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Abstract: The reliable detection of ammonia at room temperature is crucial for not only maintaining
environmental safety but also for reducing the risks of hazardous pollutants. In this study, the
electrochemical modification of laser-induced graphene (LIG) with polyaniline (PANI) led to the
development of a chemo-resistive nanocomposite (PANI@LIG) for detecting ammonia levels at room
temperature. The composite is characterized by field emission scanning electron microscopy, Fourier
transforms infrared, and Raman and X-ray photoelectron spectroscopy. This work marks the first
utilization of PANI@LIG for gas sensing and introduces a simple but effective approach for fabricating
low-cost wearable gas sensors with high sensitivity and flexibility.
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1. Introduction

Graphene is a carbon nanomaterial with sp? bond structures forming a hexagonal
honeycomb arrangement in a two-dimensional (2D) layer [1-3]. Due to its excellent electri-
cal and thermal conductivity, high specific surface area, charge density, carrier mobility,
strength, flexibility, and robustness, graphene is widely used in electronics applications like
sensors, biosensors, batteries, supercapacitors and wearable devices [4-11]. The commonly
used graphene synthesis processes, including chemical vapor deposition, micromechanical
liquid phase exfoliation, electrochemical exfoliation and oxidation-reduction, involve high
costs, complex processes with toxic chemicals, long processing times, difficulties for mass
production and integration into flexible electronic devices, making graphene production
challenging [12-17].

In 2014, Tour et al. introduced a viable alternative technology for graphene synthesis,
a one-step simple, scalable, and low-cost method for producing three-dimensional (3D)
porous graphene films from commercial polymer films prepared by direct laser writing
with a CO; infrared laser; this nanomaterial is known as LIG [18-20]. LIG is valuable for
its attributes, including high surface area, porosity, mechanical flexibility and excellent
electrical conductivity [21]. These micro/nanostructures have hydrophilic/hydrophobic
surfaces and outstanding electrochemical performance [19,22]. This material’s simple fabri-
cation process and properties enable its application in various fields, such as microfluidic
systems, catalysis systems, water purification systems, electronic devices, sensors and
biosensors [21,23-28].

In recent years, researchers have used LIG in chemo-resistive gas sensors, serving
as electrodes [29-33], as a sensitive layer [34,35], or doped with other nanomaterials like
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metals, metal oxides (MOXs), transition metal dichalcogenides (TMDs) and conductive
polymers [36—42]. These LIG composites provide the capability to detect multiple gas
species like nitrogen oxides (NOy) [29-32,35,37], volatile organic compounds (VOCs) [33],
carbon dioxide (CO,) [34] and ammonia (NH3) [42]. In the case of NHj3, only few studies
have been reported where LIG was used for its detection [43].

NHj3 measurement has broad applications such as air quality monitoring [44], agricul-
tural and livestock practices regulation [45], human breath analysis for medical diagnos-
tics [46], wastewater monitoring [47], and in the chemical industry [48]. Due to the hazards
of NH3, it is important to develop a real-time monitoring system to identify potential risks
and ensure safety [49,50]. These sensors need to meet conditions such as being low-cost,
having high precision, showing durability, and consuming low energy. The ability to detect
ammonia at room temperature with no need for heating is important for low-power and
portable devices. Traditional sensors often work at high temperatures, which limits their
use in wearable and flexible applications.

Polyaniline’s (PANI) ability to switch between its emeraldine and leucoemeraldine
forms plays a critical role in its gas sensing performance. Upon exposure to ammonia,
the protonation/deprotonation process causes a shift between these oxidation states, al-
tering the electrical conductivity of the material. The emeraldine form (conductive state
of PANI) undergoes deprotonation while exposed to NH3, resulting in the formation of
the leucoemeraldine form of PANI, which reduces the conductivity of the polymer [51,52].
The exploration of PANI as a functional material for gas sensors gained traction in the
late 1980s, largely due to its unique doping/de-doping capability via protonation and
deprotonation reactions [53]. This intrinsic property of PANI, allowing it to modulate
its electrical conductivity in response to acidic or basic environments, makes it an ideal
candidate for chemo-resistive sensing applications across various chemical analytes. Early
breakthroughs in PANI-based ammonia sensors were reported by Hirata et al. (1994) and
Kukla et al. (1996), demonstrating impressive gas response levels. These studies high-
lighted the material repeatability, room-temperature operation, and high environmental
stability [53,54].

While there have been previous efforts to use PANI for ammonia detection, they usu-
ally involve complex chemical fabrication procedures or non-scalable fabrication methods.
Graphene, as an inorganic material with conjugated 7 electrons, can be combined with
PANI to enhance sensitivity and selectivity at room temperature [55-59]. However, such
combinations often involve multi-step syntheses or require additional materials for stability.
In contrast to the previous study, our approach utilizes a direct electrochemical deposition
of PANI onto LIG electrodes on a flexible substrate for the first time [60]. The choice of
LIG as a substrate for PANI arises from its unique properties, including high conductivity,
a large surface area for gas interactions, and mechanical flexibility. These characteristics
complement PANTI’s intrinsic sensitivity to NHj, creating a composite material that not only
improves scalability and stability but also enables applications in flexible and wearable
sensing platforms. This method is easy, cost-effective, and scalable compared to the chemi-
cal oxidative polymerization often employed in PANI-graphene composites. Moreover, the
LIG itself is fabricated using a one-step laser patterning method, eliminating the need for
high-cost, multi-step graphene synthesis methods such as chemical vapor deposition. This
strategy provides fast and straightforward integration of the sensing material in flexible
substrates suitable for wearable applications. The suggested method not only reduces the
complexity of the fabrication process but also allows precise control over the thickness and
morphology of the PANI layer via electrochemical polymerization. Based on this concept
and our previous experience with LIG composites, this research marks the first time that
an electrochemical deposition of PANI has been used to fabricate ammonia gas sensors on
LIG electrodes, creating new possibilities for industrial-scale production of low-cost and
flexible gas sensors [43].
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2. Materials and Methods
2.1. Fabrication of LIG Electrode

An LIG electrode was fabricated using a CO, pulsed infrared laser system (48-2, SYN-
RARD), with a wavelength of 10.6 pm and a max power of 25 W. The laser was focused
on a 50 um thick commercial polyimide film through a 74 mm focal length lens, and the
laser beam was scanned at 200 mm /s, with a pulse frequency of 12 kHz and power of 12%.
These are fundamental parameters in controlling the quality and characteristics of the LIG.
They influence the LIG’s conductivity, morphology, and suitability for electrochemical poly-
merization. These parameters were optimized using a digital twin tool that we previously
reported [61], as they are key to controlling LIG quality, conductivity, and morphology [62].
The LIG electrode integrates with an 18 mm? sensing area of a 3D porous graphene layer,
Ag-ink-coated contact pads, and LIG connection legs into a single structure.

2.2. Electrochemical Deposition of PANI on LIG Electrode

A three-electrode system was used to carry out the electrochemical polymerization
process (Figure 1a). The system consists of the LIG electrode as a working electrode, a
platinum-wire auxiliary electrode, and an Ag/AgCl reference electrode with a salt bridge
containing aqueous 3M NaCl. For the electrochemical polymerization, an aqueous elec-
trolyte containing aniline (Sigma-Aldrich, St. Louis, MO, USA) with a concentration
of 0.1 M, along with 1 M H,SO; (Sigma-Aldrich), was prepared. The electrochemical
polymerization of aniline was performed by using a potentiostat (pocketSTAT2, IVIUM
Technologies, Eindhoven, The Netherlands) by cycling the potential between —0.5 and
1.3 V. Figure S1 (Supporting Materials) shows the cyclic voltammograms with a scan rate of
50 mV/s for 20 cycles. The electrodeposited LIG electrode was then rinsed with distilled
water and dried in air.

PANI synthesis Potentiostat ® Oxygen @ Carbon

Figure 1. Schematic of (a) fabrication process of the PANI@LIG gas sensor and (b) interactions
between PANI and LIG.

The possible interactions that may occur between aniline-LIG and PANI-LIG are
shown in Figure 1b. The XPS analysis shows that the LIG has oxygenated functional groups
(such as hydroxyl groups) on the surface and edges of the 3D porous graphene. By these
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Dry air

cylinder

functional groups, aniline monomers can be attached to LIG. Moreover, the LIG has good
conductivity, which is required for electrochemical deposition. During the electrochemical
deposition, PANI fibers grow on the surface and edges of LIG through electrostatic inter-
action, hydrogen bonding and n-7t stacking between the two components [63]. It is also
expected that hydrogen bonds are created between the hydroxyl groups on the LIG and
PANI radicals; this causes the attraction of PANI chains on the LIG. The structure of the
composite is further stabilized by n-7 interaction between the PANI rings and 7t bonds of
LIG [64,65].

2.3. Materials Characterization Techniques

Characterizations of the materials were performed in the Scientific and Technical
Resources Service (SRCiT) of the University Rovira i Virgil (URV). The Raman analysis
of the material was performed using a Renishaw InVia confocal Raman Spectrometer
(Wotton-under-Edge, UK) with a coupled confocal microscope (Leica DM2500 Microsys-
tems, Wetzlar, Germany). A 514 nm wavelength laser was employed, with the beam
focused onto the LIG surface through a 50 objective lens. A Scios 2 DualBeam field emis-
sion scanning electron microscope (FESEM) was used to explore morphology. An optical
microscope (Leica DMS300 Microsystems, Wetzlar, Germany). A 514 nm wavelength laser
was employed, with the beam focused onto the LIG surface) was employed for visual
inspection. The JASCO FT/IR 6700 (Asia portal) spectrophotometer (Tokyo, Japan) was
employed for infrared spectroscopy analysis, and X-ray photoelectron spectroscopy (XPS)
measurements were performed with ProvenX-NAP, SPECS (Berlin, Germany) using an
AlKo—1486.7 eV X-ray monochromatic with u-FOCUS 600, SPECS source.

2.4. Gas Sensing Tests

The fabricated PANI@LIG sensors were placed in a sealed Teflon chamber (35 cmd),
to evaluate their gas sensing performance at room temperature (Figure 2). The chamber
was isolated from ambient humidity and had the capacity for four sensors. The sensor’s
electrical resistance was measured and recorded at a sampling frequency of 0.2 Hz, using a
data acquisition system (34972A LXI, Keysight, Santa Rosa, CA, USA) controlled with a PC
application (BenchLink Data Logger 3, Agilent Technologies, Santa Clara, CA, USA).

0,
Humitidy &
temperature
sensor

Sensors
chamber

Mass flow
controller 1

mi/min

= Data
Mass flow acquisition

controller 2 Exhaust
system

Control & data
visualization

Humidity
system

Figure 2. Schematic illustration of measurement system used for gas sensing tests.

Different gas concentrations were delivered into the chamber with the help of a mass-
flow controller (MFC) system (EL-FLOW, Bronkhorst, Ruurlo, The Netherlands), controlled
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using PC applications (Flow View and Flow Plot, Bronkhorst). This system mixes gases
from a zero-grade dry air cylinder as the carrier and a calibrated gas cylinder with 100 ppm
of NHj (balanced in dry air) and delivers it to the chamber at a constant rate of 100 mL/min.
The sensors were stabilized under dry air for 105 min and then exposed to cyclic exposure
of 30 min of NHj (with different concentrations of 5, 10, 25, 50, and 100 ppm) and 75 min of
dry air between each concentration. These concentration ranges were selected based on
the NH3 occupational exposure limits (OELs) according to the European Chemical Agency
(ECHA) which specifies a long-term exposure limit (LTEL) of 20 ppm and a short-term
exposure limit (STEL) of 50 ppm. The sensor’s relative responses, expressed in percentage,
were then calculated as a function of the resistance using the formula AR/Rj, where AR
represents R-Ry, R corresponds to the value of the resistance after the target gas exposure
and R is defined as the sensor’s baseline resistance in air [66-68]. The response time (tresp)
and recovery time (t.cp) were calculated as the time to reach 90% of total resistance change
for NH3 exposure and air re-exposure, respectively [67,68].

The gas sensing performance of sensors under a humid atmosphere was characterized
using a controller evaporator mixer (W-202A, Bronkhorst) positioned in series between the
gas mixer system and the chamber inlet. In addition, to monitor the environmental condi-
tions during the measurements, a temperature and humidity sensor (SHT85, SENSIRION)
was placed at the chamber outlet. The same gas measurement setup was employed to
assess the sensor selectivity, replacing the NHj cylinder with a different gas cylinder. Other
reducing species were used, including 100 ppm of carbon monoxide, 100 ppm of hydrogen,
20 ppm of ethanol, and aromatic volatile organic compounds such as 10 ppm of benzene
and 10 ppm of toluene. Also, the sensor was exposed to 100 ppm of nitrogen dioxide as an
oxidizing gas.

3. Results and Discussion
3.1. Structural and Morphological Characteristics

Figure 3 shows the FESEM images of bare LIG and PANI@LIG. The well-defined
porous network seen at both 500 um and 50 um scales highlights the rough and intercon-
nected structure of bare LIG demonstrated in Figure 3a,b. It depicts the surface morphology
of LIG with a high surface area. The surface of LIG after the electrochemical polymeriza-
tion is depicted in Figure 3c,d. The surface of the PANI@LIG composite appears to be
less dense, with the PANI on the LIG surface covered. This can be seen particularly in
the images (d) and (e) where the PANI has been extended in layers upon nanostructures,
enhancing the material’s porosity and surface area. Images (e) and (f) further zoom in
on the PANI@LIG composite, showing the PANI fibrils forming a fine network at the
nanoscale down to 500 nm. Also, Figure S2b,c (Supplementary Materials) comprises op-
tical microscope images of the bare LIG and PANI@LIG, clearly showing the difference
between them.

The Raman spectra of LIG and PANI@LIG are shown in Figure 4a. Several additional
peaks appear in the PANI@LIG spectrum, showing PANI’s successful polymerization on
the LIG surface. Key peaks located around 1591, 1475, 1346, and 1162 cm~1 were assigned
to the C=C stretching of the quinoid and benzenoid rings [69], C-N* stretching modes,
confirming the presence of conductive PANI. The peak at 1162 is for C-H bending and
stretching of C-N, and some of the peaks in PANI@LIG at the lower frequency range are
indicative of different stretching modes and ring deformations which are typical of PANI's
molecular structure. For example, the peaks near 420 cm ™! to 580 cm ! are associated with
C-N stretching and ring deformation, while peaks near 810 cm~! to 1011 cm ™! are linked to
C-H out-of-plane bending and in-plane deformations. These low-frequency peaks provide
additional evidence for the structural integrity of PANI and confirm its deposition on the
LIG substrate. For the LIG spectrum, characteristic peaks are observed near 1573 cm ™!
and 1343 cm~!, which correspond to the G-band and D-band, respectively. The G-band is
associated with the in-plane vibrations of sp? carbon atoms in graphitic materials, while the
D-band is linked to structural defects and disorder in the graphene structure. Additionally,
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a peak at approximately 2690 cm~! corresponds to the 2D band, which is another key
feature of graphene and its multilayer formation. There is a slight shift in the positions of
the G-band and D-band in the PANI@LIG spectrum compared to the pure LIG spectrum.
This shift can indicate structural changes or interaction between PANI and LIG through
-1t stacking and hydrogen bonding [70].

(a) | | "z ' " (b) ' x . .

PANI@LIG

PANI@LIG

Intensity (a.u.)
Transmittance (a.u.)

1343

©
[
~

LIG

™
<
~
™

| | | 1 | | | | 1

| | |
500 1000 1500 2000 2500 3000 4000 3500 3000 2500 2000 1500 1000
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Figure 4. Raman spectra of bare LIG and PANI@LIG (a); ATR-FTIR spectra of bare LIG and PANI@LIG (b).
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In order to investigate the infrared absorption properties, FTIR analysis was employed,
and the ATR-FTIR spectra are shown in Figure 4b for LIG and PANI@LIG. The LIG sample
(the black spectra) exhibits the large band in peak 3743 cm !, which can be attributed to O-H
groups [71]. The intense absorption bands around 1651 cm ™! are related to C=C stretching
vibrations of the aromatic ring [72]. Peaks at 1593 cm~ !, 1455 em ™! and 1159 em ™! also
correspond to different in-plane vibrations or deformation modes [73]. The peaks at
around 1032 cm™~! correspond to C-O stretching vibrations, indicating characteristics of
O-containing functional groups on the LIG surface [60]. The peak at 786 cm ! is associated
with C-H out-of-plane bending, which typically occurs in aromatic compounds, and it
indicates some residual hydrogen or defects within the graphene structure [74]. The upper
green spectra show the PANI@LIG spectrum, indicating distinctive absorption bands
which appear to confirm the successful polymerization of PANL The 3743 cm~! peak
associated with the O-H group also appears in this spectrum, as well as the 3229 cm ! peak
attributed to the N-H group [75]. Notably, peaks near 1560 cm~?, 1486 cm ! and 1244 cm ™!
correspond to the C=C and C-N stretching of quinoid and benzenoid rings in PANI [76].
Peaks reaching the higher wave number 1080 cm ™! with their shoulders are often assigned
to N=Q=N stretching [77]. A peak located at 792 cm~! corresponds to the aromatic ring
and arises from the out-of-plane bending vibration of C-H [78]. The differences between
the spectra of LIG and PANI@LIG, especially the emergence of these specific peaks related
to PANI, demonstrate the successful electrochemical polymerization of PANI onto the
LIG substrate.

Figure 5a presents XPS analysis, giving us an idea of the surface chemistry of the
PANI@LIG composite after being used as sensor. In the high-resolution Cls spectrum,
shown in Figure 5b, the C-C/C=C bonds due to sp? hybridized carbon found in the
graphene structure are represented by a peak at 284.5 eV [79]. The main peak at 285 eV was
found to be associated with C-N bonds and represent PANI on the graphene surface [80].
The peak at 286.5 eV corresponds to C-O or C-N groups and can be attributed to either the
oxygenated functional groups on the LIG or carbon—nitrogen interactions in PANI [79]. The
peak at 287.3 eV is attributed to carbonyl groups, while the peak at 288.6 eV corresponds to
carboxyl groups, more confirmation for the presence of oxygenated species on the LIG [81].
Moreover, the peak at 290.7 eV could be associated with 7t-7* infarction satellites, suggesting
aromatic components in agreement with the conjugation of the graphene structure [79].

The N1s spectrum in Figure 5c¢ further demonstrates nitrogen in the PANI@LIG
composite. The peak centered at 398.8 eV is associated with imine groups originated from
the structure of PANI, specifically when it adopts its oxidized emeraldine state [81]. The
peak at 400.2 eV corresponds to the amine groups, which also originate from the PANI
structure [80]. These two peaks confirm the coexistence of the two oxidation states of PANL
The peak at 402.2 eV is assigned to protonated nitrogen species, indicating PANI was in
its conductive state known as emeraldine salt [80]. The higher binding energy peak at
405.5 eV is attributed to nitrogen oxide species, which may result from adsorbed NO,
while checking the selectivity. The existence of oxygen-containing functional groups on the
PANI@LIG composite is further proved by Ols spectrum displayed in Figure 5d. The peak
at 530.4 eV is attributed to oxygen in carbonyl groups [82]. The peak at 531.6 eV is assigned
to hydroxyl or ether groups, which are typically present in the edges of graphene and
give them more water-wettability features [81]. The peak at 532.9 eV is related to carboxyl
groups, indicating a further degree of oxidation on the surface [82].
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Figure 5. X-ray photoelectron spectroscopy (XPS) survey spectra of PANI@LIG (a), and high-
resolution spectra fitting results of Cls (b), N1s (c) and Ols (d) of PANI@LIG.

3.2. Gas Sensing Performance Analysis

The gas sensing performance was analyzed at varying concentrations of ammonia with
a continuous electrical resistance measurement, in dry ambient conditions. Figure 6a shows
the electrical resistance of the PANI@LIG gas sensor increased when exposed to varying
concentrations of ammonia. This performance confirms that the PANI@LIG nanocomposite
acts as a p-type material on exposure to a reducing gas, with ammonia donating electrons
and neutralizing holes (positive charge carriers), thus reducing electrical conductivity.
Moreover, the figure highlights the sensor’s baseline stability and minimal noise levels.
Figure 6b depicts the sensor regression model as a power function (y(x) = 0.194*x 0-532) of
the calibration curve. This model was used to calculate the theoretical limit of detection
(LOD), following a standard method consistent with the IUPAC definition. According to
IUPAC, the LOD is the smallest concentration or absolute amount of analyte that has a
signal significantly larger than the signal from a suitable blank. It is calculated based on
Equation (1):
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Xy, ZYB—I—kSB (1)

where X3 is the mean value of blank measurements (100 baseline points of the sensor’s
relative response were analyzed), sp is the standard deviation of the blank measures, and k
is a numerical factor (k= 3 for commonly used level of confidence = 99.7%). Then, LOD is
estimated by Equation (2) as follows:

LOD = (ksg/a)'/" 2)

where a is the proportionality constant, and 7 is the exponent from the power regression
curve. The PANI@LIG sensor shows an LOD of 2.38 ppb for NH3. This sensitivity demon-
strates the potential efficacy of PANI@LIG for low-concentration detection, comparable to
other high-performance materials used in gas sensing applications.
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Figure 6. Gas sensing performance of PANI@LIG NCs gas sensors in dry ambient conditions.
(a) Electrical resistance response to different concentrations (5, 10, 25, 50, and 100 ppm) of NHj3 at
room temperature. (b) Regression curve. (c) Sensor repeatability testing at successive exposures of
25 ppm of NHj. (d) Response to 5 ppm of NH; and analysis of response/recovery time.
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Figure 6c shows the sensor repeatability; it was evaluated by applying eight successive
cycles of 25 ppm of NHj for 30 min and recovery steps of 75 min between gas exposures,
in which the PANI@LIG sensors present a standard deviation of about 0.029%. Figure 6d
indicates the response time (tresp = 18.0 min) and recovery time (f/ecov = 51.0 min) of the
sensor to 5 ppm of NHj3. Considering that this concentration is below the STEL defined
by ECHA and no fast detectors are required, a response time in the order of minutes is
sufficient. It can be concluded that these times are adequate for this sensor to be used in
real-time monitoring of the environment.

Indeed, the influence of environmental moisture on gas sensor performance has
emphasized humidity as a key parameter that essentially modulates sensor response. An
experiment was carried out under 50% and 30% relative humidity (RH) levels, and the
results were compared with those obtained under dry conditions. Figure S3b (Supporting
Materials) indicates that variations in RH affect the sensor resistance. As RH increases, the
sensor baseline decreases. This effect may be attributed to the further protonation of PANI
through absorbed water or the generation of conductive H3O™. Figure 7a shows that the
sensor’s sensitivity improves with an increase in RH. Generally, the sensor response at 50%
RH was greater than the responses at 30% RH and in dry conditions. The sensor response
for 100 ppm at 50% RH was 2.9 times higher than in dry air. This performance hints that
moisture promotes the NHj adsorption on the sensor’s surface. This probably occurs
through swelling of the active material by water molecules, causing conductive domains to
move further apart, thus leading to higher overall resistance in the film [83]. Additionally,
the humid environment may facilitate more efficient proton exchange between the water
molecules and NHj, further amplifying the sensor’s response. Consequently, an increase in
humidity will lead to a higher sensitivity for ammonium detection. Furthermore, sensor
response/recovery times (Figure S3b) also improve (decrease) with rising RH.

(@ 7 ‘ (b) oD
o ppm
fo + 9 50%RH pm CoHg
61 NH,
51 5 ppm NH3 0 ppm C7H8
30%RH , “
S a4 )
o
&«
£ 4l
4 3
ol 100 |;2N02 100 ppm CO
1 2
0 1 1 1 1 1
0 20 40 60 80 100 1000 ppm H, 20 ppm C,HgO
NH3 concentration (ppm) ) o

Figure 7. Calibration curves obtained for dry ambient conditions, 30%RH and 50%RH (a) and
responses to different gas compounds (CO, C;H¢O, C4Hg, CyHg, NH3, Hy, and NOy) (b).

Selectivity is an important parameter to be considered in gas detection since it demon-
strates the ability of the sensor to discriminate the target gas from interfering gases The
selectivity was assessed (Figure 7b) by measuring high concentrations of other gases (ben-
zene, toluene, carbon monoxide, ethanol, hydrogen, nitrogen dioxide). Therefore, the
PANI@LIG gas sensor exhibited lower responses to these analytes compared with 5 ppm
NH3, and the fabricated PANI@LIG gas sensors showed acceptable performances for
potential detection of environmental ammonia.

The sensor response was checked 45 days after the first test. During this period, the
sensors were regularly exposed to ammonia and changing humidity conditions, and were
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exposed towards different gas species for selectivity tests. Figure S4a (Supporting Materials)
shows the long-term stability of responses towards 50 ppm ammonia at room temperature.
The sensor response decreased by 30% from day 1 to day 45. Also, the evolution of the
baseline resistance can be found in Figure S4b, where the resistance value increases by 3%.
We perceive that the decrease in the sensor response is due to the aging of the surface.

Table S1 (Supporting Materials) presents a comparison of various NH;3 gas sensors
reported in the literature, all utilizing graphene-PANI nanocomposites capable of operating
at room temperature. In general, the sensing performance was increased when the PANI
was present in the sensitive material. However, many studies lack crucial details such as
the applied flow rate, the type of carrier gas, and the effect of the influence of ambient
humidity on performance. Although our sensor showed a lower response in comparison
to those of other studies, its low LOD of the 2.38 ppb combined with the advantage of the
electrochemical polymerization and a simple laser drawing method to produce graphene
highlight its novelty. This is a simpler method in comparison to those used in most other
studies and offers better control over both the thickness and morphology of PANI. Moreover,
the sensor and ammonia detection operate at a lower flow rate and use synthetic air instead
of nitrogen as the carrier gas, conditions closer to those needed in real-time monitoring for
ammonia. Those experimental parameters are likely to influence the sensor response to
some extent since higher flow rates or detection in a nitrogen atmosphere can boost the
resistance changes.

3.3. Gas Sensing Mechanisms

Figure 8 shows the sensing mechanism of ammonia by the PANI@LIG composite.
While the sensor is exposed to ammonia, the gas molecules are adsorbed on the surface.
The porous structure of the PANI@LIG facilitates fast diffusion of ammonia on the sen-
sor. During electrosynthesis in an acidic electrolyte, PANI molecules become protonated
and exhibit p-type semiconductor properties as a result. When an ammonia molecule
encounters PANI, it absorbs protons from the polymer so that ammonium ions form. This
deprotonation changes the electronic structure of PANI, causing an increase in the sensor’s
resistance. The process is reversible; returning the sensor to air allows ammonium ions to
convert back to ammonia and a proton, restoring the sensor to its original state [84]. The
previous studies showed that the composite of graphene and PANI shows significantly
enhanced sensing performance compared to pure PANI [85]. The high surface area of LIG
increases the number of adsorption sites that are available for gas molecules and improves
the sensor’s sensitivity. LIG’s three-dimensional porous structure with defects and high-
energy binding sites helps efficient gas diffusion and adsorption. Additionally, the highly
conductive nature of LIG sheets provides a rapid carrier transport network, facilitating
swift electron transfer within the sensor. Also, — interactions between PANI and LIG
enhance electron mobility and create a synergistic effect that improves the ammonia sensing
capability of the sensor. The I-V curve in Figure S5 (Supporting Materials) shows the linear
relationship between the applied voltage and the flowing current through the sensor, which
indicates that under the conditions of exposure, the sensor behaves as a resistive device
in which an ohmic contact exists between the gas-sensitive film and the electrodes. The
decrease in the slope of the curves when exposed to 50 ppm and 100 ppm NHj; compared to
synthetic air indicates an increase in the resistance of the sensor. It confirms that when NHj
interacts with PANI@LIG, the number of charge carriers decreases due to deprotonation,
leading to an increase in resistance.
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Figure 8. Schematic of the interaction between ammonia and PANI@LIG.

4. Conclusions

In summary, a flexible, low-cost and room-temperature-operating ammonia sensor
with high sensitivity and selectivity was developed based on a PANI@LIG composite. The
suggested method not only reduces the complexity of the fabrication process but also allows
precise control over the thickness and morphology of the PANI layer via electrochemical
polymerization. Wearable and portable low-cost devices can directly benefit from this
simple fabrication process of a PANI/LIG sensor. While some sensors may offer higher
response to ammonia, the convenience, low-cost scalability, low LOD of 2.38 ppb, as well
as the sensor’s performance in real-world conditions, make this sensor a candidate for
applications such as environmental monitoring and industrial safety.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/s24237832 /s1. Figure S1: Cyclic voltammograms; Figure S2:
Picture of the PANI@LIG gas sensor and optical images of the bare LIG electrode and the PANI@LIG
gas sensor; Figure S3: Relationship between sensor baseline resistance and relative humidity, and
the correlation between sensor response/recovery times and relative humidity; Figure S4: long-
term stability analysis; Figure S5: Current-voltage (I-V) characteristics of the gas sensor; Table S1:
Comparison with previously reported results.
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