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2.1 Introduction

By definition, nanoparticles have at least one characteristic dimension of less than
100 nm. They exhibit properties that are different to their respective micro- and
macroscale counterparts with the same chemical compositions. Auffan et al. [1]
concluded that there is a critical size, which is considerably smaller than 100 nm, at
which properties of particles change. They identified this critical size of ~20-30 nm
by relating the exponential increase in the number of atoms localized at the surface to
the size of the nanoparticles (Fig. 2.1a). A simple visual representation of this
phenomenon is shown in Fig. 2.1b [2]. The fraction of atoms or molecules located at
the surface dramatically increases as the side length is reduced to 10 nm.
Specifically, this phenomenon is shown as a function of particle size for different
shaped particles in Fig. 2.2 [3, 4].

To probe the distribution of atoms at the surfaces of iron oxide particles (in turn
size-dependent properties), Yean et al. [5] used arsenic as an adsorbent. They found
that the quantity of arsenic adsorbed per gram of iron oxide increased from 0.02 to
1.8 mmol g~' as particle size decreased from 300 to 11 nm. However, when
normalized by specific surface area, both 300 and 20 nm iron oxide particles seem
to adsorb similar amounts of arsenic (~6 mmol m 2 or 3.6 atoms nm_ ). Therefore,
the increase in the number of surface reactive sites cannot explain the threefold
increase in adsorption capacity with 11 nm particles (~ 18 mmol m 2 or 11 atoms
nm ). It is also estimated that the maximum number of molecules that can adsorb
onto the surface is ~4 atoms nm™ > [6]. Based on other set of results on maghemite
(y-Fe,03) [7], it is suggested that the enhanced adsorption capacity is due to the
changes in surface structure resulting in new surface adsorption sites and a sig-
nificant decrease of the surface energy (Fig. 2.3) [1].

Moreover, the excessive increase in surface energy of nanoparticles results in
crystallographic changes and subsequently affects their interfacial reactivity
(Fig. 2.4) and intrinsic properties [1, 8, 9]. Catalytic activity, for instance, is related
to particle size and type of exposed crystalline faces [7, 10]. Boehmite exhibits
size-dependent change in morphology and interfacial reactivity between 10 and
100 nm [11]. By controlling the pH and the ionic strength in the medium of
synthesis, different sized particles are obtained. 100-nm-sized y-AlIOOH are fibers
or rods, and they are formed by aggregation of very small platelets (3 nm thick
and 6 nm wide) with (100) lateral faces and (010) basal planes. However,
10-25-nm-sized particles are diamond-shaped with (101) lateral faces. Therefore,
size changes are strongly reflected in a change of the (area) ratio between (100),
(010), and (101) faces of crystallographic planes (Fig. 2.5). This influences the
surface charge density and surface energy of these particles, subsequently affecting
their reactivity in a polymer [9]. A well-known example is comparison between Ag
nanoparticles (which exhibit biocidal effect) and bulk Ag (which displays no bio-
cidal activity) [12]. Even in bulk ferromagnetic materials where multiple magnetic
domains exist, several small ferromagnetic particles consisting of only a single
magnetic domain result in superparamagnetism [13].
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Fig. 2.1 a Plot showing the correlation between atoms localized at the surface of a nanoparticle
and its diameter; red line indicates the transition between bulk and non-bulk properties. b Changes
in specific surface area (S,,) of a cube (solid, density 1 g/cm®) by changing the side length. (a) is
reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology [1], Copyright

(2009); and (b) is reprinted from [2], Copyright (2008), with permission from Elsevier (Color
figure online)

Another well-known example of ‘size effect’ is the change in melting point [14].
As the localized number of atoms at the particle surface increases and becomes
influential, the melting point of the material decreases from that of the bulk material.
For instance, the melting point of gold (in bulk state) is 1336 K, but it decreases
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Fig. 2.2 Calculated a fraction of surface molecules and b specific surface area as a function of
particle size for different dimension particles (size refers to diameter in the case of spherical and
cylinder particles, the side for a cube and the thickness for a plate or a disk); and ¢ surface area per
unit volume as a function of particle size for spherical particles that are homogeneously dispersed.
(a, b) are reprinted with permission from [3], Copyright (2008) American Chemical Society; and
(c) is reprinted with permission from [4], Copyright (2004) John Wiley and Sons

below the particle size of about 20 nm. Hence, at ~2 nm, the melting point is
lowered by more than 500 K than that of bulk gold [15]. Similarly, the melting point
of indium and tin nanoparticles is reduced by 120 °C [16] and 80 °C [17], respec-
tively, by decreasing their diameters from 100 to 10 nm. In some nanoparticles such
as BaTiOs, a change in particle size has also been correlated to changes in crystal
structure based on c/a ratio (Fig. 2.6) [10]. This is attributed to the compressive force
exerted on the particles as a result of the surface tension of the particle itself. Even
size dependence of optical and electronic properties has been well reported [18]. For
instance, electroluminescence of semiconducting nanoparticles is size-dependent
[4]. Similar concept applies for electrical breakdown strength.

The above discussion means that their (nanoparticles) presence in a system
(polymer, metal, or ceramic) provides an opportunity to alter many of the base
properties of the system. Moreover, nanoparticles do not create large stress con-
centrations when incorporated in a matrix due to their small size and thus do not
compromise mechanical properties. It is predicted that the replacement of 25-35 %
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Fig. 2.3 Size dependence of the mechanisms of arsenic adsorption on the surface of iron oxide
particles. Evidently, both surface energy and adsorption capacity change significantly for particle
diameters below about 20 nm. As the size decreases, the occupancy of the tetrahedral site decrease,
creating unique and highly reactive adsorption sites in the crystal lattice position. Reprinted by
permission from Macmillan Publishers Ltd: Nature Nanotechnology [1], Copyright (2009)

talc-filled TPO composites (conventionally used in automotive industry) by 5 %
clay (smectite)-filled TPO nanocomposites could save up to 1.5 billion liters of
gasoline over the life of one year’s production of vehicles with an added advantage
of reduced CO, emissions by more than 5 billion kilograms and improved
mechanical performance [19].

The dramatic improvement in interfacial area clearly suggests that ‘interface’
controls the degree of interaction between filler and matrix and thus the ultimate
properties. Hence, the greatest challenge in developing nanocomposites is the
ability to control the interactions between matrix and nanoparticles through physical
interaction or chemical bonding. Equally challenging is the homogeneous
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Fig. 2.4 Physicochemical mechanisms occurring at the surface of an inorganic nanoparticle [1].
Relationship between size, interfacial properties (dissolution, oxidation, adsorption/desorption,
electron transfer, redox cycles, reactive oxygen species (ROS) generation, etc.) and potential
mechanisms of toxicity. Reprinted by permission from Macmillan Publishers Ltd: Nature
Nanotechnology [1], Copyright (2009)

dispersion of the nanoparticles in a matrix. As nanoparticles can occur naturally
(like clay minerals) or generated via a number of synthetic routes (based on gas-,
liquid-, or solid-phase approaches), the refined/synthesized nanoparticles must be
surface modified in most cases. More specific details on the surface modification
techniques of nanoparticles and processing of nanocomposites will be discussed in
Chap. 3.

As cohesion of nanoparticles increases with increasing particle surface energy,
researchers have studied the application of composite structures for proper handling
of these particles. This, in turn, induced new functionality (with some nanoparti-
cles) to these structures. Some examples of these structures are shown in Fig. 2.7
[2]. Nevertheless, in this chapter, only an overview of different inorganic
nanoparticles along with their advantages and disadvantages is presented. The
emphasis will be placed only on those widely used for incorporation in polymers.
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Fig. 2.7 Composite structures produced from nanoparticles. a Core shell. b Internal dispersion.
¢ Agglomeration. d Nanoparticle coating. e Hollow. f Porous. g Bulk body form nanograins.
h Porous body from nanograins. i Nano thin film. Reprinted from [2], Copyright (2008), with
permission from Elsevier

2.2 Different Types of Nanoparticles
2.2.1 Clay Minerals

Clay minerals have thickness, typically, a few nanometers, and the other two
dimensions in the submicron range. Most of the clay minerals exist naturally as
stacks and hundreds or thousands of these layers are stacked together by van der
Waals forces (and in some cases, electrostatic forces) [20-23]. As a result, these
fillers are difficult to disperse individually in polymers owing to their large contact
areas between particles and enhanced particle—particle interaction. Still, this con-
figuration provides an excellent opportunity for fine-tuning their surface chemistry
through ion exchange reactions with organic and inorganic cations. This leads to
many possibilities and prospects for tailoring various required properties for
specific end applications, more than just merely dispersing the layers in a polymer
matrix. Apart from the layered silicates, which include natural and/or artificial
magadiite, bentonite, kaolinite, montmorillonite, saponite, vermiculite, talc, hec-
torite, attapulgite, fluoromica, and chlorite, many others with different geometry
have also been used to make nanocomposites. Some of them include sepiolite
(needle/fiber-like), halloysite (tube-like), kaolinite (vermicular), and layered double
hydroxides (platelet-shaped).
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Table 2.1 Classification of clay minerals (phyllosilicates)

Type Group Species Tetrahedron | Octahedron | Interlayer
cation
2:1 Pyrophyllite, Talc Pyrophyllite (di) | Siy Al, -
Si4010(OH), | (x ~ 0) Talc (tri) Siy Mgs -
Smectite Montmorillonite | Siy (Al,, Mg), |Na, Ca,
(0.25 < x < 0.6) (di) H,0
Hectorite (di) Siy (Mg, Li), | Na, Ca,
H,0
Beidellite (di) (Si, Al), Al Na, Ca,
H,O
Saponite (tri) (Si, Al)y Mgs Na, Ca,
H,0
Vermiculite Vermiculite (di) | (Si, Al)4 (Al, Mg), |K, Al H,O
025 <x<09) Vermiculite (tri) | (Si, Al), Mg, Al); | K, Mg, H,O
Mica Muscovite (di) Siz Al Al, K
(x~ 1) Paragonite (di) | Siy'Al Al, Na
Brittle mica Phlogopite (tri) Siz Al Mg, Fe? K
(x ~2) s
Biotite (tri) Sis-Al (Fe*, K
Mg);
2:1:1 Chlorite (large Donbassite (di) (Si, Al)y Al, Al (OH)g
5i4019(OH)g | variation of x) Clinochlore (tri) | (Si, Al (Mg, Al; | (Mg,
Al);(OH)s
Chamosite (tri) (Si, Al)y (Fe, Al); (Fe,
Al);(OH)s
1:1 Kaolin, Serpentinite | Kaolinite (di) Si, Al, -
Si,05(OH)s | (x ~ 0) Halloysite (di) Si, Al, H,0
Needle Sepiolite, Sepiolite (tri) Sip» Mgg (OH,)4-H,O
Palygorskite (x ~ 0) | palygorskite (tri) | Sig Megs (OH,)4'H,0

Adapted from [24]
x—Degree of isomorphous substitution; di—dicotahedral; and tri—trioctahedral

Clay minerals are commonly classified based on their crystalline structure.
Different types of clay minerals with representative examples are listed in Table 2.1
[24], and electron microscopy images of some selected clay minerals with different
particle morphologies are shown in Fig. 2.8 [25-28]. Among these, the most
commonly used morphologies for the preparation of polymer nanocomposites
belong to the family of 2:1 phyllosilicates and, in particular, smectite clays because
of their swelling properties and high values of CEC. In the family of 2:1 type,
crystal structure is made up of layers of two tetrahedrally coordinated silicon atoms
fused to an edge-shared octahedral sheet of either aluminum or magnesium
hydroxide (Fig. 2.9a) [29-31]. The layer thickness is ~0.94 nm and has a stiffness
of ~170 GPa, and the lateral dimensions vary from 30 nm to several microns,
depending on the particular layered silicate (e.g., saponite ~ 50—-60 nm; montmo-
rillonite ~ 100-150 nm; hectorite ~200-300 nm). This provides a large surface
area ~700-900 m?/g of silicate material.
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Fig. 2.8 Some commonly used clay minerals with different particle shapes: a fibrous sepiolite,
b tube-like halloysite, ¢ vermicular kaolinite, d chlorite, e lath-shaped illite, and f layered
montmorillonite. (a) is reproduced from [26] with permission of John Wiley and Sons, Copyright
(2008); (d) is reprinted from [25] with permission of Springer Netherlands, Copyright (2003)

As mentioned before, these layers organize themselves into stacks leading to a
regular van der Waals gap between the layers known as the interlayer or
intra-gallery. Isomorphic substitution within the layers (e.g., AI** replaced by Mg?*
or by Fe?*, or Mg?" replaced by Li*) generates negative charges (each unit cell has
a negative charge between 0.5 and 1.3) which are generally counterbalanced by
alkali or alkaline earth cations located in the interlayer. Thus, this type of clay is
characterized by a moderate negative surface charge, CEC, that is an important
factor during the fabrication of nanocomposites as it determines the amount of



2.2 Different Types of Nanoparticles 15

(a) AN A O Al Fe, Mg, Li
®oH
®o
~1 nm
Basal @ Li, Na, Rb, Cs
spacing
\ 4
A 4
®) Cmy;‘:{;?""" Silanol
Tetrahedral Sheet groups

Open channels

Fig. 2.9 Schematic of crystal structure of a 2:1 phyllosilicates (bentonite) and b sepiolite. (a) is
reproduced from [29] with kind permission from Springer Science, Copyright (1999); and for
reproducing (b), Tolsa S.A. is acknowledged

surfactants that can be intercalated between silicate layers (into the intra-gallery).
This renders the hydrophilic phyllosilicates more organophilic and compatible with
organic polymers (for more details, see Chap. 3). For example, consider Na-MMT,
for which the unit cell can be expressed as [32]:

Triple layer sandwich of two silica tetrahedron [M3 13M8o 67 ]"""”S,-s 0,,(OH),
sheets and a central octahedral sheet with 0.67 ) ’

negative charge per unit cell 4
Aqueous interlamellar layer containing 0.67 Na* (5 x H,0)Na;
cations per unit cell
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Therefore, an ‘ideal’ MMT has 0.67 units of negative charge per unit cell. Since
the molecular weight of a unit cell is 734+ water, the CEC will be 0.915 meq/g (one
ion per 1.36 nm?).

Nevertheless, the basic requirement is that the polarities of organoclay and the
monomer or prepolymer should match. That is, their role is to lower the surface
energy of the inorganic host and improve the wetting characteristics with the
polymer matrix. Considering the density of Na* as 0.67 Na*/nm? almost 6700
alkylammonium salt molecules (commonly used surfactant) are localized near the
individual silicate layer! Further, assuming that hydroxyl groups are randomly
distributed on the silicate edge surface, this results in a Si-OH density of
5Si-OH/nm?, which means 500 —OH groups are also localized [33]. Balancing these
lipophilic (or organophilic) and hydrophobic conditions is a major factor to attain
uniform dispersion/distribution of silicate layers in a polymer matrix. Moreover, the
source or type of clay mineral (influences the charge density and inherent size of
clay platelets) is also crucial in determining the dispersion extent of clay in poly-
mers [34-37]. Thus, it was shown that sodium MMT obtained from Yamagata,
Japan, differs in size to that obtained from Wyoming, USA [34]. Yamagata clay
comprised of platelets that were slightly larger than those of the Wyoming clay; this
difference affected the exfoliation extents when used in PA6 under the same pro-
cessing and organic modification conditions. This ultimately reflected on the tensile
properties between the two PA6/clay nanocomposites.

In contrast to cationic clays described above, LDHs or hydrotalcites or anionic
clays are a fairly new class of materials and represented by the formula
[Mlllfo)lr”(OH)ﬂ (A7) mH,0 [38—41]. M" represents divalent (or monovalent)
cations such as Mg>* and Zn**, M™ trivalent cations such as AI** and Cr**, and A
interlayer anion with valency m (such as Cl, CO327, SO427, and NO;3 ). In general,
LDHs have an octahedral structure similar to brucite—Mg(OH), where the partial
isomorphous replacement of a bivalent cation with a trivalent cation produces
positive charges counterbalanced by hydrated anions. Similar to the cationic clays,
LDHs can be modified by intercalating organic ions between the lamellas to fab-
ricate nanocomposites. Their lamellar structure and anion exchange properties make
them attractive for many applications such as ion-exchangers, adsorbents, phar-
maceutical stabilizers, thermal stabilizers, and flame retardants. However, the strong
electrostatic attraction between the hydroxide sheets and short interlayer distance
makes LDH materials relatively difficult to exfoliate in a polymer [40] when
compared to smectite clays.

Apart from these layered fillers, sepiolite (needle-like with open nanotunnels),
despite being ‘multi-functional’ is less represented in the polymer nanocomposites
field. They have an average length of 1-2 um, width ~ 10 nm, and the dimensions
of open channels (along the axis of a particle) ~3.6 A x 10.6 A (Fig. 2.9b). The
arrangement of these particles results in loosely packed and porous aggregates with
an extensive capillary network. It is non-swelling and its granules do not disinte-
grate even when saturated with liquids. It has the highest surface area of all the clay
minerals, about 300 m%/g, with a high density of the silanol groups (-SiOH), which
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manifests its hydrophilicity. Moreover, the high surface area and porosity of
sepiolite account for the remarkable adsorptive and absorptive properties.

Other group of layered nanofillers is (layered) silicic acids. Their intercalation
chemistry is similar to smectite clays [42, 43]. Examples of layered silicic acids are
kanemite (NaHSi,Os), makatite (Na,Sis)g'nH,0), octosilicate (Na,SigO,;-nH,0),
magadiite (Na,Si;30,9-nH,0), and kenyaite (Na,Si»0O4;-nH,0). The thickness of
the layers varies from 0.5 nm for makatite to 1.77 nm for kenyaite. The general
structure of layered silicic acids consists of layers of SiO, tetrahedra with an
abundant hydroxyl siloxane surface. Interlayer alkali ions can be exchanged with
the resulting active hydroxyl sites, leading to enhanced bonding with the interca-
lates. Transition metal-based compounds such as titanium and tantalum dichalco-
genides are also layered materials, but rarely used to make nanocomposites.

2.2.2 Graphite Nanoplatelets

Graphite consists of carbon layers (with covalent and metallic bonding within each
layer) that are stacked in an AB sequence (i.e., different from the AB sequence in a
hexagonal close packed or HCP crystal structure) and are linked by a weak van der
Waals interaction produced by a delocalized z-orbital [44—48]. The carbon layers
(also called as graphene sheets) are 1 atom thick, and the carbon bonding involves
sp> hybridization (trigonal) (Fig. 2.10) [47]. As graphite is anisotropic, it exhibits
good electrical and thermal conductivities within the layers (due to the in-plane
metallic bonding) and relatively poor conductivities normal to the layers (due to the
weak van der Waals forces between the layers). The anisotropic nature also allows
graphite to undergo chemical reactions by allowing the reactant to reside between
the graphene layers, resulting in GICs [46].

It has been reported that the mechanical strength of graphene sheets is compa-
rable to that of carbon nanotubes (described below and which are essentially
‘rolled’ graphene sheets) [48]. Moreover, the compression of exfoliated graphite
results in a material of high lubricity and flexibility. As a result, attempts to harness
the above remarkable properties of graphitic sheets to polymers have attracted
increasing attention over the past few years. But there are certain problems to obtain
individual graphene sheets (thickness of one layer is equal to the interlayer sepa-
ration in graphite, 0.34 nm) and particularly to disperse them at a nanoscale in a

Fig. 2.10 Schematic representation of a graphene sheet. Carbon atoms are bonded together
through sp® hybridization. Reprinted from [47], Copyright (2007), with permission from Elsevier
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Table 2.2 List of different methods for the oxidation of graphite to graphite oxide

Method (year)
Staudenmaier (1898) Hummers (1958) | Modified Hummers
1999 2004

Oxidants | KClO5 (or NaClO3), NaNO;, Pre-ox: K,S,0g, NaNO;,

HNO3, H,SO,4 KMnOy,, H,SO, | P,Os, H,SO4 KMnOy,

H,SO,4

C:O ratio | N/A 2.25 1.3 1.8
Reaction | 1-2 days 2h 6 h pre-ox + 2h ox |5 days
time

Adapted from [60]

OH O

Fig. 2.11 Schematic of a graphene oxide sheet showing the functional groups on the surface and
at the edges as a result of oxidation. Reproduced from [60], with permission of John Wiley and
Sons, Copyright (2010)

polymer matrix to obtain beneficial properties. Several approaches have been
adopted to produce graphene sheets including mechanical cleavage of graphite
[49, 50], epitaxial growth [51], bottom-up organic synthesis [52], and chemical
exfoliation of graphite [44, 53]. The most commonly used methodology is to
prepare GO by oxidizing the graphite flakes.

Many different methods for the preparation of GO were reported [54-58] and
include the widely used Hummers [56] procedure (see Table 2.2). It has been
reported that the extent of graphite oxidation is quantified by the C:O atomic ratio
and is dependent upon the technique and reaction time [59, 60]. GO is hydrophilic
due to the presence of hydroxyl and epoxide functional groups on their basal
planes, in addition to carbonyl and carboxyl groups located at the sheet edges [60]
(Fig. 2.11). GO shows an increase in the distance between adjacent sheets, from
3.35 A in graphite powder to ~ 6.8 A. The hydrophilic nature of GO will also allow
it to swell and disperse in aqueous media such as water increasing the interlayer
distance. Figure 2.12 shows the differences between natural graphite and GO [61].

The above discussion suggests that GO is incompatible with most organic poly-
mers and is electrically insulating (covalent C—O bonds adversely affects electrical
conductivity as oxidation breaks up the sp>—hybridized structure of stacked graphene
sheets). Deoxygenation via chemical reduction is necessary to restore electrical
conductivity, owing to the restoration of a graphitic network of sp” bonds. However,
reduction of exfoliated GO in water again results in their irreversible coagulation,
which affects the dispersion within a polymer matrix and ultimate properties.
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Fig. 2.12 a Digital and SEM images of natural graphite; and b AFM image of GO sheets
deposited onto a mica substrate from an aqueous dispersion (inset) with superimposed
cross-sectional measurements taken along the red line. Reprinted by permission from
Macmillan Publishers Ltd: Nature [61], Copyright (2006) (Color figure online)

Chemical functionalization/treatment of GO is also considered to improve
compatibility with polymer matrices. For example, isocyanate treatment reduces the
hydrophilic character of GO by forming amide and carbamate ester bonds to the
carboxyl and hydroxyl groups of graphite oxide, respectively (Fig. 2.13) [62].
Subsequently, they can form stable dispersions in polar aprotic solvents such as
DMF. Coupled with chemical reduction, these dispersions of isocyanate-derivatized
GO allows for good compatibility and dispersion with many organic polymers.

Another approach that has been used to prepare individual graphene sheets is by
thermal expansion of GO (~ 1000 °C under inert conditions) [63—65]. During this
process, exfoliation of the stacked structure occurs through release of carbon dioxide,
carbon monoxide, water, and other small molecule hydrocarbons by the creation of
enormous pressure within the stacked layers. It is noted that the pressure reaches
~40 MPa at 300 °C and increases further to ~ 130 MPa at 1000 °C. This is also
correlated with phenomenal increase in surface area (based on BET tests, it reaches as
high as 900 m* g~"). However, thermal exfoliation results in vacancies and topo-
logical defects throughout the planes of reduced GO sheets affecting electronic
properties. Sheets are also crumpled and wrinkled during the thermal process [48].

Solvothermal reduction is another method that is used for removing oxygen-
containing groups. Examples include refluxing GO in N-methyl-2-pyrrolidinone
[66] and refluxing GO in DMF at 140 °C [67]. These processes result in both
deoxygenation and reduction to yield a stable colloidal dispersion. Irrespective of
these factors, their dispersion in polymer matrix is again a challenging step. We will
be discussing more on this in Chap. 3.
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Fig. 2.13 Modification of GO with organic isocyanate in DMF. Isocyanates react with the
hydroxyl (left oval) and carboxyl groups (right oval) of GO sheets to form carbamate and amide
functionalities, respectively. Reprinted from [62], Copyright (2006), with permission from Elsevier

2.2.3 Carbon Nanotubes

CNTs are first observed in 1991 by Sumio Iijima [68] while investigating the
surface of carbon electrodes used in an electric arc discharge apparatus to make
fullerenes. They exhibit properties that are quite different from those of closed-cage
fullerenes such as C60, C70, and C76. CNTs can exist as single-walled or
multi-walled. They (particularly SWCNTs) have exceptional elastic modulus,
strength, electrical and thermal conductivity, and chemical and thermal stability
[69, 70]. In general, aspect ratio of CNTs exceeds 1000, as the length of a carbon
nanotube is of the order of micrometers and diameter nanometers. Young’s mod-
ulus of a SWCNT has been reported to be as high as 5 TPa and for MWCNT
~ 1.8 TPa [71, 72]. The tensile strength of CNTs can be a hundred times that of
steel, while the density is one-sixth to one-seventh of steel [73].

The strength of covalent carbon—carbon bond is the dictating factor for those
superior mechanical properties of CNTs. As each carbon atom in the lattice is
covalently bonded to three neighboring atoms, this hexagonal structure results in
the sp” hybridization process. One s-orbital and two p-orbitals of a carbon atom in
its excited state combine to form three hybrid sp>-orbitals at 120° relative to each
other (Fig. 2.14) [74]. The resulting strong covalent bond, c-bond, is largely
responsible for the excellent properties of CNTs. n-bond, which is the out-of-plane
bond, is relatively weak. However, this is effectively used during surface chemical
modification/grafting and functionalization processes.

As the name indicates, SWCNTs are made of single graphene layer, whereas
MWCNTs consist of two or more concentric cylindrical shells of graphene sheets
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Fig. 2.14 Carbon atoms of CNTs participating in sp> hybridization process and resulting in the
formation of o- and m-bonds. Adapted from [74]

coaxially arranged around a central hollow core with interlayer separation as in
graphite (0.34 nm). As the planar graphene sheets are folded to make cylinders, the
hexagonal symmetry of the carbon atoms is distorted, because the lattice is curved
and must match along the edges (with dangling bonds). This leads to a helical
arrangement of carbon atoms in the nanotube shells. Depending on the helicity and
dimensions of the tubes, the electronic structure changes [75]. It was reported that
CNTs can be either metallic or semiconducting. The ends of the cylinders are closed
by fullerene-like caps that contain topological defects (pentagons in a hexagonal
lattice). Depending on the roll-up, up to three categories of nanotubes can be
developed: zigzag, chiral, and armchair (Fig. 2.15) [76]. Clearly, the longer the
short side, the larger is the tube diameter. In zigzag tubes, some of the C—C bonds
lie parallel to the tube axis, and in the armchair configuration, some C—C bonds are
perpendicular to the axis.
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Fig. 2.15 Schematic of different configurations of nanotubes that can be obtained by rolling of a
graphene sheet. Reprinted from [76], Copyright (2006), with permission from CRC Press

As the electrons are confined in the radial direction in the singular plane of the
graphene sheet, it has been predicted that the tubes with armchair configuration are
metallic, whereas zigzag and helical tubes can be either metallic or semiconducting
[77]. Conduction in armchair (metallic) tubes occurs through gapless modes because
the valence and conduction bands always cross each other at the Fermi energy [78].
In most helical tubes that contain a large number of atoms in the unit cell, the 1D
band structure shows an opening of the gap at the Fermi energy, lending it semi-
conducting properties. This unique electronic behavior occurs only in small nan-
otubes. As the diameter of the tubes increases, the band gap (which varies inversely
with tube diameter) tends toward zero, yielding a zero-gap semiconductor that is
equivalent to the planar graphene sheet. In MWCNT, the outer, larger, planar,
graphene-like tubes overshadow the electronic structure of the smallest inner tube.

However, the key point is to transfer the potential mechanical, thermal, and
electrical properties of the CNTs to the polymer composite. A critical issue to
overcome in taking advantage of the superior properties of CNTs is their ability to
entangle (and thereby influence dispersion in a polymer matrix). These intertwined
networks are a result of high intermolecular van der Waals interactions between the
CNTs. Looking at the literature of polymer/CNT nanocomposites, it is reasonable
to say that the properties of nanotubes and their potential are not fully transferred to
the nanocomposites. Even large variations in the percolation threshold of polymer/
CNT materials are noted (see Chap. 3).
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Fig. 2.16 Schematic representation of a POSS particle. R is a non-reactive organic group that is
generally used for compatibilization and solubilization; and X is another functional group that is
used for polymerization or grafting

CNTs aside, recently, CNFs are also used to reinforce polymers. CNFs are gen-
erally vapor-grown and obtained from pyrolysis of hydrocarbons. For example,
Applied Sciences Inc. Pyrograf® Products (ASI), a commercial supplier of different
kinds of nanofibers synthesizes CNFs via pyrolytic decomposition of methane in the
presence of iron-based catalyst particles at temperatures above 900 °C. Generally,
the diameters of CNFs are in the range of 50-200 nm and lengths of 50-100 pum.

2.2.4 Polyhedral Oligomeric Silsesquioxane

POSS is molecularly precise, nearly isotropic molecules with hybrid (organic—
inorganic) architecture, and their structure contains a stable inorganic Si—O core,
which is intermediate (RSiO;5) between silica (SiO,) and silicones (R,SiO)
[79-84]. The general stoichiometry is (RSiO; s),, where n is 8, 10, or 12 with sizes
from 1 to 3 nm in diameter (Fig. 2.16). The core is covered externally by organic
substituents that can be modified to present a wide range of polarities and func-
tionalities such as amino, hydroxy, bromo, epoxy, acrylate, cinnamate, fluorine, and
maleimide to compatibilize POSS with various polymer systems [79, 85-87]. This
great variety results in the diversity of silsesquioxanes. They are synthesized by
sol-gel technique, i.e., via hydrolytic condensation of trifunctional monomers
RSiXj3, X being a highly reactive substituent such as Cl or alkoxy. In general, there
are three main kinds of structures in silsesquioxanes: random, ladder-like, and
cage-like (including partial cage-like structures) (Fig. 2.17) [85]. More details on
the synthesis and types of these condensates that are derived from trifunctional
silanes are given in [85].
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Fig. 2.17 Schematic structures of different types of silsesquioxanes. Octahedral cage structure Tj
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POSS is used to improve the thermal properties of polymers, oxidation resis-
tance, and, in some cases, even mechanical properties. The high thermal stability of
POSS (up to ~400 °C) is determined by its chemical structure, such as the bond
energy, type of molecules, and reactivity of the bonds. The higher bond energy of
Si—O, in particular, yields higher thermal stability. In view of these properties,
POSS is also used for a variety of applications as their cage can easily be opened for
incorporation of metals (particularly transition metals) and later closed. The range
of applications varies from low dielectric constant materials to new resists for
electron beam lithography materials and high-temperature lubricants or as active
catalysts for organic reactions. More detailed explanations on the synthesis,
structure, and properties of these compounds have been given in [72, 88-92].

2.2.5 Other Equiaxed Nanoparticles

Over the past few decades, many different methodologies were developed to syn-
thesize equiaxed nanoparticles based on aerosol, sol-gel, plasma or chemical vapor
condensation, and wet chemistry techniques. Aerosol methods (comprising flame
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hydrolysis, pyrolysis, etc.) usually yield nanoparticles by condensation from a gas
phase. Many nanoparticles such as TiO,, ZrO,, carbon black, ZnO, Fe,03, SiO,,
CuO, and Al,0; can be obtained through these aerosol methodologies. Even these
nanoparticles or masterbatches consisting of resin/nanoparticles are available
commercially. For example, Hanse Chemie uses a proprietary sol-gel-based syn-
thesis methodology to produce a masterbatch of resin/silica nanoparticles with
loadings of up to 40 % silica having sizes in the range of 15-25 nm from aqueous
sodium silicate solution.

Laser ablation is also a form of gas condensation process to synthesize
nanoparticles. Here, the targets (metal, metal oxide, or semiconductor) are ablated
with a pulsated laser [4]; most of the above-mentioned particles can be obtained
using this approach along with Mg,SiO,4, CaTiO3, and MgAl,O,4. A combination of
aerosol and sol-gel processes was also adopted to produce SiO, nanoparticles; this
takes advantage of the low-temperature processing and the ability to produce a large
specific area (400 m* g~') due to the low coalescence rate relative to the collision
rate; that is, hydrolysis and condensation of TEOS are conducted in a laminar flow
chamber at temperatures ranging from ambient to 100 °C [4, 93]. Apart from these
techniques, ion implantation was also used as an effective methodology for
introducing/embedding particles into the surface layer (up to several micrometers) of
a material (polymers, inorganic glasses, ionic crystals, minerals, etc.). This process
depends on the implantation parameters such as type of ions, their energy, and
current density along with the target properties. A schematic of different stages
involved in this process is shown in Fig. 2.18 together with a micrograph of PMMA
whose surface has been implanted with Ag nanoparticles [94-96]. Nonetheless, it is
important to note that ion implantation process results in radiation-induced defects,
polymer structural damage, breakage of covalent bonds, generation of free radicals,
cross-linkage, oxidation, etc.

2.2.6 Hierarchical Structured Particles

Recently, there has been a lot of emphasis on the synthesis of hierarchical struc-
tured particles for extracting multi-functionality. Examples include immobilization
of nanoparticles on porous solids such as clays and zeolites, impregnation of
solids/substrates with nanoparticles, and CVD of nanoparticles on micro-/macro-
sized particles. Letaief and Ruiz-Hitzky [97] reported synthesis of a novel class of
materials by exfoliating (delaminating) layered silicates containing inorganic net-
work (silica, based on sol-gel process involving hydrolysis of alkoxysilanes) instead
of conventional organic network (such as polymer nanocomposites) (Fig. 2.19a).
Gonzalez-Alfaro et al. [98] used sepiolite as a support for immobilizing
non-aqueous ferrofluid particles to obtain both superparamagnetic behavior and
high adsorption capabilities. Figure 2.19b shows the proposed mechanism of
ligands exchange in which the oleic acid-magnetite nanoparticles release some oleic
acid molecules, and iron oxide interacts with the silanol surface groups of sepiolite.
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Fig. 2.18 a Physical stages involved in nanoparticle synthesis by ion implantation versus ion
dose; and b a representative sample showing silver nanoparticles produced by Ag* implantation
into PMMA at 5 x 10' ion/cm?. Reproduced from [96] with permission of John Wiley and Sons,
Copyright (2005)

In another similar study, Esteban-Cubillo et al. [99] prepared Ag, TiO,, and Cu
functionalized sepiolite by means of a reduction process followed by dehydration of
the matrix. As discussed earlier, the structure of sepiolite consists of an arrangement
of blocks separated by parallel channels formed by two layers of tetrahedral SiO,
enclosing a layer of octahedral MgO. Sepiolite, despite its large specific surface
area (about 320 m%/g), has reduced ion exchange capacity so that cations cannot be
inserted inside the channels. Instead, acid treatment is used to completely leach out
Mg** cations from the octahedral layer (lixiviation of Mg?*). It is noted that the
sepiolite crystalline framework collapses when the fraction of leached Mg** is
greater than or equal to 0.33. Before the collapse, these authors have shown that it is
possible to introduce other metallic ions into the octahedral sites using metal
alkoxides as starting reagents in which the organic moieties facilitate their diffusion.
The advantage of this process is that the nanoparticles are embedded in the silicate
particles, rather than being loosely held. An example of this is shown in Fig. 2.20.
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In another methodology to impart superior mechanical and functional properties
to traditional fiber-reinforced composites, CNTs are introduced onto carbon fibers
[100] and plain woven carbon fiber fabrics [101]. Du et al. [100] used a flame
(ethanol) process in the presence of Ni catalyst to introduce CNTs instead of using a
conventional CVD process (Fig. 2.21). A nanomanipulator attached to an atomic
force microscope inside the SEM chamber has also been used to calculate the
bonding force between a CNT and carbon fiber. It is seen that the peeling force
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Fig. 2.20 TEM micrograph showing Ni-sepiolite complex. Reprinted from [99], Copyright
(2008), with permission from Elsevier

Fig. 2.21 SEM images of CNTs—carbon fiber complex at different magnifications. CNTs are
introduced using a flame process with 0.01 M Ni** catalyst. Reprinted from [100], Copyright
(2012), with permission from Elsevier

increases gradually to a maximum of 307 nN as the CNT length is stretched by
~ 25 nm before detaching from the substrate. In [101], the plain woven fabrics with
CNTs are used to prepare epoxy-based composites (16 plies via hand lay-up
method). Mode I and Mode II interlaminar fracture toughness values of these
composite laminates show drastic improvements of 67 and 60 %, respectively. It is
also interesting to note that the failure mechanisms of composites with and without
CNTs are different. In mode I condition, fabrics without CNTs are dominated by
carbon fiber—epoxy interfacial failure, but cohesive CNTs/epoxy matrix failure
between CNTs/carbon fiber and on carbon fiber surfaces is dominant with fabrics
containing CNTs. Beyond these, several other hybrid materials based on CNTs and
metal nanoparticles are reported in view of applications that demand catalytic and
magnetic properties, e.g., Fe;04 nanoparticles decorated MWCNTSs [102] and gold
nanoparticles functionalized SWCNTs [103].
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Irrespective of the different functionalities of these engineered nanoparticles, it is
important to maintain their functionality even after their incorporation into poly-
mers. To achieve this, first and foremost issue to deal with is the dispersion and
distribution of these particles in a polymer matrix, which of course is closely
associated with the compatibility between particles and matrix. These are the topics
that will be discussed in more details in Chap. 3.
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