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ABSTRACT: This study describes a sensor based on quartz crystal
microbalance (QCM) coated by polyacrylonitrile (PAN) nanofibers
containing nickel nanoparticles for methanol gas detection. The PAN/
nickel nanofibers composites were made via electrospinning and
electrospray methods. The QCM sensors coated with the PAN/nickel
nanofiber composite were evaluated for their sensitivities, selectivities,
and stabilities. The morphologies and elemental compositions of the
sensors were examined using a scanning electron microscope-energy
dispersive X-ray. A Fourier Transform Infrared spectrometer was used
to investigate the elemental bonds within the nanofiber composites.
The QCM sensors coated with PAN/nickel nanofibers offered a high
specific surface area to enhance the QCM sensing performance. They
exhibited excellent sensing characteristics, including a high sensitivity
of 389.8 ± 3.8 Hz/SCCM, response and recovery times of 288 and
251 s, respectively, high selectivity for methanol compared to other gases, a limit of detection (LOD) of about 1.347 SCCM, and
good long-term stability. The mechanism of methanol gas adsorption by the PAN/nickel nanofibers can be attributed to
intermolecular interactions, such as the Lewis acid−base reaction by PAN nanofibers and hydrogen bonding by nickel nanoparticles.
The results suggest that QCM-coated PAN/nickel nanofiber composites show great potential for the design of highly sensitive and
selective methanol gas sensors.

1. INTRODUCTION
Volatile organic compounds (VOC) gases, including ethanol,
methanol, acetone, and formaldehyde, have recently attracted
significant attention due to their potential harm to human
health, even at low concentrations.1,2 These compounds have
been linked to a range of diseases, including respiratory
disorders, cancer, anemia, and genotoxicity.3,4 Among the
VOCs, methanol (CH3OH) is particularly prevalent in
industrial5 and medical6 applications. However, its use poses
a significant risk to human health, as exposure can cause
blindness, headaches, and breathing difficulties.7 An accurate
detection method of methanol is then essential to prevent
exposure.

Several methods have been developed for detecting
methanol, including chemiresistive,8 fiber optic,9 chromatog-
raphy,10 and quartz crystal microbalance (QCM)11 methods.
However, these methods have limitations. For example, the
chromatography method is expensive and requires complex
equipment,12 while the chemiresistive method is time-
consuming and requires complex sample preparation.13 The
fiber optic method requires costly equipment and cannot be
used for various colorless gas samples.14 In addition, various

materials have been developed for methanol sensing, such as
Pd doped SnO2 nanoparticles,15 hollow hierarchical SnO2-
ZnO composite nanofibers,16 Fe2O3-loaded NiO nanosheets,17

and Al doped NiO nanofibers.18 Despite previous works
successfully improving methanol gas sensing performances of
these materials, they still need high operating temperatures.

QCM-based gas sensors have attracted significant attentions
in recent years due to their simple operation, low cost, and
sensitivity, and because they operate at room temperature.
QCM estimates the concentration of target gases by measuring
the shift in resonance frequency when gas molecules
accumulate on the sensor surface.19 This sensor can also be
modified to improve their sensing performance, such as
sensitivity and selectivity, through various strategies, such as
selecting suitable material and material structure for the
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binding layer.20 Various material structures have been used as
the binding layer to enhance the QCM sensing performance,
such as nanofibers,21 thin films,22 nanorods,23 and nano-
particles.24,25 Those materials’ structures can be made from
polymers, organic materials, or metal oxides. The utilization of
metal oxides, such as nickel oxide (NiO),26 zinc oxide
(ZnO),27 and tin oxide (SnO2),21 as gas sensor materials has
been well established, and they have been shown to exhibit
good performance. In particular, nickel (in the form of nickel
acetate) has been used as a gas sensor material. For example,
Simon et al. investigated the use of a graphene oxide composite
with nickel nanoparticles as a gas sensor, and found that it
exhibited good sensitivity to carbon monoxide, acetone, and
nitrogen dioxide gases.28 Additionally, the use of NiO in
combination with SnO2 as a toluene gas sensor has been
investigated, and it has been found to be selective for toluene
gas and exhibit a sensitivity that is 50 times higher than sensors
without NiO. This enhanced performance is attributed to the
intermolecular interaction of the gas with the binding layer of
the QCM surface.29

Recently, polymeric electrospun nanofibers have gained
significant attention as a binding layer material for gas sensors
due to their large surface area and ability to be composited
with various materials.30 A variety of polymers, such as
polyvinylpyrrolidone (PVP),31 polyacrylonitrile (PAN),32 and
polyvinyl acetate (PVAc)33 have been utilized as the binding
layer of QCM sensors. Among these polymers, PAN nanofibers
have been found to possess good mechanical stability,
hydrophilicity, and insolubility in water, making them suitable
as a composite matrix of the binding layer.34 However, to date,
there has no study been conducted on the development of a
QCM binding layer consisting of PAN nanofibers and nickel
nanoparticles for methanol sensing applications. Nickel has
been shown to have good sensitivity for detecting toxic gases,35

while the nanofibers structure provides a matrix with a high

surface area-to-volume ratio, which can improve the sensing
performance of gas sensors.36 QCM sensors with a PAN/
nickel nanofibers binding layer are expected to exhibit good
performance. Therefore, this study aims to fabricate a
nanofiber composite made of PAN nanofibers containing
nickel nanoparticles prepared via electrospinning and electro-
spray methods. The characterization of the resulting nanofibers
membrane and its performance for methanol gas sensing will
also be discussed.

2. MATERIALS AND METHODS
2.1. Materials. PAN with a molecular weight of ∼150,000

g/mol, nickel(II) acetate tetrahydrate, and N,N-dimethylfor-
mamide (DMF) were purchased from Sigma-Aldrich,
Singapore. High-purity nitrogen gas was purchased from CV
Sangkuriang, Indonesia. The test gases were the vapors of
methanol, formaldehyde, acetone, ethanol, and water. Meth-
anol and ethanol (99% purity) were purchased from Sigma-
Aldrich, Singapore. Formaldehyde (95% purity) and acetone
(95% purity) were purchased from ChemPro, Indonesia. QCM
sensors (HC49U AT Cut) were supplied by PT.Great
Microtama Electronic Indonesia (GXC), Indonesia. Prior to
the sensing process, the QCM sensors were thoroughly cleaned
by gently rinsing them with ethanol and acetone and then
drying them in a dry box for a period of 24 h.
2.2. Sensor Preparations. PAN/nickel nanofibers com-

posites were produced by electrospinning and electrospray
techniques, which are schematically given in Figure 1a,b,
respectively. At first, the PAN nanofibers were fabricated via
electrospinning (ILMI-N101, Indonesia). Afterward, the
electrospray process was carried out to make nickel nano-
particles using the same equipment in producing the
nanofibers. The PAN precursor solution was initially prepared
by dissolving 0.8 g of PAN powder in 10 mL of DMF solution
using a magnetic stirrer at room temperature. The nickel

Figure 1. Schematic illustrations of (a) the electrospinning process of PAN nanofibers, (b) the electrospray process of nickel nanoparticles, and (c)
the alteration of the QCM surface during the electrospinning and electrospray processes.
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solution was prepared by dissolving 0.8 g of nickel(II) acetate
tetrahydrate in ethanol using a simple stirring method until it
became homogenous. The PAN solution was inserted into a 10
mL syringe for electrospinning. The electrospinning process
parameters were an applied voltage of 16 kV, a collector-to-
needle tip distance of 15 cm, and a flowrate of 3−4 mL/h. The
electrospray process parameters were an applied voltage of 16
kV, with a 1.8−3 mL/h flowrate at the tip-to-collector distance
of 15 cm. PAN nanofibers were coated directly on the QCM
attached to the grounded collector using the electrospinning
process. Following the electrospinning process, the electrospun
PAN nanofibers-coated QCM was sprayed with a small
number of nickel nanoparticles using the electrospray process.
The QCM with a modified surface layer is depicted in Figure
1c. After the electrospinning and electrospray processes were
completed, the QCM coated by PAN/nickel nanofibers
composite was then dried up for 24 h in a dry box chamber
(Kris Dry Cabinet, Indonesia).
2.3. Materials Characterizations. The morphology,

diameter distribution, and elemental composition of PAN/
nickel nanofiber composites were analyzed using a scanning
electron microscope (SEM) and energy dispersive spectrosco-
py (EDS) (JEOL, JSM-6510A/JSM-6510LA). A Fourier-
transform infrared spectroscope (FTIR) (Bruker, Alpha
Platinum ATR A220/D-01) was employed to analyze chemical
bonds and functional groups of PAN/nickel nanofibers. Their
crystallization characteristics were determined by an X-ray
diffractometer (PANanalytical X-ray diffraction E’xpert Pro
3040/x0). The resonant frequency shifting of QCM was
measured using OpenQCM (Wi2, OpenQCM).
2.4. Sensor Characterizations for Methanol Detec-

tion. Sensing of methanol gas using a PAN/nickel nanofiber-
based QCM sensor is illustrated in Figure 2. A nitrogen gas
was used to generate vapor from solutions37 and clean a closed
chamber containing the QCM device. The desired flow rate of

the analyte gas was adjusted using a flow meter. The flow
meter controlled the flow of both the nitrogen gas into the
bubbler and directly into the sensor chamber for cleaning
purposes. In the bubbler, methanol vapor was produced and
then transported to the sensor chamber with the regulated flow
rate. The QCM was positioned in the sensor chamber,
connected to the OpenQCM, and a voltage of 5 V was applied
to record the resonant frequency. The sensor response was
determined by exposing it to methanol vapor carried by
nitrogen gas at various continuous flow rates ranging from 400
to 1600 SCCM. The temperature and relative humidity inside
the test chamber were recorded as 24.6 ± 0.1 and 37.6 ± 3.5%,
respectively. Theoretically, the resonant frequency change is
proportional to the deposited mass, which is given by the
Sauerbrey equation:

=f
f

A
m

2 0
2

0 0 (1)

where Δf is the change in the resonant frequency of QCM
(Hz), f 0 is the fundamental frequency of QCM (5 MHz), Δm
is the deposited mass (ng), A is the active surface area of the
QCM electrode, and ρ0 and μ0 are the shear modulus and
density of quartz crystals, respectively.

In this study, several sensor parameters were evaluated,
including an optimum flowrate, response and recovery
dynamics, sensitivity, limit of detection (LOD), limit of
quantification (LOQ), selectivity, and stability. The response
time was defined as the time required for the adsorption
process, characterized by the absence of a reduced resonant
frequency. Recovery time was defined as the time required to
return the frequency to its initial state. The sensor sensitivity
was defined as the ratio of the frequency shift to the target gas
flow rate. Additionally, the standard deviation of the blank
measurements and the gradient of the plot of the frequency

Figure 2. Sensing characterization of QCM with the PAN nanofiber/nickel nanoparticle composite for methanol gas detection.
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shift against analyte concentration can be used to estimate
LOD and LOQ.38 A sensitive sensor is considered to have a
low LOD and LOQ. LOD refers to the lowest amount of a
substance that can be detected by the sensor, while LOQ refers
to the lowest amount that can be accurately quantified. A lower
LOD and LOQ indicate a higher sensitivity and precision of
the sensor. The ability of the sensor was evaluated after it was
used in methanol sensing for 1 month. Furthermore, selectivity
was employed to ensure that the QCM sensor did not produce
false positive results with another gas.

3. RESULTS AND DISCUSSION
3.1. Sample Characterizations. The PAN/nickel nano-

fibers coated QCM was successfully developed. Figure 3a
presents SEM images of PAN/nickel nanofibers in which
nickel nanoparticles agglomerated, as indicated by the yellow
arrows. The PAN/nickel nanofibers have a high ratio of length
to diameter, and it is shown that nickel nanoparticles were
randomly piled up on the nanofibers. The estimated average
diameter of PAN/nickel nanofibers was found to be (335 ± 4)
nm, exhibiting a relatively homogeneous, smooth, and
continuous structure, as given in Figure 3b.

Figure 3c depicts EDX analysis of the PAN/nickel
nanofibers collected on the aluminum foil. It reveals peaks
for elements such as C, O, N, Ni, and Al, with C and N being
the main elements found in PAN nanofibers (C3H3N)n.

32 The
Ni and O peaks indicate the presence of nickel and oxygen in
the composite (C4H14NiO8). The Al peak is a result of the
PAN/nickel composite being deposited on the surface of the
aluminum foil collector. The most prominent carbon element

was seen at C, with 50% formed by PAN and acetate. The
nitrogen content appeared at 23% in the nitrile chain of PAN,
and the elemental oxygen was seen at 13%, representing the
essential oxygen in nickel(II) acetate tetrahydrate. The mass
basic content of nickel in the PAN/nickel nanofibers was
8.07%. The SEM images and EDX analyses proved that the
composite consists of PAN nanofibers and nickel nano-
particles.

The FTIR spectra, as shown in Figure 3d, confirmed the
presence of agglomerated nickel nanoparticles on the PAN
nanofibers as previously indicated by SEM−EDX analyses. The
spectra revealed the existence of O−H groups in the PAN/
nickel nanofibers, indicated by the peak at 3367 cm−1, which
originated from the hydroxyl bond that was more pronounced
with the increase in phenol groups. It was characterized by a
wide absorption spectrum of PAN/nickel nanofiber and a
shifted of the O−H groups.39 The FTIR spectra also showed
the presence of C−H groups in the PAN/nickel composite,
with the stretching vibration band appearing at 2935 cm−1.
However, the peak absorbance of this band was smaller in the
composite compared to pure PAN, indicating that the presence
of C−H groups was influenced by the addition of nickel
acetate.40 The nitrile group C�N appeared at 2241 cm−1 with
a smaller absorbance value than pure PAN.41

The FTIR spectra also showed the presence of a carbonyl
group and asymmetric bending −CH3 of nickel acetate,26

indicated by the stretching band at 1562 cm−1. Stretching at
1454 cm−1 indicated the presence of asymmetric −CH2
aliphatic groups owned by PAN The peak absorbance at 678
cm−1 denoted the presence of a Ni−O bond group,42 while the

Figure 3. SEM image of (a) PAN/nickel nanofibers deposited on QCM, (b) nanofiber diameter distribution of PAN/nickel nanofibers deposited
on QCM, (c) EDX analysis of PAN/nickel nanofibers, and (d) FTIR spectra of PAN, nickel nanoparticles, and PAN/nickel nanofibers.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00760
ACS Omega 2023, 8, 13342−13351

13345

https://pubs.acs.org/doi/10.1021/acsomega.3c00760?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00760?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00760?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00760?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


C�O vibration indicated the peak at 1673 cm−1, which is
typically a strong band in DMF.43 However, the PAN/nickel
composite still formed as indicated by the peak at 1660 cm−1

with a small absorbance, showing that the electrospinning
process effectively evaporated the solvent. The FTIR spectra of
PAN/nickel nanofiber composites revealed that a bond was
formed between PAN and nickel acetate through intermo-
lecular interactions between the O−H groups in nickel acetate
and the C�N groups in PAN.

The crystalline structure of samples was analyzed using
XRD. Figure 4 displays the XRD patterns of the PAN powder

(blue line), nickel powder (green line), PAN nanofibers (red
line), and PAN/nickel nanofibers (black line). The diffraction
peak of PAN, at 16.55°, reveals its crystalline nature.44 The
primarily amorphous nature of PAN nanofibers and PAN/
nickel can be linked to pure PAN polymer. The nickel sample
(green line) was found to have a crystalline structure with
peaks at 2θ = 44.53, 45.01, 70.82, and 71.76°.45 The peak of
PAN/nickel nanofibers was assigned at 24.11°, which is a peak
of PAN nanofibers, and with peaks at 22.99, 33.50, 38.50,
44.74, and 65.26°, which are peaks of nickel.46 The presence of
nickel nanoparticles could significantly catalyze the trans-
formation of polymeric nanofibers into a carbon-like graphite
structure upon annealing in an argon atmosphere.47

3.2. Responses of PAN/Nickel-Nanofibers Coated
QCM Sensors. Response testing was conducted on four
types of QCM sensors: blank QCM (QCM without an active
layer), QCM PAN (QCM with PAN nanofiber active layer),
QCM nickel (QCM with nickel nanoparticle active layer), and
QCM PAN/nickel (QCM with PAN/nickel nanofiber active
layer). The response was tested using the bubbler method,48

and the frequency shift was measured with gas flow rates
ranging from 400 to 1600 SCCM with five-cycle dynamic
responses.

The frequency shift for blank QCM (figure 5a), QCM PAN
(figure 5b), QCM nickel (figure 5c), and QCM PAN/nickel
(figure 5d) were 6.9, 62.3, 157.4, and 437.9 Hz, respectively.
The frequency shift increased with the gas flow rate for all
sensors, with the highest response observed in the QCM PAN/
nickel sensor. The resonant frequency shift was three times
higher in the QCM PAN/nickel sensor compared to the QCM
nickel sensor and eight times higher compared to the QCM
PAN sensor. These results indicate that the active layer of
PAN/nickel nanofibers can significantly enhance the QCM
sensor response.

The mechanism of response and recovery in the QCM
sensor with PAN/nickel nanofibers was investigated for
methanol gas. The repeatability of the response was tested
for five cycles to assess reversibility. The response time was
optimized at 300 s and was affected by the flow rate of nitrogen
gas as clean air. The response time for the QCM PAN/nickel
sensor was longer than the other sensors, with obtained
response times of 120, 249, 259, and 288 s for blank QCM,
QCM PAN, QCM nickel, and QCM PAN/nickel, respectively.
This response time dramatically affects the active layer on the
QCM surface. Although the blank QCM had a fast response
time, it was unstable in the detection of analyte gases. In
contrast, the QCM PAN, QCM nickel, and QCM PAN/nickel
sensors had good responses to methanol gas even with their
longer response times. The adsorption ability of the active
layers on the QCM surface depends on the response time, and
this desorption time affects the number of molecules that bind
to the active layer.

In Figure 5e, the dynamic response of QCM sensors with
various gas flow rates ranging from 400 to 1600 SCCM is
shown, along with the five-cycle dynamic responses. The
recovery times for the blank QCM, QCM with PAN
nanofibers, QCM with nickel nanoparticles, and QCM with
PAN/nickel nanofibers were 56, 107, 143, and 251 s,
respectively. These results were found to be directly propor-
tional to the number of adsorbed molecules on the surface of
the active layer. The more the molecules are absorbed, the
lower the resonant frequency, resulting in a longer bond time
for the active layer to desorb the analyte gas molecules. In
comparison to previous studies of QCM as a methanol sensor,
the QCM with PAN/nickel nanofibers was found to be much
better for sensing methanol gas. For example, the study by
Nugroho et al. found that the QCM with cellulose acetate/
chitosan was only able to reduce the resonant frequency to <10
Hz.49 Similarly, Rianjanu et al. modified a QCM sensor with
PVAc nanofiber for the detection of alcohol vapor, where the
sensor is capable of reducing the resonant frequency by <25
Hz.50 The results of the cycling tests showed excellent
repeatability of response, with methanol molecules rapidly
desorbed after purging with nitrogen gas and the frequency
returning to its initial value.
3.3. Sensitivities of PAN/Nickel Nanofiber-Coated

QCM Sensors. The sensitivity of QCM sensors was
determined by analyzing the gradient of a linear function
that fit the frequency shift vs the flow rate graph.50 The testing
of QCM sensors was performed in the operating range of flow
rates from 400 to 1600 SCCM. The sensitivity of the QCM
sensors is depicted in Figure 6. The blank QCM sensor was
described by the equation y = 6.2x + 1.84 with a determination
correlation of R2 = 0.921. The frequency response exhibited
good linearity, as indicated by R2 values greater than 0.994 for
the various sensors. Additionally, the determination correlation
for the blank QCM sensor had a relatively low value, signifying
that the sensor was less sensitive to methanol gas, with a
sensitivity value of 6.2 Hz/SCCM. Upon similar analysis, the
sensitivity values were found to be 40.7, 152.8, and 389.8 Hz/
SCCM for QCM sensors with PAN nanofibers, nickel
nanoparticles, and PAN/nickel nanofibers, respectively. It
was evident that the QCM sensor with PAN/nickel was the
most sensitive to methanol compared to other ones.

The LOD and LOQ of the modified QCM sensors were
calculated using eqs 2 and 3, respectively,51 as follows:

Figure 4. XRD patterns of PAN powder (blue line), nickel powder
(green line), PAN nanofibers (red line), and PAN/nickel nanofibers
(black line).
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=
S

LOD 3.3
(2)

=
S

LOQ 10
(3)

where σ is standard deviation of the blank QCM and S is the
sensitivity of sensor (Hz/SCCM). The calculated LOD and
LOQ values of the QCM for methanol detection are presented
in Table 1. The highest LOD and LOQ values were obtained
using the blank QCM, while the lowest were obtained with the
QCM PAN/nickel.
3.4. Stabilities and Selectivities of PAN/Nickel Nano-

fiber-Coated QCM Sensors. The long-term stability of the
QCM sensors was evaluated by regularly testing them for

Figure 5. Response of sensor QCM for (a) blank QCM, (b) QCM PAN, (c) QCM nickel, and (d) QCM PAN/nickel exposed with various gases
flowrate at room temperature. (e) Response of sensors for five-cycle dynamic responses (reversibility) of the blank QCM, QCM PAN, QCM
nickel, and QCM PAN/nickel sensors exposed to 1600 SCCM methanol gas at room temperature.

Figure 6. Sensitivity of QCM sensors at various flow rates.

Table 1. Performance of QCM Sensors

QCM
frequency
shift (Hz)

sensitivity
(Hz/SCCM) R2

LOD
(SCCM)

LOQ
(SCCM)

blank 6.9 6.2 ± 1.9 0.921 4.348 13.178
PAN 62.3 40.7 ± 2.9 0.989 2.346 7.108
nickel 157.4 152.8 ± 8.6 0.989 2.131 6.461
PAN/

nickel
465.7 389.8 ± 3.8 0.999 1.347 4.083
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methanol gas over a period of 30 days. The results, shown in
Figure 7, indicate that the QCM sensors exhibit good stability,

with maximum frequency fluctuations of 2.9 Hz for the blank
QCM, 4.0 Hz for the QCM PAN, 4.0 Hz for the QCM nickel,
and 2.9 Hz for the QCM PAN/nickel. These results
demonstrate the good stability of the QCM sensor with
PAN/nickel nanofibers.

To evaluate the selectivity of the QCM sensor coated with
PAN/nickel nanofibers toward methanol gas, the sensor was
exposed to various gases, including methanol, acetone,
formaldehyde, water, and a mixture of gases, with a flow rate
ranging from 400 to 1600 SCCM. The adsorption selectivity
was further evaluated by exposing the QCM to different gases
commonly found as toxic and air pollutants,39,41,42,52 such as
ethanol, acetone, formaldehyde, and water. The results, shown
in Figure 8, indicate that the QCM sensor with PAN/nickel
nanofibers had a higher frequency reduction for methanol gas,
with a frequency shift of 465.7 ± 7.2 Hz. In comparison, the
frequency shifts for other gases were as follows: ethanol (52.1

± 1.4 Hz), formaldehyde (10.2 ± 1.4 Hz), acetone (15.2 ± 1.5
Hz), water (29.8 ± 2.3 Hz), and mixture gas (29.8 ± 2.3 Hz).
The selectivity was further verified by comparing the frequency
shift to that of free air, which showed lower frequency shifts for
methanol (387.9 ± 1.5 Hz), ethanol (45.1 ± 1.8 Hz),
formaldehyde (5.1 ± 1.7 Hz), acetone (13.2 ± 1.9 Hz), water
(18.2 ± 0.2 Hz), and mixture gas (25.8 ± 0.2 Hz). These
results demonstrate the ability of the QCM sensor with PAN/
nickel nanofibers to detect methanol gas with high selectivity.
The minimum detection concentration for methanol was
determined by testing the sensor’s response using the vapor
method and a calibration curve between frequency change and
concentration, which showed that the QCM PAN/nickel can
detect methanol from 7 to 550 ppm. In comparison with
existing methanol sensors using different types of sensors,
materials, and morphologies (as listed in Table 2), our
methanol sensor demonstrates exceptional performance with
good response at room temperature (24.6 °C).
3.5. Sensing Mechanism of PAN/Nickel Nanofiber-

Coated QCM Sensors. The interaction of methanol gas with
the QCM sensor coated with PAN/nickel nanofibers is strong,
as demonstrated in Figure 9. The reversible intermolecular
interaction between PAN, nickel, and methanol serves as the
sensing mechanism. PAN polymers have a nitrogen atom that
acts as a Lewis base and a hydrogen atom that acts as a Lewis
acid due to its electron deficiency. The lone pair of electrons in
each PAN polymer subunit interacts strongly with the proton
in the hydrogen group of the methanol molecule, leading to a
strong bond and a decrease in the resonance frequency of the
QCM, indicating mass deposition on the QCM surface due to
the bond between the PAN nanofibers and the methanol
analyte gas.37 Similarly, the nickel nanoparticles also participate
in intermolecular interactions, as the nickel(II) acetate
tetrahydrate contains a carbonyl group in its acetate structure,
forming hydrogen bonds with the hydroxyl group in the
methanol molecule.

Figure 7. Long-term stability of sensors response at 1600 SCCM of
methanol gases during 30 days of measurements.

Figure 8. Frequency shift of the QCM sensor with PAN/nickel nanofibers when exposed to various gases with various flow rates, to evaluate the
performance of the selectivity sensor for (a) methanol, (b) ethanol, (c) formaldehyde, (d) acetone, (e) water, and (f) mixture gas.
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The hydrogen bond between the methanol and nickel(II)
acetate molecules is illustrated in Figure 9. The carbonyl group
in nickel(II) acetate, consisting of two oxygen atoms, functions
as a hydrogen acceptor. Conversely, the hydroxyl group in
methanol, marked by the presence of OH, interacts with �CO
in nickel(II) acetate. In this bond, methanol acts as the proton
donor and nickel(II) acetate as the proton acceptor,50 as
indicated by the FTIR spectrum and EDS results. Intermo-
lecular interactions, particularly hydrogen bonds, occur when
the sensor’s active layer is exposed to methanol gas, reducing
the resonant frequency and increasing the mass deposited on
the QCM surface. This increase in mass, seen in SEM results,
shows the number of molecules adsorbed on the QCM surface,
thus increasing the sensor’s sensitivity to methanol gas. The
presence of nickel nanoparticles on the surface of PAN
nanofibers enhances the sensor’s absorption surface area, and
the optimum flow rate is 1600 SCCM, marked by no decrease
in resonant frequency when the flow rate increases, indicating
the limit of the QCM’s binding capacity for methanol gas.

4. CONCLUSIONS
PAN/nickel nanofibers were successfully fabricated using the
electrospinning and electrospray methods and utilized as the
active layer of a QCM sensor for methanol detection.
Characterization techniques, such as SEM, EDS, FTIR, and
XRD, confirmed the presence of nickel nanoparticles on the
surface of PAN nanofibers and the formation of chemical
bonds between them. The QCM sensor with PAN/nickel
nanofibers demonstrated significantly improved sensitivity to
methanol gas with a response of 389.8 Hz/SCCM, as well as
low LOD and LOQ. The sensor also displayed high selectivity
toward methanol gas and fast response and recovery times.
The enhanced sensitivity of the sensor is attributed to Lewis’
acid−base reactions and hydrogen bonding. Additionally, the
sensor demonstrated long-term stability. This work provides a
promising alternative for methanol detection.
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Figure 9. Interaction mechanism between the PAN/nickel composite and methanol gas on the surface of QCM.
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