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A highly sensitive room temperature liquefied
petroleum gas (LPG) sensor with fast response
based on a titanium dioxide (TiO,)-reduced
graphene oxide (r-GO) compositet
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Liquefied petroleum gas (LPG), although extremely important in terms of both domestic and industrial
contexts, can be potentially hazardous due to accidental leakage caused by process failure or human error.
Designing sensors for the efficient detection of LPG is thus extremely crucial. In this paper, we have
demonstrated the LPG sensing properties of a reduced graphene oxide (r-GO)-TiO, based composite
material. TiO, was synthesized via a simple co-precipitation method and the compositing process with
r-GO was carried out in situ. The samples were characterized by X-ray diffraction (XRD), Raman
spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
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photoelectron spectroscopy (XPS), etc. As an LPG sensor, the composite showed excellent response with
its resistance changing almost 10 times under exposure to 2.5 vol% LPG. A fast response time of 23 s and
recovery time of 20 s were observed. The sensor also showed excellent stability and selectivity. The entire
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sensing response was evaluated at room temperature, suggesting the commercial viability of the TiO,-rGO
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1. Introduction

Leakages of hazardous and explosive gases such as liquefied
petroleum gas (LPG) have become a source of genuine
concern in recent years. Leaked LPG when inhaled can lead
to suffocation and nausea, resulting in difficulty in
performing natural movement. It can seriously affect one's
nervous system and lead to heart attack and a sharp rise in
blood pressure. Additionally, LPG is a highly inflammable
gas; thus its leakage whether during storage, transportation,
or application can cause major problems. Such potential
scenarios are particularly distressing when we take into
account the ever-increasing worldwide consumption/
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utilization of LPG fuels for our everyday livelihood, be it at
residential homes, industrial complexes, office spaces, hotels,
etc. According to the data available on the https://
theglobaleconomy.com website for a list based on 189
countries, the average LPG consumption rose from 37.31
thousand barrels per day in 2010 to 51.78 thousand barrels
per day in 2019." The sample sizes for 2020 and 2021 are
relatively smaller for a fair comparison and thus they are not
mentioned here. It's pretty obvious that we are not getting rid
of LPG anytime soon if ever for that matter and thus the focus
should be to minimize the chances of accidents due to such
leakages. To accomplish this, it is highly important to detect
the leakage in its initial stage and take appropriate steps to
suppress it. Considerable efforts have been invested by
scientists and researchers to fabricate suitable LPG sensing
materials that are highly sensitive, reliable, efficient, robust,
and inexpensive.

LPG is composed of saturated hydrocarbons such as
butane (70-80%) and propane (5-10%) and unsaturated
hydrocarbons such as butylene, propylene, and ethylene
(~5%), and carbon monoxide.” Resistive gas sensors based
on semiconducting metal oxides (SMOs) have been widely
explored as LPG sensors due to their ability to detect LPG,
ease of fabrication, and relative stability.* Semiconducting
metal oxides and their derivatives, in general, have been
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found to be good sensing materials as they undergo
significant variations of electrical resistance upon being in
contact with ambient gases and vapors.*” A resistive gas
sensor typically contains a layer of metal oxide that is highly
sensitive to the existence of LPG in its surroundings.®
Although metal oxides such as CdO,”'® ZnO,""'* VO,,* and
Sn0,,"*'* have been utilized in LPG sensing, metal oxide
based sensors work best at high operating temperatures,
usually between 200 °C and 500 °C, which results in
increased power consumption, limited portability and
shortened shelf-life of the sensors.” These drawbacks of
higher operating temperatures can significantly impede their
viability in commercial space. Thus, wide-ranging research
efforts have been put towards preparing robust and highly
sensitive metal oxide-based gas sensors capable of operating
at room temperature.

Titanium dioxide (TiO,) has been extensively explored due
to its excellent existing/potential applications in a myriad of
fields such as photocatalysis,">'® dye-sensitized-solat-
cells,"”'®  sunscreens,"®*®  rechargeable  batteries,*"*
supercapacitors,>*>* gas sensing,>”° biomedical
applications,?””*® etc. Its natural abundance and chemical/
biological inertness make it an attractive material for
different applications.>® Besides, TiO, can be fabricated in
different morphologies and crystallographic phases under
mild reaction conditions and temperatures,***' making its
fabrication process cost-effective and further enhancing its
commercial appeal. One of the earliest reports to confirm the
ability of TiO, in volatile organic gas detection was by Skubal
and his team, where they showed that methylene chloride,
xylene, benzene, acetone, ethanol, etc. could be detected by a
resistive sensor based on TiO, film.*>

Various modifications for enhancing and optimizing its
room temperature sensing performance have been explored
such as introducing metals or non-metals in pristine
materials or by coupling with other semiconductors; e.g.
coating TiO, nanorods with Pd, where the strong metal
support and catalytic properties of Pd enhanced the sensing
performance of TiO,.®

One of the most widely explored methods for enhancing
the gas sensing properties of metal oxides is modification
with carbon. Carbon nanomaterials, due to their interesting
physicochemical properties such as large specific surface
area, high adsorption capacity, porous structure, etc., have
been frequently investigated for structure-property
modulation.*®> Among various carbon-based nanomaterials,
graphene, a 2D material with exceptional mechanical
strength, electronic, optical, and thermal properties, and
large surface area, has been particularly attractive for
modulating the gas sensing properties of various metal
oxides. Although graphene and graphene-based derivatives
(such as graphene oxide (GO) and reduced graphene oxide (r-
GO)) themselves have excellent selectivity in sensing gases
like NO, and ammonia, they suffer from limitations such as
low selectivity, poor recovery time, and long-term drift, thus
limiting their real-life applications.*® Thus, nanocomposites
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based on graphene are better alternatives for improved
sensing. Reduced graphene oxide or r-GO is a pile of
graphene-like sheets containing a high concentration of
structural defects and a low concentration of oxygenated
functional groups such as -COOH, -OH, etc. Its gas detection
performance depends on these residual functional groups.*®
Recent studies on gas sensing of r-GO/SMOs have revealed
that these composites are capable of high performance at
temperatures below 150 °C. Formation of various defect sites
during the SMO introduction and junction formation at the
metal oxide and rGO interface are the two major reasons for
the improved performance of these composite materials. For
example, M. Sai Bhargava Reddy et al. reported an Sm,O;/
rGO based LPG sensor working at room temperature with a
sensor response of 116% against a 700 ppm concentration of
LPG.*® Amarnath et al prepared CoSnO, nanoisland
decorated rGO, which was able to perform with a 92%
response against 10 ppm LPG at room temperature.37
Goutham et al. reported a flexible CdO/rGO nanocomposite
with a 77% response against 600 ppm LPG.?® All of the above
reported materials are metal oxide based rGO composites
that formed a p-n heterojunction at the interface of the
components. Tin oxide decorated rGO, reported by Mao
et al., is one of the earliest such materials, where the sensor
showed decent activity in sensing an oxidizing gas (NO,) but
its response was lower than that of rGO for a reducing gas
such as NH,.*°

Coupling r-GO with TiO, has been a productive strategy in
various applications such as photocatalysis where the sp®
hybridized sheets act as both an electron receptor and
electron transporter, thus preventing excessive recombination
of photogenerated charge carriers;***°** heavy ion removal
where the wrinkled and squiggled sheets create efficient
contact of the metal oxide nanoparticles along with
preventing their agglomeration, thus enhancing their
activity;** nitrogen fixation to NH; where the TiO,~rGO
hybrid nanocomposite has a lower charge transfer resistance
and faster kinetics during the electrocatalysis reaction;
electrochemical sensing of ions such as nitrite’ and
hormone ingredients such as epinephrine;** high voltage
supercapacitors;*®™*® antimicrobial and self-cleaning coatings
of textile materials;"® dye-sensitized solar cells where
applying r-GO as an interfacial layer between the substrate
and TiO, resulted in enhanced charge transfer and reduced
carrier recombination;’® water splitting reaction;”" binders in
cement where TiO, helps in the dispersibility of r-GO,>* etc.

Herein, we report TiO, nanomaterials anchored on
reduced graphene oxides (r-GO) applied to detect LPG. The
p-type nature of TiO, and the n-type nature of chemically
synthesized reduced graphene oxide (rGO) lead to the
formation of a p—n heterojunction throughout the composite,
which could modulate the electronic properties in favour of
detecting rGO. The synthesized sensor displays an excellent
response along with a fast response and recovery time, high
durability and very good sensitivity. Additionally, the sensor
was found to operate at room temperature and thus can be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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energy efficient. To the best of our knowledge, this is the first
report on room temperature LPG sensing with a high and
fast sensor response based on a TiO,/LPG composite sensor.

2. Experimental details
2.1 Chemicals

Graphite powder (98% purity, 200 mesh size, 0.8 m*> g*
specific surface area) was procured from Triton Graphite,
Gujarat, India. Sulfuric acid (H,SO,4, AR), phosphoric acid
(HsPO,, AR), hydrogen peroxide (H,O,, AR), and potassium
permanganate (KMnO,, AR) were purchased from Merck
Specialties Private Limited. Titanium trichloride (TiCl;, AR),
polyethylene glycol (PEG, AR), and sodium hydroxide (NaOH,
AR) were purchased from Sigma Aldrich. The as-obtained
chemicals were used without any further purification.

2.2 Synthesis of the reduced graphene oxide/TiO,
nanocomposite

Graphene oxide (GO) was prepared by a modified Hummer's
method.>® In a typical synthesis process, commercial graphite
powder (0.5 g) was added to a solution containing a mixture
of H,S0,/H;PO, (10:1) (50 mL) kept in an ice bath (0-5 °C).
Following half an hour of stirring, KMnO, powder (3 g) was
added gradually to the acid solution along with constant
stirring. The solution was then placed in a normal water bath
(room temperature) and was stirred for ~3 hours. A dark
greenish paste was obtained. This paste was diluted by
adding deionized water (100 mL) and was stirred for another
half an hour. The process was succeeded by dropwise
addition of H,0, resulting in a dark brown solution
indicating the formation of GO. The resultant solution/
suspension was filtered and the precipitate was washed with
deionized water till neutral pH followed by drying at 60 °C
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for 24 hours. The conversion to reduced graphene oxide
(rGO) was carried out by heating the GO powder in a
programmable furnace in the presence of 20% oxygen at a
constant temperature of 400 °C for 1 hour. The obtained dark
powder was utilized for further characterization.

TiO, was prepared by a previously reported co-
precipitation method®® with slight modifications. Briefly, 25
mL of TiCl; was added to 50 mL ethanol in a dropwise
manner and the mixture was stirred for ~2 hours. 20 mL
PEG was added to the solution/dispersion along with robust
stirring for another 2 hours. The mixture changed its color
from purple to greyish upon PEG addition. Freshly prepared
5 M NaOH solution was added to this solution which turned
its color to whitish. The induced precipitate was washed
repeatedly with ethanol and double distilled water followed
by drying at 60 °C and subsequent annealing at 400 °C. For
the rGO-TiO, composite synthesis, first of all, 0.25 g rGO
powder was dispersed in 50 ml ethanol by sonicating for 2
hours. This dispersion was added dropwise into a TiCl; (25
ml) solution with continuous stirring. The subsequent steps
were similar to the steps mentioned during the synthesis of
TiO,, e.g., the addition of PEG, NaOH, filtration, drying, and
annealing.

The entire synthesis procedure is presented schematically
in Fig. 1. The schematic describes not only the synthesis of
the composite but also the synthesis of TiO, nanoparticles
and rGO. The synthesis of just TiO, nanoparticles is shown
on the left side whereas the synthesis of just rGO is shown
on the right-hand side. The composite synthesis is shown in
the middle. The composite synthesis was carried out in situ
where rGO was already present in the reaction mixture
during the synthesis of TiO,. We do not know whether the
reaction of the TiO, precursors occurred on the rGO surface
or TiO, after synthesis became attached to the rGO surface or

Annealing

g
3 e
d TiO,
-§
<
g TiCl,
Precipitation Distilled

Fig. 1 Schematic representation of the synthesis of TiO, (left portion), r-GO (right portion) and the composite (middle portion).
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maybe, it was a combination of both. Thus, the middle image
is a very simplistic representation of the composite formation
between TiO, and the rGO in solution. Here, the formation
of TiO, during the composite synthesis has not been shown
as it is already displayed in the left portion of the image.

2.3 Characterization

Information about phase formation and crystallinity of the
synthesized materials was obtained via a powder X-ray
diffraction method carried out on a Rigaku Smartlab 9 kW
X-ray diffractometer using monochromatic Cu-Ko (4 = 1.5406
A) radiation. Raman spectra of the samples were recorded
on a Renishaw inVia confocal Raman microscope. The
functional groups and associated vibrational motions were
investigated using Fourier transform infrared (FT-IR)
spectroscopy using a Bruker Tensor 27 FTIR spectrometer.
Surface chemical states and elemental compositions were
investigated via X-ray photoelectron spectroscopy (XPS; PHI
5000 Versa Probe II). The surface morphology of the as-
synthesized materials was observed using a scanning
electron microscope (SEM; JSM-6490LV, Jeol) and a field
emission scanning electron microscope (FESEM; Zeiss
Gemini SEM, Carl Zeiss) equipped with an energy dispersive
spectrometer (EDS; Oxford Inca). The bulk morphology of
the samples was investigated using a transmission electron
microscope (TEM; FEI Tecnai G* 20 S-Twin) operating at 200
kv. The hydrodynamic particle size was analyzed by the
dynamic light scattering (DLS) method using a zetasizer
(Nano ZS90).

2.4 LPG sensing

2.4.1 Sensing film fabrication. A dispersion of the sensor
material was deposited on a glass substrate (2 x 1 cm?) by
spin coating at 1500 RPM for 30 s (3 times). For this, the

Mass flow
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glass substrate was cleaned with water and ethanol followed
by drying on a hot plate at 60 °C for 5 minutes. The entire
process was repeated thrice to achieve the desired thickness
of the film. A homogeneous dispersion of the sensor material
was prepared by adding the composite to isopropanol
(followed by ultrasonication). The film was annealed at 300
°C for 30 minutes. During the annealing process, the film
becomes associated with various oxygen species (O,, 0,7, 0*,
O") that are generated on its surface. These O-species
transform the film into a sensing material.® Electrical
contacts were established by depositing copper electrodes
using silver paste at both ends of the film.

2.4.2 Sensing measurements. Sensing properties were
evaluated by observing the change in resistivity upon
exposure to LPG. A special Borosil glass chamber consisting
of an inlet knob for inserting LPG and an outlet knob for
removing LPG was designed. The sensing device was
connected to a Keithley 6517 B electrometer. The end of the
electrometer was connected to a computer system that
measures electrical signals such as current and resistance. A
mass flow controller connected to the LPG cylinder measured
its concentration. A schematic representation of the above
described experimental set-up for LPG sensing is provided in
Fig. 2.

3. Results and discussion

Fig. 3 depicts the XRD patterns of the as-synthesized TiO,,
reduced graphene oxide (RGO) and the composite. The
diffraction peaks observed in titania could be attributed to
the (011), (210) and (203) diffraction peaks of the
orthorhombic cotunnite crystal structure (JCPDS 80-5176)
with the lattice parameters a = 5.214 A, b=3.154A, ¢ =6.256
A, and o = f = y = 90° and space group Pnam (62). An
additional minute diffraction peak was observed at ~27.5°

11
controller Inlet

I

MFC

LPG Cylinder

—— Knob 1Ese
——Outlet g wr

Gas Chamber =

Ag paste

Sensing Film

P EDE D E (s
D e i) () )| §

l‘* 00000060 .,

Sensor Stand Marble stand

T

Keithley Electrometer

Fig. 2 Schematic representation of the experimental set-up for LPG sensing.
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Fig. 3 XRD patterns of the samples TiO, (blue), r-GO (pink) and the
composite (green). The black and red patterns represent the standard
JCPDF files corresponding to two different phases of TiO,.

which could be ascribed to the tetragonal rutile phase of
titania (JCPDS 20-1276) with the space group P42/mnm and
lattice parameters a = b = 4.593 A, ¢ = 2.959 A, and a = f =
y = 90°. Both the standard JCPDS patterns are provided in
the figure along with the sample patterns. No other peaks
were observed indicating that the sample contains only
crystalline titania. RGO contains a broad low intense peak
centered at around 24.5° characteristic of its (002) lattice
planes. A slight, almost invisible bump at around 42.2°
could be attributed to the turbostratic band of disordered
carbon materials.”® The diffraction pattern of the TiO,-rGO
composite appears to be very similar to that of TiO,,
indicating its dominating presence. The broad (002) peak of
RGO was not observed in the composite as the more intense
metal oxide peaks likely overwhelm the weak RGO peak.
Additionally, during the composite formation, the long-
range order of the weakly bonded (002) planes could likely
be destroyed to some extent, reducing its intensity further
in the diffraction pattern.

The presence of RGO in the composite could be observed
from the Raman spectroscopy data (Fig. 4). The Raman
technique has been well known for studying the defects, the
number of graphitic layers, disorder and structure of carbon

RGO-TiO, .
g
2 B
a g
&}
=
[a5]
~
>
£
z TiO,
2
=
k=
. ; . . . . .
250 500 750 1000 1250 1500 1750

Wavenumber / cm =1

Fig. 4 Raman spectra of TiO, (black) and the TiO,-rGO composite
(red).
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Fig. 5 Core level XPS spectra of C 1s, Ti 2p and O 1s in the composite.

materials. In the Raman spectra, prominent bands were
observed at around 200 cm™!, 280 cm ™}, 440 cm ', and 650
em™ and 710 cm™'. Experimental reports on the Raman
spectra of cotunnite TiO, are rare. However, Shojaee et al.
conducted a first principles study of its Raman bands®® and
based on their study, the above bands could be attributed
to the A, mode caused by the anti-symmetric stretching of
the O-Ti-O bonds of the TiO, particles.***” The band at
~120 cm ™" could be attributed to the symmetric bending of
the O-Ti-O bonds (B,) in rutile titania.’* The higher bands
observed at ~710 c¢cm™ and at ~890 cm ™' could be
attributed to the Ti-O stretching vibrations of the
polyhedral TiO, units.”® Although the relative positions of
the bands do not change significantly going from TiO, to
the composite, the increased broadness indicates a partial
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Fig. 6 SEM micrographs of a) r-GO, b) TiO; and c) rGO-TiO, composite.

loss of crystallinity in titania during the composite
formation. The composite possesses two extra peaks
detected at 1344 cm™* and 1592 ¢cm™*, which are the D and
G bands, respectively, characteristic of graphitic structures.
The D band is associated with defects and wrinkles in the
carbon structure which increases during the chemical
synthesis of graphene, whereas the intensity of the G band
is associated with the number of graphitic layers.”> A
relatively higher intensity of the G band indicates the

Fig. 7 TEM micrographs of the rGO-TiO, composite. (a) Polyhedral
TiO, particles along with fragmented rGO nanosheets. (b) TiO, rods
along with rGO sheets. The thin rope like portion indicates the wrinkle
that is characteristic of rGO, indicating the rGO nanosheet surface
supporting the titania nanoparticles.
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formation of RGO and thus confirms the formation of the
TiO,-rGO composite. The FT-IR spectrum of the composite
also confirms the formation of the composite material with
transmittance peaks corresponding to both TiO, and rGO
being observed (ESIt).

The quantitative elemental composition of the rGO-TiO,
composite sample has been obtained via an EDS spectrum
(Fig. S271). The spectrum clearly reveals the presence of C, O
and Ti in the sample indicating the formation of a composite
sample. More details are provided in the ESI{ (section SII).

Further information about the surface chemical states of
the composite was obtained via XPS (Fig. 5). The attenuation
depth of XPS techniques are usually pretty low (<10 nm from
the outer surface of the sample) (Yadav et al.>°) and thus only
the surface features can be interpreted with a respectable
degree of accuracy. The binding energies were calibrated for
specimen charging by referencing to C 1s at 284.5 eV. The
core-level spectra of the individual elements were fitted with
linear backgrounds and were deconvoluted into Gaussian-
Lorentzian peaks using XPSpeak software (version 4.1). The
high-resolution C 1s spectrum was deconvoluted into non-
oxygenated C (C=C/C-C) in the aromatic rings of rGO (284.5
eV) and oxygenated C such as that belonging to the -O-C=0
functional groups (288.8 eV) and to the -C-OH/C-O-C
functional groups (286.7 eV) of the reduced graphene
oxide.>**° Three peaks were observed in the deconvoluted
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Fig. 8 Variations in resistance of the rGO-TiO, ferrite film with time
for different concentrations of LPG in the range 0.5-2.5 vol%.
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Fig. 9 LPG sensing characteristics of the rGO-TiO; thin film - (a) sensor response vs. LPG concentration, (b) transit sensing response curves of 0.5
vol% LPG, (c) response/recovery time curves with different LPG concentrations, and (d) repeatability curve for 0.5 vol% LPG.

high-resolution spectrum of Ti 2p. Among them, the peaks  photoelectrons, respectively, of tetravalent titanium (Ti*
centered at around 458.8 eV and 464.7 eV could be attributed  state). The relatively small peak observed at around 460.1 eV
to the Ti 2ps, and Ti 2p,, spin-orbit splitting could be due to the presence of a minute amount of Ti*" in

Table 1 Comparison between some recent metal oxide based LPG sensors

LPG Response Recovery Sensor Operating
Sensor material Conc. time time response temperature Ref.
rGO-TiO, 0.5 vol% 23's 20 s 136 RT In this work
CoCr,_,Ce, 04 500 ppb 60 s 75s 98 RT 63
Magnetite with silica, APTES 2.0 Vol% 9.33 10.78 842 RT 64
and humic acids (MTAH)
Gd doped NiO 100 ppm 36s 75s 19.6 200 °C 65
Fe,O5/PVP 1250 ppm 20 s 23s 100.4 RT 66
NiO 2.0 vol% 21s 64 s 128.8 RT 67
MnO,-SnO, 2.0 vol% 30s 34s 242 RT 68
ZnO 5000 ppm 400 s 100 s 80 200 °C 69
Sm,03/rGO 700 ppm 28 s 25s 116 RT 36
rGO/CoSnO, 10 ppm 12's 29 s 92 RT 37
CdO/rGO 600 ppm — — 77% RT 38
MgFe, 04 0.5 vol% 79s 65 s ~10 RT 6
Au-ZnO 1000 ppm 18 s — 59 573 K 70
Bi,Si05/MWCNT 1500 ppm 21s 37s 77.71 RT 62
Pd:TiO, 5200 ppm 100 s 200 s 49 598 K 8
Cdo 500 ppm 8.6 s 10s ~96 270 °C 10
Poly(o-anisidine)-cerium oxide (POA-CeO,) 3.4 vol% ~3-4s ~17-18 s 2.06 RT 2
VO, nanorods 1000 ppm ~100 s ~100 s 20.95 RT 4
ZnCo,0,4 40 ppm ~80-90 s ~65-75 s 77.5 250 °C 3
Polypyrrole-10 wt% zinc oxide (PPy-ZnO) 1400 ppm 4s — ~35 RT 11
CdO nanosheets 500 ppm — — 14.8 20 °C 9

Ry—R,
Note: Sensor response = = X 100.
g

© 2023 The Author(s). Published by the Royal Society of Chemistry Sens. Diagn., 2023, 2,1215-1227 | 1221
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Fig. 10 LPG sensing characteristics of the rGO-TiO, film - selectivity
for a 0.5 vol% concentration of analytes.

the sample.®® The high-resolution O 1s spectrum was fitted
into 3 peaks among which the lowest one at around 529.5 eV
corresponds to the Ti-O bonds of the TiO, lattice. The peak
at ~530 eV can be attributed to the surface functional groups
and the existence of Ti-O-C=0 groups. This group is related
to the presence of rGO in the composite and thus represents
the strongest of the O 1s peaks. Another peak at ~531.6 eV
could be related to the loss of oxygen or oxygen vacancies.*’
The XPS results indicate the formation of the TiO,-rGO
composite in the sample.

The surface morphologies of the samples were
investigated by electron microscopy. Fig. S3 (ESLT section
SIII) depicts the sheet-like morphology of the as-synthesized
graphene oxide (GO) particles. Fig. 6a provides the SEM
micrograph of rGO which depicts its characteristic sheet-
like morphology. A closer inspection also reveals a series of
characteristic wrinkles of the nanosheets as observed on
the top left of the image. Some particulate rGO is also seen
to be lying on the rGO sheets which could have formed
due to mechanical disturbances during the synthesis of
rGO. A representative TEM micrograph depicting its sheet
like morphology is provided in the ESIf (Fig. S4). The
titania particles (Fig. 6b) provide a mixture of morphologies
with well-delineated nanorods and multiple polyhedral

View Article Online
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particles. The width of the nanorods varied from ~50 nm
to ~400 nm and their lengths were in general, at least, a
micrometer. The polyhedral particles were generally around
100-200 nm in size with the exception of a few
anomalously large ones, like the one shown in the middle
of Fig. 6b, having a size of ~1 um with regular facets of
about 500 nm length. Fig. 6c provides the surface
morphology of the as-synthesized rGO-TiO, composite. The
rGO nanosheets are visible in the image, as are the TiO,
nanoparticles. Incidentally, most of the titania particles on
the rGO nanosheets appear to be of the polyhedral type
and the rods appear curiously absent. However, upon TEM
investigation of the composites, both rods and polyhedral
particles were visible (Fig. 7). Interestingly, both the titania
particles and the rGO sheets observed in the TEM image
are smaller compared to the size observed in the SEM
micrographs. The reason behind this may be that the
ultrasonication during the sample preparation for TEM may
break the particles into small fragments and thus the sizes
observed in TEM are much smaller compared to that
observed in SEM. Judging from the image, it seems that
the TiO, particles decorate the rGO nanosheets as
compared to being wrapped by them. So, essentially, the
morphology of the composite can be termed as TiO,
decorated rGO nanosheets. The above conclusion was
further vindicated through elemental mapping of the rGO-
TiO, composite (Fig. S5t). The mapping clearly shows how
the rGO sheet (carbon) is dominant with respect to TiO,,
indicating that the TiO, nanoparticles decorate the rGO
nanosheets in the composite.

The hydrodynamic diameter of the rGO-TiO, composite
particles was also investigated via the dynamic light
scattering (DLS) method and the particles were found to be
of sizes within 700-1700 nm with the majority of them being
~1100 nm in diameter (Fig. S31). Quite expectedly, the size
obtained here is much larger than what we observed from
the microscopy images (Fig. 6), as the hydrodynamic
diameter takes into account the associated solvent layers and
it is calculated by comparing the diffusion of an equivalent

5.5 5
- {imonth (a) —o— (.5 vol% (b)
g 1 month o 44
©~ 2 month g
< 5.0' =)
iy 2 34
172}
8 [-P)
= -~ )
S 4.5 .
B 2 9—0—0—o—g—0_
7 = Q—Q—Q
o 1-
7 A
4.0 .
60 80 100 120 140 10 20 30 40 50 60 70 80 90

Time / seconds

RH (%)

Fig. 11 LPG sensing characteristics of the rGO-TiO, film: (a) long-term stability of the sensor measured over three months and (b) sensor

response at different humidity levels.
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sphere. The extent of solvent association depends on the
surface charge density. The overall size distribution is an
intensity-based distribution where the intensity varies
proportionally with r° Obviously, larger sized particles
dominate the distribution.

The LPG sensing characteristics of the rGO-TiO,
composite were studied for different concentrations of the
gas (0.5-2.5 vol%) below its lower explosion limit (LEL).
Initially, the sensor resistance was stabilized in the air at
~4.06 x 10" Q. Fig. 8 provides the variation in sensor
response in terms of the change in resistance of the
sensing material with time at different concentrations of
LPG exposure. Clearly, the resistance of the sensor is
affected more and more as the concentration of LPG is
increased from 0.5 vol% to 2.5 vol%, indicating the
excellent dependency of its sensing properties on gas
concentration. Also, the sensor shows a pretty sharp
response as the resistance increases steeply upon ‘gas in’
or letting LPG flow into the chamber and also decreases
very sharply upon ‘gas out’ or getting the LPG out of the
chamber via the outlet knob. The very slight change in
resistance between the initial and final values of the curve
at a particular concentration can be attributed to the
obtained water content due to the interaction between the
sensor film and LPG.®

The overall quality of the sensor can be evaluated by
parameters such as sensor response, response time, recovery
time, sensitivity, and selectivity. The sensor response (S.R.)
can be defined as the ratio of electrical resistance in the
presence of gas and air.®"**

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

(In LPG)

Fig. 12 Schematic representation of the mechanistic depiction of the gas sensing mechanism of the TiO,-rGO composite.

SR =2 (1)
R,
where R, is the stabilized sensor resistance in air, and R, is
the sensor resistance after LPG injection into the sensing
chamber.
The sensitivity (S) of the sensor can be defined as the
slope of the sensing response vs. concentration curve.

AS.R. change in sensor response

N = p p
AC  change in the concentration of LPG

(2)

The responses of the sensor at each of the LPG
concentration, as shown in Fig. 8, were calculated by eqn
(1) and were plotted, as shown in Fig. 9(a). Clearly, the
sensor response vs. LPG concentration plot displays a linear
nature and linear fitting provides a sensitivity of 1.004 S.R.
per vol% as was calculated from the slope. This indicates
an almost proportional behaviour of the sensor response
with changing LPG concentration which makes the rGO-
TiO, based sensor an excellent LPG sensor. The maximum
sensor response was estimated to be 3.36 for 2.5 vol% LPG
whereas, for 0.5 vol% LPG, the sensor response was found
to be ~1.36. A comparison of the sensor responses of the
composite (TiO,-rGO), TiO, and rGO based sensors
measured against exposure to 1.5 vol% LPG is provided in
the ESIt (S IV). It could be clearly observed that the
response of the composite sensor (S = 1.85) at the said
LPG concentration is greater than what is observed for the
TiO, sensor (S = 1.28) and rGO sensor (S = 1.48). Another
interesting observation was the pattern of the respective

Sens. Diagn., 2023, 2,1215-1227 | 1223
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curves where the resistance of the composite and rGO
increased with exposure to LPG (p-type behaviour) whereas
the resistance of TiO, decreased upon LPG exposure (n-type
behaviour).

Any good sensor should not only have an excellent
sensor response but also a fast response and recovery time
to be commercially applicable. The response time of a
sensor (t.s) can be defined as the time required for the
sensor resistance to change from R, to 90% of |Ry — R,
upon exposure to a corresponding gas.®> The recovery time
(trec) can be defined as the time required for the sensor
response to change from R, to 10% of |R, — R,| upon
removing the gas from the chamber. The response and
recovery times of the rGO-TiO, sensor corresponding to
exposure to 0.5 vol% LPG are displayed in Fig. 9(b) and
were found to be 23 s and 20 s respectively. Similar
measurements were carried out for other concentrations of
LPG and the obtained data are presented in Fig. 9(c).
Evidently, the response/recovery time increases with
increasing LPG concentration with the sensor requiring a
response time of ~85 s and recovery time of ~45 seconds
while sensing 2.5 vol% LPG. The reason for the response
time being slower compared to the recovery time can be
understood by comparing the sluggish adsorption kinetics
to the relatively faster desorption kinetics on the surface of
the sensor.

The repeatability of a sensor, which is defined as the
capability to reproduce the same result over a time
interval for the same measurement process, is another
critical parameter to be considered while evaluating sensor
quality. The repeatability plot of the rGO-TiO, sensor
against 0.5 vol% LPG is shown in Fig. 9d for three
consecutive cycles. From the cycles, it can be clearly
observed that the change in sensor response (or change
in resistance) over the three cycles is very negligible and
indicates the consistent repeatable performance of the
sensor. The extremely minute change could be attributed
to the adsorption of moisture which would weaken the
adsorption power of the sensing film. The LPG sensing
performance in terms of essential parameters such as
response time, recovery time and sensor response is
provided below (Table 1).

Another key parameter in assessing the sensor
performance is its selectivity towards a particular gas. The
selectivity of the rGO-TiO, sensor was evaluated by
comparing its response to LPG against those to ethanol,
acetone, NO,, NH; and CO, (Fig. 10). Evidently, the sensor
had a much better response towards LPG compared to any of
the other gases with the closest being CO,. The data indicate
that although our composite sensor has good sensing
properties, it is particularly selective and effective toward
LPG.

The long-term stability of a sensor is another critical
parameter, especially when we talk about its
commercialization. To evaluate the long-term stability of the
sensor, its performance was evaluated for three consecutive

1224 | Sens. Diagn., 2023, 2,1215-1227
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months, with the final results of which presented in
Fig. 11(a). Generally, the existing moisture in the
surroundings tends to weaken the sensor mechanism of the
film. However, if we calculate the response retention from
the curves, we can find that the retention in the 2nd month
was ~97% that in the 1st month while the retention in the
3rd month was ~98% that in the second month. This very
minuscule drop in retention indicates a high level of stability
of our sensor. Additionally, its performances at different
humidity levels were also evaluated (Fig. 11(b)). For this, a
saturated solution of K,SO, was introduced into the chamber
as a humidifier and the humidity range varied between 10
and 90%. It was observed that the sensor displayed a high
sensor response at low to moderate humidity levels (10-50%)
and the lowering of the sensor response with humidity was
also marginal across the entire range of humidity levels. So,
the bottom line is that the humidity does affect the sensing
performance as expected but up to moderate humidity levels,
the change is minute, indicating that the sensor can be
effective across different monsoons.

The gas sensing mechanism of semiconducting materials
depends on the modulation of charge carrier densities upon
interaction/exposure to the gas. These materials adsorb
oxygen from air and ions such as 0,7, O or O*" which,
depending on the temperature, are formed by accepting
electrons from the conduction band or by releasing holes to
the adsorption sites. The kinetics of the process can be

written as follows:*”*

Oz(air) sensor_ﬁurface Oz(ads) (3)
O,(ads) + e (adsorption site) < O, (ads) (4)
0,(ads) — O, (ads) + h* (adsorption site) (5)

At room temperature, the formation of O, is usually
favoured over that of the other oxyanions.

Thus, for a material behaving like a p-type
semiconductor, a hole accumulation layer (HAL) or charge
accumulation layer is formed near the surface as a result
of the oxyanion formation.”"”> For n-type materials, a
charge depletion region is formed near the surface. Because
of this, there is a change of resistance when the sensor
adsorbs oxyanions on its surface and the stabilized value of
the resistance is denoted as R,. Once the sensor is exposed
to LPG, the oxyanions react with the gas and electrons are
released® and correspondingly, the resistance of the sensor
material changes (increases for p-type and decreases for n-
type). Usually, chemically synthesized reduced graphene
oxide (r-GO) behaves like a p-type semiconductor as the
oxygen functional groups provide electrons to the surface
and thus, holes act as the major charge carriers here. TiO,
on the other hand is an n-type semiconductor.”>”® When
the sensor comes in contact with LPG, the adsorbed
oxyanions react with the hydrocarbons and electrons are
released.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The released electrons can combine with the
accumulated holes and thus decrease the width of the hole
accumulation layer (HAL) and as a result, increase the
resistance of the material (p-type) or they can fill the
electron depletion layer, lowering the resistance of the
material (n-type). That's why during LPG sensing, the
resistance of the TiO, sensor decreases while the resistance
of the rGO sensor increases (Fig. S71). In the composite
material, rGO nanosheets are sporadically decorated by TiO,
particles. The nature of the resistance curve during LPG
sensing would indicate an overall p-type behaviour similar
to rGO. Previous literature reports have shown that the
superior sensor response of the composite can be attributed
to the formation of various p-n junctions at the TiO,/rGO
interface along with the improved oxygen adsorption on the
rGO surface due to a higher concentration of active sites
which are introduced by the incorporation of TiO,. The
formation of a p-rGO/n-TiO, heterojunction results in the
formation of a depletion region at their interface, which
enhances the initial resistance (R,) of the composite
compared to rGO (Fig. S7T). The sensor resistance increases
upon exposure to LPG as it reacts with the oxygen ions
adsorbed on both rGO and TiO, and modifies the junction
barrier at the heterojunction interface. The heterojunction
barrier significantly contributes to the overall sensor
response. Upon exposure to LPG of the composite sensor,
molecules of LPG, a reducing gas, preferably adsorb onto
the rGO surface because of the excess number of adsorption
sites available. When electrons are released, more acceptor
ions are created on the p-side of the junction, resulting in a
wider space charge layer. Consequently, the oxyanions
migrate from the n-side (TiO,) to the p-side of the junction,
thereby increasing the depletion depth. Thus the potential
barrier height of the junction increases, causing enhanced
resistance in the composite in the presence of LPG The
mechanism is schematically depicted in Fig. 12.
Furthermore, the thin r-GO sheets can provide greater
surface accessibility to the target LPG and accelerate carrier
transport which is conducive to the gas adsorption,
diffusion, and overall reaction on the surface of the
sensor.”!

4. Conclusion

In conclusion, we prepared a sensor based on a TiO,-rGO
composite material. The composite was thoroughly
characterized structurally, morphologically and functionally
by XRD, XPS, SEM, TEM and Raman spectroscopy. The sensor
was examined for LPG sensing and exhibited excellent
sensing properties with fast response and recovery times. The
sensor was also tested to be highly stable and selective for
LPG sensing. A mechanism based on the TiO,-rGO
composite junction properties was provided to account for its
excellent sensing properties.

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