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Abstract

Traditional methane sensors based on metal oxide semiconductors typically require high
operating temperatures (200–400 ◦C), which not only leads to high power consumption
but also often results in detection limits that struggle to fall below 5 ppm. To achieve
room-temperature operation with lower detection limit, this work proposed a surface
acoustic wave (SAW) methane sensor using monolayer graphene oxide (GO) film. The
GO material was prepared by a modified Hummers method combined with liquid-phase
exfoliation and characterized by transmission electron microscopy (TEM) and atomic
force microscopy (AFM). The sensor was constructed by drop-casting the GO dispersion
onto the delay line region of a Y-cut quartz SAW device. Results showed that the GO
sensor exhibited a low detection limit of 1 ppm and a sensitivity of 0.046 mV/ppm in
the range of 100–1000 ppm, which was 2.2 times higher than that of multilayer graphite
(0.021 mV/ppm). The response and recovery times for 500 ppm methane were 16.7 s and
66.4 s, respectively. Good repeatability and selectivity were also demonstrated. This work
presents a simple and effective approach for room-temperature methane detection using
monolayer GO on SAW devices.

Keywords: SAW sensor; graphene oxide; methane detection; room temperature sensing

1. Introduction
Methane is the main component of natural gas and plays a crucial role in coal mine

safety, industrial process control, environmental monitoring and other fields. Methane in
air poses an explosion risk when its concentration ranges from 5% to 15%. As a greenhouse
gas, its global warming potential is more than 28 times that of carbon dioxide [1,2]. The
achievement of rapid detection of methane at the parts per million level is of practical
significance for ensuring production safety and reducing greenhouse gas emissions [3–5].

To meet the demand for methane detection, researchers have developed a variety of
technical approaches. Methods represented by catalytic combustion sensors realize detec-
tion by virtue of the temperature change caused by methane combustion on the surface
of catalytic elements [6,7]. Such sensors feature a simple structure and low cost, yet they
exhibit limited sensitivity at low concentrations and are susceptible to irreversible poison-
ing by silicone, sulfur and lead vapors [8]. Optical methods typified by non-dispersive
infrared absorption spectroscopy achieve detection based on the absorption characteristics
of methane molecules for infrared light at specific wavelengths [9,10]. These sensors possess
high precision and good selectivity, but their complex optical modules and high equipment
cost limit large-scale distributed field deployment [11,12]. Methods represented by metal
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oxide semiconductor sensors realize detection by means of the resistance change caused
by the reaction between gas-sensitive materials and methane [13,14]. Such sensors have
relatively high sensitivity but usually require operation at high temperatures ranging from
100 ◦C to 350 ◦C [15,16]. For instance, the ZnO/g-C3N4 sensor reported by Zhang et al. can
operate at room temperature with a limit of detection of 500 ppm [17]; the ZnO nanorod sen-
sor developed by Kumar et al. has a limit of detection of 100 ppm [18]; the V2O5 nanoflower
sensor prepared by Mounasamy et al. needs to work at 100 ◦C, with response and recovery
times of 206 s and 247 s, respectively [19]; and the In2O3-CuO heterojunction sensor studied
by Nie et al. operates at a high temperature up to 350 ◦C and has a limit of detection
of 120 ppm [20]. Power consumption issues caused by high-temperature operation and
limited detection capabilities make such sensors face challenges in long-term monitoring
and early warning scenarios [13]. Although metal oxide semiconductor (MOS) sensors offer
high sensitivity, they typically require high operating temperatures (100–350 ◦C) [13–16],
leading to high power consumption and limiting their use in long-term monitoring. For
room-temperature methane detection, two-dimensional (2D) materials such as graphene
derivatives have recently attracted considerable attention [21,22].

Another approach adopts surface acoustic wave (SAW) technology to achieve detec-
tion through the frequency shift induced by the adsorption of gas molecules by sensitive
thin films [23,24]. Surface acoustic wave sensors have attracted attention due to their
potential for passive and wireless operation and the possibility of room-temperature op-
eration [25,26]. For example, Liu et al. reported a surface acoustic wave methane sensor
based on Cryptophane-A composite thin film, which can work at room temperature, yet
its limit of detection is 100 ppm, with response and recovery times of 41.2 s and 57 s,
respectively [27]. Although surface acoustic wave technology provides a platform for
room-temperature detection, the performance of sensitive materials still restricts the de-
tection limit and response speed of the sensors [28]. Improving the detection capability of
surface acoustic wave sensors for low-concentration methane at room temperature requires
a search for sensitive materials with stronger gas adsorption capacity.

In recent years, graphene and its derivatives such as graphene oxide have received
extensive attention in the field of gas sensing [29]. Such materials have a high specific
surface area, excellent electrical properties and potential for room-temperature operation,
providing possibilities for the development of novel gas sensors [30]. However, pristine
graphene has limited adsorption capacity for non-polar gases such as methane, which
mainly relies on weak van der Waals interactions [31]. In addition, the graphene nanosheets
tend to agglomerate and restack, leading to a reduction in the effective specific surface area
and thus restricting their gas adsorption performance [32]. To address these limitations,
researchers have developed a variety of modification strategies. Graphene oxide enhances
the interaction with gas molecules by introducing oxygen-containing functional groups [33].
Heteroatom doping can introduce defect states into the graphene lattice, regulate its elec-
tronic structure and enhance the affinity for target gases [34]. Composite with metal oxides
can form heterojunctions and improve the sensing performance through synergistic effects.
Among the above modification strategies, monolayer graphene is regarded as an ideal
platform for high-performance gas sensing due to its fully exposed atomic surface, ultra-
high specific surface area and excellent charge transport properties [35]. The monolayer
structure can provide the maximum density of active sites, and the adsorption and desorp-
tion processes of gas molecules on its surface are more rapid, which is conducive to the
realization of fast response and recovery.

An analysis of the above studies reveals that the core problem faced by existing
work is that sensors operating at high temperatures consume excessive power, while
those operating at room temperature often suffer from insufficient detection limits or

https://doi.org/10.3390/app16147001

https://doi.org/10.3390/app16147001


Appl. Sci. 2026, 16, 7001 3 of 13

slow response speeds [36]. This problem stems from the limited adsorption capacity of
sensitive materials for methane at room temperature and the insufficient specific surface
area of traditional materials to provide enough active sites. Based on this, we infer that the
simultaneous realization of a low limit of detection and fast response is expected if two-
dimensional materials with an ultra-large specific surface area and abundant adsorption
sites are introduced while maintaining the advantage of surface acoustic wave technology
for room-temperature operation [37]. As a two-dimensional nanomaterial, monolayer
graphene oxide can provide a fully exposed atomic surface with its monolayer structure,
and its oxygen-containing functional groups can interact with methane molecules, thus
becoming a candidate material for methane detection at ppm level.

In this paper, a surface acoustic wave methane sensor based on a monolayer graphene
oxide thin film is proposed and fabricated, aiming to realize methane detection at ppm level
at room temperature. Firstly, monolayer graphene oxide was prepared by an improved
Hummers method combined with liquid-phase exfoliation technology, and its morphology
and thickness were characterized by transmission electron microscopy and atomic force
microscopy. Subsequently, the graphene oxide dispersion was loaded onto the delay
line region of a Y-cut quartz surface acoustic wave device by drop coating to construct
a complete sensing unit. Finally, the methane sensing performance of the sensor was
systematically tested at room temperature, including concentration gradient response,
response and recovery time, repeatability and selectivity. The experimental results show
that the sensor has a low limit of detection for methane down to 1 ppm and a sensitivity of
0.06 mV/ppm, with response and recovery times of 16.7 s and 66.4 s, respectively. It also
exhibits good repeatability and selectivity.

2. Materials and Methods
2.1. Fabrication of SAW Methane Sensor Device

Y-cut quartz was selected as the piezoelectric substrate material in this work. The
choice of Y-cut quartz is motivated by its relatively high electromechanical coupling co-
efficient (≈0.23%) for Rayleigh waves, low bulk acoustic wave interference, and good
temperature stability around room temperature. Compared to ST-cut quartz (which has
zero temperature coefficient but lower coupling), Y-cut offers a better trade-off for gas
sensing applications where sensitivity is prioritized over temperature stability [38]. Delay-
line-type SAW sensor chips were fabricated on Y-cut quartz wafers using photolithogra-
phy. First, two sets of aluminum (Al) interdigital transducers (IDTs) with a thickness of
120 nm were patterned with a spacing of 2 mm. The input IDT employed a single-phase
unidirectional transducer (SPUDT) structure to reduce insertion loss. Periodic dummy
electrodes are embedded inside the IDT to form comb structure for uniform SAW velocity
and stable bandwidth [39]. The device operated at a frequency of 200 MHz (corresponding
to a wavelength λ ≈ 15.7 µm). The SPUDT electrode widths were designed as 4 µm (λ/4)
and 2 µm (λ/8), and the whole SPUDT owns a total of 50 finger pairs. The IDT dimensions
(finger width, gap, and aperture) were determined based on the SAW velocity on Y-cut
quartz to achieve a resonant frequency of 200 MHz. The number of finger pairs (50) was
chosen to provide sufficient signal-to-noise ratio while keeping the insertion loss within ac-
ceptable limits. These design parameters directly affect the sensor’s sensitivity because the
mass loading effect induced by gas adsorption produces a frequency shift proportional to
the square of the operating frequency [40]. Finally, a sensitive film of monolayer graphene
oxide (GO) was deposited on the acoustic propagation path by drop-casting. Prior to
drop-casting, the device was treated in an ultraviolet ozone cleaner for 10 min to enhance
the hydrophilicity of the substrate surface and promote uniform spreading of the GO film.
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2.2. Preparation of GO Materials

Firstly, a graphite precursor was prepared using a modified Hummers’ method. Sub-
sequently, monolayer graphene oxide was obtained via liquid-phase exfoliation. The
multilayer graphene oxide powder was dispersed in deionized water at a concentration
of 0.5 mg/mL and ultrasonicated for 2 h (power 300 W, frequency 40 kHz) to fully exfo-
liate the graphene oxide sheets. During ultrasonication, the water bath temperature was
controlled below 25 ◦C to prevent material damage from overheating. The ultrasonicated
dispersion was then centrifuged at 3000 rpm for 30 min, and the upper brown supernatant
was collected.

The collected supernatant (0.5 mg/mL) was then mixed with hydroiodic acid (HI)
at a volume ratio of 1:3. The mixture was refluxed in an oil bath at 95 ◦C for 1 h. The
precipitate was collected by centrifugation (3000 rpm, 15 min), washed three times with an
ethanol/water mixture (1:1), and vacuum-dried (60 ◦C, 6 h) to obtain few-layer graphene
oxide (GO). To eliminate nanomaterial agglomeration, the solution was treated in an ultra-
sonic cleaning machine for over 30 s before use. Subsequently, 2 µL of the nanomaterial
dispersion was precisely drop-coated onto the SAW delay line region (the acoustic prop-
agation path located between the input IDTs and output IDTs). The device was placed
in a vacuum drying oven at 60 ◦C for 2 h to finally obtain the monolayer graphene oxide
nanofilm. For comparison, a multilayer graphite film sensor was prepared using the same
method by drop-casting 2 µL of a non-exfoliated multilayer graphene oxide dispersion
(0.5 mg/mL).

2.3. Characterization Methods for GO Material Morphology and Structure

Transmission electron microscopy (TEM, JEOL JEM-2100F, Tokyo, Japan) was em-
ployed to observe the surface morphology of both multilayer graphite and monolayer
graphene oxide. Atomic force microscopy (AFM, Bruker Dimension Icon, Karlsruhe, Ger-
many) was used to precisely measure the thickness of the monolayer graphene oxide.

2.4. Setup of Methane Sensing Test Platform

The frequency shift of the sensing chip upon gas exposure was acquired as the sensing
signal. To achieve this, the prepared SAW sensing chip was connected to a specific phase
discrimination circuit to construct a complete sensor system. A signal generator produced
a 200 MHz RF signal, which was split into two equal paths by a signal divider: one path
was transmitted to the SAW sensing chip, and the other was sent to one input of a phase
discriminator. The output signal from the SAW sensing chip served as the other input to the
phase discriminator. The output signal from the phase discriminator was then converted to
a digital signal by a high-precision analog-to-digital (AD) converter. This digital signal was
transmitted to computer software via serial communication, enabling real-time acquisition
and monitoring of CH4 information.

The sensing chip was placed inside a stainless-steel gas chamber with a volume of
50 mL. The chamber top was equipped with gas inlet and outlet ports to form a sealed gas
flow path. During the test, the total gas flow rate was precisely controlled at 460 mL/min
using a mass flow controller (MFC). Initially, high-purity N2 (99.999%) was introduced into
the chamber for at least 30 min until the fluctuation of the sensor output signal was less than
±0.1 mV/min, establishing this as the baseline. Subsequently, by switching a three-way
valve, methane standard gas (CH4/N2 mixture, concentration range 1–1000 ppm) at a set
concentration was introduced, and the sensor signal variation over time was recorded
until the signal reached a new steady state. Finally, the gas flow was switched back to N2

for purging for 5–10 min to allow complete desorption of gas molecules adsorbed on the
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sensor surface, enabling the signal to return to the initial baseline level, thus completing one
test cycle.

3. Results
3.1. Characterization of Graphene Oxide Materials

The morphology and structural properties of the gas-sensitive materials employed in
this study formed the basis for their sensing performance. Single-layer graphene oxide was
prepared using a combination of the Hummers method and liquid-phase exfoliation. The
preparation process and morphological characterization are shown in Figure 1. Figure 1a
schematically illustrated the preparation route from multilayer graphite to single-layer GO.
Multilayer graphite sheets were first obtained via the Hummers method, which were then
subjected to a mild liquid-phase exfoliation process to yield single-layer GO nanosheets.
The TEM image in Figure 1b showed that the pristine graphite exhibited a typical stacked
structure with wrinkled morphology, which resulted from the natural stacking induced by
interlayer van der Waals forces. After exfoliation, as shown in Figure 1c, the GO presented
an ultrathin and transparent morphology. Its ultrathin nature allowed the underlying
substrate to be visible, and no layer overlap was observed on the surface, indicating the
successful preparation of high-quality single-layer structures.

Figure 1. Characterization of graphene oxide materials. (a) Schematic illustration of the preparation
process from multilayer graphite to monolayer GO. (b) TEM image of multilayer graphite. (c) TEM
image of monolayer GO. (d) AFM image of exfoliated monolayer GO with the dotted line indicating
the position of the height profile. (e) Height profile of monolayer GO along the orange dotted line
in (d).

To further confirm the thickness of the prepared GO, AFM characterization was
performed. Figure 1d displayed the AFM topography of the exfoliated GO, where the GO
sheets were uniformly spread on the substrate surface. Height profile analysis in Figure 1e
revealed that the thickness of the obtained GO was approximately 1.1 nm. This value was
in good agreement with the theoretical thickness of single-layer graphene reported in the
literature (approximately 0.8–1.2 nm), further confirming the successful preparation of
high-quality single-layer GO. This ultrathin nature and large specific surface area laid the
material foundation for the subsequent excellent gas sensing performance.
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3.2. Fabrication of the SAW Sensor

Following the acquisition of high-quality single-layer graphene oxide (GO), it was
integrated onto a surface acoustic wave device to construct a complete sensing unit. Fig-
ure 2a schematically illustrated the fabrication process: the GO dispersion was deposited
onto the sensitive film region of the Y-cut quartz-based SAW device via a drop-casting
method. After natural evaporation at room temperature, the GO nanosheets uniformly
adhered to the acoustic propagation path, forming the gas-sensitive thin film. Figure 2b
presented a schematic diagram of the SAW delay line device used in this study. The device
consisted of input interdigital transducers (IDTs), output IDTs, and a sensitive film region
located between them. The design employed a single-phase unidirectional transducer
(SPUDT) configuration, which utilized internal reflection structures to direct the acoustic
wave energy predominantly in a single propagation direction, thereby effectively reduc-
ing the insertion loss of the device. The operating frequency of the device was set to
200 MHz, corresponding to a surface acoustic wavelength (λ) of approximately 15.7 µm.
The electrode widths of the SPUDT were designed to be 4 µm (λ/4) and 2 µm (λ/8) to satisfy
the conditions for unidirectional radiation. The physical dimensions (length × width) of
the entire SAW device were set to 514λ × 169λ.

Figure 2. Fabrication and characterization of the SAW sensor. (a) Schematic of the drop-casting
process for GO deposition onto the SAW device. (b) Schematic of SPUDT-based SAW delay line.
(c) Insertion loss of the SAW device before and after GO deposition.

To evaluate the effect of the drop-casting process on the fundamental performance of
the device, the insertion loss of the device was measured before and after GO loading; the
results were shown in Figure 2c. It was observed that after loading the GO film, the insertion
loss of the device remained almost unchanged, and the frequency response curve retained a
good shape. This result indicated that the amount of GO deposited during the experiment
was well-controlled, ensuring a sufficient loading of the gas-sensitive material without
causing excessive damping of the acoustic wave propagation or introducing additional
noise. This provided a reliable device foundation for subsequent precise and stable gas
sensing tests.

4. Discussion
4.1. Evaluation of Methane Sensing Performance

The specific surface area, the number of gas adsorption sites, and the mass loading
effect, which directly depended on the number of graphene layers, were critical factors
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determining the gas sensing performance of the sensor. Therefore, the response characteris-
tics of SAW sensors based on single-layer graphene oxide (GO) and multilayer graphite
(Graphite) to various concentrations of methane were investigated and compared. Figure 3a
illustrated the dynamic response–recovery real-time curves of the two sensors to methane
in the concentration range of 100–1000 ppm at room temperature. It was evident that the
response amplitudes of both devices increased with rising methane concentration, exhibit-
ing a typical concentration-dependent behavior. However, the response amplitude of the
GO sensor was significantly higher than that of the Graphite sensor at each concentration.
This intuitively reflected the advantage of single-layer GO in gas adsorption, as its fully
exposed atomic surface provided a greater number of active adsorption sites.

Figure 3. Comparison of CH4 sensing performance. (a) Dynamic response curves of GO and graphite
sensors to CH4 concentrations of 100–1000 ppm. (b) Sensitivity in the range of 100–1000 ppm CH4

for both sensors. (c) Response and recovery times of the GO sensor to 500 ppm CH4. (d) Response
and recovery times of the graphite sensor to 500 ppm CH4.

The sensitivity of the two sensors was further quantified in Figure 3b. Through
linear fitting of the response values at different concentrations, the sensitivity of GO to
methane was calculated to be approximately 0.046 mV/ppm, while that of Graphite was
only 0.021 mV/ppm. The sensitivity of the single-layer GO was therefore 2.2 times higher
than that of the multilayer Graphite. This significant difference was attributed to the
ultra-high specific surface area of GO. In multilayer Graphite, only the outermost layers
could effectively contact and adsorb gas molecules, while the inner graphene layers were
encapsulated and unable to participate in the gas sensing reaction, resulting in a waste
of active sites. Response and recovery speeds are important indicators for evaluating the
practicality of a sensor, directly impacting its capability for real-time monitoring. Methane
at a concentration of 500 ppm was selected to compare and analyze the dynamic response
processes of the two sensors. Figure 3c recorded the response and recovery curve of
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the GO sensor upon exposure to 500 ppm methane. Based on the definitions of 90%
response time (T90) and 10% recovery time (T10), its response time was calculated as
16.7 s, and its recovery time was 66.4 s. In comparison, as shown in Figure 3d, the response
time of the Graphite sensor under the same concentration was 20.2 s, and its recovery
time was as long as 72.1 s. The comparison indicated that GO outperformed Graphite in
both response and recovery speeds. Its faster response was attributed to the single-layer
structure facilitating rapid diffusion and surface adsorption of methane molecules. The
shorter recovery time suggested a lower energy barrier for gas molecule desorption from
the single-layer surface, which was beneficial for sensor reuse and baseline recovery. This
excellent kinetic characteristic endowed the single-layer GO SAW sensor with greater
advantages for rapid and continuous monitoring applications.

Early warning of methane leakage often requires sensors with low concentration
detection capabilities. Consequently, the response characteristics of the GO sensor to low
concentrations of methane (≤20 ppm) were further investigated, with results presented
in Figure 4. Figure 4a displayed the dynamic response curves of the sensor to methane
concentrations ranging from 1 to 20 ppm. Notably, even when the methane concentration
was as low as 1 ppm, the sensor still generated a clear response signal of approximately
0.9 mV. This result indicated that the theoretical detection limit of the GO sensor could
reach the sub-ppm level, fully demonstrating its potential for trace gas detection. Figure 4b
showed that within the low concentration range of 1–20 ppm, the response value exhibited
a good linear relationship with concentration. The linearly fitted sensitivity was approxi-
mately 0.19 mV/ppm, which was slightly higher than that in the high concentration range,
possibly due to the abundance of adsorption sites and higher adsorption efficiency at low
concentrations. Figure 4c analyzed the dynamic response process of the sensor to 20 ppm
methane. The response time T90 was 36.4 s, and the recovery time T10 was 31.2 s. Compared
to the response speed at a high concentration of 500 ppm (16.7 s), the response was slightly
slower at low concentrations. This was because achieving adsorption equilibrium on the
surface required longer diffusion and collision times for low-concentration gas molecules.
Nevertheless, this speed still met the requirements of most environmental monitoring
scenarios. Four consecutive cycles of exposure to 20 ppm methane were performed on the
GO sensor, with the results depicted in Figure 4d. Throughout the four cycles, the response
amplitudes of the sensor were nearly identical. This fully demonstrated the excellent
reversibility and short-term repeatability of the GO SAW sensor. This good repeatability
was attributed to the dominant physical adsorption interaction between GO and methane
molecules. This interaction was sufficiently strong to enable room-temperature detection,
yet weak enough to ensure rapid and complete desorption of gas molecules during N2

purging without causing irreversible changes to the film structure. The CH4 sensing per-
formance of the GO SAW sensor in this work was compared with previously reported
methane sensors, as summarized in Table 1. The comparison indicated that the proposed
sensor exhibited a lower limit of detection (1 ppm) and competitive response/recovery
times at room temperature compared to most literature values.
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Figure 4. Low-concentration CH4 sensing performance of the GO sensor. (a) Dynamic response curves
to CH4 concentrations of 1–20 ppm. (b) Linear fit of response amplitude versus CH4 concentration
from 1 to 20 ppm. (c) Response and recovery times to 20 ppm CH4. (d) Four consecutive cycles of
exposure to 20 ppm CH4.

Table 1. Comparison of methane sensing performance with previously reported sensors.

Materials Temperature
(◦C)

Sensing
Mechanism

Limit of
Detection

Response/Recovery
Time (s) Ref.

ZnO/g-C3N4 RT MOS 500 ppm - [17]
ZnO nanorods RT MOS 100 ppm 132/13 [18]

V2O5 nanoflower 100 MOS 50 ppm 206/247 [19]
In2O3-CuO 350 MOS 120 ppm - [20]

GO-ZnCo2O4 RT MOS 50 ppm 14/20 [41]
Cryptophane-A RT SAW 100 ppm 41.2/57 [27]
Single-layer GO RT SAW 1 ppm 16.7/66.4 This work

4.2. Sensing Mechanism and Selectivity Analysis

To deeply understand the intrinsic mechanism underlying the above differences in
sensing performance, the influence of the chemical modification state of graphene on gas
adsorption behavior was analyzed. As illustrated in Figure 5a, the surface of pristine
monolayer graphene consisted of a hexagonal ring structure of carbon atoms and lacked
specific active functional groups. Therefore, its adsorption of methane molecules primarily
relied on weak van der Waals forces, resulting in limited adsorption capacity. In contrast,
the surface of the monolayer graphene oxide (GO) actually employed in this study was
enriched with oxygen-containing functional groups such as hydroxyl (–OH) and carboxyl
(–COOH). These polar functional groups interacted with methane molecules (which possess
a certain polarizability) through dipole–dipole interactions and enhanced van der Waals
forces, significantly improving the gas capture capability. In addition to the chemical
interactions discussed above, the SAW propagation process is also influenced by methane
adsorption through two coupled physical mechanisms. On one hand, adsorbed methane

https://doi.org/10.3390/app16147001

https://doi.org/10.3390/app16147001


Appl. Sci. 2026, 16, 7001 10 of 13

molecules increase the surface mass loading of GO and reduce SAW resonant frequency
via the mass loading effect. On the other hand, methane adsorption changes the dielectric
constant and conductivity of GO, altering the electrical boundary conditions on the quartz
surface and generating an electro-acoustic coupling effect. The observed signal variation in
this work is the superposition of these two effects.

Figure 5. Sensing mechanism and selectivity analysis. (a) Schematic of methane adsorption on
pristine graphite and GO. (b) Response of the GO sensor to various gases (CH4, CO2, CO, H2, C2H6)
at 20 ppm. Grey spheres represent C atoms, red spheres represent O atoms, and blue spheres represent
H atoms. (c) Comparison of CH4 response value of the GO SAW sensor at initial state and after
30 days of continuous aging test under room temperature.

Finally, the responses of the GO SAW sensor to several common gases were evaluated
to assess its selectivity. Figure 5b compared the response amplitudes of the sensor to
methane (CH4), carbon dioxide (CO2), carbon monoxide (CO), hydrogen (H2), and ethane
(C2H6) at a concentration of 20 ppm. The results showed that the response value for
methane was approximately 4.8 mV, whereas the response for carbon dioxide was only
1.2 mV. The responses to the other interfering gases were even lower. This indicated
that the sensor exhibited good selective recognition capability for methane. The origin of
this selectivity was attributed to the quadrupole moment characteristics of the methane
molecule and its specific interactions with the oxygen-containing functional groups on
the graphene oxide surface. To further evaluate the practical reliability of the sensor, a
long-term stability test was carried out by continuously cycling methane exposure for
30 days. Figure 5c compared the CH4 response of the sensor at the initial state and
after 30 days aging within 1–20 ppm. After one month of testing, the device maintained
approximately 91% of its initial response value, and the minor performance decay was
attributed to irreversible adsorption of trace impurities on the GO surface. Although cross-
interference in complex gas mixtures remains a concern, selectivity can be further enhanced
via multi-sensor differential arrays and machine learning pattern recognition to decouple
mixed signals.

5. Conclusions
In summary, the GO-based SAW methane sensor operating at room temperature was

successfully developed in this study. Monolayer GO with a thickness of approximately
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1.1 nm was obtained through liquid-phase exfoliation and deposited on the SAW device
by drop-casting. The sensor exhibited a detection limit of 1 ppm and a sensitivity of
0.06 mV/ppm (1–20 ppm), which was 2.86 times higher than that of multilayer graphite.
Its response and recovery times to 500 ppm methane were 16.7 s and 66.4 s, respectively.
Good repeatability and selectivity were also demonstrated. These results suggest that
the GO SAW sensor is a promising candidate for low-concentration methane monitoring
applications. Further work may focus on improving its long-term stability and selectivity
in complex environments.
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