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Abstract. Chemical detection of toxic gases, such as greenhouse gases is still very important as a research topic. To design
gas sensor detectors based on single-walled carbon nanotubes (SWCNTs) with high sensitivity and selectivity for the toxic
environment is a continuous process. The aim is to detect NO; gas with better sensitivity. In the present work, the thin-film
sensor is fabricated on SiO» substrate and it is functionalized with polyethylenimine (PEI). It has been established that PEI
functionalized SWCNTs (F-SWCNTs) show high sensitivity towards strong electron-withdrawing particles. It was found
that at room temperature, SWCNTSs-PEI functionalized gas sensor exhibited a higher sensitivity of 37.00% as compared
with bare SWCNTs gas sensor. The gas sensor has shown the repeatable response for the entire concentration range studied.
The sensing properties and the PEI functionalization duration effects on the behaviour of SWCNTSs-based gas sensors were

demonstrated.
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1. Introduction

The world health organization (WHO) 2016 report suggests
that the 90% population of the world inhales the polluted air
and is polluted beyond the limits specified by the WHO. The
major components of this polluted air are nitrogen dioxide
(NO,), sulphur dioxide (SO,), ozone (Os), carbon monox-
ide (CO), volatile organic compounds (VOCs) and particulate
matter (PM) [1]. Owing to globalization and rapid growth in
the human population, there is a tremendous increase in the
concentration of different greenhouse gases like CO,, H,S,
H,0 and NO,, which leads to various respiratory diseases
[2]. Although all of these gases are noxious to humans and
to the environment, but the most crucial is the increase in
the consolidation of toxic NO, gases. The overexposure of
NO, in small concentration causes irritation in the human
respiratory tract and in large concentration may lead to pul-
monary disease and in the extreme case can cause loss of
human life [3]. It can also cause a change in the blood com-
position, in particular, reduces the content of haemoglobin in
blood [4]. The main source of the NO, gases is traffic and
fossil fuel consumption processes. We can feel the presence
of NO, gas when the concentration is 0.23 mg m~2, but its
adverse effect can be observed in healthy individual at the

Carbon nanotubes; polyethylenimine (PEI); sensor; NO>.

concentration of 0.056 mg m~3, which is four times lower
than the detection threshold. The people with chronic lung
disease experience difficulty in breathing even at the concen-
tration of 0.038 mg m—3 NO, gases. Therefore, the detection
to reduce the concentration of NO, under an ambient condi-
tion at room temperature is of great importance.

Conventional sensing material, such as metal oxide semi-
conductors have poor sensitivity at room temperature and
requires an additional power supply source and microfabrica-
tion techniques for the normal functioning of the sensor. Some
examples of metal oxide semiconductor-based NO, gas sen-
sors are titanium dioxide (TiO,), zinc oxide (ZnO), copper (II)
phthalocyanine (CuPc) [5] and copper oxide (CuO) [6]. Metal
oxide semiconductors-based gas sensors have been exten-
sively used, but for particular detectors, the high operating
temperature has restricted the development of such sensors
because it requires high cost as well as the complicated con-
figurations [7,8].

On the other hand, carbon nanotubes (CNTSs) are one-
dimensional (1-D) nanomaterial, which attract more consid-
eration because they have high sensitivity for gases at room
temperature [9,10]. It has been found that CNTs; are encour-
aging detecting material, which retains electrical properties
and is extremely responsive to a low concentration of gases,
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such as carbon dioxide (CO,), nitrogen oxide (NO,) and
ammonia (NH3) at room temperature. Besides, CNTs as ultra-
sensitive sensing materials, also outperform the conventional
sensing material, such as metal oxide semiconductor in terms
of vast assimilative capability, large surface-area-to-volume
ratio, low weight and rapid response time, resulting in momen-
tous variations in electrical properties, such as resistance
and capacitance [11,12]. After the breakthrough of CNTs by
Iijima [13], CNTs have shown great potential and emerged as
one of the most promising materials for a wide range of engi-
neering applications, such as optoelectronics [14,15], sensors
[16-19] and actuators [16-18]. CNTs are incredible struc-
tures having an array of fascinating magnetic, electrical and
mechanical characteristics. The essential requirements of a
good sensor are fast response, high selectivity, high volume
production, low cost and high reliability.

As a sensing material, CNTs can be exploited in two differ-
ent ways, for enhancing the sensitivity and selectivity. CNTs
are repeatedly decorated with new elements such as metals.
Conversely, CNTs can be integrated with other sensing mate-
rials, for instance, metal oxide semiconductor to enhance their
sensitivity [20]. It has been established that there is a variation
in electrical conductivity of conducting polymers when it is
exposed to diverse organic and inorganic gases [21]. There are
many conducting polymers, for instance, polyaniline (Pani),
polypyrrole (PPy), polythiophene and the various derivatives
of different polymers, which can be used as sensing materials
[22]. Currently, many researchers tried to increase the sensi-
tivity of CNTs-based gas sensors in various different ways,
such as by depositing layers of different metals or by func-
tionalizing with polymers [23].

In the present work, we have analysed the growth and devel-
opment of single-walled carbon nanotubes-polyethylenimine
(SWCNTs-PEI) functionalized-based resistive gas sensor for
toxic NO, gas detection. An elaborate study of the sensor was
done for various parameters such as sensitivity, reversibility
and response-recovery time. We have investigated the effect
of functionalization on the sensitivity of the SWCNTs-based
resistive gas sensors with the polyethylenimine (PEI, Aldrich
Chemicals) at room temperature.

2. Experimental

2.1 Sensors

The SWCNTSs sensor was grown by using the standard ther-
mal CVD method. The SWCNTs films were deposited on a
Si0, /Si substrate by using standard thermal chemical vapour
deposition (CVD) method and co-sputtering was used for
preparing the catalyst. The two planer Au electrodes were
deposited on the as-grown SWCNTSs surface by sputtering
method followed by patterning with the standard lift-off
method. The catalyst used for growing SWCNTs is achieved
by co-sputtering of Fe-Mo metals (0.5 nm width) on a sub-
sidiary cover of Al metal (10 nm width) [24]. The catalyst
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was annealed for 30 min in Ar/H, atmosphere at 900°C
temperature. The mass flow controller was used to control the
supply of carrier gas Ar/H; and the precursor gas C,H, (acety-
lene) into the chamber. For SWCNT's growth, the rate of flow
of Ar/H, and C,H, gases are kept at 30 and 5 sccm, respec-
tively, and this gas flow is maintained for 5 min. The growth
pressure was maintained at 50 Torr [24]. The two planer Au
electrodes were deposited on the as-grown SWCNTS surface
by sputtering method followed by patterning with standard
lift-off method. The sensing area comprising SWCNTSs were
grown by thermal CVD system on SiO,/Si substrate, and
the electrodes made up of gold pattern structure with 60 pm
channel length was fabricated by a standard photolithography
technique. The methods of physical treatment of the CNTs are
not sufficiently effective, so the other option is to change the
chemical properties of the surface through chemical function-
alization. PEI, from Sigma Aldrich, is adsorbed on the surface
of SWCNTSs network by immersing in a PEI/methanol solu-
tion. The sensors were dipped for 15 min, 1 and 2 h in a 20
wt% solution of PEI polymer. The sensors are taken out from
the solution and the excess PEI is removed by rinsing the sam-
ple with the methanol. So as to remove the excess methanol
present over the sample, it was then heated up to a temper-
ature of 80°C for 15 min, leaving behind a pure PEI-coated
SWCNTs film without methanol.

2.2  Measurements

The PEI functionalized SWCNTSs sample is placed inside a
closed chamber, with one side connected to the gas distri-
bution and the other side is open to the environment. The
gas supply comes from the two gas cylinders: the first gas
cylinder contains only air, while the other gas cylinder con-
tains NO,. The NO, gas (100 ppm, balanced nitrogen) used
in the experiment as purchased from Linde Industrial Gases,
Russia. The enclosed sample chamber also has a connection
for connecting multimeter that allows recording the real-time
change in the resistance of the samples when it is exposed
to the NO, gases. The power density of the UV light used in
the experiment is 10 W. The MKS standard mass flow con-
troller (MFC) has been used for accurately controlling the
NO; concentrations in the various ppm-levels. The schematic
diagram of the setup for NO, gas sensing (figure 1). The
change in the resistance of the SWCNTSs sensor was recorded
for various NO, gas concentrations, such as 20 and 50 ppm.
In addition, to examine the repeatability of the sensor, the
behaviour of the SWCNTSs sensor for same NO, gas con-
centration was recorded for repetitive cycles. Similarly, the
behaviour of PEI-doped SWCNTSs sensors was also recorded
in the presence of various concentrations of NO, gas and also
under the same concentration of NO, gas for repetitive cycles.
Inside the chamber, there is a platform for holding the gas sen-
sor samples with two pointed electrodes, which are connected
with the multimeter (UNIT-T UT803). UV light illumination
is used to enhance the recovery of the gas sensor in case of
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Figure 1. Schematic diagram of the setup for NO; gas sensing.

pristine SWCNTs sensor, whereas in case of PEI functional-
ized SWCNTs, we did not use UV light, hence the recovery
is slow.

2.3  Characterization

A field emission electron microscopy (Nova NanoSEM 450,
FEI and ZEISS sigma FESEM, India) of SWNTs-PEI as
shown in figure 2 was done to study the surface morphologies,
orientation and dimensions of SWNTSs-PEI bilayer sensor
film. The samples were mounted on the double-sided tape
and the high-resolution images of SWCNTs and SWCNTs-
PEI were taken as shown respectively, in figure 2a and b. In
figure 2, we can see the uniform dispersion of the bilayer
of SWCNTs-PEI and there are many spots which resemble
island shape. The presence of cavities at the tip of the isle
shaped spot helps in the adsorption of NO, molecules on
the surface of the gas sensor. The PEI polymer layer essen-
tially operates as a transitional charge transmit strip from the
SWNTs to the electron acceptors. Basically, the polymer PEI
accelerate the charge transfer mechanism. A lot of work has
been reported, which have acknowledged the binding energy
and charge transfer for NO, gas molecules [11,25]. Transmis-
sion of charged particles takes place from the surface of PEI
functionalized SWCNTs to the acceptors when the NO, gas
molecules are adsorbed on the surface of PEI, PEI acting as
a transitional layer.

The IRS spectroscopy of the PEI-SWCNTSs composites is
shown in figure 3. The IR bands indicate two peaks at 1360 and
1720 cm™!, which shows the presence of imide moieties and
carbonyl in the five-membered ring structure of PEI, respec-
tively. The strong bond at 1039 cm~! is the confirmatory band
of the PEI polymer for its conductivity and is a measure of
the degree of delocalized electrons. This bond is evident for
the high conductivity, which ascribed to the C—H in-plane
vibration. The bond at 1360cm™! is the representative of
C=C bonds, the C-C vibration occurs due to the internal
defects. The other bonds observed at 2937 and 3318 cm ™! are
characteristic of C-H and O-H stretches, respectively. O-H
vibrations are observed due to the amorphous carbon, which
can easily form a bond with atmospheric air [26].
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Raman spectroscopy (NTEGRA Spectra NT-MDT) was
performed to observe the characteristic vibrational modes of
SWCNTs and the subsequent effect of PEI functionalization
and the spectra. Raman spectra measured on both pristine
and PEI functionalized SWCNTs film is shown in figure 4.
Radial breathing mode (RBM) of the sample was observed
at 198cm~!. As the frequency of RBM is inversely pro-
portional to the reciprocal of the diameter, it can be used
to determine nanotube diameter. The RBM also provides
information on chirality and thus, the electronic properties
of the nanotube. Because single excitation energy was used
in our experiment, only nanotubes resonant with this partic-
ular energy will demonstrate a peak at the RBM frequency.
The nanotube diameter can be determined by Vrgm = 248/w
[27], where Vrpm is Raman frequency shift of the RBM in
cm~!. From measured RBM, calculated SWCNT diameter is
1.25 nm. The characteristic graphene band was observed at
1590 cm~!, the broadening of G band appeared because of
the small diameter of SWCNTs. Defect-related D-band was
observed at 1352 cm™!. The low intensity of the D band sig-
nifies less number of defects in samples. Further, the decrease
in the peak intensities of the functionalized SWCNTSs as com-
pared to pristine SWCNTs endorses the surface coverage by
PEI on SWCNTs resulting in some modification on the sur-
face [26].

3. Results and discussion

Investigations were done to understand the consequences of
PEI functionalized SWCNTSs gas senor samples on the NO,
sensing. Figure 5 shows the sensing response and recovery
curve of SWCNTs sensor towards the NO, gas molecules.
Initially, when the NO, gas molecules start flowing into the
closed chamber, the resistance of the sensors starts decreasing
from the baseline i.e. 36.44 KS2. However, once the analyte
gas flow is stopped into the chamber, de-adsorption of the
NO; molecules from the surface of SWCNTSs starts taking
place and consequently, causes an increase in the resistance
of the sample. Many researchers have reported that due to
significant binding energy at the adsorption sites, the natural
recovery of the sensor is slow as compared to the response.
Figure 5 explains the repeatability and recoverability in case
of pristine SWCNT sensor. The major challenge faced was the
recovery of the sensor. The fast recovery was accomplished
by the use of UV illumination.

It is evident from figure 5 that as the NO, gas flow con-
tinues, there is a continuous decrease in the resistance of the
sensor. It can also be seen that after some time, the resistance
become stable and desorption of analytes takes a longer time
at the ambient conditions. Therefore, to establish the decreas-
ing curve, two different concentrations of NO, analytes were
passed through the closed chamber in which the gas sensor
was placed. Figures 6 and 7 show the comparison between
the sensitivity of SWCNT resistive gas sensors for various



61 Paged4of7

[T —

NSRL-JMI

T wD det | spot
47mm | TLD | 2.5

RV | mag O
5.00kV | 80000 x

Bull. Mater. Sci. (2020) 43:61

Figure 2. SEM micrograph of gas sensor films. (a) Surface micrograph of the pristine SWCNT sensor. (b) Surface of PEI functionalized

SWCNT sensor.
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Figure 3. IRS spectroscopy comparison of pure SWCNTs and
PEI-SWCNTSs composites.

concentrations of NO, gases. It is evident from the graph
that as the concentration of NO, increases correspondingly,
there is an increase in response percentage. The sensitivity of
chemiresistive gas sensors can be calculated as the ratio of
the initial resistance of the sensor in the air to the resistance
in the presence of gas.

S (%) = (R, — Ry)/R, %100, (1)

where S is the sensitivity of the gas sensor, R, the initial
resistance in the presence of air and R, the final resistance in
the presence of analyte gas NO,.
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Figure 4. Raman spectroscopy: (1) PEI-functionalized SWCNTs
sensor and (2) pristine SWCNTSs sensor.

The sensitivity of the resistive gas sensor based on
SWCNTs was calculated using equation (1) and it was found
to be 20.12%. The sensitivity of the SWCNTSs sensor can be
improved by properly functionalizing the sensor with the PEI
polymer. PElis a polymer with the repeating units of the amine
group and two carbon aliphatic spacers. PEI acts as a transi-
tional charge transfer layer from SWCNTs to the electron
acceptor. There is a considerable amount of increase in the
sensitivity of the gas sensor functionalized with PEI as com-
pared to the bare CNT sensors. We have been successful in our
effort to develop a PEI functionalized SWCNTSs sensor with
much better sensitivity. The functionalization resistive gas
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Figure 6. SWCNTs sensor response for various concentrations of
NO; gases, such as 20 and 50 ppm.

sensor based on SWCNTs has shown a substantial increase
in the sensitivity and was found as 37.00% for 20 ppm NO,
gas detection. The semiconducting pristine SWCNTSs sensor
shows p-type behaviour prior to PEI functionalization and it
can be corroborated with the decrease in the resistance in the
presence of NO, gas. The adsorption of PEI on the sidewalls of
SWCNTs after functionalization is irreversible and it cannot
be completely removed even after extensive rinsing in ethanol.
This is in complete agreement with the other recent findings
of the irreversible polymer wrapping around SWCNTs [28-
30]. So, to control the functionalization level of SWCNTSs
network, the sensors were immersed in a solution of 20 wt%
PEIl/methanol for 15 min, 1 and 2 h, respectively. There was a
substantial increase in the sensitivity of the modified sensor.
It was found that the initial resistance of the sensors kept on

Page 50f 7 61

35 50 ppm NO,

30
25 20 ppm NO,

—
20 A \
15

10

Response AR/R (%)

0o 1000 2000 3000 4000 5000

Time (Seconds)
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Figure 8. Response of PEI-functionalized SWCNTs resistive gas
sensor in the presence of NO, gases.

increasing as the sensors were immersed for a longer time.
This behaviour can be due to the donor effect of PEI on the
p-type of SWCNT channel. The results concur with the first
observation; this tendency is presumably by the virtue of accu-
mulation of extra acceptor molecules resulting from the PEI
functionalization of the SWCNTS surface of the gas sensors.
There is a decrease in the channel resistance of p-type of
SWCNTs because NO, acts as electron acceptors.

The response of the SWCNT sensor in the presence of NO,
gas was found to be 20.12%. On the other hand, when the
SWCNT sensor was functionalized with PEI polymer, then,
the response of the doped SWCNT sensor increased up to 37%
as shown in figure 8. The charge transfer takes place from the
SWNT surface to the NO, gas molecules with PEI polymer
acting as an intermediate layer. An efficient molecular pho-
todesorption of NO; gas from the surface of SWCNTs in the
presence of UV illumination is achieved [31,32]. A compari-
son table comparing the performance of the developed sensor
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Table 1. Comparison of different materials based on NO, gas sensor performances.

Materials NO; concentration Sensitivity/response (%)  Response time  Operating temperature (°C)  References
ZnO 1-30 ppm 33 25s 250 [40]
Silicon/ZnO 200 ppb 35 50s 25 [41]
MoS;—Au 2.5 ppm 30 4 min RT [42]
RGO—MoS;—-CdS 0.2 ppm 27.4 25s 75 [43]
MoS;/ZnO NWs 50 ppm 31.2 5 min 200 [44]
MoS, /PSi NWs 50 ppm 28.4 — RT [45]
F-SWCNTSs/Ps — 36 I1s RT [46]
SWCNTSs/Ps — 13.5 13s 100 [46]

F-SWCNTs 50 ppm 37 4 min RT This work

0 ~ 3600 seconds(B)] charge transfer between CNTs and NO; gas molecules. This

] A A 7200 seconds(C) results in a large change in the resistance of the sensor. Thus,

31 /B"‘@ Moz OF / \ 900 seconds(A) | the sensitivity of the PEI functionalized SWCNTs NO, gas

30 o o 20 ppm NO, sensor is enhanced. Also, the degree of enhancement in the

. j” \ sensitivity of SWCNTs depends on the type of functional

§ ] ﬁ \ ! \ group and the amount of functional group attached. The influ-

g 20 U c \ \ ence of moisture on the actual gas sensing response is found

% 15 /"si \ to be insignificant. The exposure of relative humidity (RH)

x . \ \’§ \ ‘\ \‘ does not make any sensible change in the baseline resistance

] \ “\:r \ "\ \’ of the sensor. We performed our experiments at 5, 10, 20

5 .. \j \ \ N wt% of PEIL. Our sensor gave the best result for 20 wt% of

o M PEIL
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Figure 9. Comparison of PEI-functionalized SWCNTs sensor
response for the various durations of immersion of sensor in
PEI/methanol solution.

with the other sensors developed for NO, gas sensing has
been included and shown in table 1.

At atmospheric conditions, the nature of SWCNTSs is p-
type [33-35]. In the case of pristine SWCNTSs, when NO,
gas interacts with SWNTs, the gas molecules withdraw elec-
tron and thus, increases the majority carriers, which decreases
the resistance strenuously [36,37]. The strong carbon—carbon
bonding in CNTs suppresses their reactivity and limits their
sensing capability. Structural defects increase the chemical
reactivity of carbon nanotubes [38,39]. Pristine SWCNTs
have fewer defects and hence, only a small number of gas
molecules adsorbed on the surface during exposure. During
the PEI functionalization process, additional defects (removal
of carbon atoms, breaking of C=C bonds) are created on
the sidewalls as well as on the ends of SWCNTs. Func-
tional groups, such as amine groups are preferably attached to
these defects sites, which further facilitates the adsorption of
NO; gas molecules. As a result, more NO, gas molecules are
adsorbed on the SWCNTSs sensor, contributing to increased

ability of the sensor decreases as shown in figure 9. There
are two proposed reasons for the decrease in sensitivity and
recoverability. The first reason is the accumulation of PEI
polymer layer on the surface of SWCNTSs after long hours
of immersion. This deposition of a thick layer of PEI on
the SWCNT surface decreases the sensitivity of SWCNT by
reducing the charge transfer between the SWCNT layer and
NO; molecules as shown in figure 9.

4. Conclusion

We have developed a chemiresistive SWCNTs-PEI func-
tionalized gas sensor by using a thermal CVD method.
The higher adhesive coefficient for the electron-withdrawing
NO; of PEI-coated SWCNTSs than untreated SWCNTs. At
room temperature, PEI-SWCNTs-coated resistive gas sensor
demonstrated elevated sensing behaviour and swift reaction
to NO,. Furthermore, owing to room temperature operation
of the resistive gas sensor can be encouragingly exploited
in the environment observation. A detector was successfully
developed to detect low concentration (ppm) of NO, and by an
accurate selection of thermal treatment, the complete recovery
of the sensor was achieved. More importantly, it was found
that with the increase in the duration of functionalization,
the sensitivity of the SWCNTs is enhanced. By controlling



Bull. Mater. Sci. (2020) 43:61

the basicity and the functionalization concentration
of SWCNTSs network, the PEI-SWCNT sensors can be
extended to various domains and the selectivity of the sensor
can be configured based on various chemical environments.
The achieved results are important as they demonstrate that
the sensitivity of an SWCNTSs gas sensor can be enhanced by
the presence of attached amine group. However, apart from
sensitivity, selectivity is also a challenge for a reliable CNT
gas sensor development. As NO, gas sensors are intended to
be deployed in both open and closed environments, the study
of the effect of temperature and humidity is very important for
calibration, interface circuitry and working room temperature
SWCNT nitrogen dioxide sensor device. The optimization of
the resistive gas sensor based on SWCNTSs would be exam-
ined profoundly in future analysis.
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