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Preface

Nanocomposite materials are the backbone of various fundamental and engineering
applications requiring optimized sets of properties that are lightweight and fulfill
energy demands. Nanocomposites such as carbon nanomaterials have attracted the
attention of researchers in both industry and academia.

This book presents and discusses the development and applications of nanocomposites
in fields such as biomedicine, health care, microelectronics, energy storage devices,
and the environment. It is divided into four sections. Chapters discuss nanocomposite
materials and their applications, nanocomposite materials for biomedicine and energy
storage and conversion, graphene and quantum dots, organic light-emitting diodes,
biological nanoparticles (solid lipid nanoparticles), nanocomposite materials for
environmental remediation, and more.

This book is a useful resource for undergraduate and postgraduate students, industry
and academic personnel, interdisciplinary materials scientists, nanocomposite manu-
facturers, and other interested readers.

I take this opportunity to thank all the contributing authors, co-authors, and publica-
tion staff from IntechOpen for their efforts in preparing this book. We hope that the
new experiments and research presented herein will be the foundation for the develop-
ment of new composite materials and technologies for humankind. I hope that readers
enjoy this book and that it will serve as an aid to create new exciting materials with
unique properties.

Dr. Ashutosh Sharma

Assistant Professor,

Department of Materials Science and Engineering,
Ajou University,

Suwon, South Korea
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Chapter1

Recent Progress and Overview of
Nanocomposites

Muhammad Hafeez

Abstract

Nanocomposites are versatile materials because of possessing superior properties
as compared to their parent materials. Due to their improved electrical, mechanical,
thermomechanical, electronic, optoelectronic, thermal, and magnetic properties,
these materials are receiving much attention from researchers all over the world.

In every field, the focus of the research is to develop such materials which have low
weight, superior strength, and enhanced performance as well as cost competitiveness
in comparison to existing materials. The nanocomposite materials have been used in
the fields of avionics, biomedical, auto industry, sports industry, oil/gas, construc-
tion, food industry, agriculture industry, and information technology. This chapter
addresses the synthesis, unique properties, and diverse applications of nanocompos-
ites in different fields.

Keywords: nanocomposites, synthesis, properties, applications, ceramic, metal,
polymer

1. Introduction

Composites consist of two materials; one of the materials is called the reinforcing
phase (fibers, sheets, or particles), and is embedded in the other material called the
matrix phase. The composite materials have more strength as compared to constituent
materials. Wood is a common example of natural composites. Snails and oysters shells
are also examples of natural composite materials. The history of the usage of nano-
composites is quite old. Egyptian have mixed straws with clay to form bricks. Mongols
have used the composites in warfare and even in recent times, during World War II,
the composite-based materials were used in military appliances, and in the modern
era, a large number of composites are used in different fields [1].

The nanocomposite is a solid compound made up of several layers where at least
one of the layers has one, two, or three dimensions with a nanometer size [2]. In
nanocomposites, the atoms of the materials are arranged in the form of clusters or
small grains. A solid multiphase having one of the 1, 2, or 3 phases less than 100 nm is
called nanocomposites [3]. Nanoparticles, nanoclays, and nanofibers are examples of
nanocomposites. Nanocomposites find their applications in the fields of medical and
engineering.
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Currently, scientists are facing the problem of data loss due to the overheating
of imaging spectrographs in the Hubble Space Telescope. A probable solution is the
use of a carbon nanotube that could dissipate the excess heat. The nanocomposites
are lighter in weight and it is estimated that in near future the steel and aluminum-
based products used in different engineering applications might be replaced with
nanocomposites.

A Nanocomposite (NC) consists of several stages where, at least one, two, or three
dimensions are in the nanometric range. Taking the size of objects up to the nano-
meter level creates optical connectors that are very important in the development of
building material structures. Nanocomposites (NCs) provide opportunities on a com-
pletely new scale to solve hurdles ranging from the medical, pharma-industry to food
packaging and from the electronics to energy-producing industries. Nanocomposites
can be divided into three categories, which are as follows:

* Metal matrix nanocomposites (MMNCs).
 Ceramic matrix nanocomposites (CMNCs).
* Polymer matrix nanocomposites (PMNCs).

The aim of the development of nanocomposites is to designate which raw materials
and processes are best suited to produce specific nanomaterials by studying their uses,
benefits, and drawbacks. Transformation factor where the size of the material is made
less than a certain level is known as “Sensitive size.” Taking the size of the material
down to the nanometer level fabricates the interactions with phase interfaces that
become necessary in the development of building material structures. The ratio within
the surface area to the volume of a reinforced material is used in synthesizing nano-
composites has directly been related to the structure-property relationship. A material
nanocomposite (10~ m diameter) that is made from non-metallic, metallic, or poly-
meric constituents by a certain process offers added benefits to retain their primary
features and overcome defects by expressing some new characteristics. Such materi-
als present a multiphase crossover in the matrix as well as in reinforcing materials.
Reinforced material is a dispersed surface in the form of composite materials, such as
fiberglass and organic fibers, whereas, matrix material consists of a uniform state and
contains metallic, non-metallic, and polymer-based materials [4]. Nanocomposites
represent a new way to surpass the limitations posed by microcomposites and the
monoliths which have become the objects of the future. NCs have the following
advantages over other materials:

* The ratio between surface area and volume is high that allows a small fill size.

* Superior mechanical characteristics that are minimum wastage of power and
initial resistance and possess high ductility.

* Having improved visual features (the particle size anchors the light transmission).
g 1mp p g

High robustness and effective impact are associated with nanoparticles along with
the incorporation of composite matrix. But, insufficient understanding of structural
materials and material to structural relationships, the need for easy particle break-
down and dispersion are the major hurdles in nanocomposite synthesis (see Figure1).
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Figure 1.
Broader classification and applications of nanotechnology.

2. Classification of nanocomposites
2.1 Metal matrix nanocomposites (MMCs)

Since the late nineteenth century, composite materials were widely applicable in
many systems with greater efficacy [5]. MMCs are one of the largest groups of com-
pounds that are often strengthened with clay. The combination of metals and ceramic
structures offers a variety of applications. There have been different ways of making
MMCs but, powdered metallurgy is considered a unique process. Indeed, powdered
metallurgy (PM) has been considered an effective method that has transformed the
material industry by allowing them to build complex structural elements that control
the precise strength, flexibility of composite design, and produce highly soluble
materials with desirable compositions [6]. It seems that there are two main factors that
determine the mechanisms of action in MMCs, that is the desired features of a material
and technical constraints. If manufacturing a special type of alloy, for example, it is
imperative of establishing a hot phase that allows a phase transformation into a metallic
wire form; however, the scientific possibility still exists to design it from a large billet
but, technological hurdles would have not allowed it to do so. We would otherwise need
to apply high strain and thermal modulus, which can eventually damage the required
structure. Therefore, multistep processing channels are used to improve features and
overcome technical barriers that are the backbone of the process. To elaborate further,
two-step sintering (TSS) and multistep isothermal forging (MIF), and isothermal
rolling (IR) as a good plastic deformation (SPD) process have been used.

The sorting of building materials to meet the desired mechanical requirements
followed by fine grain sizes and high density is a challenge for MMCs, as it requires very
high temperature and often requires to be aligned with mechanical stress in a standard
environment, that is very costly for samples having large sizes. The process offered a con-
stricted geometry of the sample matrix [7]. Such a challenge can be remedied by using
pressure-less two-step sintering (TSS) where the exfoliated sintering has resulted in fine
heat resistance-granular material that is highly pure and more stable. TSS is a robust
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and productive method for obtaining a good microstructure with theoretical density.
The mechanism includes heating of the composite until it reaches a high temperature
and gains 70-90% of theoretical density then returns to a lower temperature to obtain
higher density with controlled grain growth. As the grain boundary responsible for grain
growth, it has a higher enthalpy compared to the grain boundary distribution at a certain
temperature, the latter accomplishes during the second-step sintering in mild thermal
conditions, suppresses grain growth, and cause pores annihilation and full densification.
In addition, the TSS can overcome the problems associated with performing cold com-
pression/filtration and/or compaction of the water phase leading to the metal agglomera-
tion, respectively. Many other studies have shown that MMCs obtained through different
processes provide a higher initial temperature for many clay materials, such as zinc oxide,
magnesium-niobium-doped yttrium oxide, barium titinate, and silicon carbide, as well
as other compounds. Ceramic matrix materials include compounds that are titanium
boride 40% by weight, titanium nitride, and aluminum oxide 10% by volume.

2.2 Ceramic matrix nanocomposites (CMNCs)

Ceramic matrix nanocomposites (CMNCs) are added with solitary or multiple
layers of ceramics to strengthen the crack resistance, heat absorption, and chemical
resistance. Whereas, the main flaws of ceramics are their stiffness and less durability
that keep them away from being used for industrial references. The limitation has
been overcome by the production of ceramic-matrix (CMNCs) nanocomposites. The
CMNC model incorporates a matrix in which energy dispelling components (fiber,
platelets, or particulates) are added to CMNCs to reduce stiffness and increase crack
resistance [2]. Raw materials for CMNC matrixes include alumina, SiC, SiN, etc.
Generally, all reinforcements of the nanocomposites are of nanometric sizes. Iron and
other metal powders: TiO,, silica, clay are used for amorphous reinforcements. The
most common reinforcements are clays and silicates, due to their low particle sizes
and well-studied chemical interactions. The addition of clays and silica layers even in
small amounts modify matrix structures. Many different approaches are designed for
CMNCs integrations. Recently modified techniques are single source-precursor tech-
nology that is based on melt spinning of mixed raw materials followed by pyrolysis of
the nanofibers. Some established mechanisms are PM; polymeric monomer method,
spray-pyrolysis, and vapor methodologies (CVD and PVD) [8]. Chemical methods
are the sol-gel process, colloidal method, and rain synthesis [9].

Mixtures of metal amalgamation and mechanical milling are widely used to
process a promising program but these methods require an accurate measurement of
powdered concentrations to produce a system in a metastable state and then there are
a few steps that make strong semifinal products. Various combinations of metallic
reactants are another method of directly producing the metallic bulk, for example,
the Mg system is a hybrid matrix that includes fusion welding and composite casting
requiring metal in the form of a liquid or roll cladding/bonding of solid-state welding.
In all of these ways, metals present a diffusion-bound under relatively moderate pres-
sure at a higher temperature for a long time; so, it is not possible to produce a good
microstructures. In the process, the metal disk is pressed in high pressure environ-
ment with simultaneous torsion straining and processing, which is usually carried
out at room temperature (RT), the process is equally effective even on hard as well
as on amorphous substances, such as Mg alloys. Also, processed metals usually show
improvements in physical and mechanical properties through the use of critical grain
refinement and deep introduction of point and line disorders (see Tables 1-3).

6



Recent Progress and Overview of Nanocomposites
DOI: http://dx.doi.org/10.5772/intechopen.102469

Class Matrix/ Properties Reference
Reinforcements
Ceramic/Matrix Al,03/NdAIO; Improved Photoluminescence [10, 11]
AlLO;/Mo Improved strength and toughness [12,13]
ALO;/W — [11]
ALO5/Zr0, — [14]
ALO5/SiC — [15]
Si3N,/SiC — [16,17]
MoSi,/Zr0, — (18]
B4C/TiB, — [19]
MgO/SiC — [20]
ALO;/TiO, [13]
ALQO;/CNT [18,21]
Table 1.
Examples of ceramic-based nanocomposites.
Matrix/reinforcement Ag/Au Improved catalytic activity [22]
Ag-Pd Improved catalytic activity [22]
Au-Pd Improved catalytic activity [22]
Cu/Nb Improved microhardness [23]
Al/AIN Higher compression resistance [24]
Al/SiC Improved hardness [25]
CNT/Sb Improvement in Li intercalation properties [26]
Cu/AI203 Improved microhardness [27]
CNT/Fe304 Improved electrical conductivity [28]
Fe-Cr/A1203 — [21];
[29]
Co/Cr — (12];
[19]
Fe/MgO — [30]
Mg/CNT - [31]
Al/CNT — [32]

Table 2.
Examples of metal-based nanocomposites.

When fine-grained ceramic or other solid particles are embedded in a “soft” metal
matrix to form metal matrix compounds (MMCs), the elements of the matrix materi-
als can be greatly improved and strengthened. The strengthening of the mechanism
for MMCs has been tested by many researchers. It has been thought that desired
characteristics of composite metal structures with nano-sized ceramic particles
(1.0-100 nm), called MMNGCs, can be greatly improved even in these lowest volume
conditions. Currently, mechanical mixing (e.g., high-power ball milling) for metal

7
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Class Matrix/Reinforcements Properties Reference
Polymers/metal PANI/WO; [33]
oxide
PPANI/CeO, Thermally stable material [34]
PANI/ Sm,03, La,05 — (35]
PANI/La-Nd Electromagnetic interference [36]
PANI/ Ce-TiO, sensor [37]
PANI/Nd,0;:AL,05 Dielectric constant
PPY/Sm,0; Supercapacitor [38, 39]
PPY/Y,05 Semiconductor [30]
PPY/Nb,Os — [38]
PPY/CeO, Sensor [40]
PPY/RuO, Supercapacitor [41]
PPY/RuO, Supercapacitor [42]
Polyindole (PIN) TiO, Semiconductor [43]
PEO/La,0; Semiconductor and Solid [44]
Polymer Electrolyte (SPE)
PVA/Ho/Gd Optical display [45]
PVDF/La,03 Thermally stable material [46]
Polymers/NPs Poly (styrene sulfonate) Co;0, Humidity Sensing [47]
nanoparticles
Polypyrrole (PPy) Titanium Gas sensor Applications [48]
dioxide (TiO,)
Polyaniline (PANI) Halloysite Supercapacitor Applications [49]
Poly (allylamine Enhanced Mechanical [50]
hydrochloride) Graphene Properties
Oxide
poly-L-lysine Graphene Oxide Bio-scaffold coating [50]
Gelatin Graphene Cellular imaging / Drug [47]
Delivery
Sodium alginate Graphene Oxide Tissue Engineering [51]
poly (lactic-co-glycolic acid) Enhance Mechanical and [52]
Graphene Oxide Thermal properties
Polyurethane (PU) Graphene Enhance Mechanical and [53]
Oxide Thermal properties
Poly(propylene fumarate) Tissue Engineering [54]
Graphene Oxide
polyvinylidene difluoride Temperature Sensing [55]

(PVDF) Graphene/ZnO

Applications

PANI = polyanialine, PPY = polypyrrole, PVA = Polyvinyl Alcohol, PEO = Poly (ethylene oxide), PVDF = Polyvinylidene

fluoride.

Table 3.

Examples of polymer-based nanocomposites.
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and ceramic powders is generally used to study the characteristics of MMNCs. Mixing
ceramic particles with nanosize is energy as well as a time-consuming and costly
procedure. Exfoliation, like the liquid-phase process, is best known for its ability to
produce products with complex shapes. It will be desirable to synthesize MMNCs
parts that are not as heavy as cast with the distribution of good reinforcement and
integrity of the structure. However, there are ceramic particles with nanosize that

put forth several problems that is very difficult to disperse the same is true for liquid
metals because of their unwetting nature, the metal matrix having large surface

to volume ratios, which facilitates agglomeration and cluster formation. Powerful
ultrasonic waves have been proven very helpful in the context that they produce
important indirect effects of liquids, namely transient cavitation as well as acoustic
radiation. Acoustic cavitation covers the formation, growth, folding, and collapse of
small object bubbles, which produce momentary (in microseconds) small “hot spots”
that can attain temperatures (5000°C), pressures (1000 atm), and temperature rise
and drops of 10" K/s. The combination of impact with higher temperatures can also
create improvements in the wetting between liquids and particles, thus facilitating the
preparation of diffused compounds with effective microparticles.

It is thought that strong cavitation of the microscale transient, as well as mac-
roscopic dispersion, may effectively disperse nanoparticles into soluble alloys and
improve their wetting, thus making them more productive in performance as highly
castable, light-weighted MMNCs.

Most CMNCs have low fracture resistance and are brittle. In addition to the
discovery of ceramic coated CMNCs and silicon carbide (SiC), the modern focus is on
the construction of ceramic-based nanocomposites with improved properties. Carbon
nanotubes agglomeration increases the material’s toughness by energy quenching
through elastic modulus in the deformation stage. However, the design complexities
have put a limit on the syntheses of these nanomaterials. The main drawback has
been the nonuniformity of carbon nanotubes (CNTs) in the matrix suspension. The
deformation of CMNCs has often been associated with high thermal and reactive
environments that occur during the production of CMNCs. Nevertheless, there is
sizeable progress in the field of nanocomposites but still, these are just preliminary
steps to develop nanocomposites, a significant amount of exploration and effort
is further required to ultrafine these manufacturing techniques. For example, a
team from the University of California, Davis, has developed alumina ceramic by
combining a single wall of carbon nanotubes (SWCNTs) with Al,O; nanopowders
using PM method. The resulting nanocomposite had advanced thermal, electronic,
and mechanical characteristics. The highly potent anisotropic nanocomposite has a
thermal ratio of 3:1 in an aligned plane. Electrical conductivity was far better than
pure alumina matrix. Most importantly, the fracture strength was thrice higher than
alumina with the crack resistance, heat absorption, and shock resistance capacity.
Recently, at Tohoku University, a research group has synthesized a sophisticated
CMNC on alumina ceramic through multi-walled carbon nanotubes. This process
has reduced the phase separation that has resulted in a nanocompound with more
uniformity in its structural phase. The addition of 0.9% acid-contained MWCNTs
produced a component with a crack capacity of 5.90-0.27 MPa m1/2, greater than
pure alumina NC (3-5 MPa m1/2) and a stronger bending capacity of 27%. A Chinese
group of Qingdao University of Science and Technology has reported the MWCNT/
zircona CMNCs produced by spark-sintering process had 18% higher fracture
strength as compared to pure zircona. Another study by US Nano Labs has prepared
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a high-density boron carbide (B4C) containing CMNCs. This composite was pro-
duced by the hot pressure-sintering process. However, none of these techniques have
produced significant fracture toughness and heat dispelling properties, such as those
in SiC-fiber-reinforced composite.

2.3 Polymer nanocomposites (PMNCs)

While nanotechnology still presents a picture of the future, nanocomposites set
an example for realistic and rapidly booming applications. For instance, Geoff Ogilvy
won the 2006 US Open golf tournament by using a nanomaterial-reinforced polymer-
based club. Nanocomposites include materials that is CNTs, mineral materials,
metals, and other fillers that can greatly improve composite structures. They attract
a lot of awareness and some have been commercially available, having abilities to
offer all kinds of uniqueness. Polymer-based products are the best-selling categories
of NCs and covered global revenue of approximately, 223 million US dollars, in the
year 2009. The nanomaterial’s inclusions to the polymeric materials can enhance
polymer characteristics that is robustness and strength, Young’s modulus, impact
endurance and scratch proofing, heat absorption, chemical defiance with electrical
insulation and thermal adherence, stability toward the thermal shocks. Currently,
minerals compounds and CNTs-based materials are more widely used than NPs. One
of the premier commercial systems for PMNCs was used by Toyota, which has used
nanoclay with nylon-6 PMNC [56] in their engine component showed an excellent
result. In the late 1980s, Toyota Central Research Labs partnered with Ube Industries,
a Japanese supplier of fossils, to cement a new 6-nylon composite coated with layers
of montmorillonite (naturally occurring silicate clay). The component of this clay has
enhanced Toyota’s new model’s performance which subsequently found its uses in a
time belt cover, benefiting from improved temperature adherence and size stability.
Since then, few car manufacturers have used nanocomposites of clay material in auto
parts, such as rocker box coverings, body panels; the latter is 60% lighter and is more
fracture-proof than regular automotive parts. The cargo bed for the 2005 GM model
Hummer used approximately 3-kilogram of molded parts of nanoclay/polypropylene
nanocomposite in its trim, mid-bridge, canvas panel, and box protectors. Polymer
barrier technology was also benefited from these material NCs. Nylon/nanoclay
composite is also applied for beverage bottles and in the food packaging industries.
The addition of clay can significantly reduce gas/vapor infiltration, as clay platelets
and thus prevent mobility, leading to significant improvements in shelf life. CNT-
based nanocomposites are gaining increased industrial use from sports and leisure
to technology, automotive, and defense motives. CNTs are attractive because of their
excellent physical properties that often surpass many highly advanced materials and
are now embedded in many polymeric NCs. Many automotive systems are sprayed
with electrostatic paints. Plastic body panels need to be carefully processed for the
paint to work properly. CNT is being applied as an alternative to carbon black, an
expensive primer. The extra edge is being low CNT loading is needed to acquire the
required conduction for the polymer to retain half of its actual length than 3-4%
length saved when using carbon black. Importantly it is ensured that a panel must
maintain its strength at a critical decrease of temperatures and never breaks. In addi-
tion, CNTs are so minute and used for such a low load that the higher end of class “A”
is available in obtained NCs. The high-power output of CNT-nanocomposites is also
utilized in the electronic industry, mainly to reduce the chances of damage caused by
electrostatic accumulation or emissions. The PMNCs have found their applications in
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integrated circuits (IC). Joint Electronic Engineering Council trays wafer carriers and
IC test that burn sockets because of high potential differences, combined with these
materials having superior thermophysical properties to avoid the disaster. An example
of a substance used in the industry is the Plasticyl range of CNTs/thermoplastic and
nanocomposites, produced by the Nanocyl component as a precursor. Other benefits
of PMNCs are seawater-cooled intercoolers on large diesel engines and in the power
stations, where PMNCs will offer a robust substitution to copper-containing alloy,
thermal rescue systems from fire hydrants and flue gases, working under 3008
celsius, whereas commercially used MMNCs systems lose their robustness in the
chemical management as well as in processing industries where fissile environments
prevail [56]. Demonstrating their strength and toughness, these materials have found
applications from being used in baseball bats, bicycle frames, and power boats to
military boats and aircraft. The leading company in nanocomposite technology is
Applied Nanotech Holdings.

However, adding PMNCs, especially CNTs, in a resin or other matrices is not an
easy task. Problems, such as segmentation, merging, poor disintegration, and poor
adherence to host, should be overcome during integration. Some companies have
developed methods that are specific for certain NP. For example, Zyvex uses new
technologies based on solid composite polymers, in which large interactions within
the polymer core and the nanotube surface occur with noncovalent (“aromatic”)
interactions. Although these interactions are much weaker with fragile bonds than
covalent interactions, their total impact strengthens the composite leading to stable
systems. Similarly, dispersing nanoparticles of clay onto polymers requires special
techniques, most commonly involving solution, iz situ polymerization, and intercala-
tion using clay with appropriate treatment. Some manufacturers now produce CNTs
based on chemical incorporation on compounds while others offer PMNCs master-
batches, which usually contain 10-20% polymer composite by weight. A variety of
polymers, including acrylonitrile, poly styrene, butadiene, polybutylene, polycarbon-
ate, polystyrene, terephthalate, and polyamide. Similarly, masterbatches containing
scattered nanoclays are available commercially. As CNTs have excellent properties
overall that often they overshadow many highly advanced material compounds.
Therefore, the chain resources are easily existing now to produce composite materials
having more adapted and refined characteristics.

3. Synthesis of nanocomposite materials

3.1 Synthesis through melt intercalation and template synthesis methods
(sol-gel technology)

Melt-intercalative polymerization has been attributed as a process in which iz situ
sheets polymerization occurs. It is based on the release of embedded silicate inside
an aqueous precursor in which polymerization is initiated thermally, by irradiation,
by diffusion of an appropriate initiator, or by natural raw material. Initially, nylon-6
montmorillonite nanocomposite was synthesized by this technique, then its production
facilitated the synthesis of other thermosetplastics and nanocomposites. Iz situ polym-
erization is the simplest form of thermosetclay NCs. Disadvantages of the method are;
fast reaction rates and reliability on clay incorporation, swelling of clay, measurement
of the dispersed layer monomer of clay, and oligomer is formed when polymerization is
yet to be completed. The method is free from the solvent presence and does not require
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a matrix and contains layered silica in a fused state. Conventionally, used methodolo-
gies include injection molding or extrusion in which thermoplastic NCs are mechani-
cally mixed with organophilic clay at high temperatures. In this step, the polymer gets
exfoliated to form the desired nanocomposite. This method is very simple to prepare
thermoplastic nanocomposites. In the event of failure of % situ polymerization or
formation of improper polymers, this method has been used.

3.2 Template synthesis (sol-gel technology)

An aqueous solution or a gel containing material and silicate block has been
utilized during this process. During nucleation processing, the inorganic host crystals
grow and are adsorbed within the layered surface. The sol-gel method can enhance
the elimination between silicate layers through the single-step process in the absence
of important oniumions, with some disadvantages. First, in the composition of clay
compounds, the clay mineral requires high amounts of heat energy, which decom-
poses polymers matrix. Also, the negative tendency has been found while merging
during silicate growth. Sol-gel process has commonly been employed for the genera-
tion of dual-layer nanocomposites, but with very little variation in concentrated
silicates [2]. The natural features of the matrix structure have allowed it to be the
most widely used synthetic material.

The main advantages of the method are as follows:

* Limitations of spray pyrolysis and efficacy in producing ultrafine grains.

* More uniform and well-oriented nanopowders with the larger surface area are
used in multicomponent systems.

* Production of large-scale uniform, nano-sized particles.

* The sol-gel process is quite versatile, processing at low temperature, better
homogeneity, rigorous stoichiometrically controlled, and renders pure products.

* The composite is porous having a low wear-resistivity and is weakly bonded.
* Include rapid solidification process (RSP), effective, reliable, and simple.

* High strength, high specific modulus, a combination of high performance, and
low density of reinforced fibers making a low modulus.

* In heavily denser fiber glasses, the specific elastic modulus of the fiber-glass
resins is slightly lower than MNCs.

* High shock absorbance, unlike classic materials, where fracture propagations
cause breakages, nanocomposites have low matrix toughness with interfacial
de-bonding and fiber splitting.

* There are only a few numbers of nanofibers, which are observed with fracture-
effect on load transfer through the matrix, on intact nanofibers. When nanocom-
posite material is loaded for short time bearing capacity has not been affected,
even encompassing defects in the desired nanocomposite.
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The drawback with metal-metal nanocomposites is agglomeration and nonho-
mogeneous composition. The preparation of high-quality polymer nanocomposite
materials using appropriate processing methods is essential to achieve high NC
performance. Unique processing methods have been designed for the preparation
of polymer nanocomposites. One universal method of preparation for all nanocom-
posites is not possible due to the structural and chemical differences of NCs and the
different types of materials used. Each process requires specific processing conditions
depending on the synthesis method, the type of nanoscale filler, and the required
structures. In general, processing different technologies does not produce the same
results.

3.3 Layered filled/nanocomposites (LFNCs)

Since silicate clay is hydrophilic, it is not suitable for mixing and blending with
many compounds. In addition, the electrostatic forces cause the solid accumulation of
platelets of clay. The neighboring platelets can share counter-ions, resulting in stacked
platelets. It does not work with untreated clay to form nanocomposites because most
of the clay matter is trapped internally and shows an interaction with layered nano-
composites. So, the clay must be processed well, before it can be utilized to prepare
a nanocomposite material. The ion-exchange method is commonly used to obtain
molded clays which make it more compatible with organic nanocomposites. After
that, the clay can be mixed with different materials to get the desired product. Toyota
has begun extensive research on nanocomposites molding and done a lot of work on
loaded nanocomposites. There are four main processes that are used for the synthesis
of polymer composites. These processes are as follows:

1.Intercalation of polymer or pre-polymer from solution.

2.In situ intercalative polymerization.

3. Direct melt intercalation.

4. Template synthesis for layered silicate/polymer nanocomposites.

The silicate layers are hardened and the polymer is melted to further processing
stages. The concentrated silicate is swollen in a solvent, for example, chloroform,
toluene, or water. Thereafter, the surface silicate and polymer solutions are mixed,
the polymer chains bind and the solution inside the silicate layers evaporates. The
composite structure remains the same during solvent removal, resulting in nano-
composite being deposited between the moving layers. Because of their excellent
properties, that often used in materials, that are embedded in many nanocompos-
ites. For example, amino acids convert montmorillonite (MMT) which is degraded
by caprolactam monomer at 100 degrees centigrade and initiate its ring opening to
detect MMT/nylon-6 nanocomposites. Ammonium cation of amino acids prefers
the separation of caprolactam. The number of carbon atoms in the amino acid
moiety greatly affects the flammability, which indicates that the concentration of
caprolactam monomer is higher.

In the second process, embedded silicate begins to swell in an aqueous monomer
mixture to form a polymer solution between the coated clay layers. Although the
methods of interlamellar polymerization are best known for using concentrated
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silicates. Polymer nanocomposites are receiving a lot of attention due to the nanocom-
posite activity of MMT/nylon-6. In addition, two-step iz situ polymerization was used
to prepare MMT/polymer nanocomposite. These two steps include the preparation of

the treated MMT solution and the mixing of polymers, respectively.

In the third process, melt intercalation occurs directly and composite silicates are
combined with molten state NPs without the requirement of solvent. The polymer
mixture is drawn by cutting over the softening area of the polymer suspension. The
expanded chains of the polymer penetrate the intermediate layers of silicate from
the melting of the polymer mass during the shrinkage. Fourthly, the process enforces
as polymer suspension behaves as a template to form layered clay material. Silicon-
based polymer materials are made from iz situ hydrothermal crystallization, where
a colloidal matrix of polymer gel and silicon-based NCs are being synthesized. This
technique is being radially used to assemble nanocomposites with a double layer
where silicates are formed in a solid solution consisting of building blocks of silicate
and polymer precursor. This process is most suitable for water-soluble polymers,
such as hydroxypropylmethylcellulose (HPMC), poly (dimethyldi-allylammonium)
(PDDA), poly (vinyl-pyrrolidone) (PVPyr), and poly (aniline) (PANI)).

Polymerization techniques are well known for using concentrated silicates. Polymer
nanocomposites are receiving high admiration due to nanocomposite induction. The
in situ polymerization process could also be used to prepare nanocomposites loaded
with graphene oxide. Natural graphite flakes are efficient and wearable structures with
a carbon axis at the normal lattice. Because there are no active ionic groups of natural
graphite flakes present, it is difficult to combine monomers onto graphite components
to form graphite/polymer NCs with ion-exchange interactions. However, the dispersion
of graphite has many holes with a diameter of 2-10 pm. Firstly, the graphitic dispersion
starts interacting with a polymer solution with the help of the sonication technique and
then polymers get embedded in the dispersed graphite holes and the solvent is released,
thereafter. Graphene and composites are then obtained through heat transfer or immer-
sion process. In addition, an electrostatic bonding process has been reported for the
preparation of graphene/polymer nanocomposites [29]. First, polystyrene (PS) latex was
synthesized using hexadecyl trimethyl ammonium bromide (cationic surfactant), creat-
ing favorable conditions in the areas of PS micelles. In addition, CN'T/polymer resin (such
as epoxy) nanocomposites could be prepared by means of thermal compression. The thin
layer of the nanotube network is first detected by multiple nanotube dispersing steps and
suspension filters, the large CNT sheets are then processed as a permeable resin. These
large sheets are assembled to form solid nanocomposites for thermal mechanics.

3.4 Synthesis of chitosan nanocomposites (Ch-NCs)

To date, there have been several reported studies on the integration of Ch-NCs
using a variety of integrated approaches. Researchers have developed several novel
methods for the synthesis of Ch-NCs. Such methods include emulsion droplet
coalescence, micellar modification, ionic gelation, precipitation, sieving, and spray
drying. These methods have been used in the integration of chitosan-based materials
which are used for drug delivery and other biomedical applications. However, the use
of nanocomposites for agro-applications is still very limited. This can only happen
if nanocomposite sources are economical and consistent. To ascertain the desirable
characteristics, chitosan has been used for nanocomposite synthesis. As per the
literature, ionic gelation methods and spray suspension methods have been consid-
ered as the most suitable synthetic methods for the production of large Ch-NCs.
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The mechanism of ionic gelation has been discussed. In this system, well-charged
amino groups are combined with the less well-gelled tripolyphosphate (TPP). TPP

is an anionic cross-linker that binds to the chitosan molecule and converts it into
nanoparticles. TPP is nontoxic, so it is used in the production of chitosan-based
nanomaterials (ChNMs). The plant response to nanocomposites used depends on a
number of factors, including particle size, size distribution index, higher zeta capac-
ity, and component nature. Nanocomposites and their activities with naturally occur-
ring materials have introduced the environmentally friendly pollution-free method
to deal with many challenges. Manufactured nanocomposites can be used as a foliar
application, seed growth, and in soil mixing.

Chitosan-based nanomaterials are very extensively tested on plants to identify var-
ious factors, such as antimicrobial, adhesive, antioxidant. Chitosan can be used asa
single ingredient or combined with other substances, such as copper (Cu), zinc (Zn),
and silver (Ag), to synthesize the material of interest. Chitosan exhibits a strong
metal bonding due to the availability of free amine groups throughout the polymeric
spine of chitosan. The Zn**and Cu** have an important role in plant growth and
germination; therefore, researchers have focused more on these two metal ions, by
combining them with chitosan substrate.

3.5 Chitosan-Zn nanocomposites (Ch-ZnNCs)

The researchers have incorporated a variety of plant micronutrients onto NCs,
including zinc. Zinc (Zn) was named as an integral part of the plant micronutrient
in 1869. The addition of Zn to plants was intended to ensure its continued availabil-
ity and increased efficiency. Zinc also protects plants from different environmental
hazards (sun, water, etc.). Interactions between Zn-chitosan molecules have been
demonstrated by using analytical methods, such as FT-IR and X-ray diffraction.
The amino moiety in chitosan has shown two different styles, which are as follows:

1. There was only a solitary amino moiety that showed any type of bonding with
chitosan in a pendant pattern.

2.Bridging pattern was found in metal ions when two or more amino groups got
embedded in a metal chunk.

In 2018, Ch-Zn nanocomposite was prepared by the incorporation of low-
molecularized chitosan molecules by iron-containing organosol. In a standard test,
Zn granules (0.5 g), toluene (120 ml), and chitosan (4 g) were used. The synthesized
NC was also tested for the physicochemical parameters by using different analytical
methods, such as; SEM, TEM, and XRF. The nanocomposite, when combined with
iron, has shown excellent antifungal activity against Rhizoctonia solani. Du, Niu, in
2009, loaded Zn®* granules into chitosan solution to improve antibacterial activity
[48]. In summary, ZnSO, solution was obtained by adding 0.3%, w/v Zn-granules to
chitosan-solution (dissolved in 1% (v/v) acetic acid and TPP (1% w/v). The results of
the study showed that the increased concentration of Zn*" significantly improved the
potential zeta of nanocomposite which led to an increase in the combined antibacte-
rial activity. Chitosan zinc oxide nanocomposites (Ch-ZnO) were also tested for anti-
fungal activity against Fusarium wilt (created by Fusarium oxysporum F.sp. Ciceri in
chickpea). In addition to reducing recorded disease ~40% after using Ch-ZnO; and
contributed to the increased growth of chickpeas.
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3.6 Chitosan-Cu nanocomposites (Ch-CulNCs)

Copper (Cu) is one of the most important nutrients in plants. Although excessive
use of Cu is harmful to all plants, Cu is allowed for organic farming. There are several
reported copper-based fungicides. Various formulas are designed for the successful
absorption of Cu by plants. It acts as an elicitor in plant cells to accelerate enzymatic
activity. In other compounds, chitosan-copper nanocomposites (Ch-CuNCs) have
also been tested for their antifungal activity in tomato inhibitors; Alternaria solani
and Fusarium oxysporum. TEM, SEM-EDS, AAS-TEM, and SEM micrographs suc-
cessfully demonstrated the inclusion of Cu in the chitosan matrix. Ch-CuNCs inhibits
70.5% and 73.5% mycelia growth and 61.5 and 83.0% algae growth rate in Alternaria
solicit and Fusarium oxysporum, respectively. Plant lesion control was demonstrated
when a significant decrease was observed in nano formulation-treated plants. The
percentage efficacy of disease control (PEDC) success rate for Ch-Cu was recorded
as 87.7%. In another report, Ch-Cu nanocomposite has shown significant antifungal
activity against Sclerotium rolfsii and Rhizoctonia solani. The synthesized compound
shows a means diameter of around 2-3 nm and is shown to be evenly distributed in
nanocomposite uniforms. The results showed excellent results for the prevention of
tested fungal diseases. Nanoparticles synthesized in acetone, produced a much higher
degree of inhibition compared to those inferred by using toluene solvent. Jaiswal
etal. synthesized Ch-CuNCs by adding copper sulfate to a chitosan solution fol-
lowed by the incorporation of NaOH. The size of the copper particles produced was
recorded as 700-750 nm. The solution is applied to plants referred to as a fungicide.
The results revealed an important protective effect built against fungal pathogens.
Chitosan-Cu nanocomposite has also been shown to be an important growth pro-
moter in a variety of plants that performs Ch-Cu nano formulation and is combined
with maize seedlings. Nano formulation has shown promising effects on plant growth
by reducing the activity of a-amylase and protease enzyme and increasing the amount
of protein content in seed germination (see Figure 2).

Synthesis of Nanocomposites
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Figure 2.
Flow chart diagram for the synthesis of nanocomposites.
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4. Properties
4.1 Electrical properties

The addition of CNTs to composite materials has had a significant impact on
improving the conductive properties of nanocomposites. It is reported that the
addition of CNTs improves the mechanistic and thermal characteristics of nanocom-
posites. Multiscale strengthening with NPs greatly improves enthalpy and electronic
efficiency in related NCs. Conventional filters, such as carbon and glass filters are
a viable solution in developing a combination of multiple functions. The doping of
carbon black and nanotubes has led to the improved electronic operations of polymer
film and organic sheets. Electrical conductivity depends on the concentration or the
amount of filling material applied to nanopolymers. Semicrystalline polyamino com-
pounds have shown better electrical performance than noncrystalline polycarbonate.
When polymer films are applied to an organic sheet in nanofibers agglomeration, it
causes an increase in electrical activity. The insulator material such as polycarbonate
can be made conductive by adding it to nanocomposite material of varying composi-
tions. The cheapest plastic known is made from nanocomposite material has both
mechanical and optical features and is gaining future use. By assembling the right
amount of CNTs in plastic, it becomes an electrical device. Cheap plastic is used
to make optical discs, used in high-performance air-conditioning products and to
shield these from electrical transformations and pulsation that cause the failure of
the product. By changing the number of CNTs in polycarbonate, the performance of
nanocomposite is also improved. The mixing of conductive particles to the polymer
has a reasonable impact on the dielectric properties of composites. By the advent
of electrical devices (capacitors, resistors, and others) on printed circuit boards,
advanced compounds of nanocomposites have prevailing properties, such as:

* The integrated capacitors can be functionalized to produce large capacitance.

* The greater compatibility was found by industrial PCB fabrication with other
composite materials.

* Robust process.
* Abandoning of leaded materials.
* The higher number of life cycles.

* Greater reliability and when it is required to increase dielectric properties of NCs
then it has been added with ferroelectric ceramics material that has more perme-
ation to work with that is BaTiOs.

4.2 Organic conducting material nanocomposites (OMNCs)

They have a wide variety of properties with some important features, such as ease
of processing, recycling, cost-effectiveness, and sustainability. The nonstandard
semiconductors possess better electronic features, such as high thermal conductivity,
high throughput, and high electrical conductivity. The inorganic NPs semiconductors
materials have better luminescent and image processing properties. By combining
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both the polymers NPs and inorganic semiconductors form a hybrid nanocomposite
that became the dominant candidate for photovoltaic cells. A variety of materials are
used to form NCs. High performance has been achieved by mixing the CNTs to titina
and P;HT with the ability of power conservation. The addition of CNTs improves
the thermomechanical characteristics of nanocomposites. Multistage strengthening
with nanoparticles enhances electronic efficiency. The carbo-glass amalgamation is
a viable solution for developing a composite having multiple functions. The addi-
tion of carbon allotropes has led to the improved electrical conduction of polymer
and organic sheets. There are many factors that affect a hybrid system and require
research to improve these systems. Overall, the nanotubes array and the nanorod-
based hybrid system work better. Second, the interaction between organic and
inorganic elements determines the effectiveness of cost sharing as well. Additionally,
the alignment of power levels in the interface is one of the most important aspects of
hybrid systems. Therefore, greater caution is required during the selection of these
genotypes. Some guidelines should be followed to improve these systems. The correct
combination of inorganics and metal semiconductors should also be taken into
account. So,

* In the process of charge separation, a nanostructure with a large interface should
be used.

* Good contact between inorganic and biological elements should occur.

The nanostructure network greatly assists in hybrid systems, TiO, has been
employed as among the most widely used nanomaterial in our daily lives.

4.3 Multifunctional properties

Multifunctional materials, such as nanocomposites, are mostly applied as active
sensors that perform multiple functions. Au (Pt) doped with a Fe,03, nanospindles
work in many ways to combine co-oxidation, and gas sensing devices. Catalytic
activity is measured in a stainless steel bed reactor, while a gas measuring device
performs gas sensor testing. It was found that the activity of various NPs led to higher
performance in both functions compared to o Fe;O;. The reason for the improved
effect is due to the active Au-NPs that act as a catalyst for sensitive reactions and also
exhibit high efficiency in low-temperature co-oxidation. In 2010, thick and dense
oxidized nanorod was produced in a row to form a strong fabric with good resistance
to washing and pressure cycles [3]. Polymeric materials attract a lot of attention
because of their advanced properties and functional performance in various indus-
tries. In structural features, thermoset polymers are very important in fields, such as
automotive and aviation. In addition, the high strength of the thermoset polymers
makes them compatible with their metal counterparts and creates a multi-layered
environment. Recently, advances in nanotechnology introduced many innovative fea-
tures in NCs. These benefits include an increase in strength, lightness, and durability.
Nanocomposites are receiving a lot of attention because of the advanced mechanistic
properties that have improved their stability.

There are different materials that are used in the production of thermoset
nanocomposites. One of the most extensively used material components is carbon
nanoparticles (CNPs) and nanoclays. One of the major hurdles is the dispersing of
NPs on the matter substrate during the synthesis process. Nanocomposites contain
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10-12% nanoclays with greater strength and durability than nanocalcium products.
In nanoclay components, nanoparticles are extracted and synthesized. This improves
the mechanical and physical performance of the filler and matrix optical connector
which is very helpful in eliminating stress by improving the mechanical properties of
nanocomposites. High-pressure mixing is better than direct mixing that can induce
clay breakage. Titanate conversion is used for better spreading of nanoparticles.
Due to the excellent mechanical properties, the requirement for low filling load,
reinforcement strength, less weight, and corrosive environment of nanoparticles are
found in some materials, such as cellulose, which is an ideal ingredient for the devel-
opment of enviro-friendly polymers. Many researchers have focused on high-quality
performance, extraction, and mechanical performance of filling polymer matrix in
varying proportions. There are some challenges to the formation of nanocomposites,
such as low dispersion of natural solvents, agglomeration, inclination, and hydro-
philic nature. Due to growing environmental concerns, regulations have placed a
great deal of interest in developing enviro-safe materials. Natural fibers have many
advantages over synthetic due to their eco-friendly nature, but working with natural
fibers, we cannot find the same strength that we can get from synthetic fibers.
Cellulose nanocrystals have been used in systematic and geometrically modeled
cellulose fillers in a variety of useful products. It has been found that it will improve
the mechanistic and thermal range of nanocomposites. Structure toughness with NPs
affects the heat resistivity and electronic mobility in related NCs. As compared to
traditional fillers, woody cellulose offers multidimensional combinations of vari-
able functions. Microcrystalline cellulose as a colloidal matrix found in water with
high solid concentrations, such as Celish (Trade name from Daicel Corporation)
which provides 10% cellulose slurry and nanofibers. Solid-liquid crystals are used in
a variety of optical applications. Researchers have successfully developed optically
transparent wood cellulose nanocomposites with a small young’s modulus and low
thermal increase. In addition, they have successfully applied an electroluminescent to
flexible transparent cellulose nanocomposites resulting in a low coefficient of thermal
expansion. To prevent the scattering of ionic diffusivity, cellulose whiskers (less than
10% concentrate) can be used in low-density electrolyte polymers having applica-
tions in lithium batteries. Low-density loudspeaker membranes with high Young’s
modulus can be made from melamine-formaldehyde and micro-fibrillated cellulose.
Electrospun cellulose nanofibers are used as an affective membrane that allows the
purification and penetration of molecules based on physical or chemical characteris-
tics instead of the weight or size of a molecule. Cellulose nanofibers are an excellent
part of biological systems due to their load-bearing properties, low toxicity, excel-
lent mechanical properties, biodegradability decay, and biocompatibility. Cellulose
nanocomposites can be obtained from soft pulp from wood by mechanical fibrillation
process. Mixing of the mixture can also be done using nanowhiskers and semicon-
ducting polymers. NCs are very useful in producing stable materials with improved
performance and mechanical properties. Scientists are trying to modify thermoset
NCs to use Polyoles of vegetable oil-based chemicals instead of bio-based resins to
stabilize and reduce dependence on petroleum-based resins. According to a recent
study, nanocomposites can also be made from environmentally friendly vegetable oils.

4.4 Thermomechanical properties

Previously, thermoplastic materials were used with nanocellulose materials,
showing the advantage of high crack resistance and recycling. The strength and
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durability of nanocomposites are greatly enhanced by the use of nanocellulose on a
thermoplastic composite particulate or composite-based dispersion with the benefits
of nanocellulose in resin interaction and the limited surface area of cellulose fibers.
Fiber impacts on the mechanical/thermal properties of biocomposites based on
carbon nanofibers (CNFs). It has been found that up to 40% of fiber content laminar
increase in fiber modulus was observed using phenolic resins. With the inclusion

of CNF in epoxy resins, a significant increase in the glass transition temperature

was found. With 5% epoxy film of CNFs at 30°C, modulus showed an increase from
2.6 GPato 3.1 GPa. In addition to the changing temperature of the glass, a signifi-
cant increase has been reported. The mechanical properties have been drastically
improved by adding up to 2% CNFs by weight while continuous addition of CNFs
reduces mechanical and thermal conversion features due to agglomeration. Increased
reinforcement of CNFs around bamboo fibers in the poly-lactic acid (PLA) matrix
has been found to bind CNFs and improves fracture resistance that prevents fracture
growth. But when, the CNFs did not gain weight of 1%, the cause of the fractured
impact was increased by 200%. It has been investigated that the processing of CNFs
could lead to safer, lightweight compounds with different properties, such as barriers
and open spaces with multiple applications in electronics, sensors, energy storage,
packaging, medicine, and automotive production. Nanocellulose films are also

used to induce the barrier properties to the resulting composites. In addition, high-
porosity aerogels, ease out the gas outflows and due to their hydrophobic properties,
moisture absorbance has also been aided. Nanocellulose integration offers a wide
range of applications that include weapon systems and flexible display devices.
Highly effective NCs are possible using CNFs.

Many efforts have been made to prepare metal-reinforced material nanocom-
posites which have structural significance and greater toughness compared to their
contemporary counterparts. But they still exhibit larger differences while analyz-
ing their physicomechanical properties. The strengthening process includes metal
oxide scattering, stiffening, preventing premature solidification, load transfer, and
difference in coefficient of thermal expansion in MMNCs. MMNCs combine metal
components with ceramic precursors to having enhanced mechanical properties and
toughness.

4.5 Biological properties

Nanocomposites can be a part of the living organisms present in this diverse
biosphere. The materials used must be structurally, biologically, physically, chemi-
cally, and mechanically compatible with the surrounding tissue. Since the mechanical
properties are mainly affected by the elastic modulus, the transfer of load, durability,
and higher strengths are of particular interest. Metals, polymers, and ceramic com-
posites are approved for the synthesis of the required materials. Some examples of
polymer filling compounds are given below:

* The bone fractures can be repaired by using these fillers as external fixators with
the help of epoxide carbon fiber composite.

* Bone fixing screws and as replacement of bone plates in different body parts.

* The bone joints can be replaced by using these fillers, for example., carbon fibers
(PEEK) are applied as total hip replacement material.
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4.6 Optical properties

The impact of particle treatment on nanocomposite substances is very important.
The in situ sensitization of alumina nano-sized particles dispersed in Methyl meth-
acrylate resin and successive polymerization incorporates a better level of optical
transmission at near-infrared exposure than untreated Al,O;. Experiments have
found that the gold nanoparticles (AuNPs) when incorporated on polyethylene oxide/
polyvinyl pyrrolidone (PEO/PVP) components show an increasing trend of AuNPs to
combinations of visual parameters tha increases urbach strength, and optical power
gap is also raised.

4.7 Magnetic properties

There are two classes of NCs compounds exhibiting magnetic properties, one
containing metal NPs and the other ferrite NPs. Basically, lack of hysteresis, shows
18 increased superparamagnetic activity in ferrite NPs. Nanocomposite containing
2.8% concentration of ferrites was found to have no hysteresis at room temperature
and was clearly visible. They also found that nanocomposites containing y-Fe,0; NPs
in the electromagnetic polymer matrix were also free of hysteresis. Nanoparticles
from nickel oxide synthesis in Polyvinyl cinnamate also show magnetic properties.
They found a ferromagnetic state in nickel nanocomposites. Additionally, weight
gain, magnetic response, and hysteresis values are obtained with the incorporation of
nickel oxide NPs on the nanocomposite material.

5. Applications
5.1 Applications as structural materials

Thermoset polymers composites and nanocomposites are very important in
today’s ultratech world. Items, such as seafood, automobiles, aircraft, are examples of
nanocomposites applications. Most importantly, the improved structural modifica-
tion, NCs of special strength make them compatible with metal materials incorpo-
rated in various locations. These materials are easy to process and therefore, have a
broad range of applications. With the advent of nanotechnology, NCs offer numerous
benefits as synthetic nanomaterials, such as stability, lightweight, and sustainability.
Nanocomposites are receiving a lot of attention because of their advanced mechanical
properties that have increased the reliability of these materials. Different materials are
used in the production of different types of nanocomposites. The most widely used
compounds are carbon nanoparticles loaded on nanoclays. Dispersion of NPs is one of
the major hurdles faced by researchers recently. Nanocomposites contain 10-12% of
nanoclays that are more potent and stronger than nanocalcium compounds.

The nanoscale size significantly improves physicochemical and chemical
interactions. The morphology found in nanocomposites can change the phase,
important for the development of various structures. Mixing and aero treatment
are two important factors that improve the performance of a given NC. The variety
of combinations between matrix, synthetic additives, and nanofillers allows for a
wide range of materials used in fire reactions, electronic structures, optical perfor-
mance, mechanical and thermal properties. Improvement of filling quality greatly
improves the distribution of such nanocomposites through multiple applications.
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The impact of nanoparticles on the mechanical properties of polymer composites
is an important factor to consider. The addition of nanofiller significantly reduced
the resistance coefficient compared to pristine epoxy. Besides, 1% by weight of
nanofillers showed better results than 3% by weight of nanofillers, which was
unexpected. It may be due to agglomeration particles leading to poor dispersion in
the epoxy matrix.

5.2 Applications of nanoclays

Nanoclays improve the mechanical and physical characteristics of the filler
and matrix optical interface, which is very helpful in eliminating pressures by
improving the mechanical properties of nanocomposites. Due to the impressive
mechanical properties, requirements, such as low filling, stiffness, low weight, and
biodegradability of nanoparticle materials, make them ideal for enviro-compliant
material development. Many researchers have focused on high-quality optimiza-
tion, extraction, and machine performance by filling the matrix polymer with
varying degrees. There are some challenges to the formation of NCs namely, severe
dispersion of organo-solvents, agglomeration, and the presence of a hydrophilic
environment.

5.3 Applications of nanocrystal of naturally occurring materials

Due to the growing environmental concerns, it has indeed been emphasized that
natural fibers have many advantages over synthetics because of their eco-friendly
nature. However, when we use natural fibers, we cannot get more stiffness than
synthetic fibers. Cellulose nanocrystals have been used as structural and geometric
models of “cellulose” in various functional products. In addition, the active incorpora-
tion of electroluminescent compounds in naturally found nanocomposites results in a
lower coefficient of thermal expansion. To prevent ionic diffusivity, cellulose whiskers
(less than 10%) can be applied to low-density electrolyte polymers that are used in
lithium-ion batteries.

5.4 Applications in coating materials

Organic and inorganic composites based on alkoxy-lanes and alko-oxides have
great uses in hard-coated eye glass lenses. The addition of NPs to epoxy silanes acts
as a linker between organic and inorganic moieties that greatly enhance abrasion
control without affecting the transparency of the glass material. Nanocomposites
have also been developed for low surface free energy coatings. To add up in the
mechanical properties, nanotubular materials are extensively used that gave
strength to NCs where light weight and hardness are required for the resultant
NCs. The use of nonlinear optics, including optical sensor protection from high-
intensity laser beams, flat panel displays, electromechanical actuators, light-
emitting diodes, field-effect transistors, supercapacitors, and optical limiters are
some applications of CNTs. Nanocomposites have provided significant advances
over conventional NCs in tropical, mechanical, electrical, and barrier proper-
ties. Furthermore, it maintains transparency and reduces the flammability of the
polymer matrix.
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5.5 Applications in industries

The industrial applications include:

* Automotives: Use of nanocomposite materials in gas tanks, bumpers, interior,

and exterior panels of automotive.

* Construction industry: Use of composites in building materials and sectional or

structural panels.

* Aerospace: Highly efficient and heat resistant material panels of NPs are

operating in the aerospace industries.

¢ Electrical and electronics: The uses of NCs in electrical switchboards and

electronic components of various devices are increasing every day.

* Food Packaging: NCs are also used in containers and wrapping films during the

food-packaging process.

* Oils and gas pipelines: Rusting on these pipelines is a major problem for steel

products that reduce the life of infrastructure that is implanted. There is a need
for more attention to find a solution to this problem. Often, corrosion and fail-
ure are not considered in the construction and installation of plumbing systems
because one cannot measure the damage of corrosion due to unforeseen envi-
ronmental events. The multiple issues of physical damage, corrosion, and natu-
ral phenomenon cause sudden failures. The use of NCs has major importance in
the production and repairing of damaged pipeline structures. Nanocomposites
provide excellent benefits in the production of pipes and overlay toward
repairing rusty steel pipelines. The cost and performance of fiber-reinforced
nanocomposite as an alternative to steel pipes is recently gaining importance.
Therefore, nanocomposite structures are designed according to an engineering
perspective. Each component provides a certain function and interaction that
aids the structure and creates a significant difference in their performance.

The reinforced materials add up some important advantages to the plumbing and

pipeline systems are as follows:
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* The nanocomposites exhibit anisotropic properties that provide strength to

extraordinary collapse and burst due to pressure increase.

* These nano-derived pipes have increased load-carrying ability, high compressibility,

and have greater tensile strength.

* The use of welding or joining these nano pipes to a long distance is not

required.

* Very few of these materials are required to be replaced. Therefore, the replace-

ment ratio is very less than metallic pipes.
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* They are highly corrosion resistant.
* They fulfill all the standards set for gas and oil pipelines.
5.5.1 Applications in automobile industry and auto parts

Nanocomposites are well-suited for automotive parts due to their tolerance to
breakage during harsh damages. Nanocomposites loaded with supports are useful to give
strength to the different parts of a material where high efficacy is required. Because of
the high pollution concerns, car manufacturers are working on the development of such
technologies that can effectively control the problem. Therefore, nanocomposites are
used to deal with this problem. Nanocomposites have improved barriers, heat resistance,
impact adherence, and mechanical properties than conventional compounds. Therefore,
the development of structural compounds having properties, such as biodegradability
and recycling is a challenging goal. Such compounds are extensively used in automotive
body parts. Industries are deeply concerned about the following factors using NCs:

* Aesthetical perspectives.

* Ability to recycle the used raw materials.
* Reduction of heavily weighted products.
* High performance with greater precision.

Nanotechnology is a driving force that has brought many changes in different indus-
tries at the level of component development, material selection, and system execution.
Nanocomposites are also used in:

* Development of sophisticated computer chips and capacitors with the help of
thin films.

* Itisused as a polymer electrolyte in different battery systems.

* Structural NCs are used in fuel tanks.

* Nanocomposites are used in the automotive industry.

* The blades and high-performance impellers are derived by using NCs.

* They are used in gas-oxygen barrier systems, thereby reducing the delamination/
cracking of composite materials.

* Fiber-reinforced nanocomposites have excellent mechanical advantages, but the
problem of delamination appears due to different mismatches.

5.6 Biomedical applications

Carbon nanotubes (CNTs) are well investigated for their importance in health-
related features, especially those which are used in medicine. CNTs provide strength
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for metal matrix compounds, composite matrix compounds, and ceramic matrix
compounds. They also improve mechanical properties, in vitro cell testing, and
biocompatibility (Iz vivo). Composites having flexible mechanical properties could be
used in tissue engineering, genetic engineering, medicine, scaffolding, implants, and
as fillers of various compounds to expand their mechanical properties. The modified
materials, such as plocaprolactum, are used in tissue engineering because of their
robustness and adaptability in living tissues, it is the material of choice in the field of
biomedical engineering. Strengthened compounds of CNTs not only serve as a bone
marrow transplant, but their use in medical systems undoubtedly gave opportunities
for advancement for the next generation in the fields of, biologically designed organ-
isms, such as tissue engineering, cell therapy, drug delivery, and diagnostic equip-
ment production. Magnetic sponges based on local, flexible, and readily available NC
units are excellent for medical usage.

5.7 The application in insulative materials

The addition of nanocomposite to inorganic compounds improves their physical
properties and gave the number of applications based on inorganic composites within
the material. Nanocomposites are composed of carbon nanotubes as filler material,
are used in the electronics industry. Their electrical insulation range and thermal
properties have made them suitable to be used in an area where insulative electrical
characteristics are required. The challenges of agglomerations are one of the biggest
problems when adding nanomaterials to composite materials. Due to agglomera-
tions, nanomaterials cannot be dispersed evenly, which is a major obstacle to the
commercial application of nanocomposites. When agglomeration occurs during mass
production then the uniform structures are more difficult to achieve. Some other
applications are as follows:

* Thermoelectric devices with quite flexible properties.

* When combined with organonano they are used for dying.

* Inorganic NCs show photoelectric characters and are used in photocells.
* Polyethylene glycol NCs are used for effective drug delivery systems.

* Polyethers Ag-based nanocomposites are used in antimicrobial and biomedical
remedies.

* Tissue engineering technique includes inorganic nanocomposites of calcium

phosphate and poly lactic acid.

* MMNCs, such as cobalt oxide nanocomposites, are applied for humidity sensing
in meteorology.

* Reduced graphene oxide NCs have applications in energy-harvesting devices.

* The doped alumina-zinc nanocomposites are used to increase the dielectric
constant and also increase the conductivity of the composite.
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* PMMA doped iron oxide composites are used for electromagnetic uses and also
have shielding capacity.

* Cellulose loaded with copper and ZnO have shown significant UV resistance,
therefore, they are used as UV-protection devices.

5.8 Agro-applications

The use of agro-biomass is a promising and continuous process of producing
naturally occurring NCs, where agro-biomass is used simultaneously. In this regard,
lignin-derived agro-biomass is an economical resource for the production of functional
biomaterials that are compatible and sustainable. In the case of metal oxide nanocom-
posites (MONC:s), the use of lignin-based MONC:s should be extended to dynamic
fields, for example, ultraviolet (UV) protection, photocatalysis, and antimicrobial
agents. The development of lignocellulosic biomass as raw material should be a viable
option for the development of UV protective materials from an industrial point of view.

Today different integration methods for the production of nanocomposites
(CMNCs, MMNCs, and PMNCs) are available, but limitations and barriers also exist,
which require the exploration of new techniques and engineered methodologies.
These NCs offer improved performance in addition to their monolithic and micro-
composite counterparts and are well-adapted partners to overpower the constraints of
many existing materials and devices. Today the use of nanocomposites is taking place
rapidly, but still, their full potential has not been attained. Making such highly stress-
tolerant equipment, low-load reinforcements, gas barrier, and flame-related adherence
create potential applications and marketplaces for these items. So, these nanocompos-
ites discussed have the potential to create a new material age in the future.

6. Conclusion

Nanocomposites are versatile materials and are the current focus of research across
the world. Different methods, for example, sol-gel, electrospinning, precipitation,
melt mixing, solution mixing, iz situ polymerization, ix situ interactive polymer-
ization, intercalation, melt intercalation, and template synthesis, are used for the
synthesis of nanocomposites. The nanocomposites have unique electrical, thermal,
and mechanical properties and hence are materials of choice in a variety of fields, for
example, automotive industry, aerospace, semiconductor, electronics, and biomedical
applications. Due to their light weight and broader mechanical strength, in the future,
these materials will replace the metals and their alloys in different fields. Progress is
going on for silicon-carbon nanocomposites for the manufacturing of lithium-ion
batteries with greater performance output, nanotube-polymer composites for faster
bone healing, polymers-based windmill materials for better performance, develop-
ment of lightweight and efficient sensors, and development of magneto-fluorescent
materials for better tumor imaging. Polymer nanocomposites are the material of
choice for packaging companies in near future. The future challenge is to synthesize
such materials that bear better material properties and price compatibility in com-
parison to existing materials.
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Chapter 2

Investigating the Role of Auger
Recombination on the Performance

of a Self-Assembled Quantum Dot
Laser

Mahdi Ragm-Pa and Farzin Emami

Abstract

We first examine the relaxation dynamics inside quantum dot structures. After
presenting the rate equations model, we investigate the effect of some parameters
introduced in the rate equation on the performance of quantum dot lasers. The effects
of QDs coverage factor, inhomogeneous broadening, which its physical source is the
size fluctuation of quantum dot in forming self-assembled quantum dots, as well as
cavity length, on SAQD laser have been analyzed. Then, based on the rate equations, a
circuit model will be introduced. Finally the effect of phonon bottleneck and Auger
recombination on the performance of quantum dot lasing, are examined. It is shown
that, there is more output power and quantum efficiency, and higher modulation
bandwidths when Auger recombination is considered for these lasers.

Keywords: self-assembled quantum-dot laser (SAQDL), inhomogeneous broadening,
phonon bottleneck, coverage factor, relaxation dynamic

1. Introduction

The reduction in dimensionality caused by confining electrons (or holes) to a thin
semiconductor layer leads to a dramatic change in their behavior. This principle can
be developed by further reducing the dimensionality of the electron’s environment
from a two-dimensional quantum well to a one-dimensional quantum wire and even-
tually to a zero-dimensional quantum dot. In this context, however, dimensionality
refers to the degree of electron momentum freedom. In fact, within a quantum wire,
unlike the quantum well where the electron is confined in just one dimension, it is
confined in two dimensions and thus, the freedom degree is reduced to one. In a
quantum dot, the electron is confined in all three-dimensions, hence reducing the
degree of freedom to zero. Under certain growth conditions, when a thin semicon-
ductor layer grows on a substrate having a completely different lattice constant,
the thin layer is spontaneously arranged or changes into quantum dots through
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self-assembles while attempting to minimize the total strain energy between the
bonds. Microscopy can show quantum dots that are in the shapes of pyramids, square
based, and tetrahedron [1]. The performance expected from quantum dot lasers is
often due to the density of their quasi-atomic states. Using the quantum structures
confined in some dimensions will reduce the momentum freedom of the carrier in a
certain direction. Ideally, carriers are completely enclosed in quantum dots. There-
fore, the density of quantum dot states, that is, the number of states per volume unit
and per energy unit, is expressed by the delta function. The gain spectrum amplitude
is determined only by homogeneous broadening due to intraband relaxation at the
quantum dot. These gain properties are the basis of the features that give the quantum
dot laser some advantages over conventional lasers [2, 3]. The effect of carrier
dynamics on the performance of quantum dot laser and the possibility of bi-exciton
lasing have been studied. Bi-excitons are achieved if the increase in ground state of the
quantum dot reaches the laser threshold, and if the carrier relaxation is rapidly below
100 ps, the laser will be observed [4, 5]. Carrier relaxation in quantum dots (QDs) is
studied widely when applications of these devices are reported for optical
communications [6]. The problem of phonon bottlenecks in quantum dots has sparked
heated debate over whether carrier relaxation in a discrete ground state is significantly
slow due to the lack of phonons required to meet the conservation rule. Because of
phonon bottleneck [7] problem in these types of lasers, it is found that some important
parameters, such as threshold current density, quantum efficiency and modulation
response, are deteriorated [8]. To overcome these problems, one can manage the level
spacing of a QD to decrease the carrier relaxations which inherently may decreases the
laser performance, since these long relaxation times are comparable to the semicon-
ductor radiative and non-radiative lifetimes. To have fast relaxation, overcome the
phonon bottleneck problem and to improve the threshold current, external quantum
efficiency, and modulation response, Auger recombination effects may be consid-
ered [9]. The most useful and well-known method to study the statics and

dynamics of the carrier and photon numbers in these lasers, is to solving the rate
equations for them [10]. By using the rate equations in this article and taking the
Auger effect into account, a new circuit model for InGaAs-GaAs self-assembled QD
(SAQD) laser will be suggested. Indeed, the Auger effect on QD laser performance
are considered.

2. Theoretical background
2.1 Carrier capture and relaxation dynamics into a quantum dots

The carrier relaxation process within quantum dots is actually two steps, as shown
in the Figure 1.

One is the carrier relaxation from continuous energy levels within the discrete
levels of the quantum dot (A, Red Color). Another is the relaxation between discrete
levels within dots (B, Blue Color). In many light experiments, as well as in quantum
dot lasers, carriers go through these two steps unless they are brought directly into
discrete levels by excitation resonant or tunneling. Since the principle of energy
conservation must be satisfied for the carrier to relax, relaxing carriers transfer the
corresponding energy to other particles (such as phonons) and to other carriers in the
bulk. Therefore, “the relaxation rate strongly depends on the density of final
levels and on the number of particles other than the transition matrix elements” [4].
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Figure 1.
Carrier velaxation in a quantum dot [1]. (A, Red Color) The relaxation from continuous levels. (B, Blue Color)
The relaxation between discrete levels.
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Figure 2.
Carrier capture and relaxation processes [4, 12]. (a) LO- and LA-phonons. (b) Auger processes.

Introducing the LO- and LA-phonons, it is possible to satisfy the energy conservation
rule [11], is shown in Figure 2a [4, 12]. Such a two-phonon process decreases the
lifetimes severely [4], but it cannot be adequate to relax back the carriers inside the
dots deeply. Carrier trapping into the dot energy levels and hence energy conservation
rule, are satisfied whenever the number of carriers outside the dots are increased. So,
Auger process can be proper phenomenon due to increase of the captured carriers that
occupy the QD energy levels [13]. Therefore, with more injected currents or equiva-
lently more injected carriers, the relaxation lifetime increases and Auger process can
be effective due to carrier relaxation into deep lower levels by a step-like energy
decrement. Illustration of the carrier relaxation processes, considering the Auger
effect, is shown in Figure 2b. Auger scattering is more important when the density of
excited carriers is high. As illustrated in Figure 2b, one of the two electrons in the
wetting layer (WL) is captured by the Auger mechanism in the excited state (ES) of
QD, while the other electron is emitted upward in the WL or separate confinement
heterostructure (SCH). Then, the electron which is captured in ES transfers its energy
to the third electron of the barrier or even more probably to another electron in the
excited state (ES) of QD and relaxes downward in the QD ground state (GS).
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2.2 Rate equation model

Usually, the carrier and photon behaviors in SAQD semiconductor lasers are
expressed by a set of coupled differential equations called rate equations [14].

In Figure 3, there is a simple energy band diagram to explain different levels,
ground state (GS), excited state (ES), and wetting layer (WL) state, in these struc-
tures [14]. In this model, there are some injected carriers into a SCH barrier with a rate
of I/e where I is the injected current and e is the electron charge.

They can either relax with a time of 7, in the WL state or come back from the
barrier with a time of 7,,. These carriers can be captured by different dot sizes from
the WL state. Assume that each dot has only two distinct energy states; GS and excited
state (ES). In these levels, the captured carriers have a time of 7, from WL to ES and
relaxed carriers have a time of 7, from ES to GS. They can come back in the reverse
path at the times of 7,gs an 7,gs, respectively. There are several radiative or non-
radiative recombination times for carriers. g, is carrier recombination in the SCH
region and 7, is carrier recombination in the wetting layer (WL). 7, is recombination
in the QD. Assume that an excited emission is only due to an electron hole recombi-
nation in ES and GS. The photons emitted from the laser cavity have a rate of S/z,,
where S is the number of photons and 7z, is the photon lifetime. The governing rate
equations for various components of these carriers are explained as [14-16]:

a e 1. Ty Ty

Gl AL i T , @)
dt Ty Tes  Tgr  Tge  Te
dNgs Ny  Nos(1—Pss) Nas Nis Nis
dt T, Tegs T, Tegs T4

(1) (3)

_ (C/"r)g—mESF S

1+ empsTS4y,

l/e

SCH —'\' |

"L EEEEN
ES

GS|

Figure 3.
A sample energy band diagram for a SADQ laser considering the excited state.
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With the following parameters: N;: number of carriers in the SCH layer, N,:
number of carriers in the WL layer, Ngg: number of carriers in the ES layer, and Ngg:
number of carriers in the GS layer.

In the above equations, I is the optical confinement factor, Iy is the inhomoge-
neous broadening of the optical gain, ¢ is the speed of light, f is the spontaneous
coupling efficiency, and the photon lifetime 7, can be found from [17]:

() In[Yre)
T, = (Tlr> {061 JFZL} (6)

Where R; and R, are the facet reflectivity of the laser cavity with a length of L and
the internal loss of a;, and #, is the cavity refractive index. Where the nonlinear gain
coefficient (g,,gs and ¢,,rs) are defined as [4, 16, 18]:

o |2
EmGs = ¢ [Pl 1 @)
" 21’!5801’”5 EGS FCUFH
2 P 1
EmES = 72| (8)

27’!3801’”5 EES FCUFH

and I = 1/z, is the longitudinal relaxation constant and 7, is the scattering or
polarization de-phasing rate. Based on the density matrix theory the linear optical gain
of the active region, with a dot density of Np, can be found as [10, 16, 19]:

2.35v2z¢%h |P%|* (2Pgs — 1
giﬁ;s: 3 Pal” @Pes )NDDGS )
cnpeom  Egs [y
o |2
o 2.35v2me*h |P5,|" (2Pgs — 1)

mES = NpDes (10)

cnyeomy  Egg [y
Parameters Dggs and Dgg in Egs. (5) and (6), impose the GS and ES degeneracy

which are considered to be 2 and 4, respectively [15]. P°,, is a matrix element, related
to the overlap integral I’ , between the envelope functions of an electron and hole,

defined as [19]:

IP7, |7 = |1, "M? (11)
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Where M? is the first-order K-P interaction between conduction and valence
bands, with a separation of E, and is equal to:

2 _ m%) Eg(Eg+A)

= (12)
12m; E, +2

In this relation, E, is band gap, m", is the effective mass for electrons and A is
defined as the spin-orbit interaction energy for a QD material. Based on the Pauli’s
Exclusion Principle, the occupation probabilities at the ES and GS states of the QD are
defined as [19]:

Ngs
Py = ———95 1
“ T INpV,Dgs (13)
N
Ppg = D5 14
ES = ONpV,Dgs (14)

Where V,, = LWAd is the cavity volume with length L, width W and thickness d.
Effects of the non-uniform dot size can be included in the relaxation, capture, and
escape times with the following definitions [14-16, 18]:

o Tc0

T 1— Pas) (15
740

e (1 Pgs) (16)

Where 7, is the capture time from WL to ES and 7, is the relaxation time from EL
to GS with the assumption of an empty final state. Without the stimulated emission
and at room temperature, the system must converge to a quasi-thermal equilibrium
based on a Fermi distribution. To have this condition, the carrier capture time, 7.0,
and relaxation time, 7,9, and the carrier escape times, 7.gs, 7.gs, should be satisfied by
the following relations [14, 15]:

D -
Teas = Tdo (D—j§> eEESkTEGS (17)
DgsN, -
Tegs = Tc0 < £ d) eEWiTEES (18)
PWL
Me,, kT
pWLlﬁ‘ = < :1;12 ) (19)

Where pwi.p is the effective density of states per unit area of the WL and N, is the
QD density per unit area. Both phonon- and Auger-assisted capture and relaxation are
taken into account phenomenologically through the relation [16, 20, 21]:

T = 7,01 + CwhN, (20)
750 = a1 + CeN, (1)

Where 7 %01, 7 401 are characteristic rates of phonon-assisted capture and
interlevel relaxation processes, respectively, and Cy, and Cg are the coefficients for

38



Investigating the Role of Auger Recombination on the Performance of a Self-Assembled...
DOT: http://dx.doi.org/10.5772 /intechopen.102042

Auger-assisted relaxation related to the WL and the ES, respectively. Assume that all
of the carriers are injected into the WL layer or equivalently 7, = 7, — co.

2.3 Effect of parameter variations

Section 2.3 covers investigation of the effects of some parameters expressed in the
rate equations on the performance of quantum dot laser. This section is based on the
results obtained the reference [22].

2.3.1 Inhomogeneous broadening T’y

Figure 4 shows the results of our simulations on the L-I curve of SAQD laser
considering the effects of inhomogeneous broadening. Note that, the physical origin
of this parameter is in the random size of the QDs [4]. As shown in the figure, for
higher inhomogeneous broadening factor, more threshold current or equivalently
more injection currents are needed but in this case, the external quantum efficiency
does not have dominant changes. In other words, for higher I'y the output power of
the laser decreases. Physically speaking, for increased inhomogeneous broadening
factors there is a higher occupation probabilities in the lasing action of the structure,
so that the relaxation times increase and the output power decreases.

This effect can be studied in the dynamic response of a SAQD laser, too. The
results of such variations for the frequency responses are plotted in Figure 5. The
simulation results show that for higher inhomogeneous broadening factors the fre-
quency responses of the laser deteriorates.

2.3.2 Carrier recombination time Ty in a WL

The effect of carrier recombination in WL, 7., which equals WL crystal quality, has
been shown on L-I feature in Figure 6. As 7., degrades, the carriers would find more
opportunities to recombine through non-radiative process out of the quantum dot
which results in degradation of external quantum efficiency. The findings indicate
that 7, degradation also increases the threshold current.
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[—5meV |
0.01 |- ===20meV
""" 40meV |
g 0.008 -
B
D
Z
= 0.006 -
N
=
£ 0.004 -
= 0.
)
0.002 -
0 . 4
(1] 0.005 0.01 0.015 0.02

Injected Current (A)

Figure 4.
Effects of the inhomogeneous broadening variations on the L-1 curve of SAQD laser considering the excited state
with different values of the broadening parameter T, = 5, 20, and 40 meV.
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Figure 5.
Effects of the inhomogeneous broadening variations on the frequency response of SAQD laser with different values
of Ty = 5, 20, and 40 meV.
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Figure 6.
The L-1 curve of a SAQD laser for different values of carrier recombinations in WL.

The effect of carrier recombination in the WL state on the small-signal frequency
response of laser is shown in Figure 7. As shown, the carrier recombination in the WL
state has no considerable effect on modulation response.

2.3.3 Carrier recombination inside quantum dot, t,

Figure 8 shows the effect of carrier recombination inside quantum dot, 7,, on the
L-I curve. While the effect of 7, on threshold current is significant, it does not have a
considerable effect on external quantum efficiency.
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Figure 7.
The modulation response of a SAQD laser for different values of carrier recombination in WL.
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Figure 8.
The L-1 curve of a SAQD laser for different values of carrier recombination inside quantum dot.

The effect of carrier recombination inside quantum dot on frequency response has
been shown in Figure 9. What is important here is that, as 7, decreases from 2.8 to
0.5 ns, the frequency response degrades. Therefore, to prevent the effect of phonon
bottleneck on frequency response, the recombination lifetime within quantum dots z,
must be much longer than the carrier relaxation time (the carrier relaxation time is
about a few pico-seconds).

2.3.4 Carrier escape time from ground state to excited Tegs state and from excited state to
WL state Tegs

The effect of carrier escape time from ground state to excited state and from
excited state to WL state on L-I feature has been shown in Figure 10. As the carrier
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Figure 9.
The modulation response of a SAQD laser for different values of carrier recombination inside quantum dot.
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Figure 10.

The L-1 curve of a SAQD laser for different values of carrier escape time from ground state to excited state and from
excited state to wetting layer.

escape time degrades, the number of carriers in WL states (IV,) increases. These
carriers are generally used due to carrier non-radiative recombination (with z,, life-
time) and this leads to the increase of the threshold current. Generally, for more
decrement in 7,,, there is more increment in the threshold current.

Figure 11 also shows that, as the carrier escape time degrades from ground state to

excited state and from excited state to wetting layer, the frequency response degrades
as well.

2.3.5 Coverage factor &

Figure 12 show the frequency response for different amounts of QDs coverage
factor £ = 0.1, 0.2, 0.4, relaxation time 100 ps and inhomogeneous broadening of
I’y = 20 meV. As shown in Figure 12, the increase in coverage factor due to the

42



Investigating the Role of Auger Recombination on the Performance of a Self-Assembled...
DOT: http://dx.doi.org/10.5772 /intechopen.102042

=
g 1ekS = 98ps 7eES = 0.17ns
g o TGS =T8ps /AN 1eGS = 0.1 1ns
e 00
]
? 50
£
2 100 7eES = 28ps
3 150 1eES=650 \ \— / 1eGS = 0.058ps
3 7eGS =1.2ns
s 200
‘ T T IIIEID! T T \I\\'Il T \\Illl‘ T T \I\\Hl
100meg 1g 10g 100g 11

Frequency (Hz)

Figure 11.

The modulation response of a SAQD laser for different values of carrier escape time from ground state to excited
state and from excited state to wetting layer.
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Figure 12.
Modulation response of a SAQD laser at different coverage factors; T, = 20 meV and the relaxation time is 100 ps.

increase in the volumetric density of QDs (INp) leads to the decrease in Pgg and Pgg,
that is, filling probability of the GS and ES. As filling probability of the GS and ES
decreases, the relaxation rate increases for the carrier inside the GS and ES, and this
leads to the increase in 3 dB bandwidth.

Figure 13 shows the simulation results for the effects of coverage factor £ = 0.1,
0.2, 0.4, inhomogeneous broadening Iy = 5 meV and relaxation time 1 ps on the
frequency response band width. To achieve a high-speed modulation, higher than
10 GHz, not only the relaxation lifetime should be decreased to about 1 ps but also the
QD coverage factor should also be increased and the inhomogeneous broadening
should be decreased.

2.3.6 Cavity lengths L

Figure 14 shows the L-I characteristics for different cavity lengths. The increase in
cavity length leads to loss degradation and output power increase.
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The modulation response of a SAQD laser for different values of coverage factor and T, = 5 meV and relaxation
time 1 ps.
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Figure 14.
L-I curve of a SAQD laser at different cavity lengths.

2.3.7 QD height

Figure 15 shows the simulation results of modulation response for different quan-
tities of QD height. As the QD height degrades, the modulation band width improves.
The reason for modulation band width improvement while the QD height degrades
can be caused by increasing carrier confinement within quantum dot in growth
direction (z-) which leads to increase excited stimulated emission rate, respectively.

2.3.8 Stripe width of the laser cavity

Figure 16 shows the effect of stripe width of the laser cavity on frequency
response. As the stripe width of the laser cavity degrades, the modulation band width
improves. It is inferred from the figure that degradation of the stripe width of the laser
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Figure 15.
Modulation response of a SAQD laser at different QD heights.
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Figure 16.
Modulation vesponse of a SAQD laser at different stripe widths of the laser cavity.

cavity and therefore the degradation of the active region can provide a higher total
capture rate. Hence, it results in a greater modulation band width.

3. Circuit model implementation

To solve the rate equations of a SAQD laser, considering the excited state and
Auger effect, a conceptual equivalent electrical circuit is proposed is shown in
Figure 17. The aforementioned equations convert to some simple electrical circuit
equations and then, the resulting circuit is simulated by a circuit simulator such as

HSPICE [23]. The corresponding parameters for the equivalent circuit model of SAQD
lasers are described in detail in Ref. [24].

4, Simulation results

In this simulation, typical parameters, which are shown in Table 1, are used.
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Figure 17.
A modified equivalent circuit model of SAQD lasers, considering the Auger effect.
Quantity Value
Inhomogeneous broadening, I’y 20 meV
Diffusion in SCH, 7, 6 ns
SCH recombination, z,, 4.5 ns
WL recombination, z,, 3 ns
Capture from WL to ES, 7,9 1ps
Capture from ES to GS, 7,49 7 ps
ES and GS recombination, 7, 2.8 ns
Energy separation SCH and WL, state 84 meV
Average energy separation WL and ES 100 meV
Average energy separation ES and GS 80 meV
Average recombination energy from GS, EGS 0.96 eV
Average recombination energy from ES, EES 1.04 eV
Spin-orbit interaction energy of QD material, A 0.35eV

Facet reflectivity, Ry, and R,

30%, 90%

Active region length, L, 900 pm
SCH thickness, H), 90 nm
WL thickness, Hyy, 1nm
Active region width, w 10 pm
Active region volume, V, 22 x 107 m?

QD density of QD per layer, Ny

5 x 10*° cm 2

QD density per unit volume, Np 6.3 x 102 m 3
QD optical confinement factor, I’ 0.06
Intrinsic absorption coefficient, a; 1cm™t
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Quantity Value

Spontaneous emission coupling efficiency, f 1074

Output power coupling coefficient, 7, 0.449

SCH, WL, and QD (GS, ES) diode ideality factors, ns = n, = ngs = ngs 2
Table 1.

Typical parameters used in the simulation [14, 15, 23].
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Figure 18.

The L-1 curve of a SAQD laser neglecting the Auger effect. (a) Various capture times T, = 1, 10, 50, 100, 300,
and 500 ps at a fixed relaxation time of T4, = 7 ps; (b) various relaxation times t4, = 1, 10, 50, 100, 300, and
500 ps at a fixed capture time of tc, = 1 ps.

Figure 18 illustrates the output power as a function of injected currents neglecting
the Auger effect for C,, = Cg = 0, 7, = 2.8 ns and 7,,, = 0.5 ns, when the carrier
relaxation times 7,9 and capture times 7,9, changes from 1 to 500 ps. As seen, there are
more threshold currents for longer lifetimes. This is along with lower slopes for the
output power curves which mean lower quantum efficiencies for increased lifetimes.
Physically, such effect is due to the phonon bottleneck in QD lasers [4].

This phenomenon can be considered in dynamic response of the laser, too. Appli-
cation of the proposed model to SAQD lasers considering this effect for dynamic
response of the laser are shown in Figure 19. With higher relaxation times 7,0 and
capture times 7,9, the frequency response deteriorates and SAQD laser would have
lower bandwidths.

Figure 20(a) and (b) illustrate the output power as a function of the injected
currents considering the Auger effect for Cyy =1 x 10 * m?/s, Cg =1 x 10" m%/s,
and Cy = Cg = 0 with 7o = 7401 = 100 ps. Inhomogeneous broadening I'y = 20 meV
and recombination lifetimes of 7, = 2.8 ns, 74 = 3 ns and 7, = 2.8 ns, 7,, = 0.5 ns, have
been used for Figure 20(a) and (b), respectively. It is obvious that the Auger
process increases the efficiency, degrades the threshold current, and provides a high
output power. This is because, by taking the Auger effect into account, the capture
times and carrier relaxation lifetime decreases from WL to ES and from ES to GS. This
means the degradation of phonon bottleneck effect. In other words, in QD elements
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The L-1 curve of a SAQD laser considering the Auger effect. Different values of recombination lifetimes (a)
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with a low density of the carriers in wetting layer (N,), both relaxation and capture
processes are mainly phonon assisted. However, as the QD laser pumping increases,
the density of the wetting layer increases, too. This process is first slow but then it

48



Investigating the Role of Auger Recombination on the Performance of a Self-Assembled...
DOT: http://dx.doi.org/10.5772 /intechopen.102042

occurs in a more pronounced way. This is because, if the pumping increases from
zero, most of the carriers get captured into the QDs. On the other hand, based on
Pauli Exclusion Principle in QDs, the number of electron state in QD active layer, that
is, GS and ES, has been limited. Therefore, if at first the GS and then the ES are
filled with electrons, relaxation and capture in these states will get saturated as it is
shown by factors (1-Pgs) and (1-Pgs) in Egs. (11) and (12), respectively. Thus, the
drain of carriers from the WL towards the dots slows down and this leads to the
formation of the WL carrier reservoir. The carriers in the reservoir increase the
Auger assisted capture speed as shown in Egs. (16) and (17). On the other hand, by
decreasing 7, from 3 to 0.5 ns, the carriers find more chances for recombining via
non-radiative process outside the QDs. This results in the degradation of quantum
efficiency and increase of threshold current simultaneously. Figure 20(c) and (d)
illustrate the output power as a function of the injected currents for inhomogeneous
broadenings I’y = 30 meV and I'y = 40 meV, respectively. As the inhomogeneous
broadening increases, the optical gain decreases [see Egs. (5) and (6)], and this
results in larger occupation probabilities in leasing, and longer relaxation lifetime.
Therefore, the quantum efficiency and output power decrease and threshold current
increases.

Figure 21 shows the effect of Auger coefficient increment on the small-signal
frequency response of the laser for different values of Cyy = 1 x 10~ ** m?/s,
Cg =7 % 10" ¥ m3/s,and Cy = Cg = 0. The inhomogeneous broadening is I’y = 20 meV.
The recombination lifetimes of 7, = 2.8 ns and 7,, = 3 ns have been used. The simula-
tion reveals that when the Auger coefficient increases, the relaxation lifetime
decreases. It means that the phonon bottleneck effect is degraded and as a result, the
modulation bandwidth increases. On the other hand, as Auger coefficient increases
and carrier relaxation times 7,0 and capture times 7,9 decreases, the 3 dB frequency
increases. What is important here is that, as 7z, decreases from 2.8 to 0.5 ns, the
frequency response degrades. Therefore, to prevent the effect of phonon bottleneck
on frequency response, the recombination lifetime within quantum dots 7, must be
much longer than the carrier relaxation time (the carrier relaxation time is about a few
pico-seconds) [4]. Results obtained by using the presented circuit model are in good
agreement with the results calculated by solving the rate equations numerically and
also with experiments reported so far [4, 7].
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Modulation response of a SAQD laser considering the Auger effect for diffevent values of carrier recombination
inside quantum dot (a) t, = 2.8 ns and (b) t, = 0.5 ns.
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5. Conclusions

The Auger effect can be overcome in the phonon bottleneck problem in SAQD
lasers propose a modified equivalent circuit for simulation of the rate equations,
considering this effect for the first time. The static and dynamic behavior of these
lasers were studied. It is found that, if we want to solve the rate equations of a SAQD
laser, it is possible to compensate the effect of phonon bottleneck by introducing the
Auger effect. This can decrease the threshold current and increase the quantum
efficiency of the SAQD laser, so the output power can be raised. It is shown that the
Auger effect can increase the modulation bandwidth of a SAQD laser. Quantum dot
lasers have been more favored for applications in optical communications, silicon
photonics, lightwave telecommunication systems, high power lasers, Q-switched or
mode locked lasers for short pulse generation and broad band light sources. The
future implications of quantum dot lasers are issues such as quantum dot lasers and
integration with Si photonic integrated circuits and colloidal quantum dot lasers.
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Chapter 3

Improved Nanocomposite Materials
and Their Applications

Tahirva Mahmood, Abid Ullah and Rahmat Ali

Abstract

Nanotechnologies and nanocomposite materials have gained the attention of
scientific community in recent years. Nanocomposite material consists of several
phases where at least one, two, or three dimensions are in the nanometer range.
Nanocomposites with advanced carbon nanostructures i.e., carbon nanotube (CNTs)
and graphene, attachments have been regarded as promising prospects. CNTs and
graphene-based improved nanocomposites are usually categorized into various classes
based on different types of discontinues phases. The nanocomposites reinforced with
carbon nanomaterials i.e., CNTs and graphene have been explored extensively for use
as engineering materials in several demanding applications because of their excellent
properties. The present book chapter has been prepared in three main sections. In
the first portion, nanocomposites and carbon nanofillers i.e., CNTS and graphene
have been presented. In the second part, different types of CNTs and graphene-based
improved nanocomposites have been described with reported literature. In the third
section, focus is on the applications of improved nanocomposites such as energy stor-
age, antimicrobial activity, gene delivery, catalyzed organic reactions, radar adsorbing
materials, actuators, wind turbine blades, pollutant removal, aerospace industry, and
conductive plastics.

Keywords: nanocomposites, carbon nanoclusters, carbon nanotubes, graphene,
improved nanocomposites, applications

1. Introduction

In modern technology, composites are one of the most essential materials, which
are the aggregate of two or more materials having different physical and chemical
properties discriminated by their interface. Therefore, unlike the individual materials,
the composite materials exhibit a distinctive property [1]. Mostly composite materials
consist of at least two components including a continuous matrix phase and discon-
tinuous reinforcement material while the other consists of one or more discontinuous
phases dispersed in one continuous phase. Generally, a discontinuous phase has
more advanced mechanical properties than a continuous phase. Continuous phase is
known as “matrix” while discontinuous phase is called “reinforcement” or reinforcing
material. Based on the size of reinforcement in the structures, composites are com-
monly divided into three basic classes, named macrocomposites, microcomposites,
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and nanocomposites. Nanocomposites offer excellent features by the application of
reinforcement in the composite below 100 nm in size phase [2].

1.1 Nanocomposites

Nanocomposites are multi-phasic materials, in which at least one phase show
dimensions in the nano range (10-100 nm). In nanocomposites, interaction between
matrix and reinforcement is very high due to high surface-to-volume ratio. The
improved properties of nanocomposites depend on properties of each material, their
relative amounts, and the overall geometry of the nanocomposites. Various materials
possess different properties which when combined results in the formation of new
material with additional advantages relevant to different areas of science and technol-
ogy. They have high thermal and mechanical stability, multifunctional capabilities,
chemical functionalization, and huge interphase zone. Generally, the nanocomposites
show enhanced properties, such as high specific stiffness and strength, high tough-
ness, low density, corrosion resistance, and thermal insulation [3]. Currently, nano-
composite materials have emerged as a suitable choice to overcome restrictions of
different engineering materials. The amalgamation of nanoparticles into a matrix of
materials like polymer, metal, or ceramics promote their properties such as excellent
mechanical stability (in terms of strength, dimension stability, toughness, flexibility,
Young’s modulus, etc.), good optical activities, flame retardancy, low water/gas per-
meability, and high electro-thermal conductivity [4]. Nanocomposites are accepted at
both the academic and industrial levels due to their extraordinary properties, distinc-
tive design capacity, eco-friendly nature, easy fabrication, and cost-effectiveness.
Nanocomposites have been commonly used in numerous applications due to their
advanced properties. They are reported to be the materials of the 21st century in the
vision of possessing design uniqueness and property permutation that is not found in
conventional composites [5].

2. Carbon nanostructures

Carbon-based materials have a huge stimulus in encouraging the improvement of
society due to their abundance on the earth and environmental kindliness and other
merits. Over the past few decades, carbon materials such as CNTs and graphene class
of materials have seen incredible growth due to the discovery of advanced nanostruc-
tures. The innovation and study of carbon nanofillers have played a major role in the
development of nanocomposites. Based on their dimensions, researchers classified
materials as zero-dimensional (0-D) nanoparticles or quantum dots, one-dimen-
sional (1-D) nanobelts, nanowires or nanotubes, two-dimensional (2-D) nanoplates
or nanodisks, and three-dimensional (3-D) nanocones or nanocoils as shown in
Figure 1. The nano-structured materials (NSMs) have drawn extreme interest due to
their structure, surface area, size effects, and considerably improve the performance
of the composites [7]. Carbonaceous nanofillers such as carbon nanotubes (CNTs)
and graphene play a potential role as compared to others due to their improved
structural and functional properties such as high aspect ratio, high mechanical and
electrical properties, etc. [8]. In the last few decades, CNTs and graphene have been
considered the most substantial nanofiller to formulate advanced nanocomposites for
both academic and industrial fields due to their several potential applications. The
combination of polymer nanocomposites with graphene-related materials (GRMs)
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Graphene oxide Gruphite

Figure 1.
Nano-carbon materials including oD fullerene, 1D CNT, 2D graphene, 3D graphite, 3D graphene oxide, and 3D
diamond are demonstrated [6].

or carbon nanotubes (CNTs) has been discovered as a result of their low mass density
and excellent mechanical properties for use in engineering materials for various
challenging purposes [9].

2.1 Carbon nanotubes

CNTs are one-dimensional carbon materials that are different from other carbon
compounds, such as graphite, diamond, and fullerene (Cg, Cyo, etc.), having an
aspect ratio greater than 1000 [10]. In 1991, lijima discovered carbon nanotubes [11],
which brought innovatory changes in the field of polymer nanocomposites. Ajayan
etal. [12], reported the first carbon nanotubes reinforced polymer nanocomposites.
Basically, carbon nanotubes are graphene sheets having hexagonal structures which
are rolled up into cylindrical form and rounded off with half shape of fullerene struc-
ture. The two types of carbon nanotubes are the single-walled nanotubes (SWNTs),
which are single graphene sheets rolled into a cylinder and the other one is multi-
walled nanotubes (MWNTs), in which numerous graphene layers are stacked into
concentric layers in the form of cylinders with an interspacing of 0.34 nm (Figure 2).
On the basis of atomic arrangement, the three types of structures are zigzag, arm-
chair, and chiral (Figure 3) [13]. Properties of carbon nanotubes are greatly reliant on
morphology, size, and diameter and maybe metallic or semiconducting depending on
the atomic arrangement [14].
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Figure 2.
The conceptual diagram showing the general dimensions of the length and width of single walled carbon
nanotubes (SWCNTs) and multi-walled CNTs (MWCNTs [13].

2.2 Graphene

Graphene, a typical 2D material, has received incredible attention due to attrac-
tive features like very high specific surface area (2360 m’g™"), highest strength
(130 GPa) and Young’s modulus (x1.0 TPa), best known thermal conductivity
(TC, ~5000 W m ' K™), and electrical conductivity (10®S m™). Therefore, graphene
is the perfect nanofiller for improving the mechanical, electrical, thermal, and optical
properties of polymers [15]. Through valuable interfacial stress transfer, graphene
effectively improves the mechanical properties like tensile strength and Young’s
modulus of polymers [16, 17]. Graphene can competently strengthen brittle polymers
by extending the crack propagation path in nanocomposite. The excellent electrical
property of graphene can clearly improve the electrical conductivity of polymers for
free electrons by building a conductive network [18]. The distinctive thermal con-
ductance of graphene carries the excitement to formulate high-performance thermal
conductive nanocomposites for application in high power density devices in thermal
management [19, 20]. Due to distinct ultrahigh thermal conductivity, graphene is
engaged to fabricate the thermal interface materials (TIMs) [21] and phase change
energy storage composites (PCCs) [22].
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(m, 0) zigzag nanotube

(n, m) chiral nanotube
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Figure 3.
Schematic representation of how a graphene sheet is rolled to form three chivalities of nanotubes: (b) zigzag,
(¢c) armchair, and (d) chiral nanotubes [13].

2.3 Diamond

Diamond is a three-dimensional carbon material with a crystal structure
called diamond cubic. Diamond is an outstanding carbon material because of its
inert nature, high-thermal conductivity, stiffness, biocompatibility, and optical
transparency. Nanodiamonds (NDs) are advanced carbon nanostructures with
sp° hybridized carbon atoms bonded to form diamond-like cubic geometry. Their
dimensions are in the range of 5 to 10 nm. Numerous properties of NDs are far
better than bulk diamond and they present these properties on nanoscale [23]. The
superior mechanical and thermal characteristics of ND make it a suitable nano-
filler for carbon-based nanocomposites. The surface of common synthetic NDs
has no functional groups. Nevertheless, an ND can be modified with a functional
polymer or be functionalized with hydrogen/deuterium-terminated, halogenated,
aminated, hydroxylated, and carboxylated by strong reagents and under severe
conditions according to targeted applications and desired physicochemical
properties [24].

2.4 Fullerenes

Fullerenes are a new class of carbon nanomaterials discovered in 1985 by Kroto
etal. and get the Nobel prize award in chemistry for the year 1996 [25]. According to

57



Nanocomposite Materials for Biomedical and Enevgy Storage Applications

Mukherjee et al. the diameter of fullerenes nanomaterials is <1 nm [26]. The fullerene
family includes several atomic C,, clusters (z > 20), composed of carbon atoms on

a spherical surface. They are closed-cage carbon molecules containing pentagonal
and hexagonal rings with sp” hybridized carbon atoms bonded by covalent bonds.
The carbon atoms are regularly arranged at the vertices of pentagons and hexagons
surfaces. They have the formula Cy, 1, with m being an integer number, and com-
prise a wide range of isomers and homologous series, from the most common and
investigated C60 and C70 to the so-called higher fullerenes like C240, C540, and
C720. The incorporation of fullerene nanofiller into numerous polymers has been
achieved by physical and chemical methods [27]. In this way, the combination of
distinctive features of fullerenes with physical properties of polymers may yield
advanced polymeric materials with novel physicochemical characteristics. The attrac-
tive physiochemical properties of fullerene-based nanomaterials make them suitable
materials to use in medicinal chemistry [28].

3. Improved carbon nanocomposites

In various fields of technology such as medical, sensors, computing etc. materi-
als play important role for our comfort. The use of new materials with enhanced
properties is a critical need due to demand for betterment. High-performance nano-
composites are recommended for industrial use like energy storage, damage sensing,
aerospace and automobiles but have some limitations. The discovery of carbon-based
nanofillers plays a vital role to overcome these limitations [29]. Combination of CNTs
and Graphene extensively improves the properties of nanocomposites. CNTs and
graphene are considered significant nanofillers to formulate advanced nanocompos-
ites due to their several possible applications. At nanoscale, carbon nanotubes and
graphene nanoplatelets (GnP) materials suggest an exclusive combination of elastic
modulus (0.8-3 Tpa), thermal conductivity (3000-6000 W/m-K), and electrical
resistivity (3-20 pQ-cm) [30-33]. Some researchers have processed nanocomposites
in the range of 0.2-5 weight % of CNTs into various polymer matrix materials [34].
These nanocomposites revealed 10-35% enhancement in properties such as modu-
lus, strength, impact resistance, thermal conductivity, and electrical conductivity,
compared to the matrix polymer.

3.1 Carbon nanotubes-based nanocomposites

Carbon nanotubes have been deemed as versatile building blocks to create a novel
generation of nanocomposites desired for a variety of commercial applications.

3.1.1 Polymer/CNT nanocomposites

The nanoscale CNTs amalgamation into a polymer system highly modifies the
properties of composites even at a particularly low content of filler. As explained ear-
lier, CNTs are the strongest and hardest fibers ever known. The excellent mechanical
and other physical properties of CNTs demonstrate huge potential applications of
Polymer/CNT nanocomposites which are one of the most studied systems. Polymer
matrix can be easily fabricated without disturbing CNTs by conventional manufac-
turing techniques resulting in cost reduction for mass production of nanocomposites
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in the future [35]. Paul et al. [36] synthesized polypyrrole (PPy) and MWCNTs
nanocomposites with different compositions by chemical oxidative polymerization
method. Polypyrrole (PPy)/MWCNT have been effectively used as supercapaci-

tor devices. Béguin and his research group studied conducting polymer and CNTs
based nano-electrodes with improved mechanical, thermal, and electrical properties
[37]. PANI/ MWCNT nanocomposite with a specific capacity of 440 Fg™' at 5 mVs™
and capacitance retention of 93% after 1000 cycles was reported [38]. Lezak et al.
[39] prepared polyaniline (PANI) as an intrinsically conducting polymer and poly
(vinylidene fluoride) (PVDF) and MWCNTs.

3.1.2 Activated carbon/CNT nanocomposites

Activated carbon, also known as activated charcoal, is a carbon type that is
treated with tiny volume holes to improve the surface area. One gram of acti-
vated carbon, due to its increased microporosity, has a surface area of more
than 3000 mz/g calculated by gas adsorption [40]. Activated carbon (AC)/CNTs
nanocomposites are superior materials having AC as matrix material and CNTs as
fillers. Numerous researchers have used activated carbon for production of CNT
nanocomposites. Huq et al. [41] studied the preparation of AC and CNTs based
supercapacitors by a superficial electrophoretic deposition (EPD) method. In this
study, the as-prepared AC/CNT electrode had capacitance maintenance of 85% after
11,000 cycles. In EDLC electrode, activated carbon has been used for an extensive
period due to its high capacitance, low cost, and long cycle life [42]. Qiu et al. [43]
prepared activated carbon fibers (ACHFs) combined with carbon nanotubes and
nickel nanoparticles (CNTs-Ni-ACHFs) by thermal reduction and chemical vapor
deposition method. Usually activated carbon, due to its very high surface area, is
used as an absorbent [44].

3.1.3 Metal oxide/CNT nanocomposites

Carbonaceous materials have high power and low energy density which cause
restrictions in their general application. However, metal oxides, due to their high-
energy density, are used as pseudo capacitor electrodes for supercapacitors [45].
Yuan et al. [46] developed a new method for CNTs coated magnesium oxide (MgO)
nanoparticles to increase the interfacial bonding strength. Yuan et al. [47] examined
a sandwich structured MoO, @TiO, @CNT nanocomposite by an easy two steps syn-
thesis method under Ar/H, flow, controlled hydrolysis, and a subsequent heat treat-
ment. Alam et al. [48] prepared BaMg0.5C00.5TiFel0019/MWCNT nanocomposites
by varying the amount of MWCNTs (0, 4, 8, and 12 vol%). Nanocomposite with 8%
vol. of MWCNTs performed best.

3.1.4 Carbon fibers/CNTs

A novel method was studied to graft carbon nanotubes over carbon fiber to form
a CNT/CF [49]. Islam reported direct covalent bonded CNTs and CF without any
catalyst or coupling agents through ester linkage. CNTs can be used to reinforce CFs
to improve interfacial shear and impact strength [50]. Two methods are reported to
attach CNTs with CF by physical adsorption (Van der waals interaction), which are
weaker than chemical covalent bonding [51].
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3.2 Graphene-based nanocomposites

Graphene-based nanostructured materials have distinctive 2D structures with
high electronic mobility, exceptional electronic and thermal conductivities, excellent
optical performance, good mechanical strength, and ultrahigh surface area as com-
pared to other materials.

3.2.1 Polymer/graphene nanocomposite

Graphene nanofiller addition within the polymer has a promising application
in biosensors, energy storage devices, photocatalysts, drug delivery. Recently, a
wide range of processing methods has been studied for scattering both GNP and
GO-derived fillers into polymer matrices. Controlled amount of nanomaterial by
weight % and size is carefully taken into deliberation [52]. Salimikia et al. [53] synthe-
sized a solid-phase microextraction fiber over polyaniline/graphene oxide nanomate-
rial using the electrospinning method and used it as sorbent for determination of
nicotine. Farajvand et al. [54] prepared Graphene oxide/polyaniline nanocomposite
and used it as an adsorbent to determine cadmium (II) ions in an aqueous solution.

3.2.2 Activated carbon/graphene nanocomposite

Activated carbon is considered as the center of research for commercial utiliza-
tion. Adsorption properties of metal ions by AC/GR have been examined and a
number of methods have been developed for synthesis of graphene/activated carbon
nanosheet composite to make high-performance electrode material for supercapaci-
tors. Many research groups have used activated carbon for preparation of graphene
nanocomposites. Xin et al. [55] reported a new carbon nanocomposite material
having graphene and activated carbon and used it for oxygen electrode (cathode)
in Li-ion batteries. In the AC/GR, the graphene showed a three-dimensional (3D)
arrangement having good electrical conductivity and exceptional mechanical
strength and elasticity, while the AC coating on the graphene surface supplied several
meso/micropores with diameters less than nanometers. Lu et al. [56] investigated an
easy method to prepare a new catalyst by electrodepositing of Ag nanocrystals on the
different polymer dyes, Poly (methylene blue) or Poly (4-(2-Pyridylazo)-Resorcinol)
modified graphene carbon spheres (GS) hybrids which had advantages of both carbon
spheres and graphene composite and were employed for detection of H,0, as non-
enzymatic electrochemical sensor. Hossain and Park [57] studied the hydrothermal
method for the synthesis of glucose-treated reduced graphene oxide-activated carbon
composites. Platinum nanoparticles were electrochemically deposited on a modified
composite surface. Chitosan-glucose oxidase composites and Nafion were incorpo-
rated into modified surface of working electrode for the preparation of an extremely
sensitive glucose sensor.

3.2.3 Metal oxide/graphene nanocomposite

In this type of nanocomposites, metal oxide particles are incorporated in graphene
nanosheets. Metal oxide-based Graphene nanocomposite has attained the attention of
scientific community as anode materials due to high kWh/cost and effective high-
performance electrode material in an electrochemical supercapacitor. Beura et al. [58]
prepared ZnO-based graphene nanocomposites by hydrothermal method and used it
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as a catalyst for the degradation of dyes. The band of the nanocomposites was 2.84 eV,
while the photoluminescence lifetime increased from 15.05 to 21.60 ns. Photocatalytic
activity of the composite material was investigated by both anionic and cationic

dyes. Borah et al. [59] used an in-situ method to synthesize TiO,/rGO. The prepared
nanocomposites were used to catalyze the transesterification of waste cooking oil

into biodiesel. Excellent catalytic activity was shown by the catalyst and 98% conver-
sion of oil into biodiesel was seen at optimum reaction conditions. Wang et al. [60]
presented a detailed summary of the research progress on the low-cost metal oxides/
graphene nanocomposites (MOs/G) as anode materials for SIBs.

3.2.4 Metal/graphene nanocomposites

Various heavy metals such as Au, Fe, Cu, Ce, etc., have been introduced into gra-
phene nanosheets to form different nanocomposites. Nanocomposite with ultra-low
resistivity than conventional copper metal at room temperature is the next generation
conductor. Several research groups have fabricated metals/ graphene nanosheets.
Arukula and co-workers [61] prepared rGO/polyaniline (PANI)/Pt-Pd nanocompos-
ite by wet reflux strategy. The prepared nanocomposites materials were used as poten-
tial anode catalysts with improved methanol oxidation tendency for direct methanol
fuel cells (DMFCs). Xuan et al. [62] reported a 3D patterned porous laser-induced
silver-based graphene nanocomposite. The prepared nanocomposites were used as an
electrode, which showed high, uniform electrical conductivity even under mechanical
deformations. Incorporation of platinum and gold nanoparticles on the 3D porous
LIG importantly enhanced the electrochemical capacity for wearable glucose sen-
sor applications. Zheng et al. [63] reported the quick and effective preparation and
characterization of a novel nitrogen-doped graphene copper nanocomposite. The
prepared nanocomposite showed superior electrical conductance of 538 W/m-K at
room temperature, which is 138% greater than that of copper. The measured electri-
cal resistance was 0.16 p€2 cm at 25°C which is much lower than that of copper. Gupta
etal. [64] reported copper-based reduced graphene oxide nanocomposite for use as a
catalyst. The copper-based reduced graphene oxide catalyst was easily recovered and
used for seven consecutive cycles.

3.2.5 Fibers/graphene nanocomposites

In this type of nanocomposites, graphene is used as a filler while fibers are used
as a matrix. Davoodi and co-workers [65] reported the preparation of polylactic acid
and GO-based nanocomposite using the electrospinning method. The mechanical
properties, surface chemical structure, and topology study of the nanofibers were
performed. Jin et al. [66] used a facile method for the hybridization of polyaniline
nanofibers (PANI NFs) on functionalized reduced graphene oxide (FrGO) films.
The GO was first reduced and functionalized by sulfur to form FrGO. Hydrothermal
method was used to hybridize FrGO and PANI NFs to form PANI NFs/FrGO com-
posite films. The as-prepared nanocomposite films were uniform, flexible, and stable
with a high specific capacitance of 692.0 F/g at 1 A g™* and excellent capacitance
retention of 53.5% at 40 A g”'. Wan et al. [67] used a facile two-step method to
prepare a ternary flexible nanocomposite material of bacterial cellulose/graphene/
polyaniline (BC/GE/PANI). The prepared nanocomposite showed enhanced electrical
conductivity of 1.7 + 0.1 S/cm, which is greater than most of the polyaniline-based
composites.
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Matrix Filler type Filler Young’s Tensile Young’s Tensile strength
fraction modulus strength modulus (MPa) and
(Wt %) (GPa); (MPa); (GPa) and increment %;
polymers polymers increment %; composites
composites
Epoxy Pristine GNPs 3.0 148 46.46 1.64 (10.8%) 4978 (71%)
Epoxy Pristine 3.0 148 46.46 1.69 (14.2%) 54.48 (17.3%)
MWCNTs
PVA Modified 0.5 0.0166 1911 0.0329 (98.2%) 34.60 (81.1%)
MWCNTs
PVA Graphene 03 232 253 5.82 (150.9%) 63.0 (149.0%)
oxide
PES Pristine 1.0 0.045 1.70 0.067 (48.9%) 2.38 (40.0%)
MWCNTs
PES Graphene 1.0 1.16 30.79 1.95 (68.1%) 55.73 (81.0%)
oxide
HDPE Modified 25 0.75 26.5 1.15 (53.3%) 34.5 (30.2%)
MWCNTs
HDPE Pristine GNPs 10 0.96 272 1.49 (55.2%) 334 (22.8%)
Table 1.

Comparison of mechanical properties of different polymers and their nanocomposites [68].

Table 1 shows the comparison of mechanical properties of some polymers and

their nanocomposites.

4. Applications of improved nanocomposites

Applications of improved carbon nanocomposites are shown schematically in
Figure 4.

4.1 Energy storage

Currently, Graphene materials find a number of applications in the field of
renewable energy, particularly photoenergy field, including solar thermal conver-
sion, solar electricity conversion, photocatalysis, etc. New technologies related to
solar cells have been developed in which either the active medium or transparent/
distributed electrode consists of Graphene materials. A newly developed 3D cross-
linked graphene material working as an ideal solar thermal converter can obtain
the efficiency of 80% and more than 80% under one sun intensity and the ambient
sunlight respectively [69]. The structural design possessed by the material plays
a significant role in improving the efficiency of energy conversion. The unique
structure of graphene foam due to an array on its 3D skeleton, created by nanoplates
of the graphene, provides a greater area for heat exchange. This enhances the effi-
ciency of solar-thermal conversion up to 93.4%. Dye-sensitized solar cells (DSSC)
consisting of a redox couple and a counter electrode are used extensively for solar-
electrical energy conversion [70]. Dye-sensitized solar cells (DSSCs) composed of
coloring molecules, natural liquid electrolytes, and nanocrystalline metal oxides
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Figure 4.
Applications of improved carbon nanocomposites.

have shown greater performance in energy conversion and manufacturing costs
and low energy. Nowadays, graphene-based electrodes exhibiting chemical stabil-
ity and good conductivity, very large surface area, considerable high porosity, and
electrocatalytic activity are used in DSSC. The application of this electrode led to
the improvement in the performance and the reduction of the cast to a large extent.
A super-capacitor designed by Stroller et al. [71] from the chemical modification
of graphene material exhibited specific capacitance 135 F/g, 99 F/g, and 99 F/g in
aqueous electrolytes, ionic electrolytes, and organic electrolytes respectively. High
life cycle and high power have been shown by these types of storage devices. Zhang
et al. [72] synthesized a useful stretchable electrode by the mechanical exfoliation
of graphene prior to chemical treatment. These electrodes show high flexibility
and compatibility in usage in various electrolytes. Moreover, graphene conducting
polymer composites or graphene transition metal composites can be used to devise
Super-capacitors.

4.2 Antimicrobial activity

Graphene nanomaterials possess intrinsic antimicrobial properties and also act
as a platform to design antimicrobial nanocomposites having higher antimicrobial
activity. Graphene is an ideal scaffold material owing to its huge surface area to
anchor various sorts of macromolecules and nanoparticles. The attachment of diverse
compounds such as quaternary phosphonium salts to graphene has greatly improved
the antimicrobial properties. Researchers have shown great interest in Silver owing
to its higher antimicrobial activity and studied it extensively to design graphene-
based antimicrobial nanocomposites. In this section, the research carried out on the
development of graphene-silver antimicrobial nanocomposites will be discussed. As
the nanocomposites possess greater antimicrobial activity, graphene-silver nanocom-
posite is preferred over silver nanoparticles alone. Graphene-silver nanocomposites
facilitate the leached silver ions from the nanoparticles to penetrate the cell owing to
graphene which possesses the property to rupture a cell membrane. The purpose of
this proposed mechanism was to explain the synergetic effect caused by silver and
graphene existing together in the form of nanocomposite, and proteomic analysis of
this effect of graphene-silver nanocomposites compared to silver nanoparticles alone
[73] supported the mechanism as well.
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4.3 Gene therapy

Gene therapy is a big breakthrough in medical science. Gene therapy is a new
technique to treat various genetic diseases such as cystic fibrosis, Parkinson’s, and
various cancers. Efficient gene therapy includes a gene vector that protects the desired
gene from nuclease degradation and allows cellular uptake of DNA with high trans-
fection efficiency. The selection of an appropriate gene vector is the main obstacle in
the development of gene therapy. The non-toxic nanocarrier in efficient gene therapy
is Graphene and graphene-coated substrates. Graphene-based nanosheets have sp”
hybridized orbitals, which are capable to interact with drugs and other molecules
like nucleic acids such as DNA and RNA. Thus, they can be used for gene delivery or
as carriers and protectors of probes involved in identifying miRNAs [74]. Hyunwoo
et al. synthesized GO-based polyethyleneimine (PEI) composite and used it as an
efficient gene delivery carrier in gene therapy [75]. Among different carriers, poly-
ethyleneimine (PEI) has been typically recognized as the “golden standard” cationic
polymer in gene transfection, because of its strong binding to DNA and RNA and
effective uptake by cells. However, due to high cytotoxicity and poor biocompatibility,
applications of PEI polymers in gene therapy is limited [76].

4.4 Catalyzed organic reactions

Carbon-based nanocomposite materials have been extensively used as heteroge-
neous catalysts in many organic chemical reactions. In chemical industries, less than
10% of the chemical reactions are still conducted without the addition of specific
catalysts [77]. The catalytic products such as organic building blocks, pharmaceu-
ticals, natural products, and agricultural derivatives are very valuable in chemical
industries [78]. In many industrial chemical reactions, different types of supported
and unsupported metal catalysts have been investigated. In the last few decades, the
researchers gave more importance to using carbon nanostructure-based composites
as heterogeneous catalysts in organic transformations. The highlighted advantages of
carbon-based nanocomposites catalysts are high surface area, stability, fine disper-
sion, reusability, and easy recovery after completion of reactions. Furthermore, the
introduction of metal nanoparticles onto the carbon support has shown more useful-
ness in carrying out the highly selective catalytic organic reactions [79]. In compari-
son with CNTs, graphene or GO has been preferred due to its low cost, large-scale
preparation, and less health risk.

4.5 Radar absorbing materials

Electromagnetic wave absorbing materials are widely used in radar-absorbing
technology. The absorbing of electromagnetic waves has many widespread applica-
tions, including minimizing the radar signature of a target, protection of human
eyes, protective shielding of computers, consumer electronics, and optical sensors
from intense laser pulses. Composites, in which polymer matrix having embedded
multiwalled carbon nanotubes (MWCNTs), have been studied in multi-frequency
detection mode instruments. Their applications in the microwave frequency range
are anti-reflection, microwave absorbers, and electromagnetic interference shielding.
The use of CNTs in radar-absorbing nanocomposite materials is more prominent due
to their attractive properties i.e., electrical capacity, stiffness along large electromag-
netic wave absorption tendency in the microwave range [80]. Zakharychev et al. [81]
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have investigated the radar absorbing properties of epoxy binder and CNT nanocom-
posites in the frequency of 52-73 GHz.

4.6 Actuators

Shape memory alloys or liquid crystal elastomers have latent ability for activation
under the right conditions. However, blending of two or more materials is required
by other systems to report a new physical response leading to activation process.
Recently, it has been proven that the polymer nanocomposite seems to be the best
candidate for mechanical activation processes. The reported literature showed that
most of the studies were concerned with the activation of the already described
polymer matrix by introducing nanotubes. A new activator response was reported by
Courty and their team by an electrical field due to the presence of CNTs in an elasto-
mer polysiloxane [82]. Koerner et al. fabricated new polydimethylsiloxane (PDMS)/
MWCNT nanocomposite material which showed a mechanical response to infrared
radiation [83]. The mechanical response of (PDMS)/MWCNT was due to absorption
of photons from irradiation and not due to slight heating of material. Moreover, the
nature of activator mechanism is not known. Mylvaganam and Zhang [84] developed
a method for the preparation of activating nanocomposite material i.e., polyimide
and CNT nanocomposite.

4.7 Wind turbine blades

In the last few decades, it has been proved that the fastest-growing installed
energy generation technology is wind energy. The energy department of US has seta
goal for their researchers to produce at least 20% of its electrical energy up to 2030. To
achieve the goal, the focus of the wind industry is to manufacture large blades. This
is because the square of rotor radius increases the wind turbine energy output. This
is a big challenge for the researchers to make such a large-sized blade with excellent
mechanical properties i.e., excellent stiffness and strength, long fatigue life, and low
weight. To enhance the strength of polymer matrices used for wind turbines, CNTs
are the best candidate because of their excellent properties. Most of the previous work
showed that CNTs used in polymer matrices have enhanced the strength and stiff-
ness of composites materials. Recently this is also been reported that the use of CNT
increased the fatigue and tensile properties of thermoset resins used in wind industry.
To improve such type mechanical properties CNTs are the best candidates among
the discovered fillers. It was reported that incorporating a small quantity of CNTs
(0.2 wt%) improved the fatigue resistance of an epoxy system which is extensively
used in the wind-energy industry. Tensile and dynamical mechanical analyses were
performed on neat epoxy and on epoxy/CNT nanocomposite. The CNT composites
had long fatigue life as compared to neat epoxies under the same conditions [85].

4.8 Organic pollutant removal

With rapid industrialization and untreated wastewater disposal, water pollution
has become a serious threat to both flora and fauna. The contaminants which affect
the water quality badly are synthetic organic dyes, petroleum, antibiotics, drugs,
pesticides, polyaromatic hydrocarbons, heavy metal ions, etc., which have brought
alot of adverse effects on human health and social development. The most used
method for decontamination of polluted water is the biological method. There are
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some limitations of the biological method i.e., some refractory organic and inorganic
pollutants in wastewater are not effectively removed [86]. Therefore, some other
methods have been developed to remove refractory organic and inorganic pollutants
from wastewater such as adsorption and advanced oxidation processes (APS). In

the last few decades, CNTs and graphene-based materials have been widely used by
many researchers in wastewater treatment. Carbon nanomaterials-based nanocom-
posites can be used as an adsorbent in adsorption studies while in AOPS they are
used as effective catalysts due to their unique physical and chemical properties. In a
word, the CNTs-based materials may have potential application prospects in water
treatment [87].

4.9 Aerospace industry

In recent years, the dependence of humans on speedy transportation has boosted
many folds. The high demands make the research of this area very fast and more
fascinating. In aerospace industry, keen interest is shown in the mechanical, thermal,
chemical along with electrical and biodegradable properties. In chemical properties,
the focus is to stop the corrosion of the system. The lightweight of the aerospace
structure is vital, but the role of mechanical properties cannot be ignored. The role of
mechanical properties is crucial for design like impact and scratch tolerance, tough-
ness, strength, etc. The high thermal emissivity decreased solar absorption, electric
conductivity, and resistance for radiations are also the key parameters, which are kept
in focus while designing the aircrafts [88]. In the last few decades, the use of various
epoxy resins in the aerospace industry had enhanced enormously. Almost in all these
applications, carbon nanostructures are considered as advanced materials, which
may be used incorporation with other nanomaterials or simply as the replacement
of them [89]. In certain nanocomposites, carbon fibers were replaced by CNTs, the
reason was to reduce the weight of composite materials. The use of epoxy nanocom-
posites is valued in aircraft/aerospace industry due to its high strength-to-weight
ratio and enhanced temperature resistance. The best example is the wingtip fairings
of Lockheed’s F-35 which is made of CNT/epoxy nanocomposite. In the present
situation, the application of CNT-based epoxy nanocomposites in the aeronautical
and aerospace industry is obvious from their use in the space shuttle and advanced
commercial aircraft (such as Boeing 787 and Airbus A380). In 2010, NASA published
areport which showed the road maps for the future applications of nanomaterials
and utilization of CNTs in aerospace industries. This report reveals that CNTs have
tremendous potential to be used in aerospace applications which includes reduced
vehicle mass, superior functionality, improved self-healing characteristics, improved
control and damage tolerance, durability, and greater thermal protection. The use of
CNT in the aerospace industry represents a very bright picture [90].

4.10 Conductive plastic

Plastic is one of the important materials used in the modern world as a metal
replacement. The mechanical properties of plastics have been improved up to a maxi-
mum extent, but their limitations are arising when electrical conductivity is needed, as
plastics are mostly nonelectrical conductors. To remove this deficiency different filling
agents like carbon black and bigger graphite fibers have been incorporated in plastic
polymers [91]. The loading of polymers with traditional filler to enhance the electri-
cal conductivity results in weighty parts with high degraded construction properties
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[92]. For this reason, carbon nanostructures i.e., CNT is exceptional with the greatest
carbon fiber aspect ratio. In addition, their intrinsic inclination to shape cords provides
naturally very lengthy leading routes even at extremely low loads [93]. This property
of CNTs makes it the best choice to use in applications, such as gasket, enclosure, com-
posite EMI (electromagnetic interference), electrostatic dissipation (ESD), shielding,
and other usage coatings, low-observance radar absorption materials, and conductive
(even transparent) antistatic and material coatings [94].

5. Conclusion

In recent years, the CNTs and graphene-based improved nanocomposites have
been found to play a significant role in a wide range of potential applications. The
incorporation of CNTs and graphene nanofillers into a matrix of particular materials
either polymer activated carbon, metal, metal oxide, and fibers, upgrades their novel
properties, such as excellent mechanical stability (in terms of strength, toughness,
flexibility, Young’s modulus, dimension stability, etc.), good optical features, flame
retardancy, low water/gas permeability, and high electro-thermal conductivity. The
improved nanocomposites material is known as the material of the 21st century
because of their widespread applications in different fields such as energy storage,
medical, wastewater treatment, aerospace, etc.
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Abstract

Thin films of nanocomposite materials arouse a lot of interest due to their
excellent mechanical, electrical, optical, tribological properties and also by the vast
field of application. This chapter covers some techniques of thin films growth, such
as the processes of physical vapor deposition, such as magnetron sputtering; the
processes of chemical vapor deposition; layer-by-layer; among other techniques.
Additionally, relevant features and applications of some nanocomposites thin films
are presented. The wide variety of thin films growth techniques have allowed the
development of several devices including those that act as: transistors, actuators,
sensors, solar cells, devices with shape memory effect, organic light-emitting diodes
(OLEDs), thermoelectric devices.

Keywords: thin films, coatings, nanocomposites, PVD films, CVD films

1. Introduction

The possibility of improving the surface properties of a material preserving the
original properties of the bulk is a major interest in the application of thin films. In
general, the purpose of coatings is to obtain films of high hardness and resistant to
wear and corrosion deposited on the surface of metallic materials. A class of thin films
that has been gaining prominence is that of nanocomposites thin films (NTFs) that in
addition to the advantage allow the union of different materials whose combination of
properties allows obtaining specific characteristics for use in each application [1-4].

The NTFs are widely applied in the automotive, chemical, aerospace, electronics,
and biomedical industries due to their attractive properties such as high hardness,
good tribological properties, excellent resistance to corrosion and oxidation at high
temperatures [5-7].

An important fact to be observed is the synergism of the properties of
nanocomposite materials. Often a monolithic thin film is not able to gather specific
properties in isolation, and the complement of these properties can be obtained by
inserting another type of material that presents the characteristics that were missing.

As an example, we can mention the Cr-C nanocomposite thin film that coats
devices exposed to the action of seawater. C improves adhesion, toughness and
77 IntechOpen
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decreases surface roughness while Cr exhibits excellent anticorrosion properties [8].
Thus, we can note that the combination of elements Cr and C provides the obtaining
of a thin film that brings together the best characteristics of the two elements.

There are several techniques for NTF growth. In general, these techniques are
inserted in the following groups: (a) processes of physical vapor deposition (PVD)
and (b) chemical vapor deposition (CVD) processes. In PVD processes, the material
is converted to its vapor phase in a vacuum chamber and condensed on the substrate
surface in the form of a thin film. In CVD processes, there is the spraying of the
substance to be deposited, where the vapor is thermally decomposed into atoms and
molecules, which can react with other gases, vapors, or liquids in order to produce a
solid film on the substrate surface [9-12].

Some control parameters differentiate well the techniques belonging to these
groups, which makes in many cases a technique more interesting or more appropriate
than another. For example, in conventional CVD processes, the treatment
temperature is high, while PVD processes occur at lower temperatures [13-15].

This chapter presents some techniques for NTF growth based on the processes of
physical vapor deposition, chemical vapor deposition, and layer-by-layer technique.
For each case the advantages, disadvantages and applications are mentioned. We
hope that this brief chapter will encourage researchers to study the NTF in terms of
improving their properties and in the knowledge or development of other thin films
growth techniques.

2. Nanocomposites (thin films)

The nanocomposites are multiphase solid materials obtained by insertion of
nanoscale crystals dispersive in a second phase. The most common nanocrystals are
based on hard phases such as transition metal nitrides and carbides. The second-phase
materials usually present in two types: (a) the hard phase, where the nanocomposite
exhibits ultrahardness, but demonstrates brittle failure at high loads; and (b) the
soft phase, where the resulting nanocomposite has high hardness and a super-tough
structure [8].

The ratio control of these phases allows the obtaining of nanocomposites whose
properties of one of the phases complement those of the other phase resulting in
materials that can be applied in several areas. In the field of coatings, NTFs arouse a
lot of interest due to the various combinations of properties. In the next paragraphs,
we will highlight some studies in NTF in terms of the properties obtained in each case.

Lakra et al. [16] carried out the fabrication and electrochemical characterization
of cobalt oxide (Co;04)/graphene nanosheets nanocomposite deposited on
stainless steel substrates as efficient electrode for supercapacitor application. The
supercapacitor can achieve a power density in the range of 0.3-0.8 kW/kg with energy
density of 2.4-9.8 Wh/kg, and it shows good electrochemical stability with a loss of
5% in capacitance after 1000 cycles. For the authors, the performance of the device
can be improved by optimizing appropriate concentration of CO;0,4 and graphene in
the nanocomposite. The better performance was attributed to the synergistic effect of
graphene and CO;0, in the composite.

Scharf et al. [17] analyzed the synthesis, structure, and friction behavior of
titanium doped tungsten disulfide (Ti-WS2) nanocomposite solid lubricant thin
films deposited on Si (100) substrates. The pure WS2 thin films show columnar-
plate morphologies with porosity between the plates, which leads to early fracture
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at room and high temperatures. With the addition of Ti, the room temperature
friction coefficient measurements show some improvement when low amounts of Ti
are added to WS2. This behavior was also identified for high-temperature (500°C)
friction tests.

Dang et al. [18] studied the influence of Ag contents on structure and tribological
properties of TiSiN-Ag nanocomposite coatings deposited on Ti-6Al-4V substrates.
In this study, the authors observed that the variation of the Ag content directly
influences the hardness, friction coefficient, and wear resistance. For low Ag content
(1.4 at.%), the coating exhibited high hardness (36 GPa), but poor wear resistance.
As the silver content increased from 5.3 to 8.7 at.%, the films exhibited small variation
in hardness and greater layer homogeneity. A better performance in terms of wear
resistance in artificial sea water was observed for a silver content of 5.3 at.%, while in
ambient air, the wear resistance was higher for the coating with 7.9 at.% Ag. Further
increasing the Ag content (21.0 at.%), there is a very large loss in hardness although
possessing low friction coefficient both in ambient air and in artificial seawater.

3. Thin film growth techniques

The thin films growth can be carried out through several techniques where they
can be deposited as vapor, liquid, solid phases, or a combination of these phases
through plasma enhancement, ion bombardment, self-assembly, chemical treatment,
among others [19, 20]. In this chapter, four thin film deposition techniques will be
presented: magnetron sputtering, cathodic cage plasma deposition (CCPD), PECVD,
and layer-by-layer.

3.1 Magnetron sputtering

Within the PVD processes, the magnetron sputtering technique is one of the most
used in research with nanocomposites [21, 22]. The conventional sputtering technique
has very low deposition rates, and an alternative found to increase this rate is the
magnetron sputtering technique [23, 24].

The mentioned fact occurs because magnets are positioned in the vicinity of
the target to act as electron traps. Due to electron trapping in the region close to the
target, the plasma will also be restricted to this region resulting in a higher sputtering
rate [24].

Figure 1 shows the principle of sputtering with a planar magnetron where it is
possible to observe the confinement of electrons in the region close to the magnet.
During the process, the target is intentionally positioned close to this region to
increase the deposition rate.

The advantages of this technique include low plasma impedance and thus high
discharge currents from 1 A to 100 A (depending on cathode length) at typical volt-
ages around 500 V; deposition rates in the range from 1 to 10 nm/s; low thermal load
to the substrate; dense and well-adherent coatings; large variety of film materials
available (nearly all metals and compounds). Some disadvantages of this technique
include improvement requirement of target utilization; stabilization of the reactive
process in the transition regime [25]. The magnetron sputtering technique can be
applied for wear-resistant coatings, low friction coatings, corrosion-resistant coat-
ings, decorative coatings, and coatings with specific optical or electrical properties
[21-25]. The Figure 2 shows schematic diagram of magnetron sputtering process.
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Figure 1.
The principle of magnetron sputtering [25].
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Schematic diagram of magnetron sputtering process: (1) working chamber, (2) height adjustable substrate holder,
(3) quartz window, (4) target to be sputtered, (5) magnetron, (6) molybdenum wire, (7) thermocouple, and

(8) substrate [24].

3.2 Cathodic cage plasma deposition (CCPD)

This technique is a variation of the reactive sputtering process; it consists of the
use of a cage with well-defined geometry where the effect of cylindrical multicath-
odes is used to obtain coatings and three-dimensional surface treatments. In this
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technique, the cage functions as a cathode in which a potential difference that acts
only in the cage is applied (for the case of deposition), because the sample remains
isolated on an alumina disc [26-28]. Figure 3 shows a schematic representation of the
spatial arrangement of the sample and cage in the sample holder.

During treatment, it is possible to observe the formation of plasma on the surface
of the cage as well as the luminous intensification of the cage in each hole of the cage.
Figure 4a shows the visual aspect of the plasma formed on the cathodic cage.

The process is carried out in a reactor and conducted to very low working pres-
sures (~ 2.5 mbar) with controlled treatment atmosphere (Ar, Hy, N,, O, for exam-
ple). During the sputtering process, the atoms ejected from the surface of the cage
can combine with the reactive gas of the plasma atmosphere, forming compounds
that deposit on the surface of the sample. In this sense, the cage must be made of the
material to be deposited. The technique of CCPD allows both nitriding and deposi-
tion of a thin film on a substrate and thus a better adhesion between the film and the
substrate [30].

For the case of NTF, an example of arrangement for deposition of thin films would
be the use of a graphite cylinder with titanium cover. Figure 4b shows the example of
the cited arrangement. In this example, the film will present the synergism between
the properties of the C from the graphite cylinder representing the soft phase and the
Ti due to the cover, representing the hard phase.

The advantages of this technique include treatment of parts with complex
geometries; minimizing the edge effect and opening of arcs in relation to the
conventional sputtering technique; obtaining uniform layers; allowing to carry out
both the nitriding process and the deposition of thin films. Some disadvantages of
this technique include requiring a vacuum procedure; the production process of
the cages can be complex depending on the type of material. The CCPD technique
can be used for oxide and nitride deposition, deposition, desorption, and diffusion.
It allows the deposition of thin films of high hardness, high wear, and corrosion
resistance [26-30].

3.3 Plasma-enhanced chemical vapor deposition (PECVD)
The PECVD technique is a form of CVD, which uses plasma to enhance/enable the

reactivity of organic/inorganic chemical monomers for the deposition of thin films.
In this technique, it is possible to use precursors in solid, liquid, or gaseous form for

Gas conductor -
Cathodic cage
Sample
Alumina disc
Cathodic cage Sample holder
Figure 3.

Sample and cathodic cage arrangement over the sample holder [29].
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Figure 4.
(a) Visual aspect of plasma formation on the surface of the cage. and (b) Example of arrangement for treatment
by CCPD (graphite cylinder and Ti cover).

the deposition of thin films [31]. The precursors are typically decomposed by tem-
perature or a combination of temperature and plasma chemistry [32].

In conventional CVD processes, high treatment temperatures are used and the
use of plasma by PECVD technique activates the chemical vapor precursor, and it
allows the deposition to progress at a lower temperature than is normally used for
CVD [32].

A schematic representation of the standard PECVD thin film deposition process is
shown in Figure 5.

The advantages of this technique include highly cross-linked, uniform, robust
films with good surface adhesion; compatible with solid, liquid, and gas monomers;
leading to higher deposition rates and high density of cross-linking; working with
low and atmospheric pressures. As a disadvantage, this technique may suffer from
high internal stresses, which can cause film delamination. This technique can be
used for highly cross-linked, uniform, robust films with good surface adhesion; cor-
rosion and wear resistance; deposition of various types of materials with different
microstructures [31-34].

Sample holder
{downstream)

RF
Electrodes

To vacuum
pump
Monomer Inlet
Figure 5.
Schematic representation of a standard chamber used in the PECVD process [31].
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3.4 Layer-by-layer (LbL)

Layer-by-layer (LbL) assembly is a prevalent method for coating substrates with
functional thin films [35]. It can be applied for coating substrates with polymers,
colloids, biomolecules, and even cells, which offers superior control and versatility
when compared with other thin film deposition techniques [36]. The versatility is due
to the possibility of integrating different materials, creating defined layer sequences,
orienting anisotropic materials within layers [37].

The process is based on a sequence of steps that leads to the exposure of the
substrate to the material that will be deposited on the thin film. In general, more than
one coating layer is formed, that is, multilayer thin films are obtained. Some technolo-
gies for films deposition by LbL include immersive; spin; spray; electromagnetic; and
fluidic assembly [35, 36]. Immersive LbL assembly is the most widely used method,
and it is typically performed by manually immersing a planar substrate into a solution
of the desired material followed by three washing steps to remove unbound mate-
rial [35]. Figure 6 shows a schematic representation of the immersive LbL assembly
method.

Immersive

Substrate

Figure 6.
Schematic representation of immersive LbL assembly. Adapted from Richardson et al. [35].

LbL-based membranes

Figure 7.
Layer-by-layer assembly used for membranes for gases and liquids separation [37].
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The advantages of this technique include simple and versatile process; applied
straightforwardly on almost any surface; nanoscale functional films; applied to planar
surfaces, spherical particles, inside pores, and onto other more complex geometries;
among others. The LbL process requires time for atomistic relaxation at the interfaces.
may suffer from high internal stresses, which can cause film delamination. This tech-
nique can be used for light-emitting diodes (LEDs) and organic light-emitting diodes
(OLEDs) device manufacturing; water purification; solar cells; optics; batteries; drug
delivery; tissue engineering; functional fabrics; antibacterial coatings; biosensors;
photonics applications; liquid or gas separation; among others [35-39].

Schematic representation of an application of coating deposited by the LbL tech-
nique with the function of membrane for liquid or gas separation is shown in Figure 7.

3.5 Summary table

The thin film deposition techniques presented in this chapter present advantages,
disadvantages, and several applications that are commented in Table 1.

4, Conclusion

Nanocomposite coatings can be applied in several areas to improve properties such
as hardness, wear, and corrosion resistance, tribological properties, among others.
The synergistic effect exhibited in nanocomposite thin films shows the importance of
mixing materials where specific properties are obtained but which would be difficult
or even impossible for individual materials to exhibit. To obtain the synergism of the
properties, it is necessary to establish the appropriate treatment parameters and select
the most appropriate film deposition technique for a given application. Thin film
growth techniques can be performed by several routes, which leads to the develop-
ment of many variations in thin film deposition methods. Some of these methods/
techniques were seen in this chapter and have application field in several areas. We
hope that this chapter stimulates research on nanocomposites thin films in terms of
studying their properties, developing, or improving thin films and the techniques for
growing these films.
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and Honghao Hou

Abstract

Nanocomposites are materials that are usually created by introducing appropriate
nanoparticles into a macroscopic matrix, enabling the resulting bulk nanocomposites
remarkable characteristics in electrical, thermal conductivity, mechanical, optical,
magnetic properties, and so on. Such nanocomposite materials are of great impor-
tance for biomedical applications, particularly promising for tissue engineering
scaffolds. Recent trends in the nanocomposites field show bio-based/environmentally
friendly materials to be among the components in these nanocomposite materials.
Particular attention has been paid to the use of bio-based/biodegradable polymers as a
matrix component in nanocomposite applications, because of their great widespread
potential and advantages over other traditional synthetic materials. In this chapter,
we focus on the current research trends of the tissue engineering scaffolds based on
nanocomposite materials and mainly introduce the properties, types, manufacturing
techniques, and tissue engineering applications of various nanocomposite biomateri-
als. Besides, challenges and prospects associated with nanocomposite biomaterials
for the tissue engineering field were discussed. We believe that this chapter provides a
new envision for building functional nanocomposite materials for broad biomedical
applications.

Keywords: nanocomposite, nanomaterial, biomedical applications, tissue engineering,
biodegradable, biocompatible

1. Introduction

Nanomaterials are becoming a new strategy to control and manipulate the nano
and macro properties of hydrogels without hindering the exchange of nutrients with
the surrounding environment [1]. Nanomaterials refer to synthetic or natural materi-
als whose size does not exceed 100 nm, but for better medical applications, a diameter
in the range of 10~100 nm is more required. Materials with a diameter of less than
10 nm are reactive and toxic due to their large specific surface area and activity and
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materials larger than 100 nm can even cause embolism. In addition, it has been shown
that nanotopology rather than microtopology is the main influence factor on cell
structure and arrangement [2]. Usually, natural tissues also contain nano-scale sub-
stances, such as proteins, which can directly interact with cells. The nanocomposite
hydrogel designed with a biomimetic structure is more suitable for host cell coloniza-
tion. Therefore, nanomaterials have high biological activity (for example, cell-binding
motifs), which are conducive to protein adsorption and cell adhesion and proliferation
[3]. The properties of the obtained nanocomposite hydrogel can be the sum of the
functions of the nanomaterial and the hydrogel, or the result of better properties, such
as improved stiffness, stretchability, and even higher cell compatibility, which may be
derived from synergistic interactions [4]. Liu et al. introduced hydroxyapatite (HAp)
into the hydrogel network, which improved the modulus and toughness of the hydro-
gel, and had a qualitative impact on the differentiation behavior of mesenchymal stem
cells (MSCs) [5]. Nanoparticles (NPs) can be cross-linked agents with polymers both
chemically and physically to achieve dynamic system behavior and form shear-thin-
ning hydrogels. The resulting hydrogels exhibit a temporarily reduced viscosity under
shear stress and can be injected through a plug flow system, and then return to their
original viscosity under low shear owing to the electrostatic interactions [3]. Because
of these characteristics, they can be further applied to 3D bioprinting. Moreover, due
to their structural characteristics, nanocomposite hydrogels can easily present a gradi-
ent biomolecules delivery by (porous) NPs. A nanocomposite hydrogel composed of
a poly(amide amine) network and mesoporous silica NPs capable of releasing chemo-
kines has been reported. They have been observed to play an important role in tissue
regeneration in vivo through their influence on (MSCs) (Figure1) [7].

Nanocomposites are defined as a combination of materials or phases, where one or
more components is more concentrated and provide support, and other components
enhance the performance of the prepared composite by adding extra characteristics
[8]. In recent years, there have been more and more research toward nanocomposites
by closely mimicking the biological environment and natural matrix. Especially, the
properties of nanocomposites can be modified to meet the functional requirements
of each tissue, which makes it an excellent choice for tissue engineering applications
[9, 10]. Nanoscale scaffolds are needed to provide a suitable niche for interactions
between cells and the extracellular matrix (ECM) and guide cell behaviors [11]. The
emergence of nanocomposite materials provides more meaningful characteristics,
combinations, and unique design possibilities for scaffolds, and finally provides a
revolutionary platform for tissue engineering.

Nanocomposites involving biodegradable and bioactive properties have been
regarded as strategies for tissue engineering and regeneration medicine [12].
Nanoscale fillers can greatly change the physical properties of the polymer matrix,
thereby achieving improved engineering design of biomaterials. Compared with
traditional ones, nanoparticles with a larger surface area, can form a tighter interface
with the polymer matrix, provide better mechanical properties, while outstanding
mechanical conductivity and biocompatibility of the filler, thereby affecting protein
adsorption, cell adhesion, proliferation, and differentiation [13].

The components used to prepare the nanocomposite can be of natural or synthetic
origin. The components obtained from natural sources include polysaccharides
from microorganisms, such as chitin/chitosan, starch, alginate, and cellulose, while
biopolymers from animal proteins include wool, silk, gelatin, and collagen. These
polymers have been widely used in biomedical applications for their physical and
chemical similarities to natural ECM [12]. These polymers provide favorable support
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Figure 1.
Various topographical architecture of nanocomposite scaffolds affects the binding and spreading of seed cells [6].

for living systems, including outstanding biological properties, adjustable degradation
rates, and faster tissue regeneration [14, 15]. However, some disadvantages, including
the risk of pathogen transmission, allergic reactions, poor mechanical strength, and
high cost have also restricted their applications [16]. In recent years, researchers have
begun to overcome these problems related to natural nanocomposite scaffolds. In tis-
sue engineering, the developed scaffold can be used as a substitute for ECM. Scaffolds
formulated with biodegradable polymers, cells, growth factors, and appropriate
biochemical signals can repair or replace damaged tissues by providing the environ-
ment and conditions that enable cells to secrete their own new natural ECM [17, 18].
Tissue engineering and regenerative medicine (TERM) is a multidisciplinary
research field that uses the principles of chemistry, biology, and engineering science
to study the regeneration process of damaged tissues or organs [19]. Tissue engineer-
ing requires a combination of molecular biology and materials design for the urgent
need of providing temporary artificial substrates for cell seeding. In general, the scaf-
fold should exhibit high porosity, appropriate pore size, biocompatibility, and appro-
priate degradation rate [20]. Besides, the scaffold also needs to provide sufficient
mechanical support to maintain the stress and load generated during the regeneration
process in vitro or in vivo. For the purpose of improving mechanical properties and
cell adhesion and proliferation, the incorporation of nanoparticles (such as apatite
components, carbon nanostructures, and metal nanoparticles) has been extensively
studied. Polymer/layered nanocomposites such as HAp, carbon nanotubes, and
layered silicates have become the focus of attention in academia and industry [21, 22].
The introduction of a small amount of high-aspect-ratio silicate nanoparticles can
significantly improve the mechanical and physical properties of the polymer matrix.
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This chapter mainly introduces the current research trends of nanocomposite
materials used in tissue engineering, the properties, types, manufacturing techniques,
and applications of ideal nanocomposite scaffolds in various tissue engineering fields.

2. Properties and types of nanocomposite materials for tissue engineering

2.1 Properties and selection criteria for ideal nanocomposite scaffolds for tissue
engineering

In the past research, various nanocomposite scaffolds have been prepared using
different manufacturing techniques. In a broad sense, the ideal nanocomposite
scaffold should meet the following demands:

1. Biocompatible: It provides an ECM-like environment for cells’ physiological
behavior, such as proliferation, migration, differentiation. Its degradation must
be nontoxic and easily adsorbed or eliminated from the body.

2.Biodegradability: It must possess a controllable rate of degradation to maintain
the balance between newly formed tissues or organs and the degradation
(resorption) of the nanocomposite scaffold.

3. Nutrient delivery: Scaffolds should contain a large number of interconnected
pores to facilitate the transport of nutrients and regulatory factors.

4.Mechanical factor: It must have sufficient mechanical integrity to adapt to the
surgical process and meet the corresponding tissue tolerance. There should be a
balance between the porosity, stiffness, and hardness. Stiffness determines the
direction of cell differentiation to a certain extent and avoids insufficient vascu-
larization caused by excessive porosity.

5.Pore geometry: The pore distribution of the scaffold should be conducive to the
morphology of the cells. Pore size must be in the critical range larger than the
lower limit so that cells can migrate easily and smaller than the upper limit to
have enough surface area or binding sites.

6. Surface topography: It must have adjustable surface topography, hydrophilicity,
surface energy, etc. This allows the control of cell adhesion, migration, intracel-
lular signaling, as well as in vivo cell recruitment.

Of course, the final criteria for choosing a nanocomposite scaffold depends on
the type of tissue to be treated. These nanocomposite scaffolds must be resistant to
damage during the implantation process, as damage can lead to necrosis and inflam-
mation. For example, nanofibers scaffolds for tendon tissue engineering should be
arranged in parallel to imitate the natural tissues arrangement structure. In cardiac
tissue engineering, nanocomposite scaffold materials should have a certain electri-
cal conductivity, and gradually promote the repair and regeneration of myocardial
infarction damaged tissue under the conditions of satisfying electrophysiology [23].
For neural tissue engineering, scaffolds with higher flexibility are needed to allow
cells to adhere, migrate and differentiate, and they need to mimic the geometry of
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natural nerves [24]. The scaffold required for bone tissue engineering should have
the characteristics of providing multiple growth factors for different stages of bone
tissue regeneration, corrosion resistance, osteoconductivity, and shape controllability
[25, 26]. It also needs to create multiscale layered structures at the nanometer level to
add growth factors that promote vascularization and provide a surface for stem cells
to initiate bone repair and regeneration [15].

According to the type of tissue to be repaired, degradation rate and surface
morphology are also important criteria for stent selection. There should be coordina-
tion between the degradation time of the scaffold and the time required for natural
tissue replacement, it can be implanted for a long time without multiple operations
and avoid subsequent surgical removal. The degradation rate can be controlled by
introducing nanoparticles into the scaffold. On the other hand, the scaffolds used
for skin and heart repair usually require planar scaffolds, the scaffolds used for bone
tissue repair are usually cube-shaped or disc-shaped, while the tissue regeneration of
nerves, blood vessels, and trachea require tubular scaffolds [27].

2.2 Types of nanocomposite scaffolds

2.2.1 Hydrogel

Hydrogel, a highly hydrated 3D network, has a similar structure and composition
with ECM and become preferred tissue engineering scaffolds due to their adjustable
network structure, outstanding biocompatibility, effective mass transfer, and the
ability to encapsulate cells and biological factors [28]. These properties are affected by
the degree of crosslinking of polymer chains, molecular arrangement, and the amount
of water they absorb [29]. Hydrogels typically exhibit a hydrophilic network porous
structure with interconnected pores (>10 pm) to allow gas penetration, nutrient
delivery and provide sufficient space for cell attachment and interaction. In addition,
the porosity of the hydrogel can be controlled by preparation methods (phase separa-
tion, gas foaming, solvent evaporation, etc.), types of raw materials, and the polymers
concentrations [30]. The hydrogel nanocomposite scaffold can be designed in differ-
ent sizes and shapes, such as patches, microspheres, sheets, hollow tubes, to satisfy
their unique practical application [31]. From the perspective of regeneration medicine,
hydrogels can be used as the cell niche and provide stimuli to accelerate tissue regen-
eration, and able to act as the delivery vehicle for biologically active molecules.

Nanocomposite hydrogels were first reported in 2002 when Haraguchi et al.
introduced exfoliated clay flakes into poly(N-isopropylacrylamide) (PNIPAM) to
form a unique organic/inorganic network [32]. Compared to conventional ones,
nanocomposite hydrogels have enhanced chemical, physical, electrical, and biologi-
cal properties, which are mainly attributed to the improved interaction between the
polymer network and nanoparticles. However, nanoparticles themselves lack some
essential properties, such as biodegradation and stimulated reactivity, which can be
ameliorated by incorporating multiphase in nanocomposite hydrogels (Figure 2).

2.2.1.1 Inorganic nanomaterial based nanocomposite hydrogels

Over the last decades, significant progress has been made in the study of the
impact of introducing inorganic nanomaterials into tissue engineering applica-
tions in natural and synthetic polymer networks. Inorganic nanomaterials, such as
HAp, metal oxide nanoparticles, bioglass, and calcium phosphate NPs, are based
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Figure 2.
Hydrogels for different applications such as tissue engineering and other biomedical researches [33].

on materials found in biological tissues and show significant biological activity.

NPs confer and enhance signal (mechanics, bioelectricity, etc.) conductivity, while
polymers provide flexibility and stability to nanocomposite structures. Surface
chemistry favorable for protein adsorption and enhanced matrix stiffness makes these
nanocomposites ideal for tissue engineering scaffolds.

2.2.1.2 Organic nanomaterial based nanocomposite hydrogels

Organic nanomaterials, such as dendrimers, liposomes, hyperbranched polymers,
and micelles, are some typical polymer NPs that have a wide range of applications
in tissue engineering, drug delivery, and cancer immunotherapy. For example, the
properties of polymer NPs (such as conductivity) can be adjusted to achieve the
repair of myocardial infarction. Particle size and shape are the most widely studied
and reported properties, as they affect blood circulation time, cellular uptake, antigen
presentation, and T-cell immunity. Iz vivo studies of nanocomposite hydrogels have
shown that changing the shape of nanoparticles can lead to changes in the immune
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Design and fabrication of ovganohydrogel fibers [34]. (a) Molecular design of hybrid crosslinked polymeric
network in organohydrogel fibers and schematic of the wet-spinning process and molecular evolution of hydrogel
fibers. (b) Schematic of the preparation of organohydrogel fibers from hydrogel fibers by displacement solvent. (c)
Photograph of a long single fiber collected on a continuously winding dvum spool. (d) Schematic and photograph
of an organohydrogel-fiber knitted textile.

response. Compared with larger sizes, smaller size nanoparticles show better immune
responses due to their larger specific surface area and higher reactivity (Figure 3).

2.2.2 Fibers

Fibrous scaffolds, a considerable option of mimicking the nanostructure of natural
ECM, possess a more favorable morphology compared to porous scaffolds and hydro-
gels [35]. The nanofibers show similarity to the collagen fiber network, whose diameter
distributes in the range of 50-500 nm. Besides, nanoscale fiber scaffolds with well-con-
trolled pattern structures have received special attention in enhancing cell functions,
such as cell adhesion, migration, proliferation, and differentiation, for their isotropic
structure, uniform fiber size, and pore distribution, which also decide their mechani-
cal properties [36]. Nanofiber scaffolds have been used in tissue engineering for heart,
bone, cartilage, ligament, skeletal muscle, skin, and nerve tissue engineering, and asa
carrier for the controlled delivery of drugs, proteins, and even DNA [37].
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Nanocomposite fiber scaffolds can be obtained from polymers and nano-sized phases
by molecular self-assembly, phase separation, and electrospinning manufacturing
technology. Compared to the other two methods, electrospinning methods can produce
fibers with controllable pore size, fiber size, and stiffness, making it the most widely
studied technique [38]. Moreover, incorporating nanoparticles into electrospun fibers can
improve biomimetic scaffolds because cell-matrix interactions are strongly affected by the
presence of chemical cues that support cell attachment, proliferation, and differentiation.

2.3 Preparation of tissue engineering nanocomposite scaffold materials

The processing method of the above-mentioned nanocomposite scaffold is sum-
marized as follows:

2.3.1 Blending

This mixing method is the simplest preparation method and has many advantages. We
can obtain NPs with specialized size by varying the stirring speed, material concentra-
tion, and preparation period. Additionally, the preparation process is easy for the separate
preparation and cross-linking of NPs. Filippi et al. mixed PEG-functionalized iron oxide
(11, ITI) nanoparticles with an average particle size of 15 nm and cells in sterile Tris-
buffered saline to form a nanocomposite hydrogel network [39]. The obtained hydrogel
has a smooth texture, possesses excellent mechanical properties, such as stress relaxation
and high elastic modulus. However, the asymmetric distribution of nanoparticles in nano-
composite hydrogels and their diffusion behavior in solution needs to be further studied.

2.3.2 Solvent casting/particulate leaching

A combination of solvent casting and particle leaching methods has been widely
used to successfully manufacture 3D porous scaffolds [40]. It is a process of dispers-
ing salts in polymers that are dissolved in organic solvents. The solvent is removed
and then the salt crystals are leached out with water to form the porous scaffold.
Utilizing this process, people can make a scaffold with a porosity value of up to 93%
and an average pore diameter of about 500 pm by changing the size of the salt crystals
and salt/polymer ratio [41]. However, this method cannot control certain key vari-
ables, such as pore shape and pore interconnectivity (Figure 4).

2.3.3 Electrospinning

Electrospinning is a special form of electrostatic atomization of polymer fluids.
The biggest difference between the two is that the electrostatic spray uses a low-
viscosity fluid, and the product is in the form of nanoparticles, which are mainly
used for surface spraying. Electrospinning is a fluid with a higher viscosity, and the
product is a nanofiber membrane, which is mainly used to prepare materials with
three-dimensional shapes. Electrospinning is essentially a stretching process to
generate long nanofibers of uniform diameter from a polymer solution in the electric
field [42]. As the electrostatic interaction between the positively charged polymer and
the collector increases, the droplets of the polymer solution become finer and stretch
further, resulting in an ejection of fibers out of the solution.

This technique allows the production of bio-sized fibers with higher porosity
and high surface area-to-volume ratio, making them promising candidates for tissue
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Solvent casting/particulate leaching process [40].

engineering and drug delivery applications. The increased cell surface area provides
more cell attachment sites and allows for effective cell adhesion. Compared with syn-
thetic polymers, natural polymers are generally less suitable for spinning. Therefore,
for natural polymers, the polymer and solvent concentration optimization must be
carefully optimized (Figure 5) [43, 44].

Electrospinning technology has been used to develop tissue engineering scaffolds.
For example, hepatocyte-like cells from human mesenchymal stem cells (hMSCs)
were observed to aggregate on PLLA co-PCL collagen (PLACL/collagen) nanofiber
scaffolds to form functional liver spheres. The results indicate that the bioengineered
PLACL/collagen nanofiber scaffold may be a promising candidate for the treatment of
damaged hepatocytes in advanced liver failure [45]. Researchers have also used elec-
trospinning to manufacture different types of nanocomposite scaffolds for tissue engi-
neering applications, such as polyurethane/cellulose fiber scaffolds, and polyethylene
terephthalate (PET) scaffolds [46-48]. The main advantage of nanofibers prepared
by electrospinning technology is that it allows easy transport of nutrients and waste
across the scaffold. However, there are still some limitations, the use of cytotoxic
solvents and a wide range of optimization parameters, such as applied voltage, flow
rate, and travel distance to obtain ordered nanofibers, urgently need to be resolved.

2.3.4 Freeze drying/emulsification

The principle of freeze-drying is actually the sublimation process and a
promising technique for preparing scaffolds, in which the frozen water is directly
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Schematic diagram of set up of electrospinning apparatus (a) typical vertical set up and (b) hovizontal set up
of electrospinning apparatus and (bottom column) SEM micrographs of vepresentative electrospinning fibrous
materials [ 42, 43].

transformed from solid to gas without liquefaction. Thus, obtained highly porous
interconnected polymer structure is used as a scaffold for tissue engineering [49].
The obtained scaffold usually has a high porosity, but it can be further adjusted as
needed by varying the freezing method, the amount of water, the polymer con-
centration, the size of the ice (solvent) crystals, and the pH value of the solution

as needed. Freeze drying is widely used to prepare nanocomposite scaffolds, but
some of the limitations associated with this process include long preparation time,
high-energy consumption, and the possible formation of closed cells by gas foaming.
The obtained scaffold usually has a high porosity, but it can be further adjusted as
needed by varying changing the freezing method, the amount of water, the polymer
concentration, the size of the ice (solvent) crystals, and the pH value of the solution
as needed. Freeze drying is widely used to prepare nanocomposite scaffolds, but
some of the limitations associated with this process include long time, high-energy
consumption, the use of cytotoxic solvents, and the formation of closed cells by gas
foaming (Figure 6) [51].
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Figure 6.
Schematic representation of freeze-drying process [50].

The freeze-drying technique has been successfully used in many studies related to
tissue engineering, such as chitin-chitosan/zirconium oxide (ZrO,) and chitosan/gela-
tin/nanosilicon dioxide (nSiO,)) composite material [52]. In one such study, freeze-
drying methods were used to produce a chitosan 3D scaffold. The results obtained by
dispersing nHA and fucoidan in a chitosan matrix were found to be suitable for cell
growth and nutritional supplementation. In vitro results show that mesenchymal stem
cells (PMSCs) derived from periosteum grow well in nanocomposites, which implies
the potential for tissue engineering.

2.3.5 3D printing

Traditional manufacturing techniques, such as electrospinning, freeze-drying,
and solvent casting, have certain defects, including limited control over pore size,
fiber arrangement, and pore interconnection, which can lead to poor nutrient
transport or reduced cell survival and migration rates. 3D printing is one of the new
methods to obtain highly ordered scaffolds. It provides a highly controllable and
precise design for the internal structure and surface of the bracket. It can deposit
cells and biological materials in a way that mimics the structure of biological tissues
[53]. The principle of printing is based on a polymer solution containing cells or cell
aggregates “biological ink,” which is deposited layer by layer on a substrate to generate
3D structures, such as tissues or organs (Figure 7).

3D printing has been used to prepare a nanocomposite scaffold containing nano-
HA and chondrogenic transforming growth factor-$1 (TGF-p1) in the highly porous
subchondral bone layer. In the cartilage layer, the prepared scaffolds showed osteo-
genic differentiation, high biocompatibility with hMSC, and mechanical properties
required for osteochondral tissue regeneration [55]. 3D printing is promising, but the
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Infegmted tissue-ovgan printer (ITOP) system [54]. (a) The ITOP system consists of three major units: (i) 3-axis
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architecture including multiple cell-laden hydrogels and supporting PCL polymer. (c) CAD/CAM process for
automated printing of 3D shape imitating target tissue or organ. A 3D CAD model developed from medical image
data generates a visualized motion program, which includes instructions for XYZ stage movements and actuating
pneumatic pressure to achieve 3D printing.

application of this technique in tissue engineering still needs to be explored due to
high device costs, limited available materials, and low mechanical strength.

2.3.6 Self-assembly/self-organizing

It is an effective method to generate well-organized and stable supramolecular
structures through the spontaneously rearranging of molecules under thermody-
namic equilibrium conditions. Self-assembly can occur spontaneously in nature
through hydrogen and ionic bonds, hydrophobicity, etc., like the self-assembly
of phospholipid bilayer membranes in cells. Molecular self-assembly is a useful
method for generating supramolecular structures that rely relies on the potential
of molecules to spontaneously rearrange themselves into well-organized and stable
structures under thermodynamic equilibrium conditions. Such molecular interaction
is non-covalent and can occur through hydrogen and ionic bonds, hydrophobicity,
van der Waals forces, metal coordination, and electromagnetic interactions [56].
Self-assembly can occur spontaneously in nature, just like the self-assembly of lipid
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Materials Preparation methods  Applications Advantages Disadvantages Refs
Hydrogel, Blending or doping Controlled drug ~ Stressrelaxation ~ Asymmetric [39, 59]
fibrous delivery, tissue and high elastic distribution
materials engineering, cell ~ modulus

induction
Nanofiber Electrospinning Controlled drug ~ Tunable porosity, ~ Cytotoxicity, [43, 60]
membrane delivery, enzyme  high surface diversified

immobilization, area-to-volume parameters

wound ratio

dressings, tissue

engineering,

biosensors,

filtration
3D scaffold, 3D printing Tissue High precise High device costs,  [61, 62]
hydrogel engineering, internal and limited available

organ surface structure  materials, low

transplantation, mechanical

biomaterial, strength

growth factor

delivery
Hydrogel, Microfluidics Precise drug High throughput ~ Clogging [63-66]
nano/micro- delivery, production rate, and limited
particle microfluidic ultrahigh drug architectural

biochip, growth ~ loading degree features,

factor delivery low-volume

production
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Materials Preparation methods  Applications Advantages Disadvantages Refs
Nanofiber Self-assembly Tissue Enhanced Structure [67, 68]
engineering , mechanical restricted, few
biomaterial properties and biocompatible
biocompatibility,  and
controlled biodegradable
intermolecular characteristics
forces
Hydrogel Cross-linking/binding ~ Tissue Excellent Lower modulus [69]
engineering, biocompatibility,
shape memory, higher intensity
controlled drug and willfulness
delivery
Nano/ Ink-jet or electrospray ~ Tissue Higher biological ~ Limited thickness  [70, 71]
micro- regeneration activity,
particle , controlled convenient
drug delivery, delivery
biosensors
3D scaffold Freeze-drying/ Tissue High and tunable  Long time, [52]
emulsification engineering, porosity high-energy
regenerative consumption,
medicine cytotoxic solvents
Table 1.

Nanocomposites biomedical materials for tissue engineering applications.

bilayer membranes in cells. Molecular self-assembly is a strategy to develop nanofiber
materials with tissue engineering potential [57]. At the molecular scale, the precise
and controlled application of intermolecular forces can lead to new and previously
unachievable nanostructures. Thus, with proper design, the mechanical properties
and release characteristics of the assembled material can be tailored specifically for its
intended use through appropriate design (Figure 8 and Table1).

3. Application for tissue engineering

See Figures 9 and 10.

3.1 Cardiovascular tissue engineering

Nowadays, cardiovascular disease has become a major issue affecting the health

of countless people. Myocardial infarction (MI) is the leading cause of morbidity and
mortality worldwide [74]. MI is caused by local obstruction of myocardial blood flow,
which leads to permanent damage to the heart pump function and gradually develops
into chronic heart failure. Due to the limited regeneration capacity of myocardial tis-
sue, heart transplantation is the only solution for patients with advanced heart failure
to restore heart function. However, the shortage of heart donors and the high cost of
surgery procedures make it out of reach for many patients (Figure 11).

Cardiac tissue engineering is a promising approach to effectively replace or repair
damaged myocardium [78]. The approach of cardiac tissue engineering is to create
potential 3D scaffolds that mimic ECM to reconstruct injured myocardium.
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Different types of damaged body tissues repaired by applications of nanocomposites biomaterial-based tissue
engineering [72].

Cardiac tissue engineering should meet some essential requirements, such as
biodegradability, porosity, and mechanical/conductive properties, to match healthy
cardiac tissue. Based on these characteristics, nanocomposite hydrogels containing
conductive nanomaterials are considered attractive strategies for cardiacregenera-
tion [79]. There are many reports on the use of electroactive nanocomposite hydro-
gels for cardiac tissue engineering.

Polypyrrole (Ppy) is widely used in cardiac tissue engineering due to its outstanding
electrical conductivity and biocompatibility. Qiu et al. prepared a variety of conductive
hydrogel myocardial patches containing Ppy NPs and used them to repair myocardial
defects. Some animal experiments results showed that the fractional shortening and
ejection fraction are elevated by about 50% and that the infarct size is reduced by 42.6%
[77]. Metal-based nanomaterials are also widely used in cardiac tissue engineering, Chen
etal. prepared a hyaluronic acid-based injectable hydrogel containing Au NPs to repair
myocardial defects by loading human induced pluripotent stem cells [80]. Additionally,
Dong et al. introduced Au NPs into silk-based hydrogel (SF/ECM) for cell proliferation
and expansion of cardiomyocytes [81]. The uniform distribution of Au NPs in the matrix
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can provide favorable electrical conductivity and biological effects for cardiac repair.

In addition to Au NPs, Liu et al. prepared an injectable PEGylated chitosan hydrogel
scaffold for cardiac repair by introducing titanium dioxide (TiO,) nanoparticles [82].
The TiO, nanocomposite hydrogel significantly enhances the functionalization of

the cardiomyocytes, resulting in excellent synchronous contraction by increasing the
expression of a-actinin and connexin CX-43. Results of cardiac markers confirmed the
formation of interconnected cardiac layers within these nanocomposite hydrogels and
the formation of cell-hydrogel matrix interactions. These nanocomposites are well suited
for cardiac regeneration and provide a new platform for cardiac tissue engineering.

Mineral-based bioactive nanomaterials, such as SiO,, P,0s and CaO, can also be
used to effectively improve composite hydrogels for cardiac tissue engineering. It
has been proven that these materials can stimulate cells to secrete a large number of
angiogenic factors, thereby promoting the formation of blood vessels in engineering
scaffold [83-85]. To address the lack of functional blood vessels in engineered tissue
and low survival rates of injected cells in cardiac tissue engineering, Barabadi et al.
[86] introduced bioactive glass nanoparticles into the gelatin-collagen hydrogel to
improve the biological properties. In addition, iz vivo evaluation experiments con-
firmed that this nanocomposite hydrogel scaffold can effectively promote the forma-
tion of capillaries, reduce scar area, and improve cardiac function.

Although electroactive nanocomposite hydrogels can achieve satisfying biocom-
patibility and durability for the generation of cardiac microtissues i vitro, there is
still space for improvement in terms of mechanical properties and electrical conduc-
tivity [87]. In addition, the goals of high-level cell attachment, viability, endothelial-
ization, and recruitment of cardiac progenitor cells have not yet been fully achieved.
Therefore, future research should aim to address these issues.

3.2 Bone tissue engineering

Among all tissues in the human body, cartilage and bone are some of the most
extensively researched tissues in tissue engineering because of their high regenera-
tion potential. Bone graft materials, due to their osteoinductive and osteoconductive
properties, have been used to repair fractures and other defects [88]. However, there
may be risks of disease metastasis, infection, chronic pain, immunogenicity, and
inadequate supply (Figure 12).

Bone tissues, connective tissues, that are composed primarily of cells and extracel-
lular matrix. These tissues are hard tissues that can withstand repeated mechanical
stimulation without harm or loss of human functions. Bone tissue is closely related to
the movement of the human body. Once damaged, it will cause great inconvenience to
the patient’s life. Based on this, the key goal of bone tissue engineering is to develop a
tough and natural 3D microenvironment with the physiological environment required
to form the target tissue [6, 90]. In recent years, more and more nanocomposite
hydrogels have been developed for bone tissue engineering, especially bone and
cartilage tissue engineering,.

Inspired by the nature of bones, there is a need for three-dimensional hierarchical
structures and nanocomposites that can contain multiple levels of tissues, that is,
from the macroscopic tissue arrangement to the molecular arrangement of proteins
[91]. These nanostructured materials can provide enhanced mechanical proper-
ties and allow the proper transduction of mechanical stimuli to the cellular level.
Bioabsorbable B-TCP can improve the clinical application of pure HAp to achieve
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Cryotropic gelation scaffold for bone tissue engineering [89].

better bone regeneration. The main attraction of these materials is that they can bind
well with host tissues to form a robust interface. However, these materials are limited
to non-load-bearing applications due to their poor mechanical properties.

The mineral composition of bone is similar to HAp, but it contains other ions in
composition, which can better prepare biological materials. Yazaki et al. developed
the incorporation of carbonate or fluoride into the DNA-fibronectin-apatite compos-
ite layer for tissue engineering to adjust the solubility of the layer [92]. The incorpora-
tion of carbonate increases the effect of gene transfer on the efficiency layer, while
fluoride reduces the efficiency and delays the time of gene transfer in a dose-depen-
dent manner. In addition, manganese (M,), detected as a minor component of teeth
and bones, modulates bone remodeling.

The scaffold is designed to mimic the 3D support structure of the ECM in the sur-
rounding bone tissue and offers the following advantages—(i) porous interconnected
structure, that afford the transport of quality, nutrition, and regulatory factors
to allow cell survival, proliferation and differentiation, (ii) sufficient mechanical
properties for the support of cells, (iii) controllable degradation and minimal inflam-
mation or toxicity to the body [93]. Besides, the scaffold has the desirable properties
of transferring cells to the defect site, limiting cell loss, and even recruiting the body’s
own cells, rather than simply injecting cells into the defect site [94].

The challenge is to ensure good compatibility of the scaffold while maintaining the
porous structure and mechanical properties. It is important to achieve a uniform distribu-
tion of NPs within the scaffold. Methods for maximizing the distribution of NPs include
precipitating nanoparticles iz situ in a polymer matrix or using dispersants. For example,
the in situ synthesis method is used to prepare nanocomposite scaffolds of SF and CaPs.
Phosphate ions are added to the calcium chloride solution in which SF is dissolved, and
then the diammonium hydrogen phosphate solution is added by salt immersion/freeze
drying technology [95]. The scaffold exhibits highly interconnected macropores with a
size of approximately 500 pm and a micropore size range of 10-100 pm under SEM.

3.3 Skin tissue engineering

The skin is the first line of defense against infection and its injuries (such as burns)
may cause serious health problems. Skin tissue engineering is a promising method
of skin regeneration. In addition to the proper mechanical properties, the scaffold
material for skin tissue engineering should also possess antibacterial and anti-infective
properties, and can play a role in drug delivery to promote wound repair. To achieve
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Figure 13.
Skin healing process and mechanism using the nanocomposite wound dressing [97].

this goal, nanocomposite hydrogels are widely used in skin tissue engineering. Studies
have shown that zinc oxide (ZnO) NPs exhibit strong antibacterial activity and have
no side effects on normal tissue. Rakhshaei et al. introduced ZnO nanoparticles into
chitosan/gelatin hydrogel (CS-gel/ZnO) to endow the hydrogel with additional anti-
bacterial and drug delivery properties [96]. The ZnO NPs on the surface of the scaffold
extremely enhance the flexibility of the scaffold. These nanocomposite hydrogels can
effectively destroy the cell walls of gram-negative bacteria to achieve antibacterial
properties, which is due to ROS and Zn** in the nanocomposite hydrogel can attack the
negatively charged bacterial cell wall, causing bacterial death (Figure 13).

In addition to ZnO nanoparticles, graphene-based nanomaterials are also used as
fillers to prepare nanocomposite hydrogels for skin tissue engineering. Narayanan
et al. mixed rGO nanosheets with PAAm to form nanocomposite hydrogels which
have antibacterial activity and can promote the formation of biofilms [98]. Besides,
it is confirmed that the ginsenoside molecules in the nanocomposite scaffold can be
released slowly to achieve antioxidant effects. Xu et al. introduced ginsenoside Rg3
(GS-Rg3) into an electrospun fiber of polyglutamic acid, this nanocomposite hydrogel
exhibits fast tissue repair and inhibits the excessive scar formation [99]. The results
show that this nanocomposite hydrogel can be used as a wound dressing in skin tissue
engineering.

3.4 Other tissue engineering applications

In addition to the aforementioned fields, nanocomposite scaffolds also have a wide
range of applications in other areas, such as muscle tissue and nerve tissue.

3.4.1 Skeletal muscle tissue engineering

Skeletal muscle is one of the most abundant tissues in the body, possessing a
complex structure. In addition to supporting, connecting, nourishing, and protect-
ing muscle tissue, skeletal muscle also has the function of regulating the activity of
muscle fiber groups. Extensive skeletal muscle defects caused by trauma or tumor
ablation can cause movement disorders and organ dysfunction, which can lead to
pain in patients [100]. Restoration of the original function of skeletal muscle is
limited and fibrosis and scarring may occur for serious injuries of a mass loss of
more than 20% [101].

The purpose of skeletal muscle tissue engineering is to replicate the natural struc-
ture and function of muscle iz vitro and to transplant this tissue to the damaged area,
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since the behavior of myogenic cells is regulated by the flexibility and strength of
the scaffold, such scaffold systems in skeletal muscle tissue engineering should have
mechanical elasticity. Nanocomposite hydrogels with conductive components have
proven to be good candidates as 3D biomaterials for skeletal muscle tissue engineer-
ing. In the field of skeletal muscle regeneration, graphene and carbon nanotubes
are the two most widely used carbon nanomaterials in skeletal muscle regeneration.
To further optimize the mechanical properties of the scaffold, Patel et al. combined
graphene with chitosan and gellan gum to develop a graphene-polysaccharide nano-
composite hydrogel scaffold [102]. This nanocomposite hydrogel can positively affect
myoblasts, and as an ideal multifunctional biomaterial, it has the mechanical prop-
erties of natural skeletal muscle tissue and the ideal conductivity for transmitting
electrical signals to cells.

Metal oxides can also be used in skeletal muscle tissue engineering as nano-
reinforcing materials. For example, Tognato et al. introduced iron oxide (Fe,05)
nanoparticles into gelatin methacrylic acid (GeIMA) [103]. In an external magnetic
field, the magnetic Fe,0O; nanoparticles can be aligned, which then caused the seed
cells to line up in the same direction. In particular, in the absence of differentiation
media, the skeletal myoblasts in the nanocomposite hydrogel can differentiate
into myotubes. One of the challenges of current research in vitro skeletal muscle
regeneration is the lack of functional vascular structure, which also exists in most
areas of tissue engineering today. Therefore, the direction of skeletal muscle
tissue engineering in the future is to overcome the challenge above to promote the
formation of muscle-like intravascular structures.

3.4.2 Nervous tissue engineering

The function of the nervous system is to receive information from cells in different
parts of the body, process the received information, and send signals to other cells
and organs to elicit appropriate responses [104]. Nervous system damage caused by
ischemia, chemical, mechanical or thermal factors is very common in our current
society. Surgical strategies, such as nerve repair and autologous nerve transplantation,
are widely used in nervous system injuries to achieve optimal recovery. However,
the prognosis is not ideal. Recent studies have shown that only 40-50% of patients
recover their motor function after receiving autologous nerve transplantation [105].
Therefore, tissue engineering technology is considered an ideal method to repair
nerve damage.

The goal of nervous tissue engineering is to manufacture nerve graft substitutes
for the treatment of nerve damage and achieve long-term functional recovery. Among
them, graphene-based nanocomposite hydrogels can be used as a viable option to
promote nerve regeneration. Huang et al. prepared a nanocomposite hydrogel based
on graphene and polyurethane [106]. This polyurethane hydrogel can improve
the growth of neural stem cells and the differentiation of neurons. Qiao and his
colleagues introduced GO into poly(acrylic acid) (PAA) and formed an electri-
cally responsive nanocomposite hydrogel through iz situ polymerization [107]. In
particular, scientists also proved that carbon nanotube (CNT)-based polyethylene
glycol (PEG) nanocomposite hydrogels can increase total neurite growth and average
neurite length through electrical stimulation.

However, the influence of these nanocomposite hydrogels on the activity of neural
stem cells needs to be further studied.
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4, Conclusion

Currently, these reported nanocomposite hydrogels can mimic certain char-
acteristics of natural tissues to a certain extent. However, there are still many
challenges in applying them as tissue engineering scaffold biomaterials in clinical
practice. Although some new functional nanomaterials have been introduced into
nanocomposite scaffolds, the relatively poor interfacial interaction between polymer
chains and nanomaterials and the uneven dispersion of nanomaterials in the matrix
significantly limit their application. At present, processing technologies, such as 3D
printing, electrospinning, and microfluidic reactors, have been rapidly developed,
providing a great number of opportunities to quickly obtain nanocomposite scaffolds
with anisotropic structures.

5. Future perspectives

We expect that the discussion in this chapter on the effects of different nano-
materials on the physical and chemical properties of nanocomposite hydrogels and
their eventual application in different types of tissue engineering will be useful for
the design, fabrication, and production of new generation nanocomposite hydrogel
materials. Nanocomposite hydrogels are a new generation of 3D biomaterials for
many different applications, including kinds of tissue engineering. The introduction
of different nanomaterials in a polymer hydrogel network leads to the formation
of nanocomposite systems with different functions. For instance, the addition of
conductive nanomaterials into the polymer hydrogel matrix, such as Ppy, carbon
nanotubes, graphene, and metal-based nanoparticles, not only provides mechanically
strong hydrogels but also imparts conductivity to the hydrogel. These nanocomposite
hydrogels can be used for the regeneration and repair of electroactive tissues, such
as nerve, cardiac, and skeletal muscle tissues. Additionally, the introduction of
rigid nanomaterials, such as nHAp, tricalcium phosphate, bioglass into the hydrogel
matrix, can enhance its mechanical properties and promote the occurrence of miner-
alization inside the scaffolds. These nanocomposite hydrogels can be used for bone or
cartilage tissues repair. In addition to these, some nanocomposite hydrogels can even
be used in skin and vascular tissue engineering.

We believe that high-performance nanocomposite hydrogels with excellent
mechanical properties, ordered structures, and novel functions will soon be used in
tissue engineering applications.
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Syzygium cumini Mediated
Green Synthesis of Silver
Nanoparticles for Reduction of
4-Nitrophenol and Assessment
of Its Antibacterial Activity
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Abstract

The biosynthesis of silver nanoparticles (AgNPs) has become more significant in
the recent years owing to its applications in catalysis, imaging, drug delivery, nano-
device fabrication and in medicine. We propose the synthesis of silver nanoparticles
from the plant extract of Syzygium cumini and evaluation of its antibacterial and
chemocatalytic potential. Synthesis of AgNPs carried out by using aqueous silver
nitrate. The UV-Vis absorption spectrum of the synthesized AgNPs showed a broad
absorption peak at 470 nm. TEM analysis shows the morphology of AgNPs as a
hexagonal matrix with average particle size is about 50 nm. XRD analysis displays the
crystalline structure of AgNPs. The presence of elemental silver was confirmed with
EDX analysis. FTIR analysis shows that amide groups present in proteins are domi-
nant reducing agents and play an important role in the bioreduction of Ag"* ions to
Ag’. The bioreduced AgNPs demonstrated significant catalytic properties in a reduc-
tion reaction of 4-nitrophenol to 4-aminophenol using NaBH, in an aqueous condi-
tion. The biosynthesized AgNPs have potent antibacterial activity against common
clinical pathogens. Considering the remarkable antibacterial activity against common
pathogenic microorganisms, AgNPs can be used in the pharmaceutical industries.

Keywords: Syzygium cumini, Silver nanoparticles, Antibacterial activity,
Catalytic reduction
1. Introduction
Nanobiotechnology is an economic alternative to chemical and physical methods

for the synthesis of nanoparticles [1]. The nanoparticles are extensively used in
cosmetics, tires, textiles, food industries and medicines [2]. Recently, nanotechnology
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has gained significant attention due to its unique and different properties such as
catalytic, electrical, optical, magnetic and thermal, which have wide varieties of
applications [3].

Numerous approaches are in practice to generate AgNPs such as chemical, elec-
trochemical, photochemical and radiation. The significance of NPs is recognized
when researchers found that size can persuade the physico-chemical properties of a
substance [4]. In the past few decades, tremendous awareness and extensive research
efforts were intended toward the metallic nanoparticles derived from noble metals,
such as silver and gold [5]. However, there is still a need to enhance and develop high
yield, low cost, non-toxic and environmentally friendly procedures. Therefore, the
biological loom for the synthesis of NPs becomes crucial.

Nanotechnology has focused much more attention in recent years in several
research fields. Due to their advanced optical properties, metal NPs find applications
in the areas of biological, chemical and electronic sciences [5, 6]. The AgNPs have a
well-built report on antimicrobial, anti-inflammatory, anti-viral, anti-angiogenesis
and anti-platelet activity [7, 8]. Currently, the green synthesis of AgNPs finding
medical application in the area of continued significance [9]. The new drug synthesis
from AgNPs can fight against cancer and kill pathogens like bacteria, fungi, and
viruses [10]. There are diverse natural sources like plants, bacteria, yeast, and fungi
used to synthesize Auand AgNPs [11, 12]. The use of leaf extract for nanoparticle
synthesis is low-cost and eliminates the need for culture preparations and main-
tenance of aseptic conditions required for microorganisms [13]. At present, plant-
mediated synthesis of nanoparticles is gaining more attention due to its simplicity,
rapid rate of synthesis and eco-friendliness [14]. Diverse bio-molecules such as,
carbohydrates, proteins and co-enzymes are existing in plant that reduce the metal-
lic salt into nanoparticles [1]. The phytosynthesis of nanoparticles is advantageous
over chemical synthesis concerning the adverse effect of harmful chemicals on the
environment [15].

Syzygium cumini is a plant recognized for its antifungal, antioxidant, anti-
inflammatory, hypolipidaemic, hypoglycaemic and pharmacological properties,
due to the presence of bioactive compounds in various parts of the plant [16, 17].

The fruits of Syzygium cumini have various medicinal purposes and currently have a
huge market for treating chronic diarrhea and other enteric infections [18]. However,
the remedial outcome of medicinal plants has been consistently queried due to little
bio-availability of the chief constituents subsequent to metabolic conversion in the
liver [19]. Therefore, the use of nanoparticles confirmed to be a valuable substitute, as
they are biodegradable, biocompatible and can allow the sustained release of specific
drug [20].

The antimicrobial prospective of nanoparticles is pertinent in the massive area
of biology and medicine to prevent infections in burns and open wounds [21, 22].
Therefore, this manuscript describes the antibacterial activity of nanoparticles
against common human pathogenic bacteria like Pseudomonas aeruginosa, Servatia
marcescens, Staphylococcus aureus, Salmonella typhimurium and Klebsiella pneumonia.
Additionally, we revealed the catalytic potential of biosynthesized AgNPs in the
reduction of 4-nitrophenol to 4-aminophenol. The reduction of 4-nitrophenol to
4-aminophenol by NaBH, is one of the leading model catalytic reaction since it allows
easy and reliable assessment of catalysts using the kinetic parameters [23].

Herein, we report the simple, facile, rapid and efficient process for the synthesis
of AgNPs using the aqueous leaf extract of Syzygium cumini and their applications in
antibacterial activity and catalytic reduction of 4-nitrophenol.
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2. Materials and methods
2.1 Preparation of plant extract

Syzygium cumini leaves were thoroughly washed in running tap water for 15 min
and then shade dried for two days at room temperature. Dry leaves were ground
into fine powder in a mortar and pestle. The extract obtained was filtered through
Whatman filter paper No.1. The filtrate was collected and stored at 4°C, which was
further used for all experiments [24].

2.2 Synthesis of AgNPs

The well-grinded material was mixed with 100 mL of double distilled water and
then transferred in 500 mL Erlenmeyer flask followed by continuous stirring on the
magnetic stirrer for 10 min. The content was centrifuged at 10,000 rpm for 10 min
for the removal of cell debris. 50 mL of aqueous silver nitrate (1 mM) was added to
10 mL of the leaf extract with continuous stirring. A color change from colorless to
yellowish-brown, visually confirms the formation of AgNPs [25].

2.3 Characterization

The resulting solution was then diluted by using double distilled water and charac-
terized using UV-Visible spectroscopy, X-ray diffraction, Energy dispersion spectros-
copy, FT-IR and Transmission electron microscopy [26].

2.3.1 UV-visible spectroscopy

Silver nanoparticles were characterized by using Systronics UV-Vis spectropho-
tometer. The bio-reduction absorption spectra were monitored in 300-700 nm range.

2.3.2 X-ray diffraction spectroscopy

The biosynthesized AgNPs using Syzygium cumini leaf extract were lyophilized
to a powder. The powdered or dried AgNPs were coated on the XRD grid, and the
spectra were recorded using Rich Seifert p 300 instruments.

2.3.3 Transmission electron microscopy and energy dispersive spectroscopy

In order to know the morphology of the biosynthesized AgNPs, transmission elec-
tron microscopy (TEM) studies were carried out. The size and shape of the AgNPs
were recorded by using the FEI (Netherland) model TECNAI-G2U twin operated at
an accelerating voltage of 200 KV. EDS analysis was carried out at the same time by
the EDS compatible with TEM.

2.3.4 Fourier transform infrared spectroscopy (FTIR) analysis

After the biosynthesis, AgNPs were centrifuged for 15 min at 10,000 rpm. The
obtained pellet was re-dispersed in double distilled water to ensure the removal
of any uncoordinated bio-molecules. In order to obtain the better separation of
nanoparticles, the process of centrifugation was repeated twice. The purified pellet
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was then subjected to FTIR analysis (Shimadzu IR). AgNPs were mixed with KBr and
subjected to IR source 500-4000 cm ™.

2.4 Catalytic reduction of 4-nitrophenol

The catalytic reaction was studied as mentioned by Ghosh et al. with slight modifi-
cation. Briefly in standard quartz cuvette 1 mL of 0.1 mM aqueous NaBH, solution
mixed with 1.5 mL of 4-nitrophenol aqueous solution (0.25 mM). 100 pL of an aque-
ous suspension of AgNPs of Syzygium cumini (in double-distilled water) was added
into the same and time-dependent absorption spectra were recorded every 5 min in
the range of 260-520 nm at 28°C [27].

2.5 Antimicrobial activity

The antimicrobial activity of the biosynthesized AgNPs was tested against
pathogenic bacteria such as Serratia marcescens (NCIM 2078), Staphylococcus aureus
(NCIM 5021), Pseudomonas aeruginosa (NCIM 5029), Salmonella typhimurium (NCIM
2501) and Klebsiella pneumonia (NCIM 2957), etc. The organisms were collected
from National Chemical Laboratory (NCL), Pune. Uniform spreading of bacterial
cultures was carried out in the individual plates using a sterile glass spreader. Wells
were made on the agar plates using a cork borer to about 10 mm diameter in nutrient
agar medium. 100 pg of lyophilized AgNPs were added in 100 pL of distilled water.
50 pL dispersed solution was added to the well. The diameters of the inhibition zone
surrounding the wells were measured in millimeters after 24 h. The antimicrobial
effect of the biosynthesized AgNPs is directly proportional to the size of the spherical
inhibition zone against microbial pathogens [28-30].

3. Result and discussion
3.1 Biosynthesis of AgNPs

The reduction of Ag* to Ag’ NPs was carried out by using aqueous leaf extract
of Syzygium cumini. The color change of the solution observed from colorless to
yellowish-brown indicates that the synthesis of AgNPs shown in (Figure 1(i)). The
UV-Vis absorption spectrum of the biosynthesized AgNPs demonstrated a charac-
teristic absorption peak at 470 nm, which is a typical band for the silver shown in
Figure 1(ii). No other peak was observed in the spectrum, which confirmed that
silver only [31]. The formation of AgNPs was further confirmed by using X-ray dif-
fraction (XRD), FT-IR, EDS and transmission electron microscopy (TEM) analysis.

3.2 Characterization
3.2.1 Transmission electron microscopy analysis

The TEM image of the AgNPs is shown in Figure 2. TEM has been used to describe
the size, shape and morphology of the biosynthesized AgNPs. From the figures, it
is observed that the morphology of AgNPs is a hexagonal matrix. Figure 2 shows
the average particle size measured from the TEM image is 50 nm, which are in good
agreement with the particle size calculated from XRD analysis.
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Figure 1.
(i) Color change observed (a) before and (b) after formation of AgNPs. (ii) UV-visible spectra of the
synthesized AgNPs.

Figure 2.
TEM image of AgNPs.

3.2.2 X-ray diffraction analysis

The presence of Ag crystal in the sample was confirmed by using an X-ray dif-
fractometer. In XRD pattern, the Braggs reflections were observed at 26 value 38.0°,
44.8°, 475°, 64.6° and 78.0° confirm the presence of AgNPs (Figure 3). A strong
diffraction peak located at 38.0° was ascribed to the (111) facets of Ag. The XRD pat-
tern thus clearly indicated that the AgNPs are in crystalline form. No impurities were
observed in the XRD pattern.
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Figure 3.
XRD pattern of synthesized AgNPs.

3.2.3 Energy dispersive spectroscopy analysis

EDS analysis of synthesized particles showed the presence of elemental silver,
which correlates with XRD analysis (Figure 4). We identified the signal energy peaks
for hexagonal-shaped AgNPs produced by using Syzygium cumini leaf extract. The
NPs showed the prominent silver energy emission peak in a range of 2-4 keV in the
spectrum.

(b) '

l

Figure 4.
(a) SAED pattern (b) EDS analysis of AgNPs.
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3.2.4 Fourier transform infrared spectroscopy (FTIR) analysis

FTIR absorption spectra of AgNPs are shown in (Figure 5). The different possible
functional groups at various positions will be determined by using FTIR analysis. The
band at 1559 cm ™" indicates the presence of amide group [32] arises due to carbonyl
stretch in proteins. It can be stated from FTIR analysis. The band at 1610 cm™ is
attributed to the stretching vibration of (NH) C=0 group. That amide groups present
in carbohydrates, proteins are dominant reducing agents and play an important role in
the bio-reduction of Ag" ions to Ag® leads to nanoparticles synthesis.

3.3 Catalytic reduction of 4-nitrophenol

In order to study the efficiency of bio-synthesized AgNPs, the catalytic reduction
of 4-nitrophenol was carried out in an aqueous medium by using NaBH, as a reduc-
tant at room temperature [33-35]. The 4-nitrophenol (0.1 mM) shows an absorption
peak at 400 nm in the visible region with NaBH, (Figure 6). In a control experiment,
it can be concluded that the reduction does not occur in the absence of AgNPs, even
after the addition of excess NaBH,. After the addition of AgNPs, the gradual decrease
in intensity of the absorption peak at 320 nm was observed due to the formation of
4-aminophenol. The complete reduction of p-nitrophenol was also supported by a
change in color from yellow to colorless.

3.4 Antibacterial activity

Antibacterial activity of biosynthesized AgNPs was investigated against human
pathogens. The biosynthesized AgNPs showed a high inhibitory effect on bacteria,
and it may serve as an option for decreasing bacterial infections [36]. The zone of
inhibition was found to be as per Table 1.
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Figure 5.
FTIR image of AgNPs.
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Figure 6.
The UV-vis spectrum of 4-nitrophenol reduction catalyzed by AgNPs using NaBH,.
Sr. No Name of organism Diameter of zone of inhibition (mm)
1 Pseudomonas aeruginosa NCIM 5029 14
2. Serratia mavcescens NCIM 2078 18
3. Staphylococcus aureus NCIM 5021 22
4. Salmonella typhimurium NCIM 2501 16
5. Klebsiella pneumonia NCIM 2957 12
Table 1.

Antibacterial activity of Syzygium cumini AgNPs measured as the zone of inhibition in (mm).

4, Conclusion

The Syzygium cumini leaf extract reduced Ag’ metal ions and led to the formation
of AgNPs with fairly well-defined dimensions. This green approach for the synthesis
of AgNPs has many advantages, such as the simplicity with which the process can be
commercialized. The spherical AgNPs with unusual shapes like nano prism, hexagons
and trapezoids were synthesized. The synthesized AgNPs showed excellent catalytic
properties in a reduction reaction of 4-nitrophenol to 4-aminophenol by NaBH, in
the aqueous phase. Thus, this rapid, eco-friendly and economical route can be used to
synthesize AgNPs with wide biotechnological and chemical applications. The anti-
microbial screening demonstrated that the synthesized AgNPs had a high inhibitory
effect on bacteria. These observations may serve as a guide for studying the controlled
release of AgNPs, in the field of controlling infectious diseases.
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Abstract

Solid lipid nanoparticles (SLN) are nanocarriers in the 10-1000 nm range of
a solid core, containing both hydrophilic and hydrophobic active pharmaceutical
ingredients. SLNs are composed of well-tolerated and biodegradable solid lipids such
as mono-, di-, and triglycerides, fatty acids, waxes, and steroids, as well as lipophilic
and hydrophilic emulsifying agents. This composition of biocompatible molecules
makes SLNs one of the most successful options for the administration of drugs with
different routes of administration. To determine its size, morphology, and surface
charge, laser diffraction spectroscopy techniques, dynamic light scattering, coulter
counter, scanning ion occlusion sensing, and advanced microscopy techniques such
as scanning electron microscopy, transmission electron microscopy, and atomic
force microscopy are some of the most widely used methods. Surface morphology
and length can be measured by electron microscopy, while dynamic light scattering
and photon correlation spectroscopy determine particle size and size distribution.
In addition, colloidal stability can be determined by zeta potential analysis, indirect
measurement of surface charge, and differential scanning calorimetry to characterize
particles and drug interactions.

Keywords: nanocarriers, solid lipid nanoparticles, components, preparation method,
SLN analysis

1. Introduction

Pharmaceutical nanocarriers comprise nanoparticles, nanospheres, nanocapsules,
nanoemulsions, nanoliposomes, and nanoniosomes [1]. Solid lipid nanoparticles
(SLN) can be defined as solid lipid colloidal particles composed of organic matter
and carbon in a range of 10~-1000 nm in which the active pharmaceutical ingredients
(API) are dissolved or encapsulated in lipids (Figure 1) [2-4]. The underlying mecha-
nism for the formation of lipid nanocarriers is hydrophilic-hydrophobic interactions
and van der Waals forces between phospholipids and water molecules [5]. In addition,
the physicochemical properties of lipids, such as biocompatibility, low susceptibility
to erosion phenomena, and slow water absorption, make lipids an ideal nanocarrier
system to improve aqueous solubility and bioavailability of APIs [6, 7].

Some advantages of SLNs as a vehicle for APIs include: covering the bit-
ter taste of the drug in oral administration; maintenance of therapeutic drug
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Figure 1.
General diagram of the solid lipid nanoparticles.

concentrations and circulatory time at target sites; protection against premature
degradation in the gastrointestinal tract; improved pharmacokinetics, solubility,
bioavailability, and stability; reduced toxicity; dose reduction and dose frequency;
improvement of patient compliance; and prevention, reduction or delay of the
onset of resistance, in addition to the fact that the by-products or metabolites

of SLNs are significantly safe and can be easily eliminated through the normal
process of excretion [8].

SLNs have been sought as a means to improve the solubility and bioavailability of
many drugs, both hydrophilic and lipophilic, especially drugs belonging to class two
(high permeability and low solubility drugs) and four (low permeability and low
solubility drugs) of the Biopharmaceutical Classification System (BCS) [9].

SLNs have been developed for various applications, including nutraceuticals,
cosmetics, pharmaceuticals, and biomedicals, as they can transport a variety of com-
ponents, including small drug molecules, large biomacromolecules (polysaccharides,
etc.), genetic material (DNA/RNA) [10], vaccine antigens [11], antineoplastic
[12, 13], antimicrobial [14], they can also be applied in for the targeted delivery of
brain medications since enhancing the ability of the drug to penetrate through the
blood-brain barrier (BBB) [15].

By focusing on cellular delivery, SLNs can enhance drug delivery to target cells by
various mechanisms, such as passive mechanisms that take advantage of the tumor
microenvironment, active mechanisms by surface modification of the SLN, and the
co-distribution mechanism. SLNs can combine many different drugs and be effective
in various types of tumors (i.e., breast, lung, colon, liver, and brain), supporting their
potential [16].

SLNs provide several indirect ways to address resistance problems, such as
achieving a sustained release profile of a drug, maintaining concentrations within
its therapeutic range, and thus avoiding potential adverse effects. Suboptimal
levels can promote the selection of resistant bacteria, reduce drug toxicity by
encapsulation, permitting higher doses. Promote accumulation in target cells using
active targeting, and increase the inhibitory effect (i.e., decrease MIC) on bacterial
strains [17].
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2. Composition of SLN

SLNs are composed of lipids, surfactants, co-surfactants, and the API to be encap-
sulated. In addition, coating materials, antioxidants, preservatives, adhesives, viscos-
ity enhancers, absorption enhancing agents, and other excipients can also be used.

SLNs are composed of approximately 0.1-30 (% w/w) solid fat dispersed in an
aqueous phase. Surfactants are used in approximately Oaboutentrations to improve
stability [18, 19].

2.1 Lipids

Lipids are the main component of the formulation and determine the stability,
release, encapsulation, and loading of any API. Therefore, the selection of lipids is
the key to a successful formulation, biocompatible/physiological and biodegradable
lipids, as well as those that are in the classification of generally recognized as safe
(GRAS), with a melting point more significant than 40°C to guarantee a solid state
at room temperature and also at body temperature, are the ones of choice for the
formulation of SLNs, which reduces the danger of toxicity [20].

GRAS, for its acronym in English “Generally Recognized as Safe,” is a designation
of the Food and Drug Administration of the United States (FDA) that a chemical
or substance added to food is considered safe by experts, therefore which is exempt
from the Federal Food, Drug, and Cosmetic Act (FFDCA) food additive tolerance
requirements [21].

The melting point of lipids depends on their chemical structure, degree of
crystallinity, and polymorphic variation. For example, the melting temperatures
of saturated fatty acids and triglycerides increase in proportion to the number of
C atoms. In contrast, the melting temperatures of unsaturated fatty acids decrease
with increasing carbon atoms and double bonds. The polymorphic variation of lipids
also determines physical characteristics such as melting and solidifying properties,
morphology, and aggregation of large fat crystals and emulsions.

Selection of a solid lipid or lipid blend relevant to SLN generally depends on
several factors: (i) the ability to produce particles in the submicron range, (ii) biode-
gradability, (iii) biocompatibility, (iv) carrying the capacity adequate drug, and
(v) storage stability [22].

One of the most important considerations is the polarity of the drug to be used.
Ideally, it is recommended that the lipid phase be considerably lipophilic so that
lipophilic drugs can easily be incorporated and solubilized in it. Another parameter,
which plays a crucial role, is the lipid’s viscosity and contact angle (or a mixture of
lipids) with the aqueous solution. Highly viscous lipids are challenging to work with
and require higher energy for sonication, which is used to form nanoparticles [23].

The use of relatively low melting point solid lipids and the increase in the oil
content in the lipophilic phase of the nanoparticle dispersion reduce the viscosity of
the molten droplets during homogenization; this is how nanoparticles are formed
in smaller sizes [24]. The average particle size of the SLN dispersion increases when
higher melting lipids are used. The main technical point behind this phenomenon is a
higher viscosity of the dispersed phase [25].

The degree of crystallinity and polymorphic modification of lipids is another
factor that influences the properties of a lipid nanoparticle system because they affect
the incorporation of the drug (drug loading efficiency, state, and location of the drug
in the nanoparticles) and dictate its releasing properties [26, 27].
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2.1.1 Polymorphism and crystallinity of lipids

Polymorphism can exist in more than one crystalline form due to the different
lattice arrangements of the molecules. For example, the low-fusion lipids used in
the preparation of SLN can exist in various polymorphic forms. The differences
between the polymorphic forms are due to the packing of the hydrocarbon chain, the
inclination of the chains against the plane of the methyl end group, and the differ-
ences in the region of the methyl end group. The predominant forms of triglycerides
are polymorphs a and polymorphs p. Polymorphs o tend to convert to f’ and finally
to polymorphs f, with a narrow chain arrangement and packaging. Polymorph p is
considered the most stable, whereas polymorph p’ is metastable.

The lipids that make up the inner layer of colloidal lipid systems exhibit complex
crystalline behavior. The crystallization of these materials occurs during the cooling
process and can continue in the storage stage. The crystalline behavior of the solid
lipid in the particles is determined by the composition and the droplet size of the
molten lipids. Therefore, depending on the design and the preparation process, the
lipids of the internal structure of the particles can have various conformations, such
as liquid crystals, gels, or crystalline lamellar phases [28].

To avoid drug shedding due to polymorphic transitions, the use of complex lipids,
such as long fatty acid chains, is the ideal choice to improve long-term stability and
increase the number of drugs that can be encapsulated. These chains increase the
average size of the particle, so the lipid nanoparticle formulation consists of a combi-
nation of long and short-chain fatty acids.

Among the most used lipids are triglycerides such as tristearin, tripalmitin, trilau-
rin; greases such as the Witepsol® series; acylglycerols such as glyceryl behenate;
waxes such as cetyl palmitate; fatty acids with different hydrocarbon chain lengths
such as stearic or palmitic acid. Cationic lipids, such as stearylamine, can improve
drug penetration since ionic interactions are created between positively charged parts
of the molecule and negatively charged cells, promoting better cellular internaliza-
tion [27-29]. This increases the residence time on the surface and improves the drug’s
bioavailability [27]. Table 1 shows some of the lipids used in the preparation of SLN.

2.2 Surfactants

In general, in the preparation of lipid nanoparticles, surfactants play two critical
roles: the dispersion of the lipid melt in the aqueous phase and the stabilization of
the lipid nanoparticles in dispersions after cooling [30]. The main aspects to consider
when using surfactants in the preparation of SLN are their safety, compatibility
with other excipients, ability to produce the desired size with the minimum amount
consumed, and also provide sufficient stability to the SLNs, covering their surfaces
[25]. The surfactants used to produce these carriers can improve epithelial perme-
ability (e.g., disrupt the cell membrane) and, therefore, overcome limitations in drug
absorption [26].

On the other hand, the surfactants that surround the particles, in addition to guar-
anteeing their steric stability in aqueous dispersion, induce specific surface chemical
properties and can also modulate the biopharmaceutical profile [30]. For selecting
the best surfactant, several parameters must be considered: hydrophilic-lipophilic
balance (HLB) values, its effect on lipid polymorphism, and particle size. HLB values
for stabilizing oil dispersions in water vary between 8 and 18. The correct choice of
surfactant minimizes the risk of producing particle aggregates that can compromise
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Fatty acids Lauric acid, myristic acid, palmitic acid, behenic acid, stearic acid, arachidic acid,
oleic acid, linoleic acid

Waxes Cetyl palmitate, beeswax, carnauba wax

Fatty alcohols Dodecanol, stearyl alcohol, oleyl alcohol, cetyl alcohol, myristyl alcohol, lauryl
alcohol

Triacylglycerides Tripalmitin, trimyristin, triolein, tricaprylate, tristearin, trilaurin, medium-chain
triglycerides (MCT)

Acylglycerols Glyceryl monostearate, glyceryl distearate, glyceryl behenate (compritol), glyceryl
palmitostearate, hydrogenated coco-glycerides, hydrogenated palm kernel glycerides

Cyclic complexes Cyclodextrin, para-acyl-calix-arenes

Hard fat Witepsol H 35, Witepsol W 35, Witepsol H 42, Witepsol E 85

Cationic lipids Stearylamine (SA), benzalkonium chloride (alkyl dimethyl benzyl ammonium

chloride, BA), cetrimide (tetradecyl trimethylammonium bromide, CTAB),
cetylpyridinium chloride (hexadecylpyridinium chloride, CPC), dimethyl
dioctadecyl ammonium bromide [DDAB], n-[1-(2,3-dioleoyloxy)propyl]-n,n,n-
trimethylammonium chloride (DOTAP)

Others Castor oil, hydrogenated castor oil, soybean oil, peanut oil, fully hydrogenated
soybean oil, cocoa butter, anhydrous milk fat, hydrogenated palm oil, goat fat

Table1.
Lipids used in the preparation of SLN.

the stability of the distribution in vitro and its performance in vivo [20]. Table 2
shows some of the surfactants used in the preparation of SLNs.

Surfactants can be classified into three classes according to their electrical charge:
ionic, non-ionic, and amphoteric. Ionic surfactants confer electrostatic stability, while
non-ionic surfactants confer steric repulsion stability; amphoteric surfactants have
negative and positively charged functional groups, so they exhibit characteristics of a
cationic and anionic surfactant under low and high pH conditions, respectively [27].
The toxicity of a surfactant is an important consideration, and not all surfactants can
be used to prepare all types of SLNs. The surfactants arranged in decreasing order of
toxicity are: cationic, anionic, non-ionic, amphoteric.

2.3 Other agents

In addition to lipids and surfactants, lipid nanoparticle formulations may also con-
tain other ingredients, including cryoprotectants used in SLN drying techniques such as
lyophilization, spray drying, and charge modifiers and the surface. Adapting the surface
of lipid nanoparticles with surface modifiers such as hydrophilic polymers can reduce
their absorption by the reticuloendothelial system (RES) [27]. The rapid absorption of
SLNs can be prevented by coating with a biocompatible polymer such as poly (ethylene)
glycol (PEG), which can increase blood circulation time [31]. In Table 3, some of the
charge and surface modifiers used in the preparation of lipid nanoparticles are listed.

3. Structure of solid lipid nanoparticles

As mentioned above, SLNs are composed of a lipid substrate surrounded by
stabilizers and one or more active molecules incorporated into these particles.
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Surfactant/emulsifiers Amphoteric Phospholipids: egg phosphatidylcholine,
surfactants soybean phosphatidylcholine, hydrogenated egg
phosphatidylcholine, hydrogenated soybean
phosphatidylcholine, egg phospholipid, soybean
phospholipid
Steroids: cholesterol, cholesteryl oleate

Non-ionic Polyethylene glycol / polyoxypropylene copolymers:
surfactants poloxamer 188, poloxamer 182, poloxamer 407,
poloxamine 908

Polyoxyethylene sorbitan copolymers: polysorbate 20,
polysorbate 60, polysorbate 80, polysorbate 85, sorbitan
monooleate

Polyoxyethylene alkyl/aryl ethers: tyloxapol,
polyoxyethylene-20-cetyl ether, polyoxyethylene-20-
isohexadecyl ether, polyoxyethylene-20-oleyl ether
Others: polyglyceryl-6 distearate, polyglyceryl-3 methyl
glucose distearate, caprylic/capric triglycerides of PEG,
macrogol [15]—hydroxy stearate, polyoxyethylene glyceryl

monostearate

Anionic Sodium lauryl sulfate

surfactants Bile salts: sodium dihydrofolate, sodium taurocholate,
sodium cholate, sodium glycocholate, sodium
taurodeoxycholate

Cationic Dimethyldioctadecylammonium bromide, cetrimonium

surfactants bromide, 1,2-dioleoyl-3-trimethylammonium-propane

(DOTAP), chlorhexidine salts, DOTMA

Co-surfactant Alcohols Butanol, ethanol, polyvinyl alcohol (PVA)

Others Diethylene glycol monoethyl ether, low molecular weight
PEG, propylene glycol, sorbitan monostearate, butyric
acid, sodium dioctyl sulfosuccinate, sodium monooctyl

phosphoric acid
Table 2.
Surfactants used in the preparation of SLN.
Preservative Thiomersal
Cryoprotective Gelatin, glucose, fructose, sorbitol, mannose, maltose, lactose, mannitol, glycine,

polyvinyl alcohol, polyvinyl pyrrolidone, etc.

Load modifiers Organic salts: mono-octyl phosphate, mono-hexadecyl phosphate, mono-decyl
phosphate, sodium hexadecyl phosphate, ionic polymers, sodium dextran sulfate salt
Others: dipalmitoylphosphatidylcholine (DPPC), stearylamine, diacetyl phosphate,
dimyristoyl phosphatidylglycerol (DMPG)

Surface modifiers Dipalmitoyl-phosphatidyl-ethanolamine conjugated with polyethylene glycol 2000
(DPPE-PEG2000), distearoyl-phosphatidyl-ethanolamine-n-poly (ethylene glycol)
2000 (DSPE-PEG2000), stearic acid-PEG 2000 (SA-PEG2000), a-methoxy-PEG
2000-carboxylic acid-a -lipoamino acids (mPEG2000-C-LAA18), a-methoxy-PEG
5000-carboxylic acid-a-lipoamino acids (mPEG5000-C-LAA18)

Table 3.
Miscellaneous components used in the preparation of SLN.
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Thus, the structure of a particle consists of an outer layer that determines its surface
properties and an inner layer or core material that determines factors such as the size,
shape, and location of the active ingredient [32]. Therefore, how the lipid substrates
stabilizers and active components that make up the colloidal lipid system are orga-
nized and interconnected determines their behavior as drug transporters and is
strongly influenced, among other factors, and the crystalline behavior of lipids used.

It has been reported that under heat treatment or during storage, polymorphic
transformations can occur, and the particles can change from spherical shapes to
platelets. Platelet forms are associated with the stable polymorphic state p for the solid
lipid of the matrix, and spheroidal or disc-shaped records are associated with the
polymorphic state a [33].

In general, two structure models have been proposed for SLN, in which it is
assumed that the particles are surrounded by the surfactant that forms the outer
layer. The first is that the molten lipid droplets solidify during cooling, maintaining
their spherical shape. On the other hand, the second model proposes that the cooling
of molten lipids produces a flat laminar structure with surfaces structured by folds,
edges, and steps that occur during the recrystallization process and where the lipid
structure from polymorph a to polymorph § comes from stable [28].

3.1 API localization within SLNs

The location of the active molecule depends on the structural organization of the
colloidal lipid systems; in this way, from the model corresponding to the basic spheri-
cal model for SLN, three general and commonly used classifications emerge: (i) active
molecule is homogeneously distributed along the length of the particle structure
(homogeneous matrix); (ii) the API is concentrated within the particle and is sur-
rounded by the lipid matrix in a core-shell structure (enriched core); and (iii) the API
is concentrated on the surface of the particle (enriched coat) (Figure 2).

In general, the higher temperature of the aqueous medium facilitates more excel-
lent solubility of the drug-containing them. Considering that in most studies, the
temperature used to prepare the granules is typically at least 10° above the melting
point of solid lipids, this operating condition facilitates a substantial amount of drug
in phase. Then during cooling, drug solubility decreases, the aqueous phase is super-
saturated, and in theory, the active molecules should migrate to the lipid substrate
due to their lipophilic properties.

The outer shell or enriched shell structure can be obtained when solid lipids have a
high melting point and a high crystallization temperature, which leads them to crys-
tallize before the active molecule during the nanoemulsion system O/W hot cooling
process housing the active molecule on the surface of the particle. This concentrated
outer shell layer shows an explosion effect on drug release, so this model is unsuitable
for prolonged drug release [34].

Conversely, suppose the use of fat has a low melting point or crystallization
point. In that case, high temperature may remain as a supercooled liquid or ina
metastatic crystalline form where more particles are present at high temperatures.
Active elements can only be contained in rotation. Instead, it can promote nucle-
ation and thus be encapsulated within the seed (core-shell structure) or uniformly
dispersed throughout the grain structure, mainly when homogenization is used at
high cold pressure.
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Structure of solid lipid nanoparticles. Models of drug incorporation of solid lipid nanoparticles. (a) Homogeneous
matrix model; (b) rich core model; (c) enriched roof model.

The homogeneous matrix model can be obtained using the cold homogenization
method and by incorporating lipophilic active molecules into the SLNs with the hot
homogenization method. This solidified structure relies on its solid state to provide a
uniform drug distribution in SLN [35, 36].

In the core-shell or enriched core structure, the concentration of the active
molecule is close to the saturation point in lipid fusion; when this highly concentrated
lipid is cooled, the solubility of the active molecule in lipid fusion is reduced, and
it is deposited in the center of the SLN, forming a nucleus enriched with the active
molecule. This type of structure leads to a sustained release profile [37, 38].

4. SLN preparation methods

There are multiple methodologies for the preparation of SLN; the selected tech-
nique will depend on the physicochemical properties of the drug about the lipid
matrix, the route of administration, among other parameters. The methods used
for the preparation of SLN fall broadly into three main categories: (i) high-energy
methods for dispersion of the lipid phase (such as high-pressure homogenization),
(ii) low-energy methods where requires the precipitation of nanoparticles from
homogeneous systems (such as microemulsions), and (iii) methods based on organic
solvents.

4.1 High energy methods

High-energy-based methods are those that, in general, require the use of equip-
ment capable of generating high shear forces, pressure distortions, or any other
mechanism to achieve particle size reduction. In an emulsion, the mechanical energy
required exceeds the interfacial energy by several orders of magnitude, thus requir-
ing high energy to form submicron drops. The high-energy process uses intense
mechanical force, resulting in large interfacial areas to form nanoscale emulsions [39].
The energy barrier for droplet fragmentation is highly dependent on the interfacial
tension: the higher the interfacial tension, the more energy must be supplied to obtain
tiny emulsion droplets. The interfacial energy and the curvature of the drop interface
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give rise to a pressure difference between the inside of the drop and the outside,
called Laplace pressure. This pressure will act as a resistance to whatever stress is
applied, so the reductions are expected to break approximately at the point when the
applied stress equals or exceeds the Laplace pressure. The nanoemulsion droplets
have a greater thickness due to the adsorption layer of the emulsifier concerning the
radius of the droplet, which makes them more stable towards coalescence [26, 38].
In general, the high-energy process is followed by two steps: (i) the deformation and
disruption of macro droplets into the smallest droplets; (ii) the adsorption of surfac-
tant at its interface (to ensure steric stabilization) [40].

4.1.1 High-pressure homogenization (HPH)

Depending on the temperature used for the production of SLN, this technique can
be classified into hot homogenization and cold homogenization. The advantage asso-
ciated with this method is that SLNs are obtained with small particle sizes and high
entrapment efficiency. High-pressure homogenization, the molten lipid is pumped
through a narrow space with a 500-5000 bar pressure at high speed. Generally, 5-10%
lipid content is used, but up to 40% lipid content has also been investigated. Two gen-
eral approaches to HPH are hot homogenization and cold homogenization [41-43].

4.1.1.1 Hot homogenization

In the hot homogenization method, the procedure is carried out at temperatures
above the melting temperature of the lipid. Here, the lipid and the drug are fused
and combined with an aqueous surfactant at the same temperature. By using the high
shear device, a hot pre-emulsion is formed. The hot colloidal emulsion droplets are
recrystallized by cooling the emulsion to room temperature to generate the SLNs. In
general, higher temperatures result in smaller particle sizes due to the decrease in the
viscosity of the internal phase. However, high temperatures can also increase the rate
of degradation of the drug and vehicle. In most cases, 3-5 homogenization cycles at
500-1500 bar are sufficient [41, 42]. Increasing the number of cycles or the homog-
enization pressure often increases particle size, inducing coalescence due to its high
kinetic energy. Particle sizes < 500 nm can be obtained [42].

4.1.1.2 Cold homogenization

In this technique, the lipid melt containing the drug is cooled. Solid lipids are
ground into lipid microparticles. These lipid microparticles are dispersed in a cold
surfactant solution producing pre-excitation. This hypothetical process is then
homogenized at room temperature or below; gravity is strong enough to reak lipid
microparticles directly into SLNs [41, 42]. The particle sizes achieved by this tech-
nique are generally in the range of 50-1000 nm [41].

4.1.2 Ultrasonic/high-speed homogenization

This technique is based on the use of ultrasound waves which create cavitation phe-
nomena that include the formation, growth, and implosive collapse of microbubbles/cavi-
ties in the medium; It consists of very high temperatures up to 5000 K and pressures up to
1000 bar. The particle size of the SLNs in this technique depends on the stirring speed, the
emulsion time, and the cooling temperature, reaching heights less than 100 nm [44].
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4.1.3 Supercritical fluid-based method

A supercritical fluid (SCF) increases the dissolving capacity of compounds, and
fluid becomes a supercritical fluid when its temperature and pressure exceed its critical
values. Supercritical fluid technology has the unique property of producing solids with a
small size and irregular morphology. Supercritical fluids (SCF) have unique properties,
such as high diffusivity, low viscosity, and high compressibility. Supercritical CO, (SC-
CO,) is the most common SCF because it is non-toxic, non-flammable, easy to obtain,
and easily accessible. SLNs can be formulated by five main (SCF) methods: (i) rapid
expansion of supercritical solutions (RESS), (ii) particles of gas-saturated solutions/
suspensions (PGSS), (iii) supercritical fluid extraction of emulsions (SFEE) [45, 46].

4.2 Low energy methods

Low energy methods do not consume significant energy to achieve particle size
reduction, and some even proceed spontaneously. These inferior energy methods
are based on the properties of the system and its complex interfacial hydrodynamic
mechanisms. The chemical energy released during emulsification is believed to occur
as a consequence of the change in spontaneous curvature of surfactant molecules
from negative to positive (o/w) or from positive to negative (w/o) [47].

Low energy techniques are classified into thermal or isothermal methods.
Emulsion formation due to temperature-dependent changes in surfactant properties
is typical of thermal processes, while emulsion formation due to continuous tem-
perature changes is typical of the isothermal method. Spontaneous emulsion (self-
emulsifying) and inverting emulsions are included among the isothermal techniques.
Spontaneous emulsion involves adding an oily surfactant mixture to the water,
whereas, for emulsion phase inversion, the emulsion is formed when water is added
to the oily surfactant mixture. An emulsion is formed through the phase inversion
temperature method when the temperature of the oil, water, and surfactant mixture
rapidly drops below the phase inversion temperature under continuous mixing. These
methods have the advantage of producing tiny droplets without specialized equip-
ment. Therefore they are cost-effective and easy to use [48]. The following variables
influence the spontaneity of the emulsification process: structure of the surfactant,
concentration and initial location, composition of the oil phase, addition of co-
surfactant and non-aqueous solvent, and salinity and temperature [49].

4.2.1 Microemulsion based method

The IUPAC defines the microemulsion as a dispersion made of water, oil, and sur-
factant (s) anisotropic and thermodynamically stable system with a dispersed domain
diameter ranging from approximately 1-100 nm, generally 10-50 nm [50].

4.2.1.1 Hot microemulsion technique/microemulsion dilution technique

In this method, the microemulsion forms spontaneously due to the high
surfactant-lipid ratio. This method is simple and includes some common steps.
Initially, the fat is melted and mixed with a hot surfactant solution. Light shaking is
carried out until a microemulsion is formed. In the second step, the hot microemul-
sion is dispersed in a large amount of cold water (2-10°C) with moderate stirring
[51]. Temperature gradients facilitate the rapid crystallization of lipids and prevent
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aggregation. Due to the dilution step (1:25-1:50), achievable lipid contents are consid-
erably lower than HPH-based formulations [52]. The particle size of the nanoparticles
obtained varies from 50 to 800 nm [53].

4.2.1.2 Microemulsion cooling technique

The method consists of the preparation of an o/w microemulsion in which the emul-
sified wax melts at 37-55°C and the addition of water heated to the same temperature
with minimal agitation to form a suspension homogenous milky white, after adding a
specific amount of a pharmaceutically appropriate macromolecular surfactant to the
water a stale and transparent microemulsion is produced in the form of a liquid matrix.
This o/w microemulsion is further cooled to room temperature or 4°C to precipitate
SLNs from it. This method is reproducible, simple, and easy to scale [54]. This method
works at a moderate temperature, requires less time and obtains high drug entrapment.
The particle size of the nanoparticles received varies from 50 to 300 nm [42, 54].

4.2.2 Double emulsion method

The double emulsion technique is one of the most used techniques to prepare
nanoparticles encapsulated with hydrophilic active ingredients using stabilizers or
surfactants. This method is also known as the multiple emulsion method, where it
has three basic steps: (i) formation of the water-in-oil emulsion or reverse emul-
sion, (ii) addition of the W1/O emulsion in the aqueous surfactant solution to form
a W1/0/W2 emulsion with continuous stirring (sonication or homogenization) and
(iii) evaporation of the solvent or filtration of the multiple emulsion to form the
nanoparticles [41].

4.2.3 Phase inversion method by temperature (PIT)

The temperature-induced phase inversion technique involves performing, using
heating and cooling cycles, successive phase inversions of an O/W emulsion toa W/O
emulsion until finally an emulsion is obtained. O/W correlation, where each inversion
conducts to reduce the size of the droplet so that nanoparticles can be obtained with a final
dilution step in cold water [36, 37]. This method brings SLNs of 30-100 nm in diameter.

4.2.4 Membrane contactor method

In this method, the lipid phase is pressed through the membrane’s pores and allows
the formation of tiny droplets at the outlets of the pores, which are carried away by
the circulating water. SLNs are obtained after cooling the preparation to room tem-
perature [55]. This method can achieve particle sizes of 100-200 nm.

4.2.5 Coacervation technique

The coacervation method is based on the precipitation of free fatty acids from
their micelles in the presence of a surfactant. In this process, a fatty acid salt is uni-
formly dispersed in the stabilizer solution. The mixture was heated to the Krafft point
of the fatty acid salt and stirred continuously until a clear solution was obtained.
Subsequently, an ethanolic solution of the API is slowly added under continuous
stirring to get a single phase. Then, a coacervation agent or an acidifying solution is
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added to obtain the nanoparticle suspension [54]. The particle size of SLN depends on
the concentration of the micellar solution and the degree of polymer used for stabili-
zation and can produce a particle size of 260-500 nm [56].

4.2.6 Organic solvent free dual emulsion/melt dispersion technique

In this technique, the lipid phase is heated above its melting point and dispersed
in water using a low HLB surfactant. Again, an aqueous solution of surfactant with a
high HLB content is added to the emulsion without thus forming; this double w/o/w
emulsion is poured into cold water with gentle agitation to promote the formation of
SLN [57].

4.3 Organic solvent approaches
4.3.1 Solvent evaporation emulsion method

The solvent evaporation emulsion (SEE) method has three basic steps for prepar-
ing nanoparticles. In step (I), lipid material is added to a known volume of organic
solvent (immiscible in water) and suitably mixed to produce a clear homogeneous
lipid solution. In step (II), the solution prepared above is added to the correct volume
of a hot aqueous solution containing surfactant above the melting point of lipids to
form a thick emulsion using a high-speed homogenizer. The nanoemulsion is then
obtained in step (III) using a high-pressure homogenizer, which converts the coarse
emulsion into a nanoemulsion due to the high pressure. Nanodispersion is formed
after evaporation of the organic solvent since the lipid material will precipitate in
the water. The lipids precipitated in an aqueous medium are separated by filtration
through the sintered disk filter funnel. The nanoparticles prepared by this strategy are
nano-sized, not flocculated (single entity), and have a high trapping efficiency [58].
This method can achieve 30-500 nm particle sizes.

4.3.2 Solvent emulsion and diffusion method

The method is based on the organic phase’s initial saturation and thermodynamic
equilibrium with a stabilizer containing an aqueous phase. The drug is dissolved
with the help of a homogenizer in the saturated solution formed; in the next step, an
o/w emulsion is produced by dispersing it in an aqueous solution with an emulsifier.
Diffusion of the solvent into water is facilitated by adding more water in an appropri-
ate ratio to the emulsion under moderate magnetic stirring, which leads to nanopre-
cipitation and the formation of SLNs. Particles with an average diameter of 30,100 nm
can be obtained with this technique [59].

4.3.3 Solvent injection technique (or solvent displacement)

In this technique, the lipid and the active ingredient are dissolved in a water-
miscible solvent. The mixture is then dispersed in an aqueous solution of a surfactant
with gentle mechanical agitation, producing a suspension of lipid nanoparticles;
the solvent is subsequently removed. The particle size depends on the speed of the
distribution process. Higher speed makes smaller particles. More lipophilic solvents
give larger particles that can become a problem. The strategy offers advantages,
for example, low temperatures, low cutting pressure, easy handling, and a fast
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production process without really advanced equipment (for example, high-weight
homogenizer) [60]. The particle size of the nanoparticles obtained varies from 100 to
500 nm [53].

5. SLN characterization

The typical composition of the SLN identifies the following characteristics
of great importance: (i) particle size and particle size distribution; (ii) surface
morphology, functionalization, and zeta potential; (iii) structure, depending on
the degree of crystallinity, lipid variability, drug binding and carrying capacity;
(iv) drug release; (v) dynamic processes and the general existence of other nano
and microstructures; and (vi) toxicity assessment according to the manufacturing
process, lipids, and excipients used, their effect on drug toxicity and route of admin-
istration. In Table 4, some parameters and techniques used to characterize SLNs will
be described later.

5.1 Particle size and surface charge

The particle size range and concentrations reported for SLNs are wide. However,
in vitro studies have shown that SLNs are acceptable at concentrations <1 mg/mL
(total lipids). They can be less tolerated with a particle diameter > 500 nm, explained
by their aggregation [20]. A decrease in the size of the nanoparticles provides easier
absorption and leads to a significant increase in the rate of cellular absorption. For
example, a particle size greater than 300 nm provides a sustained delivery of drugs; in
this case, when the size range is 50-300 nm, rapid action is shown [24].

Particle size is a critical attribute of lipid nanocarriers, affecting stability, encapsu-
lation efficiency, drug release profile, biodistribution, mucoadhesion, and cell uptake.

Regarding the particle size distribution characterization, the “polydispersity index”
(PDI) defines the size range of lipid nanocarrier systems. The term “polydispersity”

(or “dispersion” as recommended by IUPAC) is used to describe the degree of non-
uniformity of a particle size distribution. Also known as the heterogeneity index, PDI is
calculated from a two-parameter fit to the correlation data (cumulative analysis). This
index is dimensionless and is scaled so that values less than 0.05 are mainly seen with
highly monodisperse standards, while values greater than O [5].

The choices of a specific technique depend on several parameters, such as the
expected size and distribution of the nanoparticles. Since the diameter of the particles
affects the release of encapsulated agents, the smaller particles provide a larger sur-
face area. Commonly used particle size analysis techniques include laser diffraction
(LD), photo relation spectroscopy (PCS) or dynamic light scattering (DLS), colter
counter, scanning ion occlusion sensing (SIOS), flow field fractionation (FFF), and
nanoparticle tracking analysis (NTA).

On the other hand, the electrokinetic behavior defined by the zeta potential
provides information on the magnitude of the charge on the surface of the particles
in aqueous dispersion. It allows predicting the long-term physical stability of the for-
mulations. For electrostatically stable nano-dispersion, a zeta potential value greater
than 30 mV is the absolute value required. Still, if the stabilization combines steel and
electrostatics, a minimum of 20 mV is enough.

The commonly reported zeta potential values for lipid particles to range from —20
to —40 mV. It should be noted that the zeta potential is determined by the nature of
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Parameters Characterization methods

Particle size Laser diffraction spectroscopy (LD)
Dynamic light scattering (DLS)
Coulter counter
Scanning ion occlusion sensing (SIOS)
Flow field fractionation (FFF)
Nanoparticle tracking analysis (NTA)
Size exclusion chromatography (SEC)

Surface morphology Scanning electron microscopy (SEM)
Transmission electron microscopy (TEM).
Atomic force microscopy (AFM)

Surface load Zeta potentiometer
Laser Doppler anemometry (LDA)

Determination of lipid polymorphisms and Differential scanning calorimetry (DSC)
crystallinity X-ray diffraction (XRD)
Small angle X-ray scattering (SAXS)
Thermal gravimetric analysis (TGA)
Nuclear magnetic resonance spectroscopy (NMR)
Infrared (IR) and Raman spectroscopy
Electron spin resonance (ESR)

Load capacity and entrapment efficiency High-performance liquid chromatography (HPLC)
UV spectrophotometry
Fluorescence spectroscopy

Release profile In vitro release studies
Fluorescence correlation spectroscopy (FCS)

Table 4.
Main parameters for the characterization of solid lipid nanoparticles.

the surface of the particles and is a function of the medium in which the nanoparticles
reside and the concentration of the sample used to make the measurement. Therefore,
the nature of the solvent, the pH, the ionic strength, and the nature and concentra-
tion of the electrolytes in the solution directly affect the magnitude of the zeta
potential and, in many cases, the sign of the zeta potential [28].

The surface electrical potential of nanoparticles is essential, especially in for-
mulation science, as it regulates interactions with neighboring particles (including
adjacent nanoparticles) and biological systems. It is suggested that the determination
of the potential of nanoparticles is carried out in suitable simulated physical solu-
tions/environments where they interact with natural systems [61]. The zeta potential
of nanoparticles influences the in vivo fate of SLNs; in general, it is seen that SLNs
with positive zeta potential have a long-circulating half-life [23, 24]. In general, the
zeta potential value of lipid nanoparticles is estimated from the determination of
electrophoretic/electroacoustic mobility, and the LD and DLS techniques allow these
determinations.

LD is a valuable technique covering a more comprehensive detection range
(0.05-3500 pm) [22]. The results generated by the LD are used to estimate the respec-
tive spherical radii of the particles according to the Mie scattering solution (also
known as “Mie theory”) [26, 61].

The DLS is used to analyze the hydrodynamic diameter of nanoparticles with a
size range of 20-600 nm [62]. However, many instruments have an operating range of
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0.3 nm-10 pm [61]. The hydrodynamic or stokes diameter is the diameter of a sphere
with the same translational diffusion coefficient as the particle being measured,
assuming a hydration layer surrounding the particle or molecule [61]. DLS measure-
ments also provide a polydispersity index (PDI).

SIOS is an advancement in the lattice counting method, is a recent tool to measure
particle size. This methodology uses dynamically resizable nanopores to detect,
quantify, and characterize individual particles in real-time. As the extent of the jam is
proportional to the particle size, the exact size of the particles (40 nm-10 pm) can be
evaluated after calibration with a known standard [23, 26].

FFF techniques can include simultaneous separation and measurement. These
methods are based on the mobile phase’s laminar flow action, ensuring separation and
perpendicular force fields. FFF techniques are classified according to the type of force
field applied, such as cross-flow (F1), sedimentary (Sd), thermal (Th), electrical (El),
magnetic (Mg), and dielectric (DI). Flow field-flow fractionation (F4) is the most
versatile FFF technique. This technique allows the separation of dispersed analytes
over a wide range, from nano to micrometer analytes. Three variants of F4 differ in
the design of the separation channel: (i) symmetric F4 (SF4), (ii) asymmetric F4
(AF4), and (iii) hollow fiber F4 (HF5). AF4 is the most used among the FFF tech-
niques [26].

NTA is a practical, high-resolution method for measuring nanocarrier samples’
size, size distribution, and concentration within a size range of 30-1000 nm. This
method allows the scope of monodisperse and polydisperse pieces to be measured.
Furthermore, it can calculate the surface charge of lipid-based carriers and detect
their fluorescence signals [5].

5.2 Surface morphology

Electron microscopy can provide information on actual particle size, particle size
distribution, surface morphology, and structure through its different techniques.

To study nanoparticles with Scanning electron microscopy (SEM), they must first
be made into a dry powder, sprinkled on a sample holder, and coated with a layer
of conductive metals such as gold, platinum, graphite, osmium, iridium, tungsten,
osmium, chromium, or gold/palladium alloys, using a spray coating. Then, a high-
energy electron beam is passed through the sample to generate various signals on the
surface of the object samples [61]. The main limitation of SEM is the resolution of
the images, which restricts its application to models of ~200 nm in size and does not
provide any information on the internal structure of the particles [63].

Transmission electron microscopy (TEM) generally provides two-dimensional
images of the internal structure of nanoparticles with a resolution of approximately
0.4 nm. The fraction of electrons transferred depends on the electron density of the
sample. Therefore, components with differences in electron density appear as regions
of different intensities in the image. In contrast, models are generally stained with
phosphotungstic acid or uranyl acetate.

SLN formulations have low-melting lipids, and the electron gun used in electron
microscopy can cause SLNs to melt, affecting their structure and integrity. These
problems can be avoided using an improved technique called cryogenic field emission
scanning electron microscopy (cryo-FESEM) [23].

It allows the examination of the nanomechanical properties of each molecule and
particle under closer physiological conditions. Atomic Force Microscopy (AFM) is the
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most significant advantage over TEM/SEM in scanning nanocarriers without special
sample preparation. It provides the opportunity for 3D visualization with qualitative
and quantitative information on physical qualities such as the size and texture of the
surface morphology and roughness. Additionally, a wide variety of particle sizes from
1 nm to 8 pm can be characterized in the same scan [61].

5.3 Determination of lipid polymorphism and crystallinity

Differential Scanning Calorimetry (DSC) is an eminent method based on the mea-
surement of structural modifications of materials in pharmaceutical research that are
accompanied by heat exchanges such as heat absorption (involved in melting) or heat
emission (involved in crystallization) [4, 61]. Depending on the device’ sensitivity,
the DSC can scan and account for even microscopic thermal activities in the mate-
rial and recognize the temperature at which these problems occur. Still, it does not
immediately reveal why trouble. Therefore, the exact nature of the thermal transition
must be resolved by corresponding methods, such as thermogravimetry, microscopic
observations, or X-ray diffraction (XRD) to distinguish the thermal shifts, polymor-
phic change, melting, loss of water from the hydrate or decomposition [20, 61].

X-ray diffraction (XRD) is a technique in which the scattering of X-rays by the
atoms of a crystal creates an interference-effect. The resulting diffraction pattern
helps identify and determine its various polymorphic forms’ crystal structure and
differentiation. According to Bragg’s law, it detects fluctuations in electron density on
alength scale. It is possible to determine the particle size, shape, crystalline structure
of lipid nanoparticles, and changes in the crystalline order of the particles during
production [63, 64].

Small Angle X-ray Scattering (SAXS) provides information on nanoparticles’
size, shape, and size distribution and the internal structure of disordered and
partially ordered systems. It is based on the analysis of the elastic scattering behavior
of X-rays when traveling through the material, recording their scattering at small
angles [26, 65].

In thermal gravimetric analysis (TGA), we can analyze the melting point, crystal-
linity, polymorphism, and endothermic and exothermic characteristics of the sample.
In this technique, samples are heated at a controlled heating rate under different
atmospheres such as nitrogen, oxygen, and argon [6].

Nuclear magnetic resonance (NMR) spectroscopy provides physical, chemical,
electronic, and structural information about molecules that characterize their topol-
ogy, dynamics, and three-dimensional structure in solution in the solid-state [66].
Proton nuclear magnetic resonance (1H NMR) is the most widely used and is par-
ticularly suitable for the structural characterization of liquid lipid domains in SLNs.
1H NMR can provide valuable information on the distribution of APIs in GS and the
mobility of API molecules incorporated into lipid transporters [26, 67].

Infrared (IR) and Raman spectroscopy are used to explore the structural proper-
ties of lipids by relating the frequency of scattered radiation to functional groups of
the molecules. Raman spectroscopy allows qualitative (measuring the frequency of
scattered radiation) and quantitative (measuring the intensity of scattered radiation)
analysis of SLNs [26]. Fourier transform IR spectroscopy (FTIR) is a type of IR spec-
troscopy commonly used to characterize nanoparticles. Modification of the surface
of the particles can be controlled and confirmed using FTIR based on the functional
groups present in the material [68].
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5.4 Load capacity and entrapment efficiency

The loading capacity (DL) and entrapment efficiency (EE) are critical parameters
related to the nanoparticles’ dose regimen and efficiency. API loading capacity (DL)
represents the relationship between the active ingredient in the particles and the total
weight of the particles, while entrainment efficiency (EE), sometimes called encapsu-
lation efficiency, is related to the number of active ingredients. Incorporated into the
granules relative to the total amount of active ingredients present in the dispersion.
The loading capacity (DL%) and the encapsulation efficiency (EE%) are determined
using the following equations:

amount of API determined experimentally (mg)

: x100 (1)
total weight of SLN (mg)

DL(%) =

amount of API determined experimentally (mg )

EE(%)= x100  (2)

amount of theoretical APl inthe formulation(mg)

In general, the efficiency of trapping the active ingredients in lipid nanoparticles
is usually greater than 70%. Unfortunately, drug-carrying capacity is not reported in
most research papers, and reported values fluctuate between 0.1% and 80% [28].

The amount of drug encapsulated in the nanocarriers influences the release kinet-
ics; therefore, it is essential to determine the encapsulation efficiency. EE is estimated
after the removal of the free API. Free API is separated by ultracentrifugation, exten-
sive dialysis, ultrafiltration, gel filtration, or centrifugal ultrafiltration. After remov-
ing free API, the amount of drug is estimated using a standard analytical technique
such as UV spectroscopy or high-performance liquid chromatography (HPLC).

The main aspects that must be taken into account in the discussion on drug
entrapment within SLNs are: (i) existence of supercooled melts; (ii) presence of
various lipid modifications; (iii) form of lipid nano-dispersions; and (iv) gelation
phenomena [66].

5.5 Release of the active ingredient in vitro

The drug release profile is performed analogously to encapsulation efficiency
determination assays measured over time intervals to discover the release mechanism.

The release of trapped API from SLNs is governed by the following principles:

(i) there is an inverse relationship between API release and drug partition coef-
ficient; (ii) a smaller particle size promotes a greater surface area, which leads to a
more significant release of API; (iii) the homogeneous dispersion of the drug in the
lipid matrix causes the slow release of the drug; (iv) lipid crystallinity, and high API
mobility lead to rapid drug release from SLNs.

In general, the drug release study is determined under controlled shaking and
centrifugation. Essentially, drug release from nanomolecular systems occurs through
five possible mechanisms for (a) dissociation of the API bound to the outer layer,

(b) diffusion through the polymers matrix, (c) membrane-controlled diffusion,
(d) erosion of the nanoparticle matrix, or (e) a combination of diffusion and erosion

151



Nanocomposite Materials for Biomedical and Energy Stovage Applications

processes [69]. The kinetics of the nanocarrier release pattern could be evaluated
using a bi-exponential equation:

C=Ae—at+Be-ft 3)

where C represents the drug levels within the nanocarriers at time t, A and B are
constant; it depends on the properties of the matrix (A means for diffusion control
and B for erosion control matrices) and, B is the rate constants that could be deter-
mined using a semi-logarithmic representation [61].

The release profile of API trapped in SLNs generally reveals a biphasic pattern
with an initial burst effect followed by a prolonged release over several hours or
days. Immediate removal of embedded drugs from solid lipid nanoparticles is based
on diffusion from the surface of the external particles or matrix erosion induced by
hydrolytic degradation. Thus, the distribution of the active substance is gradually
released from the lipid core and promotes prolonged release and dissolution. The rate
of freedom can be influenced by the nature and composition of the lipid substrate, the
choice, and the concentration of surfactants, including technological parameters [70].

Drug release from nano-sized dosage forms can be evaluated using one of the
following three categories, separate and sample (SS), continuous flow (CF), and
dialysis membrane (DM).

5.6 SLN storage stability

The physical properties of SLNs during prolonged storage can be determined by
monitoring changes in zeta potential, particle size, drug content, shape, and viscos-
ity over time. External parameters such as temperature and light seem to be primary
importance for long-term stability. Several factors can influence the physical strength
of SLN, such as stress conditions (for example, high temperatures, exposure to light,
and mechanical stress), the presence of liquid phase and electrolytes, contact with
different surfaces, and high concentrations of particles. For example, storage temper-
atures at 4°C offer a more favorable environment; long-term storage at 20°C did not
result in drug-laden SLN aggregation or drug release, while rapid particle size growth
was observed at 50°C [29, 31, 71].

Spray drying and lyophilization are used in SLNs to increase or prolong stability,
especially for preparations intended for intravenous administration. The aggregation
of SLN can be decreased by adding cryoprotectants and obtaining a better redisper-
sion of the dried product. Cryoprotectants favor the vitreous state of the frozen
sample and reduce the osmotic activity of water and crystallization by avoiding
contact between discrete lipid nanoparticles [72].

5.7 In vitro evaluation of SLN

A promising technique for in situ nanoparticle characterization is Fluorescence
Correlation Spectroscopy (FCS). This technique is based on the measurement of
fluctuations in the fluorescence intensity of the emissive species that diffuses through
a low excitation focal volume. Autocorrelation analysis of the fluorescence intensity
in the focal book provides information on the concentration, diffusion constant, and
fluorescent particles’ brightness. Furthermore, the fluorescence fluctuation spectros-
copy analysis of fluorescence intensity fluctuations allows the quantitative analysis of
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the brightness distribution, making it possible to characterize heterogeneous samples
containing assembled molecules. FCS serves as a tool to measure the size and polydis-
persity of nanoparticles and evaluate their behavior in complex biological media and
their stability. Also, in many reports, FCS has been used to characterize crown protein
formation on the surface of nanoparticles or the interaction of human serum albumin
with liposomes. However, only a few studies have reported the use of FCS to study
charge release from nanoparticles [73].

In addition to the physical and chemical characterization of the nanocarriers, their
biological responses are also measured in animal cell culture studies before the start
of in vivo administration. This translocation of particles is determined mainly by
flow cytometry (determines the amount of translocation) and confocal microscopy
(determines the location).

The toxicity of nanoparticles is highly dependent on several factors, such as
surface properties, coating, structure, size, and aggregation capacity, and these
factors can be altered and manipulated in the manufacturing process. Nanoparticles
with poor solubility have exhibited more pronounced toxicity [74]. Toxicological
studies make it possible to evaluate its toxic effects, identify routes of exposure, and
predict the risks of its synthesis or use.

Various in vitro cell culture techniques have been used to analyze nanotoxicity
qualitatively and to study nanoparticle uptake (cell uptake assays), localization, and
biodistribution. Cell culture assays for (i) cytotoxicity (altered metabolism, decreased
growth, lytic or apoptotic cell death), (ii) genotoxicity, (iii) altered gene expression, and
(iv) proliferation can be performed to rule out risks associated with nanotoxicity [35].

The cell viability study is the most widely used test for in vitro cytotoxicity evalu-
ation. Other tests also evaluate cells’ effect without necessarily leading to cell death.
This includes oxidative stress: increased production of reactive oxygen species (ROS),
lipid peroxidation, and alteration in the oxidized/reduced glutathione pool or DNA
damage [26].

5.8 In vivo evaluation of nanocarriers

After nanocarriers reveal preliminary affectivity in vitro, these carriers further
evaluate their toxicity and response profile in biological species. Some in vivo evalu-
ations that can be carried out are: (i) the therapeutic dose-response study; (ii) the
biodistribution of nanocarriers among the various organs of the body; (iii) acute and
multidose efficacy studies and (iv) studies on safety parameters and pharmacokinet-
ics (ADME processes). The ultimate goal of in vitro and in vivo evaluation is to match
the physicochemical aspects of nanocarriers with their biological function [61].

6. Conclusions

SLNs are the most studied lipid-based drug delivery systems, which can deliver
drugs and nutrients for various routes of administration due to their biocompatibility,
low toxicity, high loading capacity, slow-release rate, and high stability.

The physicochemical properties and stability of lipid nanoparticles depend on the
composition of the lipid nanoparticle formulation. The lipid nature of these support
systems is one of the key features that has attracted the interest of many researchers.
Based on the organization of lipids and drugs in the particles, many structural models
of SLNs have been described.
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Lipid nanocarriers such as SLNs offer much more flexibility in drug loading,
modulation of release, and improved performance in the production of final dosage
forms such as creams, tablets, capsules, and injectables. The effort to develop alterna-
tive routes and treat other diseases with these systems must continue to expand their
applications. Penetration through the gastrointestinal tract and BBB may be a new
trend, and combining two therapeutically active agents in a single nanosystem is
another consideration for future development.

In conclusion, solid lipid nanoparticles are a promising drug delivery system due
to the non-toxicity aspect and a variety of drug-carrying capacity, along with the
advantages of drug delivery through all routes of administration.
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Abstract

Photochemical reactions hold great promise in solving energy and environment
related problems and likely contribute towards development of sustainable society.
Despite of recent advancements, the inherent catalytic efficiency of conventional
photocatalyst has been severely limited by myriad complexity associated with
(i) ineffective light absorption in visible region, (ii) unproductive recombination’s of
e”/h" pair in excited state, and (iii) low chemical stability. Contemporary researches
on photocatalysts that can be viable for commercial applications has yet to be realized.
Graphene has attracted an immense research interests to enhancing the photocatalysts
efficiency endowing from their unique optical and electronic properties and salient
features such as surface area, mechanical strength and photochemical stability. In
this book chapter, we discussed graphene related material (GRMs) to produce hybrid
architectures or nanocomposites that can be used as efficient photocatalysts for the
degradation of organic pollutants (dyes, pharmaceutical wastes, pesticides etc.) in
wastewater. Lastly, we summarize the key insights in photocatalytic electron transfer
mechanism, challenges and future perspective which help understand the rationale of
GRMs in this field.

Keywords: graphene-related materials, degradation, environmental pollution,
hybrid photocatalysts, nanocomposites

1. Introduction

The world is facing serious water scarcity problem and thus protection of fresh
water resources is critical in sustainable development of the society. Water pollution
causing severe health issues because of waterborne diseases such as cholera, diar-
rhea, typhoid, and hepatitis leading to human sickness and deaths of (> 14,000)
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people/day globally [1]. Major water contaminants stemmed from pesticides, textile
dyes and a bunch of different chemicals often end up in water bodies or rivers [2, 3].
Textile industries generally uses many colored dye effluents, 65-75% of them belong
to azo dyes and annually ~12% of these dyes were lost during manufacturing and the
processing operations [4]. The direct discharge of pollutant dyes or pharmaceuticals
release toxic or carcinogenic substances into the aqueous environment leading to
severe dangers and environmental disasters. To overcome these issues, globally vari-
ous physical, chemical and biological processes have been used such as precipitation,
adsorption (activated carbon), air stripping, coagulation, reverse osmosis, and mem-
brane ultrafiltration, however, these conventional techniques are non-destructive,
or often transfer the organic compounds from one phase to another phase triggering
secondary pollution [5-7].

Ever since the discovery of water splitting via semiconductor photocatalysis by
Fujishima and Honda [8], this technology has gained intense research interests due
to potential applications in various fields including sustainable energy conversion,
degradation of organic pollutants, bacterial elimination, CO, reduction, air purifica-
tion, antibacterial, organic reactions and self-cleaning etc. (Figure 1) [9-11]. Visible
light driven (VLD) photocatalyst which can directly harvest solar energy to remove
various toxic organic pollutants from water through the advanced oxidation processes
is a relatively new and active research area in this field. Till date, titanium dioxide
(TiO,) is the mostly used photocatalysts because of low cost, superior physico-
chemical properties and environmental sustainability. However, TiO, has one major
drawback of wide band gap (only absorb ultraviolet light <4% of solar spectrum)
and limited its use under direct sunlight. In this regard, various other semiconduc-
tor nanomaterials have been exemplified as photocatalyst systems such as SnO,,
Zn0, WO;, Fe,0;, BiVO,, Ag;PO,, BiOCl and BiOBr, etc. for photocatalytic water

< ® 4 2H' +2e s 2H,
hv
[ Energy % %0, + 2H"
H

,0 and H,S splitting '

vy
e e
b Eedaton

Water Purification
N

e

Air purification

Figure 1.
The diverse applications of photocatalysis.
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Oxide free
materials

Figure 2.
Development of graphene based composites with different materials.

decontamination [11-13]. The practical utility of these semiconductors catalysts is
restricted by low its absorption coefficient, high rate of recombination of electron-
hole pairs and variance with the solar spectrum [14, 15]. In order to overcome these
issues, a different strategy including Z-Scheme semiconductor photocatalyst [16],
metal doping in semiconductor [15], semiconductor-heterostructures or nanocom-
posites [16-18] have been proposed. In the past decade, metal-doped-graphene or
related materials have fascinated intense interests because of its potential for environ-
mental purification and converting photon energy into chemical energy. This process
obeys one of the ‘Green Chemistry Principle’, and widely applied for the degradation
of hazardous pollutants. However, in the practical applications was restricted due to
the failure to absorb visible light. Therefore, development of novel catalysts that can
meet these technical needs is still a daunting challenge. It is in no doubt that the inno-
vations of graphene-based material (GRM) will brings about massive opportunities
in nurturing science and technology (Figure 2). Due to its exceptional atom-thick 2D
structure containing sp” bonded arrangement of carbon atoms in a hexagonal lattice,
the high specific surface area, conjugated aromatic system, admirable mechani-

cal properties, and robust physicochemical stability and greater electron mobility,
graphene is regarded as an ideal high-performance candidate for many photocatalyst
systems [19, 20]. A series of different carbon materials, such as activated carbon,
porous carbon, carbon nanotubes, graphene and graphitic-carbon nitride can be used
as catalyst supports.

In this book chapter we focus on graphene and related materials (graphene oxide
and reduced graphene oxide and derivatives) which has emerged to be excellent
promoters in photocatalytic reactions because of their low cost, unique physicochemical
properties, surface area, electronic conductivity, mechanical flexibility and ionic
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mobility. These significant features together with high stability enabling them to
produce hybrids or nanocomposites photocatalysts with enhanced performances for
degradation of organic pollutants (dyes, pharmaceutical wastes, pesticides etc.) in
water. Advanced oxidation processes (AOP) for waste water treatment mainly relies
on generation of photo-induced-charge carriers (electron and holes), and utilizing
them to produce highly active reactive oxygen species (ROS). The as produced ROS
radicals generally function as ultimate oxidants in photochemical reactions and
subsequently degrade the organic pollutants in water. This book chapter highlights
historical background, synthesis strategies and overview of graphene-related mate-
rials to produce composite photocatalysts, enabling application in environmental
remediation. Finally, the remarks pertaining to state-of-art advancements, challenges
and future perspectives have been discussed.

2. General principle of photocatalysis

The term “Photocatalysis” refers to change in the rate of a chemical reaction or its
initiation under the action of light in the presence of a catalyst. This process works
just like natural photosynthesis, takes place in presence of photosynthetic organisms
that converts carbon dioxide into sugars (chemical fuels) using the light energy from
sunlight. It is a green process and mainly divided into two types: (i) Homogeneous
photocatalysis, and (ii) heterogeneous photocatalysis. In homogeneous photocataly-
sis, the reactants and the photocatalysts exist in the same phase (e.g., photocatalysis of
ozone where all reactants come under one phase, i.e., gas phase). Whereas in hetero-
geneous photocatalysis, the reactants and the photocatalysts exist in different phases
(e.g., semiconductor photocatalysis.). As shown in Figure 3, when a photocatalyst
absorbs light irradiation from sunlight or an illuminated light source, the electrons
in the valence band of semiconductor are excited to the conduction band, whereas
the holes are left in the valence band. This creates electron (e”) and hole (h*) pairs
called as semiconductor’s “photo-excited” state and the energy difference between the

1 C,{\o“
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Figure 3.
Schematic illustrating principle of photocatalysis for degradation of pollutant dyes.
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valence band and conduction band is referred as “band gap”. After photoexcitation,
the excited electrons and holes migrate to the surface of photocatalyst to carry out
photochemical reactions. For example, in photocatalytic removal of organic pollut-
ants, the photogenerated e”/h* take part in oxidation/reduction process and produces
reactive oxygen species (OH, O,~and H,0,), which can eventually decompose organic
pollutants [21, 22]. The ideal photocatalyst requires several key factors such as (i) a
suitable band gap to allow the utilization of a significant fraction of the solar spec-
trum; (ii) optimal band edges relative to the water redox levels; (iii) high mobilities
of electrons and holes thereby to reach the surface and reduce/oxidize the targeted
molecules before recombining; and (iv) chemical/structural stability.

3. Graphene related materials (GRMs): Principles and strategies

Graphene has attracted immense attention ever since 2010 Nobel prize in Physics
was awarded to Andre Geim and Konstantin Novoselov for their pioneering work.
Owing to exotic physicochemical properties, and wide industry application prospects
including catalysis, electronics, sensing, energy conversion-storage and environmental
remediation, constant attempts have been made in its synthesis, investigations and
innovations. Basically, graphene is an allotrope of carbon (linked by sp® bonds), a one-
atom-thick layer arranged in two-dimensional honeycomb network exhibiting unique
properties such as high thermal conductivity (5000 W m™ K™), large specific surface
area (2630 m* g ') and high intrinsic electron mobility (200,000 cm?® V™' s™) [23, 24].
GRMs include graphene oxide (GO), reduced graphene oxide (rGO), and their deriva-
tives (e.g., functionalized graphene or composites which can be used as building blocks

Mechanical
exfollation

Figure 4.
General synthesis strategies for preparation of graphene related materials. Reproduced with permission from
Ambrosi et al. [25].
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to develop series of nanocomposites or hybrid photocatalysts via Vander Walls interac-
tion and inherent surface active O*"/OH groups and oxo ligands chemistry.

3.1 Preparation of graphene and related materials

A wide range of synthesis techniques have been developed to yield graphene and
related materials. It can be broadly classified into two distinct approaches: (i) top-
down, and (ii) bottom-enabling different scale-up capability and variations in the
properties (Figure 4). Top-down synthesis strategy relies on simple exfoliation of
graphite via mechanical means (e.g., Scotch tape), chemical (e.g., solution-processed,
graphite oxide exfoliation/reduction), and electrochemical (oxidation/reduction and
exfoliation) methods and allows weakening the van der Waals forces between the
graphene layers to form the graphene with single or few atom thick layers. A special
graphene nanoribbons with tuneable band gaps and edge shapes have been achieved
via opening of carbon nanotubes through chemical or thermal routes [26]. On the
other hand, bottom-up strategies which rely on assembly of small molecular building
blocks into few layer graphene nanostructures have been achieved through different
chemical routes such as catalytic (e.g., CVD), thermal (e.g., SiC decomposition), or
chemical (organic synthesis) processes. The readers are directed to several recent
reviews for the details of synthesis of GRMs [25, 26].

4. Graphene-related derivatives/composites
4.1 GRM/transition metal oxides composite photocatalysts

Transition metal oxides has been extensively used in photocatalytic environment
remediation due to their exotic low cost, high catalytic activity and good stability [8, 9].
In semiconductor photocatalysis, the electrons are excited from the valence band to the
conduction band, and electron-hole pairs are generated. These electron-hole pairs are
either reunite or transfer to the surface to initiate a series of redox reactions, and gener-
ate highly reactive oxidative species (ROS), such as-OH,-072, and H,0, which ultimately
participate in the degrading of the organic pollutants [27]. A number of strategies
have been used to improve the photocatalytic activities of metal oxides: (i) doping of
photocatalysts either by anions or cations [10, 11], (ii) coupling of surfaces with met-
als or semiconductors [12, 28], and (iii) increasing the surface area, reactive facets of
photocatalysts [29, 30].

Benefitting from distinct properties and structures, the carbonaceous nanoma-
terials has attracted immense attention to produce highly active photocatalysts [16].
Westwood et al. [31] and Sigmund et al. [32] reported the combination of carbon
nanotubes (CNTs), graphene and other novel carbonaceous nanomaterials with TiO,,
which lead to the dormant recombination of photogenerated electron-hole pairs.
Additionally, graphene incorporation tends to offer unprecedented properties due
to its unique sp” hybrid carbon tightly packed into a two-dimensional honeycomb
structure [18, 33]. Based on the formation sequence of the graphene and semiconduc-
tor, various graphene-related nanomaterials have been synthesized [34]. The most
common strategies for the fabrication of graphene-based photocatalysts are shown in
(Figure 5) [35]. In addition, different conventional reactions including hydrothermal
reaction, thermal irradiation, the adoption of reductants (hydrazine, NaBH,, etc.)
have been used to construct graphene-based composites [36-38].
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Synthetic strategies used to fabricate the graphene-based photocatalysts. Reproduced with permission from An and
Yu [35].

Owing to high efficiency, good stability and low cost the TiO, is mostly preferred
for graphene-based nanocomposites [39-42]. Graphene based TiO, photocatalytic
films also have been developed and used for photocatalytic applications owing to their
salient features of easily fixing, recycling and restoring. Because of the efficient charge
separation and transportation among the giant p-conjugation and planar structure,
the speedy degradation of dye pollutants was achieved by coating TiO, films with GO
[43, 44]. Apart from TiO,, many other metal oxides based photocatalysts have been
reported such as ZnO, SnO,, WO; and Fe,O; which showed similar photocatalytic
applications [36, 45]. Among them, ZnO is often considered as a favorable alterna-
tive to TiO, for photocatalytic applications [46, 47]. Additionally, visible light active
nanocomposites based on graphene have been constructed exhibiting significantly
improved the photodegradation activities for the removal of organic pollutants dyes
[48]. For instance, Patil et al. reported unique wet chemical synthesis approach for
graphene-wrapped Ag;PO,/LaCO;OH heterostructures (Figure 6A) [49]. First,
LaCO;0H microspheres were obtained by facile hydrothermal method (Figure 6A-ii).
Next, an appropriate amount of LaCO;0H and graphene were dispersed in distilled
water and an aqueous solution of NH,H,PO, and AgNO; was subsequently added
dropwise under magnetic stirring to form nanocomposites (Figure 6A-iii).

From pre-screening of photocatalysts with Ag;PO,/(x wt% LaCO;OH) with mass
ratios of x = 5, 10, 15, 20, 25 and 30 wt% we found that Ag;PO./(20 wt% LaCO;0H)
exhibits highest photocatalytic degradation performance. On the basis of control experi-
ments and physicochemical characterization., we observed that enhanced photoactivity
is attributed to the co-catalytic effect of LaCO;0H, accelerates charge separation due to
creation of heterojunction interface. Thus, incorporation of graphene can effectively
avoid the disintegration of Ag;PO, into metallic Ag (photocorrosion), featuring excellent
photoactivity and stability (Figure 6A-iv). Likewise, BiVO,/graphene nanocomposites
reported to have intrinsic visible-light driven performance among the Bi** containing
oxides materials [51]. A remarkably high photocatalytic reaction activity of BiVO,
was found, when graphene was incorporated which is attributed to electronic charge
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(A) Graphene wrapped Ag;PO ,/LaCO;0H heterostructures. SEM images of Ag;PO, (i), LaCO;0H (ii) and Ag;PO,/
LaCO;OH/graphene (iii). Schematic representation of photocatalytic degradation of MB and electron transfer

process. Reprinted with permission from Patil et al. [49]. (B) One-pot synthesis of BiVO,/Ag/rGO nanocomposite (i)
schematic illustration of hydrothermal synthesis, (ii and iii) photodegradation of MB dye. (iv) corvesponding TEM
image of composite showing ternary composite of BiVO,, Ag and rGO nanostructuves. Adopted from Patil et al. [50].

170



Graphene Related Materials and Composites: Strategies and Their Photocatalytic Applications...
DOI: http://dx.doi.org/10.5772/intechopen.102404

equilibration between BiVO, and graphene, and likely contribute to shift of the Fermi
level and reduction in conduction band potential [52]. Recently, Patil et al. demonstrated
one pot in-situ preparation of ternary BiVO,/Ag/rGO hybrid heterostructures via simple
hydrothermal method and tested for photoelectrochemical (PEC) water splitting and
photocatalytic MB degradation (Figure 6B) [50]. These results revealed that the com-
bined effects of the incorporated Ag and rGO nanostructures lead to interface creation
wherein visible light absorption, charge separation-transfer and superior surface
characteristics was greatly improved. An excellent degradation rate (kypp) of 1.29 x 107
and 0.192 x 107> was obtained for the photocatalytic MB and phenol degradation,
respectively using ternary BiVO,/Ag/rGO hybrid nanostructures which is three times
higher than pristine BiVO, photocatalyst (Figure 6b-ii and iv). Moreover, the synthesis
of magnetically separable a-Fe;O,4 [53] and ZnFe,0, [54] on graphene support has also
been reported, these nanocomposites exhibited an excellent organic pollutant removal
efficiency from wastewater. These photocatalysts can be easily separated from aqueous
solution by applying an external magnetic field enabling well retained photoactivity
even after repeated use. Table 1 summarizes the recent reports on the degradation of
organic contaminants by using GRM-based photocatalysts.

Composite Mass Dye Degradation  Irradiation  Lightsource  Reference
photocatalyst/ ratioof  concentration  percentage time
amount GRM (%) (hours)
P25 TiO, graphene 1wt. % MB (0.01 ¢g/L, 65 1 500 W [55]
2.7x Xe lamp
10 M~ M) (%> 420 nm)
TiO,-graphne 30 mg MB (1x 75 3 Sunlight [56]
(1 mg/mL) 10 M~ M)
TiO,~GO (0.05 g) 0.14 wt. Methyl 35 3 1000 W Xe [57]
% orange (MO; lamp
12 mg/L)
SnO,-graphene 15wt. % Rhodamine ~80 ~2 350 W Xe [36]
(6.3 mg) B (RhB;5.3x lamp
10 mM~ mM)
ZnO-graphene 2wt. % MB (1x 90 04 UV light [58]
(50 mg) 10 M M)
ZnFe,O,4/graphene 20wt.%  MB (20 mg/L) 88 1.30 450 W Xe [54]
lamp
BiVO,/rGO No data MB (3 mg/L) 90 2.0 54 W [59]
(0.02g) halogen lamp
CdS/graphene 5wt. % MO (10 mg/L) 95 1 200 W Xe [60]
(0.050 g) lamp
CdS/CNTs 88wt.% MO (10 mg/L) 88 1 [60]
(0.050 g)
g-C3Ny/rGO No data RhB 94.2 2.30 150 W Xe [61]
(10 mg/L) lamp
Ag/AgCl/Graphene 0.6 wt.% MO (15mg/L) 71 ~05 500 W Xe [62]
lamp
Ag/Ag,S/TiO,/GO No data Crystal violet 2892 2 Xe lamp [63]
Table 1.

Summary of recent GRM-metal oxide nanocomposite photocatalysts degradation of organic pollutants.
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4.2 GRM/oxide free semiconductor photocatalysts

Graphene based-nanocomposite with oxide free materials (metal sulphide, metal
nitrides, graphitic carbon nitride (g-C;N,) and Bi-oxyhalides) has gained increasing
attention in environmental remediation [37, 38, 40, 64]. Metal sulfides such as CdS,
MoS,, SnS,, Sn,Ss;, CuS, and ZnS generally hold narrow energy band gaps and nega-
tive conduction band (CB) edge positions [65]. Many metal sulphides (mono, binary
and ternary) have been developed with tunable band structures and successfully
employed in photocatalytic dye degradation [65, 66]. Among them, CdS most studied
photocatalyst that can directly absorb sunlight at wavelengths under 550 nm [41].
Furthermore, graphene/CdS composite reported to have excellent visible-light-driven
photocatalytic activity for organic pollutant degradation. Ma et al. reported that opti-
mal weight percentage of graphene in the CdS clusters/graphene nanocomposites was
found to be 1.0 wt%, which resulted in a high photocatalytic degradation of methyl
3,5-dichloro-4-hydroxybenzoate (MDHB) [40]. Heterojunction construction-based
copper sulfide nanostructures was observed to be an effective strategy for environ-
mental applications. Andronic et al. demonstrated copper sulfide/graphene hetero-
junction photocatalysts for dye photodegradation enabling relatively large surface
area, porous morphology, the ability to photogenerated electrons across the compos-
ite interface, and high adsorption capacity for organic molecules [42]. Graphene-CuS
composites with different surface morphologies were prepared via different synthesis
strategies such as CuS-GO/TiO, composites were synthesized by sol-gel method
[43], flower-like CuS/rGO composites synthesized by a facile one-step solvothermal
procedure [44]. The dye degradation efficiency of GR/CuS composite was observed
to be 30% higher than crystalline pure phase CuS. Thus, enhanced photoactivity
was attributed to the not only high electronic conductivity of graphene but also its
significant influence on the morphology of the CuS/Gr nanocomposite [44].

Most recently, an innovative metal free polymeric photocatalysts—graphitic
carbon nitride (g-Cs;N,) has been developed representing low cost, easy scalable
synthesis and superior photoactivity [67]. It is composed of C, O, N and some
contamination of H atoms, coordinated by tris-triazine-based patterns. It is a highly
stable both thermally (up to 600°C) and chemically due to covalent C — N bonds.
The state-of-the-art catalytic and optoelectronic properties are ascribed to sheet-like
structure of g-C;N, with appropriate band gap energy (Eg-2.7 eV), metal-free nature,
and tunable electronic band structure and stability [68]. The existence of primary
surface sites of g-C;N, are striking for several optoelectronic applications including
photocatalysis [69]. g-C3N, contains of C-N bonds deprived of electron localization
in the = state and the number of surface defects are found due to presence of hydrogen
specifies, which could be beneficial in catalysis [67]. g-C3N, has been synthesized via
different chemical routes can act as efficient photocatalyst for photodegradation of
organic dyes [70, 71].

Furthermore, g-C;N, was reported to be doped with metallic impurities, in which
band gap energy was reduced enhancing photo response and photocatalytic proper-
ties [72]. In order to dope metal ions, a salt of equivalent solubility were mixed with
the g-C3N, precursor [73]. Various transition metals such as Pd, Cu, Fe, W, Zr has
been doped to endow remarkable photocatalytic activities due to alteration of the
electronic and atomic structure of g-C3N, [74]. Specifically, the light absorption and
mobility of charge carriers can be increased which are essential prerequisites for
better photocatalytic performance. Metal cations and the negatively charged atoms of
nitrogen attributed to the lone pairs of electrons on the nitrogen edges of g-C;N, [73].
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Schematic illustrating the decovation of graphitic-carbon nitride (g-C;N,) with metal nanoparticles. Reprinted
with permission from Khan [71].

Noble metals also have been used as a doping metal in the g-C;N,, such as platinum
and palladium have been utilized which could result in enhanced transporter mobil-
ity, improved separation of electron hole pairs, and narrowing of the band gap values
[39, 75]. In the recent years several strategies have been adopted for the incorporation
of metal or transition metal-into g-C;Ny, as shown in Figure 7.

4.3 GRM/noble metals nanocomposite photocatalyst

Graphene-based noble metal composites have been fabricated by introduction or
mixing of noble metal precursor into the graphene solution via relatively simplistic
methods such as in situ growth or wet chemical methods. Metals like Au, Ag, Pd and
Pt, were incorporated into GRMs to exploit high efficiency composite photocatalysts
[76, 77]. The noble metal nanoparticles could act as an electron trap, increases the
mobility of charge carriers and likely suppresses the rate of recombination. Therefore,
it can be considered as appealing platforms in the design of high-performance visible
light driven photocatalysts. Among them, Ag and Au NPs exhibit unique optical
properties due to the collective oscillation of free electrons on their surfaces while
being interaction with incoming electromagnetic radiation [78]. In the photocatalysis
process, noble metal nanomaterials have been extensively studied to enhance the
light absorption capability of metal oxide-noble metal photocatalysts often called as
plasmonic photocatalysts [79]. Apparently, doping of metals could decrease the band
gap and accelerate the interfacial electron transfer. It has been reported that Au and
Ag nanoparticles could allow capturing and scattering photons with a relatively high
excitation wavelength in the visible light region [80]. Many noble metal-graphene-
hybrid nanostructures have been prepared and tested for the degradation of organic
pollutant dyes in water [81-83].

The incorporation of metal oxide photocatalysts with graphene and noble metal
nanostructures could provide synergic effect to boost the photocatalytic efficiency.
Interactions of graphene with metal nanostructures could facilitate electrons trans-
port together with plasmonic effects. Fabricating of as such multifunctional hetero-
geneous systems may provide several pathways for electron transport stemmed from
noble metal-metal oxide, metal oxide-graphene, and noble metal-graphene interfaces
[84]. For example, Wen et al. [85] synthesized the graphene based TiO,-Ag doped
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photocatalyst and indicated that strong absorption in the visible light region can be
realized increasing the photocatalytic efficiency for the degradation of methyl orange
(MO) dye. This is attributed to the combined effects of the surface plasmon resonance
(SPR) properties of the Ag NPs and the strong interaction of graphene assembled on
the TiO, surface. Furthermore, at the Ag/TiO, interface, formed Schottky junctions
could enhance the ability of electron transfer with graphene and resulted in increased
photocatalytic efficiency [83]. Similarly, Huang et al. reported a layered structure of
Ag NPs deposited on graphene-TiO, nanorods exhibiting a greater efficiency of pho-
tocatalytic degradation of MB [86]. Jafari et al. [87] and Vasilaki et al. [88] fabricated
a ternary-graphene-Ag/TiO, nanocomposite by hydrothermal method and demon-
strated that composite system can efficiently degrade MB dye related to pristine TiO,.
Similarly, Ghasemi et al. evaluated the degradation of acid blue 92 under UV and
visible light irradiation using Au-TiO,-graphene nanocomposite photocatalyst [89].
In this case, Au NPs help extend the visible light absorption ability by decreasing the
band gap energy of the system TiO,~Pt/Pd-graphene nanocomposite photocatalysts
were investigated for the degradation of Reactive Red 195 and 2,4-dichlorophenoxy-
acetic acid under UV and visible light. Due to greater photonic efficiency, Pt metal
showed the higher degradation rate of pollutants [90]. Graphene-Ag-ZnO nanocom-
posite have been used as a high performance photocatalysts for the degradation of RhB
dye. The rate of degradation is 13.80 times higher than bare ZnO photocatalysts [91].
Correspondingly, Au/rGO/ZnO nanocomposite found to be an efficient photocatalysts
for degradation MB dye in water [92, 93]. Zhang et al. decorated palladium (Pd) on
ZnO-graphene nanostructures in which photocatalytic activity was dramatically
enhanced as a result of charge separation at the Pd-ZnO interface [94].

Doping of noble metals in graphitic carbon nitride (g-C3N,) could endow
interesting physicochemical properties owing to two-dimensional layered structure
and likely contribute visible-light photo response. For example, Au/Pd/g-C;N,
nanocomposites were realized by loading of Au and Pd nanoparticles on the surface
of g-C3N, sheets [95]. This nanocatalyst demonstrated >90% degradation efficacy
for degradation of tetracycline hydrochloride. Similarly, Au/g-C;N, nanosheet/
reduced graphene oxide (Au/CNNS/rGO) nanocomposite was produced by inducing
simple thermal oxidation exfoliation combined with in-situ photoreduction reac-
tions leading to significantly enhanced photocatalytic activities for MB degradation
and H, production reaction [96]. As shown in Figure 8a—c, Au nanoparticles were
uniformly decorated on the surface of the thin carbon nitride nanosheets (CNNS)
indicating intimate interaction between them and can be beneficial for improving
the plasmonic characteristics of the nanocomposite. Figure 8c shows size distribu-
tion of Au nanoparticles with an average diameter of 5.5 nm. Additionally, the rGO
was found to be integrated on the opposite surface of CNNSs, which resulted in
bidirectional nanostructure to promote the electron transfer. According to high
resolution transmission electron microscopy (HRTEM) analysis (Figure 8d), the
lattice spacing of 0.203 nm was confirmed and in agreement with (200) lattice
planes of metallic Au. The authors detected a dramatic improvement in H, produc-
tion reaction and methylene blue degradation which was approximate ly 9.6X and
6 X fold higher than pure g-C;N, under visible light irradiation. Kim et al. reported
a a strategy to incorporate different noble metal nanoparticles (Pd, Pt, Au, and Ag)
into GO nanosheets whereby noble metals and GO was reduced simultaneously
using ascorbic acid as a reductant [97]. Wang et al. reported Ag NPs@GO nanocom-
posite through light-induced synthesis method in which size dependent extremely
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TEM images of 5% Au/CNNS/rGO composites at low-magnification (a) and high-magnification (b) and
(c). Inset in (c) represents particle size distribution curve of Au nanoparticles. HRTEM image of only Au
nanoparticles (d). Reprinted with permission from Li et al. [96].

high catalytic activity was investigated towards degradation of 4-nitrophenol [98].
Similarly, Ji et al. obtained Ag NPs@GO nanocomposite by in-situ reduction of

Ag' ions into on GO nanosheets exhibiting efficient catalytic activity for the reduc-
tion of 4-nitrophenol into 4-aminophenol [99]. Rajesh et al. reported anchoring

of Ag NPs and Au NPs onto chitosan grafted GO via NaBH, reduction method
which displayed superior photocatalytic activity towards degradation of aromatic
nitroarenes and azo dyes [100]. Gu et al. was chosen functionalized graphene/Fe;0,
hybrid as nanocarrier to deposit AuPt alloy NPs via controlled self-assembly strat-
egy. The nanocomposite displays magnetic features which is beneficial to recover the
catalysts easily and repeated use endowing superior catalytic activity for the reduc-
tion of 4-nitrophenol [45]. Similarly, Islam et al. obtained magnetically recyclable
carbon nanotube-rGO-Fe;0,-Ag NPs nanocomposite by combining in-situ reduc-
tion and hydrothermal methods which was demonstrated high catalytic efficiency
for the removal of toxic dyes-MB and 4-nitrophenol [101].
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5. Overview of charge-transfer mechanisms in emerging GRM composites

In this section, we particularly focus on GRMs composites for environmental
remediation, with special emphasis on charge-transfer mechanisms. For this pur-
pose, the composites of GRMs have been taken in account, since the charge transfer
mechanism was mainly influenced by the composite systems, or heterojunctions
formation between the two semiconductors which is together called as nanocomposite
system. GRMs in association with several other semiconductor materials for example
GO, rGO@MO, (MO = TiO,, WOs, BiVO,, AgPO,, AgCl, Fe,03, Bi,O;, etc.) has been
widely studied for environmental applications [35, 102-104]. Several charge transfer
mechanisms have elucidated to understand the boosts in photocatalytic degradation
efficiency. This charge transfer mechanism mainly depends on the type of heterojunc-
tion formed with other metal oxide semiconductors with GRMs. Especially the type-1,
type-II and Z-scheme heterojunctions are the most important ones that influence the
charge transfer mechanism during the photocatalytic process and eventually improve
the photocatalytic efficiency. Gao et al. [105] studied the charge transfer mechanism of
graphene-Bi,WOg¢ (G-BWO) for the photocatalytic degradation of Rhodamine B (RhB).
Here, authors elucidated the type-1 mechanism based in the electrochemical studied
and photocatalytic activity results (Figure 9a). In another study the Simsek et al.

[106], demonstrated the charge transfer mechanism of ternary heterojunction system
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Figure 9.

(. u)g Scheme of energy band diagram and photocatalytic degradation at BWO (Bi,WOy) and G-BWO (Graphene-
Bi,WOgy), reproduced with permission from Gao et al. [105], (b) mechanism of photocatalytic degradation over
RGO/TiO,/Zn0O hybrid structure. Reproduced with permission from Bilgin Simsek et al. [106]. Copyright @
Elsevier 2018, (c) schematic representation of (i) photo-generated electron transfer of GQD on the surface of TiO,
under visible-light irradiation and (ii) energy position of GQD/TiO, under visible-light irradiation, reproduced
with permission from Pan et al. [107]. Copyright @ ACS 2015.
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consists of RGO/TiO,/ZnO (Figure 9b) towards photocatalytic degradation of estro-
gen (bisphenol-A) and pharmaceuticals (ibuprofen, flurbiprofen). When RGO/TiO,/
ZnO catalyst is irradiated with light, the electrons are excited from conduction band of
ZnO to the conduction band of TiO, structure. These photoinduced electrons can react
with O, to generate O, radicals, and the holes on the surface captured by OH™ or H,0 to
form OH. Recently, Ran and co-workers studied the graphene quantum dots (GQDs)
decorated by TiO, as heterojunction composite for degradation of methyl orange (MO)
under visible-light irradiation. The reaction mechanism follows the type II heterojunc-
tion (Figure 9c) [107]. Therefore, from these studies it can be understood that the
GRMs or its composites likely contribute for charge transfer mechanisms for removal or
pollutants through photocatalytic process. The reaction mechanism varies based on the
engineered material that is deposited on graphene and its related material.

5.1 Photocatalytic degradation of organic dye pollutants/water decontamination

GRMs possesses several properties that make it attractive for environmental appli-
cations. The most studied aspect of graphene & GO is probably its electronic proper-
ties [108, 109]. It has extremely high electron mobility, reaching 10,000 cm?Vigt
t050,000 cm? V! s at room temperature, with an intrinsic mobility limit of
>200,000 cm® V™' s™ [110]. More importantly the graphene can sustain current
densities up to six orders of magnitude higher than copper [108]. These remarkable
electronic properties of graphene, however, were obtained under ideal conditions,
with mechanically exfoliated graphene under vacuum. Nonetheless, the promising
electronic properties of graphene have triggered research and development for its
extreme use in photocatalytic materials for degradation of various pollutants in water
[104]. Table 2 summarizes the most common adsorption mechanisms as well as
advantages and disadvantage of using graphene related materials and their derivatives
as adsorbents for environmental remediation and sequestration of metal ions from
aqueous solutions.

The GRMs provide lot of scope for photocatalytic degradation of organic dyes in
combination with other metal oxide semiconductors. Especially due to its low cost and
strong oxidizing activity, TiO, is the most commonly used semiconductor for forming
graphene based photocatalytic nanocomposites for the photodegradation of organic
and biological contaminants [131, 132]. The rGO-TNT (TiO, nanotubes) composites
were prepared with different concentrations of rGO and the photocatalytic degrada-
tion of malachite green (dye) was found to be influenced by the rGO/TNT ratio. The
rGO-TNT containing 10% rGO showed the highest photocatalytic degradation activ-
ity against malachite green, a performance of three times higher compared to neat
TiO; nanotubes [133]. As dyes are aromatic molecules, their adsorption on graphene
is endorsed by p-p stacking interactions between the sp* domains from both systems.
Therefore, the adsorption capacity of graphene-TiO, composites for organic dyes can
be higher than bare TiO, nanomaterials [55]. After interaction with graphene sheets
the oxidative species nearby the catalyst can readily access the adsorbed dye, making
the photocatalytic degradation process more efficient. In another study, Zhang et al.
[36], studied the photocatalytic degradation of rhodamine B (RhB) with reduced
graphene oxide (rGO) which was modified with TiO, and SnO, to form rGO-TiO, and
rGO-SnO, respectively. The composite materials performed very interesting photo-
catalytic properties for degradation of RhB under visible light irradiation. First, their
photocatalytic activities were higher than that of P25 (a commercial TiO, as a bench-
mark photocatalyst). Second, the reaction mechanism catalyzed by the composite
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Graphene Mechanisms involvedinthe =~ Advantages Disadvantages References
related materials  adsorption of metalions
Graphene oxide Electrostatic interactions Ion  High dispersibility Limited amount [111-115]
(GO) exchange in water; good of sorption sites

colloidal stability;

abundant presence

of oxygenated

functional groups
Reduced GO Electrostatic interactions Reestablishment of Low density [116-120]
(rGO) Pristine Lewis-base-acid mechanism sp’ domains; better of oxygen-
graphene electron-transport containing

property functional

groups; lower
colloidal stability
Magnetic Electrostatic interactions Larger surface Co-reduction of [121-126]
graphene with graphene Interactions area compared GO during the
nanocomposites with the surface of the to the pristine attachment of the
particles Magnetic properties  forms; increased particles reduces
of the nanoparticles number of binding the colloidal

sites compared to stability

pristine graphene;

easy recovery from

aqueous solutions
Graphene Electrostatic interactions Larger surface area The stability [117, 119,
materials Complexation with organic compared to pristine  of the loaded 127-130]
modified with molecules forms; good colloidal molecules varies
organic molecules stability; improved according to the

amount of functional ~ modification

groups (-NH?%, —OH) strategy

Table 2.

The mechanisms of interaction and possible advantages and disadvantages of using graphene velated materials as
adsorbents to remove metal ions from aqueous solutions as part of environmental remediation.

materials was different from that of semiconductor photocatalysis (Figure 10). The
careful characterization showed that the excellent photocatalytic performance of the
composite materials was associated with the good electrical conductivity and effective
charge separation because of the presence of RGO. In presence of catalysts RGO-SnO,
and RGO-TiO,, the degradation was remarkably enhanced with rate constants of
about 6.2 x 10~ min™' for RGO-Sn0; and 3.6 x 10~ min™" for RGO-Ti0,, significantly
higher than that of RGO (3.9 x 10™* min ™) as shown in Figure 10a. In addition, photo-
catalyst RGO-SnO, performed better than RGO-TiO, and commercial product P25.
The adsorption of RhB on the catalysts could be accredited to two parts, the adsorp-
tion of RhB on the surface of the RGO and the surface of the metal oxides. Although
the surface area of RGO-TiO, (341 m? g’l) is much larger than that of RGO-SnO,

(241 m? g'l), benefiting from the uptake of RhB from water, RGO-SnO, exhibited
higher photocatalytic activity compared to RGO-TiO,. Apparently, the enhanced
photocatalytic degradation of RhB over RGO-SnO, is not mainly due to the adsorp-
tion of dyes on the RGO sheet. Considering the work function of RhB (-5.45 eV),
excited RhB (—3.08 eV) [134], graphene (—4.42 eV) and the conduction bands of
SnO, (—4.5eV) and TiO; (—4.4 eV) in Figure 10b, the different locations of adsorbed
RhB molecules on the catalyst surface would lead to different degradation efficiencies.
It was demonstrated that excited RhB can efficiently inject electrons into the graphene
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(A) Photocatalytic degradation of RhB (a) without catalyst, with (b) RGO, (c) RGO-TiO,, (d) P25, (¢) RGO-
Sn0,, (f) RGO-TiO,-400, and (g) RGO-SnO,-400. (B) the energy diagrams of RhB, graphene, TiO, and SnO,.
Reproduced with permission from Zhang et al. [36]. Copyright @ RSC 2011.

plane, and the degradation rate was even faster than that of TiO, [134]. However, due
to the electron recombination between the injected electron and the surface adsorbed
RhB* (dotted line in Figure 10b), the degradation of RhB over the RGO was excruci-
atingly slow [134]. After the RGO was loaded with SnO,, the injected electron could
further move to the conduction band of SnO, due to the higher work function of
SnO, than RGO. The electron on the SnO, surface could also be trapped by dissolved
oxygen to form various reactive oxygen species (ROSs), thus greatly enhancing the
degradation of RhB. Here, the RGO acted as an electron mediator, facilitating the
electron transfer from RhB* to SnO,. However, when RGO was loaded with TiO,, since
the work function of RGO is higher than that of TiO,, the electron on the RGO surface
cannot further transfer to the TiO, nanoparticles. Therefore, from this study it was
concluded that the work function of the metal oxides plays a crucial role in activating
the degradation efficiency of the dye molecules.

5.2 Photocatalytic degradation of pesticides, pharmaceutical wastes etc.

GRMs were found to be quite effective in the degradation of pesticides and
pharmaceutical wastes as similar to degradation of organic dye pollutant molecules.
In this section we discussed some of degradation mechanisms of GRMs for this
important topic of research. Chlorpyrifos is widely used to control pest insects in
residential, agricultural, and commercial applications. Its common use has led to the
release of chlorpyrifos into sediments, wastewater and water sources. The presence
of chlorpyrifos in wastewaters and water sources may affect ecosystem and human
health due to its chronicle toxicity to aquatic organisms. In this regard, Vinod Kumar
and co-workers studied the magnetic recoverable CoFe,;0,@TiO, decorated reduced
graphene oxide nanocomposite for investigating the photocatalytic degradation
of chlorpyrifos (Figure 11) [135]. The effect of initial concentration of CP on the
degradation rate was studied within the range of 1 to 40 mg/L at a catalyst amount
of 0.4 g/L. The nanocomposite was separated easily from the solution within 12 s by
using a magnet without filtering and it was stabilized into solution for the next cycle.
The stability experiments of CoFe,0,@TiO,/rGO nanocomposite showed no loss in
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Figure 11.

(a) Photocatalytic degradation mechanism for the chlorpyrifos by using CoFe,0,@TiO,/rGO nanocomposite, and
(b) degradation pathways showing various intermediate by products. Reproduced with permission from Gupta

et al. [135]. Copyright @ Elsevier 2015.

the efficiency after 8 cycles [135]. The photochemical mechanism for the degradation
of the chlorpyrifos by using CoFe,0,@Ti0,/rGO nanocomposite is shown in Figure 11a.
Similarly, the photocatalytic degradation pathways of chlorpyrifos has been shown

in Figure 11b which generally undergone various intermediate byproducts on part of

photocatalytic mechanism.

Recently Cruz et al. [136] studied the photodegradation of a mixture of four
pesticides classified by the European Union as priority pollutants: diuron, alachlor,
isoproturon and atrazine by using GO-TiO,. The influence of two water matrices
(ultrapure or natural water) was also investigated. The photocatalytic activity of
GO-TiO, composite under visible light was remarkably higher if compared to com-
mercial TiO, P25, shorter reaction times to photo-degrade 50% of pesticides as well as
faster chloride formation rate being obtained with GO-TiO,.

In the similar manner, GRMs-composites have been extensively applied for
degradation of pharmaceutical wastes through photo degradation process [137, 138].
Since the water pollutants emerging from pharmaceutical, cosmetics, heavy metals,
pesticides, industrial additives, and solvents are becoming new global water quality
threats. The presence of pharmaceuticals in municipal wastewater, hospital wastes,
and industrial effluents are the major sources of contaminants in drinking water
[139]. In this connection the Sravya et al. reported the photocatalytic degradation
of pharmaceutical wastes specifically the paracetamol [138]. Highly efficient visible
light active polyaniline (PANI)/Ag nanocomposites grafted reduced graphene oxide
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(rGO-Ag/PANI) was prepared and tested for the photocatalytic degradation of
paracetamol under visible light radiation. The results reveled that ~99.6% degradation
of paracetamol in the acidic medium (pH 5) and 75.76% in the basic medium (pH 9),
respectively. The enhanced degradation efficiency is attributed to the synergetic
effect of rGO, PANI, and Ag NPs in the nanocomposites. Many other researchers
widely studied the degradation of pharmaceutical wastes by using graphene and its
related materials by making good composites [140-142].

6. Concluding remark and perspectives

In summary, GRMs (GO, rGO, graphene and derivatives) can be incorporated into
different semiconductors or metals to construct GRM-based composite photocatalysts.
An integration of GRMs into these composites has proven to be effective approach to
endow unprecedented properties and concurrently improves the high dye adsorption
capability, light absorption, and also facilitate charge separation and transfer properties,
enabling advancement in the overall photocatalytic activity. Despite of decades inten-
sive research, the scalable synthesis of high-quality graphene is in unmatured state and
several issues need to be addressed. We discussed simple, cost-effective synthetic strate-
gies such as in situ reduction, coprecipitation, hydrothermal or solvothermal reactions
etc. to develop emerging GRM based composites and applicability towards photocata-
lytic degradation of pollutant dyes, organics and pharmaceutical wastes in water.

With regard to breakthrough in photocatalysis technology, the studies are in early stage
and further specific advancements are required. The following insights may be useful.

1. Although conventional photocatalysts such as titanium dioxide (TiO,) and
graphitic carbon nitride (g-C;N,), and graphene have proven their fitness to work
as effective supports, the coordinating sites for metal or single atoms are limited
which indeed succumbed to inefficient solar light harvesting due to their wide
band gaps and no band gap (graphene). Therefore, finding a low-cost new transi-
tion metal based nanosheet materials and single atom photocatalysts is challenging.
Like GRM, the Bi-containing oxyhalide nanosheets or combinations thereof could
be possible choice materials for the development of new generation photocatalysts.

2. Additionally, although present GRM/Nobel metal nanocomposites have shown
increasing plasmonic photocatalytic activity and promises for the potential
applications still they have one drawback. Metal atoms used in the photocatalysts
design are rare and expensive. Therefore, from economical or practical perspective
exploring new low-cost transition metals (Cu, Mo, Bi, Co, Ni etc.) as cocatalysts
together with inexpensive light harvester nanosheets support photocatalysts
(narrow band gap) could be possible means to produce feasible high efficiency
photocatalysts. Altogether there is plenty of room towards developing noble
metal free single atoms/GRM nanosheet photocatalysts for sustainable energy
conversion and environmental remediation.

3.Importantly, most of the researches in this field are mainly focused on
material design, without much understanding about what is going on in the
process, and photoreactor/devices system. It is anticipated that the knowledge
of understanding all three factors is equally important which may lead to
significant opportunities in solving real world problems.
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Chapter 9

Processing of Graphene/Elastomer
Nanocomposites: A Minireview

Mohammed A. Shavaf and Andrzej Kloczkowski

Abstract

Since the isolation and identification of graphene, the academic and industrial
communities are utilizing its superior properties. This minireview deals with the
processing of graphene-based fillers/elastomer nanocomposites. The incorporation
of graphene in an elastomeric matrices has significant effects on the properties of
nanocomposites. The dispersion of graphene in elastomers is discussed. The process-
ing of graphene/elastomer nanocomposites is discussed. The mechanical properties
of the elastomeric matrix can be enhanced due to the presence of graphene. In this
review and due to space limitations, we will present an example of improvements
in the mechanical characteristics of graphene/styrene-butadiene (SBR) elastomer
nanocomposites.

Keywords: elastomers; graphene-based filers; dispersion, interfacial interactions,
mechanical characteristics, mechanical percolation

1. Introduction
1.1 Elastomers

Elastomers exhibit rubber-like behavior [1-4]. They are characterized by weak
intermolecular forces, ease of deformation at ambient temperatures, low modulus
of elasticity, and can stretch to high ultimate strains. Also, elastomers manifest good
heat resistance. To sum up, elastomers are characterized by: (i) their amorphous high
molecular mass molecular chains that are randomly coiled; (ii) bonds in the elastomer
molecules freely rotate or extend in response to any applied strain; (iii) glass transition
temperature for elastomers ought to be lower than their service temperatures; and (iv) a
low degree of vulcanization to control shape [1-4].

Elastomers have low mechanical, thermal, and electrical conductivity properties.
Compounding elastomeric materials with fillers results in composites with an average
mix of properties of the original constituents. Owing to their properties and their
low cost, they have established their niche in several technological applications that
include automotive, aerospace, military, conveyor belts, packaging, healthcare, and
numerous others.

Elastomers constitute the polymeric matrix in the production of elastomer-based
nanocomposites that possess improved properties [5-12]. On the other hand, elasto-
meric nanocomposites demand different preparative and processing procedures as
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compared with polymer-based nanocomposites. The process of their cross-linking is
different and requires the use of an activator.

The incorporation of inorganic fillers such as silica nanoparticles, layered silicates
(clay), carbon black, carbon nanotubes, and other nanomaterials results in the
production of high-performance elastomeric nanocomposites [6, 13-18]. The final
properties of the nanocomposite are affected by the type of filler involved due to
differences in their structural and geometrical characteristics.

1.2 Graphene

Graphene (GE) is 2D a carbon allotrope consisting of sp” hybridized carbons,
which are arranged in a honeycomb lattice [19, 20]. It is a single-atom-thick nano-
structured sheet that is considered the basic building block for graphene-based fillers
[21-23]. Because of its unique exceptional properties, graphene has emerged as a very
promising nanomaterial. It is one of the strongest materials and a good conductor of
heat and electricitys; it is optically transparent and impermeable to gases [24-26]. In
Figure 1, the graphene hexagonal honeycomb chemical structure is represented [27].
Some notable properties of graphene are listed in Table 1 [28].

Once the mass-produced graphene has qualities comparable to those produced in
research laboratories, it will be of greater interest in applications [33-35]. However,
there are still various barriers and risks to overcome [36].

Graphene Chemical Structure and Physical Properties

Electron Mobility
250000 cm?/(Vs)

Young's Modulus
1TPa

Thermal Conductivity Metal-like Electrically

5000 W/mK Conductive
= i . ~
Surface Area T T i ‘ i Transparent
2630 m?/ |
. .\\ S e '.\ _/’l\ ~ .\')
e o e e
Figure 1.

Graphene hexagonal honeycomb chemical structure and its remarkable physical properties. The black dots are
carbon atoms [27].

Property Experimental values Refs.
Elastic modulus ~1TPa [29]
Tensile strength ~130 GPa

Fatigue resistance 10° cycles at mean stress of 71 GPa [30]
Thermal conductivity ~5300 Wm™*K! [31]
Thermal stability ~2600 K [32]
Electrical conductivity 6000 S cm™ [33]

Table 1.

Some notable properties of graphene [28].
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Polymer nanocomposites reinforced by a single- and few-layer graphene have
demonstrated significant improvements in various properties [37]. Another encour-
aging factor in the use of graphene in polymer nanocomposites is that it has been
realized that a minute quantity of can leads to significant enhancements in proper-
ties, Undoubtedly, graphene is a favorite candidate for the use in nanocomposites.
Emphasis will be given here to the techniques used in the preparation of graphene,
elastomers, and nanocomposites, along with the physicochemical aspects and attri-
butes reported and the applications of the final materials.

This chapter will be concerned with the processing and properties of graphene/
elastomer nanocomposites.

2. Some considerations concerning the processing graphene-based/
elastomer nanocomposites

2.1 Filler dispersion

The efficient preparation of an elastomeric nanocomposite requires appropriate
dispersion of the filler in the elastomeric matrix. Whence, there is a need for the
filler and matrix to be compatible, physically and/or chemically. Most properties of
nanocomposites depend on the nanofillers structure in the matrix. Therefore, such
intimate nanofiller/elastomeric matrix interactions are dependent on the filler size,
morphology, surface treatment, and activity. Undoubtedly, the fine dispersion of
nanosized particles would lead to a very large interfacial area. Undoubtedly, the rein-
forcement changes with the specific interfacial area, for fillers with the same chemical
nature [38-40]. As a result, the filler-matrix interactions and bonding will increase, in
the meantime, the filler-filler interactions will decrease, and/or the platelet interlayer
distance will increase [41-45]. They permit lower loadings, weight reduction of the
fillers, and allow for the nanoparticles of <1 pm size the formation of a sort of colloidal
suspensions. In the specific case of graphite-based fillers, because of the positive effect
of aromatic rings, they would allow for the establishment of an intimate interaction
between the nanofiller and the rubber matrix [40, 46-48]. One should note that
elastomeric polymers possess high viscosity and thus necessitate intensive mixing and
blending to achieve an even dispersion and distribution.

During the dispersive step, in the mixing process, large components undergo size
reduction through erosion and rupture into smaller fragments that are then separated
into the matrix [49-51]. These two last phases most likely happen rather simultane-
ously [49, 52]. Ideal dispersion of platelets-like (lamellar) nanofillers requires that all
layers should be separated from each other, i.e., complete exfoliation. However, the
strong interlayer interactions need to be circumvented, more often through intercala-
tions to facilitate exfoliation [53-55].

Graphite is like montmorillonite clay (MMT), and researchers applied similar pro-
cedures for the dispersion of graphene-based fillers [56-58]. Intercalated and exfoli-
ated compounds are in common usage. To reduce the strong p-p interactions between
graphene platelets, graphene sheets are customarily surface-modified [56-58]. For the
classification of graphene-based fillers, for example, a stack of few-layer graphene is
called graphene nanoplatelets (GNP) [27, 59, 60].

Figure 2b is a representation of stacked, expanded, and exfoliated graphite
platelets in an elastomeric matrix. Exfoliation of GNPs into an elastomer is desired to
enhance the properties of the final material. Most exfoliation processes are performed
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in suspension rather than during bulk processing, during which, high shear is
reported to break the platelets rather than exfoliate them [27, 59, 60].

2.2 Surface functionalization

For surface functionalization of graphene sheets, there is firstly a non-covalent and
secondly a covalent approach. Non-covalent functionalization is primarily based on
hydrophobic, van der Waals, and electrostatic interactions [61-65]. Covalent func-
tionalization is dependent on the oxygen functional groups on the graphene surface.
They can be utilized to change the surface functionality of graphene. The main
functional groups are the carboxylic acid at the edges and epoxy and hydroxyl groups
on the basal plane [66-69].

A comprehensive summary of the functionalization of graphene has been
reviewed in the literature [70-74].

2.3 Graphene-based fillers in the reinforcement of elastomer nanocomposites

Fillers have been employed as reinforcing agents for ages. Fillers, depending
on their activity, can be categorized as extenders, which increase the volume of
materials. On the one hand, reinforcing fillers leads to improve certain physical and
mechanical properties. The reinforcing ability of fillers is dependent on the particle
shape, size, agglomeration (dispersion), surface properties, and most importantly,
the degree of interaction between the filler and the matrix.

2.3.1 Graphene oxide (GO) as a reinforcing filler

The research community focused attention on the field of polymer nanocom-
posites on graphene oxide (GO). This could be attributed to the variety of chemical
functional groups available on the surface of GO that make it tunable, hydrophilic,
and relatively low-cost as compared with pristine graphene. Its interaction with polar
polymeric matrices is improved by the presence of such hydrophilic functional groups.

Improving the interfacial adhesion of GO and the host polymers through covalent
bonding has been the subject of several studies [75-77]. Thus, GO becomes inter-
twined as a single phase with the host chains. In consequence, the superior properties
of GO are transferred to the matrix, and thus improvements in the final properties
of the composites will ensue. Various approaches have been explored for producing
GO-polymer nanocomposites through covalent bonding [78-83]. These methods
normally involve the incorporation of thermally reduced GO (TrGO) [84, 85] or in
situ chemically reduced GO (CrGO) in the rubber matrix [86, 87]. Homogeneity of
TOGO in the rubber matrix is assisted by ultrasonication or high shear mixing. A
strong polymer-filler interaction is critical for GO to act as a successful reinforcement
agent [88-92]. For GO, the change in the degree of oxidation may significantly impact
the physicochemical structure of the GO surface.

2.3.2 Other reinforcing fillers

Conventionally, the most widely used and effective conventional reinforcing filler
for rubber is carbon black (CB). It provides a notable improvement in the proper-
ties of elastomers, in general. The drawback, in some cases, is when colored rubber
compositions are needed. Due to its high specific surface area, silicon dioxide (SiO,) is
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known to be the most effective reinforcing non-black fillers. it is reported that about
90% of the worldwide production of CB is employed and applied in the tire industry,
enhancing tear strength, modulus, and wear characteristics of the tires [93]. Recently,
nanofillers have gained momentum both in fundamental and industrial fields. This is
mainly due to the high specific surface area and quite often to their high aspect ratio
that can be dispersed in the elastomeric matrix. There exist interactions at the molec-
ular level between the elastomeric matrix and the nanofiller. As a result, extraordinary
properties are achieved compared with conventional filler materials. Based on their
dimensions in host matrices, nanofillers are classified into three categories: spherical
nanoparticle fillers, elongated structure with only two dimensions is in the nanometer
scale, and the third is larger, e.g., nanotubes and whiskers, and layered structures with
only one dimension of the filler is in the nanometer scale, such as graphene that is the
subject of our study. One notes that these nanofillers have a strong tendency to form
aggregates and agglomerates, owing to their high surface energies.

3. Mechanical characteristics
3.1 Effects of a covalent interphase

Many graphene-based polymer composites with significantly improved properties
have been prepared and tested. Graphene with its possession of remarkable physi-
cal properties have been proposed as an efficient reinforcement agent for elastomers
[94-100]. To make the best out of graphene in reinforcement, improved dispersion of
graphene and higher interfacial interactions are important [101-104].

Graphene oxide is efficiently reduced by tannin derivatives. At the same time,
ortho-quinone derivatives produced during the reduction of graphene oxide are
adsorbed on the graphene surface [105, 106]. The quinones are reactive toward thiols
via Michael addition [107, 108]. Polythiols are usually produced during the sulfur-cure
of an elastomer [108, 109]. The ortho-quinone derivatives are quite suitable for con-
structing covalent interphase cross-linking between graphene and the rubber matrix.

In a study by Yang et al. [106], graphene/styrene-butadiene rubber (SBR) nano-
composites were prepared by latex co-coagulation of SBR latex with a suspension of
graphene. They pursued a strategy to construct a strong interface in graphene/SBR
nanocomposites. The ortho-quinone covalent interphase was realized in the graphene/
rubber system. The main feature was superior dispersion and controlled reinforce-
ment properties with the quinone-modified graphene in the rubber matrix. In this
nanocomposites system, the energy loss by a tire was lower compared with those for
carbon black-filled elastomers. Figure 2 represents the manufacture of graphene/
SBR nanocomposite and the mechanism of formation of covalent interphase between
graphene and the SBR Matrix. The developed nanocomposites were applied to a
dynamic elastomeric product, the auto tires. The very low rolling resistance coeffi-
cient is considered a great advancement in the production of tires.

3.2 Mechanical behavior of a graphene/SBR nanocomposite

With the introduction of covalent interphase, the dispersion status of graphene
in the rubber matrix and the interfacial interaction between graphene and SBR were
remarkably enhanced. The stress-strain isotherms of SBR and SBR nanocomposites
are illustrated in Figure 3. The effect of graphene on the mechanical properties of
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Figure 2.

Fabrication of graphene/SBR nanocomposites and a schematic illustration of proposed formation mechanism of
covalent interface between graphene and rubber matrix [109].
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Figure 3.
Stress-strain curves of SBR/graphene nanocomposites [107].

graphene/SBR nanocomposites is apparent. For purposes of comparison, a stress-
strain isotherm of 10% graphite-filled SBR composite was also made. The presented
results indicate much higher efficiency in the reinforcement of SBR. In Figure 4, the
effect of graphene loading on the mechanical properties of the nanocomposites is
demonstrated. Compared with the neat SBR, the tensile strength of graphene/SBR
nanocomposites with only 1.1 phr of graphene has increased by 223%. With the incor-
poration of 5.6 phr of graphene, the tensile strength of the nanocomposite can reach
21.5 MPa, which is over ninefold that of the neat SBR. This is a marked enhancement
in reinforcement compared with other 2D reinforcing fillers such as clay [110-112].
As an additional confirmation of reinforcement, a percolation phenomenon
is observed in Figure 5 in the tensile strength with graphene loading, as has been
reported earlier [106, 113-118]. Although for CNT-filled composites, 0.001 wt%
percolation concentrations have been reported. In other studies, 2 wt% concentra-
tions are reported that depend on the processing, alignment, chemistry of the CNTs,
and matrix compatibility [116-118].
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Figure 4.
Tensile modulus and strength of graphene/SBR nanocomposites [107].
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Percolation phenomena of SBR nanocomposites, the intersections of the dash lines represent the percolation
point [107].

In what would be considered the first stage, below the percolation threshold volume
fraction of graphene, the phenomenon could be explained by the rubber strengthen-
ing mechanism that graphite nanofillers induce the formation of straightened polymer
chains during the stretching process [119]. In the second stage, when the distance
between the fillers decreases to a specific threshold, chains attached to the adjacent fillers
will form straightened rubber chains that will enhance and strengthen the rubber [119].
In Figure 5, the tensile stress of the composites could be observed to initially increase
slightly and then shows an abrupt increase. The percolation point of graphene/SBR

199



Nanocomposite Materials for Biomedical and Energy Stovage Applications

nanocomposite appears surprisingly at as low as 0.42 phr, which is far below that of
CB/SBR composite (5.1 phr), as seen in Figure 5. The ultralow percolation threshold of
graphene/SBR composites might be ascribed to the excellent dispersion of ultrathin gra-
phene layers and the strong covalent interface. The different result obtained for graphene
and carbon black (CB) in the reinforcement of SBR composites is evidence that graphene
possesses significantly higher reinforcing efficiency toward SBR [106].

The effect of the presence of the nanostructures on the thermal stability of natural
rubber was evaluated using thermogravimetric analysis (TGA). The results indicated
that the presence of GO does not affect the thermal stability of the rubber [106, 119].

4, Conclusions

Graphene-based fillers have features such as relatively high mechanical properties.
They are incorporated as fillers in polymeric materials such as elastomers nanocom-
posites due to their pronounced differences in properties. Several parameters such as
processing conditions that affect these enhancements were highlighted. Morphologies
of the corresponding nanocomposites were observed to be affected by processing.
One of the major challenges concerning graphene is the industrial-scale production
of inexpensive graphene-based nanocomposites. This would require newer process-
ing techniques able to prepare low-thickness stacks with higher specific areas. A
crucial aspect that we addressed is the better dispersion of graphene-based fillers in
an elastomeric matrix. Covalent functionalization of graphene-based sheets proved
to be indeed significant in the improvement of the interfacial filler dispersion and
its exfoliation in the matrix. That is why other efforts should be made to exploit
graphene-based fillers at the nanoscale by creating a nanostructural organization of
graphene sheets that would ensure a lower percolation threshold and consequently
more pronounced enhancement in reinforcement.
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Chapter 10

Perovskite-Based Nanomaterials
and Nanocomposites for
Photocatalytic Decontamination

of Water

Yousef Faraj and Ruzhen Xie

Abstract

The exploration of functional nanomaterials with superior catalytic activity
for practical photocatalytic water decontamination is of significant importance.
Perovskite-based nanomaterials, which demonstrate excellent photophysical and
catalytic properties, are widely investigated as a class of adaptable materials for the
photocatalytic degradation of environmental pollutants. This chapter introduces the
recent progresses in using perovskite-based nanocomposites with particular emphasis
on the applications for effective photocatalytic degradation of organic pollutants in
wastewater. It starts by presenting the general principles and mechanisms governing
photocatalytic degradation of organic pollutants in water by perovskite, along with
the design criteria for perovskite-based nanocomposites. It then explains various
strategies used to prepare perovskite-based nanocomposites with the aim of enhanc-
ing their photocatalytic activity. By the end of the chapter, the remaining challenges
and perspectives for developing efficient perovskite-based photocatalysts with
potential large-scale application are highlighted.

Keywords: perovskite, photocatalysis, water decontamination, reactive oxidation species,
nanomaterials, nanocomposites

1. Introduction

The rapid growing population, urbanisation and industrial development are the
major contributors of organic pollutants in water, which have a detrimental impact
on the ecosystem, and cause serious problems to the living world and environment.
In order to balance the ecosystem and mitigate the huge risk caused by the persistence
organic substances, the removal of organic pollutants in wastewater is paramount.

Over the past two decades, solar photocatalysis has been of particular interest for
the removal and degradation of organic pollutants in wastewater. In the photocatalytic
water decontamination process, the production of electron-hole (e”-h*) pairs via
irradiation of the photocatalyst is the key step for the production of reactive oxida-
tion species (ROS, i.e. hydroxyl radicals ("OH)), which is powerful oxidants and can
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non-selectively attack organic matters, degrading them into smaller elements and
finally mineralise them to H,O and CO, [1]. Under light irradiation of a photocatalyst,
photons with energy equal or greater than its band gap (E,) are absorbed by the
catalyst, resulting in the formation of an electron-hole pair. Then the photogenerated
conduction band electron (ecg_) and valence band hole (hyg,) could undergo unde-
sired recombination or participate in a series of reactions to produce highly Reactive
Oxidation Species (ROS, i.e., hydroxyl radicals ('OH)) that can mineralise any organic
molecule in wastewater [2]. The necessity to find photocatalysts with unique photo-
physical properties that can be used efficiently in the photocatalysis process has been
the driving force for the development of variety of material systems to achieve an
efficient removal of organic pollutants. Different types of heterogeneous semicon-
ductors, particularly titanium dioxide (TiO,), ternary and other oxide systems, are
the most widely studied materials for photocatalytic water decontamination. TiO,,
which is well known for its photocatalytic properties, widely used, low-cost n-type
semiconductor with (Ey) of 3.2 eV, can be used for water decontamination and water
splitting and building self-cleaning facades [3]. However, the major drawback of using
TiO;, in practical photocatalytic water decontamination is concerning two important
aspects of its photocatalytic properties: (i) TiO, offers low photoconversion efficiency
due to undesired recombination of electrons and holes [4] and (ii) its large band gap,
which can be excited only by ultraviolet light (only 4% intensity of solar radiation) [5].
In addition, compared to other advanced oxidation processes (AOPs), such as Fenton
based methods; UV/Oxidant methods and electrochemical oxidation methods, which
can in-situ generate ROS during water treatment, the quantum yield of TiO, is low
for photocatalytic ROS production, hindering its application in photocatalytic water
decontamination [6]. Therefore, exploring novel photocatalysts that have unique
photophysical properties, offer high photo-conversion efficiency and with superior
photocatalytic activity in water decontamination application is of great importance.

Perovskite-based nanomaterial have attracted huge attentions as a promising
photocatalysis nanomaterial for various environmental application due to their unique
features such as high chemical and thermal stability; excellent electrical conductivity;
and narrow band gap that can offer efficient use of solar energy, compared to other
semiconductor photocatalysts. Perovskite-type oxides are complex metal oxides, with
the general formula of ABO;, the structure of which is shown in Figure 1. General
structure of perovskite oxides represents a lattice that consists of larger A cations and
are alkaline rare-earth metals, which are 12 fold coordinated by oxygen atoms, and
small B cations that can be a divalent or trivalent transition, within oxygen octahedra.
Their high stability under aggressive conditions is attributed to the existence of transi-
tion metals in their oxidation states [8, 9]. The structure of perovskites can easily be
tuned by adjusting the category and proportion of their chemical compositions, which
in turn inherit them diverse and unique physicochemical properties [10]. Perovskite
oxides are capable of being activated by broad solar spectra to excite e”-h" pairs and
initiate the production of ROS, which facilitate organic pollutant oxidation and mainly
comprise hydroxyl-radical ("OH) and superoxide-anion radical (O,) [11]. However,
pure perovskites suffer from low photocatalytic efficiency, which is due to small sur-
face area of bulk material, insufficient solar energy consumption, rapid recombination
and low redox potential of e”-h" pairs, which are unfavorable for efficient generation
of reactive species [12].

The performance of perovskites in photocatalysis process is generally influenced
by their structure; composition; size and shape and synthesis process. Therefore,
with the aim of enhancing their photocatalytic efficiency in the degradation of
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Figure 1.
ABO;-type of perovskite structure (veprinted with permission from ref. [7]. Copyright © 2021, Elsevier).

organic pollutants, numerous studies have been carried, using various synthesis
methods such as sol-gel method; hydrothermal; solvothermal; sono-chemical;
microwave assisted method and co-precipitation method. In order to enhance the
photocatalytic performance of perovskite, a number of strategies can be adopted,
such as regulating perovskite composition through partial or full cationic substitu-
tion by certain dopant(s); rescaling its structure through downsizing or morphol-
ogy alteration; hybrid modification through coating and coupling with other AOPs.
It is worth pointing out that the strategy of coupling with other AOPs is beyond the
scope of this chapter, therefore, no further reference will be made. The aforemen-
tioned strategies have been proven to improve perovskite’s light absorption; create
more active sites on the surface and inhibit e"-h" pairs recombination. By regulating
perovskite composition through hetero-substitution of perovskite by hetero-valent
or homo-valent cations in A and/or B site, the redox property of the perovskite is
significantly improved and oxygen vacancies are increased, thereby promoting ROS
generation [13]. Incorporating dopants into the lattice of perovskite, its inherent
band gap can be reduced by shifting the top of its VB upward or CB downward,
leading to an extended optical absorption improvement of its photocatalytic activ-
ity. Loading perovskite on substrates to obtain a hybrid nanostructure is an effec-
tive option for narrowing the band gap and optimisation of electronic structure

to inhibit the recombination of e™-h” pairs. The coating strategy could address the
majority of issues related to the efficient photocatalytic activity to some extent, as
the coating strategy equip perovskite with an outstanding charge separation ability
and strong oxidation ability. Rescaling structure and downsizing and controlling
morphology of perovskites can be carried out to improve reactive sites and optimise
optical absorption [14]. Smaller particle size can benefit from higher quantum
efficiency due to larger accessible of reactive sites and more effective electron trans-
fer paths. However, downsizing these particles to nanoscale increases the surface
energy that prompts particles aggregation, hence elimination of the desired reac-
tive sites and significant reduction of photocatalytic performance [15]. Controlled
preparation of porous structure has been proven to equip perovskite with better
optical absorption ability; increased reactive sites for photocatalytic reaction; as
well as enhances the diffusion rate of organic pollutants. However, introducing
pores to perovskite nanoparticles can make it physically fragile [16].
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Despite intensive research studies that have been carried out on developing
variety of nanoscale perovskite-based composites using different strategies, most
of which with encouraging results, there is still much to be investigated. A com-
prehensive understanding of achieving an effective photocatalytic degradation of
a wide range of organic pollutants using perovskites is highly crucial for unveiling
the fundamental nature of perovskite photocatalysis for large-scale applications.
In addition, to meet the requirements of designing efficient, stable and cost-
effective perovskite-based composite photocatalyst with an outstanding use of
solar energy for actual water remediation, a fundamental study of perovskite
photocatalysis using different materials and various environmental pollutants is
indispensable.

This chapter provides an overview of the state-of-the-art design and synthesis
strategies for perovskite-based nanomaterials and nanocomposites for efficient water
remediation. Initially the principles of photocatalysis process are described, with the
emphasis on the mechanisms of photocatalytic water decontamination by perovskite
and highlighting its inherent challenges. An evaluation of several strategies that have
been used to develop perovskite-based nanocomposites for enhanced photocatalytic
degradation of organic pollutants in water is presented. Finally, the remaining chal-
lenges and perspectives for developing novel perovskite-based photocatalysts with
potential large-scale application are elucidated.

2. General principles of perovskite photocatalysis process

In photocatalytic process, perovskite uses photon as a source of energy to
initiate chemical reaction. As the photocatalyst is irradiated by light with energy
equal or larger than the perovskite band gap, the electrons are excited from
the valance band (VB) to the conduction band (CB), as a result photoreactive
species such as e” and h* are created, which can be transferred to the surface of
perovskite [17]. The factors affecting the photocatalytic activity of perovskite as
a catalyst are namely, the excitement of the electron, separation of the electron
and hole and photo-oxidation reduction reaction taking place at the surface of
the catalyst [18].

2.1 Mechanisms of photocatalytic degradation of pollutants in water by
perovskite

The mechanisms of photocatalytic degradation of organic pollutants consists of
several steps: (1) under light irradiation perovskite absorbs photon with an appropriate
energy to form photoreactive species like e” and h*; (2) interfacial charge transfer; (3)
reduction and oxidation process to form Reactive Oxidation Species; (4) degradation
of organic pollutants; and (5) desorption of pollutants/intermediates from the surface
of the perovskite. The reaction mechanisms of photocatalytic degradation of pollut-
ants in water are demonstrated by Egs. (1)-(5) [7].

Perovskite + Light — Perovskite (e;h +h;, ) 1)

e, +0, >0, (2)
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h;, +H,0/OH —-OH 3)
O, /-OH +Organic Pollutants — Intermediates,CO, ,H,0... 4)
h;, + Organic Pollutants — Intermediates,CO,,H,0... (5)

Under light irradiation of perovskite, when the energy of photon is equal or larger
than the perovskite band gap energy, the electrons are excited from the valence band
(VB) of perovskite to the conduction band (CB), as a result of which the photoactive
species (e” and h*) are formed. The photoexcited electrons would either reunite with
holes or transfer to the surface of the perovskite, which can react with O, to form
superoxide anion radical (O, "), while the photogenerated holes react with water to
form hydroxyl radical ("OH) at the surface of the catalyst [19]. The schematic repre-
sentation of the degradation mechanism is illustrated in Figure 2. In this process, -OH
acts as a powerful oxidising agent that attacks the organic molecules non-selectively.

Figure 3 shows the bandgap values, CB and VB positions, of several perovskite
photocatalysts. It is apparent that pristine perovskites have the valance band potential
energy (E,») higher than the "OH/OH™ redox potential, which allows for the genera-
tion of -OH during the photocatalysis process. Nonetheless, the higher position of CB
compared to that of the redox potential of O,/O,"", hinders the formation of O, dur-
ing the photocatalytic degradation process. Therefore, during the ROS production on
perovskite, in order for the electrons to react with O, and form O,", the conduction
band potential (E.,) of perovskite should be more negative than the standard redox
potential of 0,/0,” (—=0.33 eV vs. NHE). On the other hand, the valance band poten-
tial energy (E,;) of perovskite should be higher than standard redox potential of ‘OH/
OH" (+1.99 eV vs. NHE). In such case, the OH™ can be oxidised by the photogenerated
holes and form "OH, which can attack pollutants to convert them to nontoxic forms or
completely degrade them to CO, and H,0 [20].

¢
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Figure 2.
Schematic representation of photocatalytic degradation of organic pollutants and ROS production by perovskite
(veprinted with permission from vef. [7]. Copyright © 2021, Elsevier).
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Figure 3.
Band gap values of several perovskite photocatalysts (Adapted with permission from vef. [7]. Copyright © 2021,
Elsevier).

2.2 Perovskite design criteria for photocatalytic degradation of organic pollutants

The main criteria for a perovskite photocatalyst to be used in the degradation of
organic pollutants in water are high capability of being activated by photons; effi-
ciently extracting electrons for photocatalytic reaction; chemically stable; nontoxic;
and cost effective. The absorption of photons the following charge generation is
dependent on the physiochemical property of the perovskite and recombination.

The efficient use of solar energy still remains a great challenge. An ideal perovskite
photocatalyst should have an enhanced and broaden light absorption, and capture
a wide spectrum, from ultraviolet to visible light and even the near-infrared region.
Therefore, it is necessary to adopt strategies that lead to optimisation of light har-
vesting, improving e -h" separation, and generating sufficient active sites on the
perovskite surface for photocatalytic reaction to take place A number of strategies
have been reported in the literature, such as cationic substitution, nanostructure
perovskite, coating and combined perovskite-based photocatalyst systems, in which
perovskite is coupled with other AOP systems. The main aim of these state-of-the-art
strategies is to enhance efficient light utilisation, improve charge separation and cre-
ate richer active sites on the surface of the perovskite. Narrowing band gap is usually
the option for the increased light harvesting by capturing more excited photons form
a wide spectrum, and consequently enhancing photocatalytic activity [21].

Once the photogenerated charges are generated and successfully migrated to the
surface of perovskite, where photocatalytic reactions take place, they can still undergo
surface recombination or be trapped by undesirable reactants. In the photocatalytic
process the e™-h" pairs are generated within several femtoseconds (fs) and undergo
recombination within picoseconds (ps) to nanoseconds (ns), as depicted in Figure 4.
However, the time span from the bulk to reactive sites is usually hundreds of ps, and
the reaction time between the carriers and the adsorbed reactants requires nanosec-
onds (ns) to microseconds (ps) [22]. The lifetime of the photogenerated charges of
some perovskites have been reported as BTO: 3.25 ns, STO: 2.06 ns, LFO: 3 ns and
LMO: 2 ns, knowing that the reaction time to form O, is several nanoseconds [22].
This implies that the relatively short lifetime of the carriers on perovskite limits their
application in photocatalytic degradation of organic pollutants.
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Figure 4.
Different length of time required in photocatalytic process.

In general, photocatalytic degradation takes place on the surface of the perovskite
photocatalyst. Therefore, to improve photocatalytic degradation efficiency, a
good adsorption of organic pollutants on the surface of perovskite is necessary.
Undoubtedly, larger surface area is required to provide higher adsorption capacity
towards organic pollutants and richer active sites for photocatalytic degradation
reaction. A shorter diffusion pathway of charge carriers is also expected, as it reduces
chance of e”-h" recombination.

3. Modification strategies for enhancement of perovskite photocatalytic
activity

Although pure perovskites are potentially better than other oxide photocatalysts,
their weak photocatalytic activity hinders their employment in industrial application.
Undoubtedly, this is due to their inherent photocatalytic issues such as: (i) small
surface area; (ii) insufficient solar energy utilisation; (iii) fast recombination rate of
e-h". To improve carriers’ utilisation, a number of modification strategies have been
reported, through which nanomaterials and nanocomposite materials are developed
with significantly high photocatalytic performance. Some of these strategies are
described in detail in the following sections.

3.1 Partial or full cationic substitution

Poor photocatalytic degradation of pristine perovskite under visible light
(>400 nm) is mainly attributed to the wide band gap [23], which hiders its potential
application in the degradation of organic pollutants. The photocatalytic properties of
perovskite can be modified by partial or full cationic sites substitution. The partial or
full cationic substitution can narrow the band gap and inhibit the recombination of
e -h", which leads to a significant enhancement of their photocatalytic activity. The
substitution can be made in A-site, B-site or both sites, the detailed description of
each type of substitution is provided in the following sections. It is worth mentioning
that a number of factors can affect the substitution such as the types and concentra-
tion of dopant atoms, the substitution sites and so on. It is worth mentioning that the
substitution of A-site, B-site or both sites in perovskite induces lattice defect and
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adjusts its optical and redox properties, thereby enhancing the photocatalytic degra-
dation of organic pollutants [24].

However, choosing the right substitute is very important in maintaining the perovskite
crystal structure. The stability of A-site substituted perovskite with cubic structure can be
defined through Goldschmidt’ tolerance factor ¢ as shown in Eq. (6) [25]:

Tyt 7

tz\/E(VB"‘Vo)

Where 74, 75 and 7 are ionic radii of A-site, B-site and oxygen ion, respectively.

Since the cubic structure of perovskite is stabilised at 0.76 < ¢ < 1.13, then almost
90% of the natural metal elements of the Periodic Table can be incorporated into the
perovskite lattice. Thus, various common metal elements, as shown in Figure 5, can
be used to substitute A or B cationic sites in perovskite to narrow the band gap and
enhance its photocatalytic activity [26, 27].

The performance of various substituted perovskites with different substitution
type and dopants used in substituting A-site, B-sites and both sites in the degradation
of organic pollutants is highlighted in Table 1.

(6)

3.1.1 A site substituted perovskite

Substitution of a metal in A-site can have a direct impact on the structure and
stability of perovskite. For example, partial substitution of A’ metal on A-site, having
a modified perovskite with the general formula of A;  A,'BOs, can cause the creation
of vacancies in the lattice [42]. Partial substitution of A-site in perovskite is also
capable of modifying the valence state of cations in B-site, leading to a better redox
property and a higher photocatalytic activity. For example, substitution of La** by K*
in A-site of LaCoO; results in modification of Co* into Co** in La; yK,CoOs [43]. The
concentration of dopants or substitutes in partial substitution of A-site is an impor-
tant factor that can affect the crystal size, band gap and oxygen vacancy content. By
incorporating different concentrations of La** into the lattice sites of the SrTiO3(STO)
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Figures.

Metal elements as substitutes in the ABO, perovskite lattice [26].
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Pure Type Dopant Target pollutant Performance of Ref.
perovskite substituted perovskite
LaFeO; A-site Eu/Gd/ Safranine-O 7 times higher degradation [28]
Dy/Nd (15mg/L) rate than that by pure LFO
LaFeO; A-site Ti 4-Cl-phenol Complete removal and [9]
(25 mg/L) highest mineralization rate
LaFeO; A-site Li Methylene blue 45.7% removal compared [29]
(78.54 mg/L) to 35.1% by pure LFO
LaFeO; A-site Ca Methylene blue 77.5% removal compared [30]
(10 mg/L) to 48.9% by pure LFO
LaFeO; A-site Bi 2,4-dichlorophenol 61% removal compared to [31]
(10 mg/L) 28% by pure PLFO
LaTiO; A-site Ba/Sr/Ca Congo red 75.33% degradation [32]
(100 mg/L) compared to 50.8% by
pure LTO
SrTiO; A-site Eu RhB (5 mg/L) 95% removal, 2.6 times [33]
higher than that by pure
STO
SrFeO; A-site Pr/Sm RhB (5mg/L) 86% degradation [34]
efficiency compared to
43% by pure SFO
LaFeO; B-site Mn Methyl orange 96.4% removal higher than [35]
(100 mg/L) that by pure LFO
LaFeO; B-site Cu Acidpink 3B 97.4% removal compared [36]
(10 mg/L) to 62.2% by pure LFO
SrTiO; B-site V/Mo Methylene blue 91.5% removal compared [37]
(10 mg/L) t0 59.9% by pure STO
SrTiO; B-site Bi/Cu Dibutyl phthalate Higher degradation [38]
(10 mg/L) efficiency compared to
pure STO
SrTiO; B-site \Y% Methylene blue Higher degradation [39]
(10 mg/L) efficiency compared to
pure STO
SrTiO; A-& La, Fe Methyl Orange Removal 19 times higher [40]
B-sites (10 mg/L) than that by pure STO
SrTiO; A- & La, Cr RhB (5 mg/L) Removal 6 times higher [41]
B-sites than that by pure STO
Table 1.

Performance of various substituted perovskites.

host structure, different crystal defects and impurity energy levels can be formed on
La-STO, resulting in different band gaps. Higher concentration of La** doping results
in the decreased particle size of La-STO. However, an excessive concentration of the
doping element can act as recombination center for photoinduced pairs and lead to a
declined photocatalytic activity.
Various alkaline-earth metallic ions (i.e., Ba, Ca, and Sr) and rare-earth metals

(i-e., La, Ce, Euand Nd) can be used to substitute A-site of perovskite, which can

result in narrowing band gap, generation of large amounts of oxygen vacancies and
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improved photocatalytic efficiency for the degradation of organic pollutants under
visible light [32, 44]. Partially substituting La>* with Li* via sol-gel method yields a
modified perovskite powder (Lagg;7Lig ¢3FeO3) with improved photocatalytic degrada-
tion towards methyl blue. Since Li* has lower charge than La*", the charge neutrality
is maintained by forming oxygen defects on the surface of Lag 97Lig ¢3FeOs, which
leads to improved photocatalytic activity [29]. Incorporating Ti into A-site of pure
LaFeO;(LFO) via solid-solid diffusion results in reduced band gap and enhanced
photocatalytic activity of the modified perovskite (La; TixFeOs) for the degradation
of 4-chlorophenol without iron leaching. Substituting La*" in pure LaFeO; (LFO)
with an appropriate amount of Ca®* in LFO can be a feasible strategy to improve
photocatalytic degradation of methylene blue under visible light [30]. Due to smaller
radius of Ca®* (0.134 nm) compared with La** (0.136 nm), the substitution of Ca**
affects the crystalline size and the amount of charge-compensating oxygen vacancies
in La; xCa,FeOs. The charge-compensating oxygen vacancies can act as Lewis acid
sites to capture electrons, and also narrow the band gap, which increases light har-
vesting by capturing more excited photons [45].

3.1.2 B site substituted perovskite

The B-site element in perovskite plays a more important role than the A-site
element in photocatalytic reaction, as the redox reactions generally take place at
the B-site element, and it can serve as a photocatalytic active center for most of the
perovskites [46]. Doping B-site with divalent or trivalent cations induces the creation
of oxygen defects, leading to a relaxation structure of AB; 4B’,O; with enhanced
photocatalytic degradation activity [47]. Substituting Mn into the lattice of SrTiO;
(STO) via hydrothermal method yields a visible-light-responsive photocatalyst,
Mn-doped STO (MSTO), having a narrower band gap and higher photocatalytic
degradation efficiency towards antibiotic tetracycline [48]. Mn** species (0.067 nm)
could partially substitute Ti** (0.068 nm) into STO lattice and act as impurity energy
band to narrow the band gap of STO and suppress the e -h" recombination, hence
creating sufficient time for photogenerated holes to oxidize water and form -OH for
efficient photocatalytic degradation of tetracycline. Furthermore, substituting the
B-site of perovskite by Cr yields advanced photocatalytic materials, in which the Cr**
donor levels act as intermediate states for photon transition, allowing easier excitation
of electrons and holes under visible light [49]. However, the presence of hexavalent
Cr(VI) can hinder the photocatalytic activity of the catalyst [50]. Substitution of Fe**
(0.064 nm) by a larger ionic radius Cu** (0.072 nm) in B-site of LFO results in lattice
distortion, induced oxygen vacancies generation and suppressed the growth of large
crystallite. This implies that a larger specific area with more accessible active sites is
available for improved photocatalytic activity.

Substitution of the B-site perovskite with multiple valance cations results in
coexistence of various cation states (i.e., Mn**/Mn**, Cu*/Cu?* and V**/V°*) in
perovskites [39, 51]. The presence of high valence ions can trap the photo-generated
electrons in the CB, thereby the e”-h" pairs recombination is suppressed. While
the low valence ions may supply electrons to the absorbed O, on the surface of the
catalyst, enhancing interfacial electron transfer and increasing the photocatalytic
degradation of organic pollutants in water [52]. Substitution of B-site in LFO lattice
by Cu results in LaFe( gsCug 1505 with larger specific area and reduced band gap com-
pared to LFO [53]. Under light irradiation of LaFeg gsCuyg 1503, the reduction of Fe**
and Cu’* can be accelerated and leads to the generation of Fe** and Cu*. The presence
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of the redox couples of Fe**/Fe’* and Cu*/Cu®* plays an important role in the creation
of -OH and other ROS, which degrade organic pollutants [54]. Doping Mn in LFO
via stearic acid solution combustion method results in LaFeq sMng sO3_s with higher
photocatalytic efficiency for methyl orange degradation under sunlight, owing to the
coexistence of variable valences of Mn ions such as Mn**/Mn*/Mn** [35]. The lower
valence Mn** and Mn?* provide electrons and reduce O, to generate more O,"", while
the stable Mn** traps electrons and suppresses electron-hole recombination.
Substitution of the B-site perovskite by multiple cations can create a synergistic
effect, leading to an enhanced perovskite photocatalytic activity and improved
stability. The photocatalytic degradation of methylene blue can be enhanced by
co-doping of Mo and V in STO [37]. The Mo and V cations incorporated into the
B-site of perovskite can create impurity defects, leading to reduced band gap value
and enhanced visible light utilisation. The photocatalytic activity of multiple cations
doped perovskite, such as Bi and Cu doped STO, is much higher than a single cation
doped perovskite [55]. The highest degradation of dibutyl phthalate can be achieved
by STO co-doped with both Bi and Cu in B-stie [38].

3.1.3 A and B sites substituted perovskite

Simultaneous substitution of A- and B-sites is a feasible strategy and can increase
the photocatalytic efficiency of perovskite. Since the perovskite lattice offers a great
flexibility in atomic arrangement, reasonable regulation of both A- and B-sites in
perovskite can produce high performance A; ;A'yB; zB'10s s with improved electronic
and photocatalytic properties. In general, the substitution of A-site cation leads to the
generation of oxygen vacancies, whereas the substitution of B-site mainly tunes the
band structure and brings about the formation of redox couples.

Simultaneous substitution of A- and B-sites of STO by La and Ni, respectively,
leads to a larger surface area and new defect bands for highly efficient photocatalytic
decomposition of MB compared to La or Ni mono-doped STO [56]. The substitution
of both A- and B-sties of LaCoO; leads to the creation of a modified perovskite photo-
catalyst Lag sBag sCo,Mny_4Os 5. The partial substitution of La** by Ba®* in A-site results
in improved catalytic activity and structural stability. While the substitution of B-site
by Mn can further enhance the photocatalytic reactivity as a result of the formation of
Co—0O—Mn bond, offering accelerated electron transfer between the redox couples of
Co?*/Co** and Mn**/Mn*". Doping perovskites with non-metal ions suchasC, B, S, N, F
and B is also a feasible strategy to narrow the band gap, which is necessary in enhanc-
ing photocatalytic activity of perovskite for water decontamination [57, 58].

3.2 Perovskite nanocomposites via coating strategy

Pristine perovskites show relatively weak photogenerated charge separation
rate and low surface area. In addition, photo-generated e”-h" pairs in some narrow-
band gap perovskites tend to recombine, which results in considerable energy loss.
Therefore, nanoengineered perovskite particles may address the above issues and
provide high surface area, full utilisation of solar energy, efficient light absorption
and effective e"-h" separation. However, Perovskite nanoparticles can undergo
agglomeration during synthesis, which endows inferior photocatalytic performance.
In order to address the particle agglomeration issue and achieve efficient charge
separation and good dispersion, coating perovskites on various supports has been
proven to be a feasible strategy. In addition, by composing suitable cocatalysts, the
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photocatalytic reaction can be accelerated through lowering the activation energy.
Loading perovskite on supports provides efficient charge migration and better pol-
lutants adsorption capacity, which is crucial for improving photocatalytic activity.
The loading amount can easily be tuned by simply changing the coating times and the
concentration of the coating solutions. Given an appropriate support loading, abun-
dant active sites are available for charge-transfer reactions, also the photogenerated
carriers can be trapped on the supports to suppress e -h" recombination. Perovskites
can be coated on various supports such as carbon, silica, graphene, zeolites, semicon-
ductor cocatalysts and so on.

3.2.1 Nanocomposite of perovskite and carbon-based materials

Carbonaceous materials have been widely studied and used in many applications,
due to their outstanding characteristics such as large surface area, good electronic
properties and excellent corrosion resistance. Loading perovskites on Carbon-derived
materials can enhance photocatalytic degradation of organic pollutants, as they
usually act as electron scavengers, owing to their large electron storage capacity.
Composites of perovskite with carbon-based materials such as graphene oxide (GO)
and its derivatives (graphitic carbon nitride and carbon aerogel) provide enhanced
adsorption capacity towards organic pollutants, along with formed junctions, which
hinders the e’h" recombination.

Perovskite/GO composites have been proven to provide excellent photocatalytic
activity in the degradation of organic pollutants. It is worth mentioning that the band-
gap of the perovskite/GO composites can easily be tuned by incorporating perovskite
with different proportions of GO. LaMnOs/graphene composite has been reported to
have a superior visible-light responsive photocatalytic activity in the degradation of
diamine green B [59]. The photo-generated electrons migrate from LaMnO; (LMO)
to GO across the heterojunction and temporarily stored on the surface of GO, sup-
pressing electrons and holes recombination. The LMO particles are highly dispersed
on the surface of GO, allowing them full exposure to light irradiation and high photon
absorption, which improves the photocatalytic quantum efficiency. Compared to pure
LMO, the decreased band gap in LMO/GO results in an obvious red shift of 30-40 nm
in the light absorption edge, which enhances its photocatalytic activity. GO and STO
composite can be prepared by hydrothermal method for efficient degradation of
organic pollutants [60]. During heat treatment, GO is decomposed, and followed by
the diffusion and dissolution of carbon species, which can penetrate into STO lattice
and substitute its interlayer O sites, thereby introducing C 2p state within the band
gap. Under light irradiation, the photoexcited electrons on STO can easily be trans-
ferred to carbon and promote charge separation, resulting in an increased amount of
reactive oxidation species for efficient degradation of organic pollutants.

Graphitic carbon nitride (g-C;N,), which is one of the most promising
visible-light-driven photocatalysts, is another non-metallic material with unique
layered structure and narrow band gap of 2.7-2.8 eV. However, the application of
pristine g-C3N, is limited by the rapid recombination of photoinduced e h". This
issue can be addressed by adopting strategies to couple g-C;N, with perovskites,
thereby developing catalysts with high photocatalytic properties. LaNiOs/g-

C3Ny4 Z-scheme nanosheet has been prepared, in which 30 wt.% LaNiO; loading
provides intimate attachment of LNO on the surface of g-C;Ny, leading to the
formation of abundant heterojunctions at the interface that are required for the
spatial isolation of photogenerated charge carriers. Under light irradiation of
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the LaNiO;/g-C3N, hybrid, the accumulated electrons with stronger reducibility
can reduce O, to yield O,"". As a result, the LaNiO;/g-C3N, composite exhibits
remarkable photocatalytic activity in the degradation of tetracycline, which is 3.8
times and 3.9 times faster than those of pristine g-C3N, and LaNiO;, respectively.
Loading p-type semiconductor LFO with n-type g-C;N, nanosheets results in a
hybrid p-n heterostructure photocatalyst (LFO/g-C;N,) that exhibits superior
photocatalytic activity, compared to pristine g-C3N, and LFO, in the degradation
of Brilliant Blue [61].

3.2.2 Nanocomposite of perovskite and metal oxide

Metal oxide is regarded as a promising supporting material for perovskites to
achieve higher photocatalytic activity in degradation of organic pollutants. By form-
ing heterojunctions between metal oxides and perovskite, the metal oxides act as
co-catalysts, serve as charge collectors to facilitate charge separation and efficiently
extend the lifetime of the charge carriers. Metal oxides such as TiO,, ZnO, and CeO,
are abundant in nature and have been widely used as alternative catalysts to precious
metals in various chemical reactions [62].

A number of metal oxides, such as ZnO, CeO,, Al,O;, CuO, MnO, and WO; have
been used in perovskite coating [63-66]. It can be argued that the most widely used
metal oxide to couple with perovskites is TiO, [67-69]. The STO/TiO, nanofiber
has been synthesised via hydrothermal method, using TiO, as both template and
reactant [70]. Under UV light irradiation, the photogenerated electrons are transferred
from STO to TiO, due to their close contact, thus improving the interfacial charge
migration to the adsorbed substance. The electrons react with dissolved O, to form
0, and subsequently protonated to strong oxidizing agents like H,0,, HO," and
‘OH. Reportedly, the incorporation of TiO, into STO can prolong the lifetime of
photoinduced charge carriers. It has been demonstrated that the combination of
TiO, and LaNiO; can significantly enhance the photocatalytic activity of the modi-
fied perovskite in degradation of methyl orange and antibiotic ciprofloxacin under
visible light. The LaNiO;/TiO, step-scheme (S-scheme) can be synthesised via a facial
sol-gel method as shown in Figure 6, in which the S-scheme heterojunction is formed
between the n-type TiO, and p-type LaNiO; due to the potential energy difference of
VB in TiO, and CB in LaNiOs. Exploiting the electric field and band edge bending, the
electrons can spontaneously be transferred from TiO, CB to LaNiOj; across the interfa-
cial region until they reach similar Fermi level. O, is reduced to O, by the accumula-
tive electrons in the CB of LaNiO; with more negative potential, while the remaining
holes in the VB of TiO, oxidises H,O to -OH, thereby the photocatalytic activity of the
coupled TiO, and LaNiO; is significantly promoted. In another study, STO is coated
on WO;, in which an efficient Z-scheme heterojunction is obtained [71]. Under visible
light irradiation of the modified STO, the electrons in the CB of WO, tend to recom-
bine with the holes in STO, thus the electrons in the CB of STO and holes in the VB
of WO; can separate and form reactive oxidation species for efficient degradation of
pollutants in water.

3.2.3 Nanocomposite of perovskite and silica-based material

Perovskites can be coated on silica-based material for efficient charge separation
and enhancement of absorption capacity, thus increasing their potential application
in photocatalytic degradation of pollutants in water. Coating perovskites on porous
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H,0/OH --Ey : SR,
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Figure 6.
Schematic representation of LaNiO; and TiO, nanocomposite [69].

silica can also provide easier transport of large organic molecules and the availability
of more active sites, which results in efficient photo-Fenton catalytic degradation
[72]. Various clay minerals such as montmorillonite, bentonite, kaolinite, illite

and zeolite have been used as supporting materials for perovskites, which provide
significant adsorptive capacity for the removal of toxic organic pollutants in aqueous
solutions [73]. The porous silica support play two key roles in the degradation pro-
cess, enhancement of the adsorption capacity via hydrogen bonds formed between
the support and organic pollutants, and transportation of adsorbed substance to
active sites.

Montmorillonite (MMT), which is one of the most abundant clay minerals and
possesses ample —OH groups on the surface, has been used as a support for LFO to
form a nanocomposite of LFO/MMT for effective removal of Rhodamine B in water.
The presence of —OH groups on the surface of MMT allows LFO to be uniformly
distributed on the surface of montmorillonite via Si—O—Fe bonds, which results
in LFO/MMT with higher surface area and enhanced photocatalytic activity. LFO/
MMT can effectively remove Rhodamine B (RhB) via synergistic effect of adsorp-
tion and photocatalytic degradation [74]. Different LFO/silica composites have been
prepared and studied using several mesoporous silica materials (SBA-15, SBA-16 and
siliceous mesostructured cellular foams (MCF)), along with nano-sized silica powder
as supports for photocatalytic degradation of RhB [75]. Compared with other nano-
composites and pure LFO, LFO/MCF demonstrates the highest photocatalytic activity
towards RhB. The superior photocatalytic activity of LFO/MCF can be attributed to
the randomly distributed pores and short pore length of MCF, which allows easier
and faster transportation of RhB to the active sites within the pores of LFO/MCEF.

Zeolite, which is a crystalline aluminosilicate material, is another widely used
supporting material for perovskites to enhance the photocatalytic degradation of
organic pollutants. Using zeolite for loading perovskite can provide an effective
nanocomposite with high photocatalytic activity, as its cages and pores enable easier
and faster mass transfer of adsorbed substance, it provides abundant active sites for
photocatalytic degradation of pollutants and can control the charge transfer process
to reduce the e™-h" recombination [76]. To optimise physicochemical properties of
zeolite, such as adsorption capacity, before loading perovskites, approaches such as
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heating, chemical treatment like acid-modification and metal-modification can be
applied [77]. HCl can be used to modify the natural zeolite prior to the LFO loading.
The acid treatment approach can remove amorphous impurities and provide zeolite
with larger surface area and more available pore volume for easy incorporation of
LFO. Loading 30% STO on HZSM-5 zeolite results in STO/HZSM-5 with high surface
area, leading to high photocatalytic degradation rate towards Reactive Brilliant Red-
X3B [78]. The HZSM-5 is capable of mediating electron migration and extending

the lifetime of photogenerated charge carriers, thus leading to high photocatalytic
activity towards organic pollutants.

3.3 Synthesis of various perovskite nanostructure

Constructing perovskite with various nanostructures can lead to full utilisation of
solar energy, efficient light absorption and effective e”-h" separation. Perovskite with
various structures such as nanoparticles with/without Hierarchical porous structure,
core-shell structure, nanotubes, nanocubes and nanofilm have also been proven to
offer significantly high photocatalytic response [79]. A well-designed nanoscale and
hierarchically porous perovskite structure usually provides high surface area and
excellent light absorption efficiency to take full advantage of reflection, refraction
and scattering of photons [80]. A smaller size perovskite increases the availability of
multiple reactive sites for enhanced photocatalytic reaction and higher degradation
efficiency [81]. Downsizing perovskites to nanoscale with desired morphologies and
functional properties holds a tremendous opportunity for obtaining excellent photo-
catalysts as decreasing the particle size leads to an increase in the quantum yields of
perovskite photocatalytic reactions [82]. In smaller size perovskite particles, shorter
time is required for the photoinduced charge carriers to be diffused from the bulk to
the surface of perovskite, thereby suppressing the recombination of the electrons and
holes. Besides, the properties and the unique architecture that are achieved by down-
sizing perovskites to nanoscale allow for direct use of visible light to remove pollut-
ants without chemical addition. However, with decreasing the perovskite particle size
to nanoscale the surface tension of perovskite nanoparticles significantly increases,
which inevitably leads to particle aggregation.

In a bid to enhance the photocatalytic properties of perovskite with higher
degradation efficiency of organic pollutants in water, a number of studies have been
carried out to produce various novel nanoscale structures with unique properties
[83-86]. The approaches that can be used to downsize perovskite particle and control
its size are ball milling, ultrasonic treatment, micro emulsion method, addition of
chelating agents and controlling the calcination temperature [87, 88]. A number of
studies have used ball milling to downsize perovskite particle size. By controlling
ball milling time duration, the particle size and defects of STO can be adjusted,
for example, by increasing ball milling treatment time the particle size can be
significantly decreased [89]. The smaller STO particles can provide shorter charge
carriers transport path to the surface, where the photocatalytic reaction take place,
thus decreasing the chance of photoinduced e -h" pairs recombination. On the other
hand, longer ball milling treatment time results in the creation of defects like oxygen
vacancies, which act as a mediator and further facilitates the charge separation to
accelerate the degradation of organic pollutant molecules. Nanoscale (15 nm aver-
age thickness and 70-80 nm length) floral-like LFO 3D structure has been prepared
via hydrothermal method using polyvinylpyrrolidone (PVP) as a chelating agent.
Apparently, the photocatalytic activity of the nanoscale engineered LFO for the
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degradation of organic pollutants is much higher than that of the bulk LFO, owing
to the higher surface area (90.25 m?/g as compared to bulk LFO of 8 m*/g) that
provides abundant active sites and efficient separation of e -h" pairs via facile charge
transport on small-sized nanosheets.

Over the last decade, several hierarchical nanostructure perovskites with different
and effective morphology have been synthesised to enhance perovskite photocatalytic
performance water decontamination [90, 91]. Hierarchical porous structure is one
of the morphologies that provides larger surface area and more active sites, both
of which enhance the contact between perovskite and organic pollutants during
photocatalytic reaction [92]. Porous structure enhances the rate of mass transfer of
pollutants within the perovskite, leading to an excellent photocatalytic activity with
fast reaction kinetics for organic pollutant degradation. Porous nanofiber structure
has also been synthesised for the enhancement of physical and chemical properties
of perovskites compared to their granulate counterpart. Perovskite nanofiber struc-
ture can be synthesised using several approaches such as electrospinning method,
template synthesis, hydrothermal method, self-assembly and solvothermal method,
amongst which electrospinning method is widely regarded as a simple and easily
controllable method for the fabrication of nanofibers [93]. The enhanced photo-
catalytic efficiency and higher removal of pollutants in water achieved by perovskite
nanofiber structure can be attributed to the abundant and reachable active sites and
the ultralong 1D nanostructure, both of which provide effective directing photo-
generated electrons transportation [94, 95], as illustrated in Figure 7. The LaCoOs;
nanofiber structure has been shown to exhibit a higher photocatalytic activity than
the LaCoOj; nanoparticles in the degradation of RhB, owing to the favorable features
of nanofiber structure such as larger surface area with more photoactive sites [23, 96].
The LFO ribbon-like porous ultrafine nanofibers have been synthesised by electros-
pinning, which exhibit higher specific surface area and more active sites for enhanced
light absorption and photocatalytic degradation of MB.

The interfacial area of perovskite nanoparticles can be maximised by developing
the Core-shell heterostructure with 3D hierarchical contact between the core and
shell layers, in which a broader platform for charge carrier migration is provided.
Various methods have been developed for synthesis of core-shell nanostructure
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Figure7.
Schematic representation of electron-hole pair separation in pevovskite nanofiber systems.
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perovskite such as surface functionalisation, template-sacrificial method and self-
assembly method [97-99]. A heterostructure core-shell morphology enhances light
absorption and multiple reflection of incident light, thus high light-harvesting
efficiency, which makes core-shell perovskite structure ideal for photocatalytic
applications, where charge separation is highly desirable [100]. A unique structure
and heterojunction perovskite-based particles have been developed by coupling
perovskites (SrTiO;, LaFeO;, LaMnO;, LaNiOs) with semiconductors (TiO,, ZnO and
Sn0,) as a core or shell to achieve an effective charge separation [101, 102]. LFO/TiO,
core/shell heterostructure has been developed as photocatalysts with significantly
improved photocatalytic activity for the degradation of myclobutanil pesticide under
solar light and visible light irradiation [103]. The LFO shell acts as photosensitizer of
TiO, for visible-light harvesting, and the full interphase contact between the core LFO
and shell TiO, provides extensive charge transfer by driving electrons to the TiO, core
and holes reversely to the LFO shell, which results in remarkably enhanced -OH and
O, generation for photodegradation of organic pollutants. A core-shell perovskite,
(Ba,Sr)TiO; as core and TiO, as shell, has been reported to have an enhanced photo-
catalytic activity, due to charge separation efficiency across the core-shell interface.

Amongst the aforementioned nano structures, nanotube array has been widely
studied for the enhancement of the photocatalytic activities of perovskites, due to
their tunable size, uniformly aligned tubular structure, large internal surface area and
fast electron transmission [104, 105].

4. Conclusions and future trends

Perovskites are highly crystalline and stable materials with unique and excellent
features, which render them to be the best candidates amongst other semiconductor pho-
tocatalysts for photocatalytic degradation of organic pollutants. Their structure allows
for tunning and adjusting their physiochemical properties through regulating their
chemical composition, which offer a wide scope in developing novel nanocomposites.

Knowing that pristine perovskites suffer from a number of limitations such as low
photocatalytic efficiency, insufficient solar energy consumption, rapid recombination
of electron-hole and low redox potential, the great flexibility in regulating their phys-
iochemical properties has been capitalised with the aim of developing perovskite-
based materials with efficient photocatalytic activity in water remediation. A large
number of perovskite-based nanocomposites have been developed and studied, using
various synthesis methods and strategies such as partial and full cationic substitu-
tion using certain dopants, structure rescaling through downsizing and morphology
alteration, coating and coupling with other advanced oxidation processes. Designing
and preparing novel perovskite-based nanocomposites via these strategies, particu-
larly partial and full cationic substitution, is elegant and can produce reasonably
efficient photocatalysts, albeit it is still challenging.

Capitalising on the ability of computational tools, such as Density Functional
Theory (DFT) based band structure, which are very effective for designing and
understanding novel materials, will lead to further understanding of quantita-
tive properties of these materials and shorten the selection process. Most of the
perovskite-based nanocomposites exhibit promising photocatalytic performance,
which can be considered as a viable solution to the problem of persistent organic
pollutants faced by the living world and environment. However, a comprehensive
study on these novel materials, particularly their ability in photocatalytic degradation
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of a wide range of organic pollutants is limited. The majority of the developed
perovskite-based nanocomposites have been tested on synthetic wastewater under
laboratory conditions, which does not quite represent natural wastewater with
organic pollutants. It is worth pointing out that in natural wastewater organic
pollutants can affect photocatalytic efficiency through radical scavenging and
attenuation of radiation in photocatalytic process. Using actual water and studying
the perovskite-based materials provide more opportunities for large applications.
Rescaling the structure of perovskite nanocomposites and alteration of their mor-
phologies, for example creation of hierarchical pore structure, may be sufficient to
enhance some aspects of photocatalytic activity in the degradation of a particular dye
or pollutant. Further work on the relationship between the structure and physico-
chemical properties of these nanocomposites will be beneficial for further enhance-
ment of photocatalytic activities of these materials and providing a novel insight over
structure-property relation. Partial and full substitution strategy using different dop-
ants is mainly used to promote light absorption, which in turn enhances the photo-
catalytic activity. A comprehensive knowledge on the effects of these dopants on the
photophysical properties of the modified perovskite materials will further reveal the
capabilities of perovskite-based nanocomposites and pave the way for future develop-
ment perovskite-based photocatalysts with superior photocatalytic activity. The main
focus of almost all the studies has been on the small production of small laboratory-
scale materials, incorporating 3D printing and testing the produced materials will
certainly be beneficial for large-scale synthesis, leading to industrial production.
Membrane filtration is usually the main separation process that is used for separating
the catalysts, however, using membrane to recover perovskite-based catalysts makes
the water treatment process costly and quite complex, particularly due to the occur-
rence of membrane fouling. Therefore, recovery and recycling the perovskite-based
nanocomposites after water decontamination process merit thorough investigations.
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Encapsulation of Metal
Nanoparticles (MNPs) as Catalyst

Masoud Safari and Valiollah Nobakht

Abstract

Metal nanoparticles (MNPs) are the main agents in heterogeneous catalysis.
Hence, utilizing the effective physico-chemical methods to engage them to achieve
the highest catalysts performance with well-controlled size, shape, and surface
properties seems to be essential. The encapsulation of metal nanoparticles is a
promising approach that enhances the catalytic activity of the materials. Not only the
encapsulating structures can adjust the catalytic properties of metal nanoparticles,
particularly selectivity, but also prevents them from agglomeration and sintering.

In this chapter, the various encapsulating structures consist of yolk/core-shell and
mesoporous structures, and encapsulating materials that are divided into three parts,
including inorganic materials, metal-organic frameworks, and organic materials are
presented.

Keywords: encapsulation, yolk/core-shell, mesoporous structures, catalyst,
metal nanoparticles

1. Introduction

Catalysts have a significant impact on contemporary chemical processes. The role
of nano-catalysts in the form of metal nanoparticles (MNPs), such as nanoparticles of
transition metals and particularly the group VIII metal elements in the fourth period
with d-band center electronic structure, is rising significantly in the heterogeneous
catalysis, due to their high active surface areas and special electronic properties [1, 2].
For instance, Fe-, Co-, Ni-, Pt-, Rh-, and Pd-based catalysts have been extensively
utilized in various processes to produce varieties of fuels and chemicals, consisting of
Fischer Tropsch Synthesis, steam and dry reforming, methanation, and CO oxidation
[1]. MNPs expose influential activities in various catalytic reactions. One of the main
difficulties in using the MNPs is their weak stability in the practical catalytic processes.
In recent years, an exquisite and effective strategy has been applied to optimize the
performance of MNPs by encapsulating them that provides unique advantages toward
catalysis, particularly under harsh conditions by restricting the aggregation and
sintering of MNPs. The concept of the encapsulated metals nanoparticles that improve
awide range of catalytic reactions, especially under rough environments has been
presented as “chainmail nano-catalyst” in some of the literatures [3].

In addition, Encapsulation adjusted the energy distinctions between the highest
occupied molecular orbital to the lowest unoccupied molecular orbital [4]. In fact,
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inside the encapsulated structure of MNPs, the electron of MNPs can penetrate
through the shell to enhance the catalytic performance on the external surface.
Therefore, the shell is able to restrict the medium of reactants and products from
direct contact by the MNPs and protect the MNPs from damage in harsh conditions.
Overall, these encapsulated MNPs represent impressive catalysts that can be applied
in numerous catalytic reactions under harsh conditions and also propose a tunable
structure alongside unique electronic properties [3].

In this chapter, a comprehensive and compressed presentation of the encapsulated
MNPs advantages, a categorization of the encapsulating layers, and some methods of
encapsulated nano-catalysts preparation are reported, respectively.

2. Advantages of encapsulated MNPs

In view of an increasing range of recent research, implementing an encapsulated
structure for nano-catalysts is the efficient way to protect these catalysts’ properties
from any deactivation agents and prevent them from the decrease of catalytic activity.
The advantages of encapsulated structure can be expressed as follows and in going
into detail their effective specifications and involved parameters in this structure will
be explained.

1. Provide effective metal-support interactions (MSI)
2. Prevent from the coalescence nanoparticles

3.Protect from catalyst deactivation by stabilizing the active metal species in
catalysts against sintering

4.Tandem reactions can be enabled and promoted by encapsulated configuration
5.Improvement of catalytic selectivity

One of the most crucial characteristics of the encapsulated nano-catalysts is the
strong interaction between the MNPs and the encapsulating materials. Interactions
between MNPs and support materials, metal-support interaction (MSI), can pro-
foundly enhance the catalytic activity and tunability to selective reactions and prod-
ucts [5]. MSI can modify electronic properties, geometric morphologies, or chemical
compositions of MNPs to make active sites have specific properties and catalytic
activities [6, 7]. The geometric result of MSI is the decoration of the metal surface,
partial coverage or total encapsulation of the metal can be conducted by the support.
Since morphological modifications can take place on the catalyst as a result of the MSIs
and encapsulated structure paves the way to enhance them by contributing a maximal
interfacial area through participating the MNPs in close contact with the encapsulat-
ing materials [6-8]. Furthermore, strong metal-support interaction (SMSI) has been
mostly applied to develop bifunctionality at the interface of metal-metal oxides
systems. The bifunctional outcome leads to a synergistic effect through an improve-
ment of catalyst activity and selectivity by creating new reaction sites at the interface
between the metal and the support, and the spillover phenomenon occurs at the
interface by transferring reactants from metal or support to the interface, which all of
these phenomena are soared at encapsulated structure [6-8]. Therefore, the optimized
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catalytic performance can be gained by the unique MSI among the MNPs and the
encapsulating materials [5].

Metal nano-catalysts have a high surface-to-volume ratio, which leads to coales-
cence during catalysis, especially at high reaction temperatures where this is prone to
modification, resulting in a noticeable decrease in active surface areas and, eventu-
ally, a reduction in catalytic activity and selectivity [2]. In contrast, encapsulation
by encasing of MNPs in nano-shells or nanopores prohibits them from coalescence,
therefore, the efficiency of the active nano-catalysts surface area is preserved
remarkably.

Catalyst deactivation is a principal difficulty in the heterogenous catalytic pro-
cesses since the catalyst activity and selectivity will be reduced with time on stream
and the catalyst regeneration or replacement will be included at a noticeable rate of
time and resources [8, 9]. Therefore, a great number of researches have been con-
ducted to gain long-term stability in heterogeneous catalysis, particularly by applying
an optimized structure that includes the maximized performance. In the midst of
the principal reasons of catalyst deactivation, sintering of MNPs, which occurs by an
irreversible mechanism that significantly reduces catalyst recyclability, has attracted
more attention toward preventing it from happening. Catalyst sintering reduces the
metal’s active surface area and can occur via particle coalescence or Ostwald ripening
[10, 11]. Not only may the MNPs engage in migration and coalescence particularly
when they are exposed to severe conditions, but also the deactivation of catalysts via
sintering can be intensified. Nevertheless, by encapsulating MNPs in a highly nano-
pores support, this spatial confinement can dramatically suppress their migration and
coalescence and can prevent sintering without limiting the catalysis and thus stabilize
MNPs under harsh reaction conditions [2, 8-11].

Chemical processes are conducted by multiple steps. To minimize energy con-
sumption and economic cost, integrating multiple steps of reactions can be a crucial
solution. A tandem catalysis reaction engages sequential reactions within one condi-
tion through the coupling of appropriate catalysts in which sequential transformation
of the substrate is conducted via two or more mechanistically distinct reaction steps
[12-14]. The encapsulated structure of MNPs provides an integration of various
interfaces in one nanostructure in a controllable manner that converts them as effec-
tive and principal catalysts in the tandem catalysis reactions. Moreover, encapsulating
MNPs in porous shells could promote tandem reactions via modifying the reaction
sequences or the molecular-sieving effect [2, 15].

Due to preventing the formation of unwanted products, increasing the waste of
chemicals, reducing the essential refinement stages, and optimizing the selective
products, it is critical to control the chemical reactions. The heart of a chemical
reaction is its catalysts so it is crucial to design an appropriate catalyst to enhance
the selectivity. The activity and particularly selectivity of heterogeneous catalysts
depend on their surfaces structure and their active sites. First of all, the encapsulated
structures in various catalysts support by providing their unique morphology and can
act as sieves for molecules that allow the transfer of molecules with selective sizes,
resulting in high shape selectivity. In addition, catalytic selectivity of the encapsu-
lated nano-catalysts can be improved by utilizing suitable functional groups in their
materials that have a significant influence on the reactant adsorption and reduce the
mass transfer limitations by increasing their coefficient diffusions. In addition to the
controlled porosity of the encapsulated structures, owing to high active surface areas
of the encapsulating materials, there are more sites to involve the suitable functional
groups to enhance the selectivity of the catalysts [12-18].
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Figure 1.
Encapsulation of MNPs as catalyst.

Although each one of mentioned nano-catalysts encapsulated structure benefits
are effective separately, there is a remarkable relationship among their impacts.
Indeed, each of them causes the other one or implements it in parallel and intensifies
each other.

In contrast, although the encapsulation structures can enhance the catalytic per-
formances, mass transfer may be restricted by this structure to some extent, which is
disadvantageous to the catalytic process. This issue should be modified by the precise
sketch through the choice of materials and methods synthesis of the catalysts with
encapsulation structures [1]. In this chapter, the classification of the encapsulation of
catalysts is undertaken with the type of encapsulating materials because some of them
can form into two distinct groups of morphologies or exhibit with an individual struc-
ture, such as organic materials. Thus, in follow firstly describe each type of morphol-
ogy and then the encapsulation of catalysts is presented in three comprehensive parts
from the view of encapsulating materials: (1) Inorganic Materials, (2) Metal-Organic
Frameworks (MOFs), and (3) Organic Materials as it is depicted in Figure 1.
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3. Encapsulating structures

Encapsulation provides a unique catalyst immobilization technique that by
encapsulating of MNPs with porous layers creates an impressive porosity for the
reactants to be able to reach the metal surface. Various strategies and materials
have been utilized to make these layers. An encapsulated structure can conduct
by designing and fabricating the unique chainmail catalyst via a wide range
of shells [3]. As a result, a vast majority of structural designs and strategies in
such encapsulated catalysts have been thrived. Although a large range of various
materials, such as metallic state of metals, alloys of metals, metal carbides, metal
oxides, metal phosphides, and metal nitrides, can be encapsulated, a variety range
of coating layers can be utilized for the shells that contain various forms, such
as shells, tubes, sheaths, matrices, and films. In this chapter, the encapsulated
catalysts structures on the basis of the morphology are categorized into two main
groups: (1) Yolk/Core-Shells, and (2) Mesoporous Structures [1-3], as shown in
Figure 1.

3.1 Yolk/core-shell structures

Encapsulation compels the complex of support and MNPs to implement a non-
planar geometry, which leads to a higher reactivity. The core-shell morphology is
allocated to the encapsulated structure that encases nanoparticles in a confined case
by an outer shell [1]. In contrast, another approach to encapsulate MNPs inside an
individual architecture shell which is a state of eggs with a void space between the
MNP “yolk” and the porous coating “shell,” this structure has added profits due to
their specific role as nanoreactors [19]. Although Yolk-shell is a “core-void-shell”
structure, which is similar to the core-shell structure, a void space between the core
and the shell depicts the distinction between these two structures [1]. Recently,
yolk-shell materials have attracted interest due to their particular combination of
high thermal stability with monodisperse and narrow particle-size distributions
that convert them to an effective catalyst for heterogeneous catalysis. Not only do
these specifications have a significant role in catalyst performance, but also they can
facilitate kinetic and mechanistic researches [20].

In these yolk/core-shell catalysts, the vast majority of the catalytic attributes
of the throughout catalyst are the same and may include a tiny alteration through
the change from active particle to active particle. Thus, in these structures the
resulting catalytic activity of the system can be the same all over the surface of
the catalysts, in comparison, in traditional solid catalysts there are no homog-
enous sites and to evaluate the activity of the catalysts, an average of all possible
morphologies should be considered. Furthermore, the yolk/core-shell structures
provide catalytic particles with a uniform size that leads to an effective SMSI
for all the particles. They contribute to the new catalytic sites at the interface
of themselves and MNPs and modify their actual catalytic characteristics of
them. Therefore, these features cause these kinds of encapsulation structures to
be placed at the noticeable position as support of MNPs catalysts and remark-
able efforts have been done in synthesizing base-metal yolk/core-shell catalysts
in recent years [1, 21]. In addition, there are some significant ways toward the
improvement of the design and fabrication, in particular, yolk-shells to produce
effective catalysts:
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3.1.1 Enhance the porosity by etching

Although the encapsulation of nanoparticles by applying an additional coating
layer may decline the adsorption of the reactants on the active phase, the porosity
of the shells exhibits a crucial role in the improvement of mass transfer across the
shells. Therefore, porosity is an essential specification that should be considered when
synthesizing yolk/core-shell catalysts. Various methods to make porose yolk/core-
shell, such as layer-by-layer deposition techniques and sacrificial templating proce-
dures, in particular for yolk-shells, have been reported that provide adequate stability
even under harsh reaction conditions. Moreover, the “surface-protected etching”
is a contemporary strategy that outputs catalysts with porous shells and enhanced
stability simultaneously. This process protects the oxide shells, in particular the inner
part of the shells, by utilizing a suitable layer of the polymeric ligand as an etching
agent. Thus, the oxide shells would have their original size and the selective etching of
the interior creates the porous structure [22]. On the other hand, this procedure may
have a noticeable restriction in which the metal loading of the catalyst in most cases
is placed at a low level. To dispel this drawback, first of all, an inert chemical linker
should be utilized to fix the MNPs onto the surface of the initial support with another
layer of these inert chemical linkers. Next, the surface-protected etching procedure
would be utilized to modify the outer shell into a mesoporous shell that exposes the
MNPs to the reactant active species. Silica is one of the most popular inert chemical
linkers [22-25].

3.1.2 Surface-protected calcination

In most cases, the various yolk/core-shells that are prepared through the sol-gel
deposition method are amorphous. Due to the remarkable effects of the crystalline
phases on the performance of catalysts, it is essential to enhance shell crystallinity.
The effective pathway to modify the amorphous shells to their crystallized counter-
parts is calcination at high temperatures. Although calcination would improve the
crystalline phases of the shell, it might reduce the porosity of the original amorphous
shell considerably. Therefore, to prevent this difficulty, first of all, it is important
to conduct another inert chemical layer (such as silica layer) on the top of the
shell through a sol-gel process, then the calcination treatment should be applied.
Eventually, the final porous morphology that will be a yolk-shell structure can be
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MNP@m-Si0;@M"0;
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Figure 2.

Synthetic procedure of MNP@Void@M’O, (M’O,: TiO,, CeO,, ZrQO,, ...) Yolk-Shell in four steps; 1:
Encapsulation with sacrificed shell (m-SiO,) nanoparticles, 2: Encapsulation with exterior shell (M’O,), 3:
Calcination, and 4: Etching.
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Figure 3.
TEM images of (a1) MNP@SiO, cove-shell and (a2) MNP@Void@M O, Yolk-Shell. Reprinted with permission
from Ref. [26]. Copyright 2021 American Chemical Society.

achieved by scarifying the inert chemical layers through chemical etching [22-25].
Figure 2 depicts the procedure of fabrication of a porous yolk-shell through employ-
ing sacrificed layer, calcination, and etching treatment. Two TEM images of a core-
shell (al) and yolk-shell (a2) are also illustrated in Figure 3 [26].

3.2 Mesoporous structures

Mesoporous materials are special types of nanomaterials with ordered arrays of
uniform nanochannels that are fabricated by participating self-assembly of surfac-
tants and framework precursors. Mesoporous materials include pores with diam-
eters in the range of 2-50 nm that by dispersion of MNPs into this porous matrix a
range of heterogeneous catalysts can be formed [2]. These structures by supplying
a great surface area provide a dramatic spatial dispersion of the MNPs that leads
to stability enhancement in contrast to nanoparticle aggregation and coalescence
in a catalytic process. In addition, the prominent porosity of these structures in
catalysts paves the way to prepare an effective mass transfer that improves the
catalytic performance by facilitating the contact of reactants with the MNPs as
active sites of catalysts. Furthermore, the appropriate pore size distribution puts
the MNPs adjacent to the mesoporous material, which leads to the enhancement of
catalytic activity and stability through boosting the strong MSIs. The mesoporous
materials have pores with an adequate size that cause the adsorption of pre-
synthesized MNPs with small sizes directly [1, 2]. Meanwhile, the size and volume
of the mesopores or in overall the size of the whole mesoporous matrix, and metal
charge have a significant impact on the immobilization of metals [27]. Eventually,
the specific morphology of the pores in these structures exposes the sites of active
metals, which leads to facilitating the catalytic process [1, 2]. Thus, these features
of mesoporous materials convert them to outstanding supports that can encapsu-
late the MNPs in catalysts.

Although the incipient wetness impregnation is a popular strategy for the encap-
sulation of MNPs in the mesoporous materials as heterogeneous catalysts, the self-
assembly-based approach is the other useful strategy [2].
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4. Encapsulating materials
4.1 Encapsulation of MNPs in inorganic materials

In recent decades, noticeable progress in synthesizing various inorganic
nanomaterials to encapsulate the nanoparticles with unique catalytic performance,
owing to their principal advantages, such as simplicity of fabrication, tunability of
formation, and cost-effectiveness, converts them to popular supports. Although
inorganic oxides (SiO,, TiO,, CeO,, ZrO,, etc.) are mostly applied as shell structures
in the yolk/core-shell morphology, some of them, in particular silica, exist in
mesoporous in some cases. In contrast, zeolite mesoporous structures are the common
morphology beside the yolk/core-shell structure of them.

4.1.1 Silica
4.1.1.1 Silica nano-shells

Silica has attracted an increasing number of researcher attention owing to its
inimitable physicochemical properties, such as tunable morphology, extensive surface
area (~1500 m® g™') and pore volume, adjustable sizes (50-150 nm), shapes (hexago-
nal, wormhole-like, cubic, and lamellar) and morphologies (spheres, helical fibers,
tubules, gyroids, crystals), ease of surface functionalization (both interior as well as
exterior), unique topology, colloidal and thermal stabilities, and high dispersity [27].
Silica with each of these desirable features can be achieved through tuning the synthe-
sis conditions, such as the temperature, pH, stirring speed, and type of silica source,
and particularly the surfactant [27]. Therefore, these unique attributes of silica besides
the simplicity in controlling the SiO, precursors convert it to a principal and useful
inorganic shell for the encapsulation of MNPs. Moreover, owing to SiO, inert chemical
features, its structure would be resistant under harsh conditions that lead to the pro-
tection of the size of MNPs under this condition. Furthermore, not only would not the
chemical inertness of silica that encapsulates MNPs is influenced by the metal-oxide
interactions but also intensify their catalytic properties [1, 3]. Although silica supports
due to their chemical inertness have a tiny interaction with reactants that may reduce
the adsorption of the reactive molecules, their porosity can restrict the effects of their
weakness by intensifying their diffusion across the capsule [1]. Moreover, stability
of the metal-silica nanoparticles is an outstanding challenge, particularly in catalytic
applications that deal with diverse physicochemical properties especially the features
of the final catalyst compounds, such as the type of MNPs, particle size, degree of
silica condensation, and chemical functionalization [27].

The principal method to form the silica shells is the sol-gel. The synthesis of the
silica shell is conducted through a modified Stober procedure, in which the hydrolysis
and condensation of tetra ethyl orthosilicate (TEOS) take place in aqueous ethanol in
the presence of a base as a catalyst, such as ammonia, to control the growth of silicate
on the surface of the MNPs [1, 2]. To coat some unstable metals, such as Ag, with
silica, it is essential to utilize the amines, such as dimethylamine or di-ethylamine,
instead of ammonia as the base catalyst [2]. Overall, as opposed to mesoporous silica
materials to encapsulate the MNP in the shell spheres of mesoporessilica, firstly the
metal precursors should be dispersed and the surfactant alongside the silica precur-
sor (TEOS) should be added. This core-shell strategy contributes the best results in
encapsulating some metal oxides, such as Mn, Co, and Ni [27].
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Although the general configuration of silica shells achieved through the sol-gel
process is microporous, the mesopore textures could also be formed that are more
appropriate for catalysis applications because this shape of texture rectifies the mass
transfer limitations [1, 4]. The encapsulated metal-silica nanostructure gaining
through the sol-gel pathway makes a thin shell of silica which owing to the high inter-
facial energy a fragile interaction exists between silica shell and MNPs. Nucleation
of silica prevents from occurring a suitable interaction between silica and MNPs.
However, to pave the way and achieve an improved interfacial interaction, utilizing
some bridging agents as surface primers is essential [4]. Generally, the surface prim-
ers are applied for encapsulation of silica over large MNPs (>10 nm) that can refer to
some of them, such as amino propyltrimethoxy silane (APS), methoxy poly (ethylene
glycol) thiol (MPEG-SH), and polyvinylpyrrolidone (PVP). PVP is applied for the
smooth coating of silica on the MNPs [1, 2]. Despite the fact that surface primers
have a critical role to create a stable and homogeneous silica coating, in some cases,
they can provide a selective silica coating on the surface [4, 28]. Furthermore, the
type of the silica source and the added surfactants have a crucial impact on the size of
MNPs and the thickness of the SiO; shell in yolk/core-shell structures. Although some
surfactants, such as PVP, cetyltrimethylammonium bromide, and chloride (CTAB
and CTAC), could not be influential on the dispersion of the MNPs, they could have
an enhancement effect on the porosity of the SiO, shells [1, 4].

On the other hand, ultrasmall MNPs (<10 nm) are unstable and have an aggregate
tendency in alcoholic solutions. As a result, the formation of a coating of silica cannot
be implemented by an appropriate outcome. To get rid of this imperfection, the silica
coating should be conducted in a reverse micelles (or microemulsion) system by
using polyoxyethylene nonylphenyl ether (Igepal CO-520) as a surfactant [2]. Mostly,
owing to there not adequate interaction between silica and the metal surface this
technique of coating may have some weaknesses that may lead to an undesirable and
imperfection coating. Liu et al. [29] presented an effective procedure, ship-in-a-bot-
tle, to fabricate a robust thin silica coating on the sub-3 nm MNPs in reverse micelles.
In this method, the synthesis of MNPs and silica coating in the presence of water/
cyclohexane/reverse micelle system will participate simultaneously. The combination
of microemulsion system and ship-in-a bottle technique pave the way to achieve a
range of various metal-silica core-shell composites [2].

4.1.1.2 Mesoporous framework of silica

Mesoporous silica nanoparticles are presented as effective support for the
encapsulation of MNPs due to their outstanding specifications, such as well-ordered
framework, tunable pores, high surface area, stability, and thermally toughness. In
addition, they contribute a well-made 3D matrix that provides a monotonous distri-
bution of MNPs and confinement them from aggregating there that lead to noticeably
protect against the sintering of them. Moreover, in contrast to the other inorganic
supports through the encapsulation of MNPs, the mesoporous silica nanoparticles can
represent a wide range of applicable characteristic surfaces in both the exterior (on
the surface) and interior (in the mesopore) space, where MNPs can be organized by a
chemical linkage or physically immobilized by electrostatic interactions [27].

The mesoporous silica nanoparticles can be synthesized through cooperative
self-assembly of surfactant and silica species. The morphology and dimensions of
mesoporous silica nanoparticles are significantly influenced by the factors of reac-
tion kinetics of sol-gel chemistry, such as assembly kinetics, silica condensation,
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nucleation, growth rates, and surfactant-silica interactions, in addition to pH
value of the reaction medium, water content, and temperature. Mobil composi-
tion of matter (MCM)-41, and the Santa Barbara amorphous type material
(SBA)-15 are the famous mesoporous silica nanoparticles that are synthesized by
applying quaternary ammonium salts and Pluronic copolymer-based surfactants,
respectively [27].

There are two common techniques to encapsulate the MNPs in mesoporous silica
materials. First of all, in the way of an incipient wetness impregnation method
dealing with the encapsulation of MNPs, a solution of the metal salt is exposed to a
powder of mesoporous silica including the same pore volume as the volume of the
metal salt solution. Then, the MNPs are transferred from the metal salt solution
into the mesopores by utilizing the capillary force. Finally, the implementation
of the calcination and reduction in H, subsequently will pave the way to achieve a
mesoporous silica matrix that encapsulates MNPs. In some cases of the incipient
wetness impregnation procedures, electrostatic interactions are the main force to
conduct the diffusion of MNPs through the meso-channels that can be implemented
by modifying the mesopore surface by positively charged quaternary ammonium
groups [2].

The other procedure is the participation of self-assembly of the MNPs and silica
precursors with a surfactant-mediated condensation technique. Firstly, a dilution
of the silica precursor is mixed with the aqueous ammonia including the CTAB
surfactant molecules for initial nucleation and on the contrary of the core-shell silica
architecture then the desired metal precursor is subsequently added to the mixture.
Eventually, to achieve the desired mesoporous silica material, the surfactant can be
eliminated by either calcination procedure at high temperatures (550°C) or a variety
of chemical solutions, such as acidic ethanol or ammonia in ethanol/isopropanol.
Although isopropanol, as a solvent for ammonium nitrate, can be utilized to extract
the surfactant, it is able to save the well-order of the mesostructures and create a
dramatic impact on the surface area and pore volume of mesoporous silica nanopar-
ticles. Hence, not only there is not any essential tuning in the pore size or volume of
the mesoporous silica nanoparticles, but also there is no noticeable change in the final
particle size or pore sizes in the presence of the encapsulated MNPs in the siliceous
frameworks that leads to uniform encapsulating of metals in mesoporous silica
nanoparticles at the basic PH [2, 27].

4.1.2 Titania nano-shells

Among the non-silica coating materials, titania is the most popular metal oxide.
Despite the fact that TiO, is utilized as a coating layer of MNPs in a wide range of
catalysts, this combination has illustrated noticeable synergy in various catalytic reac-
tions. The synthetic routes and precursors are the main effective agents to produce a
specific architecture of yolk/core-shell. The encapsulation of MNPs in titania nano-
shells is the outcome of the direct coating of TiO, on them. Similar to the method of
silica coating, sol-gel procedure is the major process of titania coating. Thus, through
this method by applying titanium alkoxides like tetraisopropoxide (TTIP) in a non-
aqueous solution while the existence of water, the TiO, coating will be implemented.
Due to titanium alkoxide hydrolyze in water immediately, applying chelating agents
like acetylacetone, which is a chelating agent of titanium butoxide (TBOT), con-
trolled hydrolysis can be provided that leads to fabricate a core-shell nanostructure
with a stable coating of titania [2].
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To develop stable yolk/core-shells of titania, utilizing appropriate precursors have
a crucial role. As evidence, a chelated complex of titanium glycolate, which is formed
by reacting titanium alkoxide with ethylene glycol and is much more stable than tita-
nium alkoxide, can provide an outstanding precursor for the titania coating of MNPs
that can undertake a very controllable sol-gel process to fabricate identical metal@
TiO; core-shell nanoparticles that are catalyzed by acetone. Moreover, this technique
is applicable for a controlled coating of titania on small MNPs with a diameter from
tiny sizes to 50 nm [2, 4]. Furthermore, to achieve a uniform and thin shell of titania
that can be adjusted with the thickness ranging from 3 to 12 nm in the sol-gel process,
an acid catalyst like citric acid to hydrolyze the TBOT at the presence of alcohol can be
applied [2].

Another suitable precursor that can slow down the hydrolyze in water, titanium
(IV) bis (ammonium lactate) dihydroxide (TALH), can provide the titania coating
with shell thickness ranging from sub-50 nm on MNPs. Although the TALH in
aqueous solutions at room temperature is stable, it can be hydrolyzed at high
temperatures (approximately 65°C) that lead to control of the sol-gel process [2].

Although Zeng et al. [30] fabricated a yolk-shell nanostructure of the Au@TiO,
through the hydrolysis of TiF, at high temperatures (180°C), the most popular path-
way to obtain a metal/TiO, yolk-shell nanostructure forms a coating layer of titania
on metal/SiO, composites, which the silica will be sacrificed [2]. The principal benefit
of this procedure of MNPs encapsulation with titania at the presence of sacrificial
silica is the easy formation on the contrary of the direct formation of titania nano-
shell. In addition, owing to the chemical sympathy between the two oxides to achieve
a suitable coating layer of TiO,, it is not essential to implement any rectification on the
silica surface to set up the interactions between titanate species and silica. Despite this
coating pathway being a successful process, to improve the coating of titania in this
way, utilizing a surfactant such as hydroxypropyl cellulose (HPC) is presented that
enhances the colloidal dispersion of silica nanoparticles [2].

Finally, similar to encapsulation of ultrasmall MNPs with silica nano-shells,
titania coating will be conducted in the same way. First of all, in a reverse micelles
system nanoparticles are formed and then a coating of silica on the nanoparticles at
the presence of TEOS will be done and the last layer, which is titania, will be formed
through applying TBOT. Eventually, the yolk-shell nano-capsule can be achieved by
thermal reduction and etching of the silica templates [2].

4.1.3 CeO, nano-shells

Another metal oxide that attracted significant interest is cerium oxide. The
presence of oxygen vacancies at the terminating of its planes is affected considerably
on the adsorption of reactant molecules in the catalytic reactions by controlling the
energetics of the surface interactions [31]. Despite the fact that the encapsulation of
MNPs in CeO, nano-shells tackle the sintering of MNPs, it provides strong metal-
support interactions (SMSI) that lead to enhancing the stability and the performance
of the catalysts at the series of catalytic oxidation reactions, particularly at high
temperatures [2].

The core-shell nanoparticles of metal@CeO, could be synthesized based on the
self-assembly procedure by applying a supramolecular [2]. Gorte et al. [32] imple-
mented this strategy by applying a capping ligand of a thiolate (11-mercaptoun-
decanoic acid, MUA) to fabricate Pd nanoparticles that are mixed in tetrahydrofuran
(THF) [2]. The carboxylic groups of MUA conducted the self-assembly of the cerium
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(IV) alkoxides around the Pd nanoparticles directly by exchanging the alkoxy group
on the Ce (IV) salt with the carboxylic group on the surface of the Pd nanoparticles
as aresult of the presence of the carboxylic group, which is a stronger ligand for Ce
(IV) than the alkoxy group. Furthermore, various ranges of metal@CeO, core-shell
nanoparticles can be fabricated by controlling and designing precisely the effective
parameters of the self-assembly strategy and the sol-gel process, particularly by utiliz-
ing the appropriate chelating agent. So, some of these chelating agents and their role in
the encapsulation of MNPs by CeO, yolk/core shells are presented as follows [2].

Ethylenediaminetetraacetic acid (EDTA) is applied as a chelating agent that
chelates Ce (III) salt. Although EDTA slows down the hydrolysis of the Ce* ions,
due to the negative charges of the EDTA-Ce (III) complex, the electrostatic interac-
tions between the Ce complex precursor and MNPs have a significant role in the
self-assembly strategy [2]. Moreover, triethanolamine as a chelating agent to achieve
a cerium-atrane precursor has exhibited its effect on fabricating the desired metal@
CeO, core-shell nanoparticles by adjusting the sol-gel kinetics. Another chelating
agent for the CeO, coating on MNPs is citric acid. It puts its effects by controlling the
self-assembly way through conducting the adsorption of Ce** ions on the MNPs that
were gradually oxidized to CeO, nanoparticles [2].

Another principal approach to synthesize metal@CeO, core-shell nanoparticles
is the auto-redox strategy, which is based on the reduction of the high valence metal
species and the oxidation of low-valence Ce (III) species. Some of metal@CeO,
core-shell nanoparticles that are synthesized by utilizing this mechanism depicta
“rice-ball” shape-like Ag@CeO,. In addition, to encapsulate the ultrasmall MNPs and
construct the uniform metal @CeO, core-shell nanoparticles, the auto-redox strategy
could be undertaken in a reverse micelle system. Furthermore, due to any surfactants
not engaged in the auto-redox methods, multicore-shell nanospheres with a diameter
larger than 85 nm could be formed. Although CeO,-encapsulated bimetallic MNPs can
be formed by applying the auto-redox strategy, the self-assembly approach and the
salting-out effect can be influenced the formation of these core-shell nanoparticles [2].

Another ideal encapsulation nanostructure with a hollow space between the metal
core and the outer porous CeO; shell is the yolk-shell architecture that has an effec-
tive impact on tackling the aggregation and sintering of tiny noble MNPs in catalytic
reactions [2]. To implement this kind of encapsulation, a templating method should
be conducted by coating a layer of silica firstly, and then the layer of CeO, could
participate on the MNPs through a sol-gel process. Eventually, the metal @SiO,@
CeO; nanospheres can be modified into multi-yolk-shell metal@CeO, nanospheres
by eliminating the silica template. In addition, through this process, multi-yolk-
shell structured nano-catalysts can be formed, for instance, Pd@hm-CeO,, which
is presented by Zheng et al. [2, 33]. Despite silica being the most popular sacrificial
template, polystyrene (PS) fibers and resorcinol-formaldehyde (RF) can be utilized as
aremovable template [2].

4.1.4 ZrO, nano-shells

Zirconium dioxide (ZrO,) is a metal-based inorganic material that is presented
as an insulator in some applications. Due to the chemical inert feature of ZrO,,
it has outstanding resistance to acids and alkalis environments that convert it to
crucial catalyst support at harsh reaction conditions. In addition, it has significant
heat stability that is suitable for a high thermal catalytic reaction to encapsulate
and support the MNPs. Although it has low thermal conductivity and is utilized
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as thermal barrier coatings, it has a high refractive index, which is well-suited for
various optical applications [34].

Recently, zirconia as catalyst support, particularly in the encapsulation shape,
attracts numerous interests. In most cases, MNPs are encapsulated in zirconia nano-
shells in the form of yolk-shell [25, 35-37]. Similar to the other yolk-shell nano-
catalysts, metal@ZrO, yolk-shell can be synthesized which this catalyst with robust
zirconia shells illustrates noticeable catalytic activity and outstanding anti-aggrega-
tion features during the time of the catalytic process and upon thermal treatment or
reduction.

4.1.5 Carbon nano-shells

Apart from inorganic oxide shells, encapsulating MNPs in carbon nano-shells
participated in numerous investigations. Although the core-shell nanostructures manu-
factured from inorganic oxide have noticeable advantages, in some conditions they
illustrate some weaknesses, for instance, the dissolution of silica coatings at strong basic
conditions. In contrast, carbon yolk/core-shells can tackle these difficulties and addi-
tionally demonstrate some outstanding specifications, such as high physical and chemi-
cal stability under harsh conditions, high surface area, tunable electronic structures,
high electrical conductivity, good biocompatibility, and relatively low manufacturing
costs. Therefore, they can be one of the best materials to encapsulate the MNPs [1, 2,
38]. With regard to the type of crystallinity of carbon shells, this section is allocated into
metal @amorphous carbon and metal @graphitic carbon.

4.1.5.1 Metal @amorphous carbon

Metal @amorphous carbon can be fabricated by encapsulated MNPs through a
polymer coating layer. Due to their low cost, rich chelating groups, and high com-
patibility with MNPs, these polymers are presented as leading carbon precursors
that include resorcinol-formaldehyde (RF) resin, tannic acid, and polydopamine
(PDA) [2]. To fabricate a noticeable-performance M@carbon catalysts, carbon pre-
cursors should be utilized through a suitable controlled sol-gel process to provide
the target coating layer and then carbonization should be implemented which the
output would be a carbon shell with appropriate thickness and tunable pore struc-
ture. For instance, the carbon nano-shell with 63 wt% would be formed during the
carbonization of the RF coating shell under an inert atmosphere [1, 2]. In addition,
to adopt the congruity between the inorganic cores and the RF shells, it is essential
to modify the surface with CTAB or 3-aminopropyltriethxoysilane (APS) in the
coating process [2].

On the other hand, although conducting the coating process after synthesizing
MNPs will be yielded a controllable shell, implementing this process through a one-
pot in which the formation of MNPs and the polymer coating will be done in a single
step leads to achieving a more convenient pathway to synthesis M@RF core-shell
nanospheres in the absence of surfactants. Through this procedure first of all, MNPs
are formed from metal salts by adding formaldehyde. Next in the presence of the other
precursor, ammonia, the polymerization of the RF precursors on the surface of MNPs
will be undertaken. The concentration of resorcinol and formaldehyde can control the
size and thickness of the RF shells. Moreover, resorcinol can reduce the surface activ-
ity of MNPs and prevent them from aggregating. Eventually, M@carbon core-shell
nanospheres with a wide range of metals can be obtained after carbonization [2].
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Furthermore, impregnation is another principal approach to synthesizing
encapsulated MNPs in amorphous carbon. Overall, in this method firstly metal
ions could be adsorbed at the sites of amino groups in pre-synthesized mesoporous
aminophenol formaldehyde (APF) nanospheres. To create hollow carbon shells
which, encapsulate MNPs before conducting carbonization a mesoporous silica
layer should be done. Moreover, yolk-shell structures with MNPs can be achieved
by coating another layer of APF on the APF@SiO, nanospheres. This mechanism is
flexible and can be used to fabricate monometallic Au, Pt, Rh, and Ru and bimetallic
Au-Pt, Au-Rh, and Pt-Rh nanoparticles [2]. What is more, some other sources of
carbon such as D-glucose, saccharides including fructose and sucrose, and dopamine
can be involved. Dopamine owing to its catechol and amine groups and the ability to
self-polymerize on various substrates is considered as a remarkable carbon source,
particularly in synthesizing yolk-shell structures containing MNPs in the yolk that
encapsulated with carbon nano-shells [1, 2].

4.1.5.2 Metal @graphitic carbon

Although amorphous carbon represents significant specification in catalysis
applications, graphitic carbon has further conductivity and stability, particularly
in electrocatalysis. The high-temperature pyrolysis promotes the crystallization of
carbon through the process of fabrication of MNPs encapsulated in graphitic carbon
nano-shells (M@GC). One of the most common procedures to fabricate the M@
GC is the pyrolysis of metal-organic frameworks (MOFs) in an inert or reductive
atmosphere directly. During the pyrolysis of MOFs which are the assembly of metal
ions as nodes that are linked together through organic ligands as linkers, MNPs
are achieved by the reduction of metal nodes, and then these MNPs can catalyze
the generation and configuration of graphitic carbon from organic linkers on
their surface. In addition, bimetallic alloy nanoparticles could be encapsulated in
graphitic carbon through pre-encapsulating noble MNPs or metal salts in MOFs and
subsequent pyrolysis [2].

Graphene is a solo layer of graphitic carbon atoms that bonded together in a
honeycomb crystal lattice, which this unique structure intensifies its specifica-
tions much higher than the other carbon material and converts it to an outstanding
material for encapsulating MNPs to improve their catalytic activities. As a result of
diffusion restriction and chemical inertness of graphene to a various oxidizing gas, it
conducts as a passivation layer to intercept some metal (Cu, Ni, etc.) from oxidation.
Although the potential energy surface of graphene can transfer from 0.15to 1 eV on
various metal substrates (Ni, Co, etc.), the principal metal has an influential impact
on the electronic structure of the graphene coating layer. The electronic specification
of graphitic carbon can exhibit its critical role on the catalytic activity when the shell
includes no more than three to four carbon layers. Hence, it is crucial to fabricate
carbon encapsulated catalysts with a controllable number of graphene layers which
one of the usable procedures is the chemical vapor deposition (CVD) technique [39].

Although through CVD techniques a thin film can be formed on the substrate
surface which has a dramatic influence on the fabrication of carbon nano-shells, these
methods have multistep synthesis processes, which lead to being complex, expensive,
and difficult to implement large-scale commercialization. In addition, to achieve
a graphene shell on MNPs through the CVD procedure, it is essential to provide a
high temperature above 800°C, this condition may lead to melting the MNPs and
gathering them together [39, 40]. Thus, it is essential to utilize a functional synthesis
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pathway that is presented by an arc-discharge method. Through this technique, MNPs
encapsulated in graphene shells have large sizes and extensive distribution of particle
sizes, in some cases empty carbon cages and CNTs were achieved simultaneously. To
tackle this difficulty, applying a long pulse laser in methane or a mixture of methane
and helium at room temperature are presented, the efficiency of this approach is the
formation of an ordinary size of 5 nm and appropriate size distribution of 3-10 nm of
core-shell structure M@GC [39-41].

On the other hand, the metal alloy can be encapsulated in highly nitrogen-doped
graphene layers by one-step annealing under a nitrogen flow without adding any
other carbon sources by utilizing bimetallic complexes with CN- group linkers in the
form of metal-organic framework (MOF) precursors [39]. In addition, electrostatic
interactions between negatively charged graphene oxide and positively charged
metal oxide nanoparticles can be applied for encapsulating metal oxide in graphene
shells, which this method can be followed by chemical reduction. First of all, amino
propyl-trimethoxy silane (APS) paves the way for the metal oxide nanoparticles to
exhibit an oxide surface positively charged. Then, electrostatic interactions put the
modified metal oxide nanoparticles with negatively charged graphene oxide together.
Eventually, the accumulation of them will chemically be reduced with hydrazine to
gain the metal oxide nanoparticles encapsulated in graphene. Because this mechanism
can provide all the applicable features, such as simplicity of operation, low cost, and
optimal efficiency, it can be a functional strategy to produce a variety of graphene-
encapsulated catalysts on a large scale [39, 40].

4.1.6 Zeolites

Zeolites are presented as highlight catalyst supports due to their highly crystalline,
well-distributed pore structure and adjustable acidity. In general cases, the zeolite
structure embodies TO, tetrahedra (T defines Si, Al, and P, etc.). Due to adjusting
the T-O-T linkage a wide range of zeolite structures can be formed via tuning the
synthesis conditions such as the composition of the gel, the nature of the structure-
directing agent (SDA), or the temperature [42, 43].

Although the catalytic activity of the catalysts often depends on the host
nanoparticles, it can be modified by the zeolite framework features. In particular,
the modification of local geometry around active sites which is derived from steric
constraints affected by the size of zeolite cavities can effectively influence the
reactivity of catalysts [43]. Zeolites based on the size of their pores can be classified
into small, medium, large, and extra-large pores. The catalytic activities of zeolites
deeply depend on the structural and compositional features, consisting of pore sizes,
channel types, and framework compositions. In comparison with the other catalyst
supports, zeolites are presented as a shape selective that can selectively interact
with reactants, products, and transition-states that this attribute has a significant
impact on the catalytic performance of zeolites [42]. Due to zeolites being composed
of tetrahedrally [Si0,]* and [AlO,]>" primary units, to balance the overall electric
charge of the zeolitic skeleton, some free cations are accommodated into the channels
of the 3D framework, which can be substituted by other cations. Al content in the
zeolite framework has the main effect on the ion exchange capacity of zeolites when
the cations of zeolites are exchanged by protons, zeolites conducted as solid Brensted
acid catalysts [44]. In addition, the existence of charges in the zeolite framework, as
well as extra-framework cations, can have a significant impact on the electronic and
redox properties of the encapsulated complex [43]. Despite the fact that zeolites can
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apply as a shell through the coating of MNPs with layers of zeolite, in some cases,
the encapsulation of MNPs can operate in the regular cavities and nanochannels
of zeolites [42]. Hence, the encapsulation of MNPs in zeolites is considered in two
parts—yolk/core-shells and mesoporous structures.

4.1.6.1Yolk/core-shell structures of zeolites

In the approach of nanotechnology, zeolites can be utilized to make novel
nanostructure synthetic materials, zeolite core-shell structured materials being
the outstanding structure among them [45]. The capability to synthesize core-shell
zeolite composites has depicted the principal importance of chemical adaptability and
structural likeness between core and shell crystals, as well as their close crystallization
conditions [46]. On one side, a core-shell structure of zeolite can be formed via crys-
tal overgrowth in which an aluminum-free zeolite (core) was coated with aluminum-
containing zeolite (shell). Fluoride ions as mineralizers can conduct the accomplished
passivation of acid sites on the external surface to minimize the imperfections of
the core-shell zeolite structure, so applying them is essential [47]. To increase the
selectivity and catalytic activity of the core-shell zeolite with TON structure, a novel
high silica zeolite, for skeletal isomerization of n-tetradecane, it is essential to break
needle-like particles for the formation of new acid sites on the pore mouths of smaller
broken particles since, the acid sites on the side surface of the needle-like particles,
which principally catalyzed the cracking of alkanes, were passivated [47]. In addition,
through utilizing the techniques of layer by layer self-assembly of polyelectrolyte
the core-shell zeolite-zeolite composites consisting of single-crystal core and poly-
crystalline shells of various zeolite structure types can be fabricated. This approach
occurs based on the coulombic forces that lead to enhancing the surface charge of the
core particles by coating the layers of zeolite [45]. Moreover, core-shell structures of
zeolites can perform as a multi-purpose catalyst that have several impacts in various
functions simultaneously. For instance, the shape-selective attribute of zeolite shell
provides this ability that a catalytically active nano/micro-sized core encapsulated
with a thin selective zeolite shell can be potentially utilized as a tiny membrane reac-
tor. To achieve this purpose, first of all, the catalytic active materials such as metal
oxides will be replaced in the core. Then secondary growth will be conducted through
a precursor solution to coat a layer of zeolite, subsequently, the growth of this layer
can continue until a dense and well-intergrown zeolite shell is formed that can also
play its role as a highly efficient zeolite membrane. Not only does this zeolite shell
provide a prominent selective mass transfer between the encapsulated core and the
extension, but also the participating catalytic reaction on the core can promote each
of such zeolite core-shell structured particles into a tiny membrane reactor which can
present appropriate potential in a wide range of reaction systems [45].

On the other hand, the other nano-shell catalyst structure of zeolite which
can be pointed to it is the yolk-shell zeolite-based catalysts. This structure can
be achieved by silica-zeolite core-shell materials. First of all, silica particles are
partially dissolved under high pH conditions, then through controlling the recrys-
tallization of the surface of silica spheres by the zeolite, new agglomerated zeolite
nanocrystals can be formed which depict hollow capsules. MNPs prior to recrys-
tallization can be located at the core [43]. Overall, to synthesize spherical hollow
zeolitic structures should apply the sacrificial templates such as organic polymers or
silica whose particles within the core can be removed in the final step respectively
by calcination or etching [45].
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4.1.6.2 Mesoporous framework of zeolites

Zeolites with a mesoporous matrix are a family of porous materials with an
effective crystalline framework containing a finite number of well-defined and
small cavities with sub-nanometer to 2 nm size. The most interesting attribute
of their structures is the possibility to tune and choose the similar size of their
micropores with the size of MNPs that would be encapsulated in them. In addition,
it can intensify the catalytic selectivity due to enhance the efficiency of reactants
and products diffusions [2]. Meanwhile, by encapsulating the MNPs inside the
micropores of the zeolite framework they would be effectively enclosed through their
interconnected cavities [42, 48]. Not only can mesoporous zeolites perform as an
immobilize or stabilize framework to encapsulate the nanoparticle catalysts, but also
they represent as a molecular sieve via molecular selecting with the proper size and
shape or as a hybrid catalyst for transforming products formed firstly [43].

There are various procedures to implement the encapsulation of MNPs through
the zeolite pores which are selected on the basis of nanoparticle size and their nature
[43]. Although the formation of MNPs and the growth of zeolites are two parallel
pathways, in most synthesis strategies both of them are simultaneously conducted in
one process synthesis, due to the pore sizes of most zeolites being too small, less than
2 nm, which is not appropriate for directly encapsulating MNPs [1, 2]. Here some
popular approaches to undertake the encapsulation of MNPs in zeolites are presented.

4.1.6.2.1 Hydrothermal strategy

Hydrothermal synthesis strategy is a common procedure that is done under a
thoroughly alkali condition. In this technique the metal precursor is directly added to
the synthetic solution, to prevent premature reduction or precipitation of the metal
salt through the crystallization of the zeolite, a mercaptosilane ligand like 3-mer-
captopropyl tri-methoxy silane (MPTMS) should be applied into the hydrothermal
synthetic system. Despite the mercapto groups supporting the metal precursors
from reducing untimely through the alkaline synthetic solution, the other group of
MPTMS that is alkoxysilane prepares an appropriate condition to fabricate crystal-
line frameworks with silicate and aluminate. Thus, the MPTMS paves the way to
conduct the encapsulation of the MNPs in the mesoporous framework of zeolite
monotonously. Eventually, the crystalline framework of metal precursor-zeolite
which is gained by this procedure should be calcined in air to eliminate the organic
agents and reduced in H, to create novel MNPs through the micropores of zeolite.

In addition, LTA-type zeolites including micropores with the approximate size of
0.41 nm are the appropriate option to encapsulate the MNPs through this hydrother-
mal synthesis strategy. To enhance this hydrothermal procedure with the highest
efficiency (>90%) of zeolite-encapsulated MNPs, initially, alcohol is added to eques
mixture of the mercaptosilane and metal salt, then a pre-hydrolyze at low tempera-
ture will be performed to achieve a uniform gel [2, 48].

4.1.6.2.2 Solvent-free crystallization

Solvent-free crystallization is another popular strategy to encapsulate MNPs in
mesoporous zeolites. By exposing a metal/silica/alumina hybrid in the vapor of water
at a high temperature the solid-phase transformation of the amorphous silica and/or
alumina into a crystalline zeolite that encapsulates MNPs is initiated. Furthermore,
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this synthesis method can provide a pathway to fully encapsulate the pre-synthesized
MNPs inside the zeolite single crystals more reliably [2]. FAU- and MFI-type zeolites
are the main mesoporous zeolite types that are applied for this procedure [2, 43]. In
particular, Chen et al. [49] utilized nanocrystals of MFI-type zeolite (silicate-1 or S-1)
in a strong alkaline environment. The outstanding feature that promoted the crystal-
lization involved the Kirkendall effect which led to growing the pore size of mesopo-
rous inside the S-1 crystals to around 3 nm and may impact on the enhancement of
the mass transfer in catalytic applications [2].

4.1.6.2.3 Secondary growth of zeolite on metal/zeolite seeds

The encapsulation of MNPs in zeolites can be involved in the seeded growth of zeolites
on zeolite seeds that already include MNPs. This synthetic strategy is implemented in two
steps—first of all, the impregnation of the zeolite seeds with a metal salt is implemented,
then desiccated the mixture to achieve a dry powder, and next conducted the reduction
process at a high temperature in H; to convert the metal salts to the MNPs, eventually
the achievement products are the zeolite seeds included the MNPs. In the second step,

a hydrothermal system in the presence of aluminosilicate or silicate gels and the zeolite
seeds including the MNPs are involved. Consequently, the encapsulation of MNPs such

as Pt, Pd, Rh, and Ag in zeolites like MFI, MOR, and BEA, particularly at the interface
between the zeolite seed and sheath could be effectively conducted. Moreover, a great
core-sheath interface can enhance the loading amount of MNPs which can be obtained by
employing a zeolite type with a high surface area when providing the metal-containing
seeds through the synthesis process [2, 48].

4.2 Metal: Organic frameworks (MOFs)

Metal-organic frameworks (MOFs) are outstanding microporous materials
including two major components: bridging organic linkers and inorganic secondary
building units (SBUs) of metal ions or oxo-clusters (3d transition metals, 3p metals,
or lanthanides). MOFs provide an exceptional combination of inorganic and organic
components with synergistic interactions among them which create great usability for
amyriad of purposes. These microporous materials are fabricated by gathering metal
ions with organic ligands together in appropriate solvents often during a self-assem-
bly strategy. In addition, the organic linkers are di-topic or polytopic organic ligands
like carboxylate, nitrogen-donor groups, sulfonate, or phosphonate that are able to
bind with metal-containing SBUs to form crystalline framework structures with open
pores. Although MOFs present crystalline structures with dramatic large and uniform
internal surface areas, their porosity and chemical features can adjust respectively
by tuning the pore size and modifying the organic linkers according to our require-
ments on various catalytic applications. Moreover, the functional groups of organic
ligands such as -NH,, -NO,, -SO;H, -Cl, and -OCH; groups can be linked on the pore
walls through the one-step assembly or post-synthetic modification which can impact
on the catalytic performance. As a result, more than 20,000 MOFs with various
compositions and topologies have been reported in recent decades. Meanwhile, metal
nodes can present Lewis acidity features which are emerged by utilizing transition
metals, additionally, they can engage in redox catalysis or support the progression of
coupling reactions. Furthermore, metal nodes make various coordination positions
by the participation of solvent molecules which can be eliminated through a thermal
approach while saving their frameworks [50-53].
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Encapsulating guest particles into MOFs provides a wide range of potential for
various applications, particularly in catalysis. A great number of particles can be
encapsulated such as inorganic MNPs, coordination complexes, quantum dots,
polyoxometalates, enzymes, and polymers through a pre- and post-synthetic strategy.
In comparison with the other encapsulating materials, MOFs exhibit confinement
effects and shape selectivity in a more effective route, and their synthesis condi-
tions are more moderate. In addition, owing to the existence of a wide range of
MOF structures, it is simple to adopt a suitable MOF as the encapsulating material.
Hence, the encapsulation of MNPs in MOFs converts them to prominent catalysts
that attract considerable attention, due to they present the unique attributes of MOFs
alongside the chemical and physical properties of MNPs simultaneously. In addition,
this combination of active nanoparticles and functional organic linkers of MOFs
can facilitate the charge transfer interactions with active components by coordina-
tion or m---w forces, which lead to present a significant enhancement in their catalytic
performances [50-53]. The composites of nanoparticles encapsulated in MOFs can
be fabricated through two main strategies—(1) stabilizing pre-synthesized nanopar-
ticles in organic or inorganic agents as core and then enclosed in the shell of MOFs
which generate a core-shell structure; (2) utilizing MOFs as mesoporous templates to
encapsulate nanoparticles within their cavities [50].

4.2.1Yolk/core-shell structures of MOFs

Despite the outstanding attributes of the composites of nanoparticles encapsulated
in MOFs being able to conduct the effective catalytic activity, some restricting
issues still exist that should be noticed. First of all, the pores can be blocked by the
encaged nanoparticles during their growth, thus restricting the diffusion of the
reaction medium in the catalytic process. Secondly, the loading of guest particles is
limited to them which are smaller than the pore dimensions. Furthermore, the other
specifications of guest particles like shape and morphology may not have adequate
adoption with the host cavities. Moreover, it is not possible to control the deposition
of guests mostly and eventually the guest nanoparticles may leach in liquid phase. To
tackle these difficulties, the core-shell encapsulation strategy is offered [53].

The core of a core-shell MOFs-based composite can consist of inorganic nanoparticles
like metal oxides, carbon materials, and polymers or other MOFs which are encapsulated
ina MOF shell. Although the shape, size, morphology, and composition of the core have
a significant effect on the catalytic performance of the catalyst, this structure provides
effective encapsulation due to the integration of chemical/physical properties of two
distinct materials that lead to the synergetic effects. Recently, the yolk-shell or hollow
structures attracted further attention because the properties of core-shell MOF-based
architecture are optimized in this type of structure that presented added conductivity,
hierarchical porosity, and effective diffusion. These structures can be achieved through
a controllable etching of the core materials based on core-shell structures. Although
carbonizing techniques at high temperature can destroy the MOFs, by employing this
approach yolk-shell or hollow structures can be generated in which their porosity and
active sites have been maintained [53].

4.2.1.1 Growth of MOFs on pre-synthesized MNPs

Growth of MOFs on pre-synthesized MNPs is the main approach to encapsulate
MNPs in shell of MOFs which are implemented in three main strategies that
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are presented in follow. Although the prominent benefit of this approach is the
participation of MNPs with various sizes and shapes, the control of the assembly of
metal-support interface is a noticeable attribute. In addition, the principal role in
fabricating an appropriate core-shell MOFs-based composite in this strategy belongs
to the consistency and conformity between the MNP core and the MOF shell [2].

4.2.1.1.1 Capping agent-assisted synthesis (CAAS)

First of all, the pre-synthesized core materials and capping agents/surfactants
like PVP which is an amphiphilic nonionic polymer, are simultaneously provided
earlier the growth of MOF shell around them due to prevent the aggregation of
active NPs and/or the self-nucleation of MOF particles [53]. In addition, capping
agents intensify the compatibility between the MNPs and the MOF shell. While PVP
is the most popular capping agent for encapsulation of inorganic materials in MOFs,
depending on the design process of core materials can be utilized the other type of
surfactants like cetyltrimethylammonium bromide (CTAB), tetradecyltrimethylam-
monium bromide (TTAB), cetylpyridinium bromide (CPB), and sodium dodecyl
sulfate (SDS). The CTAB is the optimal surfactant in terms of shape/overgrowth
control, as well as PVP, owing to the sizes and shapes of the final composite can be
adjusted by changing the growth time and the quantity of CTAB in solution. Overall,
despite CAAS being a popular method due to the ability to control the shape, size,
and chemical nature of the encapsulated core, the multiple steps of this method
restricted its utilization [53].

4.2.1.1.2 Inorganic template-assisted synthesis (ITAS)

In this method, firstly, the core material is coated by employing an inorganic
material like SiO; as binding sites for shell MOF, or metal oxide as the metal source
for the shell MOF growth, and then synthesis of MOF will be implemented.
Although in contrast CAAS procedure applying metal oxide prepare some advan-
tages due to their act as metal source or protection of reactive nanoparticles in the
core, there are some restrictions to fabricate wrapped nanoparticles owing to the
shell MOF chemical stability will be endangered through the etching of the sacrific-
ing metal oxide. Despite the fact that SiO, can play as a useful protective layer, it
can represent as a sacrificial layer to fabricate a yolk-shell structure by conducting
selective etching of SiO,. In addition, in some cases, metal oxide/metal(0) nanopar-
ticles have also been utilized as sacrificing agents to fabricate core-shell architec-
tures [53].

4.2.1.1.3 Epitaxial growth synthesis (EGS)

EGS is a synthetic strategy to encapsulate MOF particles as a core with the second
layer of MOF. In addition, in most cases, the shell MOF topology is similar to the
core MOF and active nanoparticles would be placed at the interface of the two layers
prior to the epitaxial growth. Overall, this approach leads to effective integration of
MOFs because synergies of various MOFs properties are simultaneously presented by
an exceptional composite of MOFs @MOFs. Despite this method presenting a wide
range of similarities to the CASS strategy, it can enhance the diffusion of the reaction
medium toward the active sites due to the ability to fabricate a super-thin shell with a
thickness size less than 10 nm [53, 54].
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4.2.2 Encapsulation of the MINPs in the micropores of MOFs

Not only would MOFs provide a fully available pore space to optimize the diffusion
of the reaction medium, but they also support the MNPs by enclosing them in their
mesoporous matrix that increases the accessibility of active sites and enhances the
catalytic activity [53]. Due to MOFs can play the role of host materials and be able to
provide confined spaces for nucleation of MNPs, the encapsulation of MNPs into the
cavities or channels of MOF matrix can be conducted by impregnating metal precur-
sors in the pre-synthesized MOFs and subsequent reduction of the metal precursors in
the micropores of MOFs [2]. Although the precise control of this encapsulation type of
MNPs in MOFs seems to be difficult, the most effective pathway can be achieved by the
double-solvent procedure prior to the reduction step. As a result of this double-solvent
approach, the capillary force intensifies the mass transfer of metal precursors into the
micropores of MOFs, which prevents from aggregation of MNPs and minimizes the
dispersion of them on the outer surface of MOF [52].

The effective route to utilize noble metals (Pd, Ru, or Pt) in the MOFs-based
catalysts is in the form of alloys with low-cost transition metals (Cu, Co, or Ni) owing
to decreasing the essential amount of expensive noble metals during the catalyst’s
fabrication. Furthermore, the atomic and electronic specifications of their structures
can be adjusted which leads to improved catalyst activity. In this approach, firstly
low-cost transition MNPs are impregnated in the pre-synthesized MOFs and then
are reduced by NaBH,. In the next step, the salts of noble metals were exposed into
a solution of MOF in which the galvanic replacement reaction with the transition
MNPs with the help of an excitement process like sonication can be started. Finally,
it leads to the fabrication of alloy nanoparticles like Co-Ru which is encapsulated
in MOF [2, 55].

4.3 Encapsulation of MNPs in organic materials

One of the most effective approaches of ultrasmall MNPs encapsulation with
meticulously composed sizes in catalysts is the encapsulation of them in organic
materials, which is presented in two parts as follows [2]:

4.3.1 MNPs @organic capsules

Organic capsules, such as dendrimers, which are a family of hyperbranched
polymers, have a spherical structure, which is compressed on the exterior and creates
hollow space in the interior. By applying organic groups, such as tertiary amines,
the interior cavity can be put into particular operation, such as interception of metal
ions from the solution through encapsulating them. In addition, the dendrimers can
provide a monodic encapsulation of MNPs due to form mono dispersing of them
with appropriate adjustment of ultrasmall sizes. Not only can dendrimers operate
as effective encapsulating materials owing to the consuming amount of them being
approximately the same as the metal ions amount, but also they are able to present
a stable form that is unchanged for some months. Thus, these specifications convert
them as useful stabilizers in the catalytic process to prepare a monotonous dispersion
of nano-catalysts particles with suitable stability [2].

Polyamidoamine (PAMAM) is the most used dendrimer for encapsulating the
ultrasmall MNPs. Not only can dendrimers, particularly PAMAM, provide homo-
geneous catalysis, but an effectual mass transfer will also happen at their exterior
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surface that leads to a significant improvement in the catalytic activity of the
ultrasmall MNPs. To present applicable heterogeneous catalysts of encapsulated
ultrasmall MNPs in dendrimers, it seems essential to utilize mesoporous supports,
such as silica. Not only do they supply high surface area, but also they prepare
constructive enclosures to intensify the stabilization of ultrasmall MNPs in harsh
catalytic processes. When applying the silica mesoporous matrix as support, the elec-
trostatic interaction and hydrogen bonding between silica molecules and dendrimers
enforce MNPs@ dendrimers into the mesopores of the silica matrix. Not only do these
supported catalysts without removing the dendrimer present highlighted stability,
selectivity, and activity in a range of catalysis processes, they illustrate adjustable
catalytic specifications that are possible to alter in order to enhance the catalyst activ-
ity by modifying the active groups on dendrimers, for instance, the tertiary amines
can improve the activity of the catalyst due to their electron enrichment attributes. In
addition, the unique spatial morphology of dendrimers in the shape of tree may have
a significant impact on the reaction substrate stability, including reactant molecules
or intermediate species that can lead to decrement of the level of activation energy
and improve the turnover frequency [2, 19, 56]. Furthermore, click dendrimers
consist of a great ratio of triazole rings, are the other type of dendrimers that can be
fabricated from the azide-alkyne cyclo addition. Their rings provide an appropriate
situation to accomplish the encapsulation by adsorbing metal ions and grafting the
MNPs. In addition, by adding triethylene glycol (TEG) termini to the click dendrimer
convert them to an effective soluble one in aqueous solutions which are suitable to
fabricate the encapsulation of ultrasmall monometallic or bimetallic like Pt-Co in
water solution. Thus, the yield of catalyst performance in an aqueous solution will
dramatically enhance [2].

4.3.2 Porous organic cages (POCs)

POCs with intrinsic porosity have prominent attributes, such as high surface areas,
shape durability, structural adjustability, and in particular including active practical
groups in their cavities that lead them to encapsulate ultrasmall MNPs in an effective
way. Moreover, POCs can exhibit either in a crystalline or an amorphous structure.
Furthermore, the heterogeneous catalysts that are formed by encapsulating ultrasmall
nanoparticles in these POCs would be homogenized in the solutions and have a
significant influence on the enhancement of the performance of catalysts. Their
specifications can be modified or developed through post-synthetic modification
strategies, such as polymorph selection, modular co-crystallization, and the fabrica-
tion of composite materials. Not only does the cage wrapping significantly impact
porosity, during this route by employing various crystalline polymorphs distinctive
physical properties can be exhibited. In addition, to fabricate a cage in the correct
form, at least it is essential to provide precursors with proper and precise geometry,
for instance, a mild alter in bond angles of the precursors can lead to a distinct cage
that might be in size and stoichiometry [2, 57, 58].

To fabricate POGs with polyhedral organic molecules, triamine is utilized to form
the top and bottom prism that include a dialdehyde with a long alkyl chain and a
thioether group at the three peripheral sides. Although the long alkyl chain provides a
cage profoundly soluble in an oil phase due to thriving their hydrophobic properties,
the thioether group leads the cage to adsorb the metal ions and prepare suitable sites
to graft the MNPs. Therefore, these specifications develop POGs capability to utilize
as promising catalysts, particularly in catalyzing organic reactions [2].
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Conducting Polymer 1-D
Composites: Formation, Structure
and Application

Monika Wysocka-Zotopa, Emilia Grgdzka
and Krzysztof Winkler

Abstract

Recent advances in the study of the synthesis, structure and applications of 1-D
composites containing conducting polymers are discussed in this review. Conducting
composites can form 1-D structures with metal and metal oxides, 1-D carbon
nanomaterials, semiconducting materials, crystals of metalloorganic complexes.
Advanced synthetic approaches allow for the formation of well-organized structures
with polymeric phase deposited both on the surface of 1-D material and inside of the
1-D tubes. 1-D polymeric wires can also serve as a matrix for the formation 1-D
composites with other materials. 1-D nanocomposites containing conducting polymers
exhibit many exceptional properties which allow for various practical applications
including energy converting and energy storage devices, electronic nanodevices,
chemical, electrochemical and biochemical sensors, catalysis and electrocatalysis.

Keywords: conducting polymers, 1-D materials, nanocomposites, synthesis,
application

1. Introduction

The combination of 1-D nanostructures with conducting polymers creates
nanocomposites with good processability and improved physical, electrical, and
mechanical properties such as conductivity, solubility, optoelectronic and magnetic
properties. These systems draw considerable attention in a wide range of applications
including supercapacitors, batteries, energy conversion systems, catalysts and sensors.

Many synthetic strategies, such as template-directed, template-free chemical
and electrochemical method, solvothermal syntheses, electrospinning techniques,
vapor-phase approaches, have been developed to prepare several classes of 1-D
nanostructures including metals, metal oxides, metal complexes, and
semiconductors [1-4].

Typical conducting polymers such as polypyrrole (PPY), polyaniline (PANI),
polythiophene (PTH), and poly(3,4-ethylenedioxythophene) (PEDOT) are attractive
polymers for composites synthesis given their low cost, easy processability, a large
area of fabrication, and environmental stability. While, interest in 1-D nanostructures
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has increased due to their efficiency in electron transport, and their potential use in
nanoelectronic devices [5, 6]. For example, structures such as nanowires, nanorods,
nanotubes, or nanobelts with unique electric transporting characteristics would be
more essential than irregular particles to be used as composites of solar cell devices
after the introduction of conducting polymers [7, 8].

There are two main kinds of nanocomposites of conducting polymers with 1-D
materials:

1.1-D nanostructures covered with a conducting polymer. There are many
techniques known for the deposition of conducting polymers onto 1-D
nanomaterials. However, the encapsulation of 1-D nanostructures into the core
of conducting polymers shell to obtain novel core-shell nanomaterials has
become the most attractive aspect of nanocomposite synthesis. These composites
are usually formed by the chemical or electrochemical polymerization of a thin
layer of a conducting polymer onto different nanostructures.

2.Conducting polymers encapsulated of the 1-D nanostructures. However, there is
much less work done on this type of nanocomposites.

This review aims to present general synthesis and characterization of the
conducting polymers with 1-D nanostructures including the various methods used in
these materials’ preparation. Finally, different aspects of the practical applications of
these materials are presented.

2. Synthesis and characteristic of conducting polymers with 1-D
nanostructures

The synthetic methods for the fabrication of conducting polymer with 1-D
nanostructures are of great importance because the structure of conducting polymers
and secondary components will affect the properties of formed nanocomposites.
Several template-based and template-free methods have been used to form 1-D nano-
structure/polymer composites.

2.1 The conducting polymers with metal and metal oxides nanomaterials

1-D nanostructures of metal and metal oxides are of great importance for their
electrical, optical, and catalytical properties as well as a wide range of applications in
nanoelectronics and sensing devices [9, 10]. However, these nanostructures are very
sensitive to air and moisture, which degrade the performance of the nanodevices. A
polymer envelope would protect nanostructures from oxidation and corrosion, giving
a good performance for a long time.

Nanostructured composites of silver nanowires with polypyrrole (Ag/PPY) have
been prepared by the redox reaction in an aqueous solution at room temperature
between silver nitrate and pyrrole using poly(vinyl pyrrolidone) (PVP) as assistant
agent [11]. Under these conditions, a metallic nanowire coated with conducting poly-
mer is formed. PVP is used both as a capping agent to form silver nanowires, and as a
dispersant of pyrrole monomer. Silver nanowire is formed during silver nitrate
reduction with pyrrole and monomer polymerizes on the surface of nanorode at
the same time. A typical TEM image of these nanocables is shown in Figure 1.
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Figure 1.
TEM image of Ag/PPY nanocables (reproduced with permission from Ref. [11]).
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Figure 2.
Schematic illustrations of the formation of the (a) silver nanowires@polypyrrole sponge (reproduced with
permission from Ref. [12]) (b) silver nanowires@polypyrrole nanocomposite (reproduced with permission from

Ref. [13]).

The diameter of the layer is ~50 nm, and the diameter of the silver core is ~20 nm.
The lengths of these nanocables are in the range of several to several tens’
micrometers [11].

Recently, novel three-dimensional (3-D) silver nanowires@polypyrrole
nanocomposites have been created [12, 13]. In the fabrication of the silver nanowire-
s@polypyrrole sponge, the silver nanowires with the length of about 10 pm and
diameter of 48.3 nm were synthesized trough solvothermal method and were used as
the skeleton of the composite material. Polypyrrole was coated on the surface of silver
nanowires by in situ chemical polymerization as shown in Figure 2a [12]. The pre-
pared sponge exhibit good elasticity, mechanical strength and water absorption prop-
erties. The results showed that the complex permittivity and microwave absorption
properties of the silver nanowires@polypyrrole sponge can be modulated by
regulating the water amount. Another procedure 3-D core-shell silver nanowire-
s@polypyyrole nanocomposite fabrication was proposed by Yuksel et al. [13]. Silver
nanowires were prepared according to the polyol method and polypyrrole was
synthesized using in-situ chemical polymerization (Figure 2b) [13]. These
nanocomposites were applied for supercapacitors fabrication.

In addition to one-dimensional structures of silver and conducting polymer, 1-D
composites of conducting polymers with copper and gold nanowires were also
created. The combination of these nanowires and conducting polymer can endow new

269



Nanocomposite Materials for Biomedical and Energy Storage Applications

properties and exhibit synergistic effects of the nanocomposite components. For
example, copper nanowires with polypyrrole [14] and polyaniline [15] have been
prepared by a facile liquid-phase reduction with copper (II) chloride as precursor [14]
and using a simple and reproducible approach by spontaneous chemisorption of
polyaniline on the copper surface [15].

Composites containing conducting polymers with metal oxides such as ZnO, RuO,,
MnO,, Co304, V,0s5, MgO, Fe,03, TiO,, and NiO have been produced. For example,
Fan et al. [16] adopted an electrochemical polymerization method to assemble PANI
and PEDOT on the surface of different oxides nanostructures including Co30y, TiO,,
and NiO nanowires, nanorods and nanoflakes. These metal oxides structures were
fabricated by the hydrothermal method. The typical cyclic voltammetry (CV) curve
of the TiO,/PANI nanorods on FTO (fluorine-doped tin oxide) glass is shown in
Figure 3a. The first redox peaks A; and C; corresponds to the change between
leucoemeraldine base and emeraldine salt with anion doping upon oxidation and
dedoping upon reduction. The second pair of redox peaks A, and C, is due to the
conversion between emeraldine base and pernigraniline salt. The change between
emeraldine salt and emeraldine base does not involve an electron transfer process, and
the redox peak is not reflected in the CV curve. Also, redox peaks of TiO, are not
observed in the studied potential range. The TiO,/PANI nanorods display interesting
electrochromic properties. Namely, these nanorods show evident electrochromism
with rich reversible color changes ranging from yellow for leucoemeraldine base,
green for emeraldine salt, and blue for emeraldine-base to purple for pernigraniline
salt under different applied potentials. In Figure 3b transmittance spectra are shown
for different potentials applied to the electrode covered with a thin layer of composite.
Moreover, the architecture of this material is well preserved after prolonged potential
cycling, and does not show evident degradation (Figure 3c) [16].

Multicomponent 1-D nanostructures and conducting polymers have also been
made. These materials can be tailored to exhibit, besides novel electrical, magnetic
and optical properties, also good processing properties. For example, the composite of
Co304,@PPY@MnO, “core-shell-shell” nanowires exhibited prominent electrochemi-
cal performance and remarkable long-term cyclic stability [17]. Co;04 nanowire core
backbone was grown on nickel foam by the hydrothermal and post-annealing method.
Next, a conductive polypyrrole film was assembled on Co304 nanowire surface by
potentiostatic deposition. The final product Co;0,@PPY @MnO, was formed by
soaking Co30,@PPY in aqueous KMnO,. In this case, a redox reaction occurred in 3-D
ordered nanowire interface. Such nanocomposites showed an effective pathway for
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Figure 3.

Electrochromic characterization of coaxial TiO,/PANI nanorods grown on FTO substrate: (a) CV curve in the
potential range from —o0.2 to 1 V at a scanning rate of 50 mV s~*, (b) transmittance spectra of nanorods under
different applied potentials, (c) SEM image nanovods after 5000 cycles (reproduced with permission from Ref. [16]).
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Figure 4.

SEM images of nanostructures grown in the AAO membrane (after the dissolution of AAO in 1 M NaOH for
1.5 h). (a) PANI fiber, (b—d) PANI/Au nanostructuves for: (b) 1 h, (c) 1.5 h, (d) 2.5 h (veproduced with
permission from Ref. [18]).

fast electron transport and accelerates the reaction kinetics between the electroactive
center and current collector.

It is also possible to deposit 1-D nanostructures of metal within or around a
preformed polymer nanotube. Polyaniline nanotubes prepared using AAO template
were coated with gold to form PANI/Au composite [18]. The morphology of these
structures in a different stage of formation is shown in Figure 4.

The metallic phase can be also deposited within the polymeric nanotube structure.
For example, cobalt nanowires were produced within the PANI tubes [19]. Such a
system exhibits unique magnetic properties. Cobalt nanowires show greatly enhanced
magnetic coercivity.

2.2 The conducting polymers with carbon nanotubes or carbon fibers

For the formation of 1-D composites containing conducting polymers, carbon
nanotubes and carbon fibers was used as a carbon component of composites.

Synthesis of carbon nanotubes (CNTs) and conducting polymer composite was
firstly reported by Ajayan et al. [20]. Since then, a lot of attention has been paid to the
fabrication of such 1-D functional composite materials with desirable electrical and
mechanical properties. Composites of single-walled carbon nanotubes (SWCNTs) or
multi-walled carbon nanotubes (MWCNTSs) with polyaniline have been the most
intensively studied. For example, aniline has been polymerized on MWCNTs elec-
trodes to obtain PANI films with novel surface characteristics including higher current
densities and more effective polymerization [21]. Nanotube electrodes were
constructed with whiskers of loosely packed MWCNTs. These nanotube whiskers
with typical dimensions of 0.15 cm long and 0.028 cm in diameter were used as an
electrode by attaching them to the tips of copper wire covered with conductive paint.
Carbon nanotubes were prepared by the electric-arc process. The PANI films formed
on the nanotube electrodes were prepared by electrochemical polymerization of ani-
line in H,SO4 solution. The morphology of polyaniline film deposited on carbon
nanotube electrode and corresponding cyclic voltammetric response are shown in
Figure 5 [21].

Wu et al. [22, 23] have shown that the conductivity of MWCNTs/PANI composites
received by in-situ chemical polymerization is 50-70% higher than that of the pure
PANI. Whereas, with the increase of the MWCNTSs nanotubes content to 24.8 wt% the
conductivity increases by two orders of magnitude. Also, the change in the sign from
positive to negative of the magnetoresistance at low temperatures is observed reveal-
ing the strong coupling between the carbon nanotubes and polyaniline in these
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Figure 5.

PANI film deposited on carbon nanotube electrode: (a) SEM image, (b) CV curves showing much larger
background curvents compared to the Pt electrode. Sweep rate used 20 mV s *. The geometrical area of the CNTs is
0.016 cm® compared to 0.16 cm? for the Pt electrode (reproduced with permission from Ref. [21]).

composites. A similar effect on the conductivity of PANI was reported by Karim et al.
[24]. They studied composite formed by deposition of PANI on the surface SWCNTs
by using the in-situ chemical polymerization method [24]. The characterization of this
material indicated that the conductivity and thermal stability of complex nanotubes
were higher than polyaniline but lower than CNTs.

Many other conducting polymers such as PPY, PEDOT, and PTH were deposited
onto the carbon nanotubes to form 1-D composites. Both in-situ and ex-situ chemical
and electrochemical methods were used for polymer deposition. Similarly, such as
polyaniline, these composites show considerably better electrochemical properties
than that of the pristine polymer. The increase of polymeric phase conductivity
(Table 1) and specific capacitance (Table 2) is observed for these materials.

There is also possible to incorporate conducting polymer into inside of carbon
nanotubes. Steinmetz et al. [34] produced polyacetylene (PA) filled MWCNTSs by
in-situ polymerization using supercritical carbon dioxide (scCO;) and Ziegler-Natta
catalyst. The supercritical fluid method can be also used to fill nanotubes with various

Material Method Conductivity (S cm™!) References
PANI Chemical polymerization ~0.35 [24]
SWCNTSs/PANI 3.41
PPY Chemical polymerization using 223 [25]
MWCNTs/PPY DBSA as surfactant %
PPY Chemical polymerization 73 %1073 [26]
MWCNTs (9.1 wt%)/PPY 56x 1072
MWCNTs (13.04 wt%)/PPY 9.6 x 1077
MWCNTs (23.1 wt%)/PPY 0.23
PTH Chemical polymerization ~1.67 x 107° [27]
SWCNTSs/PTH 0.41
PTH y-radiation-induced chemical ~1.23 x 107* [28]
polymerization

MWCNTs/PTH 371

Table 1.

Average values of conductivity of pure polymers and carbon nanotubes/polymer composites.

272



Conducting Polymer 1-D Composites: Formation, Structure and Application
DOI: http://dx.doi.org/10.5772/intechopen.102484

Material Method Specific capacitance (F g ') References

MWCNTSs/PEDOT 85/15wt%  Chemical polymerization 95 [29]

MWCNTSs/PEDOT 30/70 wt% 120

MWCNTs/PTH Electrochemical 110 [30]
polymerization

Px-MWCNTs/PANI Chemical polymerization 809.6 [31]

MWCNTs/PANI Chemical polymerization 446.89 [32]

MWCNTSs/PPY Electrochemical 600 [33]
polymerization

Table 2.

Average values of specific capacitance of pure polymers and carbon nanotubes/polymer composites.

organic substances to polymerize photo-conducting poly(IN-vinyl carbazole) (PNVC)
and the conducting polypyrrole inside MWCNTs and double-walled carbon
nanotubes (DWCNTs) [35]. MWCNTs and DWCNTSs were opened by refluxing
them in concentrated HNOs. The monomer together with an initiator was filled

into these carbon nanotubes using scCO,. In the case of N-vinyl carbazole,
2,2'-azobis-isobutyronitrile (AIBN) was used as a monomer polymerization

initiator, while polymerization of pyrrole was made using FeCl; as the initiator of
this process.

The structure and properties of composites of carbon 1-D nanomaterials and
conducting polymers can be significantly improved by using well-organized struc-
tures of carbon nanotubes, such as aligned carbon nanotubes (ACNTSs) network. In
the case of ACNTs, the 1-D carbon cylinders are oriented in a parallel fashion perpen-
dicular to the substrate. The aligned carbon nanotubes allow the polymer to be
deposited on the walls of separated carbon nanotubes, limiting the thickness of the
formed composite and the produced material has an open, and porous structure with a
high surface area. Formation of ACNTSs/conducting polymer composites was also
carried out using both chemical and electrochemical polymerization. Feng et al. [36]
aligned multi-walled carbon nanotubes (AMWCNTs) encapsulated by polyaniline by
in-situ chemical polymerization. AMWCNTSs grown on quartz glass sheet using cata-
lytic pyrolysis. Next, these AMWCNTs were dipped in HCl solution containing aniline
monomer for 12 h at 0°C. Aniline was adsorbed on the surface of the nanotubes. The
polymerization process occurred after the addition dropwise of ammonium
peroxydisulfate (APS) dissolved in HCI solution at 0°C for 4 h. Figure 6 shows the
preparation procedure for organizing AMWCNTs/PANI nanocomposite [36].

APS/HC1 dropping

_—

for 12h in-situ polymerization

AMWCNTs adsorbing aniline AMWCNTSs/PANI

Figure 6.
The preparation procedure of organizing AMWCNTS/PANI nanotubes (veproduced with permission from Ref. [36]).
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Compared to CNTs-based composites, carbon nanofibers (CNFs) have received
much less attention as a component of 1-D composites, because CNTs have better
mechanical properties, smaller diameter, and lower density than CNFs. However,
because of their availability, relatively low price, and much easier production pro-
duce, carbon nanofibers are an excellent alternative to the more expensive carbon
nanotubes [37]. Jang et al. [38] demonstrated that vapor deposition polymerization
method could be effectively used for the introduction of polyaniline onto the carbon
nanofibers. This process has allowed the formation of a uniform and ultrathin PANI
layer of which the thickness-dependent on the amount of monomer (Figure 7).
Besides, the increasing of PANT layer thickness results in CNFs significant increase in
the specific capacitance of these composites. Good electrochemical properties are also
observed for CNFs/PANI composites prepared by functionalizing carbon nanofibers
with toluenediisocyanate trough amidation followed by reaction with an excess of
aniline to form urea derivative and residual aniline, which was subsequently poly-
merized and grafted with a urea derivative [39].

Recently, graphene nanoribbons were used to make nanocomposites with
polypyrrole [40]. Graphene nanoribbons were synthesized by unzipping and exfolia-
tion of MWCNTs, while polypyrrole was prepared using a chemical polymerization
process in the presence of graphene oxide nanoribbons. These nanocomposites had a

Figure 7.

SEM: (a and b), TEM: (c—e), images of pristine CNFs (a), and CNFs/PANI nanocomposites (b—e) with different
the thickness of PANI layer deposited on the CNFs controlled by changing the amount of monomer: (c) 0.05 ml,
(b) 0.1 ml, (c) 0.2 ml (reproduced with permission from Ref. [38]).
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higher surface area than pure polypyrrole, which improved the charge storage
capacity of the nanocomposites.

2.3 The other 1-D nanocomposites

To enhance processability, electrochemical, thermal, and mechanical stability,
conducting polymers are often combined with other 1-D nanostructures, such as
semiconducting materials, crystals of metalloorganic complexes.

Similar to the preparation of 1-D metal or metal oxide/conducting polymer
nanocomposites, semiconducting selenides and sulfides can be incorporated into
conducting polymers trough chemical or electrochemical methods. Alivisatos et al.
[41] obtained CdSe/poly-3(hexylthiophene) (P3HT) nanorods. CdSe nanorods were
dispersed with P3HT in a mixture of pyridine and chloroform and spin-cast to create a
uniform film consisting of dispersed nanorods in the polymer. Such material was used
to fabricate efficient hybrid solar cells with an external quantum efficiency of over
54% and monochromatic power conversion efficiency of 6.9%. Template techniques
of synthesis 1-D nanomaterials, have been demonstrated for the preparation of sul-
fides with conducting polymers. Thus, Lin et al. [42] reported the preparation of CdS/
PANI coaxial nanocables by the electrochemical synthesis in the AAO membrane. The
diameter of the CdS nanowires was about 70 nm, which was the same as the pore
diameter of the AAO membrane. The outer diameter of the PANI was about 90 nm.
Guo et al. [43] synthesized CdS/PPY heterojunction nanowires by template technique
using also porous AAO membrane. These nanowires had a smooth surface with diam-
eters in the range of 200-400 nm. In addition to the template technique, an in-situ
polymerization at the interfacial layer between chloroform and water has been devel-
oped for the preparation of Cu,S nanorods coated with polypyrrole layer [44]. Smooth
and uniform coaxial Cu,S/PPY nanocables have been fabricated by controlling the
reaction conditions, such as the molar ratio of pyrrole to oxidant and concentration of
pyrrole in chloroform. The thickness of the PPY layer on the surface of Cu,S nanorods
depends on the polymerization time (Figure 8). The hydrothermal reaction was also
applied to prepare Bi,S;/PPY nanocomposites [45]. The PPY coating on the surface
Bi,S3/PPY nanorods was smooth and uniform in thickness.

1-D nanocrystals and conducting polymer composites were also created. Crystals of
B-akaganeite (f-Fe>*O(OH,Cl)) with PEDOT [46, 47] and crystals of iridium complex
([1IrCL,(CO),] ") with PPY [48] are examples of 1-D composites containing conducting

D

100 nm
—

200 nm
—

200nm

Figure 8.
TEM images of Cu,S/PPY nanorods were obtained with a pyrrole polymerization time of: (a) 1 h, (b) 2 h, (c)
3.5 h, (d) 5 h. inset of (B): SAED of the single Cu,S/PPY nanorod (reproduced with permission from Ref. [44]).
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Figure 9.
SEM and inset TEM images of: (a) PEDOT/-Fe’* O(OH,Cl) nanospindles (reproduced with permission from
Ref. [46]), and (b) 1-D-IrCl,(CO),/PPY nanocomposites (reproduced with permission from Ref. [48]).

polymer and crystal metalloorganic complexes. The advantage of fabrication of these
materials is the possibility of their preparation by in-situ one-step or two-step approach,
respectively. Namely, PEDOT/B-Fe**O(OH,Cl) nanospindles (Figure 9a) were synthe-
sized in an aqueous solution trough one-step chemical oxidation polymerization using
monomer EDOT, and FeCl3+6H,0 as an oxidant in the presence of CTAB and poly
(acrylic acid) (PAA). Under these conditions, the polymerization of EDOT, and the
hydrolyzation of FeCl; to form B-Fe**O(OH,Cl) occur at the same time, leading to the
formation PEDOT/p-Fe**O(OH,Cl) nanocomposite [46, 47]. The 1-D-IrCl,(CO),/PPY
nanocomposites (Figure 9b) were synthesized in a dichloromethane solution by in-situ
two-step electrodeposition. First, needles of the iridium complex were prepared by
electrochemical oxidation of (AsPhy)[IrCL,(CO),]. Next, pyrrole was electropo-
lymerized on the surface of the iridium needles [48]. Both the crystals size and thick-
ness of the polymer can be easily controlled very simply using the reaction conditions
such as concentration of compounds, different reaction times, and kind of solvent.

3. Applications of conducting polymers and 1-D nanostructures
composites

Many of the targeted applications for 1-D nanostructures require their incorporation
into conducting polymers. Therefore, such nanocomposites are expected to find appli-
cations in nanoelectronic devices, sensors, catalysis or electrocatalysis and energy.

3.1 Energy conversion and energy storage applications

Incorporating 1-D nanostructure into conducting polymers play an important role
in fabricating materials in energy conversion devices such as solar cells, and fuel cells,
and energy storage devices such as lithium-ion batteries and supercapacitors. These
materials have improved conductivity, cycleability, mechanical stability, processabil-
ity, and specific capacitance.

Solar cells are energy conversion devices that convert sun light to electric energy.
In comparison to nanoparticles, 1-D nanostructures are excellent candidates for the
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preparation of solar cells because they provide high electron mobility along

these nanostructures. Their hole-transporting properties may contribute to the
improvement of the photovoltaic efficiency performance. Solar cell devices
fabricated with aligned ZnO/P3TH and ZnO/didodecylquaterthiophene (QT)
composites exhibit well-resolved characteristics with the efficiency of 0.036%, a
circuit current density (J.) of 0.32 mA cm 2, and a fill factor (FF) of 0.28 [49].
Additional enhancement of photovoltaic properties of ZnO/P3TH-based solar cells can
be achieved by incorporation of TiO, into the composite structure. Yang et al. [8]
demonstrated that solar cells based on ZnO-TiO,/P3TH composites exhibited an
efficiency of 0.29% for devices stored in air for 1 month. While, these devices without
TiO, layer had an efficient of only 0.04%. CNTs/PEDOT-PSS (polystyrenesulfonate)
nanotubes were also used as dye-sensitized solar cells (DSCs), which exhibit very high
performance with the energy conversion efficiency of 6.5%, J,. = 15.5 cm™ 2, and

FF = 0.63 [50].

Fuel cells, which convert the chemical energy of a fuel directly into electricity
by electrochemical reactions, have attracted attention for applications in electric
vehicles [51]. Also in this case, the introduction of 1-D composites containing
polymers can significantly improve the performance of such systems. For example,
Co/PPY/MWCNTs nanotube composites were used as the cathode electrocatalysts
for the reduction of oxygen in polymer electrolyte fuel cells (PEMFCs), direct
ethanol fuel cells (DEFCs), and direct methanol fuel cells (DMFCs) [52]. The
stability of these composites for the reduction of oxygen was excellent without any
noticeable loss in performance over long PEMFC operating time, which is shown in
Figure 10.

Rechargeable batteries are widely used in daily life such as in cell phones, laptop
computers, and electric vehicles. 1-D nanofibers composite of V,0s/PANI has been
used as cathode materials in ion-Li batteries [53]. The composite showed enhanced
capacitance properties in comparison to vanadium oxide nanotubes. The charge
capacity of V,0s/PANI composite nanofibers was about 150 Ah kg™ during the 10
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Figure 10.
Cell performance showing the stability of PEMFC at 90°C with cathode catalyst containing Co/PPY/MWCNTs
and anode catalyst containing Pt/Ru/MWCNTSs at ambient pressure (reproduced with permission from Ref. [52]).
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initial charge/discharge cycles, while a charge capacity of 100 Ah kg™ " was obtained
for V,05 nanotubes. The composite also exhibits much better cyclability in compari-
son to V,0s nanotubes. A significant enhancement in electrochemical performance
has been also found for the silver vanadium oxides (SVO)/PANI triaxial nanowires
[54]. It has been observed that the SVO/PANI triaxial nanowires exhibited a much
higher current density than that of f-AgVO3; nanowires, due to faster kinetics of
charge transfers and higher capacity. Therefore, these composites can be used as
cathode material for Li* ion batteries with high specific capacity and good cycle
performance [54]. The composite of polypyrrole@CNTs has been used as pseudoca-
pacitive cathodes and Fe;O @carbon as anode for nonaqueous lithium-ion capacitor
applications [55]. Due to the synergistic effect of the remarkable pseudocapacity of
the polypyrrole and the high electrical conductivity of CNTs, the polypyrrole@CNTs
composite exhibited enhanced capacitive properties and cycle life in comparison to
the pristine CNTs. The rechargeable sulfate- and sodium-ion batteries based on
MWCNTs-polypyrrole core-shell nanowire anode and a Nag 44MnO; nanorod cathode
were also studied [56]. This MWCNTs-polypyrrole core-shell nanowire//Nag 44MnO,
nanorod full cell delivered discharge capacities of 99.2 mAh g~ and 87.2 mAh g!
with a high voltage of 1.6 V at the charge-discharge current densities of 100 mA g~ *
and 3000 mA g~ ', respectively, making it suitable for large scale energy storage
application [56].

Supercapacitors also called electrochemical capacitors with high specific power,
exceptional long cycle life compared with rechargeable batteries, and higher specific
energy compared to conventional capacitors are of great interest for their potential
applications in portable electronics, hybrid electronic vehicles, memory protection of
computer electronics and renewable energy system [57]. Active electrode materials
used in supercapacitors can be classified into three main categories: carbon, transition
metal or metal oxide, and conducting polymer. Among these third groups, carbon has
a relatively low specific capacitance usually under 200 F g~ ', metal oxides are either
expensive, for example, ruthenium oxide, or poor conductors, for examples MnO,,
NiO, etc., while conducting polymers have a high specific capacitance, but their cyclic
stability is poor. Therefore, nanocomposites can be useful for the construction of
electrochemical capacitors with both high capacitance and good cyclic stability.
PANI/CNFs composite was tested as an electrochemically active component for
supercapacitors [38, 39]. The specific capacitance of PANI layer-coated CNFs showed
a maximum value of 264 F g at 20 nm thickness of PANI, whereas that of pure
CNFs were as 100 F g~ [38]. The specific capacitance of 557 F g " and good cycling
stability were reported for CNFs/PANI by Kotal et al. [39]. The electrochemical
measurements of graphene nanoribbons with PPY showed the highest specific
capacitance of 2066 F gfl. Therefore, these nanocomposites could be used as an
electrode material for the fabrication of high-capacity supercapacitors [40]. The
nanocomposite of metal wires and conducting polymers can be also used in
supercapacitors [12, 13]. In the case of 3-D Ag nanowires/PPY the maximum specific
capacitance, maximum power and energy density 509 F g%, 60.7 W kg™, and
4.27 Wh kg™ ' was reported, respectively. The fabricated supercapacitors showed
excellent stability of almost 90% after 10,000 charge/discharge cycles [13]. The
capacitance performance of a variety of conducting polymer and 1-D carbon
nanostructure composites is summarized in Table 3. In addition to CNTs,
nanocomposites containing metal, metal oxide or metal hydroxide and conducting
polymers have also been intensively investigated as building components in
supercapacitors [62-65].
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Composite Formation method Capacitance performance References
Specific capacitance Stability
Porous Chemical grafting and creating 1266 Fg 'at1Ag 'in 83% [58]
PANI/CNTs interpenetrating pores via 1M H,SO, (10,000 cycles)
templating using CaCOj3
nanoparticles
CNFs/PANI One-step vapor deposition 264F g 'in1M H,S0, — [38]
polymerization
PANI/ In-situ polymerization 557 F g’l 86% (2000) at [39]
TCNF in 0.5 M H,S0,4 03Ag!
CNTs-GO/  Facile electrochemical synthesis 6.3Fcm 3at 0.043 A 87.7% [59]
PPY cm~? with PVA/H;PO, (10,000 cycles)
gel as the solid electrolyte
PPY/GO/ Electrochemi-cal co-deposition 196.7 mF cm ™2 at 98.1% [60]
CNTs 0.5mA cm ™’ (5000 cycles)
PPY/GO/ Facile one-step potentiostatic 358.69 F g’1 at 88.69% [61]
MWCNTSs technique 100 mV s *in1M H,S0, (2000 cycles)

CNTs, carbon nanotubes.
CNFs, carbon nanofibers.
TCNEF, isocyanate-functionalized CNF.

Table 3.
Capacitance performance of the composites of conducting polymers with 1-D carbon nanostructures.

3.2 Electronic nanodevices

It is generally accepted that 1-D nanostructures provide a good system to investi-
gate the dependence of electrical transport or mechanical properties on dimensional-
ity and size reduction. Most conducting polymers are suited for the construction of
electronic devices because of their high electrical conductivity, and mechanical flexi-
bility. Therefore, materials combined of 1-D nanostructures and conducting polymers
can be potentially applicable in diodes, memory, transistors, and photovoltaic devices.

Woo et al. [66] reported the fabrication of organic light-emitting diode (OLED)
using a conjugated emissive copolymer, poly(3,6-N-2-ethylhexyl carbazolyl cyanoter-
ephthalidence) (PECCP) and SWCNTs dispersed in a hole conducting PEDOT in the
buffer. The schematic of this device construction is shown in Figure 11. This compos-
ite deposited on the ITO served as an anode in LED. A cathode was a bi-layer
consisting of a LiF and Al

LiF/Al

PECCP

Figure 11.
Schematic of OLED construction.
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By a combination of electrochemical polymerization of pyrrole and electrophoretic
deposition of CNTs, new composite material has been prepared and tested for application
in a triode-type field emission array (FEA) [67]. This triode-type FEA showed an emis-
sion current of 35 mA at an anode voltage of 1000 V and the gate voltage of 60 V. The
emission current of the FEA was modulated by the gate voltage of 30 V. For photovoltaic
applications, nanocomposite material consisting of CNTs and PANI as highly conductive
and transparent has also been prepared [68]. Organic photovoltaic cells were built using
this film as an anode in flexible ITO-free devices. These results indicated that novel ITO-
free optoelectronic devices can be optimized with very high performance using trans-
parent films of conjugated polymers and carbon 1-D nanomaterials.

3.3 Sensors

Conducting polymers are good candidates for chemical and biological sensors
because the interactions with various analytes may influence the redox and doping
states of these materials. Adding a second nanocomponent, such as carbon nanotubes,
metal and metal oxide nanostructures, and biological materials, into conducting
polymer is another way to increase the charge mobility of conducting polymers or to
change the affinity of these composites.

Because of the large specific surface areas, these nanocomposites are good candi-
dates for gas sensors. For example, CNTs/conducting polymer nanocomposites exhibit
high sensitivity in NH; detection. Ammonia is one of the important industrial exhaust
gases with high toxicity. Liu et al. [69] demonstrated a simple and effective method of
NH; detection by at sensors based on MWCNTSs/PANI nanocomposites. The results
showed that MWCNTs/PANI had high sensitivity and quick sensor response, good
reproducibility and repeatability for NH; detection. The mechanism of the enhanced
sensitivity may be attributed to the increased surface area of PANI, providing more
active sites for the adsorption of NH; molecules. Similar properties were also observed
for MWCNTs/Au/PANI nanocomposites [70]. However, the high cost discourages its
extensive application. The sensing properties of the CNFs/PPY coaxial nanocables for
toxic gases, such as NH; and HCI detection were also studied [71]. These materials
were fabricated by one-step vapor deposition polymerization. This simple process
allowed the formation of ultrathin and uniform PPY layer on the CNFs surface, which
thickness was dependent on the loaded amount of the monomer. The responses of the
CNFs/PPY coaxial nanocables after interaction with NH; and HCI were dependent on
the thickness of the PPY layer on CNFs and exhibited reversible and reproducible
performance (Figure 12). The resistance change of the CNFs/PPY coaxial nanocables
was negligible when the thickness of the PPY layer was smaller than 10 nm. The
sensitivity of these nanocables increased significantly with increasing the PPY thick-
ness and then stopped increasing when the PPY layer thickness was larger than the
growth limit thickness point (22 nm) [71].

In recent years, conducting polymers with 1-D nanostructured composites have
also been used to construct a variety of biosensors because of their large surface area
and unique electronic, chemical, and mechanical properties. In biosensors, the
detection of H,0; is important because it is often a product in enzymatic reactions.
The sensing performance of coaxial nanowires consisting of a layer of PPY
uniformly coated onto aligned CNTs in H,O, detection makes it attractive for the
fabrication of oxidase-based glucose biosensors, because H,0; is generated in
the reaction between glucose and oxygen in the presence of glucose oxidase (GOX)
[72]. In these materials the aligned structure of CNTs plays a significant part in
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Figure 12.
Variation in normalized resistance change (absolute value) of the CNFs/PPY nanocable sensors after exposure to

(a) NH; (20 ppm), and (b) HCI (20 ppm) vapors as a function of the PPY layer thickness. Inset TEM image of
the CNFs/PPY nanocable (veproduced with permission from Ref. [71]).
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Figure 13.
The experiment setup of the electrochemical polymerization of porypyrrole propilic acid/anti-rabbit IgG
immobilized TiO, nanowires immunosensor system (veproduced with permission from Ref. [73]).

glucose determination, shifting its oxidation potential toward less positive values
and enhancing the sensitivity of glucose determination. The immunosensor was also
constructed based on an antibody/conducting polymer/TiO, nanowires film [73].
First, TiO, nanowires were made by hydrothermal synthesis and spin-coated on
Au/Ti microelectrodes surface patterned Si/SiO, substrate. Next, polypyrrole propylic
acid (PPA) and antibody composite films were immobilized on the surface of TiO,
nanowires by electrochemically polymerized using pyrrole propylic acid (PA) and
anti-rabbit IgG (1°AB) mixture solution, as illustrated in Figure 13. The devices
designed in these studies showed a linear concentration range of antigen determina-
tion between 11.2 pg/mL to 112 pg/mL. The detection sensitivity of these
immunosensors was —0.64 A/(g/mL) for the 5 V of the applied voltage and the
sensitivity for this voltage was better than that of 6 Vand 7 V [73].

3.4 Catalysis

Catalytic materials are important for the industry and the development of various
sensors. Therefore, composites of conducting polymer and 1-D nanostructures also
have been studied in this area of research.
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The nanowires consisting of gold-coated PANI film exhibit excellent catalytic
behavior for the chemical reduction of organic dyes such as methylene blue (MB) and
rhodamine B (RhB) [74]. Most of these dyes are not biodegradable and persist in the
environment, but they can be disposed of by chemical reduction using a strong
reducing agent as an economical route. Unfortunately, the chemical reduction of dyes
is a very slow process under ambient conditions. Therefore, these Au/PANI nanowires
are used as catalysts for the reduction of MB and RhB dyes in the presence of NaBH,.
A total catalytical reduction of MB and RhB was observed. The catalytic activity of
composite was much better in comparison to the catalytic performance of individual
components [75, 76].

Several 1-D semiconductor materials such as TiO,, ZnO, MnO,, CdS, etc., have
also been used as semiconductor photocatalysists. However, their wide band gap and
the low quantum yield largely limited the overall photocatalytic efficiency. The
photocatalytic performance of this semiconductor can be significantly improved by
incorporating them into 1-D structures with conducting polymers. For example, a
novel photocatalyst, polypyrrole coated Ag/TiO, nanofibers, was synthesized using an
electrospinning technique, followed by a surfactant in-situ chemical polymerization
method [77]. This photocatalyst showed obvious visible-light photocatalytic activity
in the decomposition of gaseous acetone. The 1.0 wt% PPY/Ag/TiO, sample provided
the optimum photocatalytic activity. In Figure 14, photocurrent transient responses
of PPY/Ag/TiO,, PPY/TiO,, Ag/TiO, are compared. The photocurrent followed the
order: PPY/Ag/TiO, > PPY/TiO, > Ag/TiO, > pure TiO,. The enhancement of
PPY/Ag/TiO, in photocurrent indicates smaller recombination and more efficient
separation of photogenerated electron-hole pairs at its interface. Besides, the recycling
test revealed that the PPY/Ag/TiO, nanofibers were stable and effective for the
removal of organic pollutants [77]. The high photoactivity of the PPY/Ag/TiO,
nanofibers can be attributed to the synergistic effect originating from the excited-state
electrons in PPY, which can be readily injected into the TiO, conduction band and
next transported to the Fermi level of Ag (Figure 15) [77]. Therefore, the combination
of conducting polymers with semiconducting materials is an effective strategy for
improving photocatalytic activity.

The composites consisting of two or more components containing CNTs and the
conducting polymers can be also used as electrocatalysts for hydrogen and alcohol fuel
cells [52], as well as bio and microbial fuel cells [78]. Using these materials as a
cathode or anode catalysts is an important step in reducing the use of high-cost
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Figure 14.

(a) Photocurrent transient responses and (b) photocatalytical activity of PPY/Ag/TiO, and of single and two-
component samples (reproduced with permission from Ref. [77]).
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Figure 15.
Postulate mechanism of the visible-light-induced photodegradation of acetone with PPY/Ag/TiO, nanofibers
(reproduced with permission from Ref. [77]).

platinum and platinum-based electrocatalysts to promote practical applications.
Additional optimization of the catalyst structure and stability may improve catalysts
performance and reduce the total cost.

4. Summary

This paper reviews study of the formation, properties and applications of
conducting polymer 1-D nanocomposites. These materials have attracted much atten-
tion due to their unique physical, mechanical, chemical and electrochemical proper-
ties that provide nanostructures formed from them with multi-functionality. As
described in this review, many synthetic approaches have been developed, including
in-situ and ex-situ chemical and electrochemical method, template and template-free
method, vapor-phase polymerization, emulsion polymerization, hydrothermal reac-
tion, redox reaction, electrospinning, and so on, for the fabrication of conducting
polymer nanocomposites with carbon nanotubes and nanofibers, 1-D metals, metal
oxides, metal complexes, semiconductors, and porphyrins. Nanocomposites synthe-
sized by these methods exhibit many exceptional properties. The size, shape and
structure morphology of these composites can be controlled by the conditions of
composite formation. 1-D structures exhibit high real surface area. The organization
of these structures on the substrate surface provides unique conditions for reactant
transport within the 1-D composite film. These composites usually exhibit good con-
ductivity. Such properties enable wide practical applications of 1-D composites. They
can be used for charge storage devices construction and as a component of electronic
devices. They are applying in a chemical, biochemical and electrochemical sensors.
Their catalytic and photocatalytic properties allow the use of these systems to remove
environmental pollutants. So, the improvement of the syntheses is sought, which
would lead to: (i) highly conducting, (ii) macroscopically uniform materials, (iii)
produced at reasonable reaction time, and (iv) in high yield.

Therefore, conducting polymer 1-D nanostructures are useful materials in basic
research and technology. Important of synthesis conditions and the production of new
1-D structures can have a significant impact on scientific development. Studies for the
preparation of such materials are still desired. It is believed, that the combined
chemical, physical, and mechanical properties of these nanocomposite materials are
crucial in the development in the future more discoveries will be made in this field.
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Chapter 13

Synthesis, Experimental

and Theoretical Investigations

on the Optical and Electronic
Properties of New Organic Active
Layer for a New Generation of
Organic Light-Emitting Diode

Mourad Chemek, Ali Mabrouk, Mourad Ben Braieck,
Jany Werry Ventivini and Alimi Kamel

Abstract

In this chapter, we present new attempts for the development of a new generation
of high-performance organic light-emitting diodes (OLEDs). First of all, we present
two strategies for obtaining a luminescent active layer. The first one is the chemical
synthesis of a block copolymer based on the cross-linked Poly (N-vinyl carbazole)
(PVK) and the conjugated poly (3-methylthiophene) (PMeT) system. Secondly,
newly small luminescent organic molecules are chemically synthesized and studied.
Photo-physical and electronic properties of the synthesized organic materials are
fully investigated through experimental analysis and theoretical computations using
essentially DFT and TDDFT methodologies. Optical measurements revealed the
formation of a new highly luminescent organic material. Furthermore, the newly
synthesized small molecules showed a high emission in the blue part. Based on the
synthesized active layers, newly multi-structure OLED architectures are theoretically
designed by the insertion of a single-walled carbon nanotube (SWCNTSs) as a single
layer. The theoretical computations show that the insertion of single-walled carbon
nanotubes (SWCNTs) single layer improves the injection of electron charge carriers
from the chosen cathode (Ca, Mg) to the synthesized active layers, which enhances
the performance of the electronic focused devices based on the organic synthesized
active layer.

Keywords: organic light-emitting diode (OLEDs), poly(N-vinyl carbazole) (PVK),
single-walled carbon nanotube (SWCNTs), DFT methodologies, small molecules
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1. Introduction

The progress of the research in the field of Organic electronic devices based on
organic materials has been actually a considerable challenge for scientific chemis-
try and physics [1-3]. The use of conjugated polymers such as Poly (p-phenylene
vinylene) (PPV) derivatives was permitted to obtain flexible and transparent green
OLED:s [4, 5]. Else, the extension of the effective conjugated length in poly(3-alkyl
thiophene) (PAT) family, enhances the n-n stacking effects in the condensed state
[6, 7], consequently, a poor red emission in the condensed state, is obtained with
a weak photoluminescence quantum efficiency (PLQY), which is at around 1-2%,
limiting also the use of PAT conjugated polymers for OLED applications [6, 7]. In
order to enhance the photophysical properties of the investigated organic active layer
of the organic light-emitting diode (OLEDs) and to improve the performance of the
OLEDs displays, many efforts have recently been undertaken on the photoactive layer
[8, 9]. Furthermore, experimental and theoretical efforts on the multilayer structure
were employed in order to enhance the performance of the focused displays [8-10].
Recently, focused researchers show that Carbazole or bicarbazole based conjugated
polymers are among superior host materials, showing promising performances in
newly organic light-emitting devices [11-14]. Moreover, the use of small molecules
is one of the new solutions to minimize the geometric distortion and the possible
defect on the main chain and to enhance the investigated photophysical properties
[8-10]. In this area of research, we have firstly, incorporated Poly(9-vinyl carbazole)
(PVK) under the chemical polymerization of 3-methyl thiophene monomers, using
the anhydrous Ferric chloride (FeCl3) in chloroform solution [15]. The new poly-
thiophene derivative is named PVK-MeT [15]. Photophysical investigations based
essentially on spectroscopic analysis show a great enhancement in the luminescence
properties, which encourage the investigation of the new material for a new genera-
tion of OLED devices [15, 16]. On the other hand, we present the chemical synthesis
of a new blue-emitted organic small molecule [17]. Two newly synthesized organic
materials are obtained and named respectively 1,4-Bis(a-cyano-4-methoxystyryl)
benzene (DOMCN) and 1,4-Bis(a-cyano-4-bromostyryl)benzene (DBrCN) [17].
The chemical synthesis of the DOMCN and DBrCN molecules is done for possible
investigation as an active layer for a new generation of a new performant organic blue
light-emitting diode. The chemical synthesis and the photophysical properties were
briefly described herein, and theoretical computations are undertaken to determine
the electronic parameters of the synthesized chemical structure. Moreover, the
synthesized organic materials presented in this chapter were theoretically used as an
active layer in a newly designed multilayer structure for organic light-emitting display
using essentially Density functional theory (DFT) computations on the geometric
and electronic structure of the optimized chemical structure. Theoretical investiga-
tions show that The insertion of single-walled carbon nanotubes (SWNTs) on the
prepared multilayer structure enhances the injection of the charge carriers (electron)
and improves the physical and electronic performance of the electronic devices based
on the investigated organic materials.

2. Experimental and computational details

Optical absorption measurements were carried out at room temperature (RT)
using a Varian Cary 5G spectrophotometer. Photoluminescence excitation (PLE)
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measurements were recorded with Continuous-wave photoluminescence measure-
ments (PL), which were collected on a Jobin-Yvon Fluorolog 3 spectrometer using

a Xenon lamp (450 W). Quantum chemical computations were performed using
density functional theory (DFT) and TDDFT methodologies of calculation [18],

and using B3LYP functional coupling with the 6-31G (d) basis set [19, 20]. DFT and
TDDFT methodologies of calculations are frequently used for a better description

of the structural, photophysical and electronic properties of organic synthesized
materials [21, 22]. The geometry of the first excited state was obtained by the re-opti-
mization of the ground state optimized geometry with the configuration interaction
singles restricted (RCIS) ab initio method (RCIS/6-31G(d))[23]. Used methodologies
of calculation are implemented in Gaussian 09 program [24].

3. Chemical synthesis and experimental properties of the news organics
active layers

3.1 Brief description of the chemical synthesis and Photophysical properties of
the PVK-MeT

The chemical synthesis of the PVK-MeT starts with the cross-linking of the
Poly(9-vinylcarbazole) (PVK) in presence of 3-(methyl thiophene) monomers in
chloroform solution using the anhydrous ferric chloride (FeCl;) as an oxidant. The
material was obtained in the doped state and the neutral state was fully obtained by
chemical treatment described elsewhere in our previous paper [15]. The neutral and
doped states were identified essentially by analyzing the obtained samples by infrared
and Raman analysis as well as optical absorption tools to prove the successful de-

doping of the sample [15].
3.2 Photo-physical properties of the PVK-MeT

Optical absorption spectra of the synthesized material PVK-MeT was first inves-
tigated by optical absorption and PLE spectroscopies in chloroform diluted solution.
Obtained spectra are presented in Figure 1. The synthesized material absorbs essen-
tially in the UV-visible part, with an intense narrow absorption centered at around
250 nm and a shoulder absorption band centered at 410 nm. The PLE spectrum regis-
tered for the investigated material in the solution state of 550 nm maximum emission,
shows a maximum at around 410 nm, coinciding with the maximum absorption
assigned to n-n* optical transition. As mentioned above, poly (3-alkyl thiophene) and
in particular Poly(3-methyl thiophene) synthesized by Fecl3 routes absorbs essen-
tially in the visible part with an intense absorption located at around 500 nm in the
condensed state [25].

In order to study the excited state of the synthesized organic material, the sample
was excited under various excited lines going from UV to visible part using first
steady-state photoluminescence spectroscopy. No optical signal is obtained under UV
excitation and a high emission is obtained under visible excitation, confirming PLE
results. On the second steep, PVK-MeT and PMeT powder were then excited under
400 nm laser pulsed excitation and the PL obtained spectra are presented in Figure 2.

From Figure 2, it is clearly seen that the PL intensity is improved upon using
the Poly(N_vinylcarbazole) (PVK) on the chemical synthesis of the Poly (3-methyl
thiophene) (PMeT) by FeCl3 oxidative polymerization routes. In contrast with the PL
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spectrum of PMeT, PVK-MeT exhibits an intense emission (see Figure 2). Indeed, we
calculate the ratio I1/12, where, I1 and I2 present respectively the maximum intensity
of the PL spectra of the PVK-MeT and that of the PMeT homopolymer. The ratio is
ataround 4. An emissive active layer based on thiophene derivative was successfully
obtained. The improvement of the luminescence properties is accompanied by a
blue shift of the maximum emission from 600 nm to 550 nm, showing a change in
the spectral emission, which is shown by the CIE cartographic (See Figure 6). The
enhancement of the luminescence properties is confirmed by the analysis of the PL
decays analysis using transient photoluminescence analysis on the synthesized PVK-
MeT and PMeT homopolymer powder, described in detail in our previous paper [23].
Transient photoluminescence spectroscopy confirms the change of the nature of the
photogenerated species going from PMeT to PVK-MeT, which induce an increase of
the PLQY from 1 to 2% for poly(3-alkylthiophene) [6, 16] to 13% for PVK-MeT in the
condensed state [16].

Theoretical computations based essentially on DFT-B3LYP-6-31G(d) level of theory,
was permitting to deduces first the chemical structure of the synthesized material
and their electronic parameters such as HOMO, LUMO energies, and the energy gap

Optimized
SWCNTs
(SWCNTs (5.5)

SWCNTSs (6,4)
4% ¢
V)

Figure 3.
Optimized chemical structure of (SWCNT5) (5,5) and (SWCNTs) (6,4) and their contour plot HOMO and
LUMO.
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Photoactive layer EHOMO ELUMO Eg P EA
(eV) (eV) (eV) (eV) (eV)
DOMCN —541 =227 314 541 227
DBrCN -5.98 -2.80 318 598 2.8
Py -4.8 -18 3 48 18
PVK-MeT
Table1.

Electronic parameters of the investigated organic active layer.

HOMO-LUMO. The ionization potential (I.P) and electron affinity (E.A) are theoreti-
cally deduced using Koopman’s theorem [26]. Obtained results are summarized in
Table 1. Polythiophene derivatives and in particular Poly(3-methylthiophene) (PMeT)
present a good absorption in the visible part and a red light emission is produced, when
the PMeT homopolymer is excited by the visible line [27]. Else, in a condensed state
(thin film) a low emission is produced with a low photoluminescence quantum yield
(PLQY), which is at around 1-2% [6, 28]. The planarity of the chemical structure on the
excited state of pol(3-alkylthioophenes) derivative, favors the formation of the non-
emissive excimer species under the photo-excitation (excited state) [6, 28]. Further, the
high n-conjugated system in polythiophenes favors the formation of the n-x stacking on
the condensed state, which enhances the fast migration mechanism of the photo-gener-
ation species [6, 28, 29]. Consequently, non-radiative pathways are favored and a poor
emission signal is obtained with fast multi-exponential decays are produced [29, 30].

In order to study the structure-properties relationship of the investigated materi-
als, first, a simple optimization on the ground state of an oligomer of 6-thiophenes
coupled at the 2-5 positions and of the deduced chemical structure of the PVK-MeT.
Secondly, the fully optimized chemical structures on the first excited state are

- - |
E 60]! P ..E‘ " 1 ,ﬁ\
.- | / L 5 aimmmig)
azt / Qo 6n \
w B0 Y e - A s ?:ﬂ &
o] gw]l y (81) \ o @™
Q" { =] $ 1 2 3 4 % & 71 1
- ; = .
o 0173 1 3 5 Dihedral angle ¢,
> Dihedral angle ¢,

Figure 4.

Geometric pavameters (dihedral angle ¢i) of the optimized chemical structure of the six-coupled non-regioregular
3-(methyl thiophene) and the PVK-MeT chemical structure on the ground (black line) (So) and the first
calculated excited state (S1) (ved line).
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successfully obtained by re-optimization of the optimized ground-state chemical
structure with the RSCI/6-31G(d) level of theory. The optimized chemical structures
on the ground and the first excited state are drawn with Gauss view software and
presented in Figure 4.

Geometric parameters such as dihedral angle ¢i of 6-Oligothiophene optimized
in the ground and the first excited-state state are presented in Figure 4. It is clearly
seen from Figure 4, that the conformation of the non-regioregular coupled 3-methyl
thiophene presents a non-planar conformation, and the distortion is higher on the TT
coupling ($3) in the ground state. Else, the first excited state of the non-regioregular
6-oligothiophene, obtained by the re-optimization of the optimized chemical struc-
ture by CIS/STO-3G present no distortion and a fully coplanar structure. Focused
studies reveal that the luminescence in the conjugated system is only obtained when
the main chain is deformed especially in the excited state [26]. Indeed, Bai et al. [6],
suggest that upon excitation of the conjugated system in poly (3-alkyl thiophene), the
planarity increases, which favors the formation of the nonemissive excimer spe-
cies in the condensed state [6]. Consequently, a poor luminescence with low PLQY
is obtained for polythiophenes derivatives in the condensed state [6]. Herein, the
insertion of the cross-linked carbazole system (bicarbazole) grafted to the 6-oligo-
thiophene system induces the increase of the distortion and the high deformation
of the main chain in both grounds and excited state (Figure 3). These behaviors
induced the decrease of the non-radiative photo-generated species and the improve-
ment of the luminescence properties going from PMeT to PVK-MeT.

3.3 Chemical elaboration of new small molecules for OLEDs application
3.3.1 Chemical synthesis of news small molecule: DOMCN and DBrCN

To an equimolar stirred mixture of 1,4- phenylenediacetonitrile (1) (1 mmol) and
aldehyde (2) (2 mmol) in 10 mL of tert-butyl alcohol (10 mL) were added a solution
of tetrabutylammonium hydroxide (TBAH) (1 M solution in methanol). After 24 h of
stirring at 50°C, the reaction mixture was cooled to room temperature and quenched
with distilled water. Then, the obtained solution was extracted with chloroform. The
organic layer was washed several times with distilled water and dried over anhydrous
magnesium sulfate. The purification was carried out by precipitation in methanol. A
yellow powder was filtered and dried in a vacuum for 24 h (Figure 5).

'H NMR (CDCI 3) & [ppm]: 789 (d, 4H, Ar-H), 771 (s, 4H, Ar-H), 749 (s, 2H,
Vinyl-H), 6.96 (d, 4H, Ar-H), 4.04 (t, 6H, -OCH3). >C NMR (CDCI3) & [ppm]:
160.5, 142.4, 135.1, 131.5, 126.2, 126.2, 118.5, 115.1, 107.5, 68.1.

=0CHs 3a 82%, Rt = OCHa
= Br 3b; 57%. R=Er.

Figure 5.
The synthesis adopted procedure of the DOMCN and DBrCN.
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3.3.2 Photo-physical properties of the synthesized DBrcN and DOMCN

Optical properties of the synthesized oligomer were investigated essentially with
steady-state optical absorption and photoluminescence spectroscopies in a dilute
solution state. Optical absorption and photoluminescence spectra are presented in
Figure 6. Both synthesized molecules absorb in the UV and in the near-visible part. A
wide absorption is detected at 250 nm and a large band absorption centered at around
360 nm and 380 nm respectively for DBrCN and DOMCN synthesized molecules, and
are assigned to n-n* optical transition. From optical absorption spectra, optical band
gap Eg is estimated from the onset of absorption, which is estimated to be 3 eV and
2.8 eV respectively for DBrCN and DOMCN molecules.

—DOMCN 10004

o~ 104 - DBrCN
2 800
) g
g E 600-
§u.s- = 4]

[
200
0.0- | 0= . - . i
250 300 350 400 450 400 450 500 550 600
wavelength (nm) wavelength (nm)
(a) (b)
Figure 6.

(a) Optical absorption and (b) photoluminescence spectra (excitation 370 nm) of the DOMCN and DBrCN
synthesized molecules recorded in chloroform solution.
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Figure 7.
Optimized chemical structuve and their contour plots orbitals HOMO and LUMO of DOMCN and DBrCN.
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Figure 8.
C.LE cartographic of the investigated ovganic material.

Under 370 nm line excitation a narrow blue emission is observed for the two
materials. A change in the shape of the PL spectrum of the molecule is observed
going from DBrCN and DOMCN. A vibronic spectrum with two maxima at 443 and
460 nm for DBrCN is obtained. Theoretical computations using the DFT-B3Lyp-6-
31G(d) level of theory were undertaken in order to estimate the electronic parameter.
Figure 7 presents the optimized chemical structure of the investigated molecule at
the ground state and the contour plot HOMO and LUMO obtained with 0.02 isovalue
using GAUSSVIEW software [27].

Electronic parameters deduced from the ground state optimized chemical struc-
ture of the two compounds and the synthesized PVK-MeT are summarized in Table 1.

From CIE cartography (Figure 8), it is clearly seen the effect of the use of
Poly(N_vinylcarbazole) (PVK) on the chemical polymerization of 3-methylthiophene
monomers. From PMeT to PVK-MeT a decrease of x value from 0.5 for single PMET
to 0.38 for PVK-MET resulted in a green-yellow color emission. Meanwhile, the syn-
thesized small molecule DOMCN and DBrCN present a blue emission, which permits
the use as an emissive layer for the blue light-emitting diode.

4. Theoretical design of new multilayer architecture based on the
synthesized materials

Recently, Organic light-emitting diodes (OLEDs) have been considerably developed
and considerable progress in the efficiency and durability is obtained [28, 29]. In order
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to improve the injection and transport of the charge carriers from the anode or cathode,
special multi-layer architectures are needed [30]. In this way, we are going in this part to
the theoretical design of a new multilayer architecture using the investigated materials
as an active layer. The first step of the calculations consists of the optimization of the
geometries of the two single-walled carbon nanotube (SWCNTs) (5,5) and (6,4) having
adiameter ¢ = 0.71 nm and length L = 100 nm (150 atoms), with the DFT-B3LYP-6-
31G(d) level of theory. The two optimized chemical structures are presented in
Figure 3.

From the optimized chemical structure of the two forms of single-walled carbon
nanotubes, the electronic parameters such as Egomo, ELumo, and the energy gap
Eg = Egomo-ELumo were deduced and summarized in Table 2.

4.1 Energy diagram of an OLED based on these compounds

In this part, we attempt to design new organic architecture using the luminescent
investigated material as an active layer by the insertion of single-walled carbon
nanotubes as shown in Figure 9.

First, the anode and cathode must be chosen to facilitate the injection of the free
charge carrier from anode or cathode to the active layer (luminescent organic material).
Table 3 presents the traditionally used material and their electronic characteristics
parameters (anode output work (®,) and the output work of the cathode (®c).

By comparing electronic parameters of the investigated material and that of The
traditional anode and cathode materials, cathode (Ca, Mg) can better helpfully inject
the charge carriers (electron) from the cathode to the synthesized materials. Using

Enomo Erumo LP E.A E; = Enomo-Erumo
(eV) (eV) (eV) (eV) (eV)
SWCNTs (5,5) -4.30 -2.93 4.3 293 137
SWCNTs -394 -3.54 4.3 3.54 0.40
(6,4)
Table 2.

Electronic parameters of the optimized chemical structure of SWCNT5 (5,5) and SWCNTs (6,4).

(SWCNTs)

P
Organic
Emitter

[ Anode |

Figure 9.
Proposed multilayer structure using the investigated organic material as an emitting layer.
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Anode Cathode
ITO; @y =4.7eV Ca, Mg: ®c=290eV
ITO:PEDOT-PSS, @ = 5.20 eV Al, Ag; @ = 4.30 eV

Au; O =5.00eV

Table 3.
Value of the work function of the possible used cathode and anode.

Anode Cathode Active AEe Active layer- SWCNTs AEe
layer (eV) (eV)
ITO ITO: PEDOT-PSS (Ca, Mg) PVK-MeT 11 PVK-MeT/ SWCNTs (5,5) 0.03

Ca=47eV  p=520eV ®c=290eV PVK-MeT/ SWCNTS (64) 064

DMOCN 0.63 DOMCN / SWCNTs (5,5) 0.03
DOMCN/ SWCNTs (6,4) 0.64
DBrCN 0.1 DBrCN/ SWCNTs (5,5) 0.03
DBrCN/ SWCNTs (6,4) 0.64

Table 4.
Electronic parameters of the possible used anode and cathode and the active layer with and without SWCNTS.

(Ca, Mg) asa chosen cathode in the designed multi-structure layer, and the synthesized
materials (PVK-MeT, DMOCN and DBrCN) as an active layer, we calculate the electron
injection barrier (AE,), which is defined as the energy difference between the energy
value of the LUMO of the used photoactive layer and the output work of the cathode
(®@c). The obtained results are summarized in Table 4. The insertion of the single-
walled carbon nanotube (SWCNTs) between the cathode and the photoactive layer

Vacum level . — 293 eV
(=== 3.54 ¢V
v e Cathode
: - =l
, ' AEe 6 28 2
N E S— = ¥ W
“ re: Cathode Q | = E
: _ " o
: : =2
Anode |: : ' i
— HOMO!
g : Anode 3.94 ¢V
: ; 4.30 eV
: Active Layer :

Figure 10.
Energetic diagram of the designed OLEDs based on the investigated organic material.
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greatly reduces the value of AE.. The reduction of AE, is more important with SWCNTs
(5,5) than when using the SWCNTs (6,4) reduction (see Figure 10).

Consequently, SWCNTs (5,5) as a layer between the (Ca, Mg) and the investigated
photoactive multilayer can helpfully improve the electron injection from the cathode
to the active material which improves the performance of The OLEDs based on the
designed multi-structure.

5. Conclusions

In summary, we have attempted in the present chapter to enhance the optical
emission and electronic properties of the chosen organic emitting layer for a new
generation of the organic light-emitting diode (OLED). The first step is to use the
non-conjugated Poly(Vinylcarbazole) (PVK) in the chemical synthesis of the conju-
gated polymers (case Poly(3-methyl thiophene)). The use of PVK under the chemical
synthesis of the poor luminescent Poly(3-alkylthiophene) family permits first the
partially crosslinking of the carbazole units, which enhances the PL intensity and
improves their luminescence properties. Elsewhere, the use of a new family of small
molecules permits also to obtain a blue luminescent organic material with reduced
non-radiative recombination of hole and electron. The chemical structures of the
synthesized materials were used as an active layer in newly simulated light-emitting
devices. DFT simulations on the investigated materials and in the simulated devices
show that the introduction of the optimized layer of single-walled carbon nanotubes
(SWCNTs) single layer permits to the enhancement of the electron injection and
improves the performance of the focused emitting devices.
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Abstract

Microencapsulated phase change materials have been considered as potential
candidates to overcome the global energy shortage, as these materials can provide a
viable method for storing thermal energy and offering consistent energy manage-
ment by controllable heat release in desirable environments. Microencapsulation
technology offers a method for overcoming the trouble associated with the
handling of solid-liquid phase change materials (PCMs) via encapsulating PCMs
with thin or tiny shells which are known as ‘microcapsules’ Microcapsule shells
not only keep PCMs isolated from the surrounding materials but also provide a
stable structure and sufficient surface for PCMs to enhance heat transfer. Thus
microencapsulation technology received remarkable attention from fundamental
studies to industrial growth in recent years. In order to provide a reliable source of
information on recent progress and development in microencapsulated PCMs, this
chapter emphases on methods and techniques for the encapsulation of PCMs with
a diversity of shell materials from traditional organic polymers to novel inorganic
materials to pursue high encapsulation efficiency, excellent thermal energy-storage
performance and long-term operation durability. The chapter also highlights the
design of bi- and multi-functional PCM-based microcapsules by fabricating vari-
ous functional shells in a multilayered structure to meet the growing demand for
versatile applications.

Keywords: microencapsulation, phase change materials, designing, multifunctional
microcapsules, thermal energy storage, versatile applications
1. Introduction

The rapid global economic growth and population explosion resulted in increased
consumption of nonrenewable energy resources such as coal, petroleum and natural
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gas which not only reduces these fossil fuels sources but also leads to major global
environmental issues like CO, emission, and global warming and air pollution. If

the world energy requirements totally depend on fossil fuel which is continuously
exhausting will results in energy crisis in the near future. To minimize the reliance on
fossil fuels for energy production, the development of renewable energy resources
and the enrichment of energy efficiency have been deliberated as the alternative
strategy that could be adopted [1, 2]. The scientific development of thermal energy
storage by utilizing phase change materials (PCMs) to store latent heat has been
considered as a worthy solution for reducing the worldwide energy scarcity as these
materials provide viable ways of keeping thermal energy and offering reliable energy
management by controllable heat release in suitable environments [3]. PCMs are a
class of heat storage materials, able to absorb and release sufficient amounts of latent-
heat energy at a constant temperature when a state change occurs from a solid form
to the liquid one and vice-versa. In addition to higher thermal energy-storage density
compared to conventional heat-storage materials, PCMs can bridge the gap between
energy availability and energy use to reduce energy waste [4].

The application of PCMs as a means of thermal-energy storage has been prac-
ticed since 1970s, and PCMs have been developed and designed to fulfill the desired
requirements. Nowadays, PCMs have not been only applied in renewable energy
effective utilization such as solar thermal energy and low-temperature waste heat
utilization but also used for thermal regulation and thermal management in the fields
of photovoltaic-thermoelectric systems, temperature-sensitive electronic parts or
devices requiring cool or thermal protection, biological products or pharmaceutical
needing cool storage, smart fibers and textiles with a thermoregulatory function,
telecom shelters in tropical regions, thermal buffering of Li-ion batteries, energy-
saving buildings, thermal comfort in vehicles, etc. [5].

Though PCMs due to their desirable properties is widely used in both domestic
and industrial areas in recent years, their phase transition brings some difficulties
during their application for thermal energy storage and management. After fusion
PCMs are converted to low viscous liquids which can then easily diffuse or flow over
other materials and thus cause difficulty in handling the process in the liquid state
[6]. Other problems associated with the commonly used PCMs include the need
of using special latent heat devices, the hysteresis of thermal response due to low
thermal conductivity and supercooling, the poor heat transfer during the charging
and recovery processes, absorb moisture from the atmosphere or lose water through
evaporation, the leakage and loss of PCM, etc. [7]. Due to these problems, pristine
PCMs are generally not recommended for thermal energy storage applications. To
avoid the problem, microencapsulation technology was introduced which involves
the packing/encapsulation of PCMs into tiny closed ampules that not only protect the
liquid PCMs from the interference and interaction of the surrounding materials but
also give them a stable form in the liquid state. The product obtained as a result of
this packing technology was named microcapsule. The microcapsules which pack the
PCM core individually with a firm shell can, therefore, handle even liquids as a solid
material [8]. Additionally, the development of a microcapsule shell provides a large
heat transfer surface to the encapsulated PCMs and hence considerably increases the
heat transfer and thermal response [9]. Thus, microencapsulation of PCMs has been
accepted as a more consistent technology for liquid PCMs compare to form stable
composite PCMs. Microencapsulation technology of solid-liquid PCMs has received
great attention for over 20 years, and several studies can be found in the literature on
this topic [10]. Usually, the microencapsulated PCMs could be prepared by making
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a polymeric shell via coacervation, in-situ polymerization, interfacial polymeriza-
tion and suspension polymerization techniques, for which the commonly used shell
materials include polyureas, poly (methyl methacrylate), melamine-formaldehyde
resins, polystyrene, urea-formaldehyde resins, and bio-based polymers such as Arabic
gum, agar and gelatin. Moreover, many inorganic materials such as titanium dioxide
(TiOy), silica (Si0,), calcium carbonate and aluminum oxide have been reported in
the recent literature that could also be used as shell materials for encapsulating PCMs
[11-13]. These inorganic shells have shown much higher mechanical strength and
rigidity than the polymeric ones and can form a much more secure barrier around
PCMs to protect them from damaging interaction with the environment.

Currently, the researchers are interested in the design and development of mul-
tifunctional microencapsulated PCMs. One of the potential approaches to achieve
the additional functionality involve the use of inorganic functional shell assembly on
the microencapsulated PCM core. In this way, not only the additional functions for
microencapsulated PCMs along with the wall materials is achieved but also allows
the establishment of signal or multilayered shells with various designed functions.
Pointing at the high-tech designs and versatile applications of microencapsulated
PCMs for thermal energy storage and thermal management, this chapter provides a
reliable source of information on recent progress and development in microencapsu-
lation technology for solid-liquid PCMs and especially introduces the diverse designs
for PCMs-based microcapsules with various special functions. Moreover, a thorough
analysis of the trend in the development and applications of microencapsulated PCMs
is also presented. The chapter also highlights the design of bi- and multi-functional
PCM-based microcapsules by fabricating various functional shells in a multilay-
ered structure to offer a great potential to meet the growing demand for versatile
applications.

2. Phase change materials (PCMs)

PCMs due to their higher latent heat values can store and release a large amount
of heat energy during melting and solidifying processes [14]. These materials have
been thought to act as a storage medium with numerous applications such as cool-
ing of food products, buildings, textiles, solar systems, spacecraft thermal systems
and waste heat recovery systems [15]. On the basis of phase conversion PCMs are
categorized into solid-liquid, solid-solid, solid—gas and liquid-gas [1]. Among these
categories, solid-liquid PCMs due to their high density, favorable phase equilibrium,
minor volume changes and low vapor pressure at the operating temperature during
phase transition are more suitable for thermal energy storage systems. Furthermore,
solid-liquid PCMs show little or no subcooling during freezing, melting/freezing at
the same temperature and phase separation, and sufficient crystallization rate.

PCMs possess high chemical stability, nontoxic, nonexplosive and noncorrosive
nature, do not undergo degradation after long-term thermal cycles, and have good
chemical properties capable of completing reversible freezing/melting cycle [6].
Solid-liquid PCMs can be divided into three major types: (a) organic PCMs (b)
inorganic PCMs and (c) eutectic PCMs [16]. Organic PCMs include paraffin and
nonparaffin (alcohols, fatty acids and glycols) materials [2]. Inorganic PCMs gener-
ally include salt hydrates, metallic compounds and metal alloys with the advantages of
a broader range of transition temperature, high thermal conductivity and high latent
heat storage capacity, low cost and nonflammable nature. In contrast, lack of thermal
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stability, phase segregation, supercooling, corrosion and decomposition, are problems
that dominate their benefits [17]. Eutectic PCMs are the combination of two or more
low melting components, each of which freezes and melts congruently to make a
mixture of the components’ crystals upon crystallization [6]. Eutectic PCMs can be
prepared for a specific application by mixing organic—organic, inorganic-inorganic,
or a combination of the two PCMs at a given ratio. These PCMs have high thermal
conductivity and density without segregation and supercooling, while their specific
heat capacity and latent heat are much lower than those of paraffin/salt hydrates [18].

3. Microencapsulation shell materials

In recent years, microencapsulation of PCMs has been widely used to avoid the
leakage and reaction of the PCMs with the surrounding environment during the
solid-liquid phase transition.

Microencapsulation of PCMs can also be responsible for relatively constant volume,
high thermal cycling stability and large heat transfer area for PCM-based thermal stor-
age [19]. Shell/wall materials play a vital role in controlling various physical properties
like morphology, mechanical and thermal properties of the produced microcapsules
[7]. On the basis chemical nature shell material can be divided into three groups: (a)
organic, (b) inorganic and (c) organic-inorganic hybrid materials [20].

3.1 Organic shells

Organic shell materials include synthetic and natural polymeric materials, which
have excellent structural flexibility, good sealing properties and high resistance to the
volume change associated with repeated phase transformations of PCMs [21]. The
organic shell materials most frequently used consist of urea-formaldehyde (UF) resin
[22], melamine-formaldehyde resin [23], and acrylic resin [24]. Many workers around
the world used MF resin as the wall material due to its good chemical compatibility, low
cost and thermal stability [25]. Mohaddes et al. effectively utilized MF as the shell mate-
rial for encapsulation of #-eicosane for application to textiles [26]. Fabrics doped with
this type of microcapsules have higher thermoregulation capacity and low thermal delay
efficiency. Among the group of acrylic resins, the copolymers of methacrylate have
significant thermal stability, chemical resistance, nontoxic nature and easy preparation.
Alkan et al. has shown that z-eicosane microencapsulation with polymethylmethacry-
late (PMMA) shell had good thermal stability [27]. Ma et al. successfully encapsulated
binary core materials, butyl stearate and paraffin using poly (methylmethacrylate-co-
divinylbenzene) (P(MMA-co-DVB)) copolymer as the shell material [28]. The micro-
capsules so obtained possess a uniform size of 5-10 ym with a uniform spherical shape
and dense surface. Moreover, the phase transition temperature of these microcapsules
can be adjusted by adjusting the butyl stearate to paraffin ratio. Wang et al. studied the
effect of GO on the thermal properties of capric acid@UF microcapsules by adding
various contents of graphene oxide (GO) [29]. It was found that the microcapsules with
0.6% GO had the highest enthalpy of 109.60 J/g and encapsulation ratio of 60.7%. The
microcapsules with GO presented smoother surfaces and good thermal conductivity.

3.2 Inorganic shells

Microcapsules prepared by using organic polymeric shell materials are usually
not suitable for application in some situations due to the low thermal conductivity,
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flammable nature and poor mechanical strength of the organic shell materials [30].
In recent years, inorganic shells due to their good thermal conductivity, high rigidity
and high mechanical strength, have been progressively employed as an alternative
shell material for microcapsule preparation [21]. The commonly used inorganic shell
materials include Silica (SiO,) [31], zinc oxide (ZnO) [32], titanium dioxide (TiO,)
[33] and calcium carbonate (CaCO;) [34].

Silica because of its fire resistance nature, high thermal conductivity and ease of
preparation are one the most commonly used shell materials for encapsulation of
fatty acids [35], paraffin waxes [34] and inorganic hydrated salts [36]. Liang et al.
prepared nanocapsules by encapsulating z#-octadecane core material using silica as
the shell material via interfacial hydrolysis and polycondensation of tetraethoxysilane
(TEOS) in miniemulsion [37]. The thermal conductivity of nanocapsules so obtained
was observed to be higher than 0.4 Wm™ K" with melting enthalpy and encapsula-
tion ratio of 109.5 J/g and 51.5%, respectively. The enthalpy of the nanocapsules
was not altered and no leakage was observed after 500 thermal cycles. However, the
hydrolysis and polycondensation of TEOS, used as a silica precursor, could cause a
reduction in the compactness of the silica shell and have a relatively weak mechani-
cal strength. CaCO; shells have higher rigidity and better compactness compared to
silica. Yu et al. employed CaCO; as shells material for encapsulating #-octadecane
through the self-assembly method [12]. The microcapsules obtained were of spherical
morphology with a uniform diameter (5 #gm) and had good thermal stability, thermal
conductivity, anti-osmosis properties and serving durability.

Metal oxides, like ZnO and TiO,, owing to their multifunctional properties includ-
ing photochemical, catalytic and antibacterial characteristics are frequently used as
shell materials to obtain PCM microcapsules with some remarkable characteristics.
Li et al. synthesized multifunctional microcapsules with latent heat storage and
photocatalytic and antibacterial properties by using ZnO as the shell material and
n-eicosane as the core material [38]. Similarly, Liu et al. utilized TiO, as shells mate-
rial for encapsulating #-eicosane through interfacial polycondensation followed by
ZnO impregnation [39]. The prepared microcapsules have both thermal storage and
photocatalytic capacities with a melting temperature of 41.76°C and latent heat of
188.27]/g.

3.3 Organic: inorganic hybrid shells

Organic-inorganic hybrid shells materials are used to overcome the shortcomings
related to the individual organic or inorganic materials for encapsulating PCMs. In
hybrid shells, organic materials offer structural flexibility while inorganic materi-
als can improve thermal conductivity, thermal stability and mechanical rigidity
[21]. Polymers (such as PMMA and PMF) based shells doped with SiO, or TiO,
are extensively used to encapsulate PCMs [40]. Wang et al. prepared n-octadecane
microcapsules using PMMA-silica hybrid shells via photocurable Pickering emulsion
polymerization with good morphology and particles size of 5-15 ym [41]. The high-
est encapsulation efficiency (62.55%) was achieved with the weight ratio of MMA to
n-octadecane of 1:1. Zhao et al. successfully synthesized bifunctional microcapsules
by using PMMA doped with TiO, as the hybrid shell and n-octadecane as the core
material [42]. TiO, was observed to improve microcapsules’ thermal conductivity but
reduce encapsulation efficiency and enthalpy. The initial degradation temperature
of microcapsules with 6% TiO, reached 228.4°C, confirming good thermal stabil-
ity of the microcapsules. Wang et al. prepared multifunctional microcapsules with
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regular-spherical morphology by using poly (melamine-formaldehyde)/silicon
carbide (PMF/SiC) hybrid shells and #-octadecane as cores material [43]. The thermal
conductivity of microcapsules with 7% SiC had improved by 60.34% compared to
those microcapsules with no SiC, which is also accompanied by a significant increase
in heat transfer rate.

4. Technologies for microencapsulation of PCMs

Microencapsulation techniques are of several types which are broadly classified
into three major categories on the basis of fabrication mechanism: (1) physical meth-
ods (2) chemical methods and (3) physico-chemical methods. All these techniques
involve the formation of a solid shell/coat around small liquid or solid particles of
1-100 pm diameter to accomplish the desired properties such as, protection compe-
tency, time-dependent release of material, provision of the substance to the particular
target, minimize interaction with the environment, corrosion prevention, steadiness
of function and to facilitate the use of toxic materials. The microencapsulation of
PCMs is a special packaging methodology in which solid-liquid PCMs can be enclosed
in some wall materials by using physical or chemical process to make small particles
termed ‘microcapsules’ [44]. The PCM in a microcapsule is named as the core material
while the outer shell which encloses the PCM from the surrounding environment is
called the wall material. Microencapsulation as an emerging technology, commonly
applied in many fields like thermal energy storage, medicine, food preservation,
catalysis, dyes, textile, cosmetics, self-healing, coatings, engineering and defense [45].
A detailed classification of the microencapsulation methods is listed in Figure 1.

4.1 Physical methods

Physical methods involve involves physical processes, like drying, dehydration and
adhesion in the formation of microcapsule shells. The most frequently used physi-
cal methods for PCMs encapsulation are spray-drying and solvent evaporation. The
spray-drying process can be accomplished in the following steps: (1) preparation of
oil-water emulsion comprising PCMs and shell materials, (2) spraying of the oil-
water emulsion in a drying chamber via an atomizer, (3) drying of the sprayed drop-
lets by using a stream of drying gas at a particular temperature, and (4) separating the
solid particles by cyclone and filter [46]. Borreguero et al. employed a spray drying
method for microencapsulation of paraffin Rubitherm®RT27 core using polyethyl-
ene EVA shell with and without carbon nanofibers (CNFs) [47]. The CNFs addition
improved the thermal conductivity and mechanical strength of microcapsules, and
the heat storage capability was retained. Also, the DSC analysis shown that even after
the 3000- thermal charge/discharge cycles the microcapsules still had good thermal
stability. Hawlader et al. synthesized spherical shape and uniform size microcapsule
with paraffin core and gelatin and Arabic gum using spray-drying method [48]. The
microcapsules prepared at the core-to-shell ratio of 2:1 have heat storage and release
capacity reached 216.44 J/g and 221.217 J/g, respectively.

The solvent evaporation method includes: (1) preparation of polymer solution by
dissolving shell materials in a volatile solvent; (2) addition of PCMs to the polymer
solution to form O/W emulsion; (3) developing shells on the droplets by evaporating
the solvent; (4) filtration and drying to obtaining the microcapsules. Lin et al. encap-
sulated myristic acid (MA) with ethyl cellulose (EC) using the solvent evaporation
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Physical-Chemical
Process Sol-gel Method

Suitable for inorganic shells

Figure 1.
Major physical and chemical microencapsulation methods for solid-liquid PCMs.

method [49]. The melting and solidifying temperatures were observed to be 53.32°C
and 44.44°C, while the melting and solidifying enthalpies were found 122.61 J/g and
104.24 J/g, respectively. Wang et al. applied the solvent evaporation method to syn-
thesize high-performance microcapsules by using sodium phosphate dodecahydrate
(DSP) as the core and poly(methyl methacrylate) (PMMA) as the shell [50]. The
optimal preparation temperature for the microencapsulation process was 80-90°C,
reaction time 240 min, and stirring rate 900 rpm. The microcapsules obtained had an
energy storage capacity of 142.9 J/g at the endothermic peak temperature of 51.5°C.

4.2 Chemical methods

In chemical methods, microencapsulation is done by the polymerization or con-
densation of monomers, oligomers, or prepolymers as raw materials to form shells at
an oil-water interface. The chemical methods mostly involve in-situ polymerization,
suspension polymerization, interfacial polymerization, and emulsion polymeriza-
tion. The schematic diagrams of these four polymerization methods are shown in
Figure 2. In situ polymerization method (Figure 2(a)), involves the formation of a
shell on the surface of the droplet by polymerization of the prepolymers which can
be accomplished in the following steps [52]: (1) preparation of the O/W emulsion
by adding PCMs to surfactant aqueous solution; (2) preparation of a prepolymer
solution; (3) addition of the prepolymer solution to the O/W emulsion, followed
by adjusting the appropriate reaction conditions; and (4) microcapsule synthesis.
Konuklu et al. successfully utilized in situ polymerization method for microencap-
sulation of decanoic acid using poly(urea-formaldehyde) (PUF), poly(melamine-
formaldehyde) (PMF), and poly(melamine urea-formaldehyde) (PMUF) [53]. The
microcapsules obtained by coating of PUF displayed higher heat storage capacity
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Figure 2.
Schematic diagrams of chemical methods for PCMs microencapsulation: (a) in situ polymerization, (b)
interfacial polymerization, (c) suspension polymerization, and (d) emulsion polymerization [51].

but weaker mechanical strength and lower heat resistance, while the microcapsules
coated with PMF shells had higher thermal stability but lower thermal energy
storage capacity. However, the PMUF-encapsulated microcapsules possessed seam-
less thermal stability and no leakage was found at 95°C. Zhang et al. utilized in situ
polycondensation method for synthesizing dual-functional microcapsules contain-
ing n-eicosane cores and ZrO; shells [54]. The microcapsules synthesized have a
spherical shape with a size of 1.5-2 ym have good thermal energy storage and pos-
sessed better thermal stability, and thermal properties almost unchanged after 100
thermal cycles. Su et al. used methanol-modified melamine-formaldehyde (MMF)
prepolymer as shell material for microencapsulation of dodecanol and paraffin via
in situ polymerization [55]. They observed that the average diameter of dodecanol-
based microcapsules sharply decreased and encapsulation efficiency increased with
increasing stirring rates. The maximum encapsulation efficiency was found to be

97.4%.
Interfacial polymerization is used in the preparation of organic shell materials such
as polyurea and polyurethane. In this method, two reactive monomers are separately
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dissolved in the oil phase and the aqueous phase, then in the presence of an initiator
polymerization occurs at the oil-water interface as shown in Figure 2(b). This method
includes the following steps: (1) preparation of an O/W emulsion having hydrophobic
monomer and PCMs; (2) addition of the hydrophilic monomer under proper conditions
to initiate polymerization; (3) filtration, washing, and drying to get microcapsules. Ma
et al. successfully used the interfacial polymerization method for microencapsulation of
binary core materials like butyl stearate (BS) and paraffin with polyurea/polyurethane
as the shell material [56]. The microcapsules phase change temperature was adjusted

by changing the ratio of the two core materials. The microcapsules obtained possessed
high thermal stability. Lu et al. encapsulated the butyl stearate core with a polyurethane-
based cross-linked network shell via interfacial polymerization [57].

In the suspension polymerization method, the dispersed droplets of PCMs, mono-
mers and initiators are suspended in a continuous aqueous phase by using surfactants
and mechanical stirring. The oil-soluble initiator free radicals are then released into the
emulsion system to initiate polymerization of the monomers at a suitable temperature
and stirring rate [46], as presented in Figure 2(c). Wang et al. successfully employed the
suspension polymerization method to encapsulate 7-octadecane with thermochromic
pigment/PMMA shells at five different pigment/MMA ratios varying as 0, 1.4, 4.3, 71,
and 14.3 wt.% [58]. It was observed that the microcapsules without pigment achieved
the highest melting and crystallization enthalpies of 149.16 J/g and 152.55 J/g, respec-
tively. Tang et al. prepared spherical shape microcapsules with an average diameter of
about 1.60 #m using z-octadecane core material and 7-octadecyl methacrylate (ODMA)-
methacrylic acid (MAA) copolymer as shell material via the suspension polymerization
method [59]. The microcapsules attained the highest phase change enthalpy of 93 J/g
at monomers to the #-octadecane ratio of 2:1. Sanchez-Silva et al. microencapsulated
Rubitherm®RT31 with polystyrene via suspension polymerization by using different
suspension stabilizers [60]. The DSC investigations have shown that when PVP and gum
Arabic were used as suspension stabilizers the microcapsules obtained presented the
lowest thermal storage capacity of 75.7 J/g and highest of 135.3 J/g.

In emulsion polymerization (Figure 2(d)), first, the PCMs and monomers
dispersed phase is suspended in a continuous phase in the presence of surfactants at
constant stirring, followed by the addition of water-solution initiators to start the
polymerization process [61]. This method is used to prepare microcapsule shells by
polymerizing organic materials like PMMA and polystyrene. Sahan et al. encapsu-
lated stearic acid (SA) with poly(methyl methacrylate) (PMMA) and four other
PMMA-hybrid shell materials via emulsion polymerization technique [62]. The aver-
age diameter of microcapsules so obtained was found to be 110-360 xm, the thick-
ness of 17-60 um, heat storage capacity below 80 J/g and degradation temperature
above 290°C. Sar1 et al. successfully utilized the emulsion polymerization technique
to microencapsulate paraffin eutectic mixtures (PEM) containing four different
contents with PMMA shells [63]. The microcapsules obtained were spherical with a
particle size of 1.16-6.42 um, heat storage capacity of 169 J/g and melting temperature
in the range of 20-36°C.

4.3 Physico-chemical methods

In the physical-chemical method, microencapsulation is accomplished by
combining the physical processes like phase separation, heating and cooling, with
chemical processes, like hydrolysis, cross-linking and condensation. Normally,
the coacervation and sol-gel methods are the most frequently employed methods.
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The coacervation method is of two types, one is single coacervation which requires
only one type of shell material and the other is complex coacervation which requires
two kinds of opposite-charged shell materials for microcapsules preparation. The
microcapsules synthesized by the complex coacervation method usually have a more
uniform size, better morphology and stability.

The complex coacervation processes involve the following key steps: (1) formation
of emulsion by dispersing PCMs in polymer aqueous solution; (2) addition of a second
aqueous polymer solution with opposite charges and deposition of shell material on
droplet surface by electrostatic attraction and (3) Getting of microcapsules by cross-
linking, desolation or thermal treatment. Hawlader et al. encapsulated paraffin cores
with gelatin and acacia by using a complex coacervation process [48]. The melting and
solidifying enthalpies of microcapsules obtained reached 239.78 J/g and 234.05 J /g,
respectively, when the amount of cross-linking agent was 6-8 ml, homogenizing time
was 10 min, and the ratio of core to the shell was 2:1. Onder et al. employed complex
coacervation to microencapsulate #-hexadecane, #-octadecane and #-nonadecane core
materials with natural and biodegradable polymers, like gum Arabic-gelatin mixture
[64]. The microcapsules having 7#-hexadecane and 7-octadecane cores showed good
enthalpies of 144.7 J/g and 165.8 J/g, respectively, were obtained at the dispersed content
of 80% in the emulsion and the microcapsules containing z-nonadecane prepared at the
dispersed content of 60% in the emulsion presented enthalpy value of only 57.5]J/g.

The sol-gel method is a cheap and mild process for synthesizing PCMs microcap-
sules by inorganic shells, such as SiO, and TiO, shells. The major steps involved in the
preparation of microcapsule by the sol-gel method are as follows: (1) preparation of
colloidal solution by uniformly dispersing the reactive materials like PCMs, precursor,
solvent and emulsifier in a continuous phase via hydrolysis reaction; (2) formation of
a three-dimensional network structured gel system through condensation polymer-
ization of monomers and (3) drying, sintering and curing processes to obtain micro-
capsules [65]. Cao et al. used the sol-gel process to microencapsulate paraffin core
with TiO, shells. They found that the sample with a microencapsulation ratio of 85.5%
had melting and solidifying latent heat of 161.1 kJ/kg (at the melting temperature of
58.8°C) and 144.6 k]/kg (at the solidifying temperature of 56.5°C), respectively [66].
Latibari et al. successfully employed the sol-gel method to synthesize nanocapsules
containing palmitic acid (PA) core with SiO; shell by controlling solution pH [67].
The nanocapsule obtained presented an average particle size of 183.7, 466.4 and
722.5nm, at pH 11, 11.5 and 12, respectively, and the corresponding melting latent
heats values of 168.16, 172.16 and 180.91 k]/kg, respectively.

5. Design of microencapsulated PCMs for versatile application
5.1 PCMs microencapsulation with function inorganic shells

Microencapsulation with conventional polymeric, inorganic or composite shells
can provide only protection for the PCM core, but at the same time, these inert wall
materials cause a reduction in their latent heat-storage capacities which make them
unsuitable for thermal energy storage and thermal management systems. In view of
that various inorganic materials have a feature of functional diversity, it will be pos-
sible to synthesize bi-function PCMs-based microcapsules by encapsulating the PCM
core with a functional inorganic shell. This idea was first used by Fei et al. [68] and
successfully synthesized a novel multi-functional microcapsules based on an anatase
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TiO; shell and #-octadecane/titania aerosol core via the hydrothermal method. The
microcapsules obtained presented multi-functional properties with photocatalytic
activity and UV-blocking effectiveness as well as a thermal energy-storage function.
Chai et al. [69] introduced a new synthetic strategy by fabricating a well-defined
core-shell structured PCM microcapsule based on a functional TiO, shell. The
crystallization of amorphous TiO, was initiated by adding fluorine ions when the
in-situ polycondensation of titanic precursors was performed in a nonaqueous O/W
emulsion-templating system. The microcapsules so prepared have excellent thermal
energy-storage capacity and show photocatalytic and antibacterial functions. Liu
etal. [70] introduced a new technology by modifying the brookite TiO, shell of the
n-eicosane core with graphene nanosheets. It was observed that graphene promotes
the charge transfer and separation ability of microcapsule which leads to a significant
increase in its photocatalytic activity. Liu et al. [39] also explored that modification
of TiO; shell with ZnO boosts the latent heat-storage capacity and photocatalytic
activity of the resultant microcapsules. A study on the utilization of microcapsules
doped with ZnO presented good thermal regulation and thermal management
properties when incorporated into the gypsum-matrix composites. These explorers
make the modified microcapsules good candidates for direct solar energy utilization.
Additionally, Liu et al. [71] introduced a morphology-controlled synthetic technology
to fabricate PCM-based microcapsules with crystalline TiO, shells by using different
structure-directing agents and effectively obtained the microcapsules in the tubular,
octahedral and spherical shapes. They also studied the influence of structural mor-
phology on the thermal energy-storage capacity of these microcapsules and observed
the highest latent heat-storage efficiency with microcapsules of spherical morphology
while the tubular ones displayed the fastest heat response rate. Li et al. [38] success-
fully encapsulated n-eicosane with ZnO shell via in-situ precipitation reaction of
Zn(CH;C00),2H,0 and NaOH in an emulsion templating system. The microcap-
sule prepared exhibited good thermal energy-storage capability and high working
reliability as well as high photocatalytic activities and antimicrobial effectiveness
against Staphylococcus aureus. These microcapsules, therefore, have gained potential
applications in medical care and surgical treatment. Gao et al. [72] designed multi-
functional microcapsules by a microencapsulating #-eicosane core with a Cu,O shell,
through emulsion templated in-situ precipitation and reduction. The microcapsules
obtained exhibited multifunctional properties of effective photothermal conversion,
high latent-heat storage/release efficiency for solar photocatalysis and solar thermal
energy storage, as well as demonstrated sensitivity to some toxic organics gases due to
a p-type semiconductive feature of Cu,O shell.

5.2 Advanced design of microencapsulated PCMs for versatile applications

In recent years due to the fast development in microencapsulation technology, a
large number of innovative designs have been introduced for fabricating bi- or multi-
functional PCMs-based microcapsules. Jiang et al. [73] designed magnetic PCM-based
microcapsules as an applied energy microsystem for bio-applications as thermoregula-
tory enzyme carriers. They synthesized the magnetic microcapsules by encapsulat-
ing n-eicosane with a TiO,/Fe;0, hybrid shell by Pickering emulsion-templated
interfacial polycondensation and then Candida rugosa lipase (CRL) was immobilized
onto the microcapsules obtained by covalent bonds through a series of complicated
surface modification and immobilization reactions. The microcapsules obtained were
observed to have higher thermal stability, longer storage stability, higher biocatalytic
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activity and better reusability compared to traditional inert enzyme carriers. Likewise,
Lietal. [74] also developed thermoregulatory enzyme carriers based on the magnetic
microcapsules containing #-docosane core and SiO,/Fe;0, hybrid shell with a-amylase
immobilized onto the microcapsule and examined the effect of ambient temperature
on their biocatalytic activity. They found that the biocatalytic activity was increased
considerably for the immobilized a-amylase on the developed enzyme carriers due to
the thermoregulation microenvironment around the microcapsules. These innovative
designs provide a novel approach for the preparation and applications of microencap-
sulated PCMs in areas of bioengineering and biotechnological.

Choi et al. [75] designed a novel, temperature-sensitive drug release system
based on PCMs. They first prepared the gelatin nanoparticles containing fluorescein
isothiocyanate-dextran as a drug via emulsification technique, and then 1-tetra-
decanol was used to synthesize the PCM-matrix microbeads containing these gelatin
nanoparticles by using a simple fluidic device based on an O/W emulsion. Moreover,
Wang et al. [58] designed and synthesized thermochromic microencapsulated PCM
by encapsulating #-octadecane with PMMA shell with simultaneous dispersion
of thermochromic pigments in core and shell by suspension-like polymerization.
The microcapsules obtained showed a visible color change with change in tempera-
ture, confirmed the occurrence of thermal energy storage or release at the specific
temperature.

Geng et al. [76] designed a three-component core consisting of 1-tetradecanol as
a PCM, leuco dye and phenolic color developer as an electron donor and fabricated
reversible thermochromic microcapsules for application in thermal protective
clothing. They encapsulated the three-component core with a poly (methylated
melamine-formaldehyde) (PMMF) shell via emulsion-templated copolymeriza-
tion. The as synthesized microcapsules exhibited thermochromic reversibility with
good energy storage/release capability and have a great potential for applications in
thermal protective clothing of firefighters as well as intelligent textiles or fabrics, food
and medicine package and so on. Wu et al. [77] synthesized reversible thermochromic
microcapsules by encapsulating 1-hexadecanol with modified gelatin and gum Arabic
via a complex coacervation process. The wall materials of this microcapsule system
were fused with 2-phenylamino-3-methyl-6-di-z-butylamino-fluoran as a color
former and 2,2-bis(4-hydroxyphenyl) propane as a color developer. The microcapsule
prepared acts as an indicator for the states of energy saturation and consumption
through color changes. In addition, Zhang et al. [78] introduced polysaccharide-
assisted microencapsulation as an innovative methodology for encapsulation of
volatile PCMs with a fluorescent retention indicator to determine the retention of
microencapsulated volatile PCM in diverse working environments. They microen-
capsulated heptane core with polymeric shell by one-step in-situ polymerization path
using Nile red as a fluorescent indicator which was incorporated into the heptane core
during the synthetic process, and therefore the fluorophores in Nile red could give a
clear indication for the core and shell structures of microcapsules.

6. Applications of microencapsulated PCMs

Microencapsulated PCMs due to their unique properties such as solid-to-liquid
phase transition, chemical and thermal stability and higher amount of energetic
changes, has received special attention for their applications in in our ordinary daily
life and various industries. In recent years, PCMs have been designed and fabricated
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to meet the requirements around the world. The potential applications of PCM
microcapsules are shown in Figure 3, and discussed as bellows:

6.1 Application in fibers and textiles

In textile industries, microencapsulated PCMs are embedded within the fibers
or coated onto the surface of fabrics which are used in the preparations of outdoor
dress such as snowsuits, trousers, gloves, ear warmers and boots etc. The microen-
capsulated PCMs enhance the thermal storage capacities of the fibers/fabrics (2.5-4.5
times) and thus protect from extremely cold weather [46]. Microencapsulation is
a promising technology for applications in the textile industry such as agriculture
textiles, medical textiles automotive textiles and sportswear/protective clothing.
Scacchetti et al. explored the thermal and antimicrobial properties of cotton with
silver zeolites functionalized via a chitosanzeolite composite and microcapsules of
PCMs [79]. They suggested the use of chitosan zeolite for the production of textiles
for superior antibacterial and thermoregulating properties. Microencapsulated PCMs
increase the flame-retardant property thermal and comfort of the textiles, as these
PCM microcapsules were scattered homogeneously onto textile substrates and were
durable with repeated washings [80].

6.2 Application in slurry

PCM microcapsules with high latent heat are used in the slurry industry as an
enhanced heat transfer fluid (HTF) and a thermal storage medium (TSM). Song et
al. considered laminar heat transfer of PCM microcapsules slurry and proved that
the heat transfer coefficient improved with increasing Reynolds number and volume
concentration of microcapsules [81]. Roberts et al. compared the heat transfer capa-
bility of metal-coated and nonmetal-coated PCM microcapsules slurry and noticed
an additional 10% increment in heat transfer coefficient and PCM microcapsules
inducing pressure drop in slurry [82]. Zhang and Niu reported higher thermal storage
capacity for PCM microcapsules slurry storage devices and stratified water storage
tanks [83]. Xu et al. prepared PCM microcapsules with Cu-Cu,O/CNTs shell and their
dispersed slurry for direct absorption solar collectors [84]. They reported that the
PCMs@Cu-Cu,O/CNTs microcapsule slurry had high heat storage competency and
outstanding photothermal conversion performance which made it as one of the most
potential HTFs for direct absorption solar collector.

6.3 Application in energy-saving building

Another amazing application of PCM microcapsules is their utilization in build-
ing materials to overcome overheating problems in summer and provided a new
effective solution for thermal management and energy saving in buildings. The PCM
microcapsules in construction materials boost the thermal and acoustic insulation
of walls. Usually, the PCM microcapsules are embedded into concrete mixtures,
cement mortar, gypsum plaster, wallboards, sandwich, slabs, panels and to fulfill
the energy demand of the building for heating, cooling, lighting, air conditioning,
ventilation and domestic hot water systems [85]. Many researchers around the world
worked on the application of PCMs microcapsules in the building industry. Cabeza et
al. reported an innovative concrete material with high thermal properties by mix-
ing it with PCM microcapsules [86]. It was found that the concrete wall with PCM
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Figure 3.
Potential applications of PCMs microcapsules.

microcapsules increase its overall mechanical resistance and stiffness and causes
even temperature fluctuations and thermal inertia, making it to be a promising
technology to save energy for buildings [87]. Su et al. studied nano-silicon dioxide
hydrosol as the surfactant for the preparation of PCM microcapsules for thermal
energy storage in buildings [88]. Essid et al. investigated the compressive strength
and hygric properties of microencapsulated PCMs concretes [89]. They reported
that the use of concrete containing PCM microcapsules as structural material is
sufficiently safe, though its compressive strength is lower and porosity is higher than
the pure concrete. Schossig et al. [90] directly integrated formaldehyde-free micro-
encapsulated paraffins in building materials and studied their effect for application
in conventional construction materials. They observed that the utilization of these
PCMs microcapsule could help to keep the indoor temperature up to 4°C lower than
typical conditions and could reduce the number of hours that the indoor temperature
was greater than 28°C.
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6.4 Application in foams

The application of microencapsulated PCMs in foams can enhance their thermal
insulating efficiency. Borreguero et al. reported that the thermal energy storage
capacity of rigid polyurethane foams was improved when it was embedded with
PCM microcapsules investigated rigid polyurethane foams containing and indicated
that improved [91]. Li et al. introduced a new approach to enhancing the latent heat
energy storage ability by embedding PCM microcapsules in metal foam [92]. They
observed that compared to the surface temperature of virgin PCM modules, the
surface temperature for the PCM microcapsule/foam and PCM/foam composite
modules was reduced from about 90 to 55 and 45°C, respectively. PCM microcap-
sule/foam composites solved the problem of low thermal conductivity and leakage.
Bonadies et al. synthesized poly(vinyl alcohol)- (PVA-) based foams containing PCM
microcapsules and investigated their thermal storage and dimensional stability [93].
They observed that the formation of crystalline domain and amount of water uptake
was influenced by microcapsules which in turn affected the number of intra- and

intermolecular hydrogen bonds as many PVA —OH groups interact with microcapsule
shells.

6.5 Others applications

There are many other potential applications of PCM microcapsules. These include
biomedical applications, solar-to-thermal energy storage and electrical-to-thermal
energy storage [65]. Zang et al. prepared multifunctional microencapsulated PCMs
that can be used for sterilization [94]. They reported that these microcapsules have
high antibacterial activity against Escherichia coli, S. aureus, and Bacillus subtilis, and
the antibacterial efficiency of 2-hour contacting PCM microcapsules was inhibited up
to 64.6%, 99.1%, and 95.9%, respectively. Zhang et al. also studied solar-driven PCM
microcapsules with efficient Ti;O; nanoconverter for latent heat storage [95]. The
solar absorption capacity of the novel PCM microcapsules was found to be 88.28%,
and the photothermal storage efficiency of the PCMs@SiO,/Ti,O; microcapsules was
85.36% compared with 24.14% for pure PCMs. Zheng et al. proposed a joule heating
system to reduce the convective heat transferring from the electrothermal system of
the surrounding by inserting the highly conductive and stable PCMs microcapsules
[96]. They showed that the working temperature could be improved by 30% with the
loading of 5% PCMs microcapsules even at lower voltage and ambient temperature.

7. Conclusion

Microencapsulation is a promising technology to fabricate PCM microcapsules
for thermal energy storage and other versatile applications. Microencapsulation
technology not only overcome the problem of leakage, volatilization and handling the
difficulty of liquids PCMs but also improve the heat transferring ability of PCMs and
thus makes them a favorable means for many broad range of applications. The ther-
mal, physical, chemical and mechanical properties of PCM microcapsules are highly
dependent on the type of the core materials, shell materials and synthesis processes.
Encapsulation with inorganic shells can provide more advantages for microencapsu-
lated PCMs and therefore will gain much more attention from fundamental research
to commercial development in the future. The designing parameters, such as weight
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ratio of raw materials for core and shell, the selection of dispersion medium, reaction
temperature, time, agitation speed, particles size and its distribution and other addi-
tives should be carefully addressed to obtain PCMs microcapsules with well-defined
core-shell structured and good thermal energy-storage capability. Though PCM
microcapsules are considered smart thermal energy storage materials, still much more
new materials and synthetic techniques are to be explored to offer numerous pos-
sibilities for the design and fabrication of innovative bi- and multi-functional PCMs
microcapsules with better properties and functions than the traditional ones.
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