sensor.*'* Most metal
oxide sensors are deficient in their ability to function as room
temperature sensor. Metal oxide sensors utilize a change in
resistivity when the target gas interacts with the surface of the
sensor. During the process, the adsorbed gas molecules interact
with electrons from the metal oxide resulting in a deficiency of
electron. Metal oxide sensors have relatively high energy band
gap and thus there is need for high electric field energy for the
transition of electrons into the conduction band. This become
possible when micro heaters are incorporated into the design
thus providing the required activation energy.** The provision of
an embedded micro heater makes this type of sensor unsuitable
for flexible and smart sensor applications. However, even
though graphene-based sensors operate similarly to metal oxide
sensor, they do not require an external heater to activate the
band gap of the material during sensing applications. This is
because of the low or zero-band gap of graphene and the large
and uniform surface area.!

Gas sensors can be classified into chemiresistor, silicon-
based field-effect transistor (FET), surface acoustic wave,
capacitance sensor, surface work function, optical fiber sensor
(OFS), and so on." According to literature, chemiresistors are
the most widely used in the construction of gas sensors because
of their simple structure, convenience to fabricate, room-
temperature operation, and relatively low cost.*>'® Graphene
and composite material are advantageous for the electrically
based sensor because of their structural arrangement which
allows for maximum interaction of all atoms so as to obtain
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a better adsorption of gas molecules."” In addition, they do not
require special circuits to reduce the noise level in the signal
because of their high crystal quality and low resistance.*®

According to literature studies, graphene-based sensors have
been fabricated using different approaches. Dua et al.," Fowler
et al.”® Lu et al.>* and Robinson et al.*> obtained gas sensors by
reducing graphene oxide. Schedin et al.**> obtained sensors from
mechanical exfoliation approach. Pearce et al>® obtained
sensors by epitaxial growth on silicon carbide (SiC) and Joshi
et al.** obtained sensors by chemical vapor deposition (CVD)
growth of graphene composites. Mishra et al.*® reported the
performance of SnO, quantum dots decorated on rGO towards
sensing of LPG. Their results showed high sensor response at
500 ppm and good selectivity towards LPG. However, the
sensors require high operating temperature to function. Anand
et al.* investigated the performance of graphene ZnO thick film
sensor in sensing LPG. Their result showed that optimum
sensor response was obtained at 150 °C and are more selective
in sensing hydrogen gas. Despite the progress recorded in
reducing the operating temperature for optimum sensor
application, the sensors were obtained by reducing graphene
oxide with hydrazine monohydrate which is toxic and may
interfere with the gases during sensing at higher concentration.
Also, the thick film sensor used comes with drawbacks that may
affect sensitivity and durability of the sensors. Furthermore,
their result also shows that graphene ZnO sensors have poor
sensor response and are not selective in sensing LPG. While
a few studies have investigated the performance of graphene-
based materials towards sensing of LPG, to the best of our
knowledge, no study has reported the performance of rGO-
based sensors obtained from green reduction using plant
extracts. Obtaining rGO based sensors by reduction using green
and environmental approach is beneficial to the environment
and cost effective. This further removes the possibility of the
contamination of the sensors with chemicals used during
reduction®” thus reducing the recovery time of the sensors. Also,
for thermally reduced graphene oxide utilized in sensor appli-
cations, the high temperature utilized during the reduction
process results in irreproducibility of the sensors and longer
recovery times.”® In addition, methionine was used to reduced
graphene oxide based on the presence of sulfur, hydroxyl and
amine reactive species present in it.>* For the first time, we
report the sensing of LPG at room temperature using rGO ob-
tained by green reduction and at room temperature and
compared with results obtained using methionine.

This study, therefore, focused on the development of
a sensitive, selective, low cost and high-quality graphene-based
sensor using green reduction methods. Extracts from neem
plant, pumpkin leaf and methionine were used to reduced
graphene oxide and the obtained reduced graphene oxide were
utilized to fabricate sensors for detecting liquefied petroleum
gas (LPG) at different concentrations. We then proceeded to
determine which of the rGO obtained by green reduction is
more selective towards LPG sensing. A simple home grown set
up was used to test the sensing performance of the sensors
while an interdigitated pattern on the glass substrate was ob-
tained by using stamp method.
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Table 1 Reduction of GOs using bL-methionine

Mass of sample Distilled water

Sample (mg) (mL) pL-Methionine
GO-SIM 250.00 500.00 5.00
GO-NP 250.00 500.00 4.00
GO-12H 500.00 1000.00 10.00

2 Experimental method
2.1 Synthesis of graphene oxide (GO)

GOs were synthesized from graphite flakes using: modified
Hummers' method (GO-12H), modified Hummers' method
without phosphoric acid (GO-NP) and simplified Hummers'
method (GO-SIM) as previously reported by Olorunkosebi et al.*°

2.2 Reduction of graphene oxide using methionine

The reduced graphene oxide obtained by reduction using
pumpkin leaves and neem extract have been previously reported
in our previous study.** For methionine reduced graphene
oxide, the required amount of pL-methionine was put into GO
aqueous suspension according to Table 1. The mixture was kept
in a sealed glass bottle and stirred continuously for 24 hours at
30 °C. Then, the homogenous solution of methionine reduced
graphene oxide (MRGO) was centrifuged at 3000 rpm, and
20 mL NaOH aqueous solution of 0.1 mol L' was added into
the product to dissolve unreacted methionine. Subsequently,
the solution was centrifuged at 10 000 rpm, and the obtained
black slurry was washed with adequate distilled water and
ethanol until the pH was 7.0.** Black MRGO dispersion was
obtained and oven-dried at 60 °C.

2.3 Characterization of samples

The UV-spectra of the samples were run on UV-visible spectro-
photometer (SHIMADZU). The UV analysis result gave plots of
absorbance against wavelength A. Results were further analyzed
to plot transmittance against wavelength A, and the absorbance
edge of each sample determined. The FTIR analysis of samples
were carried out using SHIMADZU FTIR model 8400S spectro-
photometer. Results obtained gave plots of percentage of
transmittance versus wavenumber per centimeter. Data ob-
tained were further analyzed using Origin Pro8 software to
determine the chemical functional groups present in rGO
powder. Surface characterization of rGOs were measured using
scanning electron microscope (SEM, JEOL JSM-6010 PLUS/LA)
while elemental composition was determined from the energy
dispersive X-ray spectroscopy (EDX) combined with the scan-
ning electron microscope (SEM).

3 Device fabrication
3.1 Fabrication of the stamp

Interdigitated pattern was designed on soda-lime glass using
stamp method and the dispersed solution of rGO was spin
coated on the pattern. The schematic diagram of dimensions
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Fig.1 Schematic diagram of stamp dimensions.

and structure of the electrodes are shown in Fig. 1. The fingers
have 2 mm spacing in between them?*? after it was printed out on
a paper using laser printer, then transferred into a rubber using
hot iron in order to carve out a pattern of ordinary stamp.

3.2 Stamping of electrode pattern

2.0 mL of 57.5 to 59 wt% of properly mixed silver suspension
(Pelco colloidal silver liquid) was dropped into a small container
that could accommodate the shape of the stamp. The stamp
shown in Fig. 2 was gently dipped into the suspension and
allowed to spread across all parts of the shape. Then, the stamp
was mildly placed on the sterilized glass substrate while the
silver paste formed the pattern before lifting. The stamp was
then used to make three different patterns on different glass
substrate as shown in Fig. 3 before being dipped into the

Fig. 2 Rubber stamp with pattern.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Interdigitated silver-based electrode on glass substrate.

suspension again. The obtained clean pattern was immediately
dried in an oven at the temperature of 70 °C for 30 minutes.

3.3 Spin coating of samples on the pattern

Gelatinous solutions of methionine reduced graphene oxide
(MRGO 12H), neem extract reduced graphene oxide (NRGO
12H) and pumpkin leaf extract reduced graphene oxide (PRGO
12H) were prepared with addition of carboxymethylcellulose
(CMC) to act as a binder. Spin coater (Ossilla E441) was used to
spin coat sample on glass substrate with interdigitated elec-
trode. The substrate was adapted and secured firmly into
substrate chuck of the spin coater and spirit level of the
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several trials were used to obtain better uniform coating films. It
was further annealed in an oven at 200 °C for 30 min to burn off
the binders (CMC) from the sample.

3.4 Testing of the device fabricated

A simple homemade set up was used to measure the gas sensing
behavior of LPG. The sensor was first calibrated by utilizing the
single point calibration where the sensor was initially exposed
to air and the resistance recorded. This was followed by
exposing the sensor to a known volume of the target gas. Elec-
trical response of the sensor was investigated by measuring
change in resistance of graphene with gas concentration during
exposure to liquefied petroleum gas (LPG). 4 kg of liquefied
petroleum gas (LPG) was purchased from a gas depot and filled
into a gas cylinder. Copper connecting wires of length 30.00 cm
and diameter of 0.30 mm were used to extend the sensor from
the chamber to digital multimeter (Mastech MY64). The set up
was arranged as shown in the schematic in Fig. 4. Teflon tube
was used for gas inlet and outlet which passed through a cork,
terminal wires. The electrometer was set to 200 MQ range and
the base resistance before introduction of gas into the chamber
was recorded. 500 mg, 750 mg and 1000 mg mass of gas were
introduced into the 5 L chamber while changes in resistance at
interval of time in seconds were recorded for NRGO-12H, PRGO
12H and MRGO 12H sensors. Plots of sensor response at
500 mg, 750 mg and 1000 mg were made against time in
seconds. The response of the sensor to target gas was deter-
mined with the following equations.

AR
machine was set to balance on the rigid platform. The machine S = x 100%
was set to step 01 and operational time of 2 minutes. The speed : (1)
of 500, 1000 and 1500 rpm for a process, two drops of sample _ R R % 100%
were dropped on the substrate each using a pipette while a
GAS
MASS 7 OUTLET
FLOWMETER x
GAS
CHAMBER
0:00
i
DIGITAL -
READOUT ~—"\{| INTERDIGITATED
I~ ELECTRODE
WITH rGO

Fig. 4 Schematic of set up used for LPG sensing.
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R, = initial resistance value of the device in dry and clean
atmosphere, R, = resistance value of the device on contact with
gas to be detected, S = sensor response (ratio of variation of
resistance (R, — R,) to initial resistance (R,)), Tres = response
time (time from sensor contact with gas to be detected to vari-
ation of resistance reach to 90% of R, — Ry), Ty = recovery time
(time from sensor away from gas to be detected to variation of
resistance reach to 90% of R, — Ry), D = ratio of response of
target gas (S.) to response of disturbed gas (S;).

S
D= —+ 2
S @

4 Results and discussion

4.1 Fourier transform infrared spectroscopy analysis of
MRGO

Fig. 5(a—c) shows the spectra of all rGO samples. The stretching
and bending vibration of O-H groups were still observed but
experienced a slight reduction in bending of the vibration from
3415.90 ecm™" to 3389.29 cm ™. Vibration of C=O0 of carbonyl
groups present at the edges of all GOs had disappeared or
diminished to confirm that the GO has been successfully exfo-
liated to graphene sheets (rGO). This was further confirmed by
report of Stankovich et al> In Fig. 5(a), methionine reduced
graphene oxide (MRGO-12) exhibited higher level of reduction
compared to other samples.

4.2 Scanning electron microscopy analyses of MRGO

Surface morphology of reduced graphene oxides (rGO) in Fig. 6(a-
c), show surfaces that were more refined and smother than GOs*
with sharp edges that confirmed that graphene oxide has been
reduced. The morphology shows that it is well refined and
smoother in variants of GOs reduced by methionine unlike
previously reported rGO reduced by neem and pumpkin extract®
and those reduced by hydrazine and hydrothermal method.”

4.3 Energy dispersive X-ray spectroscopy of MRGO

Fig. 7(a)-(c) shows the spectra of reduced graphene oxide
(rGOs). When comparing reduction of graphene oxide at 12H
(GO 12H) in Table 2, MRGO 12H showed higher reduction in
oxygen contents from 43.07% to 31.51% followed by NRGO 12H,
36.00% and PRGO 12H, 38.60%. The lower amount of oxygen in
MRGO 12H shows a greater reduction efficiency compared to
other methods. From Table 2, the lower the value of O/C ratio,
the greater the reduction efficiency of the reduced graphene
oxide. Hence, methionine was more effective in reducing gra-
phene oxide compared to neem plant and pumpkin leaf. This
may contribute to improved gas sensing performance of the
material. The presence of sodium (Na) in rGOs reduced by
methionine is traceable to NaOH solution used to dissolve the
residue from the solution. As a result, reduced graphene oxide
obtained from reducing GO 12H with methionine, extracts of
neem leaf and pumpkin leave were used for fabricating the
Sensors.
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Fig.5 Functional group analysis spectrum of (a) MRGO 12H, (b) MRGO
NP and (c) MRGO SIM.
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Fig. 6 Surface morphology micrograph of (a) MRGO 12H, (b) MRGO SIM and (c) MRGO NP.

4.4 Optical characterization of MRGO

The UV analysis of graphene-based materials can be identified
as an interesting absorption patterns at EM regions of between
230 nm and 300 nm which relate to transitions involving , o
and n electrons bond energies.* Fig. 8 indicates the spectrum of
MRGO 12H. In the spectrum, the typical GO peak at 230 nm
shifted to 260 nm on reducing with methionine* while the
plasmon peak red-shifted to longer wavelength of 289.85 nm
which showed an increase in electron concentration of the -
m* orbital. This is a pointer to an increased restoration of sp>
carbon caused by greater reduction of GO and thus a rear-
rangement of atoms.””** Also, the n—-t* peak of MRGO 12H red
shifted to 357.85 nm which is much higher than the values for
NRGO and PRGO. For all the orbitals, MRGO 12H showed
a greater red shift in wavelength compared to PRGO and NRGO
as previously reported.*® This is a further confirmation of the
heightened reduction potential of methionine.

4.5 Gas sensor performance test of rGO

The results of the gas sensing measurement of pumpkin
reduced graphene oxide (PRGO 12H), methionine reduced
graphene oxide (MRGO 12H) and neem reduced graphene oxide
(NRGO 12H) on exposure to LPG concentration of 150 ppm and
studied at ambient room temperature are presented in Table 3
and Fig. 9(a)-(c) respectively. The results showed an increase in

© 2023 The Author(s). Published by the Royal Society of Chemistry

the resistance of the sensor materials at room temperature of
30 °C upon the introduction of the gas. This can be explained
that, when LPG was introduced, the molecules of the gas
interacted with the surface of the sensor by absorbing an elec-
tron of oxygen to form water molecule H,O thus acting as an
acceptor and reducing the carrier concentration in the fabri-
cated sensors.”**®* When the sensor was inserted into the glass
chamber, it interacted first with oxygen in the atmosphere to
form ions (O, and O7) on the surface of the sensor. Propane
(CsHg) and butane (C4H,,) are the major components of LPG
and they have the same homologous series of C,H,,.,. Thus, we
assume the same chemical reactions. The reaction mechanism
between oxygen in the atmosphere and the rGO sensor at the
surface is given by the following equations.

O, (air) < O, (adsorbed) (3)
O, (adsorbed) + e~ < O, (adsorbed) (4)
O, (adsorbed) + e~ < 20~ (5)

LPG gas comprises of C3Hg and C4H;,. In these molecules,
the reducing hydrogen species are bound to carbon therefore
the LPG dissociates less easily into the reactive reducing
components on the surface.”

RSC Adv, 2023, 13, 16630-16642 | 16635
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Fig.7 Elemental composition spectra of (a) MRGO 12H, (b) MRGO NP
and (c) MRGO SIM.

However, the LPG sensing mechanism is a complex process,
and it is believed to proceed through numerous transitional
steps which is still being studied. The reaction mechanism of
LPG with chemisorbed active site O~ can be written as follows*

C,1H2n+2 +20° — Hzo + CnHZnO_ +e (6)

CnHz,,ZO +0 — C02 + Hzo +e (7)

16636 | RSC Adv, 2023, 13, 16630-16642
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Table 2 Comparison of elemental composition of graphene oxide
and rGO materials obtained in literature

Oxygen ratio

Sample Carbon Oxygen O/C ratio of RGO/GO Reference
MRGO 12H 60.03 31.51 0.52 0.73 Present study
Graphite 100.00 0.00 0.00 30
GO 12H 55.78 43.07 0.77 30
NRGO 12H  59.95 36.00 0.60 0.84 30
PRGO 12H 60.05 38.60 0.64 0.90 30
GO 62.70 37.30 0.59 7
RGO 81.00 18.80 0.23 0.50 7
T I I I I I
4 |- .

289.85 nm

2 T
<2} -
357.85 nm
n-n
0 1 1 t i i
200 300 400 500 600 700 800 900

Wavelength (nm)

Fig. 8 Absorbance spectrum of synthesized MRGO 12H.

where C,H,,., stands for C;Hg, C,H;,, etc., while C,H,,:0
represents partially oxidized intermediates on the rGO. rGO
shows characteristic n-type semiconductors and when exposed
to an oxidation atmosphere, such as LPG, it delivers electrons to
the gas molecules and lead to an increase in hole concentration
thus increasing the resistance of rGO surface sensor.*®

If the carrier concentration of the sensor is reduced, the
resistivity of the material will increase. A reduction in the
resistance of the sensor was however observed when LPG was
released. Furthermore, it was observed that the sensor response
for the fabricated sensors as shown in Fig. 10 is strongly
dependent on the concentration of gas exposed to the sensors
and the degree of removal of oxygen functional group in the
graphene-based materials. Hence, MRGO 12H sensor had
sensor response of 23.58% at 200 ppm while at 100 ppm,
a sensor response of 11.90% was obtained. This is traceable to
the higher reduction efficiency of MRGO 12H which resulted in
enhancement of the sensor response. The degree of reduction
determines the rate at which gas molecules adsorb on the
different sites of the sensor resulting in changes in resistance.™
Apart from the degree of removal of oxygen from the graphene
plane, other factors like the irregular structure of rGO at both
macroscale and nanoscale, film thickness, and electrode

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Data showing sensing behavior of the sensors towards LPG at 150 ppm

Initial resistance Peak resistance

Time to reach peak

Response time ~ Recovery time  Sensor response

Sensor type  at room temperature (MQ) MQ) resistance (seconds) (seconds) (seconds) (%)
PRGO 12H 24.80 30.36 3016.83 23.05 32.27 16.95
MRGO 12H  14.34 20.75 1710.06 6.46 15.52 20.34
NRGO 12H  35.32 41.68 1949.11 17.75 33.89 7.56
between 5.10% and 7.56%. While the sensor response of our
wp  © ——150ppm PRGO sensors indicates lower values than what was obtained in some
===150ppm MRGO|
——150ppm NRGO literature studies,***” considering the operating temperature of
35 - the sensor and the concentration of target gas exposed to the
g film, our results demonstrates an improvement in sensing
% 30 | (a) response for pure rGO based sensors. To this effect, for opti-
% ( mization of results, functionalizing rGO obtained by these
_(‘% 25| methods with other materials is likely to generate higher sensor
g response compared to results of previous studies.

ol (b) In addition, different factors are responsible for the sensing
response of the sensor. For example, in LPG sensing, consid-
erable energy is required to overcome the energy barrier in order

v to obtain an improved sensor response while at lower concen-

0 500 1000 1500 2000 2500 3000 3500 tration of target gas, there is reduced surface reaction and
Time (s) coverage thus resulting in lower sensor response.?” Based on the

Fig. 9 Graph of sensor resistance against time for (a) PRGO 12H at
150 ppm LPG, (b) MRGO 12H at 150 ppm LPG and (c) NRGO 12H at
150 ppm LPG.

configuration may be responsible for the sensing behavior of
rGO sensors.?

Also, the facile permeation of LPG molecules on the rGO
sensor is responsible for the fast response time.”® PRGO 12H at
100 ppm illustrates the least sensor response of 4.23% while
NRGO 12H showed very poor sensor response that ranged

W PRGO 12H
35 GO

30
25
20
15

10

Sensor Response (%)

()

100 ppm

graph in Fig. 10 where sensor response increased steadily with
target gas concentration for MRGO and PRGO, an improved
sensor response is anticipated for higher gas concentration.
Since sensor response is a measure of the selectivity of a sensor
to a gas,” MRGO 12H is more selective in detecting LPG unlike
NRGO 12H whose sensor response decreased with increased
target gas concentration. The cooperation between the poly
amino acid (present in methionine) and other nanomaterials
enhanced the reduction potential of methionine thus
improving the sensitivity and selectivity of MRGO 12H towards
LPG.*® The three sensors show characteristic n-type when
exposed to an oxidation atmosphere, such as LPG and delivers

B MRGO 12H mNRGO 12H

150 ppm

200 ppm

LPG Concentration

Fig. 10 Graph showing variation of sensor response to LPG concentration for fabricated sensors.
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Fig. 11 Graph showing relationship between response time of fabricated sensors with LPG concentration.

electrons to the gas molecules thus leading to an increase in
hole concentration and increasing the resistance of rGO surface
sensor. The resistance of NRGO 12H sensor on exposure to
gaseous species is much higher than values obtained for PRGO
12H. The diminishing sensor response obtained for NRGO 12H
unlike in PRGO 12H despite the similar reducing property of
neem and pumpkin leaves is traceable to the higher resistance
in NRGO 12H sensor on exposure to gaseous species. Thus,
NRGO 12H couldn't respond to corresponding changes in
resistance as gas concentration increased. While neem plant
typified good reduction potential for graphene oxide, NRGO
12H sensors behaved poorly as sensors for LPG. Further studies
might also be required to investigate the sensing mechanism of
NRGO sensors. From the graphs in Fig. 11 and 12, we observed
that, generally, all the three sensors exhibited good response
time upon the introduction of LPG and excellent recovery time
when the gas was released from the chamber. Robinson et al.**

D
o

B 100 ppm ® 150 ppm

m A ili

MRGO 12H

(]
o

S
o

Recovery Time (Seconds)
N w
o o

=
o

PRGO 12H

reported that the good response time of graphene-based
sensors is due to the adsorption of molecules at the sp?
carbon domains which are regarded as low energy binding sites.
The fast response time of the sensors is a validation of the
sensitivity of the sensors to LPG while the excellent recovery
time, in addition to reinforcing the sensitivity of the sensors,
also indicate that the sensors are fabricated from suitable
materials that do not interfere with the sensing process and
may be investigated for their selectivity. However, MRGO 12H
sensor had outstanding response and recovery time superior to
PRGO 12H and NRGO 12H, thus indicating superior material
selectivity towards sensing LPG compared to NRGO 12H and
PRGO 12H. While reports have been made on how high oper-
ating temperature of sensors results in reduced response time
and large recovery time,”® at a low operating temperature of 30 ©
C, we have obtained response time that are far below reported
values in several literature®*”***® while recovery time of the

m 200 ppm

NRGO 12H

Fig. 12 Graph showing relationship between recovery time of fabricated sensors with LPG concentration.
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(a) Graph of Sensor Resistance against time for PRGO 12H at different LPG concentration. (b) Graph of sensor resistance against time for

MRGO 12H at different LPG concentration. (c) Graph of sensor resistance against time for NRGO 12H at different LPG concentration. (d) Graph of
sensitivity against time for PRGO 12H at different LPG concentration. (e) Graph of sensitivity against time for MRGO 12H at different LPG
concentration. (f) Graph of sensitivity against time for NRGO 12H at different LPG concentration.

sensors ranged between 6.46 seconds and 41.50 seconds. MRGO
12H sensor typified the least recovery time and thus out-
performed results from reported literature.

The time required for MRGO to attain peak resistance at
a concentration of 150 ppm is about 1710 seconds while NRGO
required a time of about 1949 seconds and 3016 seconds was

© 2023 The Author(s). Published by the Royal Society of Chemistry

required in the case of PRGO as shown in Table 3. Thus, MRGO
12H sensor had a lower sensing period for the same concen-
tration compared to PRGO and NRGO. We can infer thus that,
the period of exposure to sensitivity is shorter for MRGO 12H
sensor. This further reiterates the selectivity of MRGO 12H
sensors to LPG compared to other variants of rGO sensor
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Fig. 14 Graph of sensitivity of sensors against different LPG concentration.

fabricated. Considering different performance metrics such as
sensor response, response time, recovery time and sensing
period, MRGO 12H is more selective towards detecting LPG.

The graph of resistance of sensors against time at different
concentrations of 100 ppm, 150 ppm, and 200 ppm are pre-
sented in Fig. 13(a)-(c) for PRGO 12H, MRGO 12H and NRGO 12
sensors respectively. It was evident from the figures shown that
all the fabricated sensors exhibited good dependence on the
LPG concentration. When LPG concentration is increased, it
leads to more molecules of the gas on the surface of the sensor
and subsequently an increase in the rate of reaction thus
resulting in improved sensing properties. The sensing power
depended on the degree of reduction®® because the reduction of
graphene oxide eliminates a considerable amount of oxygen
containing group which influenced the resistance of the
sensor.*" In addition, the performance of MRGO sensor towards
sensing LPG has further corroborated the fact that sensing
potential is dependent on the degree of reduction.

Fig. 13(d)—(f) showed plots of percentage ratio of change in
resistance to the initial resistance for PRGO 12H, MRGO 12H
and NRGO 12H sensors respectively. This was done to compare
the sensitivity of each sensor relative to another. From the plots,
MRGO 12H sensor is the most sensitive of the sensors. Fig. 14
shows the graph of percentage ratio of change in resistance to
the initial resistance for the sensors. The improved reduction of
MRGO 12H compared to PRGO 12H and NRGO 12H as indi-
cated by the characterization techniques using: FTIR, EDX, SEM
and UV-Visible have been validated by the sensitivity even at low
gas concentration of MRGO 12H.

5 Conclusions

Graphene-based sensor obtained from the reduction of gra-
phene oxide using methionine, extracts of neem plant and
pumpkin leaf were successfully fabricated on soda lime glass
substrate. Three types of sensors were made using stamp

16640 | RSC Adv, 2023, 13, 16630-16642

method for the transfer of interdigitated electrodes into the
glass substrate and, prepared reduced graphene oxide was spin
coated on the pattern to form a thin film. During the testing,
highly reduced graphene oxide (MRGO 12H) was more sensitive
to LPG than other sensors. Our results also showed that
a greater restoration of the sp? carbon chain brought about by
increased reduction of graphene oxide is largely responsible for
the sensing behavior of rGO towards LPG. Furthermore, it was
observed that the sensor response for the fabricated sensors is
strongly dependent on the concentration of gas exposed to the
sensors and the degree of removal of oxygen functional group in
the graphene-based materials. Hence, MRGO 12H sensor had
highest sensor response of 23.58% at 200 ppm while a value of
11.90% was obtained at 100 ppm. PRGO 12H at 100 ppm
illustrates the least sensor response while NRGO 12H showed
sensor response that ranged between 5.10% and 7.56%. The
sensor response of the materials, demonstrates an improve-
ment in results obtained for pure rGO based sensors. While this
further reiterates the importance of functionalizing graphene-
based materials with other materials for improved sensor
performance, functionalizing rGO obtained by these methods
with other materials is likely to generate higher sensor response
compared to results of previous studies. Considering different
performance metrics such as sensor response, response time,
recovery time and sensing period, MRGO 12H is more selective
towards detecting LPG. In summary, we have demonstrated and
shown that a convenient and inexpensive home grown set up
can be used to measure the sensing properties of reduced gra-
phene oxide sensors to LPG gas. The fabricated sensor is cheap,
scalable and can be mass produced for commercial purposes.
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