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ABSTRACT

Present work deals with the development of high-speed NO2sensor based on

functionalized Single Walled Carbon Nanotubes (SWNTs). To improve the

sensing properties of SWNTs, SWNTs is functionalized with the enzyme N-

benzyloxycarbonylglycine (Z-Gly-OH). Various parameters of the functional-

ization process such as time and temperature are also optimized and analysed in

detail. Z-Gly-OH has created a functionalization of the 1,3-dipolar cycloaddition

type, which is capable of doing modification in the properties of CNTs while

maintaining the electronic properties of CNTs. The functionalization with

Z-Gly-OH makes it possible to obtain amino groups on the surface of nanotubes

in the absence of a solvent, while during this reaction it is possible to obtain

intermediate functionalization in the form of benzyl carbamate, which can affect

the sensitivity of sensors. In order to develop solid state device, Ti(8 nm)/

Au(100 nm) interdigitated electrodes (IDEs) are fabricated on thermally oxi-

dized Si substrate by using standard photolithography process. Dielec-

trophoresis is employed for deposition of as-functionalized SWNTs (f-SWNTs)

between the IDEs. The gas sensing performance of as-developed is tested for

NO2 gas as function of NO2 concentration (70 ppm to 20 ppm). As-developed

gas sensor shows fast response/recovery (* 88 s/95 s) as well as high sensi-

tivity 27%. In order to analysed selectivity of as-developed gas sensor, the cross

sensitivity has been observed for carbon monoxide (CO) and Methane (CH4).

Before development of sensor, as-prepared f-SWNTs is analysed by SEM,

Raman and FT-IR for its morphological and structural characteristics.
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1 Introduction

In modern era, environmental pollution becomes a

major concern. As per World Health Organization

(WHO) data, millions of people lost their life due

inhaling of microscopic air-pollutant particles. The

small quantity of mentioned pollutant particles is

capable to make serious impact on our lungs, heart

and brain [1]. Due to operation of combustion

machineries and equipment, the harmful gases such

as nitrogen dioxide (NO2) and nitrogen oxide (NO)

are mixing in the environment. Such type of toxic

gases is spoiling the eco-system of earth and contin-

uously making bad impact on human as well as wild-

life [2]. The monitoring of toxic gases such as NO2

and NO is become an urgent task. Apart from eco-

system of environment, monitoring of NO2 in

exhaled air from our body is also has importance in

medical field. It has been reported that monitoring

the NO2 in exhaled air from human body can detect

the early stage of lungs disease such as chronic

obstructive pulmonary disease (COPD) [3].

In addition, NO2 is used for the production of nitric

and sulfuric acids and other applications [4]. The

annual turnover of nitric acid in Russia alone is 71

million tons per year, which demonstrates the vol-

umes of NO2 used only as raw materials [5]. In

addition, nitrogen dioxide is also a waste gas

obtained as a result of other industries, in particular,

in the field of oil production [6]. The main disad-

vantage of nitric oxide is its extremely strong toxicity,

which is why nitric oxide is dangerous to the envi-

ronment, since it poisons the environment, and dan-

gerous to humans, especially to the respiratory and

nervous systems [7].

The discussed issues and importance of NO2

monitoring motivate us to work on NO2 detector.

Nowadays, large number of techniques have been

analysed for developing NO2 gas sensor [8, 9].

Despite the existence of known solutions, this field is

constantly developing due to the invention of new

concepts, usage of new materials, which leads to the

miniaturization of devices and the ability to do more

accurate analysis of the environment composition or

the substance under study [9]. So, in the field of

research related to the detection of NO2 gas, the use

of carbon nanomaterials, in particular, carbon nan-

otubes (CNTs), has undeniable advantages and in

general is a good prospect [10].

Since discovery of CNTs, It has received rapid

growth and wide distribution among the scientific

community. Due to exceptional properties of CNTs

such as high conductivity, high thermal stability and

large surface area, CNTs, still, has an increasing rel-

evance. CNTs can be used in various applications, in

particular, as a conductive polymer material, sensing

element in detectors, high-strength material etc.

[11–14].

The main advantage of CNTs in the field of gas

sensors is the ability to detect molecules at gas con-

centrations equal to 1 ppb [15]. In addition, a signif-

icant advantage of carbon nanotubes is that the gas

sensors based on CNTs, in general, is a low cost

product. The disadvantages in CNTs based gas sen-

sor include the lack of selectivity, slow response and

recovery [10]. The limitations over the CNTs based

sensors can be improved with the help of surface

modifications [10]. Currently, the following research

areas are relevant to the gas sensors based on CNTs:

– increasing the selectivity of CNTs to certain

substances;

– creation of the most sensitive CNT composites;

– creation of sensor arrays for wide-profile

detection.

As for sensor arrays, there has been a various

amount of publications. These arrays can overcome

the most important drawback of CNTs (a lack of

selectivity). In this case CNTs with different type of

functionalizations are used. That allows the sensor

detect different gases in a different way and differ-

entiate them [16].

At the moment, quite a lot of CNT functionaliza-

tions have been developed that allow creating dur-

able composites [17]. Nevertheless, in the articles

using modified CNTs for gas sensors, a rather limited

range of modifying substances is used, which needs

to be expanded, in particular, for the task of

increasing the selectivity of these sensors [10].

In general, non-covalent and covalent functional-

ization is utilized for manipulation the surface

properties of CNTs. Such type of functionalization is

further divided into destruction of the crystal lattice

(‘‘sidewall’’) of CNTs and by the mechanism of 1,3

dipolar cycloaddition [18]. Researchers also devel-

oped the functionalization process for tip of CNTs as

well as endohedral functionalization, but these types

of functionalizations are not performed for making

gas sensors [19].
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The difference between non-covalent functional-

ization and covalent functionalization is that in the

first case, functionalization occurs without the for-

mation of any chemical bonds; in the second case,

depending on the type (with the destruction of the

crystal lattice or by the mechanism of 1,3 dipolar

cycloaddition), either complete destruction of the

crystal lattice occurs at the site of defect localization

or at the ends of CNTs (with deterioration of the

conductivity of CNTs, since the creation of defects is

performed artificially using strong acids), or partial

transformation of CNT double bonds into single ones

with the addition of some chemical group/function-

alizing substance [19]. The result of covalent func-

tionalization is usually the formation of ketones,

carboxyl, carbonyl or hydroxyl groups, which can

later be subjected to secondary modification [20]. At

the same time, in the case of the 1,3 dipolar

cycloaddition reaction, it is possible, to directly

obtain amino groups on the CNT surface by the

mechanism of the Prato reaction [21].

A significant disadvantage of non-covalent func-

tionalization is the limitation of further interactions

with CNTs due to weak Van der Waals forces

between CNTs and the functionalizing substance (for

example, further functionalization of CNTs), while

there is no such restriction with covalent functional-

ization [22]. It is also worth noting that when large

molecules of a functionalizing substance are attached

(in the case of non-covalent functionalization), the

problem of exceeding the Debye length may arise, so

that, on the contrary, the sensitivity of sensors will

deteriorate or the usage of CNTs will be pointless,

since they will not participate in the detection process

[23]. Hence, the reaction of 1,3 dipolar cycloaddition

is the most preferable option for the modification of

CNTs, since it does not significantly impair the

physical properties of CNTs, while it creates strong

bonds with the functional group.

In the scientific literature there are many methods

of CNT functionalization by cycloaddition, for

example, reaction with azomycin ylides, with nitre-

nes, with carbenes, reactions with zwitter ions, Bingel

reaction and addition of imines [24].

Many of these reactions are used to produce vari-

ous functional groups that may have a high reactivity

to a particular class of chemicals. For example, car-

boxyl groups react well to ammonia and amino

groups, and amino groups, being bases, can act as

proton acceptors and react with acids, etc. [20].

In addition, functionalized CNTs have the ability to

polymerize depending on the type of functional

group and the spatial structure of the carbon skeleton

[20]. Much attention in research is paid to amino

groups, because substances containing this group

polymerize well and, moreover, may have good

conductivity [20]. Thus, polyaniline is often used as a

functionalizing substance [25]. CNTs functionalized

by amino groups also have the ability to be embed-

ded in polymer matrices to improve the properties of

composite materials [20].

In addition to being used in polymer chemistry,

such CNTs have been found excellent as sensitive gas

sensors, for example, NO2 gas sensors [26].

Among the existing sensors on CNTs with various

modifications, CNTs functionalized by amino groups

stand out especially because they have high sensi-

tivity to NO2 gas [27].

The effectiveness of this functionalization was

noticed for the purpose of creating sensors due to the

fact that carbon in the state of sp2 hybridization

participates in the formation of a bond and spends an

unpaired electron on the formation of a covalent

bond; hence the nanotube loses charge carriers dur-

ing functionalization. The increased sensitivity of the

sensor is apparently associated with a decrease in the

number of free electrons in the crystal lattice and,

consequently, the predominance of acceptor charac-

teristics. Thus, NO2, having one unpaired electron,

acts as a donor of the latter and, being in the vicinity

of the CNT, gives away a free electron adsorbed on

the surface of the CNT, which in turn increases the

conductivity of the entire nanotube [28].

Thus, the production of amino groups on the sur-

face of carbon nanotubes is an urgent task in the field

of polymer chemistry, as well as in the task of man-

ufacturing sensors. Particularly acute is the need to

create waste-free methods of CNT functionalization,

after which no further purification of the resulting

raw materials from a solvent or catalyst is required

[29].

As mentioned above, the amidation of CNTs by 1,3

dipolar cycloaddition is carried out by the Prato

reaction mechanism. This reaction is based on the

interaction of CNT with the result of the interaction

of an amino acid and paraformaldehyde, which

during the reaction is depolymerized into gaseous

formaldehyde (or in the liquid phase, depending on

the presence of a solvent) [30]. After heating this

mixture, an ylide (oxazolidinone [21]) is formed,
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which interacts with CNT. The resulting amount of

oxazolidinone formed during the reaction signifi-

cantly affects the result of functionalization [21]. In

such type of functionalization, temperature is a key

parameter [31]; the reaction temperature should not

exceed 210 �C due to the possibility of decomposition

of oxazolidinone at higher temperatures [21]. It is also

possible to pre-process the initial reagents, in partic-

ular, paraformaldehyde, for example, using an agate

mortar [32]. This treatment allows increasing the

degree of homogeneity of the mixture and speed up

the reaction time [21].

There are various approaches to perform this

functionalization. Thus, it would be nice to note the

functionalization with a a-amino acid derivative in a

dimethylformamide solution, which was carried out

with C60 fullerenes [31]. Functionalization was car-

ried out for 5 days at a temperature of 130 �C. As the

experiment in the reference [33] showed, the func-

tionalization can be reduced to 30 h (the functional-

ization of nanofibers was carried out) compared to

the functionalization in dimethylformamide, which

was performed within 120 h. Also, it should be noted

that there is no solvent in the reaction, there are no

by-products, which is an additional advantage.

As a result of functionalization, two functional

groups can be formed – benzyl carbamate and

pyrollidine (see Fig. 1a and b) [34].

A distinctive feature of amidated CNTs is the good

solubility and stability of CNT solutions (about

2 weeks) in polar solvents such as water, ethanol,

acetone, chloroform, dichloromethane etc. [35].

As per design of sensors based on CNTs, mainly,

capacitive and resistive sensors are developed. For

development of such type of gas sensor, various

types of CNTs such as vertical aligned, horizontally

aligned/randomly arranged are used [36]. It is worth

noting that resistive sensors on CNTs manufactured

using dielectrophoresis are one of the concepts that

can allow creating highly sensitive sensor arrays for

large-format detection when using CNTs functional-

ized with various substances [37].

The present work is devoted to the research and

development of a high-speed NO2 gas sensor based

on f-SWNTs. The SWNTs is functionalized with the

Z-Gly-OH by using a one-pot functionalization

method. The 1,3 dipolar cycloaddition by was chosen

as the functionalization method, since this function-

alization makes it possible to simplify the process of

obtaining amino groups on the CNT surface by per-

forming functionalization in the absence of a solvent,

which in the future can also be used to obtain com-

posite materials on an industrial scale. The solid state

device is fabricated by deposition of as-developed

f-SWNTs between the gold IDEs. The gold IDEs were

fabricated by standard photolithography technique

on SiO2/Si substrate and f-SWNTs is deposited

between the IDEs by using well-known dielec-

trophoresis technique. Prior to development of solid

state device, CNTs (pre and post functionalization

Fig. 1 Functional groups grafted with Z-Gly-OH functionalization: a benzyl carbamate; b pyrrolidine, c shows the schematic diagram of

solid state device with dielectrophoresis process, d shows the experimental setup for gas sensing measurement
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process) is analysed by SEM and Raman

spectroscopy.

The functionalization results were verified by

using IR spectroscopy, also the stability of the CNTs

in polar solvents such as water was analyzed. Several

approaches to the functionalization were studied and

the solution with the largest number of amino groups

was selected.

2 Experimental section

SWNTs with 95% purity (length = 5-30 lm, diame-

ter = 1-2 nm) is bought from Chengdu Organic

Chemicals Co. Ltd., Chinese Academy of Sciences.

The enzyme N-benzyloxycarbonylglycine (Z-Gly-

OH) (purity[ 98%) is purchased from Alfa Aesar.

And paraformaldehyde (purity = 95%) is bought

from Loba Chemie Pvt. Ltd.

Functionalization of SWNTs was performed in the

absence of solvent by a one-pot functionalization

process [36]. In general 30 mg of granulated

paraformaldehyde were grounded in an agate mortar

to a homogeneous powder state to fasten the process.

The resulting powder was mixed with N-benzy-

loxycarbonylglycine Z-Gly-OH (5 mg) and single-

walled carbon nanotubes (5 mg) in ethanol. The

solution was then slowly evaporated and heated in

the oven at a temperature of 210 �C for 3 h.

Studies of as-developed f-SWNTs were carried out

on the Nicolet iS50 IR spectrometer using the ATR

prefix. The morphological and structural quality of

as-developed f-SWNTs was investigated by SEM and

Raman spectroscopy.

Interdigitated electrodes and parallel comb-like

electrodes with a 108-nm-thick Au(100 nm) /

Ti(8 nm) metallization layer on 90 nm SiO2 made by

standard lithography process were used for the gas

sensing. The gap between the electrodes was 5 lm.

Solid state device was made dielectrophoresis

techniques (see Fig. 1c). Dielectrophoresis was per-

formed at the 5 Vpp, 900 kHz for 1 min for each

sample. A drop of 2 lm was placed onto the elec-

trodes. Sensor sensitivity measurements were per-

formed with the exposure of gas sensors to NO2 gas

as function of concentration (20 ppm–70 ppm).

Experimental set-up for measuring the characteristics

of sensors is shown in Fig. 1d. The desired concen-

tration was achieved by mixing of air in NO2 gas

flows.

Response curve was calculated as:

Sð%Þ ¼ Rinitial � R

Rinitial

� 100% ð1Þ

where Rinitial—resistance of a gas sensor before the

NO2 exposure, R—resistance of a gas sensor during

the NO2 exposure.

The response/recovery time is crucial parameters

for developing detectors for the desired application.

The response/recovery times are defined as the time

required for absorption and desorption of the NO2

on, or from the sensor surface to reach the saturation

or to reduce the conductivity back to the baseline

conductance.

3 Result and discussion

Figure 2a and b show the SEM images of SWNTs for

pre and post functionalization process. Figure 2a

shows the uniform distribution CNTs with fine

diameter. It has been clearly visualized in the SEM

image of Fig. 2b that some islands are constructed on

sample. Islands are constructed due to agglomeration

of CNTs in functionalization process. The structural

quality of pristine CNTs as well as post functional-

ization has been analysed by Raman spectroscopy.

Figure 2c shows the Raman spectra for pristine CNTs

(in red) and post functionalize process (in black). The

important peaks have been observed on 150 cm-1,

1290 cm-1 and 1560 cm-1. The intense peak around

150 cm-1 represents the RBM mode associated with

SWNTs and it verifies the existence of SWNTs. The

intense peak on 1560 cm-1 shows the G-band while

the weak peak on 1290 cm-1 represents the D-band.

The high intensity of G-band and low intensity of

D-band verifies the high structural quality of CNTs.

In case of f-SWNTs, the intensity of G-band has been

reduced, sharply. It is possible due to thin coating of

functionalization material on the surface of SWNTs.

The creation of defects during the functionalization

steps can also reduce the intensity of G-band. We

have analysed the various method for functionaliza-

tion of CNTs with Z-Gly-OH and the process gave

better functionalization has been employed for

development of gas sensor. It has been observed that

the pre-crushing of paraformaldehyde and Z-Gly-OH

in a mortar, increased the solubility and stability of

as-obtained solution of f-SWNTs in water. Also the
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better dispersion gives the use of a formaldehyde

solution, instead of dry paraformaldehyde. Due to

the reaction between the paraformaldehyde and

Z-Gly-OH a dipole is formed, the scheme of dipole

formation can be seen in Fig. 2d. As-prepared dipole

is found instable in nature; to provide stability to

dipole prepared material was further reacted with

acetonitrile (see Fig. 2e). The overall reaction made

C4H8N2COOCH2Ph. In final step, as-prepared mate-

rial was heated with SWNTs at 200 �C for 3 h. The

resulting substance was analyzed by a FT-801 IR

Fourier spectrometer (see Fig. 2f). In Fig. 2f, valence

oscillations corresponding to peaks N–H are

observed in the 3200–3164 cm-1 zone. This bond is

also recorded in the 1628 cm-1 zone. In the

1448 cm-1 zone, there is a peak corresponding to

fluctuations in the C–N–C bond. The N–H group is

observed in the 3200–3164 cm-1 zone. Peaks 3003 and

2943 cm-1 corresponds to the vibrations of carbon

atoms in the state of sp2 and sp3 hybridization,

respectively.

In the zone from 1600 to 1375 cm-1 there are peaks

corresponding to the pulsation vibrations of the aro-

matic ring in the molecule in the structure of the

carbon chain, designated as R1. There is also a C–O–C

group in the carbon chain, which corresponds to the

peaks of deformation vibrations in the 1212 cm-1

zone [38].

The majority of peaks present in FT-IR spectra are

well matched with existing data [40], which verifies

the functionalization of CNTs with amino functional

groups. The further analysis of as-prepared nano-

materials has been done by XRD and FT-IR (see Fig. 4

and 5 of Supplementary data file). XRD data for pre-

and post-functionalized SWNTs has been verified

that the functionalization process made very less

defect on surface of SWNTs.

It has been observed that the resulting solutions

have good dispersion, unlike pure non-functional-

ized CNTs, and the degree of dispersion increases

with the increment in N–H groups on the surface of

the crystal lattice of CNTs. Also, the obtained

dispersion had sufficient stability; complete settling

of CNTs in solutions occurs within 1 day, however, if

the solutions are slightly shaken, the CNTs will be

mixed evenly in the solution again. Figure 3 shows

the sensing response of as-developed f-SWNTs based

device. The sensing performance has been analyzed

for NO2 gas as a function of carrier concentration of

gas (70 ppm to 20 ppm). To analyze the sensing

performance of as-developed device, the value of

resistance has been recorded in real time while the

flow of NO2 turned ON/OFF for repetitive cycles.

Figure 3a shows the change in resistance in real time

for multiple cycles as function of concentration of

NO2 gas. It has been clearly observable in Fig. 3a the

resistance of device reduced sharply with turning ON

flow of NO2 gas. The value of device resistance is

returned to its previous state with stopping of NO2

supply. The sensing performance of as-developed

device has been recorded for 20 ppm, 30 ppm and

70 ppm concentration of NO2 gas. Initially the base

resistance of device is recorded around 221 KX and,

when the NO2 flow with 70 ppm concentration sup-

plied to sensing chamber, the resistance of device

rapidly reduced to 163 KX. When the NO2 supply

inside the chamber disconnected, the resistance of

device again reached to it base value (221 KX). Later,
the sensing performance was recorded for 50 ppm

and 20 ppm of NO2 gas supply and the pattern in

change in resistance value was found same for all

concentration of NO2. It has been observed that

change in resistance was highly dependent on con-

centration of NO2 gas. The change in resistance has

been found as 58 KX, 42 KX and 26 KX for 70 ppm,

50 ppm and 20 ppm of NO2 gas flow, respectively.

As seen in Fig. 3a, the sensing performance has been

recorded for multiple cycles and all cycles show quite

stable behavior. The other important sensing

parameters such as response and recovery time have

also been observed. As-developed sensor shows very

fast response time. The response time of sensor has

been found as 88 s, 130 s and 115 s for 70 ppm,

50 ppm and 20 ppm concentration of NO2 gas. In

case of gas sensor long recovery time is always matter

of concern. In case of present work, the recovery time

has been found around 600 s for 70 ppm NO2 gas

while the recovery was performed by naturally in air.

The recovery time was abruptly improved by illu-

mination of sensor with a UV lamp. With illumina-

tion of UV-light, the recovery time has been found in

the range of 95 to 120 s. The sensitivity plot for as-

bFig. 2 a and b shows the SEM images for morphology of SWNTs

and as-prepared f-SWNTs, respectively, c shows the Raman

spectra for CNTs for pre (in red) and post (in black)

functionalization process. d shows the Formation of a 1,3

dipole. The reaction between 1,3 dipole and acetonitrile can be

seen in e and f shows the FT-IR spectra for as-prepared f-SWNTs

(Color figure online)
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developed sensor can be seen in Fig. 3b. As-devel-

oped sensor shows very high sensitivity for all tested

concentration of NO2. The values of sensitivity has

been found as 26.58%, 19.3% and 10.54% for NO2 gas

concentration 70 ppm, 50 ppm and 20 ppm, respec-

tively. In our previous reported work, the sensing

performance of pristine SWNTs as well as PEI-func-

tionalized SWNTs had been observed [39]. It has been

observed that pristine SWNTs based gas sensor

shows response time around 300 s while PEI- func-

tionalized SWNTs shows the response time 240 s for

50 ppm of NO2 gas concentration. In present case, the

response time has been reduced by 2.3 times and 1.85

times as compare to pristine SWNTs and PEI- func-

tionalized SWNTs based sensor, respectively [39]. In

general, SWNTs is known as p-type semiconductor.

When the interaction between SWNTs and NO2

molecules is occurred, NO2 molecules absorbed the

electrons from SWNTs. In the result of this phe-

nomenon, concentration of majority carriers

increased in SWNTs; hence resistance of device

decreased sharply. When the molecules are detached

from SWNTs, resistance of device increased again

[40, 41]. In case of functionalization of SWNTs with

an amino functional group, the acceptor property of

SWNTs increased sharply. Also, the amino group

provides the pathway for the transportation of gas

molecules [42]. These are the possible reasons to get

the fast response and high sensitivity in f-SWNTs-

based gas sensor. The NO2 sensing performance of

as-developed sensor has been compared with

existing data (see Table 1) and it has been observed

that as-developed sensor shows very fast response

with acceptable sensitivity.

The selectivity of the as-developed sensor has been

verified by observing the cross-sensitivity with CO

and CH4. In both cases, the value of resistance has

been recorded for various concentrations of CH4 and

CO [See Fig. 1a and b of Supplementary data file]. In

the case of CH4, a small shift in resistance has been

noticed but the values of change in resistance are

found as same for 30 sccm to 70 sccm of CH4 flow. In

the case of CO, no proper response has been found.

In both cases, signals have been found very noisy.

The value of the base resistance of the device has

been found to increase in both cases. Another

important point has been noticed that the as-devel-

oped f-SWNTS based gas sensor showed very slow

recovery for CH4 as well as CO. In order to find out

lower and higher limit of NO2 gas detection, we

examined as-developed f-SWNTs-based gas sensor

with maximum range of our gas sensing setup i.e.

from 5 to 150 ppm. Surprisingly, the response of

f-SWNTs based NO2 sensor has been found very high

for 5 ppm as well as 150 ppm of NO2 gas. The sharp

change in resistance has been clearly observable for

5 ppm as well as 150 ppm of NO2 exposure. As-de-

veloped device shows very fast response/recovery

time (around 1 s) for 5 ppm as well as 150 ppm of

NO2 gas. The values of sensitivity have been esti-

mated as 43.5% and 51% for 5 ppm and 150 ppm of

NO2 gas, respectively [See Fig. 2a and b of

Fig. 3 The sensing performance of as-developed f-SWNTs-based device for NO2 gas. a shows the change in resistance in real time as a

function of concentration of NO2 gas and recovery procedure while b shows the sensitivity plot for same
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Supplementary data file]. The results verified that as-

developed f-SWNTs based device can detect NO2 in

broad range of concentration.

4 Conclusion

In present work, a high speed NO2 gas sensor with

high sensitivity has been developed. As-developed

gas sensor is worked on the principle of the

chemiresistive and operable on room temperature.

The solid state device was successfully fabricated

based on Z-Gly-OH functionalized SWNTs. The

sensing performance of as-developed device has been

analyzed as function of concentration of NO2 gas

(20 ppm–70 ppm). The fastest response time and

sensitivity has been found as 88 s and 26.58% for

70 ppm NO2 gas, respectively. As-developed

f-SWNTs based gas sensor shows fast and better

response than pristine as well as PEI-functionalized

SWNTs.

Prior to development of device, SWNTs was suc-

cessfully functionalized with amino group using

solvent free, one pot functionalization process. The

prepared f-SWNTs was analyzed for their morpho-

logical and structural properties by SEM and Raman

spectroscopy. The attachment of amino functional

group on the surface of SWNTs was verified by FT-IR

transmittance analysis. The device has been prepared

by utilizing standard photolithography and DEP

process.
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Film DWCNT 0.7 ppm 9.4% 15 min [ 2 h [26]
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SWCNT-NH2 20 ppm 26.58% 88 s 95 s Present
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21. R. Araújo, F.M. Fernandes, M.F. Proença, C.J.R. Silva, M.C.

Paiva, The 1,3-dipolar cycloaddition reaction in the func-

tionalization of carbon nanofibers. J. Nanosci. Nanotechnol.

7, 3441 (2007)

22. A.D. Crescenzo, V. Ettorre, A. Fontana, Non-covalent and

reversible functionalization of carbon nanotubes. Beilstein J.

Nanotechnol 5, 1675 (2014)

23. Andrey V. Dobrynin, 1.05-Solutions of Charged Polymers,

In: Polymer science: a comprehensive reference, University

of Connecticut, Storrs, Volume 1, 2012, pp. 81–132

24. H.-C. Wu, X. Chang, L. Liu, F. Zhao, Y. Zhao, Chemistry of

carbon nanotubes in biomedical applications. J. Mater. Chem.

20(6), 1036 (2010)

25. D. He, C. Zeng, C. Xu, N. Cheng, H. Li, S. Mu, M. Pan,

Polyaniline-functionalized carbon nanotube supported plat-

inum catalysts. Langmuir 27(9), 5167 (2011)

26. I. Sayagoa, H. Santos, M.C. Horrillo, M. Aleixandre, M.J.

Fernández, E. Terrado, I. Tacchini, R. Aroz, W.K. Maser,

A.M. Benito, M.T. Martı́nez, J. Gutiérrez, E. Munoz, Carbon

nanotube networks as gas sensors for NO2 detection. Talanta

77, 758 (2008)

27. K. Timsorn, C. Wongchoosuk, Adsorption of NO2, HCN,

HCHO and CO on pristine and amine functionalized boron

102 Page 10 of 11 J Mater Sci: Mater Electron (2023) 34:102

https://doi.org/10.1007/s10854-022-09551-5
https://doi.org/10.1007/s10854-022-09551-5
https://tk-solutions.ru/russia-rynok-azotnoy-kisloty-has
https://tk-solutions.ru/russia-rynok-azotnoy-kisloty-has


nitride nanotubes by self-consistent charge density functional

tight-binding method. Mater. Res. Express 7, 5 (2020)

28. Y. Li, M. Hodak, W. Lu, J. Bernholc, Mechanisms of NH3

and NO2 detection in carbon-nanotube-based sensors: an

ab initio investigation. Carbon 101, 177 (2016)
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