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Introduction

Room-temperature ppb-level trimethylamine gas
sensors functionalized with citric acid-doped
polyvinyl acetate nanofibrous matsf

*35 Rizky Aflaha,® Nur Istigomah Khamidy, d

*© and Hutomo Suryo Wasisto (2 *©

Aditya Rianjanu, 4 Mitra Djamal,

Kuwat Triyana

Conventional chemoresistive gas sensors based on inorganic metal oxide semiconductors work typically
at an elevated temperature (200-500 °C) to facilitate the chemical reaction between the target gas
molecules and the sensing oxide layer. Besides their high operating temperature, these sensors are often
found to possess poor selectivity towards a specific analyte. Here, we report on the fabrication and
functionalization of electrospun citric acid-doped polyvinyl acetate (PVAc/CA) nanofibers on a quartz
crystal microbalance (QCM) chip, which is used as a highly sensitive and selective gravimetric
trimethylamine (TMA) gas sensor operating at room temperature. The structural morphology and
chemical composition of both undoped and CA-doped PVAc nanofibers were investigated by scanning
electron microscopy (SEM) and Fourier-transform infrared (FTIR) spectroscopy, respectively. During
exposure to TMA vapors, the PVAc/CA nanofiber sensor could obtain a sensing sensitivity of 85.4 Hz ppm™t
with a limit of detection (LOD) of 19 ppb. Cross-sensitivity tests involving different analytes/gases (i.e.,
TMA, dimethylamine (DMA), methylamine (MA), ammonia, and water) revealed the high selectivity
characteristic of the sensor towards TMA molecules. Besides, decent reversibility and repeatability of
the sensor with response and recovery times of 7 and 20 s, respectively, were also demonstrated.
Compared to the other recently reported QCM-based TMA gas sensors, the proposed device is superior
in terms of sensitivity and LOD. This simple yet low-cost alternative improvement technique based on
chemical modification of nanofibers can potentially be employed in food-freshness monitoring systems,
especially for fishery and seafood products where TMA is used as their quality indicator (i.e., the primary
marker of the fishy odor).

allowable exposure duration to TMA is as low as 15 min with a
concentration of <15 ppm.® Otherwise, it becomes hazardous

The low molecular weight amine trimethylamine (TMA) has
been extensively employed in organic synthesis and as an
analytical reagent. It produces fishy and ammonia-like odors
at low and high concentrations, respectively."”> The maximum
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to humans, which can then cause several health problems (i.e.,
headache, breathing difficulty, pulmonary edema, nausea, and
irritation of the upper respiratory system).>* Other than its
direct inhalation possibility from the environment, TMA may
also affect human health through unsafe foods, as it can be
released from decayed meat and seafood products (i.e., foods
that are no longer fresh).>® Thus, the need of a highly sensitive
and rapid TMA detector at low concentration is indispensable."”

Several sensing devices involving conductometric,"’
optical,® and gravimetric®'® principles have been developed
to monitor TMA concentration in real time. Similar to other
environmental sensors based on resonant micro-/nanoelectro-
mechanical systems (MEMS/NEMS) (e.g., vertical nanowire
arrays, nanostructured piezoresistive microbeams, and silicon
electrothermal microcantilevers), quartz crystal microbalance
(QCM) sensing platforms operate in accordance to gravimetric
detection."*™"” The resonance frequency of the crystal shifts to a
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lower value when the target analytes are adsorbed on the sensor
surface."®'® QCM transducers can be functionalized using a
variety of coating materials with high sensitivity and
selectivity.’®*° The QCM-based TMA sensors incorporating
different sensing materials (polymers> ' and metal
?5727) have been well studied, where they are preferably
formed as nanostructures to enhance their specific-surface-
area-to-volume ratios.">®

Electrospun nanofibers made of various materials, both
organic and inorganic, have been utilized as gas sensor active
layers due to their unique physicochemical characteristics and
low-cost production.”*™* Inorganic semiconductors often
produced low selectivity despite their high responsivity and
low power consumption.**~3¢ They also required to be operated
at high temperatures (few hundred degrees Celsius) limiting
their applications.”” Another approach based on integrated
gallium nitride (GaN) light-emitting diodes (LEDs) was also
introduced to activate the active layer for gas sensors at room
temperature. Nonetheless, high-cost infrastructures and complex
processing steps were required to realize the so-called micro-/
nano-light platforms for gas detection.*®?° Thus, regardless of
their degradation potential during long-term usage, different
electrospun polymeric nanofibers and their composites have
preferably been integrated in the current room-temperature gas
sensors.***>

Combining a QCM platform with specific and appropriate
nanofiber active layers has been proven to effectively result
in highly selective and sensitive gas sensing devices with
low production cost.**** Suitable polymers must be pre-
defined prior to the electrospinning process in order to
achieve good sensing performance based on the target
molecules. Our previous study demonstrated that the existence
of carboxyl groups on the sensing surface of citric acid-doped
polyvinyl acetate (PVAc/CA) nanofibers could enhance the
QCM-based ammonia sensing ability.*> Due to the fact that
the TMA molecules possess a similar chemical structure to
ammonia molecules,'®"” they are expected to interact with
the employed active layers in a comparable manner. Moreover,
the resistance of PVAc/CA to high humidity has also been
investigated.*

It is known that a high ambient humidity level (water vapor)
may influence the frequency characteristics of a nanofiber-
coated QCM gas sensor during TMA detection.*® However, its
interfering effect was not as obvious as the sensing signal
provided by TMA vapor. This is because the TMA molecules
possess a larger molecular weight and a stronger positive
inductive effect than their water counterparts.’” To mitigate
the risk of having humidity interference, the polymer
nanofiber-coated QCM sensors can be either placed in a
well-controlled chamber or operated under stable ambient
conditions (e.g., room temperature of (25 + 1) °C and relative
humidity of ~30% RH). Furthermore, from our previous study,
the PVAc/CA nanofibers demonstrated only 6% reduction,
while PVAc nanofibers doped with oxalic and tartaric acids
showed a significant humidity-related performance decrease in
terms of frequency shifts (~53%).*> Those results had proven
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that the PVAc/CA nanofiber sensors retained lower cross sensi-
tivity against water molecules and were more selective to target
gas (ammonia) molecules at high humidity levels (~65% RH).
Based on these advantages, in this work, we further explored the
potential of using PVAc/CA nanofibers as highly sensitive and
selective TMA detectors operating at room temperature. To enable
sensing signal transduction, they were integrated with QCM chips.
Besides, different CA doping concentrations were investigated to
find out the optimum mixture composition of the nanofibers and
enhance the sensor sensitivity.

Materials and methods
Nanofiber sensor fabrication

The nanofibers were deposited by an electrospinning technique,
which is illustrated in Fig. 1.>>*" PVAc (Sigma-Aldrich, molecular
weight (M;) 500 000 g mol ") with a concentration of 15 wt% was
mixed with citric acid (Merck) having different concentrations
of 2, 4, 6, and 8 wt%. The mixture was then dissolved in
N,N-dimethyl formamide (DMF) (Merck) and subsequently
stirred at room temperature for 30 min at a stirring speed of
900 rpm to increase its solution homogeneity.

The precursor solution was electrospun on the QCM chip
using a high voltage of 5 kV for 30 s with a tip-to-collector
distance of 15 cm. We used the AT-Cut 10 MHz quartz crystal
sandwiched between Au electrodes as the sensing chip from
OpenQCM, Novaetech. The produced sensing platform was
stored overnight before use. As this sensor works based on
the gravimetric approach, the amount of the deposited nano-
fiber on the QCM chip can be estimated by monitoring its
frequency change. The list of the fabricated sensing chips is
presented in Table 1.

The microstructural characterization of the prepared samples
was carried out by means of scanning electron microscopy
(SEM, JEOL ]JSM-6510). The infrared (IR) spectra of
different materials (PVAc, CA, and PVAc/CA) were acquired using
an 8201PC Shimadzu Fourier-transform infrared (FTIR)
spectrometer.
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Fig. 1 Schematic of nanofiber sensor fabrication processes including the
mixture preparation of polyvinyl acetate (PVAc) and citric acid (CA) and the
electrospinning deposition of nanofibrous mats on a quartz crystal micro-
balance (QCM) chip.
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Table 1 Four different PVAc/CA-coated QCM sensors showing the used
CA dopant concentration, the frequency shifts after nanofiber loading, and
the calculated additional fiber mass

Added CA dopant Frequency  Mass of nanofiber
Sensors concentration (wt%)  shift (Hz) film (ng)
PVAc/CA2 2 —1043 1304
PVAc/CA4 4 —966 1208
PVAc/CA6 6 —-1025 1281
PVAc/CAS8 8 —2375 2969

Trimethylamine vapor sensing setup

For the sensing experiment, trimethylamine (TMA, Merck,
40%) was used as the target analyte. Fig. 2 illustrates the
dynamic gas sensing setup to test the sensors.’>>® Four different
nanofiber-coated QCMs (see Table 1) were placed inside a sealed
chamber. A commercial temperature and humidity sensor
(Sensirion SHT31 from Sensirion AG, Switzerland) was also
equipped for humidity and temperature monitoring purposes.
An oscillator and a frequency counter were used as the QCM
frequency reading unit. The TMA vapor was obtained by
vaporizing a small amount of TMA liquid into a sampling bag.
We employed two sampling bags made of an aluminium foil
composite with a volume capacity of 30 mL for the measurements.
Both fresh ambient air and TMA vapors were injected into those bags.
Here, the fresh ambient air acted as the carrier and dilution gas.

All vapor characterization experiments were performed
under ambient conditions. The monitored temperature and
relative humidity inside the chamber were (30 + 1) °C and (65 +
5)% RH, respectively. The TMA vapors inside one of the
sampling bags were flown to the chamber during the sensing
(response) measurement, while fresh ambient air was used for
the purging (recovery) process. The concentration of TMA
injected into the sampling bag using a 10 pL microliter syringe
(Model 701 RN SYR, Hamilton Company, Bonaduz, Switzerland)
was calculated in parts per million (ppm).***> The obtained
frequency shifts of the QCM chips during their exposure to TMA
vapors and fresh ambient air were recorded using a personal
computer (PC).
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Fig. 2 Illustration of the trimethylamine (TMA) vapor sensing configuration.
Two sampling bags containing TMA vapors and fresh ambient air were used
for the measurements.
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Results and discussion
Nanofiber characteristics

The scanning electron microscopy (SEM) images of the electro-
spun PVAc nanofibers prepared with different processing
recipes (i.e., undoped and CA-doped samples) are shown in
Fig. 3. Their detailed compositions concerning the added
dopants are listed in Table 1. The morphological characteristics
of nanofibers were analyzed to correlate with their sensing
performance to TMA vapors. For the bare PVAc nanofibrous
mats, smooth and continuous fiber morphologies with average
structure diameters of 500-600 nm were found, which are
similar to those in our previously fabricated undoped
nanofibers.?®*>>! After introducing CA dopants into the PVAc
solution, the as-spun nanofibers formed different structures.
The PVAc/CA nanofibers became cross-linked with each other
resulting in lumpy surfaces.*” The higher CA concentration led
to more embedment of the fibers. From Table 1, the frequency
shifts of QCM platforms affected by nanofiber loading were
similar for three different samples (i.e., PVAc/CA2, PVAc/CA4,
and PVAc/CA6), which range from 966 to 1043 Hz. The largest
frequency shift obtained in the PVAc/CA8 sample (i.e., 2375 Hz)
might be attributed to the imperfection of electrospinning
deposition of the nanofibers, which consequently produced
higher coating mass. Additionally, its CA dopant concentration
during solution preparation was also at the highest value

Bare PVAC /4

Fig. 3 Electrospun polyvinyl acetate (PVAc) nanofibers on quartz crystal
microbalance (QCM) platforms with different citric acid (CA) concentra-
tions: bare PVAc (undoped PVAc), PVAc/CA2, PVAc/CA4, PVAc/CA6, and
PVAc/CAS8.

Mater. Adv,, 2021, 2, 3705-3714 | 3707
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(8 wt%) compared to the other samples (2-6 wt%). A shift in the
frequency reading of 1 Hz corresponds to a mass increase of
~1.25 ng on the device electrode for the 10 MHz QCM. The
deposited nanofiber mass values obtained from the Sauerbrey
equation®®”” are presented in Table 1.

To investigate the chemical composition of the as-prepared
PVAc nanofibers before and after their modification with the
CA dopant, Fourier-transform infrared (FTIR) spectroscopy
analysis was carried out (see Fig. 4). In addition to the bare
PVAc and doped PVAc/CA nanofibers, the pure CA was also
investigated for comparison purpose. For the CA sample, it
displayed a very broad peak in the region between 2500 and
3600 cm ™" with a peak at 3443 cm ™", which is assigned to O-H
stretching. The peak that was observed at 1735 cm™ ' can be
ascribed to vibration of the C—O stretching mode in CA
molecules.*® Meanwhile, for the FTIR spectrum of the PVAc
sample, the characteristic peaks of O-H and C=O stretching
vibration modes were detected at the peaks of 3425 and
1735 cm™ ', respectively.”®

By combining the CA dopant with the PVAc nanofibers, it
was expected that the characteristics of these two materials
should be jointly apparent in the spectra. This has been proven
from our measurements, where the peaks observed in the
spectra of PVAc/CA nanofibers were similar to those in the
spectrum of the PVAc nanofiber. However, an additional
signature peak of CA at 2620 cm ™" was also found, which is
attributed to the O-H stretching vibration modes of carboxylic
acid.®® 1t should be noted that this peak was not found in the
spectrum of the bare PVAc nanofiber(see Fig. 4, red curve).
Increasing the amount of CA dopants in PVAc nanofibers
resulted in a more pronounced characteristic peak at 2620 cm ™,
which is indicated by the spectra of PVAc/CA2 to PVAc/CA8
nanofiber samples. Thus, here, the correlation between the
increasing amount of CA added into the PVAc nanofiber and
the higher number of carboxyl groups on the sensing surface
could be confirmed by the FTIR spectroscopy analysis.

O-H =0

Carboxylic acid O-H stretch
PVAc/CA8

PVAC/CA6

PVAC/CA4

PVAC/CA2

Transmittance

PVAc

3443 cm’

N/ L} - A A

T T T T
3750 2750 1750 750

Wavenumber (cm™)

Fig. 4 The Fourier-transform infrared (FTIR) spectra of CA, PVAc, and
PVAc/CA samples. The characteristic peak of carboxylic acid O—H stretching
has been employed as an indicator of the increasing amount of CA dopants in
the PVAc nanofibers.
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Sensing performance

Fig. 5a shows the single-cycle dynamic characteristics of the
as-prepared PVAc/CA nanofiber sensors under exposure to TMA
vapors with a concentration of 10 ppm. The frequency of the
nanofiber sensors shifted sharply when the TMA vapors
were introduced to the chamber in the first few seconds and
subsequently reached a steady level after 30 s operation. Then,
after the sensing chamber had been flushed with clean air
without TMA analytes, the sensor signals could be recovered
reaching their initial baseline values. However, a longer time
was observed during the recovery phase compared to that in the
response phase. Moreover, higher amounts of CA added into
the PVAc structures can result in stronger sensor signals. The
PVAc/CA2 nanofiber sensor exhibited the lowest frequency shift
(Af) of 52 Hz (taken at t = 150 s after analyte exposure), while the
highest sensor response of 345 Hz was achieved by the PVAc/
CA8 nanofiber sensor.

The dynamic responses of four PVAc/CA nanofiber sensors
towards increasing TMA concentrations (ie., 1-3 ppm) are
depicted in Fig. 5b. Three full-cycle measurements of each
TMA concentration were performed to provide a quantitative
analysis of the sensing response. The frequency shift of the
sensor was at a similar level during three-repeated exposure
tests to the same vapor concentration, indicating its high
sensing repeatability. Again, a larger frequency shift was
obtained when the device was tested with higher TMA concen-
tration. This behavior was observed for all the as-prepared
nanofiber samples.

Fig. 5c displays the sensor frequency shifts corresponding
to the increasing concentration of TMA (0.5-10 ppm). The
experiments comprised three repeated measurements (n = 3)
and their calculated standard deviations were expressed as the
error bars. Similar to the trends demonstrated by other vapor
sensors using polyethyleneimine/polyacrylonitrile nanofiber-
coated QCMs'® and photoresist-coated silicon cantilevers,®'
the frequency shift of all PVAc/CA sensors exhibited an
exponential behavior rather than a simple linear trend with
increasing TMA concentration. The critical concentration point
was identified at around 3 ppm. Above this value, the frequency
shift tended to reach a saturation level (steady state). We
hypothesize that this behavior is due to the saturation of
TMA molecules on the sensing layer surface. The data follow
an exponential fitting with R values of 0.991, 0.987, 0.990 and
0.998 for PVAc/CA2, PVAc/CA4, PVAc/CA6, and PVAc/CAS8
sensors, respectively. Previous findings from other groups also
revealed a similar behavior when their polymer/QCM-based
sensors were exposed to a wide range of TMA concentrations
(i.e., 5-150 ppm).®>*

At lower vapor concentrations (i.e., 0.5-2.5 ppm), the correlation
between the sensor frequency shift and TMA concentration
appears to be linear (see Fig. 5d). Hence, this region is called
the linear range of the sensors. The sensor frequency shift
increases linearly with the increasing amount of TMA concen-
tration with R® values of 0.995, 0.990, 0.976 and 0.989 for PVAc/
CA2, PVAc/CA4, PVAc/CA6, and PVAc/CA8 sensors, respectively,
indicating high linearity. The sensor sensitivity for TMA vapor

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Dynamic responses of PVAc/CA nanofiber-coated QCM sensors under different exposure conditions to TMA analytes: (a) single-cycle
measurement at 10 ppm TMA concentration and (b) three-cycle assessment at incremental TMA concentrations (1-3 ppm). Frequency shifts of the
nanofiber sensors during exposure to various concentrations of TMA vapors: (c) 0.5 to 10 ppm and (d) 0.5 to 2.5 ppm. Least-squares fitting curves based
on the Langmuir adsorption isotherm model of the nanofiber sensors during (e) gas molecule adsorption and (f) desorption processes at 10 ppm TMA

concentration.

detection was defined as the slope of the linear fit in Fig. 5d.
The sensor sensitivity values of 12.5, 19.1, 23.7, and 85.4 Hz ppm
were measured for PVAc/CA2, PVAc/CA4, PVAc/CA6, and PVAc/CA8
sensors, respectively. Here, it is proven that increasing the
amount of added CA could enhance the sensor sensitivity to
TMA vapors. Using the measured sensor sensitivity (S) and its
standard deviation (SD) as input parameters, the other two
important parameters (i.e., sensor limit of detection (LOD) and
limit of quantification (LOQ)) were also calculated, which were
defined as (3.3 x SD/S) and (10 x SD/S), respectively.®*®> The
lowest LOD and LOQ values of 19 ppb and 58 ppb, respectively,
were achieved by the PVAc/CA8 nanofiber sensor. All the
important sensing parameters of four different nanofiber
sensors (PVAc/CA2-PVAc/CAS8) are listed in Table 2.

Fig. 5e and f show the frequency shifts of the PVAc/CA
nanofibrous sensors and their Langmuir fitting curves upon
response (adsorption) and recovery (desorption) processes on
the active layers, respectively, when exposed to 10 ppm TMA
vapors. The Langmuir adsorption isotherm model was utilized
to study the dynamic adsorption and desorption of TMA gas
molecules on the sensor surface.®>®® It shows a well-fitted
model indicated by the high determination coefficient (R* >
0.947). The detailed values extracted from the fitting are
presented in Table 2.

The response and recovery times can be defined as the
relaxation time (tg;) in the Langmuir fittings of both adsorption
and desorption processes, respectively.’® Their values in one-
cycle dynamic response of the PVAc/CA4 nanofibrous sensor
exposed to 10 ppm TMA vapors are shown in Fig. 6a. The sensor

© 2021 The Author(s). Published by the Royal Society of Chemistry

Table 2 Analytical characteristics of the fabricated nanofiber/QCM-based
TMA sensors

Sensor

PVAc/ PVAc/ PVAc/ PVAc/
Parameter CA2 CA4 CA6 CAS8
Sensitivity (Hz ppm ) 12.5 19.1 23.7 85.4
Linear range (ppm) 0.5-2.5 0.5-2.5 0.5-2.5 0.5-2.5
Determination coefficient (R?) 0.995 0.990 0.976  0.989
Limit of detection (LOD) (ppb) 132 86 70 19
Limit of quantification (LOQ) (ppb) 400 262 211 58
Am, adsorption process (ng) 37 65 89 276
Am., desorption process (ng) -37 -63 —87 —263

yielded a shorter response time (7 s) than its recovery duration
(20 s). These two parameters of the other nanofiber sensors
(i.e., PVAc/CA2, PVAc/CA6, and PVAc/CAS8) were also determined
in a similar way as for the PVAc/CA4 sensor (see Fig. S1 in the
ESIt). From Fig. 6b, it is found that increasing the amount of
added CA dopants in the PVAc nanofibers results in longer
response and recovery times of the as-prepared sensors. For
instance, PVAc/CA8 possesses a slower response with a
response time of 12.7 s, which is two times longer than that
of PVAc/CA2 (i.e., 6.0 s).

The sensor repeatability was also investigated by performing
multiple dynamic gas exposure tests. Fig. 6¢ displays eight-cycle
dynamic responses of all four PVAc/CA nanofiber sensors
exposed to 3 ppm TMA vapors. After one full cycle of the sensor
signal (i.e., response and recovery processes) had been obtained
and the signal value had returned to its baseline, the chamber

Mater. Adv., 2021, 2, 3705-3714 | 3709
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Fig. 6 (a) Single-cycle dynamic response of the PVAc/CA4 nanofiber sensor exposed to 10 ppm TMA vapors with its determined response and recovery

times. (b) Response and recovery times of four as-prepared PVAc/CA nanofiber sensors. (c) Eight-cycle measurement signals of all PVYAc/CA nanofiber
sensors exposed to 3 ppm TMA vapors. (d) Sensor sensitivity (S) of all PVAc/CA nanofiber sensors. The PVAc/CA8 sample showed the highest sensitivity
compared to others. (e) Stability evaluation of the PVAc/CA nanofiber sensors exposed to 5 ppm TMA vapors. They were assessed after 6 months from
the first usage (day 1). (f) Cross-sensitivity of the PVAc/CA nanofiber sensor (PVAc/CA8) towards different analyte vapors (i.e., TMA, dimethylamine (DMA),

methylamine (MA), ammonia, and water).

was exposed again to the same TMA concentration. The
frequency level in the consecutive measurements could reach
a similar response level to that of the previous cycle. This
procedure was repeated eight times, and the results are shown
in Fig. 6c. These results demonstrated that the sensors
produced highly repeatable sensing signals. For the PVAc/CA8
sensor, a frequency shift deviation of ~7 Hz was found after
eight cycles of measurements while responding to TMA vapors.

Fig. 6d shows the sensitivity values of the as-prepared
nanofiber sensors. As the amount of the deposited nanofiber
seems to influence the sensitivity, it is important to conduct
sensitivity normalization. The normalization process was
conducted to investigate the nanofiber mass deposition effect
on the sensor sensitivity. The normalized sensitivity was calculated
as the ratio between the measured sensor sensitivity (S) and the
mass deposition factor (see Fig. S2 in the ESIt). Here, the mass
deposition factor was obtained by dividing the deposited mass of
each PVAc/CA nanofiber sample by that of the control sample.
Choosing the PVAc/CA2 nanofiber sensor as the control sample,
the mass deposition factors of 1.00, 0.92, 0.98, and 2.28 could then
be calculated for PVAc/CA2, PVAc/CA4, PVAc/CA6, and PVAc/CAS
sensors, respectively. After being normalized, the sensor sensitivity
was apparent to increase with the increasing amount of added CA.

To investigate the long-term stability behaviours of our
PVAc/CA nanofiber sensors, we measured their frequency shifts
after 6 months of storage and subsequently compared them
to those obtained on the first measurement day (i.e., day 1).
All four sensors were exposed to the same TMA concentration

3710 | Mater. Adv., 2021, 2, 3705-3714

(5 ppm), and the results are depicted in Fig. 6e. The average
frequency shift tended to decrease after 6 months of storage
and use. The most significant degradation was observed for the
PVAc/CA8 nanofiber sensor, whose performance degraded
almost 10% compared to that in the initial measurement. From
our previous studies, it has been proven that the reduction of
the active membrane surface area caused by swelling of the
nanofibers is responsible for sensor performance degradation
after several months of storage and use.’”®> Fig. 6f shows the
cross-sensitivity of the PVAc/CA8 nanofiber sensor exposed to
various analyte vapors. Besides TMA, we introduced dimethyl-
amine (DMA), methylamine (MA), ammonia, and water to the
test chamber. The sensor showed the highest and lowest
sensitivity towards TMA and water molecules, respectively.
This indicated that the PVAc/CA nanofiber sensor possessed
very high sensitivity and selectivity to TMA vapors. Despite the
interaction of the sensor with other analytes (DMA, MA, and
ammonia), the corresponding sensitivity to these analytes was
still lower than that of TMA.

Based on all the measurement results, the sensing ability
enhancement of the PVAc nanofiber for detecting TMA vapors
by CA dopant addition has already been proven (see Fig. 7a).
This has been indicated by the frequency shifts of the sensors
coated with bare PVAc and PVAC/CA8 nanofibers that were
measured to be 20 and 290 Hz, respectively, when they were
exposed to 5 ppm TMA vapors. The sensing mechanism of the
PVAC/CA active layer to TMA molecules is similar to that of
the PVAc/CA membrane to ammonia molecules.*® This is due to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the high chemical structure similarity between TMA and
ammonia. The carboxyl part of the PVAc/CA nanofiber can also
interact with the TMA molecules via reversible intermolecular
Lewis acid-base interaction (see Fig. 7b).°®’° Rising the CA
content in the PVAc/CA nanofiber increases the amount of the
carboxyl parts on the surface-active layer. In the previous

© 2021 The Author(s). Published by the Royal Society of Chemistry

section, it has been shown that the sensor sensitivity to TMA
can be enhanced by increasing the amount of CA added into
the nanofibers (see Fig. 6d). Here, from three different tested
CA doping concentrations (i.e., PVAc/CA2-PVAc/CA8), the PVAc/
CAS8 sensor exhibited the highest sensitivity and selectivity to
TMA vapors. A higher amount of CA in the nanofiber provides

Mater. Adv,, 2021, 2, 3705-3714 | 3711
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Table 3 Comparison of the QCM-based TMA sensors with different sensing material types and deposition methods

Sensing material Deposition method Linear range Sensitivity Limit of detection (LOD) Ref.

PANI film Drop-coating 5-200 ppm 1.20 Hz ppm~* 5 ppm 22
PANI/TiO, nanocomposites Deposition 5-200 ppm 2.09 Hz ppm ™" 10 ppm 23
PANI/EB film In situ film deposition 2-25 mg L' 38.07 Hz L mg ' 1mgL*! 24

PAA nano-nets Electrospinning 1-20 ppm 2.74 Hz ppm " 1 ppm 62
GO/chitosan nanocomposite Syringe dispersion 5-30 ppm 4.8 Hz ppm " 2.3 ppm 63
GO/Cu,0 nanocomposite Layer-by-layer self-assembly 0.6-4.8 ppm 8.91 Hz ppm ™’ 230 ppb 71
PVAc/CA nanofiber Electrospinning 0.5-2.5 ppm 85.4 Hz ppm " 19 ppb This work

more carboxyl active sites to interact with TMA molecules, which
can result in a larger sensor frequency shift. Despite this positive
trend, at this stage, the effect of using added CA dopants at
concentrations higher than 8 wt% cannot be concluded. More
experiments need to be carried out to justify the effect.

Nonetheless, during solution preparation for the electro-
spinning process, we have found that increasing the CA dopant
concentration above 8 wt% would significantly limit the operation
of the electrospinning machine. In other words, the nanofiber
injection onto the QCM surface was difficult to be conducted and
clear structural separation among nanofibers would hardly be
produced. From Fig. 3, it is obvious that the crosslinking has been
prominent in PVAC/CA8 nanofibers. As the electrospinning
process of PVAc/CA8 was already hard to process, we decided
not to further increase the CA concentration in our experiments.

In Fig. 6f, the PVAc/CA nanofiber is shown to better interact
with TMA molecules compared to their ammonia counterparts,
which can probably be due to the lower vapor pressure of TMA.
A previous study suggested that lower vapor pressure analytes
tend to show better adsorption compared to those with higher
vapor pressure when they interact with the sensing active layer
via a similar mechanism.®®”*> Our work also confirms that
increasing the amount of carboxyl groups on the surface-
active layer will enhance the sensor sensitivity.*’

The as-prepared QCM-based sensor integrated with PVAc/CA
nanofibers shows high-performance TMA vapor sensing ability.
Compared to the already developed QCM-based TMA sensors
using other types of materials (i.e., polyaniline (PANI), PANI/
titanium dioxide (TiO,), polyaniline/emeraldine base (PANI/
EB), polyacrylic acid (PAA), graphene oxide (GO)/chitosan, and
GO/cuprous oxide (Cu,0)) produced by the various deposition
methods as active layers (see Table 3), our PVAc/CA nanofiber-
based TMA sensor demonstrates outstanding performance, as
it possesses the highest sensitivity value (85.4 Hz ppm ™) with a
detection limit down to the ppb level (19 ppb). The only sensing
material that could compete in terms of LOD was the GO/Cu,O
nanocomposite.”" Others were limited to TMA detection at ppm
levels.

Regardless of the promising TMA sensor performances
based on the electrospun PVAc/CA nanofibers, this study
contains only experimental results and their analysis. In other
words, theoretical explanation for the sensing phenomenon is
still lacking. Thus, there is a need for more theoretical analysis
and deeper understanding of the gas sensing mechanism
(molecule adsorption/desorption) based on simulations in
future for our sensors. Either density functional theory (DFT)

3712 | Mater. Adv., 2021, 2, 3705-3714

or molecular dynamics (MD) simulation can be opted in this
case.”> Specifically, several DFT simulations of various gas
sensors (e.g., ammonia, acetone, ethanol, and humidity
sensors) have revealed that they could assist in analyzing the
molecular adsorption energies of the active sensing nano-
materials (e.g., nanoparticles, nanowires, and nanofibers) and
interfaces that correspond to the promotion and interaction
with target gas molecules.”*”” Thus, they could be employed to
provide a new insight into the selectivity improvement of gas
sensors.”’

Conclusions

Room-temperature TMA sensors comprising quartz crystal
microbalance (QCM) platforms coated with citric acid-doped
polyvinyl acetate (PVAc/CA) nanofibers have been successfully
fabricated using a low-cost electrospinning method. The CA
dopants inserted into the PVAc nanofibers have modified both
structural and chemical characteristics of the active materials.
A sensor sensitivity of up to 85.4 Hz ppm ' could be obtained
by the PVAc/CA8 nanofiber sensor with an outstanding detection
limit of 19 ppb. To meet the selective sensing requirements, the
cross-sensitivity tests have been carried out resulting in high
selectivity of the sensor towards TMA vapors. The device also
shows fast response and recovery times with highly reversible
and repeatable sensor responses of up to eight full response-
recovery cycles. The reversible intermolecular Lewis acid-base
interaction between the TMA molecules and the carboxyl part of
the sensing layer is believed to be responsible for the sensing
mechanism. Compared to the already developed QCM-based
TMA sensors, our proposed sensor is the most promising device,
which then opens the feasibility to support the development of
food safety analysis. In future work, the created sensing device
needs to be tested in the real-time monitoring of food spoilage.
Moreover, theoretical analysis shall be conducted to provide more
insights into the physical phenomenon of the gas adsorption/
desorption process.
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