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Abstract—The electrochemical synthesis of polypyrrole
(PPy) on laser-induced graphene (LIG) electrodes is investi-
gated in this study, along with the gas-sensing applications
of these modified laser-tailored materials. A simple and
scalable method for the low-cost, large-scale production of
PPy@LIG nanocomposites (PPy@LIG NCs) is proposed. This
nanocomposite is subsequently applied to design chemore-
sistive flexible gas sensors to detect ammonia (NH3) levels at
room temperature. Following a brief gas exposure, PPy@LIG
NCs sensors demonstrate changes in resistance with a sen-
sitivity 14 times higher than that of pure LIG. Moreover,
excellent repeatability in results and a low detection limit of 1 ppm were achieved. The LIG formation and electrochemical
synthesis of PPy were confirmed through Raman spectroscopy and Fourier-transform infrared (FTIR) spectroscopy. The
analysis by field emission scanning electron microscope (FE-SEM) and transmission electron microscopy (TEM) verified
the formation of PPy@LIG NCs. In conclusion, this work introduces the novel PPy@LIG NCs and its application in gas
sensing, showcasing their unique selectivity, enhanced sensitivity, and cost-effective production. These attributes mark
a significant step forward, presenting new possibilities for the development of advanced gas-sensing systems aimed at
improving air quality monitoring.

Index Terms— Ammonia (NH3) sensor, chronoamperometry (CA), gas sensing, laser-induced graphene (LIG), polypyr-
role (PPy).

I. INTRODUCTION

IN MODERN society, gas measurements are essential in
a wide range of applications, such as health, science,

Manuscript received 19 January 2024; accepted 19 February 2024.
Date of publication 28 February 2024; date of current version 2 April
2024. This work was supported in part by the European Union (EU)
in the Framework of H2020-MSCA-RISE-2018: Marie Sklodowska-
Curie Actions under Grant 823895-PE, in part by the Ministerio de
Ciencia, Innovación y Universidades (MICINN) under Grant PDC2022-
133967-I00 and Grant TED2021-131442B-C31, and in part by the
Agència de Gestió d’Ajuts Universitaris i de Recerca (AGAUR) under
Grant 2021 SGR 00147. The work of José Carlos Santos-Ceballos
was supported by the AGAUR-Personal Investigador Predoctoral en
Formació (FI) ajuts Predoctoral Program (Joan Oró of the Secre-
tariat of Universities and Research of the Department of Research
and Universities of the Generalitat of Catalonia and the European
Social Plus Fund) under Grant 2023 FI-2 00180. The work of Foad
Salehnia was supported in part by the Spanish Ministry of Univer-
sities, Recovery, Transformation, and Resilience Plan, and in part
by the Maria Zambrano Grant funded by the European Union—
NextGenerationEU under Grant 2021URV-MZ-13. This is an expanded
paper from the IEEE SENSORS 2023 Conference. The associate editor
coordinating the review of this article and approving it for publica-
tion was Prof. Mahesh Kumar. (Corresponding authors: Foad Salehnia;
Xavier Vilanova.)

The authors are with the MINOS Research Group, Department of
Electronic, Electric and Automatic Engineering, School of Engineering,
Universitat Rovira i Virgili, 43007 Tarragona, Spain (e-mail: josecarlos.
santos@urv.cat; foad.salehnia@urv.cat; alfonsojose.romero@urv.cat;
xavier.vilanova@urv.cat; eduard.llobet@urv.cat).

Digital Object Identifier 10.1109/JSEN.2024.3368658

industry, environment, and technology. Among the gases of
greatest interest, ammonia (NH3) is a colorless species with
a pungent, suffocating odor. It is emitted into the atmosphere
from three principal sources. Two of these sources are natu-
ral processes: nitrification and ammonification, which result
from the nitrogen cycle. An example of this cycle is the
NH3 emission resulting from livestock. The third source of
NH3 is combustion, from the chemical industry and motor
vehicles [1].

The measurement of NH3 is crucial in applications such
as air quality monitoring [2], [3], regulation of agricultural
and livestock practices [4], [5], [6], human breath analysis for
medical applications [7], [8], and wastewater monitoring [9],
[10]. In addition, the chemical industry produces NH3 in large
quantities to produce fertilizers and for use in refrigeration
systems. Therefore, a gas leak in these industries could cause
life-threatening situations [1], [11].

The U.S. National Institute for Occupational Safety and
Health (NIOSH) defines threshold limit values (TLVs): a
maximum 8-h time-weighted average (TWA) exposure to
25 ppm of NH3, a short-term exposure limit (STEL) of 35 ppm
in 15 min, and an immediately harmful to life or health
(IDLH) of 300 ppm [12]. Extended exposure to elevated NH3
concentrations can result in severe respiratory and central
nervous system impairments [13], [14]. Due to the hazardous
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nature of NH3, it is essential to create sensitive sensors for
real-time monitoring of this gas to ensure safety and identify
potential risks.

The development of a flexible NH3 sensor allows it to adapt
to irregular and curved surfaces, and its light and thin profile
makes it ideal for IoT applications and wearable devices [15].
Therefore, it can be used in a wide range of scenarios and
surfaces, spanning from the clothing of a chemical industry
worker to being placed on an animal on a farm.

In recent years, many researchers have developed numerous
NH3 sensors with different features such as new sensitive
materials, structures, and fabrication methods. Among the
most used approaches are optical [16], electrochemical [17],
and chemoresistive gas sensors [18]. Although optical and
electrochemical sensors show advantages in sensitivity, they
show also some drawbacks, such as their high cost and
complicated miniaturization [19].

For this reason, chemoresistive gas sensors, which employ
films that undergo changes in resistance in the presence of
a target gas, have attracted great attention, because of their
numerous and unique characteristics, such as high sensitivity,
ease of fabrication, simple operation, and low cost [20]. During
the last decades, many research efforts have been focused
on the development of NH3 chemoresistive sensors based on
metal oxides (MOXs) [21], [22], [23], which exhibit high
gas sensitivity and rapid response and recovery dynamics,
showing the potential for real-time monitoring applications.
However, MOX-based sensors have some drawbacks such
as the low selectivity to other gases. Usually, these sensors
need high working temperatures, resulting in high power
consumption and reduced durability of their gas detection
properties [24].

Considering this, in recent years, attention has been diverted
toward other chemoresistive materials that can work at room
temperature, such as transition metal dichalcogenides (TMDs)
[25] and graphene [26]. In particular, graphene-based sensors
have attracted rising interest due to their unique molecular
structure, high electrical conductivity and large surface area,
high sensitivity to changes in gas concentration, and the poten-
tial for selective detection through chemical modification [27].
However, the commonly used graphene synthesis processes
(chemical vapor deposition, micromechanical, chemical, and
electrochemical exfoliation of graphite; thermal and chemical
reduction of graphene oxide) [28] have challenges related to
their high cost, difficulties for mass production, and integration
into flexible electronic devices [29], [30].

In 2014, a one-step, simple, scalable, and low-cost approach
was reported by Prof. Tour, for producing and patterning
porous graphene films with 3-D networks from commercial
polymer films, achieved using a CO2 infrared laser [31].
This material is known as laser-induced graphene (LIG),
which exhibits high porosity, excellent electrical conductiv-
ity, and good mechanical flexibility [32]. Also, LIG fibers
show high thermal stability and outstanding electrochemical
performance [33]. Due to their properties and facile laser
fabrication process, it has been used in applications, including
microfluidic systems, electronic devices, catalysis systems,
water purification systems, and biosensors [34], [35].

Fig. 1. Schematic illustration showing (a) fabrication process of the
PPy@LIG NCs gas sensor and (b) chronoamperogram, describing the
three steps of the electro-polymerization process for the electrodeposi-
tion on the LIG electrode.

Also, LIG has been used in gas-sensing applications, either
as interdigitated electrodes [36], [37], [38], standalone sensi-
tive layer [39], [40], or as composites with other nanomaterials
such as MOX and TMD [41], [42], [43], [44]. These LIG
composites provide the capability to identify multiple gas
species. Nevertheless, LIG gas sensors for detecting NH3 have
been limited, due to the low response of LIG to this gas [37].

Recently, Casanova-Chafer et al. [45] used a graphene
composite to increase the selectivity of their sensors to NH3
gas. Commercial graphene was transformed into a compos-
ite by impregnation method with synthesized polypyrrole
(PPy) nanoparticles. In our recent publication [46], this
phenomenon was used as a starting point to develop an
electrochemical approach to preparing flexible gas sensors
with PPy@LIG nanocomposites (PPy@LIG NCs). To prepare
the PPy nanocomposite, we used an electrochemical method
to grow PPy on the LIG layer used as an electrode, instead
of the impregnation method. The preliminary experimental
results obtained in this work demonstrate that PPy improves
the response of LIG to NH3 operating at room temperature.
Various electrochemical methods can be utilized for depositing
PPy onto electrode surfaces. The commonly studied techniques
include potentiodynamic approaches such as cyclic voltamme-
try (CV) or pulsed potential potentiostatic methods involving
constant potential and time-dependent current variation [also
known as chronoamperometry (CA)], and galvanostatic pro-
cedures employing constant current or current density over a
specified period [also referred to as chronopotentiometry (CP)]
[47], [48]. Starting from the promising results achieved, in this
article, the different parameters of electrochemical deposition
were fully explored to enhance this process and improve the
response of the sensor to NH3. Furthermore, a more complex
study of the sensing properties of the sensor was carried
out, which includes tests of repeatability, stability over time,
performance under humid conditions, and selectivity toward
other gases.

II. EXPERIMENT

A. Sensing Device Fabrication
The fabrication of the flexible gas sensor [Fig. 1(a)]

involved two main steps. The first is fabricating a flexible LIG
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electrode with the specific design of direct laser drawing. For
this, a commercially available polyimide film (a thickness of
50 µm) glued to PET sheet was used as the flexible substrate.
Initially, the substrate was cleaned with acetone. A CO2
pulsed laser system (48-2, SYNRARD), with a wavelength
of 10.6 µm and a max power of 25 W, was utilized for LIG
synthesis. The laser was focused onto the polyimide surface
using a lens with a focal length of 74 mm. The laser beam
was then scanned over the substrate at a constant speed of
200 mm/s, a frequency of 12 kHz (a number of laser pulses
per second), and a power level of 12%. These parameters
are crucial in controlling the quality and characteristics of
the resulting LIG, influencing its conductivity, morphology,
and suitability for gas-sensing applications. To select the laser
parameters, we used a simulation (Digital Twin) tool that we
developed previously [49].

The LIG electrode has a sensing area of 3 × 6 mm and two
square areas (contact pads) for the electrical connection with
the measurement system. To improve electrical contact and
stability of the sensor, Ag ink was drop-casted on these regions
and allowed to dry at room temperature for 12 h. Following
this step, the result is a 3-D porous graphene layer that
provides us with whole sensing material, sensor connection,
and electrodes altogether. The structure is schematized in
Fig. 1(a).

In the second step, the electropolymerization of pyrrole was
carried out using a potentiostat (pocketSTAT2, IVIUM Tech-
nologies). The process was conducted in an organic medium
containing purified pyrrole monomer with a concentration of
0.25- and 0.5-mM tetrabutylammonium hexafluorophosphate
(TBAPF6, Sigma-Aldrich, 99%) in acetonitrile as background
electrolyte.

A three-electrode system comprised of bare LIG as working
electrode, platinum wire auxiliary electrode, and Ag/AgCl
reference electrode with salt bridge containing aqueous 3-M
NaCl has been used in this process. In the following, the
electrochemical polymerization of PPy was performed by
applying a constant potential using CA. For achieving different
sensors and optimizing the functionalization of LIG, the poly-
merization was conducted by applying different potentials to
the LIG working electrode for different time durations and the
resulting current was recorded as a function of time [i = f (t)].
This technique offers precise control over the electrochemical
deposition process and has been widely utilized to design
sensor materials.

The obtained chronoamperogram in Fig. 1(b) revealed
a three-step mechanism, delineating the nucleation, cou-
pling, and growth limitation stages during PPy formation.
The nucleation stage, characteristic of conducting polymer
formation, was marked by a rapid decrease in current
density, indicative of radical cation formation, oxidative elec-
troadsorption, and substrate passivation, occurring within
a few seconds. Subsequently, the coupling stage exhib-
ited a progressive increase in current density, represent-
ing the continuous and gradual growth of the conductive
polymer. The final stage showed stabilization of current
density, signaling growth limitation due to mass transfer
reactions [50].

Fig. 2. Schematic illustration of gas measurement system used to
evaluate the gas detection performance of manufactured sensors.

B. Characterization of the Gas-Sensitive Materials
The Raman analysis was conducted using a Renishaw

InVia confocal Raman Spectrometer with coupled confocal
microscope (Leica DM2500 Microsystems), employing two
laser sources with different wavelengths (514 and 785 nm).
The laser beam was focused onto the LIG surface through
a 50× aperture objective lens, and the scattered light was
collected and analyzed. The acquisition time was set to 30 s.
For the detailed analysis of the structure of our hybrid material,
transmission electron microscopy (TEM) was employed. The
JEOL 1011 operated at 100 kV was used to conduct these
examinations. A Scios 2 DualBeam field emission scanning
electron microscope (FE-SEM) was used to analyze morphol-
ogy. The JASCO FT/IR 6700 (Asia portal) spectrophotometer
was employed for infrared spectroscopy analysis, providing
detailed molecular information for the characterization.

C. Gas-Sensing Measurements
The gas-sensing characteristics of fabricated LIG gas sen-

sors were assessed at room temperature (Fig. 2) within a
sealed Teflon chamber, featuring a volume of 35 cm3. This
chamber is totally isolated from ambient humidity and has the
capacity to measure four sensors at the same time. Then, the
resistance of the different sensors was measured and recorded
every 5 s using a data acquisition system (34972A LXI,
Keysight) controlled with a PC application (BenchLink Data
Logger 3, Agilent Technologies).

Different gas concentrations were applied by means of a
mass-flow controller (MFC) system (EL-FLOW, Bronkhorst),
controlled using PC applications (Flow View and Flow Plot,
Bronkhorst). This system mixed the gases coming from a
calibrated gas bottle with 100 ppm of NH3 (balanced in dry
air) and a bottle of dry, zero-grade air as the carrier. During
all measurements, the total flow was kept at a constant low
rate (100 mL/min) to work under more realistic experimental
conditions. In addition, the gas-sensing performance of sensors
under a humid atmosphere was characterized using a con-
troller evaporator mixer (W-202A, Bronkhorst.) placed at the
chamber’s inlet. To monitor the actual environmental work-
ing conditions, a temperature and humidity sensor (SHT85,
SENSIRION) was placed at the chamber outlet.

The sensors were stabilized under dry air for 90 min before
exposure to repeated cycles of response (15 min) and recovery
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Fig. 3. Illustration showing (a) ATR-FTIR spectra of bare LIG and
PPy@LIG NCs and (b) Raman spectra of bare LIG and PPy@LIG NCs.
TEM images of (c) bare LIG and (e) PPy@LIG NCs. FE-SEM images of
(d) bare LIG. (f)–(h) Different magnifications of PPy@LIG NC.

(60 min) to concentrations of 5, 10, 25, 50, and 100 ppm
of NH3 vapors. The sensor response was defined as 1R/R0,
expressed in percentage, where 1R is the resistance changes
recorded during exposure time to the target gas and R0 is
defined as the resistance of the sensor in dry air. To check the
selectivity of the sensor to other gases, the same measurement
system was employed, with the only variation of using a
different gas bottle instead of the NH3 bottle.

III. RESULTS AND DISCUSSION

A. Structural and Morphological Studies
The attenuated total reflectance-Fourier-transform infrared

(ATR-FTIR) spectra of LIG were examined and compared
with the ATR-FTIR spectra of PPy role deposited on LIG
(PPy@LIG) [Fig. 3(a)]. The FTIR spectrum for LIG displays
characteristic peaks, with the prominent band at approxi-
mately 1635 cmt1, signifying C=C stretching vibrations in the

graphitic structure. Additional features in the LIG spectrum
include peaks at around 1545–1552 and 1100 cm−1, which
are indicative of various in-plane vibrations and deformation
modes. In the FTIR spectrum of PPy@LIG, new absorption
bands are evident, confirming the successful integration of PPy
with the LIG framework. The pronounced band at 1455 cm−1

is attributed to C–N stretching vibrations in the PPy, and the
peaks near 1315 and 1040 cm−1 are likely associated with
the in-plane bending of N–H and C–H in-plane deformation,
respectively. The sharp absorption feature at 782 cm−1 could
be ascribed to the out-of-plane C–H wagging in the PPy
chains. The upper limit of 3200 cm−1 is chosen to accom-
modate the broad peaks associated with the hydroxyl (OH)
groups, which extend beyond this range and may influence
spectral interpretation [51].

The Raman spectra depicted in Fig. 3(b) offer a detailed
look at the structural and vibrational properties of both LIG
and PPy@LIG, highlighting the unique interaction between
the two materials. For LIG, the G-band is observed around
1580 cm−1, characteristic of sp2-bonded carbon atoms in
a hexagonal lattice, confirming the successful formation of
graphene. This peak is indicative of the graphitic domains
within the LIG. The D-band, located at approximately
1350 cm−1, signifies the presence of defects and disorder in
the graphene lattice, which is a common feature in LIG due
to the rapid photothermal process of its formation. The ratio
of the D-band to the G-band intensity (ID/IG) is a critical
parameter in assessing the quality of graphene, with a higher
ratio suggesting increased defects, which can be advantageous
for certain applications where edge activity is beneficial [31],
[32], [33].

Lin et al. [52] provide a comprehensive analysis of these
structural features and their implications for the material’s
properties. The high degree of disorder in graphene can
significantly impact its gas-sensing capabilities. Structural
imperfections, such as vacancies, bond-angle disorder, and
edge defects, influence the interaction between graphene and
gas molecules. These defects can enhance the adsorption sites
for gas molecules, potentially increasing the sensitivity of
graphene-based gas sensors. Moreover, the specific nature
of these defects can affect the selectivity of the sensor by
altering the types of gas molecules preferentially adsorbed
onto the graphene surface. In essence, the degree of disorder
in graphene plays a crucial role in determining both the
sensitivity and selectivity of graphene-based gas sensors.

The Raman spectra of PPy@LIG display characteristic
peaks that align closely with the established literature values,
allowing for minor shifts due to sample-specific factors. The
spectrum reveals vibrational modes at 622 and 683 cm−1,
which are only slightly shifted from the expected positions,
likely reflecting the sample’s unique physical properties.
A peak at 934 cm−1 indicates C–C ring deformation, hint-
ing at the presence of charge carriers such as polarons
or bipolarons. In the region associated with C–H in-plane
deformation, peaks at 1053 and 1078 cm−1 are discerned,
suggesting a slight alteration in the polymer chain’s environ-
ment. The antisymmetric C–H in-plane bending mode is noted
at 1232 cm−1, closely corresponding to the literature value,
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reinforcing the sample’s structural integrity. Furthermore, the
peaks at 1331 and 1375 cm−1 are attributed to the C–C in-
ring and C–N stretching vibrations, with a minor red shift
indicative of electronic structure consistency. At 1489 cm−1,
the vibrational mode associated with C–C and C=N stretching
is observed, demonstrating a negligible deviation from the
reference value. The peak at 1589 cm−1, related to the C=C
in-ring and C–C inter-ring stretching, confirms the polymer’s
conjugated structure. These observations suggest that the PPy
nanoparticles retain their characteristic molecular vibrations
with minor variations likely due to sample processing or
instrumentation factors [53], [54].

Notably, the use of a 785-nm laser for Raman spectroscopy
results in an enhanced signal from PPy with less interference
from the LIG substrate. This can be attributed to the resonance
Raman effect, where the laser excitation energy is closer to
the electronic transitions of PPy, leading to an amplification
of its Raman signal relative to that of LIG. This selective
enhancement is beneficial for analyzing the PPy coatings on
LIG, as it allows for clearer identification and analysis of the
polymer’s vibrational modes.

The TEM images in Fig. 3(c) and (e) provide a detailed
visualization of the structure of the LIG and hybrid material,
revealing the successful integration of PPy with the LIG.

In Fig. 3, a series of FE-SEM images provide valuable
insights into the morphological characteristics of the fabricated
materials. Fig. 3(d) presents the bare LIG, serving as the
baseline for comparison. Fig. 3(f)–(h) showcases LIG mod-
ified with electro-deposited PPy at varying magnifications.
In Fig. 3(f), a closer inspection reveals the intricate structure
of LIG with PPy deposition, offering a detailed view of the
interplay between graphene layers and the polymeric coating.

B. Sensing Performance Characterizations
To evaluate the sensing performance and impact of electro-

chemical deposition parameters on the sensing performance
of the PPy@LIG sensors for NH3 detection, various sensors
were fabricated, and their responses were studied. Initially,
with a constant deposition time of 10 min, the applied voltage
to the system was set to different values (0.8, 1.0, 1.2, and
1.4 V). The obtained responses to different NH3 concentrations
and the resulting calibration curves are illustrated in Fig. 4(a).
Further investigation revealed that at 0.8 V, only nucleation
occurred during electropolymerization, leading to inadequate
polymer growth and consequently suboptimal sensor response.
At 1, 1.2, and 1.4 V, distinct polymer growth stages were
observed. Notably, at 1 V, polymer growth was limited, while
at 1.4 V, an excessive polymeric film formed, resulting in
sensor response degradation due to film overload.

In addition, by varying the deposition time while maintain-
ing a constant voltage (1.2 V), distinct growth characteristics
were observed [Fig. 4(b)]. At 5 min, polymer growth was min-
imal, indicating insufficient development. Conversely, 15 and
20 min led to excessive growth, causing a reduction in sensor
performance. The optimum balance between polymerization
and sensor response was achieved at a deposition time of
10 min and a voltage of 1.2 V, resulting in a maximal
intensity of resistance changes. This detailed exploration not

Fig. 4. Calibration curves of (a) bare LIG sensor and PPy@LIG
NCs sensors manufactured with constant deposition time (10 min) and
different voltages (0.8, 1.0, 1.2, and 1.4 V) and (b) PPy@LIG NCs
sensors manufactured with different deposition times (5, 10, 15, and
20 min) and constant voltage (1.2 V).

Fig. 5. Illustration showing the gas-sensing performance of the best
PPy@LIG NCs gas sensors (1.2 V for 10 min). (a) Electrical response
to different concentrations (5, 10, 25, 50, and 100 ppm) of NH3 at
room temperature. (b) Regression curve. (c) Response to 5 ppm of
NH3 and analysis of response/recovery time. (d) Electrical response
to successive exposures of 5 ppm of NH3. (e) Calibration curves
obtained for different levels of humidity (0%RH, 40%RH, and 55%RH).
(f) Response to different gas compounds (CO, C2H6O, C6H6, C7H8,
NH3, H2, and NO2).

only underscores the critical influence of electrochemical
parameters on PPy@LIG sensor performance but also provides
valuable insights for optimizing conditions to enhance NH3
detection.

This sensor demonstrated responses up to 2.5 times greater
compared to the sensor subjected to an electrochemical depo-
sition time of 15 min. The enhanced performance can be
attributed to the optimal balance achieved between polymer-
ization and sensor response under these specific conditions.
In Fig. 5(a), the dynamic electrical responses for the exem-
plary PPy@LIG gas sensors (1.2 V for 10 min) are illustrated,
depicting increased resistance when exposed to varying con-
centrations of the target gas (NH3). This heightened resistance
arises from the diminished hole density and electrical con-
ductivity of the p-type material (LIG) upon exposure to the



SANTOS-CEBALLOS et al.: LOW COST, FLEXIBLE, ROOM TEMPERATURE GAS SENSOR: PPY-MODIFIED LIG 9371

reducing gas, which acts as an electron donor. Moreover, the
figures underscore the sensor’s commendable baseline stability
and minimal noise levels.

The regression analysis [Fig. 5(b)], depicting the sensor
response modeled as a power function (y(x) = 0.38x0.37)

of concentration, provides a high correlation coefficient (R2)

of 0.9995. This R2 value suggests that the power function
adequately describes the gas concentration and sensor response
relationship.

To determine the limit of detection (LOD), a method-
ical approach aligned with the IUPAC definition was
employed [55]. The IUPAC has recommended that the LOD,
defined in terms of concentration, is related to the smallest
measure of response (xL) that can be detected with reasonable
certainty in a given analytical procedure in the following
equation:

xL = x̄B + ksB (1)

where x̄B is the mean of the blank measures, sB is the standard
deviation of the blank measures, and k is a numerical factor
chosen according to the confidence level desired (a value of
k = 3 is recommended). The detection limit is given by the
following equation:

LOD = ksB/S (2)

where S is the sensitivity (slope) derived from the calibration
curve. Following this methodology, the PPy@LIG sensor
exhibits an LOD of 1000 ppb for NH3. This sensitivity
places it on par with other varieties of organic-based nano-
materials, underscoring its potential efficacy in gas detection
applications.

The response time (tresp) and recovery time (trecov) are
calculated as the time to reach 90% of total resistance change
for NH3 exposure and air re-exposure, respectively. In the
case of the sensor response to 5 ppm of NH3 [Fig. 5(c)],
the calculated tresp/trecov values are 7.5/43.2 min. Considering
that this concentration is below the TLV defined by NIOSH
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 NH3 real-time
monitoring in the environment.

In regard to the response and recovery times, as well as
the drift issue in Fig. 5(a), our research acknowledges that the
integration of a heater might improve these aspects. However,
the core innovation of our study is the development of a sensor
that functions efficiently at room temperature without the need
for additional heating elements. This design emphasizes the
sensor’s simplicity and energy efficiency, key factors for its
practical application in real-world scenarios.

Moreover, an insightful observation from Table I reveals
that the response time diminishes with an escalation in NH3
concentration, while the recovery time experiences an increase.
In gas-sensing systems, the response time typically involves
two primary processes: the diffusion of gas molecules to the
sensor surface and the subsequent chemical reaction or adsorp-
tion occurring at the sensing material. As the concentration
of NH3 increases, the number of gas molecules available for
diffusion also rises. In scenarios where the gas concentration is

TABLE I
RESPONSE AND RECOVERY TIMES OF PPY@LIG GAS SENSORS

(1.2 V FOR 10 MIN)

relatively low, the diffusion process becomes the predominant
factor influencing response time. For concentrations such as
100 ppm, where the response time is notably low (5.33 min),
this suggests that the sensor’s ability to detect NH3 at higher
concentrations is primarily hindered by the diffusion of gas
molecules to the sensor surface rather than the chemical
reaction kinetics.

At higher concentrations, the gas molecules are more abun-
dant and readily reach the sensor’s active sites, leading to
a faster response time. Conversely, the observed increase in
recovery time at higher concentrations could be attributed to
the persistence of gas molecules within the sensor matrix,
necessitating a longer duration for complete desorption or
clearance during air re-exposure.

The sensor repeatability was evaluated by applying succes-
sive NH3 pulses for 15 min and recovery steps of 60 min
between gas exposures. Fig. 5(d) shows excellent sensor
repeatability, in which the hybrid nanomaterial PPy@LIG
presents an error of about 1.34%. However, it is noteworthy to
mention that during our measurements, a small constant drift
was detected in the readings. This drift, while present, has been
deliberately omitted from the presented graph to ensure clarity
and focus on the sensor’s inherent repeatability characteristics.

Investigation into the impact of environmental moisture on
gas sensor performance has highlighted humidity as a crucial
factor that significantly alters sensor response. An experiment
was conducted under varying humidity levels to evaluate this
effect and compared the results with those obtained under
dry conditions. The data presented in Fig. 5(e) clearly show
that sensor response to NH3 is dependent on the relative
humidity (RH) of the environment. At 55% RH, the sen-
sor’s response was higher than at 40%RH and 0%RH across
all tested NH3 concentrations. Specifically, at 55%RH, the
sensor response for 100 ppm was elevated, indicating an
increase in sensitivity compared to lower humidity levels. This
trend suggests that the presence of moisture facilitates the
adsorption of NH3 molecules, potentially due to a swelling
effect within the sensor’s active material, which increases the
spacing between conductive domains and, thus, the overall
resistance. In addition, the moist environment may promote a
more effective proton exchange with NH3, further amplifying
the sensor’s resistance changes. These findings substantiate the
need to integrate humidity considerations into deploying NH3
sensors to ensure accurate and reliable performance in varying
atmospheric conditions.

Furthermore, selectivity was assessed [Fig. 5(f)] by measur-
ing high concentrations of other reducing species, including
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TABLE II
SUMMARY OF RECENT RESEARCH RESULTS FOR NH3 SENSORS

100 ppm of carbon monoxide (CO), 100 ppm of hydrogen
(H2), 20 ppm of ethanol (C2H6O), and aromatic volatile
organic compounds (VOCs) such as 10 ppm of benzene
(C6H6) and 10 ppm of toluene (C7H8). In addition, the sensor
was exposed to an oxidizing gas, 100 ppm of nitrogen dioxide
(NO2), which is one of the most present polluting gases in the
atmosphere. As a result, lower responses were obtained toward
these analytes in comparison to 5 ppm of NH3, making the
PPy@LIG gas sensor reliable and promising to detect NH3 in
the environment.

Table II outlines various NH3 gas sensors, emphasizing per-
formance in sensitivity, detection limits, response times, and
flexibility. Our research introduces a sensor with a practical
balance of effectiveness and utility. Our sensor’s sensitivity is
2.13% per 100 ppm, and although not the highest, it shows
the low LOD at 1 ppm, showcasing its ability to detect low
NH3 levels. The response times are moderate at 318/2775 s,
making it suitable for real-world use. A standout feature of
our sensor is its cost-effectiveness and reproducibility, which
are essential for widespread use. The chosen manufacturing
process, electro-polymerization, is economically advantageous
and produces consistent sensor layers, vital for reliable read-
ings. In addition, our sensor is flexible in operation. This
sensor marks a significant leap in gas-sensing technology,
presenting an economical and consistent option compared to
other sensors.

C. Gas-Sensing Mechanism and the Advantages of LIG
When the sensitive layer engages with electron-donating

molecules such as NH3, a reduction in hole density occurs,
resulting in an increase in electrical resistance. Experimental
findings suggest that bare graphene exhibits interaction with
NH3 molecules; however, the incorporation of PPy on the
LIG amplifies this interaction significantly. In essence, the
coexistence of LIG and PPy engenders a synergistic sensing
effect, wherein both nanomaterials collaboratively interact
with the target gas, yielding heightened sensing performance.
Moreover, the noteworthy interaction observed between the
two nanomaterials is facilitated by robust hydrogen bonds

and π − π -stacking. This interaction not only contributes to
long-term sensor stability but also enhances the efficiency
of gas sensing. In addition, the substantial surface area of
graphene and its superior electron mobility facilitate rapid
and efficient charge transfer with PPy@LIG, resulting in an
effective transduction process.

LIG emerges as a superior sensing material due to its dis-
tinctive properties, such as high porosity, exceptional electrical
conductivity, and robust mechanical flexibility, making it espe-
cially suitable for gas detection applications. The fabrication
process of LIG, involving a direct writing method using a CO2
laser on polyimide sheets, is both cost-effective and scalable.
This technique simplifies the production process and allows
for precise patterning, enhancing the material’s applicability.
Furthermore, LIG’s compatibility with various nanomaterials,
such as MOXs, significantly broadens its utility across a range
of sensing applications. In this study, we leverage these unique
attributes of LIG, particularly focusing on its application in
developing efficient NH3 sensors, thereby demonstrating its
potential in environmental monitoring and safety applications.

IV. CONCLUSION

In conclusion, this study is focused on the electrochem-
ical synthesis of PPy on LIG electrodes and explored the
gas-sensing applications of the resulting PPy@LIG NCs,
with a specific emphasis on detecting NH3 at room tem-
perature. The proposed simple and scalable method for the
low-cost, large-scale production of PPy@LIG NCs proved
effective, demonstrating promising attributes for gas-sensing
applications. The investigation into the sensing performance
of the PPy@LIG sensors for NH3 detection provided valu-
able insights into the impact of electrochemical deposition
parameters. Through systematic variations in deposition time
and applied voltage, it was revealed that an optimal balance
between polymerization and sensor response was achieved
at a deposition time of 10 min and a voltage of 1.2 V.
This specific set of conditions resulted in a maximal inten-
sity of resistance changes and significantly enhanced sensor
responses compared to other parameter combinations. The
dynamic responses of the PPy@LIG gas sensors illustrated
commendable baseline stability, minimal noise levels, and
increased resistance when exposed to varying concentrations
of NH3. Regression analysis demonstrated a high correlation
coefficient (R2) of 0.9995, indicating that the power function
adequately described the relationship between gas concentra-
tion and sensor response. Furthermore, the calculated response
time and recovery time for the sensor’s response to 5 ppm
of NH3 were found to be 7.5 and 43.2 min, respectively.
Considering that this concentration is below the TLV defined
by NIOSH and no fast detectors are required, these response
times were deemed sufficient for real-time monitoring of NH3
in the environment. In summary, the PPy@LIG nanocompos-
ites exhibited excellent sensitivity, repeatability, and a low
detection limit, showcasing their potential for application in
gas-sensing networks tailored for air quality monitoring. The
detailed exploration of electrochemical parameters not only
emphasized their critical influence on sensor performance but
also provided valuable guidance for optimizing conditions to
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enhance NH3 detection. The results presented in this article
contribute to the advancement of flexible and cost-effective
gas sensors with potential applications in environmental mon-
itoring and beyond.
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