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ABSTRACT: Lightweight and flexible gas sensors are essentially
required for the fast detection of toxic gases to pass on the early
warning to deter accident situations caused by gas leakage. In view
of this, we have fabricated a thin paper-like free-standing, flexible,
and sensitive carbon nanotube (CNT) aerogel gas sensor. The
CNT aerogel film synthesized by the floating catalyst chemical
vapor deposition method consists of a tiny network of long CNTs
and ∼20% amorphous carbon. The pores and defect density of the
CNT aerogel film were tuned by heating at 700 °C to obtain a
sensor film, which showed excellent sensitivity for toxic NO2 and
methanol gas in the concentration range of 1−100 ppm with a
remarkable limit of detection ∼90 ppb. This sensor has consistently
responded to toxic gas even after bending and crumpling the film.
Moreover, the film heat-treated at 900 °C showed a lower response with opposite sensing characteristics due to switching of the
semiconductor nature of the CNT aerogel film to n-type from p-type. The annealing temperature-based adsorption switching can be
related to a type of carbon defect in the CNT aerogel film. Therefore, the developed free-standing, highly sensitive, and flexible CNT
aerogel sensor paves the way for a reliable, robust, and switchable toxic gas sensor.

1. INTRODUCTION
The robust, flexible, portable, and wearable gas sensors are
gaining importance for real-time and on-site detection of
hazardous gases to provide a rapid alert on the environmental
quality.1,2 The compatible and easy-to-use transducer in a
flexible and wearable sensor is mostly a chemiresistor-based
semiconductor.3 Therefore, different types of chemiresistance-
based metal oxide4,5 and polymer composite6,7 gas sensors are
being studied. The metal oxide semiconductor-based sensors
are most widely used but lack flexibility, primarily operate at
elevated temperatures, and are sensitive to environmental
factors. On the other hand, flexible polymer composite-based
devices can be used as wearable devices but lack sensitivity and
durability. Due to the need for detection besides gas
concentration measurement at room temperature in low
concentrations with quick response time, flexible sensors
based on materials such as carbon nanotubes (CNT),8 silicon
carbide,9 graphene oxide,10 and porous polymer fibers11 are
being explored. Among these, CNTs are the most explored
sensing material in the chemiresistor-based sensors because
they can provide high sensitivity due to high aspect ratio, high
selectivity with possible functionalization, and room-/low-

temperature device operation. Zhang et al.12 reported that the
continuous thin CNT conducting film has a better response for
ethanol sensing than scattered deposited CNT on the cellulose
film. It has been highlighted that film thickness plays a crucial
role and a thicker film might degrade the sensor response. Xue
et al.13 fabricated a flexible polyaniline/CNT nanocomposite
film by the solution processing route for sensing ammonia gas.
Agarwal et al.14 fabricated a spray-coated single-walled CNT−
polytetrafluoroethylene membrane as a flexible sensor for
selective and sensitive detection of NO2 gas at room
temperature. McConnell et al.15 fabricated the free-standing
CNT−palladium composite sheet-based hydrogen sensor by
electroplating palladium onto high-purity CNTs drawn from a
dense, vertically aligned array grown by chemical vapor
deposition on silicon substrates. Geng et al.16 have fabricated
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flexible printed CNT−TFTs using the printing process to
selectively deposit semiconducting CNTs in device channels
and sensor showed extremely high sensitivity to H2S at room
temperature. Chang et al.17 reported a CNTs anatase titanium
dioxide film-based flexible NO gas sensor using the CVD
method to grow the CNT network and followed by in situ
hydrolysis and calcination. Recently, Seo et al.18 reported a
one-pot hydrothermal synthesis process for the fabrication of
indium oxide/single-walled CNT heterostructure FET NO2
gas sensors. The flexibility was introduced into the sensor by
making In2O3/SWNT composite with an epoxy gate dielectric
and demonstrated superior response and recovery performance
when compared to conventional SWNT FET gas sensors.
As discussed above, the present CNT-based gas sensing

utilizes mostly a printed circuit platform, polymer composite,
and carbon fiber cloth as a substrate to obtain a flexible sensor
device. In such sensors, the electrical conductance change
caused by the gas adsorption is measured to detect the gases.
This means that the sensor response can be dependent on the
number of CNTs, its alignment, inter-CNT junctions, and
bridging of CNT over the metal electrodes connected to the
external measuring instruments. This leads to degrading the
sensor performance for repeated and long-term sensing of
gases. Moreover, the effects of the above factors have not been
channelized to obtain an economical ultra-sensitive sensor,
which might be due to the difficulty in processing CNT to
obtain its uniform, defined, and flexible freestanding electrical
conducting network. There has been no effective way to
control and quantify the number of CNTs retained on the
sensor electrode.
To address drawbacks of present CNT-based sensors, a

promising technology capable of fulfilling these requirements
has been realized by synthesizing a miniaturized, economical,
and flexible CNT aerogel film. The floating catalyst chemical
vapor deposition process was used to control and alter the
morphology and orientation of CNTs to fine-tune the gas
sensing properties. The developed CNT aerogel sensor has
been used for sensing methanol and nitrogen dioxide (NO2) in

a different configuration like bend and crumpled samples. In
the advancement of the gas sensors field, recently p- to n-type
transition characteristics of the metal oxide semiconductor-
based gas sensors have been reported.19 There are only a few
reports on this and most of them are related to the p- to n-
transition specifically due to exposure to a particular gas/vapor
at a transition temperature and the complex galvanic
replacement reaction involving a p-type and n-type sensor
material. In our work, p- to n-type transition behavior and its
sensing mechanism have been correlated to the defect-induced
switching on the CNT during the gas adsorption process. To
the best of our knowledge, we are demonstrating for the first
time the switching of the gas adsorption process followed by p-
to n-type transition, controlled by defects present on the CNT
film. The defect-induced adsorption switching mechanism
plays a leading role in determining the response of the sensor
for the room as well as low-temperature applications. Thus, our
synthesized prototype standalone and flexible bare CNT film-
based sensor suitable for wearable sensing device applications
and defects-driven adsorption switching will be of greater
interest to the scientific community.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Bare and Treated CNT Aerogel

Film. The flexible and free-standing CNT aerogel film was
synthesized using optimized synthesis parameters as reported
by us elsewhere20 using a floating catalyst chemical vapor
deposition process (Figure 1a). In short, the carbon source
precursor ethyl alcohol mixed with catalyst precursor ferrocene
and promoter precursor thiophene to obtain C/Fe/S =
32:2:0.3 wt % ratio in the solution. The precursor solution
was passed at a rate of 1 mL/h through a pre-heater (150 °C)
to the CNT growth zone (1250 °C; 100 cm) using an argon
and hydrogen mixture (1:1) as the carrier gas with a 1 lpm flow
rate. The synthesized CNT aerogel film was collected on a
rotating drum and later on carved into several pieces of size: 1
× 1.2 cm2 to use as the sensor. These CNT aerogel films were
termed bare CNT aerogel films. Further bare CNT aerogel

Figure 1. (a) Schematic of the fabrication process of bare and treated CNT aerogel films using the FCCVD process; pictures of (b) fabricated
CNT aerogel films and (c) CNT aerogel films on glass slide after soaking in acetone.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07314
ACS Omega 2023, 8, 6708−6719

6709

https://pubs.acs.org/doi/10.1021/acsomega.2c07314?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07314?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07314?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07314?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


films were heat treated at 700 and 900 °C for 15 min in
flowing argon (2 lpm) and acetylene (50 sccm) mixed gas.
Throughout the paper, the bare CNT aerogel film treated at
700 and 900 °C is termed as CNT aerogel-700 and CNT
aerogel-900, respectively. The electrical conductivity of the
CNT aerogel film in a two-electrode configuration was studied
(for details, see Supporting Information, Figure S1).
2.2. Sample Characterization. The surface of bare and

treated CNT aerogel films were analyzed under a scanning
electron microscope at an accelerated voltage of 10 kV (JSM-
7600F-JEOL Inc.). The defects and porosity in the CNT
aerogel film were analyzed using confocal Raman microscopy
(WITec alpha-300R, GmbH equipped with a 532 nm laser)
and SAXS instrument (CuKα micro-focus source).
2.3. Sensing Performance Analysis. The methanol gas

sensing measurements were performed in a dynamic environ-
ment. The schematic of the dynamic environment sensing
system and its operation is provided in Supporting
Information, Figure S2. In brief, the sensing measurements
were carried out at one particular concentration (10 ppm) in
repeated cycles by turning gas ON and OFF in the sensing
chamber at room temperature (28 °C) and relative humidity
(RH) of 45%. Every measurement was replicated at least three
times in order to assess its reproducibility. Later on, the
sensing performance of sensors was tested by increasing
concentrations of the methanol in the sensor chamber (i.e., 1,
2.5, 5, 10, 20, 40, 80, and 100 ppm). Calibrated mass flow
controllers (accuracy: ±1%) were used to ensure the
reproducibility of such tests. The change in resistance of the
active layers caused by the presence of the different gases was
measured using an electrochemical workstation (CHI 760E,
USA) in a two-electrode configuration (Supporting Informa-
tion, Figure S2). The gas sensing behavior was further
measured in different operating temperatures and humidity
conditions.
The NO2 gas sensing measurements were performed in a

static environment method (Supporting Information, Figure
S3) as reported elsewhere.21 In brief, the sensor film is
connected to the alumina sensing platform using copper wire
and connecting it to the film using a silver paste. A Pt wire
heater was attached at the backside of the alumina substrate to
maintain and control the operating temperature of the sensor.

The sensor films were mounted upside down in a leak-tight
stainless steel chamber having a volume of 250 cm3. The
required concentration of a test gas in the chamber was
attained by introducing a measured quantity of desired gas
using a syringe. The response curves toward various test gases
were measured by applying a fixed bias of 0.1 V across the
electrode and the time dependence of the current was recorded
using PC based data acquisition system using LabVIEW
software. Once a steady state was achieved, recovery of sensors
was recorded by exposing the sensors to air, which is achieved
by opening the lid of the chamber.
The gas sensor response is plotted as Rg/Ra versus time,

where Rg is the sensor resistance when exposed to the analyte
gas and Ra is the sensor initial resistance in air, that is, before
exposure to analyte gas. Response and recovery times were
defined as the times needed for 90% of a total change in
resistance upon exposure to test gas and fresh air, respectively.

3. RESULTS AND DISCUSSION
The bare CNT aerogel film was synthesized using floating
catalyst chemical vapor deposition, as shown in Figure 1a. This
method shows a simple process for the integration of
individual CNT to form a freestanding and flexible CNT
film without using polymer or other support. The bare CNT
aerogel film was further treated at 700 and 900 °C in presence
of an argon and acetylene gas mixture. The purpose of using an
acetylene gas (2.5%) mixture is to slightly deposit carbon soot/
amorphous carbon in the pores of the CNT network to
enhance the gas adsorption performance of the CNT aerogel
film. The synthesized bare CNT aerogel, CNT aerogel-700,
and CNT aerogel-900 films are shown in Figure 1b. The bare
CNT aerogel film normally sticks to the glass/silicon and
another substrate if wetted with ethanol or acetone. Therefore,
it poses difficulty in transferring CNT aerogel film from one
substrate to another; moreover, this can hamper the long-term
performance of the bare CNT aerogel film as a sensor.
However, treated CNT aerogel films (CNT aerogel-700 and
900) do not stick to the glass or other substrate’s surface, as
shown in Figure 1c. The stickiness behavior of the bare and
treated films are further shown in a video provided as
Supporting Information. It was observed that the temperature
treatment of the bare CNT aerogel film cures the film in such a

Figure 2. SEM image and contact angle of the surface of (a,d) bare, (b,e) CNT aerogel-700, and (c,f) CNT aerogel-900 films, respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07314
ACS Omega 2023, 8, 6708−6719

6710

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07314/suppl_file/ao2c07314_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07314/suppl_file/ao2c07314_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07314/suppl_file/ao2c07314_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07314/suppl_file/ao2c07314_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07314/suppl_file/ao2c07314_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07314/suppl_file/ao2c07314_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07314/suppl_file/ao2c07314_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07314?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07314?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07314?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07314?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


way that it does not stick to the surfaces and is easy to transfer
from one substrate to other.
The scanning electron microscopy (SEM) images of the

bare CNT aerogel film in Figure 2a show that it comprises a
condensed and arbitrarily distributed network of CNT. The
maze of CNTs in the film provides its free-standing and flexible
characteristics. There is no visible change in the arrangement
of CNTs in the CNT aerogel film after heat treatment (Figure
2b,c). The surface morphology of CNT aerogel film does not
change after heat treatment, which may be due to the excellent
mechanical integrity of CNTs. However, the surface wetting
characteristics change after heat treatment, as shown by the
contact angle measurement in Figure 2. It has been observed
that the bare CNT aerogel film surface is hydrophobic and
turns toward the hydrophilic nature for the CNT aerogel-700
film. However, the surface of CNT aerogel-900 film turns back
to the hydrophobic nature.
The defects in bare and treated CNT aerogel films were

analyzed using Raman spectra as shown in Figure 3a,b. It is
observed that the D, G, D′, and G′ peaks corresponding to
CNT/amorphous carbon appear around ∼1322,∼1551,
∼1591, and 2670 cm−1, respectively, for all CNT aerogel
films. The presence of G and D/D′/D + D′ peaks in Raman
spectra confirms the presence of sp2 and sp3 carbon networks,
respectively. The integrated intensity ratio of D and G peaks
showed that the heat treatment increases defect density in the
CNT aerogel-700 film (Figure 3a). However, the D, D′ peak,
and ID/IG intensity drastically decreases with 900 °C heat
treatment. The G′ peak intensity increment for CNT aerogel-
900 confirms the annealing of defects and formation of a more

graphitic structure. However, CNT aerogel-700 showed a
decrease in G′ peak intensity. This confirms that the heat-
treated CNT aerogel-700 sample consists of amorphous
carbon along with CNTs, whereas in the CNT aerogel-900
sample, defects on CNTs were annealed and consisted a low
concentration of amorphous carbon. The distribution of defect
over the surface of samples are further confirmed by Raman
mapping of the bare and treated CNT aerogel samples, as
shown in Figure 3d,e. It is observed that the defect density was
highest for CNT aerogel-700 samples and uniformly
distributed over the film surface.
The bulk porosity and specific surface area of bare and

treated CNT aerogel films were further analyzed using SAXS
(Figure 4a,b) and BET technique (Supporting Information,
Figure S5). The specific surface area of CNT aerogel-700
samples (∼432 m2/g) is much higher than that of the bare
(∼257 m2/g) and CNT aerogel-900 samples (∼301 m2/g).
The CNT aerogel-700 has shown remarkably highest surface
area than other samples due to the generation of accessible
sites for adsorption via defects/amorphous carbon and pore
architecture. It was observed from SAXS studies that all three
samples showed the bi-modal distribution of pores in the bulk
of the films (Supporting Information). The estimated pore size
distribution is plotted in Figure 4b. In the bare CNT aerogel
film, the pore sizes are distributed in ∼7 nm and ∼30 nm
regions. The CNT aerogel-700 sample showed a decrease in
pore sizes, whereas the pore sizes in the CNT aerogel-900
sample increased. The change in porosity of heat-treated
samples might be related to the annealing of defects and
carbonization of aromatic carbon. The quantitative analysis of

Figure 3. (a,b) Raman spectra and (c−e) Raman mapping of the bare and heat-treated CNT aerogel films.
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defects and amorphous/aromatic carbon present in bare and
heat-treated CNT aerogel samples was carried out using the
thermogravimetric method. Figure 4c shows the differential of
thermogravimetric (DTG) curves of bare and treated CNT
aerogel samples, and the inset shows the temperature versus
weight loss. It is seen from the inset thermogravimetric curve
that the bare CNT aerogel sample starts losing weight from
∼150 °C, and major weight loss occurred from 400 to 680 °C.
The total weight loss observed in bare CNT aerogel samples is
∼20%. This result has confirmed that bare CNT aerogel
samples synthesized by the FCCVD method using ethanol
precursor contain ∼20% amorphous carbon. The formation of
amorphous carbon during CNT synthesis has been explained
based on the decomposition mechanism of ethanol. It has been
reported in the literature that during the decomposition of
ethanol at 1200 °C, the following three major steps are
involved: (i) initial formation of lower-molecular-weight
hydrocarbons (i.e., CH4, C2H4, C2H6, C6H6, etc.) and (ii)
later on their recombination to produce larger hydrocarbons
and polycyclic aromatic hydrocarbon (PAH) and (iii) further
pyrolysis of PAH forms carbon soot.22,23 The weight losses of
the bare CNT aerogel sample in different temperature zones
(Figure 4) are analyzed as follows: (i) there is a 3% weight loss
at low temperature ∼265/335 °C may be due to the release of
adsorbed moisture and volatile organic components and (ii)
the major weight loss observed between 400 and 680 °C might
be due to carbonization of amorphous carbon (hydrocarbon
and PAH) and curing of CNT defects present in the bare CNT

aerogel sample. Therefore, bare CNT aerogel film consists of
amorphous carbon (hydrocarbon/PAH/soot) along with a
network of CNTs. The presence of a substantial amount of
amorphous carbon specially PAH leads to the stickiness nature
of the CNT aerogel film, as observed in Figure 1c.
The CNT aerogel-700 and CNT aerogel-900 samples

showed 7.9 and 3.6% weight loss during thermogravimetric
analysis (inset Figure 4c), respectively. As observed from the
DTG curve, the CNT aerogel-900 sample losses weight at high
temperatures in comparison to the CNT aerogel-700. In the
case of the CNT aerogel-700 sample, the heating of the CNT
aerogel sample at 700 °C in a diluted acetylene gas atmosphere
leads to carbonization of hydrocarbons/PAHs to form carbon
soot,24 simultaneous cracking of acetylene can also form the
soot,25,26 and curing of CNT defects. In the case of the CNT
aerogel-900 sample, the heating of the CNT aerogel sample at
900 °C in a diluted acetylene gas atmosphere lead to the
carbonization of hydrocarbons/PAHs to carbon soot having a
more ordered phase24 and simultaneous decomposition of
acetylene can lead to forming ordered phase pyrolytic
carbon.27,28 This might be the reason for a drastic reduction
in defect density (Figure 3), low weight loss in the
thermogravimetric experiment (Figure 4c), and change in
surface wetting behavior (Figure 2f) of the CNT aerogel-900
sample. The decrease in pore size of the CNT aerogel-700
sample (SAXS data: Figure 3e) showed that heat treatment at
700 °C facilitate the formation of carbon soot in the network
of CNTs by carbonization of amorphous carbon and

Figure 4. (a) SAXS analysis plot, (b) estimated pore size distribution plot, and (c) TG/DTA plot of the bare and heat-treated CNT aerogel films.
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decomposition of acetylene, consequently, the pore size
decrease in this sample. However, the pore size in the CNT
aerogel-900 sample increases in comparison to the CNT
aerogel-700 sample may be because of lower decomposition
kinetics of acetylene to carbon soot and conversion of
amorphous carbon to ordered phase. The carbon soot along
with the CNT network in CNT aerogel film is desired for
improving gas adsorption for sensing purposes, as it improves
the gas adsorption property of the film (Figure 2e).
To investigate the compatibility of synthesized bare and

treated CNT aerogel films as nanoelectronic devices, the
electronic transport properties of the films in two electrode
configurations were measured (Supporting Information, Figure
S1). It was observed that the air resistance of the bare CNT
aerogel film increased after heat treatment and all samples

showed Ohmic behavior with a stable current. The dense
network of CNT in bare and treated CNT aerogel film
facilitates in obtaining stable electronic conductivity. There-
fore, the free-standing and flexible bare treated CNT aerogel
films with excellent electronic conductivity can be suitably
applied for gas sensing applications.
3.1. Methanol Gas Sensing. The bare CNT aerogel

sensor showed a response in terms of an increase in resistance
(Rg/Ra) as soon as methanol gas comes into contact with the
sensor surface (Figure 5a; corresponding resistance response
curve is shown in Supporting Information, Figure S4). The
sensor response reaches a peak and recovers well to the
baseline as soon as methanol gas is cut off. It is observed that
the methanol sensing performance of the CNT aerogel-700
sensor significantly improved in comparison to the bare CNT

Figure 5. (a) Transient resistance response curve (repeating three cycle each) of bare and treated CNT aerogel sensors operating at room
temperature (28 °C), RH: 45% for 10 ppm concentration of methanol. (b) M−S measurements plot carried out with a frequency of 1 kHz, (c)
variation of the sensor response with methanol concentration (1−100 ppm), and corresponding (d) linear fitting.
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aerogel sensor. However, the CNT aerogel-900 sensor showed
lower but opposite sensing characteristics, that is, decrease in
resistance as soon as methanol gas comes into contact with the
sensor surface. Therefore, the CNT aerogel-900 sensor showed
a switch in characteristic, and to explain this characteristic,
sensor’s semiconductor nature was analyzed by Mott−
Schottky (M−S) measurements (Figure 5b). The positive
slope of the M−S curve for bare and CNT aerogel-700 sensors
confirmed their p-type semiconductor nature. However,
negative slope in the M−S plot of the CNT aerogel-900
sensor confirmed its n-type semiconducting nature. Therefore,
it is concluded that the semiconductor nature of the CNT
aerogel-900 sensor switches to n-type from p-type. The switch
in the semiconductor nature is the reason for the opposite
response observed for the CNT aerogel-900 sensor. The
transient resistance response curve (Figure 5a) shows the same
type of sensing characteristics with a small deviation for
repeated exposure to methanol which in turn reflects the
reproducibility of the bare and treated CNT aerogel sensors.
Further response (Rg/Ra) of sensors were measured at room

temperature (28 °C; RH: 45%) by varying the concentration
of methanol gases from 1 to 100 ppm (Figure 5c). The CNT
aerogel-700 sensor showed the highest sensitivity (0.12 Ω/

ppm cm−2), followed by the CNT aerogel-900 (0.011 Ω/ppm
cm−2) and bare CNT aerogel (0.004 Ω/ppm cm−2) sensors. It
is observed that the response was proportional to the logarithm
of the methanol gas concentration (Figure 5d), indicating that
our sensor is suitable for methanol gas quantification. The
linear regression equation Rg/Ra = α + β ln C (where α is
intercepted, β is the slope, and C is the concentration of
methanol gas) was fitted with a correlation coefficient. The
obtained adjusted R2 values >0.97, suggested that the linear
regression fitting is appropriate for describing the detection
ability of methanol, especially using the CNT aerogel-700
sensor. As observed from Figure 6a, the response time for the
three sensors is comparable and in the range of 3−7 s;
however, recovery time decreases for the CNT aerogel-700/
900 sensor (∼75/68 s) in comparison to the bare CNT aerogel
sensor (176 s). The limit of detection (LOD) was estimated
using “3σ/slope” formulae, as per the International Union of
Pure and Applied Chemistry (IUPAC) guidelines.29 The CNT
aerogel-700 sensor showed the lowest LOD ∼96 ppb. The
humidity response curve (Figure 6b) showed that the CNT
aerogel-700 sensor response does not change significantly in
the RH of 25−60%. However, beyond humidity level of 60%
the sensor was very sensitive to the humidity and the response

Figure 6. CNT aerogel-700 sensor (a) response/recovery time and LOD, (b) response under different RH conditions at room temperature (28
°C) for 10 ppm concentration of methanol, (c) different operating temperatures, and (d) stability of CNT aerogel-700 sensor operating at room
temperature (28 °C) and RH: 45% for 10 ppm concentration of methanol.
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decreased with a further increase in humidity. It seems that the
water molecules get absorbed on the sensor surface under
higher humid conditions and it hinders methanol gas
adsorption on the MWCNT surface present in the sensor,
therefore decreasing the sensor response. The temperature
variation response curve (Figure 6c; measured at a RH of 45%)
showed that the sensor response decreases with an increase in
sensor temperature, specifically sensor response drastically
decreases after 75 °C. The observed decrease in response with
the increase in temperature may occur due to the lower
interaction of high volatile methanol gas on the higher

temperature surface of the sensor. The stability of the CNT
aerogel-700 sensor is also investigated to evaluate the
probability in practical applications. As shown in Figure 6d,
the CNT aerogel-700 sensor response to 10 ppm of methanol
fluctuated less than 7% for 80 days, which reflects the
acceptable long-term stability of the investigated sensor.
The sensitivity of the CNT aerogel-700 sensor toward the

detection of the oxidizing nitrogen dioxide (NO2) was further
evaluated and shown in Figure 7a. The CNT aerogel-700
sensor showed a response in terms of a decrease in resistance
as soon as oxidizing NO2 gas comes into contact with the

Figure 7. CNT aerogel-700 response curve for NO2 sensing (a) operated at room temperature (28 °C), (b) varying operation temperature using
10 ppm of NO2, (c) transient response curve for three cycles using 2 ppm of NO2, (d) variation of the sensor response with NO2 concentration
(1−80 ppm), and corresponding (d) linear fitting to obtain LOD.
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sensor surface (p-type semiconductor). The sensor showed a
very good response for 5, 10, and 20 ppm of NO2 gas at room

temperature with a response time of ∼149 s (10 ppm NO2)
but the recovery was very slow (recovery time ∼1520 s). To

Figure 8. (a) Flexible sensing test of the CNT aerogel-700 film and (b) proposed sensing mechanism in bare and heat-treated CNT aerogel
sensors.
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improve the sensor response, the NO2 sensing (10 ppm)
experiment was carried out by varying the CNT aerogel-700
sensor temperature from 30 to 300 °C and shown in Figure 7b.
It was observed that the sensor response increases upto 100 °C
and decreases with a further increase in sensor temperature. It
is concluded that the CNT aerogel-700 sensor showed the
highest response with a moderately low response (∼21 s)/
recovery time (∼306 s) for 10 ppm NO2 sensing at an
operating temperature of 100 °C. The transient response curve
(Figure 7c) shows the same type of sensing characteristics with
a small deviation for repeated exposure to NO2 gas which in
turn reflects the reproducibility of the CNT aerogel-700
sensor.
The CNT aerogel-700 sensor response was further evaluated

at an operating temperature of 100 °C by varying the NO2 gas
concentration (1−80 ppm) and shown in Figure 7d. The CNT
aerogel-700 sensor responded well in the concentration range
of 1−80 ppm and response increases with an increase in NO2
gas concentration. It is observed that the response was
proportional to the logarithm of the NO2 gas concentration
(Figure 7e), indicating that our sensor is suitable for NO2 gas
quantification. The fitted linear regression equation with R2
values >0.99, suggested that the linear regression fitting is
appropriate for describing the detection ability of the CNT
aerogel-700 sensor. The estimated LOD of the CNT aerogel-
700 sensor is 89 ppb, which is remarkable for the ultra-
sensitive detection of NO2 gas.
The flexibility of the CNT aerogel-700 film as a sensor was

confirmed by evaluating its NO2 sensing (2 ppm) performance
in different physical conditions like plain, bend, and crumple
(Figure 8a) at 100 °C operating temperature. The CNT
aerogel-700 sensor showed a response in bend and crumple
conditions for NO2 gas. However, the intensity of response
decreases with respect to the plain sensor. As shown in Figure
8b, the CNT aerogel-700 sensor showed consistent response
to 2 ppm of NO2 in different physical conditions for 80 days. A
performance comparison between the fabricated-sensor and
the reported CNT sensors is provided in Supporting
Information, Table S1. It can be clearly seen that the response
and response time of our CNT aerogel electrode are
comparatively better than the other conventional bare/doped
CNT-based electrodes. These results confirmed that the CNT
aerogel-700 sensor can be used as a flexible and standalone
sensor for long-term toxic NO2 gas sensing.
The sensing mechanism of bare and treated CNT aerogel

sensors is explained based on the interaction of analyte gases to
the surface of the sensor (Figure 8c). The sensor response
noticed in the presence of analyte gases can be attributed to
two possible reasons: (i) surface interaction and diffusion of
analyte molecules: which leads to response (ii) de-absorption:
which leads to recovery. As concluded from Raman and TGA
studies, the bare CNT aerogel film contains majorly large
hydrocarbons, PAH, and a small quantity of carbon soot along
with the CNT, whereas the CNT aerogel-700 sensor consists
of majorly amorphous carbon in form of soot, and the CNT
aerogel-900 sensor consists of majorly ordered phase carbon
like pyrolytic carbon.28 In the case of a bare CNT aerogel
sensor, the response can be generated primarily due to the
intra/inter CNT interaction of analyte gases. The CNT
aerogel-700 showed a response due to the intra/inter CNT
and amorphous carbon interaction with analyte gases and
shown in Figure 8c. The CNT aerogel-700 sensor has a
comparatively large amount of amorphous carbon soot and this

amorphous carbon soot has better gas adsorption properties
than aromatic hydrocarbon/PAHs. Therefore, the CNT
aerogel-700 sensor showed a much better response to the
analyte gases. In the case of the CNT aerogel-900 sensor, the
amorphous carbon soot content decreases and thereby its
response decreases in comparison to the CNT aerogel-700
sensor. Therefore, the sensitivity of the resistance-based CNT
aerogel-700 sensor depends solely on the analyte gas diffusion,
amorphous carbon soot content, and the number, and
arrangement of CNT junctions in the sensor.30−32 The
selectivity of the CNT aerogel-700 sensor has been confirmed
by sensing performance evaluation of different gases like
methanol, ethanol, acetone, and NO2 (Supporting Informa-
tion, Figure S6). It is observed that methanol and NO2 gases
showed distinguished peak responses in comparison to other
gases. The presence of comparatively smaller pores and a large
number of gas adsorption sites due to the presence of
amorphous carbon in the CNT aerogel-700 sensor enhanced
the kinetics of selective diffusion of smaller molecules like
methanol and NO2 gases. This is the possible reason for the
higher response of the fabricated sensors to NO2 and methanol
gases. As seen in Figure 5a (methanol sensing) and Figure 7c
(NO2 sensing), there was a small deviation in sensitivity in
repeated three exposure cycles of the same concentration of
analyte gases, which might occur due to incomplete desorption
of the deeply adsorbed analyte gases in the sensor film before
introducing the next cycle of analyte gases. Moreover, the
CNT aerogel-700 sensor showed different response/recovery
times and responses for different analyte gases, which might be
due to the different chemical nature of analyte gases leading to
the different molecular dipole interaction with CNT and
amorphous carbon present in the sensor.

4. CONCLUSIONS
In the present work, we report the fabrication of a flexible and
free-standing thin CNT aerogel film using a simple floating
chemical vapor deposition process. The bare CNT aerogel
samples synthesized using ethanol precursor contains ∼20%
amorphous carbon majorly in the form of large hydrocarbon/
polycyclic hydrocarbon. The CNT aerogel film was heat
treated in a diluted acetylene atmosphere to enhance sensitivity
and ease of transfer from one substrate to another. The CNT
aerogel film heat treated at 700 °C showed a decrease in
surface porosity and an increase in defects due to the
conversion of large hydrocarbon/polycyclic hydrocarbon to
carbon soot deposited along with the CNT network in the
CNT aerogel film. Whereas in the case of a CNT aerogel film
heat treated at 900 °C, the large hydrocarbon/polycyclic
hydrocarbon converts to the more ordered phase of carbon like
pyrolytic carbon. The CNT aerogel film treated at 700 °C,
showed the highest response and sensitivity for methanol gas.
However, film treated at 900 °C showed lower response with
opposite sensing characteristic due to switching of the
semiconductor nature of the CNT aerogel film to n-type
from p-type. The CNT aerogel film treated at 700 °C has
shown a very good response for toxic NO2 gas, even in bending
and crumple conditions. The developed electrical conducting,
highly sensitive, and flexible chemiresistive CNT aerogel
sensor paves the way for mass production with good
repeatability and reliability for toxic gases such as methanol
and NO2 sensing.
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