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Abstract: The present study reports on the fabrication and performance of ammonia sensors based
on single-walled carbon nanotubes (SWCNTs) coated with gold nanoparticles (AuNPs). The AuNPs
were incorporated onto the SWCNTs using two different methods: sputtering and chemical
deposition. The sensors were exposed to controlled concentrations of ammonia at two temperatures,
namely 25 °C and 140 °C, and their response was monitored through successive cycles of ammonia
exposure (0.5 ppm and 1.0 ppm) and nitrogen purging. The results demonstrate that the sputtering-
based deposition of AuNPs on SWCNTs led to the best sensor performance, characterized by a rapid
increase in resistance values (tresp = 12 5) upon exposure to ammonia and efficient recovery at 140 °C
(trec =52 s). By contrast, the sensor with chemically impregnated AuNPs exhibited a slower response
time (tresp = 25 s) and the same recovery time (trec =52 s). Additionally, a novel device was developed
that combined MoS2-AuNPs (sputtering)-SWCNTs. This sensor was obtained by impregnating nano
sheets of MoS:2 onto AuNPs (sputtering)-SWCNTs, and it showed improved sensor performance
compared to the devices with only AuNPs. In this case, the sensor exhibited a better behavior, with
a faster recovery of resistance values even at room temperature. Overall, the study provides
valuable insights into the fabrication and optimization of SWCNT-based ammonia sensors for
various applications, particularly in detecting and quantifying small amounts of ammonia
(concentrations below 1 ppm).

Keywords: ammonia; molybdenum disulfide; gold nanoparticles; CCVD

1. Introduction

Ammonia, a colorless and toxic gas, is a versatile chemical with numerous industrial
applications, including refrigeration, agriculture, pharmaceuticals, production of fertilizers, plastics,
and power generation, among others [1-3]. The safe and effective use of ammonia requires accurate
and reliable monitoring of its concentration in various environments. This is where sensors play a
crucial role. In recent years, there has been significant progress in the development of sensors for the
detection and measurement of ammonia [4-6]. However, the development of ammonia sensors that
present high sensitivity and selectivity, and are capable of working at room temperature, is of special
relevance. Exposure to ammonia, even at low concentrations, poses a significant risk to human health.
To address this concern, the Occupational Safety and Health Administration (OSHA) has developed
guidelines for maximum exposure times and dose limits in workplace environments where ammonia
may be present [7]. The recommended maximum exposure time for workers is 8 hours, with a dose
limit of approximately 25 parts per million (ppm) for an 8-hour workday. If the concentration of
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ammonia exceeds this limit, then the recommended exposure time is much shorter. These guidelines
aim to safeguard workers from the harmful effects of ammonia exposure, which can cause irritation
of the eyes, nose, and throat, as well as respiratory difficulties, pulmonary edema, and in severe cases,
even death. Compliance with these regulations is critical for maintaining a safe working environment
and preventing the adverse health outcomes associated with ammonia exposure [7]. In this sense,
different approaches have been developed using a long list of sensing materials to detect ammonia
[8-12]. One popular type of sensor for ammonia detection is the electrochemical sensor [13]. These
sensors rely on the detection of an electrochemical reaction to measure ammonia concentrations. They
are well-known for their high sensitivity, fast response time, and the ability to perform real-time
monitoring, making them a suitable choice for many industrial applications [13]. For instance, a study
by Yavarinasab_et al. [14] describes the development of a polypyrrole-modified electrode for the
electrochemical detection of ammonium ions in aqueous media. The sensor showed high selectivity
and sensitivity for ammonium ions, with a detection limit of 2 ppm. Another study by Veluswamy
et al. [15] describes sono-synthesis of reduced graphene oxide (rGO), and its performance for
ammonia vapor detection at room temperature, with a minimum detection limit of 1 ppm and a
detection range from 1 ppm to 100 ppm.

Infrared sensors are another type of sensor used for ammonia detection [16]. These sensors
detect ammonia through the absorption of infrared radiation. They are widely used due to their fast
response time, sensitivity, and ease of use. For example, a mid-infrared laser-based absorption sensor
was developed for in-situ and simultaneous detection of ammonia, water, and temperature [16]. This
ammonia sensor showed a detection limit of 7 ppb [16]. In another research, a microfiber Bragg
grating (MFBG) was used to detect ammonia gas directly with ultrahigh sensitivity and without the
possible interference of volatile organic compounds [17].

Optical sensors are another type of sensor used for ammonia detection [18]. These sensors use
the absorption or fluorescence of light to detect ammonia, making them highly selective and sensitive
[19]. These sensors can also detect signals through changes in the light scattering pattern [20].
Maierhofer et al. described the development of optical ammonia sensors based on fluorescent aza-
BODIPY dyes, suitable for environmental, bioprocess, and reaction monitoring, capable of detecting
ammonia levels of the order of 1ug/L [21]. In another research, Lu et al. developed a sensor based on
reversible color change of an indicator of bromothymol blue loaded in a porous glass membrane,
induced by ammonia gas released from the alkalinized water sample [22]. In this case, the behavior
of the detector was linear with concentrations below 0.2 mg/L, and with detection levels in the
microgram range.

Other sensors are based on resistance changes of active materials exposed to gas [23,24]. In this
sense, various sensors based on metal oxides have been developed, and which are generally
characterized by their low cost and sensitivity [23,24]. Among these materials, it is worth highlighting
In20s, CuO, NiO, Fe20s, or V205, among others, with different dimensions and morphologies [25]. In
this regard, 3D-hierarchical n-ZnO/p-NiO heterostructures were used for the development of
ammonia sensors. In this investigation, detection levels were reached in the ppb range, although high
working temperatures were required [26]. In another investigation, an ammonia sensor based on
V205 nanosheets was developed [27]. In this case, the sensor was able to work at room temperature,
showing high sensitivity and low detection limit even in the presence of interfering gases such as
methanol, ethanol and others. The use of other materials for the development of resistance sensors,
such as single-walled carbon nanotubes (SWCNTs), has been described in different investigations. In
general, pristine SWCNTs show low ammonia detection efficiencies, so this type of materials has
been modified by incorporating metallic nanoparticles [28], polymers [29,30], or different
nanostructures [31,32]. In other investigations, ammonia sensors have been developed based on the
chemical modification of SWCNTs by functionalization with carboxylic acids [33]. The behavior
observed in these materials was attributed to the formation of hydrogen bonds between the ammonia
and the oxygen present on the surface of the functionalized nanotubes.
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In general, different types of ammonia sensors have certain characteristics, and the selection of
a sensor for a specific application will depend on factors such as sensitivity, required response time,
measurement range, cost, and complexity.

In this research we have developed sensors based on hybrid structures, formed by SWCNTs
grown vertically through a catalytic chemical vapor deposition (CCVD) process, using TiN-5iO»-Si
substrates as support. These materials were subsequently modified by incorporating Au
nanoparticles and MoS: nanosheets. The different materials used for the fabrication of these
heterostructures were characterized by electron microscopy (SEM/TEM), Raman spectroscopy, and
X-ray photoelectron spectroscopy (XPS). The devices prepared from these materials were subjected
to ammonia detection tests at room temperature and 140 °C, with ammonia concentrations of 0.5 and
1 ppm, showing linear behavior.

2. Materials and Methods

2.1. Preparation of Substrates for SWCNTs Growth

Silicon wafers (100) from EI-CAT Inc. were used as substrates. Substrates were cleaned with
isopropyl alcohol and next dried in an oven at 70 °C before use. In order to obtain different
thicknesses of SiO2 on Si, the substrates were subjected to a heat treatment at 200 °C for 5, 10 and 15
min and under vacuum (10 mb). Under these treatment conditions, layers of thermal silicon oxide
(Si02) of ca. 200, 320 and 440 nm, respectively, were obtained. These SiO:@Si substrates were then
coated with TiN by physical vapor deposition (PVD). For this, a TiN target was used. The deposition
temperature used was 110 °C, with a deposition time of 30 min and a TiN thickness of ca. 60 nm. The
obtained materials were then treated to obtain a specific pattern of alternative TiN and SiO: zones.
For this, an ion gun (Ion Tech Inc., 600 V and 104 mb pressure) was used, using a micrometer-sized
patterned mask.

SWNTs were grown using a catalytic process. For this, the substrates obtained, with alternating
zones of TiN and SiO2, were used as catalyst support. The catalyst consisted of a mixture of Co-Mo,
deposited on the substrates by dip coating, using the following procedure: dilute solutions of
Co(CH3COQO)224H>0 and Mo(CH3COQ): in absolute ethanol were used as catalyst sources.
Normally, to prepare 100 mL of the corresponding acetate solution, 0.02 g of the Mo salt or 0.04 g of
the Co" salt was used. Both solutions were sonicated for 20 min and shaken for 2 h. Acetate solutions
were kept in the dark to avoid photodecomposition. In a first step the substrates were immersed into
the Mo acetate solution for 10 sec. and subsequently calcined in an oven in air at 673 K for 20 min.
After that, the substrates were allowed to cool to room temperature and the dip-coating process was
repeated using the Co!! acetate solution. The substrates were then re-calcined in an oven at 673 K for
20 min. As a result, organic compounds were removed from the surface, giving rise to metals (Co and
Mo) in oxidized form. As it could already be verified in other investigations, the metals are deposited
mainly in the zones corresponding to SiOz, fundamentally due to the much more polar behavior of
SiOz2 than TiN, which acts as a physical barrier.

2.2. Synthesis of SWCNTs-5i02-5i

The substrates obtained as described above were used for the growth of SWCNTs. For this, a
homemade catalytic CVD equipment was used, composed of a three-entry system (see Figure 1). A
cylindrical quartz reactor with an inner diameter of 25 mm and a length of 1 m was installed inside a
tube furnace. Substrates in a ceramic boat were introduced within the quartz reactor. Next, the system
was closed and evacuated to 102 Pa, by using a mechanical pump. After 15 min, the mechanical pump
was stopped and a mixture consisting of 90% Ar and 10% H: gas was added to the reactor (300 sccm
flow rate). Simultaneously, the reactor was heated up to 1173 K (10 Kmin™), which allowed the
reduction of the Mo and Co oxides, giving rise to the appearance of Mo® and Co® nanoclusters, which
are the true catalysts for the synthesis of SWNTs. Once the synthesis temperature was reached, the
flow of Ar-H: was stopped and a mixture of 10% H2z and 90% Ar with ethanol (99.5%) vaporized in
the Ar current was introduced into the chamber, at a flow rate of 200 sccm. The ethanol introduced
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was the carbon source for the synthesis of SWCNTs, for which a growth time of typically 5 min was
used. The growth ended when the gas mixture was changed to Ar (300 sccm), and simultaneously
the cooling of the furnace began.

2.3. Synthesis of Au@SWCNTs-5i02-5i

SWNTs grown according to the procedure described above were located exclusively on the areas
corresponding to SiOz. The presence of TiN, although it inhibits the growth of carbon nanotubes, is
necessary to facilitate the growth of vertically organized SWCNTs in the more polar regions of SiO2
(see Figure 2). SWNTs were then partially coated with Au using a sputtering system. The process
was carried out under a vacuum of 5.102 mb and with a sputtering time of 20 sec. The material
obtained (Au@SWCNTs-5i02/5i) was then subjected to a heat treatment at 400 °C in flowing Ar (300
sccm) for 15 min. The amount of gold deposited by this procedure was estimated at ca. 5% (% at),
based on EDS measurements.

To study the influence of the type of impregnation of SWCNTs with gold on the behavior of the
sensor, a new experiment was carried out in which the SWCNTSs were impregnated with Au through
a chemical process. This procedure consisted of incorporating 0.2 mL of the Au precursor (0.005 g of
HAuCl in 2 mL of water) on the Si substrate with SWCNTs grown on the surface (SWCNTs@Si).
After 15 minutes, the substrate impregnated with the gold reagent was immersed in a NaBHa solution
(10 mg in 10 mL of H20) and allowed to react for 20 min at room temperature. Subsequently, the
substrate was extracted and immersed in deionized water (3 times) to remove the reducing agent.
This process was repeated 3 times and, finally, the substrates were dried overnight in a vacuum oven
at 60 °C. The amount of gold deposited by this chemical method was evaluated by EDS, and estimated
to be ca. 4% (% at), being similar to the result obtained by sputtering deposition (5%).

O:H: Exitgas

Quartzboat

Mass flowercontrol Quartztube

Electric funace

Ethanoltank

Mass flower control

Figure 1. Diagram of the catalytic CVD system used for the growth of SWCNTs.

2.4. Synthesis of MoS-Au@SWCNTs-5i02-Si

MoS: nanosheets were incorporated onto Au@SWCNTs-5i02-5i, and their behavior in the
detection of ammonia, was studied. To do this, commercial MoS: was subjected to an exfoliation
process, which consisted of mixing 1 g of commercial MoS: with 50 mL of ethylenediamine. The
mixture was kept under constant stirring for 48 h and then centrifuged to remove excess
ethylenediamine. The solid obtained was redispersed in dimethylformamide and then sonicated for
3 h using a Tip Sonicator (Sonics Vibra-Cell VCX 750 Ultrasonic Processor) in pulsed mode (30%
amplitude, pulse on 10 s, pulse off 10 s). Subsequently, the solution was left to rest for 4 hours, and
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the supernatant was extracted and centrifuged for 30 min at 5000 rpm. Finally, the product was dried
and sealed for later use.

The deposition of exfoliated MoS: on Au@SWCNTs-5i0O2-Si was carried out by impregnation,
dispersing 20 mg of previously exfoliated MoS: nanosheets in 20 mL of ethanol. The mixture was
sonicated for 1 hour using a Tip Sonicator (Sonics Vibra-Cell VCX 750 Ultrasonic Processor) in pulsed
mode (10% amplitude, pulse on 5 s, pulse off 10 s). The Au@SWCNTs-SiO»2-Si substrates were immersed
in this solution for 5 min. Subsequently, the substrates were extracted from the solution and placed in
a deionized water bath, repeating this last process 3 times. The substrates were subsequently dried in a
vacuum oven at 60 °C overnight. The amount of MoS: deposited by this chemical impregnation method
was evaluated by EDS analysis of Mo, and estimated to be ca. 6% (% at).

2.5. Characterization

The morphology of the materials was characterized by field emission scanning electron
microscopy (FESEM) using a JEOL JSM-6010PLUS/LV, equipped with an INCA EDS XMAXN analyzer
(Oxford Instruments, Abingdon, Oxfordshire, UK), and a FEI Verios 460L, equipped with a Quantax
EDS Analyzer (Thermo Fisher Scientific, Hillsboro, Oregon, USA). Characterization by high-resolution
transmission electron microscopy was carried out using a JEM 3000F microscope (JEOL, Peabody, MA,
USA). Raman spectroscopy was carried out using a DXR Thermo Raman Microscope with a 532 nm
laser source at 5SmW power, and a resolution of 5 cm™ (Waltham, MA, USA). X-Ray photoelectron
spectroscopy (XPS), was carried out using a ESCALAB 220i-XL spectrometer with a non-
monochromatic Mg Ka (1253.6 eV) radiation, operating at 20 mA and 12 kV (Waltham, MA, USA).

2.6. Target Gas Exposure

An in-house designed sensing chamber of 1 L capacity was used (see Scheme 1), capable of
working at different temperatures through a thermostating system. The manufactured sensor was
inserted into the chamber, with the terminals conveniently connected. The chamber was then
evacuated to remove any possible contamination. For this, two vacuum pumps were used: one of
them, to eliminate possible contamination in the gas lines, and an additional pump connected directly
to the sensing chamber to remove any residual gas molecules. The system has an ammonia line
(Gasco, 5 ppm ammonia diluted in nitrogen), and a second UHP nitrogen line (5.0). Both lines are
connected to the sensing chamber, through flowmeters that allow controlled amounts of gas to be
introduced. Resistivity measurements were carried out using a two-probe conductivity cell.

Pump-1

Mass Flow -

Controller T —_— Pump-2

ik T | ‘ﬂ o[ Exhaust
) K —_—

X iy thermostated
- (,'ig sensing chamber

NH
N2 |

Figure 2. Schematic diagram of the setup for ammonia gas sensing.
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3. Results and Discussion

3.1. Characterization of Nanomaterials

Figure 3 shows the SEM image of the different nanomaterials used in the manufacture of the
different ammonia sensors developed in this research. Figure 3a shows the SEM image of vertically
grown SWCNTs on TiN-5iO:-Si substrates, on which Au nanoparticles have been deposited.
SWCNTs are characterized by being grouped in bundles, whose diameter ranges between 10 and 15
nm (see below), and which are adhered to each other thanks to the presence of amorphous carbon.
As can be seen, the distribution of Au nanoparticles is quite homogeneous, with diameters ranging
between 5 and 8 nm. Figure 3b shows the SEM image of MoS: previously delaminated. As can be
seen, delamination allowed obtaining structures of limited size, with average diameters below 200
nm. Figure 4 shows the HRTEM results of the different nanomaterials used. Figure 4a shows a bundle
of SWCNTs. As can be seen, the fiber diameter is ca. 15 nm, and is formed by the grouping of
individual SWCNTs, with an approximate diameter of 1.6 nm. These SWCNTs remain grouped
forming these fibers thanks to the presence of an amorphous carbon that maintains their integrity.
Similar results have already been observed previously [34]. Figure 4b shows a gold nanoparticle
obtained by chemical synthesis. As observed, the nanoparticle shows a diameter of ca. 7 nm and is
highly crystalline, whose interplanar spacing of ca. 0.23 nm has been indexed to (111) crystal plane
of Au. Figure 4c presents the HRTEM image of MoS: that underwent ultrasonication-assisted
exfoliation. The exfoliation process reveals the fine details of the atomic monolayer, as evident in the
image. As previously reported in publications by our research group [35], MoS: exhibits a high degree
of crystallinity, which is corroborated by the inset of Figure 4c. Additionally, the material also
contains structural defects, which may potentially influence its properties and behavior.

Figure 3. SEM micrographs of SWCNTs-AuNPs (a) and MoS: nanosheets (b). The arrows in Figure
3a indicate the presence of AuNPs.

Figure 4. HR-TEM micrographs of the different components of the synthesized bundles of SWCNTs,
showing the diameter of an isolated nanotube (a); Au NP, showing the characteristics of face-
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centered-cubic (fcc) Au (111) (d =0.23 nm) (b); and MoS: single layer with the corresponding selected
area electron diffraction (SAED) pattern (c).

The different nanomaterials were also characterized by X-ray photoelectron spectroscopy (XPS).
The transition corresponding to Cls (Figure 5a) is clearly asymmetric and has been deconvoluted into
two components at ca. 285.5 eV and 287.4 eV. The most intense peak (284.6 eV) has been assigned to
hybridized graphite-like carbon atoms (sp? carbon) [36], characteristic of the nanotube. The peak at 286.5
eV has been assigned to possible structural defects of SWCNTs, specifically to the presence of -C-O
groups in the nanotube structure [36]. The presence of these defects in the nanotube is relevant, since
they have the potential to serve as interaction zones with ammonia. Figure 5b shows the Au4f transition,
with peaks at 83.4 eV and 86.9 eV, and a characteristic spin-orbit splitting of ca. 3.5 eV, typical of the
presence of metallic gold [37]. Figure 5c shows the Mo3d and S2s transitions, corresponding to MoS..
Mo3d shows two peaks at 232.0 eV and 228.9 eV, which have been attributed to the Mo3ds2 and Mo3ds.
doublet, respectively, and which have been assigned to the Mo* state | MoS: [37,38]. At 226.5 eV, a peak
corresponding to the S2s transition, characteristic of MoSy, is shown [37].

Au4f-,,2 M03d5/2
Au4f5[2

86.9

Intensity (a.u.)

1L 1L
290 285 280 90 85 80 ' 235 233 230 228 225

Binding Energy (eV)
Figure 5. XPS core level spectra for Cls (a); Au4f (b); and Mo3d/S2s (c).

The different materials were characterized by Raman spectroscopy (Figure 6). Figure 6a
corresponds to the Raman spectrum of SWCNTs grown by CCVD, after being detached from the
substrate, showing an intense peak at 1594 cm™ (G-band), and a much less intense band (D-band) at
ca. 1342 cm™ [39]. Additionally, a band is observed at 2665 cm™ (G’-band). The intensity ratio of the
G/D bands is unequivocally related to the high purity of the SWCNTs. Below 300 cm™ the RBM region
is shown, whose position can be empirically correlated with the diameter of the nanotubes. For this,
the formula d = 284/vrem is used, where vrsm is the Raman shift corresponding to the RBM peak, and
d is the diameter of the SWCNT (nm) [40]. The diameter determined by this approximation was 1.52
nm, which agrees with the dimensions determined by HRTEM (ca. 1.60 nm). Raman spectrum of
MoS: (Figure 6b) is characterized by having two bands at 375 cm™ and 404 cm™ that have been
assigned to the El2g and A1z modes, respectively [41]. The position of these bands varies with the level
of exfoliation of the material, so these values indicate that exfoliation has led to the generation of
MoS: nanosheets with few layers [42,43]. As observed in Figure 6c,d, the incorporation of gold
nanoparticles (by sputtering) on the nanotubes did not produce apparent changes in the Raman
spectrum. Figure 6d shows the Raman spectrum of the surface of the material subsequently used as
a sensor (SWCNTs grown on TiN-5iO:-Si substrate, with gold nanoparticles and MoS:z nanosheets on
the surface). As observed, the Raman spectrum shows two small peaks assigned to MoS: and one
peak at ca. 550 cm™ that is due to TiN, coming from the support.
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Figure 6. Raman spectra of as-synthesized SWCNTs (a); MoSz2 nanosheets (b); AuNPs-SWCNTs on
TiN-SiO»2-Si substrates (c); and MoS2-AuNPs-SWCNTs on TiN-5iO»-Si substrates (d).

3.2. Assembly of the Device and Gas Sensing Properties

The manufacture of the ammonia sensors has been described in Section 2 (Materials and
Methods). The different stages are summarized in Figure 7. As a result, three types of sensors were
obtained: i) Au@SWCNTs, with AuNPs deposited by sputtering, ii) Au@SWCNTs, with AuNPs
deposited by chemical impregnation and subsequent reduction, and iii) MoS-Au@SWCNTs, with
AuNPs deposited by sputtering and MoS: by impregnation. The results obtained with sensors based
on chemical impregnation of gold were less efficient than those obtained by sputtering, so the
incorporation of MoS: was only performed in sensors with AuNPs deposited by sputtering. Figure 8
shows an image of the sensor based on lines of M0oS-Au@SWCNTs, together with its schematic. The
manufactured devices were tested by exposure to low concentrations of ammonia (0.5 ppm and 1
ppm). The measurements were carried out at two temperatures (25 °C and 140 °C), and using short
cycles of exposure to ammonia and purge with nitrogen, for a total time of 90 min.
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Figure 7. Schematic illustration of the substrate preparation process and the synthesis of SWCNTs: (i)
Obtaining thermal SiO2 (1); (ii) TiN deposition, and subsequent patterning of the substrate (2—4); (iii)
Catalyst deposition (5); and (iv) Growth of SWCNTs by CCVD (6).

MoS,-AuNPs-SWCNTs
Sio, TiN

e

-ﬁ

\

\ / Gold colector

Figure 8. Picture of the devide based on MoS-Au@SWCNTs, and schematic illustration of the
different components.

In this study, a single-walled carbon nanotube (SWNT)-based device with gold nanoparticles
(AuNPs) deposited on its surface via sputtering (type-1) was exposed to controlled concentrations of
ammonia dissolved in nitrogen, specifically 0.5 ppm and 1 ppm. The behavior of this sensor was
analyzed at two different temperatures, 25 °C and 140 °C, using short cycles of ammonia input,
followed by purging with nitrogen. The results of these experiments are presented in Figure 9.
Notably, the response of the material was found to be consistent, with resistance values (R) that
remained constant over the four cycles. At 25 °C (as shown in Figure 9a), a rapid increase in R was
observed upon the introduction of ammonia. Even when the ammonia flow was terminated and the
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detection chamber was purged with N2, R did not fully return to its initial values. The observed effect
of increasing resistance values (R) upon exposure to ammonia was found to become more
pronounced throughout the multiple cycles studied. Interestingly, at a higher temperature of 140 °C,
the recovery of R was more efficient. The results obtained at 25 °C may suggest that a portion of the
ammonia that interacts with the sensor remains adsorbed on the surface even after purging with No.
However, when the same process was carried out at a higher temperature (140 °C), the N2 purge was
found to be more effective, resulting in R values that almost returned to their initial values. The
interaction energy between the sensor and ammonia could be responsible for this effect, requiring
the use of high temperatures to promote the desorption of ammonia [44]. These findings were further
supported by X-ray photoelectron spectroscopy (XPS) analysis (see Figure S51). Specifically, Figure S1
shows the spectra corresponding to N1s after ammonia adsorption on SWCNTs at 25 °C and 140 °C,
followed by purging with N2. As shown in Figure S1a, at 25 °C, a clear signal from ammonia was still
observed. However, at 140 °C (Figure S1b), this signal was significantly reduced, indicating the more
efficient removal of ammonia from the sensor surface. For comparative analysis, we contrasted the
obtained results with those from a SWCNT-based sensor (without the presence of AuNPs). The
outcomes are presented in Figure 52, demonstrating a less linear response with a considerably smaller
change in R compared to the sensor with AuNPs. This justifies the necessity of incorporating AuNPs
to enhance the device response. To further investigate the response of the AuNPs-SWCNTs based
sensor, we conducted an extensive study with a single cycle of exposure to ammonia, as shown in
Figure S3. The initial R value of the device before the exposure to ammonia was approximately 4.2
kQ. Upon exposure to 1 ppm ammonia at 25 °C, a rapid increase in R was observed, peaking at
approximately 4.6 kQ. The response time (tresp) was determined to be 12 s under the given conditions.
Upon cessation of ammonia input and subsequent purging with Nz, the recovery time (tw.) of R is
approximately 52 s, although it does not attain the initial values, as evidenced in Figure 9. Figure S3
reveals that the recovered R value (AR) is approximately 19% greater than the initial R.
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Figure 9. Dynamic response curve for the Au(sputtering)-SWCNTs composite gas sensor towards
NHs (0.5 ppm and 1 ppm), at 25 °C (a) and 140 °C (b).

To investigate the impact of gold impregnation methods on the sensor behavior, a new
experiment was conducted. Herein, AuNPs were deposited through a chemical impregnation and
reduction process, as described in Section 2.3. Figure 10 depicts the outcomes achieved using this
material under experimental conditions equivalent to those delineated earlier.
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Figure 10. Dynamic response curves for the Au(chemical)-SWCNTs composite gas sensor towards
NHs (0.5 ppm and 1 ppm), at 25 °C (a) and 140 °C (b).

Asiillustrated in Figure 10, the performance of this sensor exhibits a resemblance to that observed
in the case of AuNPs deposition through sputtering. Nevertheless, the response times (tresp)
experience a significant increase, reaching nearly 25 seconds, which is twice that of the sensor
fabricated via sputtering. Conversely, it is worth noting that the recovery of R, at both 25 °C and 140
°C, is similar to that observed in a sensor produced by sputtering.

Based on the outcomes obtained using different materials, and considering that the sensor
exhibiting the best performance was obtained through AuNPs deposition by sputtering, a novel
device was prepared using MoS:-Au(sputtering)-SWCNTs. To achieve this, a fresh material
composed of Au(sputtering)-SWCNTs was generated, and subsequently, MoS: was incorporated
onto it, following the procedure delineated in Section 2.5. Subsequently, this device underwent
identical ammonia exposure trials, and the findings are illustrated in Figure 11.
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Figure 11. Dynamic response curves for the MoS:-Au(sputtering)-SWCNTs composite gas sensor
towards NHs (0.5 ppm and 1 ppm), at 25 °C (a) and 140 °C (b).

In this study, it can be observed that the trend of the sensor under analysis is similar to that of
other sensors that have been previously analyzed. At a temperature of 25 °C, the retention of
ammonia is still evident, leading to the fact that the sensor does not recover its previous values.
However, at a temperature of 140 °C, the recovery of the sensor is more efficient. Comparing the
results of this sensor with those obtained in the absence of MoSz, a greater stability and better
behavior are observed, as shown in Figure 9. The reason for this behavior is still unclear, although it
is initially suggested that both AuNPs and MoS: may have a potential effect on the flow and

doi:10.20944/preprints202304.0211.v1
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movement of electrons throughout the device, which represent active zones for interaction with
ammonia.

In order to study the behavior of the sensor based on MoS:-Au(sputtering)-SWCNTs under
alternating cycles of exposure to different concentrations of ammonia at 140 °C, an additional study
was conducted (see Figure 12). As can be observed, the device performs efficiently at these
concentrations, with a recovery of R similar to that observed in previous exposures.

Finally, the same device was subjected to increasing concentrations of ammonia to investigate
the proportionality of the response (see Figure 13). The sensor was exposed to concentrations of 0.5,
1, 5, and 10 ppm. It can be observed that exposure to concentrations higher than those previously
studied (e.g., 5 and 10 ppm) resulted in a clearly non-linear response, indicating device saturation.
At an ammonia concentration of 25 ppm (not shown), the maximum resistance (R) measured did not
surpass 7 kQ), providing evidence of the device’s saturation. The reason for this behavior could be
attributed to the relatively low quantity of single-walled carbon nanotubes (SWCNTs) grown on the
device lanes, which inevitably limits the sensor’s practicality.

The results obtained in the present research are certainly relevant because they demonstrate the
use of these sensors for detecting low concentrations of ammonia. Table 1 shows a state-of-the-art
comparison of some of the most representative ammonia sensors developed in recent years. From the
perspective of environmental sustainability, all components used in the development of these sensors
are environmentally friendly. The gold nanoparticles, MoSz, and Si have no environmental
implications at the concentrations used. Additionally, the economic cost of these materials is minimal,
even in the case of gold, since the amounts used for manufacturing are indeed negligible. This clearly
represents a great advantage over other current or in-development sensors.
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Figure 12. Dynamic response curves for the MoS:>-Au(sputtering)-SWCNTs composite gas sensor
towards alternating exposure to NHs (0.5 ppm and 1 ppm), at 140 °C.
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Figure 13. Dynamic response curves for the MoS:-Au(sputtering)-SWCNTs composite gas sensor
towards exposure to NH3 (0.5, 1, 5 and 10 ppm), at 140 °C.

Table 1. Comparison of the results obtained in the present research with other ammonia sensors.

Sensing Material Ammonia Detection | Reference
Levels
Polypyrrole-modified 0.5-5.0 ppm [14]
electrode
Reduced Graphene | 1-100 ppm [15]
Oxide (rGO)
Pd-doped ZnO >5 ppm [45]
Pd-Sn0x-rGO 5-150 ppm [46]
Au-TiO: 1-20 ppm [47]
TiO2 50 ppm [48]
Bi2Ses/Bi203 5-180 ppm [49]
Si 2-500 ppm [50]
TisC2Tx-TiO2 >200 ppb [51]
Ce02-ZnO 10-100 ppm [52]
This research 0.5 ppm N/A

4. Conclusions

In this study, several ammonia chemical sensors based on carbon nanotubes were developed.
The carbon nanotubes were successfully synthesized on Si(100) substrates, which were coated with
thermal SiO2. The support was subsequently patterned to facilitate the growth of vertically aligned
single-walled carbon nanotubes (SWCNTs) using a catalytic method. The resistance of the resulting
composite materials, including those generated by deposition of AuNPs and MoSz, was evaluated
before and after exposure to ammonia. The sensitivity of the sensors was found to be temperature-
dependent, with greater efficiency observed at 140 °C compared to 25 °C. However, the results
indicate that the saturation of the sensor occurs at relatively low concentrations (above 1 ppm) for
the devices manufactured, and the response at 5 and 10 ppm was clearly nonlinear, which could be
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attributed to the limited number of SWCNTs grown in the devices. The results of this study show
promise and provide the foundation for future research aimed at detecting trace amounts of ammonia
in the ppb concentration range. Although the sensors developed in this study require several
preparation steps, they are obtained easily, which could facilitate their potential application. The next
phase of this research, which is already underway, will involve interconnecting several sensors,
evaluating the selectivity of these sensors towards ammonia, and studying other factors that can
significantly affect the device’s sensitivity, such as humidity or the presence of other chemicals.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: XPS transition of N1s from SWCNTs exposed to 1 ppm ammonia at 25
°C (a) and 140 °C (b), followed by N2 purging; Figure S2: Dynamic response curve for SWCNTSs towards NHs
(0.5 ppm and 1 ppm), at 25 °C (a) and 140 °C (b); Figure S3: The response time and recovery time of the sensor
based on Au-SWCNTs to an exposure of 1 ppm ammonia concentration at 25 °C.
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