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Carbon nanotubes (CNTs) have been recognised as a promising material in a wide range of applications,

from safety to energy-related devices. However, poor solubility in aqueous and organic solvents has

hindered the utilisation and applications of carbon nanotubes. As studies progressed, the methodology

for CNTs dispersion was established. The current state of research in CNTs either single wall or

multiwall/polymer nanocomposites has been reviewed in context with the various types of

functionalisation presently employed. Functionalised CNTs have been playing an increasingly central role

in the research, development, and application of carbon nanotube-based nanomaterials and systems.

The extremely high surface-to-volume ratio, geometry, and hollow structure of nanomaterials are ideal

for the adsorption of gas molecules. This offers great potential applications, such as in gas sensor

devices working at room temperature. Particularly, the advent of CNTs has fuelled the invention of CNT-

based gas sensors which are very sensitive to the surrounding environment. The presence of O2, NH3,

NO2 gases and many other chemicals and molecules can either donate or accept electrons, resulting in

an alteration of the overall conductivity. Such properties make CNTs ideal for nano-scale gas-sensing

materials. Conductive-based devices have already been demonstrated as gas sensors. However, CNTs

still have certain limitations for gas sensor application, such as a long recovery time, limited gas

detection, and weakness to humidity and other gases. Therefore, the nanocomposites of interest

consisting of polymer and CNTs have received a great deal of attention for gas-sensing application due

to higher sensitivity over a wide range of gas concentrations at room temperature compared to only

using CNTs and the polymer of interest separately.
1. Introduction

The discovery of CNTs by Iijima in 1991 (ref. 1) has driven global
scientic research and technological attention with the hope to
revolutionise various frontiers in the eld of nanotechnology.
CNTs can be described as a graphite sheet rolled up into
a nanoscale-tube (which are single-wall carbon nanotubes
(SWCNTs)), or with additional graphene tubes around the core
of an SWCNT (which are multi-wall CNTs (MWCNTs)). The
diameters are in the range between fractions of nanometres and
tens of nanometres and lengths are up to several centimetres
with both their ends normally capped by fullerene-like struc-
tures.2 The fascinating properties associated with CNTs were
believed to open new paths in the material world, especially in
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the eld of conductive polymer and CNT-based composites.
Since then, various techniques to incorporate CNTs in polymer
matrices have been designed with a desire to fabricate new
advanced materials with multifunctional properties. Some of
these properties were directed towards transferring the unique
electrical properties associated with CNTs to rather insulating
polymer matrices with the aim of obtaining conducting polymer
composites.

The exceptional mechanical properties associated with CNTs
reported vary in different literatures. Theoretical and experi-
mental results on CNTs have shown extraordinary high elastic
modulus, greater than 1 TPa (the elastic modulus of diamond is
1.2 TPa) and reported strengths of 10 to 100 times higher than
the strongest steel at a fraction of the weight.3 CNTs also
possess superior thermal and electrical properties: thermally
stable up to 2800 �C in vacuum, electrical conductivity of about
103 S cm�1 with electric-current-carrying capacity 1000 times
higher, thermal conductivity of about 1900 Wm�1 K�1, which is
about twice as high as diamond.4,5

With these promising strengths, CNTs have tremendous
potential for applications in many scientic and technological
This journal is © The Royal Society of Chemistry 2020
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elds, especially for use as composite llers in polymers to
improve the mechanical, thermal, and electrical properties of
resulting composites. There have been indications of a number
of potential applications for CNTs, including microwave
absorption,6,7 corrosion protection,8,9 reinforced materials in
natural bre composites,10,11 electromagnetic interference
shielding (EMI),12,13 batteries,14,15 solar cells,16–19 chemical
sensor,20–23 hydrogen storage,24,25 and eld-emission mate-
rials.26,27 Other than CNTs, Chen and Shao (2016) had listed
other types of carbonaceous materials, such as amorphous
porous carbon, graphene, carbon black, carbon nanobre, and
graphite.28,29 Due to their superior and unique electronic prop-
erties, inert properties of carbonaceous materials are widely
used as counter electrodes (CE).30–34 Their advantage and limi-
tations on the structural and electronic properties of the listed
carbonaceous materials are summarised in Table 1.

The physical and catalytic properties of CNTsmake it ideal to
be used in chemical sensors. Most notably, the high degree of
organisation and high aspect ratio of CNTs has pronounced
excellent chemical, thermal, and mechanical properties in
terms of stiffness, Young's modulus, exibility, and electrical
conductivity.43–46 The remarkable properties of CNTs are useful
for constructing nanoscale devices and developing multifunc-
tional composite materials.47–49 The two main types of CNTs are
single-walled CNTs (SWCNTs) and multi-walled carbon nano-
tubes (MWCNTs) (Fig. 1). SWCNTs are sp2 hybridised carbon in
a hexagonal honeycomb structure that is rolled into a hollow
tube morphology, while MWCNTs are multiple concentric tubes
encircling one another.50 Recently, CNTs have started to attract
ever increasing interest as a conductive ller and reinforcement
for polymeric composites. Apart from high electrical conduc-
tivity, CNTs also have unique electronic and optical properties
for development of organoelectronic devices.51,52 The possibility
to achieve reasonably high conductivity at very low CNT
concentration, between 0.0025 and 4 wt%, is owed to its high
aspect ratio (L/D, where L is length of CNT and D is diameter of
CNT) from 100 to 1000, whichmakes them an ideal candidate to
be harnessed for several potential applications especially in
electronic devices and structural components. Such high aspect
ratio facilitates CNT to form a ‘network-like’ structure in the
composites at a particular low concentration termed as perco-
lation.53 In other words, increase in CNT concentration/loading
usually results in transition from a poor-conducting state to
a good conducting state at a certain threshold volume fraction
of the conductive ller. The volume fraction of CNTs, necessary
for building a continuous conductive path inside the polymer
matrix, is referred to as the percolation threshold. It seems
promising to prepare the materials with small content and ratio
which preserve the desired mechanical properties of a polymer
along with a higher electrical conductivity.54 Fig. 2(c) shows the
transmission electron microscopy (TEM) of puried MWCNTs
with long intertwined CNTs. As observed, the obtained CNTs
with diameter of about 20 nm were clean, and almost all
impurities have been removed without destroying the basic
structure of the nanotubes.55

Numerous other CNT forms, such as double-walled CNTs,56

bamboo,57 and herringbone58 have also been synthesised and
This journal is © The Royal Society of Chemistry 2020
discovered. The nanostructure of CNTs has been reviewed by
Delgado et al. (2007), where fullerenes and CNTs are only the tip
of the iceberg and, more recently, a wide variety of new carbon
nanostructures, such as endohedral fullerenes, cup-stacked
nanotubes, nanohorns, nanotori, nanobuds, and nanoonions,
have emerged as new and fascinating forms of carbon. The
chemical and physical properties of these new forms of carbon
are currently being unravelled.59 SWCNTs can be classied as
either semi-conducting or metallic allotropes, depending on the
chirality. The distinction of semi-conducting or metallic is
important for their use in different sensors, but the physical
separation of allotropes has proven to be one of the more
difficult challenges to overcome. In MWCNTs, a single metallic
layer results in the entire nanotube displaying metallic behav-
iour. Fig. 2(a) shows the structure of MWCNTs made up of three
shells of different chirality, while Fig. 2(b) shows the formation
of SWCNTs through the roll-up of graphene with respect to the
hexagonal lattice sheet leading to the three different types of
CNTs.

The recent discovery on CNTs also has attracted consider-
able attention due to their dimensions and structure-sensitive
properties. The high electrical conductivity of these nano-
structures allows the utilisation of CNTs as electrode material,
and in combination with its strong electrocatalytic activity
offers the ability to mediate electron transfer reactions.61,62 The
facility of electron transfer between the electroactive species
and the electrode offers great promise especially for fabricating
chemical sensors.63 Referring to Jacobs et al. (2010), the
uniqueness of CNTs leads to enhancement of electronic prop-
erties, a large edge plane/basal plane ratio, and rapid electrode
kinetics. Therefore, CNT-based sensors generally have higher
sensitivity, lower limits of detection (LOD), and faster electron
transfer kinetics than traditional carbon electrodes.64

Besides the aforementioned superior properties of CNTs,
owing to the rigidity, chemical inertness, and strong p–p

interactions of nanotubes, pure CNTs cannot be processed, as
they are difficult to dissolve or disperse in common volatile
organic solvents (VOS) or polymeric matrices. Due to van der
Waals forces of CNTs, the nanotubes tend to agglomerate with
each other which results in difficulty of dispersion. In addition
to the size effect of CNTs, the physical nature of particles also
plays an important role in dispersing them into a polymer
matrix. As produced CNTs are held together in bundles or
entanglements consisting of 50 to a few hundred individual
CNTs by van der Waals force.65 It has been proven that these
bundles and agglomerates result in diminishedmechanical and
electrical properties of composites as compared with theoretical
predictions related to individual CNTs.66,67 The challenge is on
how to incorporate individual CNTs, or at least relatively thin
CNT bundles or disentangled CNTs, inside a polymer interest.
In other words, dispersion of CNTs is not only a geometrical
problem, which is dealing with the length and size of the CNTs,
but also relates to a method on how to separate individual CNTs
from CNT agglomerates and stabilise them in a polymer matrix
to avoid secondary agglomeration.

Therefore, the side walls of CNTs must be chemically
modied to improve their dispersion or solubility in solvents or
RSC Adv., 2020, 10, 43704–43732 | 43705
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Table 1 The structural and electronic properties of various carbonaceous materials

Carbon
materials Advantages Limitations Structural Electrical Ref.

Amorphous
porous
carbon

High surface area,
advanced porous
system, abundant
defective sites,
superior chemical
inertness

Relative low
conductivity, poor
adhesion with FTO

Consists of an outer
spherical shell with
porous interior
structure, a covalent
random network
composed of sp3 and
sp2 hybridised carbons
without grain
boundaries, non-
crystalline

High electronic
conductivity and high
surface area, electronic
conductivity and ionic
conductivity, with
specic capacities of
212 mA h g�1 and
162 mA h g�1 at 0.5C
and 1C, respectively

35

Graphene Excellent
conductivity, fast
charged carrier
mobility, good
mechanical
strength, high
optical
transparency, good
mechanical
inertness

Low surface area
arising from the
easy aggregation,
low quantities of
defective sites

Crystalline carbon
materials, monolayers
of carbon atoms
arranged in
a honeycomb network,
giant aromatic
macromolecule

Conducts both
electricity and heat,
thermal conductivity
and mechanical
stiffness (3000 W m�1

K�1 and 1060 GPa,
respectively)

36

Graphite Good conductivity,
corrosion
resistance, excellent
thermal stability

Poor porous system,
low surface area

Stacks of graphene
layers, weak
interactions that hold
the graphene sheets
together

High electrical and
thermal conductivity,
thermal conductivity 25
to 470 W m�1 K�1,
electrical resistivity 5 �
10�4 to 30 � 10�4 U cm

37 and
38

Carbon black Plentiful defective
sites, good chemical
inertness

Low surface area,
inappropriate pore
size, inadequate
conductivity

Typical particle sizes
range from around 8 to
100 nm for furnace
blacks

Highly structured
carbon blacks provide
higher viscosity, greater
electrical conductivity
and easier dispersion
for specialty carbon
blacks, electrical
volume resistivity
between 1 to 106 U cm

39

Carbon
nanobre

Excellent
mechanical
strength, high
thermal
conductivity, good
chemical inertness

Insufficient
conductivity, low
surface area,
inferior porous
system

Cylindrical
nanostructures with
graphene layers
arranged as stacked
cones, cups or plates,
diameters from 50 to
200 nm

High electrical
conductivity, and high
thermal conductivity,
intrinsic conductivity,
at room temperature to
be 5 � 10�5 U cm

40 and
41

Carbon
nanotube

Large surface area,
high electrical
conductivity, good
chemical inertness

Low quantities of
defective sites

Crystalline carbon
materials, most of the
physical properties of
carbon nanotubes
derive from graphene,
carbon atoms are
densely organised in
a regular sp2-bonded
atomic-scale
honeycomb (hexagonal)
pattern, sp2

hybridization of carbon
builds a layered
construction with weak
out-of-plane bonding of
the van der Waals form
and strong in-plane
bounds

High electrical
conductivity, high
thermal conductivity,
resistivity of the SWCNT
is 10�4 U cm at 27 �C,
the SWCNT ropes able
to sustain much higher
stable current densities,
as high as 1013 A cm�2

41 and
42

43706 | RSC Adv., 2020, 10, 43704–43732 This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Nanostructures of SWCNTs and MWCNTs, fullerenes and a carbon nano-onion (CNO). Reproduced with permission from ref. 60,
copyright 2008, RSC.
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polymers, and improve the interaction and reactivity with the
polymer by hydrogen bonding interaction.68 Besides that,
altering the surface of nanotubes strongly affects solubility
properties, which can affect the ease of fabrication of CNT
sensors.64 As reviewed by Zhao and Stoddart (2009), the non-
covalent functionalisation by small molecules, graing to or
wrapping nanotubes with polymers can also alter the
Fig. 2 (a) Structure of a multi-walled carbon nanotube made up of thr
a graphene sheet that leads to three different types of CNTs and (c) ima
Reproduced with permission from ref. 55, copyright 2011, Composites P

This journal is © The Royal Society of Chemistry 2020
electrochemical properties of the material itself.69 In mechan-
ical properties enhancement, the incorporation of chemical
functionalised CNTs into such polymer enables chemical
covalent bonding between the SWCNTs/MWCNTs and the
material of interest. Examples of such covalent linkages ach-
ieved through chemical functionalisation have been utilised in
SWCNT reinforced polymer composites.70,71 In addition,
ee shells of hexagonal lattice sheet of different chirality, (b) roll-up of
ge of purified MWNTs with carboxylation functionalisation under TEM.
art A: Applied Science and Manufacturing.

RSC Adv., 2020, 10, 43704–43732 | 43707
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Fig. 3 The covalent functionalisation phenomena at the side and end-cap of CNT structure. Adapted from ref. 77, copyright 2015, Elsevier.
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chemical functionalisation is used to enhance the nanotube–
polymer interface. Increasing the interfacial bonding between
SWCNTs and the polymer will improve the interfacial strength
and thus improves load transfer mechanism to the SWCNTs,
with the goal of improving the macro and microscopic
mechanical properties of the composite system.72

Several methods of functionalisation involve chemical,73

electrochemical,74 mechano-chemical,75 and plasma treat-
ment.76 The functionalisation of CNTs may be treated to func-
tionalise their surfaces and side chain. In chemical
functionalisation, the most common treatment with strong
acids removes the end caps and also shorten the length of the
Fig. 4 Comparison between covalent and non-covalent functionalisatio
from ref. 37, copyright 2015, Elsevier.

43708 | RSC Adv., 2020, 10, 43704–43732
CNTs. Acid treatment also adds oxide groups, primarily
carboxylic acids, carbonyl, and hydroxyl groups to the tube ends
and defect sites of CNTs (Fig. 3).77 Further chemical reactions
can be performed on these oxide groups to functionalise with
groups such as amides, thiols, or other groups.78–80 Balasu-
bramanian and Burghard also had clustered the method of
covalent functionalisation of SWCNTs that was accomplished
through three different approaches, namely, thermally activated
chemistry, electrochemical modication, and photochemical
functionalisation.81 Fig. 4 shows the different methods of
functionalisation of CNTs.82,83
n of CNTs. Adapted from ref. 36, copyright 2015, Elsevier. And adapted

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Number of publications with the specific keywords from the
year 2010 to 2020.
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Here, a review of recent research towards the development
of functionalised CNT-based sensors for the detection of
chemical analytes is reviewed. Because of the breadth of
research that has been published in this area, this review is
only limited to recent publications within the past ten years,
2010 to 2020 (Fig. 5). For that past ten years, about 837 000
publications related to the keyword “carbon nanotubes”, and
about 103 000 publications related to the keyword “function-
alised carbon nanotubes” were found in Google Scholar (6th

November 2020). In addition, about 43 700 publications
related to “carbon nanotubes chemical sensor” were found. In
Malaysia, about 121 publications related to the keyword
“carbon nanotubes chemical sensor” were found (data
extracted from http://www.lens.org on 6th November 2020).
These ndings indicate that CNTs is an interesting subject to
be studied, and many more explorations can be done that
could lead to huge impacts to the nation. This paper elabo-
rates on the fundamental of CNTs, the covalent and non-
covalent functionalisation involved for CNTs, types of analy-
tes, applications of CNTs in sensors, and future perspectives
for functionalised CNTs in chemical sensors application.
Fig. 6 Functionalisation of CNT through the oxidation process using H2

This journal is © The Royal Society of Chemistry 2020
2. Covalent functionalisation of CNTs

Covalent functionalisation of CNTs can be achieved by either
direct addition reactions of functional groups or the “active
agents” to the sidewalls of nanotubes or modication of
appropriate surface-bound functional groups on the nanotubes
end.84,85 The most common starting functionalisation method
engaged to functionalise CNTs with covalent functionalisation
is by oxidation process, which results in the formation of
carboxyl groups (–COOH) on the surface of nanotubes. Oxida-
tion has become a must in functionalisation because it oxida-
tively introduces carboxyl groups which is useful for further
modications. Carboxyl groups enable covalent coupling of
molecules through the creation of amide and ester bonds.81,86

There are two common acid treatments used; one reuxes the
nanotubes with a solution of nitric acid87 and the other exposes
the sample to a mixture of sulphuric acid/nitric acid (HNO3/
H2SO4) (1 : 3 by volume) under high power sonication for
a maximum of 6 hours.88 Fig. 6 shows the covalent functional-
isation of nanotubes through oxidation process using H2SO4/
HNO3.89 As a result, the functionalisation provides stable
dispersions of CNTs in a range of polar solvents, including with
water.90 Besides that, the covalent attachments of functional
groups modify the stacking and layering properties of CNTs by
altering the hydrogen bonding through reduction of van der
Waals interactions between the CNTs and strongly facilitates
the separation of nanotube bundles into individual tubes.91

Despite the fact that the rst oxidations were developed to
open and lling CNTs, the carboxyl, hydroxyl, and carboxylate
groups generated all through surface oxidation of these mate-
rials have demonstrated useful moieties to bond new reactive
chains that improve solubility, processing, and compatibility
with other materials, thus allow scientists to take advantage of
CNTs properties. Due to the relevance of this type of function-
alisation, next sections shall deal with the different studies
related to chemical functionalisation, aer oxidation, by using
SO4/HNO3. Adapted from ref. 43, copyright 2015, Elsevier.

RSC Adv., 2020, 10, 43704–43732 | 43709
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the OH pertained to –COOH groups generated during the
oxidation process. The organic carboxyl groups formed on
a nanotube surface localised at the defects in functionalised
single-walled and multi-walled nanotubes and suitable reactive
organic groups from other chemical chains are prone to react in
this zone. However, in some cases, deterioration due to
employment of concentrated inorganic acids combined with
high power sonication are responsible for creating a large
number of defects on the CNTs sidewalls, and in some extreme
cases, CNTs are fragmented into smaller pieces. These damages
result in severe deterioration of mechanical, electrical, and
thermal properties of CNTs.65 This route greatly enhances the
solubility of CNTs in common solvents and helps in dispersing
CNTs in many polymer matrices. In addition to assisting in de-
bundling, these treatments also signicantly improve phase
adhesion with the host matrix, thus help in processing of the
polymer/CNT interface.

Goyanes et al. (2006) studied the effect of acid treatment and
ultrasonication on MWCNTs using nitric acid with a mixture of
HNO3 and H2SO4 (1 : 3 by volume).92 The sample was
Fig. 7 AFM image (a) as-receivedMWCNTs and the effect of the oxidation
H2SO4 4 hour, (e) HNO3/H2SO4 6 hour, and (f) UV/Vis spectra for samp
Diamond and Related Materials.

43710 | RSC Adv., 2020, 10, 43704–43732
ultrasonicated using ultrasonic bath (Selecta Ultrasons-H
model, which has a nominal frequency of 40 kHz with power
of 950 W). The preset time of sonication varied from 2, 4, and 6
hours. The result showed that the treatments with HNO3 and
mixture of HNO3 and H2SO4 (1 : 3 by volume), which were
applied for a short period of time, did not show signicant
effect on the side walls of MWCNTs. An additional peak was
observed at 1200 cm�1 in the FTIR spectrumwhen theMWCNTs
were treated with the acid mixture under ultrasonic vibration
for 2 h, but their UV/Vis spectrum did not change signicantly.
These results indicate that new C–O groups appeared in the
open ends of the nanotubes without modifying the structure of
the sidewalls. Longer reaction time with the acid mixture
treatment began to destroy the sidewalls of the nanotubes, as
showed by the UV/Vis spectra. Finally, a longer treatment time
of 6 hours completed the destruction of the nanotube sidewalls
and shorter nanotubes were observed under atomic force
microscopy (AFM), as shown in Fig. 7(a–e). The UV/Vis spectra
of all samples are shown in Fig. 7(f).
process after: (b) HNO3 treatment; (c) HNO3/H2SO4 2 hour, (d) HNO3/
le (a) to (e). Reproduced with permission from ref. 92, copyright 2011,

This journal is © The Royal Society of Chemistry 2020
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Chen et al. (1998) showed that the oxidation process for
SWCNTs involved extensive ultrasonic treatment in a mixture of
HNO3/H2SO4 (1 : 3 by volume) that led to the opening of the
nanotube caps and the formation of holes in the sidewalls. The
nal products were fragments of nanotube with lengths of
100 nm to 300 nm, while the ends and sidewalls were decorated
with a high density of various oxygen containing groups (mainly
Fig. 8 The route of (a) covalent functionalisation of CNTs (A: direct sidew
with permission from ref. 65, copyright 2011, Diamond and Related Mat

This journal is © The Royal Society of Chemistry 2020
carboxyl groups). However, under less vigorous conditions,
such as reuxing in nitric acid, the shortening of the nanotubes
can beminimised. Chemical modication was limitedmostly to
the opening of the nanotube caps and to the formation of
functional groups at defect sites along the sidewalls.93 There-
fore, nanotubes functionalised in this manner basically retain
their pristine electronic and mechanical properties.94 As a result
all functionalisation) and (b) (B: defect functionalisation). Reproduced
erials.
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of the presence of fullerene-like end-caps which are sensitive to
oxidation, the oxidation of CNTs may be readily performed to
create oxidised CNTs.95,96

High chemical reactivity, such as uorination of CNTs, has
become popular for initial investigation of covalent function-
alisation because the CNTs sidewalls were expected to be
inert.97,98 The uorinated CNTs have C–F bonds that are weaker
than those in alkyl uorides,99 thus providing substitution sites
for additional functionalisation.100 Besides sidewall uorina-
tion of CNTs, other similar methods including cycloaddition,
such as Diels–Alder reaction, carbene and nitrene addi-
tion,101,102 chlorination,103 bromination,104 hydrogenation,105

azomethine ylides,106 have also been successfully functionalised
and employed. All these methods can be regarded as derivatives
of sidewall functionalisation of CNTs.

Furthermore, Ma et al. (2010) classied the functionalised
CNT through carboxylation as defect functionalisation (Fig. 8).65

This type of functionalisation has been discussed in Section 2.
Referring to Fig. 8B, this process takes advantage of chemical
transformation of defect sites on CNTs. Defect sites can be the
open ends and/or holes in the sidewalls, pentagon or heptagon
irregularities in the hexagon graphene framework. Oxygenated
sites can also be considered as defects. Defects can be created on
the sidewalls and at the open ends of CNTs by an oxidative
process with strong acids such as HNO3, H2SO4, or a mixture of
them,107 or with strong oxidants such as KMnO4,108 ozonolysis,109

and reactive plasma.110 The defects on CNTs created by oxidants
are stabilised by bonding with carboxylic acid (–COOH) or
hydroxyl (–OH) groups. Next, these functional groups have rich
chemistry, thus the CNTs can be used as precursors for further
chemical reactions, such as silanation,111,112 polymer graing,113

esterication,114 thiolation,115 alkylation and arylation,116,117 and
even can be tagged withmetal coordination compounds.118 CNTs
functionalised in this way are soluble in many organic solvents
because the nature of CNTs is changed from hydrophobic to
hydrophilic due to the attachment of polar groups. Chan et al.
functionalised SWCNT with zwitterionic functional groups.119

The functionalisation comprised of two steps. In the rst step,
SWCNT–COOH was reacted with thionyl chloride (SOCl2) to
produce acetylated SWCNT. In the second step, the acetylated
SWCNT underwent esterication using 3-dimethylamino-1-
propanol, (CH3)2–N–CC3H6–OH. As a result, the functionalised
SWCNT has attached positive (tertiary amine group) and negative
charges (carboxylated group).

Besides the attachment of carboxylic, hydroxyl, polymer, and
other hydrophilic groups, attachment of inorganic compounds
such as TiO2 and Fe3O4 on CNTs have been reported for elec-
tromagnetic and microwave absorption purposes.120,121 Vatan-
pour et al. (2012) prepared MWCNT–TiO2 via precipitation of
TiCl4 precursor on acid-treated MWCNT.122 The acid treated
MWCNT was functionalised with monohydrate citric acid. The
synthesis of MWCNT–poly citric was aimed to get a better
deposition of TiO2 on the CNT. Next, TiO2 nanoparticles were
coated on MWCNT–poly citric acid by dispersing both func-
tionalised CNT and TiCl4 (as TiO2 precursor) into a 1 M HCl
solution at ambient temperature. Poly citric acid was then
removed and the TiO2 deposit was produced as the end-
43712 | RSC Adv., 2020, 10, 43704–43732
product. Based on Wang et al. (2016), MWCNT/Fe3O4 was
prepared using a hydro-thermal method.123 Prior to Fe3O4

attachment, the CNT was acid-treated with an acid mixture of
H2SO4/HNO3 (3/1) for 4 h at 65 �C. The acid treatedMWCNT was
then mixed with FeCl3 and FeSO4 (molar ratio 2 : 1), and then
ultrasonicated. The mixture was then stirred at 50 �C for 0.5 h
and further stirred at 65 �C for 1 h at pH 12. The MWCNT/Fe3O4

was obtained as precipitate and the hybrids improved the
hydrophilicity of membrane surface, applied in trapping
pollutants in membrane ltration.

The covalent functionalisation was widely used in CNTs
application via acid treatment, carboxylation and uorination
methods. Based on the aforementioned studies, the covalent
modication towards CNT composites produced high stability
functionalisation. This mechanism led to efficient load transfer
from the polymer/CNT matrix through covalent bonding. In
addition, the covalent functionalisation severely altered the
inherent properties of the CNTs; changed the electrical
conductivity and thermal properties, and in some cases,
shortened the length of nanotubes. Some CNT applications are
incompatible with covalent modication, thus non-covalent
functionalisation is preferred.
3. Non-covalent functionalisation of
CNTs

Non-covalent functionalisation is a synonym interaction
between CNTs and the interest conductive polymer. Referring to
Bose et al. (2010), non-covalent functionalisation is an efficient
alternative to tailor the CNT and polymer interface and yet
preserving the reliability of the tubes.53 This route is particularly
attractive because of the possibility of adsorbing various groups
of ordered architectures on the CNT surface without disturbing
the extended p-conjugation of the nanotubes. In the last few
years, non-covalent surface treatment has received lots of
attention and various strategies have been proposed for the
debundling of CNTs in the presence of a modier. These
approaches have been addressed in connection with surface
coating/wrapping of low molecular weight surfactants (anionic/
cationic),124,125 polymers,126 liquid crystalline p-conjugated olig-
omers,127 and amphiphilic cationic polymer molecules.128

Non-covalent functionalisation is realised via enthalpy-
driven interactions, such as p–p, CH–p, and NH–p, between
the CNT surface and the dispersants and/or entropy-driven
interaction; i.e. hydrophobic interaction using surfactants.129

In the case of the surfactant dispersion, sodium dodecyl sulfate
(SDS),130 sodium dodecyl benzene sulfonate (SDBS),131 sodium
cholate (SC),132 cethyltrimethylammonium bromide (CTAB),133

Brij, Tween, and Triton X134 have typically been used due to their
availability and low cost.135 The non-covalently surrounded
polymers remained even aer the washing process, such as
ltration, to provide ‘polymer-wrapped CNTs’. In some appli-
cations, such wrapped dispersants act as a contaminant but in
some cases, the wrapped CNTs synergistically improve the
performance of the CNTs if the polymers are strategically
designed and positioned.
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Non-covalent functionalisation routes. Adapted from ref. 129, copyright 2015, Elsevier. And adapted from ref. 136, copyright 2015,
Elsevier.
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From numerous analytical models, it is quite evident that the
percolation threshold has an intimate relationship with L/D of
CNTs. Therefore, it can be stated that any types of pre-treatments
that affect L/D of CNT would eventually inuence the percolation
thresholds in the composites. The ‘effective L/D’ (of disentangled
CNT) seems to be important in governing the percolation
thresholds in the composites and the can be manipulated by
various pre-treatments. The chemical functionalisation of CNTs
adversely affects effective L/D due to the involvement of severe
chemical conditions. In contrast, non-covalent routes enable
signicant exfoliation of CNTs mediated by the local environ-
ment of various modiers and increase the effective L/D.
Different pre-treatments involve different levels of interactions
between molecules and the matrix, and greatly inuence charge
transport mechanisms in the composites.53 Fig. 9 shows a sche-
matic diagram of the non-covalent functionalisation routes of
polymer towards CNTs.129,136

Due to the tailorable design of the polymers and the
improvement of composites inherent properties, the concept of
non-covalent functionalisation has recently been widely utilised
and renowned. Compared to covalent functionalisation, this
modication produces lower stability of functionalisation and
ineffective polymer reinforcement due to the absence of covalent
bonding between CNTs and polymer. Yet, non-covalent modi-
cation does not destroy the conjugated system of the CNTs side-
walls and end-cap. Therefore, it does not affect the nal structural
properties of the material. Next, conjugated polymers wrapped
meritoriously via non-covalent functionalisation of CNTs are due
to p–p stacking and van der Waals interactions between the
polymer chains comprising of aromatic rings and the exteriors of
CNTs. Non-covalent functionalisation is an alternative method of
improving the interfacial properties of nanotubes.
4. Fabrication method of CNTs/
nanocomposite

A variety of synthesisation methods have been reported in order
to incorporate CNTs into various polymeric interests. The main
This journal is © The Royal Society of Chemistry 2020
motive is to prevent the agglomeration of CNTs and realise their
uniformity dispersion inside polymer matrix. There is no single
method to achieve perfect dispersion of different CNTs in
different types of polymer matrices, which is universally appli-
cable to all situations. Many factors need to be considered when
selecting a proper technique for CNT dispersion, such as
physical states of the polymer (solid or liquid) and chemical
(thermoplastic or thermoset), dimensions and content of CNTs
to be introduced, availability of techniques and fabrication
processes, ease of its synthesis from suitable monomer, desired
performance indices of composites and cost constraints, and
the parameter of the solvent used. This section briey describes
the important processing methods for synthesis of CNT-based
polymer nanocomposites.
4.1 Solution mixing

Solutionmixing is themost commonmethod for the fabrication
of CNT/polymer nanocomposites because it is amenable to
small sample sizes, and is one of the simplest fabrication
methods for surface coating or making thin lms.137 Typically,
solution mixing involves three major steps: dispersion of CNTs
in a suitable solvent by mechanical mixing, magnetic agitation
or sonication. The solvent can also dissolve polymer resins.
Subsequently, the dispersed CNTs are mixed with polymer
matrix at room or elevated temperatures. The nanocomposite is
nally obtained by precipitating or casting the mixture.
However, an oen encountered limitation in solution mixing is
the slow evaporation of solvent that provides sufficient time for
CNTs re-agglomeration and differential settling, resulting in
homogenous CNTs dispersion in matrix (e.g. CNTs content is
lowest at the casted lm/sheet's surface, and shows a uniform/
random gradient across the thickness and maximum at both
surfaces due to the extensive tube settling) and observation of
non-uniform and inferior properties.138 The solvent evaporation
rate-related limitations can be resolved by gently pouring CNT/
polymer nanocomposite dispersion on a rotating substrate
(spin coating)139 or over a heated substrate (drop-casting).140

However, use of spin coating is limited only to thin lms (few
RSC Adv., 2020, 10, 43704–43732 | 43713
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nanometres thick) which cannot be peeled off from the
substrate, whereas drop casting has issues in terms of uniform
drying across thickness and high possibility of void formation.
Another versatile method exploits coagulation141 of CNT/
polymer dispersion by pouring into an excess of non-solvent,
thereby achieving rapid precipitation of polymer chains which
immediately entrap CNTs (without providing sufficient time for
CNTs diffusion and settling). Nevertheless, solution processing
is still widely used and is one of the important steps in the
processing of thermosetting matrices-based nanocomposites.

4.2 Melt blending

Melt blending is another commonly used method to fabricate
CNT/thermoplastic polymer nanocomposites. Thermoplastic
polymers, such as polyethylene,142 polypropylene,143 poly-
styrene,144 and other thermoplastic polymer can be processed as
matrix materials in this method. The major advantage of this
method is that no solvent is employed to disperse CNTs. Melt
blending uses high temperature and high shear force to
disperse CNTs in a polymer matrix and is most compatible with
current industrial practices. Special equipment, such as mini-
extruder and injection machine, which are capable of being
operated at an elevated temperature and generate high shear
forces, are employed to disperse CNTs. Melt blending or vari-
ants of this technique are frequently used to produce CNT/
polymer composite bres. Compared with the solution mixing
methods, this technique is generally considered less effective to
disperse CNTs in polymers, and its application is also limited to
low ller concentrations in thermoplastic matrices.145

4.3 In situ polymerisation

In situ polymerisation is an efficient method to obtain uniform
dispersion of CNTs in a thermosetting polymer (Fig. 10). In this
Fig. 10 Schematic diagram of decorating MWCNTs with CdS NPs with
permission from ref. 148, copyright 2015, Elsevier.

43714 | RSC Adv., 2020, 10, 43704–43732
method, CNTs are mixed withmonomers, either in the presence
or absence of a solvent, and then these monomers are poly-
merised via addition or condensation reactions with a hardener
or curing agents at an elevated temperature. One of the major
advantages of this method is that covalent bonding can be
formed between the functionalised CNTs and polymer matrix,
resulting in much improved mechanical properties of
composites through strong interfacial bonds. This method
oen gives better ller dispersion, especially at higher ller
contents than melt mixing, and in the case of in situ polymeri-
sation, it is possible to separate aggregated nanotubes with low
energy input in a solvent with low viscosity like toluene in pre-
treatment.146 This approach uses a wet chemical online-lled
method to prepare ferrite-lled MWCNTs and in situ chemical
synthesis of chitosan-decorated ferrite-lled MWCNTs/
polythiophene composites. The decoration of chitosan onto
the surface of the ferrite-lled MWCNTs improves the disper-
sion of the ferrite-lled MWCNTs in the matrix of poly-
thiophene and reduces the agglomeration of the ferrite-lled
MWCNTs. Furthermore, this method is applicable for the
preparation of other MWCNT–magnetic composites such as
surfactant-decorated MxFe2�xO4-lled MWCNTs/conductive
polymer composites for use in the electromagnetic devices.147
4.4 Latex technology

A relatively new approach to incorporate CNTs into a polymer
matrix is based on the use of latex technology. Latex is
a colloidal dispersion of discrete polymer particles, usually in
an aqueous medium. By using this technology, it is possible to
disperse single and multi-walled CNTs in most polymers that
are produced by emulsion polymerisation, or that can be
brought into the form of an emulsion. Contrary to the in situ
polymerisation system, the addition of CNTs in this technique
in situ polymerised PTh acting as an inter-linker. Reproduced with

This journal is © The Royal Society of Chemistry 2020
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takes place aer the polymer has been synthesised. The rst
step of the process consists of exfoliation (for SWCNT bundles)
or dispersion/stabilisation (for MWCNT entanglements) of
CNTs in an aqueous surfactant solution. This is followed by
mixing the stable dispersion of surfactant-treated CNTs with
polymer latex. Aer freeze-drying and subsequent melt-
processing, a nanocomposite consisting of dispersed CNTs in
a polymer matrix is obtained. The advantages of this technique
are obvious; the whole process is easy (because it basically
consists of a simple mixing of two aqueous components),
versatile, reproducible, and reliable, and allows incorporation
of individual CNTs into a highly viscous polymer matrix. The
solvent used for CNT dispersion is water, thus the process is
safe, environmentally friendly, and low-cost. Nowadays, poly-
mer latex is industrially produced in a large scale. Fig. 11 shows
the preparation of MWCNTs efficiently dispersed in natural
rubber (NR)-latex with the aid of hyper branched tri-chain sul-
phosuccinate anionic surfactants, specically sodium 1,4-
bis(neopentyloxy)-3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-
sulphonate (TC14). The results revealed that the introduction of
a third chain with terminal methyl groups on the surfactant
chains profoundly inuences the homogenisation of MWCNTs
in NR-latex matrices. Interestingly, the results are consistent
with the results of surface tension studies,149 where the intro-
duction of a third chain with a highly methylated group lowers
the surface energy, resulting in efficient partitioning at the
MWCNTs/NR-latex interface.150 Table 2 tabulates the summary
of the fabrication methods of CNT/nanocomposites.
4.5 Other methods

To obtain CNT/polymer nanocomposites with very high CNT
content or for some specic applications, new methods have
been developed in recent years. The new methods include
densication, sol–gel method, spinning of coagulant, layer-by-
layer deposition, and pulverisation.
Fig. 11 Schematic diagram of the latex technology of MWCNTs dispersed
Elsevier.

This journal is © The Royal Society of Chemistry 2020
5. Functionalised CNTs in chemical
sensor

Chemical sensors are attracting tremendous interest because of
their widespread applications in industry, environmental
monitoring, space exploration, biomedicine, and pharmaceu-
ticals. Gas sensors with high sensitivity and selectivity are
required for leakage detections of explosive gases such as
hydrogen, and for real-time detections of toxic or pathogenic
gases in industries. There is also a strong demand for the ability
to monitor and control the environment, especially with the
increasing concerns on global warming.151–153 There are several
types of sensors intended for various applications that include
electrochemical sensors, biosensors, surface acoustic wave
sensors, immunosensors, and chemiresistive sensors. However,
a leading candidate is the chemiresistor, which is chemical
sensor based on the simple change in resistance in response to
the binding of analytes. Advantages of chemiresistors include
low power consumption and the ease of high precision resis-
tance measurements.154

This review section discusses the application of functional-
ised CNTs in chemiresistive sensors. Chemiresistive sensor is
one of the best transduction units, attributing to its simplicity,
rapid response, and low-cost procurement. These are also the
reasons why most commercialised gas sensors are fabricated
into chemiresistive sensors.155 A chemiresistive sensor trans-
lates chemical information via the changing in two-point
contact electrical resistance.156 Electrical resistance is a simple
electrical signal to be analysed and requires only minimum
supportive electronics for building deployable, compact, and
self-contained systems. For the case of conducting polymer, this
operation mode is greatly alterable upon nano-structuring. The
resulting sensors exploit composition and structure dependent
charge transport as well as adsorption, in order to ne-tune the
gas sensor performance.157 In chemiresistive sensors, an active
in NR latex. Reproduced with permission from ref. 150, copyright 2015,

RSC Adv., 2020, 10, 43704–43732 | 43715
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Table 2 Summary of the fabrication methods of CNT/nanocomposites

Specication Solution mixing Melt binding In situ polymerisation Latex technology

Mechanism (1) Dispersion of CNTs in
solvent (magnetic stirring,
reux, and ultrasonication),
(2) mixing with polymer, (3)
recovery of the
nanocomposites (casting
a lm)

Involves the melting of
polymer pellets into viscous
liquid with high shear forces
application

Involves mixing of nanoller
with monomers in a solvent,
followed by in situ
polymerisation

The CNT dispersion is mixed
with a given polymer latex to
form homogenous CNT/latex
dispersion

Advantages (1) Wider applicability, (2)
better dispersion, (3)
rigorous mixing in solvent

(4) Wide applicability, (5)
good dispersion, (6) low cost,
(7) simplicity to facilitate
large scale production

(8) Widest applicability, (9)
best dispersion, (10) enables
graing of polymer
macromolecules onto the
wall of CNTs, (11) allows
preparation of
nanocomposites with high
CNT loading, (12) very good
miscibility with polymer
matrix

(14) Possible in disperse
CNTs in polymers produced
by emulsion polymerisation,
(15) facile process, (16)
reproducible, and reliable,
(17) allows incorporation of
individual CNTs into
a highly viscous polymer
matrix

Disadvantages Slow evaporation lead to
CNTs aggregation, (1)
inapplicable for industrial
scale processes, (2) low
stability, (3) Residual
solution

(4) High shear force and
temperature can deteriorate
nanocomposite and polymer
intrinsic properties, (5) poor
dispersion, (6) large residual
stress, (7) low interfacial
bonding strength

(9) Involve complex
procedures and processing
steps, (10) requires
expensive reactants, (11)
residual monomer, (12) large
residual stress, (13) matrix
strength decline

(14) Mechanical properties
of the material were not
signicantly improved
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layer is usually deposited over an array of electrodes to measure
the electrical resistance change in the presence of target ana-
lytes. The primary charge carrier and type of gas interacting with
the active layer induce the change of sensor's resistance upon
gas exposure.158,159

Several materials have been utilised and added as llers in
gas sensors, including metal oxides, organic semiconductors,
and carbon nanotubes.160 Metal oxides are the most widely used
materials for chemiresistors.161 Even with their sensitivity, the
applications of these materials have been limited by high power
consumption and poor selectivity. Organic semiconductors,
especially conjugated polymers, have long been considered as
chemiresistor materials.162 The integration of molecular recog-
nition into their structures is attractive. However, these mate-
rials are limited by electrostatic/dielectric interferences and
fragile organic–metal interfaces. CNT eld effect transistors
have been studied as chemical and biological sensors.163–165

These devices are sensitive because their resistance can change
drastically in the presence of analytes via charge transfer
(doping), carrier pinning, and/or modication of the Schottky
barrier at the nanotube/metal contact. Among existing sensor
materials of metal oxides, organic semiconductors, and CNTs,
the latter are particularly intriguing because of its unique
properties such as large surface area, good environment
stability, and excellent mechanical properties.166,167

Theoretically, the carbon atoms in a carbon nanotube are
surface atoms, which makes them optimally suited for
components of chemical sensors. Hence, it is not surprising
that gas sensors made from individual nanotubes show good
sensitivity and exhibit fast response and substantially higher
43716 | RSC Adv., 2020, 10, 43704–43732
sensitivity than that of existing solid-state sensors at room
temperature upon the exposure to gaseous molecules such as
NO2 or NH3,168,169 in comparison to commercially available
classical semiconductor sensors, which in general operate
above 200 �C.170 However, a necessary prerequisite is that the
molecules to be detected must have a distinct electron donating
or accepting ability, for example, NH3 as a donor and NO2 as an
acceptor.

It has been reported that CNTs are very sensitive to the
surrounding environment. The presence of O2, NH3, NO2 gases
and many other molecules can either donate or accept elec-
trons, resulting in an alteration of the overall conductivity.171,172

This is because the adsorption of these molecules on the
nanotubes is associated with a partial charge transfer, which
alters the charge-carrier concentration, or alternatively, the
adsorbed molecules may affect the potential barriers present at
the tube-electrode contacts. In any circumstance, the resulting
change in the electrical resistance of the individual nanotube is
utilised as a sensor signal. However, for the detection of mole-
cules that are only weakly adsorbed (e.g., CO and H), the change
in resistance is oen too small. A possible method to overcome
this drawback is by the functionalisation of the side wall of CNT
with a conductive polymer.

Since the most common gas sensing principle is the
adsorption and desorption of gas molecules on sensing mate-
rials, it is quite understandable that by increasing the contact
interfaces between the analytes and sensing materials, the
sensitivity can be signicantly enhanced. Recent development
in nanotechnology has created huge potential to build highly
sensitive, low cost, portable sensors with low power
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 (a) Schematic diagram of carboxylated functionalised of MWCNTs, and (b) proposed mechanism for ethanol (alcohol) vapour detection
using conductive polymer–MWCNTs–OOH sensors. Adapted from ref. 176, copyright 2015, Elsevier.
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consumption. The extremely high surface-to-volume ratio and
hollow structure of nanomaterials is ideal for adsorption and
storage of gas molecules. Therefore, gas sensors based on
nanomaterials with conductive polymer, such as CNTs, nano-
wires, nanobers, and nanoparticles, have been investigated
widely.173–175 Fig. 12 shows the schematic diagram of chemically
conductive polymer-functionalised MWCNTs, which contain
COOH groups attached along the sidewall of the MWCNTs and
(b) the proposed mechanism for ethanol (alcohol) vapour
detection using MWCNTs–OOH sensors, where the COOH
groups tend to react with the ethanol molecules at room
temperature.176,177

Many different types of organic materials have been used for
gas sensing. The simplest organic compounds that can be
electrically conductive are polymers, based on carbon and
hydrogen.178 Organic conducting polymers including poly-
pyrrole (PPy),179 polyaniline (PANI),180 polythiophene (PTh),181

poly(3,4-ethylenedioxythiophene) (PEDOT),182 and poly-
acetylene (PA)183 are examples of materials for fabricating gas
sensors. Organic polymers are one of the principal materials
applied in gas sensing systems. Some conducting polymers can
behave like semiconductors due to their heterocyclic
compounds which display physicochemical characteristics. As
a result, reversible changes in the sensing layer's conductivity
This journal is © The Royal Society of Chemistry 2020
can be detected upon polar chemicals' adsorption on the
surfaces at room temperature.184 This effect is believed to be
caused by the charge transfer between gas molecules and the
polymer or the polymer lm's swelling.185 This sensing response
has intensively increased motivation to develop high sensitive
and selective chemical sensors by tailoring the compounds of
different organic polymers with functionalised CNTs.

Due to adsorption of interested analytes, there are volu-
metric changes of the matrix polymer. This leads to a distinct
change in percolation-type conductivity around a critical
composition of the material, which is known as “percolation
threshold”. Generally, the percolation threshold is dependent
on the shape of the conducting particle. Conductive polymer
consisting of particles with higher aspect ratio shows lower
threshold and higher sensitivity.186 CNTs, with almost one-
dimensional thread-like structure and good conductivity, are
ideal as the dispersed particles in this conducting particles–
insulating matrix composition for gas sensing systems. There-
fore, CNTs/conductive polymer have been intensively studied
for gas sensors.187–190

The nanocomposite of PPy and carboxylated multi-walled
carbon nanotubes (MWCNT–COOH) was synthesised by in situ
chemical oxidative polymerisation method using HCl as
a dopant and ammonium persulphate (APS) as an oxidant for
RSC Adv., 2020, 10, 43704–43732 | 43717
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Fig. 13 Sensitivity of PPy/MWCNT with (a) different NH3 concentration and (b) different MWCNT loadings towards the NH3 at 2000 ppm.
Reproduced from ref. 191, copyright 2015, Elsevier.
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the detection of NH3.191 The synergistic effects of the PPy-coated
MWCNTs showed that the most sensitive PPy/MWCNT nano-
composites sensor towards NH3 gas was obtained at 4 wt%
MWCNT content and found to be stable in operation against the
variation in operating temperature and humidity (Fig. 13). The
increase in sensitivity with increase in MWCNT content is
attributed to the increase in surface area of the composite
material, providing more active sites for adsorption of NH3 gas
molecules. Thus increase in sensitivity and further increase in
MWCNT content leads the nanocomposite electrically shorted,
thereby increasing the percolation effect by highly conductive
carbon nanotubes. Besides, increased sensitivity from 3.07% to
17.11% over 200 to 2000 ppm of NH3 concentration is because
the sensitivity of sensor depends on the removal of adsorbed
oxygenmolecules by reaction of target analyte and generation of
electrons. For smaller gas concentration exposed on the xed
surface area of sensor, lower surface reaction occurred due to
Fig. 14 Gas sensing sensitivity of PPy/MWCNT (4 wt%) sensor towards
2000 ppm of NH3. Reproduced from ref. 191, copyright 2015, Elsevier.

43718 | RSC Adv., 2020, 10, 43704–43732
lower exposure of analyte. On the other hand, an increase in gas
concentration raises the surface reaction due to larger surface
exposure. Fig. 14 shows the comparison of gas sensing sensi-
tivity of PPy/MWCNT (4 wt%) sensor towards 2000 ppm NH3

with other analytes.
Low-cost, conductive Pap@CNT–NH2@PPy (conductive

paper strip) composites were prepared through sonochemical
polymerisation of pyrrole in the presence of oxidising agent and
tosylate co-dopant (TS) on cellulosic paper strips decorated with
aminophenyl-modied (MWCNT–NH2).175 The Pap@CNT–
NH2@PPy end materials served as chemiresistive NH3 sensors
exhibited an outstanding response of 525% to 0.1 ppm level of
NH3 at room temperature with good stability for a long period of
time and remained the same at different times, resulting in
highly reproducible sensing characteristics. Comparative gas
sensing properties analysis of the nanocomposite-based gas
sensors synthesised with different ratio molar CNT/amine
revealed excellent sensor performance for Pap@CNT–N1/
1@PPy nanocomposite in the concentration range of 0.005 to
0.05 ppm of NH3 with high sensitivity and low LOD of 0.04 ppb.
An increase in the electrical resistance of CNT@PPy sensor was
observed when it was exposed to NH3 gas. This attributed to the
charge transfer mechanism between NH3 and CNT@PPy
surface. As a matter of fact, upon the interaction of NH3 with
PPy, the polymer loses its electron and this electron transfer
between PPy positive holes and NH3 causes a depression in the
charge-carrier concentration resulting in decreased overall
conductivity. However, in air, the reverse reaction that NH4

+ ion
decomposes into ammonia takes place and changes the
conductivity of PPy to higher values. Themechanism of the PPy–
NH3 interaction is as follow:

PPyH + NH3 / PPy + NH4
+

Philip et al. (2003) fabricated a nanocomposite thin lm of
polymethylmethacrylate (PMMA) with MWCNTs and oxidation-
modied MWCNTs (f-MCNTs) for gas sensing purposes.192 The
This journal is © The Royal Society of Chemistry 2020
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Table 3 Responsiveness of the nanocomposites

Vapours

Responsiveness (S)

CNT/PMMA f-CNT/PMMA

DCM 9.94 809
Chloroform 7.57 407
Acetone 6.35 84
Methanol 4.29 45
Ethyl acetate 2.23 30
Toluene 2.24 1.04
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resistance changes of both nanocomposites were evaluated
upon exposure to dichloromethane, chloroform, and acetone.
Both the CNT/PMMA and the f-CNT/PMMA nanocomposites
showed increasing resistance upon exposure to these vapours at
room temperature. Table 3 indicates that the different nano-
composites have different responsiveness (S) or sensitivity
towards the applied vapours. This behaviour was explained on
the basis of volume expansion and polar interaction of the CNT
surface with vapour molecules. The f-CNT/PMMA showed
signicant improvement on the sensor's behaviour including in
Fig. 15 (a) Response of the CNT/PMMA composite to analytes and senso
and sensor response towards dichloromethane, chloroform and aceton

This journal is © The Royal Society of Chemistry 2020
sensitivity and the response time and recovery, as shown in
Fig. 15. This can be explained by the effects of oxidation on the
electronic properties of CNTs. In non-functionalised CNT/
PMMA composites, the dispersion of CNTs in the polymer
matrix is not uniform. This means that there is only a small
volume through which the nanotubes form a conducting path
through the polymer matrix so that the increase in resistance
due to swelling of the PMMA matrix is less. The responsiveness
of the nanocomposites can be determined from equation

S ¼ R� R0

R0

(1)

where R0 is the initial resistance and R is the maximum steady
state resistance value.

The oxidation functionalisation of nanotubes built COOH
and OH groups along the sidewall and the caps of the CNTs.193

The created functional groups can physically interact through
the PMMA, resulting in strong interfacial adhesion and better
dispersion of f-CNTs in the polymer matrix. The volume of the
conducting channel through the PMMA matrix is large so that
a small swelling of the matrix can induce a large increase in
resistance. This explains the large increase in response for f-
CNT composite when exposed to dichloromethane,
r response, and (b) response of the f-CNT/PMMA composite to analytes
e vapours. Reproduced from ref. 194, copyright 2015, Elsevier.
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Fig. 16 (a) Selectively sensing response to 10 ppm of NH3 and other
analytes for the PANI/MWCNT nanocomposite film and (b) gas sensing
response of the PANI/MWCNT nanocomposite film in bending and
extending states to 1 ppm of NH3. Reproduced from ref. 198, copyright
2017, Elsevier.

Fig. 18 Variation in sensor response toward CHCl3 vapour as a func-
tion of c-MWCNT concentration in PANI/c-MWCNT nanocomposite.
Reproduced from ref. 199, copyright 2015, Elsevier.
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chloroform, and acetone, which can swell the polymer matrix to
a large extent. The polar groups on the nanotube surface also
increased by adsorption of solvent molecules and give a better
response. This is proved by the fact that polar solvents like
methanol showed an improved response to f-CNT/PMMA
composites even though they are not good solvents for PMMA.

Inspired by the enhanced gas-sensing performance of the
one-dimensional hierarchical structure, one-dimensional hier-
archical PANi/MWCNT were prepared.195 The p-type PANI/
MWCNT (p-PANI/MWCNT) and n-type PANI/MWCNT (n-PANI/
MWCNT) showed higher sensitivity towards NO2 and NH3,
respectively, where the response times of p-PANI/CNT and n-
PANI/CNT to 50 ppm of NO2 and NH3 were only 5.2 and 1.8 s,
respectively. The estimated limit of detections (LOD) for NO2

and NH3 was as low as 16.7 and 6.4 ppb, respectively. Aer three
Fig. 17 Suggested mechanism of CHCl3 molecules with PANI/c-MWCN

43720 | RSC Adv., 2020, 10, 43704–43732
months, the responses of p-PANI/CNT and n-PANI/CNT
decreased by 19.1% and 11.3%, respectively. It was found that
the one-dimensional hierarchical structures and deeper charge
depletion layer enhanced by structural changes of PANI
contributed to the sensitive and fast responses to NO2 and NH3.
This work also looks forward to the development prospects of
cost effective and high-performance PANI/MWCNT-based
sensors in the potentials of interface engineering in
improving gas-sensing performance.

In addition, Zhang et al.195 (2020) suggested that the high
and fast response of the nanocomposites should be attributed
to the following three factors; (1) for the hierarchical p-PANI/
MWCNT, a large number of micropores exist in the conduc-
tive networks of hierarchical p-PANI/MWCNT arranged in
disorder and the hierarchical structure provides a large number
of passageways, which provide sufficient and fast channels for
T nanocomposite. Reproduced from ref. 199, copyright 2015, Elsevier.

This journal is © The Royal Society of Chemistry 2020
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Fig. 19 Schematic diagram of PANI coated with SWCNT–COOH on
interdigitated electrodes. Adapted from ref. 200, copyright 2015,
Elsevier.
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the diffusion. It is well known that gas-sensing process occurs
mainly on the surface of sensing materials. Therefore, the
effective exposure of sensing materials to the gas molecules
largely determines the sensor's sensing performance. The high
permeability of hierarchical p-PANI/MWCNT allows target gas
molecules to rapidly contact with PANI bres by rapid diffusion
through the channels, hence shortening the response and
recovery time, and enhancing the sensitivity. (2) Compared with
PANI, MWCNTs demonstrate higher carrier mobility. Therefore,
the carrier mobilities of PANI can be reinforced by constructing
core–shell PANI/MWCNTs composites. The conjugated
Fig. 20 (a) SEM images of a bare SWCNT before electropolymerisation,
and (c) NH3 sensitivity of PANI–SWCNTs–COOH and unfunctionalised
copyright 2015, Elsevier.

This journal is © The Royal Society of Chemistry 2020
interfaces between PANI and MWCNTs provide the percolation
path with higher carrier mobility. Furthermore, when the target
gas (NO2) is in contact with the p-PANI/MWCNTs, the process of
charge transfers between the target gas and the hierarchical p-
PANI/MWCNTs is accelerated due to the enhanced carrier
mobility, i.e., the response and recovery time are also shortened.
(3) Due to electron-rich amino groups of PANI. For electron-
decient NO2, these electron-rich amino groups of PANI act as
baits to induce the oxidisation of NO2 to be adsorbed on the
surface of PANI, enhancing the sensitivity. Due to the uniform
core–shell structure of n-PANI/MWCNT, many p–n hetero-
junctions are formed at the interface between n-type PANI and
p-type MWCNTs. Therefore, the n-PANI/MWCNT not only have
the above advantages of p-PANI/MWCNT, but also have
a unique p–n heterojunction structure. The combination of
electrons in n-type PANI and holes in p-type MWCNTs at the
interface result in lower carrier concentration, enhancing the
sensitivity of n-PANI/MWCNT.196,197

Another study on NH3 detection was done by Xue et al. (2017)
using PANI/MWCNT.198 The nanocomposites showed high
sensitivity towards NH3 from 200 ppb to 50 ppm, fast response
and recovery time with 85 s and 20 s, respectively at room-
temperature operation without external aid, reliable exibility
and excellent selectivity to NH3 compared to other volatile
organic compounds (Fig. 16). The excellent sensing perfor-
mance is probably ascribed to the synergetic effects of PANI and
MWCNT, the high surface area (54.187 m2 g�1) of nano-
composite lms, and effective network sensing channels. The
(b) SEM image of coated SWCNT–COOH after electropolymerisation,
SWCNTs (SWCNT–COOH, without PANI). Reproduced from ref. 200,

RSC Adv., 2020, 10, 43704–43732 | 43721
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Fig. 21 The chemical structure of P3OT and P3CT, and their responses of the P3CT/SCNT, P3OT/CNT sensor, and the non-functionalised CNT
sensor to 20 s vapour exposures of various compounds (1% of saturated vapour) and 32 ppb of NMPEA. Reproduced from ref. 201, copyright
2018, Elsevier.

Fig. 22 Shows the proposed mechanism of the interaction of NH3

with PTh/MWCNTs nanocomposite. Reproduced from ref. 202,
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lm with simple preparation, high sensitivity, small size, and
robust exibility, could be implanted into electronic devices for
potentially monitoring NH3 in anaerobic digestion in real-time
for the high efficiency and better stability of anaerobic digestion
for renewable energy sources. In short, electrons provided from
the adsorbed NH3 molecules onto PANI transfer easily from
PANI to MWCNT because of the lower conductivity of PANI and
lower energy barrier between PANI and carbon nanomaterials,
about 101 meV. Then, the electrons effectively transfer from
MWCNT to the PANI bre due to lower energy barrier and nally
to the electrodes. Therefore, the sensing response was effec-
tively improved in PANI/MWCNT nanocomposite network.

PANI nanocomposites doped with carboxylic acid functional-
ised multi-walled carbon nanotube (c-MWCNT) were synthesised
by in situ chemical oxidation polymerisation of aniline monomer
using ammonium persulfate in the presence of c-MWCNT.199 The
nanocomposites showed better response to chloroform (CHCl3)
vapour as compared to pure PANI. Fig. 17 shows the suggested
mechanism of CHCl3 molecules with PANI/c-MWCNT nano-
composite. For nanocomposite sensors, the sensing perfor-
mances in terms of sensor response, response time, and
reproducibility increased with increasing c-MWCNT concentra-
tion, up to 3 wt% (Fig. 18), while the response of the 2 wt%
pristine MWCNT in the nanocomposite (S ¼ 3.4) was found to be
ten times lower than that of the PANI/c-MWCNT nanocomposite
(PC3) (S ¼ 32.8) at chloroform concentration of 250 ppm. This
indicates good selectivity and response of PANI/c-MWCNT
towards chloroform rather than pure PANI/MWCNT. Next, the
decrease in DC electrical resistance of c-MWCNT-doped PANI
nanocomposite upon exposure to chloromethane vapour indi-
cates signicant interactions between vapour molecules and
conjugated PANI chains. Among the studied nanocomposite
sensors, the highest sensing capability was observed for the
sensor containing 3 wt% c-MWCNTs. The sensor response
exhibited a good linear relationship with c-MWCNT concentration
at all studied CHCl3 concentrations. The difference in response of
the PANI/c-MWCNT sensor for different chlorinated methane
vapours could be utilised for selective detection of the vapours.
43722 | RSC Adv., 2020, 10, 43704–43732
Zhang et al. (2006) demonstrated a facile fabrication method
to make chemical gas sensors using carboxylated SWCNT
(SWCNT–COOH) with 80 to 90% purity and were electrochem-
ically functionalised with PANI.200 The potential advantage of
the proposed method is to enable targeted functionalisation
with different materials to allow for creation of high-density
individually addressable nano sensor arrays. The PANI–
SWNT–COOH network-based sensors were tested for on-line
monitoring of ammonia gas. The results showed superior
sensitivity of 2.44% response of NH3 (which is 60 times higher
than intrinsic SWNT based sensors), a detection limit as low as
50 ppbv, and good reproducibility upon repeated exposure to 10
ppmv NH3. Higher sensitivities were observed at lower
temperatures. These results indicate that electrochemical
copyright 2020, Elsevier.

This journal is © The Royal Society of Chemistry 2020
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functionalisation of SWNTs provides a promising new method
of creating highly advanced nano sensors with improved
sensitivity, detection limit, and reproducibility. Fig. 19 shows
the schematic diagram of PANI coated with SWCNT–COOH on
interdigitated electrodes on the Si substrate. Fig. 20 shows SEM
images of a bare SWCNT before and aer electro-
polymerisation, and their NH3 sensitivity (PANI was coated on
SWCNT–COOH using a two-electrode conguration at 0.8 V for
5 minutes).

An interesting study of PTh-based/SWCNT on the detection
of n-methylphenethylamine (NMPEA) vapour, one of the most
widespread, harmful and addictive illegal drugs in the world,
was conducted by Zhang et al. (2018).201 The regioregular poly[3-
(6-carboxyhexyl)thiophene-2,5-diyl] (P3CT) and regioregular
poly(3-octylthiophene-2,5-diyl) (P3OT) (Fig. 21) was used in the
study and was non-covalently functionalised with SWCNTs.
NMPEA was detected at concentrations of as low as 4 ppb
exposure. Results found that the acid–base interaction between
the amine compounds and the carboxylic acid groups in the
polymer contributed to extraordinary sensitivity of the P3CT/
CNT sensor towards amine compounds, where the carboxylic
acid group in the P3CT acted as a receptor of amine compounds
and enhanced the interaction between the amine compounds
and the sensor materials. The sensors were also able to distin-
guish NMPEA from two other amine compounds, various vola-
tile chemical compounds (VOCs), and water vapour by
observing the recoverability of the sensor's signal aer exposure
even when the vapour concentrations of amines were several
orders of magnitude lower than those of the VOCs.

Another study was done by Hussain et al. (2020) on the
electrical conductivity and NH3 sensing for PTh/MWCNTs
nanocomposites.202 The performance of PTh/MWCNTs nano-
composites showed signicantly enhanced electrical conduc-
tivity, where PTh/MWCNTs-3 (PTh/MWCNTs nanocomposite
containing 15% MWCNTs to the weight of monomers) was
found to be an ultra-sensitive (detection limit of 0.1 ppm),
completely reversible, highly selective, and stable ammonia
sensor at room temperature. The sensing response of PTh/
MWCNTs-3 at 2000, 1500, 1000, 500, 400, 200, 100, 50, 1, and
0.1 ppm of NH3 was found to be 88.70%, 73.27%, 62.04%,
51.65%, 46.96%, 42.97%, 38.86%, 35.18%, 32.93%, and 27.66%,
respectively. The results showed that relative humidity only had
a small effect on NH3 sensing properties of PTh/MWCNTs-3.
Fig. 22 shows the proposed mechanism of the interaction of
NH3 with PTh/MWCNTs nanocomposite. Table 4 shows the
summary of sensing performance of certain conductive poly-
mer/CNTs towards different analytes.

6. Conclusions and future outlook

CNT has prominent mechanical and electrical properties as well
as good electron transport properties which prove that the
development of CNT/polymer nanocomposites could contribute
in expanding many areas of applications. The deciencies from
these nanocomposites need to be solved, such as lack of stability,
solubility, selectivity, and poor interfacial adhesion between CNT
and polymers. From recent studies and journals, a lot of
43724 | RSC Adv., 2020, 10, 43704–43732
strategies and efforts have been discussed to functionalise the
paramount discovery of interaction between CNT and polymers.
Still, the application of CNT in real products are still in early stage
of realisation but has a bright future for a new industrialisation
era. It was introduced that either pristine or functionalised CNT
may change the properties of conductive polymer matrices. Some
factors, such as the shape, size, type, aspect ratio, dispersion, and
alignment of CNT within the nanocomposite affect the properties
of nanocomposites. Here, covalent functionalisation of CNTs
modied the stacking and layering properties of CNT mostly by
changing the hydrogen bonding by reduction of van der Waals
interactions between the CNTs and led to debundling of the
tubes which contribute to the well dispersion of CNTs and good
sensitivity towards analytes. In general, the attachment of
carboxylic, hydroxyl, polymer, and other hydrophilic groups help
in improving the chemical structure of CNTs by lling in the
defect sites, thus improving the conductivity and charge transfer
of the nanocomposites. In addition, the main advantages of CNT
functionalisation with polymer are to ensure uniform dispersion
of the nanocomposites and prevent the accumulation and
agglomeration of CNTs which happens through attraction-
depletion of the CNT itself. The nanocomposites are syn-
thesised through chemical oxidative polymerisation, electro-
chemical oxidative polymerisation, and direct solution-mixing
methods. Therefore, in situ polymerisation is one of the efficient
methods to obtain uniform dispersion of CNTs in a thermoset-
ting polymer. The aforementioned method involves the addition
or condensation reactions of the monomers with CNTs. Melt
blending, latex technology, and simpler solutionmixing are other
ways to fabricate CNT/polymers. More facile and efficient
methods need to be developed for a better future.

One of the nanocomposites applications highlighted is chem-
ical sensor. The infamous one is the CNT-based chemiresistive gas
sensor. In the light of this approach, CNT/conductive polymers
nanocomposites synergise the construction of better transducer,
acquired the simplicity, rapid response, and low-cost process.
Generally, the sensor translates chemical interaction between the
receptors and analytes into changing electrical resistance, a simple
electric signal to be analysed. The detection performance is
exploited by the chemical composition and structure, conductivity
and charge transport, along with its adsorption ability. At this
juncture, the parameters need to be considered for sensor
performance are sensitivity, analyte concentration, operation
temperature, limit of detection, recovery time, response time,
response, and selectivity. Even if the behaviour and composition of
CNTs and the properties of CNT/conductive polymer are well
understood, still, there are many hitherto fundamental arguments
about nanocomposites that need to be discovered, such as tech-
niques in fabrication of gas sensor, modications and function-
alisation of CNTs, the charge transfer in nanocomposites,
processing cost as well as introduction of graphene in gas sensing.
Further studies are paramount to discover each property and
interaction on CNT-based nanocomposites.
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Garzón, et al., Carbon tetrachloride cold plasma for
extensive chlorination of carbon nanotubes, J. Phys.
Chem. C, 2013, 117, 16677–16685.

104 S. Zdanowska, M. Pyzalska, J. Drabowicz, D. Kulawik,
V. Pavlyuk, T. Girek, et al., Carbon nanotubes
functionalized by salts containing stereogenic
heteroatoms as electrodes in their battery cells, Pol. J.
Chem. Technol., 2016, 18, 22–26.

105 Z. Zhou, E. K. Orcutt, H. C. Anderson and K. J. Stowers,
Hydrogen surface modication of a carbon nanotube
catalyst for the improvement of ethane oxidative
dehydrogenation, Carbon, 2019, 152, 924–931.

106 C. Ménard-Moyon, N. Izard, E. Doris and C. Mioskowski,
Separation of semiconducting from metallic carbon
nanotubes by selective functionalization with azomethine
ylides, J. Am. Chem. Soc., 2006, 128, 6552–6553.

107 O. Olugbenga, D. Michael and I. Suny, Investigation on
purication potential of multiwalled carbon nanotubes
using organic-mineral acid mixture, Nanosci. Nanoeng.,
2018, 4, 1–8.

108 T. J. Aitchison, M. Ginic-Markovic, J. G. Matisons,
G. P. Simon and P. M. Fredericks, Purication, cutting,
and sidewall functionalization of multiwalled carbon
nanotubes using potassium permanganate solutions, J.
Phys. Chem. C, 2007, 111, 2440–2446.

109 M. L. Sham and J. K. Kim, Surface functionalities of multi-
wall carbon nanotubes aer UV/ozone and TETA
treatments, Carbon, 2006, 44, 768–777.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09438b


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
R

ha
gf

yr
 2

02
0.

 D
ow

nl
oa

de
d 

on
 0

6/
02

/2
02

6 
04

:4
6:

13
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
110 R. Malik, C. McConnell, N. T. Alvarez, M. Haase,
S. Gbordzoe and V. Shanov, Rapid, in situ plasma
functionalization of carbon nanotubes for improved CNT/
epoxy composites, RSC Adv., 2016, 6, 108840–108850.

111 P. C. Ma, J. K. Kim and B. Z. Tang, Functionalization of
carbon nanotubes using a silane coupling agent, Carbon,
2006, 44, 3232–3238.

112 J. Wang, H. Jia, L. Ding, L. Zhu, X. Dai, X. Fei, et al.,
Utilization of silane functionalized carbon nanotubes-
silica hybrids as novel reinforcing llers for solution
styrene butadiene rubber, Polym. Compos., 2013, 34, 690–
696.

113 Z. Abousalman-Rezvani, P. Eskandari, H. Roghani-
Mamaqani and M. Salami-Kalajahi, Functionalization of
carbon nanotubes by combination of controlled radical
polymerization and “graing to” method, Adv. Colloid
Interface Sci., 2020, 102126.

114 F. A. Abuilaiwi, T. Laoui, M. Al-Harthi and M. A. Atieh,
Modication and functionalization of multiwalled carbon
nanotube (MWCNT) via scher esterication, Arabian J.
Sci. Eng., 2010, 35, 37–48.

115 Z. Su, Y. Cheng, C. Li, Y. Xiong, L. Xiao, S. Chen, et al.,
Dispersing gold nanoparticles on thiolated polyaniline-
multiwalled carbon nanotubes for development of an
indole-3-acetic acid amperometric immunosensor,
Nanoscale Adv., 2019, 1, 3607–3613.

116 Y. Maeda, S. Minami, Y. Takehana, J. S. Dang, S. Aota,
K. Matsuda, et al., Tuning of the photoluminescence and
up-conversion photoluminescence properties of single-
walled carbon nanotubes by chemical functionalization,
Nanoscale, 2016, 8, 16916–16921.

117 K. Adachi and Y. Tsukahara, Surface modication of
carbon nanotubes by anionic approach, Curr. Opin. Chem.
Eng., 2016, 11, 106–113.

118 G. Ostojic and M. C. Hersam, Functionalization of carbon
nanotubes with metallic moieties, US Pat., US8562905B2,
2019.

119 W. F. Chan, E. Marand and S. M. Martin, Novel zwitterion
functionalized carbon nanotube nanocomposite
membranes for improved RO performance and surface
anti-biofouling resistance, J. Membr. Sci., 2016, 509, 125–
137.

120 J. Liu, R. Che, H. Chen, F. Zhang, F. Xia, Q. Wu, et al.,
Microwave absorption enhancement of multifunctional
composite microspheres with spinel Fe3O4 cores and
anatase TiO2 shells, Small, 2012, 8, 1214–1221.

121 C. L. Zhu, M. L. Zhang, Y. J. Qiao, G. Xiao, F. Zhang and
Y. J. Chen, Fe3O4/TiO2 core/shell nanotubes: synthesis
and magnetic and electromagnetic wave absorption
characteristics, J. Phys. Chem. C, 2010, 114, 16229–16235.

122 V. Vatanpour, S. S. Madaeni, R. Moradian, S. Zinadini and
B. Astinchap, Novel antibifouling nanoltration
polyethersulfone membrane fabricated from embedding
TiO2 coated multiwalled carbon nanotubes, Sep. Purif.
Technol., 2012, 90, 69–82.

123 C. Wang, H. Wu, F. Qu, H. Liang, X. Niu and G. Li,
Preparation and properties of polyvinyl chloride
This journal is © The Royal Society of Chemistry 2020
ultraltration membranes blended with functionalized
multi-walled carbon nanotubes and MWCNTs/Fe3O4

hybrids, J. Appl. Polym. Sci., 2016, 133, 1–8.
124 T. Hertel, A. Hagen, V. Talalaev, K. Arnold, F. Hennrich,

M. Kappes, et al., Spectroscopy of single-and double-wall
carbon nanotubes in different environments, Nano Lett.,
2005, 5, 511–514.

125 L. Vaisman, H. D. Wagner and G. Marom, The role of
surfactants in dispersion of carbon nanotubes, Adv.
Colloid Interface Sci., 2006, 128, 37–46.

126 P. Bilalis, D. Katsigiannopoulos, A. Avgeropoulos and
G. Sakellariou, Non-covalent functionalization of carbon
nanotubes with polymers, RSC Adv., 2014, 4, 2911–2934.

127 X. Wang, L. Bai, S. Kong, Y. Song and F. Meng, Star-shaped
supramolecular ionic liquid crystals based on pyridinium
salts, Liq. Cryst., 2019, 46, 512–522.

128 J. Dai, R. M. F. Fernandes, O. Regev, E. F. Marques and
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