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Preface

In this comprehensive volume titled “Chemical Physics of Polymer Nanocomposites:
Processing, Morphology, Structure, Thermodynamics, Rheology,” we embark on an
exploration of the captivating domain of polymer nanocomposites - a realm where
the convergence of materials science, chemistry, and physics opens doors to limitless
possibilities.

Within these pages, readers will find a treasure trove of knowledge crafted by
experts from across the globe. Each chapter is a testament to the collective wisdom
of eminent scholars and researchers, offering unique insights into the synthesis,
characterization, manufacturing techniques, and diverse applications of polymer
nanocomposites.

As we navigate through this intricate landscape, we delve into the chemical
identities and intricate structures of nano fillers, nano objects, and nanomaterials,
examining their seamless integration into polymer matrices. From the foundational
classification of nano fillers to the sophisticated synthesis of nanoparticles, from a
myriad of characterization techniques to innovative manufacturing methods such
as in situ polymerization and electrospinning, this volume presents a panoramic
view of the myriad approaches aimed at refining the properties and functionalities
of polymer nanocomposites to cater to diverse needs.

Readers will encounter groundbreaking research on polymer nanocomposites
based on an array of nanostructures, including metal oxide nanoplatelets, carbon
nanotubes, nano cellulose, chitin, starch, lignin, talc, graphene, nanoalumina, nano
magnesium hydroxide, polymer nano silica, quantum dots, and clay, among others.
In addition, the exploration of decorated nanomaterials, such as carbon nanotubes,
quantum dots, clay, cellulose, and chitin, sheds light on their potential to augment
performance within polymer matrices.

The applications of these advanced materials are equally diverse, spanning
the realms of biomedical advancements, energy storage solutions, environmental
remediation, and smart materials for industry. Through insightful discussions, we
uncover the advantages of polymer nanocomposites in biomedical applications,
explore strategies for recycling, conduct life cycle analysis, and chart the path from
laboratory-scale innovations to industrial-scale production.

We extend our heartfelt gratitude to the contributors who have generously shared
their expertise and insights, enriching this volume with a wealth of knowledge and

xvii
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Preface

pioneering research. Special acknowledgment goes to Ms. Thresia Silvy John for her
invaluable support during the editing process.

It is our sincere hope that this book serves as an indispensable resource
for researchers, academics, and industry professionals alike, inspiring further
exploration and innovation in the captivating realm of polymer nanocomposites.

17th June 2024 Vera V. Myasoedova, Russia
Sabu Thomas, India
Hanna J. Maria, India
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Classification of Nanofillers, Nano-Objects, Nanomaterials,
and Polymer Nanocomposites Based on Chemical Nature
and Ildentity

Lan Chen

CAS Key Laboratory of Standardization and Measurement for Nanotechnology, National Center
for Nanoscience and Technology, Beijing, P. R. China

1.1 Classification of Nanocomposites

Nanocomposites are materials composed of multi-heterogeneous phases and can be
categorized into three classes according to the host matrix material on which they
are based:

e ceramic-matrix nanocomposites (CMNC)
e polymer-matrix nanocomposites (PMNC)
o metal-matrix nanocomposites (MMNC)

However, nanocomposites can either be classified as polymer or nonpolymeric
nanocomposites according to the composition of the matrix materials. PMNCs are
composites with at least one polymer phase and one nanophase, where at least one
of its dimensions is less than 100 nm, i.e. at the nanoscale. Therefore, polymer-based
nanocomposites can further be classified as [1]:

e ceramic polymer nanocomposites
e inorganic polymer nanocomposites

e organic polymer nanocomposites

e inorganic-organic hybrid nanocomposites
e biocomposites

Inorganic nanofillers include elemental nanomaterials such as metallic, carbon,
and boron nanomaterials as well as compound nanomaterials available in both
synthetic and natural form while organic fillers include both synthetic and natural
organics, such as cellulose, hemp, and silks as seen in Table 1.1 [2].

The properties of the nanocomposites are determined by the same factors as those
in traditional composites, such as composition, structure, shape, and interfacial
interactions. The commonly used structure and form of the nano-objects as the fillers
and reinforcing materials are listed in Table 1.2 [2]. On the other hand, the structure
of nanocomposites is usually more complicated than that of traditional composites,

Chemical Physics of Polymer Nanocomposites: Processing, Morphology, Structure, Thermodynamics, Rheology,
First Edition. Edited by Vera V. Myasoedova, Sabu Thomas, and Hanna J. Maria.
© 2024 WILEY-VCH GmbH. Published 2024 by WILEY-VCH GmbH.



2| 1 Classification of Nanofillers, Nano-Objects, Nanomaterials, and Polymer Nanocomposites

Table 1.1 Fillers and reinforcing materials.

Filler materials

Alumina (trihydrate)
Boron

Carbon

Clay

Calcium carbonate
Glass

Mica

Mineral

Metal

Silica

Talcum

Aramid

Cellulose

Natural organic (cotton, sisal, hemp, flax, etc.)

Synthetic organic (e.g. finely divided PTFE, polyimides or thermoset resins)

Table 1.2 Form or structure of fillers and reinforcing materials.

Form or structure

Nanoparticles/Nanobeads/Nanospheres
Nanopowder/Ultrafine powder

Nano ground

Nanochips/Nanocuttings

Nanorods

Nanowhiskers

Nanotubes

Nanowires

Nanofibres

Nanoribbons/Nanotapes

Monolayer 2D materials

Few layer 2D materials (usually less than 10 layers)

Nanoplates/nanosheets (usually more than 10 layers for 2D materials)

where interfacial interactions play a significant role in nanocomposites, compared to
traditional ones, because of the assumedly very large interfacial area between them.

1.2 Classification of Nanofillers

Surprisingly, the surface characteristics of nanofillers are rarely determined or
known; instead, they are modified in practice to improve dispersion and/or
adhesion in nanofiller-reinforced polymer composites. All kinds of nanocomposites



1.3 Classification of Nano-Objects and Nanomaterials

can be prepared with in situ polymerization, solvent-assisted hybridization, and
melt homogenization. However, non-ideal dispersion and homogeneity are major
concerns in all these technologies. The properties of nanocomposites are usually far
from the expectations due to insufficient homogeneity, disordered orientation, and
improper adhesion.

1.3 Classification of Nano-Objects and Nanomaterials

For a typical nanocomposite as seen in Figure 1.1, nano-objects, i.e. the discrete
component of the nanomaterials with one, two, or three external dimensions in
the nanoscale, i.e. 1-100nm [3] (see ISO/TS 80004 -2:2015 Part 2 and ISO/TS
12805:2011), is used as the nanofillers to be dispersed into a matrix, where the
matrix is a continuous phase while the nanofillers act as an interstitial phase.
When the content of the nano-objects in the matrix exceeds 50%, they are more
appropriately termed nanomaterials since they become the major and continuous
phase and can no longer be considered as the fillers and interstitial phase.

Nanomaterials are defined as materials with any external dimension in the
nanoscale or having internal or surface structure in the nanoscale, including
nano-objects and nanostructured materials as seen in Figure 1.2 (see ISO/TS
80004-1:2015 Part 1) [4].

In reality, most nanomaterials do not exist in a pure state and are usually
mixed with other phases or materials. Therefore, nanomaterial indicates a natural,
incidental, or manufactured material containing particles in an unbound state, as
an aggregate, or as an agglomerate and where, in more than 50% of the particles,

0 Nano fillers 50% Nanomaterials 100%

Matrix Nano-objects

Continuous phase Interstitial phase

Figure 1.1 Components and composition of nanocomposites.

Nanomaterials
Nano-object Nanostructured materials
(any external dimension (internal or surface structure
in the nanoscale) in the nanoscale)

Figure 1.2 Nanomaterials framework.

3
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1 Classification of Nanofillers, Nano-Objects, Nanomaterials, and Polymer Nanocomposites

one or more external dimensions is in the size range of 1-100 nm according to
the definition recommended by European Commission [5]. In specific cases, and
wherever warranted by concern for environment, health, safety, or competitiveness
the number size distribution threshold of 50% may be replaced by a threshold
between 1 and 50%. However, fullerenes, few-layered graphene, and single-wall
carbon nanotubes with one or more external dimensions below 1 nm can also be
considered as nanomaterial (See ISO/TS 80004-13:2017 Part 13).

Nano-objects are nanomaterials in pure state without either internal or surface
structure in the nanoscale and can have properties that make them key components
of materials and systems resulting in improved performance over their conventional
counterparts. These nano-objects often have properties that are not simple extrap-
olations of the properties in their larger form and these novel properties are called
emerging/transformative, discontinuous properties.

The nano-object size and shapes are dominant for their functions, so their descrip-
tion and measurement are crucial and must be treated carefully. Three types of basic
shapes are illustrated in Figure 1.3 to represent different classes of structural dimen-
sionality in categorizing nano-objects [6], however, a lot of other shapes transformed
from these basic shapes also exist. In addition, the three classes of nano-objects can
be further categorized into many sub-classes, such as nanosphere, nanotube, and
two-dimensional (2D) material. as seen in Table 1.3 [3, 6]. The difference between a
nanoparticle and a nanosphere is that the nanoparticle may have an irregular shape
while the nanosphere is ideally a spherical nanoparticle. However, the nanocone can
be considered as either a cone-shaped nanoparticle with a large opening angle or a
cone-shaped nanofiber with a smaller opening angle.

In addition, intense interests have arisen in graphene for both academia and indus-
try due to its exceptional processing-relevant properties, such as abnormal electrical
and thermal conductivity. More recently, other graphene-like materials have also
demonstrated promising properties such as hexagonal boron nitride (hBN), tungsten
diselenide (WSe,), molybdenum disulfide (MoS,), germanene, and silicene both in
monolayer and few-layer forms, as well as their layered assemblies [7]. The thickness

)
(a) (b) (c)

Figure 1.3 Schematic diagrams showing basic shapes of nano-objects. (a) nanoparticle
(3 external dimensions in the nanoscale), (b) nanofibre (2 external dimensions in the
nanoscale), (c) nanoplate (1 external dimensions in the nanoscale).



1.3 Classification of Nano-Objects and Nanomaterials

Table 1.3 Nano-object definition and classification.

Class of nano-objects

Definition

Nanoparticle Nanoparticle

Nanosphere

Nanocapsule
Nanoonion

Core-shell
nanoparticle

Nanocone

Nano-object with all external dimensions in the nanoscale
where the lengths of the longest and the shortest axes of the
nano-object do not differ significantly, usually no more than
three times

Spherical nano-object, i.e. nanoparticle with equiaxial and
ideal spherical shape

Hollow nanosphere
Spherical nanoparticle with multi-layer concentric structure

Nanoparticle consisting of a core and shell(s), whose largest
external dimension/length (core diameter plus shell
thickness, i.e. outer diameter for spherical nanoparticles) is
in the nanoscale

Cone-shaped nanoparticle or nanofibre

Nanofibre Nanofibre/
Nanofibril/
Nanofilament

Nanorod
Nanotube

Nanowire

Nano-object with two external dimensions in the nanoscale
and the third dimension significantly larger, usually out of
the nanoscale

Solid nanofibre
Hollow nanofibre

Electrically conducting or semi-conducting nanofibre

Nanoplate Nanoplate/
Nanoflake

Nanoribbon/
Nanotape

Nanofoil/
Nanosheet

2D Material

Nano-object with one external nanoscale dimension and the
other two significantly larger external dimensions, usually
out of the nanoscale

Nanoplate with two dimensions significantly larger than the
third one

Nanoplate with extended lateral dimensions

Material, consisting of one or several layers with the atoms
in each layer strongly bonded to neighbouring atoms in the
same layer, which has one dimension, i.e. its thickness, in
the nanoscale or smaller and the other two dimensions
generally at larger scales

Nanocrystal — All
nano-objects
above

Nano-objects with a crystalline structure

of these materials is restricted within nanosize or smaller, within one or a few layers.
They are, thus, defined as 2D materials since they have one dimension less than
100 nm and the other two dimensions larger than the nanosize range [7]. Layered
materials usually consist of several 2D layers weakly stacked (bound) together to

5
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WSe, MoS, Germanene
Figure 1.4 Structural scheme for different 2D materials.

form bulk structures. Several graphene-like 2D materials with distinct stacking con-
figurations are shown in Figures 1.4 and 1.5. However, 2D materials may be not
topographically flat and may be buckled somehow in reality. In addition, they can
also exist in different aggregate and agglomerate morphologies. 2D materials are,
therefore, considered emerging nanomaterials or their important subset.

There are several parameters such as morphology, composition, surface features,
and crystalline structure besides size and shape, which are also crucial to the
nano-objects function and their phenomena in the microscope, such as catalytic,
optical, electronic, magnetic, and other properties. Commonly, fiber or ribbon
morphological nano-objects are usually easier to form the secondary structure with
stronger mechanical strength and better formability than particulate nano-objects.
Additionally, the composition of doped nanomaterials makes them more active
in catalytic, optical, and electronic performance than their pure counterpart,
particularly in the case of deeply doped materials or heterogeneous structures
e.g. hybrid 2D materials. Surface features such as surface defects and roughness
can significantly influence its adsorption toward the solute in solution or the gas
molecules in air and the consequent functions, which may be a determining factor
for the applications of nanomaterials in drug delivery and nanomedicine.

1.4 Production Method and Existing Form
of Nano-Objects

According to different production methods, the nano-objects can be classified as
engineered, manufactured, incidental, and natural as seen in Table 1.4 [8]. However,
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