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Gas detection is vital for safety in important industrial and private sectors. Its major significance lies in
its proactive risk mitigation, safeguarding lives and resources. In this paper, the focus is on the devel-
opment of a gas sensor based on quartz crystal microbalance coated with a sensitive layer of zinc oxide
(ZnO)–graphene nanocomposite for the detection of volatile organic compounds at room temperature.
The incorporation of graphene or reduced graphene oxide is preferred in such applications due to their
excellent electrical conductivity, chemical stability, and high surface area. These nanocomposites were
synthesized using a chemical method via spray pyrolysis. Various techniques were employed to analyze
the coated QCM electrode: contact angle measurements to assess surface wettability, Fourier transform
infrared and energy-dispersive X-ray spectroscopy to investigate the composition of the coated elec-
trode, and scanning electron and atomic force microscopies were used to study its surface morphology.
These analyses provided valuable insights into the nanocomposite’s interaction with the environment,
composition, structure, and topography of the sensor’s sensitive layer. To evaluate the sensor’s sensitiv-
ity, the frequency shift (∆f) of the coated QCM electrode is monitored when exposed to different gas
concentrations of ethanol, toluene, chloroform, humidity, and formamide, ranging from 47 to 142 ppm.
The frequency shift indicated the detected gas concentration. The results demonstrate good repeata-
bility and reversibility, which are crucial indicators of a sensor’s reliability. This reliability is essen-
tial for applications in environmental monitoring or industrial safety, where accurate gas detection is
critical.

topics: spray pyrolysis deposition, zinc oxide and graphene, gas sensor, quartz crystal microbalance
(QCM)

1. Introduction

Gas sensing devices have an important role in
many areas, from healthcare to industrial and en-
vironmental monitoring [1–5]. A quartz crystal mi-
crobalance (QCM) has been widely used as a highly
sensitive device that can detect small changes in
mass at room temperature, making it an excellent
platform for gas-sensing applications [6]. The key
to developing a QCM sensor is the choice of sen-
sitive coating materials that interact with specific
analytes effectively [7, 8].

Over the last decades, semiconductors have been
considered very attractive sensitive coating mate-
rials, especially metal oxides, showing promise in
chemical sensors. These materials offer advantages
like low cost, easy production, and simple electronic
measurement [9–12]. Among them, ZnO stands out
as a well-known metal oxide capable of operat-
ing at room temperature. For these purposes, re-
searchers have introduced different carbonaceous
materials in the sensing matrices based on ZnO
to improve electron migration and transportation
which is the main element for sensing. Among
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these materials, graphene or reduced graphene ox-
ide (rGO) is one of the most promising compo-
nents for chemical sensing at low operating tem-
peratures [13–15]. According to the literature [16–
18], graphene is composed of a unique 2D hon-
eycomb lattice of sp2-C atoms, the surfaces of
which are decorated with several oxygenated func-
tional groups and defect sites, which can provide
enhanced sensing capability. When combined with
metal oxide, a formation of p–n junctions between
these two (metal oxides and graphene) induced a
large specific surface area and a large number of
defects and functional groups of graphene, which
will facilitate molecular adsorption, gas diffusion,
and mass transport, and improves the gas sens-
ing properties. The research aimed to develop a
gas sensor using an inexpensive quartz crystal mi-
crobalance (QCM) with a nanocomposite of zinc
oxide (ZnO) and graphene as the sensing plat-
form and sensitive layer, respectively. The ZnO–
graphene nanocomposite was created through a
chemical method, providing precise control over
its composition and structure. A thin film of the
nanocomposite was then applied to the QCM sur-
face using the spray pyrolysis technique. The sen-
sor’s sensitivity was assessed by monitoring the fre-
quency shift (∆f) of the coated QCM electrode at
different concentrations of gases such as ethanol,
toluene, chloroform, formamide, and water vapor.
This frequency shift served as an indicator of the
detected gas concentration, enabling quantitative
analysis. Various analytical techniques, including
contact angle measurements (CA), Fourier trans-
form infrared spectroscopy (FTIR), scanning elec-
tron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDAX), and atomic force microscopy
(AFM), were used to analyze different aspects of the
sensitive layer.

2. Materials and methods

2.1. Quartz crystal microbalance coating

In the QCM process, a sensitive layer composed of
ZnO–graphene nanocomposites was created by us-
ing the spray pyrolysis technique. To achieve this,
the substrates were placed on a hot plate, which
was meticulously maintained at a temperature of
350◦C with an accuracy of ±2◦C. Zinc acetate dehy-
drate (C4H6O4Zn) with an exceptional purity level
of 99.99% was selected as the precursor salt for our
initial solution, and 0.4 M of this solution was pre-
pared by dissolving it in 50 mL of methanol. Subse-
quently, 0.1 g of home-made graphene powder was
dispersed in 50 mL of ZnO solution. Graphene has
been synthesized by following the Hummers method
modified by recycling graphite rods from electrical
storage devices [19, 20]. The suspension underwent
room-temperature ultrasonication for one hour, re-
sulting in a homogeneous solution of ZnO–graphene
nanocomposites. This solution was subsequently
loaded into a spray gun strategically positioned
20 cm above the substrate. Utilizing compressed air
as the carrier gas, a fine mist of the precursor so-
lution was generated. The spraying procedure was
programmed as follows: 5 s spray time, followed by
a 1 s break, repeated for a total of 60 cycles.

2.2. ZnO–graphene film characterization

Contact angle measurements were conducted at
room temperature and atmospheric pressure to
evaluate the wettability of the coated QCM sur-
face. A 5 µL water droplet was carefully de-
posited onto the surface of the coated QCM using

Fig. 1. FTIR spectra of ZnO–graphene nanocomposite sensitive layers.
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a micro-syringe. Five measurements were per-
formed, and the contact angle data were averaged,
with a standard deviation of approximately 5%, to
ensure reliable results.

FTIR spectroscopy was employed to analyze the
chemical composition of each QCM coating. Spec-
tra were recorded using a Thermo Nicolet Avatar
360 FTIR spectrometer. To investigate the surface
morphology of the QCM coating, a scanning elec-
tron microscope (SEM) (ZEISS EVO MA 25) fit-
ted with two Bruker XFlash 6− 60 X-ray detectors
for energy-dispersive X-ray spectroscopy (EDAX)
analysis and an atomic force microscope (AA2000,
Angstrom Advanced Inc.) were utilized.

The principle of the QCM sensors is based on
the change in the fundamental oscillation frequency
(∆f) upon ad/absorption of molecules from the gas
phase according to the Sauerbrey equation (Sauer-
brey and Angew 1959 [21]). The piezoelectric crys-
tals used were AT-cut 6 MHz quartz crystals. The
frequency shifts of the vibrating crystal were di-
rectly monitored using LabVIEW software and a
transistor Colpitts oscillator connected to the fre-
quency counter TF930, TTi, as an interface con-
troller. A liquid of known volume and density was
introduced in a specific generating gas cell using
a Hamilton syringe and then heated to evaporate
freely. After evaporation, the vapor was injected
into the sensitivity evaluation system.

The coated QCM-based sensor was evaluated for
sensitivity by monitoring the frequency shifts of the
quartz for different concentrations of volatile or-
ganic compounds vapors (VOCs vapors). The con-
centration of the introduced analyte was calcu-
lated in parts per million (ppm) [22]. After diffu-
sion towards the electrode surface, the injected va-
por was subsequently ad/absorbed by the function-
alized QCM electrode, which displays a frequency
shift (∆f). After the ad/absorption process was fin-
ished, the test chamber was purged with dry air
until the end of the vapor desorption process. The
sensor sensitivity was evaluated against concentra-
tions of VOCs vapors. Inside the chamber, the hu-
midity and temperature variations were monitored
by a THT22 temperature and humidity sensor with
an Arduino microcontroller.

3. Results and discussion

3.1. Sensitive layer surface characterization

FTIR spectroscopy was performed for the de-
posited ZnO–graphene to identify the vibrational
modes. The spectrum was recorded in the frequency
range of 400–4000 cm−1. FTIR spectra of the sen-
sitive layer are shown in Fig. 1.

A broad and strong peak at 3600–3300 cm−1
is attributed to the O–H stretching vibration of
the hydroxyl group, whereas the broadband ob-
served around 2084–2350 cm−1 indicates vibrations

related to the C–O bond. Smaller peaks in the
500–1000 cm−1 range correspond to symmetric
and asymmetric vibrations of C–O bonds, con-
firming the presence of carbon-containing material
residues within the ZnO composite. The bands lo-
cated around 2295 and 1600 cm−1 are attributed to
the stretching and bending modes of -OH groups,
possibly originating from the adsorption of mois-
ture when the sample was exposed to the atmo-
sphere. Peaks at 1726, 1217, and 1055 cm−1 are
associated with the stretching and bending groups
of C=O bonds, respectively [23]. These peaks align
with existing research and indicate the specific
chemical composition of the composite. Peaks at
1375 and 1222 cm−1 are observed and correspond
to bending vibration and stretching of hydroxyl
groups (C–OH) edge. In the infrared region (400
to 800 cm−1), peaks indicate stretching modes of
Zn–O bonds, corresponding to hexagonal ZnO’s vi-
brational mode. The absorbance peaks at about
1561 and 450 cm−1 suggest the skeletal vibra-
tion of graphene sheets and the stretching vibra-
tion of Zn–O bonds, further supporting the con-
cept of a composite structure involving both ZnO
and graphene [24–26]. FTIR results correlate with
what has been reported by M. Maruthupandy et
al. [8] and E. Albiter et al. [27]. Overall, these
FTIR results strongly suggest the successful for-
mation of a composite structure integrating ZnO
and graphene. The water contact angle measured
on the QCM electrode surface coated with ZnO–
graphene nanocomposite was found in the order of
30◦, indicating the hydrophilic behavior of the QCM
sensor surface with a good affinity toward polar
molecules [28].

To further understand the morphology of these
nanostructures, scanning electron and atomic force
microscopies were performed, and the correspond-
ing images are shown below in Figs. 2 and 3, re-
spectively. SEM images (see Fig. 2a and 2b) clearly
show that the surface of the nanocomposite thin
film is adorned or decorated with two distinct types
of nanoparticles, i.e., graphene nanoflakes and ZnO
nanorods. Low-layer graphene nanoflakes were ob-
served on the surface. These flakes have an av-
erage size of 200 nm. Graphene nanoflakes are
thin, two-dimensional sheets of irregularly shaped
graphene. These nanoflakes vary in size and shape,
and their presence indicates the incorporation of
graphene sheets or particles into the composite.
ZnO nanorods were also present on the substrate.
These nanorods range in particle size from 30
to 60 nm. Nanorods are 1D among ZnO nanostruc-
tures; they are used due to their large surface-to-
volume ratio, low electron breakdown rate, and di-
verse surface topography, which are desirable for
their detection performance, explaining the high
sensitivity of our sensor. All these results were also
reported by Y. Kang et al. [29] and M. Drobek et
al. [30]. Moreover, these images and descriptions
suggest that the ZnO–graphene nanocomposite
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Fig. 2. SEM images of ZnO–graphene nanocomposite sensitive layer (a) 3 µm, (b) 1 µm, and (c) EDAX
pattern.

Fig. 3. AFM images of ZnO–graphene nanocom-
posite sensitive layer (a) 2D and (b) 3D.

has been successfully deposited on silicon sub-
strates, forming a structure with decorated sur-
faces consisting of graphene nanoparticles and ZnO
nanorods. The presence of both materials and the
observed distribution patterns are important for un-
derstanding the physical characteristics and poten-
tial applications of the nanocomposite. The forma-
tion of aggregates or agglomerates could be a result
of interactions between the graphene nanoparticles
and ZnO components during the deposition process.
This information is crucial for optimizing the fab-
rication process and tailoring the properties of the
composite for specific applications. The SEM im-
ages are similar to those found by Hasanzadeh Ba-
nakar et al. [31].

The elemental analysis of the deposited ZnO–
graphene nanocomposite thin film has been ac-
complished by using EDAX analysis, as shown
in Fig. 2c, confirming that no contaminants are
deposited and only carbon, zinc, and oxygen are
present in the deposited film on a silicon substrate,
and the obtained element mapping confirms that.
These results are in good agreement with the pre-
vious studies [24, 32]. Figure 3 depicts an AFM
image (5 × 5 µm2) recorded on the QCM sen-
sor surface coated with ZnO–graphene nanocom-
posite. The absence of pinholes indicates that the
developed films have a homogeneous texture. The
surface topography appears to exhibit a consistent
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Fig. 4. The response/recovery to different gases of
a QCM-based sensor coated with a thin layer of
ZnO–graphene nanocomposite.

sea-island pattern†1 [33]. Moreover, the root mean
square roughness (RMS) value of this film was found
to be 229 nm, which is an important value. The in-
crease in surface roughness can be attributed to the
presence of graphene particles and ZnO nanorods
in the composite. The heightened roughness of the
surface led to a larger specific surface area. This ex-
panded surface area provides more sites for adsorp-
tion, explaining the enhanced adsorptive properties
observed in the QCM sensor. In other words, the in-
creased roughness allows the sensor to capture and
detect more molecules, making it more effective.

3.2. Sensing performance

To evaluate the functionality of our sensor, the
response was tested using two types of analytes: po-
lar and non-polar molecules. This testing aimed to
assess the sensor’s response and its ability to de-
tect and differentiate gases. The response/recovery
of the QCM-based sensor coated with a thin layer
of ZnO–graphene nanocomposite is shown in Fig. 4.

The response of the sensor is measured in fre-
quency shift (∆f), which can be calculated by
∆f = fair − fgas, where fair and fgas are the fre-
quencies of QCM at air flow and gas flow condi-
tions, respectively [32]. For all vapors, the isotherms
showed that the absolute value of the shift fre-
quency (∆f) increases gradually with time before
reaching a constant value at a steady state. Between
measurements, the sensor was exposed to dry air
until full desorption was achieved. The frequency
of the crystal returning to its initial state indicates

†1The sea-island pattern refers to a specific type of mor-
phology or structure. It describes a formation where small
“islands” of one material are dispersed within a continuous
matrix of another material, resembling islands in a sea. This
pattern is often created intentionally or unintentionally dur-
ing the elaboration processing of composite materials.

full desorption of analytes from the coated electrode
surface, proving reversibility. In addition, the ki-
netic response characteristics showed that the abso-
lute value of ∆f increases progressively with time,
then attaining a stable value. The sorption process
achieves equilibrium when the adsorption and des-
orption processes have been occurring simultane-
ously [34]. To ensure repeatability, the experiments
were repeated three times, and the relative standard
deviation (RSD) was calculated.

Based on the above results, other tests have been
performed to evaluate the response of our sensor
toward different concentrations of VOCs vapors, as
shown in Fig. 5a. It is seen that the sensors present
a good affinity toward polar molecules compared to
the non-polar ones. The responses are in the follow-
ing ascending order: propane < toluene < methanol
< ethanol < chloroform < acetone < formamide.
For example, at a concentration of 90 ppm, ace-
tone and formamide induce ∆f of −609 Hz and
−2091 Hz, respectively; however, for the same con-
centration of propane and toluene, ∆f is −25 Hz
and −82 Hz, respectively.

To evaluate the interaction between our sensor
and water vapor, frequency responses at different
vapor concentration levels were measured and com-
pared to those at different formamide concentra-
tion levels. As shown in Fig. 5b, the ZnO–graphene
nanocomposites-based sensor exhibits significantly
higher sensitivity to formamide than to humidity
(around 10 times higher), confirming that the sen-
sor remains practically unaffected by water vapors.

Figure 6a and 6b depicts calibration response
curves plotted against the maximum sensitivity ob-
served on a QCM-based sensor coated with a thin
layer of ZnO–graphene nanocomposite for humidity
and VOCs vapors, respectively. All QCM sensor re-
sponses display linear relationships with changing
analyte levels, showing an increase in frequency re-
sponse as the levels increase. For instance, when ex-
posed to formamide vapors at concentrations of 47,
89, and 142 ppm, the sensor registered responses of
1508, 2091, and 2500 Hz, respectively. These results
confirm that the elaborated sensor is more sensitive
to formamide and acetone.

Finally, the quantification was conducted us-
ing the standard addition method, and calibration
curves were generated through linear regression.
The obtained linearity was excellent, falling within
the typical range of correlation coefficients (R2) of
0.932 to 0.990. Achieving a correlation coefficient of
at least 0.93 indicates a generally satisfactory char-
acterization of the curve. The sensitivity, a criti-
cal parameter for a QCM sensor (the ratio of fre-
quency change (∆f) to analyte vapor concentration
change (∆C)), relative standard deviation (RSD),
the sensor’s response times for adsorption, desorp-
tion recovery for various molecules, limit of detec-
tion (LOD) (signal-to-noise ratio of 3), and the limit
of quantitation (LOQ) (signal-to-noise ratio of 10)
were calculated and summarized in Table I.
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TABLE ICharacteristics performances of the elaborated sensors to the studied VOCs vapors.

Gases
Sensitivity
[Hz/ppm]

RSD
[%]

LOD
[ppm]

LOQ
[ppm]

Responses
times [s]

Recovery
times [s]

methanol 0.45 1.91–2.88 6.66 22.22 39 23
ethanol 1.288 1–2.45 2.34 7.76 58 33
propane 0.4 3.10–6 7.5 25 110 17
chloroform 1.89 1–4.25 1.58 7.81 47 19
acetone 6.46 2.81–3.66 0.46 1.55 26 32
formamide 10.44 1.42–3.92 0.29 0.96 87 27
toluene 0.43 3.10–5.86 6.97 23.25 128 58

Fig. 5. Sensor’s response to different concentra-
tions of (a) VOCs vapors and (b) formamide com-
pared to water vapor.

In Table I, it is seen that formamide (HCONH2)
and acetone (C3H6O) exhibit the highest slope ratio
among the various VOCs vapors, suggesting greater
sensitivity. In addition, the mean values of RSD
were in the range of 2 to 6%, which indicates that
the QCM sensor responds in a reproducible manner
for all types of gases. The response and recovery
times are 26–87 s and 19–33 s, respectively, for polar

Fig. 6. Maximum sensitivity calibration curves of
a QCM-based sensor coated with a thin layer of
ZnO–graphene nanocomposite vs (a) water vapor,
and (b) gas concentration.

molecules and 110–128 s and 17–58 s, respectively,
for non-polar molecules. Using the determined LOD
values, the developed sensor successfully identified
little parts per million (ppm) of polar molecules.

By combining characterization results and detec-
tion performance, it can be assumed that the mass
of the analyte depends on the number of graphene
nanoflakes, ZnO nanorods, and agglomeration that
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spread over the QCM electrode, with an increase
in this number leading to an increase in roughness,
hence improving gas detection properties. The prin-
ciple of gas detection depends on the change in mass
of the analyte on the coated QCM electrode. Ana-
lytes that are polar molecules cause van der Walls
interaction with the hydrogen bond and COOH
group of the engineered ZnO–graphene nanocom-
posite, resulting in a change in analyte mass on the
QCM electrode surface. As a result, high-frequency
shift variations are obtained, explaining the good
affinity toward formamide and acetone vapors. The
results are consistent with the study by Monika
Gupta et al. [35] in “Graphene derivative coated
QCM-based gas sensor for volatile organic com-
pound (VOC) detection at room temperature” and
with the work of Jie Li et al. [14] regarding the de-
tection of n-propanol, which are polar molecules.

4. Conclusions

This paper describes the development of a new
gas sensor using a ZnO-graphene nanocomposite
thin film coated on a low-cost commercial quartz
crystal microbalance. The sensor was fabricated us-
ing a spray pyrolysis method at 350◦C, and it ex-
hibited high sensitivity to polar molecules such as
formamide and acetone at room temperature. The
study also included an analysis of the reproducibil-
ity and sensitivity of the sensor for different vapor
levels, as well as of the chemical, structural, and
morphological properties of the sensitive film. The
results indicated the successful formation of a com-
posite structure incorporating ZnO and graphene,
with the presence of -OH hydroxyl groups indicat-
ing the hydrophilic behavior of the sensitive film.
Additionally, SEM images and EDAX analysis con-
firmed the presence of ZnO–graphene nanocompos-
ite thin film, and AFM images revealed an in-
crease in surface roughness, leading to a larger spe-
cific surface area for accommodating more active
sites for VOCs molecule adsorption. Overall, the
ZnO–graphene nanocomposite-based QCM sensor
demonstrated high sensitivity towards the tested
gases, making it suitable for environmental and in-
dustrial monitoring applications.
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