ISSN 2224-087X. Enexrponika Ta iHpopmauiiini TexHosorii. 2023. Bumyck 22. C. 79-87
Electronics and information technologies. 2023. Issue 22. P. 79-87

UDC 537.312 DOI: https://doi.org/10.30970/eli.22.8

MULTI-WALLED CARBON NANOTUBE
NETWORK FOR GAS SENSING APPLICATION

I. Olenych

Ilvan Franko National University of Lviv,
50 Dragomanov Street, 79005 Lviv, Ukraine

igor.olenych@Inu.edu.ua

In this study, the multi-walled carbon nanotube (mwCNT) network is suggested as a sensitive
element of a gas sensor. An increase in the electrical resistance and capacitance of the sensor ele-
ments due to the adsorption of ammonia, acetone and ethanol molecules was found. The concen-
tration dependences of the sensing ability and dynamic characteristics of resistive and capacitive
type sensors were studied to evaluate the sensor properties of the mwCNTSs. The response time of
the gas sensor based on the mwCNT network to changing concentrations of ammonia, acetone,
and ethanol molecules does not exceed one minute at room temperature. The obtained results ex-
pand the perspective of the mwCNTSs application in sensor devices.
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1. Introduction

The development of high-speed sensors compatible with real-time microprocessor signal
processing meets the challenges of the Internet of Things paradigm [1, 2]. In particular, the
creation of a network of low-cost sensors to detect toxic and flammable gases is important for
environmental monitoring [3, 4]. For example, monitoring ammonia concentration in the envi-
ronment provides data for climate change analysis. Sensors of volatile organic compounds (e.g.
ethanol and acetone) are widely used in the chemical, pharmaceutical, food industries, and
medicine. Effective and timely detection of flammable vapors is crucial for industrial safety
and will avoid potential economic losses and human casualties.

Other requirements for such gas sensors include low energy consumption, operation at
room temperatures and miniature sizes of sensitive elements. Sensors based on nanostructures
and composite nanomaterials with an ultra-high surface area meet the specified criteria [5-8].
Carbon nanotubes (CNTSs) are extremely promising in the field of sensor electronics [9-11].
The small size, large surface-to-volume ratio, mechanical and chemical stability, and adsorp-
tion-sensitive electrical properties of CNTs make them excellent candidates for gas-sensing
applications.

The main mechanisms of planar gas sensor response are the change in nanotube resistance
or capacitance induced by the adsorption of outsider molecules. However, CNTs-based sensors
have their own features. Depending on the chirality, single-walled CNTs (swCNTS) can exhibit
metallic or semiconducting properties [12, 13]. Their controlled synthesis with uniform chirali-
ty is still a challenge. Therefore, single-tube sensor elements do not yet demonstrate good re-
producibility due to their chiral deviations. Reproducibility of the results can be achieved by
forming a network of disordered swCNTSs due to averaging the electrical properties of individ-
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ual nanotubes or using multi-walled CNTs (mwCNTSs). The low costs and high conductivity of
the CNT network are useful for various potential applications, particularly in sensor devices
capable of detecting a wide class of gases in real time [14, 15]. Therefore, the study of gas-
sensitive properties of mwCNTSs can give a push to their use as autonomous and reliable sen-
sors for 10T and various mobile devices to monitor the environment.

This paper presents a sensor element based on the mwCNT network for the detection of
ammonia, ethanol, and acetone in air. Special attention is paid to the study of the characteristics
of resistive and capacitive type sensors under the influence of various gases, as well as the pos-
sibility of their settings to measure the concentration of the selected gas by simple calibration
of the sensitive element.

2. Experiment

A silicon wafer with a thickness of 400 um was used as a substrate for obtaining the
mwCNT network. A dielectric layer of SiO, with a thickness of about 100 nm was formed on
the wafer surface by thermal oxidation of silicon in air for 2 hours at a temperature of 1050 °C.
The mwCNTSs with a diameter of 50—-80 nm produced by US Research Nanomaterials Inc were
used. An aqueous suspension of mwCNTSs with a concentration of 0.5 mg per 1 ml was treated
with ultrasound for 20 min. After ultrasonic dispersion, the mwCNT suspension was deposited
on the surface of the SiO; layer on the silicon substrate and air-dried at room temperature. As a
result, a disordered network of mwCNTs was formed. Electrical contacts of the planar sensor
element were obtained by thermal deposition of an Ag film with a thickness of about 0.5 um at
a distance of 2 mm from each other, as shown in Fig. 1. The working surface of the sensitive
element based on the mwCNT network was examined using the "Selmi" scanning electron mi-
croscope (SEM).
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Fig. 1. Scheme of a planar sensor element based on the mwCNT network.

The sensor properties of the mwCNT network on the silicon substrate were studied in a
hermetically sealed chamber with a controlled gas environment. Ecologically important gases
were used for research: ammonia, acetone and ethanol in a gaseous state. The design of the
experimental chamber makes it possible to controllably increase the ammonia concentration in
steps of 0.3% and the concentration of acetone and ethanol in steps of 0.4%. The relative hu-
midity in the chamber was additionally measured using the "Honeywell" HIH-4000-004 sen-
sor. The relative humidity during the research was 58-70 %. The electrical resistance and ca-
pacitance of the obtained sensor elements based on the mwCNT network were measured using
a "Hantek 1833C" RLC meter at the 1 kHz frequency and room temperature.
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3. Results and discussion

The study of the morphology of the mwCNTs-based sensor element surface was carried
out using SEM in the secondary electron mode (Fig. 2). Analysis of SEM images at different
magnifications found the formation of a disordered and heterogeneous network of nanotubes
on the silicon substrate after drying the deposited suspension. The connection of individual
nanotubes and their agglomerations forms a conductive path between the sensor electrodes.
The obtained network of mwCNTSs is characterized by greater porosity compared to nanocom-
posite films based on conjugated polymers [16], which provides a larger area of the working
surface of the sensor elements.

20.00kV  x1.20k 50um WD=23.0mm

Fig. 2. SEM image of the mwCNT-based sensor element surface at various magnifications.

The electrical characteristics of the obtained mwCNT network depend on the surrounding
atmosphere. As can be seen in Fig. 3, filling the working chamber with the investigated gases
with donor properties causes an increase in the resistance and capacity of the mwCNT-based
sensor element. The obtained dependencies can be explained by the interaction of adsorbed
molecules with the surface of mwCNTSs, which are usually characterized by acceptor-type con-
ductivity if the absence of their functionalization [17]. As a result, adsorption-electric effects
lead to a decrease in the conductivity of nanotubes. It should be noted that a larger range of
changes in the sensor resistance and capacitance was observed in the case of the adsorption of
ammonia molecules for the same change in the concentration of the studied gases. This is
probably due to the strong donor properties of ammonia and an increase in the relative humidi-
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ty of the air in the experimental chamber. In addition, almost linear concentration dependences
of electrical characteristics of the sensor elements based on the mwCNT network were ob-
served at low concentrations of the gases-analyte.
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Fig. 3. Resistance (a) and capacitance (b) of the mwCNT-based sensor element as functions of the con-
centration of the ammonia (1), acetone (2) and ethanol (3) molecules.

To evaluate the sensory properties of the mwCNTs network, its sensing ability y was cal-
culated using the expression [18]

AS/S
! Ac/c

)]

Here, AS/S is the relative change in the electrical characteristics (resistance or capacitance) of
the sensor element, Ac/c is the relative change in the concentration of analyte molecules in the
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working chamber. The dependences of the sensing ability of the mwCNT-based sensor element
of resistive and capacitive types on the concentration of ammonia, ethanol and acetone mole-
cules are shown in Fig. 4.
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Fig. 4. Sensing ability of the mwCNT-based sensor element of resistive (a) and capacitive (b) types as
functions of the concentration of the ammonia (1), acetone (2) and ethanol (3) molecules.

The mwCNT network shows an increase in sensing ability with the increasing concentra-
tion of the analyzed gases in the low concentration range due to reducing the denominator in
the expression (1) in contrast to the constant sensitivity of the sensor element in the same range
(see almost linear curves in Fig 3). The analysis of the obtained dependencies indicates a great-
er sensitivity of the mwCNT-based sensor of the capacitive type to the action of molecules of
the analyzed gases than the resistive type sensor. In addition, the sensing ability of mwCNTSs
shows maximum values in the concentration range of 10-11 %. The sensitivity of both resis-
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tive and capacitive type sensors was the highest for ammonia and the lowest for ethanol mole-
cules.

Since the sensitivity of the electrical characteristics of the mwCNT network is high to the
adsorption of molecules of various gases, ensuring the selectivity to the analyte gas requires the
use of additional gas recognition mechanisms. One such mechanism can be a computer analy-
sis of the cross-sensitivity of a matrix of sensor elements, each of which is characterized by an
individual profile of the transfer function. Analysis of the total response of the multi-element
sensor system will make it possible to identify the gas and determine its concentration with
correction for the value of the relative humidity.

An important dynamic characteristic of sensor materials is the response time of the sensor
element to changes in the analyte gas concentration. Fig. 5 shows the response time of
mwCNT-based gas sensors of resistive and capacitive types.
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Fig. 5. Response of resistance (a) and capacitance (b) of the mwCNT-based sensor element to changing
the concentration of the ammonia (1), acetone (2) and ethanol (3) molecules.
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As can be seen in Fig. 5, the interaction of the mwCNTs with ammonia, acetone, and eth-
anol molecules has a physical adsorption nature because the initial resistance and capacitance
values of the sensor elements are restored after the removal of the analyzed gases from the ex-
perimental chamber even without heating. Besides, the response speed of the acetone and etha-
nol sensors at room temperature was slightly higher than that of the ammonia sensor. In gen-
eral, the response time of the gas sensors based on the mwCNT network does not exceed one
minute.

4. Conclusions

The sensor elements have been obtained by depositing an aqueous suspension of
mwCNTS on the surface of the silicon substrate with the SiO; layer and subsequently drying at
room temperature. Based on the analysis of the SEM image of the sensor element surface, it
was established that mwCNTs form the disordered and non-homogeneous in density terms
network, the porous morphology of which contributes to increasing the sensor sensitivity to the
adsorption of gas molecules.

It was established that the adsorption of ammonia, acetone and ethanol molecules causes
an increase in the resistance and capacitance of the sensor elements based on the mwCNT net-
work. Analysis of concentration dependences of electrical characteristics and sensing ability of
the obtained sensor elements in the 0.4-12.8 % range indicates that mwCNTSs are most sensi-
tive to ammonia molecules. In addition, the mwCNT-based sensor of the capacitive type is
characterized by a higher sensing ability compared to the resistive one. The response speed of
the sensor to changing analyzed gas concentration (i.e. the time after which the output signal
reaches 90% of the set value) is less than 1 minute at room temperature.
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MEPEKA BATATOIIAPOBUX BYTJIEHHEBUX HAHOTPYBOK
JJISA TASOCEHCOPHUX 3ACTOCYBAHDB
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Byrneuesi HanoTpyOKH (BHT) € Ham3BH9aifHO MepCIEKTUBHUMH TSI CTBOPEHHS T'a30BUX Ce-
HCOPIB, SIKi XapaKTEePHU3yIOThCS HU3BKIM CHEPrOCHOXHBAaHHAM, POOOTOIO MPH KIMHATHHUX TEMIIe-
patypax i MiHIaTIOpHUMH PO3MipaMH Yy TIHBUX eleMeHTiB. CucreMa aBTOHOMHUX 1 HaIiifHUX ce-
HcopiB Ha ocHOBi BHT Moske 3a0e3MeYnTH eKOJOTiYHHII MOHITOPHHI HABKOJMIIHBOTO Cepe/io-
BHIIA Y PEKHMI peabHOro yacy. ToMy MeTa poOOTH MoJisiraja y BUBYCHHI MOXKIIMBOCTI BUKOPH-
cTaHHs Mepexi OararormapoBux BHT sik HeOporux ceHCOpiB TOKCHYHHX i BUOyXOHEOE3MeuHHX
rasis.
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JIJ1s1 BUTOTOBIICHHS CEHCOPHUX €JIEMEHTIB Oynio BukopucTaHo Oaratomaposi BHT niamerpom
50-80 HM, BOJIHY CYCIIEH3IIO SIKHX HICIS yIbTPa3ByKOBOI 0OpOOKH OyJI0 HAaHECEHO Ha KPEMHIEBY
migxTanky 3 mapom SiOz. ITicias BHCHXaHHS OCaKEHOI cycreHsil Oyma chopMoBaHa HEBMOPS/-
KOBaHa 1 HeOTHOpigHA 3a IinbHicTIO Mepexa BHT. CeHcopHi BIacTHBOCTI OAep:KaHOT Mepexi
BHT nocnimpkeHo B pekuMi 3MIHHOTO CTPYMY BHUMIPIOBAaHHSAM €JIEKTPHYHOTO OTOpPY Ta €MHOCTI
3a BIUIUBY aJICOPOIIl MOJIEKY] aMiaKy, alleTOHY Ta €TaHOIy.

3apeecTpoBaHO 30UIBIIEHHSI OIOPY Ta €MHOCTI CEHCOPHHUX EJIEMEHTIB BHACHINOK aacopOmii
JocIiKyBaHUX Ta3iB. Ha ocHOBI aHami3y 3ajeHOCTEH eIeKTPUIHHUX XapaKTepUCTHK Ta afcopo-
niifHOi 3MaTHOCTI Mepeski GararormapoBnx BHT Bix koHmeHTpamii Moiekys1 amiaky, aleToHy Ta
eranony y miamaszosi 0,4-12,8 % BCTaHOBIICHO, IO CEHCOPH SK PE3UCTHBHOTO, TaK 1 €MHICHOTO
THUITIB MalOTh HalOUTBITY 9y TMBICTh 10 amiaky. KpiM Toro, CEHCOpHI eleMeHTH €MHICHOTO THITY
XapaKTepHU3yIOThcs OLTBIIO0 aJcOopOLifHOO 3MaTHICTIO OPIBHSAHO 3 pe3ucTuBHUMU. [Ipore, on-
HO3HAYHA 1eHTU(IKaLisA Ta3y-aHaiTy 1 BU3HaYEeHHs HOTO KOHIEHTpamii y cyminri notpedye mo-
JTaTKOBOTO aHaJTi3y CYKYIHOTO BIATYKY MaTpPHUIll CEHCOPHHX €JIEMEHTIB, KOXKEH 3 SIKUX XapaKTepH-
3y€TbCs IHAUBIAyaTbHUM MpodineM QyHKIIT mepeTBopeHHs. Yac peakuii 1 4ac BiZHOBICHHS CEH-
COpiB amiaKy, alleTOHy Ta €TaHOJy Ha OCHOBI OaratomapoBux BHT He mepeBurye onHiel XBHIIN-
HU. OTpUMaHi pe3yNbTaTH AEMOHCTPYIOTh 3HAUHHI MOTEHIliaN 3aCTOCYBaHHS Mepexi Oararora-
posux BHT y ceHcopHUX NPUCTPOSIX.

Kniouoei cnosa: GaraTomapoBi ByTJICIICBI HAHOTPYOKH, Ta30Bi CEHCOPH, ancopOlliiiHa 31atT-
HICTb, 4ac BiATYKY.
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