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Abstract: Sensor systems for monitoring indoor air quality are vital for the precise quantification of
the mechanisms which lead to the deterioration of human health, with a typical person spending an
average of 20 h a day in an enclosed space. Thus, a series of layered chemoresistive sensors, obtained
by the facile electrodeposition of carbon nanomaterial-enhanced PANI composites, have been tested
for the selective detection of two core indoor pollutants: ammonia and nitrogen dioxide. The sensors
were tested with respect to sensitivity and selectivity to the target gasses, with performance being
assessed based on response linearity and repeatability at room temperature. Of the tested sensors,
two have been identified as having an adequate performance on ammonia, with sensitivities of up
to 96.99% and resolutions of up to 0.85 ppm being observed, while on nitrogen dioxide, despite
the successful sensor having a lower sensitivity, 10.71%, it has shown high resolution, 1.25 ppm,
and linearity over a large concentration domain. These high performances highlight the viability
of multi-layers chemosensors based on the electrodeposition of nanomaterial-enhanced conductive
polymers for the detection of pollutant gasses, with finetuning of the detection layer allowing the
accurate monitoring of a wide range of gasses.

Keywords: environmental safety; nitrogen dioxide; ammonium; electrodeposition; room temperature;
carbon nanomaterials

1. Introduction

The control of air quality and the degree of air pollution have been at the forefront
of the European research effort on improving the environment, health, and general state
of wellbeing of citizens. For urban environments, indoor air quality becomes a particular
concern due to a typical person spending an average of 20 h a day in enclosed spaces,
where pollutant concentrations can be 2 to 5 times higher than outdoors [1]. The devel-
opment of new, reliable, and economical sensor systems for the monitoring of pollutants,
such as ammonia and nitrogen dioxide, is thus a key factor in better understanding and
counteracting their effect on human health. Ammonia is the second-highest synthesized
chemical commodity, with wide use in pharmaceuticals, packaging, refrigerants, and also
in the textile and wood treatment industries [2,3]. However, it is a highly toxic substance,
especially dangerous because of the high solubility of its gaseous form in water, leading
to easier absorption into the human body. Thus, the maximum exposure limit at 25 ppm
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is set to 8 h, dropping to 10 min for the concentration reaching 35 ppm [4]. Exposure to
NH3 vapors can cause eye, mucous membrane, and respiratory tract irritation, with high
concentrations, over 100 ppm, or continuous exposure to the maximum exposure limit
leading to pulmonary edemas or respiratory failure [2]. Similar health effects are observed
for nitrogen dioxide, a result of fuel combustion or cigarette smoking and a prevalent pol-
lutant in urban landscapes. Despite its lower water solubility, NO2 proves more dangerous
for the human body, with a maximum exposure limit of 1 ppm being advised [5].

To ensure the real-time detection of concentration increases for hazardous gases, it is
crucial to provide unobtrusive monitoring systems with fast response times, which can
be easily relocated to ensure a prompt adherence to safety precautions [6]. Miniaturized
sensing systems combined with pattern recognition algorithms would thus be a viable
solution to the raised problem. However, of the commercially available sensing systems,
those relying on optical devices are less desirable despite their robustness and accuracy, due
to their increased costs [7–9]. Thus, viable alternatives to optical technologies are chemore-
sistive sensors, which make use of sensing materials such as metal oxide semiconductors to
elicit a change in conductivity on the absorption and desorption of gas molecules at the
solid–gas interface, making them ideal for use in integrated circuits [5–11]. Traditionally,
such sensors are prone to high working temperatures, high cross-sensitivity, especially with
moisture, and low environmental stability due to humidity variations [12,13]. Moisture
interference becomes even more prominent when using metal oxides at room temperature,
with water molecules competing with oxygen, thus lowering the response of the sensor.
Using hygroscopic materials to form heterostructures that prevent the effect of humid-
ity [14], interposing organic molecules to decrease the water adsorption in the layer [15],
and removing the effect of humidity algorithmically using a reference measurement [16]
are traditional techniques for dealing with this problem.

Nanomaterial-enriched chemoresistive sensors based on conductive polymers (CPs),
carbon structures (e.g., carbon nanotubes and reduced graphene), and nanocomposite (e.g.,
C-hybrid) materials have the ability to operate at room temperature, while preserving their
sensitivity in the range of 1–100 ppm and detection limit in the ppb range [17,18]. One
such example is nanostructured polyaniline (PANI), which is particularly suited to the
detection of ammonia because of its inherent characteristic of being electrically influenced
by pH changes. While PANI can respond to multiple pollutants, selectivity to specific
gases can be significantly raised by emphasizing different interaction mechanisms through
layering. NH3 sensors based on PANI function by de-doping the protonated centers
of emeraldine salts, leading to the formation of NH4

+ ions and thus to an increase in
the sensor resistance [19], while the reaction between NO2 and PANI is characterized
by the oxidation of emeraldine salts followed by the reduction of NO2 and a decrease
in the measured resistance. Due to the inherently low sensitivity of PANI, it is usually
employed as part of a composite material with either metal oxides, carbon-based materials,
transition metal dichalcogenides (TMD), or, more recently, halloysite nanotubes [20,21]. The
addition of carbon structures to the sensing layer, such as carbon nanotubes (CNTs) [22]
and 2D materials [23], has been proven to improve gas detection properties owing to
their increased specific area and tunable chemistries. However, high contents of carbon
structures can lead to the deterioration of the polymer matrix and thus to a reduction in
performance [24]. More complex carbonic structures can also be employed, as is the case
for a recent article [25] in which three-dimensional reduced graphene oxide (3D-rGO) was
set into a PANI matrix to significantly increase sensitivity to ammonia. This performance
enhancement is likely due to the increased carrier mobility provided by rGO and the larger
surface area resulting from the 3D structure of the graphene [26,27]. Combining CPs with
carbonic structures has also been shown to result in fast, ultrasensitive, and recoverable
sensing devices for detecting trace levels of ammonia, as is the case for a sensor using in
situ chemical oxidative polymerized aniline monomers with carboxylated multiwalled
CNTs (C-MWCNTs) [22,28–30]. For such sensors, the best performance is obtained when
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the carboxyl groups are either free or aminated, as this allows them to better interact with
ammonia [31].

CNTs and zinc oxide (ZnO) composite materials have also been shown to result
in a high performance when used as sensing layers, due to multifunctional properties
of ZnO such as a larger contact surface, high crystallinity, and its organized molecular
structure [32–34]. While composite nanofibers (NFs), combining PANI with ZnO, have
recently been use for enhanced NO2 detection [35], their high selectivity is counterbalanced
by the need for high operating temperatures (300 ◦C). However, an ammonia sensor making
use of such nanofibers was developed by Talwar et al. [36], which was modified to preserve
functionality at room temperature. Similarly, PANI-rGO has been used in sensing films for
the detection of ammonia [29], H2 [37], and H2S [38]. However, for NO2 detection, such
sensors need to further improve their catalytic and electrical properties, as attempted in
a recent work where a PANI-rGO-Ag2O composite was obtained via the drop and dry
method. While the sensor had a suitable performance, it required working temperatures of
100 ◦C, leading to a higher energy consumption. A different NO2 sensor with adequate
selectivity at high operating temperatures was developed using physisorption-based charge
transfer in two-dimensional SnS2, achieving a limit of detection in the range of ppb [39].
However, when compared to CP sensors, such materials are unsuited for use in low-cost
miniaturized systems [34] and have poor recovery rates [40].

For sensors to be used in practical applications, there is a need to develop devices
that combine low-operating temperatures with high selectivity and sensitivity towards
the target gas. While it is important to design such sensors with a focus towards high
sensitivity, their stability and precision also need to be preserved, with the use of electri-
cally stable materials that offer a high degree of customizability during the deposition
process being a solution. Several techniques for the deposition of the sensing material on
different configurations of electrodes, such as the interdigitated electrodes (IDEs) used
in this work, including electrospinning, dipping, drop deposition, thermal evaporation,
physical/chemical/vapor deposition, and the sol–gel method [41–46], are available for
the development of chemoresistive sensors. Moreover, for the polymerization process,
several techniques for binding the monomers can be observed in the literature, including
in situ chemical oxidative, light-induced, microwave-induced, and electrochemical poly-
merization. As it allows for more controllable parameters, electrochemical polymerization
is identified as a method for obtaining the desired characteristics in the fabricated sensors.

Based on existing literature and extensive testing, two sensing layers have been
identified (from an assortment of various sensors based on conductive polymers combined
with C-based materials) and optimized for the rapid, continuous, and selective monitoring
of NH3 and NO2 in the environment, with material characterization and analysis of their
response being the core focus of this work. Both layers involved the facile electrodeposition
of C-material hybrids on gold IDEs, with PANI-MWCNT-NH2 being selected for ammonia
detection and PANI-rGO-ZnO being selected for the detection of NO2. All sensors have
shown strong stability in time and acceptable repeatability. Ammonia sensors have shown
high sensitivities of up to 96.99%, while attaining a suitable resolution and linearity over
the domain of interest. On the other hand, while the NO2 sensors exhibit lower sensitivities
of up to 10.71%, they show high resolution and linearity over the domain of interest.

2. Materials and Methods
2.1. Materials

Aniline (anhydrous, >99.5%), sodium polystyrene sulfonate (PSS) with a molar mass
of ~70,000 g/M, sulfuric acid (95–98%), nitric acid 70% (HNO3), pure ethylic alcohol,
potassium chloride (KCl), MgSO4, NaOH, KNO3, Zn(NO3)2, and phosphate-buffered
saline (PBS, pH 7.0) were purchased from Sigma-Aldrich. Graphene oxide (GO-4 mg/mL
dispersed in water) was acquired from MSE Supplies (Tucson, AZ, USA) and MWCNT-NH2
powder (with a ~7% percentage of -NH2 groups) was purchased from Cheap Tubes Inc.,
(Cambridgeport, VT, USA). All solutions were prepared using Milli-Q deionized water.
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2.2. Characterization Methods

All electrochemical experiments were performed using VoltaLabPGZ100, and de-
position experiments were performed using a conventional three-electrode system. The
employed working electrode was a gold IDE, the counter electrode was Pt, and the reference
electrode contained Ag/AgCl (3M, KCl).

Micro Raman measurements were performed with a WiTec Alpha (300S/2008, WiTec
Gmbh, Ulm, Germany) system consisting of a 532 nm Nd-YAG laser (2.41 eV) set in a
backscattering configuration through the equipped 600 grooves/mm grating (Thorlabs100x
microscope attached), with exposure time being set to 20 s in accumulation. Spectra were
collected through the WiTec Project Five software, with smoothing and peak identification
carried out via Origin 8.5. X-ray photoemission spectroscopy (XPS) spectra were recorded
for PANI-MWCNT-NH2 on a Sigma Surface Science photoelectron spectrometer equipped
with a 160 mm hemispherical energy analyzer and a 1D detector (ASPECT), and using a
13 kV Al Kα X-ray source at 200 W. A 1.3 × 1.3 mm2 analysis area was employed and the
sample normally coincided with the detection column axis. Pressure in the analysis chamber
was kept below 1× 10−9 mbar. Wide scan survey spectra were collected from−5 to 1200 eV
(binding energy), using a constant pass energy of 200 eV. The high-resolution spectra
were recorded using a pass energy of 20 eV. All spectra were fitted using a Shirley-type
background and a Lorentzian–Gaussian peak shape. Prior to the XPS measurements, the
samples were infrared heated to ~100 ◦C for 5 min with pressure kept below 1 × 10−6 mbar.

Morphology of the film surface was observed using scanning electron microscopy
(SEM) through a Nova NanoSEM 630 system (FEI Company, Hillsboro, OR, USA) equipped
with an UHR detector (Through-Lens-Detector-TLD). The chemical constituents of inter-
est within the PANI-rGO-ZnO film were detected using an element energy-dispersive
spectroscopy (EDS) system (Smart Insight AMETEK).

2.3. Sensor Fabrication

The developed sensors were deposited on miniaturized transducers patterned on the
front of 0.1 mm thick alumina wafers KYOCERA (Esslingen, Germany). Thin nanostruc-
tured films of PANI-rGO-ZnO and PANI-MWCNT-NH2 were electrodeposited on gold
interdigitated electrodes (IDEs) and used for NO2 and NH3 gas detection. The layout of the
IDEs was drawn with the help of a dedicated design software, with the active area being
projected to 5 × 8 mm. The active area of the electrodes consists of 80 pairs of interdigitated
electrodes with their digits sized at 10 µm. Figure S1A,B show the schematics of the sensors
and the fabricated sensors, respectively.

2.4. Electrodeposition
2.4.1. PANI-rGO-ZnO Electrodeposition

Four solutions were employed in the electrodeposition process:

• Solution 1 (S1): add 20 mL of GO (2 mg/mL) and 0.038 g of MgSO4 to dispersed water;
• Solution 2 (S2): mix 182 µL aniline, 197 µL HCl, and 17.818 mL H2O;
• Solution 3 (S3): dissolve 0.08 g NaOH in 20 mL H2O;
• Solution 4 (S4): dissolve 0.08 M Zn(NO3)2 and 0.27 g KNO3 in 20 mL H2O.

PANI-rGO electrodeposition: Sensors were first immersed in S1, which led to the
initiation of the GO electrodeposition, followed by the electrochemical reduction of GO
to rGO at a constant potential of −2000 mV for 100 s using chronoamperometry (CA).
After rGO was fully electrodeposited on the IDEs, a further PANI electropolymerization
step was employed by immersing the IDEs-rGO in S2 and applying chronoamperometry
(CA) for 60 s at 1000 mV. The sensor with PANI-rGO was then introduced in S3 for PANI
overoxidation through cyclic voltammetry (CV) by linearly sweeping the potential between
0 mV and 1500 mV at a scanning speed of 100 mV/s for 9 cycles.

ZnO deposition: The resulting IDEs with PANI-rGO were then immersed in S4 and the
temperature of the cell solution was increased to 60–90 ◦C while applying a CA sequence at
−0.7 V for 200 s so that the zinc nanoparticles could precipitate. ZnO was formed through
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the immersion of the IDEs in S3 while performing 7 cycles of CV between −0.2 V and 1.2 V.
Finally, the sensors were dried in forced air, stored in well-sealed Eppendorf tubes, and
placed in silica gel boxes until use.

2.4.2. PANI-MWCNT-NH2 Electrodeposition

Synthesis of the final electropolymerization solution (24 mL) was carried out as follows.
Solution Z1 consisting of 0.5% polystyrene sulfonate (PSS, co-solvent) in distilled water
was ultrasonicated for 30 min. Then, 0.007 g of MWCNT-NH2 was added to Z1, with the
ultrasonication being continued for 1 h at below 50 ◦C. While magnetically stirring the
resulting solution, 0.5 M H2SO4 was added dropwise, with stirring being maintained until
the next day, for approximately 20 h. Then, 0.09 M aniline monomer was added dropwise,
while maintaining magnetic stirring. The obtained solution was then employed to deposit
the composite material using the cyclic voltammetry method by sweeping the potential
between −200 mV and 1200 mV at a scanning speed of 50 mV/s.

2.5. Testing Method

Before testing, the sensors were mounted in a hermetically sealed test chamber into
which mixtures of the gasses of interest can be released. A diagram of the testing platform
can be seen in Figure 1, with Figure S2 giving a more detailed representation of the setup.
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Figure 1. Diagram of the testing setup. Five gas cylinders containing the gases of interest, nitrogen
and two other pollutants (CO and CH2O) are connected to the testing chamber via multi-channel
mass flow controllers (MFCs)). The MFCs, via a feedback loop with the acquisition computer, can
control the composition of the mixture that is to arrive in the test chamber. A more detailed image of
the testing setup can be found in Figure S2.

Test gases were prepared by diluting the target gas (either NH3 or NO2) with sufficient
purified nitrogen so that a mixture of the required concentration arrived in the test chamber
for measurement. Gas flow proportionality was maintained via MFCs and control via an
in-house developed LabVIEW control software. The measurement cycle consisted of 300 s
of purging the test chamber with N2 followed by the introduction of the desired gas for
300 s in most measurement protocols. A variation of this method was employed for the
selectivity measurements when purging was performed on changing gasses or changing
to another gas cylinder for the same gas as to obtain higher concentrations. Tests were
performed at room temperature (~20 ◦C) and under N2 flow. Resistances were continuously
monitored by measuring the current of the sensors.
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2.6. Sensor Analytical Performance

Data were fed into Python 3.6 algorithms for the parsing and statistical analysis of
the sensor signals, both during the selection process and for their fine-tuning. Linearity
and behavior of the tested sensors was determined using the scipy module function curve
fit, with the primary function classes being linear, power law, and logarithmic. A PCA
analysis was also employed for the selection of the sensing substrates, with sklearn being
employed for its implementation. This technique involves summarizing the target dataset
in a n-dimensional space, where each component is perpendicular to the others, such that
the variance of the data projections on each component can be analyzed. Before use in the
analysis, resistance measurements for each chip were standardized across all gasses using
the scale function from the preprocessing library. Inputs consisted of 1-dimenisional vectors
containing information on the mean values and standard deviations of the resistance mea-
surements for the gas concentrations, as shown in Table S1 in the Supplementary Materials.
Efficiency of the sensors was determined using four main metrics: sensitivity, limit of
detection (LoD), linearity, and sensor repeatability, a measure quantified by its relative
standard deviation (RSD). Two other factors have also been considered in determining the
sensors’ viability, namely their stability with the passage of time and their selectivity to the
target gas. Thus, the sensitivity was defined as:

Si =
Rg,i − Rc,0

Rc,0
(1)

where i represents the gas concentration for which the resistance is being measured, Rg
represents the mean resistance registered by the sensor for the target gas, and Rc,0 represents
the mean resistance registered by the sensor before N2 is inserted in the measurement
enclosure. To ensure that measurements can be collected reliably, the mean resistance is
predicted from the values registered in the 60% to 90% response time interval. Hence,
reading times can be shortened to increase sensor responsivity. Limits of detection were
calculated on the linear domain of the sensors as follows:

LoD =
3σ
m

(2)

where m is the slope of the line fitted to the sensor response on the linearity domain and σ

represents the standard deviation of the intersect with the 0y axis. The relative standard
deviation was calculated using:

RSD =
∑N

j=1 Rg,j

N
(3)

where N represents the number of repeats. Linearity of the sensors was determined by
calculating the coefficient of determination (R2) over the domain of linearity:

R2 = 1−
∑
(

yi − yi,p

)2

∑(yi − y)2 (4)

where yi is the measured value, yi,p, is the predicted value of the model, and y is the mean
value of the measured data. A fit is considered acceptable if the coefficient of determination
passes 97.5%.

3. Results and Discussions
3.1. PANI-MWCNT-NH2 Electrodeposition

• ANI monomer and MWCNT-NH2 concentrations

The concentration ratio of aniline (ANI) to MWCNT-NH2 in the electrodeposition
solution was optimized to obtain a resistance in the kΩ range, while allowing for the
registration of visible responses upon exposure to 5–8 ppm of ammonia, irrespective
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of humidity. Choosing the suitable number of deposition cycles is also related to the
concentrations of ANI and MWCNT-NH2 within the electrodeposited solution. As PANI
is highly sensitive to humidity, the concentration of its monomer in the electrodeposited
solution requires tight control to minimize the effect of humidity [47]. Conversely, too
much MWCNT-NH2 (>0.03%) leads to a more conductive layer, with resistances dropping
to Ω levels. This resistance value can also be linked to the ANI concentration, as a higher
concentration, ≥1 M ANI, can lead to Ω range measurements due to too much conductive
PANI being deposited on the MWCNT-NH2. Therefore, a concentration of 0.09 M ANI
with 0.03% MWCNT-NH2 was selected as the optimal electrodeposition solution due to
kΩ range initial resistances being obtained when using an optimized number of CV cycles.

• Deposition cycle number

The effect of the CV cycle number on the sensitivity is explored in greater depth in
Section 3.3. Figure 2 shows the voltammograms of the sensors in the PANI-MWCNT-NH2
electrolyte solution, with repeat scans showing an increase in both cathodic and anodic
current peaks. Two oxidation peaks can be observed at 0.1 V, due to PANI being transformed
from a reduced state to a neutral state, and 0.6 V, due to PANI being transformed from an
emeraldine salt into a pernigraniline salt, as is also observed by other authors for PANI
electropolymerization in sulfuric acid [48]. The small additional peak at 0.4 V may either
characterize the interaction of PANI with MWCNT-NH2 in composite materials or PANI
crosslinking [49]. On recording the current peaks after 8, 10, and 15 CV cycles in the
electrodeposited solution, an increase was observed, which indicates that PANI layers were
deposited. Resistances in the range of kΩ were obtained only after 10 and 15 cycles. Upon
passing 15 cycles, a drastic drop in initial resistance was observed, with an Ω range being
reached on CV run for 17 cycles.
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Figure 2. Cyclic voltammograms of 8 (black), 10 (red), and 15 (green) electropolymerization cycles of
the MWCNT-NH2-PANI composite material.

From the registered values presented in Table S2, it appears that both the concentration
of deposited PANI and humidity have a significant effect on the initial response of the
sensors, as shown by the increased values of the resistances when measured in nitrogen
at 10%, 25%, and 50% humidity. Moreover, this effect appears to persist and increase
when the relative resistances between measurements in air and nitrogen are considered.
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While humidity has an effect on the sensor response, the sensor is much more sensitive to
ammonia. With repeatability of ammonia measurements being adequate (RSD < 10%), an
algorithm making use of data from a separate humidity sensor could be used to remove
the effects of humidity [50]. As the effect of humidity increases with the concentration of
deposited PANI, a lower number of cycles, without compromising the initial resistance
value, is preferable. Further analysis of the performance of PANI based sensors is given in
Section 3.3.

3.1.1. PANI-MWCNT-NH2 Morphological and Structural Characterization

• SEM, Raman, and XPS

CV deposition parameters for obtaining the PANI-MWCNT-NH2 film determine the
morphology and structural arrangement of the resulting layers. In turn, morphology influ-
ences gas detection performance and must be taken into account. Figure 3a shows the SEM
images of a bare gold IDE grown on a ceramic substrate, while Figure 3b,c show the bare
gold IDEs after the CV electropolymerization of PANI (10 cycles) from a sulfuric acid diluted
solution. Typically, PANI films obtained by electrodeposition can have different shapes
depending on the type of electrochemical deposition method and the parameters chosen for
deposition. Thus, PANI polymers can appear as nanowires (through chronopotentiometry),
nanorods (through CV, CA), a porous polymer, or as homogenously distributed spherical
particles of various sizes ranging from large to small (through CV) [51–55]. While at low
magnification, as in Figure 3b, only a chromatic difference can be seen on PANI deposition,
higher magnifications (inset of Figure 3b and the 240,000× magnified Figure 3c) show
homogenous nano granulation deposited on the gold electrode throughout the PANI film.
Figure 3d,e shows SEM images of PANI-MWCNT-NH2 deposited by CV (10 cycles) on the
IDE electrodes at different magnifications. The size distribution of PANI-MWCNT-NH2
structures was obtained from SEM images by measuring 200 individual multi-walled car-
bon nanotubes. The PANI-MWCNT-NH2 diameter was found to vary in the range of 35 to
174 nm. Their histogram was best fitted with a Gauss function, with structures of mean
diameter 85.4 ± 28.9 nm being distributed, as shown in Figure 3f. Obtaining a rarefied
and more porous network results in a larger contact surface between the gas molecules
and the sensitive material, as well as in a higher electrical conductivity. One reason for
choosing the PANI film is that it was expected from previous studies for it to be sensitive to
ammonia [56,57]. However, it was shown that PANI films with homogenous nanoparticles
deposited on IDEs (10 cycles), as presented in Figure 3c, show 20 times worse sensitivity
than when MWCNT-NH2 is added in the film and forms a PANI-MWCNT-NH2 network
(more detailed discussion in Section 3.3).

Figure 3g displays the Raman spectra of the PANI-MWCNT-NH2 composite, PANI
reference, and MWCNT-NH2 reference. On the Raman spectrum of the MWCNT-NH2
reference, four prominent characteristics bands are observed: the D band (1350 cm −1)
of the amorphous disordered carbon structure of CNTs, the G band (1580 cm −1) of the
stretching mode of C-C, a 2D secondary band (2646 cm−1), and a 2D’ band (3148 cm−1)
highlighting the large diameters of the MWCNTs [58]. In the PANI reference spectrum, the
four characteristic modes of the protonated imine form of polyaniline appeared at 606, 818,
and 1176 cm−1 (C–H in-plane bending vibration of the benzenoid and quinoid ring) and
at 1349 cm−1 (C–N stretching vibration of delocalized polaronic structures). In Figure 3h,
the C–C, C=C, and C=N stretching of PANI quinoid ring bands and the D and G bands of
carbon bands are highlighted and overlayed, suggesting strong p–p conjugated interactions
between carbonic and polymeric materials. Comparison of the intensity ratio of the G
and D bands (ID/IG) of the MWCNT-NH2 versus PANI-MWCNT-NH2 samples reveals a
decrease of 21% for PANI-MWCNT-NH2, suggesting an increase in the degree of disorder
due to the coverage of MWCNT-NH2 by PANI.
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lines at binding energies of ~285 eV, ~532 eV, and ~400 eV, the atomic concentrations of 
all detected elements were calculated and displayed in Figure S3 [59].  

Figure 4a,b and Table S3 (C1s) show how the aromatic component in the PANI spec-
trum almost disappeared in the case of the PANI-MWCNTs-NH2 film, probably due to 
the formation of a nanocomposite, but also due to it being trapped in nanotubes. The for-
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Figure 3. SEM images of (a) bare gold IDE- mag. 16,000× (inert: one interdigit bare gold granulation
with 30,000×); (b) PANI film deposited on IDE at mag. 15,000× (inset: electropolymerized nanoPANI
on one gold IDE, mag. 240,000×); (c) PANI film nano-grains deposited on IDE at mag. 240,000×;
(d) PANI-MWCNT-NH2 composite at mag. 14,000×; (e) PANI-MWCNT-NH2 (Mag. 120,000×);
(f) histogram of MWCNT diameters (N = 200). Raman spectra of (g) each material (used as references)
forming the PANI-MWCNT-NH2 composite; (h) peak and baseline analysis of the PANI-MWCNT-
NH2 Raman spectrum.

The XPS spectra survey of the samples, presented in Figure S3, indicated the presence
of species with C 1s, O 1s, and N 1s in the layer. Using the intensities of the photoemission
lines at binding energies of ~285 eV, ~532 eV, and ~400 eV, the atomic concentrations of all
detected elements were calculated and displayed in Figure S3 [59].

Figure 4a,b and Table S3 (C1s) show how the aromatic component in the PANI spec-
trum almost disappeared in the case of the PANI-MWCNTs-NH2 film, probably due to the
formation of a nanocomposite, but also due to it being trapped in nanotubes. The formation
of a nanocomposite can also be explained by the significant increase in the concentration of
C-C and C-H bonds for the PANI-MWCNTs-NH2 film [22].
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Figure 4c,d, presenting the peak deconvolution of the O 1s spectra of the PANI and
PANI-MWCNTs-NH2 samples, revealed that C=O and C-O-H/H2O are highly visible in
PANI. Specific to the formation of the nanocomposite is the presence of C-O-C and C-O
bonds, which were not observed in PANI layers. Table S4 (O1s) details the distribution
of components.

Peak deconvolution of N 1s is shown in Figure 4e,f with three components, C-NH-,
C-N=, and -C-N+, being observed. Their distribution is shown in Table S5 (N1s). A
characteristic component of benzenoid amine, C-NH- has peaks centered at 399.99 eV in
PANI and at 399.90 eV in PANI-MWCNTs-NH2 [60]. On deconvolving the PANI layer,
three distinct curves which correspond to quinoid imine, benzenoid amine, and positively
charged nitrogen are usually present. Simple PANI layers in their conductive form are
known to have Ω range resistances due to being totally dopped with SO4+ ions from
emeraldine salts. In PANI-MWCNT-NH2 layers, however, the C-N+ bonds are highly
visible when compared to PANI layers, as in nanocomposites, PANI is an emeraldine salt,
with the concentrations of PANI increasing after electrodeposition due the high area of
MWCNT-NH2 covered by PANI’s conductive form. The peaks centered at 401.593 eV (in
PANI) and 401.054 eV (in PANI-MWCNT-NH2) suggest that some nitrogen atoms are in
the form of imine groups (C-N=), with a small shift in the binding energy arising due to the
formation of a nanocomposite. The C-N= bonds are significantly more visible in the PANI-
MWCNT-NH2 layers compared to the PANI layers, with an increase from 4.76% to 23.82%
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in bonding being observed when MWCNTs with -NH2 groups were added. The presence of
more bonding with carbon and nitrogen atoms in the PANI-MWCNT-NH2 nanocomposite
indicated successful wrapping of PANI on the surface of MWCNTs, similar to the behavior
arising from binding with the nitrogen atoms from amine. All these observations indicate
the presence of PANI trapped in the nanotubes, while highlighting its role in sensitizing
the surface to the interaction with NH3 [61].

3.1.2. Mechanisms of the PANI-MWCNT-NH2 Sensor Interaction with NH3

Figure S4 shows the electrodeposition stage of PANI-MWCNT-NH2 and its possible
PANI forms on interaction with MWCNT-NH2 and after its reaction with ammonium ions
as per the acid–base mechanism. As seen in the sensor tests from the following sections,
when put in contact with ammonia, a PANI-MWCNT-NH2 film leads to a significantly
higher response than a PANI film. The attachment of polyaniline to MWCNT-NH2 signifi-
cantly improves gas adsorption compared to polyaniline due to the increase in surface area
through the carbonic structures. The diagram shows the emeraldine-doped PANI form
resulting after the electropolymerization of PANI in sulfuric acid. The -NH2 amine terminal
of MWCNT-NH2 in the electrodeposited solution becomes amino-protonated (due to its
acidic pH), further favoring the electrostatic interaction between the conductive form of
PANI and MWCNT-NH2. Although there are studies that use MWCNTs with function-
alized carboxyl groups (instead of -NH2 groups), the reaction with ammonium ions that
leads to the formation of amide bonds would take place at a temperature of at least 100 ◦C,
making it unsuitable for use at room temperature [62]. If this strategy were followed, the
sensor would become sensitive due the electron delocalization from amide bonds, while
having a more difficult recovery, as the resulting bonds would be much stronger. Presently,
the NH3 sensing mechanism employed by PANI-MWCNT nanocomposites is not fully
understood, with gas sensor performance potentially originating from several factors [22].

PANI is a conducting p-type semiconductor (as an emeraldine salt, ES) which is
de-doped (as an emeraldine base, EB) when ammonia changes the pH of the reaction
medium at the interface of the sensitive film with the gas. The attachment of polyaniline to
MWCNT-NH2 significantly improves the adsorption of NH3 molecules and the transfer
of electrons through the polymer network to the carbon nanotubes. PANI-MWCNT-NH2
is also considered a p-type semiconductor. When NH3 molecules are adsorbed on the
surface of PANI from the composite, due to the large number of NH+, these are quickly
converted into the more favorable NH+

4 according to the reversible reactions presented in
the following reaction:

PANI−NH+(ES) + NH3 ↔ PANI(EB) + NH+
4 (5)

In this way, a large number of electrons are transferred to PANI and the strong π − π
interaction with MWCNT enhances the electron delocalization. This leads to a higher
charge transfer between PANI and MWCNT-NH2, with further electrons being passed
through holes, the majority being carriers of p-type semiconductors, leading to an increase
in sensor resistance. Increased nanotube diameters and the presence of more protonated
PANI amine groups in the composites were also demonstrated with the SEM and XPS
analysis, respectively. Recovery is assured by the reversibility of the reaction, with NH4+
ions decomposing (after exposure to air/nitrogen with controlled humidity) into NH3 and
protons such that the base resistance can be recovered and PANI doped again.

3.2. PANI-rGO-ZnO
3.2.1. PANI-rGO-ZnO Electrodeposition

As previously shown, coupling ZnO with conductive polymers can lead to a reduction
in the working temperature and of the response/recovery times [63]. Electrodeposition
techniques were employed throughout the film synthesis. In the first stage, the GO was
electrodeposited on IDEs by immersing the sensor in the electrodeposition solution, fol-
lowed by CA at a constant potential of −2000 mV for GO reduction and formation of rGO.
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At room temperature, GO is typically an electrical insulator and remains non-conductive,
unless the oxygen functional groups on the graphite are eliminated. Distance between the
graphitic domains is thus reduced, which increases the charge transport in the materials.
The polymer used is a conductive one which could cover an incomplete electrochemical
reduction of GO. The deposition time was chosen as optimal at 100 s such that the rGO
layer can homogenously cover the gold electrode. rGO presents oxygenated functional
groups on the surface and edges of the sheet, such as hydroxyl and carboxyl groups, which
may electrostatically interact with the gold IDEs, leading to a reduction in the deposition
time. The remaining functional groups in the rGO nanosheets then attach to the aniline
monomers in addition to the physical bonding occurring during the aniline electropoly-
merization process through hydrogen bonding and π − π interactions. Parameters such
as the concentration of Zn(NO3)2 and temperature of ZnO electrodeposition were then
evaluated to obtain resistances in the range of kΩ. ZnO morphology and therefore the
gaseous sensitivity of the ZnO layer are highly corelated with these parameters, as seen
in previous studies [64,65]. During the electrodeposition of ZnO, the temperature plays
an important role in the hydroxylation and dehydroxylation reactions as follows: at low
temperature, the rate of hydroxylation is faster than that of dehydroxylation, leading to the
production of large amounts of OH− and thus the formation of smaller-sized grains [66].
Conversely, increasing the temperature favors the dehydroxylation reaction, leading to
the formation and deposition of ZnO on the surface, followed by reactions (6)–(9) at the
cathode [62].

NO3 + 2e− + H2O → 2OH− + NO2 (6)

Zn2 + 2HO− → Zn(OH)2 (7)

Zn(OH)2 → ZnO + H2O (8)

Zn(NO3)2 + 4Zn(OH)2 → Zn5(NO3)2(OH)8 (9)

Equation (9) is only possible when low deposition temperatures and an increased
degree of the hydroxylation are involved. Therefore, the temperature for ZnO electrode-
position, the concentration of ANI, and the concentration of ZnO were tested to achieve a
suitable reading sensitivity with final resistances greater than 1 kΩ. The optimal tempera-
ture for ZnO grain formation was determined to be 80 ◦C, with the film reaching resistance
values greater than 10 kΩ when using the optimal concentration of ANI, Zn(NO3)2 and
GO. Resistances in the Ω range were obtained for temperatures lower than 80 ◦C, while
temperatures greater than 90 ◦C led to resistances reaching MΩ values. Table S6 shows the
results for different ratios of aniline, ZnO, and GO in the composite film, with ZnO deposi-
tion being executed at a constant temperature of 80 ◦C. The final result of the deposition
stage was the homogeneous distribution of small (<40 nm) spherical ZnO nanoparticles
on the surface of the sensing layer (see the SEM section). To our knowledge, this repre-
sents a novel technique for the facile electrochemical deposition of ZnO nanoparticles on a
PANI–graphene composite film [67].

3.2.2. PANI-rGO-ZnO Structural and Morphological Characterization

• SEM, Raman, and Energy-dispersive X-ray

SEM was used to further examine the surface of the graphene oxide and of the short
polyaniline nanowires deposited throughout the rGO network, as shown in Figures 5a
and 5b, respectively. The high temperature used for the electrodeposition of ZnO led to
the formation of nanoparticles over the entirety of the PANI-rGO network, as presented in
Figure 5c. The size distribution of ZnO NPs was obtained from SEM images by measuring
200 individual nanoparticles. Spherical geometry of the ZnO NPs was also observed
from the SEM images. ZnO NPs’ diameters were determined to vary between 20 and
83 nm. A histogram was fitted with a Gauss function centered around the mean diameter
of 38.3 ± 10.6 nm, as shown in Figure 5d. As per previous studies, the deposition of small
nanoparticles or other nanostructures of ZnO leads to an increase in the sensitivity of the
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gaseous sensors [68,69]. Energy-dispersive x-ray (EDX) spectra from Figure S4 revealed
the existence of several chemical species in the PANI-rGO-ZnO film. Eight elements could
be detected: carbon (C), nitrogen (N), oxygen (O), aluminum (Al), gold (Au), chlorine
(Cl), potassium (K), and zinc (Zn), with Zn being present in the largest concentrations
(Figure S5).
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Spectra of the nitrogen dioxide sensitive film and two reference components are shown
in Figure 5e. In the rGO reference spectrum, two prominent peaks at 1355 cm−1 (D bands—
lattice defects of E1g mode and disordered sp3 bonded carbon) and at 1589 cm−1 (G bands—
E2g mode corresponds to in-plane stretching of ordered sp2 bonded carbon) suggest that
the structure of graphene is maintained in the composites [70]. In the PANI-rGO spectrum,
C–H in-plane bending vibration of the benzenoid and quinoid ring corresponds to the
bands at 409 cm−1, 606 cm−1, 818 cm−1, and 1176 cm−1, whereas C–N quinoid stretching
appeared at 1348 cm−1, 1486, and 1577 cm−1 [71]. The bands at 1377 cm−1 and 1569 cm−1

are attributed to D and G rGO bands, where both the position (shifted by ~20 cm−1) and
intensity are highly affected by the structure change in the PANI-rGO-ZnO composite
matrix. As per literature values, in the PANI-rGO-ZnO spectrum, the 2E1 localized at
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327 cm−1 and E2 mode centered at 438 cm−1 are attributed to ZnO. Meanwhile, the
intensity ratio of the D and G bands (ID/IG) is the signature by which the ordered and
disordered crystal structures of carbon modes are evaluated [72]. For low and moderate
defect densities, ID/IG increases with defect density. For the presented film, the intensity
ratio ID/IG is 0.97 in rGO but decreases to 0.77 for the PANI-rGO-ZnO composite matrix,
due to the G and D bands of rGO overlapping with those of ZnO and PANI.

3.2.3. Mechanisms of the PANI-rGO-ZnO Sensor Interaction with NO2

ZnO is considered an n-type semiconductor, with its resistance decreasing in the
presence of reducing gasses and increasing upon exposure to oxidizing gasses. The PANI-
rGO-ZnO gas sensing mechanism upon exposure to NO2 can be explained through the
mechanism shown in Figure 6a. Oxygen adsorption is an important component assuring
electrical transport in both ZnO and PANI-rGO. From the literature, it can be seen that
when exposed to air, the sensor reacts with O2, resulting in the formation of several oxygen
adsorbates, as presented in Equations (10)–(12):

O2(air) → O2(adsorbed) (10)

O2(adsorbed) + e− → O−2(adsorbed) (11)

O−2(adsorbed) + e− → 2O−
(adsorbed) (12)

NO2 + 2O−
(adsorbed) → NO−2 + O−2(adsorbed) (13)
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When the sensor is exposed to air, the adsorbed species (O−2(adsorbed) and O2(adsorbed))

can trap electrons from ZnO to form O−2 and 2O−
(adsorbed) at the surface of the ZnO nanopar-

ticles, leading to the formation of an electron-depleted surface layer. This process occurs
even in the absence of other gases such as NO2. However, upon exposure to NO2 , the
ZnO composite material will widen its depletion region, formed between rGO and ZnO
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(Figure 6a), leading to an increase in resistance. Other studies have also observed similar
behaviors, being more prominent at elevated temperatures (>90 ◦C) [73]. However, this
is dissimilar to the behavior encountered on testing the developed PANI-rGO-ZnO upon
exposure to NO2 at room temperature and in a nitrogen atmosphere, where a resistance
decrease was observed. While the oxygen adsorption mechanism does not hold in such
circumstances, studies on Density Functional Theory (DST) have shown that the electronic
properties of a ZnO monolayer can be effectively tuned by absorbing NO2 by physisorp-
tion, with direct interaction of adsorbed NO2 molecules with the materials and without
involvement of chemisorbed oxygen. An example of similar interactions at room tempera-
ture can be observed for cobalt oxysulfide [74,75]. This abnormal behavior persists while
testing at room temperature in a synthetic air atmosphere, with sensors becoming more
sensitive than in the nitrogen atmosphere. Thus, an alternative explanation might be the
presence of a high concentration of rGO in the sensing layer. As graphene does not require
oxygen activation, when the sensor is exposed to an oxidizing gas such as NO2, the gas
could directly attract the electrons from graphene due to their higher affinity, leading to
the electron transfer from the ZnO–graphene structure to the surface adsorbed NO2 to
form NO−2 (as in equation 13), behaviors also observed by other authors [70]. Although
exposure to NO2 of the ZnO composite material will lead to the widening of its depletion
regions, the rGO behavior will dominate due to its much higher conductivity, thus leading
to an overall lowering of resistance. As rGO has adequate coverage of the sensing surface
(Figure S6A,B) and the behavior of the tested films appears to change with the content of
rGO (Figure S7), this might be the explanation for the decrease in resistance. Depending on
the method of ZnO preparation, the grain size can also have a high effect on the sensitivity
of the end film, with it rapidly decreasing for diameters larger than 40 nm due to the low
increase in the specific area [76]. As NO2 acts as a dopant for PANI films, the resistance is
expected to decrease. Two other possible explanations for the observed behavior can be
excess PANI polymerization over the rGO network or the higher aggregation and intercon-
nectivity of rGO [77]. This behavior was also observed by other authors who employed
ZnO at room temperature, in combination with nanowires or other nanostructures. P-type
material behavior persists even upon exposure to NO2 at room temperature, 30 ◦C, and
50 ◦C [70,78,79].

The diagram shown in Figure 6b portrays the formation of the PANI-rGO-ZnO film
through electrodeposition and its possible interaction with NO2. Thus, a final explanation
of the decreasing resistances on sensor exposure to NO2 would revolve around the wider
depletion layer at the interface between rGO and ZnO being outbalanced by the higher
conductivity resulting from the high concentration of rGO functional groups, leading to a
resistance decrease. While unexpected, this behavior has the advantages of high sensitivity
at room temperature and lower energy consumption.

3.3. Data Analysis

• Materials selection

To determine the best sensing layer for the detection of ammonia and nitrogen dioxide,
a series of sensors have been manufactured and tested. The decision on the sensors
warranting further investigation has been informed by a PCA classification of the sensing
materials and an initial determination of linearity and sensitivity of the sensors on four
competing pollutants: formaldehyde, nitrogen dioxide, carbon monoxide, and ammonia.
Results of the PCA classification can be observed in Figure 7a, which shows a differentiation
in the effects of the CPs employed and the addition of carbonic materials in the sensing
layer on the sensitivity of the sensors to the given pollutants.
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Figure 7. PCA results for the sensor selection process. (a) Projection on the first two principal components
(PCs) of the sensors. Sensing layers (1–9) are defined as follows: 1. PANI-SWCNT (8 cycles); 2. rGO;
3. PANI-rGO (12 cycles); 4. PANI-MWCNT-NH2 (10 cycles); 5. PEDOT-GO; 6. PANI (15 cycles);
7. PPY-rGO-Fc; 8. PPY-GO; 9. PEDOT-MWCNT-NH2. Fabrication parameters for the classified sensors
can be seen in Table S7. (b) Representation of the first four PCs and what each PC represents in terms of
the chosen metrics (gas means for each tested concentration, followed by standard deviation of the gas
measurements, split by gas: CH2O, NO2, CO, NH3, Air, N2. Full definition of the PCA metrics can be
seen in Table S1).

From Figure 7, it can be seen that a first important split occurs between the other CPs
and PANI through its response to ammonia, with PC1 showing that PANI-based gasses
have a much better response to ammonia, as inferred from the literature. PC2 also offers
information on the introduction of carbon structures into the sensing layers, with them
having a boosting effect on the retrieved signal, especially on the lower concentrations.
The exceptions appear to be sensing layers using either non-reduced graphene oxide in
combination with PPY or carbonic materials without the stabilizing effect of CPs. From
comparing sensing layers making use of just PANI, with those also employing carbon
nanostructures, such as PANI-MWCNT-NH2 (Figure S8), it can be seen that the carbon
nanostructures do not have an effect on only low concentrations, but on the whole sensitiv-
ity of the sensor. This is lost in the PCA due to data being standardized prior to analysis.
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Thus, this confirms that the addition of carbon nanostructures in PANI has a significant
effect on sensor efficiency, leading to large increases in sensitivity, but also making its
ammonia response more linear.

As the effect of NO2 appears only on PC3, which covers little of the data variance,
this suggested the need for improvements to the initial film to boost the signal. Of the
tested sensors, the highest sensitivity to NO2 appears to be registered for sensors 3 and 1
(Figure S9), but of the two, only sensor 3 (PANI-rGO) had sufficient linearity for further
improvement. Metrics for quantifying the performance of all selected sensors for the
detection of ammonia and nitrogen dioxide can be observed in Tables 1 and 2. Response
metrics of the sensors are quoted for a single concentration value, with the slope of the
linear fit giving another quantifier for the sensitivity over the linear domain.

Table 1. Sensitivity and repeatability statistics for the proposed sensors. Ammonia sensors were
tested at a humidity of 30%, whereas the dioxide sensor was tested at a humidity of 0%.

Sensing Layer Concentration (ppm) S (%) LoD (ppm) RSD (%)

PANI-MWCNT-NH2
(10 cycles) NH3: 8 96.99 0.85 10.06

PANI-MWCNT-NH2
(15 cycles) NH3: 8 55.82 0.76 11.79

PANI-rGO-ZnO NO2: 8 −10.71 1.17 8.85

Table 2. Linearity statistics for the proposed sensors. Ammonia sensors were tested at a humidity of
30%, whereas the dioxide sensor was tested at a humidity of 0%.

Sensing Layer Slope (Ω/ppm) R2 (%) Linear Domain (ppm)

PANI-MWCNT-NH2
(10 cycles) 186.65 ± 13.01 97.85 ± 0.86 2–64

PANI-MWCNT-NH2
(15 cycles) 143.5 ± 11.87 97.82 ± 0.92 2–64

PANI-rGO-ZnO −294.27 ± 21.32 98.77 ± 0.89 0.4–90

• PANI-MWCNT-NH2 sensor

A PANI sensor with added carbon structures was determined to be the best performing
sensor for the detection of ammonia, with an increase in sensitivity of more than 20 times
being observed upon the addition of MWCNT-NH2 to the conductive polymer. However,
to improve the performance of the sensor, several other parameters also required fine
tuning, with the thickness of the sensing layer playing an important part in the intensity
and linearity of the sensor response. Thus, two sensing layers are compared to highlight
this difference, despite their comparatively similar performances in other metrics: a thinner
sensing layer obtained upon running the electrodeposition for 10 CV cycles and a thicker
layer obtained upon running it for 15 cycles. To observe stability of the sensors on prolonged
periods of used, four continuous measurement cycles were taken, with each pass executed
at an interval of one hour. From Figure 8a, it can be seen that both sensors do not reach
full saturation on the first pass of the measurement cycle, with low concentrations giving
much lower resistance measurements on the first pass. This behavior can also be observed
in the repeatability and stability measurements shown in Figure 8. However, at high
concentrations, this underperformance starts to disappear for both sensors, with the thinner
sensor achieving saturation faster. Moreover, the thicker sensor appears to gain stability at
a larger initial resistance, while reaching lower resistance values at high concentration, thus
resulting in a lower sensitivity and response. From the linearity plots (Figure 8b,c), it can
be seen that the thinner sensor indeed has a higher sensitivity, while the thicker one has a
higher tendency towards being linear. However, due to the higher air resistance at which the
thicker sensor stabilizes, its response is lower when compared to the expected value from
the resistance measurements. This becomes even more pronounced for subsequent passes,
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when the response can become negative due to the measurements at lower concentrations
being lower than those in air. Both sensors have LoDs smaller than 1 ppm (Table 1), thus
making them usable for their intended purpose.
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Figure 8. (a) Measurements for the PANI-MWCNT-NH2 (10 cycles) sensing layer and the PANI-
MWCNT-NH2 (15 cycles) sensing layer on increasingly high concentrations of ammonia in the range
of 0.5 ppm to 128 ppm. Concentrations of ammonia are sequentially introduced while interspaced
with N2. Passes were performed at intervals of 1 h and at 30% humidity. Performance metrics for
the ammonia sensors with different thicknesses, with the PANI-MWCNT-NH2 sensor after 10 cycles
being drawn in blue and the sensor after 15 cycles being drawn in green: (b) linearity plots for the
resistance of the sensor as a function of concentration for the first measurement pass at 30% humidity;
(c) linearity plots for the response of the sensor as a function of concentration for the first measurement
pass at 30% humidity; (d) repeatability and stability measurements for the PANI-MWCNT-NH2

(10 cycles) sensor at 0% humidity on measuring 20 ppm of ammonia; (e) repeatability and stability
measurements for the PANI-MWCNT-NH2 (15 cycles) sensor at 0% humidity on measuring 20 ppm
of ammonia; (f) selectivity test of the PANI-MWCNT-NH2 (10 cycles) sensor to a group of four
gasses: formaldehyde (40–200 ppb), nitrogen dioxide (8–90 ppm), carbon monoxide (2–200 ppm),
and ammonia (5–300 ppm), with humidity (0–50%). Gases were tested in an atmosphere of N2

at 0% humidity.

From Figure 8 d,e, it can be seen that both sensors have a high degree of repeatability
following the first measurement pass, with RSDs of 10.06% and 11.79% being registered
for the thin and thick sensors, respectively. This metric was obtained when calculating the
repeatability at 8 ppm of ammonia, 30% humidity, and over a period of 1 month, while
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taking into account the first pass. For the values calculated at 20 ppm ammonia and 0%
humidity, those RSDs increase to 11.9% and 13.74%, respectively. Thus, it appears that the
sensor is sufficiently stable in time and has a good repeatability both in the presence and
absence of humidity. Of the four tested gasses, the sensors are also selective to ammonia, as
can be seen from Figure 8f. Concentrations of CO and NH3 appear in two stacks due to the
gas tank needing to be changed to account for the high concentration range.

Selectivity was also tested with respect to humidity, with it being one of the main
confounding factors in chemoresistive sensors (Figures 8f and 9a,b). Thus, it can be ob-
served that with increasing humidity, there is a decrease in the response of the sensors as
well as in the slope of the linear fit, while there appears to be an increase in linearity up
to a breaking point where the saturation of water in the sensing layer leads to an overall
worsening of results. However, while humidity has an effect on the response, it is minimal
when compared to the sensor responses to ammonia.
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Figure 9. Effect of humidity on the two PANI-MWCNT-NH2 sensing layers. Humidity varies from
15% to 50%. (a) PNI-MWCNT-NH2 (10 cycles). (b) PANI-MWCNT-NH2 (15 cycles).

• PANI-rGO-ZnO sensor

From the literature and experiments, it was determined that the best improvement
to the PANI-rGO sensing layer is the addition of ZnO nanoparticles, thus leading to the
increase in sensitivity while preserving its response at room temperature. While this sensing
layer leads to a high initial resistance, such behavior is acceptable due to the decrease in
sensor resistance with the concentration of gas (Figure 10a). As with the ammonia sensors,
it can be observed than initial passes result in a different response when compared to
the subsequent measurements, suggesting that the sensors are best used for continuous
measurements with data logging after an adjustment period. Moreover, as opposed to
the ammonia sensors, it can be seen that there is more dispersion of the response at
subsequent passes at low concentrations due to a variation in the initial resistance. However,
at high concentrations, this variation decreases to 6.62% RSD at 90 ppm as opposed to
8.85% RSD at 8 ppm.

Linearity plots show a high dependence of the sensor response on the nitrogen diox-
ide concentration, with the slope of the linear fit reaching values of −294.27 Ohm/ppm
(Figure 10b). However, due to the response being in depletion, sensitivity values do not
fully represent the true response of the sensors. If we were to use the final gas value as the
determinant of the sensitivity metric, the response would be better exemplified, such as for
90 ppm obtaining a value of 101.74% rather than the sensitivity being constrained in the
−3.91% to −49.61% range for the tested gas concentrations. Moreover, from the stability plot
(Figure 10c), it appears that the response remains unchanged even after 2 weeks of testing.
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of the concentrations. However, there seems to be a small response to the higher concen-
trations of formaldehyde, though it is negligible when compared with the response to 
NO2. Of particular note is that despite PANI-rGO being highly sensitive to ammonia, the 
addition of ZnO and the selection of the electrodeposition parameters resulted in the min-
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Figure 10. (a) Measurements for the PANI-rGO-ZnO sensing layer on increasingly high concentra-
tions of nitrogen dioxide in the range of 0.2 ppm to 90 ppm. Concentrations of nitrogen dioxide are
sequentially introduced into the testing chamber. Passes were performed at intervals of 1 h and at
0% humidity. (b) Linearity plots for the resistance and response of the PANI-rGO-ZnO sensor as a
function of concentration for the second measurement pass at 0% humidity. (c) Repeatability and sta-
bility measurements for the PANI-rGO-ZnO sensor at 0% humidity on measuring 16 ppm of nitrogen
dioxide. (d) Selectivity test of the PANI-rGO-ZnO sensor to a group of four gasses: formaldehyde
(0.8–5 ppm), nitrogen dioxide (8–90 ppm), carbon monoxide (2–200 ppm), and ammonia (5–300 ppm).
Gases were tested in an atmosphere of N2 at 0% humidity.

In terms of selectivity, the PANI-rGO-ZnO sensor appears (Figure 10d) to be highly
selective to nitrogen dioxide, with it being the only gas which has a full spread coverage of
the concentrations. However, there seems to be a small response to the higher concentra-
tions of formaldehyde, though it is negligible when compared with the response to NO2. Of
particular note is that despite PANI-rGO being highly sensitive to ammonia, the addition
of ZnO and the selection of the electrodeposition parameters resulted in the minimization
of the final response to any other gasses apart from nitrogen dioxide.

Control of the ratio between the thickness of the rGO layer and the ZnO layer is of great
importance to the preservation of the acceptable performance of the NO2 sensor, with a much
thicker layer of the carbonic material resulting in a loss of performance of the sensor. In
such cases, it can be seen that the presence of oxygen is required to boost the signal to levels
previously observed in the optimized sensor, as observed from Figure 11a,b. Moreover, it can
be observed that the decrease in resistance upon increases in the gas concentration persists in
the presence of oxygen, confirming the tradeoff between the graphene and the depletion layer
being the main driving mechanism behind the sensor behavior.
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Figure 11. Response and linearity of a PANI-rGO-ZnO sensor with a thicker layer of rGO measured
at 0% humidity in an atmosphere of (a) N2; (b) synthetic air.

4. Conclusions

Two sensors sensitive to different gasses were developed based on the electrodeposi-
tion of C-hybrid materials on gold interdigitated electrodes. Moreover, progress has been
made on determining the optimal parameters for the selected electrodeposition method,
as well as on the optimization of the monomer and carbon material concentrations in the
hybrid materials such that response and selectivity to NO2 and NH3 are maximized. The
sensors were tested at room temperature, with both sensitive films exhibiting acceptable
sensitivity, linearity, and repeatability over a gas concentration domain relevant to preserv-
ing human safety and health. It was shown that the addition of carbon materials to CPs,
such as PANI, drastically increases the sensitivity of those films to the target gases, with
carbonaceous materials such as MWCNT-NH2 and rGO eliciting preferential responses
from NH3 and NO2, respectively. These results highlight the viability of chemosensors
based on composite films with C-hybrid materials for the detection of pollutant gasses in
the environment, with further fine-tuning allowing for the development of such sensors
for a wider range of pollutant gasses. Testing of the NO2 sensor also highlighted a curious
interplay between ZnO nanostructures and carbon materials. Despite it being an oxidizing
gas, which would elicit an increase in resistance due to the widening of the depletion layer,
NO2 leads to a decrease in resistance in films with a concentration of carbon materials
higher than 1%, when their behavior becomes dominant. However, the presence of ZnO is
necessary for stabilizing the sensitive film and increasing the selectivity and sensitivity to
nitrogen dioxide. While the sensors have exhibited acceptable performance in laboratory
conditions, it is important to further test their reliability under real conditions and over
several batches of the same sensitive film. One method to preserve the performance and
stability of the sensor is through encapsulation, with this being one of the main avenues
of improving the presented designs before further testing in real environments. Their
simple design, functionality at low temperatures, and effective performance would allow
such sensors to compete with, and even outdo, existing commercial devices, making them
desirable in the pursuit of better monitoring the effects of pollution on our surroundings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors11020132/s1, Figure S1: Interdigitated electrode layout.
(a) Fabricated sensor, (b,c) sensors with electrodeposited films; Figure S2: Diagram of testing platform;
Table S1: Metrics employed for the PCA. One vector is composed of all elements in the table. Hence
metrics are collected for each tested film; Figure S3: XPS survey spectra of the PANI/MWCNT-NH2;
Figure S4: SEM images at different magnitude of active area of the sensors covered by PANI-rGO-
ZnO; Tabel S3. The component for C 1s spectra of PANI and PANI-MWCNT-NH2; Tabel S4. The
component for O 1s spectra; Tabel S5. The component for N 1s spectra; Table S6. Resistance values
for PANI-rGO-ZnO (ANI in 1MHCl) films obtained following the electrodeposition of ZnO at 80 ◦C;
Figure S5: Resistances changes correlated with% rGO content for PANI-rGO-ZnO; Figure S6: PCA

https://www.mdpi.com/article/10.3390/chemosensors11020132/s1
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of tested sensors 1–8 to NO2; Figure S7. Ressistances changes correlated with %rGO content for
PANI-rGO-ZnO; Table S7. Fabrication protocol for the sensors employed in the selection process;
Figure S8. Response and linearity of two sensors, on using only PANI and one adding MWCNT-NH2
to PANI, on measuring ammonia concentration in a nitrogen atmosphere without added humidity;
Figure S9. PCA of tested sensors 1–8 to NO2.
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