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Preface

Composite materials are those with multiple phases that display improved
mechanical performance or functional properties. Polymer-based composites
are based on polymer matrices and have applications in fields such as aerospace,
automobiles, construction, biomedicine, catalysis, and electronics, among
others. Despite all the potential these materials hold, a lack of development
in novel fabrication methods, understanding of microstructural control, and
bridging between theoretical predictions and experimental measurements
remain significant hurdles to their widespread application.

In this book, we show novel approaches for preparing polymer nanocompo-
sites (i.e., microfluidic technology in Chapter 1, cluster beam method in
Chapter 2), property explorations (i.e., thermal conductivity in Chapter 3, multi-
functional property in Chapter 4), microstructural creations (i.e., self-healing
paths in Chapter 5), and novel applications (i.e., sensors for environmental
monitoring in Chapter 6, biomedical applications in Chapter 7, electronics
fields in Chapter 8, fuel cells in Chapter 9, adhesive systems in Chapter 10,
and fire retardant materials in Chapter 11). This book aims to showcase recent
advances in the field of polymer-based nanocomposites used for structural,
thermal, electrical, optical, and other functional applications.

In Chapter 1, Xu's Group comprehensively reviews microfluidic technology
in synthesizing nanoparticles and fabricating nanocomposites. The advantages
of using this technology include the precise control of nanoparticle size and
composition, temperature and mass transportation, and in situ screening and
optimization of the manufacturing procedure. The authors cover the composi-
tion and structural management in nanoparticle and nanocomposite processing,
as well as current applications and future perspectives.

In Chapter 2, Popok presents a state-of-the-art review of synthesizing
metal and metal-oxide-included polymer composites. The author compares
other widely used approaches with the cluster beam technique. Topics such
as physical principles of cluster nucleation, growth and formation, polymer-
nanoparticle interfacial interactions and immersions, and different methods
in the use of cluster beams are provided. Following is a discussion of practical
issues such as the application of polymer/metal and polymer/metal-oxide
composites and future perspectives on the cluster beam technique.

In Chapter 3, Zhu’s Group focuses on thermal conductivity between poly-
mers and its composites. Study of the phonon is most fundamental to describe
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any heat conduction at the microscopic level. Nanoscale thermal conductivity
depends on the development of efficient phonon transport pathways. Therefore,
the improvement of thermal conductivity will correspond to phonons trans-
portations without heat barriers or scattering. Understanding of thermal
conductivity in polymer chains and across interface poses a challenge when
carbon fillers, ceramic fillers, and metallic fillers are introduced in polymer
matrices. Strategies to enhance thermal conduction are filler alignment, filler
surface modifications, filler hybridizations, and so on.

Khalid’s Group in Chapter 4 describes a multifunctional nanocomposite
coating system that can be wear-resistant, optically transparent, self-cleaning,
and self-healing. The coating materials obtained from simple spray-coating
methods and their multiple functions rely on nanoparticle orientation modifica-
tions. Mechanical reinforcement and wear-resistance improvements are primar-
ily correlated with the out-of-plane alignment of nanoparticles. Self-cleaning
and self-healing functions are results of compatible thermoset-thermoplastic
composites.

The Zhang Group discusses the self-pressurized healing system and mech-
anism in Chapter 5. The material system depends on the self-healing agent con-
tained in micropipelines. In this way, the healing agent can flow without manual
intervention. Epoxy/mercaptan healing agents and foaming agent filling in
polypropylene tubes embeds in glass fiber/epoxy composites. Internal pressure
is built up via the decomposition of the foaming agent and gas inflation. The
pressurized healing fluid will burst out upon damage to tubes and initiate
epoxy/hardener crosslinking. Healing efficiency designed in this way is signif-
icantly improved, and it may suggest many practical applications.

In Chapter 6, the Wujcik Group applied nanoscience and nanoengineering
to sensors for environmental monitoring. The traditional environmental moni-
toring methods are UV-Vis, LC, GC, ICP-AES, F-AAS, and XRF. These
analytical methods have a high cost, are time-consuming, and require pretrain-
ing; nanocomposite-based sensors, on the other hand, provide an alternative that
is simple, cost-efficient, determined on-site, highly sensitive, and selective, and
responds quickly. The group reviews monitoring of inorganic gases, carcino-
genic gases, and organic gases in the air, soil monitoring, and organic pollutants
and heavy metals in water. The chapter concludes with challenges and critical
elements in developing nanocomposite sensors.

In Chapter 7, Ravindra’s Group gives a brief overview of progress in
nanocomposites in biomedical applications. Self-healing, biocompatibility,
and mechanical durability, along with other properties, play critical roles in
nanocomposites used in this field. Smart materials including biopolymers,
shape memory polymers, and self-healing materials with different working
mechanisms are comprehensively reviewed.

In Chapter 8, Jiang’s Group concentrates on polymer-based nanocomposites
with high dielectric permittivity. Polymer materials do not display dielectric
properties, and dielectric/conductive fillers are introduced for high permittivity



Preface xvii

behaviors. This chapter presents the fundamentals of dielectrics, high permit-
tivity in nanocomposites due to dielectric fillers, conductive fillers, and hybrid
fillers, and fabrication methods of these composites. The chapter is concluded
with outlooks, challenges, and future perspectives of nanocomposites with high
dielectric permittivity.

Wei in Chapter 9 discusses the specific application of proton-conducting
materials in polymer electrolyte members used in fuel cells. Starting from
the fundamental proton transport mechanism in fuel cells and mechanisms of
proton conducting, the author also reviews different types of fuel cells and
fuel-cell-based electrolyte membranes. Current development of heterocycle-
polymer systems for high-temperature polymer electrolyte membranes is
introduced in detail.

Xu’s Group in Chapter 10 reveals the advancement of smart adhesion sur-
faces, especially in gecko toe pad and mussel thread adhesion systems. The
recent development of biomimicry adhesion systems, including polymers and
other molecules, inspired by gecko toe pads and mussel threads, and their
biomimicry applications are summarized.

Zhang in Chapter 11 reviews wood-polymer composites and their flame
retardancy. The author starts from the fabrication techniques and characteriza-
tion methods in making wood-polymer composites, followed by a review
of phosphorus-based flame retardants, boron-based flame retardants, metal
hydroxide flame retardants, graphite-based flame retardants, and multifiller-
based flame retardants. The summary is concluded with challenges such as
understanding the synergy effects of multiple flame retardants, burning behav-
ior of wood-polymer composites, and requirement of regulatory fire tests.

This book is an attempt to collate information from a group of internation-
ally known researchers and professors, and demonstrate the state-of-the-art
of polymer-based nanocomposites regarding their design, fabrication, charac-
terization, and applications. We would like to thank all the contributors for
their willingness to participate in this exercise and being patient during the com-
pilation work. The editor also wishes to thank the National Engineering
Research Center for Advanced Polymer Processing Technology in Zhengzhou
University, Integrated Composites Laboratory at University of Tennessee, and
Advanced Materials Advanced Manufacturing Laboratory at Arizona State
University for all the support.

Kenan Song
Chuntai Liu
John Zhanhu Guo
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Chapter 1

Nanoparticles and
Nanocomposites With
Microfluidic Technology

Zhenhao Tian, Xuehui Ge, Yujun Wang and Jianhong Xu
The State Key Lab of Chemical Engineering, Department of Chemical Engineering, Tsinghua

University, Beijing, China

Chapter Outline
1.1 Introduction
1.2 Microfluidic Platforms
for Nanoparticles and
Nanocomposites Synthesis
1.2.1 The Types and
Fabrication Techniques
of Microfluidic Platforms
1.2.2 Flow Patterns
1.3 Synthesis of Organic
Nanoparticles by Microreactors
1.4 Synthesis of Inorganic
Nanoparticles by Microreactor
1.4.1 Metal Nanoparticles

1.1 INTRODUCTION

Over the past few decades, chemically or physically synthesized nanoparticles
and nanocomposites have drawn attention both in fundamental researches,
and for practical applications. Compared to macro-size particles, nanoparti-
cles and nanocomposites have unique physical and chemical properties, such
as luminescent properties, photoelectric properties, catalytic properties, mag-
netic response, biocompatibility, and so on. Therefore, nanoparticles and
nanocomposites have a wide range of applications in the fields of optical
materials [1], semiconductor materials [1,2], catalysts [3,4], energy [5,6],
bio-labels [7-10], drug deliveries [10], and many others. Therefore, it is
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and Nanocomposites 19
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Applications for Drug Delivery 24

1.7 Conclusions and Outlooks 26
Acknowledgements 28
References 28
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2 Polymer-Based Multifunctional Nanocomposites and Their Applications

important to develop appropriate methods for the synthesis of nanoparticles
and nanocomposites.

A wide variety of nanoparticles could be prepared by flask reactors or batch
reactors [11-35]. In batch reactors, many methods and strategies have been
developed to synthesize different kinds of nanoparticles and nanocomposites,
such as reduction methods [13-16], sol-gel methods [17-20], hydrothermal
methods [21-24], hot injection methods [25-30], multistep methods [31-35],
and so on. For example, noble metal nanoparticles are synthesized via reduction
methods. Au nanoparticles could be synthesized from HAuCl, reduced by
sodium borohydride in the presence of surfactants [13]. Metal oxide nanopar-
ticles are usually synthesized via sol-gel methods or hydrothermal methods.
Fe;04 could be obtained by sol-gel methods [19]. Under vigorous stirring, iron
sources, FeCl; and FeCl,, and a precipitator, aqueous ammonia, are added
together to form Fe;O, powders. In addition, the morphologies of ZnO nano-
particles can be controlled by changing the temperature and reaction time of
hydrothermal reactions in batch reactors [23]. Quantum dots can be obtained
via hot injection methods. Typically [25], Se precursors are injected into pre-
heated Cd precursors, and then, the temperature is kept at around 260°C for
nucleation and growth of CdSe quantum dots. Nanocomposites are often syn-
thesized step by step according to different compositions and structures. For
example, in order to synthesize ZnO/Ag core-shell nanoparticles [35], first,
ZnO cores are synthesized through hydrothermal methods. Then, AgNOj; is
reduced to form silver layers. Therefore, the chemical system and research
methods provided by the batch reactors provide a good example from which
to learn.

No matter which methods or strategies for synthesis of nanoparticles in flask
reactors are used, researchers often control the temperatures, residence times,
precursor concentrations, ligands, feeding methods, and so forth to synthesize
nanoparticles with different sizes or shapes. However, in conventional flask
reactors, the temperature field and the concentration field are homogenized
by means of rapid injection and stirring in a small volume [36]. Thus, the precise
control of temperatures and concentrations is difficult, which can lead to the
irreproducibility of sizes, size distributions, shapes, and quality of the nanoma-
terials from batch to batch [37]. In addition, for scaling up the yield of nanopar-
ticles, simply expanding the volume of the reactor could make it difficult to
maintain a homogeneous solvent environment [38]. So there are some draw-
backs in the synthesis of nanoparticles via batch reactors.

As the mass and heat transfer efficiency in microfluidic devices are much
higher than that in batch reactors [39-41], many methods based on microflui-
dic devices for nanoparticles and nanocomposites synthesis have been devel-
oped. In recent years, microfluidic devices have been widely used in
chemical and biological fields. Due to efficient heat and mass transfers
and spatial limitations in microfluidic devices, the size distribution of nano-
particles become more uniform [42]. Through convenient parameter
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adjustments in microreactors, nanoparticles with different sizes, shapes, and
compositions could be synthesized reproducibility. In addition, because of
the sealability in microreactors, many synthesis processes no longer needed
inert gas protection, and solvent toxicity could be confined. In situ process
monitoring, combined with transparent microchannels [43,44] could control
the properties of nanoparticles and study the formation mechanism of nano-
particles conveniently.

In this review, we will firstly, introduce the types and fabrication techniques
of microfluidic devices and the flow patterns commonly used for the prepara-
tion of nanoparticles. Then, the preparation methods and typical examples of
organic nanoparticles, inorganic nanoparticles, and hybrid nanocomposites
by using microreactors will be introduced, respectively.

1.2 MICROFLUIDIC PLATFORMS FOR NANOPARTICLES AND
NANOCOMPOSITES SYNTHESIS

1.2.1 The Types and Fabrication Techniques of Microfluidic
Platforms

The synthesis of nanoparticles by solvothermal methods, whether it is with a
conventional flask reactor or microreactor, is necessary to control the reaction
parameters, growth parameters, and crystallization parameters of the crystal
system.

A uniform preparation environment, including uniformity of concentration
and temperature, is critical for the synthesis of nanoparticles. In microreactors,
the flow is laminar, and diffusion is the main pattern for mass and heat transfer.
Due to the small size of the microreactors, the reactor volume is around a nano-
liter or microliter, and the short diffusion distance and high specific surface area
lead to efficient heat transfer and mass transfer. Thus, it is easy to obtain a uni-
form preparation environment in microreactors. The design of suitable micro-
reactors and continuous preparation of controllable nanoparticles, depending on
the preparation conditions of different nanoparticles, has been a popular topic in
recent years.

Capillary reactors were first used to synthesize nanoparticles. Commonly
used capillary microreactors were made of glass capillaries [45], PTFE tubes
[46], stainless steel tubes [47,48], and so on. These materials are commercially
available for easy fabricating and connection. In the glass capillary [45]
(Fig. 1.1A), researchers achieved the preparation of the emulsion [52-54]. In
addition, because the glass capillary is transparent, online characterization
and online light curing facilitated the preparation of nanoparticles. Temperature
and pressure for the glass capillary micro-reaction have some restrictions; gen-
erally the reaction processes take place under normal temperature and pressure.
Polytetrafluoroethylene tubes [46] with excellent chemical stability, that are
soft and easy to bend, and have a certain heat resistance, are commonly used



