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Highlights

e In this work it was demonstrated that, under proper condition, it is possible to thermo-
activate the surface reactivity of nanostructured SiC for the chemoresistive detection of
gases.

e SiC gas sensors resulted to be an extremely selective functional material for the detection of
sulphur dioxide (SO) in concentrations within the ppm range, both in dry and wet air. The
presence of the humidity increased the gas sensing properties of SiC sensors vs. SO..

e The SiC surface reactivity vs. SO is promoted by the formation of a SiC-SiOC core-shell,
due to the thermal-oxidation of the SiC nanoparticle surfaces.

Abstract

Silicon carbide is a well-known material with high thermal, mechanical and chemical stability.
These properties have allowed, over time, its wide use as an inert material to be employed as a
substrate or support in different applications. In this work, we demonstrate that, under proper
conditions, it is possible to activate the chemical reactivity of nanostructured SiC, which can be
employed for chemoresistive purposes. With this aim, a commercial powder of SiC has been
characterized from a morphological, structural and thermal point of view. Then, screen-printed thick
films were obtained from SiC powder and thus tested as a functional material for chemoresistive gas
sensors, in thermo-activation mode. The samples were exposed to 13 gases with important chemical
differences. Analyses showed that SiC is an extremely selective functional material for the detection
of sulphur dioxide (SOz) in concentrations within the ppm range. This interesting result was found at
high working temperatures (600-800°C), useful for harsh environments, and the measurements
proved to be completely free from humidity negative interference. Thermo-gravimetric and X-ray
photoelectron spectroscopy characterizations highlighted that the high selectivity of the SiC layer is
promoted by the thermal formation of a SiC/SiOC core-shell, tunable by controlling temperature and
humidity parameters. An interpretation of the gas sensing mechanism occurring between SO>
molecules and SiC/SiOC core-shell has been proposed.

The unexpected chemical activity, identified for nanostructured SiC, can be exploited for the specific
detection of SO, since this gaseous compound plays an important role in air pollution, industrial

processes and winemaking.

Keywords: Chemoresistive gas sensor; SO detection; nanostructured SiC thick film; SiC/SiOC core-

shell; high selectivity.
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1. Introduction

Nowadays, the accurate detection of pollutant gases is of fundamental importance for
sustainable human development [1,2]. Indeed, several toxic gases at harmful concentrations for
humans and dangerous for the environment are produced every day by industry emissions, farming,
burning of fossil fuels and waste treatment [3]. In addition to these primary emissions, some pollutants
(secondary emissions) can also be formed by the chemical interaction involving precursor substances
[4]. As aresult, despite the last agreements of the Nations Framework Convention on Climate Change
(UNFCCC) on the greenhouse-gas-emissions mitigation, total gaseous emissions still have a strong
negative impact on both the environment and the human health [5,6]. Among the various gaseous
compounds, SO is one of the major air pollutants worldwide [7]. The main anthropogenic sources of
SO; include fuel combustion, power plants, industrial processes, residential coal combustion, natural
gas pipelines and vehicle diesel engines, while the volcanic activity is the major natural contributor
to these emissions [8-11]. The Threshold Limit Value Time-Weighted Average (TLV-TWA) of SO,
is 5 ppm, because of its high toxicity for human health even in low concentrations [12]. Indeed,
inhaled SO, can easily be hydrated in the respiratory tract, producing sulphurous acid that
subsequently dissociates to form its derivatives, bisulfite and sulphite anions [13]. Furthermore, SO>
is a systemic oxidative damaging agent [13]. Exposures to SO produces different symptoms such as
pneumonia, thickening of the mucous layer of the respiratory tract, nasopharyngitis, fatigability,
asthma, gastritis, and alterations in the senses of taste and smell [13-17]. Further investigations
evidenced the correlation between SO exposition increase and the increment of the chronic
obstructive pulmonary diseases and daily mortality [18-20]. Although the total anthropogenic
emission of this gas has been decreasing in recent years, there are several areas of the world where
emissions of SO; still represent a serious risk to human health [21-23].

For this reason, an increasing number of studies have been focused on the development of
compact and portable gas sensors for the accurate detection of SO, [24-28]. Chemoresistive gas
sensors have shown significant advantages among the various sensing devices investigated, such as
rapid response, easy and low-cost fabrication [29,30]. Nevertheless, chemoresistive gas sensors are
still poorly investigated in the detection of this gas since the low reactivity of SO2 vs. oxygens
adsorbed on the Metal-OXide (MOX) semiconductor surface, commonly used as sensing layer,
results in difficult detection of SO traces with respect to other typical sulphur gaseous compounds
[29, 31-35].

In this work, the chemoresistive properties of nanostructured Silicon Carbide (SiC) to detect

SO; have been thoroughly investigated, owing to good sensing capabilities shown by this material in
3



our previous work to selective detect SO in the presence of H»S [36]. So far, silicon carbide has been
widely studied as a sensor device substrate due to its strong chemical and mechanical stability up to
high working temperature [37-40]. Its high stability has led in several investigations to use SiC as an
inert support for various nanostructured sensing materials, such as metal oxides, metals and polymers
[41-48]. However, SiC can be also synthesized in the form of nanoparticles [49-52]. Among
functional materials, nanostructured semiconductors are implemented for their electrical properties
very different from single crystals, due to the major role that the surface potential plays in the
conduction mechanism [53-55]. Furthermore, under proper operating conditions (thermo-activation
or photo-activation), a nanostructured material highlights a high surface reactivity, which can be used
to adsorb gaseous molecules or for heterogeneous catalysis [56-59]. In particular, chemoresistive gas
sensors take advantage of this phenomenon, transducing variations of the chemical composition of
the atmosphere into variations of the electrical resistance of a film composed by the nanostructured
semiconductor [60-64]. To the best of our knowledge, only three papers are focused on the
chemoresistive properties of pure nanostructured SiC. On the one hand, Sun et al. and Li et al.
investigated the possible use of SiC nanosheets and SiC nanopaper, respectively, to detect humidity
[65, 66]. On the other hand, Milanov et al. studied the sensing properties of electrochemically
porosized SiC to detect ethanol [67]. Nevertheless, in none of these a detailed analysis is made on the
sensing properties of the nanostructured SiC at different temperatures and in the presence of a wide
selection of gases belonging from different chemical classes.

In this work, encouraged by the multiple fields in which SiC can be applied and by the
possibility to have it in the form of a nanosized powder, we investigated in-depth its chemoresistive
properties. A commercially available SiC nanosized powder was purified and characterized from the
chemical, morphological and structural point of view. Subsequently, SiC thick films were tested as
sensing layers for gas sensors, by exposing them to SO, and to other 12 gases belonging to different
chemical classes, in thermo-activation mode. SiC layers turned out to be insensitive to almost all gas
analysed, while showing a perfect selectivity to SOz in the concentration range of some ppm, in dry
condition. Furthermore, the electrical characterization showed an increase in the response and in the
cross selectivity to SOz in presence of humidity. This SiC behaviour was unexpected compared to
common metal oxides, in which the presence of humidity represents a drawback, inducing a drastic
decrease of the sensing response and of the sensitivity [68-70]. This result was obtained for high
working temperatures (600°C), suggesting a potential use of this sensing material also in a harsh

environment.

2. Experimental



2.1 Silicon Carbide powder treatments

The SiC nanopowder (Tec Star) datasheet reported an average grain size of 34 nm and a chemical
degree of purity higher than 99%.

First, the commercial powder was treated to further purify it from contaminants. With this aim, 5
g of nanostructured SiC was washed several times by means of EBA 200 centrifuge at 6000 rpm for
15 minutes, by using both water and propanol. Afterwards, the powder was heated up at 650°C for 2
hours to remove possible organic contamination. Finally, SiC nanoparticle sizes were homogenized
through a treatment in a Retsch bull mill (type MM 200), at 1500 rpm for 30 minutes

2.2 Characterizations

The X-ray diffraction analysis was performed in a Bruker D8 Advance diffractometer, equipped with
a copper X-ray tube operating at 40 kV and 40 mA, and with a LINXEYE XE detector. The
identification of the phases was achieved by the search-match routine implemented in the EVA v.14.0
program by Bruker with reference to the Powder Diffraction File database (PDF) v. 9.0.133.

Quantitative phase and crystallite size were evaluated by the Rietveld method and the fundamental
parameters approach for modelling the peak-profiles [71-73], using the TOPAS v.4.1 program by
Bruker AXS [74]. The crystal size was calculated by the Double—Voigt approach [75], as volume-

weighted mean column heights based on integral breadths of peaks.

The morphology and chemical composition of the SiC powder were analysed by Scanning Electron
Microscopy and Energy Dispersive X-Ray spectroscopy (SEM-EDX spectroscopy) techniques, by
means of a cold cathode JEOL Microscope, model JSM 7401-F.

A LabRam HR800 spectrometer (Horiba Jobin Yvon, France), coupled with an Olympus BXFM
optical microscope (Olympus, Tokyo, Japan), was used for Raman characterizations. The instrument
was equipped with air-cooled CCD detector (1024 x 256 pixels) set at =70 °C, and with 600 and 1800
grooves/mm gratings. The spectral resolution was approximately 4 cm™ and the laser beam was
concentrated in a spot with a diameter of 1 mm. The He—Ne laser line at 632.82 nm was used as
excitation source and was filtered to keep the laser power varying from 0.2 to 10 mW. Exposure time,
accumulations and beam power have been optimized for each sample to obtain sufficiently

informative spectra and ensuring to avoid sample alterations.

X-ray Photoelectron Spectroscopy (XPS) analyses were performed using an ESCA 200 Scienta
instrument equipped with a monochromatic Al Ka (1486.6 eV) x-ray source. For the measurements,
the powders were attached to the sample holder using double-sided carbon tape. The emission angle

between the axis of the analyser and the normal to the sample surface was 0°. For each sample, the
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survey and high-resolution scans of the O 1s, C 1s and Si 2p core levels were collected. XPS
quantification was performed using the instrument sensitivity factors and the high-resolution scans.
Charge compensation was achieved using an electron flood gun and all core levels were referenced
to the C-Si component in C 1s at 282.3 eV.

A Netzsch STA 409 (Netzsch Geraetebau, Selb, Germany) TG/DTA thermal analyser was used to
perform the thermogravimetric analysis of the samples, equipped with a TG sample. For each
measurement was used 40 mg of powder. The analyses were carried out under a constant air flow of
100 mL-min"%, in the range 25-900°C, with a heating rate of 10 °C-min~1. The same measurements
were carried out both in dry and in wet air, by using a Drexler bubbling system filled with 200 mL of

distilled water.

Microstructural and compositional analyses were performed by using a Philips TECNAI F20 ST
transmission electron microscope (TEM) operating at 200 kV. The instrument was equipped with a
dispersion micro-analysis of energy (EDS) and the scanning transmission (STEM) accessory. The
TEM images were acquired in phase contrast mode. The samples were ground and suspended in
isopropyl alcohol, then a few drops of the solution were evaporated on a copper grid coated with an

amorphous carbon film.

The specific surface areas of the samples were determined by applying the Brunauer-Emmett-Teller
(BET) method to the adsorption/desorption isotherms of N2 at 77 K obtained with a Micromeritics
ASAP 2010 physisorption analyser.

2.3 Sensors preparation

The sensing paste was obtained by mixing organic vehicles with 1 g of SiC purified powder,
to obtain a suitable paste viscosity [76]. The paste obtained was deposited onto alumina substrates by
means of the screen-printing technique. The resulting deposition area for each sensor was 1.22x1.6
mm?, with a thickness of about 20-30 um [76]. The substrates were provided with both gold electrodes
on the front-side, for measuring sensing material electrical properties, and heaters on the back-side,
to set the temperature of the device [61, 77]. Substrates with SiC films were thermal stabilized at
180°C in a muffle for 4 hours, in order to evaporate the organic vehicles, and then fired at 650°C for
2 hours. Finally, the substrates were bonded on TO39 supports by using gold nanowire and connected

to the measuring system [61, 63, 64].
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2.4 Gas sensing measurements

The SiC sensors electrical conductance was measured in a dedicated gas test chamber. The
conductance of the films was constantly collected during the gas sensing characterization through
proper electronics, interfaced to a data-acquisition system [78, 79]. First, under a constant dry air flux
of 500 sccm, the conductance values of the films were recorded changing the operating temperature
in the range of 250-800°C, to evaluate the correlation between temperature and resistance of the
sensing film.

Then, the gas sensing characterization was carried out. The sensors were kept at their working
temperature and under a flow of synthetic air for few hours before the gas measurements, to allow
the surface of the SiC grains to reach a thermodynamic steady state. Air and gases were fluxed into
the test chamber from certified bottles by using a PC-driven mass-flow-controller. The electrical
properties and the sensing performance of SiC films were deeply investigated through several
different measurements. Gases belonging to different categories of molecules were chosen to test the
surface reactivity of the semiconductor vs. gases with important chemical differences. Gas tests were
performed with CO (10 ppm), propane (500 ppm), H2S (10 ppm), NO2 (5 ppm), acetaldehyde (10
ppm), acetone (10 ppm), ethanol (5 ppm), butanol (5 ppm), methane (1000 ppm), NHz (20 ppm), H2
(20 ppm), methanol (5 ppm) and SO. (10 ppm). The concentrations of CO, propane, HzS, NO,
acetaldehyde, butanol, NHz and SO, have been chosen based on TLV-REL values [80], whereas, the
concentrations of methanol, ethanol and acetone were chosen based on the human odour threshold.
In the presence of each gas, the sensor performances were investigated at operating temperatures

ranging from 250°C to 800°C. Sensors response is defined as:
Ggas — Gair

= e
where Ggas and Gair are the conductance values in gas and in air, respectively. The tolerance in the gas
sensing response can be ascribed to the reference resistance tolerance, corresponding to 5% [79].
The same measurements were performed in dry air carrier (20% of O2 and 80% of N2) and wet air
carrier, by means of a bubbling system filled with deionized water [78, 79]. The temperature and the
Relative Humidity (RH%) in the gas chamber were controlled with a Pt100 and an HIH-4000
Honeywell commercial sensor (accuracy + 3.5%), respectively [61]. In dry air, the RH% measured
was below 1%. The stability and repeatability of the sensor response were also investigated. Sensor
responses vs. SOz concentrations were collected to define the calibration curve of a SiC-based sensor
tested at its proper working temperature, in dry condition. Finally, a cross selectivity characterization
was carried out to verify that the sensor/catalytic properties of the SiC film vs. SO, were not affected
7



by the presence of other possible interfering gases.

3. Results and Discussion

3.1 Chemical, morphological and structural characterizations
XRD measurements were performed both for the pristine and the treated SiC nanopowder (Figure 1).
The phase composition analysis highlighted, for both powders, the presence of the cubic Moissanite
3C (Zb-type, s.g. F-43) as predominant crystal phase (about 75%). In the pristine SiC, two further
phases have been found, i.e. SiC-RS-type (cubic phase, s.g. Fm-3m) and Moissanite 21R (trigonal
phase, s.g. R3m), with a concentration of 2% and 24%, respectively. In the treated sample, as it can
be seen in Figure 1, the peaks of SiC-RS-type phase disappear, and the concentration of Moissanite
3C and Moissanite 21R were of 76% and 24%, respectively. The slight difference between the two
samples is probably due to the washing-thermal processes applied to the treated SiC. The average

crystallite size was about 21 nm in both samples.
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Figure 1: XRD patterns of the SiC nanopowder are reported in blue and green lines for the treated and pristine samples,
respectively. The dashed red lines are the Rietveld fit. The identification of the phases showed the presence in the pristine
sample of (#) Moissanite 3C; (*) SiC-RS-type; and (8) Moissanite 21R. The SiC-RS-type phase disappears in the treated

sample.

The SEM characterization, performed for the treated powder, is shown in Figure 2. The analysis
highlighted that the morphology of SiC grains was spherical-like, with an average size of tens of

nanometers.
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Figure 2: SEM image of the treated SiC nanopowder.

EDX analyses were carried out by using both silicon and carbon-tape substrates. The average atomic
concentrations, investigated by using both substrates, are reported in Table 1.

Table 1: Average atomic percentages of elements found through EDX analyses.

C (at%) O (at%) |Si(at%)

519+14 |6.1+2.5(41.2+16.2

It can be noticed that the SiC sample showed a high chemical purity, within the instrumental error.
The Raman characterization, showed in Figure 3, was performed on the pristine SiC, and on the SiC

nanopowder after the purification process.
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Figure 3: Raman spectra of pristine (dark line) and treated (red line) SiC samples.

There are four main peaks in the pristine SiC spectra (black line). Peaks located between the 700 cm”
1and 1000 cm™ are related to the presence polytypes in the SiC nanopowder, as also observed in the
XRD characterization (Figure 1) [81]. The peak centered at 790 cm™! can be attributed to the lattice
vibration of the material, specifically to the zone-center transverse optical (TO) phonons of 3C-SiC
[82]. The longitudinal optical phonon mode (LO) is shown with a Raman shift at 915 cm™, already
observed by Parida et al. for SiC nanoparticles with an average size of 50 nm [83]. Two main
characteristics bands are centered at 1334 cm™' (carbon D band) and at 1595 cm™ (carbon G band),
which correspond to the vibrational properties of isolated carbon arrangements and sp® carbon
bonding coming from surface atoms [82, 84, 85]. They can be attributed to the presence of a carbon-
rich phase located outermost SiC nanoparticle surface or free carbon [82, 84-86]. A presence of a
higher concentration of carbon than silicon in the SiC pristine sample was also observed through the
EDS (Table 1) and XPS (Table 3) characterizations.

The spectra of the treated SiC nanopowder is shown in Figure 3 with the red line. On the one hand,

the peaks related to TO and LO phonons of SiC polytypes are still detectable. On the other hand, the
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D and G bands of the C-C bonds almost vanished, blending in with the background noise. The
disappearance of such peaks could be attributed to the oxidation of the SiC nanoparticle surface due
to the heat treatment at 650°C carried out in the purification process [85, 86]. The oxidation of the
SiC nanoparticles surface will be discussed in a dedicated section (section 3.3, Gas sensing

mechanism), owing it plays a key role in the SiC gas sensor performance.

3.2 Gas sensing results
In order to investigate the gas sensing properties of SiC thick films, the sensors were designed as
reported in paragraph 2.3.
Firstly, it was investigated the relationship between the conductance of SiC screen-printed layer vs.
temperature. Figure 4 shows average conductance values obtained for SiC thick films investigated.
One can observe a very low conductance at low temperature, with an average value of 0.127 nS at
250°C. The film conductance increased with an exponential trend when the temperature increases,

reaching 2.13 nS at a temperature of 800°C.
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Figure 4: Plot of working temperature vs. SiC thick-film conductance. The tolerance for the sensor conductance is

considered 5%, as explained in the section 2.4.

After the evaluation of SiC thick films conductance vs. temperature, their gas sensing properties were
studied.

The gas sensing characterization was carried out both in dry and in wet air, at a working temperature
ranging from 250°C to 800°C. Temperatures higher than 800°C were not investigated because most
of the alumina substrates were broken at this temperature.

The measurements highlighted that SiC layer resulted to be insensitive, from a chemoresistive point
of view to all gases tested, up to the working temperature of 600°C in dry air and 550°C in wet air,
respectively. In Figure 5, summary graphs of SiC sensor sensing responses are reported, both in dry
air (Fig. 5a) and in the presence of 13% of RH% (Fig. 5b).
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Figure 5: Summary histograms of SiC sensor responses vs. gases tested at different working temperatures, in a) dry air
and b) in presence of 13% of RH%.

As it can be seen from Figure 5, the SiC layer did not highlight any change in conductance in the
presence of almost all gases tested in dry air, except for SO, tested at a concentration of 10 ppm.
Indeed, when exposed to this gaseous molecule, silicon carbide-based sensors showed a detectable
and reversible change in conductance starting from a working temperature of 600°C, in dry air. The
sensing response to 10 ppm of SO> increased at working temperatures higher than 600°C, as is shown
in Figure 5a. The sensing behaviour of SiC thick film was also investigated in wet air, in order to
study the sensing properties of the sensor in environment closest to real sensing applications, where
humidity is the most common interfering gas [87]. The summary of the results obtained in the
presence of 13% of RH% is reported in Figure 5b. The behaviour of the sensing material was the
same as that observed in dry air, showing a detectable change in conductance only in the presence of
10 ppm of SO. However, the minimum working temperature useful to detect 10 ppm of SO, was
lower in the wet air than in dry air (550°C in wet air vs. 600°C in dry air). Moreover, values of sensing
responses vs. 10 ppm of SO> were higher in the wet air than in dry air for all the working temperatures
where a conductance change was detectable. Thus, contrary to the typical behaviour of metal oxides,
commonly used as chemoresistive gas sensors [88], the presence of humidity seems to improve the
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sensing performance for SiC films, maintaining the selectivity vs. SOz and increasing the response
value to this analyte.

Based on the data obtained, it was decided to carry out further sensing characterizations at a working
temperature of 650°C, that was the temperature that highlighted the best compromise between SiC
sensing properties and a reasonable condition to maintain the stability of the alumina substrate and
the electronic system.

To deeply investigate the humidity influence on the sensing properties of SiC sensors, the sensing
characterization of SiC films to 10 ppm of SO: at various percentages of RH% was performed. The

dynamic responses obtained are reported in Figure 6.
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Figure 6: Dynamic responses of SiC sensors vs. 10 ppm of SO in the presence of different RH% conditions.

As can be seen, all response values in wet air were higher than the response in dry air. The maximum
response was recorded with 13% of RH%, while, with higher percentages of RH% the response
slowly decreased, but they were still higher than the response obtained in dry air. This is counter
tendency with respect to the behaviour of metal-oxide-based chemoresistive gas sensors, in which the
humidity interacts with the film surface, occupying and thus decreasing possible reactive sites of the

same metal oxide, resulting in a decrease of the sensing response compared with that in dry air [68,
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69, 89]. The response and recovery times vs. 10 ppm of SO, were also investigated, since they are
useful parameters both for the gas sensor application and to study the heterogeneous reaction kinetics
occurring between the sensing material and the gas analysed [90, 91]. The values of response and
recovery times are appropriate especially for comparing sensing materials measured in the same
measuring chamber, since they are strongly dependent on the size and geometry of the chamber and
the speed of the gas flow. In this work, the response time was calculated as the time that the sensor
used to keep the 90% of the response [92], while the recovery time was calculated as the time that the

sensor needed to switch back to 1/e of the response value. Results obtained are reported in Table 2.

Table 2: Summary table of recovery and response times of SiC sensors vs. 10 ppm of SO, in presence of different RH%

values.
Relative Humidity (%) |Response Time (s) | Recovery Time (s)
Dry air 300 590
13 259 391
33 435 329
50 302 347
60 318 381

On the one hand, the response time resulted to be not related to the humidity presence. On the other
hand, the recovery times, were lower in the presence of humidity than in dry air. Therefore, the
presence of humidity affected both response value and time of reaction. These data highlighted that
the presence of humidity probably modified the reaction kinetic between SO and the surface of the

SiC layer.

To investigate the repeatability of the SiC sensor, the device was exposed to SO at a fixed
concentration of 10 ppm. Figure 7 shows sensing responses by exposing the sensor to 4 cycles of SO;

adsorption/desorption, at different RH% values.
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Figure 7: Stability of SiC sensors responses vs. 10 ppm of SO at different RH%.
SiC sensors showed a repeatable and stable response in the range of hours, especially in wet condition.

The last sensing parameter investigated of SiC device was the sensitivity, represents by the slope of
the calibration curve [93]. To this aim, the SiC sensing response vs various SO> concentrations, i.e.
1, 2,5, 15 and 25 ppm, was analysed. The data obtained in dry air and in wet condition (at a RH% of
50%, chosen as the common RH% level in outdoor conditions) are illustrated in Figure 8. The
measurements have highlighted that the trend of the calibration curve is in line with the trend of the

common metal-oxide gas sensors, with a decreasing of SiC sensor sensitivity for an increasing of the

S0 [89].
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Figure 8: Calibration curves of SiC sensor vs. 1, 2, 5, 15 and 25 ppm of SO at 650°C, in dry air (blue markers) and in
presence of 50% of RH% (orange markers). A tolerance of 3% is considered on x-axis, given by the combination of
tolerance of the SO, concentration in the cylinder and the tolerance of mass flows used. For Y-axis, 5% assigned

as percentage error as reported in the section 2.4.

The lower detection limit identified at 650°C for SiC sensors was 1 ppm of SO, a useful
concentration for gas application since it is two times lower than the Time-Weighted Average (TWA)
exposure limit and 5 times lower than the Short-Time Exposure Limit (STEL) [80].

The possible cross-selective property of the SiC thick film was also investigated. The sensor was
exposed to 10 ppm of SO2 and then, in the gas chamber, other four different gases were injected in

sequence, as reported in Figure 9.
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Figure 9: Cross selectivity analysis of the SiC sensor vs. 10 ppm of SO, at 650°C (50% of RH%) verified in presence of
5 ppm of butanol, 10 ppm of acetone and 10 ppm of H,S.

As possible interfering species butanol and acetone were chosen, which are usually gases that strongly
react with chemoresistive sensors, and H>S since it is one of the most common interfering in
applications where sulphur dioxide is present [94]. This characterization highlighted a great cross
selectivity of SiC sensor in wet condition; meanwhile, an influence of 28% in the sensing response
was detected in presence of 5 ppm of butanol in dry air. Since common applications of a gas sensor
are in presence of humidity, the high cross selectivity shown by SiC highlights its possible specific

use to detect SO in real applications, such as air pollution and industrial processes gas analysis.

3.3 Gas sensing mechanism
As showed in the previous discussion, SiC sensor exhibited an increase reactivity to SO by increasing
the layer working temperature, until reaching a strong selectivity at temperature higher than 600°C.
To better understand the sensing behaviour of SiC thick films, XPS analyses were conducted with the
aim to detect possible composition change on the surface of SiC nanoparticles at high temperatures.
XPS measurements were performed on three samples, the pristine SiC powder and the SiC powder
after a heat treatment at 650°C in a furnace, under a constant flux of both dry and wet air. It is clear
that, after heat treatments, there is a large increase in oxygen content in the SiC powder and a large

decrease of the carbon concentration. Data of atomic percentage in the three samples are reported in

19



Table 3.

Table 3: Atomic content of oxygen, carbon and silicon obtained by means of XPS analysis for the three different SiC

samples.

Sample O (%) | C (%) | Si (%)
Pristine SiC 211 | 46.0 |329
SiC 650° wet air | 44.2 | 254 |304
SiC 650° dry air | 33.5 |31.2 |333

This increase in oxygen concentration could be ascribed to the oxidation of the SiC nanoparticle
surfaces at high temperature, which allows the formation of a SiOC shell on the nanoparticles [95].

By analysing the C 1s, O 1s and Si 2p peaks and the related fit (Fig. 10), it can be observed that SiC
oxidation increased in the wet heat treatment compared to the dry one. Regarding C 1s (Fig. 10a), it
can be noted that the peaks related to the C-Si (282.3 eV) and C-C/C-H bonds were predominant in
the pristine sample, and there was only a slight component due to the C-O bond. The ratio between
C-Si and C-C/C-H peaks is strongly enhanced in the sample treated at 650°C in dry air, highlighting
an increase of the C-Si component in the SiC powder. The sample treated in wet showed a
preponderant increase of the peak due to the C-O bond compared to the other two samples.
Concerning O 1s (Fig. 10b), it can be noted that heat treatments in dry and wet conditions moved it
to higher energies than the pristine sample. This shift could be motivated by an augment of the O-Si
component compared to the O-C one during the oxidation process [96], and by the increase of the
oxidized layer on the SiC nanoparticle surfaces. As far as silicon is concerned (Fig. 10c), from the fit
it can clearly be observed that the peak of the Si-O bond increased, due to heat treatments, to the

detriment of the Si-C peak.
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Figure 10: XPS analysis of a) C 1s, b) O 1s and c¢) Si 2p binding energy of the three SiC samples: Pristine SiC and SiC
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heated at 650°C for 2 hours both in dry air and in wet air. Thick dashed lines are related to the spectra experimental data,

meanwhile grey thin lines are the fit.

The experimental results obtained are in line with those reported in the literature. Indeed, several
works have demonstrated, both experimentally and theoretically, the thermal surface oxidation of SiC
nanoparticles due to the interaction between grains surface and O, or H>O gaseous molecules [97,
98]. Among the different parameters that regulate the kinetics of oxidation, the most important are
the grain size, the temperature and the moisture content. Roy et al. showed that the presence of H.O
molecules in the furnace environment increases the oxidation of the SiC nanoparticles [98]. This may
explain the presence of a higher oxygen percentage in the SiC sample heated in the presence of
humidity (Table 3).

A thermogravimetric analysis was also performed to deeply investigate the oxidation process that
occurs in the SiC powder used in this work, both in dry and wet air. In Figure 11 the TG analysis,
performed by using the commercial powder after washing cycles, as reported in the paragraph 2.1,
but without the heat treatment, are shown. The two TG curves showed some differences. In dry air,
no significant changes occurred to the material up to about 600°C, where a weight increase was
detected, which continued up to 900°C with an exponential trend. Concerning the TG curve in wet
air, it should be noticed that a slight weight increases in the SiC sample has already been identified
from a temperature of 400°C. Then, a higher increase of the SiC powder weight starting from about
600°C up to 900°C with an exponential trend was observed.

The TG characterization confirmed the results obtained with the XPS analysis. Moreover, TG analysis
demonstrated that the oxidation of the SiC nanoparticle surfaces is temperature dependent and the
oxidation rate improves when the temperature increases, both in dry and in wet air [98]. The oxidation
temperature, which depends on the particle size of the SiC, is in line with values reported in the
literature for the SiC sample heated in dry air [99]. The motivation behind the higher weight increases
in wet than in dry air can be attributed to the better oxidation of SiC nanoparticles in presence of H20

molecules at high temperatures [98, 99].
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Figure 11: TG analysis of SiC powder in dry (blue line) and wet air (red line).

A TEM analysis was performed to obtain compositional (EDS) and structural information of the SiC
nanoparticles surface, to deeply investigate the SiC/SiOC core-shell formation at high temperatures.
Three different SiC samples were analysed, i.e. pristine SiC, SiC thermal treated at 650°C and at

850°C, in ambient air.
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Figure 12: a, b, ¢) High Resolution TEM (HRTEM) images, d, e, f) EDS compositional analysis of nanoparticle surfaces
of the pristine SiC, SiC thermal treated for 2 hours at 650°C and 850°C, respectively.

As it can be observed in Figure 12, nanoparticles of the pristine SiC (Figure 12a) are surrounded by
a thin amorphous layer of about 0.5 nm, due to the formation of the native oxidation layer. In Figures
12b and 12c¢, it is clear that the thermal treatments strongly increase the thickness of the amorphous
layer on the SiC nanoparticles, which was about 5 nm for the SiC sample treated at 650°C and about
10-15 nm for the one treated at 850°C.

Figures 12d, 12e and 12f show EDS analyses of the three samples, carried out by investigating the
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compositional profile of the SiC nanoparticle surface. The analysis revealed that, in the limit of the
spatial resolution, there is an increase in the oxygen content on the surface of SiC nanoparticles,
related to the thickness growth of the amorphous layer that surrounded the same nanoparticles after
the heat treatment at 650°C and at 850°C.

Therefore, results obtained through TEM images and EDS compositional analysis support data
obtained with the TG and XPS analyses, highlighting the formation of the SiC/SiOC core-shell at
high temperatures, caused by an oxidation of the SiC nanograins’ surface [95]. Furthermore, the TEM
analysis shown that the SiOC shell formed on the SiC surface is amorphous.

The sensing property improvement at high temperature of SiC sensor could be attributed to the
SiC/SiOC core-shell formation. Indeed, TG analysis highlighted a weight increase occurred at about
600°C in dry air and at temperature lower than 600°C in wet air, respectively, due to surface oxidation
of SiC nanoparticles. These coincide with the temperatures at which SiC thick films started to exhibit
reactivity to SO2. Many works in the literature highlight how core-shell of composite materials
enhances chemical, physical and optical properties than individual materials studied separately [100].
Furthermore, although SiC has always been considered an inert material with high chemical stability,
Karakuscu et al. have demonstrated that mesoporous SiOC glasses show sensing properties under
proper condition [101]. The possible high concentration of defects in the SiOC shell, obtained through
thermal oxidation, could be an additional factor in increasing the surface reactivity of the SiC/SiOC
core-shell [102]. The surface reactivity boosted by the formation of the SiC/SiOC core-shell would
also explain the better sensing properties showed by SiC layers in wet than in dry air. In fact, the
presence of moisture supports the surface oxidation of SiC nanoparticles, promoting the formation of
the core-shell and therefore both the reactivity and the selectivity of the SiC film vs SO2 molecules
(see Figure 9).

The high temperature is however essential to keep the surface active for the interaction with SO, from
a chemoresistive point of view, even after the formation of the of the SiC/SiOC core shell. In fact,
further electrical characterizations have shown that, using the material after the formation of the core-
shell, SiC sensors did not show measurable changes in conductivity during exposure to SO at
temperatures below 600°C in dry air and 550°C in wet air, respectively.

The surface area of the SiC nanopowders were determined by applying the Brunauer—-Emmett—Teller
(BET) method, in order to investigate its variation due to the SiC/SiOC core-shell formation. Four
different samples were analysed, i.e. pristine SiC, SiC thermal treated at 400°C, 650°C and 850°C, in
ambient air. The surface areas were reported in Table 4.
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Table 4: BET surface area values for the pristine SiC, and for the SiC nanopowder calcined at 400°C, 650°C and 850°C.

Sample BET surface area (m?/g)
pristine SiC 21.4277 £ 0.0473
SiC calcined at 400 °C | 19.7364 + 0.1592
SiC calcined at 650 °C | 17.1870 £ 0.2860
SiC calcined at 850 °C | 16.9450 + 0.2682

As it can be observed, the surface area decreased by increasing the temperature of the thermal
treatment. Therefore, the formation of the SiOC surface layer modifies the exposed surface area.
Considering that the XRD and TEM analysis showed a substantial stability in the average size of the
nanopowder before and after thermal treatments, it can be also supposed that necks could be formed
between the nanograins during the thermal treatment [103]. It is well known that the decrease in the
surface area negatively affects the sensitivity of a gas sensing material, because it involves a decrease
of the reaction contact area between gas sensing materials and target gases [104]. Nevertheless, in the
case of the thermo-activated SiC sensing film, the sensing characterization performed (section 3.2)
highlighted that the improvement on the surface reactivity vs. SO due to the formation of the SiOC
shell prevails over the decrease in surface area, giving a further evidence of the SiC sensing
performance dependence on the SiC/SiOC core-shell formation.

As in the case of metal-oxide gas sensors, the oxygen atoms adsorbed on the surface of the SiC/SiOC
core-shell can be involved in the chemical reactions underlying the transduction process [105]. A
possible chemical mechanism for the SO> detection by the SiC layer, in dry air, could be based on the
oxidation of the molecule on the semiconductor surface, involving adsorbed oxygen ions and
catalysed by the semiconductor itself:

SO;(g)1O0ladsy—SO3e)T1e” (1)

SOxg)tOfaas)—SO39)*2€" (2)

The electrons released from the reaction can return to the semiconductor conduction band, causing
the conductivity increase of the SiC layer during the interaction with SO2. The higher reactivity of
the sensing material vs. SO> than the other gases analysed may lie in the working temperature of the
SiC layer. On the one hand, King et al. demonstrated the possible catalytic oxidation of SO, to SOs
with SiO> at high temperature (450-630 °C) [106]. On the other hand, a lot of works showed that, at
temperatures above 550-600°C, nanostructured semiconductors result to be strongly less sensitive or
insensitive to the common reducing and oxidizing gases [104, 107, 108].

Concerning the gas sensing mechanism in wet air, the presence of H.O molecules greatly affects the
reaction scenario. Indeed, water molecules can react with SO> in the atmosphere by producing H.SO3

and further by-products, before the interaction with the SiC layer [13]. Subsequently, SO, and the
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other gaseous compounds, resulting from the interaction between SO and H>O, can interact with
oxygen and hydroxyl ions adsorbed on the surface of the SiC/SiOC core-shell. On the one hand, this
could be an additional factor that contributes to improve the sensing capabilities of the SiC sensor in
wet air. On the other hand, such a complicate situation hinders the possible suppositions about the
types of interaction that occur on the sensor surface.

An in-depth analysis of the interaction between the SiC-SiOC core-shell and the SO> molecules will
require specific characterization techniques, such as IR and Raman spectroscopy measurements in
OPERANDO mode, and it will be the topic of a dedicated future work.

4. Conclusions

In this work, it was demonstrated that, under proper conditions, it is possible to activate the surface
reactivity of nanostructured SiC for heterogeneous interaction vs. gaseous compounds. In particular,
the investigation, focused on the study of the chemoresistive sensing properties of SiC thick films in
thermo-activation mode, highlighted unique sensing properties of this material, which resulted to be
selective vs. SO2 among 13 gases analysed at concentration lower than the TLV value. The electrical
characterization of the tested gases showed an increase in the SiC sensing response and cross
selectivity to SOz in the presence of humidity. In addition, the wet condition reduced the working
temperature required to detect the interaction between SO2 and SiC (550°C) compared to the dry
condition (600°C). This SiC behaviour is unexpected compared to common metal-oxide gas sensors,
in which the presence of humidity represents an issue, inducing a drastic decrease of the sensing
response and of the sensitivity.

Further investigations showed that the enhancement of the SiC surface reactivity is promoted by the
formation of a SiC-SiOC core-shell. The core-shell could catalyse the gas sensing interaction between
SO, and the oxygen ions adsorbed on the SiOC surface, providing the increase in the SiC film
conductance obtained during the gas sensing characterization. In this way, a possible mechanism of
reaction has been proposed in dry air, although it will be studied deeply through suitable analysis to
verify if the supposed chemical reaction really occurs.

The results obtained are worthy of attention also at the application level, given the great importance
of detecting SO, a pollutant gaseous compound with very high toxicity for human health even at low

concentrations and emitted by different industrial processes.
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