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Abstract

This study is devoted to the determination of the role of aerosol spraying in the formation
of NO, sensor properties of carbon nanofiber (CNF)-based films. This is the first paper
to systematically apply the aerosol spraying technique to CNF-based films and link the
spraying parameters directly to sensor performance metrics (response, signal-to-noise ratio,
response times, etc.). Chemiresistive gas sensors were created based on CNFs and tested at
room temperature (25 £ 1 °C). It has been shown that the increase in the concentration of
the CNF/ethanol mixture used for spraying from 3 to 30 mg/mL led to a growth in sensor
response from 1.2% to 12.0% at 2 ppm NO,. The increase in the thickness of the CNF film
of the sensor induced a growth in AR/Rg to NO, that is attributed to the formation of a
porous film. With increased film thickness, the response improves (from 7.0% to 10.6% at
2 ppm NO,) as does the signal-to-noise ratio (from 735:1 to 1892:1). The creation of hybrid
all-carbon composites based on CNFs and multi-walled carbon nanotubes (MWCNTs)
resulted in a decrease in both sensor response and signal-to-noise ratio; however, the
response time and recovery degree improved. Two types of hybrid materials based on
CNFs and MWCNTs were created using aerosol spraying to enhance the sensor behavior
of CNFs. The obtained data confirm the dominant role of the thickness of CNF-based films
and their density (in terms of distance between nearest carbon inclusions within the film) in
sensor characteristics. The machine learning data used to describe the sensing behavior of
two gases with opposite resistance changes when in contact with CNFs, namely NO, and
NHj3, showed final accuracies of 92.13% on training data and 91.98% on validation data.

Keywords: carbon nanofibers; spraying; aerosol; sensors; films; porosity; nitrogen dioxide

1. Introduction

The detection of hazardous and toxic gases in industry is of great importance for envi-
ronmental protection as well as occupational health and safety. Even at low concentrations,
toxic gases can cause respiratory, digestive, and other health problems.

There are many types of sensors for gas detection, including electrochemical [1],
fiber optic [2], piezoelectric [3], and capacitive [4] sensors. However, they have some
disadvantages, such as low sensitivity, lack of selectivity, and high cost [5,6]. Therefore,
there is interest in new detection methods, such as chemiresistive gas sensors. One of
the dangerous gases that chemiresistive sensors are designed to detect is nitrogen dioxide
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(NO») [7]. NO;, is one of the gases that cause respiratory problems, such as asthma and
bronchitis [8,9]. The prolonged exposure may increase the risk of respiratory infections [10].
Therefore, NO, detection in air is a crucial task, not only in terms of public health but also
for chemical engineering, medicine, and other fields [11,12].

Semiconductor sensors based on metal oxides with high sensitivity are the most com-
mon among chemiresistive gas sensors [13,14]. Nonetheless, a major drawback is their
requirement for high operating temperatures (typically above 300-350 °C), which results
in high energy consumption and prevents their incorporation into mobile or portable de-
vices [15]. The use of nanomaterials offers a pathway to overcome this limitation, enabling
the development of sensing layers that function effectively at room temperature [16,17].

Recently, various types of carbon nanomaterials have been utilized as active materials
for gas sensors [18] because of their unique characteristics and distinctive properties. Such
nanomaterials include single-walled carbon nanotubes, multi-walled carbon nanotubes,
carbon nanofibers (CNFs), graphene oxide, reduced graphene oxide, etc., which can be
applied to the sensor in the form of a film, for example, through spray coating. Composites
based on carbon nanomaterials and ZnO [19,20], In,O3 [21], CuWOy4 [22], CuO [23] are
used. CNFs (nanofibers obtained using the chemical vapor deposition (CVD) technique
through the decomposition of C;—C, hydrocarbons with diameters below 100 nm) can be
considered one of the carbon nanomaterials that are cheaper compared to carbon nanotubes
and can be obtained with significantly higher yields through catalytic decomposition of
methane or associated petroleum gas [24]. There are only a few studies that have explored
CVD-grown CNF-based NO; gas sensors [25].

A significant number of papers in the field of gas sensing focus on selecting the
type of material [26]. Currently, there are no works dedicated to studying the effects of
aerosol spraying technique conditions on sensor properties. However, some articles are
devoted to studying the impact of deposition conditions on sensing behavior. For example,
Orlando et al. [27] reported the effect of surfactants on the influence of surfactants on the
deposition and performance of single-walled carbon nanotube-based gas sensors for NO,
and NHj detection. The coatings based on sodium dodecyl sulfate and carboxymethyl
cellulose showed the highest response. Despite the numerous papers devoted to gas
sensors, the impact of the deposition technique remains poorly understood, especially for
materials used as rarely as CNFs.

Therefore, this work is devoted to investigating the NO, gas sensing properties of
CNFs. The main parameter used to increase the response is the concentration of the
CNEF/ethanol mixture used for spraying. This is the first paper systematically applying
the aerosol spraying technique to CNF-based films and linking the spraying parameters
directly to sensor performance metrics (response, signal-to-noise ratio, response times, etc.).

2. Materials and Methods
2.1. Sensing Material

Carbon nanofibers were synthesized via the catalytic decomposition of methane in
a vibrofluidized bed reactor at 550 °C and a pressure of 1 atm. A catalyst composition
of 90% Ni/10% Al,Os was used for the growth of CNFs. The detailed synthesis proce-
dure is described elsewhere [28]. High loading of the active metal component led to the
formation of granulated material (1-5 mm in diameter), consisting of intertwined CNFs.
The material was subsequently ground in an agate mortar and sieved to obtain particles
smaller than 100 um.

In order to carry out the comparison of sensor behavior and to enhance the response,
the hybrid films based on CNF and multi-walled carbon nanotubes (MWCNTs) were pre-
pared. There are two MWCNT samples used. Multi-walled carbon nanotubes marked as
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MWCNTs#1 are a commercial material produced by Shenzhen Nanotechport Co. (Shen-
zhen, China). Multi-walled carbon nanotubes of labeling MWCNTs#2 were obtained by the
CVD method using a Fe-Co/Al,Oj3 catalyst (obtained by co-precipitation) in a fixed-bed
reactor (750 °C, 1 L/min CHy, 1 atm). The synthesis was completed within 15 h until
complete deactivation of the catalyst had occurred.

The idea of applying two types of MWCNTs is based on their different specific sur-
face areas and diameters, which provide varying morphologies in hybrid composites
with CNFs.

2.2. Aerosol Spraying of CNF-Based Films
CNF-based films were obtained by aerosol spraying (Figure 1).

CNFs + solvent

Py
b
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Cu Cu

— —
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Figure 1. Scheme for spraying the CNFs onto the sensor substrate.

Textolite (Resurs Ltd., Penza, Russia) substrates (dielectrics made of several layers of
glass cloth impregnated with phenolic resin) covered with copper contacts, cut from the
middle part of the substrate, were used. A suspension of carbon nanomaterials (30-300 mg)
with a particle size of less than 80 pm was prepared by ultrasonication in 10 mL of solvent
(96% ethanol; Reaktiv, Moscow, Russia) using an ultrasonic bath “UZV3/200” (RELTEK,
Yekaterinburg, Russia) with a power of 85 W at a frequency of 22 kHz for 20 min. A square
film of carbon nanomaterials (top) that partially covered the copper contacts (bottom) was
formed by aerosol spraying of the suspension through a mask onto the substrate heated to
80 °C for evaporation of ethanol. For a solvent comparison study, additional suspensions
were prepared using acetone (chemically pure grade; Reaktiv, Russia) and isopropanol
(2-propanol; chemically pure grade; Reaktiv, Russia) instead of ethanol.

For the enhancement of sensor properties, all-carbon films based on CNFs and
MWCNTs were prepared by aerosol spraying. Films based on CNF/MWCNT composites
of various carbon nanomaterials in a 1:1 wt. ratio, with a total mass of 300 mg (per 10 mL
of ethanol), were created using layer-by-layer deposition or spraying of CNFs/MWCNTs
suspension (Figure 2).
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CNFs + MWCNTs +
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(b)
Figure 2. Scheme for the spraying of hybrid films using layer-by-layer (a) and suspension (b) techniques.
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The layer-by-layer method involves the sequential spraying of CNFs (bottom) and
MWCNTs (top), while the suspension method involves the deposition of a suspension
already prepared by the sonication of CNFs and MWCNTs in ethanol.

All carbon samples used for sensors were used for NO, detection without any chemical
treatment or any other type of treatment in order to estimate the pure impact of spraying
parameters on the sensor behavior.

2.3. Testing of Sensors

The resulting films based on carbon nanomaterials on the substrate were tested for the
detection of nitrogen dioxide. The gas sensor testing setup includes lines for carrier gas
and analyte (Figure 3). The dynamic regime of testing was used. Synthetic air (a mixture of
21% O, and 79% Nj) was used as the carrier gas.

Measuring cell H Atmosphere

Data
acquisition
system

O Valve

A Gas flow controller

|’::> Check valve

Figure 3. Setup for testing gas sensors.

The total flow rate of the gas mixture supplied to the measurement cell was
100 mL/min for measuring the response to NO,. The concentration of the analyte in
the system was achieved by adjusting the ratio of gas flows from the cylinders. The gas
vessel with the analyte was a mixture of air with NO, (concentration of the latter in the
vessel was 0.05 vol.%).

The methodology for measuring gas-sensing properties involved several steps. The
first step was to establish a baseline for 45 min with a synthetic air supply at a rate of
100 mL/min. This step is necessary to determine the initial resistance of the sensor in the
air atmosphere and to subtract its contribution from the data when adding NO, into the
air. In such sensors, the change in the electrical resistance of the active material in contact
with air cannot be neglected, as the sensor resistance increases in contact with air and
changes over time. The main task is to reach the area where R(t) can be described by
a linear function and to extrapolate data over the entire measurement interval with the
subsequent subtraction of this baseline. Cycles of 10 min are used for the determination of
sensor response to NO,, which are alternated with 10 min pure air purge cycles.

The gas sensor (14 x 14 mm substrate; copper contacts with a gap of 4 mm; 9 X 9 mm
carbon deposition area) was placed in the measurement chamber. The sensor resistance
was measured using the two-point method between two electrodes at room temperature
(25 £ 2 °C). The chemiresistive response was measured by a source meter, Keithley 2401
(Keithley Instruments Inc., Cleveland, OH, USA) at a voltage of 0.1 V. Data acquisition was
performed using the specialized software.

The response AR/Rq [29] of the gas sensors was defined using Equation (1).

AR/Rgy = (R — Ry)/R, 1)

where R represents the sensor resistance to the analyte gas, (); Ry represents the initial
sensor resistance in a synthetic air atmosphere. The sensor response (as well as sensitivity)
is presented moduli in this paper, taking into account the contact with NO, induced the
drop in resistance.
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Testing of the gas sensors was carried out at different values of relative humidity
(2-75%). The actual humidity inside the measuring chamber was determined directly by a
humidity sensor placed within it. The relative humidity (@) level was adjusted by varying
the flow rate ratio (by mass flow controllers) between dry synthetic air and air saturated
with water vapor by passing it through a bubbler.

Response time, recovery degree, and signal-to-noise ratio were also calculated. Re-
sponse time is the time it takes for the sensor to reach 90% [30] of the final response during
10 min contact with the analyte with a specific concentration (for higher precision, only the
first cycle used for NO, detection was used for response time calculation). Recovery degree
is a value indicating the ratio of the final response to the initial response when the carrier
gas is applied after the analyte gas (the first cycle of contact with NO, was also used for
calculation). Signal-to-noise ratio (SNR) is a value equal to the ratio of the average signal
value to its standard deviation. It is calculated using Equation (2).

SNR = /o0, ()
where p is the mean of the signal; o is the standard deviation of the signal.

2.4. Characterization

The morphology of carbon nanomaterials was studied by scanning electron mi-
croscopy (SEM) on an S-3400N electron microscope (Hitachi High-Tech Corporation,
Ibaraki, Japan) with an add-on for energy dispersive X-ray spectroscopy (EDX). Transmis-
sion electron microscopy (TEM) of carbon nanomaterials was performed on a JEM 2010
electron microscope (JEOL, Tokyo, Japan) with a grating resolution of 0.14 nm at an accel-
erating voltage of 200 kV. The change in the defectiveness of carbon nanomaterials was
estimated by Raman spectroscopy (Horiba Jobin Yvon T64000, HORIBA Europe Research
Center, Palaiseau, France) with a 532 nm excitation laser. The disorder degree was estimated
from the ratio of the intensities of the D and G modes, I(D)/1(G) [31,32].

The specific surface area was determined from low-temperature nitrogen adsorption
isotherms (77 K) using a Quantachrome NOVA 1000e (Nova, Boynton Beach, FL, USA)
installation. The samples were preliminarily degassed under vacuum at 300 °C for 6 h. The
Brunauer-Emmett-Teller (BET) method was used to determine the surface area.

3. Results and Discussion
3.1. Carbon Nanomaterials

TEM images of CNFs (Figure 4a,d) show that the sample is composed of carbon
nanofibers with lengths ranging from 150 nm to 1.5 um, which are strongly intertwined.
The “nested cone” structure is clearly visible (Figure 4a), which is the main structure usually
formed over Ni-containing catalysts via catalytic decomposition of methane.

The samples MWCNF#1 and MWCNT#2 used for the preparation of hybrid materials
based on CNFs consist of multi-walled carbon nanotubes intermixed with bamboo-like
nanofibers (Figure 4b,c). The properties of the carbon nanomaterials are summarized
in Table 1.

Table 1. Properties of the carbon nanomaterials used for NO, sensor preparation.

Properties CNFs MWCNTs#1 MWCNTs#2
Average diameter 1 nm 31.2+14.3 35.0 £+ 3.0 26.8 £9.0
I(D)/I(G) 2 1.0 0.56 0.64
Specific surface area 3, m? /g 119 68 82

1" According to TEM; ? Calculated, using Raman spectroscopy data; 3 According to low-temperature
nitrogen adsorption.
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Figure 4. TEM images of CNFs (a,d), MWCNTs#1 (b,e), and MWCNTs#2 (c,f).

The average diameter of MWCNTs (Table 1) is different, showing the lower one for
MWCNTs#2 compared to MWCNTs#1, whereas the CNFs possessed values in between the
MWCNT values, but with a wider distribution (for CNFs, the error bars are 14.3 nm). The
CNFs showed a higher specific surface area and disorder degree (as indicated by Raman
spectroscopy, I(D)/I(G)) compared to MWCNTs.

3.2. Effect of Concentration of Sprayed CNF/Ethanol Mixture

The CNF-based sensors created using the aerosol spraying technique are the primary
objects of investigation. The samples were sprayed from the CNF/ethanol suspension
with concentrations ranging from 3 to 30 mg/mL and tested for NO, at room temperature
(Figure 5a). It has been shown that the increase in the concentration of the suspension led
to a growth in sensor response to NO,. The highest response (47%) was obtained for the
sensor sprayed with a concentration of 30 mg/mL (at 10 ppm NO5).

—— CNFsl/ethanol
—— CNFs/acetone
—— CNFs/propanol-2

—— 3 mg/mL 5
104 —— 6 mg/mL

—— 12 mg/mL 0
—— 18 mg/mL
——— 24 mg/mL
o 30 mg/mL

2 ppm

10 ppm

—50 10 ppm

0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (s) Time (s)

@) (b)

Figure 5. Response to NO; (25 + 1 °C; @ =2 £ 0.5%) of CNF-based gas sensors sprayed using a
CNF/ethanol mixture at various concentrations (3-30 mg/mL) (a) and those sprayed with various

solvents at a concentration of 3 mg/mL (b).

The behavior of sensor resistance upon contact with nitrogen dioxide is typical for the
majority of carbon nanomaterials, which experience a decrease in sensor resistance when
interacting with this analyte. NO; is an electron-accepting gas, and its adsorption induces
an increase in the concentration of charge carriers (holes; CNFs can be considered p-type
semiconductors) [30,33]. Taking into account that the CNFs were not subjected to any
chemical treatment and contain only 3.3% oxygen (Figure S1 in Supplementary Materials).
The mechanism of NO; adsorption on the surface of CNFs is given below and includes the
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adsorption of oxygen from air (3), its ionization (4), the adsorption of NO, on the surface of
CNFs (5), and the acceptance of electrons from the material (6) [26,34,35]:

O; (gas) <—> O; (ads), 3)

0O, (ads) <—> O, (ads), 4)
NO; (gas) <—> NO; (ads), 5)
NO, (ads) + e~ <—> NO, ™ (ads), (6)

However, the change in sensor response when increasing the deposition concentration
is caused by a more complex effect. Since the deposition was carried out for the same dura-
tion, changes in the concentration of CNF aggregates in the substrate affect the “density”
of the coating and actually induce a change in the distance between the nearest carbon
“islands”. A clear dependence can be observed, as the sensor response increases with a
decrease in electrical resistance (Ry), leading to a reduction in the number of contacts in the
conductive network of the CNFs (Table 2). Despite the fact that CNFs, as a porous material,
exhibit the same specific surface area, depositing more CNFs on the porous substrate
increases the total contact surface area between the gas phase and the solid conductive
material, allowing more NO, molecules to absorb electrons.

Table 2. Extended results of testing of gas sensors (25 1 °C; ¢ =2 £ 0.5%).

. o, .
Concentration, AR/Rg, % Response Time  Recovery Deogree at Ry, kO SNR
mg/mL 2 ppm 5 ppm 10 ppm at2 ppm, s 2 ppm, %
3 1.23 9.87 24.5 387 24.5 20.4 144:1
6 2.7 12 28.5 452 25.3 7.5 782:1
12 2.7 16.5 32 456 3.7 3.4 825:1
18 2.7 18.5 37.7 468 20.8 3 879:1
24 5.6 20 37 471 31.2 2.47 1106:1
30 12 39 47.3 541 0 0.375 1577:1

The range of concentrations studied was determined based on preliminary exper-
iments, which indicated strong noise and an extremely low signal-to-noise ratio when
using concentrations below 3 mg/mL. Concentrations above approximately 30 mg/mL
led to obstruction of the airbrush nozzle. Increasing the concentration of CNFs in the
suspension resulted in a decrease in electrical resistance from 20.4 k() to 0.375 k() and an
increase in SNR. The significant growth of sensor resistance with increasing concentrations
of CNFs in dispersion demonstrates the typical percolation effect, where the increase in
the concentration of CNFs led to an increase in the number of contacts within the per-
colation network [36,37]. Similar percolation-based effects have also been reported in
gas sensors [38,39].

Additionally, an inverse relationship was found between the response time and the
response AR/Ry, indicating that the sensor became slower as its response increased. A
similar relationship was observed with the recovery degree, which tended to zero when
AR /R reached 12.0%.

A comparison of the sensor behavior of the CNF-based film when in contact with gases
exhibiting different adsorption behaviors, specifically NHj as a reducing gas, was carried
out for the sample sprayed at 30 mg/mL. Ammonia is an electron-donating compound
that induces an increase in sensor resistance [40]. The response curve for NHj is presented
in Figure S2 (Supplementary Materials). However, the sensor showed a low response value
to 100-500 ppm NHj3 at room temperature compared to its response to NO,. This indicates
that CNFs, which were not subjected to any chemical treatment and contain a low number
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of oxygen-containing functional groups on the surface, play a significant role in capturing
NHj3 molecules, making their application for ammonia detection less appropriate.

The impact of relative humidity on the operation of such a sensor for NO, detection is
illustrated in Figure S3 and Table S1 (Supplementary Materials). It can be stated that the
increase in humidity leads to a decrease in AR/Rq (Figure S3), and it is typical for chemire-
sistive sensors [41]. However, some sensor materials showed the opposite behavior [42].
Most likely, the decrease in response is due to the fact that water molecules occupy the
adsorption centers, thereby preventing the adsorption of NO, molecules. At the same time,
the impact of humidity is reversible. The increase in relative humidity from 2% to a certain
value induces the appearance of a minimum in AR/Ry and further increases in relative
humidity induce a reversible growth in sensor response.

At the same time, relative humidity improves the recovery of the sensor, making it
10-30% higher compared to dry air. The response time of the sensor improved from 541 s to
463 s (at 2 ppm NO3) in a humid environment. The sensitivity decreased when increasing
the relative humidity ¢ level (from ~4%/ppm to 1.9-2.0%/ppm).

The effect of the solvent used for spraying was also investigated. Sensors based
on CNFs were dispersed in different solvents: ethanol, acetone, and propanol-2. The
concentration of the suspensions was chosen to be the lowest, at 3 mg/mL, since this
concentration produced the lowest response, and it was necessary to enhance AR/Rg
using various solvents. Figure 5b shows the dependence of sensor response on the solvent
used for spraying. It can be noted that the highest response was observed in the sensors
where CNFs were dispersed in ethanol (ey50¢ = 24), followed by propanol-2 (ez50¢c = 22)
and acetone (e50c = 21). This is most likely due to the distribution of CNF particles in
the solvent. It can be concluded that sensor response increases in concentrations above
5 ppm NO;,, while the solvent has almost no effect at lower concentrations. Additionally,
dimethyl sulfoxide (DMSO) was tested as a solvent; however, the silicone tube through
which the suspension was passed degraded and eventually dissolved, preventing further
tests with DMSO-containing mixtures.

Table 3 summarizes the gas sensor test results as a function of the solvent used
for spraying.

Table 3. Effect of solvent on the NO, gas sensing (25 £ 1 °C; ¢ = 2 £ 0.5%) characteristics of
CNF-based films obtained by aerosol spraying.

AR/Rg, % Response Time  Recovery Degree at

Solvent o Ry, kO SNR
oven 2 ppm 5 ppm 10 ppm at2 ppm, s 2 ppm, % 0
Ethanol 1.23 9.87 24.5 387 24.5 204 144:1
Acetone 1.94 6.4 19.9 438 25.7 13.4 250:1
Propanol-2 1.82 12 25 444 6 42 88.5:1

The sample with the highest SNR is the sensor in which the CNFs were dispersed
in propanol-2. Additionally, this sample has a lower recovery degree (6%). The fastest
response time is observed in the CNF/ethanol-based sample. Sensors based on CNFs
dispersed in ethanol and acetone exhibited a better recovery degree compared to the sensor
based on the CNFs/propanol-2 suspension.

3.3. Effect of CNF Film Thickness

The previous section was devoted to onetime spraying, which means that the thickness
of the coating was uniform. The concentration of the CNF/ethanol suspension affects the
“density” of the coating. An increase in concentration brought the carbon inclusions closer
together. The next stage of the research is to modify the thickness of the CNF film.
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The aerosol deposition method involved the periodic application of the suspension
onto the substrate (6 mg/mL). A different number of CNF layers was sprayed. As a
result, gas sensors with varying layer thicknesses of 15 + 5 pm (one layer), 55 & 15 pm
(five layers), and 80 £ 13 um (ten layers) were obtained.

SEM images of such layers are shown in Figure 6. It can be seen that there is a relatively
uniform distribution of particles deposited by aerosol spraying. The boundary between
the substrate and the carbon material is shown in Figure 6d—f. It is also clear that a higher
number of particles is detected as the layer thickness increases.

(d) (e)

Figure 6. SEM images of CNF-based samples with layer thicknesses of 15 = 5 um (a,d), 55 £ 15 um (b,e),
and 80 £ 13 um (c,f).

The impact of sensor thickness on response is shown in Figure 7a.

It is clearly seen that thickness affects the response in the concentration region below
5 ppm NO;. It has the opposite effect compared to the influence of the solvent used for
spraying (Figure 5b). At an NO, concentration of 10 ppm, the responses of all three samples
are the same (45%). Interestingly, the increase in thickness induced the growth of AR/R,,
indicating that the adsorption capacity for thicker films is higher compared to that of
thinner films.

As the film thickness increases, the resistance decreases from 2.76 k() to 1.14 kQ)
(Table 4). This difference is smaller compared to the effect of the concentration of the
suspension, which allows for a change in resistance from 0.375 kQ) to 20.4 k(). This is
because, as the film thickness increases, the number of CNF particles also increases, leading
to improved conductivity. Additionally, the increase in film thickness has a positive effect
on the signal-to-noise ratio; however, the response time and recovery degrade. These
sensors exhibited a response time of 300-350 s lower (at 2 ppm NO,), which is mainly
attributed to the relatively thick layer of CNFs.

Table 4. Effect of average thickness of the film on the NO, gas sensing (25 + 1 °C; ¢ =2 £ 0.5%)
characteristics of CNF-based films obtained by aerosol spraying.

Average Thickness AR/Ry, % Response Time  Recovery Degree at
. o, R[)r kO SNR
of the Film, um 2 ppm 5 ppm 10 ppm at2 ppm, s 2 ppm, %
15+5 329 46.2 731 19.7 2.76 735:1
40+7 35 45.7 762 11.6 1.62 1583:1
55+£15 35.5 46.3 754 10.5 1.14 1892:1
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Figure 7. Response of various types of sensing materials: CNF-based gas sensors to NO, as a
function of film thickness (a); comparison of sensor response of carbon nanomaterials used creation of
hybrids (b); response of gas sensors based on the CNFs/MWCNTs#1 (c) and CNFs/MWCNTs#2 (d)
hybrid material sprayed using two approaches (25 & 1 °C and ¢ =2 £ 0.5%).

3.4. All-Carbon Hybrid Films Based on CNFs and MWCNs

Since the response of sensors based on CNFs needs to be optimized to improve the
gas-sensitive properties, we created composites based on CNFs and two types of MWCNTs.
The application of MWCNTs was aimed at increasing the CNF-based sensor response, as
the combination of the two carbon materials could enhance sensor performance. In order to
increase the sensor behavior, the sensor with the lowest AR/R( was taken for the creation of
a hybrid sensing material, i.e., 3 mg/mL. The sensor responses of pure CNFs and MWCNTs
are shown in Figure 7b, indicating that the sensor response (at 2 ppm, for example) increases
in the order CNFs < MWCNTs#1 < MWCNTs#2. Interestingly, this response does not show
a clear correlation with I(D)/1(G) or specific surface area, suggesting that morphology and
the availability of active sites for NO, have a significant impact. The MWCNTs#2 sample
exhibited the smallest average diameter and produced a response of approximately 4.9%
at 2 ppm NO,. Despite CNFs (2.8%/ppm) having a lower sensor response compared to
MWCNTs#1 (1.65%/ppm), their sensitivity is different and higher than the latter.

Figure 7c,d show the response curves of gas sensors based on CNFs/MWCNTs#1
and CNFs/MWCNTs#2, with a suspension concentration of 3 mg/mL. Tests of the gas
sensors indicated that the sensor based on MWCNTs#2 exhibited the highest response (8.5%
at 2 ppm NO;) when created using layer-by-layer spraying (Figure 7d). When considering
the hybrids, the layer-by-layer deposition technique displayed higher efficiency compared
to the suspension-based technique. The full sensor characteristics are summarized in
Tables S2 and S3 (Supplementary Materials). The method of spraying CNFs/MWCNTs hy-
brids had minimal impact on the response time (at 2 ppm NO;), which was within the range
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of 453-497 s. The recovery rate was not significantly enhanced, remaining within 10-20%.
The effect of ¢ on the sensing behavior of hybrids is illustrated in Figures S4 and S5, and
Tables S2 and S3 in the Supplementary Materials. The relation between the sensor response
and ¢ is with a pronounced maximum at ¢ =20-50% (depending on the type of hybrid,
CNFs/MWCNTS#1 or CNFs/MWCNTs#2).

Based on the obtained results, it can be stated that the created composites have better
recovery and response times compared to the single-material CNF- or MWCNT-based
sensors (Table 54 in Supplementary Materials). Comparing the sensing behavior of the
CNFs/MWCNTs hybrid sensor to pristine CNFs and MWCNTs, it can be noted that only the
response time and SNR were increased in the hybrid, whereas the rest of the characteristics
deteriorated. However, the signal-to-noise ratio of all samples decreased noticeably, except
for the CNFs/MWCNTs#2-based sensor obtained by the layer-by-layer method. All samples
exhibit low resistivity and, hence, good conductivity. The composites obtained by mixing
them into a single suspension show the lowest resistance values. When comparing the
composites with each other, it can be observed that the recovery degree is higher when
applied using the layer-by-layer method than for the composites obtained by mixing them
into a suspension. The response time is approximately the same for the composites made
of CNFs/MWCNTs#1, regardless of the method used for their preparation. In the case of
the composite of CNFs/MWCNTs#2, the sensor made using the layer-by-layer method
exhibited a longer response time compared to the composite obtained by mixing the two
types of carbon nanomaterials.

SEM images of the layer made of CNFs and MWCNTs#1, deposited by the suspension
method, are shown in Figure 8a,b. The thickness ranged from 20 to 70 pm. Figure 8c,d show
the layer of CNFs/MWCNTs#1 hybrid material deposited by the layer-by-layer method,
where separate areas of CNFs and MWCNTs#1 can be observed. It can be noted that when
MWCNTs#1 were deposited on top of the CNFs, the carbon nanotubes stuck together into
distinct agglomerates. The thickness of this layer ranged from 20 to 80 um. SEM images of
CNFs/MWCNTs#2 sensor are given in Figure S6 (Supplementary Materials).

Figure 8. SEM images of CNFs and MWCNTs#1-based sensors fabricated by suspension (a,b) and
layer-by-layer (c,d) deposition methods.
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When comparing the best CNF-based sensor (30 mg/mL) and hybrid-based sensors,
it can be seen that the composites show a poorer response compared to the CNFs alone.
However, when comparing the composites with each other, it can be noted that the com-
posite of CNFs and MWCNTs#2 demonstrated a better response (32%) than that of CNFs
and MWCNTs#1 (28.7%). It can also be observed that the composites applied using the
layer-by-layer method exhibited a better response than those in which a suspension of a
mixture of carbon nanomaterials was applied, whereas the type of MWCNTs applied for
the sensor film played not so much role in the formation of sensor characteristics. Prob-
ably, MWCNTs in CNFs/MWCNTs act as a bridge connecting CNF inclusions, since the
resistance of hybrids reached 60-255 () compared to the k()-level of CNF-based sensors.

The higher sensor response of CNFs compared to hybrid-based sensors (Figure 7c,d)
is mainly related to the porous structure of the CNF-based film, where the entire space is
available for NO, adsorption. The difference in response between composites produced
by layer-by-layer and suspension methods arises because, in the layer-by-layer deposition
with two types of MWCNTs, the sensor surface contains homogeneously distributed layers
of each component. SEM images show that the top layer (i.e., MWCNTs) agglomerated into
separate areas, so the adsorption sites of CNFs and MWCNTs remain largely accessible
compared to composites obtained by the suspension method. The problem with composites
produced by the suspension method is that when a mixed suspension of MWCNTSs and
CNFs is applied, a surface with uniform relief is formed (as shown by SEM), where
the sorption centers of MWCNTs and CNFs overlap, resulting in a decreased response.
The two types of composites form a film morphology in which the MWCNTs “shield”
the penetration of NO, molecules into the depth of the film, preventing enhancement
of the sensor response. It can be suggested that not all the film volume based on the
CNFs/MWCNTs system is available to adsorb the gas, whereas the morphology of a
single CNF-based film is more porous compared to the hybrid-based films. Overall, the
composites (CNFs/MWCNTs) form a structure in which the inner space of the film (which
is sufficiently thick) is not available for NO, adsorption, whereas the morphology of a
single CNF-based film is more porous compared to that of the hybrid-based films. Probably,
the surface area of a hybrid material-based film is lower compared to that of CNFs, but
this is not a typical BET surface area. Rather, it refers to the area of the film in terms of the
availability of adsorption sites throughout the thickness of the film.

Assuming that the specific surface area of CNFs is higher than that of both MWCNT
types, it can also be noted that the partial substitution of CNF material (which had higher
I(D)/I(G) ratio and surface area) with them could decrease the number of active sites
for NO; adsorption. However, we have suggested that the availability of these active
adsorption sites has a dominating effect compared to porosity or defectiveness of the
sensing material (especially in terms of thickness-dependent response in CNF-based films
obtained by aerosol spraying).

Finally, a comparison of the sensing behavior of the studied material with that already
reported can be made (Table 5).

Table 5. Comparison of CNF-based sensor response with already reported data.

Sample Operating ;l"émperature, NO, Co;l;rer?trahon, SensAol;I Ili(e)?l;t)nse Ref.

11.1 wt% rGO/SnO, 25 100 26 [43]
PPy-WO3 38 5 15 [44]
CNTs/rGO 20 10 20 [45]
CNFs (drop casting) 25 10 51 [25]
TiO, n/a (room temperature) 100 24 [46]

CNFs (aerosol spraying; 30 mg/mL) 25 2 12 This work
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3.5. Machine Learning

The treatment of experimental data on a sprayed CNF-based sensor (30 mg/mL) was
carried out using machine learning. It has been made to describe the sensing behavior of
two gases with an opposite change in resistance when in contact with CNFs, namely NO,
and NHj3.

First, the initial data processing was performed. Since the resistance measurements
were made over time, these data represented a time series. To study the dynamics of
each time series, charts were constructed showing the dependence of resistance on time.
Based on the nature of the dynamics, four types can be distinguished:

1.  NHj with a sharply increasing resistance;

2. NH; with a long and strong decrease in resistance before the onset of growth;
3. NO, with an initial rise in resistance followed by a decline;

4 NO, with a continuous decrease in resistance.

For example, Figure S7 (Supplementary Materials) shows the dynamics of the
third type. The data series exhibited quite complex dynamics, the nature of which depends
on the gas type and measurement conditions. Furthermore, even within a single time series,
sections with trends in opposite directions (for example, NO, detection or NHj3 detection,
possessing different mechanisms) can be distinguished.

Before searching for points of structural change, it was decided to perform smoothing.
This procedure will help reduce the influence of random measurement errors and improve
the quality of subsequent analysis. The Savitzky—Golay filter was chosen for smoothing.
It should be noted that the data were collected at a sampling rate of two measurements
per second. This filter involves fitting an approximating polynomial of order in the neigh-
borhood of each point using the least squares method [47]. To construct the polynomial,
a set of 1 (an odd number) neighboring data points, located within an interval of width ¢,
should be formed. For the selected elements, a variable substitution is performed:

Z:q_ﬁ, (7)

where g—The value of the central time point of the time series, g—the current time point of
the time series.
As a result of this substitution, the new variable z will take on the values

1771, o 0, I*Tl A polynomial of degree s is defined as follows:

T=v)+mz+mz2+ -+ 72, (8)

Coefficients of v = {9, 71, ..., s} vectors are determined using:

v = (]TI)_llTy, ©)

where J(1 x s + 1)—the Vandermonde matrix, that is, the i-th row of | takes the values

2 s
1, z, z{ ... Z§.

The following algorithm is proposed for finding the trend change point. In the
description of the algorithm, it is assumed that x; is the i-th element of the time series.

5. Initialization of initial values: i = 0, m—number of shifts, m = 0, width of window
is w = 1500 data points. Window will be moved through the range [ly,/;uax], where
Io =0, linax = 7000 with a step of Al = 200 datapoints; initial range [ag,bg], where ag = Iy,
bo =w.
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6. A linear regression is used to determine the slope of the time series, which is con-
structed on the segment [a,,,b;;]. The sign and magnitude of the estimated slope
coefficient ¢, allow us to infer the direction and intensity of data change over time.

7. m=m+1,a,=a,_1+Al,by=0b,_1+AL

®

If by = Imax, then the algorithm terminates and returns to i = 0.

9.  Alinear regression is constructed on the segment [a,,,b;,] and ¢, is determined.

10. If the sign of ¢, H has not changed compared to ¢,,_1, then proceed to step 3;
otherwise, the algorithm terminates and returns i = (a,, + by,)/2.

To verify the accuracy of the trend change point detection, the Chow test [48] was ap-
plied. Afterward, the task of gas identification was addressed, for which a recurrent neural
network was built and trained. The neural network received input values corresponding to
the time points after the detected structural change. The input factors included temperature
and relative humidity.

Next, for each resistance value, the values of sin_time and cos_time were computed
as follows:

t
sin_time= sin (ZNT) , (10)

t
cos_time= cos (27'CT> , (11)

where the current period was T = x; — x;_1. If, for some time points, the period T
equals zero, then the value from the previous time point should be retained. The sin_time
and cos_time values were also used as input factors to the neural network.

As an output feature, the neural network received the values of the following variables:

1, if NH;
target — . 12
arge {o, if NO, (12)

All time series were concatenated into a single vector. The total size was 110,708 ele-
ments. The resulting vector was then divided into three parts:

e Training set, accounting for 80% of the total size, i.e., 88,566 elements;
e  Validation set, accounting for 10% of the total size, i.e., 11,071 elements;
e  Test set, accounting for 10% of the total size, i.e., 11,071 elements.

The splitting was performed using the “train_test_split” tool from the “sklearn” library.
For the final assessment of classification quality, the number of elements in the test sample
belonging to each class was obtained. Class 0 (related to NO,) corresponds to 6425 elements,
and class 1 (related to NHj3) to 4646 elements.

Due to the binary classification, a sigmoid activation function was used. Training was
conducted over 500 epochs, as further increases did not lead to a significant improvement
in classification quality. The Adam optimizer [49] was used to minimize the loss function.

The binary cross-entropy was used as the loss function:

1 ) )
Loce(y,9) = =) i [yilog(9:) + (1 — yi) log (1 = 91)), (13)

where 1 is the number of samples in the dataset, y; is the true class label for element i, and
§; is the predicted probability of class 1 for element i.

To determine the optimal neural network architecture, additional research was con-
ducted. A series of neural networks with varying numbers of hidden layers was trained;
the configurations considered are presented in Figure 9. The best option is a neural network
with a single hidden layer of 32 neurons, as further increases could lead to overfitting.
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Figure 9. Dependence of the number of layers on accuracy.

The final accuracy on training data was 92.13%, and on validation data, it was 91.98%.

4. Conclusions

This research highlights the significant role of the sensing film creation technique,
which can be considered one of the ways to control the characteristics of the NO, gas sensor.
The data obtained demonstrate that the concentration of CNF/ethanol suspension used
for spraying the sensor films is one of the factors that can affect the behavior of the NO,
sensor at room temperature (25 £ 1 °C). It was found that increasing the concentration of
the CNF suspension improves the gas sensor response (from 24.5% to 47.3% at 10 ppm
NO,) and the signal-to-noise ratio (from 144:1 to 1577:1); however, the response time
deteriorates (from 387 s to 541 s). The deposition of more CNFs results in a greater number
of NO, molecules absorbing more electrons. The film thickness also affects the response
of the gas sensor at NO, concentrations of 2-5 ppm. As the film thickness increases, the
number of CNF aggregates rises, impacting the response at low NO, concentrations. With
increased film thickness, the response improves (from 7% to 10.6% at 2 ppm NO,) as does
the signal-to-noise ratio (from 735:1 to 1892:1). The creation of hybrid all-carbon composites
based on CNFs and MWCNTs resulted in a decrease in both sensor response and signal-to-
noise ratio; however, the response time and recovery degree improved. The layer-by-layer
method of applying the active layer of the sensor demonstrated better values for all gas-
sensitive characteristics compared to the method based on spraying a CNFs/MWCNTs
suspension. The machine learning data used to describe the sensing behavior of two
gases with opposite resistance changes when in contact with CNFs, namely NO, and NHj,
showed final accuracies of 92.13% on the training data and 91.98% on the validation data.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app152212110/s1, Figure S1: XPS spectrum of CNFs; Figure S2: Response
of CNFs-based gas sensor to NHj3 at room temperature; Figure S3: Response of the CNF-based gas
sensor as a function of relative humidity (2-75%) for 2 ppm NO; (a) and sensing curves vs. relative
humidity (b) (25 £ 1 °C); Figure S4: Response of CNFs and MWCNTs#1 based gas sensor as a function
of air humidity (2-75%) for NO, concentrations of 2 ppm (a) and 2-10 ppm (b); Figure S5: Charac-
teristics of gas sensors based on CNFs and MWCNTs#2 as a function of air humidity (2-75%) for
NO; concentrations of 2 ppm (a) and 2-10 ppm (b); Figure S6: SEM images of CNFs/MWCNTs#2
sensors fabricated by suspension (a,b) and layer-by-layer (c,d) spraying methods; Figure S7: Typical
resistance change curve of CNF-based sensor (30 mg/mL, NO,, 25 °C). Table S1: Characteristics of
sensor (CNFs, 30 mg/mL) as a function of relative humidity in relation to 2-10 ppm NO, (25 £ 1 °C);
Table S2: Characteristics of gas sensors based on CNFs and MWCNTs#1 composite at different relative
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humidity with respect to 2-10 ppm NO; (25 £ 1 °C); Table S3: Test results of gas sensors based
on CNFs and MWCNTs#2 composite at different relative humidity with respect to 2-10 ppm NO,
(25 + 1 °C); Table S4: Test results of CNFs based gas sensors, MWCNTs#1 and MWCNTs#2 in relation
to 2-10 ppm NO, (25 £ 1 °C); Table S5: Test results of gas sensors based on composites.
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