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Abstract Nano-structured polymer-based composites have gained much impor-
tance in recent years due to their improved and excellent properties compared to
their bulk-sized equivalents. In nanostructured polymer composites, nano-sized parti-
cles are added to the matrix material as nanoparticles have a too high surface to
volume ratio, resulting in improved composites’ overall properties. In this chapter,
various nano-structured polymer-based composites are discussed based on their suit-
able applications. The properties of nano-structured polymer-based composites such
as thermal, mechanical, flame retardancy, electrical and optical properties, barrier
properties, anticorrosive properties, and adsorption behaviour and factors affecting
the properties are discussed. This chapter also presents the different manufacturing
techniques of nano-structured polymer-based composites.

1 Introduction

Since ancient times advancement in material science is the root cause of techno-
logical development. The term nanocomposite is used in the early 1980s. These
materials possess excellent mechanical, physical, biological, electrical, and chem-
ical properties which make them superior to conventional materials. High surface
area to mass ratio, large surface area, and high aspect ratio are some other attractive
characteristics of nanomaterialz [1]. The ratio of surface to volume increases with
decreasing particle size, significantly affecting the material’s properties.
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Fig. 1 Relationship between particle size and surface area [3]

The influence of the surface area had been demonstrated in the form of a particle
[2]. The breaking of large particles into smaller particles results in an increased
surface area. The rate of the reaction also increases as more surface area is available
for the reaction.As shown inFig. 1, the particle has an edge length of 5mm.Therefore,
the total surface area of the particle is 150 mm2. Reducing the particle’s edge length
to 2.5, 1.25, and 0.625 mm, the total surface area becomes 300, 600, and 1200 mm2.

When the composites’ components have at least one dimension in the nanometre
scale, they are termed nanocomposites. Most commonly it is the reinforcement phase
which includes nano clay, nanotubes, or nanoparticles [4]. Nanostructured polymer
composites canbeobtainedbyusing an appropriate polymermatrix and incorporating
nanomaterials into it [5]. Few examples of nano-sized objects are DNA molecules
having a diameter of 25 nm and proteins having a typical length of 10 nm.

Out of various nanocomposites, polymer nanocomposites are considered as a
leading area of current research and advancement. It exhibits many beneficial prop-
erties (a) dimensional variability, (b) film-forming ability, and (c) activated function-
alities [6]. Polymer nanocomposites have shown remarkable progress in electronics
and communications, energy and data storage, aerospace, biomedical, agricultural
sectors, food and water purification, environmental, sporting materials, automobiles,
and packaging and defence applications [7]. The properties of polymers can bemodu-
lated precisely through the incorporation of nanofillers. Products made of nanocom-
posite in electronic and medical components, storage devices, stain-free fabrics, and
nano paints are already commercialised. Nanocomposites are termed as ‘materials of
the future’ as it has overcomepresent constraints ofmicro composites andmonolithic.

Nanocomposites are used the first time in the early 1990s by Toyota Central R&D
Laboratory to fabricate the car’s belt cover using nylon-montmorillonite (MMT) clay
nanocomposites [8, 9]. Nanoparticles, carbon nanotubes (CNTs), carbon nanofillers,
graphene, nanocellulose, nanowires, nano-silica, and nano clay are extensively used
engineerednanomaterials inmedical, industrial, and consumer products. These are all
tested for their reinforcing ability and showed tremendous improvement in the prop-
erties of nanocomposites [10–12]. Improved mechanical properties, high thermal
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stability, and lower gas permeability are the few characteristics of polymer-matrix
nanocomposites [13]. The market of polymer nanocomposites is anticipated to reach
above USD 5100 million by 2020 [14].

2 Classification of Nanocomposites

Nanocomposites are categorized based on the type of materials (i.e., reinforcing
and matrix material) employed for fabrication, as shown in Fig. 2 [15]. The different
types of nanocomposites are (a) polymer-matrix nanocomposites, (b) ceramic-matrix
nanocomposites, and (c) metal-matrix nanocomposites.

Both academicians and industrialists carry out extensive research activities in
the field of polymer nanocomposites due to their outstanding properties such as
(a) high modulus and stiffness, (b) high toughness, and (c) high strength with the
incorporation of nano additives.Wear resistance, flame retardancy, barrier resistance,
electrical, optical, and magnetic properties are also found excellent for polymer
nanocomposites [16]. The properties of polymer nanocomposites are far better than
conventional micro composites and metals. Thus, in this chapter, the discussion is
focussed on nanocomposites that consist of the polymer as matrix material.

2.1 Polymer-Matrix Nanocomposites

In this type of nanocomposites, the polymer is used as matrix material, and different
nano additives (nanomaterials) are used as reinforcements. The nanomaterials can be
classified based on the number of dimensions in the nano range (=100nm)where 1 nm
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Fig. 2 Classification of nanocomposites [17]
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Fig. 3 Classifications of
nanofillers [20]

= 10–9 m [18]. The nanofillers’ applications in polymer composite are differentiated
based on their dimensions, as shown in Fig. 3 [19].

2.1.1 One-Dimensional (1D) Nanomaterials

Nanofiller with at least one of its dimensions <100 nm is considered one-dimensional
(1D). It is in the form of a sheet. It has various applications in microelectronics,
biosensors, sensors, biomedical, and coatings. It possesses extraordinary electrical,
magnetic, and optic properties—examples: nano clay, nanoplatelets, nanosheets, and
montmorillonite (MMT) clay.

a. Polymer–clay nanocomposites

C.A. Bower in 1949 first mentioned polymer–clay nanocomposites during
conducting DNA engross from the montmorillonite clay [21]. The advancements
in polymer–clay nanocomposites result in their usage in numerous applications.
Polymer–clay nanocomposites are termed as multiphase systems. It consists of a
contentious phase of polymer and dispersed phase of silicate (filler) with at least one
dimension in the nanometre scale—the chemical bonding between filler and polymer
results in the composites’ superior properties. To achieve high strength, smectite clay
(saponite, montmorillonite, and hectorite) are used as filler materials out of which
the most common is montmorillonite (MMT) [22]. When dimensions of the filler are
in nanoscale, their properties also change significantly [23]. Tests are conducted on
various nanofillers like graphene, CNTs, nano-silica, and nanocellulose to find their
strengthening ability (reinforcing). Currently, clays are the most demanded layered
silicates used for the fabrication of polymer nanocomposites.
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b. Structures of polymer–clay nanocomposites

The polymer–clay nanocomposite properties’ improvement depends on the extent
of the clay particles’ dispersion in the polymer matrix. The dispersion of clay
nanoparticles in polymer mainly depends on two parameters. These are:

1. Physical and chemical compatibility between polymer and clay nanoparticles,
and

2. The method used for the production of polymer–clay nanocomposite.

The microstructure of polymer–clay nanocomposites is dependent on the inter-
phase bonding between polymer and clay nanoparticles. The possible types are
described below, and the same is presented in Fig. 4 [24].

1. Phase-separated structure: This structure is produced when the interface
bonding between polymer and clay nanoparticles is very delicate. It is difficult
to obtain the polymer intercalation in the clay layers during mixing between
the organic polymer and inorganic clay (unmodified clay). As a result, clay
is scattered as lump or particles stacked in aggregation with the polymer. The
structure of composites is achieved because of phase separation. The properties

Fig. 4 Structures of polymer–clay nanocomposites [24]



340 A. Gaikwad et al.

of phase-separated composites are similar to conventional micro composites.
Hence, it is anticipated that polymer–clay nanocomposites of such category
show a downturn in their properties [25].

2. Intercalated structure: When the polymer–clay nanocomposite polymer
chains are intercalated to a limited extent between the clay layers, it produces
intercalated structure. The distance between the interlayer and clay layers
increases due to the polymer intercalation, and it is termed as intercalated
polymer–clay nanocomposites.

3. Exfoliated structure: The delaminated or exfoliated structure is obtained when
individual clay layers randomly separated as sheets are dispersed in the contin-
uous polymer at a suitable gap that relies on the clay charge. If the interlayer
spacing increases more than 8–10 nm due to polymer chains, the structure
obtained is considered as exfoliated structure. Improvement in the mechanical,
barrier and thermal properties of the resultant nanocomposites depend on the
uniform dispersion of exfoliated clay in the polymer. It is challenging to achieve
complete exfoliation. In exfoliated nanocomposites, better dispersion of indi-
vidual clay layers can result in lower clay content and higher aspect ratio. Large
surface interaction between polymer and clay id the main reason behind the
most notable advancement in polymer properties [26].

2.1.2 Two-Dimensional (2D) Nanomaterials

In 2D nanomaterials at least two dimensions of nanofillers should be <100 nm.
Filaments, fibres, or tubes are generally used as 2D nanomaterials. In energy,
sensors, catalysis, electronics, and optoelectronics, 2D nanofillers are extensively
used. Examples: CNTs, nanofibers, nanowires, nanorods, whiskers, and 2D graphene
[27].

a. Polymer-carbon nanotube (CNT) composites

In 1985, buckminsterfullerene (C60) which is the latest form of carbon, was discov-
ered [28]. CNTs comprising long and thin cylinders of carbon were first discovered
in 1991 by employing an arc-discharge method [29]. CNTs differ from other carbon
materials like fullerene, diamond, and graphite. It has carbon with an aspect ratio of
>1000 [30]. CNTs are divided into two types based on the fabrication process [31].
The essential properties of different CNTs are shown in Table 1.

Table 1 Physical properties
of different CNTs [32]

Properties SWCNTs MWCNTs

Density (gcm-3) 0.8 1.8

Electrical conductivity (S/cm) 102–106 103–105

Thermal conductivity (W/mK) 6000 2000

Thermal stability in the air (°C) >600 >600
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Fig. 5 Schematic presentation of SWCNT and MWCNT produced from graphene sheets [33]

• Single-walled CNTs: SWCNTs comprise a graphene layer rolled into a seam-
less (smooth and continuous) cylinder (Fig. 5). The diameter of an SWCNT is
approximately 0.5–5 nm [34].

• Multi-walled CNTs (MWCNTs): MWCNTs are a special form of fullerene
comprising two or more than two concentric cylindrical graphene sheets (Fig. 5)
separated by Van der Wall forces. Inner and outer diameter reported for an
MWCNT is 1.5–15 nm and 2.5–50 nm. The most usual interlayer distance is in
the range of 0.32–0.35 nm and can vary slightly due to defects and other several
factors [35, 36].

It is made up of large macromolecules having a unique shape, size, and excep-
tional mechanical properties. Nanotubes are differentiated based on their diam-
eter, length, chirality, or twist. By employing different processing techniques,
CNTs can be fabricated into various aspect ratios, and their lengths can also
be varied. Superb mechanical properties, lightweight characteristics, and high
specific surface area of CNTs have attracted researchers to use them as rein-
forcements in polymer composite [37–40]. Its diameter is <100 nm and can be
thinner than 5 nm. CNTs are used for several purposes such as (a) fabrication
of energy and hydrogen storage systems, (b) manufacturing of automotive and
aerospace components, (c) creation of nano filters and sensors, (d) identification
of cancer cell and tissue engineering, (e) drug and gene delivery, (f) production
of electronics devices and microchip, artificial implants, hard and flexible mate-
rials, and (g) solution of environmental problems [41]. The global CNTs market
is forecasted to reach USD 6.8 billion by 2023 from USD 1.6 billion, the market
valuation in 2016 [42].
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An investigation is performed to determine the effect of CNT pre-localisation on
the properties of ultra-high-molecular-weight polyethene (UHMWPE) nanocom-
posites [43]. It is concluded that a high concentration of CNT results in enhanced
strain-hardening and yield stress of CNT-UHMWPE nanocomposites. Another
study showed that the mechanical properties like tensile strength and impact
toughness of graphene-polyvinyl chloride (PVC) composites could be improved
remarkably by steadydispersions at very low loadinggraphene (i.e., 0.3wt%) [44].
A study was conducted on multi-layered graphene-reinforced polymer compos-
ites to analyse the nano-indentation properties throughmolecular dynamics (MD)
simulation. The results revealed that the indentation resistance is considerably
using single and multi-layered graphene sheets [45]. Arash et al. [46] employed
the MD simulation method to record the nanocomposites’ total potential energy
for calculatingCNT-polymer nanocomposites’ properties. The results showed that
Young’s modulus of (polymethyl methacrylate) (PMMA) strengthened by infinite
long CNTs is remarkably increased compared with pure PMMA. The mechan-
ical properties of grapheme-polymer composites are evaluated by applying MD
simulation [47]. The results showed that shear modulus, hardness, and Young’s
modulus increased approximately 27.6, 35, and 150% by reinforcing graphene
nanosheets into the polymer.

b. Structure of carbon nanotubes (CNTs)

The electronic configuration of carbon atom is 1s2 2s2 2p2 which shows that in 1 s
orbit it has 2 strong bound electrons. In 2 s and 2p orbitals, 4 relatively weak bound
electrons are called valence electrons. Carbon atom enters different hybridization
stages like sp, sp2, and sp3 in different materials due to a slight difference in energy
between 2 s and 2p levels. The hybridization flexibility allows the atomic orbitals
to organize themselves in the structures of various dimensions such as nanoparticles
(3D), CNTs (2D), and nano clays (1D) [48, 49].

Defects such as pentagons and heptagons sometimes formed on the external layer
to form curved and spiral-type nanotubes. The longest grown CNTs currently are
above 0.5 m [50] and cycloparaphenylene is considered the shortest CNT [51]. The
thinnest CNT with a diameter of 0.3 nm is armchair CNTs [52]. CNTs are observed
to hold the maximum density of 1.6 gcm-3 (generally, 1–1.4 gcm-3) [53]. MWCNT’s
tensile strength is 63 GPa (9,100,000 psi) [37], for stainless steel it is 0.38–1.55 GPa.
Pressure up to the level of 25 GPa can easily withstand by standard SWCNTswithout
permanent deformation. The geometry andmost of the properties of CNTs depend on
the diameter and chiral angle (θ), also known as helicity [54]. There are three condi-
tions to differentiate SWCNT based on the chiral index. According to the conditions
given below, SWCNT is also named armchair, zigzag (achiral nanotubes), and chiral
(Fig. 6).

1. If chiral indices are equal (i.e., n = m), then the chiral angle is 30°.
2. If anyone of the chiral index is 0, i.e., (n, 0) or (0, m), then the chiral angle is

0°.
3. In the last case, n �= m, if the chiral angle is 0° < θ < 30° [55].
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Fig. 6 a Representations of rolling of a graphene sheet and b different types of CNTs [48]

2.1.3 3D Nanomaterials

In 3D nanomaterials, all three dimensions are in nano range and mostly in cubical
and spherical shapes. It is also referred to as iso-dimensional nanoparticles or
zero-dimensional nanoparticles. To fabricate nanocomposites, it is essential to find
the inherent properties of 3D nanofillers. Applications in which 3D nanomaterials
are applied when combined with suitable matrix (polymer) are coatings, filtra-
tion, and biomedicine. Examples: nanoparticles (nanocellulose), nanogranules, and
nanocrystals.

a. Polymer-nanocellulose composites

Nanocellulose can be explained as particles with diameters below micrometre
(0.1 μm or 100 nm). In other words, nanocellulose is considered as particles whose
size defines its optical, electrical, or magnetic properties [56]. Nanocellulose is
extracted from a plant cell wall which is known as a natural nanomaterial. Nanocel-
lulose has some striking features such as (a) high strength, (b) high surface area, and
(c) excellent stiffness. Cellulose fibre combined with hydroxyl groups and strong
hydrogen bonding networks renders into outstanding mechanical and physical prop-
erties [57]. Nanocellulose, which is a natural fibre, can be extracted from cellulose.
Nanocellulose fibre gained special attention due to its size as its diameter is less
than 100 nm and length is several micrometres. Nanocellulose holds outstanding
strength property, low density (around 1.6 gcm-3), and is considered as biodegrad-
able nanofiber. It has high stiffness (220 GPa) which is better than the Kevlar fibre.
It also has a high tensile strength (10 GPa) which is better than cast iron and strength
to weight ratio is about eight times higher than stainless steel. Nanocellulose can be
functionalized into various surface properties as it is transparent and consists of a
reactive surface of hydroxyl groups [58].
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b. Structure of polymer-nanocellulose composites

Cellulose is an extensive, renewed, natural organic polymer. The primary origin of
cellulose is cotton that contains 95% pure cellulose. The primary material proper-
ties can enhance by accurate dispersion of cellulose in nanocomposites [59]. Cellu-
lose nanocrystals or nanowhiskers are extracted from cellulose fibres through acid
hydrolysis. Nanocellulose can be divided into two types:

i. nanostructured materials (cellulose microfibrils and cellulose microcrystals),
and

ii. nanofibers (cellulose nanocrystals, cellulose nanofibrils, and bacterial cellulose)
[60, 61].

Several nanocellulose forms canbeproducedusingdifferentmethods fromvarious
cellulosic sources, as shown in Fig. 7 [62]. Characteristics like morphology, size, etc.
of nanocellulose depend on the (a) isolation and processing conditions, (b) cellulose
origin, and (c) possible pre-treatment or post-treatment. Nanocomposites fabricated
using nanocellulose comprises of exceptional properties like (a) lightweight, (b) high
mechanical strength, (c) transparent, and (d) high thermal properties [63].

Fig. 7 a Extraction of cellulose from trees, b reaction between cellulose and strong acid to
obtain nanocellulose, and c representation of bio nanocellulose cultured from cellulose-synthesizing
bacteria [64]
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3 Properties of Composites Reinforced with Nanofillers

Nanofillers are incorporated in a matrix (polymers) to improve the structured
nanocomposites’ characteristics for suitable applications. Nanofillers also hindered
the drawbacks of polymers used for the manufacturing of nanocomposites. The
improvement in the property is challenging as it may affect the other characteristics.
The study revealed that the polymer’s nature and properties, fabrication conditions,
andmethodology affect thefinal characteristics of nanocomposites [65]. Thedifferent
properties of polymer nanocomposites are discussed in the following sections.

3.1 Mechanical Properties

Nanofillers as reinforcing agent play a significant role in improving the mechan-
ical properties of polymer nanocomposites [66]. While reinforcing soft matrix with
rigid nanofiller, the considerable amount of applied load is borne by nanofillers
subject to adequate interactions between filler and matrix [67, 68]. Increased value
of modulus can be attained by increasing the ratio of filler in the nanocomposites.
Nanocomposites possess better mechanical properties than the neat polymer. CNTs
demonstrated exceptional mechanical properties with Young’s modulus of 1.2 TPa
and tensile strength of 50–200 GPa. CNTs are considered as the most suitable candi-
date as reinforcement because of their superior properties including (a) low density,
(b) high surface area, and (c) high aspect ratio [32]. A study showed an increase
in clay content results in higher storage modulus of polyvinylidene fluoride/clay
nanocomposites at 100–150 °C [69]. Research conducted on nylon-6-clay nanocom-
posites showed significant improvement in the properties as its modulus doubled and
strength increased by 50% at clay loading of 4.2 wt.% [70, 71].

3.2 Thermal Properties

Many researchers reported that polymer structured nanocomposites have superior
thermal stability than pure polymers due to nanofillers’ incorporation into the
polymer matrices [72, 73]. Polystyrene-clay nanocomposites have higher degrada-
tion temperature, i.e., around 30–40 °C in comparison to pure polystyrene under
nitrogen and air heating degradation conditions [74]. Outstanding thermal conduc-
tivity ofCNTs attractedmany researchers to fabricate nanocompositeswith improved
thermal conductivity by reinforcing CNTs into various polymer matrices [75, 76].
Thermal conductivity in the case of CNTs-polymer nanocomposites relies on several
factors (a) CNTs content, (b) aspect ratio, (c) dispersion, (d) CNT-polymer interfa-
cial interactions, and (e) existence of metal impurities. According to the report,
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thermal conductivity at room temperature increases by 300% and magnetic align-
ment increases by approximately 10% with a SWCNTs loading of 3 wt.% in epoxy
[77]. Similarly, in an infiltration method, the thermal conductivity is increased to
220% by combining epoxy and SWCNTs (2.3 wt.% l) [78]. CNTs can improve
the thermal stability of the polymer due to its better heat dissipation characteristic.
The thermal property of nylon-6-clay thermoplastic nanocomposites is enhanced
with an increase in the heat distortion temperature (HDT) by 80 °C when compared
one-on-one with pristine polymer [70–74].

3.3 Flame Retardancy

Polymers are extensively used in domestic applications, and thus, their flammability
needs to be reduced. Presently common chemical additives are used as flame retar-
dants to reduce the ignition and control burning. Conventionally, phosphorous and
several halogen-based compounds are used as a flame retardant without affecting the
other properties and quality of polymer [79, 80]. Polymer nanocomposite is investi-
gated for high-temperature applications using epoxy, nylon-11, etc. Nano clay plays
a significant role in decreasing the flammability as flammability is considered an
important aspect for many applications [81]. Nanocomposites produced from the
nylon, polystyrene, epoxy, or vinyl ester possess low flammability compared with
pure polymer.

3.4 Electrical and Optical Properties

Many research groups study the influence of adding nanotubes in polymers to
improve electrical properties. In some studies, nanotubes are employed to improve
relatively low-cost polymers’ conductivity as an alternative to presently used filler
like carbon black. Other studies investigated the incorporation of nanotubes in
conducting polyaniline polymer. However, further work needs to be performed,
aiming specific applications such as photovoltaic devices or supercapacitors. In
many cases, improvement in mechanical properties is an additional advantage of
the incorporation of nanotubes.

3.5 Barrier Properties

The addition of clays in polymer improves the barrier properties of the polymer
as clay sheets are impermeable. Barrier properties are enhanced due to the maze or
tortuous path that slowdown the gasmolecule diffusion throughpolymer [82, 83]. The
degree of advancement in barrier properties directly relies on the degree of tortuosity
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Fig. 8 Illustration of the tortuous pathway [86, 87]

produced by clay layers in the diffusion way of molecules through polymer film.
The ratio of actual distance covered by diffusive molecule to the shortest distance to
diffuse is a tortuous factor. It is mostly influenced by the aspect ratio of clay dispersed
in thematrix. Barrier properties in the polymer can be further improved by increasing
exfoliation or dispersion and the clay sheet’s lateral length. Many researchers have
reported that barrier properties are against diffusion of gases and vapours in polymer–
clay nanocomposites [84, 85]. Figure 8 shows the tortuous path formed in polymer
film due to the incorporation of exfoliated clay nanoplatelets.

a. Pathway taken by migrating gas molecules is perpendicular to the film
orientation when average diffusion occurs.

b. Diffusing molecules must navigate impenetrable particles or platelets and
through interfacial zones with distinct permeability features than those of virgin
polymer. The mean gas diffusion length increased due to the tortuous pathway.

3.6 Anticorrosive Properties

Anticorrosiveness of the polymer can be improved by incorporating platelet fillers
like layered silicate as it increases the length of the diffusion pathways. Clay reduces
the permeability of polymer coatingfilms by increasing the diffusion pathways shown
in Fig. 8. The structured polymer nanocomposites of different polymers such as
polystyrene, polyimide, polyaniline, and epoxy with unmodified and organically
modified clays are investigated as anticorrosive coatings on metals [88].

3.7 Adsorption Behaviour

Incorporation of nanoparticles in polymer matrix turns polymer nanocomposites into
highly tuneable adsorptive material. The adsorptive behaviour of nanocomposites
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can be utilized for many applications such as (a) water purification, (b) fuel cell
technology, (c) drug delivery, and (d) chemical sensor. Toxic materials like metal
ions, dyes, and microorganisms from water or wastewater can be removed using
polymer nanocomposites due to their adsorptive behaviour.

Apart from the properties discussed above, polymer structured nanocomposites
possess few more properties. The properties of nanocomposites depend not only on
the properties of individual components but also on the structured polymer nanocom-
posites’ properties. These are (a) process used to fabricate nanocomposite, (b) types
of filler material, (c) orientations of filler material, (d) degree of combining two
phases, (e) interfacial adhesion, (f) volume fraction, (g) nature of the interphase, (h)
shape and size of nanofiller materials, and (i) system morphology [89].

Nanomaterials play a critical role in enhancing nanocomposites’ properties by
dispersing and distributing nanofillers in the matrix. Sometimes, if it is not appropri-
ately dispersed, agglomeration of particles takes place, and thus, nanocomposites’
characteristics deteriorate, affecting the nanocomposite’s performance improvement.
Figure 9 shows different types of distribution and dispersion of nanoparticles in the
matrix.

Fig. 9 Representations of distribution and dispersion of nanoparticles in matrix a good distribution
but low dispersion, b poor distribution and poor dispersion, c poor distribution but good dispersion,
and d good distribution and good dispersion [90]
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4 Manufacturing Techniques of Nano-Composites

Manufacturing of polymer nanocomposites can be done either by mechanical or
chemical processes. The difficulties associated with polymer nanocomposite manu-
facturing are uniform and homogeneous dispersion of nanoparticles in the polymer.
Intricate polymerization reactions, chemical reactions, and surface modification of
filler are approaches to solve this problem [91]. The processes used for the manu-
facturing of nanocomposites depend on the matrix material types, i.e., organic
or inorganic [92]. The different methods involved in the fabrication of polymer
nanocomposites are:

1. In-situ polymerization
2. Intercalation method.

a. Chemical technique
b. Mechanical technique.

3. Sol–gel method (other emerging synthesis methods)
4. Direct mixing of nanofillers and polymer [93].

a. Melt compounding/blending
b. Solvent method.

5. Latex technology
6. Ex-situ Synthesis
7. Other methods.
1. In-situ polymerization: It is considered the first evolved method moderately

used to dispersion nanoparticles in the monomer. The process is schematically
shown in Fig. 10. It is an efficient method that improves the compatibility
between the nanofillers and polymer [94]. In this technique, the formation of the
polymer occurs between the intercalated sheets [95]. This technique provides

Fig. 10 Schematic representations of the stages of the in-situ polymerization method [16–24]
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uniform dispersion of nanoparticles in the matrix. Swelling of nanoparticles
takes place in monomer solution when low-molecular-weight monomer solu-
tion is discharged between nano clay layers [96]. Monomers are polymerized
after mixing with nanoparticles through addition or condensation reactions with
the help of an initiator and/or the catalyst at an elevated temperature either in
presence or absence of solvent. The benefit of using this method is the forma-
tion of covalent bonding between polymer and functionalized CNTs, resulting
in improved composites’ properties. The reports showed the application of in-
situ polymerization method for manufacturing of epoxy-based nanocomposites
[97–99]. High-temperature synthesis causes decomposition of polymer, and
slow rate of reaction is the disadvantage of the process [100].

2. Intercalation method: In this method, the nanoplatelets type of nanomaterials
disperses into the polymer. Properties like flammability, shrinkage, and stiffness
improved due to the addition of clays (nanomaterial) into the polymer. Swollen
of clay takes place in solvent and intercalation of polymer chains occurs between
the layers. Precipitation or vaporization method is used to obtain intercalated
nanocomposite by removing the solvent [101]. Two different techniques can be
used to disperse nanoplatelets homogeneously [102].

a. Chemical technique: It uses the in-situ polymerization method in which
polymerization reaction occurs after the dispersion of nanoparticles in the
monomer. In this method, nanocomposites are produced through chemical
reactions in a liquid environment. It holds an additional polymerization
process after nanoplatelets are distributed into the polymer. Nanoplatelets
are swollen in the monomer solution, and the emergence of the polymer
takes place between the intercalated sheets due to polymerization method.
It results either in compact nanocomposite material or nanocomposite
particles [103, 104].

b. Mechanical technique: It involves polymer and nanoplatelets direct inter-
calation using solution mixing. Co-solvent is used to dissolve polymer and
solvent to swollen up the nanoplatelet sheets.Mixing of these two solutions
allows the polymers chain to intercalate into the nanoplatelets layers and
displace the solvent [16].

3. Sol–gel method: It is also termed as template synthesis [105]. The bottom-
up approach is employed in the sol–gel method, and its principle is different
from the preceding methods. The dispersion of solid nanoparticle in monomer
solution results in a colloidal suspension of solid nanoparticles termed sol. In
the gel, 3D interconnecting network formed between phases by polymerization
reactions followed by hydrolysis procedure. In this method, the polymer is
considered a nucleating agent assisting in developing layered crystals. As it
grows, the polymer is oozed between layers and nanocomposite is formed [96].
Various other methods are applied for preparing polymer nanocomposites
includes electrospinning, self-assembly, and phase separation. Themethod used
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to manufacture nanofibers with the help of electrostatic force is known as elec-
trospinning. The nanofibers in the range of 40–200 nm in diameter are manufac-
tured using this unique synthetic method [106, 107]. Producing nanofibers with
the electrospinning help is based on the polymer’s viscoelastic behaviour and the
electrostatic forces [108, 109]. Electrospunnanofibers possess special properties
such as (a) cost-effectiveness, (b) permeability, (c) superior directional strength,
(d) low basis weight, (e) high porosity, (f) flexibility, (g) layer thinness, and
(h) high surface area per unit mass [110]. The molecule-mediated technique
used for fabricating several nanocomposite films with desirable thicknesses
is self-assembly [111]. Nanoparticles are connected by weak van der Waals
hydrogen bond and electric/magnetic dipole interactions, rather than strong
chemical bonds [112]. Production of nanofibrous matrices from polymer solu-
tions requires thermally induced gelation, solvent exchange, and freeze-drying
called phase separation [113].

4. Direct mixing of nanofillers and polymer: In nanocomposite fabrication,
direct mixing of nanofillers and polymer transpire as a top-down approach.
It is based on the breaking of cluster nanofillers during mixing. This method
is most suitable for fabricating polymer nanocomposites as it necessitates two
common ways of blending the polymer and nanofillers.

a. Melt compounding/blending: In this method, polymer and nanofillers
combine in the absence of solvents above the polymer’s glass transition
temperature. In melt compounding/blending shear stress or hydrodynamic
force instigate viscous drag to melt polymer and breakdown the aggregates
of nanofiller using shear stress, which boosts homogeneous and uniform
distribution of nanofiller in the polymer (Fig. 11).

b. Solvent method: In the solvent method, nanoparticles are distributed in
solution employing solvent andpolymer is dissolved in co-solvent (Fig. 12).
Solvent evaporation or solvent coagulation is used to retrieve resulting
nanocomposites from solvent methods. The shear stresses induced in the
polymer during the solvent method are lower than melt compounding. The
sonication method is employed to pre-disperse nanofillers in the solvent

Fig. 11 Schematic of the steps involved in melt-blending [16–24]
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Fig. 12 Schematic representations of stages involved in solution-blending [16–24]

and breakdown aggregates of nanofiller. This method is also known as
solution mixing.

5. Latex technology: It is a new technique to incorporate CNTs into polymer
[114, 115]. In this method, distinct polymer particle colloidal dispersion occurs
in an aqueous medium. It is used in polymers produced by emulsion polymer-
ization or brought into the emulsion to disperse CNTs. It is an easy process as
it comprises two simple aqueous components, flexible, reproducible, depend-
able, and permits integration of individual CNTs into a highly viscous polymer
matrix. Theprocedure is safe, environmentally friendly, and economical aswater
is used as a solvent for CNT dispersion.

6. Ex-situ synthesis: It is also termed a blending or direct compounding technique
in which nanofillers are synthesized by the external synthesis process and then
added or combined to a monomer or resin. This is also used to fabricate polymer
nanocomposites when mass production is desired. The process is economical
and has operational convenience. At first, nanofillers and polymer are indi-
vidually produced and compounded by solution melt blending, emulsion, or
mechanical forces [116, 117]. The nanoparticles show a significant tendency to
form large clusters during blending.

7. Other methods: To obtain nanocomposites with high CNT content, the latest
processes developed are (a) pulverization, (b) spinning of coagulant, (c) layer-
by-layer deposition, and (d) densification. Table 2 provides a summary of
the technique, benefits, and CNTs used in these methods. It should be noted
that many researchers have conducted tests to devise the latest processing
methods that can develop nanocomposites with unique structure and properties
for specific applications.
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Table 2 New techniques for manufacturing of CNT-polymer nanocomposites

No CNT Fabrication technique Benefits Method

1 As received CNTs Polymer and CNTs are
mixed and pulverized
by pan mill or
twin-screw

Possible grafting of
polymers on CNTs,
easy scale-up, and
solventless process

Pulverization
[118, 119]

2 Pre-distribution of
CNTs using
surfactant solution

Coagulation of CNT
into mesh by wet
spinning into polymer
solution and
transforming the mesh
into the solid fibre by
slow draw procedure

Used to fabricate
CNT-polymer fibre

The spinning of
coagulant [120]

3 Pre-distribution of
CNTs in solvent

Dipping of a solid
substrate of CNTs into
polymer solutions by
the following curing

Structural flaw arises
from the phase
segregation of polymer

Layer by layer
deposition [121]

4 As grown CNTs
forest

CNT forest is
produced and shifted
to a pool of uncured
epoxy. The matrix is
infused into CNT
forest and then cured

CNT vol.% can be
controlled by varying
the densification of
CNT forest and
aligning CNTs in
nanocomposites

Densification
[122]

If the polymer nanocomposites are prepared by using any one of the above tech-
niques then they have to go for final processing by employing conventional manufac-
turing methods like (a) injection moulding, (b) calendaring, (c) casting, (d) compres-
sion moulding, (e) blow moulding, (f) rotational moulding, (g) extrusion moulding,
and (h) thermoforming.

5 Applications of Nanocomposites

With nanotechnology, polymer nanocomposites came into limelight as it possesses
many advanced features and improved properties. Nanomaterials have extensive
applications in various sectors, as discussed below [123, 124]:

1. Aerospace: The primary concerns for the aerospace structure are weight,
strength and stiffness, performance, thermal stability, retardancy, and dura-
bility [125]. Nanocomposites have exceptional structural properties, including
favourable coefficient of thermal expansion. These properties are critical in
aerospace research focusing on telescopes and antennas [126].
Weight reduction: Reduced vehicle weight can increase payload capacity and
reduce fuel consumption and emissions. In aircraft and spacecraft industries,
the current trend is to maximize the use of lightweight composites. Boeing 787
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is made up of a large volume of composites (50%) in comparison to Boeing 777
in which only 7% is used. A nano porous polymers density is 1/5th of a fully
dense polymer, i.e., 0.2 g cm-3. Enhancement in mechanical properties like
strengthening nanopore walls is achieved by adding nanofillers (CNTs, nano
clay, and graphene). Composite weight can be reduced by using CNT fibres that
possess higher tensile properties [127].
Strength and stiffness: Organic polymer-nanocomposites possess remarkably
higher modulus and strength. The fracture toughness of composites is increased
from3.4 to 4.2MPa/m2, i.e., 24%with the incorporation of 10 vol%MWCNT in
alumina composites [128]. The addition of 1% nanotubes increases the elastic
stiffness of CNT-polystyrene composites by 36–42% and tensile strength by
25% [129].
Thermal stability and fire retardancy: It is considered an essential property
to meet market-driven performance and cost requirements. It plays a vital
role in many applications, such as aircraft, military applications, and many
sensing systems. Experimental results showed enhancement in the flame retar-
dant, thermal, and mechanical properties of the polymer nanocomposite and
confirmed their use in aerospace applications [130, 131].

2. Automobile: Polymer–clay nanocomposites are first used to fabricate car parts
as they possess high stiffness and thermal stability. The first industry used
nanocomposites in the automobile was General Motors. The use of nanocom-
posites resulted in the reduction of component weight by approximately 1 kg
[132]. Toyota Central R&D Laboratory performs extensive research in 1986 to
determine the properties of nylon-6-clay nanocomposites used as timing belt
covers in automobile [133, 134]. In recent times, nanocomposites are the most
commonly used material for manufacturing of car parts like side moulding,
doors, seatbacks, console, cargo bed bridge, panels, trim, handles, rear view
mirror, components of the gas tank, engine cover, bumper, etc. as it produces
stiffer, lighter, less brittle at cold temperature, and more scratch-resistant parts.
The weight of any part fabricated using 5 wt% clay can be reduced by 25%
compared to glass fibre reinforced nylon. The addition of nano clays also results
in increased thermal distortion temperature from 65–152 °C. In the late 1990s,
CNTs were found in most automobiles’ fuel system where they are typically
blended with nylon to prevent static charge build-up. The whole automotive
world is currently using polymer nano clay-composites as a potential substitute
because of low emission, low cost, and high performance. The use of nanoma-
terials in automobile tires is one of its earliest applications. Future applications
of nanocomposites to the automotive industry include (a) sensors and switches,
(b) fuel cells, (c) batteries, (d) hydrogen storage, (e) fire-retardant interiors, (f)
LED lighting, and (g) miniaturized systems based on NEMS.

3. Nanostructured membranes: Membranes possesses internal nanostructures
that are termed as nanostructured membranes [135]. In recent years, the
advancement of nanostructured membranes in the different field covers:
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Nanostructured membranes for reverse osmosis: CNTs and graphene oxide
are considered the most favourable nanomaterials for reverse osmosis applica-
tion. These materials can be synthesized to have non-tortuous pores in a few
nanometres to transport water molecules in the desalination process [136–139].
Nanostructured membranes for ultrafiltration: Ultrafiltration is basically for
water treatment based on themembrane separation process. The phase inversion
method is used to fabricate ultrafiltration membranes whose pores are generally
in the nanoscale range (1–100 nm) [140].
Nanostructured membranes for gas separations: Nanomaterials like silica
(SiO2) and CNTs are incorporated into the polymer to prepare nanostructured
membranes for gas separation. The selection of nanomaterial and polymer is
the subject of extensive research [141–146]. Silica can improve the thermal
and mechanical stabilities as well as gas separation property of membranes.
CNTs have excellentmechanical and thermal stabilities and potentiality tomini-
mize the compaction effect in high-pressure gas separation. The improvement
is attributed to the ability of MWNTs to improve the mechanical strength and
anti-compaction property of the mixed matrix membranes.

4. Water treatment processes: In water treatment, nanostructured polymer
composites are employed in diverse roles and capacities (like catalyst, adsor-
bents, andmembranefilters) and asmonitoring purposes and detectingmicrobial
agents. Nanomaterials and polymers used in composites play a crucial role in
determining its utilization for the treatment process. Methods of preparation
and synthesis polymer nanocomposites also influence the performance of the
application for water treatment [147].
Polymer nanocomposites as photocatalysts: Application of polymer nanocom-
posites as catalysts duringwastewater treatment has received enormous attention
among researchers. Polymer nanocomposites have great potential as catalysts
due to the unique characteristics such as superior influence on the rate of chem-
ical reactions, specific surface area, and inherent electronic properties. Studies
revealed that polymer nanocomposites could function as photocatalysts in chem-
ical reactions when light is absorbed, bringing excitation in higher energy levels
145. The suitability of polymer nanocomposites as efficient photocatalysts for
water treatment purposes is based on the quality of nanocomposites used and
their ability to irradiate light source [146].
Polymer nanocomposites as adsorbents: Themost straightforward and efficient
procedure of separating water and contaminants is adsorption [148, 149]. When
substances like liquid, solid, or chemical species gather and transform into a solid
surface is termed as adsorption [150].When transferring the adsorbate molecule
from solution to the available binding sites on the adsorbent, the procedure is
considered adsorption. According to various reports, numerous sorbents used
to remove contaminants are activated carbons sourced from different precursors
like clay [151]. It showed tremendous results in the water treatment process,
and its efficiency is based on its intrinsic properties [152]. To enhance the
wastewater remediation process’s efficiency, nanosorbents are used to elim-
inate contaminants that are difficult to remove during wastewater treatment.
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Studies in previous reports showed polymer nanocomposites efficiency as adsor-
bents to remove contaminants such as heavymetals, pesticides, pharmaceuticals,
perfluoroalkyl acids, etc. [153].
Polymer nanocomposites as filtration membranes: Designing and fabricating
efficient filtration membranes are purposely done to exclude specific predeter-
mined molecules or species like oils [154], dyes [155], solutes/salts [156], and
heavy metals [157, 158]. Polymer nanocomposites were also employed to elim-
inate antimicrobial [159], flocculation/dewatering of sludge [160], removal of
chlorinated byproducts [161], and natural organic matter [162]. To eliminate
all these various sorbents, promising remediation capabilities are synthesized
and utilized. Filtration membrane is widely used for water treatment due to its
adaptable nature. It also has few inherent qualities like high sorption capacity,
environmentally friendly, and cost-effective for wastewater treatment [163].
Meanwhile, the physical separation of large particles of pollutants is a distinctive
characteristic of filtration membranes [164].
Polymer nanocomposites as monitoring and detection devices: Polymer
nanocomposites are also used as monitoring and detecting devices based on
pH sensitivity, affinities for both organic and inorganic ions, and responses to
microorganisms [165]. Polymer nanocomposites can sense and detect, which is
derivedby intrinsic properties of nanomaterials andpolymer. Polymer nanocom-
posites are utilized for the detection of contaminants such as (a) heavymetals, (b)
trace organic and inorganic contaminants, (c) persistent organic pollutants, and
(d) pathogens in aqueous solution [166]. Additionally, some polymer nanocom-
posites are used for monitoring (a) pH [167], (b) dissolved oxygen [168], and
(c) chemical oxygen demand [169] of water systems.
Polymer nanocomposites as antimicrobial agents: Eliminating microbial
contaminants Escherichia coli, Staphylococcusaureus, etc., from water is one
of the most challenging tasks during water treatment operations. In several
studies, nanomaterials are used for their anti-microbial properties [170]. In
recent years, the field of disinfection has received enormous attention due to the
challenges associated with other disinfection methods. Apart from the nano-
materials, specific polymeric matrices contribute to the antimicrobial activity
of polymer nanocomposites [171]. This procedure is expected to receive more
attention in future as it is a viable alternative in the water treatment process.
There is a need to investigate this technique more to eliminate the challenges
encountered during the application.

5. Biomedical: Polymer nanocomposites are extensively used to heal lost and
damaged organs or tissues [172]. Tissue engineering and the drug delivery
system are among the most important fields using polymer nanocomposites
[173]. A report suggests that polymer–clay nanocomposites are quite effi-
cient for delivering antimicrobial drugs [174]. The films composed of semi-
synthetic cellulose derivative (carmellose-sodium) and chlorhexidine diacetate
like mucoadhesive for oral infectious treatment. Polymer nanocomposites offer
promising mucoadhesive, mechanical, and chemical properties [175]. Three
different fields of medicine are prevention, diagnosis, and therapy. Nanoscale
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liposomes or micelles are used through a topical vaccine delivery system in
the case of prevention as it provides an effective and easy way to generate cell-
mediated immune response [176]. To detect or diagnose biomolecular signals at
a very low concentration and detect diseases at an early stage, nanocantilevers,
nanotubes, and nanowires are used to increase the sensitivity of detection devices
[177]. The introduction of nanotechnology has benefited molecular imaging,
computed tomography, andmagnetic resonance imaging technology. Nanotech-
nology provides 3D images of tissues and organs with more information and
higher resolution [178]. Nanocomposites can replace Lead-based products to
provide light-weight and flexible radiation shields for diagnostic radiology and
nuclear medicine. The utilization of nanoparticles as a drug carrier crosses the
blood–brain barrier. Nanoparticles in the field of therapy can be used to destroy
cancer cells. Scaffolds based on tissue growth can be produced using soft tissue
engineering materials like (a) nanofibers, (b) nanotubes, and (c) peptide-based
self-assembled nanostructure. Nanostructured materials, nanocomposites, and
nano-coatings are extensively used for scaffolds and implants for bone and carti-
lage replacement in orthopaedics and dentistry. Nanocomposites also benefit
vascular stents by providing nanoscale biocompatible or drug-eluting coatings.
Nanotechnologies alreadymade its impact in thefield of pacemakers andhearing
aids implantable devices. It is further developed and equipped with a smaller
size and increased power provided by nanoscale electronics. Silver nanocrystals
type of antibacterial nanoparticles has already been used in protective clothing,
medical textiles, and wound dressings. Nano-enabled products in the health
care field commercially available are surgical blades with nanoscale diamond
coatings, medical tools, surgical threads with gold nano-coatings, and suture
needles composed of stainless steel nanoparticles.

6. Chemicals: Chemical sector is one of the many fields which are benefited from
nanotechnologies. Replacement of micro-fillers by nanoparticles as fillers in
paints and other coatings, improves their swelling, scratch, radiation, abrasion,
heat, and environmental ageing resistance [179]. Reduction in the formation of
cracks and voids can be achieved by incorporating nanoparticles in the solution
during the evaporation phase of the traditional sol–gel coating. Nanofillers can
lead to antibacterial, antistatic, flame retardant, and transparent UV protective
coatings. Improved performance of polymer composites can be achieved by
using nanofillers [180]. Nanofillers, when added to polymer matrices, provide
unique performance such as resistance to heat distortion. The addition of nano
clay allows the improvement in heat distortion temperature,which is not possible
in any other method. Nanoparticles found suitable for these applications should
comprise of carbon allotropes and polymers.

7. Construction: Recently, polymer nanocomposite is introduced to structures
to improve existing construction materials [181]. Nanomaterials are found in
almost every house or building, specifically in three types of products like
concrete, coatings and paints, and insulation. The addition of PVA and mont-
morillonite in polymer nanocomposite when added to concrete is responsible
for increasing cement composites’ properties without affecting the compression
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strength [182]. A new approach is used to incorporate nanoparticle adhesives for
building and civil engineering applications for retrofitting structures. An inves-
tigation is focussed on the properties of nano clay modified epoxy adhesive to
strengthen concrete members with CFRP [183]. Identical research is carried
on the preparation of PU-clay nanocomposite [184]. Another important issue in
construction is the coating of concretewallswith polymer paint prone toweather
damage. Polymer nanocomposites proved to be better than neat polymers for
this purpose as it can cover the pores and crevices present on the concrete and
other surfaces. It helps in resisting pollution and environmental attacks such as
chloride ions and water seepage. The application of polymer nanocomposites
to concrete surface demonstrated improvement in moisture penetration resis-
tance [185]. Nanoporous structures like aerogels can be made out of silica or
carbon to provide 2 to 8 times more efficient thermal and acoustical insulation
than traditional insulation materials. The addition of nano clay to polymers in
building materials provides flame resistance. It is also considered to be used as
spraying or painting nanosensors to monitor stress and the temperature or air
quality on the surface of building or structure.

8. Electronics: The three main areas of concern in electronics applications
are displays, memory, and integrated circuits [186]. Nanowires, CNTs, and
graphene are used for displaying like (a) organic light-emitting diodes, (b)
organic light-emitting transistors, (c) electrophoretic paper, and (d) field emis-
sion display. Recent research is focussed on producing devices that are easier
to manufacture, consume less energy, thinner and lighter, and can be flexed
without being damaged. The memory chips are designed to increase memory
and reduce power consumption. Recent advancements include the formation of
p-n junctions with the help of graphene, integrated circuits fabrication by CNTs,
and nanowires to create transistors without p-n junctions.

6 Review Questions

(1) What is a carbon nanotube? Explain why they are not as prevalent as other
forms of carbon.

(2) What is nanocomposite? Classify polymer-based nanocomposite.
(3) What is the difference between top-down and bottom-upmethods for creating

nanostructures?
(4) Describe the defects formed on the external layer of MWCNT structures and

elucidate the importance of interlayer distance in overcoming above stated
defects.

(5) List out the factors which make nanocellulose as the most demanding and
suitable material to fabricate composite material.

(6) Which method is suitable for the fabrication of polymer nanocomposites out
of melt compounding and solvent method? Justify the answer with practical
reasons.
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(7) Explicate some new techniques used for the manufacturing of CNT-polymer
nanocomposites.

(8) State the purposes of adding nanomaterials in the fabrication of composite
for the use of automobile and aerospace.

(9) Elucidate the use of nanocomposite in the various fields of the biomedical.
(10) Explain the role of interphase bonding between polymer and clay nanoparti-

cles and its types in detail.
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