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1

1

Origin of Polymer Materials

1.1 History of Polymers

A polymer is an organic compound, natural or synthetic, with a high molecular

weight made up of repetitive structural units. Large-size chains are formed from

the covalent union of various monomer units [1]. A single-polymer molecule may

consist of hundreds to a million monomers and may have a linear, branched, or

network structure. Polymeric solid can be thought of as a material that contains

many chemically bonded parts or units which themselves are bonded together to

form a solid. The word polymer means “many parts.” Two industrially important

polymericmaterials are plastics and elastomers. Plastics are a large and varied group

of synthetic materials that are processed by forming or molding into a shape. There

are many types of plastics, such as polyethylene (PE) and nylon [2]. Elastomers

or rubbers can be elastically deformed a large amount when a force is applied to

them and can return to their original shape when the force is released. Polymers

have many properties that make them attractive to use in certain conditions. Many

polymers (i) are less dense than metals or ceramics, (ii) resist atmospheric and

other forms of corrosion, (iii) offer good compatibility with human tissue, and

(iv) will exhibit excellent resistance to the conduction of electrical current [3].

Covalent bonds hold the atoms in the polymer molecules together and secondary

bonds then hold groups of polymer chains together to form the polymeric mate-

rial [4]. Copolymers are polymers composed of two or more different types of

monomers.

Many examples of synthetic polymers have been mentioned; polyesters or nylons

are used more than others like the one which is used for medical applications for

organs, degradable sutures, etc. [5]. Based on economic and application considera-

tions, plastic materials can be divided into a commodity and engineering plastics.

In the first group, PE, polypropylene (PP), and polyvinyl chloride (PVC) are consid-

ered, and in the second, polycarbonate (PC), polyether ether ketone (PEEK), poly-

imide (PI), etc., are considered. Fibers, natural, artificial (modified natural), and

synthetic are characterized by high aspect ratio, high strength and modulus, and

other properties depending on their applications. Elastomers exhibit the ability to

stretch and retract rapidly [6]. The commercial development of this poly-fiber (PF)

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.



2 1 Origin of Polymer Materials

Interchain combination dominated

Interchain cyclization dominated

Star polymers

Linear polymers

Sequence-controlled polymers

• Multiple arm chains radiating

  from a central core

• Multivinyls are used to connect

  arm chain ends to the core

Network/gels1935

1941

1945

1949

1999

2000

2007

2011

2013

2019

Cyclopolymers

• The notion of a 3D network

  molecule was proposed by

  Staudinger and Husemann

• Linear polymers with

  repeated in-chain

  loops by Butler et al.

• Achieved by radical copolymeri-

  zation of divinylbenzene with

  styrene

Branched polymers
• Dendritic polymers with linear

  chains branched out by multivinyl

  units
• Achieved by delaying the

  macroscopic gelation via the

  “Strathclyde route” etc.

Single-chain-cyclized polymers

• Single-chain polymers with

  multiple cyclic units and

  self-knotted structures

• Achieved via homopolymerization

  of multivinyls, with

  intracyclization being favoured

  over intercrosslinking

Well-defined network

• Pseudo-crystallized network with

  well-aligned/well-positioned

  linear chains and crosslinkers

• Achieved by host-guest

  copolymerization of divinyls/

  monovinyls in porous coordina-

  tion polymers

• Achieved by

  alternating monomer

  addition and

  intracyclization

• Linear polymers with specific

  sequence: ABAB or ABAABA

• Achieved by cyclopolymerization of

  multivinyls with subsequent degradation

Homopolymerized,

hyperbranched polymers

• Dendritic polymers with every

  repeat unit as a potential

  branching unit
• Achieved by kinetically

  controlled homopolymerization

  of multivinyls

Intrachain-linkage (loop) counting

• The first direct, precise, and model-free intrachain

  -loop-quantification technique in a side-chain-

  crosslinked network

• Achieved by network disassembly spectrometry

• Linear polymers with pendant vinyl

  groups

• Achieved by eliminating the

  consumption of pendant vinyls via

  use of asymmetric divinyls or

  metal–organic frameworks

Flory-Stockmayer theory

The first theoretical framework for

network formation from multivinyl/

vinyl copolymerization

Figure 1.1 Timeline of architecturally complex polymers. Source: Gao et al. [8]/Springer
Nature.
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1831

Vinyl chloride by Leibeg & Regnault

Styrene by distillation by storax balsam

Organo-silicon compounds by Dumas

Polycarbonates by Einhorn

Peroxy benzoic acid by storax balsam

Flexible film casting by PVC & plasticizer by Ostramislenski

Monomers has copolymers with elastomers

Polysulfide known as Thiokol an oil-resistant rubber

Vulcanizable polyisobutylene by Sparks & Thomas

Acrylonitrile, butadiene, and styrene was introduced

Ethylene-propylene copolymers based on Ziegler–Natta

catalyst

Vinyl ester resins were developed

Fluoropolymers

Controlled radical polymerization by Otsu

1st light-emitting polymer (polyethyne)

Colored lightweight polycarbonate panels

Nobel Prize for intrinsic conducting polymers,

polyurethane materials used in NASA

Bullet--proof polymer, plastic blood, plastic solar cells,

implantable polymers, 3D printers, high-temperature

Amino resins urea & melamine by Tollens

1st synthetic thermoset polymer

(phenol formaldehyde) by Baekeland

Poly(vinyl alcohol),

unsaturated polyesters by Ellis

Saturated polyesters by Carothers

1835

1840

1884

1898

1907

1909

1924

1926

1929

1930

1933

1934

1935

1937

1938

1940

1953

1955

1956

1960

1964

1973

1976

1982

1987

1989

1990

1994

1998

2005

2008

2010

Ethylene polymerization by Gibson

Nylon 66 as fiber-forming polymer

Poly (ε–caprolactam), polyamide by Schlack

Polyamide (PI) resins

Polyacetals were synthesized

Ionomers prepared by copolymerization

Catalyst–metallocene complex

Polyacetlyene

1st commercial biodegradable plastic Biopol

Commercial usage of polyurethane

Carbon-fibers-reinforced plastics for Airbus

Boeing 787 skin made with 100% plastic composites

Figure 1.2 History of growth of polymer materials.
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Classification

According to origin

Natural, synthetic ... According to structure

Semicrystalline and amorphous

According to chemical composition

Acrylics, vinyls ...

According to applications

Elastomers, plastics, fibers, adhesives...

According to their behavior with temperature

Thermoplastic, thermosetting...

According to

polymerization

mechanism

Addition, condensation

...

Figure 1.3 Classification of polymers.

material is considered to be the beginning of the truly synthetic plastic era and the

plastic industry, although cellulose nitrate (semisynthetic) had been known and in

use for some time [7] (Figures 1.1–1.3).

1.1.1 Examples of Polymers

Polyethylene PE: most
popular plastic

H H

C C

H H n

Polypropylene PP: used as
plastic and as fiber

CH

CH3

CH2

n

Polystyrene PS: economic
and resistant.StyrofoamTM:
foam of PS

C

H

C

H

H

n

Polyvinylidene �uoride
PVDF: high electric and fire
resistance

H F

C C

H F n
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Polymethyl methacrylate
PMMA: transparent plastic
substitute for crystal

CH3

CH3

C

C

O
O

CH2

n

Nylon (polyamides): used as
fibers

NH NH C

O

C

n

O

CH2

6

1.2 Types of Polymers

1.2.1 Based on Applications

Synthetic polymers can be classified into different types of materials:

Elastomers:Materials with very low modulus of elasticity and high extensibility.

Plastics: Polymers in which, when a sufficiently intense force is applied, they irre-

versibly deform.

Fibers: Present a high modulus of elasticity and low extensibility.

Coatings: Substances, normally liquid, that adheres to the surface of othermaterials.

Adhesives: Substances that combine a high adhesion and a high cohesion.

Polymer plasticscan be divided into two classes, thermoplastics and thermoset-

ting plastics, depending on how they are structurally and chemically bonded.

Thermoplastic polymers comprise the four most important commodity materials,

such as PE, PP, polystyrene, and PVC. The term “thermoplastic” indicates that

these materials melt on heating and may be processed by a variety of molding

and extrusion techniques. Alternately, “thermosetting” polymers cannot be melted

or remitted. Thermosetting polymers include alkyds, amino and phenolic resins,

epoxies, polyurethanes, and unsaturated polyesters (Figure 1.4).

Elastomers Fibers Plastics

Figure 1.4 Types of synthetic polymers. Source: Stratasys Ltd., U.S. Department of
Agriculture (USDA)/Wikimedia commons/Public Domain, Gigira/Shutterstock.
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1.2.2 Classification Based on Temperature Effect

1.2.2.1 Thermosetting Polymers

Most polymers can be broadly classified as either thermoplastics or thermosets.

The fundamental physical difference between these two is the bonding between

molecular chains – thermoplastics have only secondary bonds between chains,

while thermosets also have primary bonds between chains. The names are not

only associated with the chemical structure of each but their general thermal and

processing characteristics as well, since this basic structural difference greatly

impacts material properties. Thermosetting polymers chemically decompose when

heated, instead of �owing which is due to a crosslinked structure. Thermoplastic

polymers can be melted or molded, while thermosetting polymers cannot be melted

or molded in the general sense of the term. Thermoplastic and thermosetting poly-

mers are sometimes identified by other names such as “linear” and “crosslinked,”

respectively. It should be noted that the term linear here applies to molecular

structure and not to mechanical characteristics. The polymer can be a hard and

stiff glass-like solid, a soft and �exible elastomeric rubber, or a viscous liquid

depending only on working temperature as compared to two reference tempera-

tures identified as the glasstransition temperature (Tg) and the melt temperature

(Tm). All thermoplastic materials may exist in one of these three phases upon

changes in the working temperature, while thermosetting polymers generally

exist only in the first two phases [9]. The Tg and Tm for different polymers range

from well below to well above ambient, and therefore a particular polymer may be

glassy, elastomeric, or liquid at room temperature depending only on its chemical

composition.

1.2.2.2 Thermoplastic Polymers

Thermoplastic polymers may be either amorphous or crystalline. Crystallinity is

important to point out the degree of crystallinity by standards for crystalline metals,

ceramics, and other materials [10]. That is, polymers are rarely over 50% crystalline.

Crystalline polymers are often more dense than amorphous polymers due to the

closer packing of their long-chainmolecules and, in general, the following properties

are enhanced: hardness, friction and wear, less creep or time-dependent behavior,

corrosion resistance, and/or resistance to environmental stress cracking.

1.3 Properties of Polymers

A polymer is an organic material and the backbone of every organic material is a

chain of carbon atoms. The carbon atom has four electrons in the outer shell. Each

of these valence electrons can form a covalent bond to another carbon atom or a

foreign atom. The key to the polymer structure is that two-carbon atom scan has

up to three common bonds and still bond with other atoms. The elements found

most frequently in polymers and their valence numbers are H, F, Cl, Br, and I with
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one-valence electron, O and Swith two-valence electrons, Nwith three-valence elec-

trons, and C and Si with four-valence electrons [11].

The ability for molecules to form long chains is vital to producing polymers.

Consider the material polyethylene, which is made from ethane gas, C2H6. Ethane

gas has two carbon atoms in the chain, and each of the two carbon atoms shares two

valence electrons with the other. If two molecules of ethane are brought together,

one of the carbon bonds in each molecule can be broken and the two molecules can

be joined with carbon to carbon bond. After the two mersare joined, there are still

two free valence electrons at each end of the chain for joining other mers or polymer

chains [12]. The process can continue linking more mers and polymers together

until it is stopped by the addition of another chemical that fills the available bond

at each end of the molecule. This is called a linear polymer and is a building block

for thermoplastic polymers.

1.3.1 Molecular Weight

Macromolecular molecular weight:

Mn = MoXn

where

Mn = number-average molecular weight

Mo =monomer molecular weight

Xn = degree of polymerization (average number of monomer units in a chain).

Mean molecular weight–definition of the various molecular weights

Mn =
∑

Mixi

Mw =
∑

Miwi

where

Mn = number-average molecular weight

Mw = weight-average molecular weight

Mi =mean molecular weight in size range i

xi = fraction in number of molecules in range i

wi = fraction in weight of molecules in range i.

1.3.2 Structural Aspects

The polymer chain is often shown in two dimensions, but it should be noted that it

has a three-dimensional structure. Each bond is at 109∘ to the next and, therefore,

the carbon backbone extends through space like a twisted chain of Tinker Toys.

When stress is applied, these chains stretch and the elongation of polymers can

be thousands of times greater than it is in crystalline structures. The length of the

polymer chain is very important. As the number of carbon atoms in the chain is

increased to beyond several hundred, the material will pass through the liquid state

and become a waxy solid. When the number of carbon atoms in the chain is over
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a thousand, the solid material PE, with its characteristics of strength, �exibility,

and toughness, is obtained. The state change occurs because as the length of the

molecules increases, the total binding forces between molecules also increase.

It should also be noted that the molecules are not generally straight but are a

tangled mass. Thermoplastic materials, such as PE, can be pictured as a mass of

intertwined worms randomly thrown into a pail. The binding forces are the result

of van der Waals forces between molecules and mechanical entanglement between

the chains. When thermoplastics are heated, there is more molecular movement

and the bonds between molecules can be easily broken. This is why thermoplastic

materials can be remelted. There is another group of polymers in which a sin-

gle large network instead of many molecules is formed during polymerization.

Since polymerization is initially accomplished by heating the raw materials and

bringing them together, this group is called thermosetting polymers or plastics.

For this type of network structure to form, the mers must have more than two

places for bonding to occur; otherwise, only a linear structure is possible. These

chains form jointed structures and rings and may fold back and forth to take on a

partially crystalline structure. Since these materials essentially comprise one giant

molecule, there is no movement between molecules once the mass has been set.

Thermosetting polymers are more rigid and generally have higher strength than

thermoplastic polymers. Also, since there is no opportunity for motion between

molecules in a thermosetting polymer, they will not become plastic when heated

(Figure 1.5).

The physical properties of a polymer depend not only on the type of monomers

thatmake up the polymer but also on the stereochemical arrangements of the atoms.

In a linear asymmetric polymer chain, the pendant groups can either be arranged

into orderly configurations or they can be completely random. The steric order is

called tacticity. If all chiral centers have the same configuration, the arrangement

of the side groups is called isotactic, and if every other chiral center has the same

Linear Branched Crosslinked

Figure 1.5 Representation
of different molecular
structures of the polymer.

Table 1.1 Melting and glass transition temperatures for some of the more common
polymeric materials.

Polymer Tg (atactic) Tg (isotactic) Tg (syndiotactic)

Poly(methyl acrylate) 281 272 299

Poly(ethyl acrylate) 249 253 263

Poly(methyl methacrylate) 378 319 433

Poly(n-butyl methacrylate) 293 249 361

Poly(isopropyl acrylate) 267 264 285

Poly(methyl α-chloroacrylate) 416 353 452

Poly(isopropyl α-chloroacrylate) 363 321 392
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PP isostatic:

isotactic polypropylene has excellent

mechanical properties

PP atactic: atactic polypropylene is

a wax-type material, with very bad

mechanical properties

Isotactic Atactic Syndiotactic

PP syndiotactic

Figure 1.6 Different types of arrangements in polymeric chains.

arrangement, it is called syndiotactic, whereas a random arrangement of the side

groups is called atactic or heterotactic (Table 1.1 and Figure 1.6).

An example of tacticity is PP.

1.3.3 Copolymers in Sequence

A copolymer is a polymer that is made up of two or more monomer species. Many

commercially important polymers are copolymers, e.g. polyethylene-vinyl acetate

(PEVA), nitrile rubber, and acrylonitrile butadiene styrene (ABS). The process in

which a copolymer is formed frommultiple species ofmonomers is knownas copoly-

merization [13]. It is often used to improve or modify certain properties of plastics

(Figure 1.7).

H H

C C

H H

Polyethylene
Polyvinyl acetate

Copolymer with random units Copolymer with alternating units

Copolymer with block units

Graft copolymers

Ethylene vinyl acetate

(EVA) coplymer

H H

C C

H HC C

H+ O

O C

H3C

H H

C C

H O

O C

H3C

H Hn

m

mn

Figure 1.7 Types of copolymer sequences.
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1.3.4 Crystallinity of Polymers

1.3.4.1 Solid-State Crystallinity

Crystallinity defines the degree of long-range order in amaterial and strongly affects

its properties. The more crystalline the polymer, the more regularly aligned its

chains. Increasing the degree of crystallinity increases hardness and density which

is illustrated in poly(ethene). High-density polyethylene (HDPE) is composed of

linear chains with little branching. Molecules pack closely together, leading to a

high degree of order. This makes it stiff and dense, and it is used for milk bottles

and drainpipes. The numerous short branches in low-density polyethylene (LDPE)

interfere with the close packing of molecules, so they cannot form an ordered

structure. The lower density and stiffness make it suitable for use in films such

as plastic carrier bags and food wrapping. Often, polymers are semicrystalline,

existing somewhere on a scale between amorphous and crystalline [14]. This

usually consists of small crystalline regions (crystallites) surrounded by regions of

an amorphous polymer.

1.3.4.2 Factors Favoring Crystallinity

In general, factors causing polymers to be more ordered and regular tend to lead to

a higher degree of crystallinity:

a. Fewer short branches: allowing molecules to pack closely together

b. Higher degree of stereoregularity: syndiotactic and isotactic polymers are more

ordered than atactic polymers

c. More regular copolymer configuration: having the same effect as stereoregularity

[15].

1.3.5 Morphology of the Polymeric Crystals

Morphology refers here to the size and shape of crystals and crystal aggregates. For

example, PE is the model semicrystalline polymer. The polymerization methods

available during the decades have made it possible to make PE of different crys-

tallinity and morphologies. The high-pressure process first developed in the 1930s

yielded branched PE with ∼50% crystallinity. Low-pressure processes, developed in

the 1950s utilizing metal–organic chemistry, yielded linear PE (∼75% crystallinity).

Low- and medium-density PE was made by the low-pressure technique replacing

part of the ethylene with higher 1-alkenes. The metallocene technology was put

into commercial use in the 1990s, and it provides PE with a narrow molar mass

distribution and a uniform distribution of comonomer units [16]. The recent

availability of monodisperse n-alkanes with several hundred carbon atoms using a

preparation method has provided new insight into several important aspects of PE

morphology. PE is used in large quantities and for many different applications. The

properties of PE are controlled by morphology (Figures 1.8 and 1.9).
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Figure 1.8 Polymeric monocrystals.

Disordered
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Ordered

crystalline

region

Figure 1.9 Polymer crystalline
spherulite. Crystal nucleus

Lamellar fibrils

Tie moleculesAmorphous

region

1.3.5.1 Solid-State Thermal Transitions

Crystalline solid–solid transitions are often observed in single-component systems.

By changing temperature (or pressure), a crystalline solid can be transformed into

another crystalline solid without entering an isotropic liquid phase. These transi-

tions result inmaterial polymorphs. Inmost cases, crystalline solid–solid transitions

are first-order transitions that undergo discontinuous changes in volume, enthalpy,

and entropy due to crystal packing changes. The magnitude of these changes is

usually small compared to the changes occurring from crystalline solid–liquid tran-

sitions. Although this transition requires symmetry breaking in structure to qualify

as a first-order transition, the positional changes of the molecules to transform from

one structure to the next must occur cooperatively, and the displacements cannot be

too large [17] (Figures 1.10–1.12).

1.3.6 Mechanical Behavior

Polymers exhibit a wide range of stress–strain behaviors as shown in Figure 1.13.

The brittle polymer elastically deforms and fractures before deforming plastically.

The 100% amorphous curve is a plastic polymer and is similar to curves for many

metals. Its behavior begins in the linear elastic deformation region. As the curve

transitions from the elastic to plastic deformation typically there is peak stress.

For polymer materials, this peak stress is identified as yield stress. As the material is



12 1 Origin of Polymer Materials

A= liquid; B= liquid of high viscosity

C= undercooled liquid (rubbery)

D= glassy solid; 

E= solid crystalline regions in matrix of super-

cooled liquid

F= solid crystalline regions in glassy matrix

Tg= glass transition temperature

Tm= melting temperature

ABCD = noncrystalline thermoplastics cool 

throughout the line

ABEF = partially crystalline thermoplastics cool

throughout the line
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Figure 1.10 Cooling curves for thermoplastic polymers. Source: Rosler et al. [18], John
Wiley and Sons, Inc.

Tm: melting temperature → crystalline regions

Tg: glass transition temperature → amorphous

regions

Glass transition → changes in the specific heat and the

dilatation coefficient
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Figure 1.11 Specific volume vs. temperature upon cooling from the liquid melt for
polymers with a different structure. Source: Rosler et al. [18], John Wiley and Sons, Inc.
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Figure 1.12 Influence of molecular weight. Source: Reprinted with permission from Rosler
et al. [18].
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Figure 1.13 (a) Mechanical behaviors of thermoplastics: amorphous, crystalline, and 50/50
amorphous/crystalline, (b) effect of the crystallinity in the modulus of elasticity.

pulled further, fracture occurs. The stress value when the fracture occurs is defined

as the tensile strength for polymer materials. The tensile strength can be greater

than, equal to, or less than the yield strength. These materials exhibit rubber-like

elasticity and will return to their original shape and form unless they are extended

to the point of fracture [19].

1.3.7 Polymer Rheology and Processing

Measurements of the rheological properties offer a fast and reliable way to deter-

mine molecular weight distribution and long-chain branching, which in combina-

tionwith the processing conditions, have a decisive in�uence on the end use product

properties [18]. Shear viscosity, elongation viscosity, normal stress differences, stress

relaxation, and some other measures and rheological phenomena, of relevance to

polymer processing, are discussed in this section. The most widely used polymer

processing technologies are extrusion and injection molding.

Polymer processing consists of melting or dissolving a polymeric material, shap-

ing, and solidifying. The choice of whether a melt or solution technique is used

depends on (i) chemical stability and (ii) the ability to melt or dissolve [20]. For

example, PE is generally melt-processed, since it is stable in the melt but only sol-

uble with some difficulty. Polyacrylonitrile and its copolymers, in composition, are

soluble but infusible, so that they are always processed in solution.

1.3.7.1 Polymer Processing Techniques

The following polymer processing techniques are generally employed: (i) Mixing

(Polymer additives, Mixing mechanics, Mixing devices), (ii) Extrusion (Extrusion

process, Single-screw extruder, Single-screw extruder, Extrusion dies), (iii) Mold-

ing (Injection molding, Compression molding, Blow molding, Rotational molding),

(iv) Calendering (Process, Arrangements of rolls), and (v) Coating (Fluid-coating

process) [21].
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The term rheology was first coined by Professor Eugene Bingham of Lafayette

College, Indiana, in the 1920s, which originates from the Greek word “rheos”mean-

ing everything �ows upon time interval. Thus, rheologyis defined as the science of

studying the �ow and deformation of matter induced by applied shear forces. From

the scope of rheology, all forms of shear behaviors, including the �ow of ideal vis-

cous liquids and the deformation of classical elastic solids, can be described by their

response to external stresses [22]. These rheological characteristics are highly depen-

dent on the deformation process concerning time. Polymer rheology in the liquid

state aims at understanding the complex �ow behavior of these materials to model

and optimize processing operations. The complexity of the materials also couples

with that of the processing flow conditions. It suffices to recall that the most used

machinery is the extruder where polymers follow helicoidal trajectories before being

pumped into a dye and then shaped in many different ways. Rheological studies

reduce the �ow complexity to a set of basic simple �ows because complex �ows can

be considered as a combination of simpler ones.

The melt rheological properties of filled polymers are sensitive to the structure,

concentration, particle size, shape, and surface characteristics of the fillers; rheology

offers original means to assess the state of the dispersion in nanocomposites and to

investigate the in�uence of �ow conditions upon nanofiller dispersion itself [23].

A better understanding of the rheological properties of polymers is very important

for determining the preferred industrial-scale processing conditions, as well as for

achieving the desirable physical/mechanical properties in the finished products [24].

Rheometry is the measuring equipment used to assess these rheological proper-

ties [25]. This section gives a general idea of current measuring systems: (i) capil-

lary rheometer, (ii) couette (concentric cylinder) rheometer, and (iii) cone-and-plate

rheometer.

1.3.7.2 Rheology of Nanocomposites

Rheology is the deformation and material �ow study. It is dedicated to the study of

viscoelastic materials that include both liquid and solid properties. The rheological

behavior of the reinforced polymers depends onmanyparameters, such as the nature

of the fillers (size and shape), the concentration, and the interactions between the

fillers and between the polymer and the fillers. These parameters cause not only

an increase in viscosity but also particular phenomena such as the existence of a

�ow threshold, a thixotropic, shearing thinning, or shearing thickening behavior. In

the case of nanocomposites, all the rheological characteristics of the conventional

filled polymers are generally observed. However, because the size of the charges is

extremely small, the surface developed with the polymer matrix is therefore very

large [26]. To obtain a reproducible measurement, independent of a human factor

such as the altitude of the �ow cut, the gradient (of shear, stress, or strain) applied

to the �uid must be known. For this, appropriate equipment must be used.

To characterize the rheological properties, various devices allow the polymer vis-

cosity measurements. These devices are called kinematic viscometers or rheome-

ters [27]. For the viscosity measurement, the “two-plate” model is used. It defines

the space in which mechanical stress will be applied to the �uid. In this model, the
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soft material is trapped between two surfaces: one is fixed and the other is mobile,

and moves at a constant speed. A shearing motion is then applied to the material to

study its ability to �ow [28].

1.3.7.3 Theory and Modeling of Nanocomposites Rheology

There are several rheological mathematical models applied to rheograms to trans-

form them into information on �uid rheological behavior [29]. For non-Newtonian

�uids, the twomost applied models are the Herschel–Bulkley model and the Bing-

ham model.

1.3.8 Polymer Viscoelasticity

One important characteristic of polymeric materials is their viscoelastic behavior.

This means that polymer is elastic because, after a strain due to the application of

stress, it is capable of recovering. On the other hand, polymers are viscous because

of their capability to creep after the strain.

As shown in Figure 1.14, the creep can be nonlinear, where the strain changes in a

nonlinear fashion with time. Upon the release of the stress, the polymer can recover

some, but usually undergoes some amount of permanent deformation.

Viscoelasticity is the property of materials that exhibit both viscous and elas-

tic characteristics when undergoing deformation. A viscous material exhibits

time-dependent behavior when stress is applied while under constant stress and

deforms at a constant rate, and when the load is removed, the material has “forgot-

ten” its original configuration, remaining in the deformed state [30]. On the other

hand, an elastic material deforms instantaneously when stretched and remembers

its original configuration, returning instantaneously to its original state once the

stress is removed. Viscoelastic materials have elements of both of these properties

and, as such, exhibit time-dependent strain showing a “fading memory.” Such

behavior may be linear (stress and strain are proportional) or nonlinear. Whereas

elasticity is usually the result of bond stretching along with crystallographic planes

in an ordered solid, viscoelasticity is the result of the diffusion of atoms ormolecules

inside an amorphous material.

The simplest models for the deformation behavior of an ideal material are those of

Hookean linear elasticity in the solidstate and Newtonian linear viscosity in the liq-

uid state. The endpoint of elastic deformation is either fracture or plastic �ow, with

Strain

Creep Recovery

Permanent deformation

Stress

applied

Stress

released
Time

Figure 1.14 Representation of creep and recovery in viscoelastic material.
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the latter taking place at constant yield stress in the ideal case. While the behavior

of many real materials does approximate to these idealized models that of poly-

mers deviates markedly from them. In particular, their solid-state deformation is

time-dependent and nonlinear and so resembles some combination of elastic and

viscous responses, at the same time as their melt rheology is also significantly non-

linear [31].

Polymers are characterized by the fact that their behavior under load or defor-

mation is, to a large extent, time-dependent even at room temperature. Moreover,

their response to a load or deformation will depend, in some cases, upon any previ-

ous load, deformation, or temperature history. This time dependencemanifests itself

in several forms: two of these are creeping, that is to say, a progressive increase in

deformation under a constant load, and stress relaxation, a gradual decrease in stress

under a constant deformation. Both these phenomena in�uence and, inmany cases,

limit the application of plastics for structural and load-bearing applications.

The contribution of viscous deformation was shown to result in time-dependent

permanent deformation (creep) under instantaneous, constant stress. Similarly,

under an instantaneous constant deformation or strain, viscous deformation

can cause stress relaxation. Nearly all synthetic and natural polymers used as

biomaterials, as well as biological tissues, exhibit viscoelasticity to varying degrees.

Noncrystalline or semicrystalline polymers and glasses exhibit free volume and a

glass transition temperature (Tg) due to the inability of relatively large molecules

to organize into a perfectly crystalline network. Below Tg, molecular motions

are restricted by time, and the material exhibits glassy or brittle elastic behavior.

Near Tg, or more precisely within a temperature range surrounding Tg, the free

volume allows some viscous molecular rearrangement, and the material exhibits a

viscoelastic response, which becomes increasingly elastomeric (nonlinear elastic)

with the increased temperature above Tg. Near the melting temperature, elastic

deformation is lost and the material exhibits only viscous �ow. Additional back-

ground on structure–property relationships including the effects of molecular

weight, crystallinity, and crosslinking for noncrystalline and semicrystalline mate-

rials (polymers and glasses) is reported. Hydrated biological tissues can also exhibit

viscoelasticity due to the permeability of the tissue to �uid �ow (poroelasticity) [32].

A stress relaxation test is a simple means of investigating the viscoelasticity of a

polymer. To perform this test, a fixed tensile or compressive strain is applied to a

sample, and the stress, which decays over time, is monitored [33, 34]. The decrease

in stress at a constant strain corresponds to a decrease in the apparent modulus of

the polymer. The modulus of a viscoelastic material during a stress relaxation test is

often modeled using Eq. (1.1):

E(t) = E∞ + (E0 − E∞) exp (−t∕𝜏) (1.1)

where (E0) and (E∞) are the instantaneous and long-term elastic modulus of the

material, respectively, t is time, and 𝜏 is the relaxation time constant. As discussed

previously, the uncertainty in the literature concerns the origin of changes in

the time constant commonly observed when fibers are added to a polymer. In

an isotropic solid, the shear modulus (G) and elastic modulus (E) are related by
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Poisson’s ratio (𝜈) as shown in Eq. (1.2). For an isotropic, viscoelastic material,

at each point in time, the same relationship should hold, as shown in Eq. (1.3).

Poisson’s ratio is usually considered to be constant in this treatment:

E = 2G(1 + 𝜈) (1.2)

E(t) = 2G(t)(1 + 𝜈) (1.3)

Thus, Eqs. (1.1) and (1.2) can be used to obtain the time dependence of the shear

modulus of a viscoelastic material, as shown in Eq. (1.4):

2G(t)(1 + 𝜈) = 2G∞(1 + 𝜈) + 2(1 + 𝜈)(G0 − G∞) exp (−t∕𝜏) (1.4)

G(t) = G∞ + (G0 − G∞) exp (−t∕𝜏) (1.5)

1.4 Physicochemical Properties of Polymers

1.4.1 Polymers are Very Resistant to Chemicals

Consider all the cleaning �uids in your home that are packaged in plastic. Reading

the warning labels that describe what happens when the chemical comes in contact

with skin or eyes or is ingestedwill emphasize the need for chemical resistance in the

plastic packaging.While solvents easily dissolve some plastics, other plastics provide

safe, nonbreakable packages for aggressive solvents.

1.4.2 Polymers are Both Thermal and Electrical Insulators

A walk through your house will reinforce this concept, as you consider all the

appliances, cords, electrical outlets, and wiring that are made or covered with

polymeric materials. Thermal resistance is evident in the kitchen with pot and

panhandles made of polymers, coffee pot handles, the foam core of refrigerators and

freezers, insulated cups, coolers, and microwave cookware. The thermal underwear

that many skiers wear is made of PP, and the fiberfill in winter jackets is acrylic and

polyester [35].

1.4.3 Polymers are Very Light in Weight with Significant Degrees

of Strength

Consider the range of applications, from toys to the frame structure of space stations,

or from delicate nylon fiber in pantyhose to Kevlar, which is used in bulletproof

vests. Some polymers �oat in water, while others sink. But, compared to the density

of stone, concrete, steel, copper, or aluminum, all plastics are lightweight materials.

1.4.4 Polymers are Processed in Various Ways

Extrusion produces thin fibers or heavy pipes or films or food bottles. Injectionmold-

ing can produce very intricate parts or large car body panels. Plastics can be molded

into drums or bemixed with solvents to become adhesives or paints. Elastomers and
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some plastics stretch and are very �exible. Some plastics are stretched in processing

to hold their shape, such as soft drink bottles. Other polymers can be foamed like

polystyrene (StyrofoamTM), polyurethane, and PE.

1.4.5 Polymers are Materials With a Seemingly Limitless Range

of Characteristics and Colors

Polymers have many inherent properties that can be further enhanced by a wide

range of additives to broaden their uses and applications. Polymers can be made to

mimic cotton, silk, and wool fibers; porcelain and marble; and aluminum and zinc.

Polymers can also make possible products that do not readily come from the natural

world, such as clear sheets and �exible films.

1.4.6 Polymers are Usually Made of Petroleum, but not Always

Many polymers aremade of repeat units derived fromnatural gas or coal or crude oil.

But building block repeat units can sometimes be made from renewable materials

such as polylactic acid from corn or cellulosics from cotton linters. Some plastics

have always been made from renewable materials, such as cellulose acetate used for

screwdriver handles and gift ribbons. When the building blocks can be made more

economically from renewablematerials than from fossil fuels, either old plastics find

new raw materials or new plastics are introduced.

1.4.7 Polymers are Used to Make Items That Have no Alternatives

to Other Materials

Polymers can be made into clear, waterproof films. PVC is used to make medical

tubing and blood bags that extend the shelf life of blood and blood products. PVC

safely delivers �ammable oxygen in non-burning �exible tubing, an antithrombo-

genic material, such as heparin, can be incorporated into �exible PVC catheters

for open-heart surgery, dialysis, and blood collection. Many medical devices rely on

polymers to permit effective functioning [36].
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2

Synthesis of Polymers

2.1 Features of the Polymerization Reactions

Polymerization occurs in varied forms like repetitive chemical bonding of individual

molecules ormonomers. Assorted combinations of heat, pressure, and catalysis alter

the chemical bonds that hold monomers together, causing them to bond with one

another. Linearly, polymers are created by chains of monomers [1]. Copolymers can

be formed using two or more different monomers, and two or more polymers can

be combined to produce an alloy, or blend, that displays the characteristics of each

component.

The chemical process which converts molecules into polymer macromolecules

(MMs) is known as polymerization. This process is the combination of different

reactions that determine the feature of the product obtained depending also on

the starting chemical composition. These reactions are in general: initiation,

propagation, termination, and transfer. Propagation is often identified as a poly-

merization reaction as it is responsible for MM formation. The polymerization is

a one-pot process and therefore the synthesis of MMs by successive addition of

monomer units in highly distinct steps cannot be considered a polymerization. For

example, proteins and nucleic acids are synthesized in this way. Synthetic polymers

are normally obtained by submitting a monomer to conditions under which the

separated monomer molecules react to bind each other to form a MM. However,

the same monomer we can obtain as a homopolymer, MMs differing in molecular

weight. Therefore, the product of the polymerizationmay not be formed by a simple

MM, but is in general, a mixture of MMs having a different length. The MW of

the obtained MM, or better its average, depends for a given monomer on reaction

conditions and reaction time as well as the conversion of monomer into MMs [2].

Therefore, all polymerization reactions are characterized by the evolution with time

of both conversion and MW.

Convertingmonomers to long-chain polymer is the final step in the polymerman-

ufacturing sequence. Polymerization is usually highly favorable in thermodynamic

terms, mainly on energetic grounds because ordering molecules into linked chains

is a process where the entropy is decreased. Advances in catalysis have given a high

degree of control over both structure andmolecularmass so that the grades of a given

polymer can be tailored for specific end users. It is possible to look at polymerization

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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in at least two different ways: the nature of the catalyst used and the way the chains

grow to form the final product. Polymerizations can be conducted in the gaseous,

liquid, or solid state, and now in the liquid crystal state to produce highly oriented

MMs [3].

A polymer is a large single chain-like molecule in which the repeating units

derived from small molecules, called monomers, are bound together. The process

by which monomers are transformed into a polymer is called polymerization.

For example, ethylene polymerizes to form polyethylene, nCH2=CH2→ [–CH2–

CH2–]n−. A basic understanding of polymerization processes is important not

only because polymerization affects the structure, and hence properties, but also

because some processing routes can convert monomers directly to a finished shape.

They offer the manufacturing industry considerable benefits both in direct and

indirect costs. An extra dimension to polymer structure is added by the possibilities

of copolymerization, where two or more different monomers are polymerized

together. In one sense, it is comparable to alloying different metals to produce an

appropriate balance of properties in the final product [4]. There are two major types

of polymerization methods used to convert monomers to polymers: addition and

condensation polymerization:

(i) addition polymerization is known as chain, chain-growth, or chain-reaction

polymerization

(ii) condensation polymerization is known as step-growth or step-reaction polymer-

ization.

A polymerization in which a cyclic monomer yields a monomeric unit that is

acyclic or contains fewer cycles than the monomer. If the monomer is polycyclic,

the opening of a single ring is sufficient to classify the reaction as ring-opening

polymerization (ROP) [5].

2.2 Chain Polymerization

In chain polymerization, the polymer is formed through a chain reaction in which

the growth proceeds exclusively by a reaction between monomers and reactive sites

on the polymer chain, with the regeneration of the reactive sites at the end of each

growth step. In this kind of reaction, the polymerization is conducted by a chain

reaction without the formation of any small molecules [6] (Figure 2.1).

2.3 Ring-Opening Polymerization

The ROP is another form of chain-growth polymerization in which the terminal

end group of a polymer chain acts as a reactive center, where further cyclic

monomers can be added by ring-opening and addition of the broken bond. Typical

monomers that can be polymerized via ROP are difunctional monomers that carry

two different reactive groups like one amine or alcohol and one carboxylic acid that
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have undergone a cyclization reaction, for example, caprolactam and caprolactone.

To polymerize these moieties, one of the rings has to open before polymerization.

This can be achieved, for example, by adding a small amount of a nucleophilic

reagent (a Lewis base) as an initiator. This reaction is called anionic ring-opening

polymerization (AROP) (Figure 2.2).

Cationic ring-opening polymerization (CROP) is also possible. In this case, a small

amount of an electrophilic reagent (a Lewis acid) is added to the monomer to ini-

tiate polymerization. However, not all cyclic monomers containing a heteroatom

undergo CROP.

The cyclic monomer undergoes ROP depending on the ring size, to be more spe-

cific, on the ring strain which is caused by bond angle distortion (angular strain),

the repulsion between eclipsed hydrogen atoms (conformational strain), and non-

bonding interactions between substituents attached to different parts of the ring

(transannular strain). Small cyclic monomers with large ring strain such as 3-, 4-,

and 5-membered rings of cyclic esters and amides polymerize readily through ROP,

whereas 7- and 8-membered lactones and lactams are less reactive due to theirmuch

lower ring strain (c. 6.0 Jmol−1) but are still reactive enough to undergo ROP. An

entropy gain due to additional degrees of rotation after ring-opening can be an addi-

tional driving force, as is the case with cyclic carbonates. Some examples of cyclic

monomers that polymerize through anionic or CROP include cyclic ethers, lactones,

lactams, carbonates, aziridines, and epoxides [7].
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2.4 Polycondensation

In the polycondensation process, the polymers are formed through a condensation

reaction between molecules of all degrees of polymerization. A condensation

reaction is understood as a chemical reaction in which two functional groups

interact to form a different functional group with the loss of a small molecule. The

word condensation suggests a process in which two or more entities are brought

together to form a “dense” entity, such as in the condensation of a gas into the

liquid state; this does not imply, however, that condensation reaction products have

a greater density than the reactants. When the two functional groups reacting are in

the same molecule, the condensation is termed intramolecular; on the other hand,

when the functional groups are in different molecules, it is termed intermolecular

condensation [8].

2.5 Polyaddition

It is a polymerization reaction in which the growth of the polymer chains proceeds

by addition reactions between molecules of all degrees of polymerization [9].

2.6 Step-Growth Polymerization

In this type of polymerization, only one kind of reaction is involved in the formation

of a polymer and the reaction proceeds step by step. The main feature of this type of

reaction is that two monomers, which bear different functionalities, can react with

each other, or with a polymer of any size, through the same kind of reactions. In this

case, the individual polymermolecules can grow throughout thewhole process; each

reaction step of a polymer molecule implies that the reactive end of a monomer or

polymer encounters another species with which it can form a link [10]. The func-

tional group at the end of a monomer is usually assumed to have the same reactivity

as that on a polymer chain of any size.

Many step-growth polymerizations involve equilibrium between reactants and

products, the latter comprising macromolecular species and eliminated small

molecules. The course of these polymerizations and the distribution of the molec-

ular weights are statistically controlled. High polymers cannot coexist with many

monomers in a system in equilibrium. Step-growth polymerizations are reversible

and also involve interchange reactions in which terminal functional groups in a

growing chain react with linking units of other molecules producing changes in

the molecular weight distributions [11]. There are step-growth polymerization

reactions in which a small molecule is not produced (e.g. the reaction between a

diol and a diisocyanate); these reactions are considered irreversible and are usually

very fast, leading to high degrees of polymerization (Figure 2.3).

Aliphatic polyesters bearing pendant alkyne groups: These polyesters can be

successfully prepared by step-growth polymerization of different building blocks,
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such as adipic and succinic acid, in combination with an acetylene-based diol,

examples of which are 2-methyl-2-propargyl-1,3-propanediol, 1,4-butanediol, and

the most common ethylene glycol. Alkyne groups can survive the high reaction

temperatures (200 ∘C) in the presence of a radical inhibitor [12]. Subsequently,

the alkyne groups are reacted by a “click” cycloaddition reaction to obtain a func-

tionalized polyester based on poly(ethylene succinate) and poly(butylene adipate)

(Figure 2.4).

2.7 Dendrimers

The use of monomers with functionality, larger than 2, allows the formation of

tridimensional structures by step-growth polymerization. In particular, the use

of monomers with the general formula AxBy could generate several architectures

such as hyper branched, dendrimers, and star polymers. Each architecture will

have different physical and chemical properties. In particular, dendrimers are

regularly branched polymers that can be produced by the divergent approach, or

the convergent approach. In the divergent approach, the dendrimer grows from the

center and spreads radially out in layers, each of them built by a stepwise reaction.

In the convergent approach, the dendrimer production starts at the end with the



26 2 Synthesis of Polymers

C

E

E

Br

Br

Br

C

B

B

C

B

B

B

B

B

B

B

B

A

A

A

A

A

A

A

A

A

A

A

C

B

N N

+

OH

OH

B

+

Defined

dendrimer Dendrimer

Activation

Activation step

Growth step

followed by

Figure 2.5 Divergent approach for the preparation of dendrimer.

so-called surface functional groups coupled to ABy building blocks, which allow

the preparation of a larger dendron, and the process is repeated to increase the

size of the dendrons. In the end, the dendrons are attached to a multifunctional

core molecule to produce dendrimers [13]. Examples of ABy monomer used, for

example, in polyesters, are those where A and B are –COOH and –OH groups,

respectively, or in some cases their derivatives such as –COCl, –O–(CH2)2–OH,

–O–Si(CH3)3, or CH3COO
– (Figure 2.5).

Phenolic resins are a generic name given to a wide range of crosslinked polymers

produced by phenol and formaldehyde. There are two types of phenolic resins, resol

and novolac. The type of resin being made depends on the pH of the catalyst and

the ratio of phenol to formaldehyde [14]. Novolac is made under acidic conditions,

and the ratio of phenol to formaldehyde used ranges from 1.49 to 1.72, whereas resol

resins are synthesized in a basic medium using a ratio of phenol to formaldehyde in

the range of 1.0–0.33 (Figure 2.6).

The most conventional kinetic scheme of free radical polymerization includes

initiation, propagation, and bimolecular termination reaction steps. Additional reac-

tions such as chain transfer are introduced to improve the process description. Free

radicals are highly reactive chemical species produced by the homolytic dissocia-

tion of covalent bonds [15]. Such species are produced through physical (thermos
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excitation and radiation) or chemical methods (oxidation–reduction, addition, etc.).

Generally, their survival time is less than a second, except for those radicals highly

stabilized by specific chemical groups; the hybridization state is sp2.

Polymerization by coordination is one of the most versatile methods to produce

a variety of polymers. Stereoregularity is one of the outstanding characteristics of

coordination polymerization that relies on the use of catalytic systems based on

organometallic or coordination complexes of special structures and symmetries to

make highly stereospecific polymers [16].

2.8 Anionic Polymerization

A general mechanism for living anionic polymerization of a vinyl monomer is illus-

trated in Figure 2.7, encompassing only initiation and propagation steps; chains are

terminated only by the deliberate addition of a Bronsted acid or an electrophile.

Important aspects of this mechanism, and that of any living polymerization, are

that one initiator generates one polymer chain and that the product after all of the

monomer has been consumed is a polymer with an active anionic chain end. With

this mechanism, the defining characteristics of living polymerizations concerning
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the synthesis of a wide variety of polymers with low degrees of compositional het-

erogeneity can be understood [17] (Figure 2.7).

2.9 Cationic Polymerization

Cationic polymerization of vinyl monomers involves the highly reactive carbenium

ions, which can only be formed when they are stabilized by the substituents on the

vinyl group. Stabilization of the carbenium ion can be achieved by resonance struc-

tures, as is the case for vinyl ether and styrene monomers, or by an inductive effect,

which is the stabilizing mechanism for 1,1-disubstituted alkenes [18]. Despite this

stabilization, the reactivity of such carbenium ions is still very high, giving rise to

the occurrence of side reactions, such as isomerization, hydride abstraction, as well

as various transfer reactions. Moreover, carbocationic polymerizations are very sen-

sitive to minor nucleophilic impurities. Nonetheless, in recent years, a range of less

sensitive polymerization initiators have been developed that can be used in an aque-

ous environment. The counter anion in carbocationic polymerizations is of major

importance to “regulate” the reactivity of the cationic species. Initial studies involved

non-nucleophilic counter anions, such as BF4
−, PF6

−, SbF6
−, or ClO4

−, completely

exposing the carbenium ions resulting in uncontrolled cationic polymerizations [19]

(Figure 2.8).
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2.10 Controlled Radical Polymerization

Several controlled radical polymerization (CRP) methods have been developed,

and the three most promising are stable-free radical polymerization (SFRP),

most commonly nitroxide-mediated polymerization (NMP) but may also include

organometallic species transition-metal-catalyzed atom transfer radical poly-

merization (ATRP), and degenerative transfer with alkyl iodides, methacrylate

macromonomers, and dithioesters via reversible addition-fragmentation chain

transfer (RAFT) polymerization (Figure 2.9).

In the case of SFRP or ATRP, the equilibrium is pushed to the left-hand side

(deactivated), forming an excess of dormant species as a result of the persistent

radical effect. In all radical polymerizations, biradical termination occurs at a rate

Rt, which is dependent on the concentration of radicals, [P
*], where Rt = kt [P

*].

Therefore, at the same polymerization rate (the same [P*]), essentially the same
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chemistry. Source: Matyjaszewski and Spanswick [20]/Elseiver/CC BY 4.0.



30 2 Synthesis of Polymers

number of chains terminates regardless of being in conventional or CRP systems.

However, in the conventional process, all chains are terminated, whereas in CRP, as

a result of the greater number of growing chains, the terminated chains constitute

a small fraction of all the chains (∼1–10%). The remaining chains are dormant

species, capable of reactivation, functionalization, and chain extension to formblock

copolymers, etc.

Thermal dissociation of dormant species (Kact)

provides a low concentrate of radicals
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2.11 Atom Transfer Radical Polymerization (ATRP)

ATRP is currently the most widely used CRP technique. This originates from the

commercial availability of all necessary ATR Preagents, including transition metal

compounds and ligands used as catalysts as well as alkyl halide initiators and also

the large range of monomers polymerizable by this technique under a wide range of

conditions. The advantages include: (i) only catalytic amounts of transition metal

complexes (commercially available) are necessary; (ii) many commercially avail-

able initiators, including multifunctional and hybrid systems; (iii) large range of

monomers (except unprotected acids); (iv) easy end-functionalization; and (v) large

range of polymerization temperatures.

Radical polymerization is a very important commercial process for preparing

high-molecular-weight polymers because it can be used for many vinyl monomers

under mild reaction conditions, requiring the absence of oxygen but tolerance to

water, and large temperature ranges (−20 to 200 ∘C) [21]. The only disadvantage

to conventional radical polymerization is the poor control of macromolecular

structures including degrees of polymerization, polydispersity, end functionalities,

chain architectures, and compositions. Thus, it is desirable to prepare, by radical

polymerization, new well-defined block and graft copolymers, stars, combs, and

networks that have not been previously prepared using ionic living polymerizations.

Therefore, controlled T living radical polymerizations allow for the synthesis of

new well-defined and functional materials from a larger range of monomers under

simpler reaction conditions than are appropriate for ionic processes.
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2.12 Reversible Addition Fragmentation Chain Transfer
(RAFT)

RAFT polymerization is a reversible deactivation radical polymerization (RDRP)

and one of the more versatile methods for providing living characteristics to radical

polymerization [22]. The advantages of RAFT polymerization are,

● Ability to control polymerization of most monomers polymerizable by radical

polymerization which includes (meth) acrylates, (meth) acrylamides, acryloni-

trile, styrenes, dienes, and vinyl monomers.

● Tolerance of unprotected functionality in monomer and solvent (e.g. OH, NR2,

COOH, CONR2, SO3H), and polymerizations can be carried out in aqueous or

protic media.

● Compatibility with reaction conditions (e.g. bulk, organic or aqueous solution,

emulsion, mini-emulsion, suspension).

● Ease of implementation and inexpensive relative to competing technologies.

In an ideal living polymerization, all chains are initiated at the beginning of

the reaction, grow at a similar rate, and survive the polymerization: there is

no irreversible chain transfer or termination. If initiation is rapid concerning

propagation, the molecular weight distribution is very narrow and chains can

be extended by further adding monomers into the reaction [23]. In a radical

polymerization, all chains cannot be simultaneously active. In RDRP, such as

RAFT polymerization, these attributes are displayed in the presence of reagents

that are capable of reversibly deactivating propagating radicals such that the

majority of living chains are maintained in a dormant form and reaction condi-

tions that support a rapid equilibrium between the active and dormant chains

(Figure 2.10).

Dead chains

'R' RAFT
ends

Initiator-
derived ends

'ZC(=S)S' RAFT ends
= dormant chains

Propagating radicals
= active chains

Figure 2.10 Schematic of RAFT polymerization. The number of chains of each type shown
here is not in proportion to that expected for a well-designed experiment. On average, all
living chains grow simultaneously and have equal chain length because the equilibration of
the dormant and active chain ends is rapid concerning propagation. A RAFT agent is
represented as “ZC(=S)S.”
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(a) (b) (c)

Figure 2.11 (a) Supramolecular polymeric material based on a low-molecular-weight
compound equipped with two ureido-pyrimidinone (UPy) units; (b) schematic picture of the
underlying polymeric network; and (c) schematic picture of the self-complementary UPy
dimer. Source: Pol [25]/John Wiley & Sons.

2.13 Supramolecular Polymerization

Supramolecular polymers are defined as polymeric arrays of monomeric units that

are brought together by reversible and highly directional secondary interactions,

resulting in polymeric properties in dilute and concentrated solutions as well as in

the bulk [24]. The directionality and strength of the supramolecular bonding are

important features of systems that can be regarded as polymers and that behave

according to well-established theories of polymer physics.

Supramolecular polymerizations can be classified based on three different princi-

ples: (i) the physical nature of the noncovalent force that lies at the origin of the

reversible interaction (physical origin classification), (ii) the type of monomer(s)

used (structural monomer classification), and (iii) the evolution of the Gibbs free

energy of the polymer as a function of conversion (thermodynamical classification).

In principle, a fourth classification scheme based on the dimensionality of the aggre-

gate is possible (Figure 2.11).

2.14 Bulk Polymerization

Bulk polymerization is carried out in the absence of any solvent or dispersant and

is thus the simplest in terms of formulation. It is used for most step-growth poly-

mers and many types of chain-growth polymers [26]. In the case of chain-growth

reactions, which are generally exothermic, the heat evolved may cause the reac-

tion to become too vigorous and difficult to control unless efficient cooling coils are

installed in the reaction vessel [27]. Bulk polymerizations are also difficult to stir

because of the high viscosity, associatedwith high-molecular-weight polymers. Bulk

polymerization is advantageous in the production of cast-molded products such as

polystyrene scintillators.

Bulk polymerization has the advantages of simple operation, obvious adsorption

effect, and good selectivity for target ions. However, there are some disadvantages,
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which are as follows: (i) the obtained polymers require to be comminuted, milled,

and sieved, and the process is cumbersome and time-consuming, and yields

<50%; (ii) the particle size distribution of MIPs is heterogeneous and the shape

is irregular, which are disadvantageous to many chromatographic and separation

applications; (iii) there is the destruction of some binding sites during grinding,

leading to a great loss of adsorption capacity; and (iv) the adsorption sites in the

polymers are too far from the surface so that binding capacity for the target ion is

poor [28].

2.15 Solution Polymerization

Solution polymerization occurs in the existence of inert solvent and a suitable

catalyst. This polymerization is used for manufacturing many polymers such as

polystyrene, polyethylene, and polymethyl methacrylate for bulk polymerization

and polyacrylonitrile, and polyesters such as nylon for solution polymerization [29].

Examples of solution polymerization are (i) ethylene in isooctane polymerized at

150–180 ∘C, 300–700 psi with chromium-silica-alumina catalyst, (ii) an aqueous

solution of acrylonitrile at 80 ∘C with a persulfate catalyst resulting in polyacry-

lonitrile precipitate, and (iii) nylon rope trick-interfacial polycondensation of a

solution of sebacoyl chloride in tetrachloroethane plus the aqueous solution of

hexamethylene diamine yielding nylon 6/10 at the boundary (interface) of both

solutions [30].

Advantages of solution polymerizations are: (i) heating and stirring are much eas-

ier than in bulk polymerization due to the solventmedium; (ii) the viscosity problem

isminimized by the presence of a solventmedium; (iii) heat removal is accomplished

via solvent re�ux, and (iv) conversion ofmonomer(s) to polymer is high and typically

about 80–90% [31, 32].

2.16 Suspension Polymerization

Suspension polymerization is used to make many thermoplastic polymers. In

suspension polymerization, all reactions are carried out in relatively large droplets

or polymer particles stabilized by a small amount of water-soluble gum. Organic

peroxide initiators are used to generate radicals within the droplets. A solvent

may be used to dissolve a monomer at a relatively high concentration. The main

advantages of suspension polymerization over emulsion systems are that no sur-

factants, which are difficult to remove from the product, are used, and no ionic

end groups are present, which may be unstable during processing at high temper-

atures [33]. Suspension polymerization methods for producing beaded polymers

from acrylic and styrene-basedmonomers are very well-established processes. They

are typically used in the production of ion exchange resins and supports solid-phase

synthesis [34].
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2.17 Methods for the Synthesis of Functional Polymers

The synthesis or modification of polymeric substrates to produce polymers with

polar or functional groups can be carried out by several synthetic pathways. When

the process starts from a previously existing nonfunctional polymer, and functional

groups are introduced to the chain, the term functionalization is used [35].

2.17.1 Direct Copolymerization

In this polymerization, two types of monomers react in which one of them has

a functional or pendant functional group; for instance, the copolymerization

of maleic anhydride (MA) and styrene (St) generates the alternating copolymer

poly(St-alt-MA). Another example is the direct copolymerization of 𝛼-olefins,

polypropylene (PP), and polyethylene (PE) with functional monomers such as

MA or glycidyl methacrylate (GM); this goal remains one of the challenges in

synthetic polymer science. In the latter example, the difficulty lies in the fact that

the majority of this kind of polyolefins is produced by Ziegler–Natta or metallocene

coordination chemistry, and both exhibit intolerance to Lewis bases because of

their high oxophilic nature, which leads to the deactivation of the catalysts. The

most important mechanism in catalyst deactivation is the formation of very stable

complexes between the catalyst and the heteroatoms (N, O, and halogens) present

in the functional polar monomers. As a consequence, the post-modification of

polyolefins with polar or functional groups, as opposed to the direct synthesis, offers

the highest viability for the production of polyolefins with functional or reactive

grafts [36].

2.17.2 End-Functionalization

The possible routes for the end-functionalization are (i) modification of the chain

end of preexisting polymers, (ii) break of the growth of a polymeric chain, and (iii)

break of the chain growth followed by its end-functionalization. In all these routes,

it is common to perform the indicated action using agents or chemical groups that

contain the desirable functional group [37].

2.17.3 Functionalization-Grafting

It consists of one of the following techniques: (i) synthesis in situ of grafts of

homopolymers or copolymers (small or long chains) containing functional groups,

starting from units located along an existing polymer backbone; (ii) reaction or

interchange of labile atoms of the polymeric backbone by functional monomers or

reactive species; and (iii) use of preexisting polymers possessing functional species

and chain ends with chemical affinity to the backbone of the polymer [38].

There are several ways in which structures having functional chemical groups

or chains of homopolymers or copolymers grafted onto a polymeric backbone can

be generated. In general, there are three common methods for the synthesis of
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Figure 2.12 Schematic representation
of (a) grafting-onto, (b) grafting-through,
and (c) grafting-from methods.

(a)

(b)

(c)

Monomer

Monomer

CH2 = CH

this type of copolymers: “grafting-onto,” “grafting-from,” and “grafting-through.”

Figure 2.12 schematically shows the synthesis of graft copolymers. The first

technique, “grafting-onto” (also called grafting-to), involves the reaction of an

end-functional structure previously synthesized with a complementary functional

monomeric unit present in the polymer backbone [39]. Thus, grafting-onto is

widely used for the synthesis of comb polymers. The “grafting-through” method

uses macromonomers (polymer chains of very low molecular weight or oligomers)

containing groups at their end that is capable of carrying out polymerization,

particularly vinyl groups [40]. The addition of a second monomer (comonomer) in

the presence or absence (in the case of auto-initiation) of an initiator leads to the

construction of several complex topologies of graft copolymers. Indeed, depending

on the reactivity ratios and the distance between adjacent grafts, brushes, regular

grafts, centipede, barbwire, etc. structures can be produced. Finally, “grafting-from”

is the most popular method used to obtain graft polymers and requires a polymer

containing reactive groups, functional species, or initiator moieties along its

backbone, which in the presence of monomers, produce the growth of grafts from

the surface of the substrate. Thus, the number of grafts can be controlled by the

number of active sites present along the backbone [41] (Figures 2.12 and 2.13).

2.17.4 Click Chemistry in Polymerization

Click polymerization is a powerful polymerization technique for the construction

of new MMs with well-defined structures and multifaceted functionalities. Click

chemistry, conceptually introduced by Sharpless and co-workers in 2001, refers to

a new class of organic reactions that enjoy the features of high efficiency, regiose-

lectivity, modularity, atom economy, simple product isolation, and functional group

tolerance [42].
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Figure 2.13 Grafting on surfaces and their dispersion in polymer matrices.

Click polymerization also possesses its unique properties, such as easy access to

and facile variation of the monomers, large-scale purification, good solubility of the

products, and versatile properties. Contrast to traditional polymerizations, the pow-

erful click polymerization makes it possible to integrate units with different char-

acters, for instance, rigidity and �exibility, topology, polarity, and charge, into one

polymeric scaffold [43].

Among different click polymerization techniques, the Cu(I)-catalyzed azide and

alkyne polycycloaddition have been established as a powerful and selective method

for polymer synthesis. Another attractive click polymerization is the thiol-based one,

which is essentially a novel active free radical polymerization [44].

2.18 Polymer Nanoparticles

Polymer nanoparticles (PNPs) can be defined as being colloidal systems, which are

usually from around 5–10 nm to an upper size limit of 1000 nm, although the range

generally obtained is 100–500 nm. The term “polymer nanoparticles” is a collective

term used for any type of polymer nanosized particles, but specifically for poly-

mer nanospheres and nanocapsules. Polymer nanospheres are matrix particles, that

is, particles whose entire mass is solid [45]. They can further serve as carriers for

other biologically active molecules which may be either adsorbed at the sphere sur-

face or encapsulated within the particles. Here, biologically active materials include



2.19 Synthesis Techniques of Polymer Nanoparticle 37

(a) (b)
Drug in the shell

Liquid core

Drug inside

Polymeric membrane

Polymer matrix

Drug on surface

Drug inside core

Figure 2.14 Polymer nanoparticle structures. (a) Polymer nanoparticles or polymer
nanospheres and (b) polymer nanocapsules.

drugs, genes, nucleic, �uorescence, and other functional materials. Unlike poly-

mer nanospheres, polymer nanocapsules are vesicular systems in which the bioac-

tive agents are confined to an aqueous core and surrounded by the polymeric shell

around them [46]. A schematic representation of PNPs is shown below (Figure 2.14).

The manufacturing techniques of PNPs are classified due to whether the particle

formation involves a polymerization reaction or NPs are produced directly from a

preformed polymer or by direct polymerization of monomers using classical poly-

merization or polyreactions.

2.19 Synthesis Techniques of Polymer Nanoparticle

PNPs can be conveniently prepared bymethods like solvent evaporation, salting-out,

dialysis, and supercritical �uid technology [47], involving the rapid expansion of

a supercritical solution or rapid expansion of a supercritical solution into a liquid

solvent, can be utilized for the preparation of PNP from preformed polymers. On

the other hand, various emulsion polymerization techniques such as micro-, mini-,

and surfactant-free, and interfacial polymerization have been utilized for the direct

synthesis of PNPs [48]. Methods like surfactant-free emulsion polymerization can

also be successfully applied for manufacturing surfactant-free PNPs, and they

are environment-friendly. The choice of preparation method is made based on

several factors such as the type of polymeric system, area of application, and size

requirement. For instance, a polymeric system that is developed for application in

the biomedical or environmental fields should be completely free from additives or

reactants such as surfactants or traces of organic solvents. In this case, techniques

like rapid expansion of supercritical solution (RESS) or rapid expansion of a

supercritical solution into a liquid solvent (RESOLV) can be selected, as they do not

utilize any surfactant or organic solvent during the PNPs preparation. These are just

a few of the many factors that have to be considered before choosing a particular

technique for the PNP preparation [49] (Figure 2.15).

2.19.1 Solvent Evaporation

Solvent evaporation was the first method developed to prepare PNPs from a

preformed polymer. Although originally proposed by polymer chemists, its main
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Figure 2.15 Schematic representation of various techniques for the preparation of PNPs.
SCF – supercritical fluid technology, C/LR – controlled/living radical. Source: Based on
Anton et al. [50].

developments are found in pharmaceutical technology where biodegradable

polymers have been applied in the production of drugs. In this method, polymer

solutions are prepared in volatile solvents and emulsions are formulated. In the

past, dichloromethane and chloroform were widely used but are now replaced with

ethyl acetate which has a better toxicological profile. The emulsion is converted

into an NPs suspension on evaporation of the solvent for the polymer, which is

allowed to diffuse through the continuous phase of the emulsion. Solvent evapo-

ration is the most widely employed technique to prepare NPs of polymers in the

current literature on techniques using a dispersion of preformed polymers. In the

conventional methods, two main strategies are being used for the formation of

emulsions: the preparation of single emulsions, e.g. oil-in-water (o/w) or double

emulsions, e.g. (water-in-oil)-in-water, (w/o)/w. These methods utilize high-speed

homogenization or ultrasonication, followed by evaporation of the solvent, either

by continuous magnetic stirring at room temperature or under reduced pressure.

Afterward, the solidified nanoparticles can be collected by ultracentrifugation and

washed with distilled water to remove additives such as surfactants. Finally, the

product is lyophilized. Generally, a polymer dissolved in an organic solvent forms

the oil phase, whereas the aqueous phase containing the stabilizer forms the water

phase [51] (Figure 2.16).

2.19.2 Salting-Out

The methods discussed previously require the use of organic solvents, which are

hazardous to the environment as well as to physiological systems. To overcome this

hurdle, Bindschaedler first disclosed a modified version of the emulsion process

that involves a salting-out process, which avoids surfactants and chlorinated
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Figure 2.16 Preparation of w/o/w double emulsion. (a) High-shear emulsification and
(b) low-shear emulsification.

solvents. The emulsion is formulated with a polymer-solvent which is normally

totally miscible with water, i.e. acetone, and emulsification of the polymer solution

in the aqueous phase is achieved, more like an Ouzo effect, without employing

any high-shear forces, by dissolving a high concentration of salt or sucrose chosen

fora strong salting-out effect in the aqueous phase [48]. Magnesium chloride,

calcium chloride, and magnesium acetate are commonly used suitable electrolytes.

The miscibility properties of water with other solvents are modified as these

components dissolve in the water. A reverse salting-out effect, obtained by dilution

of the emulsion with a large excess of water, leads to the precipitation of the

polymer dissolved in the droplets of the emulsion. In fact, upon dilution, migration

of the solvent for the polymer from the emulsion droplets is induced due to the

reduction of the salt or sucrose concentration in the continuous phase of the

emulsion [52].

2.19.3 Nanoprecipitation

The nanoprecipitation method was developed by Fessi for the preparation of PNPs.

It is also called a solvent displacement method. The basic principle of this technique

is based on the interfacial deposition of a polymer after displacement of a semipo-

lar solvent, miscible with water, from a lipophilic solution. The rapid diffusion of

the solvent into the nonsolvent phase results in the decrease of interfacial tension

between the two phases, which increases the surface area and leads to the formation

of small droplets of organic solvent. The nanoprecipitation system consists of three

basic components: the polymer (synthetic, semisynthetic, or natural), the polymer-

solvent, and the nonsolvent of the polymer [53]. The organic solvent (i.e. ethanol,

acetone, hexane, methylene chloride, or dioxane), which is miscible in water and

easy to remove by evaporation, is chosen as a polymer solvent. Due to this reason,

acetone is themost frequently employed polymer solvent in thismethod. Sometimes,

it consists of binary solvent blends, acetonewith a small amount of water, and blends

of acetonewith ethanol andmethanol. On the other hand, the nonsolvent phase con-

sisting of a nonsolvent or amixture of nonsolvents is supplementedwith one ormore

naturally occurring or synthetic surfactants. Nanoprecipitation is a simple, fast, and

reproducible method that is widely used for the preparation of both nanospheres

and nanocapsules [54].
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Figure 2.17 Schematic
representation of an
osmosis-based method for
preparation of PNPs. Source: Raj
et al. [55]/MDPI/CC BY 4.0.

2.19.4 Dialysis

Dialysis offers a simple and effective method for the preparation of small,

narrow-distributed PNPs. A polymer is dissolved in an organic solvent and placed

inside a dialysis tube with proper molecular weight cutoff. Dialysis is performed

against a nonsolvent miscible with the former miscible (Figure 2.17).

The displacement of the solvent inside the membrane is followed by the progres-

sive aggregation of the polymer due to a loss of solubility and the formation of homo-

geneous suspensions of NPs [56].

2.19.5 Supercritical Fluid Technology

Supercritical �uid and dense gas technology are expected to offer an interesting and

effective technique of particle production, avoidingmost of the drawbacks of the tra-

ditional methods. Two principal processes have been developed for the production

of NPs using supercritical �uids: (i) RESS and (ii) RESOLV [57].

2.19.6 Rapid Expansion of Supercritical Solution (RESS)

In traditional RESS, the solute is dissolved in a supercritical �uid to form a solution,

followed by the rapid expansion of the solution across an orifice or a capillary noz-

zle into the ambient air. The high degree of supersaturation, accompanied by the

rapid pressure reduction in the expansion, results in homogeneous nucleation and,

thereby, the formation of well-dispersed particles [58]. Results from mechanistic

studies of differentmodel solutes for the RESS process indicate that both nanometer-

and micrometer-sized particles are present in the expansion jet (Figure 2.18).
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Figure 2.18 Experimental
setup for the preparation of
PNPs by RESS. Source: Raj et al.
[55]/MDPI/CC BY 4.0.
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2.19.7 Rapid Expansion of Supercritical Solution into a Liquid Solvent

(RESOLV)

A simple, but significant modification to RESS involves the expansion of the super-

critical solution into a liquid solvent instead of ambient air, termed as RESOLV. The

liquid solvent suppresses the particle growth in the expansion jet, thus making it

possible to obtain primarily nanosized particles [59] (Figure 2.19).

2.19.8 Polymerization of Monomers

The techniques discussed previously involve the production of PNPs from pre-

formed polymers and did not involve any polymerization processes. To attain the

Pre-expansion

unit

Polymer solution in CO2

Syringe pump

Nozzle

Polymer nanoparticles

Figure 2.19 Experimental setup for the RESOLV process. Source: Raj et al. [55]/MDPI/CC
BY 4.0.
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desired properties for a particular application, suitable PNPs must be designed,

which can be done during the polymerization of monomers. Processes for the

production of PNPs through the polymerization of monomers are discussed,

focusing principally on mini-, micro-, and emulsion polymerization techniques

as the three major techniques currently in use [60]. Other heterophase polymer-

izations, such as interfacial and living/CRP, are also employed in the preparation

of PNPs.

2.19.9 Emulsion Polymerization

Emulsion polymerization is the most common method used for the production of

a wide range of specialty polymers. The use of water as the dispersion medium is

environment friendly and also allows excellent heat dissipation during polymeriza-

tion. Based on the utilization of surfactant, it can be classified as conventional and

surfactant-free emulsion polymerization [61].

2.19.10 Conventional Emulsion Polymerization

Conventional emulsion polymerization accounts for the majority of the world’s pro-

duction by emulsion polymerization. In the conventional system, the ingredients

comprise water, a monomer of low water solubility, a water-soluble initiator, and

a surfactant. At the end of the reaction, PNPs are typically ∼102 nm in size, each

containing many polymer chains [62].

2.19.11 Surfactant-Free Emulsion Polymerization

Conventional emulsion polymerization systems utilize varying quantities of surfac-

tants that need to be eliminated from the final product but are hard to completely

remove. Removal of surfactants is a time-consuming process that increases the cost

of production. Moreover, increasing environmental and energy concerns cannot be

effectively addressed because of these drawbacks [63]. As an alternative, emulsion

polymerization has been performed in the absence of added emulsifiers, often

referred to in the literature as surfactant-free, emulsifier-free, or soap-less emulsion

polymerization. This technique has received considerable attention for use as a

simple, green process for PNPs production without the addition and subsequent

removal of the stabilizing surfactants. Surfactant-free emulsion polymerization has

emerged as a simple, green process for PNPs production without the addition and

subsequent removal of stabilizing surfactants [64].

2.19.12 Mini-Emulsion Polymerization

Research publications on mini-emulsion polymerization and the development of a

wide range of useful polymer materials have recently increased substantially. A typ-

ical formulation used in mini-emulsion polymerization consists of water, monomer

mixture, co-stabilizer, surfactant, and initiator. The key difference between
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Figure 2.20 Schematic representation of mini-emulsion polymerization process.

emulsion polymerization and mini-emulsion polymerization is the utilization of a

low molecular mass compound as the co-stabilizer and also the use of a high-shear

device (ultrasound, etc.). Mini-emulsions are critically stabilized, require a high

shear to reach a steady state, and have an interfacial tension much greater than 0

[65] (Figure 2.20).

2.19.13 Micro-Emulsion Polymerization

Micro-emulsion polymerization is a new and effective approach for preparing nano-

sized polymer particles and has attracted significant attention. Although emulsion

and micro-emulsion polymerization appear similar because both methods can

produce colloidal polymer particles of high molar mass, they are entirely different

when compared kinetically. Emulsion polymerization exhibits three reaction rate

intervals, whereas only two are detected in micro-emulsion polymerization. Both

particle size and the average number of chains per particle are considerably smaller

in micro-emulsion polymerization [66]. In micro-emulsion polymerization, an

initiator, typically water-soluble, is added to the aqueous phase of a thermody-

namically stable micro-emulsion containing swollen micelles. The polymerization

starts from this thermodynamically stable, spontaneously formed state and relies

on high quantities of surfactant systems, which possess an interfacial tension at

the oil–water interface close to zero. Furthermore, the particles are completely

covered with surfactants because of the utilization of a high amount of surfactant.

Initially, polymer chains are formed only in some droplets, as the initiation cannot

be attained simultaneously in all micro-droplets.

Later, the osmotic and elastic in�uence of the chains destabilize the fragile micro-

emulsions and typically lead to an increase in the particle size, the formation of

empty micelles, and secondary nucleation [67]. Very small latexes, 5–50 nm in size,

coexist with a majority of empty micelles in the final product (Figure 2.21).

2.19.14 Interfacial Polymerization

Interfacial polymerization (IP) is one of the well-established methods used for the

preparation of PNPs. It involves step polymerization of two reactive monomers or

agents, which are dissolved in two phases (i.e. continuous and dispersed phase),

and the reaction takes place at the interface of the two liquids. The relative ease
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Figure 2.22 Schematic of membrane reactor for the preparation of PNPs.

of obtaining IP has made it a preferred technique in many fields, ranging from the

encapsulation of pharmaceutical products to the preparation of conducting poly-

mers [68] (Figure 2.22).
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3

Characterization of Polymer Materials

3.1 Introduction

The polymer characterization studies focus on establishing the molecular structure,

mass, and morphology of synthetic and natural polymeric materials. These are

comprised of concurrent structures of covalently bonded macromolecules. The

thermodynamic and mechanical properties of these structures vary depending on

their chemical or biological composition, but they typically emerge as high-versatile

materials with a range of interdisciplinary applications. Natural polymers include

materials such as wool and rubber, while synthetic polymers are primarily

comprised of plastics such as polythene and polystyrene (PS).

Several characterization techniques have been used to analyze basic aspects such

as the elucidation of a molecular structure, composition, configuration, and confor-

mation of the chemical groups within the polymer. By analyzing the composition

of a polymer molecule, the nature of the atoms in the polymer chain and the type of

bonding can be inferred. The configuration gives an idea about the chemical state of

the polymer, the spatial order of the chemical groups, and the optical characteristics

and possible behavior of the whole molecule. The conformation characterizes the

geometrical state of a polymer [1].

Particle size and size distribution are the key parameters used for evaluating

the physical properties of polymer nanoparticles (PNPs). Photon correlation

spectroscopy (PCS) also known as dynamic light scattering (DLS), laser diffrac-

tion (LD), and Coulter counter are commonly used to measure the size and size

distribution of PNPs. PCS/DLS is widely used to determine the size and size

distribution of nanosized particles suspended in a liquid medium. The mean

particle size and size distribution indicated as the polydispersity index (PDI) is

the typically measured parameter for this technique. A PDI value range from

0.1 to 0.25 indicates a narrow size distribution, while a PDI more than 0.5 refers

to broad distribution. This technique is not useful for measuring the size of dry

powders of PNPs [2]. Although PCS, LD, and Coulter counter techniques provide

the rapid measurement of particle size and size distribution, they cannot be used

Polymer Nanocomposites for Energy Applications, First Edition.
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to evaluate particle morphology. In this case, scanning electron microscopy (SEM),

transmission electron microscopy (TEM), and atomic force microscopy (AFM)

are widely used for the observation of particle morphology. AFM can provide a

three-dimensional surface profile. Additionally, samples viewed by AFM do not

require any special treatments such as metal/carbon coatings that would irre-

versibly change or damage the sample; most of the AFM modes can work perfectly

well in ambient air or even a liquid environment. Importantly, AFM provides a

higher resolution than SEM. The zeta potential of PNPs is commonly measured

by laser Doppler electrophoresis, which evaluates the electrophoretic mobility of

suspended particles in the medium. It is a rule of thumb that an absolute value of

zeta potential above 60mV yields excellent stability, while 30, 20, and less than 5mV

generally result in good stability, acceptable short-term stability, and fast particle

aggregation, respectively, for pure electrostatic stabilization or in combination with

low-molecular-weight surfactants, but not for high-molecular-weight stabilizers

present in the medium [3].

3.2 UV–Visible Spectroscopy

The example of the application of UV–visible spectroscopy for determining the

copolymer composition of poly(methyl methacrylate) (PMMA), with different

chlorophenyl methacrylates, is analyzed. Namely, chlorophenyl methacrylates

show intensive π→ π* transitions at wavelengths lower than 250 nm and n→ π*

transitions located at wavelengths higher than 260 nm, which shows redshift with

increasing of Cl substitution. In the spectra of copolymers, the absorption of PMMA

moiety at wavelengths longer than 260 nm is negligible; thus, the absorption peaks

at these wavelengths are the only contribution of poly(chlorophenyl methacrylates)

moieties. This allows the calculation of copolymer composition directly from the

intensity of the appropriate absorption bands at around 260 nm. The calibration

curves were calculated from the absorption maxima in the UV spectra of different

concentrations of individual homopolymers in polymer blends. The linear rela-

tionships between the absorbance and the polymer concentration confirm that

Lambert–Beer’s law was valid in the selected concentration range [4]. In the UV

spectra of the copolymer with unknown composition, the absorbance at 260 nmwas

determined, for which value from the respected calibration curve the concentration

of poly(chlorophenyl methacrylate) was evaluated. The copolymer compositions

obtained in a presented way showed an excellent agreement with the composition

obtained by chlorine analysis. If the polymers contain conjugated double bonds,

such as polyenes, then the wavelength of the π→ π* absorption will depend on

the length of the conjugated sequences. This makes the UV–visible spectroscopy

suitable for the estimation of the polymer chain length from the known 𝜆max and

according to the Schrodinger equation, solved in one dimension [5]. The UV spectra

could be used for quantitative analysis of copolymers; however, it is limited to the

case when the individual polymer constituents show strong absorption independent

of each other.
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3.3 Elemental Analysis

An elemental analyzer, based on the Dumas combustion method, proved to be a

valuable solution for the elemental analysis (EA) in polymers and plastics in terms of

accuracy, repeatability, and sensitivity of results. Its automation, high speed of anal-

ysis, and the elimination of the sample preparation process allowed efficient analysis

and helped to reduce overall operational costs. The analysis was performed without

matrix effect when changing the sample and element content indicating the com-

plete combustion of the samples [6]. With an upgrade, the elemental analyzer could

determine nitrogen only, simultaneous CHNS, NCS, CHN, and oxygen. Trace sulfur

determination was achieved when the system was coupled with the FPD detector.

Combustion techniques, such as pyrolysis, are one of the most common analyti-

cal methods of identification of the constituents of any sample; the structure of the

monomers or any other addedmolecules used during the polymer synthesis can then

be subsequently confirmed by spectroscopic techniques. Analyticalmethods usually

involve, for example, the burning of a sample in an oxygen-containing atmosphere,

to determine amounts of carbon, hydrogen, nitrogen, sulfur, halogens, and oxygen.

Also, dry-ashing, fusion, bomb, and acid digestion can be used to remove organic

material and trace metal residues, which can be further analyzed by spectroscopic

techniques. The elemental composition and content of some specific elements is an

important analytical tool for polymer characterization, mainly for the characteri-

zation of copolymers and polymer blends and the determination of the molecular

weight of homopolymers [7]. The knowledge of the elemental composition of a poly-

mer can be a useful indicator of the identity of the polymer (Figure 3.1).

Determination of copolymer composition, EA is a convenient method for the

determination of copolymer and blend composition if one homopolymer contains

an element not present in the second one. For example, EA can be properly used

to quantify nitrogen in copolymers containing acrylonitrile units and oxygen in

polymeric surfactants such as poly(oxyalkylene). The commonly used techniques

to determine the molecular weight of polymers are osmometry, viscosimetry, light

scattering, gel permeation chromatography (GPC), NMR, etc. In all of them, the

sample must be soluble in organic solvents or water [8]. However, several kinds of

polymers, such as the new and intelligent materials, especially highly thermostable

or conductive polymers such as poly(phenylene sulfides), poly(p-xylylidene), or

polypyrrole, are barely soluble or even insoluble in typical solvents. In such cases,

EA is a promising and useful method. The molecular weight of polymers could

be obtained from the analysis of some elements present in the polymer chain, for

example, heavy metal salts from the analysis of the metal content.

M
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M M

M

Figure 3.1 Representation of linear polymer chain. M represents the repeating unit of the
monomer that will be repeated n several times. Clear and black circles can both be either
the initiator fragment remaining on each side of the molecule or an end group deliberately
added to functionalize the polymer.
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3.4 Infrared Spectroscopy

Infrared spectroscopy is a technique based on the vibrations of atoms of a molecule.

To get a spectrum, the sample is placed in a sample holder and then an infrared

ray is passed through the sample. The signals or peaks that can be appreciated

in an IR spectrum correspond to the energy absorbed by the sample at specific

frequencies that depend on the molecule’s structure. To detect a signal, molecules

must change their electric dipole during irradiation, which implies the generation

of specific movements between atoms and chemical bonds. Interactions between

IR radiation and molecules involve changes in molecular dipoles associated with

vibrations and rotations. The atoms in molecules can move and bond lengths can

vary; also, one atom can move out of its present plane in stretching and bending

movements. Vibrations can involve a change in either bond length (stretching) or

bond angle (bending). Depending on the type of movement, there is also symmetric

and asymmetric stretching; each of them is represented as an individual absorption

signal. Even for simple molecules, there will be many vibrational signals. A simple

molecule can generate a complex spectrum. In a polymer, the repeating unit

represents the simple molecule that will be generating a pool of signals or bands.

Bands of vibrations associated with the presence of characteristic functional groups

are called skeletal vibrations, and these skeletal vibrations are likely to constitute

a pattern or fingerprint of the molecule as a whole. In practice, the radiation

emerging from a source is passed through an interferometer and then through

the sample before reaching the detector. The most common interferometer used

in FT-IR is the Michelson interferometer, which consists of two perpendicular

plane mirrors, one of which can travel in a direction perpendicular to the plane.

A semi-re�ecting film, the beam splitter, bisects the planes of these two mirrors.

The beam splitter material has to be chosen according to the infrared region to be

examined [9].

3.5 Qualitative Analysis of Polymers

Most organicmolecules (including polymers) show absorption bands from the inter-

action between the IR radiation and the atoms in a chemical bond in the mid-IR

region. Most IR studies are related to the analysis of vibrations in the mid-IR region,

but near- and far-IR regions also provide important information about certainmate-

rials. The mid-IR spectrum (4000–400 cm−1) can be divided into four main regions,

and the nature of a group frequency may generally be determined by the region in

which it is located. Each band in an IR spectrum can be assigned to a particular

movement in a molecule or group of atoms in a chemical bond. If this is applied to

any bond in amolecule, there will bemultiple bands even for similarmolecules [10].

A spectrum may have a hundred or more absorption bands, and there is no need to

assign the vast majority; this can be regarded as the “fingerprint” of the molecule

[11] (Figure 3.2).
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3.6 Spectral Analysis for Polyethylene and Polystyrene

The IR spectrum for low-density polyethylene (PE) has four high-intensity absorp-

tion bands. The first band (A) corresponds to the symmetric and asymmetric

stretchings of methyl and methylene groups. Then, symmetrical bending of methyl

(B) and methylene (C) groups of the polymer is observed, and the last band (D)

4000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

3500 3000 2500

A
B

C

2000

Wave number

P
o
w

e
r 

ra
ti
o

1500 1000 500

Figure 3.3 IR spectrum for high-density polyethylene.
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corresponds to the stretchingmovement of themethylene groups in the backbone of

the polymer chain [12]. However, the IR spectrum for high-density PE in Figure 3.3

shows some differences, since there are three main signals for a molecule having

the same chemical composition. Band (A) represents the symmetrical stretching

for methyl and methylene groups and band (B) corresponds to the symmetric

methylene bending. The last one (C) is ascribed to the absorption of the methylene

groups [13].
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Figure 3.4 1H NMR spectrum for polystyrene (a) and styrene (b). Source: Based on Shethji
et al. [14]/John Wiley & Sons.
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Foe qualitative analysis of polymers, NMR spectroscopy is an analytical tool

extremely useful to follow the synthesis of polymers or supramolecular systems,

from starting materials, intermediates, to products, and their three-dimensional

conformation. The rapid development of advanced techniques has substantially

broadened the application of NMR to the study of polymers. Examples of 1H NMR

spectra of PS and its monomer styrene are shown in Figure 3.4 [15]. The faster

decay of the signal from PS than that from styrene is due to faster relaxation of the

spins or shorter relaxation times. The difference is re�ected as a difference in peak

width.

3.7 Determination of Molecular Weight
and Thermodynamic Properties

As shown in Figure 3.5, in the limit of small angles, the effective volume that

is probing is very large in comparison with the volume occupied by a single

macromolecule. Therefore, the number of polymer molecules within this volume

is considerably large. As we approach 𝜃 ≈ 0, this scale becomes quasi-macroscopic

and can reduce the calculation of the �uctuations in the dielectric constant

to that of the �uctuation of the thermodynamic degrees of freedom of the

system [17].
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Figure 3.5 Helix–coil transitions of poly (L-benzyl glutamate) in a mixture of
dichloroacetic acid and heptane showing the variation of the apparent molecular weight
and the radius of gyration. Source: Cowie [16]/Walter de Gruyter.
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3.8 Differential Scanning Colorimetry (DSC) Analysis

A heat �ux differential scanning colorimetry (DSC) (i.e. containing a single heating

block) is comprised of a thermal cell with a sensor that registers the temperature

difference between the sample-filled pan and a similar reference pan that contains

only air. When the sample evolves heat through some thermal process, such as a

crosslinking reaction, the DSC plot shows an increase in heat �ow (Figure 3.6).

This is indicative of an exothermic event because the temperature registered by

the sample sensor is higher than that sensed for the reference. If the sample is

undergoing a thermal event that causes it to absorb more heat than the reference

does (such as melting), the DSC plot shows a decrease in heat �ow. This is called

an endotherm and, in these cases, the temperature sensor measures a lower

temperature for the sample compared to the reference. For example, a material can

be heated at a controlled steady rate, such as 10 ∘C per minute, and the heat �ow

can be monitored to characterize the thermal events of the sample as a function of

increasing temperature. Figure 3.6 shows a DSC plot for a polyethylene terephtha-

late (PET) sample which had been cooled from the melt at an extremely high rate.

The plot illustrates both exothermic and endothermic thermal events that occurred

during a temperature scan from 50 to 300 ∘C. The endothermic step change (glass

transition) occurs first in the scan, followed by an exothermic peak due to cold

crystallization, which is then followed by the endothermic peak due to melting.

Many modern DSC instruments can measure absolute heat �ow. This is done by

dividing the signal by the measured heating rate, which converts it into a heat

capacity signal [18]. Monitoring the heat-capacity-related signal as a function of the

applied experimental conditions (such as a heating ramp) can determine how the

heat capacity of the sample changes as it undergoes a phase change or a chemical

reaction.
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Figure 3.6 DSC scan of polyethylene terephthalate.
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3.9 Thermogravimetric Assays (TGAs)

Thermogravimetric assays (TGAs) are another type of calorimetric technique that

measures the weight loss of the samples. It is a useful technique to determine the

amount of nano-conjugation, since the change in the nanomaterial composition

produces changes in temperature weight loss. For example, researchers used TGA

analysis to confirm the covalent attachment of a dendritic carbosilane wedge to

PNPs. Since both calorimetric techniques have similar performance, their advan-

tages and disadvantages have been summarized together. Calorimetric techniques

are advantageous in terms of the small amount of sample required, high precision,

and sensitivity [19].

3.10 Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) is a widely used technique to determine the

molecular weight of materials dissolved in organic solvents as well as the physical

stability of assembled nanomaterials. The nanomaterials are eluted as a function

of their molecular weight: the bigger the nanomaterials, the faster the elution. The

quantification of the eluted samples is performed utilizing UV–vis absorption or

changes in the refractive index. This technique could be useful, for example, to study

the stability of a polymer dissolved in an organic solvent. After various periods, the

dissolved polymer should be analyzed through the GPC and its molecular weight

assessed by using a calibration curve [20]. Other examples of the use of GPC in the

nanoscale could be the assessment of the polymer molecular weight, the degree of

polymerization of a synthesized polymer, or even the number of monomer subunits

that a polymer contains. In some cases, GPC has also been used for the purification

of quantum dots or carbon nanotubes. GPC is advantageous in terms of short-time

experiments.However, an important drawback of this technique is the possible inter-

action between the nanomaterials and the columnfilling, which could interferewith

the size assessment [21].

3.11 High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC) is the most used type of chro-

matography not only for colloidal nanosystem studies but also for other types

of materials (e.g. proteins). In the vast majority of studies, it is used for the fine

quantification and separation (purification) of actives, such as drugs. Brie�y, it

consists of the injection of the liquid sample using a pump that introduces it to

a �ow (mobile phase) that passes through a separate column (stationary phase),

which entraps the molecules depending on their nature. The more interactions the

molecules have with the column filling, the later they will be eluted [22]. Further,

molecules are eluted in a characteristic pattern for each compound. It results in a



58 3 Characterization of Polymer Materials

Solvent delivery system

Waste

Detector

Chromatographic

column

Sample injection systemSolvent reservoir

A and B

Integrator/computer

Figure 3.7 Schematic representation of an HPLC system.

chromatogram with the peaks of each compound (Figure 3.7). The quantification

of the actives is required in any study of the encapsulation efficiency of drugs in

the nanosystems or their release kinetics, as well as the percentage of conjugation

to some nanosystems. Examples of studies using HPLC for drug quantification

exists are numerous, for example, the encapsulation and release kinetics of dex-

amethasone (an anti-in�ammatory drug) from PNPs. They were able to determine

very low concentrations of the drug in a release study receptor solution due to

the high sensibility that offers the HPLC technique. The resolution of the HPLC

depends on the filling of the column (on the stationary phase properties), which is

commonly composed of silica with attached alkyl chains, being the reversed-phase

C18-type columns the most widely used since it enables a differential retention-

ship depending on the polarity of the compounds. The advantages of HPLC are

the high resolution, the low volumes required, and easy, rapid, and economic

manipulation [23].

3.12 Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC), together with ion exchange and affinity

chromatography are classified as low-pressure liquid chromatography. It is useful to

characterize and separate nanomaterials with different properties, dispersed in an

aqueous solution. For example, it has been useful to separate antibody-conjugated

nanoparticles from the free antibody and nanoparticles. Another example of

its use is the characterization of the molecular weight of nano-objects, such

as proteins or polymers [24]. The separation of the compounds depends not

only on their molecular weight but also on their 3D dimensions, due to differ-

ences in pore permeation. It has the same advantages as other chromatographic

techniques [25].
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3.13 Raman Spectroscopy

Raman spectroscopy is a useful technique for direct monitoring of polymerization

reactions because the C=C double bond has stretching vibration in different

positions for different monomers. The intensity of a band in Raman spectra is

linearly proportional to the concentration of the scattering units, which allows

quantitative measurements. It is necessary to perform quantification using known

amounts or concentrations of reference substances. Hence, the technique is

helpful for copolymer composition determination, which is well illustrated in the

example of composition determination of terpolymer methyl methacrylate (MMA)/

butyl acrylate (BA)/styrene (S) (the system contains di-unsaturated crosslinker)

(Figure 3.8).

The procedure is composed of calculating the intensity (I) ratios of the character-

istic peaks of the individual polymers and presenting them in a plot as a function of

their known mass in the copolymer [27]. Firstly, the intensity ratio of styrene ring

mode (1603 cm−1) to carbonyl stretch of MMA and BA (1731 cm−1) is presented vs.

the mass ratio of MS/(MMMA +MBA), resulting in a linear calibration curve, which

allows the calculation of the mass ratio of styrene to total acrylics. Similarly, the

intensity ratios of 842 cm−1 characteristics of BA and 812 cm−1 characteristics of

MMA are plotted vs. BA/MMAmass ratios, again yielding a linear calibration curve.

The calculated mass ratio of the acrylics (BA/MMA) from the last calibration curve

and the previously calculated S/(MMA+BA) mass ratio allow the evaluation of the

total composition of an unknown copolymer. One of the useful features of Raman

spectroscopy in the characterization of polymers is the investigation of their mor-

phology. The position of the characteristic vibrations is sensitive to the orientation

of the bonds and the neighboring environment as a result of the particular property

of symmetry that some modes of bond vibration [26]. This gives practical informa-

tion on the polymer orientation and subsequently on the mechanical and other

Figure 3.8 Calibration curves
of the terpolymer system
MMA/BA/S. (a) Ratio
S/(MMA+BA) and (b) ratio
BA/MMA. Source: Everall and
King [26]/John Wiley & Sons.
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physical properties of the polymer. Under the increased stress, the characteristic

Raman shifts move toward lower wave numbers, proportionally to the applied

stress.

Raman spectroscopy method’s high sensitivity to polymer primary and secondary

structure, as well as to solvation state, has allowed for detailed information to be

obtained on a wide variety of soft materials. Furthermore, the portability of the

technique allows for its use in online process monitoring. Raman spectroscopy

has great utility in the characterization of polymeric fibers because of its low

�uorescence background and the ability to obtain both second- and fourth-order

orientation functions from polarized data [28]. Thus, Raman spectroscopy was

used to monitor the effects of firing temperature and polymer drawing during

manufacturing. Cis/trans ratios in polymeric composites have been studied

as a function of temperature. PE production has been monitored for amor-

phous phase orientation and deformation in uniaxially drawn material and when

peroxide-oxidized precursors are used. Similarly, the stress in a compositemultifiber

has been observed and related to manufacturing �aws, ultimately leading to design

improvements [29].

Online Raman spectroscopy of crystallization has allowed for corrections to be

made during polymer fabrication. The use of Raman spectra to determine polymer

conformation has been the subject of several publications [30]. Raman has been

used to observe conformational disorder in waxes, solvent reorientation in poly-

acrylamide gels, and strain in-homogeneities in highly oriented gel-spun PE and for

monitoring curing in divinyl ethers and epoxies. Awide range of side products in the

formation of PMDA-ODApolyimide has been observed by FT-Ramanwith a near-IR

detector. Iodine doping of natural rubber and pseudo-interpenetrating polymer lead

to fingerprint resonance Raman spectra of >1000 cm−1 [31].

3.13.1 Polyethylene Density

PE is a key polymer available in two general forms, namely, low-density polyethylene

(LDPE) and high-density polyethylene (HDPE). PE with a density range of 0.920–

0.935 g cm−3 is defined as LDPE, while with a density range of 0.955–0.970 g cm−3

is defined as HDPE. Less creep, less gas permeability, and high strength are the

characteristics of HDPE, whereas LDPE is more translucent and �exible. Raman

spectra of PE samples with densities of 0.882, 0.910, and 0.960 g cm−3 are presented

in Figure 3.9. A calibration model can be created using curve fitting techniques to

correlate a PE sample’s Raman spectrum to its density.

3.13.2 Polybutadiene Microstructure

Polybutadiene characterization can be effectively performed using Raman spec-

troscopy due to its ability to differentiate all fundamental structural units through

the 𝜈 (C=C) bond stretching of 1,4-cis, 1,4-trans, and 1,2-vinyl units, which provide

Raman bands at 1639, 1650, and 1664 cm−1, respectively [33]. Additionally, polybu-

tadiene samples can be quantitatively analyzed using the Raman band intensities
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Figure 3.9 Raman spectra comparing polyethylene samples of various densities. Source:
Based on Koenig [32].
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Figure 3.10 Raman spectral region used to identify microstructure of polybutadienes.

as they vary in proportion to the concentration of the samples. It is necessary to use

curve fitting techniques due to the partial overlapping of the Raman bands. The

resulting Raman data is reproducible to within ±1% (Figure 3.10).

3.14 Mechanical Testing and Rheometry

The biocompatibility of polymeric biomaterials could be in�uenced by mechanical

properties. The most important mechanical parameters in biomedical applications

can be determined via tensile testing. Depending on the application of biomaterials,

the in�uence of these parameters will be different. The viscoelastic behavior and

rheological properties of polymeric biomaterial commonly could be evaluated by

rheometry, which measures viscosity and storage modulus. Mechanical properties

of polymeric materials include the degree of polymerization, crosslinking, polymer

structure, and functionality. Examples are presented to demonstrate the effect of
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polymer functionalization on their mechanical and rheological properties. Recently,

the enhancing effect of functionalization of nanofillers with hyperbranched polyg-

lycerol (PG) on the mechanical properties of composite nanofibers was studied.

Nanodiamonds (NDs), as nanofillers, were decorated with PG on their surface, and

poly(vinyl alcohol) (PVA) was selected as a model polymer matrix [34]. Unmodified

ND/PVA and PG-modified ND/PVA composite nanofibers were prepared by the

electrospinning technique, and their mechanical properties were characterized

by tensile tests. The grafting of PG on the ND surface improved the mechanical

properties of ND/PVA composite nanofiber membranes, which was revealed by a

60% increase of tensile strength, 51% enhancement of Young’s modulus, and 59%

boost of toughness at 3wt% filler content. Therefore, the enhanced mechanical

performance of ND-PG/PVA nanocomposites could be attributed to the intro-

duced dense hydroxyl groups of the grafted PG, which improved the dispersion

status of nanofillers within a composite matrix and strengthened filler matrix

interactions [35].

Rheological measurements exhibited higher viscosity and storage modulus com-

pared to the unmodified samples. When the chain-extender (GMA) concentrations

are increased, the increase of viscosity and the storage modulus become more

obvious. These viscoelastic properties are related to the molecular structure of

the modified polymers. The effect of reactive compatibilization of GMA on the

PLA/PBAT blends has been confirmed using tensile tests by the improvement of

mechanical properties like a strain at break and Young’s modulus. According to

the tensile mechanical results, the elongation at break of PLA/PBAT (80/20) blends

with 0.25% and 0.5% wt GMA achieved 116% and 135%, respectively, higher than for

unmodified PLA/PBAT blends (50%). Compared to unmodified samples, the pres-

ence of reactive epoxy functions showed an increase in the tensile modulus (from

820MPa (PLA/PBAT blends) to 1095MPa (PLA/PBAT/GMA)), which indicates a

reactivity control at the interface due to the formation of ester linkages between

PLA, PBAT, and GMA [36]. Generally, the incorporation of multifunctional epoxy

compounds such as GMA highlighted an improvement of mechanical and rheo-

logical properties of PLA/PBAT blends. The functionalization of hybrid chitosan

(CTS) with GMA shows the rheological analysis for the characterization of these

dental restoratives. Rheological properties of CTS/GMA suspensions increased by

several orders of magnitude in the elastic modulus (G′) and there was a reduction

in the viscous modulus (G′′) when compared to pure CTS. The latter indicates

that CTS/GMA suspensions have enhanced elastic behavior. In contrast, pure CTS

suspensions behave like a viscous �uid. Dynamical rheological tests concluded that

CTS-GMA solutions act as physical hydrogels [37].

3.15 Nuclear Magnetic Resonance Spectroscopy

Polymer NMR does not refer to a single methodology, owing to the wide range of

structural and dynamic features of synthetic as well as natural polymers. Depending
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on whether just the chemical make-up or actual properties of a specificmaterial and

its unique morphology are to be characterized, one must employ widely different

NMR methods [38].

In addition to the usual examination of polymers in solution and the molten state,

a new surge of interest in the application of carbon (13C) NMR to the examination of

polymers in the solid state by magic angle spinning (MAS) has been observed. This

technique is providing new and sometimes different structural information about

polymers because it is examining them in their natural states [39]. Thus, with the

use of MAS, along with the more commonmethods of examination, NMR has taken

on an even more important role in its application for the determination of polymer

structure, proton (1H) NMR to be a fertile field to characterize the microstructure

of hydrocarbon polymers, and �uorine (19F) NMR for the characterization of �uo-

ropolymers.

In many applications, in particular, those of rubbers made of simple homopoly-

mers or statistical copolymers, the chemical resolution provided by HR-MAS is not

of primary relevance. Rather, Dres as a measure of crosslink density is of interest.

On a qualitative level, Dres is governing the transverse (T2) relaxation measured

in a Hahn-echo or related experiment, with non-refocused dipolar dephasing

being the dominant source of signal loss, rendering 1H T2 experiments a good

choice to obtain the desired insights. However, the most reliable measurement of

Dres itself is certainly achieved by static multiple-quantum NMR, which will be

addressed [40].

3.16 X-ray Diffraction

X-ray Diffraction (XRD) analysis can assist in the assessment and quantification of

the crystalline phases (polymorphism), polytypes, and all types of solid-state molec-

ular arrangements [41]. If the polymer is crystalline, then the XRD diffraction pat-

tern is a result of a crystal structure (as related by Bragg’s law); the pattern can be

indexed and represented by a stick pattern of positions and intensities. To aid the

identification of semicrystalline polymers in a polymers sample using the position

and relative intensities of the X-ray fingerprint of the crystalline phases of the poly-

mer [42] is used. Polymers can be processed into fibers and films and can be molded

and extruded. Each of these processes can orient the molecules and the diffrac-

tion can be used to measure the orientation in both crystalline and noncrystalline

materials.

The degree of the crystallinity of crystalline polymer is a structural parameter

that has much to do with their physical properties in general [43]. The degree of

crystallinity is calculated as a ratio of crystal-derived scattering intensity to total scat-

tering intensity [44] (Figure 3.11).

Degree of crystallinity (%) = Crystal derived scattering intensity/(Crystal-derived

scattering intensity+Noncrystal-derived scattering intensity)× 100
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Figure 3.11 Indication of crystal and noncrystal region of polyethylene XRD analysis.

3.17 Molar Mass and Molar Mass Distribution

Polymers aremixtures ofmolecules of different sizes. Contrary to proteins,where the

chain length is constant, synthetic polymers (rubbers and plastics) and polysaccha-

rides always possess a certain polydispersity, which is intrinsic to the polymerization

process [45].

An important step for polymer characterization is to measure the number and

weight of macromolecular chains at the size (length) s, at the size (s+ 1), at the size

(s+ 2), at the size (s+ 3), and so on. This is referred to as molar mass distribution

(MMD) determination. TheMMDof a polymer is of prime importance in its applica-

tion. Inmost instances, there is amolar mass (MM) range for which a given polymer

property will be optimal for a particular application. The control of MM (expressed

in g/mol) and of its distribution is essential for the practical application of a polymer-

ization process, since its utility is greatly reduced unless the reaction can be carried

out to yield a polymer of a sufficiently high and specified MM [46].

3.18 Osmometry

In osmometry, one measures the osmotic pressure,
∏

, of a polymeric solution at

various dilutions. The quantity
∏

/RTC is then computed and plotted vs. C (C is

the concentration of the polymer solution, T is the temperature, and R is the gas

constant). The resulting plot is a straight line and its intercept is 1/Ḿn, since
∏

is

related to as follows [47]:
∏

∕RT = C∕Ḿn + A2C
2 + A3C

3

where A2 and A3 are the second and the third coefficients of the virial expansion.

The field of application of osmometry is limited to polymers with masses below

100 000 since the precision depends on themass, and therefore it becomes inaccurate

at high masses [48]. Furthermore, being a colligative method, osmometry yields Ḿn

but not Ḿw, and therefore it cannot be used to discriminate a narrow MMD from a

broad MMD nor a unimodal MMD from a bimodal MMD.
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3.19 Mass Spectrometry

Mass spectroscopy methods have experienced a steadily increasing use in polymer

analyses due to their high sensitivity. Mass spectrometry is useful also in those cases

inwhich the scope of the analysis is not simply tomeasure Ḿn and Ḿw of the sample,

but the determination of the entire MMD [49]. For instance, in the case of polymers

obtained by pulsed laser polymerization, the determination of Ḿn and Ḿw of the

sample is not the primary goal. One has to determine the point of in�ection Minf

and MS can be used for this purpose. One plot the oligomer’s abundance against

mass and then takes the second derivative. The point at which the second deriva-

tive changes from negative to positive is the point of in�ection. Also in the case of

polymers made principally of cyclic molecules, the determination of the sample is

not the primary goal. One has to determine the “trend” followed by the MMD and

whether the abundance of cyclic molecules changes as the ring size grows. MS can

be used for this purpose, by fitting the logarithm of the abundance against log (n)

and fitting the points with a straight line. The slope of the line is the exponent [50].

The analysis of polydisperse polymers by MS methods poses some problems that

have been only recently solved. Polydisperse polymers (including many industrial

polymers) are made of a mixture of macromolecular chains that have quite different

sizes, ranging from dimers and trimers, up to chains with thousands of units [51].

Using MS methods, all the oligomer chains can be ionized, but the ratio between

the number of ions of a given size and the number of molecules of that size (i.e.

the ion yield as a function of chain size) is not constant. The structures and mor-

phologies of polymers have beenunder investigation employing electronmicroscopy

(EM) [52].

3.20 Scanning Electron Microscopy (SEM)

EM can be divided into the techniques of TEM and SEM [53]. A step in studying

structures ofmaterials camewith the development of scanning probemicroscopy, in

particularwith amodified, for polymers interesting technique ofAFM. In general, all

of the different types of microscopes can be classified according to whether imaging

is achieved by irradiation of the object with a “lamp” or by feeling the surface with

a “finger” or “needle” [54].

The relatively easy preparation of polymer surfaces makes SEM a very valu-

able tool to study larger and even smaller polymer structures. Often, fracture

surfaces of polymers give information on large structural details and structural

defects, which are the source of damage and fracture of polymeric materials [55].

After selective etching of a smooth surface, many structures are visible in SEM.

A well-developed spherulite with a central part of parallel-packed lamellae and

bent lamellae around the so-called eyes of a spherulite. Additional details of the

structure of semicrystalline polymers can be determined on selectively etched

surfaces [56]. The twomain types of isotactic polypropylene (PP) are 𝛼-modification

with the cross-hatched arrangement of the crystalline lamellae; the main lamellae
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are growing radially from an initial site (center of the spherulite), whereas the

“secondary lamellae” are formed by an epitaxial growth onto them. In 𝛽-modified

PP, the lamellae form a more sheaf-like superstructure with a parallel arrangement

of bundles of lamellae [57].

3.21 Transmission Electron Microscopy (TEM)

In practice, most TEM investigations of polymers make use of mass thickness

contrast, that is, specimen parts containing elements with a higher atomic num-

ber and/or which are thicker scatter electrons stronger, but not contributing to

image formation. To increase the density of particular structures in polymers,

usually local chemical staining is applied [58, 59]. The amorphous parts and

particularly the boundaries of the lamellae are chemically stained, appearing dark,

whereas the crystalline lamellae are bright. Crystalline samples can be studied

using diffraction contrast by diffraction patterns and dark field and bright field

contrast [60].

3.22 Atomic Force Microscopy (AFM)

AFM is uniquely suited to characterize polymer materials on the nanoscale reveal-

ing structures and morphology without the need for extensive sample preparation

or vacuum environment. Unlike its EM counterparts, the interaction between probe

and sample in AFM is mechanical-based, making it especially suited to provide con-

trast on polymeric type samples [61].

Within the field of polymer sciences, AFM has been used to quantify the entropic

elasticity of single-polymer chains, the elastic moduli of nanowires, single-polymer

chain elongation, molecular stiffness of hyperbranched macromolecules, friction

of single polymers on surfaces, the in�uence of temperature on the stability of

single-chain conformation, and surface glass transition temperature [62]. It has also

been used to perform stretching experiments on single carboxy-methylated amylase

and to differentiate between sugar isomers [63].

3.23 Optical Microscopy (OM)

Optical microscopy (OM) is a highly �exible imaging technique commonly used to

study the crystal growth behavior and kinetics of polymeric materials. In the case

of polymer nanocomposites, OM is used to study the clay-induced crystal growth of

polymeric matrices. OM can also be used to study the degree of dispersion of silicate

layers in polymer nanocomposites in the molten state of the polymer matrix [64].

If the silicate layers are dispersed at the nanoscale, the nanocomposite sample

should exhibit no turbidity, since the fundamental particle size is less than 𝜆/4.

Therefore, aggregates significantly less than ∼1 μm in size are not resolvable by
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OM. The resolution of OM has traditionally been limited by the wavelength of

visible light; however, recent near-field scanning techniques (NSOMs) pushed the

resolution of OM significantly below this limit [65].
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4

Diverse Applications of Polymer Materials

4.1 Board Area of Polymer Applications

Polymers play a very important role in human life. Our body is made of a lot of

polymers, for example, proteins and enzymes. Other naturally occurring polymers

like wood, rubber, leather, and silk are serving humankind for many centuries now.

Modern scientific tools revolutionized the processing of polymers, thus available

synthetic polymers like useful plastics, rubbers, and fiber materials [1]. Polymers

have a wide range of applications in agriculture, sports, adhesives, coatings, foams,

packaging materials, textile, and industrial fibers, composites, electronic devices,

energy and storage, biomedical devices, optical devices, and precursors for many

newly developed high-tech ceramics [2]. Some broad areas of polymer applications

are detailed in this chapter as follows:

1. Polymeric material-based �exible and stretchable electronics.

2. Functional polymers and their composites for sensors and actuators.

3. Polymer-based Light-emitting diode (LED).

4. Polymeric membranes.

5. Eco-friendly polymeric materials.

6. Functional polymeric textiles.

7. Polymeric self-healing materials.

8. Functional polymeric surfaces.

9. Applications of polymeric materials and their composites in energy generation

and storage.

10. 3D/4D printing of polymeric materials and their composites [3].

Polymers are a highly versatile class of material that is found in all areas

of engineering from avionics to biomedical devices, and the development and

implementation of these rely on polymer applications and data provided through

rigorous testing [4]. The applications of polymeric materials and their composites

are still growing rapidly due to their low cost and ease of manufacture. This in turn

fuels further advances in research and development. A better understanding of the

properties of the materials in differing environments and temperature ranges is

central to sourcing the correct polymer materials to suit the application [5].

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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The importance of polymers in advanced technology is a key factor in the future

of materials development, as indicated in the following applications:

I. Polymer dielectrics in electronics offer the basis for the smallest circuits and

the highest speed of operation.

II. Conducting polymers have been commercialized in rechargeable batteries and

offer the greatest promise for high energy storage with low weight [6].

III. Polymer sensors exist for chemical species, thermal and acoustic radiation,

temperature, pressure, humidity, ionizing radiation, electric charge, andmore.

IV. Buildings can be equippedwith a network of optical fibers linking remote loca-

tions with a management console. The polymer sensors can be built into the

optical fibers to report the presence of toxic gases or to turn off super�uous

lights to conserve energy.

V. Implanted sensors can detect the glucose level in blood and call for insulin

injections using an implanted pump, as needed.

VI. Electromagnetic shielding will become increasingly necessary, and conduct-

ing polymers offer solutions that are conveniently fabricated in complex

shapes.

VII. Polymer resists are the basis for the microlithography that makes integrated

circuit electronics possible. They are also the basis for the emerging field of

micromechanics, which could produce machines smaller than a human cell.

VIII. High-density information storage is available through compact disk technol-

ogy, and improved polymers will enhance the performance of this medium. In

the future, polymer-based holographic devices could revolutionize the storage

and manipulation of information [7].

IX. Polymers offer solutions to critical economic problems facing the introduc-

tion of photonics, the light analog of electronics. The couplers, splitters, and

other elements of photonic circuit boards all admit to polymeric solutions that

may provide the economic breakthrough needed for the photonics revolution.

Broadband communications can be brought directly to the home and office by

polymer or glass fibers, using polymeric photonic circuits.

X. Smart windows based on polymeric materials could re�ect light when the sun

is too bright and transmit light when it is not.

XI. The fabrication of liquid crystal display devices for computers and television

can be facilitated and the robustness of the product enhanced by the incorpo-

ration of conductive, transparent polymer films.

XII. Light-emitting diodes based on �exible polymeric films have been fabricated

and are likely to find diverse applications in the future.

XIII. Electrophotography is now based on polymeric photoactive materials, and

these have made possible many improvements, such as compact and conve-

nient machine architecture, the durability of machines, and long-term print

quality.

XIV. Polymers are now the recording medium of choice for holography in many

applications. This technology offers the promise of ultrahigh density informa-

tion storage [8].
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4.2 Polymers in Biotechnology

Polymers play a major role in all aspects of biological processes. It is legiti-

mate to proclaim that polymers are the molecular basis of life. The genetically

inherited information required for the growth and health of living systems is

encoded in the macromolecule deoxyribonucleic acid (DNA), the backbone of

which forms the famous double helix. The molecular genetic code uses only

four purine and pyrimidine bases to dictate the structure of the proteins that

make up so much of living systems. DNA directs the assembly of about 20

amino acids in complex sequences that become proteins. These proteins are

polypeptide polymers that differ from one another only in the sequence of their

constituent amino acids. All enzymes, which control the reaction rates in biological

systems, are proteins. Collagen proteins from fibers and connective tissue are

found in tendons, cartilage, blood vessels, skin, and bone. Elastin, an elastic

substance found in ligaments and the walls of blood vessels, is a protein. Other

polymers such as polysaccharides are also important. They make up chains of

sugar units present as a major constituent in all connective tissue. Ribonucleic

acid (RNA) molecules also carry information and can serve protein-like func-

tions [9]. Thus informational, chemical, mechanical, and other properties of

living systems find their origin in the molecular structure of their component

polymers.

The development of biodegradable polymeric materials for biomedical applica-

tions has advanced significantly. Biodegradable polymeric materials are favored

in the development of therapeutic devices, including temporary implants and

three-dimensional scaffolds for tissue engineering. Further advancements have

occurred in the utilization of biodegradable polymeric materials for pharmacolog-

ical applications such as delivery vehicles for controlled/sustained drug release.

These applications require particular physicochemical, biological, and degradation

properties of the materials to deliver effective therapy. As a result, a wide range of

natural or synthetic polymers able to undergo hydrolytic or enzymatic degradation

is being studied for biomedical applications [10].

The application area for nanochannels and nanoslits is DNA stretch-

ing/linearization. Analysis of DNA linearization can provide insights into the

physical properties of DNA, which is interesting for basic polymer physics as well

as understanding the regulation of gene expression. Linearization of the randomly

coiled DNA structure in microscale environments is also useful for mapping

locations of certain sequences within a strand of DNA as well as for the direct

reading approaches for DNA sequencing. Examples of types of analysis involving

DNA linearization include molecular combing, DNA direct linear analysis (DLA),

optical mapping, and nano-confinement. DNA and optical mapping both utilize

the shear stretching of molecules in small channels for linearization. Molecular

combing performs shear stretching of DNAwithout the use of channels but by using

amoving air–liquidmeniscus. Shear stretching has the advantage that submicron or

micron-scale channels or even no channel setups can be used to obtain a relatively

large degree of DNA linearization [11].
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Ultrahigh molecular weight polyethylene (UHMWPE) is an engineering polymer

that varies from high-density polyethylene (HDPE) in terms of average molecular

weight and average chain length. UHMWPE is a semicrystalline polymer that

contains fully crystalline and fully amorphous phases as an interfacial all-trans

phase. In the crystalline phase, the particular lamellar shape of crystallite is due to

the chain folding with the chain axis, which enlarges the chain fold area [12]. In the

amorphous phase, the chains are interconnected through occasional crosslinks

and random entanglements instead of proper chain folding. The relations between

amorphous and crystalline phases are provided by tie molecules. The crystallinity

of UHMWPE depends on its volumetric percentage of crystallites. The properties of

UHMWPE are determined by the connections between amorphous and crystalline

phases, i.e. tie molecules, crystallinity, the degree of crosslinks and entanglements,

and the positions of the crystallites [13].

UHMWPE has high wear resistance, toughness, durability, and biocompatibility.

Therefore, it is commonly used as a bearing material with ceramic or metallic

counter surfaces in joint arthroplasty. UHMWPE’s significance for achieving out-

standing performance in total joint arthroplasties is unquestionable. For long-term

clinical applications, its tribological performance and lifetime are key aspects.

However, UHMWPE implants have limited life due to their wear complications

[14]. When the UHMWPE is used in the periprosthetic environment, it induces

osteolysis followed by loosening of the implant. This implant loosening is joined

with fatigue causes the aseptic loosening which ultimately causes the implant’s

failure. Many methods such as improving crosslinking or crystallinity percentage

through irradiation, surface modification through plasma treatment, or introducing

effective textures, and reinforcements with particles or fibers have been used for

enhancing the properties of UHMWPE [15].

4.3 Polymer Dielectrics for Electronics

Synthetic polymers have inspired a broad range of applications because of their

design �exibility, strong mechanical strength, and solution processability. However,

fossil fuel sources are used to prepare synthetic polymers, leading to serious

environmental pollution. To address this issue, renewable polymers have received

extensive interest over the past decade, which has been driven by their environ-

mentally friendly value as renewable biomaterials and as a sustainable source of

materials [16] (Figure 4.1).

The development of a smaller, lighter, and �exible display is a continuing trend

for handheld soft devices. To meet this demand, polymeric substrates are one of the

potential candidates to replace glass, but most plastic materials have a large coeffi-

cient of thermal expansion (CTE), in the order of 50–200 ppmK−1. As a result, the

functional materials deposited onto the plastic substrates would be destroyed from

thermal processes because of the mismatch between the CTEs from different mate-

rials. However, reports show that cellulose nanofibers with CTE values as low as

0.1 ppmK−1 along the axial direction. Besides, bacterial cellulose (BC) has been used

as a reinforcement to enhance the strength and decrease the CTE for transparent
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Figure 4.1 Schematic of renewable polymers for electronic applications. Source: Sun et al.

[5]/Springer Nature.

plastics. Thus, researchers discovered a foldable transparent BC composite film

with a low CTE (of 4 ppmK−1) and utilized it as a substrate in an organic LEDs

device [17].

4.3.1 Luminescent Layers in Light-Emitting Diodes

Organic LEDs are emissive electroluminescent devices that are widely used in

the digital display industry to fabricate television screens, computer monitors,

and mobile phones. Usually, the substrates, electrodes, electron-transporting

layers, hole-transporting layers, and light-emitting layers in common organic

LEDs configurations are made of petroleum-based products rather than materials

derived from renewable sources. However, researchers reported the first synthesis

of �uorescent polymers based on cellulose modified with alkyl carbazole derivatives
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Figure 4.2 (a) Chemical structures and (b) fabricated organic light-emitting diode devices

of fluorescent cellulose derivatives. Source: Sun et al. [5]/Springer Nature.
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(Figure 4.2). The ionization potential of the cellulose derivative is approximately

5.8 eV. The derivatives exhibit UV-blue emissions at 350–450 nm, which is

attributed to the carbazole groups and similar to emissions from neat poly(N-vinyl

carbazole). Furthermore, the cellulose materials that were integrated into an

organic LED showed a high current density and a low turn-on voltage of 6.5 V

for 0.1 cdm−2 light emission. These results indicate that carbazole-functionalized

cellulose has the potential to serve as the hole-transporting material in organic

LEDs [18].

4.4 Smart and Self-healing Coatings

Reconstructable polymer surfaces form a toolbox for the rapidly developing field of

smart coatings. The structure of the coatings can be programmed in the formulation.

After deposition, external stimuli affect the phase separation of the ingredients to

self-assemble into a coating with programmed properties. For example, colloidal

particles prepared by the emulsion copolymerization of acrylate and �uorinated

acrylate monomers can form stratified film morphologies, where the �uorinated

phase can be driven to the film/air or film/substrate interfaces. As a consequence,

static and kinetic coefficients of friction can be controlled at the film–air interface,

resulting in superhydrophobic surfaces. In another example of programmed

behavior, colloidal particles are stabilized in an acidic aqueous solution by grafted

PS-b-P2VPb-PEO triblock copolymers. The casting of the particle suspension at

higher pH results in a film consisting of particle aggregates and textured coating.

The coating becomes superhydrophobic when heated to above the glass transition

temperature of polystyrene blocks, because these blocks migrate to the topmost

layer of the coating [19].

4.5 Polymeric Biocides and Herbicides

A new technique has recently emerged for the controlled release formulations

designed to avoid or reduce the possible side effects accompanying the use of

biologically active agents. The purpose of this technique includes protecting the

supply of the agent, allowing the automatic release of the agent to the target at

controlled rates, and maintaining its concentration within the optimum limits

over a specified period, thereby producing a great specificity and persistence [20].

There are two different approaches to combining biological agents with polymeric

materials: either by physical combination to act as a rate-controlling device or by

chemical combination to act as a carrier for the agent.

The polymeric biocide has many advantages and its potential benefits include are

as follows: (i) it allows lower amounts than conventional biocides to be used as it

releases the required amount of active agent over a long period; (ii) number of appli-

cations is reduced because of long period of activity by a single application, (iii) it

eliminates the time and cost of repeated over applications because less activemateri-

als is needed, reduction of toxicity; (iv) it eliminates the need forwidespread distribu-

tion of large amount of biocide levels in the surrounding environment; (v) reduction
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of evaporation and degradation loses by environmental forces or leaching by rain

into the soil or waterways due to the macromolecular nature [21], (vi) it extends

the duration of activity of less or nonpersistent biocides which are unstable under

an aquatic environment by protecting them from environmental degradation and

hence enhances the practical applicability of these materials, and (vii) reduction of

phytotoxicity by lowering the high mobility of the biocides in the soil and hence

reduces its residue in the food web, extension of herbicide selectivity to additional

crops by providing a continuous amount of herbicide at a level sufficient to control

weeds but without injury to the crop [22].

4.6 Polymers for Soil Remediation

Contamination of soils with toxic metal elements is of great concern to scientists

and the general public. Long-term intake of contaminant metals by humans may

lead to chronic effects, although maximum acceptable limits in food were already

established for several toxic elements by the national agency for food, drugs, and

administration and control, European Food Service Authority, and the US Food and

Drug Administration [23].

The effects of metals on ecosystems and biological resources are also increas-

ingly recognized. Metals do not degrade as organic compounds do and have

long residence times in soils. They can however exist in different forms, which

include water-soluble (ionic and chelated with soluble compounds), adsorbed

on soil surfaces, chelated by insoluble organic matter, precipitated, occluded by

soil oxides and hydroxides, present in living organisms or residues, and as part

of primary and secondary minerals. Ideally, contaminated soil should be restored

to regain its original potential, but this can be a very expensive process, and thus

depends not only on the expected benefit of the cleanup and future value of the

soil but also on political and public awareness of the problem [24]. Conventional

remedial approaches to severely metal-contaminated soils involve removal and

replacement of soil with clean materials or capping the soil with an impermeable

layer to reduce exposure to contaminants, and chelating agent ethylenediaminete-

traacetic acid (EDTA) has been used extensively for heavy metals extraction

from soil. Much work has been done on the recovery of metal-loaded EDTA

by electrochemical or chemical processes. Another chelating agent, pyridine-2,

6-dicarboxylic acid, has also been shown to be effective in heavy metals, although

these are not considered the most economically or environmentally sound solu-

tions available [25]. Only through the establishment of a vegetation cover to

stabilize metal-contaminated soils will a successful long-term rehabilitation be

achieved.

4.7 Benefits of Polymers in Fabric and Home Care
Formulations

A detergent, in general, is a cleaning agent composed predominantly of a surfactant

or a mixture of surfactants whosemain task is to remove water-insoluble substances



78 4 Diverse Applications of Polymer Materials

like dirt and grease from permeable surfaces (i.e. fabrics and clothes) and/or hard

surfaces (i.e. metals, plastics, and ceramics) [26]. Other than surfactant, a modern

detergent formulation normally consists of builders and chelants, co-builders,

and other polymer additives used for specific washing effects such as soil release

and anti-redeposition, dye transfer inhibition, and rheology modification. The

incorporation of polymers in fabric and home care formulations has provided

numerous benefits in enhancing the action and efficiency of detergents, particularly

the phosphate-free types [27]. Consequently, the use of these materials, especially

the recently developed specialty polymers, has gained increasing attention over the

years, because they provide specific benefits at a very low percent weight (1% or

less). Examples of these types of polymers are polyesters based on terephthalic acid

which serves as soil release agents, ethylene/propylene glycol-based polymers as

anti-redeposition agents, and poly(vinylpyrrolidone) as DTIs.

4.8 Polymeric Materials for Photonics

Photonics is a technology analogous to electronics in which the photon replaces

the electron as the working particle. Many of the applications now accomplished

electronically, including transmission, switching, amplification, and modulation

can also be realized using photonics, and there are advantages to be gained by

converting to a photon-based technology in some areas. Transmission of light in

fiber optic systems is the direct analogy of electrical transmission in coaxial cable

systems [28].

Fiber optic systems are now in place all over the world, and they handle much of

the world’s long-distance telephone traffic. The transmission medium of the fibers

employed is based on inorganic glasses, but polymers are used for protective coat-

ings and in cabling structures. Polymers can also be made into optical fibers, but

the loss is considerably larger than with the inorganic fibers and only short-distance

applications are realistic. The main advantage of polymer fibers is their �exibility

when made in larger diameters, which are easier to splice. Today, fiber optic cables

are generally terminated at the area substation level, where the optical signal is con-

verted back to an electrical signal for transmission to the customer. This conversion

process is necessary because the optical components needed to reach the individual

telephone or terminals are not available at a sufficiently low cost at this time. Poly-

meric organicmaterials will play amajor role in the realization of optical technology

as fiber to the home becomes a reality [29].

4.9 Polymers for Electrophotography

One of the major applications of polymers with tailored electronic and optical prop-

erties has been in electrophotography for copier, duplicator, and printer applica-

tions. In this application, an electroactive polymer is used as one component of the

light-sensitive element used for creating the latent electrostatic image of an original
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subject. The image source can be light re�ected from a document and focused onto

the surface of the photoreceptor or a digital file of an original image, which is used

to control a laser beam that is scanned over the surface of the photoreceptor. The

electrostatic image is rendered visible by dusting the surface of the photoreceptor

with an electrostatic powder composed of a pigment-loaded thermoplastic polymer.

The latent image can then be transferred to paper by a combination of pressure and

electrical bias and then fused to the paper by heating [30].

The photoreceptor itself was the key invention that enabled the development of

electrophotography as a commercial success. The original photoreceptor materials

were based on selenium and its alloys as well as group II–VI and other semicon-

ductor materials. Because of the poor mechanical properties of selenium and its

alloys, photoreceptors had to be fabricated on rigid metallic drums. This, in turn,

dictated relatively cumbersome and expensive copier machine architectures [31].

These materials had several shortcomings, including degradation of photoconduc-

tive properties, instabilities in surface properties leading to incomplete toner trans-

fer, and catastrophic abrasion.

4.10 Polymers in Energy Applications

Polymers have been studied widely due to their versatile and adjustable chemical

and physical properties. The three-dimensional network structures of polymers

decide that they can be employed as the template to fabricate mesoporous mate-

rials or be used as a polymeric matrix in the solid electrolyte; the high catalytic

activity for I3
− reduction makes it potential as counter electrode materials.

The diversified functional groups make it possible for the polymers to regulate

the perovskite morphologies from bulk and interface aspects; the high carrier

mobilities enable polymers to act as electron and hole transfer materials; the

functional groups in polymers decide that they can be used as the interface

layers to passivate defects, adjust the work function of the metal electrode [32],

and improve the device performances; the diversified structures and functional

modification also equip polymers with various optical adsorption properties and

variable electron mobility, being used as the photoactive layer or buffer layer in

organic photovoltaic (OPV); the processability of polymer also makes it possible

to fabricate polymer-based micro/nanostructure devices. The partial polymers

with good conductivity, named conductive polymers, were widely used in many

fields.

The diversity of nanostructures obtained from organic polymerization is limited

when compared to the huge amount of documented inorganic nanostructures.

Researchers develop a synergistic mechanism between in situ inorganic salt

hydrolysis and vapor-phase polymerization for the metal oxide-poly (3,4-ethylene

dioxythiophene) (PEDOT) hybrid nanostructure growth. The steady state polymer

growth and kinetically controlled hydrolysis enable homogeneous deposition of

high aspect ratios crystal phases such as β-FeOOH, TeO2, and SnO2 coated by a

conducting polymer. By controlling the hydrolysis kinetics, the hybrid material is
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synthesized in one step with morphologies controlled from 1D nanofiber to 2D

nano�owers and nanostructures from monolithic to core-shell. This fundamental

understanding of the connection between hydrolysis and polymerization allows the

future development of nanostructured inorganic, polymeric, and inorganic–organic

hybrid materials. Electrodes for energy storage are fabricated with different PEDOT

morphologies, and their structure–property relationships are discussed. The 1D

fibrillar structure shows a higher capacitance of 185 F g−1 at 25mV s−1 compared

to 2D nano�owers because this morphology enhances electrolyte diffusion kinet-

ics that facilitates PEDOT doping and de-doping, leading to a lower internal

resistance [33].

The chromic polymer platforms can also be adopted as colorimetric sensors

against specific stimulus (i.e. with UV sensor using photochromic, chemo-sensor

using chemochromic, or even stretching sensor using mechanochromic) for an

early warning system. Important factors in these applications will be chromi-

nance before and after exposure, and especially the surface areas. Smart patches

with a large surface area will be beneficial to the fast detection of the external

stimulus [34]. Electrospinning is one of the best methods to prepare a nonwoven

nanofiber patch, and it has also been reported previously for the fabrication of a

highly functionalizable nonwoven mat using our azido-TPU. SP-TPU can be also

adopted in electrospinning without any tedious optimization process as indicated

in Figure 4.3a. Because SP-TPUs with different concentrations of organic dyes can

be introduced, nonwoven patches with different chromic after UV exposure are

obtained as illustrated in Figure 4.3b. These chromic patches with the different

signals via the same external stimuli; in other words, one can also generate a certain

level of signals via different external stimuli by controlling the concentration of

dyes or adopting different dyes can be expanded to detect the quantitative level of

the signal [35] (Figure 4.4).

Fluorescent probes possess a low limit, high sensitivity, and wide response range,

etc., but they have some disadvantages including contamination to the detection

(a)

(b)

Figure 4.3 Wet-jetting process:

(a) photograph of wound fiber on a glass

rod and (b) stitched SP-TPU02 fiber on

fabric before and after UV irradiation.

Source: Seo et al. [8]/Springer Nature.
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(d)

UV 3 h

10 μm

SP-TPU03 SP-TPU02 SP-TPU01

UV irradiation (30 s)

(b)

Figure 4.4 Electrospinning process: (a) SEM images of fiber, (b) photograph of three

types of concentrations fiber mat after UV irradiation, (c) scheme of masking process on

fiber mat, and (d) reversible chromic patterning on SP-TPU02. Source: Seo et al. [8]/

Springer Nature.
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system, limitation of repeateduse. Polymers combinedwith�uorescent probes could

overcome these drawbacks and they have been widely used in chemosensor, bio-

logical imaging, and pH/temperature sensor for their unique favorable mechanical

properties and good workability. Researchers mainly reviewed organic and inor-

ganic �uorescent probe polymers, focusing on synthetic methods, properties, and

applications. With further advances in the design and synthesis of multifunctional

�uorescent polymers with high quality, the widespread application of them could

be expected in advanced bioimaging, ultrasensitive molecular diagnosis, and novel

light-emitting nanodevices [36] (Figure 4.5).
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4.11 Polymers in Construction Applications

Polymers find extensive usage and account for the highest growth area as building

materials in the construction industry, for both structural and nonstructural

applications [37]. The major advantage of this class of material is the variety of

characteristics that can be tailored for various applications. There are various

types of polymers classified as thermoplastics, thermosets, elastomers, plastics,

rubbers, thermoplastic elastomers, adhesives, foams, paints and windows, cladding,

rainwater, pipes, membranes, seals, glazing, and insulation. With abounding

commercially available polymers constantly being researched and improvised, new

applications are continuously emerging and being practically applied. The field

of construction is such that all materials used must have proven mechanical, and

tensile strength and resilience, so that due confidence in the performance and

properties of materials used is assured [38].

Properties of various engineering polymers are high strength or modulus to

weight ratios (lightweight but comparatively stiff and strong), toughness, mechan-

ical strength, resilience, corrosion resistance, lack of conductivity (heat and

electrical), color, transparency, processing, and cost-effectiveness. Polymers are

used in the construction industry extensively, for both structural and nonstructural

purposes. Structurally, they can be used in ropes, grids, rebars-fire reinforced

plastic (FRP) reinforcement bars for concrete, prestressing tendons for concrete

members, and FRP sheets can be used to increase �exural strength in weakened or

under-designed members [39].

4.12 Polymers in Automobile Applications

Polymer and allied materials are rapidly capturing the share of metal usage in

automotive. This is in turn getting rid of the traditional approach of product design

and development [40]. Major polymers used in light vehicles include 90 lb of

polypropylene (PP), 58 lb of polyurethanes, 46 lb of Nylon, 30 lb of polyvinyl chlo-

ride (PVC), 24 lb of acrylonitrile-butadiene-styrene (ABS), 20 lb of polycarbonate

resins, and 18 lb of polyethylene resins.

ABS is a durable thermoplastic. It is a copolymer built by polymerizing styrene and

acrylonitrile in the presence of polybutadiene. The styrene gives the plastic a shiny

and impervious surface. The butadiene, a rubbery substance, provides resilience

even at low temperatures [41]. A variety of modifications can be made to improve

impact resistance, toughness, heat resistance, weather, and some chemical resis-

tance. Used in automotive body parts, dashboards, wheel covers manufacture of

housings, covers, and linings.

Polyamide (PA) is known as nylon 6.6 or nylon 6. It is a general-purpose nylon

that can be both molded and extruded. Nylon 6/6 has good mechanical properties

and wear resistance. They are frequently used when a low-cost, high-mechanical

strength, rigid and stable material is required [42]. They also absorb water easily,

and components in wet or humid conditions will expand, precluding their use in
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applications where dimensional stability is required. The main application of PA is

the manufacture of parts that are under the engine hood, mainly using the types

of PA reinforced by fiberglass [43]. It is used in gears, bushes, cams, bearings, and

weather-proof coatings.
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5

Introduction to Nanomaterials

5.1 Nanotechnology

Nanotechnology encompasses the creation and utilization of materials, devices,

and systems at the level of atoms and molecules, cutting across such disciplines as

chemistry, physics, and biology, engineering, and material science. Nanoscience

is acknowledged to be a new frontier of research in science and technology that

in�uences the level of materials in the range of atomic, molecular, and macro-

molecular, and their properties differ considerably from larger scale to nanoscale.

Nanotechnology is defined as “the understanding and control of matter at dimen-

sions of roughly 1–100 nm, where unique phenomena enable novel applications [1].

The physical, chemical, and biological properties of structures and systems at

the nanoscale are substantially different from macroscale counterparts due to the

interactions of individual atoms and molecules thereby offering unique and novel

functional applications [2]. As the size of the particles gets reduced to the nanoscale

range, there is an immense increase in the surface-to-volume ratio which increases

reactivity and changes the mechanical, electrical, and optical properties of the

particles.

However, the term “nano” allows researchers to highlight the fact that processes

or material structures are designed and optimized to use specific properties and

behaviors at lengths of 10−7 to 10−9 m. The potential benefits of nanotechnology

have been reported by many industries, and many commercial products are already

being manufactured, such as microelectronics, aerospace, cosmetics, and pharma-

ceutical industries [3]. Developments in these industries are driven by fundamental

and applied research in physics, chemistry, biology, engineering, and materials sci-

ence (Figure 5.1).

5.2 Nanomaterials

Nanomaterials have morphological features smaller than one-tenth of a microm-

eter in dimension with zero-, one-, two-, and three-dimensional confinements.

Nanomaterials reveal unique physical and electrochemical properties for man-

ufacturing materials that would be stronger, harder, and more wear-resistant.

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Interface and colloid science has given rise to many materials that may be useful

in nanotechnologies, such as carbon nanotubes, other fullerenes, various nanopar-

ticles (NPs), and nanorods [5]. The increase in surface area-to-volume ratio at

nanoscale alters the mechanical, thermal, and catalytic properties of materials. For

example, due to an increase in surface area, melting points can change, opaque sub-

stances become transparent (copper), inert materials become catalysts (platinum),

stable materials turn combustible (aluminum), solids turn into liquids at room

temperature (gold), and insulators become conductors (silicon). A material such

as gold, which is chemically inert at normal scales, can serve as a potent chemical

catalyst at the nanoscale [6].

Generally, nanomaterials have size- and surface-dependent properties; thus,

employing nanomaterials for a sensing platform can further improve the merits

of sensing properties. Low sample consumption and miniaturization of a device

are also possible because of their much higher surface-area-to-volume ratios than

their bulk counterparts. Metal nanoparticles (MNPs) are an important class of

nanomaterials with fascinating optical, electronic, and magnetic properties [7].

MNPs are attracting much attention due to their applications in catalysis, medicine,

and industrial fields. Enhanced permeability and retention are the unique prop-

erties of nanoparticles to accumulate and interact with the tumor cells. NPs such

as dendrimers, quantum dots, polymer gels, and gold nanoparticles (AuNPs) have
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more unique properties and are widely used in some applications such as drug

delivery systems and imaging [8] (Figure 5.2).

5.3 Types of Nanomaterials

5.3.1 Quantum Dots

Quantum dots discovered by Louis E Brus constitute an important class of nano-

materials. They are semiconductor nanocrystals whose excitons are confined in all

three spatial dimensions. The crystals are composed of periodic groups of II-VI, III-V,

or IV-VI materials, and thus they have properties that are intermediate between

those of bulk semiconductors and discrete molecules [9]. Different-sized quantum

emits light of different colors due to quantum confinement. They are used in com-

puting, photovoltaic devices, biological research, and light-emitting diodes (LEDs).

Colloidal quantum dots are ideal in the application as emitting layers in LEDs due

to their tunable colors, bright emission, solution processability, and stability.

5.3.2 Organic Materials

Sustainable and eco-friendly organic preparations have attracted the attention of

synthetic organic chemists across the globe because of environmental issues with

most of the traditional synthetic methodologies. Organic electronic devices such

as organic field-effect transistors (OFETs), organic light-emitting diodes (OLEDs),

organic photovoltaic cells (OPCs), and chemical and photosensors have been devel-

oped as a result of intense research in both industrial and academic sectors [10].

These electronic devices have numerous advantages such as the capability to

realize �exible and large-area applications with low cost and simple fabrication
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processes using graphic arts printing techniques. Now the organic devices are a

strong potential candidate for use in future soft electronics and wearable smart

devices. Organic non-volatile memory (ONVM) is another fundamental element in

the construction of electronic systems [11]. Therefore, much work has been done

toward developing high-density, low-cost and non-volatile solid-state data storage

devices.

5.3.3 Metal Oxides

MNPs are purely made of metal precursors. Due to well-known localized surface

plasmon resonance (LSPR) characteristics, these NPs possess unique optoelectrical

properties. NPs are alkali and noble metals, i.e. Cu, Ag, and Au, which have a broad

absorption band in the visible zone of the electromagnetic solar spectrum. Metal

oxides like TiO2 and ZnO NPs are the most studied materials as a photocatalyst, but

due to their higher bandgap (3.2 eV), the effective utilization of solar light is not pos-

sible. The sunlight encompasses only 4%ofUV light and almost 40% to 45%of the vis-

ible portion. AuNPs are widely used in biomedical applications due to their unique

properties such as rapid and simple synthesis, large surface area, strong adsorption

ability, and facile conjugation to various biomolecules. The remarkable photophysi-

cal properties of AuNPs as biosensors have excellent biocompatibility, conductivity,

and catalytic properties. AuNPs play a key role in the targeted sensing of selective

biomolecules using functionalized AuNPs [12]. AuNPs-based sensorsare expected

to change the foundations of sensing and detecting biomolecules and the use of

surface-functionalizedAuNPs for smart sensor fabrication leading to the detection of

specific biomolecules. In addition to sensing, AuNPs are an attractive candidate for

photothermal therapeutic, diagnostic, and drug delivery applications. Bioimaging

and therapeutic applications of these unique nanomaterialswill be described of their

tunable optical properties, which strongly depend on the particle size, shape, com-

position, and surface coating. AgNPs-based nano�uids have been studied mainly

as thermal exchange media, showing in all cases an improvement of the thermal

properties concerning the base �uid [13].

5.3.4 Carbon Nanotubes

Carbon-based materials have attracted considerable interest in many energy-related

applications due to their abundance, chemical and thermal stability, processability,

and the possibility of tuning their textural and structural characteristics to fulfill the

requirements of specific applications. In particular, activated carbons stand out for

their large surface area (>1000m2 g−1), pore volume (>0.5 cm3 g−1), and relatively

low cost. Thus, they have a long history as adsorbents for the removal of impurities

fromgases and liquids. The properties of theCNTs, be it high conduction or semicon-

ducting, depend on the precise offset of the graphite sheet as it is wrapped into a tube

(chirality). Then, the artificial “transport molecules” or nano-cars have been made

by attaching C60 molecules to rod-like molecules [14]. The resulting devices show

directional motion across surfaces and may form a basis for constructing inorganic
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systems to transport molecules in a manner analogous to biological systems. The

more advanced generations of nanotechnology are anticipated to lead to ways of

mimicking biological systems and functions. Recent advances in designing nanos-

tructured carbon materials and methods for fine-tuning their pore structures have

broadened the range of carbon materials of potential interest for biomedical appli-

cations [15]. It was shown that finely tuned carbide-derived carbons (CDCs) can

selectively remove in�ammatory cytokines from the blood.

5.3.5 Polymeric Nanomaterials

Polymeric nanomaterials have revolutionized how medicine is approached and

executed. According to Duncan and Vicent, “polymer therapeutics” encompass

polymeric drugs, polymer conjugates of proteins, drugs, aptamers, block copoly-

mer micelles, and multicomponent nonviral vectors with covalent linkages [16].

Polymers are of interest in therapeutic applications owing to the design �exibility

based on functionalization, macromolecular synthesis methods, and polymer

diversity. Initial uses of polymer nanoparticles (PNPs) for nano-based applications

were based on non-biodegradable polymers such as polymethylmethacrylate,

polyacrylamide, polystyrene, and polyacrylates. PNPs are particularly promising

delivery vehicles for encapsulated proteins due to their high protein-loading

capacity and porous nanostructure.

PNPs can promote stability through physical confinement of the protein and

enable increased activity by serving as a pH buffer that provides proteins with an

ideal chemical environment. Techniques utilized to fabricate nanometer features

on polymers include e-beam lithography, polymer demixing, chemical etching,

cast-mold techniques, and the use of spin casting. For those that have been

applied to bone regeneration, chemical etching followed by mold casting and

polymer demixing techniques have received the most attention [17]. The imprinted

polymers function by mimicking the function of biological receptors.

5.4 Synthesis of Nanoparticles

Various forms of nanostructures can be synthesized using the synthesis process

shown in Figure 5.3. The nanostructure can be defined as a structure with at least

one or two dimensions in the 1–100 nm range. NPs can be synthesized using a

variety of techniques. Dry particles andNPs in a liquid dispersion are synthesized by

the techniques shown in Figure [18]. Nanostructures can be generated by building

from atoms or by diminishing the size from microparticle to nanoparticle.

5.4.1 Coprecipitation

The coprecipitation technique involves the simultaneous occurrence of nucleation,

growth, coarsening, and/or agglomeration processes. Coprecipitation reactions

exhibit the following characteristics: (i) the products are generally insoluble species
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formed under conditions of high supersaturation, (ii) nucleation is a key step, and

a large number of small particles will be formed, (iii) secondary processes, such as

Ostwald ripening and aggregation, dramatically affect the size, morphology, and

properties of the products [19].

5.4.2 Hydrothermal Technique

The hydrothermal technique has been most admired, garnering attention from sci-

entists and technologists from different disciplines. The hydrothermal synthesis has

been successful for the preparation of important solids, such asmicroporous crystals,

superionic conductors, chemical sensing oxides, electronically conducting solids,

complex oxide ceramic and �uorides, magnetic materials, and luminescence phos-

phors. It is also a route to unique condensedmaterial, including nanometer particles,

gels, thin films, distinguished helical and chiral structures, and particularly stacking

sequence materials [20].

5.4.3 Inert Gas Condensation

Inert gas condensation (IGC) is the most widely used method for the synthesis of

metal nanoparticles. In IGC,metals are evaporated in an ultrahigh vacuum chamber

filled with helium or argon gas at very high pressure. The evaporated metal atoms

lose their kinetic energy by collisions with the gas and condense into small parti-

cles [21]. These particles then grow by Brownian coagulation and coalescence and

finally form nanocrystals (Figure 5.4).
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5.4.4 Sonochemical

In sonochemical processing, ultrasound is used to nucleate a chemical reaction.

Ultrasound spans the frequencies in the range of 15 kHz to 1GHz. A magne-

tostrictive or piezoelectric transducer is used to generate ultrasonic waves with a

wavelength of 1–10 000 μm in a liquid-filled reaction vessel. These are not molecular

dimensions, so there is no direct coupling of the acoustic field with the chemical

species. The reaction comes about because of cavitation. The tensile part of the wave

is intense enough to pull the liquid apart and form a tiny cavity. The compression

part of the wave then compresses it, but before it does, some reactants vaporize

inside it. The next tensile wave re-expands the bubble, which oscillates in volume

at the frequency of the soundwaves, pumping it up as more vapors enter during the

expansionpart of the cycle. When the bubble reaches a critical size, it collapses. The

collapse is adiabatic because the very fast collapse rate leaves no time for heat �ow,

generating a tiny, localized hot spot. The temperatures are very high (as high as

5000 ∘C, near that of the surface temperature of the sun) and so too are the pressures

(around 2000 atm, roughly those at the bottom of deep oceans), triggering reactions

that create a nanoparticle within the spot. The size of the spot determines the size

of the resulting particles. The technique can be used to produce a large volume of

material for industrial applications (Figure 5.5).

5.4.5 Microemulsion

The microemulsion method is one of the ideal techniques for the preparation

of inorganic nanoparticles, yet the mechanism of nanoparticle formation in the
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microemulsion has not yet been understood well. However, some researchers have

suggested a mechanism for nanoparticle synthesis within microemulsions. When

the microemulsion materials, including reactants, are mixed, reactant exchange

takes place during the collision of water droplets in themicroemulsion. The reactant

exchange is too fast and a precipitation reaction occurs in the nanodroplets, which

is followed by nucleation growth and coagulation of primary particles, resulting in

the final nanoparticles surrounded by water and/or stabilized by surfactants [22]

(Figure 5.6).

5.4.6 Microwave-Assisted

Microwave-assisted synthesis is popular in areas ranging from biochemical pro-

cesses to nanotechnology. Chemical reactions are often faster than traditional

convection heating methods and have high yields and fewer side products.

Microwave reactors provide excellent control over reaction mixing, withstanding

high temperatures and pressures, and demonstrate reproducibility from reaction

to reaction. Microwave-assisted techniques provide improved engineering control

over the separation of the nucleation and growth stages of nanomaterial synthesis

when the reaction is initiated from room temperature. Microwave-assisted heating

could provide some selectivity in activating the nanomaterial precursor materials,
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which is important for scalability [23]. Microwave synthesis has the potential to

selectively heat either the solvent or the precursor molecules for nanomaterials

preparation (Figure 5.7).

5.4.7 Laser Ablation

Laser ablation is the process of removingmaterial from a solid or occasionally liquid

surface by irradiating it with a low- and/or high-energy laser beam.When the mate-

rial is heated by the absorbed laser energy, it evaporates or sublimates at low laser

�ux and is typically converted to plasma at high laser �ux [24]. Besides, it is possible

to ablate material in laser ablation with a continuous wave laser beam if the laser

intensity is high enough (Figure 5.8).

5.4.8 Sol–Gel

Sol–gel is a method for producing solid materials from small molecules. In this

chemical procedure, the sol (or solution) gradually evolves toward the formation

of a gel-like diphasic system containing a liquid phase and a solid phase, the

morphologies of which range from discrete particles to continuous polymer net-

works. Ultrafine and uniform ceramic powders can be formed by precipitation.

These powders of single- and multicomponent composition can be produced on a

nanoscale particle size for dental and biomedical applications [25] (Figure 5.9).

5.4.9 Spark Discharge

The synthesis of nanoparticles using spark discharge is a promising method for

low-cost, industrial-scale nanofabrication of advanced materials. An electric spark
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Figure 5.8 Laser ablation setup for the preparation of metal nanoparticles contains a
travel linear stage, a high-power laser, a metal plate, and a liquid tank.
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Figure 5.9 Sol–gel method for nanoparticle
preparation.
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is an abrupt electrical discharge that occurs when a sufficiently high electric field

creates an ionized, electrically conductive channel through a normally insulating

medium, often air or other gases or gas mixtures [26].

5.4.10 Template Synthesis

With the increasing emphasis on green chemistry, it is becoming more important

to develop an environmentally friendly, facile method for the synthesis of nanopar-

ticles. It has been reported that template synthesis is one of the most promising

methods for the preparation ofmonodispersed inorganic nanoparticles, inwhich the

uniform void spaces of porous materials are used as hosts to confine the synthesized

nanoparticles as guests. The role of the template is twofold [27]. First, it allows the

reproduction of the structurewith the best possible reproducibility and plays the role

of a skeleton to organize the different functions of a device, the active components,

and the different interfaces (Figure 5.10).

5.4.11 Biological Synthesis

The biological synthesis of nanoparticles is a green chemistry approach that

interconnects nanotechnology and biotechnology. However, despite the stability,

biological nanoparticles are not monodispersed and the rate of synthesis is slow.

The concentration of synthesized macromolecules or components involved in

the nucleation of particles varies with time and prolongs the nucleation period,

which causes the polydispersity of nanoparticles and subsequent decreased rate

Alumina template

Template synthesis by chemical route

Mechanical polishing

Template removal

Nanotubes Nanowires

Figure 5.10 Template synthesis coupled with other methods.
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of synthesis. To overcome these problems, several methods, such as microbial

cultivation methods and extraction techniques, have to be optimized, and a com-

binatorial approach, such as photobiological methods, may be used [28]. Cellular,

biochemical, and molecular mechanisms that mediate the synthesis of biological

nanoparticles should be studied in detail to increase the rate of synthesis and

improve the properties of the nanoparticles. Owing to the rich biodiversity of plants

and microbes, the potential as biological materials for nanoparticle synthesis is yet

to be fully explored.

5.5 Applications of Nanotechnology

Nanotechnology offers a wide range of opportunities for the development and

application of structures, materials, or systems with new properties in various areas

like agriculture, food, environment, sensors, pharmaceutical, cosmetic, electronics,

energy, and biomedical, etc. [29].

5.5.1 Nanotechnology in Energy Sector

Nanotechnology is now more effectively used to develop renewable and environ-

mentally friendly energy sources, e.g. wind, geothermal, tidal, and solar energy [30].

Energy applications are now focusing on tailoring the nanoscale effects for efficient

energy technologies such as photovoltaics, photochemical solar cells, thermoelec-

tric, fuel cells, batteries, and so forth. Solar energy is well recognized as one of

the most promising choices to meet the enormous energy demand in the future.

Thus, developing efficient solar cells with high power conversion efficiency (PCE)

needs efficient charge separation, transport, and collection processes beneficial

for the improvement of PCE, which requires optimization at both material and

configuration levels. On this account, one-dimensional nanomaterials share various

advantages based on their unique configuration, large surface-to-volume ratio,

which enables rapid charge transport along the axial direction, making them

suitable for efficient solar cells [31].

Organic–inorganic halide perovskite solar cells (OIHPSCs) show promise as

renewable energy sources. A distinct feature of OIHPSCs is their combined merits

of low-cost solution processability and extraordinary optoelectronic properties,

including long carrier lifetime, large absorbing coefficient, high tolerance for

trap states, and high dielectric constant. Within a quite short period, the device

performance of perovskite solar cells was rapidly improved from 3.8% to 22.7%

as a result of intensive research on compositions, device architecture designs,

morphologies, and interfacial engineering [32].

5.5.2 Nanotechnology in Textile

The use of nanotechnology in textile materials including nanofibers, nanocom-

posite fibers, and nano-finished textiles imparts multi-properties providing their
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application in the sports clothing market. Several fabric companies have utilized

nanotechnology to develop a wide range of sports apparel. Scholler, a Swiss

company, has developed a nano-based technology to produce clothing with an

optimal balance of comfort, air permeability, wind and water resistance, and

self-cleaning property for extreme cold weather sports such as mountaineering

and skiing [33]. Efforts are being made worldwide to create smart and intelligent

textiles by incorporating various nanoparticles or creating nanostructured surfaces

and nanofibers which lead to an unprecedented level of textile performance, such

as stain-resistant, self-cleaning, antistatic, UV protective properties, etc. [34].

The nanotechnology research in the textile arena mainly centers on creating

unique properties in everyday fabrics such as self-cleaning, water and oil repellency,

stain-proof nature, antibacterial property, UV protective nature, antistatic property,

improved moisture regaining, and comfort in synthetic-based textiles, but without

compromising the original hand breathability and durability of the fabric. It also

shows applications in advanced textile materials such as nanocomposite fibers,

nanofibers, and other nanomaterial incorporated in textiles for medical, defense,

aerospace, and other technical textile applications such as filtration, protective

clothing besides a range of smart and intelligent textiles [35].

5.5.3 Nanotechnology in Agriculture

Nanotechnology is the most remarkable technology in modernistic agriculture, and

this technology is expected to be soon an important driving force in food production.

Nanotechnology in the agricultural sector concentrates on sustainable food produc-

tion and the protection of food crops for both human nutrition and animal feeding

against pests and diseases [36]. Nanotechnology provides new agrochemical oppor-

tunities to improve food crop production and reduce adverse environmental effects

by reducing the use of pesticides and chemical fertilizers.

Nanotechnologymonitors a leading agricultural controlling process, especially by

itsminiature dimension.Additionally,many potential benefits such as enhancement

of food quality and safety, reduction of agricultural inputs, enrichment of absorbing

nanoscale nutrients from the soil, etc., allow the application of nanotechnology to

be a resonant encumbrance. Hence, agriculture, food, and natural resources are a

part of those challenges like sustainability, susceptibility, and human health. The

ambition of nanomaterials in agriculture is to reduce the number of chemicals

used, minimize nutrient losses in fertilization, and increase yield through pest

and nutrient management [37]. Nanotechnology has the prospects to improve the

agriculture and food industry with novel nanotools for controlling rapid diseases,

diagnostic purposes, enhancing the capacity of plants to absorb nutrients among

others. The significant interests of using nanotechnology in agriculture include

specific applications like nanofertilizers and nanopesticides to increase productivity

without decontamination of soils, waters, and protection against several insects,

pests, and microbial diseases. Nanotechnology may act as sensors for monitor-

ing the soil quality of the agricultural field and thus maintaining the health of

crops [38].
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5.5.4 Nanotechnology in Electronics

Quantum-dot cellular automata (QCA) is identified as the new upcoming

nanotechnology for the design of digital circuits. The need for such a tech-

nology arises from the fact that the scaling of conventional complementary

metal–oxide–semiconductor (CMOS) is taken down to the nano-regime. This new

technology called QCA uses the quantum effects to its advantage and thus is more

suitable for nanotechnology-based applications. QCA calls for a departure from

the conventional current and voltage paradigms and is governed by the laws of

physics such as columbic repulsions and quantum mechanical tunneling [39].

Organic nanomaterials such as organic nanowires/nanofibers also have recently

been started to utilize as electric materials for fabricating CMOS circuits and wear-

able power generators. Intrinsic deformability of organic nanomaterials, solution

processability, and low cost make them promising for wearable devices [40].

5.5.5 Nanotechnology in Cosmetics

Nanomaterials have been extensively researched and used as a vehicle for the deliv-

ery of bioactive agents to the skin within the cosmetic arena. Nanotechnology con-

fers small sizes ranging from 1 to 100 nm and a very large surface-area-to-volume

ratio, facilitating their interaction with the target organ [41]. Nanomaterials can

also be designed to deliver established or developed formulations of drugs in a sus-

tained, controlled, and targeted manner to avoid adverse systemic side effects. This

liberation system not only allows for the enhanced delivery of active substances to

the epidermis of the skin but also permits prolonged contact at the site of action

properties that bring a variety of benefits to cosmetic products. Furthermore, due to

their small size, optical transparency is also enhanced. TiO2 microparticles, the par-

ticles frequently used in sunscreens, are capable of penetrating the hair follicle [42].

Research demonstrates that nanomaterials have entered just about every personal

hair care product on the market.

Shampoos have incorporated nanomaterials to optimize resident contact time

with the scalp and hair follicle, allowing active agents time to form a protective

film, sealing moisture within the cuticles. Typically, during washing, the cuticle

layer is opened by hot water, exposing the hydro-lipid emulsion layer, whose

function is to enable external water absorption and prevent internal water loss [43].

Nanomaterials hold the potential to improve hair cosmesis by promoting increased

contact with the hair shaft and follicle, increasing the quantity of incorporated

active ingredients reaching the target site.

5.5.6 Nanotechnology in Medical Field

Nanotechnology has the potential to make significant contributions to disease

detection, diagnosis, therapy, and prevention. Nanotechnology could have a pro-

found in�uence on disease prevention efforts, because it offers innovative tools for
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understanding the cell as well as the differences between normal and abnormal

cells [44]. Medical devices have already benefited from recent developments in

nanotechnology like surgical tools with enhanced material properties enabling

better handling,microcantilevers for label-free assays used inmolecular in vitrodiag-

nostics, bone replacement materials obtained by nanostructured materials allowing

better implant integration and biocompatibility, pacemakers, and hearing aids based

on spintronic technology enabling size reduction and power enhancement of these

medical devices, DNA/protein microarrays and lab-on-a-chip devices for molecular

in vitro diagnostics, wound dressings and textiles incorporating nanocrystalline

particles with antibacterial and fungicidal activity, micro-needle-based systems for

minimally invasive drug administration or blood substance monitoring limiting

tissue damage and pain sensation [45].
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6

Introduction to Polymer Nanocomposites

6.1 Classes of Nanocomposites

Nanocomposites are materials in which at least one material should be in nanosize

in at least one dimension. These nanocomposites have improved properties when

compared to the individual component materials by the synergetic effect of both of

the individual components [1].

There are two parts to nanocomposites, i.e. continuous phase and discontinuous

reinforcing phase. Nanocomposite can be prepared from any combination of

materials that can be categorized into three basic building blocks, i.e. metals,

ceramics, and polymers. The nanocomposite, hence, can have a combination or

have markedly different mechanical, electrochemical, electrical, catalytic, thermal,

and optical properties from the component materials [2]. The nanocomposites have

different phases as zero-dimensional (core-shell), one-dimensional (nanowires

and nanotubes), two-dimensional (lamellar), and three-dimensional (metal matrix

composites) [3]. Based on their structural characteristics, these nanocompos-

ites are classified as nanolayered composites, nanofilamentary composites, and

nanoparticle composites (Figure 6.1).

6.2 Different Types of Nanocomposites

Class Examples

Metal Co/Cr, Ni/Al2O3, Fe-Cr/Al2O3, Fe/MgO, Al/CNT, Mg/CNT

Ceramic SiO2/Ni, Al2O3/SiO2, Al2O3/TiO2, Al2O3/SiC, Al2O3/CNT

Polymer Polyester/TiO2, polymer/CNT, thermoplastic/thermoset
polymer/layered silicates, polymer/layered double hydroxides

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Figure 6.1 Examples of three types of nanocomposites (a) and their three classes (b).

6.2.1 Polymer-Based and Non-Polymer-Based Nanocomposites

Polymer-based nanocomposites

1. Polymer/Ceramic Nanocomposite

2. Inorganic/Organic Polymer Nanocomposite

3. Inorganic/Organic Hybrid Nanocomposite

4. Polymer/Layered Silicate Nanocomposite

5. Polymer/Polymer Nanocomposite

6. Biocomposites

Non-polymer-based nanocomposites

1. Metal/Metal Nanocomposite

2. Metal/Ceramic Nanocomposite

3. Ceramic/Ceramic Nanocomposite

6.2.1.1 Polymer/Ceramic Nanocomposite

Nanocomposites consist of single ceramic layers (1 nm thickness) homogeneously

dispersed in a continuousmatrix. The host ceramic layer tends to orient itself parallel

to each other due to dipole–dipole interaction [4]. Natural bone is a nanocompos-

ite consisting of approximately 30% matrix (collagen) material and 70% nanosized

minerals (hydroxyapatite).

6.2.1.2 Inorganic/Organic Polymer Nanocomposites

Metal polymer nanocomposites attract attention because of the unique properties

of metal clusters that are dispersed in the polymer matrix. The typical size of such a
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metal cluster is approximately 1–10 nm. The properties of clusters and nanoparticles

(bandgap, spectral properties, and transport of electrons) are very different from

those of bulk materials and individual atoms or molecules. The size and grains

depend on the mobility of the metal atoms on the polymer surface. For example, in

the case of polymethylmethacrylate (PMMA) polymer, the cluster size depends on

the amount of crosslinking of the polymer, which changes the mobility of the metal

atoms [5].

6.2.1.3 Inorganic/Organic Hybrid Nanocomposite

Hybrid inorganic/organic materials are not simply physical mixtures; they can

be broadly defined as nanocomposites with organic and inorganic components

intimately mixed. Indeed, hybrids are either homogenous systems derived from

monomers and miscible organic/inorganic components or heterogeneous sys-

tems (nanocomposites) where at least one of the components has the scale of

nanometer [6].

6.2.1.4 Polymer/Layered Silicate (PLS) Nanocomposites

Polymer/layered silicate (PLS) nanocompositesare gained significant attention in

polymer science research. In recent years, the PLS nanocomposites have attracted

great interest both in industry and academia because they often exhibit remarkable

improvements in materials when compare with virgin polymer and conventional

macro- and micro-composites. The most commonly used smectite-type-layered sili-

cates are hactorite and montmorillonite for the preparation of the nanocomposites.

6.2.1.5 Polymer/Polymer Nanocomposites

Polymers aremore than ever under pressure to be chip and offered property profiles.

The gap between block copolymer self-assembly and offer nanostructured plastic

endowedwith still unexplored combinations of properties are getting narrower.Mix-

tures of different polymers often phase separate, even when their monomer is mixed

homogeneously.

6.2.1.6 Biocomposites

Metals and metal alloys are used in orthopedics, dentistry, and other load-bearing

applications. Ceramics are used with an emphasis on either their chemically inert

nature or high bioactivity; all polymers are used for soft tissue replacements and

used for many other nonstructural applications [7].

6.2.1.7 Ceramic Matrix Nanocomposites

Ceramic matrix nanocomposites mainly have Al2O3 or SiC systems. The strength of

the Al2O3 matrix in the low volume fraction of SiC particles depends on the suitable

size and hot pressing.

6.2.1.8 Metal Matrix Nanocomposites

Metal matrix nanocomposites (MMNCs) are referred to as materials consisting of

a ductile metal or alloy matrix in which some nanosized reinforcement material is

implanted. These materials combine metal and ceramic features [8].
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6.2.1.9 Polymer Matrix Nanocomposites

Polymermatrix nanocomposites are broadly applied in industry for their ease of pro-

duction, lightweight, and ductile nature. They have some drawbacks such as low

modulus and strength compared to metals and ceramics.

6.3 Synthesis Methods of Nanocomposite

Polymer nanocomposites are the materials in which nanoscopic inorganic particles,

usually 10–100 nm in at least one dimension, are dispersed in an organic polymer

matrix to substantially improve the performance properties of the polymer. Such

structures combine the best properties of each component through the synergistic

effect of both the component materials. These include improved electronic, ionic,

mechanical, chemical properties, etc., that may be exploited for different appli-

cations. Polymer nanocomposites are generally prepared by some basic methods

[9], such as (i) solution casting, (ii) melt blending, (iii) in situ polymerization

method, (iv) smelt intercalation, (v) template synthesis, and (vi) exfoliation

adsorption.

6.3.1 Solution Casting Method

In the solution casting technique, the polymer matrix is dissolved in a suitable sol-

vent. The solvent is selected in such a way that it should dissolve the polymer and it

should be able to disperse the nanoparticle. To the homogeneous polymer solution,

the required quantity of nanoparticles is added and thoroughly mixed by ultrasoni-

cation and stirred for a certain period. The obtained homogeneous mixture is then

cast in a Te�on dish and allowed to dry for complete evaporation of the solvent and

the formation of nanocomposite as a thin film [10].

6.3.2 Melt Blending Method

The melt blending method is superior over intercalation and in situ methods of

synthesis of polymer nanocomposites in terms of environmental safety, since this

method involves no solvent for the synthesis. This method involves annealing stat-

ically or under shear a mixture of polymer and nanoparticle beyond the softening

point of the polymer. In this method, the polymer and nanoparticles are added into

the extruder and subjected to intensivemixing for a certain period; finally, nanocom-

posite comes out from the die [11]. This method is generally used for the synthesis

of polymer nanocomposites from polymers that are not suitable for the synthesis of

nanocomposites by solution casting or in situ polymerization methods.

6.3.3 In situ Polymerization Method

In situ polymerization involves the swelling of the filler in the liquid monomer

or monomer solution as the low-molecular-weight monomer seeps in between
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the interlayers causing the swelling. Polymerization starts using heat, radiation,

initiator diffusion, or by organic initiator or catalyst fixed through a cationic

exchange. The monomers then polymerize in between the interlayers forming

intercalated or exfoliated nanocomposites. The advantage of this approach lies

in the better exfoliation achieved compared to melt and exfoliation adsorption

methods. The synthesis of nylon-6/clay nanocomposite via in situ polymerization

in which clay is dispersed in caprolactam monomer and under polymerization

conditions, an exfoliated nanocomposite is formed [12].

6.3.4 Exfoliation Adsorption Method

Exfoliation adsorption, also called polymer or prepolymer intercalation from solu-

tion, ismerely based on a solvent inwhich the polymer or prepolymer is soluble. The

layered silicate, for instance, is first swollen and dispersed in a solvent before mix-

ing it with the polymer solution. The polymer chains then intercalate and displace

the solventwithin the silicate interlayers. Eventually, on the removal of the solvent, a

multilayer structure is formed as the sheets reassemble trapping the polymer chains,

as shown in Figure 6.2. This approach is widely used for water-soluble polymers

to produce intercalated nanocomposites based on polymers with low or no polar-

ity such as poly (vinyl alcohol), poly (ethylene oxide), poly (vinylpyrrolidone), or

poly (acrylic acid). However, unlike melt intercalation, this method is environmen-

tally non-friendly because of the usage of large amounts of solvents [13]. Emulsion

polymerization is considered to be under this method as monomers, usually methyl

methacrylate and styrene, are dispersed in water along with an emulsifier and dif-

ferent silicate concentrations. The monomer is polymerized with a part of silicate

embedded inside the polymer particle and a part adsorbed on the particle surface,

forming a nanocomposite.

6.3.5 Template Synthesis Method

Template synthesis, also known as sol–gel technology, is based on the opposite prin-

ciple to the previousmethods. This approach involves the formation of the inorganic

Solvent intercalated

clay

Clay

+ Solvent + Polymer/solvent

solution

Solvent evaporation

Polymer-solvent

intercalated clay

Polymer intercalated

clay

Figure 6.2 Illustration of the exfoliation adsorption process.
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Template

Hollow pores

Nanofibers

in pores

Nanofibers

Current collectors

Figure 6.3 Synthesis of nanocomposites

through the template method.

filler in an aqueous solution or gel containing the polymer and the filler building

blocks. The polymer functions as a nucleating agent and upholds the growth of

the inorganic filler crystals. As those filler crystals nurture, the polymer is ensnared

within the layers and thus forms the nanocomposite. It ismainly used for the synthe-

sis of double-layer hydroxide-based nanocomposite and is much less developed for

the synthesis of layered silicates [14]. This is because of the high temperature used

during synthesis, that degrades the polymer and the resulting aggregation tendency

of the growing inorganic crystals (Figure 6.3).

6.4 Characterization Techniques for Nanocomposite

The structure of nanocomposites generally comprises the matrix material contain-

ing the nanosized strengthening components in the form of particles, whiskers,

fibers, nanotubes, etc. Different methods have employed various equipment

and techniques for the characterization of nanocomposites, including AFM,

STM, FTIR, XPS, NMR, DSC, SEM/TEM, etc. For example, AFM is a powerful

tool to study the surface property even down to the nanometer scale. Simulta-

neous small-angle X-ray scattering (SAXS) and XRD studies have been lately

employed for the quantitative characterization of nanostructures and crystal-

lite structures in some nanocomposites [15]. Moreover, theoretical calculations

and simulations have been worked out to predict strength properties, including

stress–strain curves of the nanocomposites [16]. Nanocomposites can dramati-

cally improve properties like mechanical properties including strength, modulus,

and dimensional stability, electrical conductivity: decreased gas, water, and

hydrocarbon permeability, �ame retardancy, thermal stability, and chemical

resistance [17].
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6.5 Applications of Nanocomposite Materials

Nanocompositematerials have potential applications in a wide range of fields which

include information and communication technologies, healthcare, water decontam-

ination, polymer electrolyte, agriculture, packaging, etc.

6.5.1 Automotive Industry

The use of polymer nanocomposites in automotive industries has tremendously

reduced the weight and processing cost. Clay incorporated tires have excellent

mechanical strength compared to ordinary tires, as well as improved gas barrier

performance and �ame retardance for tubeless tire applications [18]. Nanocom-

posites are also used in the manufacturing of car parts such as handles, rearview

mirrors, timing belts, components of the gas tank, engine cover, bumper, etc.

6.5.2 Packaging Industry

By making nanocomposites, barrier properties of the polymers used in the packag-

ing industry have been improved. Further, the polymer nanocomposite formation

increases the thermal stability and �exibility and hence is extensively used in the

food and beverage packaging industries [19]. Due to excellent solvent barrier prop-

erties, polymer nanocomposites have been used in chemical protective and surgical

gloves to protect against chemical warfare agents and for avoiding contamination

from medicine.

6.5.3 Catalysis

Thehigh surface area of the nanocomposites is finding applications in catalysis fields

to enhance the efficiency of the catalyst. Due to their high surface area and synergetic

properties, nanocomposites enhance the rate of reaction and also show significant

advantages such as activity, selectivity, recyclability, and lifetime in chemical trans-

formations and electrocatalysis [20].

6.5.4 Solid Polymer Electrolyte

Polymer nanocomposites are having immense applications in polymer electrolytes.

The incorporation of nanomaterials in polymers improves the conductivity of the

polymer electrolyte by reducing the crystallinity of polymer and by improving

the mechanical and interfacial properties, which are essential for electrolyte

applications [21].

6.5.5 Water Treatment Applications

Nanocomposites have been used in the degradation of pollutants, dyes, and other

organic contaminants discharged into the water by industries such as rubber
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vulcanization and textile industries. Further, nanocomposites are also used in the

killing of microorganisms present in the contaminated water [22].

6.5.6 Aircrafts

Researchers have made relatively awesome discoveries on nanocomposites over the

last decade, ever since the pioneering work on nanoclays by the company Toyota.

The dispersion of the silicate nanolayers with its high aspect ratio, large surface

area, and high stiffness within a polymer matrix results in significant improvement

of the properties of polymeric materials, including mechanical properties, barrier

properties, resistance to solvent swelling, ablation performance, thermal stability,

fire retardancy, controlled release of drugs, anisotropic electrical conductivity, and

photoactivity [23].

6.5.7 Electronics

Conductive nanocomposites are capable of conducting electric current well owing

to the electric charges in their structure. Polycarbonates which is an insulator can be

made conductive polycarbonates, the inexpensive plastics known for their excellent

optical and mechanical properties, could in the future find applications into newer

and more important horizons. Polycarbonates are tagged as poor electrical conduc-

tors, but a research team from the University of Houston (UH) has altered this prop-

erty by adding carbon nanotubes to them thereby resulting in highly conductive

nanocomposites. The team has come upwith a strategy to achieve higher conductiv-

ities using carbon nanotubes in plastic hosts than what has been currently achieved.

By combining nanotubes with polycarbonates, the team was able to reach a mile-

stone of creating nanocomposites with ultra-high conductive properties. Dr. Shay

Curran, an Associate Professor of Physics at UH, the United States, demonstrated

ultra-high electrical conductive properties in these plastics by mixing them with

just the right amount and type of carbon nanotubes [24]. As a result, the inexpen-

sive plastic used to make optical disks will feature in high-end military aircraft to

shield them against the build-up of electrical charges and pulses which can lead to

significant failures.

6.5.8 Environmental Protection

Water-laden atmospheres have long been regarded as one of the most damaging

environments, which polymeric materials can encounter. Thus, the capability to

reduce the extent to which water is absorbed can be a major benefit. Available

data indicate that a significant reduction of water absorption in a polymer could

be achieved by nanoclay incorporation. Similar effects could also be achieved with

polyamide-based nanocomposites. Specifically, increasing the aspect ratio dimin-

ishes substantially the amount of water absorbed, thus indicating the beneficial

effects likely from nanoparticle incorporation compared to microparticle loading.

Hydrophobicity enhancement would promote both improved nanocomposite
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properties and diminish the extent to which water would be transmitted through

to an underlying substrate [25]. Thus, applications in which contact with water or

moist environments is likely could benefit from materials incorporating nanoclay

particles.

Nanocomposite denture teeth wear resistance is the most important physical

property of denture teeth [26]. Porcelain denture teeth are most wear-resistant,

but they are brittle, lack bonding to the denture base, and are difficult to polish.

Acrylic resin denture teeth are easier to recontour but undergo excessive wear.

Nanocomposite denture teeth comprise PMMA and uniformly dispersed nano-

sized filler particles. Their advantages are highly polishable, stain and impact

resistant material, lively surface structure, superior surface hardness, and wear

resistance.
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7

Polymer Nanocomposites in Energy Storage System

7.1 Introduction

Energy storage systems provide a wide array of technological approaches to man-

aging our power supply to create a more resilient energy infrastructure and bring

cost savings to utilities and consumers. Energy storage systems are essential to

the operation of power systems (https://energystorage.org/why-energy-storage/

technologies). They ensure continuity of energy supply and improve the reliability

of the system. Energy storage systems can be in many forms and sizes. The size,

cost, and scalability of an energy storage system highly depend on the form of the

stored energy. Energy can be stored as potential, kinetic, chemical, electromagnetic

(EM), thermal, etc. Some energy storage forms are better suited for small-scale

systems, and some are used only for large-scale storage systems [1].

7.2 Batteries

The range of electrochemical storage solutions include advanced chemistry batter-

ies, �ow batteries, and capacitors. For example, lithium-ion batteries have received a

lot of thrust for their rapidly declining costs due to the growing popularity of electric

vehicles. In a different type of battery, �ow battery, energy is stored and is provided

by two chemicals that are dissolved in liquids and stored in tanks [2]. These are well

suited for longer-duration storage.

7.3 Thermal

Heat and cold are captured to create energy on-demand or offset energy needs.

For example, molten salt stores solar-generated heat for use when there is no

sunlight. Ice storage in buildings reduces the need to run compressors while still

providing air-conditioning for several hours. Other systems use chilled water and

dispatchable water heaters (https://www.nyserda.ny.gov/All-Programs/Programs/

Energy-Storage/Energy Storage-for-Your-Business/Types-of-Energy-Storage). In all

Polymer Nanocomposites for Energy Applications, First Edition.
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cases, excess energy charges the storage system (heat the molten salts, freeze the

water, etc.) and is later released as needed.

7.4 Mechanical Storage

This is the innovative technology by harnesses kinetic or gravitational energy

to store electricity. For example, �ywheels store energy in a rapidly spinning

mechanical rotor and are capable of absorbing and releasing high power for

typically 15minutes or less, although longer-duration systems are being developed.

These systems can balance �uctuations in electricity supply and demand where

they respond to a control signal adjusted every few seconds (https://www.eesi

.org/papers/view/energy-storage-2019). They also recapture braking energy from

electric trains in some installations or provide short-term power until a backup

generation comes online during a grid outage, such as in a critical manufacturing

process where the product would be lost by a momentary electric interruption.

7.5 Hydrogen

The excess electricity generation can be converted into hydrogen via electrolysis and

stored. Hydrogen storage is a key enabling technology for the advancement of hydro-

gen and fuel cell technologies in applications, including stationary power, portable

power, and transportation. Hydrogen has the highest energy per mass of any fuel;

however, its low ambient temperature density results in a low energy per unit vol-

ume, therefore requiring the development of advanced storage methods that have

the potential for higher energy density [3].

7.6 Pumped Hydropower

Pumped hydroelectric facilities are the most common form of energy storage on the

grid and account for over 95% of the storage in use today. During off-peak hours,

turbines pump water to an elevated reservoir using excess electricity. When electric-

ity demand is high, the reservoir opens to allow the retained water to �ow through

turbines and produce electricity [4]. Siting these systems can be difficult because of

the terrain needed and the large footprint.

7.7 Flywheels

The functionality of a �ywheel system is quite simple, and youmay have even played

with it when you were a kid. A �ywheel is a disk with a certain amount of mass that

https://www.eesi.org/papers/view/energy-storage-2019
https://www.eesi.org/papers/view/energy-storage-2019
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spins, holding kinetic energy. Modern high-tech �ywheels are built with the disk

attached to a rotor in an upright position to prevent gravity in�uence [5]. They are

charged by a simple electricmotor that simultaneously acts as a generator in the pro-

cess of discharging.Whendealingwith efficiency, however, it getsmore complicated,

as stated by the rules of physics, theywill eventually have to deal with friction during

operation. Therefore, the challenge to increase that efficiency is tominimize friction.
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This is mainly accomplished by two measures: the first one is to let the disk spin in

a vacuum, so there will be no air friction, and the second one is to bear the spinning

rotor on permanent and electromagnetic bearings so it �oats. The spinning speed

for a modern single �ywheel reaches up to 16 000 rpm and offers a capacity of up to

25 kWh, which can be absorbed and injected almost instantly [6] (Figures 7.1–7.3,

Table 7.1).
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State/local AHJ

scope-behind the

meter

Distributed

storage
Commercial

storage

Distributed

storage

Ancillary services

Residential

storage

Figure 7.3 Applications of energy storage systems.

Table 7.1 The strengths and weaknesses of different energy storages.

Storage system

Max power

rating (MW)

Discharge

time

Max cycles

or lifetime

Energy density

(watt-hour

per liter) Efficiency

Pumped hydro 3 000 4–16 h 30–60 yr 0.2–2 70–85%

Compressed air 1000 2–30 h 20–40 yr 2–6 40–70%

Molten salt
(thermal)

150 Hours 30 yr 70–210 80–90%

Li-ion battery 100 1min–8 h 1,000–10 000
cycles

200–400 85–95%

Lead-acid
battery

100 1min–8 h 6–40 yr 50–80 80–90%

Flow battery 100 Hours 12 000–14 000
cycles

20–70 60–85%

Hydrogen 100 Minutes–
week

5–30 years 600 (at
200 bar)

25–45%

Flywheel 20 Seconds–
minutes

20 000–100 000
cycles

20–80 70–95%
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7.8 Role of Polymer Nanocomposites in Energy Storage
Applications

Polymer nanocomposites (PNCs) have attracted significant research interests due

to their promising potential for versatile applications ranging from environmental

remediation, energy storage, electromagnetic absorption, sensing, and actuation,

transportation, and safety, defense system, information industry, to novel catalysts,

etc. [7].

The incorporation of nanofillers into polymers can give rise to distinct properties

from the synergistic effects of each component in the PNCs. PNCs can be synthesized

by variousmethods that can be generally divided into four categories:melt intercala-

tion, template synthesis, exfoliation adsorption, and in situ polymerization intercala-

tion. The aspect ratio of the nanofiller, the nature of the nanofiller–matrix interface,

and the percolation threshold are key aspects in the PNCs design and behavior [8].

The nanofillers are capable of imparting both structural and functional reinforce-

ment to the PNCs. For example, significant enhancements in mechanical strength

have been witnessed in the PNCs by the addition of nanofillers with an intrinsic

high modulus. The uniform dispersion of the nanofillers and the strong interfacial

interactions between the matrix and the nanofillers are mainly responsible for the

significantly enhanced mechanical properties. The covalent bonding between the

filler and matrix is considered the most effective mean to increase the interfacial

shear stress for improving stress transfer. Moreover, attributed to the excellent ther-

mal/electrical conductivity in the nanofillers (i.e. carbon nanostructures), thermally

and electrically conductive polymers have been prepared with extended applica-

tions for sensors, EMI shielding materials, electrodes, and stimuli-responsive mate-

rials [9]. The bulk conductivity of the typical engineering polymers is reported to

increase by 1010 to 1014 Sm−1 at very low filler concentrations (Figure 7.4).

The development of sustainable and renewable energy storage resources from

renewable energy reservoirs such as wind and solar is in urgent demand due to

the ever-increasing energy crisis arising from the depletion of conventional fossil
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fuels [10]. Due to the intermittent nature of these renewable energy resources,

reliable energy storage systems are in urgent need to store and stably output energy.

Electrochemical energy storage systems (EESSs) that include electrochemical

capacitors (ECs), batteries, and fuel cells have attracted remarkable research

interest among various energy storage systems, for example, pumped hydro storage,

thermal energy storage, compressed air energy storage, and �ywheel energy

storage [11].

7.9 Properties of Polymer Nanocomposites

PNC materials exhibit advantageous physical properties. These include improved

thermal stability, �ame retardancy, enhanced barrier properties, and improved

mechanical properties. Commercially, the developments in PNCs are resulting in

their increased usage [12]. The combination of improved properties, including

weight reduction and low cost in the final product, provides important commercial

applications in the transport sector.

7.9.1 Physical Properties

The physical properties such as density, crystallinity and solubility of the poly-

mer are generally in�uenced marginally by the incorporation of nanomaterials,

although in many cases these properties remain almost the same as those of pristine

polymers. The lightweight characteristic of polymer is also found to be retained,

as the increment of density for PNCs is negligible in almost all cases. This is

one of the greatest achievements in PNCs by the incorporation of nanomaterials.

The lightweight nature of such materials increases sophistication and aids in

easy handling, as well as also reduces the cost per unit volume [13]. However,

the effect of nanomaterials on the crystallinity of PNCs is inconsistent, though

the effect is less significant in most cases. Again the solubility of PNC is gener-

ally difficult because of the interactions with nanomaterials, most of which are

insoluble.

7.9.2 Rheological Properties

The study of the rheological behavior of PNCs is very important for their processing,

interpretation of properties, and industrial applications. Rheological properties are

related to the deformation and �uidity of such materials under applied external

force. The variation in shear viscosity under different temperatures and stresses is

studied. The trend of variation in viscosity helps to determine the dispersion quality

of a nanomaterial within the polymer matrix [14]. In most cases, viscosity increases

relative to the number of nanomaterials loading up to a certain level. The variations

of the storage modulus correspond to the elastic response of the deformation, and

the loss modulus corresponds to the plastic response of the deformation, and the

loss factor corresponds to the ratio of the loss modulus to the storage modulus with
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the frequency of PNCs that indicate the strength and elasticity of the materials [15].

The higher the storage modulus value, the greater is the interaction between the

nanomaterials and polymer matrices, and hence greater is the strength of the

nanocomposite.

7.9.3 Mechanical Properties

Mechanical properties, especially the strength of a pristine polymer, increase signif-

icantly on the incorporation of suitable nanomaterials even at very low dose levels

(<5wt%) [16]. However, it is observed that the tensile strength usually increased

along with the increasing loading of nanomaterial up to a certain dose level, beyond

which it may deteriorate due to the agglomeration of nanomaterial in the polymer

matrix. The higher the interaction of the nanomaterials with the polymeric matrix,

the greater the increment of the mechanical strength. Thus, exfoliated nanocom-

posites show higher increments of strength compared to the intercalated ones, and

the strength in both cases is always higher than conventional macro composites

and pristine systems [17]. The higher surface activity of nanomaterials facilitates

greater interactions, and thus the load-bearing capacity of the PNCs is enhanced

due to the effective transfer of the load from mechanically weak polymer matrices

to strong and rigid nanomaterials. Again, many reports show that �exibility or elon-

gation at break decreases with the formation of nanocomposites, as compared to

the pristine polymer matrices due to restriction of the mobility of polymeric chains

by the rigid nanomaterials. However, it is noteworthy to mention that the choice

of properly functionalized nanomaterials with suitable polymer matrices can also

enhance the elongation at breaks in addition to an increase in strength, and therefore

the resultant PNCs become a very tough material [18]. For example, in situ fabri-

cated functionalized (reduced graphene oxide) RGO/hyperbranched polyurethane

nanocomposites exhibited excellent toughness by increasing both tensile strength

and elongation at break.

7.9.4 Thermal Properties

One of the most noteworthy shortcomings of polymers is their thermal stability at

elevated temperatures, except for specially designed highly thermostable polymers.

This poor thermal stability of pristine polymers can be improved to a consid-

erable extent with the incorporation of suitable nanomaterials into them [19].

The incorporation of many nanomaterials augments thermal stability because

nanomaterials generally serve as heat insulators, act as the mass transport barrier

for volatiles generated during the decomposition process, and alter the pathway

of their decomposition. This also increases glass transition temperature (Tg)

due to the restriction of polymeric chain mobility by rigid nanomaterials. The

formation of PNC may also enhance the crystalline melting temperature (Tm) as

well as the total enthalpy of crystallization. In such cases, nanomaterials act as

nucleating agents for the enhancement of crystallization of the crystalline polymer

matrices [20].
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7.9.5 Barrier and Chemical Resistance

Barrier property and chemical resistance of the pristine polymers also signifi-

cantly increase upon the formation of suitable polymer nanocomposites. The

nanomaterials with high aspect ratios provide very high surface areas, which

hamper the diffusion pathways of different penetrating molecules. The rate of

diffusion of a penetrating molecule further depends on the degree of dispersion

of the nanomaterials [21]. The high aspect ratio provided by two-dimensional

nanomaterials generally diminishes the gas permeability very effectively; thus, the

dramatic improvement of barrier properties can be explained by using the concept

of a tortuous or zigzag pathway. The tortuosity factor is taken as the ratio of the

actual distance that the penetrants must travel to the shortest distance that they

would travel in the absence of barriers. As the diffusion becomes difficult, so the

chemical vapors or ions generated from different chemical environments also faced

difficulties in their interaction with PNCs, and thereby chemical resistance is also

enhanced [22].

7.9.6 Flame Retardancy

Nanomaterials are incorporated into polymeric matrices to increase the ignition

temperature and to slow down decomposition. The �ame-retardant PNCs are those

that retard, inhibit, or suppress the heating, degradation, or decomposition, ignition

of �ammable gases, and combustion with heat generation during the burning

process [23]. The formation of PNCs with clay, silica, carbon nanotube (CNT),

carbon nanofiber, graphene, RGO, etc., increases the �ame-retardant behavior of

pristine polymers. These nanomaterials are collapsed or form non�ammable char

and thus reduce the heat release rate during the heating and burning process.

The char also prevents the fire from spreading by holding the structural integrity

of the nanocomposites. PNCs are thus considered some of the most promising

developments in the area of �ame retardancy, as they offer significant advantages

over conventional formulations [24]. These include regulatory concerns about

the human and environmental contamination caused by toxic �ame-retardant

chemicals, which evolve during their combustion, high levels of loading to obtain

the desired level of such property, additional costs, processing difficulties, and

the deterioration of other valuable properties, etc., associated with a conventional

system.

7.9.7 Optical Properties

In many cases, the transparency of a transparent polymer remains intact in the

formation of nanocomposites. Other interesting optical properties, such as �uo-

rescence, luminescence, and nonlinearity, are also exhibited by PNCs depending

on the nanomaterials used. These days, different nanomaterials are explored to

obtain fascinating optical properties of PNCs which have immense industrial

applicability [25].
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7.9.8 Electrical Properties

A material that allows the �ow of current is a good conductor, while the one that

opposes a current is regarded as an insulator. Most of the polymers in their pris-

tine forms behave as insulators, mainly due to their covalent nature and lack of

electronic or ionic pathways, except conducting polymers. However, the incorpo-

ration of many conducting nanomaterials confers interesting electrical properties

to PNCs [26]. For example, the incorporation of 2wt% of functionalized RGO in

hyperbranched polyurethane resulted in a 1010 times increase in conductivity to the

pristine polyurethane.

7.9.9 Dielectric Properties

Dielectric PNCs created by incorporating inorganic nanoparticles into polymer

matrices show promising energy storing properties, which would make for

higher-performance capacitors. Recently, it has been explored that the energy stor-

age capability of polyvinylidene �uoride (PVDF)-based composites with variety of

nanoparticles including BaTiO3, Ba1−xCaxTiO3 (X= 0.3± 0.05) [BCT], BaZr1−xTixO3

(X = 0.2± 0.05) [BZT], and Ba0.5Sr0.5TiO3 [BST]. Colloidal nanoparticles were ini-

tially prepared in high yield by a solvothermal method and used as fillers in the

PVDF polymer matrix [27]. The unique dielectric polymer films show enhanced

dielectric constants, enhanced electrical breakdown strengths, and enhanced

dielectric energy densities. Thematrices exhibit higher dielectric permittivities than

those of the polymer alone as well as higher breakdown strengths than the ceramic

materials. These nanocomposite materials also allow for more versatility than

traditional ceramics used in capacitors as they are lighter in weight than ceramics

alone and their �exibility allows them to be molded within electronics.

7.9.10 Biological Properties

The most important biological properties such as biocompatibility, antimicrobial

activity, and biodegradability of PNCs are necessary to study [28]. The preliminary

in vitro biocompatibility of polymeric materials is assayed by calculating the cell

survival rate in the presence of polymeric materials to be tested. Many PNCs

are found to gain excellent biocompatibility by tailoring their architecture and

functionalization. Polyurethane, polyamide, and polyester nanocomposites are the

most explored biocompatible materials. Although many metals and metal oxide

nanoparticles showed severe toxicity toward many cell lines as tested in vitro,

greener route-mediated synthesized such nanoparticles exhibited promising cell

compatibility. Furthermore, the toxicity of nanomaterials such as graphene and

CNT is dramatically diminished after the functionalization and incorporation of

these materials into polymer matrices [29]. Additionally, the adhesion, growth,

and proliferation of cells of PNCs are found to be favorable for such biocompatible

materials. Biomaterials are materials of synthetic or natural origin in contact

with cells or biological �uids and projected to use for diagnostic, therapeutic,
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prosthetic, or storage applications without adversely affecting the living organisms.

Various nanocomposites of polyurethane, polyglycolic acid, polylactic acid, poly-

caprolactone, chitosan-based polysaccharides, polyphosphazene, polyfumarate,

polyorthoester, poly(glycerol sebacate), polypyrrole, polyarylates, poly(ether

ester amide), poly(amidoamine), etc., are used for anchoring different types of

cells [30].
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8

Polymer Nanocomposites for Renewable Energy Storage

System

8.1 Renewable Energy

Renewable energy resources (RESs) are forms of energy that are naturally replaced

on our planet [1]. Examples of traditional renewable resources are hydropower and

biomass (e.g. plant fuels such as wood traditionally have been used throughout his-

tory, mostly for heating). Modern renewable resources include wind, wave, tidal,

solar, and geothermal.

Solar energy and wind energy have become important, and they started to be

used as energy sources at considerable power levels. Besides, RES technologies allow

energy generation at the locations at or near the energy consumed, and today this

energy generation structure is called distributed generation. This causes changes

in the conventional power network [2]. Variations in wind speed and solar irradi-

ation lead to �uctuations in voltage and the frequency value of the power system,

thus disturbs the power quality of the power system, especially in isolated networks.

Energy storage systems with fast response and long life cycles are used to mitigate

and delaminate these disturbances. An energy storage device is an apparatus used

for storing electric energy when needed and releasing it when required [3]. As a

measure to counter global warming, the role of energy storage device technology

in fields such as renewable energy generation and hybrid automobile systems will

become increasingly important. Grid-scale energy storage systems are introduced to

improve power system stability [4].

8.2 Renewable Energy Storage

Energy storage systems with large capacity are used to shift generated energy from

RESs which depend on meteorological conditions and are only accessible at certain

periods to the desired periods [5]. Thus, more economical operating conditions can

be achieved. Another significant advantage of these energy storage systems is their

capability to increase the amount of energy exported to the grid during peak demand

periods. Also, they have a great contribution to the fulfillment of the commitments

that are given for the next day according to forecasting data [2]. Large energy stor-

age systems such as 34MW and 40MWh have been installed for this purpose [6].

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Besides, generated energy from RESs can be stored at energy storage systems when

the unit price of energy and energy demand is low, and then this stored energy can

be exported to the grid when the unit price of energy and energy demand is high [7].

8.3 Polymers for Energy Storage

Polymers have wide applications in the areas of energy storage and conversion.

Several recent advances in the control of the polymer molecular structure which

allows the polymer properties to be more finely tuned have led to these advances

and new applications [8]. Polymers for energy storage and conversion assimilate

these advances in the form of a comprehensive text that includes the synthesis and

properties of a large number of polymer systems for applications in areas such as

lithium batteries, photovoltaics, and solar cells (Figure 8.1).

Nanocomposite polymer materials are commonly used in energy storage devices

on account of their excellent dielectric performance [9]. Nevertheless, there is

a long-term �aw that still exists between the dielectric constant and breakdown

strength of nanocomposite (Figure 8.2).
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Renewable sources like solar, wind, tidal, and bioenergy can satisfy the world’s

power requirements; also substitutes for petroleum-derived substances request

a cause of carbon fragments [10]. The innovation of new, compact, and portable

electronic devices has drawn much attention toward efficient energy storage. Since,

more transportable portable devices such as smartphones, laptops, and smart health

devices, have reduced suggestively in volume, and besides their abilities, storage

potentials continue to raise intensely [11]. Therefore, the energy markets of these

tools are abundant, which has led to an enormous improvement in the level of

study toward high-performance applications [12].

8.4 Carbon-Based Storage Materials

Carbon-based materials and their composites hold encouraging employment in a

broad array of fields, for example, energy storage devices, fuel cells, membranes

sensors, actuators, and electromagnetic shielding. Carbon and its derivatives exhibit

some remarkable features such as high conductivity, high surface area, excellent

chemical endurance, and good mechanical durability [13]. On the other hand,

characteristics such as docility, lower price, and high environmental resistance

are some of the unique properties of conducting polymers (CPs). To enhance

the properties and performance, polymeric electrode materials can be modified

suitably by metal oxides and carbon materials resulting in a composite that helps

in the collection and accumulation of charges due to the large surface area. The

carbon–polymer nanocomposites (CPNCs) assist in overcoming the difficulties

arising in achieving the high performance of polymeric compounds and delivering

high-performance composites that can be used in electrochemical energy storage

devices (Figure 8.3).

CPNCs have various applications in the energy accumulation, energy storage,

packing, aerospace, and automotive areas. The important characteristics of these

nanostructured substances are the comfort of processing, configuration adaptability,

lightweight, and �exibility to requirements [14]. For energy storage, fuel cells and

supercapacitors are supposed to be crucial components in updating the prospect of

renewable energy schemes [15]. The demand for high energy and power density
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devices at low cost leads to the discovery of novel nanocomposite materials for

automotive and electric energy storage applications. Insulating polymers loaded by

high-aspect-ratio conductive nanofillers, for example, carbon nanotube (CNT), as

well as graphene nanoplatelets (GNPs), has been proved to be potential dielectric

ingredients [16].

The energy storage methods require unique, paramount, and authentic app-

roaches toward the storage of electric power by alternate renewable origins for

assuring appropriate and dependable devices that can store a sufficient quantity

of energy and later can be used for transport, electronic gadgets, electric-powered

carriers, and distinct purposes. Electrochemical energy storage operations comprise

supercapacitors, various kinds of batteries, and fuel cells. Energy exists in various

forms in nature such as radiation, chemical, gravitational, potential, electricity,

latent heat, and kinetic energy. Energy storage is the capture of produced energy so

that it can be used later [17]. Battery and supercapacitors are the most commonly

used energy storage devices, but the fuel cell does not store energy and instead it

produces energy directly from the fuel and oxygen via electrochemical reactions in

the cell (Figure 8.4).

Fuel cells are open systems, and fuels that provide energy are located outside,

e.g. oxygen in the air and hydrogen outside the fuel storage tank which is supplied

continuously to the reaction chamber (Figure 8.5, fuels are supplied from outside

into the reaction chamber), while the battery is a closed system through the positive

and negative electrode as the charge transfer intermediate [18]. Fuel cells have very

high energy density even higher than batteries, but the lowest power density due

to which they are not widely employed toward energy storage and renovation [19].

Fuel cells are still in the developing phase and in search of an effective application

that can penetrate the energy market but still be competitive against batteries and

supercapacitors.

Researchers prepared ferroelectric polymer nanocomposites using core–shell

structured polymer@BaTiO3 NPs as fillers. Three kinds of polymer@BaTiO3 NPs

Batteries Fuel cells Supercapacitors

Figure 8.4 Types of electrochemical energy storage devices. Source: Maxwell
Technologies, Inc./Wikimedia commons/CC by SA 3.0.
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(i.e. PMMA@BT, PGMA@BT, and PHEMA@BT) with shells having different

electrical properties were formulated by surface-initiated RAFT polymerization.

The effects of the polymer shells on the crystal structure, morphology, breakdown

strength, frequency-dependent dielectric properties, leakage currents, energy

storage capability, and energy storage efficiency of the nanocomposites were

investigated [20]. To get deep insights into the role of polymer shells in determining

the electrical properties and energy storage of the nanocomposites, the polymers

with the same molecular structure as the shells, for example, PMMA, PGMA, and

PHEMA, were prepared by RAFT polymerization method, and their dielectric

properties were also examined [21].

The core–shell nanoparticles with high dielectric constant shells can result in

high electric displacement and thus high energy densities in the nanocompos-

ites, but the high leakage currents cause high dielectric loss and low discharged

energy densities in the nanocomposites [22]. Besides, the high dielectric constant

polymer shells have high electrical conductivity, causing a significant decrease

of breakdown strength and thus poor maximum-energy-storage capabilities.

The nanocomposites filled with core–shell nanoparticles having low dielectric

constant shell show low electric displacement and thus low energy densities,

but the low leakage currents cause low dielectric loss and thus high discharged

energy density [23]. Therefore, the optimum case is that the polymer shells have

the combination of high dielectric constant and low leakage currents, which

make the nanocomposites not only to have high discharged energy densities but

also to have high energy efficiency. The cost associated with producing energy

storage and conversion devices is driven by the relative abundance of materi-

als, fabrication processes, and large energy costs of battery manufacturing and

recycling.

The world’s energy needs up to 2050 are depicted in Figure 8.6 and the forecast of

the world’s energy needs up to 2050 [25]. With the changing lifestyles of an increas-

ing number of inhabitants, our energy rate demand will double from 14TW (2010)

to 28 TW (2050).
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8.5 Energy Storage Capability of Polymer
Nanocomposites

Generally, the energy density (Ue) of dielectric materials is given by Ue = ∫ E dD,

where E represents the applied electric field and D is the electric displacement.

Thus, the energy storage capability of dielectric materials can be obtained fromD–E

loops by a modified Sawyer–Tower circuit. Figure 8.7 demonstrates the typical D–E

loops of pristine polymer and h-DOPA@TiO2 NWs/P(VDF-HFP) nanocomposites.

The higher dielectric constant of TiO2 NWs than the neat polymer gives rise to the

increased electric displacement for the proposed nanocomposites as expected [26].

However, from those D–E loops, those fabricated nanocomposites possess higher

remnant polarization than neat polymer due to the higher remnant polarization of

the nanofillers than that of the poly(vinylidene �uoride-co-hexa�uoropropylene)

(P(VDF-HFP)). The high loadings of nanofillers usually bring about a remarkable

reduction of discharged energy density because of the decreased integrated area of

fatter D–E loops. Notably, attributing to adequate functionalization of nanowires,

the loops of these thus-fabricated nanocomposites are depicted just as slim as that

of pure polymer, especially at lower loadings of nanowires, indicating their high

energy efficiencies (Figure 8.8).

Polymer nanocomposites are commonly used in energy storage devices on

account of their excellent dielectric performance. Polyurea (PUA) is designed

in situ to modify BaTiO3 (BT) nanoparticles [27]. Based on the outstanding

dispersity, promising compatibility, and exceptional insulating performance of



8.5 Energy Storage Capability of Polymer Nanocomposites 133

0
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

50 100 150 200 250

E
le

c
tr

ic
 d

is
p
la

c
e
m

e
n
t 
(C

 m
–

2
)

300

2.5 vol%

P(VDF-HFP)

10 vol%

5 vol%

15 vol%

Composites with h-DOPA@TiO
2
 NWs content of:

350 400 450 500 550

Electric field (MV m–1)

Figure 8.7 D–E loops under unipolar electric fields of 100Hz for h-DOPA@TiO2
NWs/P(VDF-HFP) nanocomposites with different filler concentrations.

0
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

50 100 150 200 250

Electric field (MV m–1)

E
le

c
tr

ic
 d

is
p
la

c
e
m

e
n
t 
(C

 m
–
2
)

300

2.5 vol% h-DOPA@TiO2 NWs/P(VDF-HFP)

350 400 450 500 550

Figure 8.8 Pure P(VDF-HFP) and P(VDF-HFP)-based nanocomposites with 2.5 vol%.

BT@PUA particles, the P(VDF-CTFE)/BT@PUA nanocomposite displays improved

breakdown strength and reliability. PVDF-based materials are commonly studied

because of their high dielectric constant (∼9), high breakdown strength as well

as good stability, and are especially utilized in the energy storage and energy

harvesting field [28]. BT nanoparticle attracts more attention to the preparation

of the nanocomposite, because its preparation process is a mature technology and

has been industrialization with relatively low cost. In general, the introduction

of inorganic nanoparticles always generates more interfacial defects such as

pore, crackle, or holes due to the poor compatibility with the polymer matrix.
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For instance, the inorganic shell nanocomposite presents an enhanced energy

density due to the higher 𝜀r of the inorganic shell than that of the organic shell,

but the increase in 𝜀r is always accompanied by the sharply enhanced dielectric

loss [29].
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9

High-Performance Inorganic Polymer

Nanocomposites-Based Solar Cells

9.1 Introduction

Photovoltaic devices based on nanocomposites composed of conjugated polymers

and inorganic nanocrystals (NCs) show promise for the fabrication of low-cost

third-generation thin-film photovoltaics [1]. The hybrid photovoltaic (HPVs)

devices are expected to achieve a high power conversion efficiency (PCE), because

they combine the advantageous characteristics of polymers and NCs, including the

�exibility, lightweight, and low fabrication costs of polymer materials and the high

electron mobility, size-dependent optical properties, and physical and chemical

stability of inorganic nanocomposites [2]. Organic photovoltaic (OPVs) devices

based on blends of conjugated polymers and fullerenes form interpenetrating

donor–acceptor networks have been used in prototype bulk heterojunction (BHJ)

geometry applications [3]. BHJs in polymer–inorganic hybrid solar cells may be

formed by replacing the fullerenes, which act as organic nanoparticles, with inor-

ganic semiconductors as electron acceptors for dispersal in the polymer matrix [4]

(Figure 9.1).

9.2 Organic–Organic Composites

This composite, for example, includes the synthesis of carbon nanotubes (CNTs)

with the p-type conducting polymers with the view to exploit the high conductiv-

ity of the nanotubes to assist the charge transport process in polymer photoactive

medium. While synthesizing the CNT in p-type semiconducting polymers, several

possible functionalizations are possible [5]. For example, Figure 9.2 shows typical

possible functional groups in the synthesis of CNT-based composites. The purpose

of synthesizing CNT-based nanocomposite is to enhance the charge carrier mobility

in the bulk heterojunction organic medium where the CNT exhibited high carrier

mobility and created an interconnected pathway that offers a long mean free path.

The CNTs are not only expected to improve carrier mobility but also mechanical

�exibility of the polymer materials which is compatible with roll-to-roll solution

processing. The incorporation of CNT in organic photoactive medium encounters
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several challenges despite such attractive advantages of CNTs [6]. The formation of

CNT defect clusters in the presence of a conducting polymer has resulted in poor

performances compared to those devices without CNTs.

9.3 Inorganic Nanocomposites

The incorporation of nanocomposite in the photoactive layer of organic solar

cells (OSCs) is expected to synergistically in�uence the performance of the device

through additional exciton generation by localized surface plasmon resonance

(LSPR) effect, exciton dissociation enhancement by nanocomposite–exciton cou-

pling, improved charge transport assisted with reduced recombination, and the

crystallinity enhancement of the polymer: fullerene BHJ blend for enhanced charge

transport and collection [7]. The LSPR effect of metal nanoparticles enhances the

electromagnetic field which expedites photoabsorption and generation of excess

exciton in the photoactive layer of a photovoltaic device, while the light scattering

effect increases the optical path length within the active layer which is also benefi-

cial to exciton generation [8]. Moreover, exciton diffusion and charge dissociation

are also encouraged when the electromagnetic field of the metal nanoparticles

interacts with the generated excitons. However, despite being applicable in all

functional layers of BHJ OSC, metal nanoparticles are more preferable when they

are rightly incorporated in the active layer because the LSPR effect is restricted to a

few nanometer scales [9]. Moreover, metal nanoparticles can facilitate the creation

of hoping sites for holes, thus enhancing charge mobility via the introduction of

dopant states within the bandgap of polymers which is more effective at relatively
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nanocomposites.

low concentrations of nanoparticles to avoid the transfer of nonradiative energy

which quenches excitons in the photoactive layer. Various reports involving the

incorporation of nanocomposites in the photoactive layer have been demonstrated

widely by researchers to improve the overall performance of OSCs [10] (Figure 9.3).

9.4 Nanocomposites in Perovskite Solar Cells

Nanoparticles incorporation as additives in the perovskite-based solar cell has been

used in improving the morphology of perovskite films in terms of crystal growth,

crystallization kinetics, and device performance. Due to their different chemical

and physical properties, different nanoparticles have a unique effect on the forma-

tion of perovskite thin film. One of the most widely accepted methods is directly

mixing metal nanoparticles into poly(3,4ethylenedioxylen-thiophene): poly(styrene

sulfonic acid) (PEDOT: PSS), an active layer, or even as cathode interfacial materi-

als [11]. Noble metallic nanoparticles are known to exhibit a strong absorption band

in the UV–vis region, which lies within the optical absorption band of the conju-

gated polymers used in the active layer of OPV devices. The utilization of plasmonic

metallic nanoparticles lies between interfaces or inside the buffer or the active lay-

ers of OPV devices to promote absorption, thereby increasing the optical thickness

of OPV materials for light harvesting [12]. Plasmonic nanoparticles are expected to

bring about a major reduction of both the perovskite film thickness and the amount

of lead present in the device structure while at the same time ensuring a broad spec-

trum light absorption (Figure 9.4).

➢ Nanoparticles function as effective nucleation sites to promote the formation of

perovskite lattice structures.

➢ Enhance the crystallinity of perovskite and help achieve large grain size.

➢ Enhances in light absorption through plasmonic effects.

➢ Nanoparticles act as distributes at the grain boundary, passivating the perovskite

film minimizing the nonradiative recombination [13].

➢ Improve charge transport properties through metal nanoparticle doping.
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9.5 Polymeric Nanocomposites in Dye-Sensitized Solar
Cells (DSSCs)

The propensity to substitute certain components with polymers is to maximize per-

formance and decrease costs for dye-sensitized solar cells (DSSCs). While 13% PCE

has already been accomplished for regular rigid and liquid electrolyte-based DSSCs,

a few DSSCs’ key disadvantages, particularly when used in portable electronics,

such as rigidity and high weight, frangibility of the glass electrode, leakage and

instability are the difficulties of liquid electrolyte [14]. In comparison, according to

the latest expense and life process study of DSSCs, transparent conductive oxides

(TCOs)-coated glass compensate for greater than 60% of the expense and 55% of

the global warming impact. Polymer nanocomposites, for instance, may be used

to boost a cost/performance ratio of the product as part of different constituents

of DSSC, such as �exible substrates, catalyst materials, and polymer electrolytes.

Electrodes based on polyethylene terephthalate (PET) or polyethylene naphthalate

(PEN) can replace glass electrodes, thereby enhancing the versatility and impact

resistance of a DSSC. Also, polymer electrolytes can overcome liquid electrolyte

leakage and volatility issues [15]. Because of highly expensive platinum, conducting

polymers may be used as a catalyst layer too. Utilizing the plastic materials in DSSC

allows �exible DSSC development. The use of polymeric structures in DSSCs also

makes themanufacture of versatile solar cells that have gained considerable interest

and found large areas of application in the solar industry due to their lightweight

and cost-effectiveness [16].

Moumita Kar et al. show that hybrid solar cells including polymers and quantum

dots (QDs) are extensively studied. In semiconductor polymers, the most widely

studied polymer is regioregular poly(3-hexylthiophene) (P3HT) linearly consisting

of thiophene units with pendant hexyl side chains which allow solubilization [17].



9.5 Polymeric Nanocomposites in Dye-Sensitized Solar Cells (DSSCs) 141

Also, Rajni Sharma et al. discussed hydrophobic nanoparticles into PCPDTBT:

PCBM-based BHJ polymer solar cells resulted in significant improvement in

solar cell J–V characteristics with enhancement in open-circuit voltage (VOC),

short-circuit current density (JSC), and thereby overall improvement in cell effi-

ciency [18]. Umair Baig et al. determined that the photovoltaic performance of the

polypyrrole-titanium dioxide (PPy-TiO2) nanocomposite has a 51.4% improvement

with a photo-conversion efficiency of 8.07% as compared to pure TiO2-based DSSC.

By comparing the physical mixture of the PPy-TiO2 nanocomposite and pristine

TiO2, the enhanced activity of the PPy-TiO2 nanocomposite can be attributed to

the reduced charge transfer resistance, the outstanding electrical conductance

of the PPy, the nanosized structure of TiO2, and their synergetic effect [19]. An

innovative quasi-solid state (QSS) polymer electrolyte containing rare earth oxide

nanoparticles and an ionic liquid was developed to enhance the efficiency and

stability of dye-sensitized solar cells (DSSCs). It was found that DSSCs assembled

with IL and Dy NPs incorporated polyvinylidene �uoride (PVDF) nanofibers had

a higher conversion efficiency of 6.4%, and they had better stability than liquid

electrolytes [20]. The nanocomposites that comprise isotactic polypropylene (iPP)

and molybdenum disulfide nanotubes (MoS2) are advanced nanomaterials that are

simple, cost-effective, and eco-friendly processing [21].

The transparent conducting electrodes (TCEs) based on sulfonated graphene

(SG)/PEDOT composites were prepared by in situ polymerization. Firstly, SG was

prepared from graphene oxide (GO) in four steps: (i) reduction of GO with NaBH4;

(ii) sulfonation with the aryl diazonium salt of sulfanilic acid; (iii) post-reduction
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Figure 9.5 Schematic representation of sulfonated graphene (SG)/poly(3,4-

ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT) nanocomposites and its

synthesis reaction conditions.
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with N2H4; and (iv) functionalization with NaNO3, sulfanilic acid, and azoisobuty-

ronitride (AIBN). Subsequently, SG was dispersed in water followed by the addition

of Fe2(SO4)3 and the monomer ethylene dioxythiophene (EDOT) [22]. The mixture

was stirred for 48 hours at 50 ∘C and then poured into methanol. The excess of

EDOT and other impurities were removed through several washing cycles. The

composites showed good processability both in water and organic solvents, superior

transparency, high thermal conductivity, and thermal stability. A conductivity

of 0.2 S cm−1 and transmittances higher than 80% in the wavelength range of

400–1800 nm were observed for films with a thickness of a few nm [23]. This

conductivity is much higher than that of a commercial poly(3,4-ethylene dioxythio-

phene): poly(styrene sulfonate) PEDOT: PSS product (10−6–10−5 S cm−1). Moreover,

when a poly(methyl methacrylate) (PMMA) sheet coated with this composite was

bent inward, it still retained high electrical conductivity (0.18 S cm−1) (Figure 9.5).
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Polymer Nanocomposites for Magnetic Energy and Thermal

Energy Storage

10.1 Background of Polymer Nanocomposites
for Energy Storage

Energy storage can be defined as the work done by the capacitor to move a unit

charge from a negative plate to a positive plate [1]. Mathematically, the amount of

energy stored is

dUstore =
q

C
dq (10.1)

where dq denotes the unit charge. Besides, the voltage on a capacitor is proportional

to the quantity of charge already stored on a capacitor [2]. If the amount of charge

stored on a capacitor isQ, and the entire voltage of a battery appears on the capacitor,

then the energy stored across the capacitor can be obtained as follows:

Ustore = ∫
Q

0

q

C
dq =

1

C ∫
Q

0

q dq

=
1

C

(

Q2

2
−
02

2

)

=
1Q2

2C
(10.2)

Ustore =
1Q2

2C
=
1

2
QV =

1

2
CV2 (10.3)

The energy storage expression in Eq. (10.2) can be written in other equivalent

forms, as shown in Eq. (10.3), by using permutations based on the capacitance def-

inition (Q = CV) [3]. From all the equivalent forms of Ustore, it is obvious that the

energy stored in a capacitor (i.e. Ustore = CV2/2) depends on the capacitance as well

as voltage (V) bearability.

10.2 Energy Density

Energy density is generally defined as the total energy stored or discharged by

the system per unit volume. Alternatively, it is also defined as the amount of

energy either stored in or discharged out per unit mass [4]. However, the exact

terminology for this definition is specific energy. Although both energy storage and
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energy discharge density are important in polymer nanocomposite film capacitors,

recent research focuses on the latter one [5]. Mathematically, energy discharge

density (Ue) is calculated by the definite integration of electric field (E) between

remnant polarization (Pr) and maximum dielectric displacement (Dmax), as shown

in Eq. (10.4):

Ue = ∫
Dmax

Pr

E dD (10.4)

D = 𝜀0𝜀r E (10.5)

Furthermore, for a linear dielectric material where the dielectric constant is inde-

pendent of the electric field, such as polyurea andpolythiourea, Eqs. (10.4) and (10.5)

can be rewritten as Eqs. (10.6) and (10.7), respectively:

Ue =
1

2
DE (10.6)

Ue = 𝜀0𝜀r E
2 (10.7)

where 𝜀r is the relative dielectric constant of polymer-based nanocomposite mate-

rial and 𝜀0 is the permittivity of free space. More importantly, Eqs. (10.6) and (10.7)

illustrate that energy density is dependent on the polarization, the relative dielectric

constant, and the square of the applied electric field that is bound to the dielectric

breakdown strength (Eb) of a material [6]. Therefore, to increase the energy density

of the material, it is critical to produce an electroactive material with high polar-

ization, substantial dielectric constant, extraordinary breakdown strength, and low

conductive and ferroelectric losses [7].

10.3 Superconducting Magnetic Energy Storage (SMES)

The superconducting magnetic energy storage (SMES) is an energy storage device

that stores electrical energy in a magnetic field without change in chemical or

mechanical forms. SMES is achieved by inducing DC into a coil made of super-

conducting cables of nearly zero resistance, generally made of niobiumtitane

(NbTi) filaments that operate at very low temperatures (–270 ∘C). The current

increases when charging and decreases during the discharge process and has to be

converted for AC or DC voltage application [8]. When looking at the total system,

however, it is clear that there is a considerable energy requirement for refrigeration.

Also, the current has to �ow through non-superconducting components and

solid-state switches, which cause resistive losses. Despite this, the overall efficiency

in commercial applications in the range of the MW is very high. Like a battery,

a SMES system provides rapid response for either charge or discharge. Unlike a

battery, the amount of energy available is independent of the discharge rating.

The energy content of SMES in commercial use today is approximately 1 kWh, but

themaximum power output is in theMW range and only limited by the rating of the

power electronics [9]. Due to the complexity of the cooling system, SMES cannot be

built cost-effectively for low-power outputs. The response time of a SMES is limited
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to a few milliseconds by the speed with which the need to release energy is detected

and the speed of the subsequent switching operation of the power electronics. In

practice, that is a few milliseconds [10]. The life time of the superconducting coil

and the number of charges and discharge is very high and probably exceeds all

competing technologies, although there is mechanical stress in the components

leading to material fatigue [11]. Despite their good technological features, there are

very few SMES systems built mainly due to their high cost.

A sandwich-structured polymer nanocomposite based on poly(vinylidene

�uoride-co-hexa�uoropropylene) (P[VDF-HFP]) was designed, which consists

of a central layer with wide bandgap MgO nanowires and the outer layers with

high-K BaTiO3 nanofibers. MgO nanowires are utilized as the nanofillers in the

sandwiched nanocomposites. It is found that the small amount of MgO nanowires

in the central layer can effectively increase the breakdown strength of the sand-

wiched nanocomposites, while the loading of BaTiO3 nanofibers (BT NFS) in the

outer layers can enhance the electric displacement of the nanocomposites [12]. The

improved dielectric and energy storage performance are attributed to synergistic

effects of the spatial arrangement of multiple nano-inclusions in the trilayered

structures.

Polyvinylidene �uoride (PVDF) and its copolymers-based nanocomposites

have been extensively investigated because of their high dielectric constant and

easy processing. Also, to enhance the energy storage capability of dielectric

polymer nanocomposites, ultra-small platinum (Pt) nanoparticles are intro-

duced. Hence, the air-stable ultra-small Pt nanoparticles (<2 nm) decorated

polydopamine-encapsulated BaTiO3 (Pt@PDA@BT) were used as nanofiller [13].

The core–satellite Pt@PDA@BTnanofiller effectively enhanced the breakdown

strength and suppressed the leakage current of P(VDF-HFP) nanocomposites, since

the energy storage capability and charge–discharge efficiency were significantly

enhanced.

The structured polymer@BaTiO3 core–shell nanoparticles with high dielectric

constant shells can result in high electric displacement and thus high energy

densities in the nanocomposites, but the high leakage currents cause high dielectric

loss and low discharged energy densities in the nanocomposites. Also, the high

dielectric constant polymer shells have high electrical conductivity, causing a

significant decrease of breakdown strength and thus poor maximum energy storage

capabilities [14]. The nanocomposites filled with core–shell nanoparticles having

low dielectric constant shell show low electric displacement and thus low energy

densities, but the low leakage currents cause low dielectric loss and thus high

discharged energy density.

Electric double-layer capacitors (EDLCs) are also known as supercapacitors

or ultra-capacitors. EDLCs store charge at an electrolyte–electrode interface

leading to a promising power source. They have potential applications in mobile

electronic equipment and electric vehicles. Supercapacitors are categorized

into two types according to their charge storage mechanisms [15]. In the first

type, EDLCs store charge by the electrostatic separation of charges that occurs

at the electrode–electrolyte interface. In the second one, pseudo-capacitance
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arises from either superficial or multielectron transfer faradic reactions with fast

charge–discharge properties [16].

Supercapacitors based on magnetic conductive polymer–graphene nanocom-

posites were investigated. The nanocomposite was obtained by mixing graphene

with polypyrrole or magnetic polypyrrole. The conductive ink consisted of the

nanocomposite, solvent, and binder. The supercapacitor electrodes were man-

ufactured with conductive ink by using copper foil. Supercapacitor cells were

composed of the separator (PTFE) and electrolyte (ionic liquid materials or acids).

It is also suggested that the supercapacitors can be exposed to the magnetic field.

The magnetic field can arrange the magnetic particles in the supercapacitor cell,

and this can improve the uniformity inside of the cell resulting in better electronic

transportation [17]. Therefore, this can give a chance to increase the specific

capacitance.

10.4 Thermal Energy Storage (TES)

Among energy storage systems, particularly interesting for some applications is

thermal energy storage (TES), defined as the temporary storage of excess heat that

can be used where and when needed. TES technologies can reduce the mismatch

between thermal energy demand and availability, thereby contributing to more

efficient exploitation of intermittent energy sources [18]. Compared to other energy

storage systems, the storage of energy in the form of heat (or cold) exhibits longer

storage times and higher efficiency [19]. The cycle of a TES system, reported in

Figure 10.1, comprises charging, storage, and discharging steps. TES technologies

are currently employed for specific purposes in three main cases, namely: (i) to

store waste/excess heat that can be released when needed, e.g. to recover waste

industrial heat [20], or in solar thermal power plants during peak periods [21]; (ii)

to keep the temperature in a specific range, e.g. in buildings to store excess energy

during the day and release it at nighttime [22], or for body temperature regulation

through smart thermoregulating garments [23]; and (iii) to temporarily store heat
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Figure 10.1 Typical working cycle of a TES system, showing the charging, storage, and

discharging steps and the variation of stored energy over time.
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and prevent a temperature rise that would otherwise damage a component, as in

the thermal management (TM) of electronic devices [24].

In some applications, the desired product is then stored and released thermal

energy, as in the cases (i) and (ii), these are generally referred to as examples of “ther-

mal energy storage properly said,” and they normally need energy storage systems

with high thermal capacity to store asmuch energy as possible. In other applications,

the excess heat is storedmainly to avoid a dangerous temperature rise, as in case (iii),

these are examples of “TM,” and their main requirement is usually a well-defined

energy storage rate. It is not easy to distinguish between TES properly said and TM.

Some other classifications categorize as TES properly said only the case (i), while

the other cases are examples of TM as they must keep the temperature in an optimal

range [25].

The most common classification of TES technologies is based on the way of

varying the internal energy of the storage medium. Thermal energy can be stored

and released through a temperature variation (sensibleheat TES, SH-TES), an

endo/exothermic phase change (latent heat TES, LH-TES), or a thermochemical

reaction (thermochemical heat TES, TH-TES) [26].

10.4.1 Sensible Heat Storage (SH-TES)

In sensible heat storage (SH-TES), energy is stored (and released) via an increase

(or a decrease) in the temperature of the storage medium. The enthalpy variation is

proportional to the temperature difference as represented in Figure 10.2a.

10.4.2 Latent Heat Storage (LH-TES)

Latent heat storage (LH-TES) involves the storage and release of heat through

the phase transition of a phase change material (PCM). The vast majority of LH-

TES systems are based on the melting–solidification transition, while evaporation-

condensation phase changes are generally avoided, as the associated high volume

variation increases the complexity of the confinement unit [27]. The variation of

enthalpy in a solid-to-liquid phase transition is illustrated in Figure 10.2b.

10.4.3 Thermochemical Heat Storage (TH-TES)

Thermochemical heat storage refers to the techniques for storing and releasing

heat through reversible endo/exothermic thermochemical reactions. The energy

storage density of TH-TES materials is up to 10 times higher than that of SH-TES

media and approximately 2 times higher than that of the most common LH-TES

systems.

As explained above, among the applications of TES materials, (i) the heat storage

for temperature control, for example in the buildings industry, or to produce smart

textiles for body temperature regulation, and (ii) the temporary storage of heat to

prevent overheating, as in the cooling systems for electronic devices. When a TES

material is used for TM, it is usually only an extra component added to the main
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Figure 10.2 Variation of enthalpy of the storage medium as a function of its temperature

in: (a) an SH-TES unit cycle; (b) LH-TES unit cycle; and (c) comparison of specific energy

storage density values of different sensible, latent, and thermochemical TES media.

structure of a device. However, the resulting increase in weight and volume may be

unacceptable for some applications where weight and volume reduction are crucial

design parameters. In this case, it would be useful to have amultifunctionalmaterial

that combines good mechanical properties and the heat storage/management func-

tion. With suchmaterials, it would be possible to build part of the structure with the

“thermal battery” material, or in other words, to design a structure that is part of

the TM system. This approach is similar to that developed for an outstanding appli-

cation of multifunctionality, i.e. the structural batteries, which are devices that can

carry the mechanical load and store electrochemical energy simultaneously [28].
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10.5 Thermoplastic Composites for TES

Thermoplastic composites have received considerable attention in the last decades

due to some advantages over their thermosetting counterpart [29]. Even though

the use of thermoplastic composites can be advantageous for some applications, a

very exiguous number of examples have been reported in the literature that deals

with thermoplastic structural or semi-structural composites containing organic

PCMs [30] (Figure 10.3).

Three types of materials, namely (i) polyamide/(glass fiber) GF laminates con-

taining paraffinic PCMs [31], (ii) PCM (microcapsules) MCs in semi-structural

carbon–polyamide composites [32], (iii) reactive thermoplastic resin as a matrix for

multifunctional carbon-fiber laminates [33] was developed. The prepared laminates

were subjected to an in-depth characterization through dynamic–mechanical

analysis (DMA). Three testing modes were investigated, namely single-frequency

scans, multifrequency scans, and heating–cooling cycles. The trends of the storage

modulus E′ and the loss modulus E′′ acquired during single-frequency scans are

illustrated in Figure 10.4.

To facilitate the comparison, the values of E′ of each laminate have been nor-

malized to the value at 0 ∘C. The storage modulus of all laminates shows a marked

decrease at the glass transition of the EL matrix, where E′′ shows a peak. The lami-

nates containingMC show an additional transition at the PCMmelting temperature

and the drop is more evident at high MC contents. Interestingly, the correlation

between the drop amplitude and the MC weight fraction of the melting enthalpy

is linear, with R2 values higher than 0.98. Another DMA parameter that correlates

linearly with themelting enthalpy is the area under the tan 𝛿 peak [34]. This implies

that theDSC test allows one to predict, to a certain extent, the trend of the viscoelastic
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Figure 10.4 Results of the DMA tests on the samples EL-MCx-CF. The reported values

represent the peak temperatures normalized storage modulus E′(solid lines) and loss

modulus E′′ (dashed lines) (single cantilever; 1Hz; 3 ∘Cmin−1).

properties of the composite in the temperature range around the PCMphase change.

As structural TES composites must withstand repeated thermal cycles around the

phase change temperature of the PCM, DMA tests were performed not only on heat-

ing but also on cooling, between−40 and 60 ∘C. This is not a common approach as

no other studies can be found in the literature that analyzes the trend of viscoelastic

parameters of PCM-enhanced polymers on cooling, to the best of the authors’ knowl-

edge. Figure 10.5a illustrates the trends of E′ during a heating–cooling–heating scan

performed at 3 ∘Cmin−1 on the three prepared MC-containing laminates. The abso-

lute values of E′ decrease with an increase in the MC weight fraction, which was

expected from the decreasing values of the elastic modulus (Figure 10.5b).
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Figure 10.6 Representative DMA multifrequency thermograms of the sample EL-MC30-CF

(single cantilever; 0.3-1-3-10-30Hz; 0.3 ∘Cmin−1).

The decreasing step of E′ at the PCM melting is almost completely recovered on

cooling, as it reaches 90–95% of the initial value. The recovery happenswith a certain

hysteresis, as the crystallization is found at lower temperatures than the melting,

as also observed in DSC tests, due to reasons related to both thermal inertia and

the thermodynamics of crystallization. The trends of E′′ and tan 𝛿 also show that

the peak on cooling (crystallization) is found approximately 30 ∘C lower than the

melting peak. From these findings, the DMA test appears as a powerful technique

to evaluate material stiffness during phase transition of PCM, especially combined

with DSC analysis (for a better comparison, the same rate of heating–cooling is sug-

gested). Finally, multifrequency DMA analysis was performed to assess the effect of

frequency on the PCM melting and the glass transition of the EL resin. Figure 10.6

presents the results of the sampleEL-MC30-CF.The shift of the signals towardhigher

temperature with increasing frequency is observable not only at the glass transi-

tion of the EL resin, as commonly observed in polymer composites, but also at the

PCMmelting. For this transition, the frequency sensitivity is higher below the peak

temperature than above it, as after the peak temperature the curves are almost over-

lapped. This suggests that when the core is completely molten, the dependence of

the signals on frequency weakens considerably.
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11

Polymer Nanocomposites for Triboelectricity and Hydrogen

Storage

11.1 Polymer Nanocomposites for Triboelectricity

Energy harvesting systems for low-power devices are regularly being a prerequisite

within the context of the internet of things and, in particular, for self-powered

sensors in remote or inaccessible places. Triboelectric nanogenerators (TENGs) are

an appropriate method for harvesting environmental mechanical energy otherwise

unused in nature [1]. The benefit of the triboelectric phenomenon is the wide range

of materials that can be used in the distinctive triboelectric mechanical modes:

contact separation, lateral sliding, single electrode, and free-standing triboelectric

layer mode. Being a process that can be carried out completely with polymers

and the corresponding composites, the entire properties of the materials can be

tailored for each specific application, including dimensions, geometry, and optical

transparency [2]. The triboelectric power output can also be sturdily improved by

tailoring the intrinsic properties of the polymers by synthesis and functionalization

or by reinforcing with high-dielectric or other functional fillers. Further, the

geometrical dimension and roughness of the materials can also be planned to

maximize the generated energy [3]. The power density per area of triboelectric

devices is the major among the aforementioned systems, reaching powers as high as

500Wm−2 and an energy conversion efficiency of 70% has been validated; further,

they are lightweight and economical [4]. Compared with piezoelectric devices,

triboelectricity can bemore suitable for environmentally friendly energy production

for portable devices, low-power devices in remote or inaccessible places, or for

needed internet of things networks of sensors [5].

The assessment of the output power of different polymer and polymer compos-

ites using the triboelectric contact separation systems (10N of force followed by

5 cm of separation per cycle) were clarified. Different materials were used as pos-

itive (mica, polyamide (PA66) and styrene/ethylene-butadiene/styrene (SEBS)) and

negative (polyvinylidene �uoride (PVDF), polyurethane (PU), polypropylene (PP),

and Kapton) charge materials [6].

Polymer Nanocomposites for Energy Applications, First Edition.
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© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.



158 11 Polymer Nanocomposites for Triboelectricity and Hydrogen Storage

11.1.1 Energy Harvesting Application

A simple application was established by harvesting the triboelectric energy into

a capacitor and later powering a LED. The two material pairs with the largest

output powers, PA66:PP and Mica:30BT/PVDF, were applied. The triboelectric

pairs were connected to an electrical circuit containing four diodes to transform

the AC to DC voltage and charge a capacitor of 15 μF, as illustrated in Figure 11.1.

The circuit follows a traditional DO-35 Schottky (D1–D4) rectifier bridge topology

with an output electrolytic capacitor for energy storage, powering a load composed

by a manual switch button, the LED, and the resistor [8]. This setup permits the

energy to be stored and manually discharge over the load when the voltage level

is appropriate. When the capacitor is charged, using a light switch, the LED was

lighted on and the respective voltage drop at the capacitor ends was witnessed.

By using Mica:30BT/PVDF or PA66:PP pairs, it is likely to charge the 15 μF

(capacitor with 25 to 30 cycles, the capacitor being able to turn on the LED for

a few seconds). It is noteworthy that this is attained with a small active area of

46.4× 10−4 m2 in each material. Thus, by increasing the active area of the materials

to 0.14m2, the capacitor possibly will be charged in just one cycle [7]. Thus,

implemented in an example (Figure 11.1), human walking can generate enough

energy in a few steps to power the LEDs, taking into account the weight and area of

the shoe.

(1) Triboelectric

     nanogenerator

(2) Electrical circuit

(3) Picoscope

(4) Discharging electrical

    signal

(1) Resistor (2.2 kΩ)

(2) Capacitor (15 μF)

(3) Diode schottky fill

(4) Bridge (D1 to D4)

(5) Light switch

(6) LED

(a) (d)

(c)
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Figure 11.1 Illustration of the complete setup (a) with the pair of materials, detailed
electronic circuit scheme (b), and picoscope connected to a laptop. (c) Electric circuit for
powering the LED and (d) charge–discharge cycles using triboelectric materials (PA66:PP or
Mica:30BT/PVDF pairs) as nanogenerators. Source: Rodrigues-Marinho et al. [7]/with
permission from MDPI.
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Figure 11.2 (a) Schematic diagram of 3D-MXene/PDMS-based TENG. The corresponding
output (b) voltage and (c) current of the 3D-MXene2.5/PDMS and pure PDMS-based TENG;
(d) charging curve of two commercial capacitors (insert photograph shows a LED lit by the
3D MXene2.5/PDMS-based TENG). Source: Wang et al. [10]/with permission from Elsevier.

TENGs based on coupled triboelectrification and electrostatic induction can

convert mechanical energy from the environment to electrical energy. The

3D-MXene/PDMS composite can be also applied as a negative tribo-material in

a TENG device [9]. Figure 11.2 shows the TENG structure based on the contact

separate operation mode. The substrates and the springs were used to guarantee the

normal operation of the TENG. Nylon film, acting as the positive tribo-material, is

coupled with the 3D-MXene/PDMS to assemble the TENG [11]. The triboelectric

performance was investigated using a homemade machine under an impact fre-

quency of 2Hz. The output voltages that are demonstrated in Figure 11.2 shows that

the TENG assembled with 3D-MXene2.5/PDMS exhibits an output voltage of 45 V,

higher than that of the output voltage (i.e. 33V) of the pure PDMS-based TENG [12].

The enhanced output performance can be ascribed to the micro-capacitors induced

by the introduction of conductive MXene �akes in the dielectric PDMS. In other

words, the increase of the dielectric constant can improve the capacitance and sur-

face charge density of the nanocomposites, leading to high TENG performance. The

enhanced dielectric constant has been verified by the dielectric measurement of the

nanocomposites. The dielectric constant of the 3DMXene2.5/PDMS nanocomposite

is higher than 100 in the frequency range of 1 kHz to 1MHz, which is much higher

than that (i.e. 2.3) of pure PDMS [13]. The 3D-MXene2.5/PDMS composite-based
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TENG exhibits a high output current of 0.6 μA, approximately threefold higher than

that of the pure PDMS-based TENG. As demonstrated above, this result originates

from the significantly decreased electrical resistance of the 3DMXene2.5/PDMS

nanocomposite. A rectifier was integrated with the 3DMXene2.5/PDMS-based

TENG, and then two capacitors (1 and 3.3 μF) were serially connected to the circuit

as electrical energy storage. The recorded energy-storing curve is presented that

80 seconds to charge the 1-μF capacitor to 3V and takes 100 seconds to charge

the 3.3-μF capacitor to 0.8 V. The 3D-MXene2.5/PDMS-based TENG can light a

LED, suggesting that the TENG can be used as a mechanical power source to drive

portable electronic [10].

11.2 Polymer Nanocomposites for Hydrogen Storage

Hydrogen is one of the most effective, unpolluted, and lightweight fuels; though,

it is not found naturally and must be generated from primary energy sources. It

is expected to play a major role in future energy systems. Like electricity, it must

be produced and transported. Although hydrogen has one additional advantage,

it can be stored [14]. Electricity must be used as it is produced; it can be stored

only if it is converted to another energy form. Currently, there are four main tech-

nologies for hydrogen storage out of which two are more mature and developed.

These are hydrogen pressurization and hydrogen adsorption in metal hydrides.

The remaining two technologies that are still in the research and technological

development phase are the adsorption of hydrogen on carbon nanofibers and the

liquefaction of the hydrogen. When hydrogen is produced, it can be stored to be

used directly in fuel cells or transported to users to produce electricity. A hydrogen

fuel cell uses hydrogen and oxygen to produce electricity and water, and a reversible

hydrogen fuel cell could also use electricity and water to produce hydrogen and

oxygen [15]. The essential elements of a hydrogen fuel cell comprise an electrolyze

unit, to convert the electrical energy input into hydrogen, the hydrogen storage

system itself, and a hydrogen energy conversion, to convert the stored chemical

energy in the hydrogen back to electrical energy. Using these elements, water

is electrolytically decomposed into hydrogen and oxygen. There are many con-

cepts of hydrogen fuel cells; the principle technologies include proton exchange

membrane fuel cells (PEM-FCs), alkaline fuel cells (AFCs), phosphoric acid fuel

cells (PAFCs), and regenerative fuel cells (RFCs). Hydrogen fuel cells possess

advantages, including high energy density, applicability at small and large scales,

and simple modular use. In terms of their useful cycle life, they are estimated

at more than 15 years and 20 000 charges and discharge cycles, respectively [16].

It is important to note that hydrogen-based storage technologies are considered

as one of the promising technologies in load shifting applications (load shifting

delays renewable energy delivery from nonpeak to peak utility demand) [17].

Several demo projects have been developed as a proof of concept concerning

stand-alone systems with wind, photovoltaic generation, and hydrogen storage

(Figure 11.3).
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11.3 Hydrogen-Based Energy Storage System

Hydrogen-based energy storage systems are one of the best electrical energy storage

mediums. A hydrogen energy system can be easily integrated with renewable power

sources like solar and wind. Even though the efficiency of hydrogen energy is not

very high, their cost of storage capacity is very less when compared with the other

energy storage techniques. Hydrogen energy storage is therefore economically best

suited to situations where the total amount of energy stored is more valuable than

efficiency [18]. Their essential elements comprise an electrolyte unit to convert the

electrical energy into hydrogen, a reservoir, where the chemical energy is stored and

a hydrogen energy conversion system such as a fuel cell convert the stored chemical

energy into electrical energy. Hydrogen is produced, then compressed or liquefied,

stored, and then converted back to electrical energy or heat energy. Themajor advan-

tage of hydrogen is that it can replace all fossil fuel applicationswithout the emission

of harmful gases.

11.3.1 Liquid Hydrogen Storage

Hydrogen is cooled and liquefied and then kept cold in an insulated tank. Liquid

hydrogen storage is one of the bulk storage methods. This method has a high safety
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record. The method does not hold good for large applications as the cost of liquefac-

tion is very high because of the cryogenic storage technology [19].

11.3.2 Compressed and Stored in a Pressure Tank

Compressed gaseous hydrogen storage is suitable for both large- and small-scale

applications as long-term storage where the hydrogen liquefaction method fails due

to the high cost behind the liquefaction process. This method has some safety issues,

and the initial cost of implementation is high due to the high cost of the compressors

and pressure vessels.

11.3.3 Physical Adsorption in Carbon

Thehydrogen is stored in gaseous form in the carbon through the adsorption process.

The gaseous hydrogen can be adsorbed onto the surface of carbon to attain storage

volumetric densities greater than liquid hydrogen. The carbon nanofiber is used as

an adsorbent as it has improvedhydrogen storage capability. Storage by absorption as

chemical compounds or by adsorption on carbon materials has definite advantages

from the safety perspective such that some form of conversion or energy input is

required to release the hydrogen for use. Carbonmaterials such as activated carbons,

carbon nanotubes, and carbon nanofiber have been the subject of intensive research.

11.3.4 Complex Compounds-Microsphere Hydrogen Storage

Microsphere hydrogen storage is well suitable for vehicular hydrogen storage. This

system consists of hollow glass spheres that are charged with hydrogen for an hour

and discharged by heating and reducing pressure. The microspheres can be easily

transferred from one tank to another. The disadvantages of this system are immature

system characterization and a lower storage period.

11.3.5 Metal Hydrides

Metal hydrides can be formed by the reaction of metal or alloy with hydrogen.

The metal hydride formation is an exothermic process. When sufficient heat is

supplied, the hydrogen can be released from the metal hydride [20]. Metal hydrides

have (i) good safety characteristics, (ii) high storage density, and (iii) divided as

low and high dissociation temperature hydrides. The low-temperature hydrides

suffer from low hydrogen fraction and have low hydrogen loading capability. In the

high-temperature hydrides, a heat source is required to generate a high temperature

of dissociation and offers high heat storage capabilities.

Hydrogen (H2) produced from renewable resources has been considered as

an important energy storage vector to fully exploit the benefits of renewable

energies. Hydrogen has a high gravimetric energy density of 142MJ kg−1 (higher

heating value, HHV) which is three times higher than that of gasoline or diesel

(∼ 45MJ kg−1, HHV), and it can be used to generate energy in internal combustion
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engines or in fuel cells, where water is the only by-product. However, hydrogen

has a low volumetric energy density, making its storage a key challenge in the

development of any future hydrogen-based economy [21]. Conventionally, H2

is stored in tanks either as a compressed gas or a liquid. However, the safe and

practical use of these H2 storage methods is constrained by the large size of the

storage tank, the cost required to liquefy H2, low volumetric density of H2, loss

of liquid H2 due to “boil-off,” and critical safety concerns due to high pressures

involved. Innovations in material development have demonstrated that H2 can

be stored by physisorption on large surface area adsorbents, and in that con-

text, carbon-based nanostructures, metal–organic frameworks (MOFs), zeolites,

and polymers with intrinsic microporosity have all been studied extensively as

physisorbed [22].

In the field of energy storage, recently investigated nanocomposites show promise

in terms of high hydrogen uptake and release with enhancement in the reaction

kinetics [23]. Polymeric nanocomposite materials consist primarily of polyaniline,

a conducting polymer, which has conductivity on the order of 1 Siemens cm−1 [24].

The chemical makeup of polyaniline in its emeraldine form has anions, which allow

hydrogen ions to bond to the material very well. Due to its porosity, the surface

area of the conducting polymeric matrix material will allow for additional hydrogen

bonding in the form of physisorption [25]. The polymer nanostructures are widely

studied for their interesting physical and chemical properties and are deployed for

practical applications. Conducting polyaniline is a type of polymer that could be

prepared in powder, gel, or other suitable forms and has been employed for storing

hydrogen at varying densities [26].

The PIM-1/AX21 composite with 60wt% AX21 provides enhanced hydrogen

adsorption kinetics and a total hydrogen storage capacity of up to 9.35wt% at 77K;

this is superior to the US Department of Energy hydrogen storage target. Tensile

testing indicates that the ultimate stress and strain of PIM-1/AX21 are higher than

those of the MIL-101 or PAF-1 containing composites and are sufficient for use in

hydrogen storage tanks. The data presented provides new insights into both the

design and characterization methods of polymer-based composite membranes [27].

The nanoporous polymer-based composites offer advantages over powders in

terms of safety, handling, and practical manufacturing, with potential for hydrogen

storage applications either as means of increasing storage or decreasing operating

pressures in high-pressure hydrogen storage tanks.

The development of materials based on polymer nanocomposites for hydrogen

storage with a lower temperature of desorption might contribute to the consolida-

tion of the use of hydrogen as sustainable energy. The incorporation of hydrides into

polymers can be an alternative to obtain materials with excellent hydrogen storage

properties. Combining their hydrogen sorption abilities, superior protection against

oxidation, hydridesmorphology stability, and the low density of the polymers allows

them to be further explored for mobile hydrogen storage applications. Nanocom-

posite material consisting of a polyaniline matrix, which can be functionalized by

either catalytic doping or incorporation of nano variant, is considered to be a poten-

tial promise for hydrogen storage [28].
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The porosity, hydrogen uptake, and mechanical properties of a processable

microporous polymer (PIM-1) can be tuned by the addition of a highly porous

filler (PAF-1). The surface area, total pore volume, and hydrogen uptake of the

composites were found to follow rule-of-mixtures trends. PIM-1-based composites

with large accessible surface areas maintained microporosity to efficiently adsorb

hydrogen molecules. This was achieved by adding various amounts (0–37.5wt%)

of high-surface-area porous aromatic framework PAF-1 to a PIM-1 matrix. With

high surface area additives, such as PAF-1, with PIM-1 we have been able to form

compositematerials possessing enhanced hydrogen storage capacity associatedwith

the advantageous mechanical properties and processability of the polymer [29].

High-pressure hydrogen uptake measurements were performed to confirm the

potential of this approach to generate composite materials that are potentially able

to meet the DoE gravimetric target under useful pressure conditions.
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12

Polymer Nanocomposites for Supercapacitors

and Battery Application

12.1 Battery-Based Energy Storage System

An electrical battery is made of a stacked electrochemical cell, and the operation is

based on electrochemical energy storage. Rechargeable batteries have a higher ini-

tial cost but can be recharged inexpensively and reused many times. Batteries are

modular and nonpolluting and have fewer environmental impacts. The energy con-

version in a secondary battery is reversible. The energy �ow in the battery energy

storage system is based on the charging and discharging process. In the grid, energy

storage photovoltaic arrays applications of rechargeable batteries are used for load

leveling. The unused excess electric energy during the low-demand period is stored

in the batteries and is supplied to the grid during peak load periods such as storing

power generated during the day to be used at night.

Some of the available battery technologies include lead-acid batteries,

nickel-cadmium, sodium-ion batteries, sodium-sulfur batteries, lithium-ion

batteries, and �ow batteries like Hydrogen Vanadium redox and Regenesys redox

[1]. The Li-ion batteries are suitable for portable devices and applications requir-

ing high energy density and high overall efficiency. Due to low investment and

maintenance costs, Li-ion batteries are currently the predominant technology. The

vanadium and the �ow batteries can be used for applications where high power is

required for a long duration.

The efficiency of the rechargeable batteries can be 60–80%, and it varies with the

factors like recharge cycle, depth of discharge, and temperature effect. Batteries are

sensitive to the environment. During an electrical charge and discharge cycle, the

temperature change in the battery must be controlled or it can cause adverse effects

on the battery’s life expectancy. The type of battery being used will determine how

resistant it is to life degradation due to temperature. The battery’s life cycle can be

defined as the number of charge–discharge cycles that a battery can supply depend-

ing on the depth of discharge. The battery cycle applications require the battery

energy storage system to charge and discharge multiple times a day. The battery’s

life cycle varies with the depth of charge [2]. The battery’s life cycle will be high

until the depth of discharge is relatively low. However, if the depth of discharge is

large, then the battery’s life cycle can be degraded.

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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A battery is an electrochemical device that can deliver, in the form of electric

energy, the chemical energy generated by electrochemical reactions. These reactions

are set in train inside a basic cell, between two electrodes plunged into an electrolyte,

when a load is connected to the cell’s terminals [3]. The reaction involves the trans-

fer of electrons from one electrode to the other through an external electric circuit.

A battery consists of single or multiple cells, connected in series or parallel or both

depending on the desired output voltage and capacity. Each cell consists of: (i) an

anode or negative electrode which provides electrons to the load and is oxidized dur-

ing the electrochemical reaction; (ii) the cathode or positive electrode which accepts

electrons and is reduced during the reaction; (iii) the electrolyte which provides

the medium for transfer of electrons between the anode and the cathode; and (iv)

the separators between positive and negative electrodes for electrical insulation [4].

During discharge, electrochemical reactions at the two electrodes generate a �ow

of electrons through an external circuit. During the charging process, the electro-

chemical reactions are reversed via the application of the external voltage across the

electrodes. The main difference between different battery systems is the materials

used as electrodes and electrolytes, which determine the specific characteristics of

the batteries. Separators aremade of polymericmaterials, paper, or paper board. The

external case is composed of steel, polymeric materials, or paper board. Electrodes

and electrolytes change as a function of the different applications of batteries [5].

The potentially hazardous components of batteries include mercury, lead, copper,

zinc, cadmium, manganese, nickel, and lithium. The development of improved bat-

tery technology is critical for advancements in a variety of applications ranging from

hybrid electric vehicles to consumer electronics, and improved battery performance

depends on the development of materials for the various battery components [6].

12.2 Types of Battery

Batteries can be classified as primary batteries, which are not rechargeable, or sec-

ondary batteries, which can be recharged. Secondary batteries can be considered,

since primary batteries are not viable for bulk energy storage. The construction of a

secondary battery is facilitated by the short lead times, potentially convenient sitting,

and the technology’s modularity [7]. However, large-scale utility battery storage has

been rare up until fairly recently because of low energy densities, small power capac-

ity, high maintenance costs, cycle life, and a limited discharge capability. Batteries

are potentially suitable for utility-scale battery energy storage applications includ-

ing lead-acid battery, nickel-based battery, sodium-sulfur battery, and lithium-based

battery [8].

12.2.1 Lead-Acid Battery

A lead-acid battery is the most mature and the cheapest energy storage device of

all the battery technologies available. The lead-acid batteries are based on chemi-

cal reactions involving lead dioxide (cathode electrode), lead (anode electrode), and



12.2 Types of Battery 169

sulfuric acid which act as the electrolyte. There are two major types of lead-acid

batteries: (i) �ooded batteries (commonly used) and (ii) valve-regulated batteries

(used in research and development) [9]. The lead-acid battery has a low cost (US$

300–600 kWh−1) and high reliability and efficiency (70–90%). In addition to the rel-

atively poor performance of the battery at low and high ambient temperatures, and

its relatively short lifetime, the main disadvantages of the lead-acid battery are the

necessity for periodic water maintenance and its low specific energy and power [10].

12.2.2 Nickel-Based Battery

The nickel-based batteries aremainly nickel-cadmium (NiCd), nickel-metal hydride

(NiMH), and nickel-zinc (NiZn) batteries. All three types use the same material for

the positive electrode and the electrolyte which is nickel hydroxide, and an aqueous

solution of potassium hydroxide with some lithium hydroxide, respectively [11]. As

for the negative electrode, the NiCd type uses cadmium hydroxide, the NiMH uses

a metal alloy, and the NiZn uses zinc hydroxide. Nickel-cadmium batteries compete

with lead-acid batteries because they have a higher energy density, a longer life

cycle (more than 3500 cycles), and lower maintenance requirements [12]. Despite

the above advantages of the nickel-cadmium battery over the lead-acid battery,

nickel-cadmium was not commercially successful, mainly due to its considerable

costs at more than 10 times of lead-acid and it contains toxic components [13].

12.2.3 Sodium–Sulfur Battery (NaS)

NaS batteries are employed in power systems formore than 20 projects in Japan. The

NaS consists of liquid-sulfur as the positive electrode, liquid-sodium as the negative

electrode, and solid beta alumina ceramic as electrolyte [14]. NaS battery cells are

usually designed in a tubular manner where the sodium is normally contained in

an interior cavity formed by the electrolyte [15]. Compared with the other leading

battery technologies, NaS shows a much more attractive energy density and has a

long cycle capability and a millisecond response for full charging and discharging

operations, which presents good potentials to be applied in micro-grid applications

for power regulations [16]. The energy density and the energy efficiency of this type

of battery are very high of 151 kWhm−3 and 85%, respectively. Additional important

features of NaS batteries are no self-discharge, low maintenance, and 99% recycla-

bility. NaS battery can be widely used in aggregated energy storage [17].

12.2.4 Lithium-Based Battery

Lithium-polymer battery lifetime can only reach about 600 cycles. Regarding its

self-discharge, this is much dependent on temperature, but it has been reported

to be around 5% per month. Compared to the Li-ion battery, the lithium-polymer

battery’s operational specifications dictate a much narrower temperature range,

avoiding lower temperatures [18]. However, lithium-polymer batteries are lighter

and safer with minimum self-in�ammability.
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12.2.5 Flow Battery Energy Storage (FBES)

Flow batteries (redox �ow batteries) are a relatively new system. In a �ow battery,

the battery is charged and discharged by a reversible chemical reaction between the

two liquid electrolytes of the battery. Unlike conventional batteries, the liquid elec-

trolytes are contained in separate tanks [19]. During operation, these electrolytes

are pumped through the electrochemical reactor, in which a chemical redox reac-

tion takes place and electricity is produced. Due to this storage of the electrolytes

outside the reactor, the specifications of the battery are �exible; the power and the

energy content of the system can be specified separately. It is very easy to increase

the number of electrolytes or to replace the electrolytes [20]. Moreover, the design of

the power cell can be optimized for the power rating needed, as this is independent

of the amount of electrolyte used. Flow batteries can release energy continuously at

a high rate of discharge for up to 10 hours. Flow batteries are distinguished from fuel

cells by the fact that the chemical reaction involved is often reversible, i.e. they are

generally of the secondary battery type and so they can be recharged without replac-

ing the electroactive material [21]. One of the major advantages of �ow batteries is

that their energy capacity is easily scalable, since it depends on the volume of the

stored electrolyte. Three types of �ow batteries were developed up to the stage of

commercialization and demonstration. These types are vanadium redox batteries

(VRB), polysulphide bromide batteries (PSB), and zinc-bromine batteries (ZnBr).

Finally, the efficiency of VRB systems is the most competitive advantage in terms

of operating cost, system life, maintenance, and safety [22].

12.3 Conducting Polymer Nanocomposites

Conducting polymer (CP)matrix-based nanocomposites has generated considerable

attention recently. CP provides tremendous scope for tuning their electrical conduc-

tivity from semiconducting to metallic regimes [23]. CP conductivity can be tuned

by electrical manipulation of the polymer backbone by the nature of the dopant, by

the degree of doping, by blending with other polymers, and by creating composites

with inorganic materials. The feasibility of CP as materials for supercapacitors was

demonstrated first by Rudge and coworkers [24].

Subsequently, a variety of such polymers has been investigated and, among them,

polyaniline (PANI), polypyrrole (Ppy), polythiophene (PTH), and their substituted

monomers are important [25]. Prerequisites for CP-based supercapacitors are

environmental stability, facile doping, development, and ease of fabrication. In the

chemical synthesis of PANI and Ppy about their feasibility as supercapacitors, vari-

ous dopants, initiators, templates, and oxidants have been employed. Soft templates

include various surfactants, seeded growth, and bio-templates [26]. For stability

and suitable adhesion upon electrodes, binders such as polytetra�uoroethylene,

polyvinylidene �uoride, N-methyl pyrrolidone (NMP), and Nafion have been

employed. A novel synthesis of PANI nanowires using dilute polymerization on

gold/chromium layers thermally etched on polyethylene terephthalate films leads

to the design of micro-supercapacitors [27].
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PANI and Ppy nanocomposites with diverse forms of carbon and oxides have

been synthesized using various oxidants such as iron (III) chloride, ammonium

persulfate, potassium permanganate, potassium dichromate, iron (II) chloride, and

iron (III) nitrate, under acidic conditions [28]. The synthesized material can then

be pressed into pellets or coated onto electrodes using appropriate binders. Several

interesting morphologies arise in chemical syntheses of CP nanocomposites, if soft

templates such as cetyltrimethylammonium bromide, dodecylbenzene sulfonic

acid, dodecyl (trimethyl) azanium bromide, n-octadecyl (trimethyl) ammonium,

or sodium dodecyl sulfate are employed [29]. Apart from carbon-based substrates,

other electrodes commonly employed are nickel, stainless steel (SS), titanium,

indium tin oxide, and tantalum, glassy carbon, gold, platinum, and silver [25].

Conducting PANI is a promising CP due to its high conductivity, ease of prepa-

ration, good environmental stability, and a large variety of applications [30]. These

properties make this polymer suitable for gas sensors, functional hybrids, as a

pH-switching electrical-conducting biopolymer hybrid for sensor applications, as

an electrically active redox biomaterial for sensor applications, and as a matrix

for preparation of CP nanocomposites [31]. Consequently, there has been rising

attentiveness in the preparation of nanocomposites based on PANI. A literature

review on CP nanocomposites shows that PANI has been used for nanocomposite

preparation [32]. If nanostructure filler particles are magnetic in a polymer matrix,

then such nanocomposites show enhanced magnetic and transport properties of

the polymer [33].

12.4 Fuel Cells

Fuel cells have the merit of converting chemical energy into electrical energy.

Among the several varieties of available fuel cells (solid oxide fuel cell, molten

carbonate fuel cell, alkaline fuel cell, polymer electrolyte membrane fuel cell

[PEMFC], and direct methanol fuel cell [DMFC]), polymer membranes are being

used only in PEMFC and DMFC. The schematic depiction of PEMFC and DMFC

is shown in Figure 12.1. Both PEMFC and DMFC are comprised of an anode

and a cathode separated by a proton-conducting polymer membrane [34]. The

fuel (hydrogen in the case of PEMFC and methanol in the case of DMFC) gets

dissociated at the catalyst layer present in the anode. This generates protons and

electrons at the anode. The proton passes through the polymer membrane, whereas

the electron is being dragged through an external electrical circuit. The proton and

the electron combine with the reduced oxygen at the cathode surface and generate

water. The electron transmitted through the external electrical circuit generates

electricity [35].

The objective of the polymer membrane in PEMFCs and DMFCs is to provide

a path for proton conduction from anode to cathode, and hence, a limited num-

ber of membranes are suitable for this application. The membranes also face a

harsh environment during the energy conversion process [36]. Hence, the main

requirements of polymer membranes suitable for fuel cell applications are excellent
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Figure 12.1 Schematic depiction of PEMFC and DMF.

proton conductivity, good electrical insulation, high thermo-mechanical, and

chemical stability, cost-effectiveness, good barrier property, low swelling stresses,

and capability for membrane electrode assembly fabrication.

There are two varieties of nanoclays, namely, montmorillonite (MMT) and

Laponite (synthetic hectorite clay) that are being used for the fabrication of polymer

nanocomposite membranes [37]. Surfaces of the nanoclays are modified by ionic,

covalent, or plasma modification techniques taking into account the presence of

replaceable Na+ ions in the interlayer gallery spacing and the –OH groups present

on the edges of the nanoclays. Ionic modifications of nanoclays are performed

in two ways (e.g. acid activation and ion exchange with alkyl ammonium ions)

by the replacement of exchangeable Na+ ions present in the interlayer gallery

spacing of nanoclays. The covalent modification of nanoclays involves the reaction

between the –OH groups present on the surface of the nanoclays with alkyl silanes

[38]. However, for plasma treatment, the end of the modifier capped with vinyl

groups is covalently attached to the clay surface. In most cases, surface modifiers

containing –SO3H and –PO3H groups are being used to further enhance the

proton-conducting nature of nanoclays. Mishra et al. have reported the presence of

H3PO4 on the surface of Laponite XLS. These H3PO4 are generated in situ due to the

hydrolysis of peptizer (Na4P2O7) adsorbed on the surface of the clay during its acid

activation [39].

Electrostatic capacitors, electrolytic capacitors, electrochemical capacitors,

batteries, and fuel cells are examples of energy storage devices [40]. These energy

storage devices find applications depending on the energy and power that they

can store or the cost of fabrication and installation in systems. The most widely

used energy storage devices are summarized in Table 12.1 with their performance

comparison [41].
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Table 12.1 Optimal parameters of electrolytic capacitors, supercapacitors, and batteries.

Battery parameters Electrolytic Capacitor Supercapacitor

Charge time 0.3–3 h 10−6–10−3 sec 1–30 s

Discharge time 1–5 h 106–10−3 s 1–30 s

Energy density (Whkg−1) 20–100 <0.1 1–10

Power density (Wkg−1) ∼50–200 >10 000 ∼1000–2000

Cycle life ∼500–2000 >500 000 >100 000

Charge–discharge efficiency ∼0.7–0.85 ∼1.0 ∼0.9–0.95

Operating voltage (V) 1.25–4.2 6–800 2.5–3 per cell

Operating temperature (∘C) −20 to 65 −20 to 100 −40 to 85

Polymer nanocomposites based on nematic liquid crystals and CaCu3Ti4O12

(CCTO) nanoparticles have been prepared [42]. The host matrix is polymer-

dispersed liquid crystals (PDLC) in which LC (E7) droplets are dispersed in differ-

ent polymer blends ratios of polyvinyl chloride/polyaniline (PVC/PANI) [43]. A

pseudo-perovskite structure material, CCTO, has established considerable interest

among researchers, because it offers a new opportunity to generate ceramic/polymer

dielectric composites. The CCTO has no piezoelectric property, although CCTO

exhibits a colossal and stable dielectric constant (∼104) in a wide temperature range

(100–600 ∘C) [44]. Also, CCTO is lead-free and/or other hazardous metals-free such

as cadmium which is a heavy metal used in the battery industry makes it a suitable

choice for fabricating eco-friendly energy storage devices [45]. Therefore CP based

on nonmaterial has been recognized to be a facilitating technology for building

up high-performance energy storage and conversion devices. Composites based

on PANI have recently gained extensive importance in energy storage applications

owing to their distinct electrical conduction, environmental stability, and redox

characteristics [46].

Polymer nanocomposite membranes are generally prepared by organic–inorganic

nanofillers, which show the advantages of organic parts, such as �exibility, chem-

ical stability, and processability, and the inorganic part of nanofillers exhibits

the advantage of thermal and mechanical stabilities [47]. The crystallinity of the

polymer structure is reduced due to the incorporation of hydrophilic inorganic

nanofillers of different sizes, shapes, concentrations, and interactions, which results

in increasing the amorphous phase and ionic conductivity. Fillers are generally

categorized as (i) solid nonporous fillers such as titanium oxide, silica nanoparti-

cles, and (ii) solid porous fillers such as zeolite, porous metal oxides, and so on.

Praseodymium oxide (PSO, Pr6O11) is a rare earth metal oxide (dielectric constant

k∼ 26–30, bandgap∼3.9 eV) with high k values, and the composites prepared

by using PSO find an application in storage devices. Owing to its high dielectric

nature, praseodymium finds many potential applications in nanodevices. It shows

high electrical conductivity due to electron hopping between mixed metal ion
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valence states of lattice [48]. Malleable organic–inorganic polymer nanocomposite

membranes with evenly dispersed metal oxide nanoparticles were prepared using

sulfonated poly (ether ether ketone) (SPEEK) as a base material and PSO as an inor-

ganic additive proton conductivity. PEEK is an aromatic, semicrystalline polymer

and thus shows mild solubility in organic solvents because of its crystallinity. The

crystallinity can be decreased and solubility can be increased by the sulfonation of

PEEK [49] (Figure 12.2).

12.5 Capacitor and Supercapacitor Energy Storage

Capacitors store energy as an electric charge between two platesmetal or conductive

separated by an insulatingmaterial known as a dielectric when a voltage differential

is applied across the plates. When one plate is charged with electricity from a direct

current source, the other plate will have induced the opposite sign. The factors that

determine the capacitance are the size of the plates, the separation of the plates, and

the type of material used for the dielectric [50]. The energy stored in the capaci-

tors is directly proportional to their capacity and the square of the voltage between

the terminals of the electrochemical cell, while the capacity is proportional to the

distance between the electrodes. Capacitors are already used in many utility power
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control applications. The advantages of capacitors for small energy storage and short

discharge are long cycle life and immediate recharge capability [21]. However, the

main problem presented by capacitors is low energy density. If a large capacity is

required, the area of the dielectric must be very large.

Supercapacitors have the same principle as capacitors except that the insulating

material is replaced by an electrolyte ionic conductor in which ion movement is

made along a conducting electrode with a very large specific surface providing

higher energy density to the system. The design of the electrodes and the choice of

electrolyte allow a very high charge density on the electrode surfaces but limit the

voltage to approximately [22]. Despite the low voltage, the energy content is much

higher than in conventional capacitors and can reach the scale of a few Wh for

some of the largest supercapacitors which are now commercially available. Super-

capacitors are connected to form larger modules with upto 1 kWh energy content

and can be further joined together for larger energy storage units (Figure 12.3).

Supercapacitors have very high power output and energy storage systems now

under trial reach approximately 50–100 kW. In most applications, the energy stored

will supply the load only for a few seconds to minutes. The number of charges and

discharge cycles is for all practical purposes nearly unlimited, but the energy put

in fast cyclic operation is limited [51]. A control circuit to balance the individual

voltages of each supercapacitor is necessary for safe and reliable operation if super-

capacitors are connected in series to achieve a high output voltage. The lifetime of

supercapacitors will probably be in the range of large conventional capacitors, e.g.

10 years. The in–out efficiency is very high, but the self-discharge rate is considerable

compared with batteries [52]. Finally, it can be noted that the most important draw-

back of supercapacitors is their high cost estimated at five times that of lead-acid

battery cost.



176 12 Polymer Nanocomposites for Supercapacitors and Battery Application

References

1 Smith, S.C., Sen, P.K., and Kroposki, B. (2008). Advancement of energy storage

devices and applications in electrical power system. Proc. IEEE .

2 Nigim, K. and Reiser, H. (2009). Energy storage for renewable energy com-

bined heat, power and hydrogen fuel (CHPH2) infrastructure. Proceedings of the

Electrical Power and Energy Conference IEEE, Montreal, QC, Canada.

3 Huggins, R.A. (2010). Energy Storage. USA: Springer Science LLC.

4 Fergus, F.W. (2010). Recent developments in cathode materials for lithium-ion

batteries. J. Power Sources 195: 939–954.

5 Anouti, M., Dougassa, Y.R., Tessier, C. et al. (2012). Low-pressure carbon dioxide

solubility in pure electrolyte solvents for lithium-ion batteries as a function of

temperature measurement and prediction. J. Chem. Thermodyn. 50: 71–79.

6 Soloveichik, G.L. (2011). Battery technologies for large-scale stationary energy

storage. Ann. Rev. Chem. Biomol. Eng. 2: 503–527.

7 Chen, H.S., Cong, T.N., Yang, W. et al. (2009). Progress in electrical energy

storage system: a critical review. Prog. Nat. Sci. 19: 291–312.

8 Bradford, R. (2009). Capturing grid power. IEEE Trans. Power Energy Mag. 7:

32–41.

9 Beaudin, M., Zareipour, H., Schellenberglabe, A., and Rosehart, W. (2010).

Energy storage for mitigating the variability of renewable electricity sources:

an updated review. Energy Sustainable Dev. 14: 302–314.

10 Nair, N.K.C. and Garimella, N. (2010). Battery energy storage systems: assess-

ment for small-scale renewable energy integration. Energy Build. 42: 2124–2130.

11 Morioka, Y., Narukawa, S., and Itou, T. (2001). State of the art of alkaline

rechargeable batteries. J. Power Sources 100: 107–116.

12 Broussely, M. and Pistoia, G. (2007). Industrial Applications of Batteries. From

Cars to Aerospace and Energy Storage. Amsterdam: Elsevier B.V.

13 Hall, P.J. and Bain, E.J. (2008). Energy storage technologies and electricity gener-

ation. Energy Policy 36: 4352–4355.

14 Wen, Z., Cao, J., Gu, Z. et al. (2008). Research on sodium-sulfur battery for

energy storage. Solid State Ionics 17: 1697–1701.

15 NGK Insulators Ltd. Website. http://www.ngk.co.jp/english/.

16 Bito, A. (2005). Overview of the sodium-sulfur battery for the IEEE Stationary

Battery Committee. In: IEEE Power Engineering Society General Meeting, vol. 2,

1232–1235. IEEE.

17 Ritchie, A.G. (2001). Recent developments and future prospects for lithium

rechargeable batteries. J. Power Sources 96: 1–4.

18 Kousksou, T., Bruel, P., Jamil, A. et al. (2014). Energy storage: applications and

challenges. Sol. Energy Mater. Sol. Cells 120: 59–80.

19 Goswami, D.Y. and Kreith, F. (2007). Energy Conversion. Florida: CRC Press Tay-

lor & Francis Group.

20 Nguyen, T. and Savinell, R.F. (2010). Flow batteries. Electrochem. Soc. Interface

19: 54–56.

http://www.ngk.co.jp/english/


References 177

21 Kazempour, S.J., Parsa Moghaddam, M., Haghifam, M.R., and Yousefi, G.R.

(2009). Electric energy storage systems in a market-based economy: comparison

of emerging and traditional technologies. Renewable Energy 34: 2630–2639.

22 Yamamura, T.T., Wu, X., Ohta, S. et al. (2011). Vanadium solid-salt battery:

solid-state with two redox couples. J. Power Sources 196: 4003–4073.

23 Dhawale, D.S., Vinu, A., and Lokhande, C.D. (2011). Stable nanostructured

polyaniline electrode for super-capacitor application. Electrochim. Acta 56:

9482–9487.

24 Palaniappan, S. and Devi, S.L. (2008). Novel chemically synthesized polyani-

line electrodes containing a �uoroboric acid dopant for supercapacitors. J. Appl.

Polym. Sci. 107: 1887–1892.

25 Shi, L., Wu, X., Lu, L. et al. (2010). Intercalated polyaniline nanosheets prepared

from lyotropic liquid crystalline solutions and their capacitive performance.

Synth. Met. 160: 989–995.

26 Li, Y., Zhao, X., Xu, Q. et al. (2011). Facile preparation and enhanced capaci-

tance of the polyaniline/sodium alginate nanofiber network for supercapacitors.

Langmuir 27: 6458–6463.

27 Wang, K., Zou, W., Quan, B. et al. (2011). An all-solid-state �exible

micro-supercapacitor on a chip. Adv. Energy Mater. 1: 1068–1072.

28 Yan, Y., Cheng, Q., Wang, G., and Li, C. (2011). Growth of polyaniline

nanowhiskers on mesoporous carbon for super-capacitor application. J. Power

Sources 196: 7835–7840.

29 Mi, H., Zhang, X., Yang, S. et al. (2008). Polyaniline nanofibers as the electrode

material for supercapacitors. Mater. Chem. Phys. 112: 127–131.

30 Kondawar, S.B., Thakare, S.R., Bompilwar, S., and Khati, V. (2009). Nanostruc-

ture titania reinforced conducting polymer composites. Int. J. Modern Phys. B 23:

3297–3304.

31 Tiwari, A., Prabaharan, M., Pandey, R., and Li, S. (2010). Vacuum-deposited thin

film of Aniline–Formaldehyde condensate/WO3⋅nH2O nanocomposite for NO2

gas sensor. J. Inorg. Organomet. Polym. Mater. 20: 380–386.

32 Sharma, A.K., Sharma, Y., Malhotra, R., and Sharma, J.K. (2012). Solvent tuned

PANI-CNT composites as advanced electrode materials for supercapacitor appli-

cation. Adv. Mater. Lett. 3: 82–86.

33 Zhou, W., Xiao, J., Chen, Y. et al. (2011). A review on composite papers of

graphene oxide, carbon nanotube, polymer/GO and polymer/CNT: processing

strategies, properties, and relevance. Polym. Adv. Technol. 22: 1747.

34 Bose, S., Kuila, T., Mishra, A.K. et al. (2012). Carbon-based nanostructured

materials and their composites as supercapacitor electrodes. J. Mater. Chem. 22:

767–784.

35 Choi, B.G., Huh, Y.S., Park, Y.C. et al. (2012). Enhanced transport properties in

polymer electrolyte composite membranes with graphene oxide sheets. Carbon

50: 5395–5402.



178 12 Polymer Nanocomposites for Supercapacitors and Battery Application

36 Zheng, Y.Z., Zhang, M.L., and Gao, P. (2007). Preparation and electrochemical

properties of multiwalled carbon nanotubes–nickel oxide porous composite for

supercapacitors. Mater. Res. Bull. 42: 1740–1727.

37 Biswas, S. and Drzal, L.T. (2010). Multilayered nanoarchitecture of graphene

nanosheets and polypyrrole nanowires for high-performance super-capacitor

electrodes. Chem. Mater. 22: 5667–5671.

38 Mishra, A.K. and Valodkar, M.C. (2017). Polymer nanocomposites for energy and

fuel cell applications. In: Properties and Applications of Polymer Nanocomposites

(ed. D. Tripathy and B. Sahoo). Berlin, Heidelberg: Springer https://doi.org/10

.1007/978-3-662-53517-2_6.

39 Zhang, Y., Feng, H., Wu, X. et al. (2009). Progress of electrochemical capacitor

electrode materials: a review. Int. J. Hydrogen Energy 34: 4889–4899.

40 Basnayaka, P.A. (2013). Development of nanostructured graphene/conducting

polymer composite materials for super-capacitor applications. Graduate Theses

and Dissertations, University of South Florida, US., https://digitalcommons.usf

.edu/etd/4864.

41 Labeeb, A.M., Ibrahim, S.A., Ward, A.A., and Abd-El-Messieh, S.L. (2020). Poly-

mer/liquid crystal nanocomposites for energy storage applications. Polym. Eng.

Sci. 60: 2529–2540.

42 Homes, C.C., Vogt, T., Shapiro, S.M. et al. (2001). Optical response of

high-dielectric-constant perovskite-related oxide. Science 293: 673–676.

43 Morsi, M., Amr, S., and Gurpreet, S. (2016). Processing, Properties and Design of

Advanced Ceramics and Composites VI. Hoboken, New Jersey: Wiley.

44 Lu, X., Hu, Y., Wang, L. et al. (2016). Macroporous carbon/nitrogen-doped

carbon nanotubes/polyaniline nanocomposites and their application in superca-

pacitors. Electrochim. Acta 189: 158–195.

45 Rezakazemi, M., Sadrzadeh, M., and Matsuura, T. (2018). Thermally stable poly-

mers for advanced high-performance gas separation membranes. Prog. Energy

Combust. Sci. 66: 1–41.

46 Aslan, A. and Bozkurt, A. (2014). Nanocomposite membranes based on sul-

fonated polysulfone and sulfated nano-titania/NMPA for proton exchange

membrane fuel cells. Solid State Ionics 255: 89–95.

47 Kausar, A. (2017). Overview on conducting polymer in energy storage and

energy conversion system. J. Macromol. Sci. A 54: 640–653.

48 Muthumeenal, A., John Rethinam, A., and Nagendran, A. (2016). Sulfonated

polyethersulfone based composite membranes containing heteropolyacids lami-

nated with polypyrrole for electrochemical energy conversion devices. Solid State

Ionics 296: 106–113.

49 Paster, M.D., Ahluwalia, R.K., Berry, G. et al. (2011). Hydrogen storage technolo-

gies options for fuel cell vehicles: well-to-wheel costs, energy efficiencies, and

greenhouse gas emissions. Int. J. Hydrogen Energy 36: 14534–14551.

https://doi.org/10.1007/978-3-662-53517-2_6
https://doi.org/10.1007/978-3-662-53517-2_6
https://digitalcommons.usf.edu/etd/4864
https://digitalcommons.usf.edu/etd/4864


References 179

50 Rabiee, A., Khorramdel, H., and Aghaei, J. (2013). A review of energy storage

systems in micro-grids with wind turbines. Renewable Sustainable Energy Rev. 18:

316–326.

51 Rafik, F., Gualous, H., Gallay, R. et al. (2007). Frequency, thermal and voltage

super-capacitor characterization and modeling. J. Power Sources 165: 928–934.

52 Gualous, H., Bouquain, D., Berthon, A., and Kauffmann, J.M. (2003). Experimen-

tal study of super-capacitor serial resistance and capacitance variations with tem-

perature. J. Power Sources 123: 86–93.





181

13

Electrochemical Energy Storage System

13.1 Introduction

Due to the growing energy crisis caused by the depletion of conventional fossil

fuels, the production of sustainable and renewable storage resources in reservoirs

for renewable energy such as the wind and the solar energy sector is urgently

needed [1]. Because renewable energy supplies are intermittent, efficient energy

storage systems need to store and generate renewable energy rapidly and stably.

The research interest of the electrochemical energy storage systems (EESSs) with

electrochemical capacitors (ECs), batteries [2], and fuel cells among different

storage systems has been important such as hydro-pumped storage, thermal energy,

compressed air energy storage, and �ywheel storage [3]. Lithium-ion batteries

(LIBs) are the relevant application of polymer nanocomposites. LIBs have become

the most popular and frequently used rechargeable battery, with the benefits of

high working voltage, huge power, lower toxicity, and long life cycle. Graphite,

silicon, and metal oxide are commonly used in LIB as anode materials and LiCoO2,

LiFePO4, Li[NiCoAl]O2, Li [MnNiCo]O2, and LiMn2O4 [4] as cathode materials.

EESS launch an essential element in the advance of sustainable energy technolo-

gies. The electrical energy created from renewable resources, for example, solar radi-

ation or wind, provides great potential to meet our energy requirements sustainably.

Though, these renewable energy technologies generate electricity irregularly and

thus need proficient and dependable electrical energy storage methods. For com-

mercial and residential end use, electricity must be constantly available at any time

of the day. The second-to-second �uctuations can cause major interruptions with

costs estimated to be in the tens of billions of dollars yearly [5]. Therefore, the devel-

opment of new electrochemical energy storage (EES) systems will be vital in the

use of large-scale solar or wind-based electricity generation. Moreover, significantly

enhanced EES systems are essential to permit the widespread use of hybrid elec-

trical vehicles (HEVs), plug-in hybrids, and all-electric vehicles. Progresses in ESSS

performance, reliability, and efficacy are desirable in the development of modern

portable electronic devices such as laptops and smartphones (http://www.seas.ucla

.edu/~pilon/EES.html).

ECs, also recognized as supercapacitors or ultra-capacitors, are normally classi-

fied into two classes based on their diverse energy storage mechanisms, i.e. electric
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Figure 13.1 Classification of electrochemical capacitors into electrical double-layer

capacitors and pseudo-capacitors.

double-layer capacitors (EDLCs) and pseudo-capacitors. First, EDLCs store charges

physically in electric double layers developing near the electrode–electrolyte inter-

faces. Thus, the course is extremely reversible and the cycle of life is primarily infi-

nite. In contrast, pseudo-capacitors store energy via not only electric double layer

such as that in EDLCs but also fast surface oxidation–reduction (redox) reactions as

well as potential ion intercalation in the electrode. The performance of ECs is mea-

sured by the combination of the electrode material and electrolyte used. There are

three main categories of electrode materials used for ECs, namely (i) carbon-based

materials, (ii) transitionmetal oxides, and (iii) conductive polymers. Likewise, three

types of electrolyte materials are used for ECs, including (i) aqueous electrolytes, (ii)

organic electrolytes, and (iii) ionic liquids (Figure 13.1).

The performances of ECs can be likened to the Ragone chart plotting their respec-

tive energy and power densities as illustrated in Figure 13.2 for different electrical

energy storage devices. Owing to their physical charge storage, capacitors feature

very large power densities equated with batteries and fuel cells but low energy den-

sities. Instead, batteries and fuel cells have large energy densities but low power

densities due to their slow reaction kinetics. ECs bridge the gap between capaci-

tors and batteries/fuel cells [6]. They afford the prospect of keeping the high energy

density of batteries without compromising the high power density of capacitors.

Polymer composites play a fundamental role in EESSs. They are widely used

as both packaging and active materials in these devices. For example, conductive

composites are used to efficiently conduct and distribute charge effectively through

electrodes of supercapacitors, batteries, and fuel cells. In that case, the electronic

conductive pathways formed in the composites are critical to delivering and
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Figure 13.2 Power density vs. energy density of various energy storage systems.

extracting current out of the device. The capacity of electrical energy storage devices

is largely determined by the electrode material as well as by its ability to store

and release energy at the electrochemical interface between an electrode and an

electrolyte [7]. The various materials studied as active nanofiller, graphene, carbon

nanotubes, and several metal oxides have shown good results because of their high

conductivity, surface area, and pseudo-capacitive properties.

However, many challenges related to the complete understanding of the role of

these fillers and their stability and efficiency in charge storage applications still

exist. This research activity is devoted to the issues associated with the develop-

ment, synthesis, characterization, and use of new advanced composites materials

for EESS (http://www.ipcb.cnr.it/index.php/en/staff/permanent/25-research/

advanced-materials). Such systems include high-performance polymer materials,

biodegradable materials, conductive polymers, as well as new and advanced

nanofillers.

Nonaqueous redox �ow batteries (NRFBs) provide high energy density compared

to aqueous �ow batteries. However, NRFBs struggle from active material crossover

and low ionic conductivity, which are the major problems to be overcome for

their commercialization. Accordingly, rapid and certain transport of the charge

balancing ions and negligible crossover of the redox-active material is extremely

preferred. The proof-of-concept demonstration for redox-active violates poly-

mers in which coulombic efficiency of �owable electrodes is maintained by the

size-exclusion-based mechanism of separation is provided. The polymer materials

reveal high solubility in propylene carbonate (one molar) to permit high storage

capacity. The size exclusion strategy will permit the use of commercial off-the-shelf

(COTS) membranes in �ow batteries, thus helping to bring down the price and

upsurge the ionic conductivity and coulombic efficiency of �ow batteries. For the

first time, a redox-active polymer (RAP) that encounters the requirements for use

http://www.ipcb.cnr.it/index.php/en/staff/permanent/25-research/advanced-materials
http://www.ipcb.cnr.it/index.php/en/staff/permanent/25-research/advanced-materials
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as an analyte in NRFBs is established. Molecular design principles are valuable to

develop redox-active nanostructures and colloidal particles for use in nonaqueous

colloidal �ow batteries (Figure 13.3).

The design of chemically stable and electrochemically reversible RAPs is of great

attention for energy storage machinery. The tether length and position of pendants

have a pronounced character in their reactivity, electrochemical stability, and

long-distance charge transfer kinetics. The systematic molecular design approaches

to investigate the impact of pendant–backbone electronic interactions on the perfor-

mance of redox-active pendant units were utilized. The study of viologen oligomers

and polymers showed that a shorter or more rigid tether has positive shifts in the

reduction potential and displays enhanced levels of electrochemical kinetics. The

investigation of cyclopropenium appended polymers points out that polymers with
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extended tether groups show enhanced reversibility in cyclic voltammetry. The

performance is mirrored in the stability of the charged state tested in galvanostatic

half-cells. The capacity decays for the polymers were structure-dependent, provid-

ing empirical understanding into the design of the next generation of RAPmaterials

(https://mooregroup.beckman.illinois.edu/energy-storage-materials) (Figure 13.4).

13.2 Need for Energy Storage System

13.2.1 Energy Reality and Increasing Renewable Penetration

The current worldwide electric generation capacity is estimated to be about 20 TW

hours (×1012watts). Approximately 68% of today’s electrical energy is supplied from

fossil fuels: coal (42%), natural gas (21%), oil (5%), nuclear (14%), hydro (15%), and

the remaining 3% from renewable energy technologies. Even with aggressive con-

servation and development of new, efficient technologies, the worldwide electricity

demand is predicted to double by the middle of the century and triple by the end of

the century [8]. Electricity is the dominant formof energy used (e.g. 40% of all energy

consumption in the United States by 2002), and the electricity demand is increasing

at a faster pace than overall energy consumption. At the same time, oil and natural

gas production is predicted to peak over the next few decades. Coal has been the

dominant source of electricity generation in the world; abundant coal reserves may

maintain current consumption levels longer than oil and gas. However, every kWh

of electricity generated by burning coal coproduces an average 1000 g of life cycle

CO2 emission, a greenhouse gas, that is widely considered as the primary contribu-

tor to global warming. In the United States alone, coal power plants emit 1.5 billion

tons of CO2 per year, and emissions from developing countries are accelerating [9].

To reduce greenhouse gas emissions, many countries are adopting emission regula-

tions (cap-and-trade or variants) and carbon trading which benefits industries with

a small carbon footprint and requires those producing higher emissions to purchase

carbon allowances.

The environmental concerns over the use of fossil fuels and their resource con-

straints, combined with energy security concerns, have spurred great interest in

generating electric energy from renewable sources. Solar andwind energy are among

the most abundant and potentially readily available. The solar radiation energy, the

earth receives in 1 hour, is enough to meet worldwide energy requirements for a

year [10]. Capturing a small percentage of potential wind energy could also con-

tribute significantly to meeting the world’s electrical energy requirements. While

advances in technology are still needed to harvest renewable energy economically,

solar andwind power technologies have grown quickly. Globally, the total electricity

from installed wind power reached 74.3GW in 2006 and 94GW in 2007. The World

Energy Council (WEC) estimates that new wind capacity worldwide will total up

to 474GW by 2020. The output from photovoltaic (PV) module installations is cur-

rently growing at 40% per year worldwide. The United States targets 100GW of solar

power by 2020 [11] (Figures 13.5 and 13.6).

https://mooregroup.beckman.illinois.edu/energy-storage-materials
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14

Electrical Energy Storage System

14.1 Introduction

Dielectric materials are the basis of a fundamental electric circuit element, a

dielectric capacitor, which can be found in almost all electric circuits. Dielectric

capacitors are used to control and store electric charge and electrical energy in elec-

trical and electronic devices, such as electric power converters, pulse power systems,

and electric power systems [1]. For example, dielectric capacitors convert the DC

electricity from sources such as batteries to AC electricity in the power inverters of

hybrid electric vehicles (HEVs), in whichmotors are driven by AC power [2]. Dielec-

tric polymers are critical to meet the increasing demands for high-energy-density

capacitors operating in harsh environments, such as aerospace power conditioning,

underground oil and gas exploration, electrified transportation, and pulse power

systems. A crosslinked �uoropolymer poly (chlorotri�uoroethylene-co-vinylidene

�uoride) (P(CTFE-VDF)) is prepared by the melting processing of the mixture of

P(CTFE-VDF), dicumyl peroxide (DCP) as the initiator, and triallyl isocyanurate

(TAIC) as the co-agent [3]. The crosslinked P(CTFE-VDF) exhibits much improved

discharged energy densities and greater charge–discharge efficiencies, along with

excellent breakdown strength and cyclic stability, at elevated temperatures when

compared with the current dielectric polymers. Further, the optimized crosslinked

P(CTFE-VDF) can deliver an energy density of 2.67 J/cm3 with a charge–discharge

efficiency of >90% at 400MVm−1 and 150 ∘C (Figure 14.1), which exceeds most

high-temperature polymer dielectrics including c-BCB, PI, PEI, FPE, SO2-PPO, and

SO2-PIM, and polymer nanocomposites [5]. The comprehensive characterization of

conduction current, thermally stimulated current, and embedded charges indicate

that the crosslinked structure efficiently functions as molecular deep trapping sites

to inhabit charge carrier transport and reduce conduction current and thus leads to

significantly improved capacitive performance [4].

The ferroelectric polymers are promising dielectric energy storage media for

film capacitors due to their superiority in excellent dielectric properties, high

breakdown strength, and �exibility [6]. Compared with ceramic dielectrics,

polymeric ones possess superiorities in high breakdown strength, mechanical

�exibility, lightweight, and easy processing, which are preferable materials for

capacitors. However, the intrinsic low dielectric constant of polymers seriously

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Figure 14.1 (a) Schematic of the preparation of crosslinked P(CTFE-VDF)(XL-VK),
(b) discharged energy densities and charge–discharge efficiencies of XL-VK and
high-temperature dielectrics at 150 ∘C, and (c) comparison of the discharged energy density
of high-temperature dielectric polymers and polymer composites at 150 ∘C. Source: Li et al.
[4]/Royal Society of Chemistry.

limits the energy density [7]. For instance, the dielectric constant of the commercial

biaxial-oriented polypropylene (BOPP) is only 2.2, resulting in an energy density

of fewer than 2 J cm−3. Ferroelectric polymers such as poly(vinylidene �uoride)

(PVDF) exhibit higher dielectric constants of ∼10, which have been receiving

substantial attention in the aspect of energy storage applications. Furthermore, the

nanocomposites by incorporating ceramic nanofillers with even higher constants

(>100) into the ferroelectric polymer matrix are expected to further enhance the

energy storage performances [8]. The ferroelectricity of polymers lies in the dipoles

arranged in the same direction, producing spontaneous displacement. Polymeric

ferroelectricity has been discovered in odd nylon, polylactic acid (PLLA), polylactic

glycolic acid (PLGA), as well as PVDF and its copolymers, among which PVDF and

its copolymers are the best-known and most widely used. PVDF is a semicrystalline

polymer with multiple crystalline phases, which usually can be divided into

four polymorphs according to the molecular chain configurations, including the

𝛼-phase (in trans-gauche conformation TGTG), 𝛽-phase (in all-trans planar zigzag

conformation TTTT), 𝛾-phase (in a conformation of three trans-linked to a gauche

TTTG), and 𝛿-phase (a polar version of the 𝛼-phase) Figure 14.2 [9].

The exploration of high-energy-density electrostatic capacitors capable of oper-

ating both efficiently and reliably at elevated temperatures is of great significance

to meet advanced power electronic applications. The energy density of a capacitor is

strongly dependent on the dielectric constant and breakdown strength of a dielectric
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Figure 14.2 (a) Graphical representation of D–E loops used for the calculation of energy
density, (b) schematic chain conformations of PVD, (c) unit cells of 𝛼, 𝛽 , 𝛾 , and 𝛿 forms of
PVDF crystals viewed along the c-axes. Source: Jiang et al. [9]/American Institute of
Physics/CC BY-4.0.

material. BNNSs were fabricated via a modified liquid-phase exfoliation method

[10]. Binary PEI/BTNP and PEI/BNNS and ternary PEI/BTNP/BNNS nanocompos-

ite films were fabricated through solution casting processes (Figure 14.3).

In the transmission electron microscopy (TEM) image of the exfoliated BNNS

(Figure 14.4A), the thickness of BNNS is around 2.2 nm with two to six layers. The

width of the nanosheets is around 400 to 600 nm as demonstrated [12]. Figure 14.4B,

C show the cross-sectional images of the poly(ether imide) (PEI) nanocomposite

films filled with BTNPs and BNNSs, respectively, indicating that the inorganic fillers

are well dispersed in the PEI matrix. Stable ternary suspensions in nitroxide medi-

ated polymerization (NMP) at a relatively high concentration of 25 : 1.5 : 2.5mgml−1

of PEI to BTNPs to BNNSs are shown in Figure 14.4D [13]. It can be seen from

Figure 14.4E that the nanocomposite film displays excellent mechanical �exibil-

ity even at a relatively high filler concentration, for example, 1.27 vol% BTNPs and

6.05 vol% BNNSs. The cross-sectional morphology of the ternary nanocomposite is

exhibited in Figure 14.4F, in which the homogeneous filler dispersion is verified by

the EDS mapping of different element distributions (Figure 14.4G) [14].
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cross-sectional SEM image of the PEI nanocomposite with 6.05 vol% BNNSs, (D) photograph
of PEI pellet, BTNP, and BNNS dissolved in NMP, (E) photograph of a bent ternary PEI
nanocomposite film containing 1.27 vol% BTNPs and 6.05 vol% BNNSs, (F) cross-sectional
SEM image of the ternary PEI nanocomposite with 1.27 vol% BTNPs and 6.05 vol% BNNSs,
and (G) element mapping of carbon (C), oxygen (O), nitrogen (N), boron (B), titanium (Ti), and
barium (Ba) on the orange-marked area in F established using EDS. Source: Li et al.
[11]/with permission from John Wiley & Sons, Inc.
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Figure 14.5A compares K and Eb of neat PEI, binary 1.27 vol% BTNP-filled PEI,

6.05 vol% BNNS-filled PEI nanocomposite, and the ternary PEI nanocomposite

with 1.27 vol% BTNPs and 6.05 vol% BNNSs. A high K of 3.74 along with a low

tan 𝛿 of 0.00715 at 103Hz and room temperature as well as an outstanding Eb of

547MVm−1 measured at 150 ∘C are obtained in the ternary PEI nanocomposite,

significantly outperforming pristine PEI. It is known that electrical conduction

plays a critical role in dielectrics operating at elevated temperatures and high electric

fields. Therefore, investigation on the conduction behaviors of the composites at a

relatively high electric field, for example, 100MVm−1, at varying temperatures is

shown in Figure 14.5B. In contrast, the addition of BNNSs increases the activation

energy to 0.525 eV, which is attributed to a higher barrier at the interface between

polymer matrix and BNNS than that of BTNP (Figure 14.5C) [11]. In the rationally

designed ternary composites, BNNSs not only give rise to a higher energy barrier
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for the carrier to overcome during the conduction process because of their wide

bandgap but also effectively block the connection of BTNPs, thus ensuring the

ternary polymer composites maintain excellent dielectric strength.
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15

Real-Time Applications of Polymer Nanocomposites

15.1 Introduction

The need of the hour is to create a large-scale energy storage system to integrate

renewable energy sources, such as solar and wind, to be effectively used in the grid

and to avoid output �uctuation. Redox �ow batteries (RFBs) have received tremen-

dous attention for this kind of energy storage. Vanadium-based RFBs receivedmuch

attention; however, their low volumetric energy storage capacity, limited solubility,

and need for ion exchange membranes are some of the major drawbacks. Recently,

redox organic polymers have been proposed as charge storage materials, which

are potentially low cost, soluble in a range of solvents, along with the possibility

to tune their redox properties, solubility, and crossover by introducing different

substituents. Recent developments toward developing water-soluble redox-active

polymeric materials have opened a new avenue for developing safer and greener

RFBs. However, water-soluble polymers and membranes with very high selectivity

are crucial for this kind of RFBs. New polymers with enhanced solubility and redox

activity along with fabrication of novel Janus membranes for better selectivity

and low crossover of active polymers are synthesized. The project is intended

to develop a novel aqueous organic polymer-based redox �ow battery (ORFB)

system based on Janus nanoporous and charged membranes as well as tailor-made

electro/redox-active organic oligomers and polymers. Two crucial components,

i.e. Janus membrane separator and redox-active polymers, for an aqueous organic

polymer-based ORFB system are developed (Figure 15.1a, b).

To realize the full potential of ORFB, novel tailor-made redox-active polymers and

Janus membranes, which are critical components for this type of battery, are devel-

oped. The focus is water-soluble redox-active polymers based on monomers with

redox-active moieties and Janus membranes to achieve high cell performance by

limiting the crossover of materials and long-term application. The functionalization

of these polymers is also be undertaken by introducing aqueous solubilizing units

such as cationic and anionic functional groups. The second part of the work plan

is to fabricate charged and ion conductive nanoporous Janus membranes by chemi-

calmodification or layer-by-layer depositionmethodwithwell-defined nanopores to

control the ionic transport aswell as selectivity concerning anolyte and catholyte.We

are analyzing the Janusmembranes regardingmolecular weight cutoff (monomer to

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Figure 15.1 (a) and (b) Demonstration of an electrochemical cell with a Janus membrane,
(c) prototype model, and (d) (i) color change of electrolyte and anolyte polymers and
(ii) charge–discharge curves. Source: Tripathi [1]/Department of science and technology/
Public Domain.

oligomer and polymer), surface charges, ion conductivity, diffusion and crossover,

and their electrochemical behavior. Finally, a lab-scale prototype RFB consisting

of Te�on support and �ow chambers, current collectors, EPDM gaskets, graphite

felt electrodes, and reservoirs for catholyte and anolyte connected to a peristaltic

pump is fabricated. The galvanostatic charging–discharging of the developed batter-

ies and their life cyclewere assessed [1]. A lab-scale prototype organic polymer-based

RFB using synthesized polymers and Janus membranes is displayed in Figure 15.1c.

Characterization and performance assessment of ORFB under neutral pH and aque-

ous conditions were shown in Figure 15.2.

The goal of the project is to improve the tensile strength, stress rupture, fatigue

life, and fracture toughness of T1000 carbon/epoxy composite �ywheel material

by at least 30% so that it can rotate faster. The specific objectives are to fabricate

ZnO nanowire/T1000 carbon/epoxy hybrid composites and study their mechanical

properties. The properties of interest are interfacial strength, tensile strength and

stiffness (normal and transverse), tensile stress rupture, fatigue life, and Mode-I

fracture toughness to fabricate prototypes of composite �ywheels (25 cm length× 25

cm OD× 2.5mm thickness) and perform spin test to determine the burst speed and

energy density.

The approach is to integrate ZnO nanowires at the fiber–matrix interface (by

hydrothermal method) in T1000 carbon/epoxy composites to increase the multidi-

rectional properties and durability of �ywheel composites so that they rotate faster
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and thereby gain energy density. Laboratory scale coupon tests will be conducted

to study the strengthening, durability, and delamination failure of composites.

Thin cylindrical composite �ywheel prototypes (25 cm length× 25 cm OD× 2.5mm

thickness) will be fabricated by resin transfer molding (RTM) and subjected to

spin tests to determine their burst speeds and energy density. This approach is a

novel attempt to increase the strength and hence the energy density of �ywheel

composites, and such studies have not been conducted at the international as well

as national levels [2].

Novel ZnO nanowire/T1000 carbon/epoxy hybrid composite �ywheel materials

show at least 30% improvement in tensile strength, stress rupture, fatigue life, and

fracture toughness. Database on the properties and guidelines on strengthening,

durability, and damage tolerance of ZnO nanowire/T1000 carbon/epoxy composites

are useful for �ywheel designs. Thin cylindrical �ywheel prototypes are made up of

proposed hybrid composite materials (Figure 15.3).

Design and Development of new generation ion exchangemembranes have excel-

lent stability in an acidic and alkaline environment and have mechanical and ther-

mal stability and electrochemical performance. The membranes have equivalent

properties to that of Nafion® and Neosepta®. The comparative performance evalua-

tion in RFB, specifically, zinc and vanadium RFB, the development of an alternative

organic redox couple will be attempted [3].

There are three different approaches to develop ion exchange membrane with

a common polymer backbone and structural resemblance to per�uorinated
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Figure 15.3 (a) Porsche 911 GT3R with carbon fiber flywheel, (b) carbon fibers flywheel for
grid regulation, (c) and (d) fibers coated with ZnO nanowires. Source: Reprinted with
permission from Gowthaman [2].
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polyelectrolyte membranes, Nafion developed by DuPont, and Aquivion® developed

by Solvay specialty polymers. The first approachwill be an interpenetrating polymer

network, where functional monomers will be copolymerized with per�uorinated

polymers. The second and third approaches will be based on a functional modifica-

tion of per�uorinated polymers with suitable organic molecules to dock the ionic

cluster on the polymer backbone. The developed membranes will be thoroughly

evaluated for their electrochemical and physicochemical properties (Figure 15.4).

The developed membranes have a plethora of applications in energy devices for the

generation and utilization of green and clean energy.

15.2 Polymer–Graphene/Carbon Nanotube

Rechargeable lithium batteries are considered as one of the most promising energy

storage technologies, especially as power sources for emerging applications, such

as plug-in hybrid electric vehicles and electric vehicles [6]. In these applications,

besides high energy density, high power density is also essential [7]. In traditional

lithium-ion batteries, cathode materials are usually lithium transition metal

oxides or phosphates (such as LiCOO2 or LiFePO4), which can be reversibly

de-/re-embedded with Li+ ions [8]. However, the diffusion kinetics of lithium-ion

inorganic materials is slow, which will impair the charge and discharge perfor-

mance of lithium batteries [9]. In addition to the traditional inorganic materials,

organic cathode materials including small molecules and polymers have become

the research hot spot of the new generation of green lithium battery electrodes

in recent years due to their sustainability and environmental friendliness [10].

Nevertheless, the poor conductivity of organic materials limits the rate performance

of electrodes [11].

To obtain better materials for electrodes and optimize the electrochemical per-

formance of lithium batteries, researchers have made many attempts and polymer

nanocomposites (PNCs) are commonly used. Graphene and graphene sheets

(GNSs) are two-dimensional thin sheets with one or more atomic thicknesses. They

are composed of sp2 carbon atoms arranged in a honeycomb structure. Because

of their special electronic conductivity, they are considered excellent conductive

additives in nanocomposites [12]. The graphene and GNS hold a high specific

surface area (theoretical value 2630m2 g−1), which improves the interface contact

between active materials and the substrate. Guo et al. intended to enhance the

electrochemical performance of nitroxide free radical polymer cathode by using

graphene in the dispersion–deposition process. However, the loading rate of active

materials in the composite electrode is only 10%, while that of graphene is as high

as 60% [13]. Taking PAQS and polyimide (PI) as examples, polymer–graphene

nanocomposites with high dispersion graphene were introduced by Song et al.

via one-pot synthesis (Figure 15.5a) [16]. Functionalized graphene sheets (FGSs)
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Figure 15.5 (a) In situ polymerization process of PAQS-FGS or PI-FGS nanocomposite,
(b) SEM image of PAQS-FGS-a, (c) SEM image of PI-FGS-b, and (d) cycling performance of PI
and its composites at different C-rates. Source: Modified from Song et al. [14]. (e) Schematic
of the preparation process of PI/SWNT film; photographs of SWNT aqueous dispersion,
SWNT film, and PI/SWNT film, (f) SEM images of PI/SWNT film after reaction for six hours,
and (g) cycling performance of PI and PI/SWNT at a rate of 0.5 C. Source: Wu et al. [15]/John
Wiley & Sons.

were prepared by the graphene thermal expansion method because of their

higher electrical conductivity than chemically reduced graphene oxide (RGO).

FGS was first dispersed in 1-methyl-2-pyrrolidinone (NMP) by sonication. Then,

1,5-dichloroanthraquinone (DCAQ) or 1,4,5,8-naphthalene triformicanhydride

(NCTDA) were added as precursors of PAQS or PI and completely dissolved in

NMP [17]. Polymer chains are formed by condensation polymerization at high

temperatures after the addition of a condensate (anhydrous sodium sulfide for

PAQS or ethylenediamine for PI). In the final product, FGSs are wrapped and

uniformly embedded in the polymer matrix.

To find the morphology of the polymer–graphene nanocomposites, the samples

were characterized by a scanning electron microscope (SEM). The SEM image in

Figure 15.5b indicates that each FGS is several microns in size, with a uniform and

thick PAQS coating on both sides of the FGS. For PI-FGS nanocomposites, the SEM

image in Figure 15.5c showed that the FGSwas uniformly coated with �ower-like PI

polymer particles, which are smaller than those found in pure PI. The electrochem-

ical performance of PI samples was improved. Although the theoretical capacity of
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PI based on the four-electron redox process is 367mAhg−1, only two electrons can

normally be reversibly transferred in the actual charging and discharging process,

reaching about half of the theoretical capacity. As shown in Figure 15.5d, the dis-

charge capacity of pure PI at 0.1 C is 156mAhg−1, and the utilization rate is only

42% compared with the theoretical capacity of 367mAhg−1. With the addition of 6%

graphene, the capacity of PI-FGS is increased to 172mAhg−1 with a corresponding

polymer utilization rate of 49%. In other words, graphene can increase the number

of electrons per unit of PI from 1.7 to 2. Similar performance improvement was also

observed for the PAQS-FGS samples [18].

Besides better electrochemical performance, PNCs are also explored for the

multifunctionality of batteries. Flexible and wearable electronic products have

attracted extensive attention from academia and industry due to their broad appli-

cation prospects in medical monitoring, portable military equipment, intelligent

textiles, etc. Thus, �exible energy storage devices are in demand to power those

electronic devices. Lithium batteries are potential �exible power sources with

high volumetric energy density and long cycle life [19]. However, owing to their

inherent fragility, inorganic electrode materials cannot provide enough �exibility

even they were loaded on curvilinear surfaces such as carbon nanotubes (CNTs),

carbon nanofiber, graphene paper, and graphene foam [14]. Thus, polymers were

considered because of their inherent �exibility, including conducting polymers

such as polyacetylene, radical polymers such as nitroxides, and so on. Among all

the organic materials considered, PI is esteemed to be a potential material for the

electrodes because of its high theoretical capacity [15]. Wu et al. successfully built

an electrode with single-wall carbon nanotube (SWCNT) film as current collector

and PI as active materials. As shown in Figure 15.5e, the SWNT film was fabricated

through vacuum filtration of SWNT aqueous dispersion. SWNT film was fixed

in a polytetra�uoroethylene (PTFE) container and then PI was polymerized in

situ on one side of SWNT film. The film in Figure 15.5e held good �exibility, and

the SEM image in Figure 15.5f indicated that SWNT bundles were covered by PI

nano�akes fully and evenly. The PI/SWNT also obtained better electrochemical

performance besides better �exibility. Using Swagelok cells, it was testified that

PI/SWNT exhibited higher capacity (206mAhg−1) compared with pure PI and

it held better cycling stability which retained 85% (175mAhg−1) after 200 cycles

(Figure 15.5g).

Polymer–graphene/CNTs are often used to satisfy the �exibility requirement of

devices. Liu et al. prepared highly �exible, bendable, and conductive films, which

consisted of poly(3,4-ethylene dioxythiophene) (PEDOT), poly (styrene sulfonate)

(PSS), and RGO. The composite was prepared by the addition of PEDOT/PSS

into the RGO dispersions [20]. As shown in Figure 15.6e, RGO is covered by

PEDOT/PSS, and there are some re-stackings of several layers of RGO sheets that

are separated by PEDOT/PSS, leading to the increase of the porosity and surface

area [21]. A device was made by a poly(vinyl alcohol) (PVA)/H3PO4 solid-state

electrolyte between two symmetric RGO-PEDOT/PSS films (Figure 15.6f). The

electrochemical performance of the supercapacitor is shown in Figure 15.6g–i. The

CV curve of this device depicts a more rectangular shape and larger area than that
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of the PEDOT/PSS and RGO devices (Figure 15.6g). The specific capacitance of the

supercapacitor is higher than either of the pure PEDOT/PSS or RGO at all scan

rates of 5–500mV s−1 (Figure 15.6h). The Ragone plot in Figure 15.6i indicates the

improvement in the power and energy densities of RGO-PEDOT/PSS composite

electrodes. A supercapacitor was also fabricated to power a light-emitting diode

(LED) to demonstrate the ability of the supercapacitor [22].

To get with the fast development of �exible electronics such as electronic skin and

smart energy storage clothes, supercapacitors that are �exible and have self-healing

ability as well as high capacitance are needed to power those devices. At the same

time, the aforementioned requirements also become demanding on electrolytes.

The fabrication of multifunctional electrolyte by polyacrylic acid (PAA) was dual

crosslinked by hydrogen bonding and vinyl hybrid silica nanoparticles (VSNPs)

[23]. The procedure of the fabrication is shown in Figure 15.7d. A supercapacitor

was formed with VSNPs-PAA film as electrolyte and CNT paper-based PPy as

symmetric electrodes [26]. The picture in Figure 15.7e shows that the cut wound

on the supercapacitor recovers to restore the conductivity, which means that the

supercapacitor is self-healable. To further investigate the specific self-heal ability

of the supercapacitor, the electrochemical performance was tested before and after

self-healing. The healing efficiency got from CV curves and GCD curves indicates

the same trend that the healing efficiency is ∼100% during all breaking–healing

cycles (Figure 15.7f). A demo of the supercapacitor is also shown to demonstrate its

ability to light up an LED after self-healing (Figure 15.7g) [27].

The fabrication of a novel structural composite supercapacitor based on CNTs

fibers/polymer electrolyte interleaves embedded between carbon fiber fabrics and

infused by epoxy is reported. The method is simple and compatible with industrial

composite fabrication techniques. Once embedded in the composite structure, the

electric double-layer capacitor (EDLC) interleaves had identical electrochemical

properties as before, with Coulombic efficiency of 98% and low ESR of 35Ohmcm2

even when charged at 3.5 V (Figure 15.8). In situ electrochemical measurements

during four-point bending were performed on composites with EDLC interleaves

at different ply positions to study the tensile, neutral, and compressive scenarios

(Figure 15.9). The results show that electrochemical properties were essentially

retained under high �exural deformations and stresses (70MPa) [29]. Changes in

ESR produce 10–37% increases in energy density upon initial loading and a drop

of 22% at large strains. Even after sample failure by buckling, the devices could

still be charged and discharged, with 69% and 93% of the initial energy and power

densities, respectively. The composites produced here stand out for their high

power density (30Wkg−1), 1 to 3 orders of magnitude higher than the state of the

art, combined with the highest measured energy density (37.5mWhkg−1) for the

structural composites. Although their interlaminar properties are expected to be

substantially reduced by the presence of the soft matrix interleaves, the �exural

modulus and �exural strength achieved were still 60GPa and 153MPa, respectively.

As a demonstration of the engineering possibilities to improve interlaminar prop-

erties offered by these materials, grid-shaped interleaves are produced. Synchrotron

3D tomography shows that this design leads to epoxy regions interconnecting CF
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Figure 15.7 (a) Schematic representation of the supercapacitor, (b) CVs of supercapacitor
with different electrolytes at a scan rate of 5mV s−1 , (c) specific capacitances of the
supercapacitors with PVA–KOH ‘circle’ and PVA–KOH–KI ‘star’ electrolyte during long-term
cycling. Source: Yu et al. [24]/with permission of Elsevier, (d) preparation of VSNPs from
vinyltriethoxysilane and preparation of the VSNPs-PAA electrolyte from VSNPs (crosslinker),
acrylic acid (AA, main monomer), ammonium persulfate (APS, initiator), and phosphoric acid
(pH and water content regulator), (e) schematic of the supercapacitor comprising the
VSNPs-PAA polyelectrolyte and CNT paper-based PPy electrodes, (f) healing efficiency
calculated from CV and GCD curves, and (g) photo of three supercapacitors connected in
series, one of which has self-healed twice to power an LED bulb after self-healing (insets
show enlarged profiles of the twice self-healed supercapacitor and the lit LED bulb).
Source: Huang et al. [25]/Springer Nature/CC BY-4.0.

through holes in the interleaf. The ability to change the shape and size of the hole

pattern in the interleave opens a wide range of design parameters to obtain desired

composite properties. To remove redundant elements in the interleaves, particularly

the plastic tape insulator and the Al support, reducing their thickness is important.

This will avoid excessive distortion of the adjacent CSF and thus enable a deeper

study into the mechanics of these novel structures, both experimentally and in silico

[28]. Current collector-free architectures would also enable a wider design enve-

lope and lend themselves to compressionmolding, stamping, performing, and other

processing steps envisaged for these multifunctional composites. As pointers for
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Figure 15.8 Alternative structural composite supercapacitor architectures using both CNT
fibers and CF as active material, without the current collector, separator, or insulating
layers. (a) Scheme of different EDLC configurations in the composite, (b) charge–discharge
profiles comparing CNT fiber/CNT fiber and CNT fiber/CF device configurations, and
(c) photographs of the structural supercapacitor powering a red LED in the two
configurations. Source: Senokos et al. [28]/with permission from Springer Nature/CC BY 4.0.
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Figure 15.9 Encapsulation of the EDLC interleaf by epoxy. (a) Photo of structural
supercapacitor composite immersed in water, and (b) comparison of CD profiles before and
12 hours after immersion in water show nearly identical electrochemical properties. Source:
Senokos et al. [28]/with permission from Springer Nature/CC BY 4.0.
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Figure 15.10 Infusion of epoxy into CF/EDLC/CF lay-up. (a) Scheme of the fabrication of
structural supercapacitor composite by stamping a CNT fiber-based EDLC interleaf,
embedding it between CF plies and infusion/curing of epoxy resin, (b) photographs of a
CF/EDLC/CF lay-up during epoxy infusion and the 4 cm2 EDLC interleaf embedded in it
(inset), and (c) optical micrograph of composite cross section (top) showing successful
integration of EDLC/CF/epoxy in the laminate and scanning electron micrograph (bottom)
of integrated EDLC interleaf. Source: Senokos et al. [28]/with permission from Springer
Nature/CC BY 4.0.

further improvements in energy and power density, and highlight the possibility to

use both CF and CNTfibers as electrodes, which reduces weight by eliminating elec-

trical insulators while increasing the fraction of composite material used for energy

storage. The energy storage properties can be also enhanced by the introduction of

materials producing Faradaic processes (Figure 15.10).

Researchers proposed a porous nanocomposite fabric (PNF) by incorporating

nano-Al2O3 fillers into cellulose acetateporous networks to develop wearable and

green triboelectric nanogenerators (TENGs). This PNF was fabricated using a dry

casting method, and it was considered an effective tribopositive material. When a

10wt% solution concentration and 10wt% nano-Al2O3 fillers were incorporated in

the PNF, the PNFTENG could deliver the maximum electrical performance, with a

VOC of 448V and a power density of 2.5mWcm−2. The considerable outputs were

attributed to the synergistic effect between the proper pore content, tribo-active

ingredient, and uniformly distributed nano-Al2O3 nanoparticles [30]. Furthermore,

the device also exhibited good mechanical strength, deformability, �exibility, and

washability, which provides a guarantee for real-world applications (Figure 15.11).
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Figure 15.11 Preparation, characterization of the porous nanocomposite fabric, and
structure of the PNF-TENG. (a) Schematic illustration of the fabrication for the PNF,
(b) digital images of the PNF, showing the softness and deformability, (c) stress–strain
curves of the PNF and porous nanocomposite, (d, e) cross-sectional SEM images of the
optimal porous nanocomposite, (f) SEM images of the surface morphology at different
amplitudes and locations on the surface of the nanocomposite with 10wt% nano-Al2O3 and
10wt% CA concentrations, (g, h) XRD spectra of Al2O3 , CA, and the nanocomposite, the inset
in (h) shows the rough surface of Al2O3 nanoparticles, (i) water contact angle of the PNF,
and (j) structural design of the PNF-TENG. Source: Bai et al. [30]/with permission from
American Chemical Society.

Based on these advantages, the PNF-TENG was effectively capable of charging

commercial capacitors, powering wristwatches, and LED arrays and exhibited

great potential as a wearable power source. Also, a PNF-TENG-based smart elbow

supporter and a grip ball were designed and further employed for monitoring

human motion states in real-time during sports and health training, demonstrating

the feasibility of the device as a promising self-powered sensor [31].

Further, to explore the potential of the PNF-TENG as awearable self-powered sen-

sor, it was used to provide real-time and auxiliary monitoring of humanmovements

in sports and fitness training. A kind of PNF-TENG-based smart sports elbow sup-

porter was designed to detect the swing amplitude of an arm during a dumbbell

exercise. As shown in Figure 15.12g, themagnitude of current signals from the sports

elbow supporter at a large swing amplitude is different from that at a small swing
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Figure 15.12 Demonstration of the PNF-TENG as a wearable power source and
self-powered sensor. (a) Voltage charging curves of capacitors with different capacitances
(1, 10, 47 μF), (b) step voltage rise of the capacitor with a capacitance of 1 μF, (c) charging
and discharging curves of a capacitor (4.7 μF), with an inset showing lit LED powered by the
capacitor, demonstration of (d) driving a wristwatch and (e) the LED arrays with a “thumb”
sign powered by the PNF-TENG, (f) simplified circuit diagram showing electronics charged
by the PNF-TENG with the aid of abridging rectifier, (g) detected current output from the
PNF-TENG-based sports elbow supporter, (h) detected signals from a PNF-TENG-based
homemade grip ball during human grip strength testing, and (i) linear relationship between
the number of output peaks and the number of grips. Source: Bai et al. [30]/with permission
from American Chemical Society.

amplitude.When the swing amplitude of an arm, in turn, changed to small,medium,

or large states, the value of detected output signals was enhanced gradually [32].

The elbow supporter delivered a current of about 0.7 μA under a large swing ampli-

tude, higher than the output at a small swing amplitude, which is because the elbow

supporter could exert larger deformation under a large swing amplitude. Thus, the

exercise intensity of the body in the dumbbell training process can be determined

and assessed by the amplitude of the signal detected by the smart elbow supporter,

which provides positive guidance for humans. Furthermore, a PNF-TENG-based

smart grip ball for monitoring grip strength in real time is designed. As displayed

in Figure 15.12h, the electrical output amplitude of the grip ball exhibits a strong

dependence on the grip strength. The distinct amplitudes of current signals would

be generated when the grip ball experiences grips with different intensities. Also,

the current signals exhibit good reproducibility under a certain grip strength, which
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affirms the excellent working reliability and stability of the PNF-TENG-based grip

ball. Based on this, we could identify the intensity of grips according to the amplitude

of the signal, which is beneficial to assessing body exercise conditions. The grip ball

not only monitors the intensity of grips but also tracks and records the number of

grips during the grip training process [33]. It was observed that the number of grips

is linearly related to the number of current signals in Figure 15.12i. When various

numbers of grips (2, 4, 6, 8,10, 12, 14, 16, 18, and 20) were applied to the grip ball

in succession, the corresponding numbers of electrical signals would be detected.

These application demonstrations of a smart sports elbow supporter and a grip ball

in sports and health exercises imply that the PNF-TENG has a bright future in the

field of human motion sensing.

Ti3C2Tx (MXene), a thriving member of the two-dimensional (2D) materials fam-

ily, has shown increasing potential in a myriad of applications, ranging from print-

able electronics to energy storage and separationmembranes [34]. Nevertheless, the

dilemma of its oxidative instability and the easy disintegration of its assemblies in

contact with water have been restricting its real-life use. Also, the report shows tar-

taric acid, a natural source, as a non-innocent additive in the MXene composite. In

water, it can, above all, inhibit oxidation of Ti3C2Tx and hold individual components

in the composite Ti3C2Tx/poly(3,4-ethylenedioxy thiophene): polystyrene sulfonate)

(Ti3C2Tx/PEDOT: PSS) firmly together; equally important, it can boost fourfold the

composite’s electron conductivity in comparison to the additive-free equivalent [35].

To showcase its practical value, a tartaric-acid-treated, water-stableMXene/PEDOT:

PSS conductive coating is made, which serves as electrodes for an ultrafast super-

capacitor; among all 2D materials-based assemblies, the designed supercapacitor

deliver shows high performance in an alternating current filtering application [36].

The unexpected multifunction of tartaric acid to satisfy such design requirements

and allow for the preparation of a Ti3C2Tx/PEDOT: PSS composite system with its

conductivity value beyond the state of the art is reported (Figure 15.13a). Ti3C2Tx is
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Figure 15.13 Schematic illustration of processing procedure (a and b) chemically
stabilized Ti3C2Tx enabled by tartaric acid (a) and structurally stabilized Ti3C2Tx/PEDOT:
PSS composite coating (b) for an ultrafast supercapacitor. Source: Zhang et al. [37]/with
permission of Elsevier.
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chosen as an exemplar here to stand for MXene because of its high conductivity and

its well-established synthesis and assembly chemistry (Figure 15.13b). As a proof of

concept, ultrahigh rate filtering capacitor electrodes were fabricated from our design

concept and delivered excellent stability in aqueous conditions, together with areal

capacitance of 1 149mF cm−2 and a phase angle of 80∘ at 120Hz, and are the best of

all 2D-materials-based assemblies ever reported [37].
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16

Modeling and Simulation Techniques

16.1 Introduction

Themodeling and simulationmethods at themolecular level usually employ atoms,
molecules, or their clusters as the basic units [1]. Themost popular methods include
molecular mechanics (MMs), molecular dynamics (MDs), and molecular computa-
tional (MC) simulation.Modeling of polymer nanocomposites (PNCs) at this scale is
predominantly directed toward the thermodynamics and kinetics for the formation
of molecular structure and their interactions. Figure 16.1 describes the equation of
motion for eachmethod and the typical properties predicted from them [3]. The two
widely used molecular scale methods are MD and MC [4].

16.2 Modeling and Simulation of Polymer
Nanocomposites

16.2.1 Nanocomposite thermodynamics

The formation of stable nanocomposites depends on the thermodynamics of the
multicomponent mixture concerned. In the case of polymer–nanoparticle mixtures,
their final structures are strongly in�uenced by the characteristics of nanoparti-
cles (e.g. size, shape, and aspect ratio), polymer (e.g. molecular weight, structure,
polarity, and its compatibility with the particle), and surfactant, if employed. The
remarkably improved properties are usually observed from the structure in which
nanoparticles are uniformly dispersed in a polymer matrix. Therefore, to achieve
such PNCs and the maximal property improvement, it is very important to deter-
mine thoroughly the effects of various factors on the final structure and then isolate
the thermodynamic conditions for the stable and uniform dispersion of nanoparti-
cles. Experimentally, it is very difficult to ascertain these issues at a nanoscale.
Computermodeling and simulations have showngreat success in colloid–polymer

solutions. However, the colloid particles in such systems are much larger than the
gyration radius of a polymer. These methods may not directly be extendable to
nanoparticle–polymer systems in which particle size is equivalent to the gyration
radius. Therefore, to elucidate the formation of nanoparticle–PNCs at a molecular

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Figure 16.1 Molecular modeling and simulation methods commonly used for polymer
nanocomposites. Source: Based on Heinz et al. [2].

level, some theoretical and simulation efforts have been made recently, espe-
cially on PNCs. The simulation methods used include the mean-field model [5],
combined model of DFT and self-consistent field (SCF), and molecular dynamic
model [6]. It is well recognized that the dispersion of layered clays or silicates
in the polymer matrix may lead to three kinds of structures, i.e. conventional
immiscible microstructure, intercalated nanostructure, and exfoliated/delaminated
nanostructure. The formation of these equilibrium structures is believed to be
determined by the interplay of entropic (i.e. intermolecular interactions), and
enthalpic (i.e. configurational changes in the components) factors. Based on this
consideration, Vaia and Giannelis [7] developed a modified mean-field model
to predict the above three possible structures. Figure 16.2 shows the free-energy
change of polymer–organoclay mixtures as a function of clay platelet separation.
In their mean-field model, the free-energy change DH associated with the platelet
separation and polymer incorporation is divided into two terms: one is the internal
energy change DU associated with the establishment of new intermolecular
interactions and the other is the combinatorial entropy change DS associated with
configuration changes of the various components:

ΔH = H(h) −H(h0) = ΔU − TΔS (16.1)

where h and h0 are the final and initial clay platelet separations and T is the
temperature. Thus, ΔH < 0 indicates that the intercalation process is favorable,
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Figure 16.2 The free-energy change
(DH) of polymer–organoclay mixtures
as a function of clay gallery separation
under different intercalation strength
between polymer–organoclay: (a) 𝜖 = 0;
(b) 𝜖 = −4; (c) 𝜖 = −8; and (d)
𝜖 = −12mJm−2. The inset shows the
intercalation process of polymer in
organoclay. Source: Uribe Calderon
[8]/McGill University.
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while ΔH > 0 indicates the initial unintercalated state is favorable. Based on their
calculated results, three kinds of equilibrium structures have been isolated as shown
in Figure 16.3. It has been shown that the entropy loss associated with polymer
confinement in the clay gallery is approximately compensated by the entropy gain
associated with the increased conformational freedom of the surfactants as the
gallery distance increases due to the polymer intercalation. Thus, the enthalpy
determines whether or not polymer intercalation will take place. From this point
of view, it is possible to select potentially compatible polymer and organoclay
systems to produce materials with desirable structures. The greatest advantage
of the mean-field model is that it can explore the effect of various aspects of the
polymer and organoclay on nanocomposite formation. However, the assumptions
such as the separation of configurational terms and intermolecular interactions and
the further separation of the entropic behavior of the components somewhat limit
the usefulness of the model [9].
Ozmusul and Picu further investigated the static structure of polymer chains filled

with nanoparticles through MC lattice simulation [10]. The overall conformation
of the chains is expressed statistically with the subchain segments as defined in
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(a) (b)

(c) (d)

Figure 16.4 Representative models of nanoparticle-reinforced polymer systems: (a) one
spherical nanoparticle in a polymer, (b) one silica nanoparticle in polyimide, (c) multiple
nanoparticles in a polymer, and (d) polymer intercalated nanocomposite. Source: Heinz
et al. [2]/with permission from American Chemical Society.

Figure 16.4, bridges, dangling segments (tails), loops, and trains. Their results
supported the notion that the mechanical reinforcement of fillers is due to the
polymer-mediated transient network created among the fillers [11]. In addition,
it was shown that increasing filler loading leads to a larger fraction of bridges
probably due to the decrease in mean distance between fillers.
By using theMDmethod, Zeng and coworkers investigated themolecular packing

and chain orientation of intercalated quaternary alkyl ammoniums in organoclays
in terms of atomic density distribution, chain title angle, order parameter, and

Loop
Bridging

Dangling

L

1

2Rgd

Train

Figure 16.5 2D
representation of the 3D
polymer nanocomposite model
with a unit cell of the lattice
being sketched in the right
lower corner. Source: Based on
Heinz et al. [2].
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conformation [12]. They observed various layered structures for the intercalated
alkyl ammoniums, frommonolayer, bilayer, pseudo-trilayer, to pseudo-quadrilateral
structure (Figure 16.5). These layering structures are closely related to the alkyl
chain length and cationic exchange capacity of clays, and the long alkyl chains, for
example, octadecyl trimethyl ammoniums, do not lie �at within a single layer but
interlace. Moreover, the intercalated long alkyl chains demonstrate a predominant
trans-conformation, although there is also extensive gauche conformation. In the
case of polyurethane nanocomposites, both the hard and soft segments demonstrate
layered structure in the clay gallery [13]. More importantly, phase separation,
a common phenomenon in bulk polyurethane, has not been observed in such
intercalated polyurethane. The absence of phase separation is attributed to the
nanoconfinement and the competitive interactions among clay surface, surfactant,
and polyurethane. Recently, Greenwell et al. presented large-scale MD simulations
for the systems of primary amine intercalated clays [14]. They found that the
interlayer spacing depends on the number of intercalated ammonium groups,
which agrees well with the results of Paul et al. [15] on organoclays modified with
quaternary alkyl ammoniums. The obtained results showed that amine functional
groups do not interact strongly with clay platelets, whereas ammonium groups
do. In addition, it is observed that the long-wavelength undulations in the clay
platelets are believed to be related to the exceptionally large supercell considered
(Figure 16.6). The undulation phenomenon perhaps supports the notion of �exible
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Figure 16.6 Methylene group density distributions of organoclays with different alkyl
chain lengths and CEC as a function of z distance from gallery center: solid curve, CEC
85meq100 g−1; dashed curve, CEC 102meq 100 g−1; dotted curve, CEC 119meq100 g−1.
Here, the surfactants include hexyltrimethyl (HTMA), dodecyltrimethyl (DDTMA),
octadecyltrimethyl (ODTMA), and dioctadecyldimethyl (DODDMA). Source: Based on Heinz
et al. [2].
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Figure 16.7 Snapshot at 1000 ps of octadecyl trimethyl–clay. Clay platelets are
represented by a stick model and each surfactant chain is represented by a ball model with
a different color for better visualization and includes nitrogen (large ball), united carbon
(small ball) of the hydrocarbon chain, and oxygen (medium ball). Source: Based on Heinz
et al. [2].

other than rigid clay platelets. Recently, Heinz et al. investigated the structure
and dynamics of alkylammonium-modified montmorillonite employing MD
simulation and experimental study. They examined the effects of montmorillonite
cation exchangeable capacity, ammonium head groups, and chain length [16, 17]
(Figures 16.7 and 16.8).

16.2.2 Atomistic MD Simulation of Graphene-Based PMMA

Nanocomposites

As a model polymer, we have chosen poly(methyl methacrylate) (PMMA) whose
nanocomposites with graphene sheet (GS) have been studied in detail over the
years with several techniques. For example, Ramanathan et al. used sonication to
break rigid nanoplatelets of expanded graphite apart into thinner platelets, which
were dispersed next in a PMMA solution using high-speed shearing methods [18].
This led to an increase in the Tg by 29 ∘C at 0.05wt% loading of the matrix in
functionalized graphene sheet (FGS) and up to an 80% enhancement of Young’s
modulus at 1wt% loading in FGS. Similar observations have been reported by Li and
McKenna for GO/PMMA nanocomposites [19]. One reason for the extraordinary
mechanical properties of FGS-PMMA nanocomposites is the enhanced interfacial
interactions of oxygen functionalities across the surface of graphene with PMMA
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Figure 16.8 Snapshot of the 350, 840-atom supercell after 0.5 ns of MD simulation
showing a perspective view of the rectilinear supercell, the clay sheets exhibiting gentle
undulations. The color scheme is C gray, H white, O red, N blue, Si orange, Al green, Mg
magenta, and Na brown. Source: Based on Heinz et al. [2].

chains. FGS contain pendant hydroxyl groups, which may form hydrogen bonds
with the carbonyl groups of PMMA. The additional enhancement comes from the
nanoscale surface roughness of FGS, the defects caused during thermal exfoliation
of the precursor graphite oxide and their wrinkled topology at the nanoscale due to
their extremely small thickness. These can enhance mechanical interlocking with
the polymer chains, which also leads to better adhesion. Atomistic MD simulations
have shown strong adhesion of PMMA chains (especially of its side groups) on
graphene and considerably slower segmental and chain mobility in the interfacial
area [20]. According to simulation data, local mass density, segmental dynamics,
and chain terminal relaxation differ from the bulk behavior up to several nanome-
ters from the graphene surface. In the remaining of this chapter, we will focus on a
methodology, initially proposed for a simpler class of systems (glassy vinyl polymers
such as polypropylene and polystyrene) [21], which allows the determination of
the mechanical properties of PMMA nanocomposites filled with GS (functionalized
or nonfunctionalized), based on small-strain deformation experiments on the
computer of microscopically detailed model structures. The procedure involves
several modeling and mathematical steps and allows computing the elastic con-
stants (Young’s modulus E, bulk modulus B, shear modulus G, and Poisson’s
ratio 𝜈) of a polymeric glass under the assumption that vibrational contributions
of the hard degrees of freedom are not significant; as a result, estimates of the
elastic constants can be obtained by computing changes only in the total potential
energy of static microscopic structures subjected to simple deformation modes.
For glassy atactic polypropylene for which the method was first developed and
implemented by Theodorou and Suter, elastic constants were predicted within 15%
of the experimentally measured values. All the simulations have been performed
with an all-atom force field, allowing for a direct comparison of the computed
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(a) (b)

(c)

(d)

Figure 16.9 Typical atomistic structures of (a) an sPMMA chain, (b) a nonfunctionalized
graphene sheet (GS), (c) a functionalized graphene sheet (FGS), and (d) a functionalized
(py-sPMMA-py) chain. Source: Emmanuel et al. [22]/Walter de Gruyter.

with available experimental data. DREIDING [2] has been chosen because it
combines simplicity with accuracy (for acrylic polymers). Since DREIDING does
not provide information about the values of partial charges of PMMA atoms, these
were borrowed by the OPLS-AA force field. Additional technical details (such as
the parameter values of all bonded and non-bonded interactions describing intra-
and inter-atomic contributions to potential energy) can be found in two published
articles. Figure 16.9a–d provides typical atomistic structures of a PMMA chain,
a GS, a GO, and a functionalized PMMA chain with pyrene groups added to its
two ends.

16.3 Systems Simulated and Simulation Strategy

We focus on sPMMA, at P = 1 atm. The simulations were performed with strictly
monodisperse samples with the model system consisting of 27 chains of a degree of
polymerization X = 15 (corresponding to a molecular weight of 1503.75 gmol−1).
The nonfunctionalized and functionalized GS had lateral dimensions 12Å× 12Å.
Three model systems were studied: (i) the neat sPMMA matrix (no GS added; it
will be denoted as sPMMA in the following), (ii) its nanocomposite with three
nonfunctionalizedmonolayer GS (it will be denoted as GS-sPMMA in the following)
corresponding to 5.67wt% concentration in GS, and (iii) its nanocomposite with
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three functionalized monolayer GS or GO (it will be denoted as FGS-sPMMA
in the following) corresponding to 6.54wt% concentration in GO. The surface
concentration of GO in hydroxyl (–OH) and epoxy (–O–) groups in the latter
system was chosen to match as closely as possible the experimentally determined
concentration reported by Ramanathan et al. through elemental analysis [23].
To build initial configurations of all systems we used MAPS and to execute the
MD simulations we used LAMMPS [24]. All initial configurations were subjected
to static structure optimization using a MM algorithm to remove overlaps, and
the resulting minimum potential energy structures were annealed to 500K for
several hundreds of nanoseconds to render them completely amorphous before
quenching them down to room temperature, also to completely equilibrate them
at all length scales. The rectangular parallelepiped simulation cells of initial sides
40Å× 40Å× 40Å subject to full periodic boundary conditions are used. Technical
details regarding the execution of the MD simulations (type of thermostat–barostat
used, calculation of electrostatic interactions, calculation of LJ interactions and of
the tail corrections, integration of equations of motion, time step, etc.) can be found
in the two relevant publications [25, 26].
The coarse-grained (CG) MD simulation study of PNCs containing nanorods

with homogeneous and patchy surface chemistry/functionalization is modeled
with isotropic and directional nanorod−nanorod attraction, respectively. The PNC
morphology is impacted by the nanorod design (i.e. aspect ratio, homogeneous, or
patchy surface chemistry/functionalization) for nanorods with a diameter equal
to the Kuhn length of the polymer in the matrix. For PNCs with 10 vol% nanorods
that have an aspect ratio ≤5, percolated morphology is observed with directional
nanorod−nanorod attraction and phase-separated (i.e. nanorod aggregation)
morphology with isotropic nanorod−nanorod attraction [27]. In contrast, for
nanorods with higher aspect ratios, both types of attractions result in aggregated
nanorods morphology due to the dominance of entropic driving forces that cause
long nanorods to form orientationally ordered aggregates. For most PNCs with
isotropic or directional nanorod−nanorod attractions, the average matrix polymer
confirmation is not perturbed by the inclusion of up to 20 vol% nanorods. The
polymer chains in contact with nanorods (i.e. interfacial chains) are on average
extended and statistically different from the conformations the matrix chains adopt
in the pure melt state (with no nanorods). In contrast, the polymer chains far from
nanorods (i.e. bulk chains) adopt the same conformations as the matrix chains
adopt in the pure melt state. The effect of other parameters, such as attraction
strength, nanorod volume fraction, andmatrix chain length, for PNCswith isotropic
or directional nanorod−nanorod attractions, were determined [28]. Collectively,
these results provide valuable design rules to achieve specific PNC morphologies
(i.e. dispersed, aggregated, percolated, and orientationally aligned nanorods) for
various potential applications.
By interacting PNCs with nanorods via isotropic repulsion or attraction, the

“isotropic model” is used. To represent the PNCs with nanorods interacting via
directional attractions, the “directional model” is employed (Figure 16.10).
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(a)

L

D

(b)

Figure 16.10 Schematic of the CG model for the: (a) matrix chains and nanorods in PNCs
with isotropic nanorod−nanorod attraction and (b) matrix chains and nanorods in PNCs
with directional nanorod−nanorod attraction. Embedded directional interaction sites are
shown as cyan spheres in the gray polymer chain and darker spheres in the brown nanorod.

The nanorod−nanorod radial distribution functions are employed for all
three nanorod lengths and all three solvent/matrix lengths of the isotropic
and directional models. For PNCs with isotropic nanorod−nanorod attraction
(Figure 16.11a, c, and e), the contact peak increases with L, showing the increasing
contribution of entropically driven depletion effect in addition to the enthalpic effect
from nanorod−nanorod attraction [30]. It is also worth noting that nanorods in
N = 1 solutions, in general, show a higher contact peak than analogous PNCs with
N = 20 and 80 matrix chains because the translational entropy gain of the solvent
beads upon nanorod aggregation is expected to be larger than the translational
entropy gain of the polymer chains. For PNCs with directional nanorod−nanorod
attraction (Figure 16.11b, d, and f), the increase in contact peak with nanorod
length is less significant than that for the analogous isotropic PNCs. The plots
for L = 5d (Figure 16.11d) and L = 15d (Figure 16.11f) with directional attraction
are similar, indicating that with limited possible nanorod packing configurations
mainly determined by the placements of interaction sites on the nanorod surface,
the local nanorod packing is similar across nanorod lengths. For PNCs, the first
peak in the nanorod−nanorod radial distribution functions seen in the isotropic
PNCs “splits” into two discrete and narrow peaks in directional PNCs. This is
mainly due to the regularly distanced interaction sites on the nanorod surface in the
model, leading to highly refined relative positions between nanorod beads. These
sharp discrete peaks can only be seen in experiments if the functional groups or
“patches” on the nanorod surface are as perfectly spaced out on the nanorod surface
as of the model. If the patches lack this regular periodicity, then the contact peaks
in the radial distribution function for the directional PNCs will be smeared out.
For short nanorods, at similar effective nanorod−nanorod attractions, the patchy

nanorod surface functionalization leads to a percolated nanorod morphology
within the PNC, while homogeneous nanorod surface functionalization leads to
a phase-separated aggregate of nanorods [23]. For long nanorods, regardless of
the type of nanorod surface functionalization, nanorods form either finite-sized or
percolating aggregates/bundles with high short-range orientationally order, how
the attraction strength between nanorods affects the morphology is also found to
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Figure 16.11 Nanorod−nanorod radial distribution functions, g(r)nanorod−nanorod , for PNCs
with 𝜙r = 0.10 and (a) L = 3d nanorods with isotropic nanorod−nanorod attraction and
𝜖iso = 0.5 kT, (b) L = 3d nanorods with directional nanorod−nanorod attraction and
𝜖dir = 8 kT, (c) L = 5d nanorods with isotropic nanorod−nanorod attraction and 𝜖iso = 0.5 kT,
(d) L = 5d nanorods with directional nanorod−nanorod attraction and 𝜖dir = 8 kT, (e) L = 15d
nanorods with isotropic nanorod−nanorod attraction and 𝜖iso = 0.5 kT, and (f) L = 15d
nanorods with directional nanorod−nanorod attraction and 𝜖dir = 8 kT. Error bars represent
the standard deviation from 15 configurations collected from 3 simulation trials, and when
not visible, error bars are smaller than the symbol size. Source: Based on Jayaraman [29].
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be dependent on whether the nanorod has a homogeneous or patchy functionaliza-
tion. For homogeneously functionalized nanorods, at all aspect ratios explored (i.e.
L/D = 3, 5, and 15), as the isotropic attraction strength increases, the morphology
remains qualitatively unchanged, yet the nanorod−nanorod contact peak increases
and nanorod orientational order increases. For patchy functionalized nanorods and
smaller aspect ratios (i.e. L/D = 3) as the directional attractive strength increases,
the PNC morphology goes from dispersed nanorods to percolated nanorods. The
L = 5d nanorods consistently form a percolating network structure, while L = 15d
nanorods consistently form finite-sized or percolating, one-dimensional bundles.
The impact of the addition of nanorods on the conformation of matrix chains was
also obtained. At nanorod volume fractions of 0.05, 0.10, and 0.20, regardless of the
nanorod surface functionalization, the conformation of all the matrix chains on
average remains the same as the matrix chains in a pure melt (with no nanorods)
[31]. However, this is a cumulative effect of the interfacial chains (i.e. chains in
contact with the nanorods) being extended and the bulk chains (i.e. chains far from
nanorods) either being compacted or remaining statistically the same as the matrix
chains in the pure melt. It was noted that as nanorods and matrix chains interact
via purely repulsive potential, any observed perturbation of matrix conformation
originates purely from the physical presence and arrangement of nanorods. It will
be interesting to study how the morphology (i.e. nanorod arrangement as well as
matrix chain conformations) is altered when we consider isotropic vs. directional
attractive interactions between nanorod and matrix chains.
Dielectric capacitors have been the major enabler for many applications in

advanced electronic and electrical power systems because of their capability
for ultrafast charging/discharging and ultrahigh power density. The low energy
densities of polymer dielectrics used in these capacitors have not been able to meet
the ever-increasing demands for compact, reliable, and efficient electric power
systems. PNCs, in which high-dielectric constant (k) nanofillers are incorporated
in the polymer matrix, have been actively pursued (Figure 16.12). Researchers
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Figure 16.12 Schematic illustration of the electric displacement (D) and discharge energy
density (U) with an applied electric field (E). For nonlinear dielectrics, the discharge energy
density is determined from the area, whereas for linear dielectrics, the discharge energy
density is determined from the triangular area. Note: 𝜀0 = 8.85× 10

–12 Fm–1 is the vacuum
permittivity, and 𝜀r is the relative dielectric permittivity of the dielectric. Source: Shen et al.
[32]/Materials Research Society.
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Figure 16.13 Multicore model for interfaces between inorganic nanoparticles and a
polymer matrix in a polymer nanocomposite. The model consists of a bonded layer, a bound
layer, and a loose layer. As the nanoparticle is positively charged, an electrical double layer
(comprising the Stern and Gouy–Chapman diffusion layers) forms in the interfacial region
and overlaps the three layers of the model. Source: Modified from Shen et al. [32]/Materials
Research Society.

have determined two theoretical considerations for concomitantly increasing the
dielectric permittivity and breakdown strength of nanocomposites: critical inter-
facial polarization and local electric field distribution. In the framework of these
considerations, the progress toward PNCs with high energy densities based will be
on two approaches: (i) core–shell-structured PNCs and (ii) dielectric anisotropy
(Figure 16.13) [33].

16.4 Interface and Interfacial Polarization

In PNC dielectrics, the interface between the ceramic nanoparticles and the polymer
matrix is defined as the range over which the permittivity changes from the value of
the ceramic nanoparticles to that of the polymer matrix. For instance, for a 10-nm
diameter nanoparticle with a 5.0-nm-thick interface, the interfacial volume fraction
exceeds 300%. Given their high volume fraction in the composites, interfaces are
the dominant feature of nanocomposite dielectrics. Two characteristics of interfaces
are critical in describing their dielectric responses, namely how they are chemi-
cally formed and how the charges are distributed across the interfacial regions. To
describe the formation of interfaces, Tanaka et al. proposed a multilayer core model
for a spherical inorganic filler embedded in a polymer matrix [22]. The first layer
is the bonded layer, which corresponds to a transition layer that is tightly bonded
by ionic, covalent, or hydrogen bonds or van der Waals forces, to both the nanopar-
ticle and the polymer. The second layer (the bound layer) is an interfacial region
consisting of a layer of polymer chains strongly bound to or interacting with the
bonded layer and the surface of the nanoparticle. The third layer is a region loosely
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coupled and interacting with the second layer, in which the chain conformation,
chainmobility, and even free volume or crystallinity differ from those of the polymer
matrix. In addition to the chemical bonds, the morphologies of the interface layers
are also strongly affected by the charge distribution across the interfacial regions.
Within these regions, Coulombic forces (long range), van derWaals forces (moderate
range), and electrostatic forces (short range) are involved and can significantly alter
the interface layers [32]. When subjected to an electric field, the interfaces in a poly-
mer composite can become charged. The charged interface is generally described
in terms of three charged layers that invariably form and determine the dielectric
characteristics of the interface.
On the nanoparticle side, a double layer associated with surface states is induced

by immobile charged impurities, trapped carriers, and mobile electrons and holes
in the nanoparticle. After the nanoparticle becomes charged, the surrounding poly-
mer responds by establishing a screening counter-charge confronting the charge on
the nanoparticles. The mobile ions in the polymer will migrate to establish a dif-
fuse electrical double layer (the so-called Stern–Helmholtz double layer) around the
nanoparticle, which is of molecular thickness and can have a high charge density.
The nanoparticle side of the Stern–Helmholtz double layer consists of adsorbed ions
or dipoles, whereas the polymer side of this layer (also called the outer Helmholtz
plane [OHP]) is determined by the nearby ions. Extending beyond the OHP into the
polymer is the so-called Gouy–Chapman diffusion layer. In this region, the mobile
charges are distributed in such away that the counter-charges with opposite polarity
are diffused outward from theOHP to theDebye shielding length, decaying exponen-
tially with distance according to the Born approximation. Filled withmobile charge,
the Gouy–Chapman diffusion layer could play a dominant role in determining the
dielectric response of polymer composite dielectrics. By considering the charge den-
sity and electric potential within the interface layers, the core–shell model provides
plausible explanations for the extreme enhancement in the dielectric response of
polymer composites [34]. However, its basic assumption is that the electric field
remains unaltered outside the core–shell-type nanoparticles, which is not the case
in real polymer composites [35].

16.5 Simulation Techniques Based on Hydrogen Storage

Solid-state hydrogen storage has the potential to significantly improve upon conven-
tional forms of technologies such as liquefaction or compression. Adsorbents with
large surface areas and high hydrogen uptakes incorporated into storage tanks can,
in principle, improve the volumetric density of stored hydrogen or decrease the oper-
ating pressure for a given amount of H2 stored. As a result, numerousmaterials have
been developed in recent years that can store significant amounts of hydrogen via
physisorption.
The composites are based on a polymer of intrinsic microporosity matrix

(PIM-1) containing a high surface area porous aromatic framework filler (PAF-1)
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Figure 16.14 A self-standing composite membrane, with a schematic representation of
the microporous structure resulting from a mixture of kinked PIM-1 (yellow) and
diamondoid PAF-1 (gray), together with the chemical structures of PIM-1 and PAF-1. Source:
Rochat et al. [36]/Royal Society of Chemistry/CC BY-3.0.

(Figure 16.14). The hydrogen uptake and mechanical properties of the composites
are presented along with an assessment of their potential for integration into
high-pressure hydrogen storage tanks, either to increase the storage capacity
or to reduce the operating pressure for the same uptake. The composites are
more stable and processable than systems such as finely divided physisorbed
materials, and they can be made into self-standing films. In addition to retain-
ing the processability of PIM-1, they also possess enhanced surface areas and
pore volume approximately proportion incorporated into PAF-1 [37]. Hydro-
gen uptake measurements combined with theoretical modeling show that the
composites can store up to 6.7wt% H2 at 77.4K. Tensile testing and dynamic
mechanical thermal analyses indicate decreasing stress and strain to failure with
an increasing proportion of PAF-1, although the processability and elasticity
of the compounds are maintained until the weight percentage of filler reaches
30%. These lightweight composites show promise as effective hydrogen storage
materials, especially for applications where pressures up to 7.5MPa, are required
(Figure 16.15) [29].
The hydrogen fuel cell car is typically representative of the developing hydro-

gen industry. Safe, high-efficiency, and economical hydrogen storage technique is
a key to ensuring favorable run of hydrogen energy car [38]. Amongmany hydrogen
storage patterns including high-pressure gaseous storage, cryogenic liquid storage,
and chemical hydrogen storage, high-pressure gaseous storage has become themost
popular technique [39]. Composite high-pressure hydrogen storage vessel has been
increasingly applied to the hydrogen fuel cell car. The design of a composite vessel
involves various integrated parameters such as the progressive failure properties, the
burst pressure, and fatigue lifetime [36]. The favorable combination of high reliabil-
ity and practicability of the composite vessel is a challenging task from the beginning
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Figure 16.15 (a) Excess hydrogen uptakes (0.1MPa, 77.4 K) for PIM-1/PAF-1 films as a
function of the weight proportion of PAF-1 (average of three independent measurements).
Solid and dotted lines represent theoretical and experimental “rule of mixtures,”
respectively, and the fitting equation is given with standard errors, (b) excess hydrogen
uptake for PIM-1 (C-0), PAF-1 powder, and composites C-22.5 and C-37.5 at pressures up to
10MPa. Filled and open symbols represent adsorption and desorption branches,
respectively, (c) experimentally measured excess uptakes (symbols), fitted isotherms
(solid lines), and calculated total hydrogen uptakes (dashed lines) of the same samples, and
(d) total volumetric hydrogen uptakes of the same samples at 77.4 K. The dash-dotted line
shows the volumetric density of compressed hydrogen gas at 77.4 K. Source: Rochat et al.
[36]/Royal Society of Chemistry/CC BY-3.0.

of design (Figure 16.16). To reach the aim of large-capacity hydrogen storage, the
composite vessel includes an inner aluminum layer and outer carbon fiber/epoxy
composite wound layers in China [41]. In general, the composites are used to make
the pressure vessel by placing them in different orientations for different layers and
in a common orientation within a layer. These layers are stacked in such a way to
achieve high stiffness and strength. The designable properties of the composite ves-
sel enable it �exibly applicable to different working conditions and environments
by adapting the fiber wound patterns, the dome shapes, and the layer thickness
(Figure 16.17) [42].
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Figure 16.16 Flow chart of finite element modeling of a composite vessel. Source: Based
on Chapelle and Perreux [40].

Figure 16.17 Lightweight
composite high-pressure
hydrogen storage vessel used in
the hydrogen fuel cell vehicle.
Source: Zheng et al. [42]/with
permission of Elsevier.
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16.6 Finite Element Modeling of a Composite Hydrogen
Storagevessel

Accurate and fast modeling of the composite vessel is an important work in the
design, which involves many parameters such as the wound angle and thickness.
Parametric modeling by exacting these parameters as the design variables facilitates
the strength prediction and optimization for the composite vessels with different
sizes [43].
Design theories: In general, the composite vessel is considered a composite lami-

nated structure. Now, there are twomain design theories: grid theory and composite
laminate theory.
Grid theory: The basic assumptions according to the grid theory are as follows: (i)

only the longitudinal carbon fiber bears the pressure and (ii) the effects of wound
patterns are neglected. The grid theory can be used to calculate the thickness of
each composite layer and the longitudinal in situ fiber strength. The strength value
is inversely solved by the burst pressure of the composite vessel. Chen [44] gave a
set of design methods of the composite vessel based on the grid theory, and the total
composite wound thickness hf is expressed as:

⎧
⎪⎪⎨⎪⎪⎩

hf𝛼 =
R0Pb

2𝜎�cos2𝛼0
, hf𝜃 =

R0Pb
2𝜎�

(2 − tan2𝛼0)

hf = hf𝛼 + hf𝜃 =
3R0Pb
2𝜎�

(16.1)

where hf𝛼 , and hf𝜃 are longitudinal and hoop wound thickness, Pb is the burst pres-
sure of composite vessel, and 𝜎f b is the in situ strength of carbon fiber. It should be
pointed out the grid theory is merely an ideal designmethod that largely depends on
the processing parameters and the sizes of the experimental composite vessel. This
shows that an efficient design theory is necessary [45].
The basic assumptions of the classical composite laminate theory (CCLT) are

as follows: (i) perfect bonding appears at the interface between each layer, (ii) the
mechanical properties of composite laminates are substituted by those of a middle
plane, and (iii) the normal stress is neglected at the section parallel to the middle
plane. Lifshitz et al. proposed a method using the CCLT to calculate the stress
and strain in a nonsymmetric wound pressure vessel with thick metal liners [46].
However, the last two assumptions above do not strictly hold for a 3D composite
vessel. In this case, Parnas et al. derived the elastic stress and displacement solutions
for 3D cylindrical composite laminates based on the CCLT and generalized plane
strain assumption [47]. As the liner is assumed isotropic and the composite layers
are considered transversely isotropic, Chapelle et al. further derived the analytical
solutions of the stress, strain, and displacement for 3D cylindrical composite
laminates [40]. Figure 16.18a shows the cylindrical part of the composite vessel and
Figure 16.18b describes a representative volume.
Figure 16.18a shows the principal direction (1, 2, 3) of a composite layer under the

cylindrical coordinate (r, 𝜃, z). If the axial strains at all layers are assumed constant
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and the shear strains are independent of z, the strain–displacement relationship is
given by:

𝜀
(k)
r =

du(k)r
dr

, 𝜀
(k)
𝜃

=
u(k)r
r

, 𝜀
(k)
z =

du(k)z
dz

= 𝜀0, 𝛾
(k)
z𝜃

=
du(k)

𝜃

dz
= 𝛾0r (16.2)

where 𝜀z is the axial strain, 𝛾z𝜃 is the shear strain, and 𝛾0 is twist per unit length. The
off-axis stress–strain relationship under the hygro-thermomechanical multiphysics
field is expressed as:

⎡⎢⎢⎢⎢⎣

𝜎z
𝜎𝜃
𝜎r
𝜏z𝜃

⎤⎥⎥⎥⎥⎦

(k)

=

⎡⎢⎢⎢⎢⎣

C11 C12 C13 C16
C21 C22 C23 C26
C13 C21 C33 C36
C16 C26 C36 C66

⎤⎥⎥⎥⎥⎦

(k)⎡⎢⎢⎢⎢⎣

𝜀z
𝜀𝜃
𝜀r
𝛾z𝜃

⎤⎥⎥⎥⎥⎦

(k)

−

⎡⎢⎢⎢⎢⎣

𝛼1
𝛼2
𝛼3
𝛼6

⎤⎥⎥⎥⎥⎦

(k)

ΔT −

⎡⎢⎢⎢⎢⎣

𝛽1
𝛽2
𝛽3
𝛽6

⎤⎥⎥⎥⎥⎦

(k)

ΔC (16.3)

where the symbols Ćij (i, j = 1, 2, 3, 6) are off-axis elastic constants of composites.
The symbols 𝜎z, 𝜎𝜃 , 𝜎r, and 𝜎z𝜃 are the off-axis axial, hoop, radial, and shear stresses,
respectively. 𝜀z, 𝜀𝜃 , 𝜀r, and 𝛾z𝜃 are the corresponding strains. ΔT and ΔC are tem-
perature and moisture concentrations, respectively. 𝛼i (i = 1, 2, 3, 6) and 𝛽 i (i = 1,
2, 3, 6) are the corresponding thermal and moisture expansion coefficients, respec-
tively. For the kth layer, the equilibrium equation under the cylindrical coordinate is
given as:

1
r

d
(
r𝜎(k)

r

)

𝜕r
−

𝜎
(k)
𝜃

r
= 0 (16.4)

After introducing the displacement continuity conditions, the radial stress continu-
ity conditions as well as the axial equilibrium and zero torsion conditions between
two neighboring layers, the analytical solutions for the strain, stress, and displace-
ment can be derived by Eqs. (16.2)–(16.4).
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17

Life Cycle Analysis of Polymer Nanocomposites

for Energy Storage

17.1 Scope of a Life Cycle Analysis

Nanocomposites comprising green polymers are currently drawing a lot of attention

because the polymers are renewable and biodegradable, thus eliminating existing

challenges revolving around biocompatibility and sustainability [1]. To get a better

understanding of these composites to ultimately make them available for various

applications in the market, it is important to assess the life cycle of such composites.

The scope of a Life Cycle Analysis (LCA) comprises the extraction of resources,

the synthesis of inputs, product manufacture, waste treatment, packaging, use,

and ends when the product is finally disposed of or recycled. Such an analysis is

“cradle-to-grave.” The purpose of the LCA should be stated clearly in this phase.

The purpose could be a comparative assessment of nanoproducts vs. alternatives,

the preparation of a nanoproduct using different synthesis routes, or the use of

a nanoproduct for a new application [2]. This is especially important to aid in

defining the appropriate functional unit for the study, to give a fair comparison.

As an example, consider a life cycle environmental comparison of plastic vs. paper

grocery bags. One paper bag might hold the same amount of groceries as two plastic

bags. Thus, the appropriate functional unit, in this case, should be one paper bag

vs. two plastic bags. Once the functional unit is fixed, the process boundary should

be specified clearly to define the scope of the LCA [3]. Since data collection and

analysis can be very time-consuming and expensive, it is tempting to narrow the

inputs considered or to make the boundary too narrow, leading to invalid or �awed

results. Also, since a process or product is connected to the rest of the economy

through innumerable links, any attempt to get every input may make the study

too expensive or time-consuming. For these reasons, proper care and vigilance

are crucial during this stage to yield meaningful and interpretable results. Also,

performing multiple studies with different boundaries to determine the effect of

boundary limits can be helpful in certain situations [4]. The life cycle practitioner

should always state the purpose of the study, which usually helps in defining the

boundary (Figure 17.1).

A typical life cycle of a polymer nanocomposite product is shown in Figure 17.2.

Several alternatives exist at each step in the complete life cycle. The selection of

the polymeric resin depends on the application and hence the desired properties.

Polymer Nanocomposites for Energy Applications, First Edition.
T. Daniel Thangadurai, Manjubaashini Nandhakumar, Sabu Thomas, and Ange Nzihou.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Polypropylene (PP) and unsaturated polyester resin (UPR) are considered as the

thermoplastic and thermosetting resins, respectively, as these have been widely

studied in several nanocomposite experimental studies concerning their mechani-

cal and electrical properties. Both simple CNF and hybrid CNF-glass fiber polymer

nanocomposites are evaluated [5].

17.2 Techno-Economic Evaluations of Energy Storage
Systems

Each storage technology has unique characteristics and is different in terms of its

appropriate application field and energy storage scale [6]. A comprehensive analysis

of each storage technology needs to be performed before a decision can be made

about the storage technology that is most suitable [7].
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17.3 Energy and Power Density

The power density (W/kg orW/liter) is the rated output power divided by the volume

of the storage device. The energy density is calculated as stored energy divided by the

volume. The volume of the storage device is the volume of the whole energy storage

system.

17.4 Self-Discharge

There is the portion of the energy that was initially stored and which has dissipated

over a given amount of nonuse time.

17.5 Response Time

Some applications have very stringent requirements concerning the speed with

which the energy has to be released or absorbed. In some applications, a few

milliseconds may sometimes be the maximum response time that is acceptable [8].

17.6 Cost and Economies of Scale

The auxiliary components required by some energy storage systems determine

the total system costs and are often independent of system size. For these reasons,

some storage systems are only economically feasible above minimum energy

content and power output [9]. To obtain the cost per output (useful) energy,

the cost per unit of energy is divided by the storage efficiency. To evaluate the

cost of energy storage in a frequent charge–discharge application such as load

leveling, we define the per-cycle cost (the cost per unit energy divided by the cycle

life).

17.7 Lifetime

The overall energy storage cost is determined by the original investment costs and

its projected lifetime. The accuracy with which the lifetime can be estimated is a

particularly important problem for all energy storage systems.

17.8 Storage Capacity

This is the quantity of available energy in the storage system after charging.

Discharge is often incomplete. Since the discharge is often incomplete, the storage

capacity is defined based on total energy stored (Wh) which is superior to that

retrieved [10].
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17.9 Monitoring and Control Equipment

The performance of some systems can be monitored extremely easily and cheaply,

whereas in some other systems a considerable effort has to be used to monitor the

available energy content and the safety of the energy storage.

17.10 Efficiency

The process of storing and drawing energy can cause considerable losses. Many aux-

iliary components of the energy storage system have a constant power demand, and

besides, there are energy losses inherent in the storage principle [11]. These losses

can be very high concerning the energy content.

17.11 Operating Constraints

The cost of providing the correct environment and operating constraints such as

temperature and safety systems, etc., have to be considered for proper estimates

of the lifetime expectations and overall costs [12]. Based on these criteria, the

appropriateness of the energy storage system for various applications has been

evaluated in the literature, such as, for �exible alternating current transmission

systems, small-/medium-/large-scale applications, system efficiency, emissions

control, peak shaving, and deferring facility investments in peaking generators.

Many studies compare the performance of the various storage technologies in

different categories based on lists of criteria from technical, economic, and environ-

mental. Cheung et al. provided a comprehensive comparative analysis for pumped

hydroelectric storage, compressed air energy storage, batteries, superconducting

magnetic energy storage, �ywheel, supercapacitor, and thermal energy storage [13].

Schoenung and Hassenzahl proposed a life cycle cost analysis to compare energy

storage technologies [14]. Chacraetal used multiple objective optimization methods

to evaluate the economic performance of energy storage technologies [15].
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18

Future Research and Case Study on Energy Storage System

18.1 Introduction

Different conditions should be supported to improve the power system stability of

renewable energy penetration. Mitigating power �uctuations is one of these issues.

Since solar irradiation and wind speed �uctuate with time, the output power of a

photovoltaic (PV) system or wind turbine also �uctuates. The durations and ampli-

tudes of these �uctuations may be big to cause voltage and frequency variations in

the power system and to damage the power quality, which ismore serious in isolated

power systems [1]. Therefore, energy storage systems are used to improve the voltage

and frequency stability and power quality of the power system. Since the time range

of power, �uctuations are usually less than a minute, and energy storage technol-

ogy that is suitable for short-term energy storage applications with high ramp power

rates is used such as lead-acid batteries, �ow batteries, supercapacitors, �ywheels,

and superconducting magnetic energy storage systems [2].

Although initial studies have focused on connecting energy storage systems to DC

bus of doubly fed induction generators and permanent magnet synchronous gener-

ators via a bidirectional DC–DC converter, connecting the energy storage system to

the point of common coupling (PCC) has recently become popular to use the energy

storage system more �exible [3]. The stochastic behavior of the renewable energy

sources may affect the power system stability, especially in the case of high penetra-

tion of renewable energy sources to the power system. The energy storage systems

can be used to support power system stability.

18.2 Case Study 1: Pumped Storage Hydropower (PSH)
in France

Pumped storage hydropower (PSH) in France presents a unique scenario for

energy storage and nuclear power due to the country’s high concentration of

electricity generation from nuclear power. Hydroelectric facilities in France serve
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Figure 18.1 PSH powered by nuclear during times of low demand to provide additional

generation capacity at a later time to meet peak demand in France.

an important secondary purpose by operating as an inexpensive and �exible form

of energy storage. This energy storage capacity is critical, since the start-up time

of a typical nuclear reactor can be up to 40 hours, while almost 15 000MW of

hydroelectric capacity can be brought online in a matter of minutes. Although both

run-of-river- and reservoir-type hydroelectric facilities can operate as energy storage

systems, the type of hydroelectric facility considered in this analysis is PSH. These

facilities can be used to pump water to a higher elevation during periods of low

demand so that this water can be used to generate additional electricity tomeet peak

load. PSH facilities make up approximately 16% of hydropower capacity in France

or around 4–5GW. On a normal day, this energy storage capacity is used to provide

about four hours of additional generation during periods of high consumption, as

displayed in Figure 18.1. For this case study, it was assumed that an energy storage

developer was hired to address the French government’s concerns and provide

additional �exibility for the nation’s large nuclear power �eet [4]. A timeline of one

to five years was chosen because technical maturity is critical to this simulation,

considering the actual energy storage deployment in France that occurred decades

ago. To compare energy storage options for this case study, the weighting factors for

technical maturity, economic feasibility, and environmental impact were set to 1,

0.8, and 0.5, respectively. Note that the selection of these weighting factors is mostly

arbitrary and could be changed by another interested user. The resulting simple

calculation yields the following energy storage options in order of recommendation:

(i) molten salts, (ii) hot and cold water, (iii) compressed air energy storage (CAES),

(iv) lead-acid batteries, (v) sodium-sulfur batteries, and (vi) PSH. The result of PSH
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being listed in sixth place is at odds with the fact that the French chose to install

PSH as their primary source of energy storage.

18.3 Case Study 2: Battery Storage

The lithium-iron-phosphate battery is designed to run in any environment.

The equipment has been successfully installed and run in the desert, tropical,

mountainous, and coastal locations under a wide variety of temperature and

humidity conditions. The power electronics used in the installation were commer-

cially available but were custom-built for the project by Dynapower Corporation of

Vermont. The actual nameplate capacity utilization for this particular project was

not disclosed, but the battery system is designed for and capable of discharging to

100% depth of discharge (DoD). Nanophosphate® lithium-ion battery (LIB) tech-

nology does not have limitations on DoD or extended periods at low state of charge,

unlike lead-acid battery technologies. Overall project costs were driven by equip-

ment costs. The largest component cost for the battery itself was the lithium-ion

cells. An exact percentage breakdown was not provided. Operational/variable costs

are driven by energy losses that occur during electricity conversion and storage

via inverters and in battery cells. Thermal management equipment consumes the

most electricity as part of auxiliary power consumption. Round trip efficiency is

about 80%. This includes losses due to power conversion from AC to DC and back

to AC, the energy storage cells, bus bars, battery management systems, and thermal

management systems. Maintenance costs are primarily made up of labor and travel

costs to the Maui area. They consist of routine equipment inspections. Extended

warranties provided for manufacturer parts, labor, and travel form another por-

tion of maintenance costs. This extended warranty cost is typically a single-digit

percentage of the original equipment and project development cost. The system

is designed so that the customer can easily access and service it (Table 18.1). This

includes replacing common parts and responding to alarms. Not all maintenance is

performed by National Electrical Code (NEC) [5]. The operator may also maintain

some of the system components, including the battery management systems,

battery modules, and other recommended spare parts. NEC customers typically

Table 18.1 Technical information of a battery.

Round trip
efficiency
(AC–DC–AC)

Cost
estimate
(per MW)

Cell cycle
life

Expected
installation
lifetime

Container
shipping
weight
(2MW/500 kWh)

Inverter
shipping
weight

80–85% US$ 800 000–
1.2 million

8000 cycles 20 years 59 000 lb
(26 762 kg)

50 000 lb
(22 680 kg)
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employ their existing staff to carry out ordinary maintenance. These employees

must be qualified to carry out basic electro-mechanical maintenance on industrial

equipment.

18.4 Case Study 3: Solar PV Storage and Energy Shift

This project was implemented by the secretariat of the Pacific Community and

funded by the European Union. It consisted of five �ooded lead-acid battery

installations with a total capacity of 1593 kWh. These were installed on the island

archipelago of Yap combined with solar PV systems. The total solar PV capacity is

270 kWp on 5 outer islands of Yap State, encompassing 10 mini-grids. Hoppecke,

a German company, manufactured the batteries. The goal was to provide access

to electricity in some areas and displace diesel generation in others, estimated to

cost USD 1.2 kWh−1. This battery type was chosen because it was considered the

most cost-effective solution for the application. It was designed to last for at least

10 years at 30 ∘C if DoD was limited to 20%, to maximize battery lifetime. Several

containers were shipped from the factory in Germany to Yap Main Island, where a

small state-owned ship then brought the batteries to individual islands. The cells

were carried by hand to the battery houses. The inverter used in all the projects was

manufactured by shape memory alloys, known as Sunny Island. Project cost break-

down depends on the site and application for which the battery is used (Table 18.2).

Schools had a much smaller battery cost (e.g. less capacity was needed for daily

load) compared to rural villages. For the same capacity of PV, villages needed much

more storage to serve their evening lighting load. For decommissioning, the supply

contract required a commitment to ship the used battery back to a recycling facility

in Germany at the supplier’s cost [6]. An alternative solution would be that the local

power utility sells the lead to a nearby recycling facility.

18.5 Case Study 4: Solar and Battery Storage
for Customers and Ancillary Services

Solar Grid Storage LLC provided a 500-kW AC storage and inverter combination to

the headquarters of real estate developer Konterra in Maryland. The storage com-

prises 300 kWh of LIBs provided by All Cell Technologies. The storage and inverter

Table 18.2 Selected technical information of flooded lead-acid battery installations.

Maximum
depth of
discharge

Estimated
calendar
life

Estimated
cycle
life

Estimated
cost
(US$/kWh)

Individual
cell
weight

20% 15 years 8000 1340 221 kg



18.5 Case Study 4: Solar and Battery Storage for Customers and Ancillary Services 245

Table 18.3 Technical details of Power Factor 500.

Container
size Weight

Nominal
battery

Battery
operating
voltage (V)

Peak
efficiency

20 foot ISO Container 27 000 lb 235Ah 922–996 95.3%

system was connected to solar PV panels with a capacity of 400 kW. Solar Grid pro-

vided two Power Factor 250TM installations. The intention is to provide both the cus-

tomer and the grid with multiple benefits. This includes backup emergency power

during grid outages and reduced system cost through additional revenue from reg-

ulation and fast-power balancing support to the local grid. Other ancillary services

like spinning reserve and black start capability are possible but not easy to monetize

in the present market and regulatory structure. The systems are connected to the

local utility and can thus provide a range of ancillary services when required by the

utility or grid operator through normal dispatch. The provision of ancillary services

to the local grid is a key to Solar Grid’s business model. The company’s standard ser-

vice is to provide the inverter and storage system (Power FactorTM) at a very low cost.

It pays for its installation, whereupon Solar Grid owns and operates the system for

10 years. The company recovers these costs plus a profit margin through ancillary

services provided to the grid and paid for by the grid operator [7]. These business

models thus utilize battery storage to capitalize on new regulatory markets for ancil-

lary services in the United States. At the same time, it brings down the cost of the PV

system and provides both customer and the grid with greater resilience (Table 18.3).

Potassium-ion batteries (PIBs) with the prominent advantages of sufficient

reserves and economical cost are attractive candidates for new rechargeable

batteries for large-grid electrochemical energy storage systems (EESSs) [8]. EESSs

must be considered to solve the intermittent issues of clean energy, which has a

great effect on storing and delivering renewable energy resources. So far, LIBs, as a

representative energy storage technology, have been widely explored for portable

devices, electrical vehicles, and large-grid EESSs because of their high energy

density and stable cycling lifespan [9]. Unfortunately, there are some barriers for

LIBs to develop sustainably, such as challenging lithium (Li) recovery, uneven

distribution of Li, and increasing cost. Based on cost and resource considerations,

scientists have put a lot of effort in developing a series of non-LIBs, including

sodium-ion batteries (SIBs), PIBs, magnesium-ion batteries (MIBs), zinc-ion

batteries (ZIBs), aluminum-ion batteries (AIBs) [10]. Since zinc, magnesium, and

aluminum are less active than lithium, they could be used as anode materials for

metal-ion batteries; especially, magnesium and aluminum anodes do not even form

dendrites, so their corresponding ion batteries canmeet the safety requirement [11].

Besides, commercial LIBs mainly use graphite with a theoretical specific capacity

of 372mAhg−1 as anode material, while the capacities of zinc (820mAhg−1),

magnesium (2205mAhg−1), and aluminum (2980mAhg−1) anodes are much

higher than that of graphite [12].
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