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Abstract

Online real-time monitoring of gases requires a miniaturized, passive, and accurate gas
sensor. Surface acoustic wave (SAW) devices possess these properties which make them
suitable for gas-sensing applications. They have shown remarkable results in sensing of
different gases in terms of sensitivity, selectivity, response, and recovery times. One of
theimportant prerequisites a designer should know is tohave knowledge on the different
types of sensing material suitable for gas-sensing applications, prior to design and
fabrication of the sensor. Different sensing materials, including metal oxides, polymers,
carbon nanotubes, graphene, nanocomposites, etc. have been used for SAW gas sensors.
In this article, different sensing materials for SAW gas sensors will be discussed.

Keywords: surface acoustic wave, gas sensor, carbon-based material, polymer, reso-
nator

1. Introduction

Acoustic wave technology can offer the technology for gas detection and has been used for a
variety of wireless sensor applications for some decades. The Surface Acoustic wave (SAW)
technology has offered the development of small, lightweight, battery-free, maintenance-free,
and multiple-sensor wireless interrogation operations [1]. SAW components have been used as
filters or resonators in mobile phones in the telecommunication industry. They are also used as
sensors for pressure, torque, acceleration, humidity, temperature, chemical, and biological
applications.With the advent of modern technology, lots of efforts have been made by research-
ers to reduce air pollution by the development of highly responsive gas sensors. Different SAW
configurations which include delay lines and resonators have proved to be reliable and showed
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good sensitivity, selectivity, and response time. The advantage of their small size and having
tunable frequency has made them rather promising sensing devices.

In order to develop a highly sensitive sensor, knowledge for the selection of suitable sensing
materials becomes rather critical. In this article, an insight into different sensing materials for
SAW gas sensors is presented.

1.1. Sensing materials

As the gas sensor consists of a transducer and a sensing layer, the sensing layer therefore
constitutes an important part of the SAW sensor. The mechanism of sensing is such that any
changes in the conductivity, mass loading, viscoelastic effect, stress effect, as well as charge
carriers from gas adsorption of the sensing material cause a corresponding frequency shift.
This relationship had been represented by Sauerbrey [2]. It shows the relationship between
the mass that has been deposited on the SAW device and the resonance frequency. Based on
this equation, the density, shear modulus, loaded mass, and the type of piezoelectric substrate,
all contribute to the sensing effect. When a sensing material is deposited on a SAW, there is
viscoelastic effect on the SAW propagation, which leads to a shift in acoustic wave velocity
and also changes in acoustic wave attenuation. The shift in wave velocity is as a result of mass
loading, while the acoustic attenuation is led by the viscoelastic properties of the sensing
material. Moreover, dynamic behavior significantly influences the response of the device. In
case of polymers, there is an assumption that the device responds to the mass of the polymer
film. This assumption is valid only if the film is rigid and moves synchronously with the surface
of the resonator that is oscillating. As a result of the moving film, the kinetic energy produced
causes a decrease in the resonant frequency. However, if the moving film does not move
synchronously with the surface of the film, it causes a lag behind the resonator, and this creates
a viscoelastic response.

absorber IDT1 sensing layer IDT2 absorber

piezoelectric substrate

Figure 1. Two-port SAW delay line gas sensor.



Sensing Materials for Surface Acoustic Wave Chemical Sensors
http://dx.doi.org/10.5772/63287

The sensing layers are responsible for interacting with the different types of target gases.
Figure 1 depicts a SAW-based gas sensor which consists of the interdigital transducers (IDTs),
reflectors, and the sensing layer. One-port and two-port SAW delay lines show the interdigital
transducers (IDTs), reflectors, and the sensing layer. Surface acoustic waves are generated on
a piezoelectric substrate with two sets of IDT. The first transducer converts electrical signal
into acoustic wave, while the second converts this back to electrical signal. Rayleigh waves are
usually used for gas-sensing applications [3]. The mechanism of SAW-based sensor is that
when a thin sensing layer is applied on a piezoelectric substrate upon gas exposure, there is
an interaction between the gas molecules and the sensing layer. This interaction will cause
perturbations on the boundary conditions of the propagating SAW wave, which manifest as
a change of velocity and attenuation of the propagating wave.

In order to choose a suitable sensing layer, several factors need to be considered. These factors
include good selectivity toward the target gas, good response and recovery time, stability of
the material over time, affordable cost, and nontoxicity of the material.

The sensitivity of the sensor is measured based on the output measurand of the sensor which
could be voltage, current, resistance, or frequency. In the case of SAW sensor, the output is
based on frequency; therefore, it is defined as Af/Ac, where Ac is the change in analyte
concentration. Sis expressed in terms of Hz/ppm or Hz/vol. %. Similarly, in the case of resistive
or conductometric sensor, the sensitivity is expressed as AR/R or AG/G.

Therefore, knowledge of the different types of sensing material is essential for careful selection,
so as to fulfill the above-mentioned characteristics.

There are different types of sensing materials used for gas-sensing applications. These include
metal oxides, polymers, nanocomposites, carbon nanostructures which include nanotubes,
nanofibers, graphene, and their composites, etc.

1.1.1. Metal oxides

The use of metal oxides as gas-sensing materials was first reported by Brattain and Berdeen
in 1953 [4]. Since then, a lot of researches have been done toward investigation of different
types of metal oxides for sensing applications. Metal oxides are materials which are widely
used in different types of gas sensors.

The specific characteristic that makes them universal to be used in gas sensors includes high
thermal stability which makes them suitable for applications in harsh environments. They also
have good adaptability to different reducing or oxidizing gases by changing their electrical
properties in the presence of gases. This conductivity change manifests as a change in reso-
nance frequency, which is translated as the sensor signal.

Different types of metal oxides have been employed in SAW gas sensing for the detection of
different gases. Metal oxides suitable for applications in SAW gas sensing include tin oxide
(5n0,), Indium oxide (In,O;), tungsten trioxide (WOj;), and zinc oxide (ZnO). These metal
oxides have been employed as SAW sensing materials for the detection of different gases,
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including hydrogen, ammonia, carbon monoxide, ethanol, etc. Table 1 summarizes the types
of metal oxides used for SAW gas sensing.

Author Type of metal oxide Gases detected Temperature
Wang et al. [6] In,O, Hydrogen Room
V.B Rajetal. [7] 7Zn0O, SnO,, TeO, Ammonia -
Duy Chan et al. [8] Pt/ZnO Hydrogen Room
A.Z Sadek et al. [9] ZnO Hydrogen 200-300°C
Tang et al. [10] Co,0,/Si0, Ammonia Room
Tang et al. [11] ZnO/Si0, Ammonia Room
ZnO 200°C-300°C

Table 1. Summary of some metal oxides for gas-sensing application.

1.1.1.1. SAW hydrogen metal-oxide based gas sensor

The ftirst hydrogen SAW sensor was reported by D. Amico in 1982 [5], whereby palladium was
used for hydrogen sensing; however, for improved sensitivities, metal oxides used for
hydrogen sensing include indium oxide, zinc oxide, tungsten trioxide, etc. Indium oxide is
also one of the metal oxides that is used for sensing both reducing and oxidizing gases. It has
been widely used for the detection of different gases with improved sensitivities developed a
SAW hydrogen sensor based on indium oxide at room temperature [6]. The experimental
results showed a high sensitivity for hydrogen gas with a frequency shift of 11.83 kHz toward
400 ppm of hydrogen gas.

Zinc oxide was among the earliest metal oxides discovered and is widely used due to its good
thermal and chemical stability and high conductivity of mobile electrons. However, the
alignment of well-ordered nanostructure improves the performance of the sensor. Sadek [12]
developed a ZnO nanorod SAW gas sensor for hydrogen detection. Results obtained showed
good sensing performance when exposed to different hydrogen concentrations at operating
temperatures of 200-300°C. The highest frequency shift was obtained at an operating temper-
ature of 265°C.

In order to enhance the performance characteristics for hydrogen sensing at room temperature,
many noble metals including Pd, Pt, Au, Ti, and Ni are employed. Duy-ThachPhan et al. [8]
fabricated a SAW hydrogen gas sensor by using ZnO nanoparticles incorporated with a Pt
catalyst. The integration of Pt/ZnO formed a layered structure on the SAW device in order to
improve the sensitivity. Based on [13], Pt is the best catalyst to dissociate hydrogen atoms at
room temperature. Experimental results obtained showed good results with a frequency shift
of 55 kHz in 1% hydrogen concentration at room temperature.
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1.1.1.2. SAW ammonia-based metal oxide sensors

The first SAW ammonia gas sensor was reported in 1987 in which platinum film was employed
as a sensing layer for ammonia detection [14]. Since then, different types of materials are
explored for ammonia sensing. Metal oxides used for ammonia sensing include WO;, ZnO,
Cobalt ITI oxide, etc.

WO, is one of the n-type semiconductor materials which have been employed for gas-sensing
applications. Their property of having large surface-volume ratio has made them suitable for
this purpose. Past researches have showed good sensitivity toward NO,, H,S, O;, and H, [15-
17]. It has been used as a sensing layer for the detection of concentrations of less than 1% of
hydrogen gas in air [18]. However, for improved sensitivity, the structure of the tungsten
trioxide was modified by sputtering platinum (Pt) and gold (Au) metals, and the sensing
behavior was investigated at various operating temperatures [19].

Recently, nanowires have also been used on WO, in order to enhance the sensitivity and
recovery times of hydrogen at room temperature [20]. In order to improve the sensitivity and
selectivity, oxides are mixed with CNT to form composite and used for ammonia sensing. A
highly sensitive ammonia gas sensor was fabricated using SnO,/MWCNTSs composites at room
temperature [21].

In order to improve the sensitivity of SAW devices, layered SAW devices have been fabricated.
Results obtained have shown an improved sensitivity, when compared to nonlayered devices
[22]. The layered structure (Figure 2) shows a configuration with a ZnO intermediate layer
and also WO; sensing layer.

WO, selective layer ma Pt or Au activator
ZnO layer Bl Metallised electrodes

>

| LiTaO, substate

Figure 2. Layered SAW sensor [23].
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The function of the intermediate layer is to increase the sensitivity arising from conductivity
changes at the surface. It also traps the acoustic energy at the substrate. This configuration has
been used for the detection of hydrogen [23, 24], ethanol vapor, and humidity [25].

Cobalt IIT oxide has also been considered as a p-type semiconductor, and it possesses the
nonstoichiometric property. It has been used for sensing different gases, such as CO,
H, C,H;OH, and NO, gases [4], but proved nonresponsive with ammonia gas. It also has the
limitation of high operating temperatures above 200°C. Recently, Yong-Liang et al. fabricated
a SAW-based ammonia gas sensor using hybrids of Co,0,/5i0,[10]. Results obtained showed
improved sensitivities when compared with pristine Co;O,and SiO,

Recently, different thin films of oxides were used in order to investigate the sensing behavior
toward SAW-based ammonia gas sensor. Thin films of ZnO, SnO,, TeO,, and TiO, were
deposited in the SAW sensor with the same thickness. Results obtained showed that the ZnO-
coated SAW was found to be more sensitive toward liquor ammonia, compared to the other
oxides [7].

1.1.2. Polymers as SAW sensing materials

Conductive polymers are another class of promising materials that are suitable for applications
in gas sensing. The advantage of polymers over metal oxides is that they can work efficiently
even at room temperature. Another advantage of conducting polymers is the ease of integra-
tion to the transducers of SAW device.

They comprise of carbon and hydrogen as the major constituents, while nitrogen, oxygen,
sulfur, phosphorus, and halogens as minor constituents. The polymers that are promising for
different sensing applications include polyacetylene, polythiophene, polypyrrole, polyaniline,
etc. Polyaniline (Pani) and polypyrrole (PPy) are p-type semiconductors that are very unstable
in the undoped state. These polymers have conjugated m-electronic system that changes
electronically upon gas interaction.

When polymers are deposited to the SAW device and deployed for gas-sensing applications,
the changes in the frequency are not due to the adsorption of gas/analyte, but as a result of the
change in the modulus of the polymer [2] . The layers have an influence on the wave propa-
gation velocity, which is dependent upon the viscoelastic effect of the polymers.

The viscoelastic responses of SAW could be in two forms. In the first mechanism, the response
of the SAW is tracked by the velocity (v) changes related with the changes in storage modulus
(G"), and the viscoelastic responses and attenuation (a) changes are related with the change in
loss modulus (G”). Similarly, the second mechanism showed that in a thickness shear mode
resonator, the movement of polymer films is not always synchronous with that of the surface
of the device [26]. Rigid films with large value of G and phase lag move synchronously with
the surface of the oscillating resonator, whereas compliant films with lower G and high tend
to lag behind the resonator. Therefore, the phase shift is also one of the factors that leads to
changes in the film dynamics and viscoelastic response. A model has been developed by Grate
et al., in which the frequency shift was described as a resultant effect of vapor mass adsorption
and the swelling of the polymer layer.
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To improve the sensitivity, the surface of the SAW sensor can be modified using surface
treatments so as to obtain selected chemical properties as reported by [27]. Polyisobutylene
was employed as a sensing layer in a SAW sensor for the detection of perchloroethylene (PCE).

Ricco et al. [28] reported lead phthalocyanine (PbPc) conducting thin films employed as SAW
sensing material for NO,detection. Results obtained showed increase in sensitivity in the
magnitude of 1000 times as compared with pure mass response of SAW devices. However,
due to continuous exposure to gas, the sensor became oxidized, which leads to a drift in sensor
signal. Humidity interference is one of the limitations of conducting polymers.

Polypyrrole nanofibers were used as a sensitive layer for hydrogen detection. They were
synthesized using a template-free chemical process and deposited in the SAW sensor.
Responses showed frequency shift of 20 kHz toward 1% of hydrogen gas and 4.5 kHz for 2.1
ppm of NO,[29]. However, for improved sensitivities, bilayer structures of metal-free phtha-
locyanine (H,Pc) with palladium (Pd) have been employed for hydrogen gas sensing at a very
low temperature. To reduce the effect of humidity on gas sensing, a layer of polyethylene
membrane was placed on the bilayer structure. Frequency shifts were observed for hydrogen
concentrations between 0.5 and 4% [30].

Polythiophene nanofibers have also been used for hydrogen detection. They have also been
synthesized using the template-free method and deposited on a layered SAW surface.
Frequency shift was observed to be 17 kHz toward 1% of hydrogen concentration [31].

Similarly, polyaniline nanofibers were employed as a sensing layer for the detection of
hydrogen gas. A cross section of the SAW sensor is shown in Figure 3. The nanofibers have
been synthesized using electropolymerization process and then subsequently deposited on
the SAW substrate. The thickness of the dedoped polyaniline was varied, and the response
behavior to hydrogen gas was investigated. Frequency shifts were observed for all thicknesses,
with the smallest thickness having frequency shift of 12.1 Hz for 0.06% of hydrogen, while the
largest thickness SAW sensor gave a frequency shift of 9.2 kHz [32].

Sensing layer o
| line P 1D
(polyaniline nanofiber) i A e

o N

Piezoelectric substrate (L.iTaOs3)

Figure 3. SAW gas sensor based on dedoped polyaniline nanofiber [32].
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The integration of metal oxides with polymers has a great potential for increased sensitivity
and selectivity at room temperature. As reported by [33], nanostructured polyaniline has the
ability of high diffusion as a result of high surface-to-volume ratios and increased penetration
depth for the gas molecules. Similarly, metal oxide nanoparticles are expected to improve
sensor performance due to the grain size and high surface-to-volume ratios. Therefore, with
the hybridization of polyaniline/SnO,, hydrogen response is greatly enhanced with 30 s
response time and 120 s recovery time to 1% hydrogen gas concentration at room temperature.
The same authors [34] also reported the use of polyaniline/WO; sensing layer on a two-port
SAW resonator for hydrogen detection at room temperature. Sensor performance was greatly
improved with 40 s response time and 100 s recovery time to 1% hydrogen gas at room
temperature.

Atashbar et al. developed a SAW-based sensor with camphorsulfonic acid (CSA) polyaniline
nanofibers as a sensing layer for the detection of hydrogen at room temperature.

1.1.3. Carbon-based materials for gas-sensing applications

The advent of nanotechnology has attracted much interest into the use of carbon-based
materials for gas-sensing applications. They possess inherent properties that make them
attractive, which include high thermal and mechanical stabilities, high surface area, and good
metallic and semiconducting behaviors. Carbon-based materials include carbon nanotubes
(CNTs), nanofibers, nanobelts, nanorods, graphene, etc. The employment of CNTs for different
gas-sensing applications is more common among researchers.

CNTs are of two types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs). A SWCNT is formed from a roll of graphene formed into a cylinder
with diameters ranging from 0.4 to 2 nm, while MWCTs are formed from several layers of
graphene rolled into nested rings of cylinder. They can be synthesized using three methods:
laser ablation, arc-discharge, and chemical vapor deposition. Pristine CNTs possess very
strong sp? carbon—carbon bonds, which gives them a very good stability. Their small diameter
and hollow structure make them suitable for gas adsorption and detection. The small diameter
allows electrical signals flowing along the tube to interact with any slightest defects within or
outside the tubes. Both MWCNTs and SWCNTs are suitable for gas detection due to their
semiconducting and metallic behaviors.

1.1.3.1. Gas sensors based on MWCNTs

MWCNTs have been used successfully for the detection of different gases, CO, NO,, H, NH,,
and N,[35]. Their drawbacks arelong recovery time as shown by and that sensing is required
at high temperature [36-38]. Jayatissa [39] investigated the detection of hydrogen gas using
MWCNT films synthesized by CCVD. Sensing of hydrogen gas was observed only at temper-
atures between 150 and 300°C, but there was no sensing at higher temperature (400°C) or low
temperature (25°C). Similarly, MWCNT-based sensor was also employed for the detection of
NO; to increase the sensitivity, an electric field was introduced between the two copper plates,
with one of them containing the MWCNT silicon wafer. It was observed that the stronger the
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electric field applied, the better the sensitivity would be [40]. Sayago [37] fabricated an NO,gas
sensor using double-walled and MWCNT, respectively. Sensing was observed at 25-250°C
toward NO,, but not H,or NH;. Good sensing response was only observed at temperatures
higher than 100°C.

Similarly, Penza et al. [41] fabricated a SAW gas sensor based on SWCNT and MWCNT for
the detection of volatile organic compounds. The CNTs were deposited on the SAW transducer
using the spray painting technique, as shown in Figure 4. Results obtained showed high
sensitivity toward ethanol, ethyl acetate, and toluene at room temperature. The authors
observed and reported that the SWNT showed a higher sensitivity than the MWCNT solvent
for the dispersion of the CNT, and also affects the sensing behavior. The sensing ability of
SWNT is better than the MWCNT, because the SWINT could be either metallic or semicon-
ducting. The higher response of SWNT sensor could be attributed to high number of semi-
conducting tubes, as shown by [42].

CARBON NANOTUBES
(SWONTs or MWONTs)

T

|
100nm —* Si0,
0.5 ,
ST X-Quartz
Metal Acoustic 1 l IN and OUT l
Reflectors Interdigital Transducers

Figure 4. SAW gas sensor based on carbon nanotubes [43].

The response of the sensor was monitored as a change in resonant frequency of the SAW
resonator. It was observed that there is a downshift in frequency for SAW sensors coated with
MWCNT/SWCNT dispersed in toluene toward ethanol, while an upshift in frequency was
recorded for SAW sensors coated with MWCNT/SWCNT dispersed in ethanol toward ethyl
acetate. This increase/decrease in resonant frequency is as a result of the mass loading effect
due to the molecules adsorbed on the surface of the nanotubes. This effect is manifested as
perturbations in the velocity of propagation. The change in resonant frequency is directly
proportional to the mass of gas that has been adsorbed.

Similarly, Cava et al. [44] employed the use of MWCNT film prepared by self-assembly
technique as a sensing layer for oxygen sensor. Oxygen sensitivity was observed when the
sensors were exposed to 10% oxygen in nitrogen at a temperature of 160°C. It was observed
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that sensors prepared by the drop-casting method were less sensitive compared with those
prepared by self-assembly method. This is because the self-assembly method provides a much
better distribution of the carbon nanotubes, which gives it the ability for improved gas
adsorption property.

However, the limitations of using pristine CNT as a sensing material are long recovery time,
low sensitivity, and sensing achieved usually at high temperature. As reported by [45], it was
established that CNT-based sensors do not give response to CO and H gases at room temper-
ature. Therefore, surface functionalization of the CNT using noble metals such as palladium
or platinum is required for sensing of CO and hydrogen at room temperature [46]. Function-
alization using noble metals enhances the conductivity of the CNT and thus increases sensi-
tivity. It allows for free movement and charge transfer between the ions and the gas molecules.

Carbon nanotubes are materials which have inherent electrical and mechanical properties, and
they have a hollow structure. These properties make them suitable candidates for gas sensing.
Their main limitation when employed as gas-sensing materials for SAW resonators in their
pristine form is that they cause short circuit of the IDTs. Therefore, to deposit the sensing layer
successfully and to overcome the problem of short circuit, an insulating/guiding layer needs
to be created between the IDTs and the sensing layer to form a layered structure as shown in
Figure 4.

It has dual advantages: it serves as a guiding layer by protecting the IDTs, and it also increases
the conductivity. Silicon oxide is also another type of insulating layer and has been employed
for gas-sensing applications. As reported by Penza et al. [41], a two-port SAW resonator was
developed for volatile organic compounds (VOCs) sensing, to deposit the sensing layer which
is composed of single-walled and multi-walled carbon nanotubes; an SiO, insulating layer was
sputtered so as to function as a guiding layer for SAW and protection of the metallic coating.
Carbon nanotubes were then sprayed with an airbrush. Response of carbon nanotubes toward
VOCs was then observed.

Similarly, the same authors [43] developed a SAW two-port resonator for the detection of VOCs
using similar structure, with SiO, as an insulating layer of thickness 100 nm. Some researches
employ the use of layered structure for sensing layer. The layered structure has dual function:
to serve as a guiding layer and to increase the sensitivity. This could be seen in [47] was
fabricated using ZnO/LiTaO; substrate and the ZnO serves as the guiding layer for the
electrodes and also to enhance the sensitivity. Single-walled carbon nanotubes were then
deposited using the Langmuir-Blodgett technique, and then tested toward hydrogen,
ammonia, and nitrogen oxide gases, respectively.

A double surface acoustic wave resonator system was proposed by [48], as shown in Fig-
ure 5. In this system, the sensing layer will be fabricated and integrated separately from the
SAW resonators. This will eliminate the use of guiding layer and the short circuiting of the
IDTs as a result of deposition of CNT. The system was successfully used for the detection of
hydrogen from 1 to 2% with functionalized CNT/Pani sensing layer.
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Figure 5. DSAWR system for gas-sensing applications [48].

Recently, Arab et al. [49] developed a SAW resonator gas sensor for acetone detection using
MWCNT/cerium oxide nanocomposites. Preliminary results using pristine MWCNT caused
short circuit to the IDTs, which is due to their high metallic behavior, and such MWCNTs were
mixed with cerium oxide so as to reduce this metallic behavior and prevent the IDTs from
short circuit. This gave good response to acetone vapor and ethanol at room temperature.

1.1.3.2. Gas sensors based on CNTs/nanocomposites and polymers

Conducting polymers are among the organic polymers that are suitable and promising
materials for gas-sensing applications as could be recalled from Section 1. To enhance their
sensitivity, conducting polymers are combined with CNTs because of their instability when
used as gas-sensing material alone. However, due to the inability of sensing CO gas at room
temperature using SWNT but only at elevated temperatures [50]. However, Choi et al.
investigated the electrical properties of PANI/SWNT as a composite sensing material for the
detection of CO and ammonia. Results obtained showed that the composite material was more
responsive toward ammonia than CO gas with increased conductance for CO but decreased
conductance toward ammonia [38] .

Similar to polymers, nanocomposites are also another group of promising materials that could
be used to enhance gas-sensing performance. This is due to their high surface area, chemical,
and mechanical properties. Nanocomposites could be integrated with metal oxides, polymers,
and carbon nanotubes for improved performance. The response of polymers and CNT
composites has also shown improved performance. It was established that the CNTs—polymer
composites could be used to improve the mechanical properties and stabilization [45]. This is
because when the CNT is integrated inside the polymer matrix, more mechanical support is
provided in the arrangement of the polymer chain structure.

Sayago et al. [51] investigated the sensing behavior of hybrid polymers when used as a sensing
material. A SAW gas sensor was fabricated using polyepichlorohydrin (PECH) and polyether
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urethane (PEUT) with different ratios of MWCNTs. Solutions of the nanocomposites were
prepared with different weights of the MWCNTs and polymers, and ultrasonicated. The
solutions were deposited using airbrush spraying with a metallic mask on the sensitive layer
only. The sensor was tested toward volatile organic compounds, such as octane and toluene,
and also toward different gases including hydrogen, ammonia, nitrogen dioxide, and carbon
monoxide. Results obtained showed good response toward octane and toluene, but there were
no responses to any of the gases. This means that the composite materials do not have good
selectivity toward the gases but rather toward volatile organic compounds only.

Similarly, nanocomposites based on CNT and metal oxides can also be promising sensing
materials. David et al. [49] employed the use of MWCNT/Ceria nanocomposites as sensitive
layers for SAW gas sensor. The sensor was tested toward acetone and ethanol vapors.
Frequency shifts obtained showed higher response toward acetone vapor with a frequency
shift of 200 kHz at room temperature.. Similarly, nonconducting polymers could also be
another class of polymers that could be used as nanocomposite materials for gas sensing. Chee
Song et al. [50] fabricated a SAW gas sensor polyvinylpyrrolidone (PVP)/MWCNT nanofiber
composites for hydrogen detection. The nanofibers were synthesized by electrospinning the
composite solution deposited directly on the active layer of the SAW. Frequency shifts were
observed with 530 Hz for 1% hydrogen concentration and 11.322 kHz of 0.25% hydrogen
concentration for PVP concentrations of 1.525 and 1.025 g, respectively. This shows that the
sensor with a low PVP concentration gave a higher frequency shift.

Recently, it was established that carbon nanotubes with metal nanoparticles could also be used
as promising sensing materials. Mohsen Asad et al. [51] fabricated a SAW gas sensor based on
thin film of single-walled carbon nanotubes decorated with copper nanoparticles as a sensing
layer, which was deposited using drop-casting method. The sensor was tested toward different
gases, and the effect of temperature on the sensor response was investigated. The SAW sensor
was tested toward hydrogen, acetone, ethanol, and hydrogen sulfide, so as to investigate its
selectivity. The highest selectivity was observed toward hydrogen sulfide gas.

1.1.3.3. Gas sensors based on graphene

Graphene is a two-dimensional form of carbon that possesses unique properties. Due to its
low resistance and large surface area to volume ratio, it has shown to be a promising sensing
material. In recent years, graphene and its derivatives such as pristine graphene, graphene
oxide, and reduced graphene oxide (RGO) have been reported for different gas-sensing
applications in the detection of different gases, including H,O, NO,, CO, and NH,. The sensor
response is measured as a change in the resistance of the graphene film. However, graphene
has not been popularly employed in SAW gas sensors.

Guo [53] developed a SAW humidity gas sensor that is based on graphene. It was reported
that for low relative humidity of less than 50%, a downshift of 1.38 kHz was observed, which
was as a result of mass loading effect due to water adsorption by the graphene surface. Mass
loading effect was observed to be less effective at high temperatures.
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Thomas et al. [54] also developed a low-cost Rayleigh SAW resonator coated with a layer of
graphene. Exfoliated reduced graphene oxide (RGO) dots were deposited in the sensing
region, as shown in Figure 6. The sensor was deployed for the detection of different concen-
trations of NO, in air, and it exhibited good sensitivity of 25 Hz/ppm at low power and cost.

Graphene coating

| 1
Wave generator ~ Wave read-out

Figure 6. SAW resonator coated with graphene for NO, detection [54].

Similarly, Arsat et al. [55] reported SAW gas sensor based on graphene-like nanosheets
deposited on LiTaO;. Graphene was synthesized by reduction of graphite oxide and deployed
for detection of H, and CO at room temperature and 40°C. A frequency downshift was
observed with CO and an upshift with H,. This was speculated to be as a result of incomplete
reduction of GO with hydrazine.

1.2. Conclusion and Outlook for Researchers

SAW-based gas sensors have proved to be reliable and promising in terms in sensitivity,
selectivity, high response, and recovery times. Increased sensitivity and selectivity are among
the key parameters a designer requires during the development of the sensor. As the sensing
layer is an integral part of the sensor, therefore knowledge of an appropriate sensing material
is vital for researchers. Different sensing materials which include metal oxides, polymers,
carbon nanostructures (carbon nanotubes and graphene), with their composites, have been
reviewed in this article. One of the limitations of polymers when employed as gas-sensing
materials is that after repeated measurements, there tends to be humidity interference.
Therefore, researchers should devise a way of regeneration of the polymer, so as to maintain
reproducibility during measurement. Similarly, pristine carbon nanotubes, due to their
metallic nature, have limitations when employed as sensing material, because they cause short
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circuit of the IDTs. For sensing applications that require CNTs, a guiding layer needs to be
fabricated which makes the design more costly.

Due to the interesting features of graphene, which include low cost, high surface area to volume
ratio, and ease of processing, it has been shown to be a promising sensing material. However,
not much literature has been reported for graphene in SAW-based gas sensors. Therefore,
researchers could explore more applications of graphene as sensing material for SAW gas
sensors. Graphene and its oxides are promising sensing materials due to production of less
expensive and highly sensitive gas sensors. Therefore, future works should focus on employ-
ing hybrids of graphene, including graphene oxides such as ZnO, WQO,, SnO, CO;0,, etc., as
gas-sensing materials. Similarly, single-layer graphene and few-layer graphene have good
mechanical strength and high temperature tolerance, which makes them good candidates for
sensing materials, based on literature that they have not been exclusively used for SAW gas
sensors. It is therefore recommended that future works should incorporate them.

Different methods have been used for synthesis of graphene, including epitaxial growth,
unzipping of CNT, mechanical exfoliation, and chemical vapor deposition, among others.
Graphene produced from each technique tend to have different properties. It was shown by
Saleh-Khojin et al. [56] that sensors made of CVD-grown graphene nanoribbon exhibit much
higher sensitivity to gases than defect-free graphene that is produced by Scotch tape method,
which is due to adsorption of gas molecules at the edges of the graphene surface. GNRs have
been synthesized using CVD by [57]; therefore, work is ongoing on the application of these
GNRs in gas sensing.
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