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Abstract
This paper presents a ﬂexible and reliable chemiresistor-type NO2 gas sensor based on single-walled
carbon nanotubes (SWNTs) on polytetraﬂuoroethylene (PTFE) membrane ﬁlter substrates. The
sensor is realized by using a cost-effective spray coating in the preparation of SWNTs thin ﬁlm,
followed by the fabrication of metal contacts using a shadow mask and polyethyleneimine (PEI)
noncovalent functionalization of the SWNTs. This showed a high sensitivity to NO2 gas at room
temperature in dry air; 21.58% to 167.7% for concentrations of 0.75 ppm to 5 ppm, and was almost
nonsensitive to ammonia. Gas sensing characterization results, obtained for various substrate
bending/wrapping over different cylinders with diameters of 75 mm, 12.5 mm, and 6 mm showed
that bending does not signiﬁcantly affect sensitivity for NO2 concentrations of 0.75 ppm to 2 ppm,
while in the case of 3 ppm to 5 ppm NO2, the bent samples indicate enhanced sensitivity. This is
probably because of the porous nature of PTFE substrates; these sensors were 1.5 to 2.7 times more
sensitive than those fabricated over silicon substrate for 1 ppm and 5 ppm, respectively. Moreover, the
relative humidity of 10% and 30% signiﬁcantly reduced the sensitivity of the sensors. The presented
results could be useful for the future development of ﬂexible electronics/sensors for monitoring
outdoor air quality and for the detection of volatile organic compounds.

1. Introduction
The development of semiconducting metal oxides as
gas sensors has accelerated over the past 20 years [1].
The transduction mechanism in these gas sensors is
either of chemiresistor- or capacitive-type and is
capable of detecting gases in the ppm/ppb range as gas
molecules are adsorbed on its surface [2]. These
sensors are mainly being used to monitor the environment, with different exhaust gases such as NH3, CO,
CO2 and NO2 from industry, coal mines, agriculture,
laboratories and hospitals. In the evaluation of outdoor air quality, NO2 in particular is considered to be a
major pollutant component. The permissible exposure limit for NO2 is ∼5 ppm, while a concentration of
© 2018 IOP Publishing Ltd

20 ppm has been reported as immediately dangerous
to life or health [3, 4]. Metal oxide-based commercial
gas sensors require high power to work at elevated
temperatures, typically 300 °C–400 °C for sensing,
adding to the cost of the sensor. This also means it
cannot be used for room temperature/low temperature applications, e.g. exhaled breath monitoring,
and particularly in the case of metal oxide-based
ﬂexible gas sensors, such a high temperature could
lead to the deformation of ﬂexible base substrates [5].
Kim et al and Zhang et al reported on tin oxide (SnO2)
nanowires and hollow spheres to detect sub-ppm
concentrations of NO2 gas at 300 and 200 °C, respectively [6, 7]. Their poor selectivity due to cross-
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sensitivity to interfering gases is still a challenge, which
persists and repeatedly limits their utility [8].
To overcome these problems, materials which can
detect gases at room temperature are being explored,
such as carbon nanotubes [9–11], silicon nanowires
[12], conducting polymers [13, 14], porous silicon
[15], and graphene oxide [16, 17]. Among these, carbon nanotubes (CNTs) is the most explored sensing
material in the chemiresistor and FET conﬁguration
for the detection of different harmful gases, because it
has a competative advantage over conventional metal
oxide-based sensors in terms of operation at room
temperature [18, 19], low power consumption, and
high sensitivity, mainly due to a high surface-tovolume ratio, and the possibility of functionalization
to introduce selectivity [20].
A variety of ﬂexible substrates such as polyamide,
polyaniline, polyethylene terephthalate etc, have been
explored to fabricate CNTs-based ﬂexible gas sensors
[21–27]. Jeong et al used ﬂexible polyimide as a base
substrate to decorate a network of CNTs/graphene
hybrid ﬁlm for sensing of NO2 at room temperature
[28]. Su et al prepared the layer-by-layer assembly of
multi-walled nanotubes on plastic substrates for the
detection of NO2 [29]. Hua et al synthesized
SWNT-Fe2O3 composite ﬁlm for the detetion of NO2
with enhanced sensitivity w.r.t. response to H2S. [30].
The choice of base substrate also plays a key role in the
fabrication of the networks of carbon nanotubes over
different platforms [31]. For example, porous substrates are considered one of the most suitable for gas
sensing applications due to the role of their porosity in
the enhancement of the diffusivity of molecules for
transport, which results in increased sensitivity
[32, 33]. However, little attention has been focused on
the effect of porous substrate in CNT-based ﬂexible
gas sensors. In this work, a porous polytetraﬂuoroethylene (PTFE) substrate was chosen as the
base substrate for the fabrication of chemiresistor-type
ﬂexible NO2 gas sensors, by combining a room temperature sensing feature of SWNTs, functionalized with
polyethyleneimine (PEI) polymer. Here we report the
enhanced sensitivity of a fabricated gas sensor due to
the porosity feature of PTFE ﬂexible membrane ﬁlters,
along with selectivity from the PEI-based polymer
functionalization of SWNTs. The fabricated sensors
were successfully tested in the range of 0.75–5 ppm
concentration of NO2 gas at room temperature.

2. Experiment
Pristine SWNTs in cake form (Puretubes, Nanointegris, USA) were dispersed in 1, 2 dichlorobenzene with
0.04 mg ml−1 concentration. The solution was bath
sonicated for 16 h, which results in uniform SWNT
suspension. Further, the solution was centrifuged at
6000 rpm for 60 min to separate the bundled SWNTs
to individual SWNTs, and the ﬁnal solution was
2

obtained by decanting the upper 80% of the supernatant. It was observed that the resultant suspension
does not settle down even after two to three days.
A ﬂexible PTFE membrane ﬁlter (diameter
47 mm, Millipore Omnipore, 0.2 μm) was chosen as
the substrate for spray coating the SWNTs. The complete spray-coating setup for the preparation of
SWNTs thin ﬁlm is shown in ﬁgure 1(a).
The suspension was spray coated using an atomizer probe connected to the controller of a probe-type
sonicator (VCX-750W, Sonics, USA), while the liquid
ﬂow rate was precisely controlled by pressurized nitrogen and a syringe infusion pump based in-house made
arrangement to provide an ultra-low ﬂow. SWNTs
suspension, kept in a beaker, is placed in an air-tight
stainless steel (SS) chamber. Nitrogen air is passed
through the chamber to lift the liquid through the
pipeline with CNT suspension, ﬁrst between the SS
chamber and the atomizer, and then between the SS
chamber and the syringe, respectively, using a threeway control valve. After this, the three-way valve control is quickly switched to connect the syringe infusion
pump to the atomizer directly, to control the liquid at
33 μl s−1 for coating SWNTs by ultrasonically generated spray through the nozzle over the heated substrates. The necessary arrangements for in situ drying
of the solvent on substrate were made by using a temperature-controlled hotplate. Before actual SWNTs
spray coating, a number of experiments were performed to optimize different parameters, which come
out as: distance from substrate to probe ∼9 cm, substrate temperature ∼90 °C for in situ heating, amplitude during atomization ∼30%, and liquid ﬂow rate
∼2 sccm. After spray coating, the interdigitated metal
electrodes were fabricated by sputtering the gold over
the SWNTs using metallic shadow mask, which is a
low-cost patterning technique to make chemiresistor
gas sensors, as shown in ﬁgure 1(b). Further, for functionalization, 1 mM PEI was prepared in THF and
drop casted using the procedure reported by Star
et al [34].
The prepared SWNT substrate was exposed to different concentrations of NO2 gas. The schematic diagram of the completely homemade measurement
system is shown in ﬁgure 2. The setup has six separate
lines for six different gases, out of which one can be
selected through the valve, controlled by LabVIEW
software. A zero air generator provides dry air by using
compressed air as input. The desired concentrations
are obtained by mixing dry (hydrocarbon free) air/
nitrogen with the available concentration of gases by
using mass ﬂow controllers, which are also controlled
by computer through LabVIEW. The resistance of the
SWNTs chemiresistor is recorded using a data log
multimeter. The SWNTs are characterized using ﬁeld
emission scanning electron microscopy (FESEM) for
topographic information and Raman spectroscopy to
identify the speciﬁc and distinct modes. This enables
us to obtain the details about the 1D properties of
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Figure 1. (a) Spray-coater setup for CNT spray and (b) metallic shadow mask clamped with the SWNTs-coated PTFE substrate. The
picture shows the interdigitated electrodes of the individual device after metal deposition through the mask.

Figure 2. Schematic diagram of gas sensors characterization system.

3
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Figure 3. FESEM images of (a) bare PTFE membrane ﬁlter, and (b) after spray-coating of SWNTs.

Figure 4. Raman spectra of (a) SWNTs coated on PTFE substrate and (b) bare PTFE substrate.

carbon materials, such as tube diameter, using radial
breathing mode (RBM), and information about the
graphitic sample imperfections using tangential mode
(G-band) and disorder mode (D-band). In our experiment Raman spectroscopy was performed on pristine
SWNTs thin ﬁlm using a 532 nm laser in the
100–3000 cm−1 region at room temperature.

3. Results and discussion
The FESEM image of bare and SWNTs-coated PTFE
substrate is shown in ﬁgures 3(a) and (b), respectively.
Figure 3(b) clearly indicates the presence of dispersed
CNTs and shows the pores of membrane ﬁlters. After
spray coating, it was observed that the SWNTs are
dispersed not only over the top surface, but also diffuse
in the pores of the substrate.
The RAMAN spectra of SWNTs, spray coated on
PTFE substrate, as shown in ﬁgure 4(a), were taken to
conﬁrm the presence of SWNTs. In this spectrum, the
unique phonon mode i.e., radial breathing mode
(RBM), is found at 165 cm−1 which conﬁrms the presence of SWNTs. The frequency of the RBM can be
4

used to estimate the diameter of the carbon nanotube
by using the equation:
wRBM = A / d t + B

where dt is the diameter of the SWNT, and A and B are
experimental parameters.
Typical values of A and B for SWNT bundles are
234 cm−1 and 10 cm−1, respectively [35]. The calculated diameter of SWNTs corresponding to 165 cm−1
is ∼1.51 nm, which closely matches the speciﬁcations
of the supplied SWNTs. In the Raman spectra, the G
band is the most intense peak (1582 cm−1) and closely
associated with the Raman active in-plane E2g mode of
graphene. However, unlike the graphite, the G band of
SWNTs consists of two components , the G+ and G−,
corresponding to axial and circumferential motion of
atoms appears, at 1589 and 1556 cm−1, respectively.
The sharp shape of the G− band designates the semiconducting behavior of the CNTs. The D-band peak at
1377 cm−1 shows that there are a number of defects
and disorders, which could have been created because
of using probe-type sonication during suspension formation. The G′-band frequency, which is close to
twice that of the D band, is at 2623 cm−1, which is
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generally found in CNTs and graphite. The G′ band is
the second order of the D band, and is speciﬁed as an
overtone of the D band. The G′ band is caused by two
phonon lattice vibrational processes and, unlike the D
band, its proximity to a defect is not essential for its
activation [36].
The Raman spectra of bare PTFE substrates shown
in ﬁgure 4(b) conﬁrm the characteristic peaks of PTFE
at 729 cm−1 corresponding to the stretching vibration
of the carbon–ﬂuorine (C−F) bond. The two bands at
384 and 292 cm−1 are attributed to the deformation
vibration of the carbon−carbon (C−C) bond of the
polymer chain. These bands corresponding to C−F
and C−C are also found in the SWNT-coated PTFE
substrates (ﬁgure 4(a)).
The prepared chemiresistive-type ﬂexible sensors
consisting of p-type SWNTs were used for gas sensing
experiments. Basically, the sensing mechanism of
CNTs depends upon the charge transfers after absorption of analyte of different oxidizing and reducing
gases over the surface of the CNTs network, which
causes a change in conductance. Here PEI functionalization results in the conversion of p-type SWNTs to
n-type due to electron-rich amine groups in the polymer layer. PEI is one of the polymers, containing the
highest densities of amine groups and adsorbs onto the
SWNTs sidewalls, and its irreversible polymer wrapping, results in n-type SWNTs behavior [37]. Gas sensing experiments using the fabricated devices were
carried out at room temperature for NO2 concentrations of 0.75–5 ppm. When the PEI-functionalized
SWNTs sensor was exposed to NO2 in a ﬂat position,
its resistance increased due to the electron-accepting
nature of NO2, which results in a decrease of current in
n-type SWNTs after donating the electrons [34].
The response of sensors is deﬁned as
Sensitivity (S) = [DR / R0] ´ 100
DR = (R1 - R0)

where R0 is the resistance before the exposure to NO2
gas and R1 is the maximum resistance after the
exposure to NO2 gas. Here, R0 is stabilized resistance
after long-time exposure to nitrogen and R1 after the
absorption of NO2 gas in the speciﬁed absorption time.
The normalized sensor response ΔR/R0 is plotted
as shown in ﬁgure 5, where R0 is the initial resistance
prior to exposure. Here, extensive conditioning was
done prior to performing the actual experiments.
Initially, nitrogen was purged over the samples for 3 h
till the resistance stabilized, next the surface was activated by exposing the sample to 0.75 ppm of NO2 for
5 min, followed by desorption for 15 min in nitrogen.
This gas exposure cycle was repeated three times to
observe the repeatability of results, as shown in
ﬁgure 5. During repetition, the sensitivity was within
the 17%–20% range. After starting actual cycles, the
concentration of 0.75 ppm shows a response of
∼21.6% in 5 min, and goes up to 167.70% with the
5

Figure 5. Sensor reproducibility test shown initially for three
cycles for 0.75 ppm NO2 concentration. After that the sensor
was tested for 0.75–5 ppm concentration.

Figure 6. PEI-functionalized SWNTs-based sensor on PTFE
exhibits signiﬁcant response to 5 ppm NO2, and no response
to 5 ppm NH3.

change in gas concentration to 5 ppm for ﬂat substrate, as shown in ﬁgure 5. The response (recovery)
times of the gas sensor is measured as time to reach
90% (10%) of its ﬁnal value after the introduction of
analyte (nitrogen). In the case of the 0.75 ppm gas
cycle, the response and recovery time was ∼4 min and
13 min, respectively. It was observed that the baseline
resistance drifts over time, which is a common occurrence in chemiresistor-based gas sensors for a variety
of reasons [38]. In our case, the drift in baseline can be
attributed to the restriction of exposure and recovery
cycles to 5 and 15 min, respectively, in order to have
good comparison among all gas sensing experiments [39].
The fabricated sensor also tested for ammonia at
the concentration of 5 ppm; the sensor response was
compared with same concentration of NO2, as shown
in ﬁgure 6. It shows that it is almost insensitive to
ammonia in comparison to NO2. This behavior is
attributed to the low sticking coefﬁcient and binding
afﬁnity of NH3 on PEI-functionalized SWNTs (ntype) [9].
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Figure 7. Comparison of sensitivity for silicon and PTFE
substrate-based sensors. Both were prepared with similar
spray and functionalization process parameters.

Figure 8. The effect of relative humidity on the performance
of the sensor, fabricated on PTFE substrate.

To understand the role of substrate, the SWNT
ﬁlm was prepared using the same spray coating parameters as on the silicon and PTFE substrate. Figure 7
shows that for lower gas concentration (0.75 ppm) the
sensitivity is similar for the two substrates, however, as
the gas concentration increases in the range 1 to
5 ppm, the sensitivity in the case of PTFE substrate is
∼1.5 to 2.7 times more. This phenomenon of
increased sensitivity is likely due to the enhanced diffusivity of molecules for transport and the large surface area of porous PTFE substrates [32].
In the literature it has already been reported that
SWNTs-based gas sensors are sensitive to relative
humidity (RH) NTFET [40–42]. We employed two
experiments to assess the effect of RH, with two different RHs (10% and 30%), while keeping all the other
conditions the same. The results are as shown in
ﬁgure 8. The diffusion of molecules depends on their
size, shape, and molecular weight. Here, both water
and NO2 molecules are of similar shape i.e. bent, however the molecular mass of the water molecule is lower
than that of the NO2 molecule, which results in the
6

Figure 9. Sensor response vs concentration for NO2 at room
temperature for 0.75–5 ppm concentration for different
bendings. An example of bending PTFE substrate around a
Teﬂon rod is shown in the inset.

faster diffusion of water molecules into porous substrate [43]. In addition, water is one of smallest molecules of 2.75 Å size, which is also possibly one of the
causes of faster diffusion. Therefore, as RH is
increased, the sensor interface is favorably adsorbed by
water molecules, which hinders NO2 in ﬁnding sites
for adsorption. That is why the sensitivity of the NO2
sensor decreases. Another possibile cause of sensitivity
deterioration is related to the donor nature of water
molecules, which basically dominates in comparison
to the acceptor nature of NO2 molecules [44].
To check the reliability and performance of the
sensor output with respect to its mechanical bending,
experiments were performed by molding the substrate
around curvatures with diameters 75 mm, 12.5 mm,
and 6 mm. The substrates were properly ﬁxed around
a teﬂon rod of various curvatures to ensure perfect
bending (as shown in the inset in ﬁgure 9). It has been
observed that the resistance of the ﬁlm after bending
remains within ±5% of the resistance of the substrate
in a ﬂat position i.e. 2.5 kΩ. It clearly indicates that the
network of SWNTs, present in the pores of the substrate, is not much affected because of bending. The
sensitivity to different concentrations and bending
diameters is plotted in ﬁgure 9. It was observed that for
the lower concentrations of 0.75 and 1 ppm, the sensitivity was not much affected because of mechanical
bending. A slightly enhanced response for the gas concentrations of 3 to 5 ppm was noticed, which could
possibly be due to better surface reactivity, which catalyzed the adsorption of NO2 molecules during bending [45].

4. Conclusion
A highly sensitive ﬂexible NO2 gas sensor is fabricated
on ﬂexible PTFE substrate using spray coating of
SWNT followed by a low-cost shadow masking
technique for metal contact formation. The Raman
and FESEM studies conﬁrmed the presence of SWNTs
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on the substrates. The samples were tested at different
concentrations of NO2 ranging from 0.75 to 5 ppm,
and showed sensitivity in the range 21.6% to 167.7%.
The substrate bending experiments conﬁrmed the
reliability of the substrate and the sensor. The comparison of PTFE-based sensors with the silicon-based gas
sensor clearly indicates the advantage of porosity in
PTFE substrates. It is also observed that sensor
performance deteriorates as relative humidity
increases, due to the electron donor nature of water
molecules. This work demonstrates the possibility of
designing highly sensitive ﬂexible NO2 gas sensors to
operate at room temperature, for various applications
e.g. wearable electronics, disposable sensors, environmental monitoring, and exhaled breath-based disease
detection.
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