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A surface acoustic wave (SAW) formaldehyde sensor based on a graphene/
polymethyl methacrylate (PMMA) composite film with high sensitivity, and short
response and recovery time was proposed in this study. Using a novel multi-
source spray deposition method, graphene sheets were uniformly dispersedin a
PMMA film to fabricate sensitive films with a three-dimensional framework
structure for use in SAW devices. The formaldehyde-sensing ability was
enhanced by optimizing the film thickness and operating temperature. The
highest performance was achieved for a graphene/PPMA film thickness of
2.2 um at a temperature of 120°C.
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1 Introduction

Formaldehyde is a colorless, acrid pollutant that can cause several harmful effects upon
exposure to even small doses, such as a burning sensation in the eyes and pharynx, queasiness,
and labored respiration. The acute toxicity of formaldehyde stimulates the skin and mucous
membrane; moreover, inhaling high concentrations of formaldehyde can cause symptoms of
respiratory irritation, sneezing, coughing, and a burning sensation in the nose and pharynx
(Ura etal., 1989; Zhang, 2018). Formaldehyde is also a carcinogen, which might lead to central
nervous system disorders, immune system disorders, and respiratory diseases (Ashby and
Lefevre, 1982). The main sources of formaldehyde pollution for most people seem to be at their
homes, such as building materials and household products, but also include power stations,
factories, and automotive emissions (Pickrell et al., 1983). Therefore, selective and precise
detection using portable and low-cost gas sensors is crucial for real-time tracking of
formaldehyde in home and workplace.

The highly selective and sensitive surface acoustic wave (SAW) gas-sensing
technology has proven to be greatly beneficial for the detection of toxic gases
(Groves, 2006). Various SAW sensors have been studied for formaldehyde detection,
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including those composed of metal oxides such as SnO, (Li et al.,
2017), ZnO (Chen et al., 2022), and NiO (Zheng et al., 2011);
polymers such as polyaniline and polyethylenimine (PEI)
(Antwi-Boampong and BelBruno, 2013); and composite
materials such as PEI/TiO, (Wang et al., 2012),Sn;0,4/rGO
(Yin et al, 2020), PEI/MWCNTs (He et al, 2014), and
polymers and functionalized carbon nanotubes (Palla-Papavlu
etal., 2021). Recently, the application of composite sensitive films
has been extensively studied because of their potential to
ameliorate the sensitivity by combining various compounds
into one sensing layer while simultaneously retaining the
individual characteristics of their components and increasing
their surface functionality.

Graphene is a two-dimensional carbon allotrope with excellent
electronical, chemical, mechanical, thermal, and optical properties.
Graphene has been widely used as a sensing material, owing to its
unique electrical properties such as high mobility, large specific
surface area, and low electrical noise (Allen et al., 2009). Graphene
has
electrochemical sensors and biosensors, that is, graphene does

two main advantages regarding its application in
not contain metallic impurities, which interfere with the material
electrochemistry. In addition, graphene can be easily connected by
7 — 7 stacking and hydrophobic interactions and the lower noise
ratio (Justino etal., 2017). Because there is no dangling bond on the
surface of unmodified graphene, gas molecules cannot easily
adsorb to the surface. One method to enhance the gas-sensing
performance of graphene is to combine it with polymers (Kim
et al., 2015). Polymer-based nanocomposites that are prepared by
dispersing nanoparticles, nanotubes, or nanowires into the
polymer are better adsorbers, owing to the increased surface
area. Since a larger detection area of nanostructured materials
results in increased gas adsorption capacity, the sensing capability
is consequently improved. Preparation of very thin and uniform
sensitive films is an ideal method to obtain a high signal-to-noise
ratio and short sensor response time (Viespe and Grigoriu, 2010).
However, it is difficult to obtain nanocomposites with steady
structural features, such as the distance between the particles
and the position, as the dispersion of filler particles in the
polymer matrix is often not uniform; in addition, particles are
highly susceptible to agglomeration in composite materials (Kim
and Macosko, 2008).

In developing high-efficiency and low-cost sensor films,
various deposition methods like ink-jet printing (Hossain
et al., 2009), screen printing (Qi et al, 2008), 3D printing
(Wang et al,, 2019), and spraying (Mani and Rayappan, 2013)
have been used for large-area coating. Among them, the spray
technologies can prepare uniform large-area polymer films
through a relatively simple process, which provides sufficient
processing possibility for the engineering of the film structure.
The preparation of the film by spraying involves a reconstruction
process in which the solution particles are atomized and driven to
the substrate by a carrier gas; therefore, the size of the solution
droplets and the resulting domain can be well-controlled by
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controlling the atomization process (Chen et al, 2010).
Furthermore, spraying can produce films over a wide range of
concentrations and varying compositions, allowing for direct
treatment and application of polymers with poor solubility
(Green et al, 2008) and good treatment of organic and
inorganic materials with different solubilities or dispersion in
the liquid phase.

We aimed to introduce graphene into a polymer matrix to
prepare novel nanocomposite SAW sensors for formaldehyde
detection and to compare the sensitivity of the developed SAW
sensors with that of sensors based on graphene and PMMA
nanocomposite films. In this study, we report the development of
graphene/PMMA nanocomposites fabricated by a novel multi-
source spray deposition method that can form uniformly
dispersed graphene nanofillers in the PMMA-based multi-
component films, regardless of their different material
properties. PMMA has excellent characteristics as a rigid and
transparent plastic, such as having high impact strength, being
light weight, showing high transparency, and exhibiting better
processing performance. All these make PMMA widely used in
electrolyte,  polymer  conductivity,
fields (Ali et 2015).
Nanostructured sensors have a higher specific surface area-to-

Sensors, battery

nanotechnology, and other al.,
volume ratio than traditional microsensors, which can provide a
larger detection area for nanostructured materials and increased
gas adsorption, thereby improving the sensing ability. The
sensitivity, responsivity, and selectivity to formaldehyde vapor,
and reversibility of the graphene/PMMA nanocomposite sensors
were studied and compared with other polymer sensors; the
results confirmed that our sensors exhibited a significantly higher
sensitivity to formaldehyde vapor.

2 Materials and methods

2.1 Graphene/polymethyl methacrylate
composite sensitive film synthesis

2.1.1 Synthesis of multi-source spray-deposited
graphene dispersions

To obtain spray-settling integral dispersions, the dried
graphite oxide (GO) powder (60 mg) was added to deionized
water (20 ml) and ultrasonicated for 12 h. After centrifugation of
the solution, the coarse dispersion obtained, which contained
highly dispersed coarse GO, was transferred to a vial
Polyethylene glycol 200 (0.2 ml) was added; then, the mixture
was ultrasonicated for 30 min to obtain a very fine dispersion of
GO. The GO was then reduced to graphene using the hydrazine
hydrate in N, N-dimethylformamide (DMF); the color change
from yellow-brown to black confirmed the conversion of GO to
graphene platelets. The graphene platelets were filtered by
suction and washed with water, and then dried under vacuum
for 12 h at 60°C.
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Schematic of the multi-source spray deposition apparatus.

2.1.2 Synthesis of the polymethyl methacrylate
solution

PMMA (35,000 g/mol) was obtained from Sigma-Aldrich
(Germany). PMMA was dissolved in 1,2-dichloroethane to
form solutions over a concentration range of 4-7 wt%.

2.1.3 Modified multi-source spray deposition
The processes of the modified multi-source spray
deposition method are shown in Figure 1. The building of
the film involves a reconstruction process, in which the
solution particles are atomized and driven onto the
substrate by a carrier gas; therefore, the droplet and the
resulting domain size can be well-controlled by controlling
the atomization process. By spraying, a wide range of film
concentrations and composition can be obtained. In order to
simplify the experimental conditions, we controlled the film
thickness by setting the deposition time and nozzle size.
Nitrogen at a pressure of 15 psi was used as the carrier gas,
and the distance between the nozzle tip and the substrate was
12 cm. The spray nozzle used had a maximum spray rate of
the

approximately 20 ml/min. After spray deposition,

resultant layers were cross-linked at 50°C for 2 h.

2.2 Characterization and testing
instrumentation

The morphologies of the samples were characterized by field

emission scanning electron microscopy (FESEM; Carl Zeiss
Supra 55).
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2.3 Apparatus measurement of gas-
sensing properties of the materials

The sensor used was of a “delay-line” type with a center
frequency of 69.4 MHz. Fifty pairs of interdigital transducers
(IDTs) with a diameter of 2,500 um and a period of 40 pm were
fabricated on piezoelectric substrates. Gold IDTs with a thickness
of 150 nm were deposited on 10-nm chromium IDTs using
standard photolithographic techniques. The effective area of
the quartz substrate was 8 mm’, and its geometric structure
was a parallelogram so as to reduce the acoustic reflection on
the edges of the substrate.

A schematic diagram of this experimental setup is shown in
Figure 2. The sensor measurement was carried out in a sealed
chamber under static conditions. The temperature in the
chamber could be set to a specific value and monitored by
using a thermometer. By setting the voltage and current of the
heating stage, the surface temperature of the sensor acted as the
working temperature. The corresponding liquid solution
containing a certain amount of formaldehyde was injected
into a small heating plate that was fixed in the mixing
chamber. After formaldehyde gas was mixed with indoor air
evenly, the indoor valve was opened so the gas could come into
contact with the sensor. The concentration of formaldehyde can
be obtained by controlling the number of droplets. After each
measurement, nitrogen was pumped into the chamber to purge
the sensor environment.

3 Results

3.1 Graphene/polymethyl methacrylate
composite sensor and its response to
formaldehyde

FESEM investigations confirmed the deposition of a
continuous graphene/PMMA film on the surface of the sensor
devices (Figure 3A). As can be seen from Figure 3A, the film
smoothly and compactly covers the entire substrate. A high-
magnification SEM image (Figure 3B) further confirms the
uniform deposition of the graphene/PMMA film by the multi-
source spray deposition method. The graphene sheets (gray-
white bulk in the image) were uniformly dispersed in the PMMA
film, and thus, the film formed a three-dimensional framework
structure. The detailed side view of the as-prepared film in
Figure 3C shows that the typical thickness is about 2.2 um.
The film thickness can be increased by prolonging the
deposition time, while the surface morphology can be tuned
by changing the spraying parameters and solution composition.
However, increasing the amount of the sprayed solution and the
carrier gas flow rate and decreasing the gap between the nozzle
and the substrate changes the morphology of the film from a
uniform dispersion to a dense structure.
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FIGURE 2

Schematic diagram of the gas sensor system.

The response of sensors with different graphene/PMMA 22 pm at temperatures ranging from 30°C to 180°C are
film thicknesses to 4.0 ppm formaldehyde at 120°C is shown depicted in Figure 5. The response performance underwent
in Figure 4. All the samples exhibited responses and could be a sharp frequency shift when the temperature reaches 120°C,
recovered after formaldehyde was extracted. The response following which the response decreased with the increasing
amplitude varied with the coating thickness. The results temperature.
show that the sensor with 2.2-um film thickness had the Figure 6 shows the response of the graphene/PMMA film
highest sensitivity and performance compared to the other sensor sample with a thickness of 2.2 um to formaldehyde gas
sensors. When the graphene/PMMA film is extremely thin or of different concentrations at an operating temperature of
thick, its sensitivity to formaldehyde drastically reduces. As 120°C. The sensor was exposed to varying concentrations of
mentioned previously, thickness of films is controlled by formaldehyde via the synthetic air that was introduced into
controlling the spraying time. Since the structure of all the the room for calibration, and the dynamic responses of the
films was the same in all factors other than thickness, it can sensor were measured; the results showed good consistency at
be concluded that the difference in sensor response was different times. The relationship between the frequency shift
mainly due to the difference in film thickness. The and gas concentration is linear. After purging formaldehyde
increase in film thickness affects the normal direction of with dry synthetic air, the working frequency of the SAW
the surface, interferes with the propagation of the wave, sensor increased and returned to baseline. In these
increases the insertion loss, and reduces the center experiments, the graphene/PMMA sensor samples exhibited
frequency of the sensor sample. Therefore, sensitivity can immediate response upon both exposure to and recovery of
be adjusted by adjusting the thickness of graphene/PMMA formaldehyde, indicating the good response and recovery
sensitive films. features of the sensor.

The effect of temperature on the formaldehyde vapor Figure 7 depicts the simultaneous interpretation of the
sensor was also investigated. The sensor responses of the response curves of sensors when coated with different sensing
same sample with the graphene/PMMA film thickness of films (pure PMMA, pure graphene, and the graphene/PMMA
Frontiers in Materials 04 frontiersin.org
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FIGURE 3

FESEM images of the surface morphology of graphene/
PMMA sensitive films: (A) top view; (B) Magnified view; and (C)
sideways view.

composite). Compared with sensors based on pure graphene and
PMMA films, the graphene/PMMA multilayer film sensor
exhibited excellent performance. The frequency shift exhibited
by graphene/PMMA was approximately 6.9 kHz, while that of
pure graphene and PMMA sensors was 2.0 and 0.5kHz,
respectively. Furthermore, the results show that the sensitivity
of the acoustic electric effect to the gas film interaction is far
greater than that of the mass loading effect, indicating that the
acoustic electric effect is the dominant effect of graphene/
PMMA-laminated film sensors.
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FIGURE 4
Sensor responses toward 4.0 ppm formaldehyde for samples
with different film thickness at 120°C.
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FIGURE 5

Sensor responses toward 4.0 ppm formaldehyde for the
sample with film thickness of 2.2 um at different temperatures.

Good selectivity is generally considered an important
function of high-performance gas sensors. Figure 8 shows the
response of the graphene/PMMA sensor to four gases,
ethanol, NO, NHj3, and acetone, where PMMA is insoluble
in NO, NHj;, and ethanol and soluble in (acetone). The gas
sensitivity measurement was carried out at 120°C. The
frequency shifts of 5 ppm formaldehyde, 100 ppm ethanol,

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1025903

Wang et al. 10.3389/fmats.2022.1025903

|
(&)
T
|

2ppm
4ppm

8ppm 7
12ppm 4ppm

[N)
o

16ppm

N
(@)
T

Frequency shift (kHz)
=

22‘6pm

R
o
T

Frequency shift(kHz)
=l

—@-Original curve
—Fitted curve

30ppm

0 5 10 15 20 25 30
Coqcentratilon (ppl’rll)

1 | I 1 1 1 I

5 1
0 100 200 300 400 500 600 700
Time(S)

FIGURE 6

Dynamic response of graphene/PMMA sensors towards formaldehyde vapor at 120°C, inset is the measured frequency shift with different
concentrations.
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FIGURE 7

Sensitive responses of SAW sensors using pure PMMA, pure
graphene and graphene/PMMA composite exposed to 4.0 ppm
formaldehyde.

100 ppm NO, 100 ppm NH3, and 100 ppm acetone were 7.9, formaldehyde and a comparatively weak response to the
1.1, 0.4, 0.2, and 1.4, respectively. The results show that the other gases, revealing that the developed sensor has a high
graphene/PMMA sensor had a significant response to selectivity to formaldehyde.
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3.2 Sensing mechanism of the
chemiresistor

Two response mechanisms are proposed in terms of
graphene/PMMA chemical resistance to formaldehyde. First,
due to the tunneling effect of quantum mechanics, a
the
composite; the distance between the conductive elements

conductive path is formed in graphene/polymer
allows for electron hopping (Goh et al., 2003; Valentini et al.,
2003; Wang et al.,, 2017). Due to the absorption of the organic
vapor, the polymer matrix expands and increases in size,
therefore leading to an increase in the distance between
graphene sheets and, consequently, a further increase in the
contact resistance. The degree of distension and the resulting
electrical response depends on the solubility of the polymer in
steam. Second, the electronic properties of the conductive
elements in the composite film undergo changes, owing to the
charge transfer caused by the adsorption of organic molecules
(Fan et al., 2002; Someya et al., 2003).

As shown in Figure 8, the graphene/PMMA film has a high
sensitivity to formaldehyde. In spite of acetone being an ideal
solvent for PMMA, the response of the composite membrane
to other solvents, including acetone, is significantly less
compared with that to formaldehyde. In addition, solvents
that are insoluble or insoluble in PMMA, such as ethanol,
would cause a recognizable response as well, which indicates
that the main mechanism of the reaction to the formaldehyde
vapor cannot be attributed to volume expansion. Thus, it can
be concluded that the interaction between the composite
surface and formaldehyde was responsible for the observed
response. As mentioned previously (Jeremy et al., 2008),
formaldehyde seems to adsorb to the graphene sheet
through interactions with polar functional groups (such as
hydroxyl groups), the existence of which in the graphene
structure is a long established fact. This could affect the
the

occurrence of the charge exchange between the p-type

conductivity of graphene materials, owing to
semiconductor graphene (Lu et al., 2009) and the adsorbed
formaldehyde molecules. Graphene nanoflakes dispersed
uniformly in the three-dimensional framework structure of
the polymer matrix provide a high aspect ratio and a high
surface-area-to-volume ratio for the nanocomposites; due to
this interaction, the number of holes in the semiconductor
would be reduced, and the electric resistance of the device

would thus increase.

4 Discussion

In this study, we reported a novel multi-source spray
deposition method to fabricate graphene/PMMA composite
sensitive films. The graphene sheets were uniformly dispersed
in the PMMA film; the film formed a continuous three-
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dimensional framework structure. The SAW formaldehyde gas
sensor with the developed composite material as the sensing layer
was studied and compared with the SAW gas sensors based on
graphene and PMMA layers. The thickness of the graphene/
PMMA film and the operating temperature significantly affected
the response of the sensor to formaldehyde. The graphene/
PMMA film with a thickness of 2.2 um was used to prepare
the sensor, and its sensitivity was the highest at 120°C. Because of
the high sensitivity, recovery, and selectivity of the test sample,
the novel composite film has a broad application prospect as the
basic device for the wireless passive sensing and detection of
specific environmental gases.
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