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Abstract: This paper focuses on the fabrication of defective-induced nanotubes via the catalytic
chemical vapor deposition method and the investigation of their properties toward gas sensing. We
have developed defective multi-walled carbon nanotubes with porous and crystalline structures.
The catalyst layer used in CNTs” growth here was based on 18 and 24 nm of Ni, and 5 nm of Cr
deposited by the dc-sputtering technique. The CNTs’ defects were characterized by observing the
low graphite peak (G-band) and higher defect peaks (D-band) in the Raman spectrum. The defectives
sites are the main source of the sensitivity of materials toward different gases. Thus, the current
product was used for sensing devices. The device was subjected to various gases such as NO, NO,,
CO, acetone, and ethanol at a low operating temperature of 30 °C and a concentration of 50 ppm.
The sensor was observed to be less sensitive to most gas while showing the highest response towards
ethanol gas. The sensor showed the highest response of 8.8% toward ethanol at 30 °C of 50 ppm,
and a low response of 2.8% at 5 ppm, which was investigated here. The signal repeatability of the
present sensor showed its capability to detect ethanol at much lower concentrations and at very low
operating temperatures, resulting in reliability and saving power consumption. The gas sensing
mechanism of direct interaction between the gas molecules and nanotube surface was considered
the main. We have also proposed a sensing mechanism based on Coulomb dipole interaction for the
physical adsorption of gas molecules on the surface.

Keywords: 1D nanostructures; defective carbon nanotubes; sensing properties; ethanol sensor

1. Introduction

With the growth of humanity, the demand for the use of technology in all aspects
of life increased, including the demand for different gases for use in many fields. Thus,
the demand for monitoring these gases increased. Among these gases is ethanol, whose
control is in high human demand since it is the basis of alcohol consumed by humans, with
3 million deaths every year worldwide a result of the harmful use of alcohol, representing
5.3% of all deaths [1]. Ethanol is a preservative and antifungal due to its ability to denature
the proteins in yeasts and molds. Before sealing food, ethanol can be injected inside the
package to create an antimicrobial effect in cases of long-term storage, or it can be done
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using ethanol generation bags [2—4]. Ethanol is also used to prevent the growth of moldy
mildew in high-moisture bakery and fish products [4]. However, the main drawback of
using ethanol vapor for preservation purposes is its unpleasant odor and undesirable
flavor formation in foods. Moreover, the use of ethanol may lead to its absorption in food
to significant levels, which may raise concerns. Ethanol is also used as a good biofuel
because it does not emit carbon dioxide, unlike gasoline or diesel. Thus, its use as part of
a vehicle fuel mixture has many environmental benefits in terms of reducing hazardous
emissions in vehicles [5-8]. Its presence in the form of a liquid or gas also has advantages
and makes it attractive in the process of transporting it as a fuel. In addjition, it is the most
common compound used in many fields, including the scientific, medical, and industrial
fields. Ethanol sensors with efficient and discriminating sensitivity are highly used in the
testing of packaged food, in the wine industry for fermentation process controlling, in
detecting drunken drivers by traffic police, in different medical applications, and many
other applications [9-12]. Because of its growing use, monitoring its vapor during its
production process is an important need, along with safety challenges that require accurate
detection of its vapor at very small levels.

Gas sensors are one of the most important technologies required when producing
or manufacturing such gases. Through this, it is possible to monitor productivity as well
as the leakage of gases into the surrounding environment. Therefore, a large number of
researchers have paid great attention to the process of creating gas sensors by methods
other than those that are expensive techniques such as gas chromatography [13,14], light
waves [15,16], and sound waves [17]. The technique for electrochemical sensors and chemi-
cal resistance is attractive, such as a gas sensor using metal oxides, graphene, and multilayer
carbon tubes [18-27], as chemical resistance sensors are simple and have the advantage
of being integrated into a microsensor. CNT chemical resistance sensors are widely used
due to their response to many gases, room temperature operation, extremely low detection
feature, and low power consumption [23,25,28]. Therefore, many researchers have used
carbon tubes, whether grafted or not, in the manufacture of sensors for different gases.

The conductivity /chemical resistor measurement sensor has the advantage of forming
a miniature sensing system, and carbon nanotubes or metallic nanoparticles have been
used as sensors for chemical-resistor-based sensors, which have good conductivity and
internal gas sensing properties [29,30]. In previous studies, it was found that the adsorption
of gas particles can be affected by defects in the tubes or defects at the ends of the carbon
nanotube wall, where the defect sites can provide additional places for the bonding of
gas molecules with the tubes [31]. It is reported that graphene reacted with CO, NO, and
NO, when it was doped with defective elements [32-34]. The study showed that the
response of the graphene sensor was enhanced for the defective graphene layer. A gas
sensor designed based on carbon nanotubes was investigated, and it was operated by a
Wacker oxidation mechanism [35]. Instead of incorporating a metal-like copper that bonds
directly to the gas, they used a palladium metal catalyst that added oxygen to ethylene
during the oxidation process.

However, in this study, we are planning to fabricate defect-induced CNTs, where
defect-induced CNTs are a promising sensing layer for gas sensing [36,37]. The CNTs are
a promising candidate for obtaining more induced defects and more interstitial regions.
Hence, they are suitable for obtaining a good response and better performance towards gas
molecules. It is feasible that the CNT-based current sensor induced by the defect should
show a reasonable response towards ethanol gas. The novelty in the current work is that
we do not use the mixing of any foreign elements after the fabrication of CNTs to obtain
defect areas. Rather, the tubes were made with self-defects, which causes the presence of
many defect bonds on the surface of the tubes, thus increasing the intrinsic sensitivity of the
tubes towards gas molecules. Thus, we have fabricated carbon nanotubes (CNTs) using the
chemical evaporation technique using 2 layers of nickel and chromium, where the thickness
of the chromium layer was 5 nm, while the thickness of the nickel layers was 18 and 24 nm.
The CNTs were prepared in the form of multi-walled nanotubes to have more defects
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induced inside them. We then studied this product using Raman spectroscopic, scanning,
and transmission microscopy, and monitored the ethanol gas at various temperatures and
gas concentrations. This product has been used to fabricate MWNT gas sensors by the
drop-casting method for an ethanol gas, which has been tested at low temperatures and
various concentrations. The possible gas sensing mechanisms are considered to visualize
the understanding of the gas molecules’ interactions with the CNTs’ surface.

2. Materials and Methods
2.1. Materials

The substrate applied for the synthesis of the CNTs was SiO, /Si. During the fabrication
of the catalyst layer with the dc-sputtering method, Ni and Cr layers (Labtech International
Ltd., East Sussex, UK) were used as target materials. Nitrogen (99.995%), hydrogen (99.5%),
and ethylene (>99.9%), provided by Air liquid LLC (Al Khobar, Saudi Arabia) were used as
synthesis gases. High-purity synthetic air (N, + O;) and diluted gases (NO, NO;, and CO)
were provided for sensing measurements.

2.2. Methods

For the synthesis of the CNTs, the polished SiO; /Si substrate was cleaned by sequence
steps with water, Ethanol, and semiconductor detergent, then was dried with N,. A Cr
layer of 5 nm followed by an 18 nm and 24 nm layer of Ni was deposited by dc-sputtering.
This catalyst layer was processed to plasma-enhanced chemical vapor deposition for the
CNTs’ fabrication. The growth was carried out by using a fully automatic system called the
Firstnano model-3000-Easy tube system. The growth temperature was 800 °C by a flow of
the mixture of ethylene and nitrogen gases. The reaction time was 30 min, then the system
goes down to room temperature; the steps are described in Figure 1.
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Figure 1. Schematic diagram for; (a) CNTs’ synthesis, and (b) sensing device fabrication.

The product of carbon materials was firstly investigated by a confocal Raman Spec-
troscopy (Model: LabRAM- HR800, HORIBA, Kyoto, Japan) with an attached charge-
coupled detector (CCD). The excitation laser HeNe with a wavelength of 633 nm and
20 mW for output power was used. The A backscattering configuration at room temper-
ature with a 0.8 cm™~! spectral resolution was used for Raman spectrum measurements.
The morphology was observed by an FE-SEM, Model JEOL JMS-7000 (Akishima, Japan)
operating at 15 kV. The lattice image was examined by a JEOL JEM-2100F working at
200 kV.



Materials 2022, 15, 4439

4 of 14

Dynamic system

air

024

The black layer powder formed on the substrate was scratched and dissolved in
ethanol liquid. A few micro letters were deposited into the Au electrode with a gap of
200 pm. The Au electrodes were deposited by dc-sputtering. The sensing device was tested
for various gases, such as NO, CO, acetone, NO,, and ethanol. The device was tested at
different operating temperatures and gas concentrations of ethanol gas. The sensing device
was dried at 70 °C before starting the sensing measurements. The measurements were
performed with a dynamic gas system containing an electrical measurement system in a
Keithley (Cleveland, OH, USA) meter and power supply, and a temperature-controlled
chamber in the Linkam (Redhill, UK) model HFS 600 E—PB 4 probe thermal stage, and
a gas flow control system of the GSM—6000 A model, as shown in Figure 2. The total
flow rate of air and gas-containing air was adjusted for 200 SCCM for all experiments.
The electrical current was measured by using a data acquisition of Keithley-2010 and data
recorded by SweepMe! 1.5.5 software. The sensor response (S%) was calculated according
to S% = R‘ZR;ﬂR“ x 100, where R, and Ry are the electrical resistance of the device in air and
air-containing gas, respectively.
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Figure 2. Schematic diagram of the gas sensing system.

3. Results
3.1. Structure Characterizations

Raman spectroscopy is a sensitive tool for the disorder and the degrees of crystallinity
for the materials [38,39]. The CNTs’ defects can be qualitatively characterized by Raman
measurements. CNTs as a carbon material demonstrate three important modes described
according to their surface defects, impurity, and layer multiplications, as shown in Figure 3a.
These three modes were assigned to the D-band, G-bound, and G’-band, respectively. Other
bands appearing at the low energy part of the spectrum are known as radial breathing mode
(RBM) bands. This RBM band is distinctive for SWNTs and corresponds to the expansion
and contraction of the tubes. The frequency of this band is correlated to the diameter of
SWNTs. MWNTs have comparable spectra to SWCNTs. The difference is the lack of an
RBM mode in MWNTs and a more pronounced D band in MWNTs. The RBM model is not
present for the reason that the outer layers inhibit the breathing modes. The pronounced D
band in MWNTs is due to a particular level because of the multilayer configuration and
indicates further disorder in the structure. From Figure 3a, the D-band is observed to be
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higher for CNTs/24 nm-Ni compared to that for CNTs/18 nm-Ni. The band position of the
D and G modes is listed in Table 1, corresponding to the ratio in intensities for both samples.
In the present CNTs, the ratio of D/G intensities is 1.58 and 2.21 for CNTs/18 nm-Ni
and CNTs/24 nm-Ni, expressing the more defect-induced CNTs/24 nm-Ni [40]. The
G-bond is assigned to the intra-bond of sp? pairs of hybridized carbons combined with Eog
symmetry, while the D-band assigns to the Ajz symmetry of the breathing mode owing to
the disordering [41]. The ratio of G’ to G intensities are 0.46 and 0.16 for CNTs/18 nm-Ni
and CNTs/24 nm-N;i, indicating the multilayer carbons for CNTs/24 nm-Ni compared to
CNTs/18 nm-Ni [42-44]. Moreover, the RBM model appears very weak to CNTs/18 nm-Nj,
which may confirm that there are few SWCNTs.
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Figure 3. (a) Raman spectrum of the CNTs prepared with 18 and 24 nm of Ni catalyst layers,
(b) FESEM image, and (c) HRTEM image CNTs prepared with 24 nm of Ni catalyst layers.

Table 1. D- and G-band position, and the intensities ratios of D/G and G’/G peaks.

D-Band G’-Band
Sample (cm-1) (cm-1) Ipig Igig
CNTs/18 nm-Ni 1317 1565 1.58 0.46
CNTs/24 nm-Ni 1330 1595 221 0.16

The synthesized product was characterized by FWESEM, as shown in Figure 3b.
The nanotubes were well-formed based on the catalyst layers and showed porous and
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curved nanotubes with a diameter of 11-12 nm. The FESEM image exhibits a crossed
carbon nanotube. The observed nanotubes are porous structures and are interconnected
with each other. HRTEM images also demonstrated well the size of the nanotubes and
their crystallinity, as seen in Figure 3c. The HRTEM demonstrated that the CNTs have a
multi-layer since the diameter is about 11 nm, as observed in the SEM image. This type
of interconnected and porous structure is fitted with the gas sensing properties for the
adsorption/desorption process, where the microstructures of materials have active sites
due to the defects. Thus, there is a high probability for gas reactions on the surface of
the CNT layer. Thus, the present CNTs have many surface defects which work as active
adsorption sites.

The measured surface area of the as-prepared MWNTs is in the range of 10 to
500 m2/ g [45]. However, the theoretical external surface area of CNTs has been reported
to be in the range of 50 to 1315 m?/g [46]. The theoretical specific surface area (SSA) of
MWCNTs was calculated in terms of the external diameter and the number of layers of
CNTs by Equation (1):

1315 de
nde — 0.68 /"' i

SSA(MWNT) = ¢y
where de is the external diameter of the CNT, and 7 is the number of layers/shells that
comprise the CNT. The specific surface area of the current CNTs/24 nm-Ni calculated via
the above equation was ~150 m?/g, where de is 11.0 nm, and 7 is ~14.0 layers based on
the fact that the inner diameter of the first tube is 2.0 nm (as for SWCNT) [45] and the
inner-shell distance, ds-s, is 0.34 nm.

3.2. Sensing Characterizations

A gas sensor was fabricated by using the CNTs prepared using 18 nm and 24 nm of Ni
layer. The sensor was tested at a temperature range of 30-60 °C. Figure 4 shows the signal
of one cycle of 50 ppm of ethanol at temperatures of 30, 40, 50, and 60 °C. Figure 4a shows
the signal of CNTs prepared with 18 nm of Ni catalyst layer, whereas Figure 4b shows that
for CNTs prepared with 24 nm of Ni layer. The electrical resistance of the sensor increased
due to the exposure to the gas, reaching up to its maximum state, and then decreased
when the gas flow was switched off. It seems that the ethanol molecules inject electrons
at the effective sites of CNTs’ surface, then the electrons are released back when the gas
was stopped. This caused an increase and then decrease in the electrical resistance of
p-type CNTs [47-49]. With increases in the operating temperature, the electrical resistance
almost did not change significantly in the air. However, a notable change was observed
in the presence of the gas, where the electrical resistance in the presence of gas molecules
decreased with increases in the operating temperature from 30 up to 60 °C. From Figure 3,
we can observe the large change in the sensor resistance prepared with 24 nm Ni compared
to 18 nm. Moreover, the resistance value in the air was observed to be higher for CNTs
prepared with 18 nm of Ni catalyst layer. This may be ascribed to the low defects in this
sample, which was confirmed by Raman spectra.

The response time constant is defined as the time taken for the sensor resistance
to reach 90% of the steady or equilibrium resistance, while the recovery time constant
is the time taken for the sensor resistance to recover 90% of the steady resistance, or a
10% increment from the initial resistance. Figure 5 shows the response and recovery
time constants for the sensor of CNTs/24 nm Ni (where it is the highly sensitive sensor)
at various operating temperatures. The time constants were observed to decrease with
increases in the operating temperature. The response time at the low operating temperature,
where the high response was observed, is about 92 s, which was reduced to 37 s at an
operating temperature of 60 °C, where the lower response was observed. The recovery
time constant exhibited the same behavior depending on the sensor temperature.

Figure 6 depicted the change in the sensor response upon exposure to different gas
concentrations for sensors prepared with CNTs/24 nm Ni (as an example). The sensor’s re-
sponse toward various ethanol concentrations was investigated to understand the sensor’s
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capability to distinguish the gas concentration. The concentration was changed from 5 up
to 50 ppm at an operating temperature of 40 °C. The sensor exhibits its ability to detect a
lower concentration of ethanol. The sensor responded and recovered back to a proximate
baseline periodically. With increases in the concentration, the recovery may take more time
than that of low concentrations. This can be ascribed to the deep diffusion of gas molecules
into the sensing layer, which causes slow desorption of these molecules.

46 22.0
Ethanol: 50 ppm (a) | Ethanol: 50 ppm (b)
45 | operating temp. °C | operating temp. °C
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Figure 4. Single sensor signal at various operating temperatures ranging from 30-60 °C for CNTs
prepared with (a) 8 nm and (b) 24 nm of Ni layer.
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Figure 5. Response and recovery time constants at various operating temperatures for CNTs prepared
with 24 nm of Ni layer.

Figure 7 depicts very important curves for the temperature and concentration depen-
dence of the sensor-response-prepared CNTs using 18 and 24 nm of Ni catalyst layers.
The sensor response was recorded with a high value of 8.8% at an operating temperature
of 30 °C (~RT) and a gas concentration of 50 ppm for the CNTs prepared with 24 nm of
Ni layer, while the maximum response for the CNTs sensor prepared with 18 nm of Ni
layer was 3.0%. Then, it decreased gradually to 6.5, 5.5, and 2.8% at 40, 50, and 60 °C for
CNTs/24 nm-Ni sensors, respectively, and to 1.0% for CNT /18 nm-Ni. The result shows
the sensor is more sensitive at a low temperature of 30 °C, which is considered important
in saving power consumption. The sensor response of the CNTs/24 nm-Ni layer exhibited
its superiority over the sensor prepared by the CNTs/18 nm-Ni layer. To understand the



Materials 2022, 15, 4439

8 of 14

reduction in the sensor response with increases in the temperatures, we may propose
the study of Albesa et al. [50]. The study was of the adsorption isothermal behavior of
the ethylene gas on the surface of CNTs. The initial adsorption of gas began at very low
pressures at the inner active sites of the nanotubes. The study was performed at 153, 273,
and 343 K. At 153 K, the first layer of gas molecules on the outer surface of the carbon
nanotubes was formed. For all three temperatures, the density of the adsorbed particles at
the inner sites of the tubes was almost unchanged, but the instability of the gas particles
layer was observed on the outer surface with increases in the temperature. This reflects
that the adsorption of gas molecules is expected to be less onto the outer surface at higher
temperatures. This explains the low response of the sensor at high temperatures. Figure 7b
shows the calibration curve, describing the sensor response versus the gas concentration.
The response was recorded at 1.5% and 1.0% at 5 ppm and increased up to 6% and 3.0% at
50 ppm for the sensors fabricated by CNTs/24 nm-Ni and CNTs/18 nm-Ni, respectively.
The low rate of the sensor response with higher concentrations can be ascribed to the
completion of the first layer of gas molecules on the surface, occupying most of the active
sites of the outer surface. However, inserting more concentrated gas causes more molecules
to reach the deep active sites of the CNTs, resulting in a gradual increment in the response.

60
g8l ——CNTs4nm-Ni i......;Ethanol, ppm
e CN Ts/18nm-Ni E 1 £
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Figure 6. Sensor signal versus time at various gas concentrations for the sensor prepared with 18 nm
and 24 nm of Ni catalyst layer.

Works of literature have reported the p-doping type of CNTs [47-49]. There are
two types of sensing mechanisms that can describe the behavior of the sensor response to
the analyte. First is the intra-CNTs mechanism, which describes the interaction between
CNTs and analytes [51]. The second is the contact mechanism, which describes the effect
of contact electrodes. In the former mechanism, the negative charge is transferred from
the Au electrode to the CNT, resulting in the equilibrium of the Fermi level of both the
materials [52,53]. When the ethanol molecules reach the surface, they may be linked at
the contacts, preventing the transport of electrons to the CNTs. However, because of the
p-type of CNTs, the resistance should decrease due to more positive charges becoming
free, which was not in the present case. Moreover, the contributing possibility of this
mechanism to the sensor conductivity is low due to the small area of the contacts. Thus,
we can say that the Schottky barrier effect between Au contacts and CNTs can be ignored.
In the latter mechanism when CNTs are exposed to a reducing gas, the positive charge
density decreases flowed to an increase in the electrical resistance, while the oxidizing
gas showed the reverse effect. The ethanol molecules find their way to the interstitial and
defective points of the CNT’s surface. Thus, the direct interaction of the charge transfer was
considered the main sensing mechanism [51]. Furthermore, we can also propose another
suitable mechanism based on the Coulomb interaction force. In its nature, ethanol is
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comprised of polar molecules because of the hydroxyl group (-OH) connected to the carbon
end, where the electronegativity of oxygen and hydrogen is 3.44 and 2.2, respectively. This
difference in the electronegativity of hydrogen and oxygen atom causes the polarity of the
hydroxyl group, resulting in a non-zero dipole moment of ethanol molecules that make it
polar. Thus, the physical adsorption of the ethanol molecules is enough to create a Coulomb
force (electric dipole) between the p-CNTs and n-ethanol, creating a depletion layer, as
schemed in Figure 8. This type of electric dipole causes an increase in the sensor resistance
due to the freezing of the holes in the CNTs.
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Figure 7. The sensor response of the prepared device is a function of; (a) operating temperatures at
50 ppm and (b) gas concentration at an operating temperature of 40 °C.
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Figure 8. Proposed gas sensing mechanism based on Coulomb’s interaction.

The repeatability verification, which indicates the repeated output signal of the sensor
signal, is a very important parameter for understanding the sensor’s ability with regard
to the change in environment. The sensor’s conductance was measured periodically for
four cycles for the gas concentration of 50 ppm at various operating temperatures, as
shown in Figure 9. This figure shows the change in sensor conductance, G, as a function
of time in terms of the existence and exhaustion of the ethanol gas. The sensor responded
quickly to the adsorbed gas molecules and recovered back to the baseline when the gas
was switched off. At low operating temperatures, the sensor shows a large change in its
electrical conductance, while at higher temperatures, a small change is observed. The sensor
repeatedly responded to the gas molecules without observing drift in the cycles, which
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confirms the ability to repeat its outputs without delay. For deep sensing investigations, the
sensor was tested at the highest sensor response temperature for different gases. Figure 10a
shows the sensor response toward reducing and oxidizing gases such as NO, NO,, Acetone,
and CO. The sensing measurements were carried out under the same conditions, which
means 50 ppm and an operating temperature of 30 °C. A quick response and recovery
were observed for CO and acetone compared to NO and NO,, but with a low response.
Figure 10b expresses the selectivity towards ethanol compared to others. The results
confirmed that the current fabricated CNT’s sensing layer is superior for detecting ethanol
gas at low operating temperatures and low concentrations, as well. Table 2 presents
the sensor response and operating temperature toward ethanol gas for various sensors
fabricated based on the CNTs layer. The data presented here expressed its superiority in
terms of sensing parameters.

Ethanol: 50 ppm

operating temp. °C
30 —— 40——

50

60——

[ Gason

G(10° | )
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Figure 9. Cyclic curve of sensor signals at concentrations of 50 ppm, and various temperatures for
the sensor fabricated with CNTs/24 nm-Ni layer.
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Figure 10. (a) Sensor signal toward various gases: NO, NO,, acetone, and CO, and (b) the sensor’s

selectivity toward these gases compared to ethanol measured at 30 °C, for the sensor fabricated with
CNTs/24 nm-Ni layer.
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Table 2. The ethanol sensor response and operating temperature based on published CNT work.

Sensor "l("v)e I;f;?t(t,ocn) Response Etharzl(;i)g:;ncen. References
High-density CNTs RT 0.18"° 50 [54]
MWNTs/ZnO 250 452 50 [23]
MWNT film devices RT 41°b 30,000 [28]
MWCNT RT 30b 50 .
PEG/MWCNTs RT 29b 50 5]
0.05 wt% MWCNT/SnO, 250 7000 2 300 [56]

0.10 wt% MWCNT/SnO, 250 1900 2 300
MWCNTs RT 8.8P 50 This work

a: response = 1% b: response = % x 100.

Figure 11 shows the sensor response at an operating temperature of 30 °C towards
various humidity conditions (Humidity Series, Sheldon Manufacturing, Inc., Cornelius, OR,
USA). The sensor response shows no change at humidity levels of 10-20%Rh, but a slight
change in the sensor response at higher humidity values. The sensor showed a response
with a value of 1.2% when the humidity level increased up to 70%Rh. The inset figure
demonstrated the change in sensor resistance at a humidity level of 40% Rh. The resistance
decreased when the sensor was exposed to the high humidity level, which is opposite to the
behavior of the resistance when the sensor was exposed to ethanol gas, although the effect
of humidity is opposite to the effect of ethanol gas. Thus, the observed results confirm the
ability of the present sensor to work well at various levels of humidity conditions.

5 200
o — RH% 40%
L . -2aN"°r Ve Smooth curve
Operating Temp: 30°C _ operating temp: 30°C
4 Z 109
i X
@
o
c RH% on
g 198}
w
o
3k %
5 197}
2 )
% RH% off
2k 19.6 x " - ~ - -
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Figure 11. The sensor response at an operating temperature of 30 °C for various humidity conditions
for the sensor fabricated with CNTs/24 nm-Ni layer.

4. Conclusions

In summary, highly defective multiwalled carbon nanotubes were successfully syn-
thesized by chemical vapor deposition based on 24/5 nm of Ni/Cr as a catalyst layer for
highly sensitive ethanol gas. The sensor prepared with CNTs on the 24 nm-Ni catalyst
layer exhibited its superiority compared to that prepared with CNTs on the 18 nm-Ni
catalyst layer. The growth of CNTs was confirmed by observing the breath and stretching
modes of the Raman spectrum, as well as by FESEM and HRTEM. The CNTs were used to
fabricate a sensing device which was examined for its efficacy towards various types of
gas, showing the selectivity towards ethanol gas. Then, the ethanol sensing properties were
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systematically investigated at different operation temperatures and gas concentrations.
The highest response of 8.8% was observed at 30 °C and 50 ppm concentrations. The
response decreased to 2.8% with increases in the temperature of up to 60 °C. Moreover, the
sensor exhibited its capability for detecting various ethanol concentrations. The gas sensing
mechanism of direct interaction between the CNTs” defect points and gas molecules was
considered as the main mechanism here. We also proposed another mechanism based on
physical adsorption, which we think can be a possible mechanism for such cases.

Author Contributions: Conceptualization, N.M.S.; methodology, EA., N.M.S., M.E. and M.R; soft-
ware, FA. and N.M.S,; validation, M.R., S.K. and O.S.; formal analysis, A.A. (Abdullah Aljaafari), A.A.
(Adil Ashoaibi), A.Z.M. and M.E,, investigation, N.M.S., M.E. and M.R ; resources, A.A. (Abdullah
Aljaafari) and A.A. (Adil Ashoaibi); data curation, N.M.S., SK. and O.S.; writing—original draft
preparation, N.M.S. and M.R., writing—review and editing, M.E., A.Z.M. and M.R; visualization,
A.ZM,; supervision, N.M.S.; project administration, N.M.S.; funding acquisition, N.M.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Deanship of Scientific Research, Vice Presidency for
Graduate Studies and Scientific Research, King Faisal University, Saudi Arabia [Project No. AN000132-
GRANT1049].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Based on request.

Acknowledgments: The authors thank the DSR at King Faisal University for financial and techni-
cal support.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

WHO. Alcohol. 2022. Available online: https:/ /www.who.int/news-room/fact-sheets/detail /alcohol (accessed on 10 June 2022).
Mexis, S.E.; Kontominas, M.G. Packaging | Active Food Packaging. In Encyclopedia of Food Microbiology, 2nd ed.; Batt, C.A.,
Tortorello, M.L., Eds.; Academic Press: Oxford, UK, 2014; pp. 999-1005. [CrossRef]

Neetoo, H.; Chen, H.; Hoover, D.G. Emerging Methods for Post-Packaging Microbial Decontamination of Food; Woodhead Publishing
Limited: Sawston, UK, 2012. [CrossRef]

Arvanitoyannis, I.S.; Oikonomou, G. Active and intelligent packaging. In Modified Atmosphere and Active Packaging Technologies;
CRC Press: Boca Raton, FL, USA, 2012; pp. 627-662. [CrossRef]

Niven, R.K. Ethanol in gasoline: Environmental impacts and sustainability review article. Renew. Sustain. Energy Rev. 2004,
9, 535-555. [CrossRef]

Buckner, C.A.; Lafrenie, RM.; Dénommée, J.A.; Caswell, ] M.; Want, D.A.,; Gan, G.G.; Leong, Y.C.; Bee, P.C.; Chin, E,;
Teh, AK.H,; etal. Ouverview of Materials for Microfluidic Applications; IntechOpen: London, UK, 2016; Volume 11, p. 13.
ISBN 0000957720.

Tibaquird, ].E.; Huertas, ].I.; Ospina, S.; Quirama, L.E,; Nifio, ].E. The Effect of Using Ethanol-Gasoline Blends on the Mechanical,
Energy and Environmental Performance of In-Use Vehicles. Energies 2018, 11, 221. [CrossRef]

Bertrand, S. Ethanol Can Help Reduce Toxic Gasoline Aromatics. 2022. Available online: https://www.eesi.org/articles/view/
ethanol-can-help-reduce-toxic-gasoline-aromatics (accessed on 13 May 2022).

Toit, W.D.; Oberholster, A. Chapter 7—Antioxidants in Wine during Fermentation. In Processing and Impact on Antioxidants in
Beverages; Preedy, V.B., Ed.; Academic Press: San Diego, CA, USA, 2014; pp. 59-67. [CrossRef]

Ciani, M.; Comitini, F.; Mannazzu, I. Fermentation. In Encyclopedia of Ecology; Jergensen, S.E., Fath, B.D., Eds.; Academic Press:
Oxford, UK, 2008; pp. 1548-1557. [CrossRef]

Malakar, S.; Paul, S.K.; Pou, K.R.J. 1—Biotechnological Interventions in Beverage Production. In Biotechnological Progress and
Beverage Consumption; Grumezescu, A.M., Holban, A.M., Eds.; Academic Press: San Diego, CA, USA, 2020; pp. 1-37. [CrossRef]
Buratti, S.; Benedetti, S. Chapter 28—Alcoholic Fermentation Using Electronic Nose and Electronic Tongue. In Electronic Noses and
Tongues in Food Science; Rodriguez Méndez, M.L., Ed.; Academic Press: San Diego, CA, USA, 2016; pp. 291-299. [CrossRef]
Kumar, M.; Borah, P; Devi, P. Chapter 17—Methods including biomarkers used for detection of disinfection by-products.
In Disinfection By-Products in Drinking Water; Prasad, M.N.V., Ed.; Butterworth-Heinemann: Oxford, UK, 2020; pp. 413-431.
[CrossRef]


https://www.who.int/news-room/fact-sheets/detail/alcohol
http://doi.org/10.1016/B978-0-12-384730-0.00434-1
http://doi.org/10.1533/9780857095756.4.746
http://doi.org/10.1201/b12174
http://doi.org/10.1016/j.rser.2004.06.003
http://doi.org/10.3390/en11010221
https://www.eesi.org/articles/view/ethanol-can-help-reduce-toxic-gasoline-aromatics
https://www.eesi.org/articles/view/ethanol-can-help-reduce-toxic-gasoline-aromatics
http://doi.org/10.1016/B978-0-12-404738-9.00007-6
http://doi.org/10.1016/B978-008045405-4.00272-X
http://doi.org/10.1016/B978-0-12-816678-9.00001-1
http://doi.org/10.1016/B978-0-12-800243-8.00028-7
http://doi.org/10.1016/B978-0-08-102977-0.00018-4

Materials 2022, 15, 4439 13 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Shaaban, H.; Mostafa, A.; Gorecki, T. Chapter 15—Green Gas and Liquid Capillary Chromatography. In The Application of Green
Solvents in Separation Processes; Pena-Pereira, F.,, Tobiszewski, M., Eds.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 453-482.
[CrossRef]

Memon, S.E; Wang, R ; Strunz, B.; Chowdhry, B.S.; Pembroke, ].T.; Lewis, E. A Review of Optical Fibre Ethanol Sensors: Current
State and Future Prospects. Sensors 2022, 22, 950. [CrossRef] [PubMed]

Memon, S.E; Lewis, E.; Ali, M.M.; Pembroke, J.T.; Chowdhry, B.S. U-bend evanescent wave plastic optical fibre sensor for
minute level concentration detection of ethanol corresponding to biofuel production rate. In Proceedings of the IEEE Sensors
Applications Symposium, SAS, Glassboro, NJ, USA, 13-15 March 2017; pp. 1-5. [CrossRef]

Jahanshahi, P.; Wei, Q.; Jie, Z.; Zalnezhad, E. Designing a Non-invasive Surface Acoustic Resonator for Ultra-high Sensitive
Ethanol Detection for an On-the-spot Health Monitoring System. Biotechnol. Bioprocess Eng. 2018, 23, 394—404. [CrossRef]
Tharsika, T.; Thanihaichelvan, M.; Haseeb, A.S.M.A.; Akbar, S.A. Highly Sensitive and Selective Ethanol Sensor Based on ZnO
Nanorod on SnO, Thin Film Fabricated by Spray Pyrolysis. Front. Mater. 2019, 6, 122. [CrossRef]

Zhu, X.; Zhang, J; Xie, Q.; Hou, Z.-L. High-Sensitivity and Ultrafast-Response Ethanol Sensors Based on Graphene Oxide. ACS
Appl. Mater. Interfaces. 2020, 12, 38708-38713. [CrossRef]

Zhang, K,; Lin, Z. Highly sensitive ethanol sensor based on zinc oxide-based nanomaterials with low power consumption. J.
Mater. Sci. Mater. Electron. 2021, 32, 17395-17405. [CrossRef]

Saito, N.; Watanabe, K.; Haneda, H.; Sakaguchi, I.; Shimanoe, K. Highly Sensitive Ethanol Gas Sensor Using Pyramid-Shaped
ZnO Particles with (0001) basal plane. J. Phys. Chem. C. 2018, 122, 7353-7360. [CrossRef]

Diao, Q.; Yin, Y,; Jia, W.; Xu, X,; Ding, Y.; Zhang, X,; Cao, J.; Yang, K,; Jiao, M. Highly sensitive ethanol sensor based on Ce-doped
WO3; with raspberry-like architecture. Mater. Res. Express 2020, 7, 115012. [CrossRef]

Shan, H.; Liu, C,; Liu, L.; Wang, L.; Zhang, X.; Chi, X.; Bo, X.; Wang, K. Excellent ethanol sensor based on multiwalled carbon
nanotube-doped ZnO. Chin. Sci. Bull. 2014, 59, 374-378. [CrossRef]

Shooshtari, M.; Sacco, L.N.; van Ginkel, J.; Vollebregt, S.; Salehi, A. Enhancement of Room Temperature Ethanol Sensing by
Optimizing the Density of Vertically Aligned Carbon Nanofibers Decorated with Gold Nanoparticles. Materials 2022, 15, 1383.
[CrossRef]

Someya, T.; Small, J.; Kim, P.; Nuckolls, C.; Yardley, ].T. Alcohol Vapor Sensors Based on Single-Walled Carbon Nanotube Field
Effect Transistors. Nano Lett. 2003, 3, 877-881. [CrossRef]

Shaalan, N.M.; Hamad, D.; Saber, O. Co-Evaporated CuO-Doped In,O3; 1D-nanostructure for reversible CHy detection at low
temperatures: Structural phase change and properties. Materials 2019, 12, 4073. [CrossRef]

Shaalan, N.M.; Hamad, D.; Aljaafari, A.; Abdel-Latief, A.Y.; Abdel-Rahim, M.A. Preparation and Characterization of Developed
CuxSnl1—x0O, Nanocomposite and Its Promising Methane Gas Sensing Properties. Sensors 2019, 19, 2257. [CrossRef]

Zhang, D. Multi-walled Carbon Nanotube Film Sensor for Ethanol Gas Detection. Telkomnika Indones. J. Electr. Eng. 2013, 11, 10.
[CrossRef]

Peng, N.; Zhang, Q.; Chow, C.L.; Tan, O.K.; Marzari, N. Sensing Mechanisms for Carbon Nanotube Based NH3 Gas Detection.
Nano Lett. 2009, 9, 1626-1630. [CrossRef]

Zhang, J.; Boyd, A.; Tselev, A.; Paranjape, M.; Barbara, P. Mechanism of NO; detection in carbon nanotube field effect transistor
chemical sensors. Appl. Phys. Lett. 2006, 88, 123112. [CrossRef]

Battie, Y.; Ducloux, O.; Thobois, P.; Dorval, N.; Lauret, J.S.; Attal-Trétout, B.; Loiseau, A. Gas sensors based on thick films of
semi-conducting single walled carbon nanotubes. Carbon 2011, 49, 3544-3552. [CrossRef]

Chang, H.; Lee, ].D.; Lee, S.M.; Lee, Y.H. Adsorption of NH3 and NO, molecules on carbon nanotubes. Appl. Phys. Lett. 2001,
79, 3863-3865. [CrossRef]

Zhao, J.; Buldum, A.; Han, J.; Lu, ].P. Gas molecule adsorption in carbon nanotubes and nanotube bundles. Nanotechnology 2002,
13, 195-200. [CrossRef]

Zhang, Y.-H.; Chen, Y.-B.; Zhou, K.-G,; Liu, C.-H.; Zeng, ].; Zhang, H.-L.; Peng, Y. Improving gas sensing properties of graphene
by introducing dopants and defects: A first-principles study. Nanotechnology 2009, 20, 185504. [CrossRef] [PubMed]

Fong, D.; Luo, S.X.; Andre, R.S.; Swager, T.M. Trace Ethylene Sensing via Wacker Oxidation. ACS Cent. Sci. 2020, 6, 507-512.
[CrossRef] [PubMed]

Norizan, M.N.; Moklis, M.H.; Demon, S.Z.N.; Halim, N.A.; Samsuri, A.; Mohamad, 1.S.; Knight, V.F.; Abdullah, N. Carbon
nanotubes: Functionalisation and their application in chemical sensors. RSC Adv. 2020, 10, 43704—43732. [CrossRef] [PubMed]
Mittal, M.; Kumar, A. Carbon nanotube (CNT) gas sensors for emissions from fossil fuel burning. Sens. Actuators B Chem. 2014,
203, 349-362. [CrossRef]

Azammi, AM.N,; Ilyas, R.A.; Sapuan, S.M.; Ibrahim, R.; Atikah, M.S.N.; Asrofi, M.; Atiqah, A. 3—Characterization studies of
biopolymeric matrix and cellulose fibres based composites related to functionalized fibre-matrix interface. In Interfaces in Particle
and Fibre Reinforced Composites; Goh, K.L., Aswathi, M.K,, De Silva, R.T., Thomas, S., Eds.; Woodhead Publishing: Sawston, UK,
2020; pp. 29-93. [CrossRef]

Kaburagi, Y.; Yoshida, A.; Hishiyama, Y. Chapter 7—Raman Spectroscopy. In Materials Science and Engineering of Carbon;
Inagaki, M., Ed.; Butterworth-Heinemann: Oxford, UK, 2016; pp. 125-152. [CrossRef]

Lucchese, M.M; Stavale, E; Ferreira, E.H.M.; Vilani, C.; Moutinho, M.V.O.; Capaz, R.B.; Achete, C.A.; Jorio, A. Quantifying
ion-induced defects and Raman relaxation length in graphene. Carbon 2010, 48, 1592-1597. [CrossRef]


http://doi.org/10.1016/B978-0-12-805297-6.00015-2
http://doi.org/10.3390/s22030950
http://www.ncbi.nlm.nih.gov/pubmed/35161695
http://doi.org/10.1109/SAS.2017.7894101
http://doi.org/10.1007/s12257-017-0432-5
http://doi.org/10.3389/fmats.2019.00122
http://doi.org/10.1021/acsami.0c12196
http://doi.org/10.1007/s10854-021-06271-0
http://doi.org/10.1021/acs.jpcc.8b01936
http://doi.org/10.1088/2053-1591/abcabf
http://doi.org/10.1007/s11434-013-0034-3
http://doi.org/10.3390/ma15041383
http://doi.org/10.1021/nl034061h
http://doi.org/10.3390/ma12244073
http://doi.org/10.3390/s19102257
http://doi.org/10.11591/telkomnika.v11i10.2726
http://doi.org/10.1021/nl803930w
http://doi.org/10.1063/1.2187510
http://doi.org/10.1016/j.carbon.2011.04.054
http://doi.org/10.1063/1.1424069
http://doi.org/10.1088/0957-4484/13/2/312
http://doi.org/10.1088/0957-4484/20/18/185504
http://www.ncbi.nlm.nih.gov/pubmed/19420616
http://doi.org/10.1021/acscentsci.0c00022
http://www.ncbi.nlm.nih.gov/pubmed/32342000
http://doi.org/10.1039/D0RA09438B
http://www.ncbi.nlm.nih.gov/pubmed/35519676
http://doi.org/10.1016/j.snb.2014.05.080
http://doi.org/10.1016/B978-0-08-102665-6.00003-0
http://doi.org/10.1016/B978-0-12-805256-3.00007-6
http://doi.org/10.1016/j.carbon.2009.12.057

Materials 2022, 15, 4439 14 of 14

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ferrari, A.C.; Robertson, J. Interpretation of Raman spectra of disordered and amorphous carbon. Phys. Rev. B. 2000,
61, 14095-14107. [CrossRef]

Ferrari, A.C. Raman spectroscopy of graphene and graphite: Disorder, electron—phonon coupling, doping and nonadiabatic
effects. Solid State Commun. 2007, 143, 47-57. [CrossRef]

Jorio, A.; Saito, R. Raman spectroscopy for carbon nanotube applications. J. Appl. Phys. 2021, 129, 21102. [CrossRef]

Ferrari, A.C.; Meyer, J.C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F; Piscanec, S.; Jiang, D.; Novoselov, K.S.; Roth, S.; et al.
Raman Spectrum of Graphene and Graphene Layers. Phys. Rev. Lett. 2006, 97, 187401. [CrossRef]

Lehman, J.H.; Terrones, M.; Mansfield, E.; Hurst, K.E.; Meunier, V. Evaluating the characteristics of multiwall carbon nanotubes.
Carbon 2011, 49, 2581-2602. [CrossRef]

Peigney, A.; Laurent, C.; Flahaut, E.; Bacsa, R.R.; Rousset, A. Specific surface area of carbon nanotubes and bundles of carbon
nanotubes. Carbon 2001, 39, 507-514. [CrossRef]

Donato, N. Novel carbon nanotubes-based hybrid composites for sensing applications. In Carbon Nanotubes; Latino, M., Ed.;
IntechOpen: Rijeka, Croatia, 2011; Chapter 14. [CrossRef]

Kroning, K.; Krause, B.; Potschke, P; Fiedler, B. Nanocomposites with p- and n-Type Conductivity Controlled by Type and
Content of Nanotubes in Thermosets for Thermoelectric Applications. Nanomaterials 2020, 10, 1144. [CrossRef]

Park, C.-S.; Lee, C.J.; Kim, E.K. Stable p-type properties of single walled carbon nanotubes by electrochemical doping. Phys. Chem.
Chem. Phys. 2015, 17, 16243-16245. [CrossRef]

Albesa, A.G.; Rafti, M.; Rawat, D.S.; Vicente, ].L.; Migone, A.D. Ethane/Ethylene Adsorption on Carbon Nanotubes: Temperature
and Size Effects on Separation Capacity. Langmuir 2012, 28, 1824-1832. [CrossRef]

Schroeder, V.; Savagatrup, S.; He, M.; Lin, S.; Swager, T.M. Carbon Nanotube Chemical Sensors. Chem. Rev. 2019, 119, 599-663.
[CrossRef]

Li, Y.; Hodak, M.; Lu, W,; Bernholc, J. Selective sensing of ethylene and glucose using carbon-nanotube-based sensors: An: Ab
initio investigation. Nanoscale 2017, 9, 1687-1698. [CrossRef]

Kim, J.; Choi, SW.; Lee, ].H.; Chung, Y.; Byun, Y.T. Gas sensing properties of defect-induced single-walled carbon nanotubes.
Sens. Actuators B Chem. 2016, 228, 688—692. [CrossRef]

Young, S.J.; Lin, Z.D. Ethanol gas sensors based on multi-wall carbon nanotubes on oxidized Si substrate. Microsyst. Technol. 2018,
24,55-58. [CrossRef]

Liu, Z,; Yang, T.; Dong, Y.; Wang, X. A room temperature VOCs gas sensor based on a layer by layer multi-walled carbon
nanotubes/poly-ethylene glycol composite. Sensors 2018, 18, 3113. [CrossRef]

Sno, M.; Ahmadnia-feyzabad, S.; Ali, A.; Vesali-naseh, M.; Mortazavi, Y. Sensors and Actuators B: Chemical Highly sensitive and
selective sensors to volatile organic compounds using. Sens. Actuators B. Chem. 2012, 166-167, 150-155. [CrossRef]


http://doi.org/10.1103/PhysRevB.61.14095
http://doi.org/10.1016/j.ssc.2007.03.052
http://doi.org/10.1063/5.0030809
http://doi.org/10.1103/PhysRevLett.97.187401
http://doi.org/10.1016/j.carbon.2011.03.028
http://doi.org/10.1016/S0008-6223(00)00155-X
http://doi.org/10.5772/18855
http://doi.org/10.3390/nano10061144
http://doi.org/10.1039/C5CP01667C
http://doi.org/10.1021/la204314a
http://doi.org/10.1021/acs.chemrev.8b00340
http://doi.org/10.1039/C6NR07371A
http://doi.org/10.1016/j.snb.2016.01.094
http://doi.org/10.1007/s00542-016-3154-2
http://doi.org/10.3390/s18093113
http://doi.org/10.1016/j.snb.2012.02.024

	Introduction 
	Materials and Methods 
	Materials 
	Methods 

	Results 
	Structure Characterizations 
	Sensing Characterizations 

	Conclusions 
	References

