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Preface

Nanostructured materials lie at the heart of fundamental advances in modern science
and engineering, and hold the key to the next generation of energy conversion and
storage devices. An enormous variety of nanostructures and the resulting materials
have been successfully developed by a tremendous amount of techniques in the face
of limited fossil fuels and ever-increasing energy requirements. The past decades
have witnessed considerable progress in the field of nanostructured materials for
advanced energy applications. Polymers, in particular, have the ability to produce
nanostructures by self-assembly, assisted organization, templated growth, in-situ
hybridization, and/or ex-situ recombination strategies which enable the rational
design and optimal fabrication of nanostructured polymers, nanoarchitectured
inorganics, and organic-inorganic nanocomposites.

With contributions from 50 internationally renowned experts with interdisci-
plinary and broad perspectives, this book is likely one of the most authoritative
references ever published that focuses solely on the state-of-the-art knowledge of
polymer-engineered nanostructures, their unique properties, and the new cutting
edge, breakthroughs, future horizons, and insights into such functional materials for
energy applications. With over 2500 references, 370 figures, and 14 tables included,
this book attempts to offer a highly valuable source for scientists, students, and
engineers working in the field of photovoltaics, fuel cells, thermoelectrics, piezo-
electrics, ferroelectrics, batteries, supercapacitors, and photocatalysis. Based on the
above topics, this book contains the following three parts and 18 chapters.

Part I includes six chapters, which outline the recent advancements of engi-
neering nanostructures with polymers and polymer processing techniques.

Chapter 1 reports on the preparation of nanostructured ceramic fibers with tai-
lored morphologies and hierarchical architectures through polymer-mediated elec-
trospinning and the energy-related applications of the as-fabricated fibers.

Chapter 2 provides an overview on the design and fabrication of various metal,
semiconductor, and polymer nanostructures using polymer microbeads and
adjusting processing parameters.
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Chapter 3 illustrates the top-down technique strategies for the fabrication of
metal-containing polymers with well-defined nanostructures.

Chapter 4 summarizes the recent development of porous polymer materials,
including covalent organic frameworks, hyper-crosslinked polymers, conjugated
microporous polymers, macroporous polymers, and their synthetic methods as well
as potential applications.

Chapter 5 discusses the fabrication strategies and formation mechanisms of
structure-tailored polymer photonic crystals and their responsive characteristics
under various external stimuli.

Chapter 6 describes the design and synthesis methods of nanostructured poly-
meric materials with diverse stimuli-responsive features and their multifunctional
smart applications.

Part II includes six chapters which are focused on the energy storage applica-
tions of polymer-engineered nanostructures.

Chapter 7 introduces the fabrication of polymer nanofibers and their derived
carbon-based nanofibers with a particular focus on their applications in recharge-
able batteries and supercapacitors.

Chapter 8 reviews recent studies on the synthesis of graphene/conducting
polymer composites and their supercapacitor applications.

Chapter 9 presents the recent development of conducting polymer/inorganic
nanohybrids as electrodes for rechargeable batteries, fuel cells, and supercapacitors.

Chapter 10 introduces general strategies for constructing polymer-derived carbon/
inorganic composites and the rational design of electrode materials for high-
performance batteries and electrocatalytic hydrogen evolution.

Chapter 11 reports on the formulation, design, and performance tailoring of
polymer-based electrolytes by incorporating nanoparticles and/or by adding organic
solvents or ionic liquids for electrochemical energy applications.

Chapter 12 introduces theoretical considerations for concomitantly increasing
the dielectric permittivity and breakdown strength of polymer nanocomposites.
Recent studies on core-shell structured and dielectric anisotropy polymer
nanocomposites for high energy density were further reviewed.

Part III includes six chapters which are focused on the energy conversion
applications of polymer-engineered nanostructures.

Chapter 13 describes the latest developments of flexible piezoelectric and
pyroelectric polymers and their nanocomposites for energy harvesting.

Chapter 14 focuses on the recent progress of nanostructured polymers and
polymer/inorganic nanocomposites with multidimensional nanostructures for ther-
moelectric applications.

Chapter 15 deals with the use of polymer/inorganic nanocomposite materials in
various categories of polymer electrolyte membrane fuel cells.

Chapter 16 summarizes the influence of chemical structures on the orientation of
semiconducting polymer backbones and the device performances.
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Chapter 17 focuses on the recent work in the design, fabrication, and surface
modification of metal oxide semiconductors to improve the performance of exci-
tonic solar cells.

Chapter 18 provides an overview on the development of nanostructured porous
polymers for metal-free photocatalysis.

Atlanta, USA Zhiqun Lin
Wuhan, China Yingkui Yang
Wuhan, China Aiqing Zhang
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PDMAEMA-b-PTHPMA Poly(2-(dimethyl amino)ethyl methacrylate-b-
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Chapter 1
Engineering Ceramic Fiber
Nanostructures Through
Polymer-Mediated Electrospinning

Avinash Baji and Yiu-Wing Mai

Abstract Electrospinning is increasingly used as a simple and straightforward
technique to fabricate one-dimensional fibers from both organic and inorganic
materials. These one-dimensional fibers with controlled sizes possess some unique
features such as large surface area to volume ratio, high porosity, and low density.
Compared to other conventional materials, these features make them attractive for
applications such as energy harvesting, energy storage, super-hydrophobic mem-
branes, and sensors. This chapter provides an overview on the synthesis of inorganic
fibers through polymer-mediated electrospinning. Some of the common techniques
employed by many researchers, such as solgel combined with electrospinning,
emulsion electrospinning, and electrospinning combined with solid–gas reaction, to
fabricate metal oxide fibers are discussed. In addition, techniques to fabricate
ceramic and metal oxide fibers having different morphologies and hierarchical
structures are described. Recent applications of electrospun metal oxide fibers are
finally highlighted with a focus on filtration, sensors, photocatalysis, and energy.

1.1 Introduction

The interest in nanostructured materials has grown tremendously in the last few
years mainly due to the development in techniques that enable us to fabricate
structures with controlled geometry and dimensions [1–7]. These nanostructures
with controlled size and geometry display some unique characteristics and functions
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that are important for the design and development of advanced devices and systems
[4, 5, 7]. In particular, the one-dimensional structures such as fibers and wires due
to their large aspect ratio and surface area have attracted great attentions of
researchers and are being considered as building blocks for nanoscale electronics
and electrochemical devices [8–10]. The geometry and size of these nanostructured
fibers ensure that the fibers display enhanced electrical conductivity and thermal
transport characteristics. The nanostructured fibers also show good interaction with
surrounding matrix and therefore are used to enhance its mechanical stiffness and
strength [6, 10–12].

Among all the fabrication techniques used to produce one-dimensional fibers
and wires, electrospinning is regarded as a simple and efficient technique to produce
continuous fibers with controlled dimensions from a range of organic and inorganic
materials [13–15]. Also, electrospinning can be used to obtain fibers with various
structures and morphologies [16–18]. For example, modifying the conventional
electrospinning setup and using a coaxial spinneret can yield core–shell or hollow
fibers [19, 20]. Similarly, modifying the collector used in conventional electro-
spinning can lead to the collection of yarns or aligned fibers [15, 21]. Fibers with
unique surface structures can also be obtained by decorating the surface of the fibers
with nanoparticles or by introducing substructures on the surface of the fibers [22,
23]. Introduction of such nanoscale features on the surface of the fibers can greatly
impact the surface properties of the fibers, which can expand their applications. In
particular, inorganic metal oxide fibers obtained using electrospinning of precursor
metal oxide salts followed by thermal annealing display some unique morphology
on the fiber surfaces [13, 24]. Such fibers with high surface area and interconnected
porosity are technologically important materials for various functional applications.
For example, it is reported that the charge transport in metal oxide fibers can be a
few orders of magnitude higher than that in their counterparts which are based on
nanoparticles [8, 11]. Similarly, metal oxide fibers have been actively investigated
for novel electrode materials for electrochemical storage devices [12, 25]. Thus,
metal oxide fibers have found applications in nanoelectronics, sensors, fuel cells,
solar cells, catalysis, hydrogen storage batteries, etc. [26–31].

Since the first report published in 2002–2003 on fabrication of metal oxide fibers
using electrospinning combined with solgel technique [32, 33], many researchers
have adopted this polymer-mediated electrospinning technique to produce a variety
of ceramic and metal oxide fibers [13, 20, 24, 34, 35]. They have gone even further
to fabricate hybrid and hierarchical ceramic and metal oxide fibers [18, 36], hollow
and core–shell ceramic fibers [7, 37], porous ceramic fibers, and carbon
nanotube-filled ceramic fibers [38]. Recently, some researchers have also fabricated
hierarchical fibers by growing substructures on the surface of inorganic fibers. For
example, electrospinning and hydrothermal treatment have been applied to grow
ZnO nanostructures on the surface of Co3O4 fibers [39]. In a similar way,
Ostermann et al. [36] fabricated nanorod-on-fiber structures by growing V2O5

nanorods on the surface of TiO2 fibers.
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We acknowledge that there are many articles in the literature on electrospinning
which have extensively reviewed the electrospinning mechanisms and applications
of electrospun fibers in the areas of tissue engineering and biomedical engineering.
We will not duplicate the existing work here. Hence, in this chapter, we will review
some of common electrospinning setups and techniques used to fabricate ceramic
and metal oxide fibers. We will show how the fiber size and morphology can be
controlled because they are important factors in engineering these complex struc-
tures for use in different advanced and novel applications. We will also present the
use of electrospinning to fabricate hybrid and hierarchical fibers based on ceramics.
Some recent applications of these inorganic fibers are given.

1.2 Electrospinning: Fabrication of Inorganic Fibers

Ceramic or metal oxide fibers have captured wide interest as promising candidates
for electrodes in lithium-ion batteries due to their high-energy densities [1, 7, 10,
29]. Although there are various methods such as electrodeposition, lithography, and
electron beam to produce such one-dimensional ceramic fibers [8, 40–42], most of
them are cumbersome and expensive. By contrast, polymer-mediated electrospin-
ning offers an attractive alternative route to produce one-dimensional (1D) ceramic
fibers in large quantities. Below, we present some common electrospinning tech-
niques used to produce 1D ceramic and metal oxide fibers.

1.2.1 Solgel Method

Electrospinning combined with solgel approach is often used to obtain inorganic
fibers [13, 32, 34, 43]. This method is particularly efficient and useful as the metal
oxides produced using this method are typically pure and the method enables us to
obtain the ceramic or metal oxide from molecular precursors [29]. The process can
be controlled, and hence, ‘tailor-made’ materials can be obtained using this method.
Typically, two different processing techniques are used in the preparation of the sol
solution. The first approach is based on hydroxylation and condensation of
molecular precursors [44]. Here, the metal precursor salts are hydrolyzed in alcohol
or water. Following this, the hydrolyzed precursor salts are condensed in organic
acid. This leads to the formation of metal-oxo or metal-hydroxo polymeric gels that
are spinnable.

The second approach is a common technique that is used to fabricate ceramic or
metal oxide fibers. Typically, to obtain such inorganic fibers, metal salt precursors
are dispersed homogeneously in a solvent [34, 42, 44]. Then, a suitable polymer is
dissolved in this solvent to prepare the solution for electrospinning. Electrospinning
this solution with metal salts and polymer leads to polymer fibers with
well-dispersed metal oxide precursor, which can be thermally annealed to reduce
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the precursor to ceramic or metal oxide. Finally, the polymer is removed to obtain
neat metal oxide or ceramic fibers. To obtain continuous and uniform ceramic
fibers, it is essential that the weight ratio of the precursor to polymer in electro-
spinning be between 50 and 80%. As an example, this approach is used to fabricate
bismuth ferrite fibers [34]. Here, Bi(NO3)3.5H2O and Fe(NO3)3.9H2O are chosen as
the precursor salts which are dispersed in a solution mixture of 2-methoxyethanol
and glacial acetic acid. Polyvinylpyrrolidone (PVP) is dissolved in a
dimethylformamide/ethanol solution mixture. Finally, the precursor solution mix-
ture and the PVP solution are blended and electrospun to obtain homogenous
precursor fibers. Thermal annealing of these fibers produces neat BiFeO3 fibers. We
have also used this method to fabricate barium titanate (BaTiO3) fibers [27].
A solgel solution is first prepared by adding known quantities of barium acetate,
titanium isopropoxide, and acetic acid. This solution is then added into a PVP–
ethanol solution and electrospun to obtain the precursor fibers. Figure 1.1a shows
the scanning electron microscopy (SEM) image of precursor fibers. The fibers are
thermally annealed to obtain BaTiO3 fibers. Figure 1.1b, c shows the SEM and

Fig. 1.1 a SEM image of PVP fibers with BaTiO3 precursors, b SEM image of BaTiO3 fibers
obtained after thermal annealing, and c TEM image of BaTiO3 fibers (reproduced from Ref. [27]
with kind permission of © 2011 Elsevier)
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transmission electron microscopy (TEM) images of the obtained fibers. It is evident
from Fig. 1.1b, c that BaTiO3 fibers are made of many fine-grained structures [27].

The size of the fibers can be determined by controlling the electrospinning
processing variables, the annealing temperature and annealing time [15]. During
annealing, the organic polymer phase is selectively burnt off while the inorganic
phase is evolved to a polycrystalline phase. For example, TiO2 precursor with
polyvinyl pyrrolidone (PVP) polymer is electrospun and thermally annealed to
obtain TiO2 fibers. It is shown that during annealing, the polymer is removed and
the size of the fibers is reduced [38, 45, 46]. Polycrystalline TiO2 fibers are obtained
after the thermal annealing stage, and the crystalline phase formation is determined
by the annealing temperature used. TiO2 fibers with anatase phase are obtained
when the annealing temperature is 510 °C. This anatase phase is converted to a
rutile phase if 800 °C for 3 h is used for annealing [47]. Similar observations are
noted for WO3 fibers [48, 49]. Either tetragonal or orthorhombic phases are
obtained that depend on the temperature used for annealing.

1.2.2 Dispersion of Metal Oxide Particles

Electrospinning combined with solgel has been used to fabricate a wide range of
ceramic and metal oxide fibers. However, when this technique is used, the fiber
diameter varies with the hydrolyzing time [50]. Furthermore, the solution can be
electrospun only during, but not before or after, the solgel reaction. A more direct
and straightforward technique to produce inorganic fibers relies on dispersing the
nanoparticles of the metal or metal oxides of known concentration directly into a
polymer solution [51–53] which can be electrospun to obtain polymer fibers filled
with nanoparticles. Then, the fibers are thermally treated to sinter the nanoparticles.
During thermal treatment, the polymer matrix is burnt off leaving behind neat
sintered particles in the form of fibers.

Ding et al. [53] used this technique to fabricate porous silica fibrous structures
and showed that the porosity could be controlled by adjusting the concentration of
silica added into the electrospinning solution. By using this approach, the variability
that is associated with solgel hydrolyzing time can be avoided. However, with this
technique, it is crucial to disperse the nanoparticles uniformly in the polymer
solution such that polymer fibers with uniformly filled particles can be obtained.
Studies also report that the size of nanoparticles used influences their aggregation in
the polymer fibers [54]. For homogenous particle dispersion, it is important that the
particles and the polymer share a common solvent [52]. For example, silica
nanoparticles can be dispersed homogeneously in water-soluble polymers [52].
However, the fibers obtained using water-soluble polymers are often cross-linked to
expand their applications that involve the use of water. Newsome et al. [52] dis-
persed silica nanoparticles in water-soluble PVP and cross-linked the polymer by
heating the fibers at 200 °C. The polymer was later burnt off to sinter the
nanoparticles and obtain fibers composed of pure silica nanoparticles.
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1.2.3 Gas–Solid Reaction

The method of dispersing metal oxide particles in the electrospinning solution to
obtain metal oxide fibers is a convenient and straightforward method. However, the
particles tend to aggregate and cannot be homogeneously dispersed in the elec-
trospinning solution, making it difficult to obtain uniform fibrous structures after the
sintering process. Similar to the method of dispersing nanoparticles in the polymer
solution, inorganic fibers fabricated using gas–solid reaction method are obtained
by first dissolving the doped precursor particles of metal or metal oxide into the
electrospinning polymer solution [42]. Then, gas–solid reaction treatment is applied
to the fibers to synthesize metal or metal oxide particles within the polymer fibrous
matrix. The polymer matrix can then be removed to obtain neat metal or metal
oxide particles as fibers. Lu et al. [55] dispersed lead acetate in PVP polymer
solution and electrospun to obtain PVP/lead acetate fibers. These fibers are then
exposed to H2S gas to convert lead acetate to PbS. Thus, after gas treatment, PbS
nanoparticles dispersed in PVP are obtained. In a similar study [56], a solution
consisting of polyacrylonitrile (PAN) and silver nitrate (AgNO3) is prepared and
electrospun to obtain AgNO3–PAN fibers and exposed to HCl gas. The exposure to
HCl synthesized AgCl particles and led to the collection of PAN fibers filled with
AgCl particles with uniform size. It is further shown that the size and density of the
particles with in the PAN fibers can be controlled by adjusting the AgNO3 con-
centration within the electrospinning solution. Other researchers have used this gas–
solid reaction method to obtain neat metallic or metal oxide fibers. Hence,
Bognitzki et al. [57] dispersed copper nitrate in a poly(vinyl butyral) (PVB) solution
that was electrospun to obtain copper nitrate–PVB fibers. These fibers are then
thermally treated to remove the polymer and subsequently annealed in hydrogen
atmosphere at 300 °C to obtain neat copper fibers.

1.2.4 Emulsion Electrospinning

Recently, emulsion electrospinning has been increasingly used to fabricate inor-
ganic fibers [23, 42, 58]. This technique is similar to conventional electrospinning;
however, a water-in-oil emulsion is used instead of a solution. Electrospinning this
emulsion results in the separation of the phases within the fibers. Hence, this
technique is useful to obtain highly porous fibers or hollow tubes. It eliminates the
need of a complex coaxial spinneret to obtain core–shell fibers. With this technique,
two different polymer solutions are first prepared and mixed to form an emulsion,
followed by electrospinning to obtain fibers with two separated polymer phases. Lu
et al. [23] used emulsion electrospinning to prepare highly porous TiO2 nanotubes
that are decorated with WO3 nanoparticles on the internal and external sidewalls of
the nanotubes. In their study, a solution consisting of titanium acetate and PVP
solution is prepared. To this viscous gel, known quantity of viscous oil is added to
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prepare the emulsion. This emulsion is then electrospun into fibers that are ther-
mally treated to obtain porous TiO2 nanotubes. Typically, in this process, oil along
with the solvent evaporates from the surface of the fibers once the jet is ejected from
the electrospinning nozzle. This produces a region near the surface of the fibers that
is rich in PVP and precursor salts. The residual oil gathers at the inner regions of the
fiber to obtain core–shell fibers. When the fibers are thermally annealed, the oil
present in the core region of the fibers is removed and hollow nanotubes are
obtained. Following this step, Lu et al. [23] used a thermal evaporation method to
deposit tungsten carbide nanoparticles on the inside as well as outside walls of the
hollow fibers. The fibers are then thermally treated in air to convert tungsten carbide
particles to WO3 particles. This has led to the synthesis of TiO2 nanotubes deco-
rated with WO3 nanoparticles. A similar fabrication technique is used in another
study [58] to obtain porous TiO2 fibers.

1.3 Ceramic and Metal Oxide Fibers with Controlled
Structures

The use of electrospinning to fabricate ceramic or metal oxide fibers has many
advantages as the morphology and the structure of the fibers can be easily con-
trolled. Some of the techniques that are used to control the morphology as well as
the structure of the fibers are discussed in this section.

1.3.1 Unique Fiber Structures

The fiber morphology can be controlled by adjusting the electrospinning processing
variables or the temperature and/or time during the annealing stage [59]. For
example, ultra-thin zinc oxide fibers can be fabricated using a combined solgel and
electrospinning technique. Zinc acetate, a precursor for zinc oxide, is added to the
polyvinyl alcohol (PVA) solution and electrospun to fibers that are thermally
annealed to obtain zinc oxide fibers. SEM and TEM images are used to show that
zinc oxide particles are self-assembled and arranged to yield zinc oxide fibers [59,
60]. Similar results are observed when fabricating BaTiO3 fibers whose SEM image
in Fig. 1.2 shows that the fibers comprise BaTiO3 particles. These particles are
self-arranged and organized to obtain fibrous structures.

Research demonstrates that the size of the fiber can be controlled by adjusting
the PVA concentration within the electrospinning solution and the morphology of
the fiber can be varied by adjusting the thermal annealing temperature and/or
annealing time. Apart from tailoring the electrospinning variables, the morpholo-
gies of ceramic fibers which are obtained using the solgel route are also influenced
by the heating rate, cooling rate, and the atmosphere in which the sample is
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annealed. Fibers consisting of multi-grain structures can be developed by control-
ling the annealing temperature. It is reported that the size of the particles increases
with annealing temperature. Hence, the use of high temperature causes crystal-
lization and allows the grains to coalesce. For example, Xia et al. [61] investigated
the effect of thermal annealing temperature on the morphology of SrTiO3 fibers.
Their results demonstrate that when the precursor fibers are thermally annealed at
800 °C, the morphology of the fibers is smooth and homogeneous. However, when
the thermal annealing temperature is increased to 900 or 1000 °C, coarse fibers are
obtained due to the irregular growth of the particles within the fibers. Figure 1.3
shows a BaTiO3 coarse fiber obtained by controlling the annealing temperature.
When 750 °C is used for annealing, the fibers have a continuous surface structure

Fig. 1.2 SEM image of BaTiO3 fibers demonstrating self-assembly and organization of BaTiO3

particles (reproduced from Ref. [59] with kind permission of © 2013 Elsevier)

Fig. 1.3 SEM images of BaTiO3 fibers obtained by thermally annealing the precursor fibers at
a 750 °C and b 1000 °C. The inset shows the magnified image of the fiber (reproduced from Ref.
[61] with kind permission of © 2015 Elsevier)
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(see Fig. 1.3a). However, coarse fibers are obtained when the annealing temperature
is increased.

In an another study, Anjusree et al. [45] showed that when PVP was used as the
polymer along with a TiO2 precursor, the fibers obtained were continuous and
uniform. However, when polyvinyl acetate (PVAc) was used in the electrospinning
solution instead of PVP, rice-shaped fibers were obtained. They also showed that
leaf-like TiO2 fibers could be obtained when both PVAc and PVP were used as the
polymer in the electrospinning solution. They argued that the chemical nature of the
polymer used in the electrospinning solution and the interactions between the
polymer and the inorganic precursor defined the morphology of the ceramic fibers.
For example, the hydrolysis of precursor metal oxide occurs when it is dissolved in
polar PVP in a solvent. The hydroxyl groups of the precursor metal salts interact
with PVP via hydrogen bonding. This suggests that the precursor metal oxide is
attached to PVP, and hence, it assumes the shape of the fibers. Therefore, after
thermal annealing treatment, the metal oxide retains the uniform and continuous
shape. Rice-shaped fibers (Fig. 1.4) are obtained when PVP is replaced by PVAc.
These unique shaped structures are caused by the reduced chemical interaction of
the metal oxide precursor with PVAc. Microscale phase separation happens when
the fibers are annealed. One phase is rich in metal oxide domains while the other
phase is predominantly PVAc domains. The coexistence of these two phases within
the fiber prolongs these domains during annealing, leading to the formation of
rice-like structures of the metal oxide. Lastly, leaf-shaped structures can be obtained
when a mixture of PVP and PVAc is used to electrospin TiO2 fibers. The metal
oxide precursor interacts with both PVP and PVAc at the same time. Thus, when
these fibers are thermally annealed, the anisotropy in TiO2 morphology leads to the
formation of the leaf-like structures. Similar results are reported by Jo et al. [24] in
their study which investigated the effect of polymer type used in the solgel solution
that was used to prepare the inorganic fibers. The miscibility of the polymer with
the precursor solgel and its interaction with the precursor metal oxide define the
morphology of the fibers.

Fig. 1.4 SEM image of rice-shaped TiO2 fibers obtained via electrospinning technique
(reproduced from Ref. [45] with kind permission of © 2013 Royal Society of Chemistry)
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1.3.2 Porous Fibrous Structures

It is desirable to fabricate inorganic porous fibers with high specific surface area for
functional applications as the functionality of these fibers can be optimized. For
example, these porous fibrous structures show tremendous potential as electroactive
materials for energy harvesting applications [29, 31]. These structures are capable
of demonstrating considerable improvement in power and energy density when
compared to electrodes that are made using bulk materials [29, 31]. The
one-dimensional structure of the fiber enables efficient transport of electrons along
the fiber axis direction. The large surface area afforded by these porous fibers also
promotes quick lithium-ion transfer. Thus, the charge transport can be orders of
magnitude higher than the bulk counterparts.

Porous inorganic fibers can be easily obtained using electrospinning by con-
trolling the concentrations of the polymer and the inorganic precursor in the elec-
trospinning solution. Pores are formed when the metal salts and the polymer in the
fibers are decomposed during thermal annealing [20, 60]. Kumar et al. [16] showed
that porous fibers could be obtained by controlling the annealing temperature used
to obtain the inorganic fibers and that the pores were formed when the polymer
phase was removed from the fibers during the annealing process. Figure 1.5 shows
an example of porous fibers obtained in the laboratory by controlling the concen-
tration of polymer in the electrospinning solution.

Recently, emulsion electrospinning is an efficient tool to fabricate highly porous
ceramic or metal oxide fibers [46, 58]. It can be used to produce fibers with high
surface area to volume ratio compared to fibers prepared using the conventional
electrospinning approach. In this approach, the emulsion solution used to prepare
the fibers is the key factor that controls the fiber porosity. Lu et al. [58] used this
method to prepare highly porous TiO2 fibers. First, PVP–titanium acetate solution is
prepared that forms a viscous gel. Then, a homogeneous and stable gel is prepared
by adding a known quantity of mineral oil to the PVP–titanium acetate gel solution

Fig. 1.5 SEM image of
porous BaTiO3 fibers
obtained by controlling the
concentration of polymer in
the electrospinning solution
(reproduced from Ref. [16]
with kind permission of ©
2011 Royal Society of
Chemistry)
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which can be used for electrospinning. When the fibers are ejected from the nozzle,
the oil present on the fiber surface and the solvent evaporates. The evaporation of
the solvent from the fiber surface ensures that the surface comprises PVP and
precursor of the metal oxide. This leads to the formation of core–shell fibers with oil
present in the core region of the fiber, while the outer shell consists of PVP and
metal oxide precursor. When the oil from the inner core is evaporated, PVP hollow
tubes and metal oxides are deposited on the collector. Finally, TiO2 nanotubes are
produced when the obtained fibers are annealed. Porous nanotubes are obtained
during this process because the residual oil present in the shell region of the fiber is
evaporated during thermal treatment. Uniformly distributed pores with 12 nm
diameter are found on the surface of the fiber. A similar approach is used by Liu
et al. [62] to produce porous TiO2 fibers. They argue that the presence of tiny
droplets of mineral oil in the surface region of the fibers is responsible for the
porosity. Similarly, Chen et al. [46] prepared porous TiO2 fibers using
microemulsion combined with electrospinning. PVP and metal oxide precursor are
first dissolved in a solvent solution to which paraffin oil is added to prepare the
microemulsion mixture. The solution is then electrospun to obtain the precursor
fibers. Paraffin oil is dispersed within the fibers and serves as the pore-forming
agent. Metal oxide precursors are the matrix phase. During subsequent annealing,
paraffin oil is removed and pores are formed. They explained that the multi-scale
porous structures are obtained because paraffin oil droplets merge during electro-
spinning to form different sizes of the droplets. Thus, multi-scale porous structures
are obtained when the fibers are thermally annealed.

1.3.3 Hollow Fibers

Electrospinning has also been used as a processing technique to fabricate ceramic
fibers with complex architectures such as hollow fibers or coaxial fibers. Such
hollow or tubular ceramic fibers have found applications in a wide variety of fields
including gas storage, energy harvesting, catalysis, gas and chemical sensors,
dye-sensitized solar cells, and electrodes for supercapacitors [4, 11, 20, 23, 34].
These hollow metal oxide fibers have captured the interest of researchers due to
their unique catalytic, electrical, sensing, and electrochemical properties. The high
surface to volume ratio and unique transport properties that arise owing to the fiber
geometry and confinement effects can be attributed to the properties of the hollow
ceramic fibers. Two separate fabrication techniques based on electrospinning are
widely employed to obtain hollow ceramic fibers.

One of the fabrication techniques relies on using sacrificial templates for
obtaining hollow fibers [63–65]. Here, the fabrication of polymer fibrous membrane
using electrospinning is first effected. These polymer fibers are used as templates.
Precursors of the inorganic materials are then coated on the surface of these fibers.
Following this step, the polymer core is selectively removed or etched away to
obtain hollow ceramic or metal oxide fibers. Choi et al. [63], in their study, used
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this approach to fabricate hollow fibers with several centimeters in length and
submicron diameters. The wall thickness of the hollow fibers is several tens of
nanometers. Briefly, electrospinning is used in the first step to obtain polyvinyl
acetate (PVAc) fibers that serve as sacrificial templates. Then, precursor materials
of inorganic zinc oxide (ZnO) are used to coat the fibers by physical vapor depo-
sition. Finally, the fibers are thermally treated to decompose the PVAc core and
obtain inorganic ZnO as the shell.

The second technique used to produce hollow fibers is based on coaxial elec-
trospinning [64]. This straightforward approach uses a coaxial spinneret to produce
core–shell fibers. Here, two immiscible solutions are fed independently into the
core and shell capillaries of the coaxial spinneret. It is critical that the core and shell
solutions are immiscible to obtain well-defined coaxial fibers. Typically, the pre-
cursor for the inorganic material is fed into the shell capillary and mineral oil into
the core capillary of the coaxial setup. The fiber formation mechanism is similar to
that of conventional electrospinning. When a voltage is applied, the solution ejected
from the spinneret is electrically charged and the electrostatic forces stretch the jet
to form the fibers. The solution emanating from the inner capillary of the spinneret
is stretched due to the shear stresses developed from stretching of the shell solution.
Once the fibers are formed, they are heat treated to remove the mineral oil from the
core region of the fiber and obtain the inorganic shell phase. Li et al. [33] used this
method to produce hollow TiO2 fibers. Figure 1.6 shows the SEM image of the
hollow fibers obtained using this technique.

The size of the fibers can be tailored by controlling the feeding rate of the core
and the shell solutions. A higher feeding rate of the mineral oil results in hollow
fibers with thin walls. However, only some segments of the fibers are seen to be
hollow when the feeding rate of the mineral oil is low. Zhang et al. [66] used this
approach to fabricate hollow TiO2 fibers. Briefly, the precursor material consisting
of titanium isopropoxide and polyvinylpyrrolidone (PVP) is dissolved in a solvent.
This solution is fed to the shell capillary, while heavy mineral oil is fed to the inner

Fig. 1.6 SEM image of
hollow TiO2 fibers obtained
using core–shell
electrospinning (reproduced
from Ref. [33] with kind
permission of © 2003
American Chemical Society)
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core capillary. The as-spun fibers are immersed in octane for 12 h to remove the
heavy mineral oil. Following this, the fibers are thermally treated to obtain crys-
talline hollow TiO2 fibers whose diameter is determined by the concentration of
PVP used in the precursor solution. Researchers have also demonstrated that hollow
inorganic fibers can be obtained using conventional single spinneret electrospin-
ning. In this process, the inorganic precursor solution is mixed with two different
polymer solutions. For this purpose, immiscible polymers are chosen such that they
phase separate during electrospinning. Thus, Zhang et al. [67] prepared a solution
consisting of polyacrylonitrile (PAN), PVP, and zinc acetate. Fibers are then
formed using conventional electrospinning. Their results indicate that due to phase
separation, PAN forms the core of the fiber, while PVP and zinc acetate constitute
the fiber shell. Hollow zinc oxide (ZnO) fibers are obtained after thermal treatment
and after the polymer phases are burnt off.

1.3.4 Controlled Assembly

Electrospinning setup can be modified to collect controlled assembly of fibers such
as aligned and ordered structures. It has been shown that such aligned fibers can
have tremendous potential for device applications including electrical and photonic
devices. Also, anisotropic properties are displayed when the fibers are aligned. Li
et al. [68] show that aligned arrays of SnO2 fibers have anisotropic properties.
Aligned SnO2 fibers have 15 times higher electrical conductivity along the fiber
axis compared to that transverse to the fiber axis. Similarly, other studies have
demonstrated that the energy generation efficiency can be improved by aligning the
fibers [69].

Typically, the setup for conventional electrospinning can be changed to collect
aligned array of metal oxide fibers [15, 21, 70]. The electrospinning solution is
prepared in a similar manner as for conventional electrospinning for obtaining
aligned array of metal oxide fibers. The precursor of the inorganic material is
dispersed in a polymer solution and electrospun using a modified electrospinning
setup to collect the aligned fibers. Example of one such modified setup that is
commonly used to collect aligned fibers is based on parallel plates. Aligned fibers
are collected using grounded parallel plates as these grounded electrodes affect the
electric field near the collecting area [15, 70]. The electrostatically charged elec-
trospinning jet is sensitive to the electric field created by the grounded collector
causing the fibers to deposit transverse to the plates and across the air gap between
them. This results in deposition of an aligned array of fibers.

It is argued that the electrical conductivity of the electrospinning solution must
be within a critical range to enable deposition of the fibers across the parallel plates.
When the solutions with a low electrical conductivity are electrospun, the elec-
trostatic forces are insufficient to pull the fiber across the air gap, and hence, the
parallel plate method is ineffective to collect aligned array of fibers. Conversely,
when the solutions with high electrical conductivity are electrospun, the jet motion
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is dominated by the random whipping instabilities and aligning the fibers becomes
difficult. Hence, the electrical conductivity of the solution and applied voltage
should be carefully controlled when using the parallel plate method for collecting
aligned array of fibers.

Wu et al. [71] in their study modified the conventional electrospinning setup in
order to fabricate aligned inorganic fibers. In their approach, the fibers are collected
between the electrodes. Briefly, a metallic triangular tip with 60° apex angle is the
spinneret. The triangular shape of the tip helps establish the Taylor cone during
electrospinning. The counter electrode has a grounded coin placed 3 cm away from
the tip which, in turn, is dipped into the electrospinning solution such that a small
droplet sits on the surface of the tip. When a high voltage is applied, bundles of
aligned fibers are formed between the tip and the grounded electrode. The jet
ejected from the Taylor cone is pulled toward the ground electrode without any
bending. The jet is stretched between the tip and the grounded collector. As the
solvent evaporates, the dried and stretched jet forms bundles of aligned fiber arrays
between the tip and the collector. The fibers are later transferred onto silicon wafer
and thermally annealed to obtain aligned inorganic fibers.

1.3.5 Composite Fibers

The potential of using one-dimensional structures such as fibers, tubes, whiskers,
and needles for functional applications is well established and proven by several
groups [5, 8, 9, 13, 27, 33, 34, 72–74]. The high surface area and aspect ratio of
these 1D structures are known to greatly influence their mechanical, electrical, and
thermal transport characteristics. Hence, researchers have identified them as the
building blocks for nanoscale/microscale devices. Electrospinning not only enables
the control of fiber assembly, fiber size, and geometry but also increases the
structural complexity of fiber composites.

One-dimensional composite structures in the form of fibers are fabricated by
combining two or more materials with an aim of improving the functionality and
material properties of the matrix material. As an example, carbon nanotubes (CNTs)
are often incorporated within the inorganic matrix to improve the mechanical
strength, stiffness, and resistance to corrosion of the composite [35, 38].
A straightforward technique to produce composite fibers is based on incorporating
inorganic fillers into the solgel solution prior to electrospinning. The fibers with
inorganic fillers are then thermally annealed to obtain hybrid fibers.

Wen et al. [43] dispersed SiO2 nanoparticles within the precursor solgel solution
of SiO2. Hybrid fibers are obtained after electrospinning and thermal treatment. In a
similar study, Aryal et al. [38] dispersed multi-walled carbon nanotubes (MWCNT)
in the precursor solgel solution of TiO2. The solution mixture is electrospun, and
the fibers are thermally annealed to obtain MWCNT-reinforced TiO2 fibers. Zhu
et al. [75] used the same method to prepare CNT-reinforced TiO2 fibers for
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lithium-ion battery applications. They showed that these composites displayed
improvement in capacity retention.

The solgel and electrospinning technique that is used for fabrication of
single-phase ceramic fibers can also be extended to process composite ceramic
fibers. In this approach, precursor solutions of two different materials are separately
prepared and added into a polymer solution, which is electrospun to obtain the
precursor fibers. These fibers are then annealed to yield the composite ceramic
fibers [18, 38, 76].

Zhang et al. [76] used this technique to produce CeO2–ZrO2 composite fibers.
Briefly, precursors of CeO2 and ZrO2 are separately dissolved in solvents. The
polymer solution is prepared by dissolving PVP in ethanol. Then, both solutions
with precursors are mixed in the polymer solution. This composite solution is
electrospun, and the fibers are subsequently annealed to obtain composite ceramic
fibers. In our recent study [13], we also used this approach to prepare BaTiO3/
CoFe2O4 composite fibers.

Figure 1.7 shows TEM images of BaTiO3/CoFe2O4 composite fibers which
display magnetoelectric properties. Li et al. [72] used coaxial electrospinning to
prepare porous TiO2–carbon nanofibers and used these fibers as anode materials in
Li-ion batteries. Briefly, poly(methyl methacrylate) (PMMA) solution is fed into the
core capillary of the spinneret, while polystyrene (PS) along with TiO2 precursors is
fed into the shell capillary of the spinneret. The PMMA phase within the core–shell
fibers served as the sacrificial component and played a role in producing the pores,
while PS in the fiber served as the carbon source. Thus, porous TiO2–carbon fibers
are produced after thermally annealing the precursor fibers. These porous TiO2–

carbon fibers exhibit excellent electrochemical performance.

Fig. 1.7 a TEM image of BaTiO3/CoFe2O4 composite fiber and b high magnification TEM image
of a selected region (reproduced from Ref. [13] with kind permission of © 2014 Royal Society of
Chemistry)
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1.3.6 Hierarchical Structures Based on Ceramic Fibers

Recently, researchers have focused their interests on fabricating inorganic fibers
based on complex architectures as these fibers are capable of demonstrating
improved functionality [39]. For example, hierarchical structures based on inor-
ganic ceramic or metal oxide fibers give superior photoelectrochemical perfor-
mance, optical and electrical properties compared to their bulk counterparts and
neat fibers [16, 39, 43]. In general, electrospinning can be used in two different
ways to fabricate hybrid fibers or hierarchical structures based on ceramic fibers. In
one technique, nanostructures grown on the fiber surface rely on hydrothermal
treatment of the inorganic fibers in an aqueous solution.

Kanjwal et al. [39] dispersed ZnO nanoparticles in a precursor Co3O4 solgel
solution. This colloidal solution is electrospun and then thermally annealed to
obtain Co3O4 fibers dispersed with ZnO particles. An aqueous solution containing
bis-hexamethylene triamine and zinc nitrate hexahydrate is prepared, and the
annealed fibers are hydrothermally treated in this solution to grow ZnO nanos-
tructures. Figure 1.8 shows the SEM image of Co3O4 fibers with ZnO nanostruc-
tures uniformly deposited on its surface.

Similar technique is used by Dai et al. [22] to grow KxMnO2 nanoplates on the
surface of TiO2 fibers. In their study, porous TiO2 nanofibers using solgel combined
with electrospinning technique are first prepared. Following this, the porous TiO2

fibers are immersed in sulfuric acid with KMnO4. This leads to the deposition of
KxMnO2 plates on the surface of the fibers. It is further shown that the density can
be controlled by adjusting the concentration of KMnO4 in sulfuric acid and by
adjusting the soaking time. Athauda et al. [77] used a similar approach to fabricate
TiO2 fibers. Dense ZnO nanorods are then grown on the surface of TiO2 fibers by
hydrothermal methods. First, TiO2 fibers are dipped in ZnO seed solution, and then
dip coated in a growth solution consisting of zinc nitrate hexahydrate and hex-
amethylenetetramine. The SEM image of the fabricated hybrid fibers is shown in
Fig. 1.9.

Fig. 1.8 SEM image of
Co3O4 fibers with ZnO
nanostructures deposited on
its surface (reproduced from
Ref. [39] with kind
permission of © 2011
Elsevier.)
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Another technique to fabricate hierarchical structures depends on the generation
of nanostructures on the surface of the inorganic fibers. Here, desired metal salts can
be introduced directly into the solgel solution and electrospun to obtain composite
fibers. Following this step, the composite fibers can be thermally treated to grow
metallic nanostructures on the surface of the fibers. Ostermann et al. [36] showed
that electrospinning polymer solution containing a mixture of precursors led to the
formation of composite metal oxide fibers. By controlling the annealing tempera-
ture and time, V2O5 nanorods can be grown on the surface of TiO2 fibers. In the
first step, the precursors of both V2O5 and TiO2 are mixed in PVP solution. This
solution is then electrospun to obtain PVP fibers with precursors of V2O5 and TiO2.
During annealing, both V2O5 and TiO2 phases begin to crystallize. But their dif-
ference in crystallization results in phase separation, forming a unique morphology
[36] which can be tailored by controlling the concentration of TiO2 precursor in the
electrospinning solution and annealing temperature. Thinner and more uniform
V2O5 nanorods are grown on TiO2 fiber surface when a lower annealing temper-
ature is used.

In another study, Zhang et al. [78] produced hierarchical structures by first
fabricating carbon fibers produced by electrospinning poly(amic acid) fibers which
are thermally imidized and carbonized in a tube furnace. Then, a low-temperature
chemical bath deposition process is utilized to grow Ni(OH)2 nanoplatelets on the
surface of the fibers. Ni(NO3)2�6H2O and small quantity of urea are dissolved in
deionized water and ethyl alcohol solution. The carbon fibers are treated in this
solution to grow Ni(OH)2 nanoplatelets on their surfaces. Figure 1.10 shows a SEM
image of the obtained carbon fibers with Ni(OH)2 nanoplatelets.

Recent studies have also demonstrated the use of electrospinning as a straight-
forward technique to produce carbon fibers that are decorated with metal oxide
particles [35]. Lee et al. [35] showed that single nozzle electrospinning could be

Fig. 1.9 SEM image of
TiO2–ZnO hierarchical
structures. ZnO nanorods are
grown on the surface of TiO2

fibers (reproduced from Ref.
[77] with kind permission of
© 2012 American Chemical
Society)
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used to produce such hybrid fibers. The electrospinning solution prepared consisted
of 4 components, viz. polyacrylonitrile (PAN), PVP, precursor solution of ZnAc2,
and precursor solution of SnCl4. Due to the differences in the viscosities of PAN
and PVP, and their immiscibility, the lower viscosity of PVP forms the continuous
phase while the higher viscosity solution of PAN forms the droplets, which leads to
the formation of core–shell fibers [35]. When this solution is electrospun, electrical
forces act on the outer continuous phase while the inner phase only experiences
shear force that is applied on its surface due to the flow of the outer continuous
phase. Figure 1.11 shows the TEM image of the PAN–PVP core–shell fibers.
Inorganic precursors along with PVP formed the shell and the PAN formed the core
in the core–shell structures. Thermally annealing these fibers carbonized the PAN in
the core region and led to the formation of ZnO and SnO2 nanoparticles on the
surface of the fibers. It is further shown that the concentration of the nanoparticles

Fig. 1.10 SEM image of
carbon fibers/Ni(OH)2 hybrid
fibers (reproduced from Ref.
[78] with kind permission of
© 2015 American Chemical
Society)

Fig. 1.11 TEM image of
PAN–PVP core–shell fiber
(reproduced from Ref. [35]
with kind permission of ©
2011 American Chemical
Society)
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on the surface of the fibers can be controlled by adjusting the concentration of the
precursors in the initial solgel solutions.

1.4 Applications of Inorganic Fibers

Electrospinning is a simple straightforward fabrication technique that can be used to
produce inorganic nanofibers with controlled size and structures. Therefore, these
electrospun inorganic fibers have found applications in many fields including
energy harvesting, filtration, sensors, electrocatalysis, super-hydrophobic and
super-hydrophilic surfaces, and biomedical fields. Some common applications of
these metal oxide fibers are discussed in this section.

1.4.1 Filtration

Recent interest among researchers is to develop membranes to filter specific
molecules and a wide range of contaminants from aqueous solutions or from air
medium [31, 79–81]. Electrospun fibrous membranes are most sought after because
of their efficient filtration performance, high surface area to volume ratio, and their
superior ability to trap contaminants. The function of these membranes is to allow
only certain specific molecules to pass through it and block others including the
contaminants. Dai et al. [22] fabricated hierarchical structures using electrospinning
and demonstrated their use for water filtration applications. In their study, TiO2

nanofibrous membranes are first fabricated and then KxMnO2 nanoplatelets grown
on the surface of the fibers. These hierarchical structures are shown to remove
Congo red molecules efficiently from an aqueous medium. The mechanical integrity
and stability of the membranes are also proven since shear flow of solution has not
damaged the KxMnO2 nanoplatelets on the surface of the fibers [22].

Electrospun membranes are also widely used for air filtration and personal
healthcare applications. Membranes based on nanofibers have shown some
promising applications as filters that are capable of intercepting Escherichia coli,
severe acute respiratory syndrome (SARS) virus, and influenza A (H1N1) virus
[82–84]. The membranes based on fibers can also be used as N95 respirator mask if
the channels and the size of the structural elements match the size of the particulates
that are to be captured [85]. The efficiency of the filter can be improved if the size of
the fibers within the membranes is reduced to nanoscale dimensions. It is argued
that fibers of finer diameters have better filtration performance with no change in
permeability compared to micron size fibers [85]. The membrane based on elec-
trospun fibers not only has high permeability but also is capable of capturing dust
particles due to its small pore size. The dust particles can later be removed by
reversing the air flow through it or by other mechanical methods. Although elec-
trospun membranes based on polymers are widely used for air filtration
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applications, their applications are limited due to the low thermal stability of the
polymers. Hence, they cannot be used as high-temperature filter membranes.
However, membranes based on inorganic materials owing to their chemical and
thermal stability can function at high temperatures and are being increasingly used
for such filtration applications. The functionality of the inorganic membranes can be
further improved by addressing their brittleness.

Mao et al. [79] used a solgel combined with electrospinning technique to fab-
ricate a new class of flexible silica fibrous membranes that can be used at high
temperatures. The thermal stability of these membranes is demonstrated using
thermogravimetric analysis. Their results show no weight loss of the inorganic
membrane in the range 100–900 °C. They also studied the effect of annealing
temperature on the mechanical strength and flexibility. The results show that
membranes obtained using lower annealing temperatures have better flexibility
compared to those fabricated at higher annealing temperatures. The formation of
quartz crystals is attributed to the better flexibility seen for the membranes that are
fabricated at lower annealing temperatures [79]. The filtration efficiency of these
membranes is tested by feeding neutralized NaCl aerosol through the filters and is
over 99.7%. The working principle is by trapping the NaCl aerosol particles in the
top layers of the membranes.

In a similar study, Yang et al. [81] fabricated flexible inorganic membranes
based on silica nanofibers using solgel combined with electrospinning. Following
this, polymerized fluorinated polybenzoxazine layer is incorporated on the surface
of the fabricated silica membranes by dipping the membranes in solvent containing
the monomers. They showed that these membranes are highly flexible and can
potentially be used for high-temperature filtration applications. In another study
[80], Wang et al. used electrospinning to fabricate flexible alumina fibers and
demonstrated its ability for filtration applications. The filtration efficiency is tested
by passing neutrally charged dioctyl phthalate (DOP) aerosols through the mem-
brane and noting the concentration of the aerosol before and after filtration. These
membranes have filtration efficiency of 99.8%.

1.4.2 Sensors

Semiconducting metal oxides such as SnO2, In2O3, ZnO, and TiO2 have been
frequently used as gas sensors due to their ability to detect molecules of gases [17,
35, 60, 86]. Typically, a mesoporous layer of 1–10 µm thickness acts as an active
sensing layer. This layer consists of sintered and interconnected nanometer-sized
particles. The sensing mechanisms are based on the diffusion-reaction mechanisms.
The gas molecules diffuse into the layer and interact with some of the pre-adsorbed
O-adions that are present on the surface of the nanoparticles. This is known to affect
the charge transfer interaction between nanoparticles and the gas adsorbates, which
in turn affects the electrical resistance of the sensing layer. By monitoring the
electrical resistance, the changes in the surrounding gas composition can be traced.
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Thus, having a porous sensing layer improves the sensitivity as it enables gas
penetration and exchange. Conventional techniques used to prepare the porous
layers limit their gas sensing abilities due to the difficulty for the gas to diffuse into
the inner regions of the layers.

Electrospinning is extensively explored to develop novel structures and fibers
that can be used as sensors. One-dimensional structures, e.g., fibers, wires, rods, and
tubes, which are obtained using electrospinning, are shown to have distinct prop-
erties compared to their bulk counterparts [17, 35, 60, 86]. These 1D fibers are
shown to demonstrate improved chemical sensing behavior compared to the con-
ventional thin-film sensors. This is attributed to the large surface to volume ratio of
the 1D structures. Due to its high sensing abilities, they are capable of sensing very
low concentration of gases such as NOx and Cl2. Lim et al. [17] used solgel
combined with electrospinning technique to fabricate mesoporous indium acetate
(In2O3) fibers and demonstrated its ability to detect CO in air. The high surface area
of the fibers presented large quantity of sites on its surface for CO adsorption and
reaction.

Similarly, other studies [12, 86, 87] have developed electrospun nanofiber
membranes based on TiO2 and SnO2 for gas sensing applications. In these studies,
when the sensing membranes are exposed to traces of gases in air, their electrical
resistance is seen to change. This resistance is monitored to detect any changes in
gases. The usual practice is to evaluate the sensitivity of the fabricated materials at
elevated temperatures. Heating the material thermally activates the process on the
surface region of the material to quicken the response and recovery. Lee et al. [35]
in their study fabricated hybrid fibers by depositing metal oxides on the surface of
the carbon fibers. They showed that these metal oxides decorated carbon fibers that
can be used as chemical sensors. These materials demonstrated excellent sensitivity
and are reported to be 10–100 times more sensitive compared to carbon nanotubes.
This is attributed to the presence of metal oxide nanoparticles present on the surface
of the fibers that help increase the surface area of the material.

1.4.3 Photocatalysis

n-type semiconducting metal oxides are widely used as photocatalyst because of
their excellent catalytic properties and abilities to remove pollutants from aqueous
solutions or gases. Water purification using such materials relies on a
photon-assisted oxidation process. This method abates and mineralizes the organic
pollutants with the help of highly reactive hydroxyl radicals. When the semicon-
ducting metal oxides are exposed to photons that have energies similar to or greater
than the energy associated with its band gap energy, the electrons from the valence
bands jump to the conduction band. This process results in a hole generated at the
valence band [88]. The electrons generated by the photon energy and the holes can
recombine to release energy. Alternatively, the electrons and holes can interact with
electron donors or acceptors that are adsorbed on the surface of the semiconducting
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metal oxides. The electrons can react with O2 molecules that are adsorbed on the
surface of the semiconducting metal oxides and reduce them to radical O�

2 anions.
By contrast, the holes possessing positive charge can interact with hydroxyl or
water molecules to oxidize them into hydroxyl radicals. It is these radicals that act
on the organic compounds by decomposing them [88].

It is well established that nanostructures of metal oxides demonstrate superior
catalytic properties compared to their bulk counterparts due to the huge surface area
associated with the nanostructured materials. Hence, electrospun metal oxide fibers
have found great potential for water treatment. These metal oxide fibers can help to
degrade the organic pollutants present in the aqueous solutions. Lu et al. [58] used
emulsion electrospinning to fabricate porous TiO2 nanofibers and showed their use
for water treatment. The porous TiO2 fibers have large surface area and a combi-
nation of anatase and rutile crystal phases which can improve the efficiency of the
photocatalysis due to efficient separation of mixed electrons and holes. Zhan et al.
[37] used the core–shell electrospinning setup to produce hollow TiO2 fibers.
Mesopores on the fibers are introduced with the help of pore-directing agent. They
showed that these mesoporous TiO2 fibers exhibited higher photocatalytic behavior
toward methylene blue degradation compared to commercial TiO2 nanoparticles
and mesoporous TiO2 powders. The increased photocatalytic behavior of the
mesoporous hollow TiO2 fibers is attributed to increased surface area. In yet another
study, electrospun ZnO nanofibers are shown to degrade polycyclic aromatic
hydrocarbons and naphthalene in the presence of UV radiation [59]. Methods to
further improve the photocatalytic activities of electrospun metal oxide fibers have
been investigated. Typically, the photocatalytic activity can be reduced due to rapid
recombination rate of the holes and the excited electrons. This issue can be resolved
by doping the metal oxides with other transition metals. The dopants reduce the
recombination rate of holes and excited electrons and increase the surface area.

1.4.4 Energy

Nanofibers fabricated using electrospinning owing to their geometry and associated
properties have been the focus of interest for applications related to energy storage
and energy devices [8, 11, 29]. The high surface area and porous structures of the
fibers have been found to be beneficial for energy storage and conversion [31, 42].
Electrospinning is increasingly investigated for fabrication of fibers for energy
conservation applications such as fuel cells and solar cells as well as for energy
storage applications such as supercapacitors. Electrospun fibers have been used in
dye-sensitized solar cells (DSSCs) to enable conversion of light to electricity [24,
46, 89]. Porous metal oxide fibers are deposited on a transparent conducting glass to
serve as the photoanodes in DSSCs. A photosensitizing dye is adsorbed on these
semiconducting metal oxide fibers. Hence, when the dye absorbs the photons in
these solar cells, the photoelectrons move into the conduction band of the
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semiconducting metal oxide fibers. These photoelectrons are collected on the
photoanode and transferred to the counter electrode via an external circuit. The flow
of electrons through the external circuit produces current. Studies demonstrate that
the one-dimensional geometry of the fiber increases the energy efficiency due to
better charge conduction [8, 29]. Porous metal oxide fibers such as TiO2 are widely
investigated for photoanodes as the high surface area ensures that a larger amount
of photosensitizing dye is absorbed.

Further, one-dimensional fibrous structures obtained using electrospinning have
fewer grain boundaries compared to sintered nanoparticles, which improves charge
conduction and reduces recombination of the charge carriers. Nair et al. [89] fab-
ricated porous TiO2 fibers using electrospinning and developed DSSCs based on
TiO2 fibers as photoanodes. This DSSC shows an efficiency of *4.2% and incident
photon to electron conversion efficiency of *50%. The DSSC gives a current
density of 8 mA/cm2 and an open-circuit voltage of 0.81 V.

Fuel cell is another area in which electrospun fibers are used to convert chemical
energy into electrical energy. Among all types of fuel cells, direct methanol fuel
cells (DMFCs) are widely investigated due to their low operating temperature and
high power density [11, 26, 28]. Within these fuel cells, catalysts of platinum
nanoparticles are loaded onto the supporting material. Studies demonstrate that the
type of supporting material used has a great influence on the catalytic activity of the
platinum nanoparticles. The criterion for selecting the supporting material for
DMFCs is that the supporting material should have large surface area, stable, and
electrically conductive. Electrospinning has been widely used to fabricate fibers as
supporting materials in DMFCs. The 1D geometry of the fibers ensures the stability
of the supporting material and plays a role in improving the performance of the
resulting electrodes. Electrospun fibers based on carbon materials due to their ease
in fabrication, low cost, and good electrical conductivity are used as catalyst sup-
port in DMFCs.

Li et al. [25] have used electrospinning to produce polyacrylonitrile (PAN) fibers
which are thermally treated to convert to carbon fibrous mats. Then, a multi-cycle
CV method is employed to deposit platinum clusters onto these mats. These
platinum-loaded carbon fibrous mats are used in DMFC and shown to improve the
catalytic peak current to 420 mA/mg. Thus, 1D carbon fibrous mats improve the
performance of the catalyst.

1.5 Conclusions and Future Perspective

Development of novel materials with controlled structures and geometries is shown
to be the candidate of choice for applications such as energy devices, sensors,
filtration, and photocatalysis. One-dimensional structures in the form of fibers have
immense significance in these applications. Of all the fabrication techniques,
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electrospinning is attractive for fabrication of 1D fibers and provides the flexibility
to control the compositions of the fibers. This technique can also be used to fab-
ricate ceramic or metal oxide fibers from precursor polymers and affords an
opportunity to fabricate binary and multi-component ceramic oxide fibers.

In this chapter, we review the various techniques based on electrospinning to
fabricate ceramic or metal oxide nanofibers with various morphologies, structures,
and geometries. Typically, the ceramic or metal oxide fibers obtained using elec-
trospinning are polycrystalline. This is in contrast to the inorganic fibers fabricated
using conventional techniques such as CVD where the material can be grown to
consist of one single crystalline phase. The domain size in electrospinning can in
some cases match the size of the fibers. This can provide additional functionality to
the fibers as they demonstrate improved sensitivity. Hollow or porous fibers
obtained using electrospinning have been widely used as electrodes in solar cells. It
is also shown that the energy conversion efficiency of these fibers is significantly
higher compared to other nanomaterials.

Similarly, ceramic and metal oxide fibers obtained using electrospinning are also
shown to have better photocatalytic performance compared to other nanostructures
produced using conventional techniques. It is illustrated that the geometry and
morphology of obtained fibers can be tailored by controlling the processing vari-
ables. Thus, the performance of inorganic fibers can be easily altered based on the
processing conditions. Modification of these one-dimensional inorganic fibers into
hybrid or hierarchical fibrous structures can further improve its application in
energy devices. The hybrid or hierarchical fibrous structures can improve light
absorbance and carrier collection efficiency compared to neat ceramic or metal
oxide fibers. Such fibers can be assembled and potentially important for future
smart nanoscale electronic devices.

Although these inorganic fibers have many proven functional applications, their
brittleness is one technical issue that must be resolved. Obtaining flexible ceramic
or metal oxide fibers can improve their applications in filtration where the filters
should possess high mechanical robustness. Recent studies have successfully fab-
ricated hybrid inorganic fibers and demonstrated the membranes to be flexible.
Other studies have shown that by adding polymer to ceramic or metal oxide par-
ticles as a binder, the resulting membrane can be dimensionally stable and flexible.
This approach can be extended to electrospinning. Polymer-ceramic core–shell
fibers can be fabricated by coaxial electrospinning, and these fibers can be used for
photocatalytic applications.
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Chapter 2
Polymer Microbead-Templated
Nanostructures

Cheng Fang and Youhong Tang

Abstract In this chapter, nanostructures templated by polymer microbead, which
is usually made of polystyrene with a diameter range of 300 nm–1 µm, are
reviewed. We first focus on formation of the microbead monolayer in terms of the
driving force for self-assembly, the junction among the neighbouring microbeads
and the uniformity of microbead monolayer. Then, we discuss applications of
microbead monolayer as a template for nanostructure fabrication. Because the
assembled monolayer features an ordered structure scaling up to centimetre
(cm) size, microbead-templated nanostructures also show an ordered arrangement
in cm size, which is attractively simple and can be achieved in common labora-
tories. From the microbead monolayer template, the subsequent fabrication
approaches include electrochemical deposition, sputter coating deposition, plasma
etching, annealing, wet etching and dry etching as well. The templating targets
include metals, semiconductors, polymers, and nano-moieties such as nanobeads
and nanocubes. Various types of nanostructure have been fabricated using these
approaches individually or by combining them to increase the flexibility of fabri-
cation. Controllable and ordered nanostructures have been achieved by adjusting
the fabrication parameters. Finally, we review the application of nanostructures
templated by the polymer microbeads, particularly as surface-enhanced Raman
scattering (SERS) substrates. We demonstrate approaches for identifying the
position of the hot spot and how to achieve single-molecule detection.
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2.1 Introduction

Polymer microbeads have been studied for decades, focusing on self-assembly into
monolayers and then used as templates for the fabrication of nanostructures [1, 2].
The technique of nanosphere lithography (NSL) is economic and simple, which
enables general laboratories to fabricate nanostructures without clean room support.
The self-assembly of polymer microbeads means that an ordered structure can be
generated. Consequently, the fabricated nanostructures are ordered, not random.
Furthermore, from the ordered templates, many versatile nanostructures can be
fabricated by fine-tuning the subsequent fabrication approach, using means such as
deposition, etching and annealing. Basically, imagination need not be restricted,
and newly fabricated nanostructures are frequently reported.

Fabricated nanostructures have demonstrated surprising properties that cannot be
expected from macro-structures or bulk. Besides their large surface area, nanos-
tructures display nanosize-related enhancements resulting in catalytic activity, as
well as quantum and plasmonic resonance effects. Here, we also discuss the
applications as surface-enhanced Raman scattering (SERS) substrates.

2.2 Microbead Monolayer

2.2.1 Polymer Microbeads and Silica Microbeads

Polymer microbeads are usually made of polystyrene (PS), which differ from silica
microbeads. Silica is an inorganic material and is therefore more stable than PS,
chemically and thermally. When used as a sensor, such as a SERS substrate, the
silica itself might feature a background cleaner than that of PS, except for the two
main peaks positioned around 519 and 900–1100 cm−1 [3]. However, the stable
property of silica microbeads might restrict their flexibility for the fabrication of
nanostructures. For example, when thermal annealing is selected to follow the
microbead templating, a PS microbead template could be easily burnt off and
removed due to organic components, whereas this did not occur with silica [4].
However, we recognise the similarity between polymer and silica microbeads in
terms of microsphere lithography templating nanostructures. In this chapter, we
focus our discussion on polymer microbeads.

2.2.2 Microbead Monolayer and Multilayers

Generally, a monolayer of microbeads is used as a template for the fabrication of a
nanostructure, although a multilayer might also be useful [5, 6]. However, the
forming conditions of microbead multilayers are difficult to control and relevant
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research has been rarely reported. In this chapter, we focus our discussion on the
monolayer template. A schematic drawing of a microbead monolayer is presented
in Fig. 2.1a, b. Figure 2.1c shows the templated bottom structure after removal of
the microbead monolayer. The inset in Fig. 2.1c is a cross-sectional view with a tilt
angle of *30°.

There are several types of driving force that induce microbeads to self-assemble
into a dense monolayer [7]: capillary force when the solvent is evaporating; flux of
the solvent, i.e., hydrodynamic steering during the evaporation process; increased
Van der Waals force between neighbouring microbeads due to their high energy
surface. The main contribution comes from the capillary force, as shown in Fig. 2.2
[6]. The capillary force or surface tension can be enhanced by adding surfactants
into the colloid solution prior to the monolayer formation. For example,
Triton-X-100, a typical surfactant, is generally used as an ingredient for dense
packing of a microbead monolayer [8, 9]. The other contributors for the assembling
driving force are discussed below.

The driving force is so strong that the monolayer can extend to centimetre
(cm) size, as shown in Fig. 2.3. Due to the diffraction of light, a blue–purple colour
is observed from the formed monolayer when the mean diameter of the microbeads
is *500 nm, which can be used as pre-screening to judge the success of a
monolayer assembly [10].

Here, the monolayer deposition was conducted using spinning coating at
800 rpm on a silicon surface. The PS microbeads with a mean diameter of 500 nm
were used directly without dilution (*10% w/w in aqueous solution). Defects
along the assembly domain boundaries (Fig. 2.3c) and within a domain (Fig. 2.3d)
mainly originate from the non-uniformity of the microbead diameters, particularly
considering the accumulation effect from sub-micrometre to centimetre during the
monolayer formatting process. This hypothesis can be evidenced in Fig. 2.4, where
the imaging position was kept unchanged while images were repeatedly collected
every 5 min. We can see the movement of the microbeads in the marked areas,
which is likely due to the static–electric interaction among the neighbouring
microbeads resulting from the charging e-beam under the SEM operation.
Therefore, the non-uniform diameters of microbeads are the main reason for

Fig. 2.1 a Schematic drawing of a microbead monolayer, b three neighbouring microbeads and
c a photo-image of a templated bottom with a tilt angle of *30°. The inset is a cross-sectional
view
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Fig. 2.2 Schematic drawing of the capillary force for a monolayer assembly

Fig. 2.3 a–d SEM images and e a photo-image of polymer microbead monolayers. a a Stacked
multilayer, b a double layer and a monolayer, zoomed in from the marked area in a, c and
d zoomed in monolayers, including boundaries and densely packed monolayer domains, and e an
assembled monolayer with a bright blue–purple colour (top), which can be easily distinguished
from the blank silicon wafer used for the assembly support (bottom). A coin is shown on the right
to demonstrate the size of the monolayer assembly (Color figure online)

Fig. 2.4 SEM images at the same areas (red and light green) ellipses showing the movement of
microbeads under the e-beam due to charging effects. The assembly conditions were the same as
those in Fig. 2.3 except for the microbeads with a mean diameter of *330 nm (Color figure
online)
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assembling defects and restriction into a dense monolayer scaling up to millimetre
or even centimetre.

The high surface energy of polymer microbeads leads easily to the conjunction
of neighbouring microbeads [11]. However, with respect of the conjunction,
important contributing factors are the conditions of the assembly, such as solvent
types, added surfactants, temperatures, ageing periods and aftermath treatment, as
shown in Fig. 2.5. Fortunately, the junction has a limited effect on the subsequent
templating process to fabricate nanostructures [12].

2.3 Fabricated Nanostructures

2.3.1 Templated Deposition

A simple method of fabrication of a nanostructure is the employment of microbeads
as a template for deposition. Because the monolayer does not completely cover the
support surface, leaving some voids, as shown in Fig. 2.1a, b, the deposition can
occur on top of the monolayer microbeads and on the bottom of the monolayer. In
the latter case, the deposition occurs directly on the monolayer support’s surface
through the voids, as shown in Fig. 2.1c. Deposition methods include electro-
chemical deposition [13, 14] and sputtering coating [3], as shown in Fig. 2.6. In the
former case (electrochemical deposition), the template of the microbead monolayer
should be kept stable in the deposition solution for the subsequent electrochemical
reaction, and thus an annealing process is employed to plasticine the monolayer.
After the annealing process, the polymer beads are connected (conjunction) due to
their high surface energy. The plastic temperature might be significantly different
from the bulk melting temperature, as discussed in the following.

Fig. 2.5 SEM images of neighbouring microbeads. The deposition conditions were the same as
those in Fig. 2.4
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The advantage of electrochemical deposition is that the set-up is simple, and
only an electrochemical workstation is required. However, selection of the depo-
sition target is limited, as only materials that can easily be oxidised, electropoly-
merised, or reduced by the electrochemical system, can be deposited. The
substrate/support for the monolayer template also needs to be conductive for
electrochemistry, such as indium tin oxide (ITO). A representative structure is
shown in Fig. 2.6a. In that case, deposition cannot occur on the top of the mono-
layer because the microbeads are not conductive.

In contrast, the sputtering coating process is more flexible. Some materials, such
as carbon or aluminium that cannot be used in the electrochemical system, can be
deposited using this approach. Furthermore, the monolayer’s substrate/support can
be glass/silicon because the conductivity of the substrate is not compulsory for the
sputtering coating. Typical structures are shown in Fig. 2.6b, c before lift-off. After
lifting off the microbead monolayer template, the bottom structures are shown in
Fig. 2.6d, e. The difference between them lies in the extent of the lift-off. In
Fig. 2.6d, the deposited shields/ceilings partly remain on top of the microbeads.
In Fig. 2.6e, only the bottom is retained, while the top ceiling on the monolayer
assembly has been completely removed.

A similar approach can be extended to the fabrication of polymer structures,
such as the porous PS shown in Fig. 2.6f. The protocol is listed as follows:

Fig. 2.6 SEM images of structures templated by polymer microbead monolayers.
a Electrodeposited gold after lifting-off a microbead template (Reproduced from Ref. [14] with
kind permission of © 2004 Wiley-VCH); b Microbead monolayer after sputter coating on the
surface (as ceiling), and c Detailed morphology; d, e Bottom structure after lifting-off the
monolayer template, f Templated PS by sinking of a monolayer assembly of silica. For the
structures in b–e, the monolayer template was prepared according to Fig. 2.3. The deposited
metals were *30 nm titanium and *300 nm silver. The subsequent washing off was carried out
in toluene solution to lift-off the PS microbeads; f Porous PS preparation protocols are listed in
main text
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(i) PS was dissolved into 1:4 toluene and spin coated on a silicon wafer surface to
obtain a thin film of *400 nm thickness; (ii) a silica monolayer template of
microbeads with 500 nm diameter was deposited using the approach detailed
above; (iii) incubation was carried out in toluene vapour for *10 min to sink the
silica monolayer into the polystyrene layer; and (iv) silica microbeads were
removed by washing with hydrogen fluoride (HF, *20%, w/w, *5 min).

This is a bottom-up approach, i.e., the bulk structure was sunk/coined by a
microbead monolayer template, not a top-down approach in which the deposition
was templated by a microbead monolayer. With this method, we expanded the
materials for nano-fabrication from electrochemically active materials such as gold,
and sputter coating materials such as silver, gold, aluminium, carbon and titanium,
to polymers in general.

Sometimes, microbeads need to be shrunk in an attempt to fine-tune the
deposited nanostructure, as shown in Fig. 2.7. The shrinking might be conducted
using argon or oxygen plasma. From Fig. 2.7a–c, the diameter of the beads has
been gradually shrunk. Their templated and deposited nanostructures are shown in
Fig. 2.7d–f. The deposited metal islands increase in size, when the diameter of the
microbeads shrinks.

Not only have metal and polymer been deposited and templated by the
microbead monolayers, but extra microbeads can also be templated. The extra
microbeads are usually smaller than the primary beads, as shown in Fig. 2.8 [5, 6].

Fig. 2.7 SEM images of controllable nanostructures templated by microbead monolayers. The
microbead monolayer was prepared according to Fig. 2.3. Oxygen plasma etching was carried out
for different periods (a) 0 min, (b) 2 min and (c) 5 min. Their corresponding templated
nanostructures are shown in d, e and f
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The driving force for the crystallisation structure was supposed to be the capillary
force, as mentioned before.

Interestingly, the extra moieties can also be nanocubes, as shown in Fig. 2.9 [7].
We used this approach to build a high density of coupled nanocubes. The primary
monolayer of microbeads works as islands to break the colloid liquid (containing
nanocubes) into small areas as shown in Fig. 2.1a, b, with void areas less than µm2.
Within these small areas, the driving force for self-assembly from the capillary
force of solvent evaporation is more efficient for arranging the nanocubes towards
assembly. This assembly process within a small area (less than µm2 rather than
greater than cm2) offers the possibility of densely packing the nano-moieties. That
is, the monolayer template divides/grids the thin layer of solution containing

Fig. 2.8 SEM images showing binary microbead monolayers (Reproduced from Ref. [5] with
kind permission of © 2003 Wiley-VCH)

Fig. 2.9 SEM images of templated silver nanocubes. The polymer microbead monolayer was
prepared according to Fig. 2.3. The deposition of nanocubes was carried out by dropping different
concentrations of solution containing nanocubes and drying in air. Toluene was used to wash off
the microbeads (Reused from Ref. [7] with kind permission of © 2013 Royal Society of
Chemistry)
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nanocubes into small areas, as shown in Fig. 2.2. Under the monolayer template,
the void is small and the number of nanocubes is significantly reduced.
Consequently, the assembly in this tiny void area is more operative than that in a
large area without the monolayer template.

2.3.2 Combination with Annealing

To remove the polymer microbead monolayer template, in addition to the wash-off
process with solvents, thermal annealing or de-wetting can also be used to remove
the template by burning the polymer microbeads off. Annealing thus adds flexibility
towards the nanostructure fabrication [4]. In terms of deposited silver, the annealing
temperature is usually *500–700 °C, which is lower than its bulk melting point
(961.8 °C). The reason is due to the high surface energy of the nanostructure [15].
It has been reported that the surface atoms on the nanostructure, particularly at the
tips or corners, look like liquid rather than solid [11]. This is because the nano
surface means that the number of neighbouring atoms is much less than that in the
bulk. The crystal grid is thus full of defects. Consequently, the surface atoms face
less restriction than those in the bulk. The annealing approach and results are shown
in Fig. 2.10. Basically, the silver ceiling on the top of the monolayer template or PS
nanosphere mask shrinks into a nanoparticle, the size of which is dependent on the
amount of deposited silver or the deposition thickness. Meanwhile, the silver

Fig. 2.10 a Schematic drawing and b. c SEM images of annealing results under different
magnifications
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deposited on the bottom void under the monolayer template shrinks into smaller
nanoparticles to surround the central nanoparticles that stem from the ceiling
shrinking.

For vertical deposition, different nanostructures can be fabricated by adjusting
the annealing process, as shown in Fig. 2.11b, c. In removal of the template
monolayer prior to the annealing process, the central nanoparticle is avoided and
only the satellite nanoparticles remain. On the other hand, the tilting angle for the
metal deposition also makes a significant difference [4], because it determines the
deposition direction and the amount of metal for the subsequent annealing, as
shown in Fig. 2.11. In Fig. 2.11d–e, with regard to the tilting deposition, it can be
seen that the subsequent annealing leads to the appearance of the central
nanoparticles without the surrounding satellite nanoparticles, which is contrary to
the vertical deposition. In the meantime, by controlling the deposition amount, the
size of the nanoparticles is also adjustable.

Annealing temperature and speed are other factors that should be considered,
such as the melting point for bulk gold is 1064 °C vs. that of silver which is 961.8 °
C. However, the annealing approach of gold is usually kept the same as the silver
annealing profile since no obvious difference has been observed [4].

2.3.3 Combination with Etching

As known, metal can catalyse the etching reaction on silicon [4]. The underlying
process is not fully understood but an electrochemical cell should be involved,
which includes an anode for oxidisation of silicon and a cathode for reduction of
oxidant or water, i.e., emission of hydrogen. Because polymer microbeads can
feature a metal template of an ordered pattern on the silicon surface (discussed
above), the subsequent catalysis etching fabricates an ordered nanostructure
including female pores and male pillars, as shown in Fig. 2.12.

The sinking of a metal template into the silicon bulk can be evidenced from the
etched structure in Fig. 2.12a. Basically, from the template fabricated from
Fig. 2.7c, the deposited silver is treated by the toluene wash-off process to remove
the polymer microbead monolayer. A porous silver film, akin to a net, remains on
the silicon surface, as shown in Figs. 2.7f, 2.12a (inset). The silver net acts as a
catalysis centre when silver-silicon is dipped into HF solution. Meanwhile, the void
area without silver remains almost unchanged. The area covered with bulk silver
film (not porous) is also maintained because it is shielded from the HF.
Consequently, the array structure of the microbead monolayer is coined and sunk
into the depth of silicon, as shown in Fig. 2.12a, b.

In Fig. 2.12a, along the boundary of the microbead monolayer domain, the
etching morphology is different from that in the other parts. On the left of that
boundary (dashed line), the etching is not obvious because the silicon/HF has been
shielded by the silver film. On its right, when the silver template sinks into the
silicon depth due to the etching, the silver net is stretched. Consequently, it does not
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Fig. 2.11 Effect of deposition direction and amount. The microbead monolayer was prepared
according to Fig. 2.3. a Schematic demonstration of a metal deposition and a subsequent annealing
process; The vertically deposited ceiling layer of metal is kept (b) or removed (c) by using a
solvent wash-off process prior to an annealing process; and d, e show the tilted deposition amount
of the metal controlling the size of the annealed nanoparticles (Reproduced from Ref. [4] with kind
permission of © 2013 Springer)
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sink directly and vertically into the bulk, rather than with an arc, as indicated by the
arrow in Fig. 2.12a. Therefore, the pillar is not vertical to the etching surface but in
the shape of an arc. Depending on the etching condition, the pillar left behind can
also be porous, as shown in Fig. 2.12b (inset) [16–18].

In Fig. 2.12c, the female holes in the silicon were etched in a solution of HF–
H2O2–H2O with ratio of 1:5:10 (v/v) by the deposited metal’s catalysis from the
metal template as shown in Fig. 2.11d, a process which is called wet etching. Dry
etching, on the other hand, features different structures, as shown in Fig. 2.12d. Dry
etching is usually conducted using a plasma of reactive gases such as fluorocarbons
[4]. It can effectively etch silicon, while the deposited metal can persist. Thus, metal
(platinum) can shield and protect the silicon below to fabricate male pillars, as
shown in Fig. 2.12d.

Fig. 2.12 SEM images of nanostructures of a–c wet etching and d dry etching. The polymer
microbead monolayer was prepared according to Fig. 2.3. Then plasma etching occurred as
illustrated in Fig. 2.7c, followed by metal deposition, toluene wash off and wet etching by dipping
into a solution of 1:5:10 of HF–H2O2–H2O (v/v) to obtain Fig. 2.12a, b structures. The inset in
a schematically shows a metal template for the etching, and the inset in b shows the detailed
structure. The metal nanoparticle array was prepared according to Fig. 2.11d and then followed by
c wet etching or d dry etching (Reproduced from Ref. [4] with kind permission of © 2013
Springer)
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2.4 Applications

2.4.1 Surface Plasmon of Templated Nanostructures

Ordered structures have received increased attention recently due to their unique
properties that cannot be expected in random structures. For example, an aniso-
tropic nanostructure means that its surface plasmon will feature an anisotropic field,
specifically an electric–magnetic field. When used as a SERS substrate, the
enhancement will be anisotropic because the enhancement of the Raman signal
stems mainly from the electric–magnetic field within the nanostructures, which
usually are called as hot spots. If the arrangement of nanostructures such as
nanocube assembly can be controlled, the distribution of hot spots on the SERS
substrate surface can thus be controlled. In this case, the ordered structure means an
ordered rather than random arrangement of hot spots. The resulting distribution of
Raman intensity is uniform, as shown in Fig. 2.13 [7].

Fig. 2.13 a Silver nanocubes templated by a polymer microbead monolayer, b Raman mapping
image based on c the silicon peak and d the coupled silver nanocubes. The preparation conditions
of the nanocube pattern using polymer microbeads were given in Fig. 2.9b [4]. In Fig. 2.13a, b,
the marked areas indicate (1) the non-ordered monolayer, (2) the stacked microbeads and (3, 4)
defects. The arrow directions in a and b are different due to the different signal collecting
approaches, namely, (a) a photo-image and (b) a Raman mapping image (Reused from Ref. [7]
with kind permission of © 2013 Royal Society of Chemistry)
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Figure 2.13a shows a photo picture collected under microscopy. The domains of
the microbead monolayer and their boundaries can be seen. These polymer
microbeads were supported by the bottom silicon. The silicon’s Raman peak at
519 cm−1 (shown in Fig. 2.13c) was collected to map its image, as presented in
Fig. 2.13b. The similarity between the photo-image in Fig. 2.13a and the nanos-
tructure distribution in Fig. 2.13b can be identified, confirming that the Raman
enhancement originated from the nanostructure (hot spot), as shown in Fig. 2.13d.
The uniformity of the enhanced Raman signal in the ordered nanostructure area can
be seen in Fig. 2.13b, supporting the above hypothesis about the anisotropic field.

There are two important issues to be identified about hot spots, namely, the
position of the hot spot and the electric–magnetic field intensity within the hot spot
[2, 19, 20]. The former determines the robustness of the Raman signal (distribution
and density), and the latter controls the intensity of the signal, the sensitivity and the
limit of detection.

2.4.2 Identification of Hot spot Position

Simulation and calculation have suggested that there is a much higher electric–
magnetic field around the corners of a nanocube than in the other areas [21–23].
Experimental proof was lacking, however, until a recent report [7]. One approach is
demonstrated in Fig. 2.14 [7]. Basically, a self-assembled monolayer (SAM) of thio
was used to cap a silver nanocube (AgNC) surface [24]. It has been reported that a
SAM is always accompanied by defects/pinholes [25, 26]. In the primary SAM (A,
1-dodecanethiol, or DDT) formed on silver nanocubes (*50 nm), the
defects/pinholes are most likely to be located on the corner. Therefore, the attacking
position for the secondary thio (B, 2-mercaptopyridine, or MPy) occurs at the
corner. Consequently, a mixture of SAM (A + B) is obtained with B on the corners,
as shown in Fig. 2.14a–c with a pure SAM (B) shown in Fig. 2.14d for compari-
son. Using a microbead monolayer as a template, silver nanocubes were patterned
as a SERS substrate with high enhancement (Fig. 2.14e). It can be found that
Raman scattering intensity of molecule B is almost the same, regardless of from
SAM (A + B) (MPy-DDT_AgNC) or from SAM (B) (MPY_AgNC), as shown in
Fig. 2.14f, with peak heights marked by black lines. Therefore, the dominating
position for SERS is on the corner, i.e., the hot spot position is on the corner.

Another approach is shown in Fig. 2.15 [27]. The gold nanocube surface,
Fig. 2.15a, was capped and coated with a layer of silica, which was formed by
dipping in a solution of tetraethylorthosilicate (TEOS). The corresponding structure
is shown in Fig. 2.15b. Then the capped nanocube’s coating was etched using
NaOH. By carefully controlling the etching process, the corners were exposed
while the other positions were still coated, as shown in Fig. 2.15c. A Raman probe
of 1,4-benzenedithiol was then loaded onto the exposed gold corners due to the
strong Au-S bonds, which could not be applied on the silica coating surface.
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Fig. 2.14 a–d Schematic drawings of SAMs and e a SEM image of patterned silver nanocubes
and f the Raman signals. The preparation conditions were described in Fig. 2.9c. Then the
substrate was incubated in an ethanol solution containing 1-dodecanethiol (DDT) (0.1%, v/v) for
2 h (DDT_AgNC). After being washed off with ethanol and dried under a stream of nitrogen gas,
the substrate was further incubated in an aqueous solution containing 2-mercaptopyridine
(MPy) (10 µM) for 1 h (MPy-DDT_AgNC). Another substrate was prepared by directly
incubating it in the MPy solution for 1 h (MPy_AgNC) [4]. For comparison, MPy standard Raman
signals were collected from a silver film surface and presented (Reused from Ref. [7] with kind
permission of © 2013 Royal Society of Chemistry)

Fig. 2.15 Schematic drawing (upper) of the coating and etching approach and (lower) the
corresponding results (Reproduced from Ref. [27] with kind permission of © 2012 American
Chemical Society)
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With the above process, the hot spots were chemically isolated and confirmed on
the corner of the nanocube, as shown.

2.4.3 Single Molecule Detection

It is well known that SERS can reach single molecule detection [28, 29]. Here,
another approach has been developed recently by us to demonstrate this single
molecule detection [3, 7, 30, 31]. Two types of molecule have been selected here. In
this bi-analysis approach, these two molecules (A and B) behave similarly in terms
of loading affinity onto a SERS substrate, Raman activities, etc. Their concentra-
tions are diluted (to the limit of detection) for single molecule loading, and their
Raman signals have been mapped using their characteristic peaks and the results are
shown in Fig. 2.16.

Fig. 2.16 Typical Raman spectra of a Nile blue (NB), b Rhodamine 6G (R6G) and c, d their
corresponding mapping images. The Raman spectra in a and b were randomly collected at the
bright spots in c and d, respectively. Their characteristic peaks are marked for the mapping
(Reused from Ref. [7] with kind permission of © 2013 Royal Society of Chemistry)
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Statistically, if a hot spot can be occupied by only one molecule, there are two
possibilities, that it is occupied by A or by B, individually, not simultaneously, with
similar possibility (*50% vs. *50%). During the mapping process, the
high-intensity Raman signals, corresponding to the bright dots in the mapping
images, should originate from hot spots occupied by A or B individually, not
simultaneously. Consequently, the bright spots in mapping image of A do not
overlap on the bright spots in mapping image of B. Furthermore, the density of the
bright spots in mapping images of A and B should be similar (*50% vs. *50%).
However, if a hot spot can contain two molecules, there are four possibilities, i.e.
AA (*25%), AB (*25%), BA (*25%) or BB (*25%). In this case, there will be
a *25% chance of collecting pure A Raman signals from AA, another *25%
possibility of collecting pure B signals from BB, individually, not simultaneously.
Meanwhile, we have a *50% chance of collecting mixed signals from AB/BA,
which maps as A, and also as B, simultaneously. Therefore, for the mapping images
of A and B, we see that *50% of bright spots will overlap. The map will feature an
even higher overlapping percentage if a hot spot can contain three (*75%) or four
molecules (*87.5%). Considering the variation of statistics, we believe that single
molecule detection has been achieved when the overlapping percentage is less
than 5%.

As mentioned, to reach the single molecule detection level or for a hot spot to
catch only one molecule, the concentration must be low. That is, the solution needs
to be diluted gradually for the individual Raman probe to be loaded on the SERS
substrate surface, until we have <5% overlap from the collectable signals’ mapping
images. This concentration for a single molecule loading and detection is signifi-
cantly dependent on the loading affinity of the Raman probe or the target molecule
[3]. In other words, there are three main factors that should be considered for
high-sensitivity SERS analysis: enhancement factor from the substrate, Raman
activity and loading affinity. For example, we adjusted the concentration of Nile
blue (NB) (10 nM) and Rhodamine 6G (R6G) (2 nM) in a bi-analysis solution (not
the same), to reach the single molecule detection and balance their Raman signals
[32], which has been echoed recently [33].

During the mapping process, the laser spot is around µm in size or smaller,
depending on the focusing lens and the laser wavelength. The size of a hot spot,
however, is in the nm range. Therefore, one laser spot could cover several hot spots,
depending on the hot spot density on the SERS substrate surface. That is, a bright
spot in the mapping image can be linked with one or more hot spots, as shown in
Fig. 2.17. This complicates the statistical estimation of single molecule detection.
On the other hand, the electric–magnetic field is high in the hot spot and the laser
used for Raman excitation is intensive. As a consequence, during the signal col-
lection process, there is a possibility that the molecule within a hot spot does not
contribute to the Raman signal due to the shielding effect from laser excitation or
from Raman scattering as marked with a red cross in Fig. 2.17, or from the
photo-degradation (bleaching) of a Raman probe.
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2.5 Summary

Polymer microbeads can be easily assembled into a monolayer for lithography to
fabricate nanostructures via deposition, etching, annealing, etc. The templating
targets include metals, semiconductors, polymers, nanobeads and nanocubes.
Added together, there are many possibilities and much flexibility to fabricate var-
ious nanostructures. Fabricated nanostructures have various applications, such as
SERS substrates to enhance Raman signals.
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Chapter 3
Nanopatterning of Functional
Metallopolymers via Top-Down Approach

Sze-Chun Yiu, Cheuk-Lam Ho and Wai-Yeung Wong

Abstract Putting metal into macromolecules has drawn immense attention in
materials science due to the tunable features and large spectrum of potential
applications of these metallopolymers. However, a precise control in metal-
lopolymer nanostructure is always required for tailoring the final application.
A variety of nanopatterning methods has been reported in recent years and can be
simply classified into either bottom-up or top-down approaches. This chapter will
be focused on the general strategy for the fabrication of well-defined nanostructures
of metal-containing polymers by using top-down techniques with selected
examples.

3.1 Introduction

Metallopolymers (or metal-containing polymers) have been introduced to the
family of polymers for more than half a century, but their rapid blossoms have just
happened over the last two decades due to the advance in synthetic methodology
and adequate characterization [1–8]. Apart from the good processibility advantage
of polymer itself, the incorporation of metal center expands the scope of func-
tionalities of the polymer due to the special features arising from the metal ions. By
different combination of metal ions and functional ligands, access to a wide range of
desired functions was provided, from electroluminescent and photovoltaic devices
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[9–11], catalysis, and stimuli-responsive materials [12] to biomedical and
nanoscience applications [13–17]. These functional metal-containing polymeric
materials can also be fabricated into patterns in large scale at low cost.

From the structural aspect, metal center could be selectively added in the main
chain, side chain, or as a terminal group in the polymer. Because of the complicated
electron configuration, multiple coordination number, and different geometry of
metal center, a diverse spectrum of chain architectures, such as linear, hyper-
branched dendritic, star, and even cyclic structure, can be obtained. In addition,
because of the variant binding modes (covalent, coordination, and ionic bond)
between metal and organic parts, this would further make metallopolymers distinct
from their organic counterparts. By modulating the binding strength of metal ions,
structures from dynamic to static mode can be easily achieved, which opens up a
new avenue in materials science to mimic complex protein structure in nature. On
the other hand, metallo-supramolecular polymer is a class of switchable materials,
which has been extensively studied as self-healing materials [18, 19].

Metallopolymers have been widely studied in the past two decades, and their
rapid growth is also partly driven by the demand in nanoscience and nanomaterials
research. The two main size-dependent effects, surface and quantum effects, have
pushed materials scientists in studying the size and shape of the solid-state matter in
nanoscale toward potential applications [20, 21]. Furthermore, the gain in con-
trolling the periodicity and long-range order in the nanostructure of metallopolymer
is an important issue that needs to be figured out as the nanostructure of the end
product eventually determines its functionality. Therefore, much research effort has
been devoted to the development of the process in metallopolymer patterning, in
which the patterning methods can be classified simply by the direction of strategies:
top-down and bottom-up. The former relies on the use of masked or molded stamps
to transfer specific pattern to metallopolymer with regard to the corresponding
application, such as photolithography and nanoimprint lithography (NIL). The latter
one depends on the self-assembling abilities of the metal-containing polymers in
order to generate different hierarchical architectures. Block copolymer
(BCP) lithography is one of the promising candidates for bottom-up method. In this
chapter, the top-down approach toward patterning of metallopolymers will be
discussed.

3.2 Top-Down Approaches

There are three main top-down approaches in the metallopolymer patterning. The
first approach involves the usage of porous media, such as porous anodic alumina
or mesoporous silica (e.g., MSM-41) [22–24], to provide ordered channels to
accommodate the metallopolymers, which can be further pyrolyzed to give
nanocomposite with great control over particle-size distribution. Generally, the
monomer of metallopolymer is first infiltrated into the channels with various
loading, followed by polymerization. Taking the porous media of anodic aluminum
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oxide (AAO) as an example, the dimensions and patterns of the AAO templates can
be simply tuned by the electrochemical parameters during its fabrication, and then,
the monomer of metallopolymer can be embedded into the AAO porous before
polymerization. Apart from the infiltration of monomer, the template formed by the
porous media can also be used as a mold to imprint its porous pattern to the polymer
thin film [25].

The second top-down approach that is commonly used is carried out by some
conventional lithography, such as electron-beam lithography (EBL), ion-beam
lithography, UV-photolithography, or X-ray lithography. Among them, EBL
[26–30] and UV [31, 32] lithographic techniques have been widely investigated for
metallopolymer patterning. The former one can generate relatively small-sized
pattern features but perform in slow speed, whereas the latter one can produce
relatively large features and is capable of performing fast processing. In both cases,
metallopolymers act as negative resists, which allow pattern to receive directly or
transfer to the underlying materials.

Mechanical patterning techniques, including nanosphere lithography (NSL)
[33–35], microcontact printing [36], and NIL [37], are another approach for
top-down patterning. These techniques are attractive due to their high-throughput
and low processing cost, which is suitable for large-area, parallel lithography.
Metallopolymers here are employed as printing ink, in which patterns were received
from elastic stamps, such as polydimethylsiloxane (PDMS). In the following sec-
tions, we are going to discuss different top-down approaches as a tool for metal-
lopolymer patterning by using direct-write EBL, UV-photolithography, NSL, and
NIL with selected examples.

3.2.1 Direct-Write Electron-Beam Lithography (EBL)

Direct-write EBL has been used to fabricate mask for the lithography industry and
for small-scale device with fine-structure fabrication. In spite of its high processing
cost, it is still widely implemented for nanopatterning due to its high feature res-
olution and high accuracy in pattern positioning. Recently, its resolution capability
down to sub-10 nm was revealed [38, 39], which is small enough to meet the
demanding feature size targeted in the roadmap of semiconductor industry nowa-
days. In principle, EBL makes use of high-energy-focused electron beam to create
shapes on the electron-sensitive resist surface [40, 41] (Fig. 3.1a). After exposure,
either exposed or non-exposed region is selectively removed by solvent due to the
change in solubility during patterning formation. The created pattern can then be
transferred to the underlying materials via chemical etching or deposition, followed
by mask removal.

In the view of metallopolymer, polymer itself can act as a negative-tone resist
and allows the direct-write EBL to happen. This process enables us to eliminate
several intermediate steps of pattern transfer, so that the overall cost and time
required can be reduced (Fig. 3.1b). For example, the mask used in EBL sometimes
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Fig. 3.1 Comparison of a traditional EBL versus b direct-write EBL. Reproduced from Ref. [42]
with kind permission of © 2013 Elsevier

limits the resolution and requires strict control to minimize errors in chemical
processing, so direct-write patterning on functional metallopolymer would allow us
to have sufficient control over the whole process. During the direct-writing process,
metallopolymers are exposed to e-beam for pattern transfer and the exposed region
would become insoluble [42]. It is believed that the electron beam would induce the
homolytic cleavage of r-bond and radical dimerization, which results in polymer
chain cross-linking and makes the polymer to be insoluble [30]. In 2000, Johnson
et al. have reported the use of ruthenium-containing cluster polymer as the negative
resist for the fabrication of nanowire with 100 nm thick in width [43]. After that,
Ruda and Manners reported the patterning of cobalt, molybdenum, and nickel
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clustered polyferrocenylsilane (PFS) with the assistance of EBL for their potential
use as magnetic materials or catalysts [26–28].

In the system of Co-containing PFS (Fig. 3.2), the polymer solution in toluene
was spin-coated (*200 nm in thickness) on the silicon substrates and then exposed
to an e-beam with a dose of 25 mC cm−2 and a current of 6 nA. After removal of
the unexposed polymers, 0.5 lm � 4.0 lm arrays of bars were left. More than
99% of these bars remained intact by the analysis of scanning electron microscopy
(SEM). Pyrolysis of the bars under a nitrogen atmosphere at 900 °C yielded the
metallic nanoclusters. After pyrolysis, shape retention of the bars was achieved, but
a decrease in height from 210 ± 1 to 74 ± 2 nm was detected under atomic force
microscopy (AFM) (Fig. 3.3). In comparison with the hysteresis loops of pyrolyzed
bars before and after e-beam patterning, there was a significant increase in coer-
civity from 42 kA m−1 in the unpatterned features to 110 kA m−1 in the patterned
rectangular bars. On the contrary, the squareness of the loop was reduced after
patterning. The authors suggested that the squareness reduction may be the result of
the broader distribution of crystallites in the patterned samples. These results
showed that EBL can be used for the fabrication of nanoscale magnetic ceramics,
which are potentially useful in the fabrication of spintronics and logic circuits.

Few years later, Manners and Wong et al. demonstrated the use of direct-write
EBL for the synthesis of FePt alloy nanoparticle (NP) patterns from the bimetallic
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Fig. 3.2 Structure of Co-containing PFS. Reproduced from Ref. [26] with kind permission of ©
2004 Wiley-VCH

Fig. 3.3 Average sectional analysis images of tapping mode AFM images of patterned bars
a prior to pyrolysis and b following pyrolysis. Reproduced from Ref. [26] with kind permission of
© 2004 Wiley-VCH
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metallopolyyne precursor [29]. In this study, a readily solution-processed
film-forming bimetallic metallopolyyne precursor was utilized and drop-casted
directly on silicon substrate which was then exposed to an e-beam with a dose of
2.5 mC cm−2. After development in dichloromethane, unexposed polymer was
removed and an array of microbars (ca. 1.0 � 10 µm2) was observed under optical
microscope (Fig. 3.4). Pyrolysis of the patterned sample at 500 °C under a nitrogen
atmosphere showed randomly oriented magnetic dipoles in heterogeneous ferro-
magnetic FePt NPs. In addition, the shape of microbars was retained and densely
covered by FePt NPs with an average size of 9 nm under SEM.

3.2.2 UV-Photolithography

Unlike the serial writing with EBL or ion-beam lithography, UV-photolithography
provides high throughput and is therefore suitable for large-area, parallel fabrica-
tion. Similar to the EBL, a photosensitive material is exposed to electromagnetic
radiation in order to change the solubility of the material, which is followed by
immersing it in an appropriate solvent to either remove the unexposed (negative
photoresist) or exposed area (positive photoresist) [40]. As a result, the pattern can
be controlled by the photoexposure. In the semiconductor industry, the use of
193-nm laser with immersion lithography or double patterning is commonly
employed to produce the node feature size down to 22 nm [44].

In 2004, Manners et al. proposed the use of UV-photolithography for patterning
a cobalt-containing PFS [31], in which this polymer was used as a negative pho-
toresist to create micron-size magnetic patterns. The polymer contains both car-
bonyl and pendent acetylene moieties which was considered to be an excellent
candidate as a resist material under UV exposure. The acetylene moieties attached

Fig. 3.4 a Optical micrograph of FePt bimetallic metallopolyyne microbars formed by EBL and
b SEM image of microbars pyrolyzed at 500 °C under nitrogen. Reproduced from Ref. [29] with
kind permission of © 2008 Wiley-VCH
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on PFS were responsible for the thermal cross-linking by cyclotrimerization and
coupling reaction between acetylene in the adjacent chains [45]. In addition, the
presence of metal carbonyls has proved to have a catalytic effect on the photoin-
duced polymerization of acetylene [46–49]. By covering the polymer film with a
shadow mask with feature size between 50 and 500 lm followed by the exposure to
UV radiation at k of 350–400 nm with 450 W, a well-defined pattern was observed
under optical microscope after development in THF. Further pyrolysis under a
nitrogen atmosphere at 900 °C for 5 h yielded Co/Fe alloy magnetic ceramic lines
with good shape retention. From both AFM and magnetic force microscope
(MFM) images, island morphology was revealed with the height ranging from 5 to
87 nm (Fig. 3.5).

Manners et al. have further extended the usage of UV-photolithography to
molybdenum-containing and nickel-containing PFS [28]. Using a mask with 20 lm
or above, line patterns were found with a nice shape retention for the
molybdenum-containing PFS sample (Fig. 3.6). Interestingly, the nickel-containing
PFS was found to give no pattern after UV exposure, which is mainly due to the
lack of decarbonylation process in the polymer chains (Fig. 3.7).

Fig. 3.5 a AFM image of a region on a pyrolyzed pattern with (bottom) cross-sectional height
profile of ceramic islands. bMFM image of the same region. Reproduced from Ref. [31] with kind
permission of © 2004 Royal Society of Chemistry
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With the UV-photolithography, the bimetallic alloy NPs are believed to be
directly formed from metallopolymers with specific functionalities which have been
found to be useful in catalysis and spintronic devices with desired nanostructures.

3.2.3 Nanosphere Lithography (NSL)

Although the radiation-based lithography has been extensively investigated and
commercially used in semiconducting industries for more than a few decades, the
limited resolution by the wavelength of light in UV-photolithographic approach and
high processing cost in EBL partially prohibited these advanced top-down tech-
niques for practical use, especially in the large-size pattern fabrication. In addition,
these conventional techniques usually require strict processing environment, such
as clean room, because the contaminant in atmosphere would destroy the
well-defined pattern fabrication by creating some undesired spots on the pattern.

Alternatively, mechanical patterning may provide a more forgiving approach by
the use of a soft mask which may trap the dirt during the compression of mask and

Fig. 3.6 a Bright field optical micrographs of a pattern of Mo-PFS fabricated with
UV-photolithography using a chrome contact mask and b the smallest line in a at higher
magnification. Reproduced from Ref. [28] with kind permission of © 2005 American Chemical
Society
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Fig. 3.7 Structure of Ni-containing PFS. Reproduced from Ref. [28] with kind permission of ©
2005 American Chemical Society
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produce the pattern correctly. NSL is one of the promising candidates using
homogeneous and ordered arrays of colloidal spheres to pattern the substrates
underneath. In general, two steps are included, namely mask preparation and liftoff
of mask (Fig. 3.8) [50].

In the first stage, the monodisperse colloidal spheres (e.g., polystyrene or silica
beads) are spread on a flat substrate by physical methods, such as dip-coating [51,
52], spin-coating [53, 54], self-assembly in-between two interfaces [55–57], and
electrophoretic deposition [58, 59]. Among them, spin-coating potentially provides
possibilities of mass production and scaling up by an easy, time-saving imple-
mentation with large-area processing ability. Based on the evaporation of solvent
with a good control on the spinning condition, defect-free and highly ordered
spherical colloids are formed on the substrate surface. After the self-organization,
additional materials are being deposited into the small gaps among the spherical
bead in order to transfer the pattern from nanospheres to either the additional
material or the underlying substrates. Finally, the spheres are being removed by
washing with solvent or reactive-ion etching (RIE).

In 2009, Huskens and Vancso et al. reported the use of iron-containing
homopolymer, poly(ferrocenylmethylphenylsilane) (PFMPS), as an etch mask
material to obtain freestanding porous polyethersulfone membrane (PES) on a
silicon substrate via NSL [33]. Membrane material is widely studied with a wide
range of applications, e.g., in pharmaceutical industry, water purification, and
energy sustainability [60]. Traditional fabrication methods are limited by the narrow
range of pore diameters, low porosity, and randomly distributed pores. With the use

Fig. 3.8 Schematic diagram of NSL process. Reproduced from Ref. [50] with kind permission of
© 2013 Hindawi Publishing Corporation
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of NSL, ordered and hexagonal-packed cylindrical pores can be made. Additional
rigidity is provided to the pattern transfer process when metallopolymer is used as
an etch mask between the PES and spherical colloids. Instead of the formation of
volatile compounds in organic domain after RIE, the formation of metal oxide
surface acts as a protective layer to preserve the pattern and allows further pattern
transfer directly to the underlying materials [61].

In their study, the silica colloidal particles (*300 nm in diameter) were spread
through the whole surface of mild-oxidized PES on the silicon substrates via
capillary-assisted deposition. The PFMPS polymer was then spin-coated on the
colloidal layer. After that, argon ion sputtering and aqueous hydrogen fluoride were
used to remove the top layer of PFMPS and silica particles, respectively. Further
treatment with oxygen plasma and aqueous nitric acid was used to remove
unprotected PES area and PFMPS residue. The AFM analysis of the sample surface
showed that the original height of particle array was approximately 60 nm, which
decreased to 40 nm after infiltration of 80-nm PFS layer (Fig. 3.9). Such decrease
was suggested to be the occupation of triangular voids among the spheres by
PFMPS. After the exposure to argon ion sputtering, hexagonal-packed
circle-shaped spheres were revealed under AFM. Because of the different sputter-
ing rate on silica materials, the diameter of the spheres was found to be smaller than
that of the original spheres. After removal of the unpatterned residue, the highly
ordered PES membrane was released by dissolving the sacrificial layer (i.e., cel-
lulose acetate) between PES and silicon substrate. The intact and highly porous
membrane was found to be 500 nm in thickness and 230 nm in pore size, which
was able to be picked up by tweezers and transferred to another substrate
(Fig. 3.10). In this demonstration, the metal-containing polymer acted as the etch
mask material and protective layer to retain the underneath materials during RIE.
As a result, pores were formed in the PES membrane during pattern transfer.

Extension of the usage of PFMPS with silica colloidal particle having different
sizes to fabricate both freestanding PES membrane and patterned silicon substrate
was carried out by the same research group [34]. For the PES membrane fabrica-
tion, 150-, 300-, and 500-nm silica particles were employed to generate negative
replica array in PES layers in a similar manner aforementioned (Fig. 3.11a). In the
case of patterned silicon substrate, silica particles with diameters of 60, 300, and
500 nm were used to cover the silicon substrate surface. With subsequent infil-
tration of PFMPS and a series of etching and washing steps, a silica mold was
formed for further NIL on another silicon substrate spin-coated with poly(methyl
methacrylate) (PMMA) (Fig. 3.11b). The authors first demonstrated the effect of
particle sizes on patterned silicon substrate. By varying the size of silica particles
employed, both pores’ size and periodicity can be controlled. The larger the silica
particle size, the larger the feature size on the silicon substrate. However, the quality
of the pattern can be greatly affected by the size distribution of colloidal particles. In
addition, the hexagonal pores may somehow vary in shape from hexagonal to
spherical.
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Fig. 3.9 AFM height images of a 300-nm colloidal sphere array, b array infiltrated with PFMPS,
and c array after argon ion sputtering; d–f are the corresponding 3D AFM images for a–c, and
g–i are the corresponding cross-sectional height profile. Reproduced from Ref. [33] with kind
permission of © 2009 Wiley-VCH

Fig. 3.10 a SEM image of PES membrane was being peeled off and transferred to a substrate.
b Optical photograph of a piece of PES membrane picked up by tweezers. Reproduced from Ref.
[33] with kind permission of © 2009 Wiley-VCH
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Alternatively, the time of RIE treatment with SF6/O2 (sulfur
hexafluoride/oxygen) can also alter the pore size of hole created. It was found that
the longer the etching duration was used, the larger the feature size was obtained
(Fig. 3.12). To imprint the PMMA, the mold was covered with a layer of 1H, 1H,
2H, 2H-perfluorodecyltriethoxysilane (PFDTS) first and was then pressed against
the PMMA to yield complementary patterns with similar shape and height

Fig. 3.11 Schematic diagrams of a negative replication, for the formation of freestanding PES
membrane, and b positive replication, for the formation of patterned silicon substrate. Reproduced
from Ref. [34] with kind permission of © 2010 Royal Society of Chemistry

Fig. 3.12 SEM images of
silicon mold surface after SF6/
O2 etching treatment for
a 10 s, b 30 s, and c 60 s.
d Plot of the feature size
against etching duration.
Reproduced from Ref. [34]
with kind permission of ©
2010 Royal Society of
Chemistry
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(Fig. 3.13). From the SEM and AFM images, the replicated PMMA structures were
proved to be almost the same in pattern and size as the mold.

With the use of metallopolymer in NSL, silica particles were used as an
inversion mask rather than etch mask, which can provide a simple and rapid
approach to pattern membrane materials and generate patterned silicon substrates
for NIL use. Taking the high etching resistance advantage of organometallic
macromolecules, polymeric patterns obtained by NSL can be directly transferred to
the underlying substrates in a single step. It further eliminates the complicated
process in metal evaporation and liftoff process. As a result, regular and periodic
structures can be easily fabricated over a large area.

In another example, Cosnier et al. have reported the use of NSL together with
electropolymerization to nanopattern an electrogenerated photosensitive
ruthenium-containing polymer [35]. The electrochemical and photoelectrochemical
properties of the metallopolymer have been studied, and the improved photoelec-
trochemical properties stemming from varying the nanostructure were
demonstrated.

Fig. 3.13 SEM images of imprinted PMMA with silicon mold with SF6/O2 etching treatment for
a 10 s, b 30 s, and c 60 s, and d AFM height profile of imprinted PMMA with different etching
duration. Reproduced from Ref. [34] with kind permission of © 2010 Royal Society of Chemistry

3 Nanopatterning of Functional Metallopolymers … 63



3.2.4 Nanoimprint Lithography (NIL)

Apart from NSL, NIL is a mechanical patterning technique to make use of a
mechanical mold (e.g., PDMS) to shape the materials into certain features, which
potentially provides high resolution in large-area fabrication with a low processing
cost [62]. Thus, NIL has been regarded as one of the next-generation cost-effective
methods for semiconductors manufacturing and magnetic storage disks fabrication
[63]. During the NIL process, the imprinted materials were physically deformed
under a mold and regular pattern was formed according to the pattern on the mold.
The material underneath can be further cured by UV light or high temperature [37,
64] to obtain an intact structure. In contrast to photolithography, the resolution is
not limited by the wave diffraction or scattering or interference in a resist [65], but
by the ability of making ultra-small features on the mold by some other techniques.
During the nanopatterning of metallopolymers, polymers imprinted were used as
both imprint resists and functional materials [66]. This reduced the etching or liftoff
process so as to minimize the defects in pattern transfer.

Wong and co-workers have demonstrated the use of NIL to pattern a polyfer-
roplatinyne polymer, followed by pyrolysis to generate FePt NPs for the potential
use as bit-patterned media (BPM) in magnetic data storage devices [67] (Fig. 3.14).
In contrary to the traditional imprinting process, the metal-containing polymer was
directly imprinted in its liquid phase through dropwise addition onto the substrate,
without any spinning and patterning of photoresist or subsequent etching/liftoff of
the polymer film (Fig. 3.15). This makes the single-step fabrication possible. In this
study, the PDMS mold with either line array (740-nm periodicity and 350-nm
feature size) or dot array (500-nm periodicity and 250-nm feature size) pattern was
used to pattern the casting polyferroplatinyne solution on the silicon substrate, and
UV light was subsequently exposed onto the patterned substrate to transform the
polymers into some higher molecular weight materials by cross-linking in the solid
state.

The SEM analysis illustrated the imprinted dot arrays of the FePt-containing
metallopolymer with similar diameter and periodicity (Fig. 3.16a). Finally, the
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processable FePt-containing
metallopolymer. Reproduced
from Ref. [67] with kind
permission of © 2012
Wiley-VCH
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mold was lifted off, and the patterned film was annealed at 800 °C under argon to
generate the desired L10 phase FePt NPs. The line array pattern was preserved after
the high-temperature annealing, whereas the height of dot array was between 5 and
8 nm (Fig. 3.16b), which is comparatively small to the original mold with a height
of 80 nm. The authors suggested that this may be due to the collapse of materials
after pyrolysis. From the bulk pyrolysis, it was confirmed that the average size of
FePt NPs formed was about 4.6 ± 1.2 nm with a narrow standard deviation. The
magnetic property of the patterned sample was investigated by vibrating sample
magnetometer (VSM). The coercivity measured at room temperature was about
1.4 T for the dot patterns (Fig. 3.16c) which was comparable to that in the magnetic
data storage media used at that moment.

To further demonstrate the external field writing of patterned FePt NPs, field
annealing in the −Z direction was demonstrated with an external magnetic field of
1 T at the same annealing temperature for 1 h. To switch the Z direction to the
opposite side, an external magnetic field of 1.8 T was applied at room temperature.
The corresponding 3D MFM images were taken to show the magnetic signal over
the sample with area of 5 � 5 lm (Fig. 3.17). Both images showed the same
periodicity of dot array pattern but in opposite Z direction. This prototype provided
an areal density of 2.58 Gb in−2, which can offer BPM with a storage density

Fig. 3.15 Schematic illustration of the fabrication of large-area nanostructures from the
FePt-based bimetallic metallopolymer by NIL. Reproduced from Ref. [67] with kind permission
of © 2012 Wiley-VCH
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beyond 1 Tb in−2 without the use of sophisticated technologies. Recently, the same
groups further demonstrated the generation of L10 FePt NPs by nanoimprinting the
blend of iron- and platinum-containing homopolymers [68] and the synthesis of L10
CoPt NPs by imprinting cobalt-/platinum-containing bimetallic polymer for the
ferromagnetic applications [69]. This rapid nanoimprinting method is not just
limited in patterning magnetic NPs, but also for the surface patterning in photo-
voltaic, light-emitting, and biochemical sensing application.

3.3 Conclusions

In this chapter, different top-down approaches for the nanofabrication of
metal-containing polymers have been illustrated and selected examples have been
presented. In the top-down approach, the sophisticated EBL, well-developed

Fig. 3.16 a SEM image of the nanoimprinted dot array pattern of FePt-containing metallopoly-
mer. b I AFM image of nanoimprinted dot array FePt NPs after pyrolysis. II Cross-sectional
analysis of the measured distance as indicated in b(I). c Hysteresis loop measurement by VSM at
room temperature in the out-of-plane direction of the nanoimprinted dot array pattern of FePt NPs
after pyrolysis. Reproduced from Ref. [67] with kind permission of © 2012 Wiley-VCH
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UV-photolithography, easily processedNSL, andNIL have provided the direct way to
transfer pattern to metallopolymer through focused electron beam, UV light, col-
loidal spheres, and mechanical mold, respectively. They are particularly useful for
the patterning of homopolymers or random copolymers due to the lack of
microphase separation in the polymer. These fabrication techniques are believed to be
promising for metallopolymer patterning and important for their use in different
applications.
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Chapter 4
Organic Porous Polymer Materials:
Design, Preparation, and Applications

Liangxiao Tan, Kewei Wang, Qingyin Li,
Yuwan Yang, Yunfei Liu and Bien Tan

Abstract The synthesis of porous organic polymer materials with nanoscale range
has long been an important science subject and received an increasing level of
research interest owing to their essential properties merging both of the porous
materials and polymers such as low skeleton density, processability, easy func-
tionality, and diverse synthetic methods. In this chapter, several porous polymer
materials including covalent organic frameworks (COFs), hypercrosslinked poly-
mers (HCPs), conjugated microporous polymers (CMPs), polymers of intrinsic
microporosity (PIMs), and macroporous polymers from high internal phase emul-
sions (HIPEs) will be introduced as well as their diversiform synthetic methods and
potential applications including gas storage, carbon capture, separation, catalysis,
sensing, energy storage and conversion.

4.1 Introduction

Design, construction, and utilization of advanced functional materials with special
porous architectures in micro- and nanoscale range have long been an important
science subject. Porous polymers especially have attracted a large amount of
research attention owing to their unique characteristics that combine both porous
materials and polymers [1]. First of all, porous polymers are able to be designed and
prepared with high surface area and well-controlled pore structure [2–4]. Secondly,
porous polymers are processable due to their polymer chain essence. For instance,
they can be easily synthesized with various micromorphology such as hollow
nanosphere [5–7], thin film [8–10], and monolithic form [11–15]. Some kinds of
porous polymers may even be dissolved in common organic solvents for further
solvent-based process technology, however, without losing their porosity [16–18].
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Furthermore, a wide range of optional organic building blocks as well as mul-
titudinous synthesis methods enable the resulting porous polymers facile to
incorporate multiple chemical functionalities within networks or pore surface which
is far different from inorganic porous materials such as zeolite, carbon, and silica [4,
19–22]. Besides, porous polymer frameworks are composed of light elements
which provide a weight advantage in many applications.

For the porous polymers, surface area and pore size are the two most important
factors that affect their performance. According to the IUPAC recommendation,
pores can be divided into the following three species: micropores with pore size less
than 2 nm; mesopores with pore size between 2 and 50 nm; and macropores with
pore size larger than 50 nm [23]. Usually, smaller pore size contributes larger
adsorption amount of sorbate molecules at lower pressures which results in a higher
surface area [24]. To introduce micropore into the polymer matrix, rigid aromatic
building blocks are necessary to be adopted directly linking together or by other
rigid groups such as alkynes [25] or alkenes [26] in order to construct a fixed rigid
structure which prevent the polymer chains from collapsing. After the removal of
solvent, the space that solvent filled previously will be permanent pore [27].

According to the synthetic methods and the chemical structure, microporous
organic polymers (MOPs) can be roughly classified as covalent organic frameworks
(COFs) [3, 28], hypercrosslinked polymers (HCPs) [29, 30], conjugated microp-
orous polymers (CMPs) [31, 32], polymers of intrinsic microporosity (PIMs) [33,
34], covalent triazine-based frameworks (CTFs) [35, 36], porous aromatic frame-
works (PAFs) [2, 37], and so on. Among them, COFs are a class of crystalline
networks with well-ordered structures and uniform pore size that related to their
monomers. COFs are usually formed via reversible bond-forming chemistry such as
boronic acids’ self-condensation or with diols to form bromine rings by which the
most thermodynamically stable structure can exist [27].

Some other polymers possess rather amorphous networks with disordered
structure and normally a wider pore size range [38]. Amorphous networks always
require metal-catalyzed high-yielding reactions to achieve entire condensation as
possible. For example, Lewis acid catalytic Friedel–Crafts alkylation reaction is
usually for HCPs synthesis [29], and CMPs are prepared by noble metal catalytic
Sonographer–Ghaghara coupling, Yamamoto coupling, Suzuki coupling reactions,
and so on [32].

In this chapter, we mainly discuss the following microporous organic polymers
including covalent organic frameworks, hypercrosslinked polymers, conjugated
microporous polymers and polymers of intrinsic microporosity as well as some
macroporous polymers based on polymerization of high internal phase emulsions
(polyHIPEs). Not only the design and synthetic strategies, but also the potential
applications of these porous polymers will be introduced in detail including gas
storage, carbon capture, separation, catalysis, sensing, energy storage, and
conversion.
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4.2 Covalent Organic Frameworks

Covalent organic frameworks are a new class of porous covalent crystalline organic
networks based on dynamic covalent chemistry which leads to the process of
forming, broking, and reforming covalent bonds [39]. Generally, linking organic
molecules by covalent bonds into extended networks typically generates amor-
phous, disordered solid materials. The ability to develop strategies for obtaining
crystals of such solids is of interest because it opens the way for precise control of
the geometry and functionality of the extended structure, and the stereochemical
orientation of its constituents. The attainment of crystals is done by several tech-
niques in which a balance is struck between the thermodynamic reversibility of the
linking reactions and their kinetics. This success has led to the expansion of COFs
including organic units linked by these strong covalent bonds: B–O, C–N, B–N,
and B–O–Si. Compared to the amorphous porous organic polymers (PIMs, CMPs,
and HCPs), COFs have permanent geometry, and it is possible to predict the
structures of the resulting COFs using powder X-ray diffraction (PXRD) tech-
niques. For this advantage, it can be directed to the synthesis of COFs structures by
design and for their formation with desired composition, pore size, and aperture,
which make COFs an attractive class of new porous materials. In 2005, Yaghi and
co-workers demonstrated the utilization of the topological design principle in their
synthesis of covalent-linked crystalline porous organic frameworks [28]. Since this
seminal work, the chemical synthesis of COFs has progressed significantly, and
been used in gas storage, solid supports for catalysis, and optoelectronic devices. In
this account, we outline how this chemistry was used to prepare crystalline COFs
and highlight their synthesis, characterization, and applications.

4.2.1 Design and Synthesis

The synthesis of COFs could be designed through the principles of reticular
chemistry [40–44]. Normally, the basic concerns for design mainly focus on the
porosity and the structural regularity. In this regard, much experience has been
obtained from the synthesis of metal-organic frameworks (MOFs). However, the
crystalline framework of MOFs via the coordination bonds is much easier formed
than to fabricate crystalline COFs via the covalent bonds. In order to form the
crystalline solid, the formation of linkages should be well reversible and the
reaction rate must be on a timescale that allows for self-correction of defects [45].

4.2.1.1 Design Principles

Crystalline COFs are synthesized in condensation reactions of organic building
blocks, with geometry shape. The structure of the building blocks must meet two
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requirements: (1) the formation reaction should be reversible, and (2) the geometry
of the building blocks should be well preserved in the COFs [46]. Figure 4.1
summarizes the synthetic reactions successfully applied for the COFs synthesis.
The reaction A is based on the reversible formation of boronate anhydride from the
dehydration of boronic acid. The synthesis of COF-1 was led by Yaghi and
co-workers via this reaction [47]. An analogous dehydration reaction (reaction B)
between boronic acid and (acetonide-protected) catechol results in the reversible
formation of boronate esters by which a series of boron-containing COFs have been
successfully obtained [47, 48]. The synthesis of triazine-based frameworks has been
prepared via the nitrile cyclotrimerization under ionothermal condition, which
represents a unique method (reaction C) [36, 49]. CTFs simultaneously provide
high thermal, chemical, and mechanical stabilities along with a high degree of

Fig. 4.1 Reversible reactions that have been successfully developed for the construction of COFs
[36, 47–49, 70]
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conjugation; however, they typically possess low crystallinity as a result of the poor
reversibility of the trimerization reaction. The reactions D and E are based on the
imine bonds structure (–C=N–), by which several COFs have been synthesized with
the new networks. The dehydration of aldehyde and amine gives rise to the Schiff
base-type linkage (reaction D), while the reaction E between aldehyde and
hydrazide affords the hydrazine structure.

As mentioned above, the rigid conformation of the building blocks enables the
topological design of the COFs. Figure 4.2 summarizes the building units used, the
general features of which are rigid in structure and symmetric multiconnective so as
to meet the requirement for constructing the regular pores of COFs. For clarity,
these building blocks are classified based on functional groups such as (–B(OH)2,
–OH, –CHO, –NH2, and –CN). The synthetic strategies for COFs are based on
diversity of building blocks, which endows the COFs with high flexibility in their
molecular design.

Fig. 4.2 Building units that have been successfully utilized for the synthesis of COFs
[36, 47–49, 70]
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4.2.1.2 Synthetic Methods

Since Yaghi and co-works exploited the solvothermal method to achieve the first
successful COF-1 in order to construct the skeleton of COFs, many research groups
have attempted to expand the synthetic possibility in different ways. We summarize
the solvothermal, ionothermal, and microwave methods applied for the COFs
synthesis below. Compared to bulky methods, surface or film COFs have been
developed via reactions on substrates, such as metal surface and graphene sheet.

Solvothermal Synthesis

Initial studies were carried out in Pyrex tube via the solvothermal synthesis
method which was degassed using several freeze–pump–thaw cycles, sealed, and
heated to a desired temperature for 2–9 days. The precipitate was obtained, washed
with suitable solvents, and dried under vacuum to yield the COFs powder. Issues
such as the solubility, reaction pressure, crystal growth rate, and reversibility are the
important points to be considered when selecting the reaction media and conditions.
For example, whether fully soluble or completely insoluble building blocks can
lead to the synthesis of COFs needs further experimental investigations [50, 51].

Moreover, solvent combination and ratio are the important factors for the highly
crystalline COFs synthesis. As an example, Jiang and co-workers discussed the
influence of solvents on the crystallinity of COFs [51]. When the ratio of mesitylene
and dioxane is 19/1 or 9/1(v/v), COFs with high crystallinity could be obtained. At
the same time, a suitable temperature and optimal inside pressure ensure the
reversibility of the reaction. Generally, COFs have been prepared at temperatures
ranging from 85 to 120 °C which is dependent on the chemical reactivity of the
building blocks.

Microwave Synthesis

Microware-assisted reactions have been widely adopted in chemistry and material
synthesis [52, 53]. 2D COF-5 and 3D COF-102 were obtained via the microwave
heating by Cooper and co-workers [54, 55]. Compared to the solvothermal meth-
ods, microwave synthesis provides several advantages, such as rapid reaction,
without sealed vessel, and more efficient.

Ionothermal Synthesis

Thomas and co-workers exploited the ionothermal synthesis method to produce
crystalline porous CTFs [36]. Cyclotrimerization of nitrile building units in molten
ZnCl2 at 400 °C affords crystalline CTFs. The molten ZnCl2 plays important roles
in this system, not only as the solvent and catalyst but also as the template for the
reversible cyclotrimerization and crystallization. However, most synthesized CTFs
are amorphous materials, a probable reason is that this method seems to be partially
reversible [46].
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Synthesis of Monolayer COFs on Substrates

Forming the monolayer COFs on surface takes a further step for real applications.
So far, Ag, highly ordered pyrolytic graphite (HOPG), and graphene have been
used to prepare monolayer COFs. Condensation of the building blocks onto a metal
surface formed monolayer of COF-1 and COF-5 [5]. The molecular arrays were
obtained by the sublimation of 1,4-benzenediboronic acid (BDBA) and
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) under ultrahigh vacuum
(UHV) from two heated molybdenum crucible evaporators onto a clean Ag(111)
surface. Images of molecular layers were conducted using scanning tunneling
microscopy (STM) at room temperature [56] (Fig. 4.3). The preparation of
defect-free monolayer may require fine-tuning reaction conditions, highly purified
building blocks, and employing a suitable single-crystal metal substrate to direct the
building block alignment.

Subsequently, a HOPG surface was adopted instead of a metal surface to prepare
monolayer COFs [57]. In this experiment, biphenyldiboronic acid,
1,4-benzenediboronic acid, and 9,9-dihexylfluorene-2,7-diboronic acid were
deposited onto a HOPG surface from their THF solutions, and CuSO4�5H2O as a
water “reservoir,” followed by heating in a sealed autoclave at 150 °C for 1 h to
form COFs monolayer. Structural analysis of the network showed a uniform pore
spacing of 2.3 nm, which was in excellent agreement with the 2.27 nm size pre-
dicted by density functional theory (DFT) calculations and thus confirming the
covalent formation of boroxine-linked SCOF-1. To achieve the reliable interface of
electrodes or incorporate into real devices, Dichtel and co-workers reported the
synthesis and characterizations of layered oriented COF-5 films onto single-layer
graphene (SLG on SiO2) surface (Fig. 4.4) [58–60]. Then, TP-COF, NiPc-COF,
HHTP-DPB-COF, and ZnPc-PPE-COF were successfully prepared on graphene
surfaces, and their thicknesses can be tuned by controlling the reaction time.

Fig. 4.3 STM image of the
near-complete monolayer of
SCOF-1 film synthesized
from the deposition of 1 on
Ag (111). The inset shows the
proposed chemical structure
for SCOF-1. Reproduced
from Ref. [56] with kind
permission of © 2008
American Chemical Society
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4.2.1.3 Structural Studies

Due to the highly crystalline structure, COFs with special architecture can be
characterized by PXRD techniques. The structural simulation provides an important
tool in revealing COFs’ stacking structures. Besides, the structural regularity,
composition, and atomic linkage of the COFs can be characterized by infrared
spectroscopy, solid-state NMR spectroscopy, elemental analysis, and X-ray pho-
toelectron spectroscopy. In molecular perspective, COFs can be classified into three
categories: boron-containing, triazine-based, and imine-based COFs.

Boron-containing COFs

In 2006, COF-1 was synthesized as a crystalline material by the self-condensation
of 1,4-phenylenediboronic acid (BDBA) which resulted in a structure consisting of
extended layers stacked in staggered form and gave hexagonal pores with 1.5 nm
diameter and BET surface area of 711 m2 g−1. It has also been applied for the
synthesis of three-dimensional COFs by condensation of molecules with tetrahedral
structure, such as tetra(4-dihydroxyborylphenyl)methane (TBPM) and tetra

Fig. 4.4 Solvothermal synthesis of HHTP and PBBA on a single-layer graphene surface,
affording COF-5 as the film on the graphene surface and as the powder precipitated around the
bottom of the tube. Reproduced from Ref. [58] with kind permission of © 2011 The American
Association for the Advancement of Science
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(4-dihydroxyborylphenyl)silane (TBPS) [3]. Subsequently, Lackinger and
co-workers used para-diboronic acids, in which the size of the organic backbone
varied from phenyl to quaterphenyl incrementally, to synthesize a series of
isoreticular 2D COFs [61]. These networks ranged from 1.5 to 3.8 nm, and the
corresponding pore sizes increased from 1.0 to 3.2 nm. Scanning tunneling
microscopy was employed for structural characterization of the covalent networks
as well as non-covalent self-assembled structures that were formed on the surface
prior to the thermally activated polycondensation reaction. Recently, Fischer and
co-workers developed a novel synthesis strategy for COF-1 at room temperature
which was suitable for multigram scale synthesis [62]. This methodology shifts
COF synthetic chemistry from sealed tubes to open beakers.

In addition to self-condensation, boronic acids can also react with catechols to
form five-membered C2O2B boronate esters. And the mechanistic studies of COF-5
formation have been done from initial homogenous conditions (Fig. 4.5) [63]. The
obvious advantage of this co-condensation strategy is the diverse combination of
boronic acids and diols as building units, by which a series of COFs could be
constructed with different properties and functionalities. For example, via the
co-condensation of monomers 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and
pyrene-2,7-diboronic acid (PDBA), a 2D COF material (TP-COF) was successfully
obtained [64]. TP-COF is a highly blue luminescent and electrical conductive
material. Moreover, the functionality of COFs could be tailored with more versatile
building units. For instance, via the co-condensation of donor and acceptor
monomers, COFs with segregated donor–acceptor heterojunctions were synthesized
[59, 65, 66]. Meanwhile, photoresponsive structurally dynamic COFs [67],
polygonal shape-persistent macrocycles COFs [68], and star-shaped COFs [69]
were also successfully synthesized using this strategy.

Fig. 4.5 A comparison of heterogeneous and homogeneous growth conditions for COF-5 and
turbidity measurement of COF-5 formation as a function of time (8 mM HHTP, 1.5 equiv of
PBBA, 15 equiv of MeOH, 4:1 dioxane/mesitylene, 90 °C). Reproduced from Ref. [63] with kind
permission of © 2014 American Chemical Society
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Based on the methods above, three-dimensional COFs were synthesized by
condensation or co-condensation of molecules with tetrahedral geometry, such as
TBPM or TBPS, TBPM, and HHTP [3].

Imine-based COFs

Similarly, C=N bond formation reaction has been applied to synthesize COFs with
imine linkages [70]. One category is the “Schiff base”-type COFs formed via the
co-condensation of aldehydes and amines (reaction D in Fig. 4.1). The first
imine-based COF (COF-300) was synthesized via the dehydration reaction of tetra-
(4-anily)methane and terephthaldehyde [70]. Subsequently, many scientists
involved in this field. Jiang [71–76] and Rahul [77–81] are the best of them. Jiang
and co-workers used this method mainly to focus on porphyrin-containing COFs
synthesis [71, 73, 76]. By tuning the size and length and by introducing specific
functional groups of the building blocks, photochemical active COFs [73], chiral
COF catalysts, [75], adsorbents [73, 76], and chemical probe [82] can be produced.
Rahul and co-workers designed a series of COFs based on the
1,3,5-triformylphloroglucinol (TP) units [77, 79–81, 83]. More recently, 3D
imine-based COFs were synthesized via the Knoevenagel condensation reaction,
showing excellent catalytic activity [84]; the other one was 3D pyrene-based COF,
which was constructed through [4+4] imine condensation reactions. The novel 2D
COFs with two different pores were recently developed.

Zhao and co-workers designed a dual-pore COF, which possessed both mico-
pores and mesopores (7.1 and 26.9 Å) (Fig. 4.6a) [85]. Zhang and co-workers
successfully synthesized two COFs with heterogeneous pore structures through the
desymmetrized vertex design strategy [86]. Pore size distribution analysis revealed
that two types of micropores (1.06 and 1.96 nm) were incorporated into the
resulting COFs (Fig. 4.6b).

Fig. 4.6 a Schematic representation for the synthesis of TpBDH and TfpBDH [one unit of a space
filling model of TpBDH and TfpBDH is shown in the inset of the chemical drawing model];
b syntheses of HP-COF-1 and PSDs of HP-COF-1. Reproduced from Ref. [85] with kind
permission of © 2014 American Chemical Society, Reproduced from Ref. [86] with kind
permission of © 2015 American Chemical Society
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Another type of imine-based COFs is hydrazone-linked COFs synthesized by
pioneer Yaghi and co-workers via the co-condensation reaction of aldehydes and
hydrazides (Fig. 4.7). By employing 2,5-diethoxyterephthalohydrazide and
1,3,5-triformylbenzene or 1,3,5-tris(4-formylphenyl)benzene as the building units,
COF-42 and COF-43 were successfully synthesized [87]. The existence of abun-
dant hydrogen bonds within the hydrazone units is beneficial for the formation of
the eclipsed structure. More recently, Wang and co-workers designed fluorescent
COFs (COF-LZU8) by introducing the thioether groups into COF-42 for efficient
detection and removal of Hg2+ ions [88].

Triazine-based COFs

Covalent triazine-based frameworks were firstly developed by Thomas and
co-workers [36]. The CTFs synthesis was based on cyclotrimerization of aromatic
nitrile building units in molten ZnCl2 at 400 °C (reaction C in Fig. 4.1).
Interestingly, the ratio of ZnCl2 to monomer is the key to the CTFs synthesis. The
higher ratio (10:1) would lead to an amorphous polymer but with higher surface
area (1123 m2 g−1). Compared to the two types of materials above, the CTFs are

Fig. 4.7 Building units and the extended structures of COF-42 and COF-43. Reproduced from
Ref. [87] with kind permission of © 2011 American Chemical Society
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usually of lower crystallinity. The reaction for CTFs is partially reversible reaction.
To date, only two crystalline CTFs have been successfully synthesized [36, 49].

Other COFs

Polyimide-COFs (PI-COFs) were designed by Yan and co-workers using the
imidization reaction. The resulting PI-COFs possessed large pore sizes that can be
tuned by extending the building units, and in particular, PI-COF-3 displayed the
largest size (5.3 nm) among the results reported to date [89]. Subsequently, 3D
porous PI-COFs with non- or fourfold-interpenetrated diamond networks were
synthesized which represented the first kind of COFs ever to be employed in
controlled drug delivery with high loading and good release control [90]. Novel
COFs with two types of covalent bonds have been developed using orthogonal
reactions. This strategy can be adapted not only in binary systems but also in more
complicated systems. For example, the first multiple-component NTU-COF-2
showed both high BET surface area and large H2 uptake capacity [91].

4.2.2 Application Exploration

The applications of COFs are derived from their porosity and functional unit
skeleton. With tunable porous architecture, these COFs are new candidates for
further applications, such as gas storage, catalyst, and photoelectric device.

4.2.2.1 Gas Storage

Hydrogen Storage

Fossil fuels such as oil, natural gas, and coal contain carbon and produce CO2, CO
gases including a higher ratio of nitrogen oxides (NOx) and sulfur dioxide (SO2)
which lead to pollution and global warming. Moreover, coal and fuel oil are
available in limited supply. However, hydrogen is a clean, highly abundant, and
non-toxic renewable fuel, and it is viewed as a promising clean fuel in the future
which only generates water vapor after burning. The major problem with this fuel is
its storage since it needs to be stored like other compressed gases. Hydrogen is
usually stored in three different ways, viz. compression, liquefaction, and in a solid
material [92, 93]. COFs have generated much interest in the study of the hydrogen
storage materials.

Normally, COFs with larger surface areas possess higher hydrogen uptake
capacities under the same condition. For example, 3D COF-102 with a higher BET
surface area of 3620 m2 g−1 showed the highest hydrogen uptake up to 7.2 wt% at
1 bar and 77 K [94]. This capacity is comparable to that of MOF-177 (7.5 wt%,
SBET: 4500 m2 g−1) [95], MOF-5 (7.6 wt%, SBET: 3800 m2 g−1) [96], and PAF-1
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(7.5 wt%, SBET: 5600 m2 g−1) [2]. For 2D COFs, COF-10 (SBET: 1760 m2 g−1)
showed the highest hydrogen uptake of 3.92 wt% at 1 bar and 77 K compared to
the other 2D COFs [94]. Recently, Zhao and co-workers developed a high BET
surface area (1619 m2 g−1) NTU-COF-2, with two types of covalent bonds using
orthogonal reaction. Its hydrogen uptake is 1.55 wt% at 1.0 bar and 77 K [91].
However, the exceptional COF-11 Å with the lower BET surface area (105 m2 g−1)
showed hydrogen uptake of 1.22 wt% at 1.0 bar and 77 K [94]. The DOE road map
target for hydrogen storage is set to be 9 wt% and 81 kg H2 m

−3 at 253–323 K
with a pressure of 100 atm by the year 2015. Rooting on this purpose, the practical
employment of COFs toward hydrogen uptake seems remoted.

Carbon Dioxide Storage

The emission of CO2 due to the combustion of fossil fuels is one of the major
sources for the accumulation of CO2 in the atmosphere. To stabilize atmospheric
CO2 level, it is necessary to develop CO2 capture and storage/sequestration tech-
nologies [94]. The storage of CO2 has been extensively studied using a wide range
of porous materials, for example, porous carbons, silicas, and MOFs [42, 97, 98].
Yaghi and co-workers achieved a very high CO2 uptake of COF-102 reaching
120 wt% at 55 bar and 298 K [94]. However, COF-102 showed higher adsorption
at low pressures than COF-108 because of their compact atomic packing; on the
contrary, at high pressures, higher CO2 uptake value (422.4 wt%) was obtained for
COF-108. Compared with other porous materials (for example, ZIFs) [43, 99],
COFs via reasonable design might become good candidates for CO2 storage.

Methane Storage

Natural gas has been demonstrated to be potential as an alternative fuel for
vehicular application due to its abundance and low price. Much effort has been
focused on reaching the DOE target (180 cm3) of storing methane at 35 bar,
because this is the pressure in natural gas pipelines. Similar to the cases of hydrogen
storage, the capability of methane storage is based on surface areas of COFs. The
adsorption capacity of methane at 35 bar and 298 K in 3D COF-102 (18.7 wt%,
3620 m2 g−1) is higher than that of 3D COF-103 (17.5 wt%, 3530 m2 g−1) [94].
For 2D COFs, COF-5 has a lower value (8.9 wt%). Although the capacities of
methane storage are similar in some COFs, decreasing the costs and efforts in
synthesizing COFs still remain a big challenge toward the practical employment.

Ammonia Storage

Boron-containing COFs with abundant boron element (electron-deficient element)
are useful for adsorbing ammonia. Among the series of boron-containing COFs,
COF-10 has the highest ammonia uptake (15 mol kg−1) at 1 bar and 298 K [100].
Moreover, COF-10 has a good circulation property. However, the stability of
boron-containing COFs restrains their application.
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4.2.2.2 Heterogeneous Catalysis

Organocatalysis in homogeneous systems is problematic because of the difficulty of
separating expensive catalysts for repeated use [101–103]. Most heterogeneous
organocatalysts are based on linear polymer supports; however, such catalysts
exhibit low activity owing to the inefficient access to the catalytic sites. To over-
come this issue, crystalline MOF-based organocatalysts have been developed.
However, their stability, enantioselectivity, and diastereoselectivity need to be
improved [75]. Imine-based COFs, due to containing abundant C=N (basic group),
are useful for organic catalysis. Jiang and co-workers developed p-electronic COFs
as a new type of metal-free heterogeneous catalyst, which enabled the
high-performance catalysis of Diels–Alder reactions in neat water and ambient
condition. Meanwhile, they prepared the mesoporous COFs with two distinct chiral
segments by post-synthetic functionalization. The resulting crystalline metal-free
catalysts displayed high activity, enantioselectivity, and recyclability for Michael
reactions. On the other hand, imine-based COFs can incorporate metal ions into its
pores via the coordination reaction with nitrogen atoms in the COFs. In 2011, Wang
and co-workers realized the first application of metal COFs (Pd/COF-LZU1) for
highly efficient Suzuki-Miyaure coupling catalysis reaction [104]. Recently,
Vaidhyanathan and co-workers reported an amphiphilic triazine COF and the facile
single-step loading of Pd(0) nanoparticles. The 18–20% of nano-Pd loading gave
highly active composite working in open air at low concentrations (Conc. Pd
(0) < 0.05 mol%, average TON 1500) catalyzing simultaneous multiple site Heck
couplings and C–C couplings using “non-boronic acid” substrates, and exhibited
good recyclability with no sign of catalyst leaching [105].

4.2.2.3 Photoelectric Applications

COFs with the photoelectric performance (PPy-COF) were firstly synthesized via
the self-condensation of PDBA under solvothermal condition by Jiang and
co-workers [106]. Remarkably, PPy-COF possessed 2D eclipsed structures with a
higher BET surface area of 868 m2 g−1, and showed a fluorescence shift compared
to its monomer PDBA. PPy-COF is electrically conductive, displaying photocon-
ductivity with a quick response to light irradiation, and is capable of repetitive on–
off photocurrent switching with a large on–off ratio (Fig. 4.8).

Phthalocyanines (Pcs) have received considerable attentions due to their unique
optical and electronic properties which give rise to the application of Pcs in various
domains, such as organic field-effect transistor, optical information storage, organic
solar cell, photodynamic therapy, and nonlinear optical material. Phthalocyanine-
based polymers combine the excellent physical and chemical properties of Pcs as
well as good solubility and processability, which are becoming one of the research
hot spots. Spitler and Dichtel synthesized an eclipsed 2D COF (PC-PBBA-COF)
containing metal-free phthalocyanine groups using phthalocyanine tetra(acetonide)
and BDBA [48]. At the same time, Jiang and co-workers synthesized nickel
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phthalocyanine-based COFs (NiPc COF and 2D-NiPc-BTDA COF) via the bor-
onate esterification reaction of (2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato)
nickel(II) with BDBA or benzothiadiazole diboronic acid (BTDADA) [50, 51].
Both NiPc COF and 2D-NiPc-BTDA COF possessed eclipsed structures with BET
surface areas of 624 and 877 m2 g−1, respectively. Due to 2D eclipsed structure,

Fig. 4.8 a I–V profile of PPy-COF between two Pt electrodes 10 mm apart (black curve: without
PPy-COF; blue curve with PPy-COF; red curve with iodine-doped PPy-COF). b Electric current
when the 2 V bias voltage was turned on or off. c I–V profile of PPy-COF between sandwich-type
Al/Au electrodes (black curve without light irradiation; red curve upon light irradiation).
d Photocurrent when the light was turned on or off. Reproduced from Ref. [106] with kind
permission of © 2009 Wiley-VCH (color figure online)
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NiPc COF showed an enhanced light-harvesting capability in the visible and
near-infrared regions. And NiPc COF revealed highly photoconductive property,
exhibiting a panchromatic light response and exceptional sensitivity to visible and
near-infrared photons. Subsequently, they synthesized 2D tetragonal metalloph-
thalocyanine by introducing electron-withdrawing blocks at the edges of n-channel
2D COFs. 2D-NiPc-BTDA COF turned to be an n-type semiconductor and
exhibited great changes in the carrier transport mode with a broad and enhanced
absorbance of light up to 1000 nm. Moreover, this COF exhibited panchromatic
photoconductivity and was highly sensitive to near-infrared lights. Recently, they
developed a new donor–acceptor strategy to construct COFs with various skeletons
and pore for charge separation and photoenergy conversion. For example, using a
three-component topological design diagram in conjunction with click chemistry,
they developed a method for converting the open lattice of COFs into photoelectric
structures. Most recently, they reported the design and synthesis of a photore-
sponsive COF with anthracene units as the photoresponsive p-building blocks.
The COF is switchable upon photoirradiation to yield a concavo-convex polygon
skeleton through the interlayer[4p+4p] cycloaddition of anthracene units stacked in
the p-columns [67].

Porphyrins possess extensive p-conjugated systems which contribute to electron
transfer from donor unit to acceptor unit, and high molar absorption coefficient in
light absorption, and their properties can be easily tuned via synthetic modifications
for the periphery or by metal insertion into the cavity of porphyrin. In recent years,
porphyrins have been applied in the synthesis of porous materials such as MOFs
[47, 107, 108], CMPs [109], and COFs [76]. Jiang and co-workers reported the
porphyrin-based COF (ZnP-COF) constructed via the boronate esterification reac-
tion of zinc(II) 5,10,15,20-tetrakis(4-(dihydroxyboryl)phenyl) porphyrin and
1,2,4,5-tetra-hydroxybenzene. ZnP-COF revealed a tetragonal 2D eclipsed structure
with a large BET surface area of 1742 m2 g−1 and an average pore size of 2.5 nm.
Subsequently, the photoelectronic properties of ZnP-COF and other two
porphyrin-based COFs (H2-COF and CuP-COF) have been studied [46]. Compared
to H2-COF, ZnP-COF and CuP-COF showed high-rate ambipolar and electron
conduction, respectively. CuP-COFs have been investigated in a recent work, in
which fluoro-substituted and non-substituted arenes at different molar ratios were
integrated into the edge units that stack to trigger self-complementary p-electronic
interactions in the COFs. These interactions also showed a prominent effect on
changing the p-electron distribution in the framework and lowering the
HOMO-LUMO gap (Fig. 4.9) [71].

4.2.3 Summary

COFs have emerged as an important class of materials because their backbone is
built entirely from light elements (thus far, C, N, O, B, Si) held together by strong
covalent bonds (B–O, C–N, B–N, and B–O–Si) to make robust porous materials
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including the advantages of predictable structures and tunable pore functionality
and metrics. The crystallization problem has been overcome in COF chemistry
except CTFs, and a large variety of COF structures have been made and will
continue to evolve in their diversity and complexity. However, the development of
new synthetic methods is the key to broaden the COFs family. Formability is
another important issue for the practical application of COFs. Finally, both the
introduction of functional groups and post-modification are the critical subjects
according to the practical application of COFs.

4.3 Hypercrosslinked Polymers

Hypercrosslinked polymers represent a novel class of porous polymer materials
containing abundant microporous structure [29, 30]. These polymers are mainly
prepared by the Friedel–Crafts chemistry and developed by taking the concepts of
“crosslinking” which, however, is further extended [110]. The obtained polymer
networks are usually cross-linked with highly rigidity linkages which prevent the
polymer chains from collapsing. Therefore, these resulting polymer materials
contain permanent micropore, high surface area, and large pore volume. According
to the difference between the synthetic methods, hypercrosslinked polymers are
mainly prepared by the following three approaches: (1) post-crosslinking polymer
precursors, (2) direct one-step polycondensation of functional monomers, and

Fig. 4.9 Schematic representation of the synthesis of COFs integrated with self-complementary
p-electronic interactions (CuP-TFPhX, X = 25, 50, and 75 mol%) and the CuP-Ph and CuP-TFPh
Controls. Reproduced from Ref. [71] with kind permission of © 2013 American Chemical Society
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(3) knitting rigid aromatic building blocks with external crosslinker. In this part, we
will introduce the development of hypercrosslinked polymers in detail as well as
compare the merits between various synthetic methods. Networks with specific
functionalities and controlled micromorphology which can be applied in broad
practical and potential applications such as gas storage, adsorption, separation,
catalysis, sensing are also discussed.

4.3.1 Post-crosslinking Procedure

“Davankov-type” resins are commonly regarded as the first category of hyper-
crosslinked polymers which were initially discovered and investigated in the early
1970s [111]. These hypercrosslinked polymeric networks can be generated by
further crosslinking of either dissolved linear polystyrene or swollen gel-type
styrene-divinylbenzene copolymer precursors [112]. The representative reaction
scheme is provided in Fig. 4.10. The polymer precursors are dissolved or swollen in
solvents which separate the polymer chains, and then, a crosslinking step was
carried out immediately to lock these chains forming a rigid intensive network.
After removing the solvent, the rigid linkage units prevent the chains from col-
lapsing thus resulting in interconnected pores in the polymer matrix [113].

As pioneers in this field, Davankov with his colleagues has done a large amount
of research in preparing various kinds of hypercrosslinked materials as well as
exploring the reaction conditions [110, 112, 114–116]. An intermolecular hyper-
crosslinked soluble material was obtained from the linear polystyrene using
monochlorodimethyl ether (MCDE) as the crosslinking agent in the presence of
SnCl4 catalyst [114]. A series of surface areas up to 680–1000 m2 g−1 can be
obtained with materials showing potential applications in chromatography, sepa-
ration of contaminants from liquid solutions, and adsorption of organic vapors.

Fig. 4.10 Scheme of the representative hypercrosslinking reaction. Reproduced from Ref. [113]
with kind permission of © 2007 Royal Society of Chemistry

88 L. Tan et al.



Low-cost CCl4 is a good crosslinker with less toxicity compared with mono-
chlorodimethyl ether. By post-crosslinking styrene-divinylbenzene copolymer
precursors, a series of 1000 m2 g−1 surface area hypercrosslinked resins were
produced via Friedel–Crafts reaction with CCl4 as the crosslinker as well as alu-
minum or ferric chloride as the catalyst [117].

With similar linear structure as polystyrene, polyDVB-VBC (which is short for
polydivinylbenzene-co-vinylbenzyl chloride) can be efficient precursors for
hypercrosslinking which convert the chloromethyl groups into methylene bridges
thus creating stronger crosslinking linkages (Fig. 4.11) [118, 119]. Sherrington and
co-workers [119] synthesized a variety of hypercrosslinked polymers based on
polyDVB-VBC precursors and investigated the porosity discrepancy affected by
different synthetic conditions including the monomer ratio, solvent, catalyst, and
reaction time. The resulting surface areas ranged from 300 to 2000 m2 g−1 of
different precursors with tiny structure variation using Lewis acid catalysts. For
example, a gel-type precursor containing 2 mol% DVB yielded a surface area of
*1200 m2 g−1 within only 15 min initiating crosslinking which rose steadily to
2090 m2 g−1 after 18 h.

Despite various synthetic strategies, hypercrosslinked polymers with control-
lable pore size and size distribution were also studied. Tan group [120] chose the
typical poly(DVB-VBC) copolymer as the precursor to investigate the influence of
the precursor structure on porosity. By increasing the DVB content, the pore size of
the obtained hypercrosslinked poly(divinylbenzene-co-vinylbenzyl chloride)
(HCP-DVB-VBC) can be efficiently adjusted from macropore to micropore size
showing a more uniform and narrower microporous structure. When the DVB
concentration is higher than 7%, a typical type I nitrogen adsorption/desorption
isotherm was observed indicating a pure microporous polymer network. Gas
adsorption properties of these materials were also investigated indicating that the
smaller micropore size and higher microporous volume are beneficial for H2 and
CO2 uptakes.

Recently, polystyrene-base block copolymers exhibited attractive advantages in
designing microporous materials with hollow structure [121, 122]. By adopting the
self-assembly of PMMA-b-PS copolymer, Wu et al. [122] synthesized uniform

Fig. 4.11 Post-hypercrosslinking of DVB-VBC polymer precursors. Reproduced from Ref. [119]
with kind permission of © 2006 American Chemical Society
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PMMA@PS core–shell micelles in a selected mixed solvents, followed by hyper-
crosslinking to produce microporous hollow spheres. Precise control over the
nanostructures can be achieved by the variation of the molecular composition of
PMMA-b-PS. After carbonization into carbon hollow spheres, these as-prepared
nanoscale materials showed good CO2 capture and supercapacitance properties.

4.3.2 Direct One-Step Self-polycondensation

In recent years, “Davankov-type” resins displayed a rapid development in the
synthetic strategies. However, their post-crosslinking essences resulted in limited
applications because of the tedious reaction process as well as restricted optional
precursors. What if hypercrosslinked polymer synthesized directly from small
molecule monomers which contain functional groups such as chloromethyl group?
Early researches were started by Cooper and co-workers [123]. Via a simple
one-step condensation polymerization process, three kinds of bis(chloromethyl)
aromatic monomers (Fig. 4.12) including dichloroxylene (DCX), bis(chloromethyl)
biphenyl (BCMBP), and bis(chloromethyl) anthracene (BCMA) linked together
with the elimination of functional groups and formed a highly crosslinked network.
By changing the monomer ratio among the monomers as well as Lewis acid catalyst
amount, surface area and porous structure of the resulting materials can be easily
tuned. According to the N2 adsorption/desorption analysis, these materials were
predominantly microporous and exhibited apparent highest BET surface areas of up
to 1904 m2 g−1. Owing to their high surface area and permanent microporosity,
these materials also showed outstanding performance in hydrogen adsorption [123],
methane storage [13], and CO2 capture [124] indicating their potential applications
in energy and environment field.

This one-step condensation polymerization of small monomers highly extended
the range of optional building blocks. Moreover, multifunctional polymer materials
can be easily obtained by a simple copolymerization with other functional
monomers.

Fig. 4.12 Three typical monomers used in self-condensation polymerization. Reproduced from
Ref. [123] with kind permission of © 2007 American Chemical Society
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Yang et al. [125] synthesized a series of microporous copolymers from triph-
enylamine and p-DCX using FeCl3- promoted oxidative polymerization and
Friedel–Crafts alkylation. The BET specific surface areas ranging from 318 to
1530 m2 g−1 were obtained with the increasing content of p-DCX. These
nitrogen-functionalized materials exhibited an enhanced CO2 uptake of
4.60 mmol g−1, which was comparable with the best reported results for MOPs,
activated carbon, and MOFs under the same conditions. Following investigation
about hydrocarbons/water separation properties was also made using BCMCP as
the crosslinker [126]. By changing the monomer ratio, hypercrosslinked polymers
with apparent BET surface areas of 1362 and 1338 m2 g−1 were obtained which
showed benzene/water vapor selectivity as high as 53.5 and 63.6, respectively.
Moreover, a monolithic polymer was also prepared to show potential application in
oil spill cleanup.

Except for the traditional chloromethyl groups, Tan group [127] has explored
two kinds of aromatic hydroxymethyl monomers such as 1,4-benzenedimethanol
(BDM) and benzyl alcohol (BA) that can also be prepared into self-condensation
microporous polymers (Fig. 4.13). N2 adsorption/desorption isotherms of the
polymers indicated a predominantly microporous network with high surface areas
of up to 847 and 742 m2 g−1, respectively. Polymer networks based on BA
monomers can store a significant amount of CO2 up to 8.46 wt% at 273 K/1 bar
and H2 up to 0.97 wt% at 77.3 K/1 bar. This research has enlarged the optional
building blocks that even monofunctional compounds can be involved in the
construction of hypercrosslinked polymers.

Following this study, Tan group [21] has recently demonstrated that rigid aro-
matic monomers and derivatives can also be utilized for a novel one-step
self-polycondensation reaction (Fig. 4.14). This strategy is based on the Lewis acid
catalytic Scholl reaction [128], which involves the elimination of aryl-bound
hydrogen atoms accompanied by the formation of new aryl-aryl bonds. Due to the
universality of this strategy, a wide variety of monomers are suitable including
monomers with both high or low electron density, acidic or alkaline functional
group containing monomers, aryl or fused ring-based monomers, as well as hete-
rocyclic ring containing monomers. A series of microporous organic polymers with
surface areas ranging from 636 to 1421 m2 g−1 were synthesized according to the
N2 sorption analysis. Moreover, the porous structure and functionalities of the
resulting networks can be easily modulated by adopting different functional
building blocks indicating potential applications in gas storage, catalyst, opto-
electronic sensing, and semi-conducting.

Zhu group [129] introduced several three-dimensional monomers such as
triphenylamine, tetraphenylmethane, tetraphenylsilane, and tetraphenylgermane for
the construction of spatial hypercrossslinked networks via the Scholl coupling
reaction. With moderate surface areas reaching up to 1119 m2 g−1, the resulting
polymer networks exhibited relatively high CH4 and CO2 sorption capacity of 1.04
and 3.52 mmol g−1, respectively (at 273 K/1.13 bar).

4 Organic Porous Polymer Materials: Design, Preparation … 91



4.3.3 External Crosslinking Strategy

Although this one-step self-polycondensation strategy has extended the optional
building blocks boundary, there are still limitations for the synthetic routes. For
example, the preparation of functional group containing monomers like chlor-
omethyl group or hydroxymethyl group is difficult and is of high cost. Moreover,
the hydrogen chloride generated from chloromethyl group also will do damage to
fabrication facilities in large-scale industrial production and the environmental
issues also need to be considered.

Considering these problems, a new strategy was proposed by Tan group [130]
that using formaldehyde dimethyl acetal (FDA) external crosslinker to knit low
functionality rigid aromatics via a simple Friedel–Crafts reaction in which anhy-
drous FeCl3 acts as catalyst. This strategy is gentle, facile, flexible, and is of low
cost that a wide variety of building blocks can be involved resulting in materials
with predominantly microporous structure and high surface area (Fig. 4.15). By
adjusting the ratio of monomer and the crosslinker, surface areas as well as the
porous structure of the resulting networks can be roughly controlled and a high

Fig. 4.13 Synthesis route of HCP-BDM and HCP-BA. Reproduced from Ref. [127] with kind
permission of © 2013 American Chemical Society
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BET surface area of 1391 m2 g−1 was obtained for benzene-based network. In
addition, the functionality of the polymer networks can be easily modulated by
introducing functional monomers. This knitting strategy demonstrated evident
advantages compared with previous methods: (1) a large amount of monomers can
be adopted even without specific functional groups, (2) facile synthesis conditions
and low cost are easy to scale up, (3) result in materials with abundant microp-
orosity and high surface area, and (4) modulation of microporous structure and
functionality networks is simple, thus providing a novel pathway for the con-
struction of functional polymers or materials with unique micromorphology.

The environmental issues are always the human concerns. The change in a
global climate caused by excessive CO2 emissions has attracted widespread public
attention in recent years [131]. CO2 capture and storage (CCS) technology is a

Fig. 4.14 a Typical Scholl reaction, b polymer networks form 1,3,5-triphenyl benzene, c other
monomers. Reproduced from Ref. [21] with kind permission of © 2014 Royal Society of
Chemistry

4 Organic Porous Polymer Materials: Design, Preparation … 93



promising method using MOPs as physical adsorption material in which high
adsorption capacity should be the key factor [132]. Enormous research has shown
that the introduction of functional groups such as carboxyl and amine may enhance
the CO2 adsorption and selectivity for CO2/N2 by increasing the interactions
between adsorbent and adsorbate [133–135].

Prof. Cooper thought highly of this strategy which extended the approach to a
wide range of low functionality aromatic monomers, and these materials possessed
more promising CO2 uptakes at the higher pressures that are relevant to precom-
bustion CCS [136]. By employing this knitting method, firstly they successfully
synthesized a series of amino group containing polymer networks by the copoly-
merization of aniline and benzene [137]. Varying the monomer ratio leaded to a
highest BET surface area of up to 1100 m2 g−1 as well as an improved CO2/N2

selectivity up to 49.2; however, the entire benzene network only showed a CO2/N2

selectivity of 15.9. Polymerization of alcohol-containing monomers using knitting
process produced microporous networks with surface areas of up to 1015 m2 g−1

[138]. Moreover, synthesis of chiral networks without any complex monomer
involvement is also successful. The investigation of CO2 adsorption performance
for these materials in “wet” condition showed that hydrophobicity endures a much
smaller drop in CO2 capacity which could be an important point to consider in the
future design of sorbents for CO2 capture. To move forward one step, they tested
the CO2 adsorption behaviors for several different kinds of microporous materials
including carbon, zeolite 13x, ZIF-8, HKUST-1, and FDA knitting polymers [136].
The results showed that unlike other polar adsorbents, the hydrophobic FDA
knitting polymers are hardly affected by the water vapors and adsorb CO2 in a
different way by physical swelling thus giving rise to a higher CO2 capacity and

Fig. 4.15 Knitting rigid aromatic building blocks with FDA crosslinker. Reproduced from Ref.
[130] with kind permission of © 2011 American Chemical Society

94 L. Tan et al.



much better CO2 selectivity. As a result, these knitting polymers have superior
function as a selective gas adsorbent as would be required for materials preparation
on the large industrial scale required for carbon capture.

By adopting this knitting method, some other researches focus on the devel-
opment of constructing polymer networks using novel building blocks with special
functional groups such as amino, hydroxyl, carbazole, and triptycene.

Zhu group [139] successfully prepared highly porous materials derived from
amino and hydroxyl containing tetrahedral monomers with apparent surface areas
up to 1230 and 1608 m2 g−1, respectively. According to their functionality, the
corresponding polymer networks revealed enhanced CO2 adsorption capacities and
higher heats of adsorption than the non-functionalized materials.

Dai and co-workers produced triazine- and carbazole-bifunctionalized
task-specific porous polymers via the Friedel–Crafts reaction with surface areas
of 563 and 913 m2 g−1, respectively [22]. The resultant porous framework exhibits
a comparable 18 wt% CO2 uptake (273 K, 1 bar) and 38 selectivity for CO2 over
N2. In addition, a series of novel carbohydrate-based microporous polymers were
synthesized by knitting various hydroxyl-functionalized carbohydrate monomers
[140]. BET surface areas around 800 m2 g−1 were obtained as well as a consid-
erable amount of CO2 adsorption of 12 wt% with a 42 CO2/N2 selectivity at 273 K.
Several factors including the quantity and reactivity of hydroxyl groups and the
structure of the carbohydrate monomers that contributed to CO2 adsorption were
discussed indicating these microporous polymers’ promising applications in carbon
capture.

Han group [141] also selected two carbazole-based building blocks for con-
structing knitting porous materials via FeCl3-promoted one-step oxidative coupling
and Friedel–Crafts reaction. N2 adsorption analysis confirmed that these networks
were permanently microporous with BET specific surface areas around
1190 m2 g−1. Besides the H2 and CO2 storage, these microporous networks also
exhibited potential application in eliminating harmful small molecules from the
environment such as toluene and formaldehyde.

Jiang group reported several kinds of knitting microporous organic polymers
synthesized from a series of functional monomers containing hydroxyl, carbazole,
and silole. The polymer networks based on tetraphenylethylene (TPE) and/or
1,1,2,2-tetraphenylethane-1,2-diol (TPD) [20] displayed surface areas ranging from
1980 to 618 m2 g−1 with a decrease in CO2 adsorption capacities. However, the
CO2/N2 selectivity enhanced to the highest 119 with the TPD content increase. The
carbazole-based knitting polymers [142] showed a comparatively performance in
CO2 storage and separation with 1845 m2 g−1 high surface area. Novel
silole-containing monomers were also used for building knitting aromatic polymers
with similar surface areas around 1200 m2 g−1 [143]. The introduction of silicon
atom enhanced the binding affinity between the adsorbent and CO2 molecules, thus
resulting in a slight higher CO2/N2 selectivity compared with other
non-functionalized MOPs. The activated carbon materials with high surface area of
2065 m2 g−1 were obtained directly by potassium hydroxide-activated carboniza-
tion of a nitrogen-rich knitting polymer based on N,N,N′,N′-
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tetraphenylbiphenyl-4,4′-diamine (DTPA) monomer [144]. An extreme high CO2

uptake up to 6.51 mmolg−1 (1.13 bar/273 K) was obtained with a comparable 57
CO2/N2 selectivity. Considering the high surface area and good gas sorption per-
formance, these knitting polymers are promising for CO2 capture industrial
applications.

Triptycene and its derivatives have earned a large amount of attention in
supramolecular chemistry and materials science fields due to their specific
three-dimensional rigid structure and easy functionalization. Zhang group has
synthesized two series of triptycene-based knitting microporous polymers from
hexaphenylbenzene-based triptycene [145] and tricarbazolyltriptycene building
blocks [146]. According to the N2 adsorption/desorption analysis, the obtained
surface areas were 569 and 893 m2 g−1, respectively. With high thermal stability
and comparable high surface area, these porous polymers are promising candidates
for H2 storage and carbon capture. In addition, triptycene monomer can be knitted
with FDA crosslinker directly which resulted in high surface area reaching
1426 m2 g−1 [147]. With hierarchical porosity, this kind of knitting polymer could
be used as adsorbent for organic solvents and dyes in water treatment application.

The knitting strategy can also be directly used for crosslinking heterocyclic
aromatic building blocks. Tan group [148] synthesized heteroatom-decorated
knitting polymers using three typical heterocyclic molecules pyrrole, thiophene, and
furan as monomers (Fig. 4.16). The BET surface areas were about 437–726 m2 g−1

which were much lower compared to the benzene-knitted polymer network.
However, the introduced heteroatoms provided excess lone electron pairs on the
network skeleton which enhanced the binding affinity to CO2 molecules by dipole–
dipole interaction. As a result, Py-1 shows an extraordinarily high selectivity of
CO2/N2 about 117 at 273 K which was the highest among all the microporous
materials reported at that time.

Saleh et al. [149] explored more heterocyclic monomers including indole (IN),
benzothiophene (BT), benzofuran (BF), carbazole (CBZ), dibenzofuran (DBF), and
dibenzothiophene (DBT) for the construction of heteroatom-functionalized knitting
polymers. Based on the N2 sorption analysis, the synthesized polymer networks
showed diversified surface areas in the range of 391–1022 m2 g−1. By attributing to

Fig. 4.16 Synthesis of aromatic heterocyclic microporous polymers via the knitting strategy.
Reproduced from Ref. [148] with kind permission of © 2012 Wiley-VCH
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their electron-rich electronic essence, these materials not only displayed high
selective adsorption of CO2/N2 but also exhibited stable selective adsorption of
CO2/CH4.

For organic chemistry field, the cheap and renewable CO2 is an ideal carbon
source. As a result, the incorporation of CO2 capture and storage as well as the CO2

utilization is an attractive potential application. In this respect, functionalized
porous materials with both adsorption property and catalytic sites for CO2 con-
version could be promising materials.

Zhang et al. [150] developed a novel series of knitting porous polymers with
phosphonium salt incorporated into the networks. By copolymerization triph-
enylphosphane (PPh3) salts with benzene monomer, high surface area of
1168 m2 g−1 was obtained with a moderate CO2 uptake. These knitting microp-
orous polymers can be used as catalysts for the conversion of CO2 with propylene
oxide into propylene carbonate which revealed a higher catalytic activity than the
PS-supported phosphonium catalyst.

As is mentioned above, this knitting strategy via the Friedel–Crafts alkylation
reaction proposed a simple and efficient synthetic route forming cost-effective
porous materials with special functionality which can be promising solid sorbents
for practical application in CCS technologies.

Moreover, the knitting strategy was also adopted for the preparation of hetero-
geneous catalyst [151–155]. Tan group [154] synthesized a phosphorus-decorated
knitting polymers by crosslinking PPh3 with benzene and then Pd was banded with
PPh3 groups to form KAPs(Ph–PPh3)–Pd catalyst. The BET surface area was found
to be 1036 m2 g−1 for the knitting polymer network, which however showed no
obvious decrease after binding with Pd (1025 m2 g–1). The resulting networks
showed a uniform dispersion of Pd nanoparticle owing to their refined microporous
structure, and the heterogeneous nature improved the reactant diffusion of small
molecules. As a result, the KAPs (Ph–PPh3)–Pd exhibited excellent activity and
selectivity for the Suzuki-Miyaura cross-coupling reaction of aryl chlorides in an
aqueous ethanol solution under mild conditions. Following this study, three
N-heterocyclic carbenes were successfully integrated into the skeleton of the
knitting polymer for Pd loading [155]. BET surface area as high as 1229 m2 g−1

was achieved. Due to the substantial porosity and individual pore structure, the
catalyst afforded rapid conversion for the Suzuki-Miyaura cross-coupling reactions
including various aryl halides and arylboronic acids in aqueous media. In particular,
it can be used for 5 times without obvious inactivation.

The knitting methods can also be used for the synthesis of metal-free hetero-
geneous photocatalysts which contain photoactive-conjugated organic semicon-
ductor units such as 4,7-diphenylbenzo [1, 2, 5] and thiadiazole (BT-Ph2) [156].
The resulting photocatalysts were directly employed for a visible light-promoted,
highly selective bromination reaction using HBr as a bromine source and molecular
oxygen as a clean oxidant, however, without transition metal. High catalytic effi-
ciency and good reusability were observed within the materials. The utilization of
the simply prepared knitting microporous polymer photocatalyst opens new
opportunities toward a sustainable and efficient material design.
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The knitting microporous polymers were also prepared into electron sensor
devices. Zhang et al. [157, 158] investigated the humidity sensing properties of the
3-hydroxybenzoic acid monomer-based knitting porous polymers. After loading
LiCl salt [157], the sensors revealed good humidity sensing properties that the
impedances dropped with the increase of relative humidity which is attributed to the
interaction between the loaded LiCl and water molecules. In addition, the enhanced
humidity sensing properties can be obtained when the knitting materials were
loaded with lithium hydroxide [158]. Therefore, the lithium-modified knitting
polymers could be a new category of humidity-sensitive materials.

In general, the utilization of this simple and efficient knitting strategy has greatly
expanded the variety of hypercrosslinked polymers as well as application range by
incorporating different functional monomers. In addition, this strategy was also
adopted for the preparation of microporous materials with precisely controlled
micromorphology such as nanoparticles [159], hollow microcapsules [5–7],
two-dimensional polymeric membranes [8, 9, 160], and monolithic blocks [14, 15].

Hollow microporous organic capsules (HMOCs) combining the advantages of
microporosity and nanocapsule were fabricated via the hard templating methods in
which nano-SiO2 was used as core template (Fig. 4.17) [7]. SiO2@PS-DVB pre-
cursors with core–shell structure were prepared via a simple traditional emulsion
polymerization process. After the knitting and etching approach, the HMOCs were
obtained with specific hollow morphology and high surface areas up to
1129 m2 g−1. By adjusting the DVB concentration, the resulting surface areas can
be easily controlled which revealed a decreasing trend with the increasing DVB
content. With hollow cavity inside, these HOMCs showed a much higher ibuprofen
adsorption compared with the solid nanoparticles. Moreover, the controlled
microporous structure made HOMCs to possess zero-order drug release kinetics
demonstrating their attractive applications in medical field.

Compared to hollow capsule model, two-dimensional polymeric membranes
have greater superiority for molecular level separation applications in
industrial-scale chemistry, energy, and environment fields. Dai and co-workers [9]
developed a facile one-pot approach for the synthesis of polymeric molecular sieve
membranes by using non-porous polystyrene membrane as precursor via an in situ
knitting process (Fig. 4.18). The resulting knitting polymeric membrane showed a
sandwich porous structure comprising a dense microporous layer with an inner

Fig. 4.17 Preparation of hollow microporous organic capsules. Reproduced from Ref. [7] with
kind permission of © 2013 Macmillan Publishers Limited
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macroporous core and outer mesoporous surface formed by small polymer particles.
N2 sorption analysis demonstrated the hierarchical porous structure showing type 1
reversible sorption isotherms with a slight hysteresis loop at relative high pressures.
The BET surface areas varied from 218 to 618 m2 g−1 with the crosslinking time
increasing, while the CO2 permeability increased from 222.2 to 5261 barrer. On the
contrary, the CO2/N2 selectivity decreased to 18.5 from 30. The high permeability
and good selectivity indicated the promising potential applications in gas
separation.

Based on this novel in situ concept, Kim et al. synthesized the knitting micro-
porous polystyrene ionic liquid membranes via an in situ crosslinking of poly-
styrene membrane precursors [8, 160]. The 1-allyl-3-methylpyridinium bromide
ionic liquid was incorporated into polymer matrix directly by dissolving in DMF
solvent with polystyrene. Followed by a casting process, the polystyrene ionic
liquid membranes were obtained. After coordinating with ferric [8] and nickel salts
[160], these membranes were applied for the catalysis of H2 generation from
sodium borohydride and 4-nitrophenol reduction, respectively.

Compared with other specific micromorphology, three-dimensional macroscopic
hierarchical porous monolith forms have attracted significant attention due to the
rapid mass transport driven by convection through the internal connecting pores.
Svec and co-workers reported the preparation of porous polymer monoliths by
knitting styrene-type polymers involving three external crosslinkers BCMBP,
DCX, and FDA [15]. Polymeric monoliths with surface areas reaching up to
900 m2 g−1 were obtained using BCMBP as crosslinker in only 2.5 h knitting

Fig. 4.18 a Synthesis of knitting microporous polystyrene membranes, b Mechanism for the
formation of hierarchical porous structure. Reproduced from Ref. [9] with kind permission of ©
2014 Macmillan Publishers Limited
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process. Owing to the high surface area and interconnecting hierarchical porous
structure, the monoliths as the stationary phase for liquid chromatography delivered
a significant improvement in efficiency in the reversed phase separation of small
molecules. Tan group [14] also synthesized hierarchical porous polystyrene
monoliths by knitting poly(styrene-divinylbenzene) high internal phase emulsions.
BET surface areas of 196–595 m2 g−1 were obtained by N2 sorption analysis with
interconnecting well-defined macroporous, mesoporous, and permanent microp-
orous structure. Owing to the interconnected cellular structure as well as the
hydrophobicity in the skeleton, these monoliths exhibited a fast equilibrium and
high adsorption capacity for organic solvents.

In summary, the knitting strategy using FDA as external crosslinker has become
a very practical method for the preparation of hypercrosslinked polymer with
multifunctionality and special micromorphology, while the surge to expand the
synthesis strategy never stops.

4.3.4 Summary

Hypercrosslinked polymers have experienced an extended exploration in the
design, synthetic strategy and potential applications since the discovery by
Davankov. According to the development, there are mainly three synthetic routes:
(1) post-crosslinking polymer precursors, (2) direct one-step polycondensation of
functional monomers, and (3) knitting rigid aromatic building blocks with external
crosslinker. Among them, the external knitting strategy has been proved to be a
facile and efficient method and widely adopted for the synthesis of functional
polymers or materials with unique micromorphology.

Even though, there also exists some challenges for developing HCPs. For
example, the polymer networks of HCPs are highly irregular due to their fast
dynamical character of the Lewis acid catalytic reaction. The huge amount heats
generated by hypercrosslinking and hydrogen chloride released from unavoidable
catalyst hydrolysis are also intractable problems for large-scale industrial produc-
tion. Looking for new synthetic approaches for higher surface area HCPs which can
be more than 3000 m2 g−1 is always highly desired. HCPs with controllable
structure and new function will be a prolonged research hot spot with broad
applications in photoelectricity, sensors, and semi-conducting devices.

4.4 Conjugated Microporous Polymers

CMPs, firstly reported in 2007 [25], are a class of microporous organic polymers
consisting of p-conjugated segments totally bonded by covalent bonds, which
inherently combine p-conjugated skeleton with microporous structure.
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Porous architecture of CMPs can be controlled by molecular design, for
instance, the surface areas and pore volumes can be easily tuned by using different
monomers with various molecular lengths. Moreover, employment of diverse
functional modules is feasible to construct CMPs. By selecting proper monomers,
CMPs usually can be synthesized by conventional metal-catalyzed reactions, such
as Sonogashira–Hagihara coupling [161], Suzuki coupling [162], Yamamoto cou-
plings [163], oxidative polymerizations [164], and Schiff base reaction [165]. CMPs
materials are always prepared by irreversible reactions, so they are usually amor-
phous and show short range of structural order. The pores are accessible to various
guest molecules and metal ions, which allow the construction of supramolecular
structures and organic–inorganic hybrids. Compared with crystalline COFs and
MOFs, amorphous CMPs can be synthesized more easily by linking the appropriate
organic building units to achieve functionalization and the functional groups can be
fully exposed. The incorporation of new functional groups into CMPs has generated
numerous new functional materials.

Although most of the works focus on developing new strategies, tuning the pore
size distribution and surface area of CMPs, some efforts have already been made to
control morphology, such as quasi-zero-dimensional (0D) microspheres [162],
one-dimensional (1D) nanofibers and nanotubes [166], two-dimensional (2D)
nanosheet structures [167], as well as three-dimensional (3D) monoliths [168].
What’s more, the development of soluble CMPs also remains to be well explored
[169].

CMPs have attracted tremendous attention and become one of the fastest
developing types of porous materials. These kinds of material allow the comple-
mentary utilization of p-conjugation and porosity, which are unique and usually not
available in other porous materials. Such structural features bring CMPs a large
number of exciting properties and potential applications, such as gas storage [170],
catalysis [171], sensors [163], and anode materials [172].

4.4.1 Synthesis and Modification

Typically, linear polymers are created with two end groups monomers (A2 + B2).
As for three-dimensional CMPs, one or more monomers with more than two end
groups (Ax + By, x > 2, y > 2) are needed.

4.4.1.1 Synthesis Method

Laybourn et al. [173] studied the framework formation mechanism of CMPs. The
results showed that monomer concentration, solvent, temperature, and building
block structure would affect the network formation in complex situations
(Fig. 4.19). Firstly, oligomers are formed in solution, which resulted in clusters.
And then, these clusters precipitate from solution and continue to react in solid state
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by crosslinking, which lead to the formation of CMPs frameworks at last. The
initial precipitated material exhibits a low degree of microporosity and significant
interparticulate mesoporosity; true microporous materials are only formed at longer
time upon fusion of the clusters and further crosslinking within the particles. Xu
et al. [174] disclosed that the linkage geometry plays a vital role in the control over
the porosity, gas adsorption, p-conjugation, exciton migration, and luminescence of
CMPs. Works from Dawson et al. [175] and Tan et al. [176] showed that the choice
of the reaction solvent is also important.

Many CMPs have been synthesized with miscellaneous polymerization,
including Suzuki coupling reactions [177], Sonogashira coupling [25], Yamamoto
coupling reaction [178], oxidative coupling polymerization [179], Schiff base
chemistry [180], and electropolymerization (EP) [181] etc.

Suzuki cross-coupling reaction is one of the most powerful one-step pathways
for the formation of carbon-carbon bonds [162] (Fig. 4.20a). Typically, Suzuki
coupling reactions are performed under homogeneous conditions using a variety of
phosphine ligand/palladium catalytic complexes. However, oxygen will cause the
formation of homocoupling and deboronation by-products. Consequently, the
Suzuki reaction often needs to be performed under highly oxygen free condition.
Sonogashira coupling reaction which introduces acetylenyl groups in CMP
frameworks is one of the most studied reactions among all the synthetic methods for
the fabrication of CMPs [161] (Fig. 4.20b). Moreover, triple bonds may lead to a
more rigid and extended network structure and can be used to adjust the porosity
[182], and pore size and surface area [183]. At the same time, the final properties of
CMPs can also be affected by the reaction conditions. Yamamoto coupling reaction
is a C–C coupling of aryl-halogenide compounds mediated by transition metal
complexes [163] (Fig. 4.20c). Only halogen-functionalized monomers are
involved, while on the other hand, stoichiometric quantities of the nickel complexes
are also important. Oxidative coupling polymerization has cost-effective advantages
in the preparation of CMPs. CMPs materials can be prepared in large scales by
oxidative coupling polymerization which shows advantages of adopting cheap
catalyst, with low room temperature and only need single monomers [164]
(Fig. 4.20d). Catalyst can be completely removed by easy purification [184]. Schiff
base chemistry is a novel synthetic strategy for CMPs, which is a catalyst-free and

Fig. 4.19 Proposed reaction mechanism for the formation of CMP networks. Reproduced from
Ref. [173] with kind permission of © 2014 American Chemical Society
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one-pot reaction. Schiff base chemistry can build nitrogen-rich CMPs networks
with high surface areas [165] (Fig. 4.20e). Buchwald–Hartwig (BH) coupling is
utilized for the generation of C–N bonds via the palladium-catalyzed cross-coupling
of amines with aryl halides [185] (Fig. 4.20f). The BH coupling approach allows
the expansion of repertoire of possible C–N bond formation through the facile
synthesis of aromatic amines. This useful method also provides a simple route to
nitrogen-containing redox-active systems.

Direct arylation polymerization is a new method for synthesizing CMPs [186].
However, CMPs synthesized by direct arylation polycondensation are only limited
to monomers containing two-arm fluoroarenes and nitrogen-free tri- or
tetra-bromoarenes (Fig. 4.21).

Electropolymerization has been proven to be a useful method for fabricating
electroactive CMPs films, which is an in situ polymerization of CMPs precursors or
monomers [197]. The precursors are dissolved at first, and then, the coupling
reaction occurs on the electrode surface. At last, the CMPs films depose on the
electrode (Fig. 4.22). This strategy is of low cost, without catalyst, and controlled
thickness of the film can be obtained.

4.4.1.2 Modification

The incorporation of metal sites into CMPs opens up the second-generation porous
materials. Porphyrin which possesses macrocyclic cavity basic pyrroles is widely

Fig. 4.20 Reactions have been successfully used for the construction of CMPs [161–165, 185]
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used in CMPs to form modified CMPs. Some metal-porphyrin CMPs using
metal-porphyrin (metal: Zn, Co, Cu, Fe, Ni, etc.) as monomer have shown com-
bined chemical and physical properties for applications in catalysis [187–190],
supercapacitor [191], photosensitizer [192], and adsorption [89]. Metal ions (Fe and
Al) can also be introduced into porphyrin-based CMPs and show good performance

Fig. 4.21 Direct arylation polycondensation of fluoroarene monomers with TAz into CMPs.
Reproduced from Ref. [186] with kind permission of © 2016 Elsevier

Fig. 4.22 Setup of the
three-electrode
electrochemical cell for the
polymerization of monomers
and the deposition of CMPs
films on ITO. Reproduced
from Ref. [197] with kind
permission of © 2015
Wiley-VCH

104 L. Tan et al.



in adsorption [184] and CO2 capture [193]. Some other methods are also used to
introduce metals into CMPs framework. Jiang et al. [194] prepared MO-CMP by
two methods: post-treating bipyridine-functionalized CMPs with metal complexes
(Re, Rh, and Ir) and the direct Sonogashira–Hagihara cross-coupling of halogenated
metal-organic monomers. Fischer et al. [195] copolymerized Li[B(C6F4Br)4] with
1,3,5-triethynylbenzene using Sonogashira coupling [MnII(bpy)]2+ complex and
then immobilized in the CMP networks which is a promising catalyst for the
aerobic oxidation of alkenes. Xie et al. [196] reported a class of Co/Al-coordinated
CMPs which exhibit outstanding CO2 capture comparable to MOFs.

Lee et al. [198] prepared CMPs by Sonogashira coupling and then prepared
CMP-Co3O4 composites via organometallic complexation of cobalt carbonyl with
microporous organic networks (MONs) and the successive oxidation. The materials
showed the enhanced stability as anode materials.

Some organic molecules are also used as modifiers. For example, thiolyne can be
introduced into CMPs networks [199–201]. Ratvijitvech et al. [202] reported the
post-synthetic modification of amine-functionalized CMPs by anhydrides to build a
series of amide-functionalized networks.

4.4.2 Control of Morphology

Morphology is an important factor in CMPs properties. Many efforts have been
focused on the morphology control. Normally, template strategy and stepwise
method have been used to control CMPs morphology.

4.4.2.1 Template Strategy

Template strategy is a straightforward method to build CMPs with specific mor-
phology similar to the template. Zhuang et al. [203] reported a graphene-inspired
synthetic approach for the preparation of sandwich-like CMP. Furthermore, they
demonstrated a series of heterostructures CMPs with 0D, 1D, or 2D morphology,
by using bromo-functionalized carbon nanospheres (0D CSs), single-walled carbon
nanotubes (1D SWNTs), and reduced graphene oxide (2D RGO) as templates. The
resulting CMPs showed nanosphere, nanotube, and nanosheet morphologies, and
then carbonized. They found that the performance of these nanocarbon-based
zinc-air batteries using nanocarbon as air electrode was affected by morphology
(2D > 1D > 0D) [204]. Son group studied the synthesis of new functional MONs
based on Sonogashira coupling by template strategy. SiO2 [205, 206], Fe3O4 [187,
207], zeolites [208], and MOF [209] were used as templates, and the resulting
materials showed good performances as catalysts [187, 206], precursor of inorganic
materials [205, 207], and adsorbents [208, 209]. Tan et al. [210] reported a one-step
synthesis of nanoscale CMP (NCMP) capsules by using PMAA microspheres as
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self-sacrificial templates. The morphology, nanostructure, and shell thickness can
be precisely controlled.

4.4.2.2 Stepwise Method

By controlling reaction conditions, CMPs with different morphology can be
obtained. Tan et al. [176, 211] found that reaction solvents and the structure of
monomers would influence the morphologies of the polymers (sphere, tubular, and
plate). Ma et al. [212] illustrated the design principle and the synthesis of CMPs
nanoparticle (Fig. 4.23).

Chun et al. [166] studied the mechanism of the formation for tubular CMPs
synthesized by Sonogashira coupling (Fig. 4.24). Briefly, the formation of three
types of structures (1D connection, interconnection of 1D chains to 2D networks,
and 3D networking) occurred at the same time in which competition happened
among them. The kinetic differences in these competitions may lead to morphology
anisotropy. At last, tubular CMPs were formed. In order to optimize CMPs per-
formance, thin films play a crucial role. The method to fabricate CMPs films mainly
focuses on surface-initiated [167], layer-by-layer crosslinking [213, 214], casting
soluble CMPs [169, 215], and electropolymerization [181, 191, 197, 216, 217].
First investigated by Cooper’s group [169], efforts have been focused on the sol-
ubility of CMPs (SCMP). Hu’s group demonstrated a “catalyst@pore” method to
synthesize SCMPs by utilizing a well-defined silica-supported carbon nanomem-
branes as the nanoreactors by which the SCMPs particle size can be controlled by
tuning the pore size of the nanoreactor [218, 219].

Up to now, the development of general and effective methods for the preparation
of high-performance CMPs monolithic materials is still remained a huge challenge.
Du et al. [220] reported CMPs aerogels derived from drying the gel matrix
(Fig. 4.25). At the same time, high internal phase emulsion (HIPE) polymerization
has been proved to be an efficient technique in building CMPs monolithic materials
[221].

Fig. 4.23 Synthetic route to
CMP NPs via (A3 + B2)-type
Suzuki-Miyaura or
Sonogashira–Hagihara
cross-coupling
polycondensation reactions in
an oil-in-water miniemulsion
system. Reproduced from
Ref. [212] with kind
permission of © 2015 Royal
Society of Chemistry
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Fig. 4.24 Suggested mechanistic aspects of tubular CMPs. Reproduced from Ref. [166] with kind
permission of © 2012 American Chemical Society

Fig. 4.25 Schematic
illustration of the structure
and preparation procedures
for the PTEB aerogel and
xerogel. Reproduced from
Ref. [220] with kind
permission of © 2014
Wiley-VCH
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4.4.3 Application

4.4.3.1 Absorbent and Gas Storage

CMPs with structural tunability and high porosity have great potential to be
developed as efficient absorbents. In the past few years, most studies have focused
on the synthesis of CMPs with specific chemical and physical properties for
chemical capture, sequestration, and separation. CMPs have been provided as
efficient absorbents absorbing toxic chemicals such as amines [208, 222], iodine
[89, 223], toluene [184, 209], benzene [224], and oil [168, 225].

CMPs possess p-conjugation along the main chain, which provides CMPs the
potential in gas storage. It is known that gas adsorption performances of CMP
materials depend on the character of building blocks. By introducing N, S, O
elements into CMPs structure, CO2 adsorption performance will be improved due to
the strong interactions with CO2 molecules [164, 182, 226–229]. What’s more,
Fischer et al. [230] fabricated CMPs with weak coordinating cations in their
backbone. The material presented a CO2 uptake of 2.49 mmol g−1 at 273 K and
1 bar and 2.85 mmol g−1 after ion exchange with chloride. A class of
Co/Al-coordinated CMPs reported by Xie et al. [196] exhibited outstanding CO2

capture comparable to metal-organic frameworks.

4.4.3.2 Battery and Supercapacitors

Considering environmental problem, clean and sustainable energy systems have
been investigated. With a high degree of p-conjunction, homogeneous microporous
structure, high surface area, and flexibility in the molecular design, CMPs have
enormous potential as electrode materials for energy storage devices. Lee et al.
[198] reported MON-Co3O4 composites and studied its applications as anode
materials in lithium-ion batteries. Zhang et al. [231] synthesized CMPs from
4,7-dicarbazyl-[2,1,3]-benzothiadiazole (PDCzBT) by FeCl3 oxidation coupling
polymerization which exhibited excellent electrochemical performance for Li and
Na storage including high specific capacity, outstanding cycle stability, and supe-
rior rate performance.

As material with 2D morphology can be benefit for energy storage, CMPs films
now are studied as potential electrode materials in supercapacitors [191, 232, 233].
The reported materials all had high specific capacity, superior cycle stability, and
remarkable rate capability. What’s more, CMPs also can be carbonized as efficient
supercapacitor materials due to its conjugated structure [204, 207, 234].
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4.4.3.3 Catalyst

CMPs, combining the photoactive p-electron backbone and porous surface prop-
erties, have been recently introduced as stable heterogeneous photocatalysts for
organic synthesis [235], such as oxidative coupling [206, 212, 236, 237], and
oxidative hydroxylation of arylboronic acid [238]. Metal CMPs possess catalytic
activities to reactions including carbene insertion into N–H bonds [187], carbon
dioxide conversion to cyclic carbonates [190], Suzuki coupling reactions [239], and
oxygen reduction reaction [189].

Furthermore, Zhang et al. [164] synthesized carbazole-based multifunctional
CMPs which act as an efficient heterogeneous organocatalyst for Knoevenagel
condensation with high activity, wide substrate adaptability, and good recyclability.
Wang et al. [240] envisioned that chiral organometallic catalysts could be intro-
duced into the structure of CMPs for the first time.

4.4.3.4 Fluorescence Property and Sensor

Large surface areas of CMPs provide a broad interface for interaction between
analyte and sensor materials. Liu et al. [163] reported the first example of a
chemosensing CMPs, which allow the material to achieve rapid responses and
dramatically enhanced detection sensitivities. In sensing applications,
solution-processible fluorescent porous materials based on CMPs are useful. Wu
et al. [241] succeeded in developing solution-dispersible CMPs which exhibited a
selective and sensitive fluorescence quenching response to 2,4,6-trinitrotoluene
(TNT). Up to date, attentions have been paid to prepare fluorescence films. CMPs
are possible to tune their electronic and photophysical properties by modifying the
optical band gap. Cooper’s group introduced different comonomers and varied the
monomer distribution to tuned CMPs photophysical properties by controlling
optical band gaps in CMPs [242, 243]. Ma et al. [244] obtained dendrimer films by
EP method, which were verified to be rapid response, highly sensitive, and
excellent reusable fluorescence probes for TNT vapor, Fe3+, and benzene vapor.

4.4.3.5 Others

Jin et al. [245] studied the entrapment and release behavior of hollow CMPs spheres
toward guest molecules, which can be controlled by media. At the same time, by
using an appropriate solvent, guests could be entrapped into the cavity of the hollow
structure. Based on the controlled release behavior of the guest-entrapped CMPs
materials, a fluorescent alert system for organic solvent existence in water can be
developed.

Tan et al. [210] synthesized nanoscale CMPs capsules by using PMAA
microspheres as self-sacrificial templates. The resulting material showed a tunable
absorption ability and shape-dependent photothermal conversion efficiency. Upon
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exposure to 808 nm light, these materials rapidly generated heat and caused thermal
ablation of HeLa cells with less than 10% viability.

4.4.4 Summary

CMPs are a class of MOPs that combine p-conjugation structure with porosity.
A wide variety of chemical reactions are used to build CMPs with different
structures and functionalities. The flexibility of molecular design and the tunable
structure make CMPs extensive applications in various fields. However, the syn-
thesis of CMPs with controlled morphologies and functionalities is still a challenge.

4.5 Polymers of Intrinsic Microporosity

Over a long period of time, tremendous efforts of porous materials have been
devoted to the research of macroporosity and mesoporosity [246, 247]. However, it
was largely unexplored for preparing pure organic microporous networks within
polymeric materials [248]. It has been known that active carbon is used in various
aspects as adsorbents, catalyst supports, and deodorizers [249, 250]. Considering its
vast commercial value while with the limited quantities for systematic chemical and
structural modification, researchers were inspired to imitate the structure of active
carbon, and thus, a wide range of PIMs were developed.

The main chains of PIMs are constructed with rigid and contorted molecular
structures, which cannot fill space efficiently [16]. Unlike conventional microporous
materials, PIMs are soluble and can be processed readily for enormous applications.
It is worth noting that microporous structure of PIMs will maintain either in solid
state or in liquid state, which offers wide applications in gas separation, hetero-
geneous catalysis, hydrogen storage, and so on.

4.5.1 Preparation of Polymers of Intrinsic Microporosity

Initially, the Pc macrocycle was selected as the basic unit by Mckeown and
co-workers owing to its extended planarity and unique property [251]. The struc-
tural diversity of Pc-containing polymers and their optical and electronic properties
made them suitable for a wide range of applications. However, due to strong
non-covalent interactions (predominantly p–p interactions), the prepared
Pc-containing polymers showed a strong tendency that the aromatic units tend to
aggregate into columnar stacks, leading to non-porous solids, which failed to form
microporous architecture. Hence, it is essential to introduce a highly rigid and
nonlinear linking group between the phthalocyanine subunits to ensure the
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space-inefficient packing, thus avoiding structural relaxation and consequent loss of
microporosity. To fulfill these requirements, they introduced microporous structure
into phthalocyanine subunits, and obtained the first Pc-containing PIMs in the later
2002 [252]. A nonlinear linking group derived from the commercially available
5,5′,6,6′-tetra-hydroxy-3,3,3′,3′-tetramethyl-1,1′-spirobisindane (A1) was designed
to connect phthalocyanine subunits and provided the nonlinear shape by means of
efficient dioxane-forming reaction between A1 and 4,5-dichlorophthalonitrile (B1),
to produce a rigid phthalocyanine microporous polymer network (Fig. 4.26). They
also confirmed that the spirocyclic crosslinking prevents a compact packing of the
phthalocyanine components, which resulted in an amorphous microporous struc-
ture. Nitrogen adsorption measurements showed that the materials possessed high
surface areas in the range of 450–950 m2 g−1, with significant adsorption at low
relative pressure (p/p0 < 0.01) indicating microporosity.

Following on the progress of these phthalocyanine-based polymers of intrinsic
microporosity (Pc-network-PIMs), other rigid structures are also investigated to
determine whether they are suitable components for constructing microporous
organic materials. Due to the potential heterogeneous catalysis properties,
metal-containing porphyrins are treated as desirable components of microporous
organic materials. Nevertheless, the preparation of porphyrins is a low-yielding
process, which is unsuitable for polymer network assembly. To conquer this dif-
ficulty, rigid spirocyclic linking groups were introduced directly into preformed
porphyrin subunits by means of the efficient dioxane-forming reaction between the
mesotetrakis(pentafluorophenyl) porphyrin (monomer B2) and the monomer A1
[253]. A number of useful applications were obtained for heterogeneous catalysis
by supporting porphyrins within or on the surface of materials matrix. A synthetic
strategy based on the reaction of preformed porphyrin 1 was devised. For the

Fig. 4.26 Synthetic route of Pc-network-PIMs. Reproduced from Ref. [252] with kind permission
of © 2002 Royal Society of Chemistry

4 Organic Porous Polymer Materials: Design, Preparation … 111



preparation of the bis(phthalonitrile) precursor into the phthalocyanine network
polymers, a facile reaction between 5,5′,6,6′-tetrahydroxy-3,3,3′,3′-tetramethyl-1,1′-
spirobisindane 2 and 4,5-dichlorophthalonitrile was used. Porphyrin network
polymers were directly prepared from 1 and 2 via dibenzodioxane formation, and
the resulting porphyrin-network-PIM demonstrated to show high surface areas
around 1000 m2 g−1.

It offers a general reaction from the formation of Pc-network-PIMs and
Porphyrin-network-PIMs by dioxane formation reaction which links planar aro-
matic macrocycles with a rigid spirocyclic spacer [33]. It can be concluded that for
microporosity, at least one of the monomers must contain rigid contorted structure,
which may be a spirocentre (e.g., A1 and B8), a non-planar rigid skeleton (e.g., A2,
A4, and A6), or a single covalent bond around which rotation is hindered (e.g., A7,
B1 and B7). If reaction occurs between two planar monomers (e.g., A5 with B4),
the non-porous material will be formed finally (Fig. 4.27).

It has been described in 2003 by Tattershall and co-workers for the earliest
synthesis of a nanoporous network polymer incorporating 5,6,11,12,17,18-
hexaazatrinapthylene (HATN) rigid functional units through the efficient dibenzo-
dioxane forming reaction [254]. The described HATN-network-PIM, derived from
the spiro-monomer A1 and HATN B2, exhibited high surface areas in the range of
750–850 m2 g−1 and was suitable as catalytic support which provided a high
loading of accessible active sites. It also indicated a potential application as
adsorbents for the removal of toxic organic compounds such as phenols from water
or gas streams.

Of particular interest is the potential to tune the microporous structure by
choosing different monomer precursors, and one of the examples is the utilization of
monomers that contain preformed cavities to provide sites of an appropriate small
size for hydrogen adsorption. In 2007, a novel triptycene-based PIM (Trip-PIM)

Fig. 4.27 Synthesis and properties of PIMs. Reproduced from Ref. [33] with kind permission of
© 2006 Royal Society of Chemistry
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was developed and displayed enhanced surface area of 1065 m2 g−1, and reversibly
adsorbed 2.71% hydrogen by mass at 10 bar/77 K [255]. The effective blocking of
close, face-to-face association between these fused-ring struts may be helpful to
further frustrate space-efficient packing of the macromolecules leading to larger
microporosity. Following this work, in 2010, Mckeown et al. reported the synthesis
of network-PIMs derived from triptycene monomers containing alkyl groups
attached to their bridgehead positions [256]. Gas adsorption can be controlled by
varying the alkyl chains, and the apparent BET surface area of the materials was
within the range of 618–1760 m2 g−1. Shorter alkyl chains or chains with branched
structure provided the materials with larger microporosity, while longer alkyl chains
appear to block the microporosity created by the rigid organic framework.

Since some of network-PIMs displayed swelling property in the presence of an
adsorbate, researchers have sorted for new types of intrinsic microporosity which
could be obtained from a linear polymer without a network structure. As can be
seen from the previous results, insoluble network-PIMs possess both high surface
areas and hydrogen storage which may be attributed to highly covalent connected
network structure resulting in larger microporous volume. The microporosity within
network-PIMs is maintained by a robust network of covalent bonds. It is reasonable
to anticipate that above a certain amount of free volume, the voids would be
interconnected, and therefore, the polymer will behave as a conventional microp-
orous material despite the lack of a network structure. Such a material could be
soluble and would facilitate solution-based processing, which provides advantages
over other microporous materials.

In 2004, Budd et al. demonstrated that a network of covalent bonds is not an
essential aspect for microporous organic materials. A family of non-network
polymers was described which formed microporous solids simply because their
highly rigid and contorted molecular structure cannot fill space efficiently. Under
this guidance, they successfully synthesized the first soluble PIM using the same
dioxane-forming polymerization reaction between the aromatic tetrol monomers
A1–A3 with the appropriate fluorine-containing compounds B1–B3, in which
microporosity arises simply from a polymer whose molecular structure is highly
rigid and contorted so that space-efficient packing in the solid state is frustrated
[16]. The lack of rotation freedom along the polymer backbone ensures that the
macromolecules cannot rearrange their conformation to collapse the open structure
of the material. Consequently, the polymer molecular structure remains intact which
maintains the microporosity. PIM-1 showed highest surface area among PIM 1–6
up to 850 m2 g−1. Nitrogen sorption analysis indicated a significant proportion of
micropores with dimensions in the range of 0.4–0.8 nm. There was also evidence of
some mesoporosity that the marked hysteresis at low pressures may be attributed to
pore network effects.

For the purpose of enhancing hydrogen adsorption, Mckeown et al. incorporated
the bowl-shaped receptor monomer, cyclotricatechylene (CTC), within a
network-PIM by using benzodioxane-forming reaction via CTC and
tetra-flurotere-phthalonitrile [257]. The hydrogen adsorption property of
CTC-network-PIM (0.56 wt%) is much higher than that of PIM-1 (0.5 wt%) and
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HATN-network-PIM (0.43 wt%), which suggests that the greater predominance of
ultramicropores resulting from the bowl-shaped CTC subunits enhances hydrogen
adsorption.

In 2007, Thomas and co-workers expanded the concept of
dibenzodioxane-based, soluble, ladder-type polymers to more common polymers of
higher commercial interest, such as polyamides (PA) or polyimides (PI) [18]. They
used 9,9′-spirobifluorene as the structure-directing motif since it can be easily
modified to give 2,2′-dicarboxy-9,9′-spirobifluorene or 2,2′-diamino-9,9′-spirobi-
fluorene compounds, and formed aromatic polyamides, polyimides, or poly(benz-
imidazole)s (PBI) PIM-P4. They showed intrinsic microporosity and consequently
high surface areas of 550 m2 g−1. Before this work, the synthesis of polyimides
based on a spirobifluorene monomer has already been reported, but no attention was
paid to the investigation of microporosity. Compared to linear PI, these polymers
showed superior properties in terms of solubility and processability.

In the later 2008, Ghanem et al. prepared novel PIMs via bis(phenazyl)
monomers derived from readily available bis(catechol)s [17]. They described the
simple synthesis of suitable reactive tetrachloride monomers 4 and 5 based on
phenazine units. PIMs 7–9 are soluble in several organic solvents (especially
CHCl3), but PIM-10 is soluble only in m-cresol and concentrated H2SO4, and the
films from PIM-7 are particularly flexible and robust. Nitrogen sorption analysis
provides an apparent surface area of 680 m2 g−1 for PIM-7. The promising gas
permeability data for PIM-7 confirms that PIMs are excellent for designing highly
rigid but solution-processible polymers, which combine high selectivity with high
permeability as required for the fabrication of efficient gas separation membranes.

In 2009, Yampolskii et al. reported a series of PIM-PIs prepared by reacting with
various aromatic diamines of bis(carboxylic anhydride) containing spirocenters
[258]. Membranes were directly prepared by casting from chloroform solution. In
comparison with other polyimides, these novel groups of PIM-PIs showed espe-
cially good results for the separation of the mixtures CO2/CH4 and CO2/N2. The gas
separation properties exceeded most of the permeable conventional polyimides.

In 2011, Mckeown et al. introduced a rigid and propeller-like shape unit,
hexaphenylbenzene (HPB) into polymers, resulting in HPB-PIM-1 and HPB-PIM-2
derived from 1,2- and 1,4-di(3′,4′-dihydroxyphenyl)tetraphenylbenzene monomers,
respectively [259]. The inefficient molecular packing of benzene rings led to
intrinsic microporosity. HPB-PIM-2 showed significantly lower permeability sim-
ilar to PIM-1 but enhanced selectivity (CO2/N2 = 26), which can be attributed both
to lower diffusivity due to lower intrinsic microporosity and lower solubility due to
a smaller concentration of polar groups such as ether and nitrile. Owing to the
advantages of these aspects, HPB-PIM-2 was still attractive for gas separation.

In general, improving carbon dioxide capture by introducing functional groups
often results in the loss of the accessible pores and surface area. While in the year
2012, Yavuz and co-workers reported the first noninvasive functionalization of the

114 L. Tan et al.



PIMs by introducing the amidoxime groups in PIM-1 (Fig. 4.28) without adversely
affecting physicochemical properties [260]. Incorporating amidoxime group
increased a carbon dioxide adsorption capacity up to 17 wt%, and the
amidoxime-based PIM-1 still exhibited good processability without losing the
film-forming ability.

In 2015, Dai et al. reported a solvent-free mechanochemical approach to con-
struct PIM-1-MS and PIM-4-MS polymers with high molecular weight and low
polydispersity by solid grinding [261]. Both the number average molar mass (Mn)
and weight average molar mass (Mw) were much higher than PIM-1 and PIM-4
polymers, while the value of Mn/Mw and surface area was much lower (Fig. 4.29).

Fig. 4.28 Synthetic pathway of amidoxime-PIM-1. Reproduced from Ref. [260] with kind
permission of © 2012 Royal Society of Chemistry

Fig. 4.29 Preparation of PIM-1-MS and 1 wt% solution in different solvents. The big difference
between PIMs and common polymers arouses great interest of researchers. Reproduced from Ref.
[261] with kind permission of © 2015 Royal Society of Chemistry
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4.5.2 Applications

4.5.2.1 Gas Permeability and Separations

Due to the wide applications for commercial, it has been a hot topic to explore
polymeric membranes with both high gas permeability and separation. Before the
appearance of PIMs, polymers with high permeability, like poly[1-(trimethylsilyl)-
1-propyne] (PTMSP), often revealed low selectivity [262]. As well, polymers with
high selectivity usually met with low permeability. As to microporous polymer
materials, membranes made from PIM-1 and PIM-7 show higher selectivity com-
pared with polymers which have similar permeability [263]. At the same time, the
selectivity of CO2/CH4, H2/N2, and H2/CH4 is all relatively high, which indicates
the superior performance of PIMs.

In terms of the separation of O2 and N2, the key factor is the mobility selectivity.
PIMs are more likely to adsorb smaller oxygen molecule (diameter = 0.346 nm),
rather than the larger nitrogen molecule (diameter = 0.364 nm). For microporous
polymers, it initially depended on the micropores size distribution, while PIM-1 and
PIM-7 have rather smaller pore size.

Regarding how to improve the performance of gas permeability and selectivity
of PIMs membranes, researchers have also carried out a large amount of researches
and achieved some progress. In 2013, Mckeown et al. used the Tröger’s base
(TB) polymerization reaction to prepare ethanoanthracene-based TB polymer and
spirobisindane-based TB polymer, which extended the polymerization types of
PIMs (Fig. 4.30) [264]. BET surface areas of 1028 m2 g−1 for PIM-EA-TB and
745 m2 g−1 for PIM-SBI-TB are obtained, respectively, and theses PIMs were
proved to be highly soluble in chloroform and can be prepared into thin films
readily.

In 2014, Jansen and co-workers used borane complexes to reduce nitrile groups
in PIM-1 forming the amine-PIM-1 [265]. The incorporation of primary amine
decreased the CO2 diffusion coefficient and permeability, while enhanced the

Fig. 4.30 Synthesis and molecular structures of PIM-EA-TB and PIM-SBI-TB (left). A solvent
cast film (10 cm in diameter) of PIM-EA-TB (right). Reproduced from Ref. [264] with kind
permission of © 2013 The American Association for the Advancement of Science
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banding affinity for CO2 and the sorption selectivity of CO2/N2 and CO2/CH4.
Colina et al. reported a functionalized PIM with carboxylate backbone [266]. It was
found that the enthalpy of CO2 adsorption and adsorption capacity increased, which
can be attributed to the increasing concentration of ions. Meanwhile, the selectivity
of CO2/N2 and CO2/N2 enhanced in accordance with the increasing ion content.

Shamsipur and co-workers prepared a hydroxyl-functionalized polyimides using
2,2-bis(3-amino-4-hydroxyphenyl)hexafluoropropane and 4,6-diamino-resorcinol
monomers, which was followed by a thermal treatment at 450 °C under N2 for
1 h yielding the polybenzoxazole polymers (Fig. 4.31) [267]. This conversion
increased membrane gas permeability and CO2/N2 selectivity, and also enhanced
solvent resistance. Although the microporous structure and chemical functionalities
enable PIMs with high gas uptake, permeability and selectivity, and solvent-resistant
nanofiltration properties [268–271]. One major obstacle to the commercialization of
glassy amorphous PIMs for membrane application is physical aging and the ensuing
instability of their permeation property over time. In 2015, Pinnau et al. investigated
the effect that relatively extreme intra-chain rigidity and high ultramicroporosity in
some of the most permeable and selective PIMs potentially alleviate long-term
physical aging and plasticization [272]. Through this work, they found this physical
aging occurs in all PIMs despite their high interchain rigidity. Meanwhile, the
inherent chain architecture plays an important role in physical aging. And finally,
higher interchain rigidity does not prevent plasticization.

Various approaches have been made to avoid physical aging including
copolymerization [273], crosslinking [274], and surface plasma treatment [275]. In
2014, Sivaniah and co-workers reported thermo-oxidative crosslinking of PIM-1 by
heating in a suitable temperature window (350–450 °C) in the presence of trace
amount of oxygen [276]. The pore size distribution, structure of channel and pore
can be successfully tailored and subsequently increase the selectivity. The
thermal-oxidative crosslinked PIM-1 (termed as TOX-PIM-1) polymer exhibited

Fig. 4.31 PIM-PBO membrane derived from PIM-PI-OH membrane. Reproduced from Ref.
[267] with kind permission of © 2014 American Chemical Society
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decreased solubility compared with PIM-1 (Fig. 4.32). After crosslinking at 385 °
C, the CO2/CH4 selectivity of TOX-PIM-1 membrane increased up to 70, along
with a high CO2 permeability of 1100 barrer. In 2015, the Sivaniah and co-workers
incorporated nanofillers into TOX-PIM-1 polymer which combined the covalent
crosslinking of microporous polymers [277]. This thermal oxidative crosslinking of
the PIM-1 polymer improved the gas selectivity of nanocomposites; meanwhile, the
gas permeability remained at a remarkably high level. After aging for two years,
they tested the gas separation properties again and demonstrated a higher
selectivity.

Although these methods can successfully reduce aging, there still exists a big
challenge for the performance loss in permeability. One efficient method to over-
come this challenge is incorporating a secondary phase to form a mixed matrix
membrane. In 2016, Casiraghi and co-workers combined PIMs with graphene, and
formed PIM-1/graphene (PIM-1/Gr) composites [278]. The presence of PIM-1
enhanced the direct exfoliation of graphene in chloroform, and the graphene con-
centration played an important role in the efficiency of the process and stability of
the resulting dispersion. It has been proved that there is strong re-stacking of
initially exfoliated graphene in solution when forming the composites, which is
expected to produce strong promotion in mechanical properties and physical aging
of the membranes.

Fig. 4.32 a An ideal molecular model of PIM-1 polymer chain segment. b, c Two-dimensional
schematic illustration of thermal oxidative crosslinking. d Photograph of PIM-1 polymer solution
in chloroform. e Photograph of as-prepared PIM-1 membrane. f Photograph of TOX-PIM-1
membrane. g Solubility test of TOX-PIM-1 membrane in chloroform. Reproduced from Ref. [276]
with kind permission of © 2014 Macmillan Publishers Limited
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The free volume in PIMs will diminish over time, thus limiting the real appli-
cation. Besides the nanofillers mentioned above, other new types of fillers are also
selected to enhance the properties of PIMs. Cooper et al. reported a mixed matrix
membrane by adding hypercrosslinked polystyrene as a filler into PIM-1 [279].
Since hypercrosslinked polymers possess water- and acid-tolerant properties, these
mixed matrix membranes not only resulted in higher permeability but also allevi-
ated polymer aging and permeability loss (Fig. 4.33).

4.5.2.2 Heterogeneous Catalysis

Usually, PIMs network containing porphyrin, phthalocyanine, or hexaazatrinaph-
thylene subunits could be used for catalysis by incorporating appropriate transition
metal ions. For example, PcCo-network-PIM could be used for the degradation of
hydrogen peroxide and showed a great enhanced rate compared to a non-porous
microcrystalline model compound. In addition, this network-PIM is efficient for the
catalysis of the oxidation of cyclohexene to 2-cyclohexene-1-one (78% yield after
48 h) which was comparable to the cobalt phthalocyanine-based homogeneous
catalysts. The HATN subunits are well-established ligands capable of forming a
complex with up to three transition metal ions. By exposing the orange
HATN-network-PIM to a chloroform solution containing bis(benzonitrile) palla-
dium(P) dichloride, the resulting material catalyzed a model Suzuki aryl-aryl
coupling reaction with high efficiency, however that around 20% of the metal
leached from the PIMs.

Fig. 4.33 Molecular
structure of PIM-1 and the
hypercrosslinked polymer
used as the filler (top).
Schematic illustration of
effect of filler on the
performance of MMMs.
Reproduced from Ref. [279]
with kind permission of ©
2016 Royal Society of
Chemistry
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Similar palladium-containing materials with even higher specific surface area
can be derived from PIM-7 by exploiting the ability of its phenazine subunits which
act as ligands for metal ion coordination. This material contained over 20% by mass
Pd2+ and showed a surface area of 650 m2 g−1. It can be deduced that the Pd2+ ions
act as bridges between the PIM macromolecules to result in a network. Of great
interest, a solvent cast film of PIM-7, swollen in methanol, can also be linked by
Pd2+ to give an insoluble network.

In 2014, Mckeown and co-workers synthesized PIM-TB-Trip microporous
polymer networks, which were assembled from triamino-triptycene monomers
using Tröger’s base forming polymerization reaction [280]. BET surface areas up to
1035 m2 g−1 for PIM-TB-Trip-1 and 752 m2 g−1 for PIM-TB-Trip-2 can be
obtained, respectively. These materials possess high catalytic efficiency for
Knoevenagel condensation reaction between benzaldehyde and malononitrile
compounds.

In 2016, Marken and co-workers developed a composite film electrode by
incorporating traditional carbon microparticles into PIM-EA-TB with a BET sur-
face area of 1027 m2 g−1, then immobilized the free radical 4-benzoyloxy-2,2,6,6-
tetramethyl-piperidine-1-oxyl (4B-TEMPO) on the surface of electrode [281]. Good
access of solvent, substrate to catalyst site through rigid pores, and stabilization
toward corrosion allow the porous PIM-EA-TB polymer to act as a host matrix for
embedding free radical catalyst, thus improving the catalytic process for primary
alcohols oxidation in a carbonate buffer at pH 10.3 (Fig. 4.34).

4.5.2.3 Hydrogen Storage

Under the condition of 77 K/1 bar, three PIMs (PIM-1, HATN-network, and
CTC-network) are measured for their hydrogen adsorption properties with efficient
H2 uptake of 0.56 wt% for CTC-network, 0.43 wt% for HATN-network, and

Fig. 4.34 Structure of the PIM-EA-TB polymer and 4B-TEMPO (left). Scheme showing the
composite film with electrocatalyst embedded in PIM-EA-TB on carbon microparticles (right).
Reproduced from Ref. [281] with kind permission of © 2016 Springer
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0.5 wt% for PIM-1, respectively [257]. The bowl-shaped CTC subunits showed
enhanced H2 adsorption due to the greater predominance of ultramicropores. These
results indicate that PIMs adsorb comparable amounts of H2 to that of the best
examples for zeolites and MOFs. Moreover, unlike all other types of microporous
materials, the structures of PIMs are not necessarily constrained by a fixed network
structure and may be dissolved in suitable solvents and swollen by several
non-solvents. In order to achieve practical hydrogen storage materials from PIMs, it
will be necessary to explore examples with higher surface areas (>2000 m2 g−1)
while maintain the predominately ultramicroporous structure which is necessary to
retain the beneficial multiwall interactions with H2 molecules.

4.5.2.4 Other Applications

Except for the wide applications in gas separation and adsorption, heterogeneous
catalysis, and hydrogen storage, PIMs have been employed in some of the unexplored
fields. In 2015, chiral PIMs have been developed for selective membrane permeation
of enantiomers by Shea and co-workers [282]. They reported the synthesis of chiral
ladder polymers, (+)-PIM-CN and (+)-PIM-COOH, by using 5,5′,6,6′-
tetrahydroxy-3,3,3′,3′-tetramethyl-1,1′-spirobisindan building blocks. The
as-prepared chiral polymers were found to be strongly effective in the selection of a
range of enantiomers. Marken et al. discussed the vacuum carbonization of
PIM-EA-TB in generating a novel type of microporous heterocarbon materials in
2015 [283]. Compared to traditional organic precursors which usually causes
tremendous structural damage and vanish of morphology under vacuum carboniza-
tion, the rigid molecular backbone of PIM-EA-TB was retained even carbonized
under 500 °C in vacuum. Although the BET surface area decreased drastically from
1027 to 242 m2 g−1, microporosity increased considerably. Further study showed an
interesting switch of electrochemical properties to higher pH-dependent capacitance
from ca. 33 Fg−1 (oxidized) to ca. 147 Fg−1 (reduced), without significant electron
transfer reactivity toward oxygen and toward hydrogen peroxide, and conductivity of
approximately 40 MX/square for a ca. 1–2-lm-thick film.

4.5.3 Limitation and Challenge of Development

Compared with other MOPs materials, PIMs have advantages which can be listed
as follows: Linear PIMs can be easily dissolved in suitable organic solvents, which
makes it possible to test molecular weight by using gel permeation chromatography
(GPC). This parameter provides information for controlling the reaction conditions.
Furthermore, membranes with microporous structure can be obtained by casting,
and then applied to gas separation and adsorption, and even the selectivity of CO2,
H2, CH4, and so on. Moreover, PIMs show great potential in hydrogen storage and
gas adsorption. The main problem for the development of PIMs is that surface areas
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cannot achieve very high value as well as the limited contorted structure and
toneless types of polymerization. In addition, how to enhance the gas permeability
and separation property also needs further discussion.

4.6 Macroporous Polymers

Porous polymers which are normally quiet low in density and very high in porosity
have gained considerable attention and research. And when there are interconnected
pore canals in polymer framework, high permeability and large effective surface
area can be achieved [284, 285]. The different kinds of porous polymers with
appropriate pore structure show potential applications in catalysts [102, 286–288],
waste oil and wastewater treatment [14, 289–291], tissue engineering scaffolds
[292–296], and separation [276, 297]. To satisfy the various application require-
ments, macroporous polymers are always designed with an adjustable pore structure
and a high porosity. Compared to the microporous and mesoporous materials,
macroporous materials have obvious advantages of fast mass transfer and simple
separation [14, 293, 294]. The complex macrostructures can be achieved either by
the incorporation of a functional comonomer into the HIPE [289, 298], or via a
post-polymerization functionalization approach [14, 299] as well as the use of 3D
printing [300, 301]. At present, macroporous materials prepared by feasible HIPE
templates exhibit advantages in controllable pore size as well as inherent high
porosity by varying the volume ratio of dispersed phase and continue phase.

HIPEs are defined as the untraditional emulsions which are highly viscous,
paste-like emulsions with the internal volume ratio above 74% [285]. At present,
polyHIPEs from water-in-oil (W/O) HIPEs and oil-in-water (O/W) HIPEs are
becoming more and more common. The investigation range of HIPEs has been
expanded a lot including supercritical CO2-in-water (CO2/W) HIPEs, non-aqueous
oil-in-oil (O/O) HIPEs, and oil-in-ionic liquid (O/IL) HIPEs. In addition, the use of
ionic liquids can extend the range of synthesis temperatures, which has been limited
by the presence of water, to above 100 °C [302]. In recent work, the ionic
liquid-in-oil (IL/O) HIPEs have been synthesized of which the external phase (20%)
was lauryl methacrylateand and the internal phase (80%) was a 1.15 wt% solution
of bis(trifluoromethane) sulfonimide lithium salt in 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide. The ability to synthesize water-free polyHIPEs
could have a major impact upon polyHIPEs development, expanding the types of
polymerization reactions that are sensitive to the presence of water (step growth
polymerizations, anionic, cationic, or metathesis chain growth polymerizations)
[303].

A typical polyHIPEs porous structure with voids and interconnecting holes can
be achieved once the appropriate surfactant concentration is determined. Internal
phase contents of over 74% can be reached for monodispersed droplets through
their deformation into polyhedral. Meanwhile, the internal phase can also be
obtained through the formation of a polydisperse droplet size distribution.
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Theoretical analysis has shown that the formation of polyhedral from monodis-
persed droplets should be favored over the formation of a polydisperse droplet size
distribution [284, 285]. The conventional HIPEs are based on amphiphilic surfac-
tants, such as sorbitan monooleate (Span 80), cetyltrimethylammonium bromide
(CTAB), amphiphilic block polymers, and amphiphilic solid particles. Upon adding
surfactants with the amount up to 5–50% into the continuous phase, a stable HIPE
can be achieved. In a traditional polyHIPEs, the monomers are only dissolved in a
continuous external phase, which surround the dispersed droplets of the internal
phase. The formation of a typical W/O HIPEs (an aqueous internal phase dispersed
within the hydrophobic monomers in the external phase) and the synthesis of a
typical polyHIPE are illustrated schematically in Fig. 4.35.

A “typical” polyHIPE porous structure with voids and interconnecting holes is
seen. In the traditional thermally initiated free radical polymerization process,
droplet coalescence, volume shrinkage of monomer, and Ostwald ripening occur
during polymerization, especially when the elevated temperatures are used for
polymerization which enhance diffusion and interfacial destabilization. The wide-
spread formation of such holes transforms the discrete droplets of the HIPE’s
internal phase into a continuous interconnected phase in the polyHIPEs. Removal
of the internal phase, which now becomes continuous, yields voids in place of the
internal phase droplets and results in a highly interconnected, open-cell,
emulsion-templated porous structure [285, 304, 305]. Recent work on polyHIPEs
with tunable void sizes and narrow void size distributions has been carried out for
developing theoretical models to describe the relationships between the void size
and the mechanical behavior. The formation of open pores can be contributed to

Fig. 4.35 Schematic illustration of HIPE formation and polyHIPEs synthesis in a W/O HIPE that
contains an aqueous internal phase dispersed in a hydrophobic monomer external phase.
Reproduced from Ref. [285] with kind permission of © 2014 Elsevier
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several factors, such as partial coalescence between neighboring droplets, phase
separation at surfactant rich phase and polymer rich phase, and volume contraction
in the process of conversion from monomer to polymer [305].

The types of polyHIPEs systems developed including copolymers, interpene-
trating polymer networks, biodegradable polymers, bicontinuous polymers,
organic–inorganic hybrids, porous inorganics, and nanocomposites. PolyHIPEs
have also been developed for applications such as chemical synthesis, chromatog-
raphy, ion exchange, separation, sensing, tissue engineering, and controlled drug
delivery. The recent surge in publications on polyHIPE systems mirrors that for
porous polymers, the results of a relatively restrictive literature search for articles
that contain “polyHIPEs.” This part is a brief review and survey of recent advances
made in macroporous materials synthesis, structure, and application by polyHIPEs.

4.6.1 Macroporous Polymer Synthesis in PolyHIPEs of W/O

Traditionally, the polymeric surfactants suitable for HIPE preparation have been
limited to several kinds of polyethylene oxide (PEO)-based copolymers, such as
Pluronic and Hypermer. Recently, more and more efforts have been directed for the
design of amphiphilic block copolymers that can be used for the stabilization of
HIPEs, which can provide a one-step route for the surface functionalization of the
3D matrix [306]. Wang et al. disclosed a facile and rapid route for tailoring the
polymer amphiphilicity, which can enable systematic investigation of the influence
of polymer amphiphilicity on the phase behaviors of high internal phase emulsions
[307]. A commercial polystyrene-b-polyvinylpyridine (PS-b-P4VP;
Mn = 8800 Da; PDI = 1.15) was applied as the surfactant with a water contact
angle of 95° which can be obtained by recombining trifluoroacetic acid
(CF3COOH) to adjust the hydrophilization of the P4VP segment. So, it is worth
mentioning that this method for tailoring the amphiphilicity of PS-b-P4VP is rather
facile and controllable by quaternization reaction. The surfactant with a molar ratio
of 1:0.2 of the pyridine rings to carboxyl groups possessed a more extraordinary
gel-like property of thixotropic non-Newtonian fluids even if the vial was placed
upside down for two weeks and the highest internal phase volume of 95% was
achieved with adding 40 mg mL−1 of the amphiphilic mixture [307]. Due to its
relative low specific surface area, the adsorption capacity of macroporous materials
is much smaller that limits their practical applications in treatment of water con-
tamination. Thus, assembling the macroporous materials with nanoscale meso-
porous particles could be an ideal solution to overcome these drawbacks, because
hierarchical macro- and mesoporous adsorbents will have both of their advantages
[14]. Pan et al. [308] fabricated a new hierarchical porous foam with macroporous
and mesoporous structure. The macroporous (glycidylmethacrylate) (MPGMA)
foams were synthesized by W/O HIPEs template. Then, carboxylated mesoporous
silica nanoparticles (CMSNs) were grafted onto the interface of macroporous foams
via the chemical bond (Fig. 4.36). Large amounts of carboxyl groups which were
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introduced into the as-prepared hierarchical porous foams could be benefited for the
rapid capture of pollutants. The maximum adsorption capacity of HPFs for
k-cyhalothrin and Cu(II) was 80.11 and 21.79 mg g−1 at 288 K, respectively. And
the excellent adsorption ability provides more potential opportunities for the HIPEs
to be applied in the field of simultaneous removal of k-cyhalothrin and Cu
(II) [308].

A variety of achiral advanced materials have been fabricated through HIPEs and
exhibit potential applications such as biomaterials and separation materials. Chiral
porous materials combine two special properties, chirality and porosity, which can
render the material with smartness by certain stimulation, e.g., optical, PH, and
force. However, for chiral porous organic polymers, there have been only a few
reports [309]. Meanwhile, the open pore structure in polyHIPEs has a positive effect
on the sufficient contact between racemates and polyHIPEs and the bulk polyHIPEs
are extremely easily recyclable compared with the other types of induced crystal.
Deng group combined the HIPEs approach with chiral acetylenic monomers for
preparing a novel, unique type of chiral porous material. The novel macroporous
materials consisting of chiral helical polymer by coordination polymerization or free
radical polymerization (Fig. 4.37) demonstrated their significant applications as
chiral inducers for enantioselective crystallization. The high cis content with the max
ratio of 90% by measuring the UV–Vis absorption and Raman spectra endowed the
polyHIPEs to possess optical activity and exhibited promising application in chiral
resolution. Enantioselective L-threonine and L-alanine were successfully induced to
crystals from respective racemic solution. For a series of crystallization of racemic
threonine, the max enantiomeric excess (ee) was about 74% [298].

Fig. 4.36 Schematic illustration for the reaction of the MPGMA’s epoxy groups with CMSN’s
carboxyl groups. Reproduced from Ref. [308] with kind permission of © 2016 Elsevier

Fig. 4.37 Schematic
illustration for the preparation
and application of chiral
helical macroporous
materials. Reproduced from
Ref. [298] with kind
permission of © 2015
American Chemical Society
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4.6.2 HIPE of O/W

Conventional O/W HIPEs are stabilized by surfactants, such as polyethylene glycol
tert-octylphenyl ether (Triton X-405), polyethylene glycol dodecyl ether (Brij 35),
and poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene gly-
col) (Pluronic F68). However, large amounts of expensive surfactants are required to
stabilize HIPEs at the concentration of 5–50% with respect to the continuous phase
[284, 285]. In recent work, macroporous materials have been used as biomaterials
and tissue engineering materials. Pores with size in the range of 25–300 lm in
macroporous polymer are required so as to be larger than the dimensions of mam-
malian cells, which are typically around 20–30 lm. And it is desirable for scaffolds
to possess high surface areas (>500 m2 g−1), high porosities (>90%), and a high
degree of pore interconnectivity to facilitate transport of nutrients and oxygen as well
as cell migration and cell attachment [310]. Nevertheless, it has been found that the
optimal pore size for tissue engineering scaffolds is in the range of 50–300 lm
depending on the cell type. Cells are mostly shown to be spreading on the outer
surface of the scaffold and have rather limited cell penetration into the scaffolds due
to small pore throat in the range of 5–20 lm of hydrophilic polyHIPEs [295]. Then
this system allows the injection of cell-laden hydrogel scaffold, which offers sig-
nificant advantages over other types of rigid scaffolds that require open surgery for
their implantation by eliminating possible complications that may accompany
invasive surgery or a potential misfit of the scaffold in the defect site because of its
ability to construct into a potential defect site.

Bismarck group designed a biocompatible amphiphilic copolymer, specifically
gelatin-graft-poly (N-isopropylacrylamide) (GN) (Fig. 4.38a), as surfactant to
construct high internal phase emulsion templates, thus proposing an effective and
versatile route to create remarkably high porosity and interconnected macroporous
foams, which are also biocompatible and suitable as cell carriers. The amphiphilic
copolymer without any cytotoxic can stabilize oil phase (p-xylene) in water phase
(Fig. 4.38b), which can produce the resultant hydrogel scaffold as biocompatibility

Fig. 4.38 a Molecular structure of gelatin-graft-PNIPAM; b schematic of the oil (p-xylene)/
water interface of HIPE stabilized by GN. Reproduced from Ref. [311] with kind permission of ©
2015 Wiley-VCH

126 L. Tan et al.



materials. In this work, human skin fibroblast cells with large amount of prolifer-
ation colonized the bulk surface of the foams, spreading extensively and extending
into the scaffold along the pore throats [311]. Due to the dual temperature sensi-
tivity of polyHIPE hydrogel, the cells break the associations between gelatin chains,
widen the pores, and loosen the hydrogel network for the cells to penetrate deeper
into the scaffold in warm culture medium.

4.6.3 HIPE of CO2/Water

In order to facilitate the template removal and to avoid the contamination of the
porous structure by residual traces of organic solvents, the high internal phase CO2/W
emulsion templating technique was developed [285]. Supercritical carbon dioxide
(ScCO2) is a nontoxic, nonflammable, non-expensive, natural solvent and can be
used as an alternative to conventional organic solvents for the preparation of high
internal phase CO2/W emulsions [312]. Above 70 bar, the decrease in surface tension
(c) was smaller as CO2 is less compressible at higher pressures. In this range of higher
pressures, the value of the W/CO2 interfacial tension was close to 20 mNm−1. The
requirements for surfactants for lowering the interfacial tension are less stringent than
for microemulsions. A potential solution to this problem is to prepare CO2/W
emulsion templates. These are composed of an ionic or neutral hydrophilic head
associated with a CO2-philic tail consisting of fluorinated or branched aliphatic
sequences, polysiloxanes or polyvinyl esters [313]. With the exception offluorinated
and silicone-based polymers, CO2 lacks the solvent power to solvate macromolecules
easily. Although these fluorinated or silicone-based materials have been studied as
steric stabilizers in dispersion polymerization and as surfactants in preparing CO2/W
or water-in-CO2 (W/CO2) emulsions or microemulsions, the associated cost and poor
environmental degradability may prohibit their industrial-scale applications. CO2 is a
naturally abundant alternative to the organic solvents, which can be readily removed
from a polyHIPEs scaffold simply by depressuring the system as shown in Fig. 4.39.
The materials with well-defined porous structures without using any volatile organic
solvents, only water and CO2, are used [314].

In earlier work, Butler et al. used perfluoropolyether (PFPE) surfactants and poly
(vinyl alcohol) (PVA) as a co-surfactant to stabilize CO2/W emulsions of acry-
lamide polymers [315]. Palocci et al. reported the preparation of dextran-based
macroporous materials using supercritical CO2 as the internal phase and ammonium
salt of perfluoropolyether (PFPE, Mw = 550 g/mol) carboxylic acid as the sur-
factant [316]. Debuigne et al. used sugar-based fluorinated compound as emulsifiers
and PVA as co-stabilizer (5% w/v based on water) at 60 °C and 250 bar to prepare
highly interconnected macroporous poly(acrylamide) and poly(vinylimidazolium)
porous monoliths [314]. Macroporous PAM was a brittle porous sample with the
size of large pores (18 lm and cells 30–100 lm). The better performance of the
fluorinated surfactant 40b over the aliphatic 40a for the polyHIPE synthesis is in
agreement with the higher CO2/W surface activity recorded for b compared to a as
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shown in Fig. 4.40. The beneficial effect of the fluorinated tail on the stabilization
of the CO2/W emulsion and the preparation of PAM polyHIPE was further con-
firmed when using a surfactant with a longer fluorinated chain.

However, synthesis of these fluorinate polymers and siloxane-based polymers
which cannot be degraded in the nature will lead to big environment problems.
Considering the principles of green chemistry, the non-fluorous and non-siloxane
hydrocarbon is necessary in the ScCO2 application. HIPEs prepared with
non-fluorinated surfactants at lower pressures (<120 bar) can also be accessed
[312]. In previous work, Da Rocha et al. studied the behavior of poly(propylene
oxide)-b-poly(ethylene oxide)-b-poly(propylene oxide) (Fig. 4.41a) at the W/CO2

interface as a function of their Mw and hydrophilic/CO2-philic balance
(HCB) [317]. A symmetric triblock copolymer comprising 30 propylene oxide units
and 26 ethylene oxide has the lowest c with a slightly turbid W/CO2 emulsion for

Fig. 4.39 Schematic representation for the fabrication of polyHIPEs. Reproduced from Ref. [314]
with kind permission of © 2013 Royal Society of Chemistry

Fig. 4.40 Chemo-enzymatic syntheses of the sugar-based surfactants considered in this study.
Reproduced from Ref. [314] with kind permission of © 2013 Royal Society of Chemistry
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over 10 min using 0.1 wt% of surfactant/CO2 and less than 1 w/w% of water.
Sarbu et al. [312] designed the new non-fluorous (CHOCO2)n–(EO)m–(CHOCO2)m
poly(ether-carbonate) (Fig. 4.41b) that can be dissolved in CO2 by optimizing the
balance between enthalpy and entropy of solute–copolymer and copolymer–
copolymer interaction. CHO–CO2)25–(EO)7–(CHO–CO2)25 is soluble in CO2 at
lower pressures than 15 MPa, and when added 1.8 mM polymer to a mixture of
water and CO2, it forms an emulsion upon stirring which is stable for hours.
Meanwhile, the emulsion is more stable at pressures between 170 and 350 bar than
at pressures above 400 bar.

However, these CO2-soluble hydrocarbon surfactants are applied in high internal
water-CO2 emulsion. Later on, stable CO2/W HIPEs were formulated with
amphiphilic poly(vinyl acetate)/poly(ethylene glycol) (PVAc-b-PEO, Fig. 4.41c1)
block copolymers and cured for polymerization of acrylamide. Then, Tan et al.
[318] prepared the diblock copolymer oligo (vinyl acetate) as surfactant to syn-
thesize the porous, crosslinked poly(acrylamide) (PAM) materials (bulk density

Fig. 4.41 Molecular structures of a PPO-b-PEO-b-PPO, b poly(ether-carbonate) (CHO–CO2)n–
(EO)m–(CHO–CO2)n, c1 PVAc-b-PEO, c2 PVAc-b-PEO-b-PVAc, d X-OVAc-b-PEG-b-OVAc-X,
e PVAc-b-PDMAEMA [294, 312, 317–319]
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0.057 g/cm3, median pore diameter 10.85 lm) by emulsion-templated material via
polymerization of a CO2/W emulsion (90% v/v CO2). And the triblock polymer
PVAc-b-PEG-b-PVAc surfactant (Fig. 4.41c2, m = 60, n = 30) was found to
emulsify up to 97% v/v CO2 in water and form a uniform, opaque emulsion which
can be stable for at least 48 h.

Following, Tan group adjusted the hydrophic-CO2 philic balance of
X-OVAc-b-PEG-b-OVAc-X (Fig. 4.41d) copolymer surfactants in the water-CO2

emulsion to prepare the macroporous materials (pore size in the range of
3.2–10.0 lm, the intrusion volume in the range of 4.66–7.82 cm3/g) under lower
pressures which were achieved using a low-temperature redox-initiated polymer-
ization of acrylamide-based HIPEs [319]. The influence of the surfactant concen-
tration and molecular weight of OVAc block on the morphology of the porous
structures was also investigated.

Then, Zhang et al. [294] designed and grafted the ionic component
polydimethyl-aminoethyl methacrylate (PDMAEMA) to PVAc-b-PDMAEMA
(Fig. 4.41e) which contains pendant tertiary amines that are easily protonated
below their pKa (7.5) and demonstrate a strong hydrophilic character. By adjusting
the appropriate hydrophilic/CO2-philic ratio of PVAc-b-PDMAEMA, the
(PVAc)16-b-(PDMAEMA)17 with best hydrophilic/CO2-philic balance ratio can
stable the emulsion for 12 h under static conditions. Moreover, the HIPE is still
formed when the concentration of surfactant decreases to 0.16% (w/v), and remains
stable for at least 1.5 h. When the concentration of (PVAc)16-b-(PDMAEMA)17 is
1.0%, the pore size of the PAM materials is mostly below 10 lm (taking up 81%
volume), and the percentage of macropores (>19 lm) is very low (<4%) (Fig. 4.42)
[294].

Compared with other high internal phase emulsions, CO2/W adopts different
stabilizers. Tan et al. [292] reported a method to stable CO2/W emulsions using
only partially hydrolyzed PVA solutions without the addition of any surfactants
PVA (25% w/v solution in H2O) and crosslinker (glutaraldehyde 20% w/w based
on PVA) which formed the milky white CO2/W emulsions under 8 °C and proved
to be stable for at least 12 h without the phenomenon of phase separation

Fig. 4.42 a Photographs of low-density C/W emulsion-templated PAM-based materials. b SEM
analysis of PAM-based macroporous materials and their pore size distributions prepared by C/W
emulsion templating polymerization with various concentrations of the (PVAc)16-b-
(PDMAEMA)17 surfactant (w/v) 1.0%. Reproduced from Ref. [294] with kind permission of ©
2014 American Chemical Society
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(Fig. 4.43a). In this work, it is mentioned that PVA solution with a high viscosity
can increase the stable concentrated CO2/W emulsions owing to the high viscosity
of PVA solution and higher solubility of PVA in CO2 under lower temperature.

As shown in Fig. 4.43b, the hydrogels have an open porous structure (the
average pore size of PVA (10.18 ± 3.28 lm), cavities of which are interconnected
by a series of channels enable rapid nutrient and oxygen transfer through a
polyHIPE material, which is important for cell culture. Due to using biodegradable
surfactants, human embryonic lung diploid fibroblast cells’ cellular growth and
proliferation in PVA hydrogels were examined by SEM in Fig. 4.43c to demon-
strate the feasibility of using the processed PVA hydrogels for tissue engineering
applications. And the commercial partially hydrolyzed PVA (80% hydrolyzed, Mw
10,000) as surfactant was used to prepare the macroporous PAM (the size range of
13.18–26.67 lm) in high internal emulsion CO2/W. The H9c2 cardiac muscle cells
can grow and proliferate on the surface of these porous PAM scaffolds demon-
strating their applications to produce organs by 3D printing technology [292].

4.6.4 HIPE of Pickering Emulsion

The relative large amounts of surfactant are needed for HIPE stabilization reflecting
the instability inherent in dispersing the major internal phase within the minor
external phase. Residual surfactants can affect the structure, properties, and appli-
cations of the resulting polyHIPEs materials. And some short-chain surfactants are
leachable contaminants especially in biotechnology application. These surfactants
can be difficult and expensive to remove. Some organic–inorganic hybrid
polyHIPEs materials synthesized by the post-process of polymer would waste large
amount of solvent which cause serious environmental problem. Unlike short-chain
surfactants, particles can irreversibly adsorb on the interface of emulsions because
of their appropriate wettability and high energy of attachment, which makes them
good emulsifiers (Fig. 4.44) [327].

Fig. 4.43 a Photographs of a PVA hydrogel formed by gelation of a C/W emulsion, b SEM
image of hydrogels at a constant ratio of VCO2/VH2O (8/2), 16.8% w/v PVA (88% hydrolyzed,
Mw: 22,000 g/mol) based on aqueous phase, c SEM images of fibroblast cells attached to PVA
hydrogels. Reproduced from Ref. [292] with kind permission of © 2015 Elsevier
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It has been proved that many solid particles, such as silica particles, titania
particles [320], iron oxide nanoparticles [321], polymer, and graphene oxide flakes
[322], can also be used to stabilize HIPEs, which is named as the Pickering HIPEs.
Some specific approaches have also been developed to open pores of
poly-Pickering HIPEs, including the use of a particular poly(urethane urea) stabi-
lizer, an amphiphilic monomer to costabilize HIPEs, or a reactive lignin stabilizer
[323]. The larger droplets of Pickering emulsions lead to thicker monomer layer
between droplets. The particle geometry and dimension should also be well regu-
lated in order to avoid the instability caused by gravity and Brownian motion.
Meanwhile, these nanoparticles, quasi-irreversibly anchored at the oil–water
interface, form dense interfacial barriers that resist coalescence. These solid shells
could protect the emulsion droplets against any structural imperfection during
polymerization, including coalescence and film rupture. Therefore, closed pores
solid particles adsorbed firmly on the oil–water interface can act as steric barriers to
hinder the formation of pore throats. The excellent barrier effect of solid particles is
dominant in most cases unfortunately, leading to a closed-cell structure [324].

PolyHIPEs synthesized from Pickering HIPEs can be stabilized by relatively low
loadings (compared to typical surfactant contents) of nanoparticles specially carbon
nanotubes. For example, Noa et al. [325] prepared the organic–inorganic hybrid
macroporous material by PS-based CNT-filled HIPEs. The CNTs which migrated
from the HIPE’s aqueous phase droplets into the HIPE’s organic phase formed
interconnected bundles within the polyHIPEs walls, act as “bridges,” that enhanced
the connection between existing conductive pathways. The surfaces of the
polyHIPEs are covered with spherical particles whose diameters range from around
300 to 1000 nm. There are no changes to the nanoparticles or to the porous
structure on sulfonation that could be discerned using SEM (Fig. 4.45).

Furthermore, the incorporation of inorganic solid particles into the organic
framework in poly-Pickering HIPEs can endow porous polymers with functional
particles decorated pore walls exhibiting additional properties, such as magnetism,

Fig. 4.44 Schematic
illustration of Pickering
emulsion. Reproduced from
Ref. [327] with kind
permission of © 2008
Wiley-VCH
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electrical, or thermal conductivity. The use of magnetic, electrical, or thermal
conductive particles can also introduce corresponding properties to materials. For
example, Mert et al. [326] prepared the macroporous polymers with magnetic
response by the removal of the internal phase after the curing of emulsions at 80 °C.
The porosity and pore morphology of the macroporous polymers were character-
ized by nitrogen sorption analysis, the specific surface area and average pore size of
the magnetic polyHIPEs with 5 wt% Fe3O4@ Humic acid is 36.48 m2 g−1 and
2.7 nm responsively. The M–H curves of all samples display no hysteresis.
Meanwhile, the value of magnetization sharply increases with the applied magnetic
field even if it does not attain saturation in the presence of a relatively strong
magnetic field of even 20 kOe for the sample MP3.

4.6.5 Conclusions

This review has focused upon recent advances in macroporous polymer by different
high internal emulsion polymerization types (O/W, W/O, CO2/W, and Pickering
emulsion). The traditional W/O HIPEs will focus on more new composite materials
with more applications (photoelectricity, heterogeneous catalysis, high strength
modulus materials, and tissue engineering). A large fraction of contemporary
polyHIPEs research and development has focused on expanding the library of novel
monomers that can be used for polyHIPEs synthesis. And the synthesis of
macroporous materials by HIPEs will become more and more environmental
benign and low cost by CO2/W and IL/W. This way will make the tissue engi-
neering become reality due to the rapid expansion of green chemistry. Then, the
hybrid of inorganic and organic, or organic and organic macroporous material by
high internal phase Pickering emulsion can endow one composite material with

Fig. 4.45 Polymer-nanoparticles-covered polyHIPEs from W/O HIPEs containing
surfactant-stabilized CNTs in the aqueous internal phase (SEM). A a, b typical porous
polyHIPE structure with polymer nanoparticles on the void surfaces (SEM). Reproduced from Ref.
[325] with kind permission of © 2013 Royal Society of Chemistry
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multifunctional materials for various applications. In a word, the development of
polyHIPEs with new synthesis chemistries, material component, and porous
structures has clearly established their potential for numerous applications and this
is now driving the continuing expansion and intensification of polyHIPEs research.

4.7 Outlook and Perspective

The introduction of porous architecture into traditional non-porous polymers has
been a successful innovation in materials science and showed dramatic expansion
over the last decades. Owing to the fast development of modern organic synthesis
and polymer chemistry, a wide range of optional building blocks as well as
numerous synthetic strategies are available for the design and construction of MOPs
with well-controlled porous structures. Moreover, diverse chemical functionalities
can be easily incorporated into the polymer networks with functional monomers or
by post-modification methods which are hardly to be achieved for inorganic porous
materials. These remarkable advantages ensure MOPs with additional interesting
properties, thus creating more advanced application fields in energy, environment,
and health. For example,

Gas storage—HCPs as absorbents for hydrogen, for methane storage and for CO2

capture and storage; COFs for ammonia storage
Separation—PIM membranes for CO2 separation; hierarchical porous monoliths
for liquid chromatography separation of small molecules and as absorbents for oil
spill cleaning
Catalysis—MOPs as platform for heterogeneous catalysis; BT-Ph2-based knitting
polymers as photocatalysts
Sensors—CMPs as fluorescence probes for TNT, Fe3+, and benzene sensing;
lithium-modified knitting polymers as humidity-sensitive materials; COFs as
repetitive on–off photocurrent switcher
Energy devices—CMPs as electrode materials for energy storage devices and
supercapacitors
Drug delivery—HMOCs as drug nanocarriers for controlled release; COFs for drug
release
Thermal therapy—CMPs capsules with tunable NIR absorption ability for thermal
ablation of HeLa cells

In spite of these outstanding achievements, a number of challenges are also
needed to be addressed. For instance, COFs are usually synthesized with con-
suming period and difficult to scale up; the cost of CMPs is extremely high due to
their noble metal catalysis and special monomers; HCPs are highly irregular net-
works which limit the real applications in advanced fields such as photoelectric
devices; PIMs can be soluble in organic solvents while thier surface areas are
relatively low. These challenges, which are also generated along with the evolution
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of MOPs, will always inspire scientists and researchers to develop new routes for
novel materials’ invention as a result of encouraging collaboration with researchers
in related disciplines and creating new applications.
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Chapter 5
Responsive Photonic Crystals
with Tunable Structural Color

Xiaolu Jia, Haiying Tan and Jintao Zhu

Abstract Since colorimetric sensors can respond to environmental stimulus by the
color change, they are widely concerned because of their low cost and low power
consumed. A new material in colorimetric sensors called photonic crystals
(PCs) was fabricated for sensing the external stimulus. PCs are composed of
periodic ordered dielectrics nanostructures with photonic band gap. Different from
dye, PCs can exhibit vivid structural color, which can be tailored by lattice spacing
variation under the external stimulus. The PCs materials have important applica-
tions in the fields of display, sensors, anti-counterfeiting, and others. In this chapter,
we will discuss strategies and mechanism for the fabrication of responsive PCs.
Moreover, PCs materials demonstrate response characteristic under external stimuli,
such as mechanical force, temperature, pH, ionic species, solvents, biomolecules,
light, electrical or magnetic fields, and others. Challenge and perspective of this
emerging area will also be discussed at the end of this chapter.

5.1 Introduction

Photonic crystals (PCs) materials consist of a periodicity in dielectric constant,
which exhibit vivid structural color existing in nature for billions of years [1–7].
The concept of PCs was first proposed in 1987, and then extensive attention was
paid on it [8, 9]. Photonic band gap is the major characteristic of PCs, giving rise to
the certain wavelengths where light cannot spread in the PCs [10]. As the photonic
band gap locates in the visible light region, PCs show structural color due to the
Bragg diffraction. According to different distributions of the refractive index in
space, PCs can be divided into three types: one-dimensional (1D), 2D, and 3D PCs
(Fig. 5.1). Based on the distinct feature of manipulating light, PCs can be applied
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for high-efficient reflector, optical fibers, sensors, and color display devices, among
others [7, 12].

When the ordered nanostructures and responsive polymers meet together,
responsive PCs are generated. In general, responsive PCs are the material whose
lattice constant can be tuned by external stimuli, such as solvents, temperature,
ionic strength, pH, biomolecules, mechanical force, light, and electrical and mag-
netic fields [13]. Compared with traditional sensing materials, PC sensors had
attracted great attention because of their low cost and easy processing ability. The
responsive mechanism for this sensor is that the lattice constant of PCs materials
can be tuned under external stimulus, leading to the variation of structural color.
Therefore, the structural color offers an easy and efficient means to indicate the
lattice structure of PCs, and the change of structural color can be visually identified
by the naked eyes. The structural color appearances of PCs can be ascribed to the
interference and reflection of light, which can be described by the Bragg’s law:

kmax ¼ 2neffd ð5:1Þ

where k is the diffraction wavelength, n is the effective refractive index of the
material, and d is the center-to-center space of colloidal particles. Therefore, the
diffraction wavelength and the resulting structural color can be tailored by
manipulating the lattice spacing of the nanoparticles (NPs) in the PCs.

In this chapter, we will highlight recent advances in responsive PCs for sensing
external stimuli. The objectives of this chapter are as follows: (1) summarization of
fabrication strategies and mechanism of the responsive PCs; (2) providing an
overview of the responsiveness of PCs under different external stimuli; (3) discus-
sion of the challenge and perspective of this emerging research area.

Fig. 5.1 Schematic illustration of 1D, 2D, and 3D PCs. The different colors are showed for
distinguishing different dielectric constants (reproduced from Ref. [11] with kind permission of ©
2014 Wiley-VCH) (Color figure online)
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5.2 Fabrication of Responsive PCs

The fabrication strategies of PCs materials can be divided into two main groups:
top–down and bottom–up approach. The top–down methods often use traditional
microfabrication methods to produce responsive PCs, such as photolithography and
etching techniques to produce microstructures with desired shape, size, and order
from bulk materials [14–18]. The disadvantages of top–down method are high cost
and complicated preparation process. Compared with top–down method, the bot-
tom–up method is a low-cost and efficient approach to fabricate ordered structures
through the self-assembly route.

5.2.1 Fabrication of 1D Responsive PCs

5.2.1.1 Fabrication of 1D Responsive PCs by Spin-Coating

One-dimensional PCs with structure of multilayer stacks can be fabricated by
alternating high and low refractive indices through spin-coating method. In general,
as shown in Fig. 5.2, the multilayer stacks can be prepared by spin-coating the
titania suspension of high refractive indices and inorganic NPs suspension of low

Fig. 5.2 a Scanning electron microscopy (SEM) images of Bragg stack composed of six
alternating composition layers of TiO2 and SiO2. b Photograph of PCs film in air or (c) in ethanol
(reproduced from Ref. [19] with kind permission of © 2006 American Chemical Society)
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refractive indices [19]. A new layer was prepared by baking and removing the
solvent with heating processing. Due to the large refractive index difference, the
structural color and stopband position of PCs were controlled by changing
the thickness of the layer. Moreover, the responsive 1D PCs with structure of
multilayer stacks were designed by spin-coating the titania suspension of high
refractive indices and responsive polymer materials of low refractive indices. The
lattice distance and structural color can be tuned under external stimulus [20, 21].

5.2.1.2 Fabrication of 1D Responsive PCs by Self-assembly of Block
Copolymers (BCPs)

In general, symmetry BCPs could form 1D periodic lamellar structure [22–24].
Typically, as shown in Fig. 5.3, the lamellar BCP PCs hydrogel can be fabricated
by self-assembly of polystyrene-b-quaternized poly(2-vinyl pyridine) (PS-b-
QP2VP) diblock copolymer in the following four steps: [24] (a) the BCPs was
dispersed in propylene glycol monomethyl ether acetate; (b) the polymer solution
was spin-coated onto a substrate; (c) the film was annealed under chloroform
atmosphere to form the lamellar structure; (d) P2VP in the film was then quater-
nized and cross-linked through reacting with the mixtures of 1-bromoethane and
1,4-dibromobutane. Formation mechanism of the lamellar PCs films is that
microphase separation occurs in BCPs under the driving force of positive enthalpy
of mixing and low mixing entropy.

5.2.1.3 Fabrication of 1D Responsive PCs by Self-assembly
of Magnetic NPs

Adding magnetic components to the colloidal building blocks provides an oppor-
tunity for convenient and precise control of the properties of PCs through an
external magnetic field. Superparamagnetic colloids in solution can form particular
arrangement under magnetic field. In other words, incorporation of magnetic NPs
into the colloidal building blocks will provide opportunities for convenient and
precise control of the properties of PCs. For example, Fe3O4 can assemble into a
long 1D chain structure in solution under magnetic field when a balance is reached
between magnetic and electrostatic repulsive forces [25, 26]. Compared with
charged PS or silica (SiO2) NPs, Fe3O4 NPs suspension can display brilliant
structural color within 1s under the magnetic field (see Fig. 5.4), and the ordered
structure cannot be destroyed by less ionic impurities [25]. Moreover, the structural
color and reflection spectra of Fe3O4 NPs suspension can also be tuned by varying
magnetic field intensity.
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5.2.2 Fabrication of 2D Responsive PCs

Two-dimensional responsive PCs can be fabricated by the 2D template [27–29]. As
shown in Fig. 5.5, ordered 2D close-packed array of PS NPs can firstly be formed
by dropping PS NPs in aqueous propanol on the Hg surface. Because the sus-
pension has moderate surface tension, PS suspension can spread rapidly on the
surface of Hg. Monolayer of 2D PS NPs with closely packed structure was formed
after the solvent evaporation. Second, the monomer solution containing cross-linker
and initiator was dropped onto the 2D array on Hg, and 2D responsive PCs can be
prepared after UV polymerization [29]. This synthesis strategy is facile and
effective to produce responsive PCs with high quality. Yet, the high toxicity of
mercury limits the practical application of this method.

Fig. 5.3 a Schematic illustration showing PCs film and the structural color variation mechanism.
The PCs film was fabricated by self-assembly of PS-b-QP2VP diblock copolymer. The lattice
spacing of PCs can be tuned by aqueous solution. b SEM images of a dried lamellar PCs film. The
film was prepared on a silicon wafer by fracturing after freezing in liquid nitrogen. The left
transmission electron microscopy (TEM) inset image was stained with I2 vapor (dark domains
were QP2VP domains). The upper right inset image is a reflection-mode laser-scanning confocal
microscope image (xz scan) of a swollen film showing defect channels (marked by arrows) across
the layers. c Photograph of the PCs film based on different cross-linking densities in different
regions. As the cross-linking density of PCs in the region ‘GEL’ is lower than the other region of
the initial film, the pattern shows red on a blue background (reproduced from Ref. [24] with kind
permission of © 2007 Nature) (Color figure online)
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5.2.3 Fabrication of 3D Responsive PCs

5.2.3.1 Fabrication of Non-closely Packed 3D Responsive PCs

Charged colloidal NPs can form non-closely packed structure by electrostatic
repulsion between monodisperse colloidal NPs [30]. Due to the minimum energy
configuration, the colloidal NPs can self-assemble into non-closely packed
body-centered cubic or face-centered cubic colloidal crystal array structure.

Fig. 5.4 a TEM image and
b schematic illustration of
poly(acrylate) capped-Fe3O4

NPs. c Photographs of Fe3O4

colloidal crystals formed
under external magnetic field;
the magnetic field intensity
decreases gradually from
right to left by tuning distance
between the magnet and
sample (reproduced from Ref.
[25] with kind permission of
© 2007 Wiley-VCH)

Fig. 5.5 a Schematic
illustration showing the
fabrication of a 2D PCs
hydrogel. b SEM images of a
2D PS colloidal crystals.
c Photograph of 2D PCs
hydrogel containing COOH
groups at pH 3.2 and 7.2
(reproduced from Ref. [29]
with kind permission of ©
2011 American Chemical
Society)
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However, the 3D ordered structure of charged colloidal NPs can easily be destroyed
by ionic impurities. Three-dimensional responsive PCs can be fabricated by fixing
the charged colloidal NPs in the responsive hydrogel network or polymerizing the
responsive monomer which is embedded in the crystalline colloidal arrays. The
stopband and structural color could be tuned by the variation of the lattice spacing
under external stimulus [31, 32].

5.2.3.2 Fabrication of Inverse Opal 3D Responsive PCs

Inverse opal 3D responsive PCs can be prepared based on the closely packed
colloidal crystal templates [33, 34]. Closely packed templates can be fabricated by
solvent evaporation. Then, a monomer solution is infiltrated into the closely packed
colloidal crystal templates with subsequent polymerization. Subsequently, the
inverse opal PCs film can be prepared after removal of the templates. Due to the
porous structure of PCs, the stopband of the inverse opal PCs changed rapidly with
environmental variation [34]. Moreover, compared with the non-closely packed
colloidal crystal array, the ionic monomer can be infiltrated into the templates
without destroying the 3D ordered structure.

5.3 Sensing Applications of the Responsive PCs

5.3.1 Pressure Sensors

PCs-based pressure sensors were prepared by immobilizing colloidal crystals in the
mechanically responsive polymers [35–44]. The lattice constants and the corre-
sponding structural color of pressure sensors are changed by deformation of elas-
tomeric polymers under pressure stimulus. Moreover, polymerized crystalline
colloidal arrays can prevent the ordered structure of NPs to be destroyed by ionic
impurities. Asher et al. first reported N-vinylpyrrolidone/acrylamide-based
mechanically responsive film by fixing colloidal crystals arrays [35]. As the lat-
tice distance of (111) planes was decreased under tension, the diffraction peak
shifted from 573 to 538 nm. Meanwhile, Ozin group fabricated highly sensitive
elastomeric PCs of inverse opal structure by the template method [36]. Due to the
low-pressure threshold, the diffraction peak of PCs film had a blue-shift (*60 nm)
under 15 kPa and can be used for displaying fingerprints with high accuracy. Yet,
the shift range of diffraction peak was not stable after 10 compression–decom-
pression cycles.

In order to improve the optical manipulation range and simplify the preparation
process, Ge and coworkers fabricated responsive mechanochromic photonic gel by
fixing metastable SiO2 colloidal crystalline arrays [40]. The preparation route of
metastable SiO2 colloidal crystalline arrays dramatically improved the production
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efficiency. The structural color of photonic gel can be tuned from red to blue, and
the reflection wavelength had a totally 150-nm blue-shift due to the increased
elasticity of photonic hydrogel with the incorporation of ethylene glycol. Moreover,
the photonic hydrogel had a stable and reversible mechanochromic response in
compression–decompression investigation. Recently, our group prepared poly
(acrylamide)-based photonic hydrogel for compression sensing by self-assembly of
monodisperse carbon-encapsulated Fe3O4 NPs (Fig. 5.6) [37]. Due to the large
volume swelling of photonic hydrogel after polymerization, the large reflection
peak shift (4.3 kPa and 200 nm) was observed within 1 s under pressure. When
0.2 kPa compression was applied on the photonic hydrogel, reflection peak showed
37-nm blue-shift. Moreover, the sensitivity of mechanochromic photonic hydrogel
can be adjusted by manipulating the concentration of monomers. The detection
range of compression sensor can increase from 0–4.3 to 0–130.6 kPa.

On the other hand, 1D mechanochromic PCs can be prepared by self-assembly
of a diblock copolymer. For example, Stafford et al. fabricated lamellar mechan-
ochromic PCs by self-assembly of PS-b-P2VP [44]. The ordering of the structure
can be improved by solvent (e.g., chloroform) annealing. Moreover, the elasticity of
PCs and lattice spacing can be varied by exposing this material to a mixture of
acetic acid and water. The reflection peaks of lamellar PCs shifted from 760 to
520 nm obviously when the compressive strain increased from 10 to 30%.
Meanwhile, Gong and colleagues fabricated mechanochromic PCs by introducing a
second hydrogel into poly(dodecyl glyceryl itaconate)/polyacrylamide with bilayer
structure [43]. Based on the double network strategy, a second polyacrylamide
network can be prepared by introducing and fixing the acrylamide and

Fig. 5.6 a–e Photographs
and f corresponding reflection
spectra of the photonic
hydrogel with 20 wt%
monomer at a fixed detection
angle (90) under different
compressions: a 0 N,
b 0.049 N, c 0.196 N,
d 0.392 N, and e 0.980 N
(reproduced from Ref. [37]
with kind permission of ©
2015 American Chemical
Society)
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2-oxoglutaric acid into the polyacrylamide layers of PCs. The reflection peak
shifted from 715 to 385 nm by applying compression strain. Though the shift range
of stopband is large and covers all the colors, it takes few seconds (*15 s) for the
mechanochromic PCs to return to the original structural color after removal of the
compressive strain.

In order to improve the pressure response rate, Gong et al. fabricated mechan-
ochromic PCs with an ultrafast response (Fig. 5.7). The amide groups in the
polyacrylamide layers can be changed to carboxyl groups by a hydrolysis reaction.
The increased charges in the hydrogel lead to the swelling of the hydrogel, and the
PCs demonstrate the ultrafast response. Moreover, the PCs have excellent
mechanical stability and the structural color can be reversibly switched after 10,000
times compression–decompression cycles without degradation [42].

5.3.2 Temperature Sensors

Generally, temperature sensors can be fabricated by introducing thermo-sensitive
hydrogel [45–51]. Asher group first prepared the temperature sensors based on
thermo-sensitive poly(N-isopropylacrylamide) (PNIPAm) [45]. PNIPAm is a kind
of thermo-sensitive polymer and has the lower critical solution temperature (32 °C),
which can be tuned between a hydrated state and a dehydrated state. As the tem-
perature increases, the PNIPAm hydrogel expels water, thus the distance between
NPs decreased. Depending on the reversible swelling and shrinking of the PNIPAm
hydrogel, temperature can be detected.

Porous PCs hydrogel was synthesized by Takeoka et al. using closely packed
SiO2 colloidal crystal as template [46]. The porous structure of PCs hydrogel made
it respond quickly to temperature with the volume variation of the hydrogels.
Moreover, high cross-linking degree would limit the swelling ratio of the PCs
hydrogel, thus the shift range of diffracted wavelength increased with the decrease
of cross-linking degree.

Takeoka et al. [47] fabricated the interconnected and trapped thermo-sensitive
opal-structured hydrogel by filling NIPAm monomer into PS template of inverse
opal structure. Since the lattice constant decreased with the shrinking of PCs
hydrogel volume, the reflected wavelength of the interconnected opal-structured PC
hydrogel had a blue-shift as the temperature increased. The trapped opal-structured
PCs hydrogel did not exhibit the change of reflected peak position, while the
intensity of reflection spectra decreased with the increase of temperature. The
reason can be ascribed to that the PNIPAm NPs adhere to PS template as
the temperature increased, resulting in destruction of the ordered array of the
PNIPAm NPs.
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Interestingly, Hayward group fabricated 1D poly(para-methyl styrene)/PNIPAm
multilayer thermo-sensitive sensors by spin-coating and photo-cross-linking ways
[48]. The benzophenone in the polymer is photo-active units that can be
cross-linked under irradiation of 365-nm UV light with the wavelength at 365 nm.
This approach is more simple and efficient for fabricating 1D thermo-sensitive PCs
than self-assembly of BCPs.

Fig. 5.7 a Schematic illustration showing PCs hydrogel which consist of hydrolyzed poly
(dodecyl glycerylitaconate)/polyacrylamide. Because hydrolyzed polyacrylamide layers are
quasi-elastic and compressed rapidly under pressure stimulus. Thus, the PCs hydrogel exhibits a
fast response time, full-color tunability, low actuating stress, and good mechanical stability.
b Photographs of PCs film under high-speed plastic spheres stimulus. The time can be recorded by
a high-speed camera (10,000 fps). The time interval between the neighboring images was 0.3–
0.6 ms (reproduced from Ref. [42] with kind permission of © 2014 Nature)
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5.3.3 Organic Solvent Sensors

Organic solvents are harmful to human kidneys, lungs, and immune and nervous
systems under the long-time contact [52]. Since certain polymers have the ability to
swell or shrink under the treatment of organic solvent, responsive PCs materials
with desirable polymers can be used for detecting organic solvent by naked eyes
[24, 52–55]. Takeoka and coworkers fabricated polyacrylamide-based PCs hydro-
gel to detect the content of acetone [52]. When the content of acetone increased, the
lattice constant of PCs hydrogel decreased and the structural color changed from
red to blue. As shown in Fig. 5.8, Gao et al. synthesized polyacrylamide inverse
opal hydrogel in response to alcohols based on the colloidal crystal template [54].
Compared with the above mentioned PCs hydrogels, inverse opal hydrogel has
interconnecting porous structure. The organic solvent can diffuse into the hydrogel
and lead to the quick variation of the structural color.

Based on the solvent-responsive property, photonic paper can be prepared for
pattern display. Xia and Fudouzi developed the photonic paper/ink system by
encapsulating PS colloidal crystal in the poly(dimethylsiloxane) (PDMS) [55]. As
the ink (silicone fluid) was written on the PCs film, PDMS was swelled, the
structural color showed a red-shift. Based on the different structural colors in dif-
ferent regions, the generated pattern can be distinguished by naked eyes, and the
structural colors can return to the original state after removal of all the silicone fluid.
Thomas et al. fabricated 1D lamellar PCs gel through the self-assembly of PS-b-
QP2VP within two steps: [24] first, PS-b-P2VP films were formed by spin-casting,
followed by annealing the film under chloroform atmosphere. Then, P2VP blocks
were quaternized and cross-linked after treating the P2VP blocks with
1-bromoethane and 1,4-dibromobutane. The lattice constant and structural colors of
PCs gels can be manipulated by swelling the hydrophilic polymer with water.

Fig. 5.8 a–c Optical photographs and of PCs hydrogel in binary mixture of alcohol and water
with varied alcohol content: a methanol, b ethanol, and c isopropanol. d Reflection spectra of PCs
hydrogel in the in binary mixture of methanol and water with varied methanol content (reproduced
from Ref. [54] with kind permission of © 2012 Royal Society of Chemistry)
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The structural color patterns can be formed by both coating and cross-linking of the
films. First, a high cross-linking degree of PCs film was prepared by coating and
quaternization. Second, the letters ‘GEL’ with low cross-linking degree formed by
spraying the BCP solution through a mask and cross-linking. Because the
cross-linking degree of the pattern ‘GEL’ was lower than the initial substrate, the
pattern turned to red on a blue substrate. The film had no structural colors after
drying because the stopband location was not located in the visible area, and the
pattern display can be repeated over 100 times with stable optical properties.

5.3.4 pH and Ionic Sensors

The hydrogel with ion-responsive groups can display volume change as the osmotic
pressure of hydrogel is varied by ions [29, 56–70]. When the colloidal crystals were
encapsulated in these hydrogel with ion-responsive groups, their stopbands of PCs
hydrogel can be tuned under the ions stimulus. Asher et al. fabricated photonic
hydrogel with polymerized crystalline colloidal array for pH and ionic strength
sensing [56]. As pH value in the solution increased, carboxyl groups in the hydrogel
deprotonated, leading to the increase of Donnan potential and swell of the hydrogel.
The diffracted wavelengths of PCs hydrogel showed a red-shift as pH increased.
Due to the formation of metal complex in the hydrogel networks, the degree of
cross-linking in the hydrogel increased, the volume of the photonic hydrogel
shrunk, and the reflection peak shifted to the blue range with the ionic strength
increasing. Asher and colleagues prepared PCs hydrogel for Pb2+ or K+ sensing by
introducing the molecular-recognition group 18-crown-6 in the hydrogel [57]. Due
to the selective binding of metal ions Pb2+ or K+ with the crown ether, Donnan
osmotic pressure of the hydrogel increased, resulting in the swelling of the hydrogel
and of red-shift of the diffraction peak. On the other hand, Thomas et al. fabricated
lamellar photonic hydrogels by self-assembly of BCPs and then quaternization with
full-color tunability by direct exchange of counteranions [58]. Due to the different
hydration strengths between QP2VP units and counteranions, the stopband of the
PCs hydrogel can be easily tuned by directly changing the counteranions with
different hydration characteristics (Fig. 5.9). Because CH3CO�

2 anions possess high
hydration strength, the PCs hydrogel can demonstrate red color. When the
CH3CO�

2 anions were replaced by the other anions with lower hydration strength
(e.g., Br−, I−, NO�

3 ), the structural color showed a blue-shift.

5.3.5 Electric Field Sensor

Electric fields represent a kind of convenient and efficient method among external
stimulus, so electrically responsive PCs attracted extensive attention [71–75].
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Ozin and coworkers fabricated electrically responsive PCs films by fixing colloidal
crystal in the redox-active polymers [71]. The PCs film consists of poly(ferro-
cenylsilane), such as poly(ferrocenylmethylvinylsilane) and poly(ferrocenyl-
divinylsilane), which was sandwiched between indium tin oxide (ITO) glass slides.
Poly(ferrocenylsilane) showed reversible electrochemical reduction and oxidation
of the partial electronic delocalization, leading to a different degree of oxidation.
The lattice spacing of the silica NPs can be tuned with the volume change of
cross-linked polymer under electric fields. If oxidative potential is applied to the
PCs film, electrons are extracted from the iron atoms in the polymer and anions in
the electrolyte transfer to the polymers to neutralize its positive charges. The
movement of ions and solvent leads to the swelling of the polymers and red-shift of
the diffraction wavelength. On the contrary, if reducing potential is applied to the
PCs film, electrons are injected to the iron atoms in the polymer and anions in the
electrolyte are expelled from the polymer due to the repulsion force between
charges. The movement of ions and solvent leads to the shrink of the polymer
volume and blue-shift of the diffraction wavelength. The PCs materials have good
stability after 100 times oxidation–reduction cycles. Because the electrolyte or
electron permeated into the polymerized crystalline colloidal arrays in the different
ways, the structural color of the PCs films changed within several seconds under
electric fields. Yet, in this case, the switching speed of PCs film was still slow, and
higher drive voltage was usually needed.

To solve this problem, Ozin et al. [72] fabricated inverse opal PCs films in which
electrolyte and electron can infuse the porous film quickly. The inverse opal PCs
film consists of redox-active poly(ferrocenylmethylvinylsilane) and poly(ferro-
cenyldivinylsilane). The inverse opal PCs film showed different structural colors in
the entire visible light range under 1.2–2.8 V voltages. The stopband range of the
inverse polymer-gel opal (cross-linker degree 10 mol%) was about 240 nm under
2.4 V. The stopband range of the inverse polymer-gel opal was larger than the
non-closely packed colloidal crystal films under the condition of the same
cross-linker degree and voltage. However, the manipulation range of the

Fig. 5.9 a Schematic
illustration showing the
mechanism for structural
color change of PS-b-QP2VP
lamellar PCs by a direct
exchange of counterions.
b Optical photographs and
c corresponding refection
spectra of the lamellar PCs
with direct exchange of
counteranions (reproduced
from Ref. [58] with kind
permission of © 2012
American Chemical Society)
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non-closely packed colloidal crystal films (cross-linker degree 10 mol%) was
*100 nm under 2.4 V.

Compared with the long response time (several seconds) of redox-active PCs
films, Yang et al. fabricated electrically responsive crystalline colloidal arrays with
fast response and low threshold voltage speed by self-assembly of highly charged
PS NPs [73]. The sulfonated PS suspension was infiltrated through two ITO glass
plates. The charged colloidal NPs showed electrophoretic movement toward
oppositely charged electrode induced by the coulombic force under the uniform
electric field, leading to the decrement of lattice spacing. Because the electrokinetic
force and repulsive force between NPs reach a balance, the lattice spacing depends
on the electric field intensity. The structural color of the crystalline colloidal arrays
changed from red to blue under the electric field. As electric field intensity
increased from 0 to −1.8 V, the reflection peak of the colloidal crystalline arrays
showed *100-nm blue-shift, covering all colors in visible light range. The
reflection peaks of colloidal crystalline arrays shifted within a second under the DC
field stimulus. Moreover, the pattern with the reflection color can be displayed in a
desired area by using patterned electrode.

5.3.6 Magnetic Field Sensor

Different from other crystalline colloidal arrays, superparamagnetic colloidal par-
ticles could form 1D ordered structure under external magnetic field [76–82]. The
lattice spacing of these superparamagnetic colloidal NPs can be tuned by magnetic
fields. Bibette and coworkers first reported magnetically responsive colloidal PCs
formed from emulsion droplets containing Fe2O3 NPs [76]. Yet, the colloidal
particles were not stable in water. Asher et al. fabricated superparamagnetic PCs by
the self-assembly of highly charged, monodispersed PS/iron oxide composite col-
loidal NPs [77]. Due to the electrostatic repulsive force between NPs, the colloidal
particles assembled into 3D ordered structure in the medium. When the magnetic
and electrostatic repulsive forces between Fe3O4 NPs reach a balance, the NPs
formed a 1D ordered structure along the direction of magnetic field. As a magnetic
field was applied to the colloidal crystalline arrays, the lattice spacing of colloidal
crystalline arrays decreased due to magnetic field force. Generally, the diffraction
wavelength had a blue-shift (*100 nm) as the magnetic field increased. Though
the highly charged NPs were more stable than Fe2O3 NPs in water, the low content
of magnetic components in PS NPs led to a small shift range of diffraction peak.

In order to increase the loading of magnetic materials, Yin and coworkers pre-
pared polyacrylate-capped superparamagnetic colloidal particles with relatively
narrow size distributions. The Fe3O4 NPs assembled quickly in water under
external magnetic field, and the structural color could be manipulated by varying
the strength of magnetic field. The diffraction wavelength shifted from 730 to
450 nm as the strength of magnetic field increased from 87.8 to 352 Gauss. If the
superparamagnetic colloidal particles were encapsulated in the polymer, the 1D
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ordered structure was stable. Yin et al. demonstrated a kind of clear and polychrome
pattern within seconds by controlling the magnetic field and maskless lithography
system (Fig. 5.10) [78]. Without external magnetic field, the superparamagnetic
colloidal particles were dispersed in photo-curable resin and showed an intrinsic
brown color. Under an external magnetic field, the superparamagnetic colloidal
particles formed 1D chain structures along the magnetic field lines. The distance of
NPs can be tuned by the intensity of applied magnetic field; meanwhile, the col-
loidal particles show different structural colors. When the pattern with desired
structural color was tuned under the external magnetic field, it could be maintained
by solidifying the photo-curable resin through a maskless lithography system under
UV light. Then, the structural color of unsolidified location could be tuned by
changing the strength of magnetic field. The other structural colored pattern can be
obtained at a different location under UV light.

Therefore, the polychrome pattern was produced by repeating this tuning and
fixing process without moving the substrate or the mask. Chen and colleagues
developed a novel and simple method for fabricating the PCs [79]. The structural
color (purple, yellow, and cyan) can be formed by mixing carbon-capped

Fig. 5.10 a Schematic representation of multicolor patterning of structural color by the sequential
steps of tuning magnetic field intensity and photo-polymerization. The structural color can be
tuned by changing the strength of the magnetic fields. Then, the ordered structure in the desired
region can be fixed by patterned UV light. b Optical photographs of high-resolution multiple
structural color patterns (reproduced from Ref. [78] with kind permission of © 2009 Nature)
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superparamagnetic colloidal NPs with different sizes. The different NPs could
self-assemble into double photonic band gap structure under the magnetic field.
Moreover, the mixed superparamagnetic colloidal NPs could be used to form
photonic anti-counterfeiting label.

5.3.7 Optical Sensor

Light is a simple and effective stimulus to tune the structural color of PCs con-
taining photo-sensitive molecules [83–86]. Sato and coworkers fabricated optically
responsive PCs by infiltrating reversibly photo-response dyes into opal crystal. Two
kinds of dyes, 1,3-dihydro-1,3,3-trimethylspiro-[2H-indol-2,3’-[3H]-naphth[2,1-b]
[1, 4]oxazine] (SP) and cis-1,2-dicyano-1,2-bis(2,4,5-trimethyl-3-thienyl) ethane
(CMTE), were used [86]. The initial state of the SP dye in the PCs was the
ring-close form, which could transfer into ring-open form under UV light. The
reflection peak was, thus, shifted from 723 to 738 nm, and the intensity of reflection
peak increased simultaneously. Different from SP, the initial state of CMTE in the
PCs was the mixture of both the ring-open and ring-close. This CMTE dyes transfer
into the ring-close form under UV light. The shift range of reflection peak (*3 nm)
was smaller than that of PCs containing SP dye.

Moreover, the intensity of reflection peak was smaller than that of PCs con-
taining SP dye. The shift of reflection peak could be ascribed to the change of
refractive index under UV light. The intensity change of reflection peak resulted
from the phase transition from order to disorder. Meanwhile, Asher group fabri-
cated optically responsive PCs containing azobenzene groups for recordable and
erasable memories or display devices [83]. Information or patterns are easily
recorded and erased by irradiating the PCs with UV light or visible light. The
azobenzene group is trans-structure in the dark, while the trans-structure can be
transformed into cis-structure under UV light. Due to the increase of free energy of
hydrogel containing azobenzene group under UV light irradiation, the volume of
PCs swelled and the corresponding reflection peak shifted from 530 to 580 nm.
Moreover, the structural color and reflection peak could return to its original state
after 1 min under visible light irradiation.

5.3.8 Biomolecule Sensors

Biomolecule diagnostics is an important field based on specific sensors. In partic-
ular, there is an increasing demand for biomolecule analysis by naked eyes [87–96].
One of the most important PCs sensors in biomedical fields is glucose sensing.
Asher group fabricated PCs films for glucose and galactose sensing based on
glucose oxidase as the recognition group [87]. When the glucose sensor was
introduced into a glucose solution, the glucose can be converted to gluconic acid
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under the catalysis of glucose oxidase in the PCs hydrogel. The gluconic acid led to
the PCs hydrogel swelling. The glucose can be detected in the concentration range
0.1–0.5 mM in the presence of oxygen. However, several problems still existed
when the PCs sensors were used for glucose sensing. First, the glucose oxidase will
be destroyed in the process of storage and usage. Moreover, the glucose response
depended on the concentration of oxygen in the solution. In order to solve these
problems, PCs containing phenylboronic acid were fabricated based on the fact that
phenylboronic acid can combine with glucose reversibly. Takeoka et al. developed
a glucose sensor with porous structure for monitoring glucose by naked eyes [88].
There was an equilibrium between the undissociated and the dissociated states of
phenylboronic acid in alkalescent aqueous solutions. The undissociated state of
phenylboronic acid transferred into dissociated state when phenylboronic acid
combined with glucose. Thus, the charged compound was increased by the addition
of glucose due to the increase of osmotic pressure in the hydrogel, which will
induce the volume increase of the PCs hydrogel. The PCs hydrogel can detect the
glucose concentrations between 5 and 20 mM.

The detection of DNA hybridization had very important applications in the field
of disease diagnosis, food or environmental analysis, and others. Gu group fabri-
cated PCs hydrogel for label-free DNA detection by using DNA as cross-linker
[89]. The hydrogel was composed of acrylamide, N,N-methylenebisacrylamide, and
acryloyl-modified DNA. The target DNA can specifically combine with the
cross-linked probe ssDNA in the PCs hydrogel; then, the double-stranded DNA
forms. The lattice distance of the PCs hydrogel was decreased, and diffraction peak
had a blue-shift due to the formation of the DNA double helix structure in the
process of multiplex label-free DNA detection. The PCs hydrogel can detect the
DNA concentrations between 1 nM and 1 mM. The largest shift of the diffraction
peak reached 23-nm blue-shift when the concentration of target DNA was 1 mM.

The identification of specific marker proteins often required in the field of dis-
ease diagnosis. Asher and colleagues fabricated 2D PCs hydrogel for detecting the
protein avidin [90]. The biotin can bind with the protein avidin strongly, which
leads to the increase of degree of cross-linking of the PCs hydrogel and shrinking of
the PCs hydrogel volumes. The lattice spacing of PCs hydrogel, thus, decreased,
leading to the blue-shift of diffraction peak. The diffraction light shifted from 617 to
550 nm, while the structural color was tuned from red to yellow as the concen-
tration of avidin increased from 0 to 1 mg/mL.

5.4 Summary and Outlook

In this chapter, we have demonstrated the recent advances in responsive PCs and
applications of PCs materials as sensors. The PCs structure, preparation methods,
and response mechanism are discussed in detail. The structural color of PCs
depends on variations of lattice spacing, and the structural color variation can be
identified by naked eyes without expensive apparatuses. Therefore, the shift range
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of diffraction peak is an important property, and the large shift range in the visible
region can be easily identified by naked eyes. Nowadays, many responsive PCs are
fabricated by fixing the colloidal crystalline arrays in the hydrogel. The ordered
structure of colloidal crystalline arrays can be destroyed as the hydrogel is com-
pletely dry. Therefore, it will be significance to fabricate responsive composite PCs
using a new matrix material instead of hydrogels.

On the other hand, the responsive PCs have been reported for sensing pressure,
solvent, temperature, pH, biomolecule, and others factors, and the structural colors
of the responsive PCs can be tuned by several external stimulus. However, this
principle, based on the structural color, makes it more challenging to specifically
detect only one stimulus. Thus, one of the challenges in this field is prevalent in
structural color sensors for both physical and chemical stimuli. In order to have
industrial application, the responsive PCs need to have good specificity for analytes.
Recently, several efforts have been explored to improve the specificity of the
structural color-based colorimetric detection, such as lock-and-key detection
(highly specific ligand binding or molecular imprinting) and combinatorial response
of sensor arrays where each has weak specificity individually. It is, thus, necessary
to consider whether the sensitivity, response rate, and durability of the responsive
PCs can satisfy the practical requirements. Moreover, the sensing style of the
responsive PCs is still limited, and it is very necessary to fabricate the new kind of
responsive PCs to meet the broad requirement of applications.

Acknowledgments The authors gratefully acknowledge the support provided by National
Natural Science Foundation of China (51525302), and Shenzhen Science and Technology Project
(JCYJ20150630155150194).

References

1. Whitney HM, Kolle M, Andrew P (2009) Floral iridescence, produced by diffractive optics,
acts as a cue for animal pollinators. Science 323:130–133

2. Noyes JA, Vukusic P, Hooper IR (2007) Experimental method for reliably establishing the
refractive index of buprestid beetle exocuticle. Opt Express 15:4351–4358

3. Kinoshita S, Yoshioka S, Fujii Y et al (2002) Photophysics of structural color in the morpho
butterflies. Forma 17:103–121

4. Gao XF, Yan X, Yao X et al (2007) The dry-style antifogging properties of mosquito
compound eyes and artificial analogues prepared by soft lithography. Adv Mater
19:2213–2217

5. Parker AR, McPhedran RC, McKenzie DR et al (2001) Photonic engineering. aphrodite’s
iridescence. Nature 409:36–37

6. Parker AR, Welch VL, Driver D et al (2003) Structural colour: opal analogue discovered in a
weevil. Nature 426:786–787

7. Zhao YJ, Xie ZY, Gu HC et al (2012) Bio-inspired variable structural color materials. Chem
Soc Rev 41:3297–3317

8. John S (1987) Strong localization of photons in certain disordered dielectric superlattices.
Phys Rev Lett 58:2486–2489

168 X. Jia et al.



9. Yablonovitch E (1987) Inhibited spontaneous emission in solid-state physics and electronics.
Phys Rev Lett 58:2059–2062

10. Huang Y, Zhou JM, Su B et al (2012) Colloidal photonic crystals with narrow stopbands
assembled from low-adhesive superhydrophobic substrates. J Am Chem Soc
134:17053–17058

11. Fenzl C, Hirsch T, Wolfbeis OS (2014) Photonic crystals for chemical sensing and
biosensing. Angew Chem Int Ed 53:3318–3335

12. Ge JP, Yin YD (2011) Responsive photonic crystals. Angew Chem In Ed 50:1492–1522
13. Aguirre CI, Reguera E, Stein A (2010) Tunable colors in opals and inverse opal photonic

crystals. Adv Funct Mater 20:2565–2578
14. Yablonovitch E, Gmitter TJ, Leung KM (1991) Photonic band structure: the

face-centered-cubic case employing nonspherical atoms. Phys Rev Lett 67:2295–2298
15. Tondiglia VP, Natarajan LV, Sutherland RL et al (2002) Holographic formation of

electro-optical polymer–liquid crystal photonic crystals. Adv Mater 14:187–191
16. Mizeikisa V, Juodkazisa S, Marcinkevi A et al (2001) Tailoring and characterization of

photonic crystals. J Photoch Photobio C 2:35–69
17. Liu Y, Liu S, Zhang XS (2006) Fabrication of three-dimensional photonic crystals with

two-beam holographic lithography. Appl Optics 45:480–483
18. Lehmann V, Föll H (1990) Formation mechanism and properties of electrochemically etched

trenches in n-type silicon. J Electrochem Soc 137:653–659
19. Choi SY, Mamak M, Freymann GV et al (2006) Mesoporous bragg stack color tunable

sensors. Nano Lett 6:2456–2461
20. Lotsch BV, Knobbe CB, Ozin GA (2009) A Step Towards optically encoded silver release in

1D photonic crystals. Small 5:1498–1503
21. Wang ZY, Zhang JH, Wang ZH et al (2013) Biochemical-to-optical signal transduction by

pH sensitive organic–inorganic hybrid Bragg stacks with a full color display. J Mater Chem C
1:977–983

22. Fan Y, Walish JJ, Tang SC et al (2014) Defects, solvent quality, and photonic response in
lamellar block copolymer gels. Macromolecules 47:1130–1136

23. Lee W, Yoon J, Thomas EL et al (2013) Dynamic changes in structural color of a lamellar
block copolymer photonic gel during solvent evaporation. Macromolecules 46:6528–6532

24. Kang Y, Walish JJ, Gorishnyy T et al (2007) Broad-wavelength-range chemically tunable
block-copolymer photonic gels. Nat Mater 6:957–960

25. Ge JP, Hu YX, Yin YD (2007) Highly tunable superparamagnetic colloidal photonic crystals.
Angew Chem Int Ed 46:7428–7431

26. Lee H, Kim J, Kim H et al (2010) Colour-barcoded magnetic microparticles for multiplexed
bioassays. Nat Mater 5:745–749

27. Zhang JT, Smith N, Asher SA (2012) Two-dimensional photonic crystal surfactant detection.
Anal Chem 84:6416–6420

28. Zhang JT, Wang LL, Chao X et al (2013) Vertical spreading of two-dimensional crystalline
colloidal arrays. J Mater Chem C 1:6099–6102

29. Zhang JT, Wang LL, Luo J et al (2011) 2-D array photonic crystal sensing motif. J Am Chem
Soc 133:9152–9155

30. Asher SA, Peteu SF, Reese CE et al (2002) Polymerized crystalline colloidal array
chemical-sensing materials for detection of lead in body fluids. Anal Bioanal Chem 373:
632–638

31. Kanai T, Lee D, Shum HC et al (2010) Fabrication of tunable spherical colloidal crystals
immobilized in soft hydrogels. Small 6:807–810

32. Kamenjicki M, Asher SA (2005) Epoxide functionalized polymerized crystalline colloidal
arrays. Sens Actuators, B Chem 106:373–377

33. Ye BF, Rong F, Gu HC et al (2013) Bioinspired angle-independent photonic crystal
colorimetric sensing. Chem Commun 49:5331–5333

34. Zhao YJ, Zhao XW, Hu J et al (2009) Encoded porous beads for label-free multiplex detection
of tumor markers. Adv Mater 21:569–572

5 Responsive Photonic Crystals with Tunable Structural Color 169



35. Asher SA, Holtz J, Liu L et al (1994) Self-assembly motif for creating submicron periodic
materials. Polymerized crystalline colloidal arrays. J Am Chem Soc 116:4997–4998

36. Arsenault A, Clark TJ, Wang RZ et al (2006) From colour fingerprinting to the control of
photoluminescence in elastic photonic crystals. Nat Mater 5:179–184

37. Jia XL, Wang JY, Wang K et al (2015) Highly sensitive mechanochromic photonic hydrogels
with fast reversibility and mechanical stability. Langmuir 31:8732–8737

38. Foulger SH, Jiang P, Ying Y et al (2001) Photonic bandgap composites. Adv Mater 13:1898–
1901

39. Fudouzi H, Sawada T (2006) Photonic rubber sheets with tunable color by elastic
deformation. Langmuir 22:1365–1368

40. Yang DP, Ye SY, Ge JP (2014) From metastable colloidal crystalline arrays to fast responsive
mechanochromic photonic gels: an organic gel for deformation-based display panels. Adv
Funct Mater 24:3197–3205

41. Wang XQ, Wang CF, Zhou ZF et al (2014) Robust mechanochromic elastic one-dimensional
photonic hydrogels for touch sensing and flexible displays. Adv Optical Mater 2:652–662

42. Yue Y, Kurokawa T, Nonoyama T et al (2014) Mechano-actuated ultrafast full-colour
switching in layered photonic hydrogels. Nat Commun 5:4659

43. Haque MA, Kurokawa T, Kamita G et al (2011) Rapid and reversible tuning of structural
color of a hydrogel over the entire visible spectrum by mechanical stimulation. Chem Mater
23:5200–5207

44. Chan EP, Walish JJ, Thomas EL et al (2011) Block copolymer photonic gel for
mechanochromic sensing. Adv Mater 23:4702–4706

45. Weissman JM, Sunkara HB, Tse AS et al (1996) Thermally switchable periodicities and
diffraction from mesoscopically ordered materials. Science 274:959–960

46. Matsubara K, Watanabe M, Takeoka Y (2007) A thermally adjustable multicolor
photochromic hydrogel. Angew Chem Int Ed 46:1688–1692

47. Kumoda M, Watanabe M, Takeoka Y (2006) Preparations and optical properties of ordered arrays
of submicron gel particles: interconnected state and trapped state. Langmuir 22:4403–4407

48. Chiappelli MC, Hayward RC (2012) Photonic multilayer sensors from photo-crosslinkable
polymer films. Adv Mater 24:6100–6104

49. Takeoka Y, Watanabe M (2003) An electro and thermochromic hydrogel as a full-color
indicator Langmuir 19:9104–9106

50. Ma HR, Zhu MX, Luo W et al (2015) Free-standing, flexible thermochromic films based on
one-dimensional magnetic photonic crystals. J Mater Chem C 3:2848–2855

51. Tsuji S, Kawaguchi H (2005) Colored thin films prepared from hydrogel microspheres.
Langmuir 21:8439–8442

52. Zhang YQ, Qiu JH, Hu RR et al (2015) A visual and organic vapor sensitive photonic crystal
sensor consisting of polymer-infiltrated SiO2 inverse opal. Phys Chem Chem Phys 17:9651–
9658

53. Takeoka Y, Watanabe M (2003) Controlled multistructural color of a gel membrane.
Langmuir 19:9554–9557

54. Pan Z, Ma JK, Yan J et al (2012) Response of inverse-opal hydrogels to alcohols. J Mater
Chem 22:2018–2025

55. Fudouzi H, Xia YN (2003) Photonic papers and inks: color writing with colorless materials.
Adv Mater 15:892–896

56. Lee K, Asher SA (2000) Photonic crystal chemical sensors: pH and ionic strength. J Am
Chem Soc 122:9534–9537

57. Holtz JH, Asher SA (1997) Polymerized colloidal crystal hydrogel films as intelligent
chemical sensing materials. Nature 389:829–832

58. Lim HS, Lee J, Walish JJ et al (2012) Dynamic swelling of tunable full-color block
copolymer photonic gels via counterion exchange. ACS Nano 6:8933–8939

59. Xu XL, Goponenko AV, Asher SA (2008) Polymerized polyhema photonic crystals: pH and
ethanol sensor materials. J Am Chem Soc 130:3113–3119

170 X. Jia et al.



60. Cui QZ, Wang W, Gu BH et al (2012) A combined physical–chemical polymerization process
for fabrication of nanoparticle—hydrogel sensing materials. Macromolecules 45:8382–8386

61. Zhang ML, Feng J, Zheng ML et al (2014) Inverse opal hydrogel sensor for the detection of
pH and mercury ions. RSC Adv 4:20567–20572

62. Lee YJ, Braun PV (2003) Tunable inverse opal hydrogel pH sensors. Adv Mater 15:563–566
63. Xue F, Meng ZH, Qi FL et al (2014) Two-dimensional inverse opal hydrogel for pH sensing.

Analyst 139:6192–6196
64. Xia HW, Zhao JP, Meng C et al (2011) Amphoteric polymeric photonic crystal with

U-shaped pH response developed by intercalation polymerization. Soft Matter 7:4156–4159
65. Shin J, Braun PV, Lee W (2010) Fast response photonic crystal pH sensor based on templated

photo-polymerized hydrogel inverse opal. Sens Actuators B Chem 150:183–190
66. Yetisen AK, Butt H, Vasconcellos F et al (2014) Light-directed writing of chemically tunable

narrow-band holographic sensors. Adv Optical Mater 2:250–254
67. Jiang HL, Zhu YH, Chen C et al (2012) Photonic crystal pH and metal cation sensors based

on poly(vinyl alcohol) hydrogel. New J Chem 36:1051–1056
68. Griffete N, Frederich H, Maitre A et al (2011) Photonic crystal pH sensor containing a planar

defect for fast and enhanced response. J Mater Chem 21:13052–13055
69. Li C, Lotsch BV (2012) Stimuli-responsive 2D polyelectrolyte photonic crystals for optically

encoded pH sensing. Chem Commun 48:6169–6171
70. Fenzl C, Wilhelm S, Hirsch T et al (2013) Optical sensing of the ionic strength using photonic

crystals in a hydrogel matrix. ACS Appl Mater Interfaces 5:173–178
71. Arsenault AC, Puzzo DP, Manners I et al (2007) Photonic-crystal full-colour displays. Nat

Photonics 1:468–472
72. Puzzo DP, Arsenault AC, Manners I et al (2009) Electroactive inverse opal: a single material

for all colors. Angew Chem Int Ed 48:943–947
73. Shim TS, Kim SH, Sim JY et al (2010) Dynamic modulation of photonic bandgaps in

crystalline colloidal arrays under electric field. Adv Mater 22:4494–4498
74. Walish JJ, Kang YJ, Mickiewicz RA et al (2009) Bioinspired electrochemically tunable block

copolymer full color pixels. Adv Mater 21:3078–3081
75. Lu YJ, Xia HW, Zhang GZ et al (2009) Electrically tunable block copolymer photonic

crystals with a full color display. J Mater Chem 19:5952–5955
76. Bibette J (1993) Monodisperse ferrofluid emulsions. J Magn Magn Mater 122:37–41
77. Xu XL, Friedman G, Humfeld KD et al (2001) Superparamagnetic photonic crystals. Adv

Mater 13:1681–1684
78. Kim H, Ge JP, Kim J et al (2009) Structural colour printing using a magnetically tunable and

lithographically fixable photonic crystal. Nat Photonics 3:534–540
79. Hu HB, Chen QW, Tang J et al (2012) Photonic anti-counterfeiting using structural colors

derived from magneticresponsive photonic crystals with double photonic bandgap
heterostructures. J Mater Chem 22:11048–11053

80. Ge JP, He L, Goebl J et al (2009) Assembly of magnetically tunable photonic crystals in
nonpolar solvents. J Am Chem Soc 131:3484–3486

81. Ge JP, Hu YX, Zhang TR et al (2008) Self-assembly and field-responsive optical diffractions
of superparamagnetic colloids. Langmuir 24:3671–3680

82. Kim J, Song Y, He L et al (2011) Real-time optofluidic synthesis of magnetochromatic
microspheres for reversible structural color patterning. Small 7:1163–1168

83. Kamenjicki M, Lednev IK, Mikhonin A et al (2003) Photochemically controlled photonic
crystals. Adv Funct Mater 13:774–780

84. Gu ZZ, Hayami S, Meng QB et al (2000) Control of photonic band structure by molecular
aggregates. J Am Chem Soc 122:10730–10731

85. Kamenjicki M, Lednev IK, Asher SA (2004) Photoresponsive azobenzene photonic crystals.
J Phys Chem B 108:12637–12639

86. Gu ZZ, Iyoda T, Fujishima A et al (2001) Photo-reversible regulation of optical stop bands.
Adv Mater 13:1295–1298

5 Responsive Photonic Crystals with Tunable Structural Color 171



87. Holtz JH, Holtz JS, Munro CH et al (1998) Intelligent polymerized crystalline colloidal
arrays: novel chemical sensor materials. Anal Chem 70:780–791

88. Nakayama D, Takeoka Y, Watanabe M et al (2003) Simple and precise preparation of a
porous gel for a colorimetric glucose sensor by a templating technique. Angew Chem Int Ed
42:4197–4200

89. Zhao YJ, Zhao XW, Tang BC et al (2010) Quantum-dot-tagged bioresponsive hydrogel
suspension array for multiplex label-free dna detection. Adv Funct Mater 20:976–982

90. Zhang JT, Chao X, Liu XY et al (2013) Two-dimensional array Debye ring diffraction protein
recognition sensing. Chem Commun 49:6337–6339

91. Liu M, Yu LP (2013) A novel platform for sensing an amino acid by integrating hydrogel
photonic crystals with ternary complexes. Analyst 138:3376–3379

92. Liu Y, Zhang YJ, Guan Y (2009) New polymerized crystalline colloidal array for glucose
sensing. Chem Commun 1:1867–1869

93. Kabilan S, Blyth J, Lee MC et al (2004) Glucose-sensitive holographic sensors. J Mol
Recognit 17:162–166

94. Hong XD, Peng Y, Bai JL et al (2013) A novel opal closest-packing photonic crystal for
naked-eye glucose detection. Small 10:1308–1313

95. Yang ZK, Shi DJ, Chen MQ et al (2015) Free-standing molecularly imprinted photonic
hydrogels based on b-cyclodextrin for the visual detection of L-tryptophan. Anal Methods
7:8352–8359

96. MacConaghy KI, Chadly DM, Stoykovich MP et al (2015) Label-free detection of missense
mutations and methylation differences in the p53 gene using optically diffracting hydrogels.
Analyst 140:6354–6362

172 X. Jia et al.



Chapter 6
Responsive Polymer Nanostructures

Yajnaseni Biswas, Somdeb Jana, Madhab Dule and Tarun K. Mandal

Abstract Here in this review, we describe recent advances and challenges toward
the design and development of stimuli-responsive polymeric materials that are
self-assembled to from nanostructured building blocks. A short introduction
describing non-materials in general along with the different synthetic methodolo-
gies for making polymeric materials that are responsive toward several physical,
chemical, or biochemical stimuli such as temperature, light, pH, redox reaction,
ionic strength, glucose, CO2, enzyme. A general discussion on the cause of ther-
moresponsivenes in polymers having either lower critical solution temperature
(LCST) or upper critical solution temperature (USCT) transition is described. This
followed by the detailed description of the nanostructured polymer materials, which
are responsive to temperature. pH-responsive polymers are important materials in
terms of their diverse range of applications, such as drug delivery, diagnostics.
Thus, we describe the details of synthesis of different polymer and copolymer
systems and their pH-responsive assembly into several types of nanostructures such
as micelles, vesicles followed by their pH-triggered disassembly in aqueous solu-
tion. The polymeric nanomaterials responsive to light in particular has attracted
much attention since light can be localized in time and space and can be applied
from outside of the system. Therefore, it is indeed important to discuss the
nanostructured polymer materials that are responsive to light followed by their
potential applications. Polymeric nanomaterials that are responsive to other dif-
ferent stimuli such as redox reaction, CO2, sugar are also described in this review.
Finally, we also describe different multi-stimuli-responsive nanostructured polymer
systems. The main goal of this chapter is to serve as a guideline to inspire future
researchers toward the design and synthesis of stimuli-responsive materials so that
novel applications and new generations of smart materials can be realized.
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6.1 Introduction

Nanostructures are defined as having at least one dimension is in the size range of
1–100 nm. A great number of articles, reviews, and books about polymer nanos-
tructures and their applications are available in the literature. Polymer nanostruc-
tures of different morphology (micelle, vesicle, cylindrical, worm-like micelle etc.)
have been received great interest due to their wide range of potential applications
such as encapsulates for drug [1], gene [2], enzyme [1], protein [3], catalyst [4] as
dielectrics for electronics [5], as absorbent materials for sound and microwave [6],
as nanocarrier for fabrication of nanodevices [7], and as label free chip sensor [8].
Among them, stimuli-responsive polymer nanostructures have attracted growing
interest for their potential use in medicine, especially as drug delivery system and
potential platform to mimic organelles as biological nanoreactors [9–11].

Over the past 25 years, responsive polymer-based nanostructured soft materials
such as micelles, vesicles, polymersomes have gained increasing attention to the
polymer research community because of the broad opportunities of these systems
in vivo applications [12–16]. Responsive polymer nanostructured materials
(Fig. 6.1) can also refer to as “environmentally sensitive” [17], “smart” [18], or
“intelligent” [19] polymer materials that undergoes conformational and chemical

Fig. 6.1 Schematic representation of different types of stimuli-responsive polymer nanostructured
materials
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changes on receiving an external signal [20] and made this class of materials very
promising in the field of nanotechnology, nanoscience, and nanomedicine [21].
Mother Nature exhibits plentiful instances of responsive materials. Examples of
such systems include sea cucumbers that change their stiffness by several orders of
magnitude in the face of danger; the leaves of Mimosa Pudica collapse immediately
upon touching; chameleons change their skin color according to their environment.
The responsive materials present in these living systems are either biomacro-
molecules or biopolymers. Thus, researchers paid more attention toward the design
and synthesis of responsive polymer materials to mimic the functions of several
macromolecular organisms in living systems.

These responsive materials are generally derived from polymers and are proven
its robustness in wide range of applications such as responsive biointerfaces that are
mimic to natural surfaces [22], controlled delivery of drugs and its release to the
desired site [23–25], tissue engineering [26, 27], “smart” optical systems [28],
biosensors [29, 30], coatings [31, 32]. Responsive polymers mainly contain reactive
functionalities that can show sharp responses to changes in external stimuli. Upon
small changes in the environmental conditions, these materials can significantly
change their properties such as shape, mechanical properties, phase separation,
surface, permeability, optical properties, electrical, and chemical properties [33]. It
is also known that different functional groups respond to different stimuli. The most
common and frequently utilized stimuli are temperature [20, 34, 35], pH [36, 37],
light [38–40], redox reaction [41], ionic strength [42] glucose [43], and carbon
dioxide (CO2) [44]. The pH, ionic strength, redox reactions can be categorized as
chemical stimuli and temperature; light is indeed very important and promising
physical stimuli in the responsive systems. However, biochemical stimuli can also
be considered as another important category of stimuli that involve responses to
enzymes, antigens, and other biochemical agents [20].

A detailed survey of the literature clearly tells that the number of scientific con-
tributions to synthetic polymers with stimuli-responsive properties is increased epi-
demically in the last few decades [45, 46]. This is mainly ascribable to the fact that
several new methods for the polymerization of various functional monomers are
developed in last two decades. In this context, various controlled radical polymer-
ization techniques such as the atom transfer radical polymerization (ATRP) [47], the
reversible addition-fragmentation chain transfer (RAFT) [48], nitroxide-mediated
polymerization (NMP) [49], ring-opening polymerization (ROP) [50], techniques
have been used intensively to synthesize different stimuli-responsive polymers.
Indeed, these polymerization methods show a high tolerance toward functional
monomeric groups while providing the benefit to result in polymers and block
copolymers with a narrow molecular weight distribution and well-defined
end-groups. In addition, another new synthetic approach in polymer chemistry
namely post-polymerization modifications [51] of polymeric precursors via “click”
chemistry [52] is also found to be a very highly appealing tool to introduce responsive
functional moieties into the polymer backbone. Thus, different stimuli-responsive
polymeric materials with a variety of functionalities can be designed and prepared
easily by using the above-mentioned polymerization techniques.

6 Responsive Polymer Nanostructures 175



Smart macromolecular nanostructures are designated by their stimuli-responsive
behavior, which is basically controlled by the presence of functional moieties within
or on a polymer chain. Different functionalities respond to different stimuli and a
broad library of such functionalities has been studied. Recently, synthetic smart
polymeric materials may also respond to more than one or two stimuli [53, 54].
These materials are generally known as dual or multistimuli-responsive polymer
systems and can be prepared by the successive introduction of different
stimuli-responsive functional groups into one polymer chain. It is worth noting that
these materials attracted significant and increasing attention toward academia as
well as in industry because of not only their tunable physical and chemical prop-
erties but also their emerging potentiality toward biological application such as
controlled release of drugs, tissue engineering, and responsive coatings.

This chapter is intended to present the recent developments as well as fabrication
strategies of stimulus active polymer-based soft nanomaterials that are sensitive to
heat, pH, redox, light, glucose, CO2 etc. This chapter also deals with various
methods and recent advancement toward dual as well as multistimuli-responsive
polymers, bearing more than one or two responsive functional groups in one
polymer chain. The breadth/target of this chapter is to demonstrate the current
possibilities and chances as well as challenges toward the development of new
generation of “smart” nanomaterials by comprehensively summarizing related
interesting examples in this field, which have been published recently. Finally, wide
applications and future perspective of these “smart” materials are summarized. We
expect that this chapter will not only help the interdisciplinary readers to understand
the recent stage of this area but also shed some light on future research directions in
this important field.

6.2 Thermoresponsive Polymer Nanostructures

Thermoresponsive polymers are a class of “smart” materials that have the ability to
respond to a change in temperature. Among all the studied responsive systems,
thermoresponsive polymers are widely investigated because temperature stimulus
can easily be tuned from outside, and it is easy to monitor the change in different
properties, especially the change of solution properties and the adopted nanos-
tructures morphologies (e.g., micelles, vesicles) of polymers with temperature.
Thermoresponsive behaviors of polymers and biopolymers can be induced in a
variety of settings, including in vivo [20, 35, 55], and potential benefits have been
envisioned for a range of biologically relevant applications, including controlled
drug delivery [56–58], bioseparations, [59, 60], filtration [61–63], making smart
surfaces [64–66], and regulating enzyme activity [67].

Temperature-responsive polymers exhibit a volume phase transition at a certain
temperature, which causes a sudden change in the solvation state. Polymers, which
become insoluble upon heating, have a so-called LCST (Lower Critical Solution
Temperature)-type transition and which become soluble upon heating have an
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UCST (upper critical solution temperature)-type transition. Polymers exhibiting
LCST-type behavior were soluble in solution due to extensive hydrogen bonding
interactions with the surrounding solvent molecules (such as water) and restricted
intra- and inter-molecular hydrogen bonding between polymer chains. At LCST,
upon heating, hydrogen bonding with solvent molecule is disrupted, and intra- and
inter-molecular hydrogen bonding/hydrophobic interactions dominate, which
results in the polymer to phase-separate from solution due to a molecular transition
from a coiled, enthalpically favored structure to a dense globular, entropically
favored structure (Fig. 6.2) [68]. This process will minimize the free energy of the
system considerably.

Following this principle, the solution macroscopically starts to become turbid
due to the phase separation of the polymer while heating [69]. Among different
LCST non-ionic polymers, poly(N-isopropylacrylamide) (PNIPAAm) is indeed one
of the most investigated LCST polymers in aqueous solution, as the phase transition
temperature, which is also known as cloud point temperature of PNIPAAm (32 °C)
is close to physiological temperature [35]. Other important classes of synthetic
thermoresponsive non-ionic polymers featuring a LCST in aqueous solution
includes poly(acrylamides), poly(vinyl methyl ether) (PVME) [70–73], polyoxa-
zolines [26, 74, 75], as well as poly(oligoethylenenoxide)methacrylates [76–79].
Polymers with different cloud points have been summarized in Table 6.1.
The LCST is further dependent on different parameters such as polymer chain
length [80, 81] tacticity [82], and incorporation of comonomers [83], pressure [84],
or even the chemical nature of the end group [85, 86].

Compared with polymers having LCST in aqueous media, polymers with UCST
are relatively uncommon. A polymeric system comprising of poly(acrylic acid)
(PAA)/poly(acrylamide) (PAm) is well-studied showing UCST-type of transition in

Fig. 6.2 Schematic representation of the conformational change of poly(ethylene oxide)
(PEO) from a hydrated coil to a dehydrated collapsed globule at LCST. Red balls correspond
to ethylene oxide units and blue balls to water molecules (reproduced from Ref. [68] with kind
permission of © 2013 Royal Society of Chemistry) (color figure online)

6 Responsive Polymer Nanostructures 177



Table 6.1 The chemical structures and transition temperatures of various temperature-responsive
polymers in water

Thermoresponsivepolymers Cloud point
temperature (°C)

LCST/UCST References

Poly(N-isopropylacrylamide) (PNIPAAm) 32 LCST [35]

Poly(N-n-propylacrylamide) (PNNPAAm) 10 LCST [108]

Poly(N-cyclopropylacrylamide) (PNCPAAm) 53 LCST [109]

Poly(N,N-diethylacrylamide) (PDEAAm) 33 LCST [110]

Poly(N-(N-isobutylcarbamido)propyl
methacrylamide) (PiBuCPMAAm)

13 LCST [111]

Poly(N-(N-ethylcarbamido)propyl
methacrylamide)

49.5–56.5 LCST [111]

Poly(N-(1-hydroxymethyl)
propylmethacrylamide) (PHMPMAAm)

30 (L-isomer)
34 (DL-mixture)

LCST [112–114]

Poly[N-(2,2-dimethyl-1,3-dioxolane)methyl]
acrylamide (PDMDOMAAm)

23 LCST [115]

Poly([N-(2,2-dimethyl-1,3-dioxolane)methyl]
acrylamide-co-[N-(2,3-dihydroxyl-n-propyl)]
acrylamide)

23–49 LCST [115]

Poly(N-(2-methoxy-1,3-dioxan-5-yl)
methacrylamide) (PNMMAm)

22 LCST [116]

Poly(N-(2-ethoxy-1,3-dioxan-5-yl)
methacrylamide)

52 LCST [116]

Poly(N-(2,2-di-methyl-1,3-dioxan-5-yl)
methacrylamide) (PNDMMAm)

15.3 LCST [117]

Poly(N-(2,2-di-methyl-1,3-dioxan-5-yl)
acrylamide)

17.8 LCST [117]

Poly(N-vinylisobutyramide) (PNVIBAm) 39 LCST [118]

Poly(ethylene oxide) (PEO)
Poly(ethylene glycol) (PEG)

85 LCST [56]

Poly(propylene oxide) (PPO)
Poly(propylene glycol) (PPG)

0–50 LCST [119]

Poly(2-(2-methoxyethoxy)ethyl methacrylate)
(PMEO2MA)

26 LCST [120]

Poly(oligo(ethylene glycol) methacrylate
(POEGMA)

60–90 LCST [77, 121]

Poly(2-ethyl-2-oxazoline) (PEtOx) 62–65 LCST [122]

Poly(2-isopropyl-2-oxazoline) (PiPOx) 36 LCST [123, 124]

Poly(2-n-propyl-2-oxazoline) (PnPOx) 36 LCST [125]

Poly([oligo(2-ethyl-2-oxazoline)
methacrylate]-co-(methyl methacrylate))

35–80 LCST [126]

Poly(N-vinylcaprolactam) (PVCL) 32 LCST [127, 128]

Poly(N-vinylpyrrolidone) (PVPy) 30 (1.5 M KF) LCST [129]

Poly[N-(2-methacryloyloxyethyl)
pyrrolidone] (PNMP)

51.9 LCST [130]

(continued)
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water [87]. Later on, non-ionic poly(N-acryloylglutamineamide) (PNAGA) was
found to be exhibit UCST-type of transition [88] in water. There are also many
other polymers such as poly(sulfobetaine)s [89, 90], poly(6-(acryloxyloxy-methyl)
uracil) [91], and ureido-derivatized polymers [92] that exhibits UCST-type transi-
tion. These polymers usually have a pair of interactive sites that cause the polymers
to be insoluble at lower temperature due to intra-molecular and inter-molecular
interactions(such as hydrogen bonding and electrostatic attraction) among polymer
chains, which can be disrupted at higher temperature due to intensified molecular
motion within the polymer chains, resulting in a hydrated polymer [93]. Since we
are concerned here about the polymer nanostructures driven by external stimuli, we
mainly focused here the self-assembly of amphiphilic block copolymers into var-
ious nanostructures, ranging from spheres, worms, to vesicles, and structures
kinetically trapped as intermediate morphologies in solution.

“Living” radical polymerization (LRP) allows a wide variety of amphiphilic
block copolymers to be synthesized in bulk or solution with excellent control over
the block lengths and chemical compositions [48, 94–96]. It has been demonstrated
that the presence of a thermoresponsive block in a di or tri block copolymers results
in the rapid assembly into 3D structures upon heating a homogeneous
polymer/water solution above its LCST [97, 98]. The assemblies form varieties of
3D nanostructures of different shapes and sizes depending upon the ratio of the
hydrophilic to hydrophobic block lengths. These nanostructures are fully reversible
in terms of morphology upon cooling [99, 100], unless crosslinked at temperatures
above the LCST [98, 101–107]. For the sake of completeness, it should be men-
tioned that beside the solution state thermoresponsive phase behavior of polymers
in solid-state film also exists as well that we are not going to review in this chapter.

Table 6.1 (continued)

Thermoresponsivepolymers Cloud point
temperature (°C)

LCST/UCST References

Poly(N-ethylpyrrolidine methacrylate)
(PEPyM)

15 LCST [131]

Poly(N-acryloylpyrrolidine) (PAPR) 51 LCST [121]

Poly(dimethylaminoethyl methacrylate)
(PDMAEMA)

14–50 LCST [132, 133]

Poly(N-isopropylacrylamide)-b-poly[3-(N-
(3-methacrylamidopropyl)-N,N-dimethyl)
ammoniopropane sulfonate]
(PNIPAAm-b-PSPP)

8.6–19 UCST [134]

Poly(N-acryloylglycinamide) (PNAGA) 22–23 UCST [88, 135,
136]

Poly(acrylonitrile-co-acrylamide) (P
(An-co-AM))

6–60 UCST [136]

Poly(methacrylamide) (PMAAm) 57 UCST [136]

Poly(N-acryloylasparaginamide) (PNAAAM) 4–28 UCST [137]
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For a better understanding of the reader, we purposefully divided the thermore-
sponsive polymer into non-ionic and ionic categories.

6.2.1 Non-ionic Polymer Nanostructures

6.2.1.1 LCST-Type Polymer Nanostructures

Poly(N-substituted (meth)acrylamide)-Based Nanostructures

Poly(N-isopropylacrylamide) (PNIPAAm) was the first polymer showing LCST in
aqueous solution, which was an important member of poly(N-(meth)acrylamide)
polymer family [138]. The homopolymers and copolymers of PNIPAAm have
gained significant attention [19, 20, 35, 56, 139–144] due to the sharp phase
transition (soluble one phase to turbid two phase) around 32 °C (near room and
body temperatures). However, the incorporation of comonomers containing
hydrophilic groups makes PNIPAAm—copolymers of easily tunable LCST near
body temperature, which promotes them as prominent candidates in biomedical
applications [35, 69]. Above LCST, the unperturbed coil PNIPAAm chains turn
into partially dehydrated globules. In this collapsed state, the amide groups of
PNIPAAm lead to the formation of intra-molecular and inter-molecular NH���O=C
hydrogen bonding interactions [145]. Hence, during the cooling process, the
rehydration of PNIPAAm is hindered by these additional interactions, leading to a
broad hysteresis during the cooling process.

It is known that the amphiphilic copolymers, synthesized by controlled poly-
merization techniques, have enabled the formation of a variety of nanostructures
due the self-assembly among the copolymer chains. Incorporation of a polymer
block into amphiphilic block copolymer that has stimuli-dependent miscibility and
immiscibility in a given solvent provides a powerful method for reversibly
changing the size and structure of the resulting assemblies. For example, thermo-
morphic PNIPAAm, which exhibit a LCST in water below which chains are
miscible and above which chains are immiscible. This property has been utilized by
many researchers to prepare thermoresponsive polymer nanostructures. For
example, Convertine et al. have reported a series of thermally responsive di(AB)-
and tri(ABA) block copolymers containing hydrophilic poly(N,N-dimethylacryla-
mide) (PDMAM) block of constant lengths and PNIPAAm blocks of variable
lengths using room temperature RAFT polymerization to systematically study the
temperature-dependent micellization behavior of these systems [146]. They
demonstrate that these block copolymers are indeed capable of reversibly forming
micelles in response to changes in solution temperature, and the micellar size and
transition temperature are dependent on both the PNIPAAm block length and the
polymer architecture (diblock vs triblock). In this context, it should be mentioned
that not only amphiphilic block copolymers but also some double-hydrophilic block
copolymers (DHBC)s having a thermoresponsive block (undergoes a transition
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from soluble to insoluble in water) shows various aggregated nanostructures [147].
Typically, most reports on such systems exploit the wide-spread occurrence of a
LCST of non-ionic polymers in water. However, for DHBCs above the critical
temperature, one of the hydrophilic blocks collapses, generating hydrophobic
microdomain, which eventually aggregated into micro/nanostructure of various
morphologies. Such aggregated micro/nanostructures are reversibly dissociated into
unperturbed chain structure by lowering the temperature below a critical value. This
strategy can be used to trigger the release of encapsulated materials, e.g., for
controlled drug delivery [148].

A number of research groups have enhanced these pioneering examples of
polymer systems that undergo stimulus-driven transitions between assemblies with
well-defined structures. Grubbs and coworkers have been designed several
ABC-type triblock copolymers that respond to a stimulus by transforming from one
stable assembled form to another [100]. The triblock copolymer, PEO-b-
PNIPAAm-b-poly(isoprene), comprised of hydrophilic end block, a thermally
responsive central block, and a hydrophobic end block have been synthesized using
the sequential nitroxide-mediated polymerization. They are designed to be largely
hydrophilic at room temperature and largely hydrophobic above the LCST of
PNIPAAm, thus forming small assemblies (spherical micelles) with a highly curved
assembly-water interface at lower temperatures and larger assemblies (vesicles)
with a less-curved interface at higher temperatures (Fig. 6.3) [100]. They have
shown by transmission electron microscope (TEM) and dynamic light scattering
(DLS) analysis the formation of large spherical micelles (D � 9 nm) at room
temperature and formation of large vesicular assemblies with a mean radius greater
than 100 nm after heating at 65 °C for 4 weeks.

Fig. 6.3 Schematic illustration of the expected change in amphiphilic balance for ABC triblock
copolymer chain with a stimulus-responsive B block and interfacial curvature for assemblies of
these triblock copolymers in water upon passage through the LCST of the B block. TEM images of
copolymer a as drop-cast from aqueous solution at room temperature (OsO4 stain) and b as
drop-cast from aqueous solution heated at 65 °C for 4 weeks (OsO4 stain) (reproduced from Ref.
[100] with kind permission of © 2008 American Chemical Society)
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A number of other examples of polymers that exhibit similar behavior, which are
discussed in more detail below, have also been recently described in the literature.
Zhou et al. [149] reported a triblock copolymer, poly(ethylene propylene)-b-poly
(ethylene oxide)-b-PNIPAAm, in which the hydrophilic block occupies the central
position and the responsive block a terminal position (PEP45-b-PEO565-b-
PNIPAAmz, where z = 33, 83, 187), which assemble to form micelles having a PEP
core with PEO and PNIPAAm blocks in the corona at room temperature in water.
However, above the LCST of PNIPAAm, the outermost part of the corona became
much less hydrophilic and the micelles are reorganizing, but under the experimental
condition, it appears to be more favorable for micelles to aggregate through asso-
ciation of PNIPAM domains than to reorganize into other micellar forms. Further,
Qiao et al. [150] synthesized a thermalresponsive fluorescent block copolymer
comprised of temperature-responsive PNIPAAm unit, hydrophilic poly(maleic
anhydride) (PMAn) unit, and fluorescent7-amino-4-methylcoumarin (AMC) groups
by RAFT polymerization method. According to them, with increasing temperature,
PNIPAAm chains become collapsed making the block copolymer more
hydrophobic above the LCST resulting in larger aggregates. Thus, a part of the
fluorescent groups would be embedded inside the enlarged block copolymer
micelles, resulting in lower fluorescence intensity (Fig. 6.4).

However, PNIPAAm possesses some inherent drawbacks, such as controversial
biocompatibility, phase transition hysteresis, and a significant end group influence
on phase transition behavior [151, 152]. Other members of this family that have
also been investigated as thermoresponsive polymers are poly(N-n-propylacryla-
mide) (PNnPAAm) and poly(N-cyclopropylacrylamide) (PNCPAAm) having phase

diminished state enlarged state

(a) (b)

Fig. 6.4 a Schematic representation of fluorescence responses to temperature due to change in
morphology of the block copolymer. b Fluorescence intensity versus temperature diagram of block
copolymer in aqueous solution and the inset shows the TEM micrographs of micelles, at 24 °C;
and at 44 °C respectively (reproduced from Ref. [150] with kind permission of © 2012 Royal
Society of Chemistry)
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transition behaviors significantly different from PNIPAAm, with LCST-type tran-
sition temperatures of 10 and 53 °C, respectively [108, 109, 153]. However, LCST
transition of poly(N,N-diethylacrylamide) (PDEAAm) has been reported (*33 °C)
near to that of PNIPAAm [110], though this value has been demonstrated to be
tacticity-dependent [154]. In addition to the study of responsive behavior, several
groups have reported applications of PDEAM that exploit its
temperature-dependent solubility. For example, a well-defined amphiphilic poly-
isobutylene-b-poly(N,N-diethylacrylamide) (PIB-b-PDEAAm) diblock copolymers
of varying compositions were synthesized by sequential living carbocationic and
RAFT polymerization techniques, which self-assembled into large compound
micelles in aqueous media. These compound micelles responded sharply to tem-
perature as examined by UV–Vis and DLS studies. Above LCST, the transmittance
decreased remarkably while hydrodynamic diameter (Dh) increased acutely. LCSTs
of PIB-b-PDEAAm diblock copolymers were in the range of 29.0–31.8 °C which
rose with elongating the length of hydrophilic PDEAAm segment [155].
Angelopoulos et al. have been synthesized a triblock copolymer PDEAAm-b-poly
(acrylic acid)-b-PDEAAm (PDEAAm-b-PAA-b-PDEAAm) by sequential anionic
polymerization led to reversible gelators. At high pH and temperatures above the
cloud point of PDEAAm end block, a sol–gel transition of PDEAAm-b-PAA-b-
PDEAAm was observed due to the formation of a three-dimensional transient
network comprised of a PDEAAm hydrophobic physical crosslink interconnected
by negatively charged PAA chains [156].

Further, Lowe and coworkers have reported numerous examples of
PDEAM-based thermoresponsive systems [157, 158]. Recently, a series of new
thermoresponsive polymers based on poly(N-(N′-alkylcarbamido)propyl
methacrylamide) analogs have also been reported [111]. For instance, poly(N-(N′-
isobutylcarbamido)propyl methacrylamide) exhibited a LCST phase transition at
13 °C, whereas the transition temperature of poly(N-(N′-ethylcarbamido)propyl
methacrylamide) was reported to be 49.5–56.5 °C. These polymers have demon-
strated potential in temperature-dependent chromatographic separations of peptides
and proteins from aqueous mobile phases [111] L- and DL-forms of poly(N-
(1-hydroxymethyl)propylmethacrylamide) (PHMPMAAm) have also been reported
to be temperature-responsive [112–114, 159]. Several other novel thermorespon-
sive poly(N-alkylacrylamide)s have also been studied, including poly[N-
(2,2-dimethyl-1,3-dioxolane)-methyl] acrylamide (PDMDOMAAm) (Table 6.1)
[115], which exhibited a cloud point around 23 °C in water. Interestingly, this
transition temperature can be easily tuned within the temperature ranges of 23–49 °C
by the controlled degree of cleavage of the pendant dioxalane groups to form
hydrophilic diol monomer units (Table 6.1). More recently, the same group tried to
control precisely the LCST of poly(N-alkylacrylamide)s-based homopolymers and
block copolymers by using controlled radical polymerization techniques such as
RAFT or ATRP which allow one to obtain nearly the same structure sequence and
length for each chain in the polymer sample [146, 160]. For instance, a detailed
study on poly(N-alkylacrylamide)s family by tuning the N-alkyl substitution group
has been conducted by Cao et al. [160]. They showed that the bulkier the N-alkyl
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substituent, the lower was the LCST, which can be understood by the enhancement
of hydrophobic interactions between the polymer chains.

Poly(alkylene oxide)-Based Nanostructures

Poly(ethylene oxide) (PEO) is the most famous and widely studied members in poly
(alkylene oxide) family, which is also known as poly(ethylene glycol) (PEG) for
those of small molecular weights (below 10,000 Da). PEO is the simplest water
soluble polymer. Its chemical structure (CH2CH2O)n contains the right balance
between hydrophobic and hydrophilic moieties, which allows PEO chains to be
soluble in water in awide range of temperature and concentration. The LCST of
PEO is above 100 °C for low molecular weight chains, e.g., LCST of 2000 Da PEO
being 170–180 °C; it decreases to 100 °C with the molecular weight of
Mn = 106 Da [161]. Another important member of this family is poly(propylene
oxide) (PPO) [or poly(propylene glycol) (PPG)] which is also a well-known for its
thermoresponsive behavior [56, 162]. In fact, a variety of copolymers consisting of
different PEG and PPO compositions are commercially available under the names
Pluronics, Poloxamers, and Tetronics [163]. Thermoresponsive polymers with
significant PEG content have gained attention particularly from a biomedical per-
spective, because of their low toxicity/immunogenicity and high biocompatibility.

A wide varieties of shell-crosslinked (SCL) micelles have been reported from
various PEG and PPO-based block copolymers [164, 165]. Shell-crosslinked
(SCL) micelles with hydroxy-functional coronas have also been constructed in
aqueous solution by exploiting the micellar self-assembly behavior of a new
thermoresponsive ABC-type triblock copolymer, PPO-b-poly(dimethyl amino ethyl
methacrylate)-b-poly(glycerol monomethacrylate)(PPO-b-PDMAEMA-b-PGMA),
prepared via ATRP. The PDMAEMA block was crosslinked using 1,2-bis
(2-iodoethoxy)-ethane. To create the SCL micelles, the solutions were heated to
above the thermal transition of PPO, followed by the crosslinking of the
PDMAEMA block. The size of the resulting SCL micelles could be controlled by
changing the temperatures at which crosslinking occurs [165]. Further, Li et al.
[164] demonstrated the formation of SCL micelle fromPEG-b-poly[(N,N-dime-
thylacrylamide)-stat-(N-acryloxysuccinimide)]-b-PNIPAAm, [PEG-b-P(DMA-stat-
NAS)-b-PNIPAM], where the NAS block was crosslinked using cystamine. They
showed by DLS that the SCL micelles increased in size upon cooling due to the
swelling of the PEG core (Fig. 6.5).

Furthermore, thermoresponsive polymer nanoshells were generated by
shell-crosslinking of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) (PEO-PPO-PEO) dimethacrylate triblocks [166]. The PPO blocks aggre-
gated, upon heating to 50 °C, leaving a methacrylate-functionalized PEG corona.
Once cooled, the crosslinked triblock copolymers expanded to create a solvated
nanoshell. Rank et al. have studied the formation of polymersomes made up of poly
(2-vinylpyridine)-b-poly(ethylene oxide) (P2VP-b-PEO) block copolymer [167].
They reported that vesicles with a bilayer membrane of P2VP-b-PEO were formed
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spontaneously in aqueous solutions by polymer film hydration. Interestingly, the
authors reported a cylinder to vesicle shape transition when the vesicles were
subjected to a specific cooling/warming process. Upon cooling the vesicles to 4 °C,
there was a transition from the vesicular structure to basket-like aggregates, which
further disintegrate into worm-like micelles (Fig. 6.6). Warming back the suspen-
sion to 25 °C results in the recovery of unilamellar and almost monodisperse
vesicles via intermediate discoid- and octopus-like structures. The reason for this
thermoresponsive behavior lies in the temperature-dependent solubility of the PEO
block. Upon warming, the solubility of PEO in water decreases and consequently
the volume of the water-swollen PEO layer decreases. This reduces the interfacial
area at the hydrophilic–hydrophobic interface.

In a pioneering work of Grubbs et al., an amphiphilic ABC triblock poly
(ethylene oxide)-b-poly(ethylene oxide-stat-butylene oxide)-b-poly(isoprene)
(E-BE-I) copolymers of varying compositions with narrow molecular weight dis-
tributions have been synthesized by the combination of sequential living anionic
and controlled nitroxide-mediated radical polymerizations [168]. These block
copolymers self-assembled into spherical micelles at room temperature which
transformed to vesicles (polymersomes) at elevated temperatures as detected by
them via DLS and TEM studies, for both with and without crosslinking of polymer
assemblies (Fig. 6.7). The rate of transformation with E-BE-I systems is more rapid
than that observed for poly(ethylene oxide)-b-poly(isoprene) assemblies reported
earlier by the same group, suggesting that inter-chain hydrogen bonding of
responsive blocks after dehydration plays an important role in the kinetics of
aggregate rearrangement [169]. These results demonstrate that incorporation of a
thermoresponsive block into an amphiphilic block copolymer results in discrete
hydrophobic/hydrophilic volume ratios above and below the LCST of the ther-
moresponsive block, thus allowing the polymer assembly to be switched between
large and small aggregates as a function of temperature.

“Schizophrenic” thermoresponsive copolymers are a special class polymer
designed as double thermoresponsive polymers. Typically, one block possesses a
LCST while the other displays an UCST. It has been reported that poly(acrylamide-
co-acrylonitrile) poly(AAm-co-AN) block copolymer is one of the rare examples of
uncharged polymers showing a UCST-type single phase transition in water and

Fig. 6.5 Schematic illustration of the formation of reversible shell-crosslinked (SCL) micelles
from triblock copolymers (reproduced from Ref. [164] with kind permission of © 2006 American
Chemical Society)
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physiological medium, which was discussed later [136]. However, Agarwal et al.
cleverly combined this poly(AAm-co-AN) block copolymer with PEG-based
macro-azoinitiator to prepare a Schizophrenic” thermoresponsive copolymer using
a simple conventional radical polymerization [170]. The copolymer showed dual
thermoresponsivity of LCST- and UCST-type of transition in one system as
investigated by turbidity and light scattering measurements in aqueous solution.
The phase transition behavior and transition temperatures were found to depend on
the PEG block length, polymer concentration, and ratio of AAm and AN mono-
mers. The temperature-dependent change in the morphology from micelles to
agglomerates and back to micelles was observed and correlating well with the phase
transition behavior.

Fig. 6.6 Cyro-TEM of intermediate structures during warming up of P2VP66-b-PEO46 micelles
a 1 h, b 2.5 h, or c 24 h after a temperature jump from 4 to 16 °C and d 1 h after a temperature
jump from 16 to 25 °C (reproduced from Ref. [167] with kind permission of © 2009 American
Chemical Society)
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Poly(2-alklyl-2-oxazoline)- and Poly(2-oxazines)-Based Polymer Nanostructures

Poly(2-alkyl-2-oxazoline)s are another class of thermoresponsive polymers that are
synthesized via living cationic ring-opening polymerization (CROP). Poly(alkyl
oxazoline)s (PAOxs) (Fig. 6.8) are considered as pseudopolypepide and are being
developed as alternatives to the famous water soluble thermosensitive polymers,
PEG and PNIPAAm, for biological applications [80, 171]. The major disadvantage
of PNIPAAm is the strong hysteresis during the thermal transition as discussed
above, which makes PAOxs an interesting material for applications where the
precipitation event is exploited [35]. In contrast, PAOxs show a LCST-type tran-
sition without hysteresis, which makes them more suitable for all applications (e.g.,
smart surfaces, thermoresponsive micelles) [80, 171]. Among the various PAOxs,
poly(2-ethyl-2-oxazoline)(PEtOx) [122], poly(2-isopropyl-2-oxazoline) (PIPOx)
[123, 124], and poly(2-n-propyl-2-oxazoline) (PnPOx) [125] are known to exhibit a
thermal transitions in aqueous solution. PIPOx is another structural isomer of
PNIPAM that exhibits a cloud point of approximately near 36 °C in aqueous

Fig. 6.7 Schematic illustration of the thermally induced size change of copolymer assemblies
containing a thermoresponsive block. Below the LCST, the central block (cyan) is hydrophilic;
above the LCST, the central block (pink) becomes hydrophobic (reproduced from Ref. [168] with
kind permission of © 2010 American Chemical Society) (color figure online)

PEtOx PIPOx PnPOx PcPOx

Fig. 6.8 Chemical structures of different poly(alkyl oxazoline)s
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solution, and the transition can be tuned by the addition of sodium chloride or
surfactant [123, 124]. In these reports, they have also compared the thermore-
sponsiveness of PIPOx with that of PNIPAAm [123] PEOx, an isomer of poly(N,N-
dimethylacrylamide) (PDMAAm) [172], that showed a LCST-type phase behavior
approximately at around 62–65 °C in aqueous solution [122] Schubert,
Hoogenboom, and coworkers reported a series of PEtOx-based thermoresponsive
comb- and graft-shaped polymers from poly[oligo(2-ethyl-2-oxazoline) methacry-
late]s (POEtOxMA) [126]. First, they have synthesized well-defined OEtOxMA
macromonomers via CROP and subsequently homopolymerized and copolymer-
ized with methyl methacrylate using RAFT polymerization to make such comb and
graft polymers. It was observed that the LCST behaviors of the aqueous solutions of
these polymers was dependent on the copolymer composition and could be tuned
by varying the PMMA block composition. Rueda et al. have developed a doubly
thermoresponsive polymer system by grafting PEtOx from a modified PNIPAAm
backbone [173].

As discussed above, there have been many reports of studies of thermoresponsive
behaviors of PAOxs and its copolymers. However, there were only very few reports
that dealt with the thermoresponsive nanostructures made up of PAOxs- and
PAOxs-based copolymers. In early 2000, a novel series of temperature- and
pH-sensitive hydrogels based on poly(2-ethyl-2-oxazoline) and three-arm poly(D,L-
lactide) were reported by Wang et al. The gel polymeric networks were prepared via
photocopolymerization of two types of macromonomers, namely poly
(2-ethyl-2-oxazoline) dimethacrylate and three-arm poly(D,L-lactide) trimethacrylate.
As analyzed through SEM, the porous hydrogel network was composed of inter-
connected nanosized gel particles resulting in a material of high water retention
capacity and exhibited reversible swelling–shrinking behavior in response to tem-
perature and pH variations. According to them, these PEtOx-containing hydrogels are
biodegradable and can be used as a potential thermoresponsive biomaterial [174].

In another study, Halacheva et al. have prepared a series well-defined, sparsely
grafted, comb-like linear poly(ethylene imine)/poly(2-ethyl-2-oxazoline) (LPEI-
comb-PEtOx) polymers with various degrees of polymerization [175]. Their aqueous
solution properties were investigated bymeans of dynamic light scattering (DLS) and
small-angle neutron scattering (SANS) over a temperature range of 25–65 °C. It has
shown that the LPEI-comb-PEtOx polymer formed particles with typically bimodal
distributions and featured smoother temperature variations in aqueous solution. They
have also studied the shape and structure evolution of the small LPEI-comb-PEtOx
aggregates (average radius � 6 nm) with temperature. A variety of structures such as
elongated aggregates, spherical core–shell were observed, depending upon the
polymer composition and grafting densities of PEtOx [175].

Lactam/Pyrrolidone/Pyrrolidine-Based Polymers

Poly(N-vinylcaprolactam) (PVCL), poly(N-vinylpyrrolidone) (PVPy), and poly
(vinylpyrrolidine) (PNVP) are the another few important non-ionic polymers which
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also exhibit thermoresponsiveness in aqueous solution. Therefore, it is important to
include the discussion of their thermoresponsive properties in this chapter, although
to the best of our knowledge there are no such reports formation of responsive
nanostructures such as micelles based on these polymers. PVCL contains a
seven-membered lactam ring with a repeat unit consisting of a hydrophilic hete-
rocyclic amide ring, and it is water soluble and biocompatible exhibiting a
LCST-type thermal transition around 32 °C as reported by Lau et al. and Tager
et al. [127, 128]. PVCL. Apart from these properties, of potential interest for
biomedical applications, PVCL offers benefits of low toxicity, water and organic
solubility, high complexing ability, and good film-forming properties [129, 176–178].
A similar macromolecule, poly(N-vinylpyrrolidone) (PVPy), contains a
five-membered lactam ring, as compared to PVCL seven-membered ring, it did not
show any LCST in water. However, it exhibited LCST behavior in solutions
containing a large amount of salt [129]. Maeda et al. found PVPy underwent
a phase separation around 30 °C in aqueous 1.5 M potassium fluoride.
Furthermore, poly[N-(2-methacryloyloxyethyl) pyrrolidone] (PNMP), a
well-defined pyrrolidone-based polymer also exhibited a sharp LCST-type phase
separation at 52 °C in water [130]. Poly(N-ethylpyrrolidinemethacrylate) (PEPyM),
the pyrollidine analog of PNMP, exhibited a LCST-type cloud point in water at
15 °C [131]. They have shown that the LCST cloud point could be tuned up to
80 °C by copolymerizing PEPyM with a hydrophilic monomer, such as
N,N-dimethylacrylamide (DMAM). Laschewsky and coworkers have synthesized
thermoresponsive poly(N-acryloylpyrrolidine) (PAPR) via RAFT polymerization,
with PAPR exhibiting a LCST-typecloud point at 51 °C [121].

Poly(aminoalkyl methacrylate)-Based Nanostructures

Poly(aminoalkyl methacrylate)s (see Table 6.1) represent a class of weak poly-
bases, is another example of a temperature-responsive polymer, which has been
studied extensively by many research groups recently [132, 133, 179–184]. One of
the most renown members of this family is poly((N,N-dimethylamino)ethyl-
methacrylate) (PDMAEMA), which is also known for its LCST-type phase tran-
sition behavior in alkaline medium, since the tertiaryamine moieties can
hydrogen-bond with water, while the gemini methyl groups exert hydrophobic
effects. The amine functional group in the monomer is sensitive to pH and gets
protonated below its pKa (between 7 and 10 depending on the substituents). This
protonation, in turn, influences the polymer LCST: it delays the collapse of polymer
chains during heating by increasing intra- and inter-chains repulsive electrostatic
forces. As a consequence, a higher pH value promotes a lower cloud point. The
reported cloud point of PDMAEMA ranges from 14 to 50 °C in pure water,
depending on its molecular weight and other parameters [132, 133, 179–184].

Schubert and his coworkers utilized RAFT polymerization technique to prepare
a series of statistical random copolymers of varying compositions by polymerizing
N,N-(dimethylamino)ethyl methacrylate (DMAEMA) and poly(ethylene glycol)
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methyl ether methacrylate (PEGMA) monomers at 70 °C. The phase behavior of
the pH- and temperature-sensitive copolymers was studied in aqueous solution by
measuring the LCST-type transition by UV/vis spectroscopy. The measurements
were performed at three different pH values (4, 7, and 10). At pH 7 and pH 10, it
has been observed that the LCST linearly increased with the wt% of PEGMA in the
copolymer feed. On the contrary, at pH 4, the hydrophilicity of the P(DMAEMA-
stat-PEGMA) copolymers is too high due to the protonation of the DMAEMA
units. Thus, no LCST has been detected for most of them. By varying the pH and
the composition of the P(DMAEMA-stat-PEGMA) copolymers, the LCST can be
easily tuned between 34.7 and 82.0 °C [183].

In another work, poly[2-(dimethylamino)ethyl methacrylate]-b-poly(glutamic
acid) (PDMAEMA-b-PGA) double-hydrophilic block copolymers (DHBCs) can be
readily synthesized from poly(c-benzyl-L-glutamate)-b-poly[2-(dimethylamino)
ethyl methacrylate] amphiphilic block copolymer precursors through alkali
hydrolysis. Self-assembly in water of these PDMAEMA-b-PGA (DHBCs) can be
selectively triggered by a variation of either the pH or the temperature [185]. Such
doubly responsive DHBCs self-assembled into nanostructures of either electrostatic
polymersomes or spherical polymeric micelles, depending on the pH of the solution
and temperature (Fig. 6.9). The resulting morphologies also depend on the overall
composition of the DHBCs. According to them, for pH values below and above the
isoelectric point (IEP), the DHBCs behave as unimers owing to the high solubility
of the PDMAEMA block. Close to the IEP, direct or inverse electrostatic poly-
mersomes were generated by electrostatic interactions developing between the two
charged blocks driving the formation of the hydrophobic membrane of the poly-
mersomes, which was stabilized in water by uncompensated charges. The ther-
mosensitivity of the DHBCs relates to the LCST behavior of PDMAEMA around
40 °C. Thus, at pH = 11 and below the LCST of PDMAEMA, free chains of
DHBC unimers are evidenced, while above the LCST, the hydrophobicity of
PDMAEMA drives the self-assembly of the DHBCs in a reversible manner. In this
case, spherical polymeric micelles or polymersomes were observed, depending on
the PGA block length.

Muller and coworkers studied the aqueous solution phase behavior of both
star-shaped and linear PDMAEMA and showed that the cloud point can be readily
tuned by changing the pH of the solution, molecular weight, and the concentration
of the polymer [133]. Furthermore, a dual thermo- and photoresponsive densely
grafted molecular brushes have been prepared from DMAEMA monomer and
trans-4-methacryloyloxyazobenzene (MOAB), a monomer containing a
light-sensitive azobenzene group using successive ATRP technique. Incorporation
of these two monomers allowed for control of the temperature-responsive behavior
by photoirradiation [186]. The copolymer brush with trans-azobenzene units
demonstrated LCST-type phase transition behavior, while the less hydrophobic cis-
azobenzene isomer did not respond within the examined temperature range.

Since PDMAEMA itself could be deemed as a weak polyelectrolyte to a certain
extent, the effect of pH and ionic strength of aqueous media may impose significant
influence on the phase transition of its aqueous solution. Therefore, the aqueous
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PDMAEMA systems might exhibit a multidimensional stimuli-responsive behav-
ior. Moreover, the amines of PDMAEMA could undergo N-alkylation (quater-
nization or betainization), to result in cationic polyelectrolytes or zwitterionic
polybetaines, respectively. The final ionic polymers also exhibited a different
stimuli-responsive phase transition behavior which will be discussed later in the
other Sect. 6.2.2.1 of this chapter.

POSS-Based Polymer Nanostructures

Polyhedral oligomeric silsesquioxane (POSS) has attracted a great deal of attention
because of the unique nanoscale cage-shaped structure and good solubility in
organic solvents [187]. Thus, POSS can be easily incorporated into polymeric
matrices to prepare novel polymer hybrids by physical blending or chemical
modification through copolymerization with POSS-based vinyl monomers or
growing of polymer from POSSend-functionalized initiator [188–193]. Some novel
POSS-containing polymers with well-defined structures have been synthesized
using living/controlled radical polymerization techniques, and the self-assembly
behavior of these hybrid polymers has also been attracted great attention. The
self-assembly behavior of POSS-containing block copolymers is quite dependent
on the rigidity of POSS blocks, strong intra-chain association, and their miscibility
with organic sub-chains. Thus, the self-assembly behavior of POSS-containing
hybrid block copolymers could be modulated by controlling the nature of the

Fig. 6.9 Schematic representation of the various morphologies obtained from polypeptide-based
PDMAEMA block copolymers at different temperature and pH (reproduced from Ref. [185] with
kind permission of © 2010 American Chemical Society)
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inorganic sub-chains, the architecture of the block copolymers and the types of
organic polymer blocks connected to the POSS block, which may create a variety of
nanostructures. These POSS-based nanostructures can exhibit stimuli (temperature,
pH, light, etc.)-responsiveness if some responsive functional groups are present in
the organic polymer block.

For example, Zheng et al. have reported the synthesis of organic-inorganic,
amphiphilic ABC–type triblock copolymer PEO-b-poly(MA-POSS)-b-PNIPAAm
triblock copolymers via ATRP. The hybrid triblock copolymers PEO-b-P
(MA-POSS)-b-PNIPAAm were composed of one highly hydrophobic mid block
(i.e., P(MA-POSS)) and two water soluble end blocks (viz., PEO and PNIPAAm
blocks). Furthermore, the PNIPAAm block is thermoresponsive and is capable of
undergoing the coil-to-globule transition with a change in temperature. The hybrid
triblock copolymers were microphase-separated above LCST. Both TEM and DLS
showed that all the triblock copolymers can be self-organized into micellar
aggregates in aqueous solutions. The sizes of the micellar aggregates can be
modulated by changing the temperature [194].

Zhang et al. synthesized tadpole-shaped hybrid PNIPAAm using a
POSS-containing RAFT agent [195]. The tadpole-shaped POSS-PNIPAAm hybrid
self-assembled into core–shell nanostructured micelles with uniform diameter.
Furthermore, an amphiphilic fluorescent polymer containing asymmetric per-
ylenebisimide was designed and synthesized by combining reaction of perylene
anhydride with amino functional POSS and ATRP of NIPAAm [196]. The
self-assembly of this amphiphilic POSS-polymer hybrid into hybrid nanoparticles
in aqueous solution was investigated by DLS and TEM. The hybrid nanoparticles
exhibited attractive high red fluorescence at 645 nm due to the significant effect of
the bulky POSS moieties. Moreover, based on the thermoresponsive PNIPAAm
coronas, the fluorescence intensity of the self-assembled hybrid nanoparticles can
be further enhanced and tuned by changing temperature (Fig. 6.10).

6.2.1.2 Non-ionic UCST-Type Polymers

Non-ionic polymers showing an upper critical solution temperature (UCST) in
water are rare. Hence, it is really hard to find any nanostructures (e.g., miclelles,
vesicles) made up of polymers that exhibit UCST-type thermoresponsiveness in
aqueous solution. But, it is worthy to discuss the polymeric system that exhibits
UCST-type transition as these UCST-type polymers exists as nanosized globules or
nanogels in aqueous solution below a particular temperature. In this context,
recently, the non-ionic homopolymer, poly(N-acryloyl glycinamide) (poly
(NAGA)), has been shown to exhibit a sharp UCST-type transition in pure water as
well as in electrolyte solution [136, 197]. Although, the polymer poly(NAGA) is
known for decades and was first synthesized by Haas and Schuler in 1964 [198],
but the UCST behavior had not been reported earlier. They only observed a
gelatin-like thermoreversible gelation of concentrated aqueous solutions.
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In further studies, they concluded that the gelation is based on physical
crosslinking by hydrogen bonding [199, 200]. However, in the aforementioned
publications, no UCST behavior was reported until Agarwal et al. reported such
property of this polymer in 2010 [88]. Failure to notice the UCST-type transition in
the past by Hass et al. was because ionic groups have been introduced uninten-
tionally by either acrylate impurities in the monomer, hydrolysis of the polymer
side chains, and/or usage of ionic initiators or chain transfer agents. The presence of
traces of ionic groups in the polymer prevented phase separation. The proof for
these conclusions along with a procedure to obtain stable aqueous solutions of
non-ionic poly(NAGA) so that the UCST behavior can be exploited in pure water
as well as in physiological milieu was recently published by the same group [201].
The UCST phase transition temperature of a 1 wt% aqueous solution of poly
(NAGA) is about 22 °C.

Not only poly(NAGA) homopolymer, but also its copolymer, poly(acrylamide-
co-acrylonitrile), exhibited a UCST as demonstrated by Agarwal and coworkers
[136]. Controlled increase of the UCST by copolymerization of acrylamide with
varying amounts of acrylonitrile was shown, and it could be varied between 6 and
60 °C. The hysteresis between the cloud point upon cooling and heating was very

Hybrid nanoparticles 

with thermoresponsive

red fluorescences

Fig. 6.10 Schematic representation of self-assembled thermoresponsive fluorescences nanostruc-
ture and TEM image obtained for hybrid nanoparticles self-assembled from 0.1 g/L aqueous
solution of POSS-PBI-PNIPAAm245 at 25 °C. Temperature-dependent fluorescence spectra
obtained for 0.1 g/L aqueous solution of POSS-PBI-PNIPAAm245 (kex = 495 nm) Inset Picture of
POSS-PBI-PNIPAM245 hybrid nanoparticles in pure water (0.1 g/L) under a hand-held UV lamp
(kex. = 365 nm) (reproduced from Ref. [196] with kind permission of © 2012 American Chemical
Society)
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small with only 1–2 °C in most cases. The cloud points of these polymers in pure
water were similar to that measured in phosphate buffered saline solution.

Maruyama et al. demonstrated that polymers with ureido groups undergo
UCST-type phase transitions under physiologically relevant conditions [202]. Poly
(allylurea) copolymers showed UCST-type behavior at pH 7.5 in 150 mM NaCl
even at the low polymer concentration of 0.13 mg/mL. Their phase separation
temperatures could be controlled up to 65 °C. Similar thermosensitivity was also
observed by them with copolypeptides consisting of L-citrulline having an ureido
group.

6.2.1.3 Polymer Nanostructures in Water-Alcohol Cosolvent System

Ethanol/water solvent mixtures are environmentally friendly solvents that exhibit
interesting abnormal properties due to the presence of hydration shells around the
ethanol molecules [203, 204]. The addition of cosolvent or co-nonsolvent also
strongly influences the thermoresponsive behavior of a polymer. Here, we describe
few polymeric system that exhibits some abnormal responsive behavior in cosol-
vent system, which has been recently reviewed by Zhang and Hoogenboom [205].
Poly(methyl methacrylate) (PMMA) is insoluble in both water and ethanol at
ambient temperature, although a UCST-type transition was reported for PMMA in
pure methanol as well as in pure ethanol at � 87 °C or above [206]. The polymer,
however, showed a decreased in its UCST when adding water to the alcohol
[207–211]. UCST behavior of PMMA in other lower aliphatic alcohols, e.g.,
methanol, 1-propanol, 2-propanol, and t-butanol has also been reported, exhibiting
increased solubility, i.e., lower cloud point, with increasing size of the alkyl group
[207, 208]. Due to the structural similarity of poly(methyl acrylate) (PMA) and
PMMA, it is not surprising that PMA also exhibits a UCST transition in
ethanol/water solvent mixtures [212]. Thermoresponsive micelles were then
obtained in ethanol/water solvent mixtures for polystyrene-b-PMA (PS-b-PMA)
block copolymers of various compositions above the UCST of PMA.

It was shown by DLS and TEM that these block copolymer micelles transformed
into thermoresponsive micellar aggregates when the solution was cooled below the
UCST transition temperature of the PMA block (Fig. 6.11a). But, the temperature
above UCST, the micellar aggregates dissociated into unit micelles. It was further
shown in another study that the double hydrophobic block copolymer, PS88-b-
PMMA80 was self-assembled into micelle in an ethanol/water solvent mixture
containing 80 vol% of ethanol [209]. At a polymer concentration below 0.2 wt%,
spherical unit micelles were obtained from BCP with equal block sizes due to the
relatively large radius of gyration (Rg) of the fully hydrated PMMA chains as
shown by small-angle neutron scattering (SANS) study. A thermoresponsive
micellar gel was formed by a polymer concentration of 1 wt%, ascribed to the large
Rg of the PMMA block facilitating interactions between the formed unit micelles
(Fig. 6.11b).
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Poly(2-alkyl/aryl-2-oxazoline)s (PAOx) having short side chains are either
totally soluble or show LCST-type phase transition in pure water or in
ethanol/water solvent mixtures. However, extending the hydrophobic side chain
length to a butyl group induces UCST-type phase behavior depending on the
content of ethanol in the mixture [213]. The amount of ethanol required to induce a
UCST-type transition increased with increasing hydrophobicity of the polymer side
chains. Furthermore, PAOx with aromatic substituents, PPhOx, and PBnOx also
exhibited UCST-type behavior in ethanol/water mixture [213]. The higher
hydrophobicity of the PBnOx is clearly evidenced by the higher UCST cloud points
as well as a clear shift in the transition temperature with higher ethanol content.
Solution phase behavior of the BCPs, PMeOx-b-PPhOx, and EtOx-b-PhOx showed
that both of the two series of copolymers exhibit UCST behavior at high content of
PPhOx block in ethanol/water mixture with high content of ethanol [214]. The
solubility maxima of those copolymers occurred at an ethanol content of around 80
wt%. In addition, a remarkable observation was made for the PEtOx50–PPhOx50

Fig. 6.11 a Chemical structure of PMA-b-PS block copolymer and schematic representation of
thermoresponsive micellization process of the block copolymer (reproduced from Ref. [212] with
kind permission of © 2011 Wiley-VCH), and b top pictures of the vial inversion test for micellar
solutions of PS88-b-PMMA80 in an ethanol–water 80/20 wt% mixture with different polymer
concentrations. Bottom TEM images of PS88-b-PMMA80 (left) and PS112-b-PMMA2800 (right)
micelles at 0.2 wt% concentration. The insets show the corresponding cryo-TEM images (same
scale) (reproduced from Ref. [209] with kind permission of © 2009 Royal Society of Chemistry)
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copolymer in an aqueous solution with 40 wt% ethanol content showing both a
LCST and a subsequent UCST, so-called closed-loop coexistence (Fig. 6.12).

Furthermore, Fustin et al. have been reported the pathway-dependent micel-
lization behavior of tri- and tetra block copoly(2-oxazoline)s composed of solvo-
philic PEtOx and/or PMeOx blocks and a solvophobic poly(2-nonyl-2-oxazoline)
(PNonOx) block, as well as a PPhOx block, of which the solubility can be switched
from solvophilic in ethanol/water mixture with 60 wt% of ethanol to solvophobic in
ethanol/water mixture with 40 wt% of ethanol [215]. They claimed that the size and
morphology of the self-assembled nanostructures can be tuned depend on the
solvophobic content of the copolymers and the block order as well as the solvent
composition. In particular, triblock copolymer (MPN) containing PMeOx, PPhOx,
and PNonOx blocks form spherical micelles together with larger, irregularly
shaped, nanoaggregates in ethanol/water (60/40) mixture, while coexistence of
spherical micelles and cylindrical micelles was observed in ethanol/water (40/60)
mixture. Interestingly, dilution with water of the MPN micellar solution in
ethanol/water (60/40) to (40/60) resulted in a collapse of the PPhOx block onto the
PNonOx core leading to a core–shell structure indicating a pathway-dependent
self-assembly behavior (Fig. 6.13).

6.2.2 Ionic Polymer Nanostructures

Not only non-ionic polymer but also some polymers carrying ionic functional
groups, namely ionic polymers also shows response toward external stimuli such as
temperature, pressure, ionic strength of solution, light, redox. Ionic water soluble
polymers are a diverse class of polymers, ranging from biopolymers such as nucleic
acids and proteins that mediate life processes to commercial polymers with appli-
cations in water remediation, drag reduction, and formulation of pharmaceutics,
cosmetics, and coatings. Charged polymers can be arbitrarily divided into two
classes: polyelectrolytes and polyzwitterions. The former have ionizable functional

Fig. 6.12 Transmittance as a function of temperature for PEtOx50–PPhOx50 copolymer in 40 wt
% ethanol in water demonstrating a LCST as well as an UCST transitions (reproduced from Ref.
[214] with kind permission of © 2008 Royal Society of Chemistry)
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groups that are either anionic or cationic in nature. The charges may be along or
pendent to the macromolecular backbone, and charges are balanced by small
counterions. Zwitterionic polymers have both cationic and anionic charges along or
pendant to the backbone and they are charge-neutral. Polymers containing cationic
and anionic functionality on different monomer units are designated as polyam-
pholytes while those having both charges on a single monomer unit are called
polybetaines [216]. Because of their zwitterionic character, these ionic polymers
exhibit markedly different behavior than polyelectrolytes in aqueous solutions
[217–219]. The charge–charge repulsions along the polyion backbone resulting

Fig. 6.13 Top Schematic representation of the micelles formed by the MPN triblock copolymer in
ethanol/water (60/40) mixture and after addition of water to reach an ethanol/water 40/60
composition. Below TEM images of the MPN triblock copolymer in the EtOH/water (a) and 40/60
(b, c) mixtures, whereby sample c was prepared by diluting sample a with water. The inset of
image b shows another area of the sample (same scale) (reproduced from Ref. [215] with kind
permission of © 2010 Wiley-VCH)
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from counter ion mobility are responsible for chain extension and the large
hydrodynamic volume of polyelectrolytes in water at low ionic strength.

However, polyelectrolytes usually exhibit decreases in the hydrodynamic vol-
ume and solution viscosity upon the addition of electrolytes such as inorganic salts.
This polyelectrolytes effect is due to conformational changes that occur when the
added electrolytes shield the electrostatic repulsions of like charges along the
polymer chain, causing the polymer coils to contract [220]. On the other hand,
polymers with charge balance, trend to adopt collapsed or globular conformations
in salt-free solution because of the electrostatic attractions between opposite charges
[219, 221, 222]. Indeed, the electrostatic associations are so strong among
polyzwitterion molecules that it may phase-separate in solution even in the absence
of low MW electrolytes such as inorganic salts. However, as simple electrolytes are
added to polyzwitterions solution, the electrostatic interactions are shielded, and the
polyzwitterions can adopt random-coil conformations, called the “antipolyelec-
trolyte effect.” The globule-to-coil transition that occurs upon the addition of
electrolytes results in increased polymer hydrodynamic volume and solution vis-
cosity [219, 223, 224]. Many factors govern the solution properties of polyzwit-
terions, including the charge density, charge asymmetry (i.e., degree of charge
imbalance), and chemical properties of the ionizable groups [219, 225, 226]. The
polyzwitterions solubility and magnitude of the globule-to-coil transition (i.e.,
change in the hydrodynamic size) exhibited by polyzwitterions are typically
determined by the charge density of the system. As the polyzwitterion charge
density increases, greater concentrations of electrolytes are required to promote coil
expansion and the relative increase in the hydrodynamic size upon electrolyte
addition tends to be greater. Unbalanced polyzwitterions (i.e., polyzwitterions with
a net charge) usually exhibit a combination of polyzwitterions and polyelectrolytes
solution behavior according to the degree of charge imbalance. Polyzwitterions
generally tend to exhibit behavior more characteristic of conventional polyelec-
trolytes with increasing charge asymmetry. For polyzwitterions bearing weakly
acidic and/or weakly basic functional groups (i.e., carboxylic acids and/or tertiary
amines), the charge density and charge asymmetry are dominated by the level of
functional group incorporation and the solution pH. Thus, reversible transitions
between polyelectrolytes and polyzwitterions behavior can be triggered by changes
in the solution pH. Further, polybetaines have been classified as polycarboxybe-
taines, polyphosphobetaines and polysulfobetaines (Fig. 6.14).

Another important member in the family of ionic polymers is the poly(ionic
liquid)s (PILs) or polymerized ionic liquids (ILs), which is referred to a subclass of
polyelectrolytes that feature an IL species in each monomer repeating unit, con-
nected through a polymeric backbone to form a macromolecular architecture. Some
of the unique properties of ILs are incorporated into the polymer chains, giving rise
to a new class of polymeric materials. PILs expand the properties and applications
of ILs and common polyelectrolytes. As an emerging interdisciplinary topic among
polymer chemistry and physics, materials science, catalysis, separation, analytical
chemistry, and electrochemistry, PILs are attracting increasing interest among the
scientific community [227].
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6.2.2.1 Zwitterionic Polymer Nanostructures

Zwitterionic polymers such as carboxybetaine methacrylate (CBMA), sulfobetaine
methacrylate (SBMA), and phosphorylcholine-based polymers have been widely
utilized as superhydrophilic and ultra-low fouling biomaterials [228, 229]. It is
known that commercially available low fouling non-ionic PEG resists non-specific
protein adsorption via hydration forces, which are formed via hydrogen bonding
between water molecules and PEG [230]. Zwitterionic materials, with their strong
intra- and inter-molecular electrostatic interactions, can bind water molecules
strongly and form electrostatically induced hydration [231–233], which resists
non-specific protein adsorption over a long period. Polyzwitterions, specifically
polysulfobetaines usually exhibit a UCST-type phase transition, i.e., they are
water-insoluble at lower temperature due to the electrostatic attraction. Zwitterionic
moieties can form associations through the electrostatic interactions between the
cationic and anionic groups. Heating promotes the water molecules to diffuse into
the network, leading to the disruption of the network at a critical temperature. As a
result, the solution undergoes an emulsion–dissolution phase transition. Chang and
coworkers reported a detailed investigation of solution properties of zwitterionic
poly(sulfobetaine methacrylate)s (polySBMAs) [234].

It has been reported that the aqueous solution of polySBMAs exhibited an
UCST-type transition that is attributed to the charge–charge or dipole–dipole
interactions among the zwitterionic sulfobetaine groups [89, 235, 236]. The
insoluble–soluble phase transition of polySBMA in aqueous solution was due to
inter-molecular associations and dissociation of polyzwitterion molecules, which
depend strongly on the stimuli-responsive control of solution pH and ionic strength
(Fig. 6.15). It has been found that polySBMAs of increasing molecular weights had
enhanced mutual intra- and inter-chain associations of the sulfobetaine groups in

Poly(carboxybetaines) Poly(phosphobetaines)Poly(sulphobetaines)

Fig. 6.14 Chemical structures of different polybetaines
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aqueous solution, resulting in the increase of their UCST-type cloud point associ-
ated with the non-fouling nature of polySBMA’s suspension.

Afterwards, Laschewsky and coworkers reported a block copolymer
consisting two hydrophilic blocks, PNIPAAm, and the zwitterionic Poly

Fig. 6.15 a Chemical structures of associated and nonassociated polySBMA homopolymers;
b temperature-dependent solubility of the zwitterionic polymer in aqueous solution. In phase
transition region, there is a formation of colloidal gel state of polySBMA at cloud point
temperature (reproduced from Ref. [234] with kind permission of © 2010 American Chemical
Society)
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(3-[N-(3-methacrylamidopropyl)-N,N dimethyl] ammoniopropane sulfonate)
(PSPP) exhibiting double thermoresponsive behavior in water. This BCP formed
PNIPAAm-cored micelles above the LCST of PNIPAAm (29–35 °C) and
PSPP-cored micelles below the UCST of PSPP (8–20 °C) (Fig. 6.16) [134].

Sulfobetaines derived from acrylamide and methacrylates are two of the
prominently used monomers for making a wide variety of zwitterionic polymers
[237, 238]. However, these monomers are hydrolytically unstable [239]. To over-
come such difficulty, Vasantha et al. reported a hydrolytically stable vinyl benzene
substituted imidazole-based sulfobetaine-type zwitterionic polymers. These
imidazole-based polysulfobetaines exhibited many unusual solubility characteris-
tics. Unlike the acrylate and acrylamide-derived polysulfobetaines which were
soluble in water, the benzimidazole-based polysulfobetaines were only soluble in
concentrated brine solution (22.6 wt% NaCl) and also swell in deionized water.
Further, they exhibited reversible phase transitions due to the formation of
expanded chains at elevated temperature and aggregates below the UCST cloud
point as studied by DLS, turbidity, and viscosity measurements. The unique ther-
moreversible gelling properties as well as unusual solubility characteristics make
them interesting materials for a wide range of applications.

Shao and coworkers compared thermo- and salt-responsive behaviors of sulfo-
betaine and carboxybetaine polymers by examining their rheological properties as a
function of temperature and their hydrodynamic sizes as a function of salt concen-
tration [240]. In this work, they investigated the structure and dynamics of associa-
tions among cationic and anionic groups present in these two zwitterionic polymers.
Results showed that the difference in the charge density of cationic and anionic groups
of zwitterionic moieties dictates associations among moieties: the less difference
results in more and stronger associations. These different interaction behaviors lead to
the diversified properties of zwitterionicmaterials. Thus, carboxybetaine polymers do
not exhibit stimuli responses as expected from the antipolyelectrolyte behavior of
zwitterionic polymers as observed in sulfobetaine polymers.

LCST-Unit UCST-Unit

Fig. 6.16 Schematic representation of different types of association among poly(NIPAAm-b-
SPP) block copolymer molecules with temperature (reproduced from Ref. [134] with kind
permission of © 2002 American Chemical Society)

6 Responsive Polymer Nanostructures 201



Zhao et al. [241] also observed similar phenomenon in their work. In their work,
they copolymerized temperature-responsive NIPAAm monomer with zwitterionic
monomers, carboxybetaine methacrylate (CBMA) and sulfobetaine methacrylate
(SBMA), and synthesized the statistical copolymers, poly(NIPAAm-co-CBMA)
and poly(NIPAAm-co-SBMA), respectively. Above the LCST of PNIPAAm, a
clear sol–gel transition was observed, accompanied by an increase in the turbidity
and elastic modulus of the copolymer solution. The hydrophilic sulfobetaine group
present in the PSBMA block was strongly influenced by elevated temperatures,
which counter affected the thermal properties in the pure PNIPAAm-based polymer
at temperatures higher than its LCST. While the carboxybetaine group in PCBMA
is weakly affected by temperatures, poly(NIPAAm-co-CBMA) solution is able to
preserve its thermoresponsive nature. In addition, CBMA moiety acted as stronger
ionic bridges in poly(NIPAAm-co-CBMA) to form reinforced elastic networks with
superior recovery features when compared with poly(NIPAAm-co-SBMA). Thus,
incorporation of PCBMA block with the thermoresponsive PNIPAAm provides a
tractable and facile way to introduce non-fouling property with thermoresponsive
characters, without compromising with the mechanical properties.

Further, zwitterionic polymers have been investigated as surface coating mate-
rials due to their low protein adsorption properties, which reduce immunogenicity,
biofouling, and bacterial adsorption of coated materials. Most zwitterionic poly-
mers, reported so far, are based on (meth)acrylate polymers which can induce
toxicity by residual monomers or amines produced by degradation. Jeong et al.
[242] demonstrated a zwitterionic polymer consisting of phosphorylcholine
(PC) and biocompatible poly(propylene glycol) (PPG) blocks as a new thermo-
gelling material. The aqueous solution of PC-PPG-PC BCP undergone unique
multiple sol–gel transitions with increasing temperature. A heat-induced
unimer-to-micelle transition, changes in ionic interactions, and dehydration of
PPG block are involved in the sol–gel transitions (Fig. 6.17). Based on the broad
gel window and low protein adsorption properties, the PC-PPG-PC thermogel can
be utilized for sustained delivery of protein drugs and stem cells over 1 week.
Further, a novel triblock copolymer based on PPO, poly(2-(methacryloyloxy)ethyl
phosphorylcholine) (PMPC), and PNIPAAm have also been synthesized via ATRP
[243]. Two architectures were created: an ABC triblock and an ABA triblock
copolymer, with the A-block being PPO, the B block being PMPC, and the C block
being PNIPAAm. At reduced temperatures, all three blocks are water soluble, while
PPO became insoluble between 15 and 31 °C, and the PNIPAAm block became
insoluble above 31 °C. Between 15 and 31 °C, the PPO blocks aggregated creating
micelles, and above 31 °C the PNIPAAm blocks aggregated creating a gel.

6.2.2.2 Poly(Ionic Liquid) Nanostructures

Yuan and Men and coworkers were the first to report an anionic PIL, poly
(4-tetrabutylphosphonium styrene sulfonate) (PTPSS) exhibiting an LCST-type
phase transition in aqueous solution [244]. Very interestingly, the experiments
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indicated that cloud point temperature can be shifted to either higher or lower
temperature, depending on the type of the added foreign salts such as potassium
bromide, tetrabutylphosphonium bromide (TPB), and the salt of TPSS monomer.
This PIL also exhibited a very high stabilizing power for carbon nanostructures and
can readily synthesize environment-sensitive graphene dispersion. The same group
also discovered a new type of gemini PILs, poly[(1,8-octanediyl-bis
(tri-n-butylphosphonium) 4-styrenesulfonate], synthesized via conventional free
radical polymerization of a dicationic IL monomer in DMF [245]. This PIL pre-
sented a LCST-type phase transition in aqueous solution. Copolymerization of this
gemini dicationic IL monomer with divinyl benzene crosslinker in water resulted in
the formation of hydrogel, which exhibited a temperature-triggered volume change
in water. Recently, the same group reported a cationic PIL, poly

Fig. 6.17 a Schematic representation of the aqueous solution phase behavior of the
PPO-PMPC-PNIPAM triblock copolymers: molecular dissolution at 5 °C, formation of
PPO-core micelles between 10 and 20 °C temperature, and formation of a micellar gel network
above 33 °C (which corresponds to the LCST of the outer PNIPAAm chains). b Temperature
dependence of the scattered light intensity for PPO43-PMPC160-PNIPAAm81 triblock copolymer
solution in PBS buffer at pH 7.4. Inset shows photographs for the same copolymer dissolved at a
much higher concentration (20 wt%) in PBS buffer: (left) a transparent free-flowing copolymer
solution at 5 °C, (middle) a slightly turbid free-flowing micellar solution at 20 °C, and (right) the
free-standing micellar gel formed at 37 °C (reproduced from Ref. [243] with kind permission of ©
2005 American Chemical Society)

6 Responsive Polymer Nanostructures 203



(tributyl-4-vinylbenzylphosphonium pentanesulfonate) that showed a similar
LCST-type transition in aqueous solution [246]. This phase transition occurred in a
wide temperature range in terms of PIL concentration as well as type and con-
centration of externally added salts. According to them, anion exchange and salting
out effects are responsible for the flexible phase transition temperatures.

Very recently, we have discovered a new cationic phosphonium PIL, poly
(triphenyl-4-vinylbenzylphosphonium chloride) (P[VBTP][Cl]), exhibiting
responsiveness in water [247] RAFT polymerization technique have been employed
to synthesize (P[VBTP][Cl])s of varying and controllable molecular weights
(Fig. 6.18), which exhibited an UCST-type phase transition in aqueous solution in
the presence of externally added halide ions. The addition of halide ions trans-
formed the transparent aqueous PIL solution into a turbid two-phase solution,
forming insoluble microgel aggregates (D = 2.5 µm) owing to the screening of the
positively charged phosphonium groups of PILs and eventually forms intra- and/or
inter-chain crosslinking among the PIL chains through halide ion bridges.

Further, this turbid solution exhibits a distinct UCST-type phase transition and
transformed into a one-phase transparent solution due to the disruption of ion
bridges upon heating (Fig. 6.19). The rate of aggregation of P[VBTP][Cl] increased
sharply with an increase of the size of the added halide ions in this order
I− > Br− > Cl−. The cloud point temperature increased linearly with increasing
halide ion concentration as well as with increasing molecular weights of the PIL.
The phase diagram of aqueous PIL solution shows the highest cloud point at 6 wt
%. This PIL exhibits very good stabilizing ability for carbon nanotubes in water,
whose dispersion state can be switched from dispersed to agglomerate and vice
versa by adding halide ions and increasing the temperature, respectively. The
crosslinked hydrogel of P[VBTP][Cl] also shows dual responsiveness toward both
halide ions and temperature.

Tenhu and coworkers also observed UCST-type phase behaviors of imida-
zolium- and DMAEMA-based polycations in aqueous solution in the presence of
both LiNTf2 and NaCl salts [248]. Moreover, there are also some reports of
amphiphilic block copolymers in the literature consisting of cationic/anionic

Fig. 6.18 Synthesis of [VBTP][Cl] monomer and P[VBTP][Cl] (reproduced from Ref. [247] with
kind permission of © 2016 Royal Society of Chemistry)
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polymer as one of the blocks. These block copolymers are able to self-assemble into
a range of 3-dimensional morphologies in aqueous solution, whose characteristics
and size can be readily tuned by the block copolymer’s chemical composition and
physical properties [249, 250].

O’Reilly and coworkers reported a BCP containing charged end group can
undergo a relatively fast and fully reversible transition between micelle and vesicle
morphologies (Fig. 6.20) [99]. Initially, the diblock copolymer PMA27-b-
PNIPAAm47 synthesized using sequential RAFT polymerization techniques
employing a “head-group” functionalized RAFT CTA. Here, the block copolymer
system studied employed a chain end functional charged “head-group,” to act as a
permanently hydrophilic group to stabilize the structures when the block copolymer
becomes completely hydrophobic above the LCST of the copolymer. Thus, at room
temperature, the amphiphilic block copolymer formed micelle and above the LCST,
vesicular morphology was created generating a tuneable and reversible morphology
switching copolymer system.

Li et al. [251] explored the improved thermoresponsiveness of PNIPAAm
hydrogels by using poly(sodium p-styrenesulfonate) (PSSNa), a strong anionic
polyelectrolyte (i.e., a permanently water soluble polymer); PSSNa was incorpo-
rated into PNIPAAm network as the blocky sub-chains. To achieve this, a

Fig. 6.19 Schematic representation of a of halide ion-induced soluble–insoluble and
temperature-induced insoluble–soluble UCST-type phase transition of aqueous P[VBTP][Cl]
solution. Inset show the FESEM image the aggregates of P[VBTP][Cl]. b Photographs of dual
responsiveness of P[VBTP][Cl]-stabilized MWCNT dispersion in water. c Crosslinked hydrogel of
P[VBTP][Cl]-40 K in H2O demonstrating salt and temperature-induced deswelling and reswelling
(reproduced from Ref. [247] with kind permission of © 2016 Royal Society of Chemistry)
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sequential RAFT polymerization approach was employed to access the blocked
PNIPAM networks. The morphologies of BCP networks were studied by means of
TEM and small-angle X-ray scattering (SAXS). The thermoresponsive properties of
the hydrogels were examined in terms of swelling, deswelling, and reswelling tests.
According to them, such improvement thermoresponse was attributable to the
formation of the PSSNa nanophases, which promoted the transportation of water
molecules into the crosslinked networks.

6.3 pH-Responsive Polymer Nanostructures

One other stimulus that has been explored extensively within the scientific com-
munity is the change of pH of the solution [36, 139, 252]. The incorporation of
ionisable monomer units containing –COOH/–NH2 into polymer backbones
enables pH-dependent phase transitions and solubility changes. pH-responsive
polymeric systems are polymers whose solubility, volume, configuration, and
conformation can be reversibly manipulated by changes in external pH [253, 254].
The adjustment in pH alters the ionic interaction, hydrogen bonding, and
hydrophobic interaction, resulting in a reversible microphase separation or
self-organization phenomenon. pH-responsive polymers have drawn attention as an
intelligent material, in drug delivery due to their abilities to sense changes and
rapidly stimulate structural or morphological responses [139, 255]. Such
pH-triggered delivery system could be achieved by the following: (a) incorporation
of pH-responsive moiety to the polymer structure; (b) destabilization of

Fig. 6.20 Thermally induced reversible micelle–vesicle switching for a charged amphiphilic
diblock copolymer (reproduced from Ref. [99] with kind permission of © 2011 Royal Society of
Chemistry)
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self-assembled polymeric aggregates; or (c) chemical conjugation of pH-liable
linkage between polymers and drugs [256, 257]. Herein, we categorized our dis-
cussion into two parts that based on pH-responsive non-ionic and ionic polymers.

6.3.1 Non-ionic Polymer Nanostructures

It is known that amphiphilic block copolymers, consisting of at least one block that
is hydrophilic and at least one block that is hydrophobic, undergo self-assembly
into polymeric nanostructurs in aqueous media to minimize the unfavorable inter-
actions between the hydrophobic block and the surrounding water. Introduction of a
pH-responsive functionality into an amphiphilic BCP capable of generating poly-
mer nanostructures responsive to pH. The core–shell pH-responsive microgel
particles containing PMMA core and poly(methacrylic acid-co-ethyl acrylate) P
(MAA-co-EA) shell crosslinked with di-allyl phthalate (DAP) have been synthe-
sized [258]. PMMA core was first synthesized through conventional seeded
emulsion polymerization, and the second pre-emulsified monomers and small
amounts of initiator were introduced slowly under monomer-starved feeding con-
ditions to grow the pH-responsive shell layer.

Other systems, such as those composed of poly(methacrylic acid) (PMAA) and
poly(N,N-diethylaminoethyl methacrylate) (PDEAM) chains, have recently been
reported [259]. In contrast to the PMAA or poly(acrylic acid) (PAA) based systems,
such latex was swellable at low pH due to the protonization of amino segments of
PDEAM. Polymer scaffolds bearing activated ester pentafluorophenylacrylate
(PFPA) groups were successfully synthesized by Doncom et al. utilizing RAFT
method [260]. The PFPA groups were easily substituted with N,N-diisopropy-
lethylenediamine and the RAFT end group modified with either a charged tertiary
amine acrylate or triethylene glycolmethyl ether acrylate, to achieve pH-responsive
block copolymers with the same backbone but different end-groups. These poly-
mers were self-assembled into vesicles at basic pH to and there was a morphology
transition to a micelle upon lowering the solution pH (Fig. 6.21). The large block
copolymers took longer to stabilize after a morphology switch than the smaller
block copolymers. In addition, the encapsulation and control release of a hydro-
philic dye, Rhodamine B, was demonstrated.

In another study, a series of pH-sensitive micelles were generated from poly
[(ethylene oxide)-b-glycerolmonomethacrylate-b-2-(diethylamino) ethylmethacry-
late] P(PEO–GMA–DEA) and poly[(ethylene oxide)-b-2-hydroxyethyl methacry-
late-b-2-(diethylamino)ethylmethacrylate] P(PEO–HEMA–DEA) triblock
copolymers [261]. These triblock copolymers were synthesized via ATRP of GMA
or HEMA followed by DEA monomers using a PEO-based macroinitiator. These
copolymers were totally soluble in water at low pH but deprotonation of the DEA
layers above pH 8 led to the formation of the three-layer micelles. At pH 8, the
micelle contained DEA cores with GMA or HEMA innershells and PEO chains as
the outer surface layer (corona). Selective crosslinking of the hydroxy-functional
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innershell was carried out with divinyl sulfone [DVS] under alkaline conditions
retaining the DEA at the core of the micelle resulting in SCL micelles. These SCL
micelles exhibited reversible pH-dependent swelling behavior upon protonation of
the DEA cores at low pH.

The same group also prepared a series of pH-responsive “schizophrenic”
AB-type diblock copolymers via ATRP that formed two types of micelles in
aqueous solution depending on pH [262–264]. The first diblock copolymer, P
(VBA-b-DEA), was comprising of 2-(diethylamino)ethyl methacrylate (DEA) and
4-vinyl benzoic acid (VBA) monomer unit [262]. They observed the formation of
both conventional micelles and inverted micelles from P(VBA-b-DEA) in aqueous
solution at ambient temperature, by controlling the solution pH (Fig. 6.22).
According to them, at low pH, VBA-core micelles were formed, but at high pH
DEA-core micelles were formed, and at neutral pH, the system precipitated from
the solution. In another work, a similar type of diblock copolymer, poly
[4-vinylbenzoic acid-b-2-N-(morpholino)ethyl methacrylate] P(VBA63-b-
MEMA123), was synthesized via ATRP (Fig. 6.23) [263]. This copolymer also
self-assembled into similar conventional micelles and inverted micelles at two
different pHs (Figure). The key to this behavior was in choosing the correct polymer
block, i.e., the use of PVBA (pKa *7.1) as one block and the other block, poly(2-
N-(morpholino)ethylmethacrylate) (PMEMA) (pKa of the conjugate acid *4.9)
ensured that precipitation did not occur during pH variation across the isoelectric
point.

In the literature, there are several other examples of polymeric system that
exhibits “schizophrenic” behaviors [56, 181, 265, 266]. One of such example

Fig. 6.21 (Top) Schematic representation of morphology change of the block copolymer with pH.
(Bottom left) Representative TEM image of self-assembled block copolymer at pH 1.75, stained
with uranyl acetate; (middle) DLS plot showing change in size with change in pH; (right)
representative TEM image of self-assembled block copolymer at pH 7.4, stained with uranyl
acetate (reproduced from Ref. [260] with kind permission of © 2012 Royal Society of Chemistry)
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involved poly(propylene oxide)-based (PPO) macroinitiator for the polymerization
of 2-(diethylamino)ethyl methacrylate (DEA) by ATRP technique in alcoholic
media at 55 °C [181]. The resulting P(PPO-b-DEA) diblock copolymer dissolved in
cold water at pH 6.5. DEA-core micelles were formed at 5 °C in mildly alkaline
solution (pH 8.5) and PPO-core micelles were obtained at pH 6.5 at elevated
temperatures (40 ± 70 °C).

Zhang and coworkers have developed an efficient way to achieve nanoparticle-
to-vesicle transition of an ABC-type triblock copolymer by in-to-out switch of the
pH-sensitive core-formingC block [267]. Awell-defined triblock copolymer, poly(N,
N-dimethylacrylamide)-b-polystyrene-b-poly[N-(4-vinylbenzyl)-N,N-dibutylamine]
(PDMA-b-PS-b-PVBA) was synthesized by seeded dispersion RAFT polymeriza-
tion, which self-assembled into corona–shell–core nanoparticles at a particular pH.

Fig. 6.22 Chemical structure of P(VBA60-b-DEA66) diblock copolymer and its pH-induced
“schizophrenic” micellization behavior in aqueous solution (reproduced from Ref. [262] with kind
permission of © 2002 Wiley-VCH)

Fig. 6.23 Schematic representation and chemical structure of P(VBA63-b-MEMA123) diblock
copolymer and its pH-induced “schizophrenic” micellization behavior in aqueous solution
(reproduced from Ref. [263] with kind permission of © 2003 American Chemical Society)
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They observed the nanoparticle-to-vesicle transition of this pH-sensitive ABC tri-
block copolymer to form unsymmetrical ABC triblock copolymer vesicles through
the in-to-out switch of the pH-sensitive core-forming C block.

It was found that the length of the core-forming C block of PVBA greatly affects
the morphology transition of the ABC triblock copolymer nanoparticles. The tri-
block copolymers of varying compositions, PDMA38-b-PS167-b-PVBA19 and
PDMA38-b-PS167-b-PVBA37, containing a short core-forming PVBA block, formed
nanoparticles with sizes 29 and 33 nm, respectively, whose sizes did not change
upon changing the pH of the solution suggesting no morphology transition of the
two triblock copolymers. Whereas, when the DP of the core-forming C block of
PVBA increased to 76, the nanoparticle-to-vesicle transition occurred and 39 nm
petal-like vesicles of PDMA38-b-PS167-b-PVBA76 with an etched shell were
formed. When the DP of the core-forming PVBA block increased to 114, the
nanoparticle-to-toroid transition occurred and the PDMA38-b-PS167-b-PVBA114

toroids with sizes ranging from 60 to 80 nm were observed. Interestingly, some of
the ABC triblock copolymer toroids were disjointed into worm-like rods.

Yang et al. have designed a series of amphiphilic 4- and 6-armed star triblock
copolymers based on poly(e-caprolactone) (PCL), poly(2-(diethylamino)ethyl
methacrylate) (PDEAEMA), and poly(poly(ethylene glycol) methyl ether
methacrylate) (PPEGMA) blocks. The star-armed polymer has been synthesized by
a combination of ROP and continuous activators regenerated by electron transfer
ATRP (ARGET ATRP) [268]. The star copolymers self-assembled to form micelles
in aqueous solution, which showed pH-responsive behavior owing to the tertiary
amine groups of DEAEMA. Upon changing the pH, one can protonate or depro-
tonate DEAEMA groups that eventually induce the swell or shrink of the formed
micelles (Fig. 6.24). As the pH decreased from 10 to 3, transmittance was almost
unchanged at lower concentrations of 0.1 and 1 mg/mL, but sharply increased at
concentrations of 10 mg/mL. The hydrodynamic diameter (Dh) and zeta potential
exhibited almost the same tendency, which slightly increased with the concentration
increased and increased rapidly as the pH decreased from 7 to 4 followed by a slight
decrease at pH < 4.

A simple, new, two-step method was introduced for preparing hollow
pH-responsive poly(methyl methacrylate-co-methacrylic acid) particles (Fig. 6.25).
The hollow particles swelled at moderate pH values, formed gels in concentrated
dispersions and can be disassembled by adding reducing agents. The pH-responsive
particles have enabled preparation of space filling gels with microporous
(inter-connected) porosity (Fig. 6.26). The main advantage is that these particles are
prepared without the use of small molecule surfactants [269].

Zhang and coworker have been constructed pH-dependent flexible nanostruc-
tures by the self-assembly of two kinds of hyperbranched polymers and then val-
idated its potency as the controllable siRNA/drug co-delivery vehicle for the
combination of chemotherapy with RNA interfering (RNAi) therapy [270]. They
have shown that pH-reversible phenyl boronate linking phenylboronic acid-tethered
hyperbranched oligoethylenimine (OEI600-PBA) and1,3-diol-rich hyperbranched
polyglycerol (HBPO) spontaneously interlinked together to form a core–corona
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nanostructure (Fig. 6.27). The special build-up of compactly clustering
OEI600-PBA units around hydrophobic HBPO aggregate offered significant
advantages over parent OEI600-PBA, including strengthened affinity to siRNA,
ability of further loading anticancer drug, easier cellular transport, and
acidity-responsive release of payloads. To evaluate the co-delivery capability,

Fig. 6.24 Schematic representation of micellization of 4 or 6 armed SPCL-b-PDEAEMA-b-
PPEGMA and pH-responsive behavior (reproduced from Ref. [268] with kind permission of ©
2013 Springer)

Fig. 6.25 Schematic representation of the two-step method used to prepare reversibly crosslinked
hollow pH-responsive particles (reproduced from Ref. [269] with kind permission of © 2011
Royal Society of Chemistry)
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Beclin1 siRNA and antitumor DOX were used as the therapeutic models in order to
suppress the post-chemotherapy survival of tumor cells caused by drug-induced
autophagy. The nanoassembly-mediated co-delivery of siRNA together with DOX
can effectively silence Beclin1 gene, suppress DOX-induced autophagy, and con-
sequently provide strong synergism with a significant enhancement of cell-killing
effects in cultured cancerous cells. The in vivo combinational treatment was shown
to make the tumor more sensitive to DOX chemotherapy while displaying sub-
stantially improved safety as compared with the monochemotherapy.

Fig. 6.26 a SEM images of reversibly crosslinked poly(MMA-co-MAA/Cyst) particles.
b Swelling of a particle after exposure to high pH water (time shown in seconds) (Reproduced
from Ref. [269] with kind permission of © 2011 Royal Society of Chemistry)

Fig. 6.27 Structural illustration of HBPO-(OEI600-PBA)10 nanostructured assembly and its
typical TEM image (reproduced from Ref. [270] with kind permission of © 2015 Elsevier)
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6.3.1.1 POSS-Based pH-Responsive Polymer Nanostructures

As we mentioned above in the section of POSS-based thermoresponsive polymer,
the responsive nanostructures made up of inorganic/organic hybrid polymer con-
taining POSS have gained lot of attention recently. Furthermore, responsive
polymeric micelles have been widely studied because of their potential use in
nanocontainers and nanocarriers. A tadpole-shaped inorganic/organic hybrid con-
taining poly(tert-butyl acrylate) (PtBA) was prepared by RAFT polymerization
using a POSS-containing chain transfer agent (CTA) [271]. POSS-PtBA was further
hydrolyzed into amphiphilic, tadpole-shaped POSS-poly(acrylic acid) (POSS-PAA)
hybrid nanostructures. The self-assembly of POSS-PAA in aqueous solution at pH
8.5 resulted in the formation of a simple core–shell micellar nanostructures with
POSS molecules as the core and PAA as the shell (Fig. 6.28). Apparently, micellar
aggregates were formed where the POSS moieties are dispersed in the particle. The
aggregates were pH-responsive, and the size contraction occurred upon decreasing
the pH from 8.5 to 4.

Ma et al. [272] have developed a POSS end-capped PDMAEMA
(POSS-PDMAEMA) organic/inorganic hybrid polymer, a stimuli-responsive (both
pH and salt) hybrid synthesized via ATRP technique. The POSS-PDMAEMA
hybrid molecules self-assembled into a single unit micelles with the POSS mole-
cules forming a crystal core and the PDMAEMA chains stretching as a corona in
aqueous solution. The unit single micelles were then acting as building blocks to
reversibly form a hierarchical micelle-on-micelle structure (complex micelle) under
external stimuli (Fig. 6.28).

6.3.2 pH-Responsive Ionic Polymer Nanostructure

There are only very few recent reviews that discussed different aspects of
pH-responsive ionic polymers [216, 273]. As mentioned above, ionic polymers can
be classified as polyelectrolyte, polyzwitterions, poly(ionic liquid)s, etc. Thus, we
have separately discussed these different types of ionic polymers in terms of their
pH-responsive nanostructure formation in this chapter below.

6.3.2.1 Zwitterionic Polymer Nanostructures

As mentioned above, polyzwitterions can be categorized into two groups
(a) polyampholytes and (b) polybetaines. In these types of polymers, the
pH-responsiveness arises due to the presence of ionizable cationic or anionic
functional groups of zwitterions.
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Polyampholytes

Polyampholytes, i.e., the copolymers of anionic and cationic monomers could form
a homogeneous solution when dissolved in acidic or alkaline solution to achieve a
high charge asymmetry, characteristic of common polyelectrolyte. However, the
phase transition from a solution to an emulsion could be triggered by adjusting the
pH around its isoelectric point (IEP), in which there is no net charge in polyam-
pholytic chain [226, 274]. The typical polyampholytes, including poly(acrylic
acid)-co-poly(vinylpyridine) (PAA-co-PVP) and poly(acrylic acid)-co-poly((N,N-
dimethylamino)ethylmethacrylate) (PAA-co-PDMAEMA), have been intensively
investigated for a detailed understanding on their phase transition behavior and
conformational change in solution [226, 274–276]. Liu et al. [262] have demon-
strated a new zwitterionic AB diblock copolymer that undergoes spontaneous
self-assembly in aqueous solution at ambient temperature to form both micelles and
reverse micelles, simply by switching the solution pH, which has been discussed
above in detail in Sect. 6.3.1. It should be mentioned here that the P(VBA-b-DEA)
diblock copolymer is a more hydrophobic analog of the extensively reported
ampholytic poly(2-(dimethylamino)ethyl methacrylate)-b-(methacrylic acid))

Fig. 6.28 Schematic representation of self-assembly of POSS-PDMAEMA hybrid molecules in
aqueous solution at different pH and salt concentration. TEM images of self-assembled micelles of
POSS-PDMAEMA in aqueous solution of varying pH values a pH 3.0 to b pH 9.0 and with c 140
and d 70 lL of 1 M NaCl in 2 mL of aqueous POSS-PDMAEMA solution (reproduced from Ref.
[272] with kind permission of © 2011 American Chemical Society)
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(PDMAEMA-b-PMA) diblock and poly(2-(dimethylamino) ethyl methacrylate)-b-
(methyl methacrylate)-b-(methacrylic acid)) (PDMAEMA-b-PMMA-b-PMA) tri-
block copolymers [277–286]. In these cases, a series of diblcok PDMAEMA-b-
PMA and triblock PDMAEMA-b-PMMA-b-PMA copolymers of varying compo-
sitions have been synthesized by Patrickios et al. [285] via group transfer poly-
merization (GTP). These block polymers showed a strong tendency to precipitate
near the isoelectric point. The presence of the hydrophobic block (PMMA) in the
triblock copolymer resulted in formation of micelles in water.

Later on, Chen and coworkers reported that the structure of the micelles is such
that the hydrophobic PMMA block is always in the center of the micelle, irre-
spective of the net charge born by the other ionic blocks in the triblock copolymer.
Thus, if the PMMA block is between the acid and basic blocks, the micelle
diameter is restricted to be about the copolymer contour length, while if the PMMA
block is at the end of the molecule, the micelle radius is determined by the polymer
contour length [277]. In this connection, it is worthy to mention that Armes and
coworkers also synthesized zwitterionic poly(2-(dimethylamino)ethyl methacrylate-
b-methacrylic acid) (PDMAEMA-b-PMAA) copolymers by group transfer poly-
merization [283, 284]. They further demonstrated that these copolymers underwent
reversible micellization in aqueous media as examined through DLS and variable
temperature 1H NMR spectroscopy [283, 284].

In an another work, Armes and coworkers first synthesized poly(2-(dimethyla-
mino)ethyl methacrylate-b-2-tetrahydropyranyl methacrylate) (PDMAEMA-b-
PTHPMA) diblock copolymer precursor, which upon hydrolysis readily converted
into ampholytic poly(2-(dimethylamino)ethyl methacrylate-b-methacrylic acid)
(PDMAEMA-b-PMAA) block copolymer [287]. Depending on the reaction
sequence, two types of zwitterionic SCL micelles were generated from the
PDMAEMA-b-PTHPMA block copolymer precursors using the 1,2-bis-
(2-iodoethoxy)ethane (BIEE) crosslinker (Fig. 6.29). For the synthesis of the
Type-I SCL micelles, which have anionic PMAA cores and cationic PDMAEMA
coronas, conventional micelles of the PDMAEMA-b-PTHPMA precursor were
initially prepared in aqueous solution using 5 vol% THF followed by its hydrolysis
with HCl. PDMAEMA-b-PMAA copolymer self-assembled into micelles with
PDMAEMA cores and PMAA coronas, which upon crosslinking with BIEE pro-
duced Type-II SCL micelles (cationic cores and anionic coronas) [287]. In contrast,
the P(VBA-b-DEA) diblock copolymer reported here to form compact,
well-defined PVBA-core micelles at low pH and PDEA-core micelles at high pH
[262].

Polyzwitterion

Among the different biomimetic zwitterionic groups, such as functional groups of
phosphorylcholine (PC), sulfobetaine (SB), and carboxybetaine (CB), CB group is
found to be pH-responsive due to the simultaneous presence of the positive qua-
ternary amine group and the negatively charged carboxylate group in the each
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repeating unit. Zwitterionic polycarboxybetaine materials have attracted noticeable
interest for biomedical applications, such as wound healing/tissue engineering [288,
289], medical implants [290], and biosensors [291, 292], due to their excellent
antifouling properties and design flexibility. Antifouling materials with buffering
capability are particularly useful for many biomedical applications.

A pH- and salt-responsive carboxybetaine monomer, 4-(N,N-diallyl-N-methy-
lammonio)-butanoate (DAMAB), was first prepared and then cyclocopolymerized
with the cationic monomer N,N-diallyl-N,N dimethylammonium chloride
(DADMAC) in 0.5 M NaCl aqueous solution (pH 7.0) using 2-hydroxy-1-[4-
(hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959) as the free radical
photoinitiator [216]. As per their report, the formed copolymer, PDAMAB-co-
PDADMAC with a large excess charge exhibited typical polyelectrolyte behavior,
while those with balanced charge exhibit “antipolyelectrolyte” behavior reported
for zwitterionic copolymers. Unlike solutions of sulfobetaine-containing polymers
[293], PDAMAB-co-PDADMAC remains soluble in water at very low ionic
strength even up to 100% incorporation of PDAMAB block. Additionally, the
solution of PDAMAB-co-PDADMAC exhibited a pH-dependent viscosity.
PDAMAB-co-PDADMAC copolymers with more than 28 mol% of PDAMAB
block showed viscosity responsiveness between pH values of 2.5 and 4.5. The
maximum pH response was achieved for the solution of PDAMAB-co-PDADMAC
containing 37 and 56 mol% of the PDAMAB block containing carboxybetaine
monomer.

Zhang et al. [294] prepared five different polycarboxybetaines brushes, including
one polycarboxybetaine methacrylate (polyCBMA) and four polycarboxybetaine

Fig. 6.29 Reaction scheme for the synthesis of Type-I and Type-II zwitterionic SCL micelles.
The same block copolymer precursor and crosslinking reagent (BIEE) was used in each route
(reproduced from Ref. [287] with kind permission of © 1999 American Chemical Society)
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acrylamides (polyCBAAs), with different spacer groups from gold surface covered
with initiators using surface-initiated ATRP technique. This polymer-coated gold
surface was then incubated with fibrinogen, and their adsorption was measured as a
function of ionic strengths and pH values using surface plasmon resonance sensors.
The responsive protein adsorption on four polyCBAAs brushes was mapped out.
Their results showed that most of these surfaces exhibited high protein resistance in
a wide range of ionic strengths and are more effective than zwitterionic
self-assembled monolayers. Although the protein adsorption tends to increase at
low ionic strength and low pH value, it is still very low for polycarboxybetaines
with a methylene, an ethylene, or a propylene spacer group but is more evident for
polyCBAA with a longer spacer group (i.e., a pentene group). The responses to
ionic strengths and pH values can be attributed to the antipolyelectrolyte effect and
protonation/deprotonation properties of polycarboxybetaines, respectively. It has
been believed that since sulfonic acid is a strong acid, no hydrolysis or association
occurs for aqueous polysulfobetaine systems. Consequently, pH-sensitive proper-
ties could only exist in aqueous polycarboxybetaines systems, and it was absent or
rather weak at least, in aqueous polysulfobetaine systems [295, 296]. However,
several research groups have systematically investigated the pH-sensitive properties
of aqueous polysulfobetaine systems. It was revealed then that even aqueous
polysulfobetaine systems can exhibit a series of pH-sensitive solution properties
[286, 297].

In continuation with polycarboxybetaines, Thayumanavan et al. have been
reported a one-pot synthesis of acrylamide-based zwitterionic amphiphilic
homopolymers with hydrophilic and hydrophobic components placed orthogonally
in every repeat unit (Fig. 6.30) [298]. Here, they have introduced glycinebetaines

(c)

(d)

Fig. 6.30 Schematic representation of solvent dependent self-assembled aggregates formation of
zwitterionic amphiphilic polymers. Inset shows the TEM images of the micellar and inverse
micellar assemblies (reproduced from Ref. [298] with kind permission of © 2015 Royal Society of
Chemistry)
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unit as charge-neutral, zwitterionic, hydrophilic moieties in amphiphilic
homopolymers. Due to the presence of zwitterionic hydrophilic glycinebetaines
component in the polymer, it reversibly switched between cationic, zwitterionic,
and anionic forms depending on the pH of the solution. These zwitterionic poly-
mers spontaneously self-assembled into micelle-like and inverse micelle-like
assemblies depending on the solvent environment and act as hydrophilic and
hydrophobic nanocontainers in apolar and polar solvents, respectively (Fig. 6.30).
Moreover, they have shown pH-responsive surface charge and size variations of the
micelles.

Recently, Cheng and coworkers designed and synthesized an integrated zwit-
terionic polymeric material, poly(2-((2-hydroxyethyl)(2-methacrylamidoethyl)am-
monio)acetate) (PCBMAA-1T), to investigate its many interesting properties such
as antifouling, switchability, and buffering capability [299]. A tertiary amine was
used to replace quaternary ammonium as the cation to endow the materials with
buffering capability under neutral pH (Fig. 6.31). The tertiary amine cation does not
compromise antifouling properties of zwitterionic materials. The amount of
adsorbed proteins on PCBMAA-1T polymer brushes is less than 0.8 ng/cm2 for
fibrinogen and 0.3 ng/cm2 (detection limit of the surface plasmon resonance sensor)
for both undiluted blood plasma and serum. It was reported that the tertiary amine
was favorable to obtain good lactone ring stability in switchable PCB materials.
Titration study showed that PCBMAA-1T could resist pH changes under both
acidic (pH 1–3) and neutral/basic (pH 7–9) conditions. To the best of our knowl-
edge, such an all-in-one material has not been reported earlier. We believe this
material can be potentially used for a variety of applications, including tissue
engineering, chronic wound healing, and medical device coating.

Fig. 6.31 Switchable charged state of CBTAA-1 in different conditions (reproduced from Ref.
[299] with kind permission of © 2015 American Chemical Society)
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Amino Acid-Based Zwitterionic Polymer

Incorporation of biologically active amino acid moieties into the polymer main
chain or side chain induces better biocompatibility of the resulting biopolymers
[300]. This has drawn to the focus of polymer scientists in recent times for syn-
thesizing stimuli-responsive amino acid-based polymer architectures [301, 302]. In
these cases, the pH-responsiveness arises due to the presence of ionisable zwitte-
rionic functional groups (–COOH and –NH2) of amino acids. Although, zwitteri-
onic amino acid-based polymers are interesting, but are less investigated class of
ionic polymers [303, 304]. There are some excellent recent reviews discussing the
developments of amino acid-based polymers with stimuli-responsive properties
[305–307]. Furthermore, several different zwitterionic polymers based on lysine,
cysteine, ornithine, aspartic acid, and glutamic acid have been developed and
investigated their potential protein and bacterial resistivity [303, 308–310].

Recently, Liu et al. [311] have reported synthesis of zwitterionic poly(serine
methacrylate) brushes from gold surface via a surface-initiated
photoiniferter-mediated polymerization with good antifouling property which has
comparable protein resistivity with zwitterionic poly(sulfobetaine). Lu et al. [312]
have designed a L-histidine-based zwitterionic polymer which exhibited soluble–
insoluble phase transition depending upon pH of the solution in addition to its
antiprotein-adsorptionability. Furthermore, there is another report of synthesis of
two different types of methacrylic polybetaines bearing trans-4-hydroxy-L-proline
connected via its hydroxyl group, one with an aliphatic spacer of 6 carbon atoms
and the other without any spacer [313]. These two polyzwitterions showed pH
sensitivity in aqueous media having an isoelectric point (IEP) close to 3. Swelling
of networks prepared from these two monomers exhibited reversible pH sensitivity;
the largest the pH distance from the IEP, the higher the net charge (positive or
negative) and the higher the swelling. At basic pH and an ionic strength of 0.15,
maximum swelling degrees of around 11 and 24 (water/gm of polymer) have been
found for these systems with and without spacer, respectively [313].

Our group had reported a L-lysine-based zwitterionic polymer which showed Cu
(II) ion-induced pH-responsive nanogel aggregate formation [314]. A convenient
and water-based approach was described for the synthesis of an L-lysine-based
zwitterionic polymer, poly(e-L-lysinyl acrylamide) (PLAM), by conventional rad-
ical polymerization technique. PLAM contained both amine and carboxylic acid
groups in each repeating unit, which can either be protonated or deprotonated just
by altering the pH of the solution to obtain overall positive or negative charge in the
polymer chain. PLAM is tested for its applicability as a zwitterionic polymeric
buffer in water. Spherical nanogel aggregates were formed at pH 9.5 due to
aggregation of PLAM through its complexation with Cu(II) ion. Spherical aggre-
gates appeared to dissociate via breaking of the complexation at a pH < 5.5
resulting in molecular dissolution of PLAM. The aggregation process was
pH-reversible. The Cu(II)–PLAM aggregates are used as a template for generations
of CuO and CuS nanoparticles (Fig. 6.32) [314].
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Furthermore, we have extended this approach to synthesize L-serine-based
zwitterionic polymers, poly(L-serinyl acrylate)s, which exhibited an interesting
dual-responsive behavior with respect to pH and temperature in aqueous solution
[315]. The details of this responsive system will be discussed in the Sect. 6.10.1.

Poly(ionic liquid) Nanostructures

Another important class of ionic polymer is the PILs. Recently, our group has
demonstrated pH-dependent self-aggregation behavior of an imidazolium-based
PIL hybrids [316]. Here, we have synthesized semitelechelic POSS-poly(vinyl
imidazole) (POSS-PVim) hybrid via simple radical polymerization technique using
thiol-functionalized POSS as initiator as well as chain transfer agent (Fig. 6.33).
Amphiphilic POSS-PVim hybrid molecules self-assembled into primary micelles in
water as well as in DMF. These primary micelles further aggregated into hybrid
nanospheres in an aqueous solution of pH 6. It was observed that there was a
complete transformation of morphology from spherical aggregates to large cube,
pyramid, and even chain-like aggregates composed of polygons with delicate
variation of solution pH. It was proposed that such higher order aggregated

Fig. 6.32 Schematic illustration of Cu(II)-induced aggregation of PLAM into nanogel spheres at
pH 9.5, its pH response and generation of CuO and CuS nanoparticles [PLAM] = 0.1 wt%
(Reproduced from Ref. [314] with kind permission of © 2013 Wiley-VCH)
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structures were formed due to the ionic secondary interactions among the polymer
in the outer layer of the spherical primary micelles. Surprisingly, it was also found
that the addition of Zn(II) ion in the solution of POSS-PVim hybrid produced
dendritic nanostructures composed of primary spherical micelles. Furthermore, two
different POSS-PIL hybrids are prepared by post-modification of pendent imidazole
groups of PVim block of POSS-PVim hybrid with different 1-bromoalkanes of
varying chain lengths. POSS-PIL hybrid molecules also self-aggregated in water to
generate cubic hybrid nanostructures (Fig. 6.34). The combined zeta potential and
XRD analyses provided further evidence in favor of secondary aggregation of
initially formed spherical primary micelles.

Fig. 6.33 Synthetic scheme for preparation of semitelechelic POSS-PVim hybrid and POSS-PIL
hybrids (reproduced from Ref. [316] with kind permission of © 2015 Elsevier)

Fig. 6.34 Schematic representation of self-aggregation of semitelechelic POSS-PVim hybrid into
nanostructures of different shapes under different conditions and their typical TEM images
(reproduced from Ref. [316] with kind permission of © 2015 Elsevier)
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Recently, a new pH-sensitive PIL has been designed by Matini and coworker
[317], through incorporating pH-responsive imidazolic units at varying distance in a
polymer backbone to generate materials that can be tuned to exploit specific local
conditions for therapy. Variation in comonomer content, molar mass, and block
ratios/compositions affected the pH-responsiveness of this PIL. As a result, the PIL
molecules were undergone reversible self-assembly into either micelles and/or
polymersomes (Fig. 6.35). These transitions can be tuned to achieve environmental
responses in a pH range from 5 to 7, as shown by turbidimetric analysis, NMR, and
dynamic light scattering measurements (DLS). Further characterization by TEM
indicated that polymersomes with diameters of 100–200 nm can be formed under
certain pH ranges where the weakly basic side-chains were deprotonated. The
ability of the systems assembled with these polymers to act as pH-responsive
containers was shown by DNA encapsulation and release studies, and their
potential for application as vehicle for drug delivery was proved by cell metabolic
activity and cell uptake measurements.

In another study, the hydrophobically associating cationic polyacrylamides
(C-HAPAM), containing a major part of hydrophilic polyacrylamide backbones and
a minor part of ionic hydrophobic groups, i.e., N,N′-dimethyloctadeyl allyl
ammonium chloride (DOAC), were synthesized via free radical polymerization by
Lu et al. [318]. They have investigated the self-assembling behaviors of the
C-HAPAM molecules in water under different concentrations and pH values [318].
The critical aggregate concentration (CAC) for C-HAPAM was about 0.42 wt%
and a solution-sol–gel transition has been observed for C-HAPAM aqueous solu-
tions with increasing concentration. Rheological tests demonstrated a pH-reversible
sol–gel transition when the pH was regulated from its original value of 7.45 to the
weak alkaline value of 9.87 by adding NaOH and then switched back to 5.28 by

Fig. 6.35 Self-assembly of pH-responsive triblock copolymers. Deprotonation of the central
imidazole-containing blocks above a critical pH ranges causes self-association of hydrophobic
components and formation of polymer nanoparticles. Assembly of nanoparticles in the presence of
short DNA strands results in encapsulation of nucleic acids, which can be released subsequently by
a pH switch (reproduced from Ref. [317] with kind permission of © 2014 Royal Society of
Chemistry)
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adding HCl. The sol–gel transition was actually attributed to the fiber-network
aggregate structure transition as shown by SEM, AFM, and DLS analyses. The
mechanism of above-mentioned pH-responsive self-assembling behavior was
explained by the remarkable counter ion effect of OH−. Specifically, they proposed
that the OH− ion was additionally capable of H-bonding with surrounding water
molecules which promoted the solvation of C-HAPAM and induced thick hydration
layer. The strong counterion effect of OH− ion and the inter-molecular hydrophobic
association interactions of C-HAPAM collectively triggered the formation of joints
and hence the network structure transition, i.e., sol–gel transition.

6.4 Light-Responsive Polymer Nanostructures

The polymeric materials responsive to external stimuli such as light has attracted
much attention since light can be localized in time and space and can be applied
from outside of the system [144]. Indeed, photo processes usually start or stop when
the light is switched on or off and generates only very limited amount of byproducts
as there are no additional reactants [39]. In addition to this, a lot of parameters such
as wavelength as well as intensity of light can also be tuned for achieving good
control over the reaction. In these contexts, the wavelength of light ranging from
hard UV right up to the deep infrared can be applied that allow a high diversity in
tuning the light-responsive polymer system which cannot be offered by any other
stimulus. The use of light as an external stimulus to control the properties of
polymer nanostructures such as micelles, vesicles has started being mostly
exploited since 2004. Developing polymer systems that can undergo
micellization/demicellization upon light irradiation is an attractive idea that would
allow external control of drug encapsulation and release.

Different kinds of photochromic units shown in Fig. 6.36 such as o-nitrobenzyl
[319], azobenzene [320], coumarinyl [321], pyrenylmethyl [322], spiropyran [323]
spirooxazine [324], and fulgide [53] can be introduced into the polymers or block
copolymers of different amphiphilicity to make them photoresponsive. The first
demonstration of photocontrollable nanostructured polymeric micelles was reported
in 2004 by Zhao and coworkers [325]. Since then, there has been growing interest
in designing and developing polymer nanomaterials whose aggregation states and
functions can be controlled by light irradiation. Matyjaszewski and coworkers
showed that the light can be employed as an effective tool to release encapsulated
substance from light-responsive block copolymer micelles [326].

Zhao et al. [327] recently wrote an excellent review on different types pho-
toresponsive polymer and block copolymer systems. As compare to other stimuli,
light enables more temporal and positional control over photoprocess, and we can
trigger the secondary structure formation, function, and properties of polymer
systems simply by shining light from outside of the system; these materials have
potential application in diverse field including light triggered controlled delivery of
drugs, “smart” optical systems, biosensors, and responsive coatings. Here, we
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should mention that even one light-responsive unit can be sufficient to influence the
properties of the whole polymer chain within a light-responsive polymer system
[328]. The summary of different photosensitive groups that have been incorporated
so far into the polymer and block copolymer systems as well as their potential
applications are discussed in the following section.

6.4.1 o-Nitrobenzyl Functional Group Containing Polymer
Nanostructures

In this regard, o-nitrobenzyl ester (NBE) is a promising class of photoresponsive
group and is used diversely in synthetic polymers or block copolymers to make
them photosensitive. Photolysis of o-nitrobenzyl moieties proceeds irreversibly via
Norrish II type intra-molecular rearrangement (Fig. 6.37) in the presence of UV
light of wavelength 365 nm as well as near infrared light of wavelength 700 nm,
and it does not require any solvents [329]. Zhao and coworkers are the first to
describe how to obtain a photosensitive amphiphilic block copolymer containing o-
nitrobenzyl ester (NBE) functionality [319]. They used ATRP technique to syn-
thesize diblock copolymer with PEO as a hydrophilic block and a hydrophobic
block of poly(2-nitrobenzylmethyl methacrylate) (PNBMA) (Fig. 6.38). As shown
in Fig. 6.38, the block copolymer self-aggregated into well-dispersed spherical
micelles in an aqueous medium. Upon UV irradiation (k = 350 nm), the photo-
cleavage of the PNBMA block of the PEO-b-PNBMA BCP takes place, and that
leads to the formation of the doubly hydrophilic poly(ethylene oxide)-b-poly
(acrylic acid) (PEO-b-PAA) BCP causing the rupture of core–shell micelles
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Fig. 6.36 Chemical structures of photoresponsive functional groups
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(Fig. 6.38), and the release of the encapsulated guest molecules have been
observed.

We have also involved in designing photoresponsive block copolymer. We have
prepared a novel amphiphilic BCP namely poly(2-ethyl-2-oxazoline)-b-poly
(2-nitrobenzyl acrylate) (PEtOx-b-PNBA) via combination of microwave-assisted
cationic ring-opening polymerization CROP and ATRP [330]. The amphiphilic
nature of this BCP causes them to self-assemble into primary micelles in THF/H2O,
which further undergo secondary aggregation into nanostructured micellar
agglomerates (Fig. 6.39). Upon UV light (k = 360 nm) irradiation, the photolysis
reaction of 2-nitrobenzyl ester group takes place which results in the cleavage of
2-nitrosobenzaldehyde from the polymer, which transformed the hydrophobic
PNBA into the hydrophilic poly(acrylic acid) (PAA) and triggered the micellar
dissociation (Fig. 6.39). Photocontrolled release of a loaded hydrophobic dye, Nile
Red (NR), from an aqueous micellar solution of PEtOx-b-PNBA upon UV light
irradiation was investigated by monitoring the fluorescence emission of NR
(Fig. 6.39). As a result of the photocleavage of NBE moiety of PNBA block upon
UV irradiation, there was a disruption of NR-loaded BCP micelles/micellar
agglomerates, consequently leading to the release of NR from hydrophobic micellar
core to water medium outside the micelles. However, the NR is insoluble in water,
which results in the decrease of the fluorescence intensity of NR present inside the
micellar core with increasing UV irradiation time that, in turn, proves the release of
NR dye (Fig. 6.39).

As mentioned above that even one light-responsive unit can be sufficient to
influence the properties of the whole polymer chain. In this context, Kang and
Moon described the synthesis of an easily cleavable polystyrene-b-poly(ethylene
oxide) (PS-ONB-PEO) block copolymer by ATRP technique in which a

Fig. 6.37 Photoisomerization mechanism of o-nitrobenzyl alcohol derivatives into o-nitrosoben-
zaldehyde and carboxylic acid

6 Responsive Polymer Nanostructures 225



photochemically sensitive o-nitrobenzyl (ONB) group was installed as a linker
(Fig. 6.40) [331]. According to their report, the BCP cleaved into individual PS
block and PEO block upon exposure to UV light at 350 nm in solution (Fig. 6.40).
Cleavage upon irradiation with UV light was also shown to be successful in solid
state. The as-cast PS-ONB-PEO film showed vertically aligned cylindrical mor-
phology which transformed completely into nanoporous structure after UV light
irradiation followed by washing with MeOH/H2O (Fig. 6.40).

Recently, Fustin and coworkers developed a more versatile synthetic route using
one pot combined ATRP and “click” reaction techniques to prepare a series of
BCPs such as PEO-ONB-PS, poly(ethylene oxide-ONB-poly(tbutyl acrylate) (PEO-
ONB-PtBA), and polystyrene-ONB-poly(methyl methacrylate) (PS-ONB-PMMA),
with narrow dispersities containing a single photocleavable ONB junction
(Fig. 6.41) [332]. Photocleavage of this diblock copolymer by UV light
(k = 300 nm) was demonstrated for PEO-ONB-PS in solution to be complete after
15 min, as proven by size-exclusion chromatography (SEC) and UV-visible
spectroscopy (Fig. 6.41). Their synthetic procedure avoids the preparation of a
macroinitiator (PEO-ONB-Br in Fig. 6.40), which is often more difficult to syn-
thesize than small molecule initiators (Fig. 6.41).

Fig. 6.38 Chemical structure and photocleavage reaction of o-nitrobenzyl group containing
amphiphilic BCP (a); schematic representation of controlled release of an encapsulated guest
molecule as a result of the photoinduced dissociation of the polymer micelle (b) and SEM images
revealed the formation of core-shell micelles from aqueous BCP solution before irradiation and the
disappearance of the micelles after 20 min of UV irradiation (c) (reproduced from Ref. [319] with
kind permission of © 2006 American Chemical Society)
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Coughlin and coworkers extended this synthetic strategy to prepare PS-ONB-
PEO containing single photocleavable ONB junction (Fig. 6.42) by the combina-
tion of RAFT polymerization and a subsequent intermacromolecular azide-alkyne
“click” reaction, providing more flexibility in synthesis of photocleavable block
copolymers [333]. A highly ordered thin film was prepared from this photocleav-
able BCP and after photoetching the resulting nanoporous film was used to prepare
highly ordered array of silica nanodots by the treatment of PDMS and oxygen
plasma (Fig. 6.42). This was the first example of preparation of silica nanostruc-
tures from a photocleavable polymer template. Block copolymers having photo-
cleavable junction recently attracted much attention toward research community to
prepare nanoporous thin films for nanopatterning, separation membranes, and
sensors.

Apart from the fabrication of well-ordered nanoporous thin film application,
block copolymers with a ONB junction also have some use in the

Fig. 6.39 Schematic representation of the photocleavage of o-nitrobenzyl group containing
amphiphilic PEtOx-b-PNBA BCP (a); Schematic representation for self-aggregation of BCP into
unit micelles/micellar agglomerates and its UV-induced disruption (b); Fluorescence emission
spectra of NR encapsulated aqueous micellar solution of PEtOx-b-PNBA BCP upon UV light
irradiation for different times. Fluorescence emission of NR gradually decreases due to the release
of NR molecules from BCP micellar core into water (c) and FESEM image showing the
self-assembly of PEtOx-b-PNBA BCP into micellar agglomerates before UV irradiation and
disruption of micellar association after 45 min of UV irradiation in THF/H2O mixture
(d) (reproduced from Ref. [330] with kind permission of © 2016 American Chemical Society)
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encapsulation/release of guest molecules through, for example, a
polymersome-micelle transition. In this regard, Meier and coworkers reported the
synthesis of a new amphiphilic BCP, poly(c-methyl-e-caprolactone)-ONB-poly
(acrylic acid) (PmCL-ONB-PAA), with a ONB junction by ring-opening poly-
merization and ATRP techniques [334]. Here, a dual initiator based on ONB was
synthesized and used for the preparation of doubly hydrophobic poly(c-methyl-e-
caprolactone)-ONB-poly(tbutyl acrylate) (PmCL-ONB-PtBA) (by sequential
ring-opening polymerization (ROP) of mCL and ATRP of tBA (Fig. 6.43).
Afterward, the PtBA block was hydrolyzed, resulting in the formation of amphi-
philic diblock copolymer and PmCL-ONB-PAA (Fig. 6.43).

The amphiphilic BCPs were shown to self-assemble into different nanostructures
including micelles and vesicles that can be degraded by light, as demonstrated by a
decrease in the size of the aggregates after UV irradiation (Fig. 6.44). These BCP

Fig. 6.40 Synthesis and photolysis of PS-ONB-PEO BCP by UV light irradiation (350 mn) (a);
AFM image (A) of PS-ONB-PEO BCP (23.7-b-5.0 K) films (thickness = 43 nm) spin-coated onto
silicon wafers and solvent annealed for 2 h in benzene/water mixed solvent and SEM image (B) of
the nanoporous PS thin film resulting from photocleavage and selective solvent removal
(methanol/water) of PEO phase. A side view (45°) is shown in the inset image of B
(b) (reproduced from Ref. [331] with kind permission of © 2008 American Chemical Society)
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systems can be applied as efficient light-responsive nanocarriers for hydrophilic as
well as hydrophobic guest molecules.

PCL-based BCP having an ONB photocleavable junction have also been
investigated by Nojima et al. They synthesized a PS-ONB-PCL diblock copolymer
with an ONB-based junction. They clearly showed that this synthesized BCP
possesses a nanostructured cylindrical morphology and the crystallization behavior
of the PCL chains behaves very differently before and after irradiation with UV
light, as a result of the cleavage of the PCL chains [335]. An alternative synthetic
strategy was reported by Zhao and his coworkers where they incorporated a pho-
todegradable polyurethane block (PUNB) in the middle of an amphiphilic triblock
copolymer, PEO-b-PUNB-b-PEO (Fig. 6.45) [336]. Here, the short polyurethane
middle block was composed of multiple ONB units that allowed a fast pho-
todegradation of the micelles in solution (Fig. 6.45). The release of a model
hydrophobic guest, Nile red (NR) from aqueous BCP micellar solution upon
photoinduced disintegration of the micelle core was also investigated in this study.

However, light-responsive BCP has been largely used for micelle disruption and
drug release but only few examples of light-induced micellization have been
reported [325, 326]. Gohy and his coworkers reported a different synthetic approach
to synthesize ONB group containing BCP composed of a poly

Fig. 6.41 Synthesis of block copolymers with a photocleavable junction between the blocks by
one-pot simultaneous ATRP–CuAAC “click” reaction techniques (a); products obtained after
photoirradiation of such block copolymers (b) and SEC traces of starting PEO-N3 block, PEO-
ONB-PS before UV irradiation and PEO-ONB-PS after UV irradiation (c). SEC traces of BCP
shifted to the higher retention after UV irradiation indicating the occurrence of photocleavage
(reproduced from Ref. [332] with kind permission of © 2010 Royal Society of Chemistry)
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(4,5-dimethoxy-2-nitrobenzyl acrylate) block and of a polystyrene block
(PDMNBA-b-PS) [337]. This BCP has been synthesized by grafting a derivative of
4,5-dimethoxy-2-nitrobenzyl onto poly(acrylic acid)-b-polystyrene precursor
copolymers (PAA-b-PS) prepared by ATRP. Upon light illumination, cleavage of
the side chromophores takes place, and consequently, PDMNBA block is turned
into a fully hydrophilic PAA block which is insoluble in the chloroform)
(Fig. 6.46). Self-assembly of PAA-b-PS thus takes place, forming micelles made of
a PAA core and a PS corona (Fig. 6.46). In addition, they have also demonstrated
the ability of their system to act as a trapping agent by the encapsulation of cou-
marin 343 into the micellar core produced during the irradiation of the block
copolymers in solution (Fig. 6.46).

Light-induced micellization could be very promising in the field of encapsula-
tion, notably because the trapping process can start whenever it is needed and have
some robust application such as in situ product removal [338] or product separation
by micellar extraction [339]. ONB side chain functional group can also be intro-
duced into the polymer for thin film patterning application. Doh et al. designed a
terpolymer poly(o-nitrobenzyl methacrylate-co-methyl methacrylate-co-(ethylene
glycol) methacrylate) (P(o-NBMA-co-MMA-co-EGMA)) to prepare thin film pat-
terns on the micrometer scale [340]. They showed that for a terpolymer with

Fig. 6.42 Chemical structures PS-b-PEO BCP having photocleavable ONB junction prepared by
RAFT polymerization (a); schematic illustration of photolysis of the PS-ONB-PEO BCP into two
constituent block (b); AFM image (A) of solvent annealed thin film of PS-ONB-PEO containing
photocleavable ONB junction before UV irradiation and AFM image (B) of the nanoporous PS
film after UV light irradiation followed by rinsing with a solvent to selectively remove PEO
domains and AFM image (C) of silica nanodots obtained from nanoporous film by the treatment of
PDMS and oxygen plasma (c) (reproduced from Ref. [333] with kind permission of © 2011
American Chemical Society)
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composition of 43 wt% of o-NBMA, 38 wt% of MMA, and 19 wt% of EGMA, the
exposed areas of a thin film could be dissolved by phosphate-buffered saline
(PBS) after UV irradiation (Fig. 6.47). Bowman, Khire, and coworkers immobi-
lized ONB acrylate functional moieties on the surface of silica nanoparticles simply
by acid amine coupling and used them to grow linear polymers by thiolene “click”
chemistry. Upon exposure to UV light, the graft copolymers are released and
analyzed and they were found to be similar to polymers formed in bulk [341].

6.4.2 Azobenzene-Based Polymer Nanomaterials

Azobenzene containing polymers and block copolymers (BCPs) have attracted
much attention in the active research field mainly because of the reversible cis–
trans photoisomerization of azobenzene present in the system upon UV light
irradiation [40]. In this process of photoisomerization, the apolar trans-isomer can
be converted to the polar cis-isomer upon UV irradiation, and the process is
reversible with respect to visible light irradiation. Indeed, morphology and related
self-organized nanostructures of azobenzene containing BCPs can be easily tuned
reversibly by simple exposure of UV light in solution. Previously, azobenzene
containing polymers synthesized via anionic polymerization or post-functional

Fig. 6.43 Synthetic procedure for the preparation of PmCL-ONB-PAA diblock copolymers and
their photodegradation (redrawn from Ref. [334] with kind permission of © 2010 Wiley-VCH)
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modification was mainly used as a mesogen for liquid crystalline polymers (LCPs)
[342–344]. In recent years, the interest in azo-BCPs has been stimulated by the
accessibility of several controlled radical polymerizations techniques such as ATRP
[47] and RAFT polymerization [345]. Thus, a growing number of studies on
azobenzene containing BCPs have been reported by many researchers. It should be
noted that trans-cis photoisomerization of Azo-BCPs may affect the nanostructure
morphology of the system. Kadota et al. demonstrated a novel ABA-type triblock
copolymer, where A and B correspond to azobenzene (Azo) containing poly
(methacrylate) and PEO, respectively, was synthesized by ATRP [346]. Here, an
Azo-containing methacrylate monomer was polymerized from both ends of a
PEO-based ATRP macroinitiator using CuBr/HMTETA catalyst systems to syn-
thesize the triblock copolymer (Fig. 6.48). The monolayer thin film on mica
with trans-Azo groups displayed morphology with a mixture of dot- and
rod-shaped microdomains of the Azo polymer block (Fig. 6.48). However, they
observed morphology transformation to long stripes of the microdomains when the
trans-Azo film was exposed with UV light irradiation due to conversion into its cis-
isomer (Fig. 6.48).

Fig. 6.44 Schematic representation of photocleavable nanocarriers (micelles, vesicles) formed by
the self-assembly of PmCL-ONB-PAA BCP in solution (redrawn from Ref. [334] with kind
permission of © 2010 Wiley-VCH)
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This photoinduced change of morphology from trans to cis-form was ascribed to
an anisotropic expansion of the microdomains with Azo groups in the cis-form, as
the more polar cis-isomer became in contact with the water surface. The micro-
domain expansion was also followed in reduction of the height difference from
1.70 ± 0.25 nm for the film with the trans-isomer to 1.05 ± 0.250 nm for the film
with the cis-isomer. Reversible photoisomerization process of azo benzene system
has also been utilized by Zhao and coworkers to design a micellar system that is
disrupted upon UV irradiation and reforms itself when irradiated with visible light
[325, 347]. They reported a diblock copolymer containing on one side a hydrophilic
random poly(tbutyl acrylate-co-acrylic acid) (P(tBA-co-AA)) block and on the other
side a poly(methacrylate) bearing azobenzenes as pendent groups (PMAzo)
(Fig. 6.49).

Spherical micelles and/or vesicles have been observed from this BCP when it is
dissolved in a dioxane/water mixture depending on the amount of water content
(Fig. 6.49). Upon UV light irradiation, the azobenzene side-chain groups in the
apolar trans-form were converted into the polar cis-form resulting in an increase of
polarity of the PAzoMA block followed by disruption of the micellar aggregates
(Fig. 6.49). Afterwards, when the visible light was applied, azobenzene

Fig. 6.45 Synthetic route to the triblock copolymer of PEO-b-PUNB-b-PEO (a); AFM height
images of the micelle solution cast on mica before and after UV irradiation (30 and 180 s) (image
area: 2 lm � 2 lm) (b). It clearly showed the complete disappearance of micellar aggregates
after 3 min of UV irradiation (reproduced from Ref. [336] with kind permission of © 2011
American Chemical Society)
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Fig. 6.46 Schematic representation for photosolvolysis of PDMNBA-b-PS BCP (a) and
schematic illustration of light-induced micellization of the BCP followed by a dye (coumarin
343) encapsulation (b) (redrawn from Ref. [337] with kind permission of © 2011 Royal Society of
Chemistry)

Fig. 6.47 Chemical structure of photoresists (PR) and its mechanism for in situ polyelectrolyte
bilayer formation (redrawn from Ref. [340] with kind permission of © 2004 American Chemical
Society)
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chromophores isomerized back into the trans-form and the micellar aggregates
reformed (Fig. 6.49). In addition to the reversible micelle formation and disruption,
azobenzene containing photoresponsive BCPs can also induce the morphological
transitions for the irradiated micellar agglomerates [34, 348, 349]. For example, Li
and coworkers reported a new BCP, poly(N-isopropylacrylamide)-b-poly{6-[4-
(4-methylphenyl-Azo) phenoxy] hexylacrylate}(PNIPAM-b-PAzoM) synthesized
by RAFT polymerization [350]. Amphiphilic PNIPAM-b-PAzoM is shown to be
self-assembled into giant micro-vesicles (Fig. 6.50). Upon photoirradiation at
365 nm, fusion of the vesicles was taken place, as observed directly through optical
microscope (Fig. 6.50). The associated surface expansion increases the surface-free
energy and fusion of vesicles appears to be the most likely way to reduce that
excess of free energy and thus stabilizes the objects.

A fascinating application of azobenzene-based photoresponsive BCP was
reported by Hoffman and Stayton [351], where they synthesized a light-responsive
BCP namely poly(N,N-dimethylacrylamide)-b-poly(N-4-phenylazophenyl acry-
lamide) (Fig. 6.51) by radical polymerization in the presence of a functional chain

Fig. 6.48 Synthetic route to the formation of amphiphilic PAz-b-PEO-b-Paz triblock copolymer
and its UV-induced photoisomerization (A), AFM height images of the Langmuir–Blodgett film
made from the PAz-b-PEO-b-PAz triblock copolymer (1 µm2) before (a) (trans-form) and after
(b) (cis-form) UV light irradiation (b) (reproduced from Ref. [346] with kind permission of ©
2005 American Chemical Society)
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transfer agent. They demonstrated that the photoinduced changes in the size and
hydration of this BCP chain due to its transformation from coil to globule can be
used to regulate substrate access and enzyme activity when conjugated to the
enzyme at a specific point just outside the active site. The “smart” photoresponsive
polymer can act as a molecular antenna and actuator to reversibly turn the enzyme
endoglucanase 12A (EG 12A) activity on and off in response to distinct wave-
lengths of light (Fig. 6.51).

The above highlighted works on BCPs containing azobenzene moiety are good
examples of generating specific functionality by making use of the

Fig. 6.49 Reversible change in the polarity of P(tBA-co-AA)-b-PAzoMA BCP induced by
photoisomerization of azobenzene moieties (redrawn after the ref) (a) and SEM images from the
BCP (PAzoMA-b-PAA) solution before UV irradiation, after UV irradiation and after subsequent
visible light irradiation confirms the reversible photocontrolled disaggregation and re-aggregation
process (b) (reproduced from Ref. [325] with kind permission of © 2004 American Chemical
Society)
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photoisomerization of azobenzene. It should also be noted that azobenzene remains
the chromophore of choice toward many polymer research community for the
photocontrolled ordering of BCP nanostructures where an efficient and controllable
photoinduced molecular orientation and/or motion is the key condition.

6.4.3 Pyrenylmethyl Polymer-Based Nanomaterials

Upon UV light irradiation, esters of pyrenylmethyl undergo a photolysis reaction
requiring the presence of a protonic solvent such as H2O (Fig. 6.52). In the
pioneering work by Jiang et al. [322] ATRP was used to synthesize a novel
amphiphilic BCP composed of hydrophilic PEO and a hydrophobic block of poly
(1-pyrenylmethyl methacrylate) (PPyMA). Upon UV light irradiation on aqueous
micellar solution of BCP (PEO-b-PPyMA), the photolysis of pyrenylmethyl esters
takes place, which cleaves 1-pyrenemethanol from the polymer and, consequently,
the hydrophobic PPyMA block of this BCP converts into hydrophilic PMA block
as depicted in Fig. 6.52. They have shown by FESEM that core–shell micelles
(D = 15 nm) obtained from aqueous solution of PEO47-b-PPyMA72 BCP were
disappeared after 15 min of UV light irradiation (k = 365 nm, Intensity *2 W).
They have also proposed that this BCP can be a good candidate for biological
application especially in photoinduced drug delivery by demonstrating the pho-
toinduced release of a model hydrophobic dye, Nile red (NR). NR dye was
encapsulated into the micellar core of aqueous micellar solution formed by the BCP
(PEO-b-PPyMA). Upon UV light irradiation, the photocleavage of pyrenylmethyl

Fig. 6.50 Photoinduced fusion process of the PNIPAM-b-PAzoM vesicles. Initial vesicles (a) and
vesicles observed after irradiation of 16 (b), 33 (c), 42 (d), 58 (e), and 80 (f) min (reproduced from
Ref. [350] with kind permission of © 2007 Wiley-VCH)
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groups disrupts the micellar association and, consequently, the release of encap-
sulated NR taken place as shown by fluorescence emission spectroscopy
(Fig. 6.52).

6.4.4 Spiropyran Polymer-Based Nanomaterials

Photresponsive spiropyran moiety can respond to light and undergo a reversible
isomerization between colorless spiropyron (SP) and colored mecrocyanine
(ME) (Fig. 6.53) [352]. The reversible photochromic behavior of spiropyran
polymer-based material has led to their consideration in several useful applications
such as optical and electrical switching, [353] data recording [354], and

Fig. 6.51 Schematic model for the photoresponsive enzyme switch. The photoresponsive
copolymer compositions are shown with the end-modified vinyl sulfone terminus for thiol-specific
conjugations (reproduced from Ref. [351] with kind permission of © 2002 National Academy of
Sciences)
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light-actusted-nanovalves [355]. Matyjaszewski and coworkers proposed the use of
photoresponsive spiropyran (SP) moieties toward reversible photoinduced micellar
association-dissociation process [326]. They synthesized amphiphilic PEO-b-poly
(spiropyran) (PEO-b-PSP) copolymer where methacrylate block bears spyropyran
side chain functionality (Fig. 6.53).

This BCP self-assembled in aqueous solution to form micelles in which the
hydrophobic spiropyran containing block forms the inner core and the hydrophilic
PEO block forms the outer shell (Fig. 6.53). Irradiation with UV light
(k = 365 nm) led to the photoisomerization of hydrophobic spiropyran (SP) into
hydrophilic zwitterionic mecrocyanine (ME) which completely disrupted the
micelles due to the formation of doubly hydrophilic PEO-b-PME copolymer
(Fig. 6.53). Reversible micellization was also triggered by photochemical inversion
from ME to SP, which occurred as a result of visible light irradiation (k = 620 nm)
into the disrupted micellar solution (Fig. 6.53). They have also studied the
encapsulation of coumarin 120 into the micellar solution formed by the BCP (PEO-
b-PSP), and its photocontrolled release upon UV light irradiation was demonstrated
by fluorescence emission measurements. Moreover, the authors described the

Fig. 6.52 Schematic representation of the photocleavage of pyrene containing amphiphilic BCP
(PEO-b-PPyMA) (a); SEM images for a micellar solution cast on a silicon wafer: solution prior to
UV irradiation (left) and the same solution after UV irradiation (k = 365 nm) (right) (b) and
fluorescence emission spectra of BCP micellar solution alone before irradiation, micelles with
encapsulated dye (NR) before irradiation and micelles with encapsulated dye after irradiation
(c) (reproduced from Ref. [322] with kind permission of © 2005 American Chemical Society)
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partial re-encapsulation of the fluorescent dyes on regeneration of the micelles
which can be achieved by visible light irradiation.

6.4.5 Coumarin Containing Polymer Nanomaterials

Another important class of photochromic group that can be introduced to design
photoresponsive BCP material is coumarin. The beauty of coumarin is that it is
sensitive toward UV and near-infra red (NIR) light equally and efficiently. The
light-responsive BCP micelles that have been reported till now are mainly activated
by UV and visible light. There is only one reported example where photocleavage
of o-nitrobenzyl group containing BCP occurs upon NIR light irradiation at
700 nm, but the sensitivity was low because of inefficient two-photon absorption
[319]. However, NIR light having the wavelength within the range of 700–1000 nm
is more suitable for biomedical application compared to UV or visible light. The
reason is that at this longer wavelength, the irradiation is less harmful to healthy
cells. Therefore, the BCP micelles that are sensitive to NIR light are essentially
more promising candidate toward biomedical applications.

Babin et al. [321] reported a novel coumarin chromophore-based amphiphilic
BCP namely poly(ethylene oxide)-b-poly([7-(diethylamino)coumarin-4-yl]methyl
methacrylate) (PEO-b-PDEACMM) whose micellar disruption can effectively be
triggered by two-photon NIR absorption at 794 nm. According to them, upon NIR

Fig. 6.53 Schematic representation of reversible photoreaction of a spiropyran (SP) containing
amphiphilic PEO-b-PSP BCP (a); AFM height images of PEO-b-PSP solutions spin-coated on
mica under various conditions (b): (A) PEO-b-PSP micelles; (B) PEO-b-PSP micelles after UV
light (k = 365 nm) exposure for 30 min; (C) PEO-b-PSP micelles after 365 nm UV light exposure
for 30 min followed by 620 nm visible light exposure for 120 min (reproduced from Ref. [326]
with kind permission of © 2007 Wiley-VCH)
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or UV light irradiation, photosolvolysis of 7-(diethylamino)coumarin-4-yl]methyl
ester moieties of the BCP was taken place which resulted in the cleavage of 7-
(diethylamino)-4-(hydroxyethyl)coumarin from the polymer, and consequently, the
hydrophobic PDEACMM block converted into hydrophilic PMA as presented in
Fig. 6.54. Thus, photosolvolysis of the PEO-b-PDEACMM upon NIR or UV light
irradiation leads to the formation of the doubly hydrophilic PEO-b-PMA BCP
causing the rupture of initially formed micelles (Fig. 6.54). A hydrophobic dye, NR
was also encapsulated, and its release upon UV or NIR light irradiation was
monitored by fluorescence emission measurements (Fig. 6.54).

However, light-responsive BCP micelle-drug conjugates are highly unplumbed
and may represent an exciting future research direction. Recently, an anticancer
drug, 5-fluorouracil, was linked covalently to coumarin side group on the
hydrophobic block of a diblock copolymer namely (poly(ethylene oxide)-b-poly(n-
butyl methacrylate-co-4-methyl-[7-(methacryloyl)-oxyethyloxy]coumarin)) (PEO-
b-P(BMA-co-CMA) through UV-induced cycloaddition at comparatively larger

Fig. 6.54 Schematic representation of photolysis of the coumarin-based amphiphilic PEO-b-
PDEACMM block copolymer; (a) schematic representation of encapsulation of Nile red
(NR) within the hydrophobic core of PEO-b-PDEACMM BCP micelles during micellization as
well as release of dye due to the disruption of micellar structure by UV/NIR light irradiation
(b) and fluorescence emission intensity of NR encapsulated aqueous BCP (PEO-b-PDEACMM)
micellar solution decreases with increasing UV irradiation time which indicates the photocon-
trolled release of guest molecules (c) (reproduced from Ref. [321] with kind permission of © 2009
Wiley-VCH) (color figure online)
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wave length (>320 nm) and subsequent release from the micelles formed by the
drug conjugated BCP under shorter wave length UV light (254 nm) [356].

6.5 Redox-Responsive Polymer Nanostructures

Among the available chemical stimuli, redox reaction is one of the most popular
stimuli employed to trigger sharp changes in the properties of a polymer material.
Recently, the design and fabrication of redox-responsive polymeric drug delivery
systems based on the tumor microenvironment have received immense attention.
Redox reaction is particularly promising because the disulfide bonds can be cleaved
to the corresponding thiol units in the presence of reducing agents [357]. In these
aspects, glutathione (GSH) is a thiol-containing tripeptide which is capable of
reducing disulfide bonds in the biological environment. The concentration of GSH
in the cytoplasm (1–10 mM) is much higher than that in blood plasma (2 lM).
Moreover, in vivo research has demonstrated that the concentration of GSH in the
tumor tissue can be many-fold higher than that in normal tissue [358–360].
Therefore, this kind of dramatic concentration incline of GSH provides an oppor-
tunity for designing the redox-responsive drug delivery systems for cancer
treatment.

Many research studies introduce polymeric drug delivery vehicles having
GSH-responsive disulfide bonds into the backbones or side groups of the polymeric
carriers where drugs are encapsulated or covalently conjugated with the polymer
[361–363]. The polymeric drug delivery systems containing GSH-cleavable
disulfide bonds are stable during the blood circulation, while they will disassem-
ble rapidly and give burst drug release triggered by the intracellular redox stimuli at
the tumor sites [364, 365]. Thus, it is noteworthy that drug delivery vehicles based
on disulfide functionalities can potentially facilitate extracellular stability and
intracellular release of the encapsulated drug molecules.

Recently, there was a report of a novel redox-responsive micellar drug
nanocarrier formed by the self-assembly of single disulfide bond-bridged block
polymer consisting of poly(e-caprolactone) and poly(ethyl ethylene phosphate)
(PCL-SS-PEEP) [366]. Such polymeric carriers can rapidly release the encapsulated
doxorubicin (DOX) in response to the intracellular reductive environment and
therefore significantly enhanced the cytotoxicity of DOX to multidrug resistance
(MDR) cancer cells. Here, it should be mentioned that MDR is a major restriction to
the success of cancer chemotherapy. The intracellular accumulation of drug and the
intracellular release of drug molecules from the carrier could be the most important
barriers for nanoscale carriers in overcoming MDR. Redox-responsive micellar
nanoparticles based on PCL-SS-PEEP block polymer can act as a drug carrier and
also can significantly overcome the two barriers in overcoming the MDR of cancer
cells, thus reversing the multidrug resistance of cancer cells.

On the one hand, nanoparticles bearing PEEP shell exhibit a high affinity to cells
and are more efficiently internalized by cells, which help the drug escape from the
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pump-off by P-glycoprotein (P-gp) and lead to high levels of cellular drug accu-
mulation. On the other hand, it is known that MDR in cancer cells is often asso-
ciated with an elevation in the concentration of reductive glutathione (GSH) [367].
Such shell-detachable nanoparticles are sensitive to the intracellular glutathione of
MDR cancer cells, resulting in significantly enhanced intracellular drug release and
rapid accumulation of free drug in MDR cancer cells (Fig. 6.55).

In biomedical applications, the thiol-disulfide exchange reaction [368] is
exploited extensively for constructing redox-responsive gene and drug carriers
[362, 369] For example, Meng and Zhong’s group demonstrated a facile way to
prepare the disulfide-linked dextran-b-PCL amphiphilic block copolymer using the
thiol-disulfide exchange reaction between dextran orthopyridyl disulfide
(Dex-SS-py, 6000 Da) and mercapto PCL (PCL-SH, 3100 Da) under mild condi-
tions (Fig. 6.56) [370]. It was observed that the as-synthesized BCP self-assembled
into micelles with an average size of 60 nm in phosphate buffer solution (Fig. 6.56)
and, interestingly, these micelles formed large aggregates rapidly in response to
10 mM dithiothreitol (DTT), most likely due to shedding of the dextran shells

Fig. 6.55 Chemical structure of disulfide-bridged PCL-SS-PEEP block copolymer (a) and
schematic illustration of redox-responsive nanoparticles for overcoming multidrug resistance of
cancer cells (b). (reproduced from Ref. [366] with kind permission of © 2011 American Chemical
Society)
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through reductive cleavage of the intermediate disulfide bonds. The effective
shedding of dextran shells and almost zero-order release of DOX in response to
10 mM DTT, analogous to the intracellular redox potential, was observed. It was
shown by confocal laser scanning microscopy (CLSM) that the DOX was rapidly
released to the cytoplasm as well as to the cell nucleus. These redox-responsive
biodegradable micelles have appeared highly promising for the targeted intracel-
lular delivery of hydrophobic chemotherapeutics in cancer therapy (Fig. 6.56).

Not only disulfide linkage, many researchers introduced redox-sensitive inor-
ganic metal-metal bond to design redox-responsive polymer materials. Selenium
has similar kind of chemical properties like sulfer because they are present in the
same group of the periodic table and also diselenide bond energy is very less (ESe–

Se = 172 kJ mol−1). Therefore, researchers paid attention toward diselenide linkage

Fig. 6.56 Schematic illustration of redox-responsive Dex-SS-PCL micelles and the intracellular
release of DOX where dextran shells of DOX-loaded Dex-SS-PCL micelles are shed off due to the
cleavage of the intermediate disulfide bond triggered by GSH and resulting in the fast
destabilization of micelles and quantitative release of DOX in the cytosol and into the cell nucleus
(reproduced from Ref. [370] with kind permission of © 2010 American Chemical Society)
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to fabricate redox-responsive polymeric nanostructures for controlled drug delivery.
Normally, Se–Se bond can be cleaved and oxidized to seleninic acid in the presence
of oxidants and reduced to selenol in a reducing environment. The selenium con-
taining polymer was, however, still unexplored due to the lack of efficient synthetic
methods to overcome its poor solubility. In 2010, Xu and Zhang’s group reported a
dual diselenide containing redox-responsive polyurethane (PU) triblock copolymer,
PEG–PUSeSe–PEG, using toluene diisocyanate as the chain extension agent
(Fig. 6.57) [371]. This amphiphilic triblock copolymer (PEG–PUSeSe–PEG)
self-assembled into micellar structure in aqueous environment. They investigated
that the redox-responsive PEG-PUSeSe-PEG micelles were quite stable under
ambient conditions but disrupts very rapidly in the presence of external redox
stimuli (oxidants or reductants) due to the destruction of Se–Se bonds (Fig. 6.57).
The release of encapsulated Rhodamine B from the aqueous micellar solution of the
following triblock copolymer (PEG–PUSeSe–PEG) upon addition of suitable oxi-
dants (e.g., H2O2) or reductants (e.g., GSH) were also investigated and the results
indicated that the diselenide was much more sensitive: Even under 0.01 mg mL−1

of GSH, the encapsulated Rhodamine B could still be released almost entirely in
only 5 h, while they were stable without redox stimuli.

To confirm its use in drug delivery and tumor inhibition, Liu et al. introduced the
diselenium bond into a hyperbranched structure and found that the hyperbranched

Fig. 6.57 Chemical Structure of PEG-PUSeSe-PEG amphiphilic triblock copolymer and
schematic illustration of the dual redox-responsive disassembly of PEG-PUSeSe-PEG micelles
(reproduced from Ref. [371] with kind permission of © 2010 American Chemical Society)
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polydiselenide could not only be used as a biocompatible drug carrier but itself had
the ability to inhibit tumor proliferation [372]. Another interesting redox-active
couple in polymeric systems is the ferrocene/ferrocenium system. Ferrocene con-
taining polymers are one of the well-studied oxidation-responsive polymers with
promising applications ranging from biomedicine, biosensors, batteries, and liquid
crystals to electronics and other related areas [373–376]. As per the position of
ferrocene in the polymer, these polymers can be roughly classified into three cat-
egories: polymers with ferrocene in the backbone, polymers with ferrocene on the
side chain, and polymers with ferrocene as the terminal group. Staff et al. suc-
cessfully designed poly(vinylferrocene)-b-poly(methyl methacrylate) (PVFc-b-
PMMA) nanocapsules with ferrocene on the side chain [377]. Microphase sepa-
ration in the nanoparticles led to a patchy assembly, where PVFc patches are
surrounded by the PMMA phase (Fig. 6.58). Furthermore, the PVFc nanopatches
could be selectively oxidized into hydrophilic ferrocenium, thereby inducing a
transition from a purely hydrophobic patchy object to a hydrophobic object with
swollen hydrophilic nanopatches (Fig. 6.58). The hydrophobic to hydrophilic
transition of the PVFc nanopatches was advantageously utilized to release a
hydrophobic payload upon selective oxidation of the nanopatches. Polymers with
terminal ferrocene group are usually used to construct more complex polymeric
systems utilizing ferrocene related host-guest chemistry. Depending on the redox
state of ferrocene, the inclusion complexation between ferrocene and cyclodextrin
has already been established to associate and disassociate reversibly.

Yan, Yin, and coworkers synthesized a pseudo block copolymer via orthogonal
assembly between cyclodextrin-modified poly(styrene) (b-CD-PS) and ferrocene

Fig. 6.58 Schematic representation of the oxidation of PVFc-b-PMMA BCP, (a) and schematic
representation showing the oxidation-responsive release of the hydrophobic payload from the
PVFc-b-PMMA patchy nanocapsules (b) (reproduced from Ref. [377] with kind permission of ©
2012 American Chemical Society)
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end-functionalized poly(ethylene oxide) (PEO-Fc) in aqueous solution (Fig. 6.59)
[378]. The following supramolecular block copolymer can self-assembled into
vesicles with voltage-responsiveness. The association-dissociation balance of the
supramolecular vesicles could be reversibly addressed by electro-stimuli. For
example, upon application of +1.5 V voltage stimulus, the vesicles disassembled
into small pieces in less than 5 h, while under a −1.5 V voltage, the fragments
could reassemble into vesicles (Fig. 6.59). Additionally, from the controlled release
experiments, they claimed that the release rate can be well-controlled by slightly
tuning the voltage strength, exhibiting great potential in electrochemical therapeutic
applications [379].

Further, Xiong et al. recently fabricated redox-responsive nanogels by radical
copolymerization of an ionic liquid (IL)-based monomers, 1,n-
butanediyl-3,30-bis-1-vinylimidazolium dibromide ([CnVIm]Br, n = 4, 6), and
disulfide dimethacrylate (DSDMA) monomer in selective solvents [380]. The sizes
of PIL-based nanogel particles can be tuned by the feed ratio of the IL monomer
and DSDMA. Moreover, the redox-response performances of these nanogels were
evaluated through the size variation in the presence of dithiothreitol (DTT) and
benzoyl peroxide (BPO). The capability of PIL-based nanogels for controlled
release was also investigated by using rhodamine B (RhB) as prototype model drug.
It was found that DTT-triggered release of RhB could be achieved. Only less than
50% RhB could be released in the absence of DTT, while over 80% RhB could be
released with the addition of DTT. This high cargos release was attributed to the
cleavage of disulfide bonds in reducing environments. Thus, the redox-responsive
nanogel particles could selectively increase intracellular drug release and potentially
used as controlled carrier in biological medicine [380].

Fig. 6.59 Schematic illustration of voltage-responsive reversible assembly and disassembly of PS
b-CD-PS/PEO-Fc supramolecular vesicles (reproduced from Ref. [378] with kind permission of ©
2010 American Chemical Society)
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6.6 Glucose-Responsive Polymer Nanostructures

Polymeric micelles (PMs) formed by the self-assembly of block copolymers have
also attracted immense interests for their potentiality to control the release of insulin
and fast response to glucose levels, as well as other advantages, such as small size
and defined core–shell structures [381–383]. Phenylboronic acid-containing mate-
rials have been most widely studied and used in construction of glucose-responsive
system. As shown in Fig. 6.60, phenylboronic acid (PBA) exists in equilibrium
between the undissociated (neutral trigonal) and dissociated (charged tetrahedral)
forms in an aqueous milieu. An increase in the glucose concentration induces a shift
in the equilibrium, increasing the fraction of total borate anions (B and C) and
decreasing the fraction of the uncharged form (A) [384]. This kind of shift in the
direction of the charged phenylborates results in an increased hydrophilicity. Thus,
the change in the glucose concentration should have a significant effect on the
solubility of amphiphilic polymer strands having pendant phenylborate moieties
[385].

Shi and his coworkers reported PBA-based polymer micelles formed through the
self-assembly of poly(ethylene glycol)-b-poly(acrylic acid-co-acrylamidophe-
nylboronic acid) (PEG-b-(PAA-co-PAAPBA)) BCP exhibiting glucose-responsive
release of insulin under physiological conditions [386]. They claimed that these
monodisperse micelles were sensitive to pH and glucose in aqueous solutions. The
micelles swelled and dissociated in the presence of glucose at pH = 7.4 which was
caused by the conjugation of PAAPBA segments with glucose unit and the resultant
increases in hydrophilicity of the PAAPBA core (Fig. 6.61). They have also
demonstrated that the insulin-loaded micelles disaggregated at a faster rate in the
solution with higher concentration of glucose, and the cumulative amount of insulin
released from the micelles gradually increased with time.

Fig. 6.60 Chemical equilibration of phenylboronic acid in between the uncharged form and the
charged form
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Kataoka and his coworkers have made excellent contributions to the synthesis
and application of PBA-based glucose-responsive polymeric materials. Their
magnificent work was the synthesis of a complex gel based on the reversible
complexation between PBA moiety of poly(N-vinyl-2-pyrrolidone)-co-poly(phe-
nylboronic acid) (P(NVP-co-PBA)) and diols moiety of poly(vinyl alcohol)
(PVA) [387]. Afterwards, glucose-responsive release of insulin using this complex
gel was established successfully [388].

Recently, Liu et al. [389] developed a glucose-responsive complex polymeric
micelle (CPM) through the self-assembly of two types of diblock copolymers, poly
(ethylene glycol)-b-poly(aspartic acid-co-aspartamidophenylboronic acid) (PEG-b-
P(Asp-co-AspPBA)) and poly(N-isopropylacrylamide)-b-poly(aspartic acid-co-
aspartamidophenylboronic acid) (PNIPAM-b-P(Asp-co-AspPBA)). The complex
micelles had a common P(Asp-co-AspPBA) core and a mixed PEG/PNIPAM shell
(Fig. 6.62). Upon increasing the temperature up to 37 °C, PNIPAM chains col-
lapsed on the glucose-responsive P(Asp-co-AspPBA) core, forming a novel core–
shell–corona structure (Fig. 6.62). The complex micelles exhibited a reversible
swelling in response to changes in the glucose concentration, enabling the repeated
on–off release of insulin regulated by the glucose level (Fig. 6.62). Additionally,
the formation of a continuous PNIPAM shell (membrane) around the micellar core
could provide fruitful insulin protection against protease degradation. This kind of

Fig. 6.61 Schematic illustration of glucose-induced swelling as well as disruption of micelles
followed by the release of insulin (reproduced from Ref. [386] with kind permission of © 2009
American Chemical Society)
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the biocompatible complex polymer micelle could be very effective for constructing
self-regulated insulin delivery systems to control diabetes.

Sumerlin and his coworkers synthesized a BCP, namely poly(N,N-dimethyla-
crylamide)-b-poly(3-acrylamidophenylboronic acid) (PDMA-b-PAPBA) by RAFT
polymerization and elementarily investigated the sensitivity of PNIPAM-b-PBA
micelles to pH and glucose [382]. It should be mentioned that the boronic
acid-acyclic diol complexes are less stable and can easily dissociated in the pres-
ence of appropriate saccharide molecules because, the rigid cis-diols found in many
saccharides generally exhibits higher binding affinities with organoboronic acid
through reversible boronate ester formation [390]. However, this kind of compe-
tition mechanism between sugar molecule and acyclic diol toward organoboronic
acid provides an excellent opportunity for unfolding/developing novel type of
sugar-responsive macromolecules. Inspired by this competition concept, Yuan and
his coworkers recently reported the synthesis of an amphiphilic BCP namely poly
(ethylene glycol)-b-poly[(2-phenylboronic ester-1,3-dioxane-5-ethyl) methylacry-
late] (PEG-b-PPBDEMA) which contains phenylborate ester as a leaving group in
response to glucose in the hydrophobic block (Fig. 6.63) [391]. They showed that
BCP self-assembled into core–shell micelles in aqueous solution with hydrophobic
PPBDEMA segments as the core and hydrophilic PEG units as the shell (Fig. 6.63).
Upon addition of sugar into aqueous micellar solution, the marked pinacol
phenylboronate moieties present on the hydrophobic part of the BCP were

Fig. 6.62 Schematic illustration of glucose-responsive complex polymeric micelles (CPM) of two
different diblock copolymers for repeated on-off release and insulin protection under physiological
conditions (reproduced from Ref. [389] with kind permission of © 2013 Royal Society of
Chemistry)
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combined with sugar molecules because of its predominant binding force with
organoborane and resulting in the detachment of phenylborate ester from the BCP
as phenylboronate-saccharide complex (Fig. 6.63). The detachment of phenyl-
boronate groups from the BCP changes the polarity of the BCP from amphiphile to
double hydrophile, and thus leading to the disruption of the initial nanoaggregates
formed via self-assembly of the amphiphilic PEG-b-PPBDEMA BCP (Fig. 6.63).
Additionally, glucose-responsive release of encapsulated insulin from these BCP
micelles at neutral pH was also successfully investigated in this report (Fig. 6.63).

6.7 CO2 Responsive Polymer Nanostructures

In recent years, majority of scientific reports on stimuli-responsive polymers have
focused on some particular stimuli including pH, light, and temperature. However,
pH, light, and temperature-responsive polymer systems have some kind of limita-
tions. For example, repeated switchable cycles of pH-responsive polymer systems
require repeated addition of acids and bases to the solution, which may contaminate
the system and weaken the switch ability due to salt accumulation [392, 393]. On

Fig. 6.63 Schematic representation of glucose-responsive polymeric micelles formed from PEG-
b-PPBDEMA for the controlled release of insulin at neutral pH (reproduced from Ref. 391] with
kind permission of © 2012 American Chemical Society)
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the other hand, the light-responsive BCP micelles that have been reported till now
are mainly activated by UV light. However, light and pH as stimuli are harmful to
biological tissues in some cases and therefore not widely applicable. The pene-
tration depth of UV light in tissue is very short because of its small wavelength, and
extended irradiation of high-energy UV light can also lead to the damage of bio-
logical tissues [321]. Therefore, investigation of alternative stimuli is highly rec-
ommendable for the utilization of responsive polymers in biomedical applications.
Carbon dioxide (CO2) can be considered as a kind of “green trigger” and plays an
important role as an endogenous metabolite [394]. In addition, CO2 is a non-toxic,
inexpensive, and abundant gas. It is, therefore, an attractive stimulus toward
responsive polymeric systems in biological applications such as drug or gene
delivery, tissue engineering. Furthermore, CO2 can react with different responsive
functional groups such as amines or amidines resulting in the generation of
hydrophilic compounds [44]. We can also recover original compound upon removal
of CO2 simply by purging with inert gases or heating. Therefore, using CO2 as a
stimulus can lead to many switching cycles without the accumulation of any
byproducts. Another appealing feature of CO2-responsive polymeric materials is
their ability to capture CO2. The pathway to utilize and capture CO2 is really a
crucial issue to minimize the greenhouse gas [395, 396].

In the past years, there has been immense interest in possibilities to capture
CO2 from the atmosphere and ensure a safe storage. Recently, Yuan, Yan, and his
coworkers designed amidine containing BCP to fabricate CO2-responsive vesicles
having biomimetic “breathing” feature [394]. Here, they have synthesized poly
(ethylene oxide)-b-poly((N-amidino)dodecyl acrylamide) (PEO-b-PAD) amphi-
philic BCP using PEO-based macroinitiator by ATRP (Fig. 6.64). Amidine can
transform into a charged amidinium species upon reaction with CO2, and this
reaction is reversible upon exposure to argon (Fig. 6.64) [397]. The conductivity of
the PEO-b-PAD solution rose dramatically from 3.4 to 26.9 µS cm−1 accompanied
with a decrease of the pH value from approximately 6.94 to 5.68 was observed
when CO2 passed through the solution indicating that a number of protonated
species formed in the BCP solution because of the formation of amidinium ion.
However, the original low conductivity of this BCP solution was regained upon
treatment with Ar gas owing to an opposite deprotonation effect. Due to its
amphiphilic nature, this BCP can self-assemble into vesicles in aqueous solution
(Fig. 6.64). The notable finding was that these vesicles can swell and expand its
size when CO2 is passed through the BCP solution (Fig. 6.64). It was noted that
upon CO2 treatment only 37% amidine side groups are protonated, this probably the
reason behind why vesicles are still remaining in solution. Therefore, CO2 can tune
the size of these vesicles over a wide range by controlling the degree of protonation
of amidine side chains of this BCP. They have also investigated that these vesicles
can return to their initial size upon removal of CO2 by bubbling Ar gas through the
solution. This kind of reversible expansion and contraction phenomena of poly-
meric vesicles in response to CO2 or Ar gas is called “breathing” vesicles. Based on
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this “breathing” phenomenon, Yuan and his coworkers further extended their
investigation toward membrane permeability of these vesicles [398].

First report on CO2-responsive polymer brushes was highlighted in 2013 by
Kumar, Zhao and his coworkers [399]. The brushes were prepared by grafting
PDEAEMA from a surface under ATRP conditions. This polymer brushes can be
switched between extended (hydrated) and collapsed (dehydrated) chain confor-
mational states just by passing CO2 gas and an inert gas like N2 in solution,
respectively. At room temperature, PDEAEMA chains are generally hydrophobic in
nature at neutral pH, and therefore, the respective PDEAEMA brushes are insoluble
in water and exist in the collapsed state (Fig. 6.65) under these conditions. Upon
passing CO2 through the solution, tertiary amine groups of PDEAEMA unit gets
protonated to form charged ammonium bicarbonates (Fig. 6.65), and consequently,
PDEAEMA brushes become hydrophilic and adopting the chain extended state
(Fig. 6.65). However, the reverse process can also be achieved by the introduction
of N2 through the solution to remove CO2. Under N2 purging, PDEAEMA brushes
became hydrophobic and insoluble in water and regained the collapsed state from
the extended state due to deprotonation. This kind of CO2 triggered expansion and
collapsed state of polymer brushes has some promising application in

Fig. 6.64 Gas-switchable structure of amidine containing diblock copolymer PEO-b-PAD (a) and
schematic representation of its self-assembly into vesicles and their reversible gas-responsive
“breathing” in aqueous media (b) (reproduced from Ref. [394] with kind permission of © 2011
Wiley-VCH)
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gas-controlled reversible capture and release of protein where repeatable repelling
and adsorption of protein occurred on the extended brush and the collapsed brush,
respectively.

6.8 Cyclodextrin Inclusion Complexation-Based
Responsive Polymer Nanostructures

Cyclodextrins (CDs) are a class of cyclic oligosaccharides that have
molecular-compatible cavities. These semi-natural compounds commonly comprise
several D-glucopyranoside units linked together by a 1,4-glycosidic bonds. The
most common ones are a-, b- and c-CDs, consisting of six, seven, and eight
glucopyranose units, respectively. The exterior of the cavity is highly polar, because
of the bristling hydroxy groups, while the interior is nonpolar. The inclusion
complexation between CDs and various guests has been extensively investigated in
supramolecular and polymer chemistry resulting in a broad scope of guest mole-
cules available under different conditions [400] One of the most investigated pairs,
i.e., the complexation between b-CD and adamantane (ADA) has been widely
employed in macromolecular assembly as it has strong binding ability with an
association constant around 1 � 105 M−1 in water [400]. Many host-guest pairs
with a binding ability that is adjustable to external environment, such as temper-
ature, pH, light, and voltage, have drawn great attention, as they could be used in
constructing stimuli-responsive assemblies. Furthermore, as the interaction strength

Fig. 6.65 Schematic illustration of protein capture and release using CO2-responsive polymer
(PDEAEMA) brushes. The chemical structure of CO2-responsive brushes is also shown
(reproduced from Ref. [399] with kind permission of © 2013 Royal Society of Chemistry)
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of different pairs covers a very broad range, and it provides a good opportunity to
realize reversibility of self-assembly just by competition between different pairs.
This includes amphiphilicity adjustment and various structures built by inclusion
complexation. In this chapter, we focus on the stimuli-responsive polymer-based
inclusion complex assemblies.

The use of amphiphilic macromolecules as building blocks has drawn increasing
interest because of their controllable self-assembly, and the morphology transfor-
mation of the assemblies can be realized by tuning the amphiphilicity [401]. CDs
are particularly valuable and extensively employed in tuning the amphiphilicity of
macromolecules. Generally, once part of a macromolecule containing a guest
moiety is connected to CDs via inclusion complexation, the part will become more
hydrophilic, and thus, the amphiphilicity of the macromolecule as a whole is turned.
For example, the block copolymer composed of two hydrophobic blocks, i.e.,
polystyrene and adamantyl polyphosphazene, could be converted to an amphiphilic
copolymer when the adamant units enter the cavities of the added b-CDs. This
resulted amphiphilic copolymer then self-assembled into micelles with polystyrene
as the core and b-CD-modified polyphosphazene as the shell [402]. Kim et al.
reported that a dendron amphiphile with a pyrene apex formed vesicles in aqueous
solution. There is another example of nanostructure formation, where the
amphiphilicity of the dendron was significantly altered by capping the dendron with
b- or c-CDs due to inclusion complexation between pyrene and CD, which made
the vesicles convert into nanotubes [403]. However, when the binding ability of a
host–guest pair is rather strong, it can be employed to link two linear polymers with
respective host and guest groups at the chain ends into a pseudo block copolymer.

Shi et al. reported that ADA end-functioned PNIPAAm and b-CD
end-functioned poly(4-vinylpyridine) (P4VP) formed a pseudo block copolymer
via the ADA/b-CD interaction [404], which formed micelles in aqueous solution of
pH 2.5 and at 60 °C, with a hydrophobic PNIPAAm core and a hydrophilic P4VP
shell. When the condition was switched to pH 4.8 at 25 °C, PNIPAAm became
hydrophilic and P4VP slightly hydrophilic, then vesicles with a radius around
80 nm were formed, in which a P4VP layer is sandwiched between the two
PNIPAAm layers.

Following their systematic study on double-hydrophilic block copolymers
(DHBC), Liu et al. achieved non-covalently linked DHBC containing b-CD ter-
minated PNIPAAm and ADA-terminated poly(2-(diethylamino)ethyl methacrylate)
(PDEA) [405]. At room temperature, the polymer pair molecularly dissolved at pH
<6 but formed PDEA-core micelles at pH >8 with PNIPAAm as the hydrophilic
outer layer of the micelles. In acidic media, above the LCST of PNIPAAm,
vesicular nanostructures were formed with a PNIPAAm layer sandwiched by the
hydrophilic PDEA layers.

Very recently, Zhang et al. [406] designed and synthesized a b-CD core
four-arm PNIPAAm and functionalized PEGs with ADA groups at one or both of
its ends. Thus, they obtained non-covalently linked block copolymers with different
architectures by inclusion complexation (Fig. 6.66). They found that the ther-
mosensitive behavior of the b-CD-core star PNIPAAm in the block copolymers was
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changed significantly, i.e., LCST of these self-assembling systems was greatly
increased depending on the ratio of ADA moiety to b-CD core and/or the length of
the PEG blocks. When the PEG chain with ADA groups on both of its ends was
used for complexation with b-CD-core star PNIPAAm, the LCST of linked block
copolymer system reached to 39.2 °C. This method of combining short PEG chains
to PNIPAAm by inclusion complexation provided an efficient way to control the
LCST avoiding the conventional copolymerization of NIPAAm with hydrophilic
monomers. So this supramolecular approach might be promising for the production
of intelligent systems for biomedical and pharmaceutical applications.

Wang and Jiang used the concept of the inclusion complexation between b-CD
and adamantyl group (ADA) as a driving force in constructing polymeric micelles
[407, 408]. For this they have synthesized hydrophobic linear polymer PtBA-ADA
and hydrophilic poly(glycidyl methylacrylate)) containing b-CD (PGMA-CD). The
two polymers were dissolved in DMF, where their interaction was weak. Water was
then added as a selective solvent, in which inclusion complexation came to dom-
inate. Thus, micelles with PtBA-ADA as core and PGMA-CD polymer as shell
were formed. The core and shell were non-covalently linked by inclusion com-
plexation between b-CD and ADA. Moreover, when the shell was crosslinked and
then the core was dissolved by switching the solvent from water to DMF, the
micelles were converted into hollow spheres of PGMA-CD (Fig. 6.67) [407, 408].

Inclusion complexation could induce thermoresponsive assembly, because the
binding ability of CD with different guests has its own entropy or enthalpy driven
nature. Amphiphile containing a bipyridinium head and a bulky tail was taken to
study the thermoresponsiveness of micelles [409]. The amphiphile formed a water
soluble pseudorotaxane with a-CD below 60 °C. Since this structure is more
entropy dependent, after heating, the amphiphile slid out of the a-CD cavities and
formed micelles accommodating pyrene in the core. The whole process was fully
thermoreversible accompanying the release or load of the pyrene moiety, which was
monitored by the absorption spectra of pyrene. It was very interesting that in this
system, if the tBu group at the end was replaced by −OMe, a-CD was very stable
on the chain of the amphiphile and could not be removed after heating. It is worth
noting that this reversible thermoresponsiveness of the assembly is based on the
thermal reversibility of inclusion complexation rather than the well-investigated

Fig. 6.66 Different chain architectures of pseudo block copolymers composed of b-CD-core star
PNIPAM and PEG via inclusion complexation (reproduced from Ref. [406] with kind permission
of © 2008 American Chemical Society)
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thermal behavior of polymers such as PNIPAAm chains. Further, Ritter et al.
observed that PIL, poly[1-butyl-3-vinylimidazolium bis(trifluoromethanesulfonyl)-
imide] showed a pseudo-LCST effect in aqueous solution in the presence of
cyclodextrin due the temperature-sensitive formation/disruption of its inclusion
complex [410].

AZO and Ferrocene (Fc) are the two most popular guests for reversible inclusion
complexation with CDs. The trans-AZO binds strongly with a- or b-CD, while the
binding capacities of cis-AZO with these CDs are very poor. With a few exceptions,
CD normally binds to neutral or anionic compounds only. So the oxidized state of
Fc binds very weakly to CDs because of its cationic nature, while the reduced state
of neutral iron of Fc binds properly [378]. Recently, Wang et al. [411] reported the
formation of micelles by inclusion complexation of two block copolymers. They
synthesized two copolymers based on PEG-b-PAA with respective b-CD and AZO
modifications on the PAA blocks, which were self-assembled into micelles driven
by inclusion complexation between b-CD and AZO groups. After crosslinking, the
assembly structure was capable of loading/unloading pyrene, which is photo-
switchable by the inclusion complexation of CD/AZO. Further, Yuan et al. reported
that b-CD end-capped PS(b-CD-PS) and Ferrocene (Fc) ended polyethylene oxide
(PEO) (Fc-PEO) formed pseudo block copolymers of PS and PEO due to the
inclusion complexation of b-CD and Fc [378]. The block copolymer formed stable
vesicles in water. The vesicles were dismantled by positive electro-stimulation
(+1.5 V) for 5 h, which oxidized Fc into Fc+. This voltage-dissociated inclusion
complexation was proved by a half-wave potential (E1/2) decrease of 0.11 V
accompanying an increase in the peak currents. Further negative electro-stimulation
(−1.5 V) reassembled the vesicles by reduction of Fc+ to Fc after 5 h (Fig. 6.68).
Therefore, this work proved that voltage is also a good choice of clean stimuli for
reversible association/disassociation based on inclusion complexation.

Further, a POSS-based supramolecular amphiphile prepared from the host–guest
inclusion complexation between a mono adamantane-functionalized POSS

Fig. 6.67 Non-covalently connected micelles and the corresponding hollow sphere built by
inclusion complexation (reproduced from Ref. [408] with kind permission of © 2006 American
Chemical Society)
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(AD-POSS) and a b-cyclodextrin oligomer [Poly(b-CD)] have been reported by
Jiang et al. [412] (Fig. 6.69). Assisted by the interface of H2O/toluene, the obtained
supramolecular hybrids self-assembled into stable hollow nanospheres with thick
walls. These hollow nanospheres aggregated together into a sphere layer through a
spin coating technique, which then further transformed into a thin porous film
containing nanometer-sized scaleholes.

6.9 Mechano-responsive Polymers

There is growing interest in the use of mechanical energy to alter the molecular and
supramolecular structure of polymers to create stress-responsive materials [413,
414]. Chemical reactions that are accelerated by force remain poorly understood,
and there is a need for the rapid discovery of new mechanophores (i.e.,
stress-sensitive units). Many specimens of chemically, thermally, electrically,
optically, or otherwise responsive materials are known, but comparably few

Fig. 6.68 TEM images of the reversible assembly/disassembly of the voltage-responsive
b-CD-PS/Fc-PEO vesicles upon electric stimuli: a no external voltage, b +1.5 V (after 2 h),
c +1.5 V (after 5 h), and d −1.5 V (after 5 h) (reproduced from Ref. [378] with kind permission of
© 2010 American Chemical Society)
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materials have been studied, which respond in a useful and controlled manner to the
exposure of mechanical stress. Therefore, a discussion regarding these types of
mechano-reponsive polymer materials is highly important in the context of the
present review, although, to the best of our knowledge there are no such reports
formations of nanostructures such as micelles, vesicles that are responsive to
mechanical energy.

In order to successfully design mechano-responsive materials, researchers are
trying to draw inspiration from nature, especially biological systems, because most
of them are mechano-responsive to their environment [415–417]. As for example,
titin, (Fig. 6.70a) a giant protein in muscles, which own a remarkable combination
of strength, toughness, and elasticity, is essential for the assembly and elasticity of
the sarcomere. In other words, titin has good mechanical properties and is sensitive
to mechano-stimulus. Generally, polymers do not have such a combination of
properties.

However, Guan and coworkers described the synthesis of a titin’s prototype
modular polymer by incorporating the quadruple hydrogen bonding 2-ureido-4
[1H]-pyrimidone (UPy) motif within a macrocycle that reveals a rare combination
of high modulus, toughness, and elasticity, while demonstrating smart mechanical
properties [417]. The target polymer (P1 in Fig. 6.70) (Mn = 18.0 kDa, PDI = 1.7)

Fig. 6.69 Chemical structures of AD-POSS and P(b-CD) and schematic representation their
hierarchical self-assembly into hollow spheres and thin nanoporous films (reproduced from Ref.
[412] with kind permission of © 2012 Wiley-VCH)
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was obtained by acyclic diene metathesis (ADMET) with a Grubbs Gen-2 catalyst,
which did not aggregate in solution as shown by DLS. This polymeric material
showed very intriguing mechanical properties. It is a relatively stiff kind of material
with a Young’s modulus of about 200 MPa and undergoes large deformation
(maximal strain >100%) with a relatively small increase in stress, resulting in the
absorption of a large amount of energy (Fig. 6.70b). The continuous unfolding of
UPy dimer modules at the molecular level upon stretching bestows high toughness
behavior on the material. In further studies, it was observed that the plastic
deformation is not permanent and could gradually self-recover with time (>18 h) or
upon heat treatment (about 30 s at 80 °C).

In addition to the self-healing process, the material also showed an interesting
shape-memory behavior in spite of no permanent or physical crosslinks within

Fig. 6.70 Modular structure of titin protein and chemical structure of biomimetic linear modular
polymer (P1), (a) and schematic illustration of the biomimetic polymer showing the stress effect on
the molecular structure of P1 (b) (reproduced from Ref. [417] with kind permission of © 2009
American Chemical Society)
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the polymer. The unusual molecular topology can contribute to the formation of
stable entanglements, thereby resulting in the shape-memory effect. Upon
strain-induced breaking of the macrocyclic UPy dimer, inter-molecular UPy dimers
form, fixing the material in a temporary state (Fig. 6.71). Once the UPy dimer
reverts back to the preferred intra-macrocyclic dimer, the material recovers to its
original state. The stress–strain behavior and the shape-memory effect show good
mechanical properties found in titin and fascinating adaptive behavior. However,
when the UPy units were protected to prevent dimer formation, the material was
brittle and fractured at 7% strain, while lacking extensibility or any adaptive
properties.

Ultrasonication has proven to be one of the most efficient mechanical stimuli to
induce chain scission of polymers in solution [414, 418, 419]. Paulusse and his
coworkers demonstrated an excellent example about sonication-induced reversible
mechanochemistry of a PdII coordinated supramolecular polymer [414]. The fol-
lowing metallo-supramolecular polymer (P2 in Fig. 6.72, Mw = 1.70 � 105) was
developed by stirring a solution of diphenylphosphine-terminated poly(tetrahy-
drofuran) (Mn = 7300, PDI = 1.11) with a small excess of palladium dichloride
(PdCl2) in toluene for 2 days. After sonicating the polymer solution in the presence
of toluene for 1 h, Mw of the as-synthesized polymer was shown to decrease from
1.70 � 105 to 1.02 � 105 while the original molecular weight of the polymer was
recovered nearly quantitatively on removal of the sonication for 1 day (Fig. 6.72).
The procedure was repeated five times without irreversible polymer abasement,
showing that sonication-induced mechanical forces are highly selective for the
metal-coordination bonds. Furthermore, it has been found that the sonication can

Fig. 6.71 The proposed molecular mechanism on the mechanical properties of the biomimetic
modular polymer (P1) (reproduced from Ref. [417] with kind permission of © 2009 American
Chemical Society)
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also lead to an increase in polymeric material of a more specific length (after 5 min
of sonication, the greatest increase was found at Mw = 1.90 � 105) and ultrasonic
chain scission is a non-random process that acts specially on longer chains.
Afterwards, the same research group has also employed the similar technique to
access an ultrasound-responsive metallo-supramolecular polymer gel [420] and
moved on this concept to fabricate ultrasound-induced catalysis [421]. These
valuable results and distinguished examples represent a novel methodology for
exploring the reversible mechanochemistry of supramolecular polymer materials
toward useful applications.

6.10 Dual Stimuli-Responsive Polymer Nanomaterials

In recent years, there have been lots of developments in the area of responsive
polymers not only with respect to single stimulus but also show a responsive
behavior to dual or multiple stimuli. Dual or multiresponsive polymer systems are
of great interest and attracted notable attention in academia because of the possi-
bility to tune their properties in multiple ways [320, 422–424]. For example,
temperature-responsive polymers can be tagged with light-responsive chro-
mophores to fabricate temperature and light-responsive polymers, and
temperature-responsive polymers can be combined with pH-responsive functional
group to build temperature- and pH-responsive polymers.

Fig. 6.72 Chemical structure of ultrasound-responsive metallo-supramolecular polymer (P2)
(a) and schematic representation of its sonication-induced reversible mechanochemistry (b) (re-
produced from Ref. [414] with kind permission of © 2004 Wiley-VCH)
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6.10.1 Temperature- and pH-Responsive Polymer
Nanostructures

Temperature- and pH-responsive polymer nanomaterials have been extensively
studied in drug delivery because these two parameters often differ from the normal
value in diseased tissue [425–427]. Dual thermo- and pH-responsive polymers
typically contain a PNIPAM or PEG unit as the thermoresponsive block and a
polyamine or poly(carboxylic acid) unit as the pH-sensitive block. Hydrophilicities
of both blocks undergo a substantial change in response to these stimuli and
resulting in shifting of hydrophilic-lyophilic balance (HLB) of the polymer, and it
can act as a driving force to umpire the assembly and disassembly process. Very
recently, Liu, Chen, and his coworkers reported the self-assembly behavior of pH-
and thermoresponsive hydrophilic ABCBA-type pentablock copolymer, consisting
of PEG, PNIPAM, and poly(2-(diethylamino)ethyl methacrylate) (PDEA) [428].
This copolymer, PDEA-b-PNIPAM-b-PEG-b-PNIPAM-b-PDEA, was synthesized
by consecutive RAFT polymerization technique. Solution properties of the
copolymer (PDEA-b-PNIPAM-b-PEG-b-PNIPAM-b-PDEA) can be manipulated
easily because of its multicomponent and multifunctional nature. For example, the
copolymer was molecularly dissolved in acidic solution at room temperature
because at this condition, pH of the solution is below the pKa value of PDEA block
and the temperature is below the LCST of PNIPAAm block (Fig. 6.73). However,
in alkaline medium at room temperature, the copolymer can self-assembled into
core–shell–corona micelles, with the hydrophobic PDEA block as the core, the
thermoresponsive PNIPAAm block as the shell and the hydrophilic PEG block as
the corona (Fig. 6.73). Upon increasing the temperature above the cloud point of
PNIPAAm block in acidic medium, the copolymer self-assembled into hydrophobic
PNIPAAm-core micelles with mixed hydrophilic PEG and pH-responsive PDEA
coronas (Fig. 6.73). These properties of the thermo- and pH-responsive micelles
open up new opportunities in the field of intelligent drug delivery systems.

We have also involved in the synthesis of amino acid-based dual thermo- and
pH-responsive zwitterionic polymer. We have synthesized L-serine-based zwitte-
rionic polymers (PSAs) of controllable molecular weights and low dispersities via
RAFT polymerization technique in water (see Fig. 6.74) [315]. PSAs exhibited an
isoelectric point at around pH 2.85 and within the pH range of 2.3–3.5, the aqueous
PSA solution became a two-phase system due to the formation of insoluble
aggregated structure of PSA through the electrostatic attraction between the pendent
cationic ammonium and anionic carboxylate groups of PSA (Fig. 6.74).
Furthermore, within this pH range of 2.3–3.5, the PSAs exhibited reversible
UCST-type phase transition due to the formation of aggregated globular nanos-
tructures below cloud point and transformed into soluble coils above the cloud
point (Fig. 6.74). Finally, fluorescent labeling of PSA was carried out with FITC,
and the final conjugate retained its dual-responsive nature (i.e., temperature and pH)
for its future potential application in sensors and bioimaging. The work in this
direction is currently underway in our laboratory.
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Fig. 6.73 Schematic representation of temperature- and pH-sensitive self-assembly behavior of
the ABCBA-type pentablock copolymer (reproduced from Ref. [428] with kind permission of ©
2013 Royal Society of Chemistry)

Fig. 6.74 Schematic illustration of temperature- and pH-induced phase transition of poly(L-
serinyl acrylate) (PSA) (reproduced from Ref. [315] with kind permission of © 2015 American
Chemical Society)
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Liu et al. reported a polypeptide hybrid double-hydrophilic poly(N-iso-
propylacrylamide)-b-poly(L-glutamic acid) (PNIPAAm-b-PLGA) BCP, which was
synthesized via the ring-opening polymerization of c-benzyl-L-glutamate N-car-
boxyanhydride using monoamino-terminated PNIPAAm as the macroinitiator
[429]. It is noteworthy that the as-synthesized BCP contains a thermoresponsive
PNIPAM block and pH-responsive PLGA block. However, the obtained
polypeptide hybrid diblock copolymer molecularly dissolves (Fig. 6.75) in aqueous
solution at alkaline pH, and at room temperature but supramolecularly
self-assembled into PNIPAAm-core micelles (Fig. 6.75) at alkaline pH and at an
elevated temperatures. Further at acidic pH and at room temperature, the PMIPAM-
b-PLGA copolymer formed PLGA core micelles with coil-to-helix transition of the
PLGA sequence.

A poly(ethylene glycol)-b-poly(n-butyl methacrylate)-b-poly(N,N′-dimethyla-
mino ethyl methacrylate)(PEG-b-PnBMA-b-PDMAEMA) triblcok copolymer with
a dual pH- and thermoresponsive PDMAEMA as end segment was developed via
sequential RAFT polymerization [430]. The PEG-b-PnBMA-b-PDMAEMA tri-
block copolymer molecules self-assembled into spherical micelles in acidic solution
but transformed into cylindrical micelles in alkaline solution. This pH-induced
shape transformation was reversible. Moreover, this triblcok copolymer underwent
a pathway-dependent re-assembly from cylinder to toroid or to vesicle upon pro-
grammed variation of solution pH and temperature in dilute aqueous solution. It
was found that the re-assembly from cylinder to toroid or to vesicle was apparently
irreversible as confirmed through DLS and cryogenic transmission electron
microscopy (cryo-TEM).

Zhang et al. [431] have demonstrated a new approach based on using UCST
polymers to develop assemblies that are able to undergo a solubility transition in
aqueous solution at room or body temperature (37 °C) in response to a small pH
change. Here, two copolymers, P(AAm-co-AN-co-AAc) or P(AAm-co-AN-co-
4VP)), were synthesized by incorporating either acrylic acid (AAc) or
4-vinylpyridine (4VP) comonomer units in the random copolymer of acrylamide

Fig. 6.75 Schematic representation of the thermo- and pH-sensitive micellization of PNIPAAm-
b-PLGA associated with coil-to-helix transitions (reproduced from Ref. [429] with kind
permission of © 2007 American Chemical Society)
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and acrylonitrile, P(AAm-co-AN) through RAFT technique. As mentioned above
that this random copolymer, P(AAm-co-AN)), exhibited an UCST-type phase
transition [136]. The pH-induced shift of UCST cloud point was investigated by
them by monitoring the solution cloud point. Their results revealed an unusually
large shift of the cloud point upon pH variation over a small range.

In particular, one P(AAm-co-AN-co-4VP) sample exhibited a cloud point drop
from 72 °C at pH 4.75–15 °C at pH 4.50, and its transition from soluble to
insoluble state at room temperature was visually observable over a pH change as
little as 0.05 unit. Using P(AAm-co-AN-co-4VP) as macromolecular chain transfer
agent to polymerize dimethylacrylamide (DMAAm) through RAFT, an ABA-type
triblock copolymer of P(AAm-co-AN-co-4VP)-b-PDMAAm-b-P(AAm-co-AN-co-
4VP) was prepared, which showed an even larger cloud point switch from 71 to
10 °C with pH decreasing from 4.75 to 4.50. Consequently, the micelle formed by
this block copolymer was stable at 37 °C with pH from 7.00 down to 4.75 but
abruptly dissolved at pH 4.50 due to the water solubility switch [431]. This study
demonstrated a new UCST polymer-based approach to polymer assemblies that can
sense a very small pH change by undergoing straightforward water solubility
switch.

In another example, an ionically assembled nanoparticles (INPs) have been
prepared from poly(ionic liquid-co-N-isopropylacrylamide) composed of poly
(ethylated 4-vinylpyridine) and PNIPAAm with deoxycholic acid through elec-
trostatic interaction (Fig. 6.76) [432]. The assembled complex nanoparticles were
disrupted under acidic conditions, where DA is protonated leading to a decrease in
electrostatic interactions which are the driving force for the assembly. Appreciable
release of guest molecules was observed at pH 5.2 at 37 °C, elevating the tem-
perature enhanced the release percentage at the same pH. When heated above the
LCST at pH 7.4, PNIPAAm presumably became less hydrophilic causing
inter-particle aggregation, which likely caused the guest molecules to be squeezed
out [432].

Zuo et al. [433] have been demonstrated a facile strategy for the preparation of
thermo- and pH-responsive nanogels particles through RAFT crosslinking
copolymerization of ionic liquid-based monomers. The use of chain transfer agents
(CTAs) containing carboxyl group in the RAFT polymerizations is the key to
producing highly thermoresponsive nanogel particles. It was demonstrated that the
critical gelation temperature of the as-prepared nanogels can be tuned by adjusting
the feed ratio of monomer and CTA. It was proposed based on the results of
temperature-dependent FTIR and other control experiments that the hydrogen
bonding interactions between the carboxyl groups of CTAs are responsible for the
thermoresponsive behaviors of PIL-based nanogel nanoparticles. Furthermore,
PIL-based nanogels are also found to be pH-sensitive and can be further decorated
by PNIPAAm via surface-grafting polymerization. PNIPAAm-grafted nanogel
aqueous suspensions can be reversibly transformed into macrogel particles upon a
change in temperature [433]. A oral delivery copolymeric system consisting of
thermoresponsive zwitterionic poly(sulfobetainemethacrylate) (polySBMA) and
pH-responsive poly(2-(diisopropylamino)ethyl methacrylate) (PDPA) was
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synthesized via free radical polymerization [434]. This copolymer self-aggregated
into nanogel particles via electrostatic attraction between ammonium cation and
sulfo-anion of poly(SBMA) and successfully encapsulate anticancer drug, cur-
cumin. The stimuli-responsive phase transition behaviors of P(SBMA-co-DPA)
copolymers at different pH buffer solution showed pH-dependent UCST-type
transition attributed to the influence of protonation/deprotonation of the
pH-responsive PDPA segments. Through the delicate adjustment of the poly
(SBMA)/PDPA molar ratios, the stimuli-responsive phase transition could be
adjusted to physiological environment [434].

6.10.2 Temperature- and Light-Responsive
Polymer Nanostructures

There are several arresting reports that allow for a fine-tuning of the
LCST/UCST-type cloud point of a polymer or block copolymer by light irradiation
or enable the controlled formation of nanoaggregates by combining temperature
and light. The first example of a temperature and light-responsive polymer system

Fig. 6.76 a Preparation of INPs. b Temperature and pH mediated disassembly of electrostatically
assembled nanoparticles (reproduced from Ref. [432] with kind permission of © 2012 American
Chemical Society)
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was random copolymers of NIPAAm with N-(4-phenylazophenyl)acrylamide of
varying compositions. The objective of their work was to control the phase tran-
sition temperature of aqueous solution of PNIPAAm by incorporating pho-
tochromic azobenzene moieties [435]. They have demonstrated that there was a
clear shift in the LCST-type phase transition temperature from initially 21 to 27 °C
after UV light irradiation (k = 360 nm) was observed for the copolymer system
containing 2.7 mol% of azobenzene group. This change was explained by the
change in the dipole moment due to the trans-to-cis isomerisation of the azoben-
zene moieties upon UV light irradiation. As mentioned above that the isomerization
of azobenzene upon UV/visible light irradiation is accompanied by a strong polarity
change. This polarity change is a direct consequence of the change in the dipole
moment from 0 Debye for the trans-isomer to 3 Debye for the cis-isomer [435].
However, the initial phase transition temperature of 21 °C was re-obtained after
visible light (k = 440 nm) exposure because at this wavelength, cis-form
re-isomerizes into trans-form.

Another report based on thermo- and light-responsive copolymers was the work
of Ravi and his coworkers [424]. The authors synthesized a copolymer, poly(2-
(dimethylamino)ethyl methacrylate-co-poly(azo-methacrylate) (PDMAEMA-co-
PAzM), via ATRP in which the PDMAEMA block exhibits a LCST behavior
(Fig. 6.77). LCST of the PDMAEMA-co-PAzM BCP increased upon UV irradia-
tion from 41 °C for the trans-form to 44 °C for the cis-form (Fig. 6.77). The LCST
of the copolymer (PDMAEMA-co-PAzM) increased upon irradiation by UV light
due to the cis conformers being more hydrophilic. In addition to this, the following
copolymer (PDMAEMA-co-PAzM) can self-assembled into core–shell micelle as
evident from TEM image (Fig. 6.77).

Another synthetic illustration of thermo-and light-responsive BCP was described
by Kakuchi and his coworkers with the combination of ATRP and “click” chem-
istry. In this context, an azide terminated PNIPAM was conjugated to an alkyne
terminated poly(6-[4-(4-methoxyphenylazo)phenoxy]hexyl methacrylate) by
CUAAc technique, resulting in the formation of BCP consisting of one ther-
moresponsive block and one photoresponsive block [436]. They observed that upon
UV light irradiation, LCST-type cloud point of the BCP increases up to 4.1 °C from
trans- to cis-form of the BCP containing only 1.4 mol% of azobenzene. Another
pioneering work in this area was on the synthesis of thermo- and light-sensitive
BCP namely poly(ethylene oxide)-b-poly(ethoxytri(ethylene glycol) acrylate-co-o-
nitrobenzyl acrylate) (PEO-b-P(ETEGA-co-NBA)) (Fig. 6.78) via ATRP and the
investigation of the micellization/dissociation transitions in water in response to
temperature changes and UV light irradiation [437]. The PETEGA sequence con-
fers the thermosensitivity into the BCP, (PEO-b-P(ETEGA-co-NBA)) which dis-
plays a cloud point at around 25 °C (LCST1). Upon UV light irradiation, the
irreversible photocleavage of o-nitrobenzyl ester moieties into carboxylic acid
increases the hydrophilicity of the BCP and consequently, increases the cloud point
by more than 10 °C (LCST2 = 36 °C). The PEO-b-P(ETEGA-co-NBA) BCP was
molecularly dissolved in water at low temperature. But at higher temperature above
LCST1, the BCP can self-assemble into polymer micelles where the
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thermoresponsive PETEGA block forms the core and PEO block forms the corona
(Fig. 6.78). Upon UV light irradiation, photolysis of o-nitrobenzyl ester units taken
place and therefore, cloud point of thermosensitive block (PETEGA) was increased,
causing the dissociation of micelles into unimers (Fig. 6.78), leading to the release
of encapsulated fluorescent dye NR into water. However, further increase in the
temperature above LCST2 induced the reformation of micelles (Fig. 6.78) and
re-encapsulation of NR. Here, the thermo-induced formation and dissociation of
micelles were reversible.

In 2010, Jian et al. [438] developed spiropyran-based novel thermo- and
light-responsive BCP to fabricate micelles and reverse micelles in aqueous solution.
The BCP namely poly(spiropyranmethacrylate)-b-poly((diethylene glycol) methyl

Fig. 6.77 Synthetic route to the formation of amphiphilic PDMAEMA-co-PAzM copolymer by
ATRP; (a) %T at 600 nm of 0.7 wt% aqueous solutions of PDMAEMA-co-PAzM before and after
UV light irradiation at different temperature (b) and TEM micrograph of micelles formed by the
self-assembly of PDMAEMA-co-PAzM copolymer in water (c) (reproduced from Ref. [424] with
kind permission of © 2005 American Chemical Society)
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ether methacrylate) (PSPMA-b-PDEGMMA) was synthesized by ATRP of
spiropyran containing methylacrylate (SPMA) with di(ethylene glycol) methyl
ether methacrylate (DEGMMA). At 15 °C and under visible light, the molecularly
dissolved PSPMA-b-PDEGMMA in water was transforming into core–shell
micelles (D = 80 nm) where photosensitive and hydrophobic PSPMA block was in
the core and hydrophilic PDEGMMA formed the corona (Fig. 6.79).

Upon irradiation with UV light, spiropyran moiety changed from its nonpolar
spiropyran to polar mecrocyanine form and resulting in the isothermal disruption of
micelles (Fig. 6.79), and the process is fully reversible. Upon visible light exposure,
mecrocyanine isomerized back into less polar spiropyran form and the micells are
regenerated (Figure 6.79). However, further irradiation with UV light followed by
heating resulted in the formation of reverse micelles having hydrodynamic diameter
of 24 nm (Fig. 6.79). In this case, at higher temperature, thermosensitive
PDEGMMA block forms the core and more polar mecrocyanine unit forms the
corona (Fig. 6.79). This study represents a fascinating contribution to applying light
and temperature independently in order to control the morphology of nanoaggre-
gates in solution and can be used as “smart” polymer nanocarriers for controlled
encapsulation, triggered release and re-encapsulation of model drug coumarin 102.

Fig. 6.78 Synthetic procedure of thermo- and light-responsive PEO-b-P(ETEGA-co-NBA) BCP
through ATRP and cleavage of o-nitrobenzyl group by UV light irradiation; (a) multiple
micellization and dissociation transitions of thermo- and light-sensitive PEO-b-P(ETEGA-co-
NBA) in water in response to temperature changes and UV light irradiation (b) (reproduced from
Ref. [437] with kind permission of © 2008 American Chemical Society)
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6.10.3 Redox- and pH-Responsive Polymer Nanostructures

Among the so-called chemically responsive drug delivery systems composed of
polymeric materials, pH and redox are two popular stimuli employed to instigate
sharp changes in the properties of polymer materials. These are the major chemical
stimuli to trigger the drug release from cargos. Polymer nanocarrier that is designed
to respond separately toward single pH or redox stimulus has been extensively
investigated. However, polymer nanocarriers that can respond to both pH and redox
stimuli are rare and still not investigated in detail [36].

A recent report described the formation of dual pH and redox sensitive micelles
from a novel copolymer-based on PEG and reducible poly(b-amino ester)s (RPAE)
containing disulfide bonds in the backbone and studied the intracellular release of
doxorubicin (DOX) from these micelles (Fig. 6.80) [439]. According to them, these
sub-100 nm micelles represented core–shell morphology with the RPAE consti-
tuting the core and the PEG as the shell and were stable under physiological
conditions (pH > 7.0) (Fig. 6.80). At pH < 6.5, the protonation of tertiary amine of
RPAE unit of the copolymer disrupts the hydrophilic-lyophilic balance in the
micelles resulting in the dissociation of micelles (Fig. 6.80). In addition, dithio-
threitol (DTT) triggered dissociation of RPAE-PEG micelles was also demonstrated
due to the degradation of disulfide bonds present in the RPAE backbone
(Fig. 6.80). They further showed that the encapsulated anticancer drug DOX can be
released from RPAE-PEG micelles either in acidic pH (6.5) or upon treatment with

Fig. 6.79 Schematic representation of reversible photoreaction of a spiropyran (SP) containing
amphiphilic PSPMA-b-PDEGMMA BCP; (a) Schematic representation of double-responsive
micellization of PSPMA-b-PDEGMMA BCP in aqueous solution (b) (reproduced from Ref. [438]
with kind permission of © 2010 Wiley-VCH)
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concentrated DTT solution (Fig. 6.80). The most important advantage of this
design is that the highest rate of DOX release from the copolymer (RPAE-PEG)
micelles was observed in an environment at a low pH value and with a high
concentration of reductive agent (Fig. 6.80).

Another exciting example of dual pH- and redox-responsive polymer architec-
ture is a core crosslinked micelle which was reported by Wang and his coworkers
[440]. They designed the polymer on the concept of “AND” logic gate for intra-
cellular drug delivery, since drug can only be released when both pH and redox
stimuli are present. In this pioneering work, a drug molecule, adriamycin
(ADR) was first attached to a hydrazine functionalized poly(ethylene oxide)-b-poly
(methacrylic acid) (PEO-b-PMAA) BCP via the formation of hydrazone. The
ADR-conjugated PEO-b-P(MAA-Hyd) can be self-assembled to form stable
micelle which was further crosslinked in the presence of dithiodiethanoic acid. No
remarkable ADR release was found under reducing conditions at neutral pH, due to
the intact hydrazone linkage, even though the micelles were uncrosslinked due to
the reduction of disulfides (Fig. 6.81). ADR was also not released upon treatment of
the crosslinked micelles in an acidic pH. However, ADR was cleaved from the

Fig. 6.80 Schematic representation of DOX-loaded RPAE-PEG copolymer micelles dissociation
and release of DOX upon changes of pH, reducing agent concentration or both of them
(Reproduced from Ref. [439] with kind permission of © 2011 American Chemical Society)

272 Y. Biswas et al.



polymer backbone in acidic condition but it was trapped within the crosslinked
micelles, and therefore, no effective release was observed (Fig. 6.81). The effective
release of ADR could only be observed by simultaneous treatment at low pH and
reducing reagents (Fig. 6.81). This smart device is therefore equipped with two
triggers, pH, and redox with the “AND” logic gate for the releasing action, which is
favorable for more complicated physiological conditions because the “ON” state is
only realized under the simultaneous presence of the both the stimuli.

6.11 Multiple Stimuli-Responsive Polymer Nanostructures

Multiple stimuli-responsive polymer nanomaterials are responsive to more than two
stimuli, are materially interesting, and are comparatively less investigated.
However, recent research activities toward triple responsive polymer systems have
gained propulsion. It is worth mentioning that effect of more than two stimuli on
polymer system is highly advantageous because it will not only increase the degree
of precision but also enlarge the switching window to play with its properties more
sophisticatedly because of the higher level of complexity of the polymer.

Fig. 6.81 “AND” logic gate for the release of adriamycin (ADR) from the crosslinked micelles of
PEO-b-P(MAA-Hyd) using pH and DTT as input stimuli (reproduced from Ref. [440] with kind
permission of © 2011 Wiley-VCH)

6 Responsive Polymer Nanostructures 273



6.11.1 Temperature-, pH- and Light-Responsive
Polymer Nanostructures

Temperature-, pH-, and light-responsive polymer systems can only be obtained by
the combination of building blocks that contain all pH-, thermo-, and photore-
sponsive moieties. In this direction, Zhou, Tang, and his coworkers reported the
synthesis of temperature-, pH-, and light-responsive water soluble N,N-dimethy-
laminoethyl methacrylate (DMAEMA) homopolymers containing an azobenzene
moiety as the terminal group by ATRP (Fig. 6.82) [54]. Indeed, the as-synthesized
homopolymer exhibited a LCST-type transition that can be altered reversibly in
response to pH and photoisomerization of the terminal azobenzene moiety. In an
acidic pH (pH = 4), the DMAEMA units are fully protonated, resulting in increase
in polarity and hence no LCST was observed. However, upon increase in pH, the
LCST cloud point was lowered to 68 °C at pH = 7–30 °C at pH = 11 because of
the continuous deprotonation of dimethyl amino groups. Additionally, upon UV
light irradiation, the trans-to-cis photoisomerization of the azobenzene moiety
increases the hydrophilicity of the polymer which leads to increase in cloud point.
This kind of polymer systems is highly interesting for a variety of potential
applications such as controlled drug delivery, intelligent materials because of their
multistimuli-responsive property.

Another thermo-, pH-, and light-responsive polymer system was reported by
Shinbo, Sumaru, and coworkers where they synthesized PNIPAAm functionalized
with spirobenzopyran (SP) [441]. They investigated that the phase transition
properties of aqueous solution of this copolymer exhibited a logic gate response
with respect to light irradiation and in increase in temperature. It is worth men-
tioning that the PNIPAAm part in the polymer is responsible thermoresponsive
behavior while light and pH-responsiveness is provided by the spirobenzopyran
(SP) unit (Fig. 6.83). Similarly, Achilleos and Vamvakaki described synthesis of

Fig. 6.82 Synthesis of triple-sensitive azobenzene-end functional PDMAEMA polymer system
toward light, temperature and pH value (redrawn From Ref. [54] with kind permission of © 2010
Wiley-VCH)
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statistical copolymers comprising of a DMAEMA unit and a polymer block con-
taining spiropyran unit [442]. In this case, not only the dimethylamino functionality
acted as a pH-responsive unit, but also the spiropyran unit was able to respond to
changes in pH along with the photoisomerization between the spiropyran and
merocyanine isomers. Here, both the functional groups (DMAEMA and spiropy-
ran) have dual-responsive property. DMAEMA moiety is sensitive toward both pH
and temperature while spiropyran unit is sensitive toward pH and light.

Another triple-stimuli (thermo/pH/light)-responsive copolymer system was
reported by Wang and coworkers [443]. In this report, poly(N-isopropylacrylamide-
co-N-hydroxymethylacrylamide) P(NIPAAm-co-NHMAAm) was first synthesized
by free radical polymerization method. Afterwards, photosensitive 2-diazo-1,
2-napthoquinone (DNQ) was partially grafted onto P(NIPAAm-co-NHMAAm)
backbone through esterification to obtain triple-stimuli (thermo/pH/light)-respon-
sive copolymer P(NIPAAm-co-NHMAAm-co-DNQMA) (Fig. 6.84). The NIPAM
and NHMA moieties of the copolymer P(NIPAAm-co-NHMAAm-co-DNQMA)
are considered to be thermo- and pH-responsive, respectively, while DNQ was
designated as photoresponsive unit (Fig. 6.84). Upon UV light irradiation,
hydrophobic DNQ moiety of the copolymer can undergo “Wolff” rearrangement
irreversibly and converted into hydrophilic 3-indenecarboxylic acid derivative
(Fig. 6.84). Photoirradiation increases the polarity and resulting in the change of
hydrophilic-hydrophobic balance of the entire polymer. Indeed, they showed that

Fig. 6.83 Triple responsive polymer system based on dual-responsive (pH and light) spiropyran
unit and thermoresponsive PNIPAAm unit (reproduced from Ref. [441] with kind permission of ©
2004 American Chemical Society)
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the phase transition profile of P(NIPAAm-co-NHMAAm-co-DNQMA) copolymer
can be tailored easily by pH variation as well as by UV light irradiation.

An interesting example of triple-stimuli (thermo/pH/light)-sensitive polymeric
micelles for controlled release application was reported in 2013 by Dong and his
coworkers [444]. To achieve the triple-stimuli sensitivity, they first synthesized
hydrophilic pH/thermo-sensitive poly(N,N-dimethylaminoethyl methacrylate)
(PDEAEMA). Afterwards, 14 mol% of dimethylamioethyl functionality of
PDMAEMA block was quaternized by light-responsive 1-(bromomethyl)pyrene to
introduce hydrophobicity into polymer system (Fig. 6.85). The BCP self-assembled
into core–shell micelles in aqueous medium where the hydrophobic pyrene moieties
constitute the core and the dimethylaminoethyl (DMAE) moieties forming the shell
(Fig. 6.85). Above the LCST, PDMAEMA block becomes hydrophobic which
resulted in shrinking of the micellar size (Fig. 6.85). However, upon UV light
irradiation below LCST, photosolvolysis of pyrenylmethyl groups from the quat-
ernized amine increases the hydrophilicity of the whole block polymer resulting in
the complete disruption of micelles (Fig. 6.85). In addition, the micelles are col-
lapsed to a complex micelle at high pH and swollen/dissociated at low pH
(Fig. 6.85). It should be mentioned that the pH and the temperature-responsive
behavior of this polymer were totally reversible while light-responsive behavior is
fully irreversible because after light irradiation, the disrupted micelles never regain
its initial form. These multistimuli-responsive polymer micelles have great poten-
tiality to act as a sensitive nanocarrier for controlled release under the stimuli of UV
light, temperature, and pH, especially under UV light and low pH where all the
loaded guest molecules such as NR could be released completely.

Fig. 6.84 Triple sensitive block copolymer system, P(NIPAAm-co-NHMAAm-co-DNQMA)
containing temperature, light and pH-sensitive functional moieties (redrawn from Ref. [443] with
kind permission of © 2009 Wiley-VCH)
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6.11.2 Light-, Redox-, and Temperature-Responsive
Polymer Nanostructures

Light-, redox-, and temperature-responsive polymer systems are also very inter-
esting because of their unprecedented precision and versatility. However, this type
of triple (light/redox/temperature)-responsive polymer systems are rare and less
investigated. Theato et al. reported the synthesis of triple (light/redox/temperature)-
responsive PNIPAM-based copolymers containing azobenzene and TEMPO moi-
eties by post-polymerization modification strategy utilizing well-defined poly
(pentafluorophenyl acrylate) (PPFPA) (Fig. 6.86) [445]. Here, TEMPO moiety is
redox-responsive and can be reduced as well as re-oxidized in a reversible fashion
by using ascorbic acid as a reducing agent and red prussiate as an oxidizing agent,
respectively. The reduction of the TEMPO moiety to the corresponding hydroxy-
lamine enhanced the hydrophilicity of the entire copolymer and resulting in the
increase of LCST-type cloud point. However, oxidation of the hydroxylamine
moiety back to the TEMPO radical was achieved directly by addition of red
prussiate which led to a significant decrease of the cloud point. It is worth men-
tioning that the LCST-type cloud point of the copolymer can be fine-tuned simply
by changing the degree of reduction of the TEMPO moieties. Additionally, upon
UV light irradiation, the trans-to-cis photoisomerization of the azobenzene moiety
increases the polarity of the entire polymer which also leads to increase in
LCST-type transition.

One interesting example of multistimuli (light/redox/temperature)-sensitive
amphiphilic BCP micelles was reported by Thayumanavan and his coworkers
[446]. The synthesized BCP consists of an acid-sensitive tetrahydropyran-protected
poly(hydroxylethyl methacrylate) (PHEMA) as the hydrophobic part and a
temperature-sensitive PNIPAAm as the hydrophilic part with an intervening

Fig. 6.85 Schematic representation of the structural changes of micelle under the stimuli of UV
light, temperature, and pH (reproduced from Ref. [444] with kind permission of © 2009
Wiley-VCH)
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disulfide bond which is designated as redox-sensitive unit (Fig. 6.87). The BCP
exhibited LCST-type cloud point which can be tuned under wide range of tem-
perature upon pH variation and redox reagent treatment. They have also investi-
gated the micelle formation, and its disruption in response to different stimuli
(Fig. 6.87). Upon mild acidic condition (pH = 4), deprotection of PHEMA takes
place and consequently, the PHEMA block becomes hydrophilic which causes the
disruption of BCP micelle due to the dramatic change in the hydrophilic/lipophilic
balance (Fig. 6.87). On the other hand, above the LCST point, the hydrophilic
thermoresponsive PNIPAAm block was converted to hydrophobic block, rendering
the polymer insoluble in water which does not maintain its micellar structure any
longer (Fig. 6.87). Finally, the addition of DTT triggers the reductive cleavage of
disulfide linkage resulting in the separation of BCP into two distinct blocks, the
hydrophobic PHEMA block precipitates while the hydrophilic PNIPAAm stays in
solution and hence no assembly. They investigated the release kinetics of encap-
sulated guest molecule and showed that the application of just single stimulus leads
to a very slow or incomplete release kinetic, but the combination of two stimuli
accelerates the release of the encapsulated guest molecules, making drug delivery
much more efficient.

6.11.3 Temperature-, Enzyme-, and pH-Responsive
Polymer Nanostructures

Thayumanavan and his coworkers also reported a series of amphiphilic oligomers
that exhibits sensitivity toward temperature, enzymatic reaction, and pH [447]. The
amphiphiles composed of a penta(ethylene glycol) and alkyl moiety attached to the
meta-positions of a benzoyl building block, which were then attached to oligoamine

Fig. 6.86 Synthesis of triple (redox, pH, and light) responsive PNIPAAm-based copolymer
containing azobenzene and TEMPO moieties by post-polymerization modification of PPFPA
(reproduced from Ref. [445] with kind permission of © 2011 Royal Society of Chemistry)
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scaffolds to yield monomeric to hexameric oligomers. Temperature sensitivity of
oligomers was assessed by turbidity measurements using the high-tension voltage
response of the photomultiplier on a CD spectrometer keeping the concentration of
oligo ethyleneglycol (OEG) unit constant. The LCSTs of these oligomers showed
increasingly sharp transitions with increasing numbers of OEG functional groups,
indicating enhanced cooperativity in dehydration of the OEG moieties when they
are covalently attached. Additionally, the oligomers are also esterase enzyme
sensitive because the alkyl moiety is terminated with an ester. After the treatment of
the oligomer with esterase, the final product was a pH-sensitive carboxylic acid
which can upshot the hydrophilic-lyophilic balance as well as LCST cloud point of
the oligomer.

Fig. 6.87 Schematic illustration of amphiphilic block copolymer which can be respond to pH,
temperature, and redox (reproduced from Ref. [446] with kind permission of © 2009 American
Chemical Society)
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6.12 Responsive Polymer Materials in Advanced
Energy Applications

Stimuli-responsive polymer-engineered nanomaterials are not much explored as
advanced energy materials. However, among the different categories of
stimuli-responsive polymers, redox-responsive polymers are important materials in
fabricating devices toward various advanced energy applications. Redox-responsive
polymers are electroactive macromolecules containing functional groups that can be
reversibly oxidized and reduced. Redox reactions can take place in a polymer
side-chain, as in the case of a polymer carrying ferrocene functional group or in the
polymer main chain, as in the case of conjugated electrically conducting polymers,
such as polyaniline [448]. Due to the reversibility and easy external control of any
redox process, these polymers are interesting materials for different applications
including design of a number of electrochemical devices such as batteries, super-
capacitors, electrochromic devices, thermoelectric cells, optoelectronic devices,
biofuel cells.

As mentioned above, redox polymers are important materials for the biofuel cell,
which is a simple electrochemical device that converts chemical into electrical
energy using enzymes as catalysts where glucose is used as fuel. In order to convert
energy efficiently, in a biofuel cell, the effective immobilization of enzymes is
required. This can be done by immobilization of enzyme in redox-active polymer
hydrogel network associated with electrodes [449]. For example, redox polymers
were used for the electrical contacting of oxidases and dehydrogenases with elec-
trodes acting as anodes of biofuel cells, and for the electrical wiring of bilirubin
oxidase, cytochrome oxidase, and laccase with electrodes, that yield the cathode
units of the biofuel cells [450]. Osmium-based redox polymers have shown to be
the most promising candidates to act as mediators in cathodes of membrane-less
biofuel cell [451]. In a study, oxygen-reducing enzyme electrodes were first pre-
pared from laccase of Trametes versicolor and a series of osmium-based redox
polymer as mediators covering a range of redox potentials from 0.11 to 0.85 V,
which was used as an electrode for a biofuel cell.

A microstructured redox hydrogel was reported by photochemical approach and
enzymes are immobilized inside the gel and evaluated with respect to its potential in
biosensor and biofuel cell applications. For this, poly(dimethylacrylamide) poly-
mers with both electroactive ferrocene groups and photoreactive benzophenone
groups are synthesized and deposited as thin films on electrode surfaces [452].
Upon UV light irradiation, glucose oxidase containing polymer layer cross links
and becomes firmly adhered to the glassy carbon electrodes. They obtained the
glucose-oxidizing electrodes with very high catalytic current responses.

Among the other electrochemical energy storage systems, supercapacitors are a
particular type of systems where the energy is stored through Faradic mechanism, a
redox reaction, taking place at the electrode and the electric charge is stored
electrostatically. Supercapacitors are able to charge/discharge at high rates con-
taining high power density compared with batteries. There several reports of
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Pseudocapacitor electrodes that are made up of polymer composites with metal
oxides [453] or carbons [454], polymer-coated carbons [455] or conducting poly-
mers such as polyaniline [456], polypyrrole [457], polythiophene [458], and their
derivatives. Conducting polymers are suitable electrode materials as they are able to
storage charges in their doped state. For this reason, several different strategies of
fabricating composite electrode materials, nanostructured conducting polymers
such as nanorods, nanofibers, nanowires, and nanotubes [459] or using carbons as
negative electrodes have been investigated. Polyaniline was used as supercapacitor
electrode material due to its high electroactivity, stability, and specific capacitance
[460]. Composite electrodes of graphene and polyaniline also studied to get good
cycle stability and high specific capacitance [461].

Cong et al. [462] presented the fabrication of a flexible graphene–polyaniline
composite paper by in situ electropolymerization of polyaniline nanorods on the
graphene paper with a specific capacitance of 763 F g−1 at a discharge current of
1 A g−1 and a good cycling stability with 82% of capacity retention after 1000
cycles. In recent years, nanostructured polypyrrole materials have been developed
as more powerful supercapacitors [463]. For example, Huang et al. reported the
synthesis of length controllable and well-oriented polypyrrole nanowire arrays with
a capacitance of 566 F g−1 and retention of 70% after hundreds of charge/discharge
cycles [464]. In another report, polypyrrole was used together with carbon materials
to design a positive electrode material [465].

Recently, dye sensitized solar cells (DSSC) are very promising and can be
readily achieved with certain level of efficiencies [466]. It is also considered as the
next-generation photovoltaic devices. In this type of DSSC, the key component is a
triiodide/iodide redox couple usually dissolved in an organic liquid electrolyte.
This DSSC technology faces high-temperature stability issues to pass standardized
packaging durability tests of solar cells. One of the solutions is its solidification
[467] using a number of redox-responsive polymers [467]. Among all the different
strategies, one of the important strategies includes the incorporation of iodide redox
couple in poly(vinyl imidazolium) iodide polymeric ionic liquids. In another
interesting strategy, PEDOT was successfully proposed due to its redox properties
as a solid substitute of the iodine liquid electrolytes [468]. As per their report, the
best performances of these solid solar cells are still low (aprox. 7%) but the
advantages are considerable because they can be processed easily.

In general metal alloys are generally used as thermoelectric materials that gen-
erate electricity directly from heat. However, recently it has been suggested that
organic semiconductors could offer cost-effective alternatives, made from solution
that could open up new possibilities, including harvesting energy over large areas.
This requires thermoelectric materials that are readily synthesized, air stable,
environmentally friendly, and solution processable to create patterns on large areas
[469]. There are very few conducting polymers that have been explored as ther-
moelectric materials [470]. However, research in this area is still not progressed
much and extensive efforts are required to understand and utilize polymers. Crispin
and coworkers showed that the PEDOT can be used as thermoelectric materials
with its low intrinsic thermal conductivity (k = 0.37 W m−1 K−1) leaded to a
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record thermoelectric figure of merit (Seebeck coefficient) ZT = 0.25 at room
temperature. This value was slightly lower than the values required for efficient
devices [469]. According to their report, the thermoelectric properties of PEDOT
were mostly associated to its thermal and electrical conductivity, it is worth to
remark that those properties and its doping level are directly linked to its redox
properties [469].

6.13 Conclusions and Outlook

In the present century, the major focus of materials research is to develop “smart”
responsive materials, mostly based on polymers that can be triggered by the stimuli
present in living cells without causing any toxicity or inauspicious effects. Here, we
have emphasized some recent developments in polymer and material science that
covered the stimuli-responsive polymer nanomaterials. Various design strategies for
the development of various stimuli-responsive polymer nanomaterials were sys-
temically described with an aim to their potential applications. However, many
challenges still need to be addressed, especially as far as applications of those
systems are concerned. Now it is time to extend their use to biocompatible and
biodegradable nanostructured polymer materials since, as mentioned earlier, the key
interest of this type of nanomaterials is to develop a “smart” method for controlled
drug delivery applications.

A straightforward perspective to prepare biocompatible and biodegradable
stimuli-responsive block copolymer (BCP) micelles/vesicles probably is to combine
the hydrophilic biocompatible polymers (such as PEO or poly(2-oxazoline)) with
different functionalized hydrophobic polypeptide such as poly(glutamic acid), poly
(aspartic acid), poly(lysine) by applying the established methodologies as discussed
above. As for example, for photocontrolled drug delivery, one needs to develop
biocompatible BCP nanomaterials that have some essential characteristics such as
low cytotoxicity, can contain larger amount of payloads, stable inside the blood
stream for a long circulation time, can selectively accumulate in the diseased cells
or tissues and then, can be disrupted by NIR light in a controlled manner.

However, much advance research remains to be done to achieve this level of
functions and controls. It is also important to control the size and shape of the
nanostructured-responsive polymeric materials when someone thinks about the
making of real and efficient and triggered drug delivery systems. For
stimuli-responsive polymers and BCPs, it may also be interesting to start exploring
some possible applications in other areas such as cosmetics, agricultural industries,
optical devices, responsive coatings. Finally, the design, synthesis, and develop-
ment presented in this chapter will surely be helpful for introduction of new con-
cepts in stimuli-responsive polymer materials which may be beneficial for many
new applications in future.
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Chapter 7
Polymer- and Carbon-Based Nanofibres
for Energy Storage

Alexandra Ho, Suxi Wang, Xu Li and Haifei Zhang

Abstract There is ever-increasing demand for energy worldwide. The constant use
of energy particularly in portable devices and vehicles has required highly efficient
and high-capacity energy storage. Materials research is at the front of addressing the
society’s demand for energy storage. This chapter focuses on the fabrication and
use of polymer and carbon-based nanofibers for energy storage. The widely used
fabrication methods such as chemical vapour deposition, electrospinning and the
recently developed methods including controlled freezing and gelation for nanofi-
bers have been described. Upon the preparation of polymer nanofibers, carbon
nanofibers can be produced by pyrolysis under inert atmosphere. We then review
the applications of carbon-based nanofibers in different types of rechargeable bat-
teries and supercapacitors. The chapter is completed with conclusion and outlook.

7.1 Introduction

With the increase in demand for energy, there must be a corresponding increase in
energy production which in turn leads to issues in supply and demand. Renewable
energy sources such as wind and solar light demonstrate a great potential for reducing
the dependence on fossil fuels and thus the production of greenhouse gas emissions
[1]. Energy requirements are variable throughout the day, and a balance must be
achieved that avoids undersupply, but also prevents wasting through overproduction.
As the world looks towards renewable energy sources, we need a reliable electricity
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supply for 24 h a day. Since solar power and wind power are intermittent sources, the
solution to this problem lies with energy storage. By storing the energy produced at
low demand in powerful and reliable batteries/supercapacitors, a constant electricity
supply can be provided without reliance on fossil fuels.

Even through the burning of renewable fuel sources such as biomass, energy
storage methods are a necessity since variation in electricity production with the
variation in demand is not recommended as this decreases the efficiency in pro-
duction. There have also been numerous studies that have determined that the use of
variable generation resources will impact the stability of the grid unless storage is
included [1].

Within the realm of energy storage, there are several methods available which all
store energy in different forms. Chemical energy storage encompasses many fields
including hydrogen storage [2] and methane storage [3]. Another way is the storage
of mechanical energy using constructions such as flywheels which are capable of
storing 1 kWh of useable energy [4, 5]. Carbon nanotubes (CNTs) are of particular
interest in the development of strong materials for flywheels, and as such,
CNT-reinforced nanocomposites have been developed [6, 7].

Another type of energy storage is electrochemical energy storage, of which
batteries and fuel cells are prime examples. Electrochemical cells are capable of
generating electrical energy from chemical reactions as such their voltage is
dependent upon the electrode potentials of each of the half-cells in use. For
example, rechargeable lithium cells can provide voltage of around 3 V with good
cycling capability. Lithium-ion batteries use intercalated lithium compounds as the
cathode material, while the anodic material is most commonly graphite, though
there is research into alternative electrode materials due to its limited theoretical
capacity that is unsuitable for high-energy applications [8–10].

There are many materials that are currently being researched for their potential
energy storage applications. One such material would be conductive polymers
which are organic polymers that demonstrate as semiconductors most of the time.
Conducting polymers store and conduct charge through redox processes; i.e., when
oxidation (doping) occurs, ions are transferred to the polymer backbone, and the
reverse occurs with reduction (dedoping), wherein ions are released back into
solution [11]. The bulk of the film is responsible for charging, and as such, con-
ducting polymers present the opportunity for high levels of specific capacitance.
While long-term stability is expected to be a problem due to swelling and shrinking,
some research has demonstrated stability over thousands of cycles [12, 13].

A rapidly developing area of research is focussed on electrical energy storage
through systems such as superconducting magnetic energy storage which involves
storing electrical energy in the form of direct current (DC) electricity that is the
source of a DC magnetic field and has been shown to be capable of storing 1–3 MJ
of energy with power outputs of up to 2 MW [14]. The conductor operates at
cryogenic temperatures where it has relatively no energy losses because the mag-
netic field is in the superconducting region [14].

The energy storage area in which carbon-based nanofibres have been most
prevalent is supercapacitors which are currently used in applications that require
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many rapid charge and discharge cycles. Supercapacitors are constructed with two
metal foils that act as current collectors, coated with an electrode material such as
activated carbon or carbon nanofibres which act as the power connection between
the electrode material and the external terminals of the capacitor. These electrode
materials must have very high surface areas which may be achieved by various
methods such as templating or activation. The methods of storing energy within a
supercapacitor fall in two categories: electrical double-layer capacitance (EDLC)
and pseudocapacitance which will be discussed later [15, 16].

Carbon nanofiber (CNF) composites include combinations of CNFs with metals,
metal oxides, or polymers, which can lead to favourable behaviour during energy
storage since CNFs store charges using surface properties, while metal oxides and
polymers store charges using the body of the material. Combining the two materials
allows for EDLC and pseudocapacitance to be used simultaneously in both Faradaic
and non-Faradaic processes to store charges [16, 17]. The performance of
CNF/metal oxide/polymer composites is largely determined by the dispersion of the
CNFs within the matrix. Therefore, the technique used to achieve uniform dis-
persion plays a key role in the synthesis of CNF composites. There are two main
approaches to achieving the dispersion of CNFs within a metal oxide or polymer
matrix, melt mixing, and sonication in low viscosity solutions [6, 18, 19].

Carbon-based materials have attracted a lot of attention due to promising
properties in their basic forms, i.e. graphene [20, 21], carbon-based nanofibres
[22–26], and hierarchically porous carbon materials [27, 28]. The carbon material
that has received the most attention recently is graphene, a one-atom-thick sheet of
sp2-bonded carbon arranged in a hexagonal lattice [29]. Graphene is the thinnest
known material in the world and can be considered as the basic starting point for
building many other carbon materials [29].

Currently, the main commercially used material for anodes is graphite; however,
the theoretical capacity of this is limited to 372 mAh g−1 which cannot meet the
requirements for high energy capacity [8]. Due to this deficiency, researches into
other carbonaceous materials such as carbon nanotubes (CNTs), carbon nanofibres
(CNFs), ordered mesoporous carbon, and hierarchically porous carbon have been
carried out to show much higher capacity. This chapter focuses on the fabrication of
polymer nanofibers and carbon-based nanofibres and the use of such materials for
energy storage.

7.2 Fabrication Methods for Carbon-Based Nanofibres

7.2.1 History and Properties of Carbon Nanofibres

The first-recorded publication surrounding carbon-based nanofibres is a patent
submitted by Hughes and Chambers on the manufacturing of filaments [30].
However, the true significance of these structures was not fully appreciated until
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their structure could be analysed through electron microscopy. The first electron
microscopy images of carbon nanofibres were observed by Soviet scientists
Radushkevich and Lukyanovich. Published in 1952, they showed multi-wall carbon
filaments 50 nm in diameter formed by CO decomposition on an iron substrate
[31]. Early research was motivated by the wish to limit their formation. Filamentous
carbon or carbon filaments were considered a nuisance as they often grew and
accumulated upon metallic catalysts used in petrochemical processing and the
conversion of carbon-containing gases.

In 1985, Buckminsterfullerene, C60, was observed by Kroto et al. and earned
them the Nobel Prize in 1997 [32]. The discovery was followed by a demonstration
by Iijima that carbon nanotubes were formed during arc-discharge synthesis of C60

[33, 34]. Two years later, Iijima and Ichihashi and Bethune et al. synthesized
single-walled carbon nanotubes (SWCNTs) [33, 35]. It was initially suggested that
the carbon nanofibres formed through the catalytic chemical vapour deposition
method were comprised of a duplex structure, an inner core of amorphous carbon
surrounded by graphitic platelets [36, 37]. More recently, it has been shown that the
structural arrangement of CNFs can vary significantly when subjected to different
reaction conditions including the chemical nature and structure of the catalyst and
the composition of the reactants [38].

As the name suggests, CNFs are nanoscale with respect to their diameters. Their
small scale provides a promising basis for research into their properties and any
modifications that could result in porosity. While chemical vapour deposition
(CVD) was the first process by which CNFs were produced, many processes have
since been developed which allow for greater control over structure, morphology,
and dopants, while also providing a potentially “greener” approach to production.
These methods can include electrospinning [39–41], controlled freezing/freeze-
drying [2, 42, 43], and nanofibrous gels and carbonization [22, 44].

7.2.2 Chemical Vapour Deposition

Chemical vapour deposition (CVD) process is often used to produce solid
high-quality, high-performance materials. Typically, a substrate is exposed to
volatile precursors which may react and/or decompose on or near to a heated
substrate surface to produce the desired deposit. Atomistic deposition like this can
provide highly pure materials and structural control at atomic or nanometre-scale
level [45]. This process can be used to produce single-layer, multi-layer, composite,
nanostructured, and functionally graded coating materials [45]. CVD has become
one of the main methods for the deposition of thin films and coatings for a wide
range of applications including semiconductors for microelectronics, optoelec-
tronics, energy conversion devices, dielectrics for microelectronics, refractory
ceramic materials used for hard coatings, protections against corrosion, oxidation or
as diffusion barriers, metallic films for microelectronics and for protective coatings,
fibre production, and fibre coating [45].
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As mentioned above, CNFs were first presented through a catalytic chemical
vapour deposition method involving the iron-catalysed thermal decomposition of
carbon monoxide [31]. Small organic molecules such as ethanol can be good
precursors for CVD synthesis of CNFs and CNTs since they can decompose to
simpler species such as methane, carbon monoxide, and hydrogen. The decom-
position of a carbon source on a catalyst causes a solid solution of metal carbides to
form, and then, excess carbon atoms in the metal carbide diffuse out from the
catalyst to form CNFs. There are often volatile by-products produced through this
method; however, these can usually be removed by gas flow through the reaction
chamber.

Two types of CNFs can be prepared by CVD, cup-stacked CNFs, and platelet
CNFs as shown in Fig. 7.1, [18]. Generally, the structures of CNFs formed are
determined by the shapes of the catalytic nanosized metal particles. In a recent
study, Lin et al. showed that the participation of chloroform, in a synthesis con-
ducted through the pyrolysis of chloroform and ethanol in the presence of a nickel
catalyst, led to Ni–Cl bonding on the surface of the catalyst resulting in a relatively
poor crystalline layer and a course surface [46]. Low amounts of chlorine in the
catalyst led to the formation of smaller catalyst particles with flat surfaces, causing
graphene nanosheets to stack perpendicular to the fibre axis and became platelet
graphite nanofibres. A high chlorine content, however, leads to aggregation of the
catalyst and thus formation of large catalyst particles with rough surfaces. These
rough surfaces resulted in the random stacking of graphene nanosheets which

Fig. 7.1 Schematic demonstraction of formation of cup-stacked CNF structure (a–c), and platelet
CNF structure (d) (reproduced from Ref. [18] with kind permission of © 2014 Multidisciplinary
Digital Publishing Institute)
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became turbostratic carbon nanofibres, that is, the sheets of carbon atoms folded or
crumpled together haphazardly [46].

7.2.3 Electrospinning

As mentioned above, electrospinning is a fibre production method which uses an
electric potential to charge polymer solutions or melts and draws them into fibres.
The fibres are usually of diameters from tens of nanometers to several microns.
Electrospinning shares some characteristics of electrospraying, used in inkjet
printing, and conventional dry spinning of fibres [47]. The origins of electrospin-
ning can be dated back to 1934, where Formhals patented an invention relating to
the process and producing artificial filaments through the application of 57 kV to a
solution of cellulose [48].

When a sufficiently high voltage is applied to a liquid droplet, the body of the
liquid becomes charged leading to electrostatic repulsion counteracting surface
tension, and therefore, the droplet becomes stretched. At a critical point, a Taylor
cone forms, which is the point at which a stream of liquid erupts from the surface of
the droplet. A balance between molecular cohesion and conductivity must be
achieved so that stream break-up does not occur and a charged jet can be formed
[47, 49–52]. The jet dries in flight, and the charge migrates to the surface of the
fibre; the mode of current flow changes from ohmic to convective.

Electrospinning is a highly versatile technique that has many variables that can
be altered to change the structure of the fibres formed. The morphology of the
structures is highly dependent on a combined effect of the electrostatic field and the
material properties of the polymer. The charge transport due to the applied voltage
is mainly because the polymer jet towards the collector and the variation in current
are linked to the mass flow of the polymer from the nozzle tip [51]. For a poly
(ethylene oxide)/water system, the fibre morphology changed from a defect-free
fibre at the initiating voltage of 5.5 kV to a highly beaded structure at a voltage of
9.0, which was linked to a steep increase in the spinning current which controls
bead formation in the electrospinning process [53].

The conductivity of the solution being electrospun is highly important. If the
solution is completely insulating or the applied voltage is not high enough for the
electrostatic force to overcome surface tension, no fibre can be produced [51]. The
solution can be adjusted by adding salt to enhance the conductivity as demonstrated
by Qin et al. [54] during their application of different salts to polyacrylonitrile
(PAN) polymer solutions. Viscosity and shearing strength of electrospinning
solutions are slightly affected by the addition of salts as well as the diameter of the
nanofibres produced upon electrospinning, with a correlation being established
between the size of the nanofibres formed and the size of the salts [54].

The distance between the nozzle and the collector can easily affect the
morphology and structure of electrospun fibres due to the dependence on deposi-
tion time, evaporation rate, and whipping/instability interval [51]. A study by
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Chang et al. [49] demonstrated the possibility for continuous near-field electro-
spinning in which solid nanofibres with orderly patterns were deposited over large
areas. The needle to collector distance was fixed to 500 µm, while the jet initiation
voltage was achieved at 1.5 kV [49]. The polymer concentration greatly affected
the morphology of the electrospun nanofibres during this process. When poly
(ethylene oxide) concentration was too low, there was insufficient viscoelasticity to
suppress capillary break-up [49].

Electrospinning is not just limited to the production of purely polymeric fibres,
and a benefit of this process is that solutions can be produced using a variety of
materials as well as combinations of materials to produce fibres with unique
properties. Combined with carbonization, it is possible to produce highly porous
fibres through a number of routes that include spinning into a cryogenic liquid [55],
mixing with metal oxide particles [56–59], and coaxial spinning [41, 57] where a
material that conventionally would not spin may be encased in a polymer solution
that can later be removed through carbonization.

Development of functional composite nanofibres by electrospinning has recently
become a research area of intense interest for energy and environmental applica-
tions [60–62]. Electrospun nanofibres from polymers with high carbon yields (e.g.
PAN in most cases, lignin, cellulose) can be converted to carbon nanofibres through
subsequent high-temperature thermal treatment. This generally includes stabiliza-
tion in air (which converts thermoplastic precursor fibres to highly condensed
thermosetting fibres by complicated chemical reactions such as dehydrogenation,
cyclization, and polymerization) and carbonization under noble gases. Sometimes,
activation steps using steam, base, or acid as the activation agents [63], or
hetero-atom doping during the heating treatment process [64], are needed to
increase the specific surface area or electrical conductivity of the prepared carbon
nanofibres. A unique feature of the electrospun carbon fibres for energy application
is that they can form free-standing fibrous mats which can be directly employed as
electrode materials for energy devices without using substrates or adding binders
and conductive agents, thereby increasing the energy density and simplifying the
fabrication process.

The most significant advantage of using electrospun carbon fibres for energy
storage is the convenience to fabricate hybrid carbon fibre webs via incorporation of
active components (e.g. metal precursors or nanoparticles) or electrically conduc-
tive materials (i.e. carbon nanotubes, graphene) to the precursor solutions to
improve their electrochemical performance. Electrospinning also offers flexibility in
controlling the morphology of prepared carbon nanofibres through variation of the
electrospinning parameters (i.e. single or double nozzle, voltage, feeding rate,
distance), thermal treatment conditions, as well as precursor compositions.
Core–shell-structured electrospun carbon fibres can be created using either a coaxial
spinneret [65], or a single spinneret based on the Kirkendall effect during the
stabilization process [66, 67]. Hollow or highly porous carbon nanofibres [68–70]
can be formed through decomposition or extraction of the incorporated
pore-forming components, e.g. poly(methyl methacrylate) (PMMA), Pluronic F127
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(a triblock copolymer), and mineral oil. It is also possible to obtain fused carbon
fibrous mats by adding low-melting-point polymers in the precursor solutions [71].

7.2.4 Controlled Freezing/Freeze-Drying

Compared to dry-processing routes, wet-shaping techniques are capable of pro-
ducing materials with complex shapes that can satisfy a large range of applications
through the fabrication of dense and porous materials [42]. Freeze-drying, also
known as lyophilization, is an industrial dehydration process which works by
freezing the material and reducing the surrounding pressure to allow any frozen
water to sublimate and desorb under vacuum. The voids of ice crystals after sub-
limation generate porosity in the dried materials. This is how freeze-drying or more
accurately ice templating can be used to produce a range of porous materials. The
control of the freezing condition is the key to the tuning of pore morphology. For
example, a directional freezing procedure may be employed, as illustrated in
Fig. 7.2, allowing for the achievement of aligned microchanneled structures in the
direction of freezing after removing the frozen solvent [72–75]. Importantly, the
emulsion templating and ice templating can be combined to produce materials with
systematically tuned porosity and provide an exciting route for the preparation of
aqueous, organic, and poorly water-soluble drug nanoparticle suspensions [76–78].

With the ice-templating method, polymer solutions or colloidal suspensions are
usually employed to produce a wide range of porous materials. However, when the

Fig. 7.2 a Schematic representation of the directional freezing process. As ice crystals grow in
one direction, solutes such as particles and/or polymeric molecules are excluded and packed
between the crystals. b An optical microscopic image showing the directional freezing of gold
nanoparticle suspension. The blue dashed line indicates the freezing front, while the red stripes are
concentrated gold nanoparticles excluded from the freezing front (reproduced from Ref. [74] with
kind permission of © 2007 Wiley-VCH) (Color figure online)
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concentrations of the polymers or colloids are very low, nanofibrous structures can
be formed. For example, dilute aqueous polymer solutions were directionally frozen
and freeze-dried to generate polymer nanofibres, as demonstrated with sodium
carboxymethyl cellulose (shown in Fig. 7.3), poly(vinyl alcohol), and sodium
alginate [79]. These polymer nanofibres could be further used as templates to
prepare hollow titania microtubes and iron oxide nanofibres [79]. It was also
possible to produce chitosan in porous and nanofibrous structures for the controlled
release of bovine serum albumins [80] or chitosan/silica microsphere composite
fibres for dual-controlled release drugs [81]. Dilute colloidal suspensions including
metal, metal oxide, and polymers can be subjected to the directional freezing
process, which allows the self-assembly of nanoparticles during freezing, and then
produce colloids-composed nanofibres after freeze-drying [82–84]. Rather than
using polymers or colloids, Mao et al. used the solution of the monomer,
2-hydroxyethyl methacrylate (HEMA), in tert-butyl alcohol. After being direc-
tionally frozen and polymerized by ϒ-irradiation, at the temperature the solvent was
still frozen, polyHEMA nanofibrous scaffolds were prepared and demonstrated as a
highly active and recyclable catalyst support [85].

A general route for production of carbon materials is through the carbonization
of polymers. However, to ensure a high carbon yield and maintenance of porous
morphology, the polymer should have high carbon content and/or the carbonization
procedures may be designed purposely. The controlled freezing-freeze-drying
approach has been adopted for lignin solutions [86]. Excitingly, a device was
developed to produce a large quantity of lignin nanofibres. The nanofibers were
produced in thin films by delivering aqueous lignin solutions through a 0.254-mm
aperture onto a liquid nitrogen-cooled drum collector. The resultant frozen ribbons

Fig. 7.3 Sodium carboxymethyl cellulose (Mw 250 K) nanofibers prepared by controlled
freezing and freeze-drying of its aqueous solution (0.02 wt%). Scale bar 5 µm and inset scale bar
600 nm (reproduced from Ref. [79] with kind permission of © 2009 Wiley-VCH)
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were then lyophilized to produce a templated lignin network which was then car-
bonized at 1000 °C to form CNFs [86]. The rapid freezing process described by
Spender et al. resulted in elimination of larger lamellar spaces and macropores that
had been observed in materials produced through the ice-segregation-induced
self-assembly methodology [72, 86, 87].

7.2.5 Nanofibrous Gels and Carbonization

Gels are defined as substantially dilute cross-linked systems which exhibit no flow
when in the steady state [88]. The skeleton formed in such gels may be maintained
by removing the solvent under supercritical condition since pores in the gels are
free from capillary forces leaving behind porous, ultralight materials that have
extremely low density and thermal conductivity. These aerogels can have high
surface areas that could make them ideal as absorbents, catalyst supports, electrodes
for electric double-layer capacitors, and materials for chromatographic separation
[89].

If a nanofibrous gel can be formed, it is possible to produce a three-dimensional
carbon nanofibrous monolith simply by carbonization. The prerequisites for this
method are as follows: (1) a dry nanofibrous gel can be formed; (2) there is high
carbon content in the gel material; and (3) the nanofibre morphology can be
maintained after carbonization. Very often, one can observe the presence of
nanofibres in gels, but that may be challenging for the whole gel to be nanofibrous.
Perylene diimides are multi-aromatic molecules, with an extended quadrupolar p
system, and are utilized in many fields, including biosensing, light-emitting diodes,
and pigments. Due to their strong hydrophobicity, self-assembly of perylene dii-
mides can form nanostructures in various organic solvents via p–p
interaction/stacking and interaction of side chains.

Liu et al. reported the self-assembly of perylene diimide derivatives by
pH-triggered gelation of aqueous solution at room temperature (Fig. 7.4) [22]. After
washing with acetone and cyclohexane and then freeze-drying, 3D red porous
scaffold consisting of entangled nanofibers with relatively uniform diameters
(20–50 nm) was formed as either thin films or monoliths [22]. Upon carbonization,
with little shrinkage, the replicated porous scaffolds with carbon nanofibres were
successfully prepared (Fig. 7.4). It was very convenient to add different desirable
compounds in the solution before gelation. For example, melamine and the sur-
factant Pluronic P123 could be added to produce N-doped mesoporous carbon
nanofibres.

In a further development, nanofibrous microspheres were prepared by a
water-in-oil emulsion formed with the aqueous perylene diimide derivative solution
as the internal phase and o-xylene as the external phase [44]. Span 80 was used as
the surfactant, and polystyrene (MW 192 K) was added to help stabilize the
emulsion. Glucono-d-lactone (GdL) was added into the aqueous phase to initiate
the gelation. GdL can be hydrolysed in water and render the solution acidic.
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The concentration of the GdL was key to producing discreet microspheres; i.e., the
lowering pH induced by GdL hydrolysis should not initiate the gelation before a
stable emulsion was formed. As shown in Fig. 7.5, porous red microspheres were
formed. Upon carbonization, nanofibrous carbon microspheres were produced. This
method is unique in that there are not many reports describing the preparation of
nanofibrous microspheres. For example, the widely used CVD or electrospinning

Fig. 7.4 a Synthesis and chemical structure of perylene diimide derivative (PI). b The procedure
of preparing carbon via pH-triggered gelation, freeze-drying, and pyrolysis. c The nanofibrous gel
structure after freeze-drying (inset showing the red monolith). d The carbon nanofibrous structure
after pyrolysis (inset showing the black carbon monolith) (reproduced from Ref. [22] with kind
permission of © 2015 Royal Society of Chemistry) (Color figure online)

Fig. 7.5 a The red microspheres by optical microscopy. b The porous carbon microsphere. c The
nanofibrous structure of the carbon microsphere (reproduced from Ref. [44] with kind permission
of © 2015 Royal Society of Chemistry) (Color figure online)
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would not be able to produce microspheres. Combining this gelation system with a
droplet formation method can be a versatile way in preparing nanofibrous micro-
spheres. Apart from the emulsion method, the microfluidic method may be
employed to prepare such microspheres.

7.3 Energy Storage Applications

As the population and industrialization of the Earth has increased, so too have the
energy demands, putting a great strain on the existing power infrastructure and
posing serious implications for the future of a society so dependent on finite energy
sources. Up to now, oil-based fuels have been largely used. However, with
increasing limitations on the availability of such resources, a need for alternative
energy sources has become apparent. New technologies have been developed which
rely on sustainable energy forms such as wind energy, solar power, hydroelectricity,
and geothermal energy. These methods of energy production provide some mea-
sures of the solution needed. However, they are also unpredictable in their gener-
ation since it is not always windy and sunny. Due to this inconsistency, renewable
sources must be paired with a reliable form of energy storage which can store
energy as mentioned above.

It is possible to store energy using several different methods which include
chemical (e.g. hydrogen, liquid nitrogen, oxyhydrogen, and vanadium pentoxide),
electrochemical (e.g. batteries and fuel cells), electrical (e.g. supercapacitors and
superconducting magnetic energy storage), thermal, and mechanical energy. In this
section, we will evaluate emerging technologies in the field of energy storage and
how carbon-based nanofibres are proving to be useful materials in many applica-
tions. Table 7.1 lists the energy storage applications where carbon-based nanofibers
have been used.

7.3.1 Rechargeable Batteries

Rechargeable batteries, while initially costing more than the alternative primary
batteries that can only be used until completely discharged and then must be dis-
posed, cost much less over the lifetime of ownership in comparison. Their ability to
cycle discharging and recharging makes them ideal for use in power stations that
must vary their output as demand varies.

7.3.1.1 Li-Ion Batteries

Primary Li batteries were commercialized during the 1970s and involved using
lithium metal electrodes. Li–LixMnO2 was one of the systems developed by
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Tadiran, Inc., Israel, for use in mobile phones; however, it did not achieve wide-
spread use due to safety problems [100]. Through further research into lithium as a
power source, it became clear that lithium intercalated with transition metal oxides
and sulphides could be used as reversible cathode materials for rechargeable Li
batteries (Fig. 7.6) [101–103].

Lithium-ion batteries are most commonly found in portable electronic devices
which require high cycling durability with a low power to weight ratio. These
batteries can supply high energy density while showing small memory effect which
can be found in nickel–cadmium batteries as well as some nickel-metal hydride
batteries. Memory effect is the loss of charge capacity upon repeated partial
charging and discharging. Applying lithium to develop high-performance batteries
is motivated by its low standard reduction potential at −3.04 V (vs. the standard
hydrogen electrode) as well as its low density, 0.53 g cm−3 [104].

During the charging process of Li-ion batteries, lithium ions are forced to leave
the cathode material, which is usually lithium-containing metal oxides, under
an external electric field and intercalate into a graphite lattice [104].
Bubble-nanorod-structured Fe2O3 carbon nanofibres were synthesized by Cho et al.
presenting with a discharge capacity of 812 mAh g−1 upon its 300th cycle, in
comparison with bare Fe2O3 nanofibres which showed a discharge capacity of
285 mAh g−1 at its 300th cycle with both measurements recorded at current density
1 A g−1 [91]. Qie et al. [90] presented porous, nitrogen-doped carbon nanofibre
webs as anodes for Li-ion batteries with a higher specific capacity of 943 mAh g−1

even after 600 cycles at 2 A g−1. While both processes show high capacities for use
in Li-ion batteries, the novelty of the bubble-nanorod-structured Fe2O3 carbon

Fig. 7.6 A schematic presentation of the most commonly used Li-ion battery based on graphite
anodes and LiCoO2 cathodes (reproduced from Ref. [101] with kind permission of © 2011 Royal
Society of Chemistry)
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nanofibres presents the possibility of designing greater variations in the material
that may present even more promising results.

7.3.1.2 Li-Air Batteries

Li-air batteries have not received much attention until recently due to the particular
interest in its potential applications in transportation, where specific energy (energy
per unit mass) and energy density (energy per unit volume) are most important
[105]. In order to achieve efficiency and range equal to that provided by liquid
fuels, a battery system with much higher specific energy and energy density is
required. A Li-air battery has notably higher theoretical energy density because the
anode metal possesses a high ratio of valence electrons to atomic nuclei and cathode
oxygen is not stored in the cell [106]. This theoretical energy density is several
times higher than that of state-of-the-art Li-ion battery technology and can even
match that of 1700 Wh/kg provided by gasoline energy systems [107].

There are many possible reactions involving lithium and air. Depending on the
chemical environment and mode of operation, several products may result from the
reaction of Li and O2 as shown in Scheme 7.1, [108]. There are four major types of
Li-air battery systems: aqueous, aprotic/non-aqueous, all-solid-state, and hybrid.
Each of these systems is classified by the type of electrolyte used. In particular, the
non-aqueous system has attracted a lot of attention due to its potentially high energy
density and rechargeability [107].

There is much research necessary for the development of practical Li-air bat-
teries and commercialization. These include quantitatively demonstrating chemical
reversibility of the electrochemical reactions (and their relationship to the
discharge/charge currents) and understanding coulombic efficiency of the battery in
cycling. Furthermore, the investigation of various functional materials has been
highly active, covering oxidation-resistant electrodes and cost-effective catalysts (to
reduce overpotentials for charge/discharge reactions where insoluble products are
formed), new nanostructured air cathodes for optimal transport to active catalyst
surfaces, and robust Li metal or composite electrode (capable of repeated cycling at
high current densities). Also of great importance is the preparation of
high-throughput air-breathing membranes that separate O2 from ambient air (H2O
and CO2 limit lifetime of Li-air batteries) and understanding and limiting of the
origin of temperature dependences in Li-air batteries [109].

Recent work by Song et al. [92] on Li-air batteries has focussed on composites
of Co3O4 and carbon nanofibres that were produced through the carbonization of
Zeolitic Imidazolate Framework (ZIF)-9/PAN fibrous mats electrospun from
dimethylformamide (DMF) solutions. The initial discharge capacity was presented

O2 + 4Li + + 4e- ↔ 2Li2 O Erev = 2.91 V
O2 + 2Li + + 2e- ↔ 2Li2 O2     E rev = 2.96 V

Scheme 7.1 Cell reactions of lithium and oxygen
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at 760 mAh g−1 at a current density of 0.5 A g−1, which retained 55% of its total
capacity after 10 charge/discharge cycles [92]. This may be compared with an
initial discharge capacity of CO2-activated carbon nanofibres of 699 mAh g−1

presented by Nie et al. [93] at a current density of 0.2 A g−1; however, it is worth
noting that this cathode was not activated until reaching a temperature of 1273 K.
The capacity of an electrode is also greatly dependent on the current density being
used during measurements. A low current density will usually present with a greater
capacity though this may not be suitable for real-life use.

7.3.1.3 Li-S Batteries

While Li-S and Li-air (referred to as Li–O2 since O2 is the fuel) share the same
anode and have active cathode components (S and O2) that are neighbours in group
16 of the periodic table, there are important differences regarding their chemistry
and the states of their cathodes [110].

Advantages of lithium-sulphur batteries over other rechargeable battery systems
include their high specific energy with low costs. Disadvantages, however, include
poor electrochemical stability caused by diffusion of polysulphides from the cath-
ode to the anode known as the shuttle effect. Solutions to preventing this migration
and confining sulphur within the cathode region include the use of porous carbon
structures [104, 111–113], inorganic oxides, and polymers.

Work by Ji et al. [114] pioneered developments of conductive mesoporous
carbon frameworks to encapsulate sulphur nanofiller growth within its channels.
The mesoporous structure allowed for access of Li+ for reactivity with the sulphur
while also inhibiting diffusion within the framework and the properties of the
carbon helped in trapping polysulphides that are formed during redox. Reversible
capacities of up to 730 mAh g−1 were obtained at C/5 rate after 150 cycles of
charge/discharge after modifying the surface of hollow carbon nanofibres (as shown
in Fig. 7.7) to prevent the detachment of LixS from the carbon surface and achieve
specific capacities close to 1180 mAh g−1 with a capacity retention of 80% over
300 cycles [114–116].

7.3.1.4 Na-Ion Batteries

With the increase in portable electronics use, the prices of lithium-ion batteries have
increased correspondingly. As more applications adopt lithium-ion batteries as
power supplies, the strain on lithium sources is expected to increase to the point of
running out and efforts to find new sources of the metal and recycle existing
batteries will likely lag behind the current demands. An alternative to lithium lies in
the development of sodium-ion batteries since it is possible for Na-ion batteries to
be comparable if a cathode with 200 mAh g−1 capacity and a 500 mAh g−1

capacity anode can be discovered. Sodium is also the 4th most abundant element in
the crust of the Earth making supply a much smaller issue [117].
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While sodium-ion devices are still in the early stages of development, they are
promising for large-scale grid applications in spite of the high cost involved in
production of sodium-containing precursors used to make components. To evaluate
the potential of sodium-ion batteries as a replacement for lithium-ion, Ong et al.
[118] provided a comparison between the two using similar materials operating in
Li-ion and Na-ion systems. The larger mass and ionic radius of sodium to lithium as
well as various thermodynamic parameters affect a *300 mV higher standard
reduction potential of sodium.

Doping nitrogen into the carbon-based anodes generated extrinsic defects which
enhance reactivity and electronic conductivity. The sites at which nitrogen has been
added can also adsorb lithium ions and improve lithium storage [90, 119]. This
knowledge was used by Wang et al. [120] to improve the capacity of sodium-ion
batteries using functionalized, interconnected carbon nanofibres doped with

Fig. 7.7 Schematic design and fabrication process of hollow carbon nanofibres/sulfur composite
structure. a Design principle showing the high aspect ratio of the CNF for effective trapping of
polysulphides and b the fabrication process of carbon/sulfur cathode. c Digital camera images
showing the contrast of AAO template before and after carbon coating and sulfur infusion
(reproduced from Ref. [116] with kind permission of © 2011 American Chemical Society)
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nitrogen. The N-doped sites and functionalized groups were suggested as the cause
for a high current density of 134 mAh g−1 after 200 cycles at 0.2 A g−1 due to their
ability to capture sodium ions rapidly and reversible through surface adsorption and
surface redox reactions [120].

Carbon materials with a large interlayer distance and disordered structure are of
particular interest to the area surrounding sodium-ion batteries since these prop-
erties make them beneficial for Na+ insertion/extraction [117]. In a study by Bai
et al., polyvinyl chloride nanofibres were prepared though electrospinning and
pyrolysis at increasing temperatures (600–800 °C) and used as anodic materials in a
Na-ion cell, giving an initial reversible capacity of 271 mAh g−1 and retain
215 mAh g−1 after 120 cycles at 0.012 A g−1 [95]. While the current density affects
the apparent capacity of the electrode material, further tests showed a reversible
capacity of 147 mAh g−1 at 0.24 A g−1 [95].

7.3.2 Supercapacitors

A conventional capacitor stores energy in the form of electrical charge. Two
conducting materials are separated by a dielectric. When an electric potential is
applied across the conductors, electrons flow and charge accumulates on each
conducting plate, which remain charged after the potential is removed until they are
brought into contact again. The capacitance is a measure of the energy storage
capability and is related to the amount of charge that can be stored at an applied
potential.

The early patent surrounding electrochemical capacitors dates back to 1957
where a capacitor based on carbon with a high surface area was described [121].
Supercapacitors consist of two electrodes with extremely high surface areas kept
separate by an ion-permeable membrane that is used as an insulator to protect the
electrodes against short-circuiting. A liquid or viscous electrolyte that can be either
organic or aqueous is added to the cell and enters the pores of the electrodes and
serves as the conductive connection between electrodes across the insulator. These
cells must be sealed to ensure stable behaviour over its lifetime [13, 122].

Supercapacitor is a colloquial name for capacitors which store energy within an
electrochemical double layer at the electrode/electrolyte interface. Electrochemical
double-layer capacitor (EDLC) is the name that best describes the storage principle;
however, in general, there are contributions to the capacitance other than the
double-layer effects. In addition to the capacitance that arises from the separation of
charge in the double layer, reactions that occur on the surface of the electrode
provide a contribution. The charge that is required to facilitate these reactions is
dependent on the potential resulting in a Faradaic “pseudocapacitance” [13].

There are three types of supercapacitors: electrochemical double-layer capaci-
tors, pseudocapacitors, and hybrid types formed by combining both EDLCs and
pseudocapacitors.
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7.3.2.1 Electric Double-Layer Capacitors (EDCLs)

Previously, all electrochemical capacitors were called double-layer capacitors;
however, it became known that double-layer capacitors and pseudocapacitors were
part of a new family of electrochemical capacitors. Double-layer capacitance is the
electrostatic storage of electrical energy achieved through separation of charge in a
Helmholtz double layer at the interface between the surface of a conductor electrode
and an electrolytic solution electrolyte. The separation of charge in a double layer is
a few angstroms (0.3–0.38 nm) and is static in origin [13]. Double-layer charge
storage is a surface process, and as such, the surface characteristics of the electrode
greatly influence the capacitance of the cell. Similarly, the connection between the
electrode and the rest of the surface should be without the addition of other con-
ductive or binding agents to reduce the mass of electrochemically inactive com-
ponents present and sustaining a high specific capacitance with sufficiently high
conductivity [123].

There are various models that have been developed over the years to explain the
electrical processes that take place at the boundary between a solid conductor and
an electrolyte. EDLCs have demonstrated good cycling stability as well as rate
capability. However, they generally demonstrate low specific capacitance as well as
low energy density [16, 17]. An electric double-layer capacitor is most simply made
up of two electrodes immersed in an electrolyte yet kept separate by an
ion-conduction but electron-insulating membrane [124]. Activated carbon with a
large surface area provides a good platform material for double-layer formation
since they allow the capture and release of the electrolyte with relatively decreased
resistance, though this is dependent on the pore size and the solvated ion size of the
electrolyte [125–127].

Work by Xu et al. [96] has shown the production of polyaniline nanofibre
networks with a large specific capacitance of 280 F g−1 at a current density of
1 A g−1. The polyaniline networks were co-doped with nitrogen and phosphorus
since nitrogen doping can cause a shift of the Fermi level which facilitates electron
transfer, while phosphorus doping can restrain the formation of unstable surface
groups and also widen the potential window to increase the energy density of
EDLCs [28, 96, 128–130]. Lu et al. demonstrate a method of producing porous
nanofibres that exhibit a relatively high specific capacitance and may be easily
scaled up to produce bulk amounts of material, since a drawback of the electro-
spinning process is a low production rate coupled with safety concerns and costs
[123].

Nanofibrous gels formed using perylene diimide derivatives provided good
electrode materials after freeze-drying and carbonization. Due to the formation of
nanofibres during the self-assembly process, it is facile to incorporate other mole-
cules into the CNFs. In the case of potassium stannate being used as a base to
dissolve the perylene derivative, the preparation of Sn-incorporated CNFs was
described [22]. This method yielded gels with higher capacities for those formed
upon the incorporation of melamine into the gel, 115 F g−1 at a scan rate of
1 mVs−1. When F-127 (a water-soluble triblock copolymer) was used as a
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sacrificial template for CNFs during the carbonization process, higher surface area
and more interconnected micropores/mesopores were achieved. This was believed
to contribute positively towards an increased capacitance, 226 F g−1 at 4 A g−1

over 1000 cycles, through the improved movement of ions [22]. Nanofibrous
microspheres produced by Liu et al., mentioned previously, also demonstrated good
specific capacitance of 284 F g−1 at 1 A g−1, with a 67% capacitance retention after
1000 cycles at a current density of 4 A g−1 [44].

7.3.2.2 Pseudocapacitors

Pseudocapacitance is named as such to differentiate it from electrostatic capacitance
as it arises from reversible Faradaic reactions occurring at the electrode. The term
“pseudo” arises in order to be able to differentiate it from electrostatic capacitance,
since the charge transfer that occurs is voltage dependent and so a capacitive
phenomenon occurs. There are two types of mechanisms that can cause such a
phenomenon: redox reactions and the deposition of ions to form a monolayer.

Redox reactions occur at electrodes made from metal oxides or conducting
polymers. In the case of ruthenium oxide, charging and discharging curves arise as
a result of overlapping redox reactions as well as a significant double-layer
capacitance due to the porous structure of the hydrous oxide [131]. Deposition of
ions to form a monolayer on the electrode surface results in a Faradaic charge
transfer. If the sites are occupied randomly in a fixed lattice, the Langmuir
adsorption equation may be used to determine another equation, as shown in
Scheme 7.2, which can be used to describe a pseudocapacitive relationship [132].

While “pure” CNF materials act as EDLCs, the intercalation of metal oxide
nanoparticles results in pseudocapacitive action from the nanoparticles with the
CNF acting as a conducting support. This makes CNFs particularly favourable as
supports, since they can be easily intercalated with nanoparticles in layered struc-
tures which improve electronic conductivity while preventing active particles from
detaching from the CNF [97]. Aboulali et al. demonstrated encapsulation of Co3O4

within electrospun carbon nanofibres producing materials that gave a capacitance of
586 F g−1 at a current density of 1 A g−1 and presented good cycling stability of
74% retention after 2000 cycles at 2 A g−1 [97]. The Co3O4 nanoparticles were
securely dispersed within the CNF matrix, allowing for the pseudocapacitive action

Scheme 7.2 Equation describing the pseudocapacitive relation caused by the
adsorption/desorption of ions on the electrode surface where q1 is the amount of charge required
to form or disperse a complete monolayer, K is the electrochemical equilibrium constant, and V is
the electrode potential [13, 131]
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of the nanoparticles to occur without being hindered by separation and helped by
the conductivity of the CNF matrix [97]. A similar principle was demonstrated by
Wu et al. in their encapsulation of iron carbide nanoparticles within iron- and
nitrogen-doped carbon nanofibres for use in electrocatalysis [133].

The pseudocapacitive ability of MnO2 was shown by Zhi et al. when used as a
coating for CNFs after carbonization of electrospun PAN fibres from DMF, giving
an enhanced specific capacitance of 311 F g−1 for the whole electrode and showing
remarkable stability in comparison with previously reported CNF/metal oxide
coaxial electrodes [57, 134]. A drawback of this process would be the limited
scalability of production due to the use of electrospinning which suffers from a low
production rate.

7.3.2.3 Hybrid Capacitors (Asymmetric, Composite, Battery Type)

While supercapacitors have attracted an enormous amount of attention due to their
various advantages including power density and fast charge/discharge capability,
their energy densities are far behind batteries [135]. As such, it is necessary to
explore opportunities to increase energy density while maintaining power delivery.
Hybrid supercapacitors are typically made up of a carbon electrode from EDLC
systems and a battery electrode. If an appropriate combination can be found, an
increase in the cell voltage may be obtained, while a battery electrode material will
deliver more specific capacitance when compared with activated carbons, thereby
improving energy and power density [16].

Figure 7.8 shows the possible approaches to hybrid capacitors. Most hybrid
electrochemical capacitors produced have used pseudocapacitive materials as the
cathode, because they can accumulate charges through Faradaic processes which
can increase the specific capacitance and extend the working voltage [136]. Hybrid
capacitors can be assembled using hybrid materials such as mixed different metal
oxides or doped conducting polymer materials [136–138].

Wang et al. demonstrated a high-performance asymmetric supercapacitor using
carbon-MnO2 nanofiber electrodes that showed only 6% loss in its initial capaci-
tance after 5000 cycles at 4 A g−1 and excellent stability of the cell [135]. This can
be compared to research by Li et al. who produced a nickel–aluminium layered
double-hydroxide nanosheets/carbon nanotube composite which was then tested for
both its electrochemical performance and also its possible application in an
asymmetric capacitor [99]. Both electrode materials showed remarkable stability,
ability to withstand repeated cycles at reasonable current densities, as well as being
able to be easily integrated into a circuit given CNF capabilities to be used without
binding agents.

Another example of hybrid capacitor electrode material was recently shown by
Li et al. where hierarchical porous V2O5 nanosheets on carbon nanofibres were
investigated. They demonstrated good electrochemical performance of 408 F g−1 at
a current density of 1 A g−1, as well as good cycling stability over 10,000 cycles,
showing only 10.7% loss in specific capacity [98]. However, an advantage of this

7 Polymer- and Carbon-Based Nanofibres for Energy Storage 327



material would be its flexible nature and its ability to retain capacity after bending
200 times showing a robust nature suitable for practical application.

7.4 Conclusion and Outlook

There has been a global increase in demand for energy storage that can provide the
high energy density requirements needed for a variety of applications. Carbon
nanofibres have been shown to be promising in energy storage. Among the fabri-
cation methods described in this chapter, electrospinning can form free-standing
fibrous mats which, after carbonization, can be used without binders, substrates, or
conducting agents, thereby increasing the energy density and making fabrication
simpler by allowing the fibres to be directly employed as electrode materials.
Through variation in feed rate, voltage, solution mix, and distance between the
needle and collector, the morphology of fibres may be varied and thus their
properties may change. Catalytic chemical vapour deposition is able to produce
nanofibres rapidly, and the morphology of the fibres may be altered through the use
of different starting materials. However, the instrument with high temperature and
high vacuum is required for this technique. Two recently developed methods
(controlled freezing and nanofibrous gelation) have been used to prepare polymer
nanofibers, which can then be carbonized to produce carbon nanofibers. Polymers
with high carbon content may have to be used. It is also more convenient to produce
a large quantity of nanofibers with the latter two methods.

Fig. 7.8 Schematic representation of different hybridization approaches between supercapacitor
and battery electrodes and materials (reproduced from Ref. [138] with kind permission of © 2015
Royal Society of Chemistry)
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These carbon-based nanofibres have shown promising applications within the
realm of rechargeable batteries, whether the cell be Li-ion, Li-air, Li-S, or Na-ion.
Due to the interlayer spacing in CNFs, it is possible for metal ions to intercalate
into a CNF-based anode during the charging process of the cell and be released
later while showing relatively good cycling capability. Problems with batteries arise
due to shortages of lithium as well as the “shuttle” effect that occurs in Li-S
batteries and side reactions that occur in Li-air cells. While sodium is relatively
abundant and inexpensive, achieving the appropriate capacity for use in trans-
portation has been a problem, though Na-ion batteries have been shown to be good
for use in grid applications. As electrode materials for supercapaitors, the
carbon-based nanofibres have demonstrated high capacity and high recyclability.
The porous CNFs, when co-doped with nitrogen and phosphorus, demonstrated an
increase in energy density and facilitated electron transfer. The incorporation of
metal oxides into the CNF matrix leads to an effective pseudocapacitive system due
to redox reactions and/or the formation of a monolayer through deposition of ions.
The use of CNF electrodes is also reported in hybrid capacitors.

However, to employ the carbon-based nanofibres for the perspective industrial
energy storage applications, the materials need to be produced at a large scale with
reproducible morphology and physical properties. The preparation conditions are
required to be optimized with regard to control of the diameter, porosity, and
doping composition of the nanofibers. The optimization of the procedures for
preparing the electrodes and assembling the devices (e.g. batteries, supercapacitors)
is equally important for safe and efficient use of this technology to meet the
increasing energy demand.
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Chapter 8
Polymer/Graphene Composites
for Energy Storage

Yuchen Liu and Shiren Wang

Abstract In recent years, tremendous research effort has been focused on novel
supercapacitors because of their stable ultra-high power density, cycling life, and
fast charging–discharging rate. These researches aimed at increasing the energy
density of supercapacitors without sacrificing high power capability so that they
reach the levels achieved in batteries and at lowering fabrication costs. For this
purpose, conjugated polymers have been effectively integrated with graphene
nanosheets for supercapacitor applications, which sparked great excitement in
superior performance owing to their synergistic effects on charge absorption and
transportation, and extraordinary characteristic of the reversible oxidation–reduc-
tion activity which enables a high energy density. In this chapter, simple pathways
to tailor polymer/graphene composites architectures for improving supercapacitor
performances were summarized. Further, a theoretical model has been established
to quantify the influences of various factors on the supercapacitor behaviors. On
this basis, challenges and perspectives in this exciting field are also discussed.
These results not only provide fundamental insight into supercapacitors but also
offer an important guideline for future design of advanced next-generation super-
capacitors for industrial and consumer applications.

8.1 Introduction

With the rapid growth of hybrid vehicles and renewable energy systems, there is an
urgent need for developing advanced electric energy storage with high-storage
capacity and fast charge–discharge ability to meet practical application [1]. Among
available energy storage devices, there are three typical traditional energy storage
devices: fuel cells, batteries, and capacitors. Fuel cells have the largest energy
density, while capacitors have the highest power density. The energy and power

Y. Liu � S. Wang (&)
Department of Industrial and Systems Engineering, Texas A&M University,
College Station, TX 77843, USA
e-mail: S.Wang@tamu.edu

© Springer International Publishing AG 2017
Z. Lin et al. (eds.), Polymer-Engineered Nanostructures for Advanced
Energy Applications, Engineering Materials and Processes,
DOI 10.1007/978-3-319-57003-7_8

337



density of lithium batteries are between fuel cells and capacitors. Supercapacitors
were invented in 1970s and quickly became one of the rising stars in the new
century. Supercapacitors are a type of energy storage whose power density is
extremely high compared with traditional batteries [2]. Physical, rather than
chemical, energy storage makes it possible to operate safely and extend the life
cycle. As the superior performance on the rate of charging and discharging,
supercapacitor can be applied in electric vehicles (EV) [3]. From the comparison of
all the devices presented above, the applications of supercapacitors are hindered by
low energy density. Although supercapacitors have a much larger energy density
than traditional capacitors, they have far less energy density than lithium batteries
[4–6]. That is why supercapacitors are always installed with lithium batteries as a
power device. In order to solve this challenge, high-performance supercapacitor
with high energy density is needed to be developed. Graphene is selected as a
promising material for various energy systems such as supercapacitors, solar cells,
and fuel cells because of its reversible oxidation–reduction activity and the good
conductivity of graphene. Hence, graphene materials are always composited with
polymers which can promote the process ability and/or flexibility of graphene
materials [7].

There are two types of supercapacitors according to the different charging–
discharging mechanisms. The first one, performed from a double-layer capacitance,
is called (electric or) electrochemical double-layer capacitor (EDLC). And the other
one is so-called faradic pseudo-capacitor [8]. The definition of the capacitance of
the ELDC is shown as below:

CS ¼ Ae0er
d

; ð8:1Þ

where Cs is the specific capacitance, e0 is the vacuum dielectric constant, and er is
the dielectric constant of electrolyte, A is the effective surface area, and d is the
effective thickness of the electric double layer. This equation guides the direction of
increasing the capacitance of EDLCs. EDLC materials always have a large effective
surface area of the electrodes. Compared with the traditional physical capacitors,
the thickness of the electric double layer (which refers as d in Eq. 8.1) varies within
several nanometers, resulting in a larger specific capacitance.

The basic structure of an EDLC is shown in Fig. 8.1a. The membrane only
allows ions to pass through in order to avoid the short circuit. During the charging
process, the ions move to the opposite charged electrode and attach onto the
electrode via electrostatic attraction. During the discharging process, the electrons
travel through the external circuit, the ions leave the electrodes and consequently
the system goes back to neutral. The structure of EDLC gives it huge power density
because of extremely high-speed absorption/desorption process between thin
electrochemical double layer and consequently resulting in the steady charge and
discharge throughout a wide charge–discharge rate as shown in Fig. 8.1b.

On the other hand, the mechanism of the faradic pseudo-capacitor is more
complicated than EDLC. Besides the huge surface area like that of EDLC, it also
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involves the reversible electrochemical reactions. The definition of the capacitance
of the pseudo-capacitor is shown as below:

ip ¼ an1:5AD0:5Cv0:5 ð8:2Þ

i ¼ ip
nF
RT

ðE � EeqÞ ð8:3Þ

CS ¼
R
idt

DVm
; ð8:4Þ

where ip stands for peak current of electrode when electrochemical reactions occur,
a is a constant number of 2.69 � 105, n is the number of electrons transferred in a
specific electrochemical reaction, A is the effective surface area of electrode, D is
the diffusion coefficient of electrolyte, t is the scan rate, C is the bulk concentration
of electrolyte, t is the scanning time during the test, DV is the voltage difference
between the beginning and of the end of scan, m is the mass of the electrode, i is the
electrode current, F is the Faraday’s constant, R is gas constant, T is thermodynamic
temperature, E is the on-site potential, Eeq is the standard electrode potential for an
electrode/electrolyte combination, and Cs is specific capacitance.

It is easy to realize that the specific capacitance of the pseudo-capacitor is
determined by many variables. The peak value depends on the number of electrons
transferred during the electrochemical reaction and the intrinsic property of the
electrode material. The second most significant factor is the efficient surface area,
and the third one is the diffusion coefficient of ions in the electrolyte. Hence,
increasing the effective surface area, electrolyte concentration, and electrolyte dif-
fusion coefficient is the key direction in enhancing the capacitance of
pseudo-capacitor, after the electrode material is selected. The basic structure and

Fig. 8.1 Typical structure of EDLCs (a); representative cyclic voltagramm of EDLC
(b) (Reproduced from Ref. [2] with kind permission of © 2004 American Chemical Society,
and Ref. [5] with kind permission of © 2010 Springer)
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cyclic voltammetry of pseudo-capacitors are presented in Fig. 8.2. The majority of
difference between the EDLC and the pseudo-capacitor is that the materials of the
pseudo-capacitor which have two or more reversible oxidation states (shown in
Fig. 8.2a). During the charging process, the electrode received the charges from the
ions and transferred to a higher oxidation state. The electric energy is transferred
and stored as chemical energy. During the discharging process, the electrons move
from the negative electrode to the positive one via the external loop, and electrode
loses charges and goes back to the base state.

There are three main methods to determine the capacitance of conducting
polymer materials, namely, constant current charge–discharge, cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS). Theoretically, the
charge–discharge curve for a capacitor should be linear with a slope equal to
the current divided by the capacitance. Without the influence of redox processes,
the cyclic voltammogram of a capacitor would be shaped as rectangular and the
capacitance is equal to half the value of difference in plateau currents divided by the
scan rate. The slope of the EIS data can represent the capacitance of a capacitor.

8.2 Polymer/Graphene Composite

8.2.1 Electrode Material Selection

8.2.1.1 Carbon-Based Materials

Most EDLC is based on the carbon materials which have huge surface areas and
good electrical conductivity. In the ideal EDLCs, the only possible reaction which
can reduce the life cycle of the materials is electrostatic attraction. High rate of
charging–discharging in EDLC also refers to high power density. Hence, the main

Fig. 8.2 Typical structure of pseudo-capacitor (a); representative cyclic votagramm of
pseudo-capacitor (b) (Reproduced from Ref. [4] with kind permission of © 2004 SERDP)
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research about EDLC focuses on improving the energy density and specific
capacitance. In order to improve the capacitance, according to Eq. (8.1), it is
effective to enlarge the effective surface area of electrode materials. Meryl D. Stoller
et al., firstly, used chemically modified graphene (CMG) as the EDLC electrode
material. The surface area measured by Brunauer–Emmett–Teller (BET) method
was 705 m2/g. And the specific capacitance was calculated as 135 and 99 F/g in
aqueous and organic electrolyte, respectively, which are much lower than the
theoretical value, 550 F/G [6]. Yoo et al. applied chemical vapor deposition to
fabricate the ultrathin “planar graphene” and used a perpendicular electrode to
avoid the agglomeration of graphene which commonly happened in the chemically
prepared graphene. As a result, the surface area of planar graphene was significantly
increased as high as 1310 m2/g, and the specific capacitance can reach 247 F/g [9].

Kaner et al. employed laser scribed graphene (LSG) film as the electrode of
supercapacitor. LSG can increase the surface area as 1520 m2/g, and hence the
capacitance can reach 276 F/g [10]. Another research reported by Zhu et al.
increased the effective surface area of graphene up to 3100 m2/g by via the
chemical activation of microwave (or thermally)-exfoliated GO [11]. The recent
trend focuses on PANI/graphene supercapacitor. Xie et al. demonstrated that the
wavy-shaped PANI/graphene-based supercapacitor can reach 261 F/g capacitance
and an energy density of 23.2 Wh/kg at a power density of 399 W/kg for a 0.8 V
voltage window. Based on the above research, the theoretical capacitance of
550 F/g is difficult to achieve because the surface area of single-layer graphene is
not fully used for charge transition at the electrochemical double layer. Although, it
is hard to increase the specific capacitance of carbon-based materials, and the
energy density is readily increased according to the equation:

E ¼ 1
2
CSV2; ð8:5Þ

where E is energy density, Cs is the specific capacitance, and V is the voltage
difference between the beginning and the end of discharging. Graphene is a rela-
tively inert material even at high voltage. As a result, it is easy to increase energy
density by adding the voltage. Water will electrolysis at 1.22 V, and it is easy to
overcome this problem with replacing water by other organic electrolyte.
EMIMBF4 ionic liquid electrolyte can hold 4 V, which brought 16 times incre-
ments compared with water [3, 12]. Other organic systems were also studied, such
as TEABF4/PC, TEABF4/AN [6, 13, 14], NEt4BF4-PC [15, 16], LiClO4/PC [17],
and BMIM BF4/AN [11].

8.2.1.2 Conducting Polymer Materials

On the other hand, there are two main types of pseudo materials: metal oxides and
conjugated polymers. The stored energy in these materials can be also classified
into two types: direct electrostatic attraction and reversible chemical–electrical
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energy conversions. Hence, a pseudo-capacitor can store much more energy and
thus has a larger energy density at same voltage range. During charge–discharge
process, negative ions can diffuse through the crystals of metal oxides and form
metal complexes. Because of the robust structure of the crystal, the metal oxide to
metal complex transition is highly reversible. This could result in long cycling life
close to EDLCs. McKeown et al. used RuO2 as pseudo materials which can make
the specific capacitance reach the theoretical value 720 F/g.

Most recently, conjugated polymers have been investigated as electrode mate-
rials because of their fast kinetics of charge/discharge, high electrical conductivity,
mechanical flexibility, and low cost [18]. Conducting polymers are easily to be
manufactured as self-supporting, flexible thin film. These advantages attracted
researchers as an ideal electrode material for flexible supercapacitor applications.
However, the durability and electrochemical stability must be considered because
of the stresses during charge/discharge process. Polyaniline (PANI), polypyrrole
(PPy), polythiophene (PT), and PEDOT, and composites containing them are
widely considered as electrode materials (Table 8.1).

Table 8.1 Specific capacitances of composite and treated materials [8]

Electrode material Specific
capacitance (F/g)

Electrolyte

PPy-SWNTs 144 Aqueous

PPy-funct-SWNTs 200 Aqueous

PEDOT-on-PPy 230 1 M LiClO4 (aq)

PEDOT-on-PPy 290 1 M KCl (aq)

PPy-Fe2O3 420 LiClO4 (aq)

PPy 78–137 PVDF-HFD gel electrolyte

PEDOT-MoO3 300 Nonaqueous Li+

Nonirradiated HCl-doped PANI 259 Gel polymer electrolyte

Nonirradiated HCl-doped PANI 210 (10,000 cycles) Gel polymer electrolyte

Irradiated HCl-doped PANI 243 Gel polymer electrolyte

Irradiated HCl-doped PANI 220 (10,000 cycles) Gel polymer electrolyte

RuOX-PEDOT-PSS 1409

PPy-fast CV deposited 480 1 M KCl (aq)

ACP-PANI 273 1 M H2SO4

Non-treated PEDOT 72 1 M H2SO4

Ultrasonicated synthesis of
PEDOT

100 1 M H2SO4

MWNT/PANI 20/80 wt% 360

MWNT/PPy 20/80 wt% 190

PANI coated CNF (20 nm) 264

PEDOT/MSP-20 56 (1000 cycles) Et4NBF4 in PC, LiPF6 in
EC/DMC
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Polyaniline

PANI is considered one of the most promising supercapacitor or battery electrode
material because of its low cost, ease of synthesis, high theoretical capacity, flex-
ibility, high conductivity, good redox reversibility, and environmental stability [19–
39]. The theoretical specific capacitance of PANI is 2000 F/g (if PANI is fully
oxidized or reduced in charging–discharging process) [40]. However, a major
constraint of PANI is that it needs a proton to be properly charged and discharged;
as a result, a protic solvent, an acidic solution, or a protic ionic liquid is required
[29]. The specific capacitance is higher for electrodeposited formed PANI than for
chemically formed one. The capacity of PANI is varied from 44 to 270 mAh/g [19].
This variation comes from many factors, including synthetic route used, polymer
morphology, the amount and type of binders and additives, and the thickness of the
electrode. It is a good idea to use the method of design of experiment (DOE) to
figure out the most significant factors.

To maximize capacitive behavior, the morphology of the PANI can be controlled
on the nanoscale by forming nanowire or nanofibers. In the literature, Zhao et al.
reported the highest specific capacitance as 1142 F/g when PANI nanowire was
prepared by electrodeposition on an anodic aluminum oxide (AAO) template [41].
The fibrous PANIs were published owing higher effective surface area than those of
non-fibrous PANI [42, 43]. The specific capacitance of thin nanofibrous PANI was
160 F/g, which is higher than that of thick nanofibrous PANI or that of spherical
(non-fibrous) PANI for 120 and 90 F/g, respectively. The surface area measured by
Brunauer–Emmett–Teller (BET) method was 70 m2/g for the thin PANI nanofibers
which is much larger for thick PANIs or spherical PANIs for 21 or 13 m2/g,
respectively.

Polypyrrole

PPy is another promising supercapacitor electrode material which offers a great
degree offlexibility [44–67]. PPy is typically doped with single-charged anions such
as Cl−, ClO4

−, and SO3. But if doped with multiple-charged anions, e.g., SO4
2−,

physical cross-linking of the polymer occurs [68]. The theoretical specific capaci-
tance of PPy is 620 F/g [69]. The supercapacitors which were assembled by
poly-vinylidene fluoride co-hexafluoropropylene (PVDF-HFP)-based gel elec-
trolytes sandwiched between PPy electrodes showed the specific capacitances about
78–138 F/g [70]. Other researchers demonstrated PPy-Nafion deposited on Pt or
PPy modified composited membranes with good specific capacitance and cyclic
stability for electrochemical applications [71, 72]. PPy/Nafion and PPy/paratoluene
sulfonated, decomposited onto a gold-coated polyvinylidene difluoride (PVDF)
membraned substrate, showed specific capacitances of 380 and 430 F/g, respec-
tively. The PPy/Nafion electrode showed better properties on the cycling life and
energy density than that of the PPy/paratoluene sulfonate electrode. In the CV
curves, the capacitance of PPy/Nafion electrode was conserved up to 70% after 5000
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cycles, whereas the capacitance of PPy/paratoluene sulfonate was only 12%
remaining.

On the other hand, PPy nanospheres were able to be prepared in graphene layers
to form a three-dimensional hierarchical cross-linking structure through simple
hydrothermal method [73]. Gan et al. built a symmetric supercapacitor from the
porous MnO2/PPy nanocomposite yielded a specific capacitance of 142 F/g per
mass of one electrode. The cycling life of this capacitor remained 93.2% capaci-
tance retention after 1000 cycles [74].

Polythiophene

The electrical conductivity and the theoretical capacitance of polythiophene are
estimated to be 300–400 S/cm and 485 F/g, respectively. In the literature, the
specific capacitances of polythiophene derivatives showed as about 220 F/g [75].
Although this capacitance is lower than that of PANI and PPy, poly
(3,4-ethylenedioxy-thiophene) (PEDOT) has advantages due to chemical and
thermal stability in the oxidized form and fast electrochemical switching [76, 77].
PEDOT has many advantages such as good electrical conductivity, flexibility, low
cost, and pseudo-capacitance. PEDOT was used as an active material in superca-
pacitors. In the recent research, the processing temperature of vapor phase poly-
merization (VPP) showed a significant effect on PEDOT morphology, the degree of
orientation, and its electrical properties. By this effect, PEDOT-based composites
show a specific capacitance up to 134 F/g with the polymerization temperature of
110 °C [78]. Zhao et al. used binder-free porous PEDOT electrodes for flexible
capacitors. The specific capacitance, energy density, and coulombic efficiency of
the PEDOT supercapacitor can reach 69 F/g, 24 Wh/kg, and 95% at a current
density of 0.2 A/g, respectively. Also, PEDOT electrodes presented good cycling
performance. The capacitance retention ratio is about *72% after 1500 cycles. The
results of PEDOT film from different current densities and scanning rates show the
supercapacitors have better rate performances [79].

The use of PEDOT nanowires enables assembly of PEDOT mats which can be
assembled into all-textile flexible supercapacitors using carbon cloth as the current
collector. Electrospun polyacrylonitrile (PAN) nanofibrous membranes were used
as the separator. Ionic liquid-impregnated PVDF-co-HFP was used as the solid
electrolyte. The specific capacitance was shown about 20 F/g [80].

8.2.2 Electrolytes

In supercapacitor, the electrolytes are another significant part need to be considered.
In common, the charges of a supercapacitor are carried by ions that travel through
the electrolyte. Thus, the viscosity, ionic conductivity, and boiling points of
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electrolytes are all key factors. Generally, electrolytes can be divided into three
types: aqueous electrolyte, ionic liquid, and solid-state electrolyte.

8.2.2.1 Aqueous-Based Electrolytes

Aqueous-based electrolytes, which have low price, compatibility with most salts,
and high ionic conductivity, are extensively investigated and widely used. The
conductivity of aqueous electrolyte can be calculated in the following equation
[81]:

j ¼
X

CiZiki; ð8:6Þ

where Ci is the concentration of dissolved ion i, Zi is the absolute value of the
charge number of ion i, and ki is the equivalent ionic conductivity of ion i. The
measured value of the ionic conductivity of 1 M HCl at room temperature is about
0.347 S/cm. As the HCl concentration and temperature increased, the conductivity
increases, respectively [82]. The conductivity of Na2SO4 solution is higher than that
of HCL, at 4.24 S/cm in 0.5 M at room temperature [83]. However, the application
of aqueous electrolytes is limited since the water will be decomposed above 1.22 V.
In the literature, the charge–discharge voltage of most aqueous-based supercapac-
itors is about 0.7–0.8 V. In this situation, the potential of electrodes is far from fully
explored [84]. Wagner et al. showed that the equivalent conductivity of various
aqueous-based electrolytes increases linearly as the temperature is increased
between 0 and 100 °C, and the result can be seen in Fig. 8.3 [81]. As the saturated
vapor pressure is relatively high (1 atm at 100 °C), it makes water easy to evaporate
and even boil and consequently constraint the application of aqueous-based
electrolytes.

Fig. 8.3 Conductivity–
temperature dependence of
various aqueous electrolytes
(Reproduced from Ref. [81]
with kind permission of ©
2012 Research Gate)
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8.2.2.2 Ionic Liquid-Based Electrolytes

Ionic liquid is another major type of the electrolytes which attracted a huge amount
of attention for several years. Typically, they kept in the liquid state and ionized
organic salts at ambient temperature which results in showing a high ionic con-
ductivity. The detailed chemical structures of cations and anions are presented in
Fig. 8.4 [85]. Most of the cations are nitrogen-based hexagons and pentagons in a
conjugated structure. As the molecules are stable of the rigid and conjugated
structures, they are more stable in a wide temperature and voltage window,
specifically up to 7 V and from −40 to 200 °C. In order to improve the specific
capacitance, energy density and power density are directly correlated with charge–
discharge voltage, and consequently it is significant to enhance the voltage of the
electrochemical performance in a safe manner.

The low ionic conductivity is the key factor of ionic liquid, and it can be
expressed by the equation [86]:

K ¼ e2NA

kBT
ðDþ þD�Þ; ð8:7Þ

where K is the conductivity at low ion concentration, NA is Avogadro’s number,
e is the charge of one electron, kB is Boltzmann’s constant, and D+ and D− are the
diffusion coefficients of cation and anion, respectively. The correlation between
diffusion coefficient and viscosity is quantified by the Stokes–Einstein equation
[87]:

D ¼ kBT
6pgr

; ð8:8Þ

where η is the viscosity of the ionic liquid and r is the radius of ions. The rela-
tionship between viscosity and temperature can be described by Vogel–Fulcher–
Tamman equation as followed [88]:

g ¼ g0
T

1
2

exp
B

T � T0

� �
; ð8:9Þ

where η0 is a pre-exponential constant proportional to the viscosity coefficient, B is
the pseudo-activation energy for viscous behavior, and T0 is the ideal melting
temperature of ionic liquid. From the equations, it can be seen that ionic liquids
show better features at higher temperature with lower viscosity. On the other hand,
a large ion radius results in a small diffusion coefficient and finally a low con-
ductivity. This results in a smaller power density than that of aqueous electrolyte.
Compared with other electrolytes, ionic liquids have high cost and lack of physical
property and toxicity data which restricting the properly use as process chemicals
and processing aids at current state [89]. In addition, as those ionic liquids are still
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Fig. 8.4 Common ionic liquids: cations (a); anions (b) (Reproduced from Ref. [85] with kind
permission of © 2012 Royal Society of Chemistry)
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free to flow, a good container and good sealing is required when assembling the
products which constrain their applications in flexible supercapacitors.

8.2.2.3 Solid-State Electrolytes

Modern electronics require not only higher and higher energy storage devices, but
also other features, such as flexibility, smaller size, safety, and cheaper price.
Solid-state electrolyte is the most outstanding candidate to meet all of the
requirements. There are mainly two categories of solid-state electrolytes. The first
type is glass and ceramics consist of mixture of lithium salts, such as lithium
nitrides, sulfides, borates, phosphates, etc. [90–93]. However, most lithium salts are
sensitive to moistures and no longer flexible after sintering. Another type of the
solid-state electrolyte is the polymer-based solid-state electrolyte, which is prepared
by doping proton acids or ionic liquids into polymer matrixes. Polyvinylidene
fluoride (PVDF), polyethylene glycol (PEO or PEG), and polyvinyl alcohol
(PVA) are the three most employed matrixes. PVDF matrix is coupled with ionic
liquids and lithium salts by mixing in organic solvents [94]. PEG and PVA can be
coupled with proton acids by dissolving in water making them more commonly
used in both in research and applications. Capiglia et al. found that the ionic
conductivity of the SiO2-doped PEO8–LiClO4 was about 10

−4 S/cm [95]. In Haijun
Yu’s study, the conductivity of KI-doped PVA–KOH can reach 10−2 S/cm [96].
The ionic conductivity of various solid-state electrolytes (and ionic liquids as well)
is summarized in the Fig. 8.5 [97]. From the figure, it can be found that the ionic
conductivity of PEO–LiClO4 and LiPF6/PVDF-HFP systems is only about
10−3 S/cm at room temperature. Although they can continuously increase as the
increase of the temperature, respectively, their highest values are still only about
10−2 S/cm at 100 °C which is onefold lower than that of ionic liquid LiBF4/
EMIBF4 (up to 10−1 S/cm), and twofolds lower than that of aqueous electrolytes.
Hence, much lower power density could be expected according to P = U/(4ESR2).
In this situation, low ionic conductivity is the major contributor of ESR.

Although the solid-state electrolytes are widely applied in electronics, the
highest ionic conductivity is still lower than that of medium value in proton acids’
aqueous electrolyte. Since there is no universal model to describe the conducting
mechanism of solid-state electrolytes, the conducting behaviors of solid-state
electrolytes can be approximately described by basic semiconductor equations as
follows:

r ¼ qnl: ð8:10Þ

This is a universal equation to describe the conductivity of doped semicon-
ductor, where r is the conductivity, q is the charge of a carrier which is equal to Z*
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1.602 � 10−19 C (when carrier is not electron), n is the carrier concentration, and l
is the carrier mobility. The carrier concentration and mobility have different for-
mations depending on different materials.

In organic semiconductors, carrier mobility follows Langevin theory [98]:

l ¼ eD
kBT

: ð8:11Þ

And the carrier concentration can be calculated by following equation [99]:

nþ =� ¼ NA

1þ g� exp ððEA � EFÞ kTÞ ; ð8:12Þ

where NA is the nominal concentration of dopant, EA is the ionization energy, EF is
the Fermi energy, g is the degeneracy factor for acceptor levels, and a value of 4 is
commonly assigned to g.

It can be seen that the major variable affecting the carrier mobility is the diffusion
coefficient. However, Eq. (8.8) is not applicable in the solid. Increasing the dopant
concentration is the most direct approach to increase the carrier concentration.

Fig. 8.5 Ionic conductivities of various solid state electrolytes (Reproduced from Ref. [97] with
kind permission of © 2011 Macmillan Publishers Ltd)
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8.3 Preparation of PANI Nanowires/Graphene
Composites

In this chapter, three novel, facile, and scalable approaches are presented to control
the geometries and structures of the graphene interlinked aligned PANI nanofibers
to achieve optimal supercapacitive performance. By carefully selecting the syn-
thesis approaches and parameters, PANI nanofibers with uniform alignment and
narrow size distribution are realized. Also, a theoretical model has been established
to quantify the electrode structures and performance relationship and to provide the
guideline for the future fabrication and optimization. Thus, this chapter provided
both experimental and theoretical approaches for constructing high energy density
and high power density supercapacitors.

8.3.1 Melamine-Assisted Synthesis of PANI/Graphene
Composites

Due to the strong p–p conjugation between the PANI hexagon ring and graphene, it
is hard for the PANI to nucleate directly on graphene. Another problem is that
graphene sheets and PANI nanowires are usually randomly dispersed and lacked of
ordering and porous structure in the hybrids, which can significantly affect the
performance of their supercapacitors. Thus, template-assisted nucleation is urgently
needed for producing tailored PANI nanowire morphology to meet specified
characteristics, such as orientation, size, and distribution. However, it is very
challenging to apply a template to various graphene nanosheets randomly dispersed
in the colloidal suspension.

In Wang’s work [100], a small molecule is reported to generate heterogeneous
nucleation of PANI on the graphene sheets to reduce the thickness of the PANI
coating. Melamine is a conjugated small molecule, and its molecular structure is
shown in Fig. 8.6. Because of the strong p–p conjugate between hexagonal rings, it
can be strongly absorbed onto graphene by non-covalent interactions serving as
nucleation sites for PANI nanowires. Along with the APS added, the amino groups
are dissociated in the acidic solution and initialized the polymerization of PANI.
The dilute ANI monomers are used to ensure the subsequent growth of PANI

Fig. 8.6 Structure of
melamine
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nanowires is vertically aligned. The relevant growth mechanism of PANI nanowires
is described below (Fig. 8.7).

Simultaneously, melamine is further employed to tune the diameter and area
density of PANI nanowires on both sides of graphene sheets by adjusting the
concentrations of melamine and ANI. The smallest diameter and largest area
density can be achieved when the concentration of melamine is 0.06 mM and ANI
is 3 mM. The ordered porous network in the graphene/PANI nanowire hybrids can
facilitate the ion diffusion, transportation, and exchange. These results suggest that
melamine is promising to design and synthesize tunable nanostructures to meet the
various needs.

8.3.2 Graphene Film Cross-Linked Ordered PANI

In Sect. 8.3.1, a soft template directed PANI/graphene hybrid is fabricated in the
colloid. Despite its easy preparation and high yield, a lack of processibility is the
major challenge in the electrode applications. Also, additional conductive and
adhesive materials have to be used to bind the PANI/graphene powders, which will
reduce conductivity. To solve these problems, in situ synthesis of a PANI nano-
wires array on the conductive substrate is more attractive due to the low contact
resistance between electrode and current collector. Moreover, the desired structure
can be very stable (Fig. 8.8).

In this situation, a multilayered vertically aligned PANI nanowire arrays were
prepared by using graphene film as an interlayer [101]. Specifically, the

Fig. 8.7 Proposed
mechanism of PANI
nanowires: growth without
melamine and heterogeneous
nucleation and growth in bulk
solution (Reproduced from
Ref. [100] with kind
permission of © 2013 Informa
Group plc)
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self-assemble molecule-induced dilute solution method was used for PANI arrays
synthesis, then graphene paper was transferred onto it and a further PANI layer was
also introduced on to graphene. In the process of synthesis, several different acids
(HCl and HClO4) were chosen as dopants. It turned out that using HClO4 can help
to achieve more favorable porous morphology and led to better electrochemical
properties, which is owing to the dependence of PANI nanowire morphology on the
size of dopants. At the beginning of synthesis, 4-ATP molecules were absorbed
onto the gold foil and formed a soft template for ANI monomers to nucleate [102].
Subsequently, ANI monomers were in situ protonated, and the acidic radicals doped
into the N atoms. Under such circumstances, the further growth can be approxi-
mately described by the dilute surfactant microcells mechanism proposed by Xia
et al. [103]. Because ClO4− is much larger than Cl− in size, it may generate greater
steric hindrance, and thus lead to thinner nanowires. Obviously, the choice of acid
in the synthesis process plays a critical role in the morphology of 3D network
structures.

Fig. 8.8 SEM images of first layer of PANI array synthesized using different dopant: 1 M HCl
(a); 2 M HCl (b); 1 M HClO4 (c); and 2 M HClO4 (Reproduced from Ref. [101] with kind
permission of © 2013 Elsevier)

352 Y. Liu and S. Wang



8.3.3 Monolayer Graphene Cross-Linked Ordered PANI

In the last synthesis method, a graphene film interconnected multilayered vertically
aligned PANI nanowire array was studied. It was easy to tune the nanowire
alignment and diameter to enhance the electrochemical performances by changing
the dopants and their concentrations. However, two issues deteriorated their elec-
trochemical performance more or less. First, the self-assembly small molecules
between current collector and PANI hinder the charge transferring efficiency.
Second, it was difficult to prepare a thin graphene interlayer by simply filtering.
Hence, the densely packed graphene film significantly lowered the specific
capacitance.

In the literature [104], the electrochemical deposition was employed to introduce
monolayer graphene onto a PANI nanowire arrays with larger bonding strength for
better charge transferring between PANI and current collector. The monolayer
graphene can serve as both interlayer supporting skeleton and charge transferring
media. Also, a two-step electrochemical method was used to fabricate a better
aligned PANI nanowire array, in which HClO4 was the dopant in the first step and
HCl was the dopant in the second step. The role of the HClO4 had been demon-
strated to allow the PANI nucleation previously. As for HCl-doped PANI nano-
wires, monolayer GO can easily assembled onto the PANI nanowire array, which
was proved in Fig. 8.9a, b. The whole process consists a series of intermediate
reactions. First, the Cl+ was attacked by acyl groups of carboxyl groups, and the
resulted structure was an electron-defect compounds. This structure tended to bond
with benzenoid amines by carbon side. Consequently, one electron was transferred
from carbonyl group to acyl group, and the hypochlorite was removed from
structure. Finally, the carbonyl group gave one proton away and the whole structure
forms a stable amide bonding between PANI and GO.

Fig. 8.9 Surface of PANI array after graphene oxide was electrochemically deposited. PANI
array doped by HClO4 (a); PANI array doped by HCl (b). Graphene oxide was deposited under
1.2 V, 5 lA for 0.5 h in both samples (Reproduced from Ref. [104] with kind permission of ©
2013 Elsevier)
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Therefore, a combined method was developed to produce well-aligned PANI
nanowire array for readily assembly of monolayer GO. To be special, the synthesis
was firstly carried out in the 1 M HClO4 for 6 h, and then in 1 M HCl for another
1 h. Obviously, all the PANI nanowires were vertically aligned and diameter dis-
tribution was uniform, and a high coverage and continuous coating of GO was
obtained and displayed in Fig. 8.10.

PANI nanowires with controlled diameter and length were vertically grown onto
the GO surface while GO was in-situ reduced by an electrochemical method [105,
106]. The alternative growth of PANI nanowire array and assembly of monolayer
GO was carried out for hierarchical 3D nanostructures, and the corresponding SEM
results are shown in Fig. 8.11. This rationally designed architecture will be
advantageous in boosting an optimal performance.

8.4 Electrochemical Performance of Polymer/Graphene
Composites as Battery Electrodes

Several factors significantly affect the electrochemical performances of superca-
pacitor electrodes as summarized by Pandolfo and Hollenkamp in their review, such
as structure of electroactive materials, electrical conductivity of electroactive
materials, and the interface between electrode and electrolyte. In this chapter,
hierarchical nanostructured materials consisting of stacked polymer nanowires
forests interconnected by graphene sheets obtained through three synthetic methods
mentioned in Sect. 8.2. After gradually improving synthetic parameter, growth of

Fig. 8.10 SEM results of PANI nanowire array grown stepwise in 1 M HClO4 for 1 h and 1 M
HCl for 6 h at 2 lA/cm2 current density, respectively. a Top view and b side view (Reproduced
from Ref. [104] with kind permission of © 2013 Elsevier)
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PANI nanowire in HClO4 and HCl stepwise is the best method for both good
alignment and capability to be assembled with graphene. This structure not only can
combine the high stability, high surface area, and conductivity of graphene with
high capacitance of PANI. As a result, the synergistic effect between two compo-
nents resulted in much superior performance. The highest specific capacitance in
aqueous electrolyte was measured as 1443 F/g. Also, high energy and power
density can be achieved simultaneously, specifically 100 Wh/kg at 63,534 W/kg
[104].

The unique layer-dependent electrochemical performance was further investi-
gated as shown in Fig. 8.6. For the cyclic voltammetry scanning, obvious oxidation
and reduction were observed, indicating pseudo-capacitive behavior. The polarizing
current increased linearly with the number of layers of the arrays. The equivalent
series resistance (ESR) was less than 1.0 Ω and the shape of the curve clearly
indicated finite-length porous electrodes. Proton (H+) in acid solution could sig-
nificantly dope PANI and make the PANI highly conductive, thus the charge
transfer happened very quickly and electrochemical behavior was primarily
dependent on the diffusion process. The diffusion resistance can be approximately
calculated as 0.75 Ω by using equation:

RR ¼ 3 ðRi � ESRÞ ð8:13Þ

where RP is diffusion resistance and Ri is the intersection between high and low
frequency. With the increasing number of PANI arrays, the diffusion would be
more difficult because of the vertically diffusion path was blocked by GO, and thus
the specific capacitance decreases slightly (Fig. 8.12).

Fig. 8.11 a SEM image of two-stack 3D nanostructure; b three-stack 3D nanostructure
(Reproduced from Ref. [104] with kind permission of © 2013 Elsevier)
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8.5 Influence of Electrolyte on Performance

Apart from advanced electrode materials, electrolyte is also a major parameter that
is important in determining high-performance supercapacitors.

8.5.1 Organic Electrolytes

All the previous measurements (in Sect. 8.3) were carried out in aqueous solution.
To further investigate the effect of organic electrolyte on the electrochemical
behavior, the PANI/graphene composites were tested in TBAPF6/acetonitrile
electrolyte. There was no proton doping in the organic electrolyte and PANI was
much less conductive, and thus charge transfer process dominates the whole
electrochemical process. As shown in Fig. 8.13, the equivalent series resistance was
as high as 28.1 Ω, indicating higher resistance of system. The original H+ doping
state in first PANI nanowire array was low, conductivity was low, and thus leads to
low charge transfer rate. As GO was assembled and in situ reduced, the band gap of
3D nanostructured materials was lowered, and charge carriers density was
increased. With more graphene layers were introduced into the 3D nanostructures,
charge transfer capability was improved. The charge transfer resistance calculated
as 2, 1.7, and 0.26 Ω for one-, two- and three-layer 3D nanostructured electrodes
derived from the slope of low frequency region. This also agreed well with Wang’s
theoretical [107].

Fig. 8.12 Cyclic voltammetry of multilayered nanostructures scanned at 50 mV/s (a). Impedance
test of 3D structured electrode in aqueous solutions (b) (Reproduced from Ref. [104] with kind
permission of © 2013 Elsevier)
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8.5.2 Solid Electrolytes

Safety and relatively short cycling life are other two issues related to liquid elec-
trolytes. Therefore, various solid-state electrolytes are suggested as promising
alternatives because of their chemical and physical stability, leakage and mainte-
nance requirements, and flexibility. Therefore, multilayered structured polyaniline
(PANI) nanowire arrays linked by graphene, and then incorporated them into
H3PO4–Nafion/PVA to form hybrid composites, which serve as solid-state super-
capacitors. The relevant schematic can be seen in Fig. 8.14.

The specific capacitance was measured to be 83 F/g at 0.1 A/g, and it showed
very less dependence on the current density. The hybrid composites also showed
superior stability on the energy density in a big range of power density. When

Fig. 8.13 Impedance test of 3D structured electrode in TBAPF6/acetonitrile solutions
(Reproduced from Ref. [107] with kind permission of © 2012 American Chemical Society)

Fig. 8.14 Illustration of fabricating multiphase composites as solid-state supercapacitors.
Graphene/PANI hybrid nanostructures were impregnated with PVA and assembled together to
form ordered symmetrical solid-state supercapacitors (Reproduced from Ref. [108] with kind
permission of © 2015 Elsevier)
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power density ranged from 70 to 3600 W/kg, the energy density remained at
26.5 Wh/kg. The as-produced solid-state supercapacitors also demonstrated stable
capacitance on both low frequency and high frequency, which may be due to the
improved charge transporting of the solid-state electrolyte. The specific capacitance
became quite stable after 13% drop in the first 400 cycles. These results indicated
delicate PANI nanostructure and excellent charge transportation of the electrolyte
play a critical role in the high-performance solid-state supercapacitors [108].

In order to obtain an insightful understanding of the relation between structure,
electrolyte, and electrochemical performances, the electrochemical behavior was
further theoretically investigated. In aqueous system, the diffusion was the domi-
nating process since the electrochemical process was determined by the slowest
step. Their electrochemical behavior can be described by the following equations
[109]:

ip ¼ an1:5AD0:5Cv0:5 ð8:14Þ

i ¼ ip
nF
RT

ðE � EeqÞ ð8:15Þ

CS ¼
R
it

DVm
; ð8:16Þ

where ip stands for peak current, a is constant, 2.69 � 105, n is number of electrons
transferred, A is surface area of electrode, D is diffusion coefficient of electrolyte, t
is scan rate, C is bulk concentration of electrolyte, i is electrode current, F is
Faraday constant, R is gas constant, T is thermodynamic temperature, E is electrode
potential, Eeq is equilibrium potential, Cs is specific capacitance, t is scanning time,
ΔV is the voltage difference between beginning and ending scan, and m is the mass
of the PANI on the electrode. Combining them together results in a new equation as
follows:

CS ¼ an1:5AD0:5Cv0:5F
R ðE � EeqÞ dt

RTDvm
: ð8:17Þ

Obviously, the specific capacitance was a function of sophisticated competition
among number of electrons transferred; electrode surface area and electrode mass.
Since PANI was in the highest doping state in aqueous solution, the number of
transferred electrons versus mass would not further increased in multiple-layered
electrodes. In fact, it decreased because of the forming of big nanowires. The
specific electrode surface area was deteriorated as well. As a result, the specific
capacitance decreased as there were more PANI nanowire arrays. On the other
hand, in organic system the original H+ doping state was low and the charge
transfer was the dominated step. The GO coating played a big role in the charge
transferring after its deposition and in situ reduction. Reduced GO sheets inter-
connected with the neighbored PANI nanowire arrays and could also tune the PANI
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carries concentration, and thus increased the number of transferred electrons with
increasing the layer number of 3D structures. Therefore, the electrode behaves
entirely different in organic electrolyte system.

8.6 Conclusions

In summary, this chapter summarized the high efficiency approaches and the new
point of view on increasing both energy density and power density by tailoring the
polymer/graphene electrode architecture. Also, a theoretical model has been
established to quantify the electrode structures and performance relationship and to
provide the guideline for the future fabrication and optimization. Thus, it provided
both experimental and theoretical approaches for constructing high energy density
and high power density supercapacitors based on polymer/graphene.
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Chapter 9
Conducting Polymers/Inorganic
Nanohybrids for Energy Applications

Prakash Sengodu

Abstract Conducting polymers/inorganic nanohybrids embrace the key to basic
advances in electrical energy system, which are very important in order to meet the
challenge of global warming and the finite nature of fossil fuels. This architecture
has opened the possibility to combine in a single material both the attractive
properties of a mechanically and thermally stable inorganic backbone and the
specific chemical reactivity, dielectric, ductility, flexibility, and processability of the
conducting polymer. Nanohybrids in particular offer combinations of properties as
electrodes in a range of electrical energy devices. This chapter explains some recent
developments in the discovery of electrodes for rechargeable batteries, fuel cells,
and supercapacitors. The advantages and disadvantages of the conducting
polymers/inorganic hybrid electrode design for such devices are also discussed.

9.1 Introduction

Electrochemical energy systems (EES) have concerned much attention as clean and
safe energy sources due to their high conversion/storage efficiency and environ-
mental compatibility. Recently, supercapacitors, rechargeable batteries, and fuel
cells are attracting remarkable research interest among different EES [1]. For
example, pumped hydro storage, thermal energy storage, compressed air energy
storage, and flywheel energy storage [2] are due to their unique energy storage
properties. The ability to deliver large amounts energy near instantaneously with a
simple device that can last over millions of cycles is making EES one of the most
attractive future options for large scale of them. The basic operation mechanism of
the three different energy systems was presented in Fig. 9.1.

Supercapacitors is an electrical component capable of holding hundreds of times
more electrical charge quantity than a standard capacitor and released at the
interface of electrode and electrolyte. It covers short time (1–10 s), longer life
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(1 million or 30,000 h), and high power (up to 10,000 W kg−1). A rechargeable
battery is an energy storage device that can be charged again after being discharged
by applying DC current to its terminals. They are being of 10–60 min charge time,
over 500 cycle life, and high specific energy 100–200 Wh/g. In contrast to battery’
close systems, fuel cells are open systems where both electrodes are just charge
transfer media and active materials undergoing redox reactions are delivered from
outside. Electrodes and electrolytes are having the issues of poor stability and
decomposition nature which leads to hurdle in practical applications in different
EES. The performance of EES can be characterized by many key parameters such
as specific capacity (mAh g−1), coulombic efficiency (%), cycle life (maintain
certain percentage of its initial capacity during cycles in batteries), specific energy
density (Wh kg−1), and specific power density (W Kg−1). Last two parameters are
significant key characteristics of EES are given as Ragone plots in Fig. 9.2.

Recent years, design and fabrication of electrodes have gained much interest in
EES applications. The topic of electrode properties has also remained an important
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area of research activity. With respect to EES, much emphasis has been placed on
the fabrication and characterization of nanohybrids [3, 4]. They are also of great
research interest as emerging electrode in academia and industry due to their
structural diversity, flexibility, and tenability as well as high porosity, and, thus, a
wide spectrum of applications toward sensors, solar energy, batteries, and super-
capacitors have been investigated [5]. Interest in inorganic compounds is motivated
by their potential applications to EES [6], due to their crystalline nature, electronic
conductivity, and stability. Inorganic materials are also playing diversified roles in
different systems [7]. In general, good crystalline, excellent conductivity, and redox
properties make them suitable as “electrodes” (anode and cathode), and
photo-catalysts (due to their nanometer size and structure) [8, 9].

The progress of conducting polymer-inorganic nanohybrid materials is special
trendy in the past decade. This is indicated by the ever growing number of sym-
posia, books, and particular journals that are devoted to this subject. They parallel
the demanding research activity in complex systems at the atomic/molecular scale
(nanometer scale) of polymer species of diverse functionality with inorganic enti-
ties, generally based on silica or silicates. Hybrid materials defined as solids
resulting from the combination of two or more simple materials that develop a
continuous phase (polymer, metal, ceramic, etc.), and a dispersed phase, such as
glass fibers, carbon particles, silica powder, and clay minerals. They have essen-
tially properties of different from the components taken separately. Within the huge
collection of conducting polymer-inorganic composites, nanohybrids are an
emerging group that received a great deal of attention not only because of their
potential in industrial applications.

Conducting polymers (CPs) have not just used in the EES but also used to do so
independent of form factor, and their mechanical properties are like to those of a
plastic, allowing them to desire shapes [10–12]. CP electrodes possibly incorpo-
rated impeccably into conductive paper, textiles, data tattoos, structural panels, and
the traditional prismatic or cylindrical cell [13–15]. Further, directly used in
combine plastic power with polymer solar cells and light emitting diodes in a
streamlined manufacturing process to produce cheap flexible devices [15, 16].
Many advantages of synthetic tailorability, cost, and processability make them ideal
candidates for EES [17, 18]. Synthetic methods are effectively changed the prop-
erties of CPs [19]. Also the raw materials and methods are often cost-effective to
make these CPs. Latest synthetic methods have improved processability by screen
printing, doctor blading, or inkjet printing [20, 21].

Mainly, conducting polymers are perfect materials for nanohybrid in EES. The
unique properties aroused from conducting backbone, electrical conductivity, and
high molecular weight [15, 22–24]. Conductivity properties obtained from inter-
changing single and double carbon–carbon bonds with polymeric chains and can be
assigned to reversible chemical, electrochemical, and physical properties controlled
by a doping process. Particular interest of conducting polymer in EES has focused
on the polyaniline (PANI), polypyrrole, and polythiophene (PT) and derivatives
[25, 26] due to the presence of broad background research, the industrial
user-friendliness of both monomers and polymers, and their ease of synthesis.
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Inorganic materials have high surface area, as characterized by their clean and
readily accessible surfaces, highly conductive open framework structure for easy
transport of molecules and electrons and tunable surface chemistry, which are
desired in fuel cells. With unique structures of inorganic material can serve as both
supports of active materials, which benefits from good electron conductivity,
electrolyte penetrability, and high energy density with power density can be
received in supercapacitors and batteries. But, inorganic materials problems of cost,
lack the conductivity, stability, and life cycles required for commercial application.
In order to overcome this problem‚ conducting polymers can synergistically with
inorganic materials through synthetic modification‚ processing option‚ and
mechanical flexibility that can results in power sources‚ which can be designed to
suited the electrical devices [27–29].

In this chapter, we have discussed the synthesis of conducting
polymers/inorganic nanohybrids and their application for the performance of fuel
cells, batteries, and supercapacitors. The chapter includes the brief literature sur-
veys, properties, and electrochemical properties of various inorganic nanomaterials,
nanofillers in polymer electrolytes and the conducting polymers. Furthermore,
numerous recent advances in the field have made remarkable advance in addressing
these issues and will be discussed.

9.2 Conducting Polymers

9.2.1 Activity of Conducting Polymers in EES

In fuel cells, CPs are typically used as a catalyst support to substitute or partially
substitute both the generally used carbon support and the Nafion in the catalyst
layer, and occasionally directly as metal-free catalysts. When CPs are used, a
two-phase boundary in the catalyst layer is adequate for the electron and proton
transport for the electrochemical reaction. As compared to the three-phase boundary
while carbon is used as a catalyst support, because CPs are permeable to gases and
water and exhibit both electronic and ionic conductivity [30]. CPs enabled removal
of ionomers in a fuel cell catalyst layer could provide a new way for using low-Pt
loading technology without suffering significant oxygen transport loss via iono-
mers, thus providing a major possibility for low-cost, commercially viable fuel
cells. In rechargeable batteries, during the charge/discharge process, the anode
materials undergoes large volume change (>300%). It causes vast damage in
material and thus leads to cracking and crushing of particles. It gives poor reversible
capacity and first cycle irreversible capacity loss. The secret is a tailored CP that
conducts electricity and binds closely to Li/Na-storing particles along with
advantages of low cost and compatibility. Even as they increase to more than three
times their volume during charging, they shrink again during discharge. Also, some
articles claimed CPs as anode for batteries based on their doped (oxidized or

368 P. Sengodu



reduced) state [31]. CP is a cathode also satisfactorily combined with inorganic
redox oxides, giving systems suitable for electrochemical Li intercalation and
improves performance. Polymers can decrease the polarization between the cathode
particles and the electrolyte, promote electrolyte permeation into the surface of the
active particles and hence enhance metal insertion-extraction during cycling pro-
cess. There were many reports on the role of PANI in the cathode materials, such as
improvement in the electrical conductivity, decrease in the polarization, and pro-
moting the electrolyte [32–34].

Table 9.1 presents comparisons between commercial electrodes and conducting
polymers [35–42]. CPs have mainly used as electrode in SC, due to their high
redox-active capacitance, high conductivity, and, most importantly, high intrinsic
flexibility, but relatively low mechanical stability and cycle life constraint their
performances. Importantly, among the variety of the materials explored for SC
applications, in the last years, CPs have drawn a greater deal of interest for flexible
application, due to their inherent flexible polymeric nature, which is a crucial
requirement for the portable flexible electronic. Table 9.2 showed the electro-
chemical properties of conducting polymers in compared with inorganic particles
and carbon-based materials for supercapacitors [43].

9.2.2 Preparation of Conducting Polymers

Conductive polymers (CPs) defined as organic polymers that conduct electricity
and may have metallic conductivity or can be semiconductors. Table 9.3 shows the
conductivity of reported CPs [44, 45]. They have high electrical conductivity but
poor mechanical properties compared to other commercially available polymers.
The electrical properties can be changed by using the methods of organic synthesis
and advanced dispersion techniques [46, 47]. Nobel laureates namely Heeger,
MacDiarmid, and Shirakawa were discovered the metallic conductivity of polymer

Table 9.1 Performance characteristics of conducting polymers as compared to current inorganic
Li battery materials

Electrode Voltage
versus
Li/Li+

Mwt of
repeating
unit

Capacity
(mAh g−1)

Energy
density
(mWh g−1)

Power
density
(mWh g−1)Theor. Expt.

Graphite [33] *0.1 12 372 360 372–744 –

LiCoO2 [34] *3.8 97.9 274 135 30–144 100–1000

LiFePO4 [35] *3.2 157.8 170 109 90–100 23–70

Polythiophene [36, 37] 3.1–4.0 82.1 326 82 93 89

Polypyrrole
[38, 39]

3.0–4.0 65.1 412 82 60 10

PEDOT [40] 2.7–4.2 140.2 191 30–70 1–4 35–2500

Polyaniline [41] 3.0–4.0 91.1 294 100–147 300 100
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Table 9.2 Physicochemical properties of the various supercapacitor materials

Physicochemical
properties

Inorganic
particles

Conducting
polymers

Carbon
materials

Conductivity Low Very high Very high

Faradic capacitance Very high Very high Very low

Non-faradic capacitance Medium Medium Very high

Energy density High Medium Low

Power density Low Medium High

Price High Medium Medium

Chemical stability Low High Very high

Cycle life Medium Medium Very high

Easy fabrication process Low High Medium

Flexibility Very low High Medium

Table 9.3 Some of the most important conducting polymers, conductivity, and type/doping

Polymer Conductivity
(S cm−1)

Type/
doping

Polyacetylene 200–1000 n, p

Polyaniline 1–100 p

Polyparaphenylene sulfide 3–300 p

Polyparaphenylenevinylene 1–1000 p

Polyparaphenylene 500 n, p

Polypyrrole 40–200 p

Polythiophene 10–100 p

Polyisothianaphthalene 1–50 p
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in polyacetylene (PA) [48]. The main tasks of those synthetic procedures were to
overcome their problem of its insolubility and unprocessability [49]. Some of
synthetic methods represented innovative strategies in macromolecular synthesis
and were responsible for the chemical evolution of the polymer field. In recent
times, many methods have also been working for the synthesis of hybrid com-
posites for different applications and presented in Table 9.4. Ziegler–Natta catalyst,
Ti(OBu)4/AlEt3, and NaBH4/Co(NO3)2�6H2O catalysts have studied [50–52].
Physically blending method used for stable conducting polymers syntheses by
conjugated polymers with certain non-conjugated macromolecules [53] and
chemically synthesizing conducting polymer colloids [54] or conjugated oligomers
[55].

Further, the soluble polymers were prepared by the random and alternating
copolymerization, block and graft copolymerization, and substitution methods.
Typically, the chemical properties of a polymer can changed by substitution of
functional groups, polyacetylene grafted with methyl or phenyl side groups was
reported [56], and poly(3-alkylthiophenes) meltable and soluble in most common
organic solvents by 3-bromothiophene prepared (Scheme 9.1) [57]. Introducing
alkyl side groups [58], and grafting with –SO3H, –COOH, –OH groups onto
pyrrole and aniline were synthesized for allowing the formation of water-soluble
CPs [59]. Copolymerization of CPs with various soluble parts provides an alter-
native way to circumvent the intractability of polymers. The combination of
optoelectronic properties characteristic of conjugated structures and the solubility of
the polymeric segments into a single copolymer chain should, in principle, lead to a
material with properties trait of both the constituent components. For highly soluble
stilbenoid dendrimers, alkoxy chains group substituted at the peripheral benzene
rings have synthesized (Scheme 9.2) [60].

For CPs film formation, they developed spin coating, precursor route, and
electropolymerization methods. The spin coating method suggests excellent pos-
sibilities for advanced device fabrication, but the problems of the quality of polymer
films, thus formed, such as possible weakening of the films mechanical properties
by chemical modification of their structures, the reduction of device stability by
trapped impurities, and complexity in choosing suitable solvent for preparing
pinhole-free multi-layer polymer thin films. Thermal conversion of soluble
non-conjugated precursor polymers has tried to avoid the intractability of formation
of conjugated polymers. The ring-opening metathesis polymerization (ROMP) of
cyclobutene derivatives, followed by thermal conversion into polyacetylene with
the evolution of bis(trifluoromethyl)benzene reported by Edwards and Feast et al.
(Scheme 9.3). The potentiostatic and potentiodynamic techniques have been used
for electrochemical polymerization of electronically conducting polymers. Pyrrole
can be polymerized onto electrode using a two-electrode electrochemical cell based
on radical mechanism under potential or current (Scheme 9.4) [61]. Ammonium
persulfate (chemical oxidant) is also used to offer the driving force for electro-
chemical synthesis of CPs to the surface of a submerged electrode [62]. As this type
is carry out in an oxidizing environment, the ensuing polymers are formed in an
already doped state. For instance, oxidative polymerization of aniline as emeraldine
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Table 9.4 List of the synthesis methods of conducting polymer—inorganic hybrid composites
and their merits and demerits

Methods Advantages Disadvantages

Ex situ methods More suitable for large-scale
industrial applications than the
in situ method

The preparations of particles
possess higher dispersibility in the
polymer and have long-term
stability against aggregation; in this
process, the dispersion of the
nanoparticles in polymer matrix is
difficult

In situ methods Prevents inorganic particle
agglomeration while retain a good
spatial distribution in the polymer
matrix

The un-reacted products of the
in situ reaction might influence the
properties of the final materials

Mechanical
methods

The cost of power and grinding
medium is low, and it is suitable
for both batch and continuous
operation and for open with closed
circuit grinding and is applicable
for materials of all degrees of
hardness

Contamination, long processing
time, no control on particle
morphology, agglomerates, and
residual strain in the crystallized
phase

Blending inorganic
nanoparticles into
polymer matrix

Reproducibly fabrication with
controlled levels of electrical
conductivity, and retaining the
desired mechanical properties of
the matrix, low-cost synthesis and
avoid the oxidants or reductant
chemicals

Difficulty in desired structure and
properties, uniformless particles
distribution

Nanostructured
polymer with
inorganic particles

Well-connected inorganic
nanoparticles into polymers via
chemical or physical bonding,
soluble systems if they maintain
solubility after nanoparticle
formation are their potential use as
thin film or free-standing films

Requiring the choice of the
functional group have to introduce
to polymers for interaction with
inorganic particles

Sol–gel process This method is good crystallinity,
homogeneous mixing at the atomic
or molecular level, low synthesis
temperature, short heating time,
good stoichiometric control,
uniform particle size and small
diameter, and down to nanometer
level

High shrinkage, low yield, high
precursor costs, acidic gases
evolved during pyrolysis, and
limited shelf life of sols

Surfactant-free
solution processes

Simple physical attraction process
without external surfactants

Relatively poor control of the
uniformity of the shape and
diameter

Layer-by-layer Simple, cheap, and thin-film
deposition method. Important
quality of it is the high degree of
control over thickness, which arises
due to the linear growth of the
films with the number of bilayers

Slow deposition, waste of
materials, and small surface areas

(continued)
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salt state of PANI and reductive polymerization of thiophene (n-type polymers)
have been synthesized.

Nanostructured conducting polymers (NCPs) are synthesized by versatile
methods for suitability in their applications. The detail discussion of NCPs synthetic
method reported by Long et al. [63]. The hard template method has been reported to
the aligned arrays of tubes and wires with controllable length and diameter, which
problems of a need of post-synthesis process for template removal. For example,
MnO2/poly(3,4-ethylenedioxythiophene) (PEDOT) coaxial nanowires were pre-
pared by co-electrodeposition in a porous alumina template. Soft template method
is popular technique to produce CPs, but it is not uniform morphology oversamples,
example of PANI micro/nanostructures. Beside, structure-directing molecules,
surface micelles, surfactants, liquid crystalline, colloidal particles, phases, and
aniline oligomers worked as soft templates have been developed: rapidly mixed
reactions, reverse emulsion polymerization, template-free method, ultrasonic irra-
diation, interfacial polymerization, dilute polymerization, and radiolytic synthesis
[64–71]. The interfacial polymerization process involves step polymerization of
two monomers are dissolved, respectively, in two immiscible phases; thus, the
reaction takes place at the interface between the two liquids. It is usually based on
self-assembly mechanisms using hydrogen bonding, van der Waals forces, double
bond stacking, and electrostatic interactions as driving forces [63, 64].

Table 9.4 (continued)

Methods Advantages Disadvantages

Self-assembly large variety of shapes and
functions on many length scales
can be obtained

more problematic due to many free
parameters that require control

Microemulsion
polymerization
method

Enabling fast polymerization rates
without loss of temperature control,
the viscosity of the reaction
medium remains close to that of
water, and the final product can be
used as is and does not generally
need to be altered or processed

An unwanted product difficult to
remove from final composite and
water removal is an
energy-intensive process for
isolated the composites

Template method Controllable length and diameter of
nanotubes or wires

A post-synthesis is needed to
remove the template

Ion exchange
process

Reversible process and regenerated
or loaded with desirable ions by
washing with an excess of these
ions

Dependent on the size of the ions,
their charge, or their structure, final
product can be formed

S
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R-MgBr

-MgBr 2 CHCl3

Scheme 9.1 Representation
of the most common route to
poly(3-alkylthiophenes)
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The template-free method as simple self-assembly without an external template was
proposed by Wan et al. PANI, and PPy nanostructures can be synthesized by in situ
doping polymerization in the presence of dopants by controlling synthesis condi-
tions, including temperature and molar ratio of monomer to dopant. In the
self-assembled formation mechanism, the micelles formed by dopant and/or
monomer dopant work as soft templates in the process of forming tubes/wires [66].
Up to now, different polyaniline micro/nanostructures were established.

Electrospun is an efficient approach to construct long polymer fibers with
diameter from microns to nanoscale by using strong electrostatic forces [72, 73].
For example, micro/nanofibers of PANI/polyethylene oxide (PEO) have been
prepared [74]. Soft lithography is a costless method to shape an initially flat
polymer film by using a micromold in the presence of temperature or solvent
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vapors. Recently, nanoimprint lithography and a lift-off process have been proposed
for patterning of CPs [75]. In direct electrochemical nanowire assembly technique,
CP wire is electrochemically polymerized and assembled onto two biased anode
and cathode electrodes immersed in aqueous monomer solutions [76].
Nanolithography has used to the fabrication of luminescent nanostructures and
controlled sized CP nanowires using dipper [77]. Recently, production of
self-assembled CP nanofibers by a using anisotropic crystallization in a nematic
liquid crystal, and obtain large-scale alignment of the nanofibers [78].

9.2.3 Intention of Conducting Polymer

To understand the function of conducting polymers (CPs) within the structure of an
electrode, first we must judge the basic properties of CPs themselves. The con-
ductivity and charge storage ability rely on electronic properties not possessed by
aliphatic group of polymers and occur from the overlap of adjacent p-orbitals.
Backbone and molecular orbitals of a conjugated polymer provide the band
structure like to that observed in inorganic semiconductors [48]. The effective
conjugation length is the point at which no extra monomer units added to the chain
affect the electronic properties of the polymer [79]. Conduction band HOMO and
LUMO values of polymers energy levels were caused stability, optical absorption
wavelengths, and whether a polymer is more likely to be n-type or p-type [80].
The LUMO decreases and HOMO increases in energy with rising conjugation
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length. Polymer is more susceptible to electrophiles due to its high HOMO level,
i.e., more reactive.

They are two types of n-type and p-type polymers with counterions dopant.
Owing to ability to stabilize a positive charge, the electron-rich polymers that have
elevated HOMO levels formed p-type materials, to stabilize negative charges, the
electron-poor polymers that have low-lying LUMO levels formed n-type materials
[81]. p-doped polymers worked as cathodes and much work on them, but little
reports on n-doped polymers as anodes [82]. Both electrodes have to be used in
flexible EES applications and thus need to research new n-type electrode materials
also. CPs can be doped by chemical and electrochemical process [83] as p- or
n-doping process is presenting in Fig. 9.3. During doping process, create radical
cations or anions (positive/negative polarons) and delocalized with the polymer
backbone. This is proposed conductivity mechanism [4]. Charge delocalization is
coupled to structural reform to quinoidal and changed fundamental molecular
vibrations [84]. UV/vis and IR/Raman spectra can be used to look a new sub-gap
energy states and formation of quinoidal structure [84]. Generally, in their native
state having poor conductivities, on the order of 10−4–10−9 S/cm, when doped, it
can reach high conductivities [85]. Redox reactions coupled with polymer doping
are concomitant with the movement of ions into and out of the polymer matrix for
neutral balance [72]. However, oxidation generally results in anion movement
within the film. Also cation movement occurs in certain conditions [86] and can
occur for anions during polymer reduction. Raise the dense polymer films tends to

Fig. 9.3 Electronic and chemical structural change of polyphenelyene during oxidation
(p-doping) and reduction (n-doping). A radical cation (positive polaron) formed from oxidation,
and a radical anion (negative polaron) formed from reduction. High states of charging resulted to
the creation of positive and negative bipolarons. Cations and anions counterbalance charges in the
polymer chain (Reproduced from Ref. [4] with kind permission of © 2015 Royal Society of
Chemistry)
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react more slowly due to ion transport limitations and caused the lower capacities,
lower energy, and power densities [86].

Nanostructured polymer such as nanowires, nanotubes, and nanoparticles can
assist to improving the ion diffusion by increasing the surface area and porosity
[87]. Further oxidative stability, ion diffusion also influences the electrodes per-
formance. The specific capacity of the electrode determines by the number of
monomer units over which a charge is delocalized. This amounts to one unit of
charge for every two to three monomer units although higher levels of charging are
likely for most polymers [72]. Higher levels of oxidation or reduction cause to
higher specific capacity of polymers, but high levels of charging can lead to
deterioration of the polymer matrix via useless interchain interactions or collapse of
polymer chains [88]. Highly charged species are much more likely to react with
common electrolytes and oxygen in the air, as well [101]. Low capacities can be
alleviate to a limited extent by selection of dopant ion, electrolyte, or polymer
structure [88]. There is evidence those strong interactions between the highly
charged or doped polymers and a complementary polyion can serve to stabilize
well-oxidized polymers [89]. Deficiencies associated with stability over many
charge cycles have seen enhancements with select composite materials of carbon
nanotubes or graphene [90].

9.2.4 Advantage and Disadvantage of Conducting Polymers

The majority research interests of conducting polymer are polyaniline (PANI),
polypyrrole (PPy), and polythiophene (PT) due to their oxidative stability, relatively
high theoretical capacity, simple synthesis, and electro-redox nature [36]. Other
conducting polymer, i.e., polyphenylenes, polyacetylene, polyazule, polyindole,
and polycarbazole also has been studied [91–96]. PANI electrodes construct use of
the reversible reactions between fully reduced and partially oxidized salt state.
Cycling stability can collapse as emeraldine salt irreversibly oxidizes to perni-
graniline base due to their reaction pathway to pernigraniline salt is not favoured at
higher potentials [97]. Stabilize the pernigraniline salt by et al. for the improved
capacity and energy density [27]. However, there are problems of poor solubility,
diffusion issues, and stability. Insolubility and intractability are habitually consid-
ered to be the main issues obstructing its usage in batteries [98]. To overcome it by
traditionally been attended by dispersing the polymer in solutions using a series of
steps intended to remove aggregates and ensure a stable suspension [99]. Doped the
polyanions with nanofibers has permitted the suspension of PANI [99] and promote
it mixed with carbon used to keep conductivity when PANI has conductive less
state [98–100], but still has inferior capacity versus redox-active materials owing to
the non-Faradaic nature of charge storage [101, 102]. To avoid the templates,
additives, or difficulty techniques, PANI can also be made cheaply and quickly in
solution [103], but its intractability issues as it is easily suspended in solution and
stays thus for longtime periods [100]. As polymer hybrid composite shows
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promising material in terms of higher conductivity for EES. Prakash et al. reported
the good conductivity with even lower loadings of PANI/polyelectrolyte [poly
(diallyldimethylammonium chloride)] as 4.5–42 mS cm−1 [11]. Because the two
components work together synergistically to improve efficiency and charge trans-
port, polymer composites have promise material for EES. Several ways have been
developed to increase charge capacity without compromise polymer properties by
including redox-active components in the polymer structure. Goodenough group
worked in both high capacity and long-term cyclability of polypyrrole (PPy) via
covalently anchoring ferrocene groups to the polymer [104], ferrocene-
functionalized triphenylamine polymer, and a 2,2,6,6-tetramethylpiperidine-
N-oxide-functionalized polythiophene (PT) [105, 106].

Also, some improvement was seen for PEDOT and PT [107] that since the Fermi
level of cyanide anion was close to that of the polymers used in the study, the anion
served as a mediator for charge transfer between them [63]. Tuned morphology of
poly(3-alkylthiophenes) has been linked to better capacitance, conductivity, and
stability [108]. A major issue is lack of reliable synthetic methods to make bulky
quantities. Polyfluorene stabilizing silicon nanoparticles in a composite anode [29],
and the better cycle life is ascribed to the polymer reversible lithium doping and the
formation of an intimate composite. More, side-chain functionalization can be used
to stabilize polythiophenes to n-doping [109]. One more concern, diffusion limi-
tations are source of the poor response times at high current with small power
efficiencies. Self-doped polymers have ionic side chains help to fast response times
and improved processability, but problem of low conductivities [110, 111]. This
can be improve by an extent with nanostructuring [111–113]. Diffusion limitations
problem solved by the block copolymers of conducting PT and poly(ethylene
oxide) was used to form films, and the resulting material was successfully employed
in a solid-state battery [114, 115].

In another way, pyrrole, aniline, and thiophene are monomers of electronically
conducting polymers; they have unique properties, such as good environmental
stability, electroactivity, and unusual doping/de-doping chemistry, thus suitable for
active electrode material usage in supercapacitors. While used as electrode mate-
rials, polymers have benefit over carbon-based materials because they have both
electrochemical double-layer capacitance and pseudocapacitance arises mainly
from the fast and reversible oxidation and reduction processes related to the
p-conjugated polymer chain. But, CPs have problems of typical volumetric
shrinkage during ions ejection (doped ions) and poor conductance at de-doped state.
They would result in high ohmic polarization of supercapacitors. To overcome this
problem, CPs were mixed with metal oxides to form nanocomposites and the
synergistic effect of the polymer-metal oxide nanocomposites has been exploited.
They were found to have the advantages of polymers such as flexibility, toughness,
and coat-ability, and metal oxides such as hardness and durability. They also
possess some synergetic properties which are different from that of parent materials.

Serious problem is in fuel cells to commercialization and how to reduce the cost
of Pt catalysts by rising its catalytic efficiency and durability under the harsh
working conditions [116]. The performance also depends on the properties of the
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gas flow in the membrane electrode assembles (MEAs) [117] in which interfacial
areas between the reactant, electrolyte, and catalyst itself (triple phase boundary)
play important roles on the catalytic efficiency of Pt catalyst. To increase the
electricity productivity of a PEMFC, the catalyst supporting material in the MEAs
needs to own good conducting capability for both ion and electron except
improving the Pt loading %.

In other words, we need lots of continuous pathways for the produced protons to
pass through and then go into the electrolyte layer and also for the electrons to go
into or out of the circuit. Subsequently, continuous catalyst supports with high
porosity and conductivity was needed to allow the produced electrons, protons, and
water to move faster. It can prepare conducting catalyst supports with nanoscaled
pores to accept and disperse the implanted Pt [118]. Considering the continuous
conducting pathway for electron transportation, conducting polymer is the only
option because of their high surface area and porosity when they are directly
electrochemically polymerized on the electrode in acidic media [119].
Functionalized Pt/PA-F composite demonstrated high performance in a single-cell
testing developed [118]. To deposit Pt nanoparticles on PANI and single-walled
carbon nanotubes (SWCNTs) by building up alternating layers of PANI-supported
catalyst and high power densities was achieved [120]. The morphology-dependent
electrochemical properties of catalyst supporter made of PANI
micro/nanostructures in DMFC applications. Core–shell polyaniline/Vulcan carbon
composite structures by in situ chemical polymerization to improve the CO
anti-poisoning ability and catalytic efficiency of the Pt catalyst are reported. The
preparing carbonization of nanostructured nitrogen-containing CPs has opened new
perspectives in the preparation of nitrogen-containing conducting nanomaterial
[121]. Prepare the nitrogen-containing nanotube/nanosheet of carbonized polyani-
line as a new carbonaceous support for Pt nanoparticles, which demonstrated sig-
nificant ORR in both acidic and alkaline media [122].

9.3 Conducting Polymers/Inorganic Nanohybrids
for Electrical Energy Applications

Conducting polymers/inorganic nanohybrid electrodes are promising systems for
EES applications owing to their remarkable combination of properties deriving
from the different building blocks (Scheme 9.5). The flexibility and stability of
composite electrodes derive from their polymer components and functionality. The
general concept of designing composite starts from nanosized combination of
polymers, metal particles, and functionality molecules. The composite materials are
classified as based on their interaction: (a) functionalised polymer or metal pre-
cursor undergoes strong interaction by covalent and ionic bonds
(amino-functionalised silicon nanoparticles and polymerized) [123], (b) inorganic
nanopartilces embedded polymer (Physically or chemically attachment of iron
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complex to the backbone of a conducting polymer leads to stabilization of the
charge/discharge characteristics and higher electrode capacities of LiFePO4) [105].

9.3.1 Nanosized Polymer-Inorganic Hybrid Synthesis

The preparing of hybrid is able to produce synergism from their chemical com-
position and physical structure for particular functional material application [105].
As a result of synergetic effect, they provide good catalytic, magnetic, semicon-
ductor, and sensing properties depending on the kind of nanoparticles, polymer, and
their characteristics, and also the effects of the electrolyte concentration besides the
other reaction parameters on the final composite morphology/properties should be
determined, controlled, improved, and characterized in a very precise and careful
manner, during their synthesis reactions [5, 63]. Several methods have been also
engaged for synthesis of hybrid composite for different applications. Including the
simply conducting one-step, seeding template-assisted oxidative polymerization
reactions with different oxidative agents, it is likely to generate core–shell or
network-like composite structures that are composed of different morphology
conducting polymers decorated with above mentioned inorganic nanoparticles
[124–128]. As the supporting matrix, CPs used in different composites for inter-
calation of catalytically important nanoparticles thus that the catalytic activity can
be reserved in the composite. Integrated Pt [129, 130] and PtO2 [131] in a matrix of
PPy and a poly(styrene sulfonate) (PSS) have been developed for oxygen reduction
reaction (ORR) properties of the nanoparticles were prevailing though electrical
conductivity suffered remarkably. It was overcome by using the PEDOT in the
presence of NaPSS solution incorporated Pt nanoparticles with the good conduc-
tivity of 4 S cm−1. The carboxylic acid groups of a conducting polymer anchored
with AuNi dendrite have proposed for the catalysis of the ORR and H2O2 sensing.
It showed enhancing performance of the catalyst because of an increase in the
electrochemically active area by 12 times and a large shift toward more positive
potential than the commercial Pt/C electrode [132]. PPy nanotubes decorated with
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palladium, platinum, rhodium, or ruthenium nanoparticles were characterized by
electron microscopy, conductivity, energy dispersive X-ray analysis, and FTIR and
Raman spectroscopies. A typical metal content varied between 15 and 20 wt%. The
catalytic activity of composites was illustrated on the reduction of 4-nitrophenol to
4-aminophenol. The carbonization of composites has been followed by thermo-
gravimetric analysis in nitrogen atmosphere. The nanotubular morphology of
polypyrrole was retained after carbonization up to 830 °C. The noble metal
nanoparticles, nanometers in size, fused to clusters during this process, except for
ruthenium. Polypyrrole nanotubes were converted to a nitrogen-containing carbon
and platinum nanoparticles still preserved during carbonization at 400–500 °C.

Recently, Li-ion batteries are of great importance for fastest growing EES due to
the high energy density, light-weight, and safety handle [133]. Conducting
polymer-based nanohybrids are being appropriate materials for high performance of
batteries electrodes due to their synergetic effects [134, 135]. With the advance
properties of electrical conductivity, stress-buffer nature of polymer helps the
transport of both electrons and ions as a result of the availability of short diffusion
paths and good connectivity. Within 0-D to 3-D matrices of these composites
electrode, considerable change in the shape, size, distribution, and connectivity of
each phase during cycling may result in undesirable redistribution or segregation of
phases, caused to electrical isolation of active electrode materials and thus capacity
fading, deteriorating connectivity between carbon particles (increased resistance to
current collection and charge transfer), and decline transport of electroactive
reactants to (or products from) active sites (increased resistance to mass transfer and
reduced rate of charge and discharge). For example, the morphology changes
during charging and lithium dendrite formation may cause partial shorting of the
two electrodes and eventually terrible failure of battery operation [136]. Some
groups are proposing the synthesis of conducting polymers with silicon, tin,
vanadium oxide nanoparticles, carbon, etc. The groups of Nazar [137] and Buttry
[138] polymerized PANI in the presence of V2O5 to make inorganic/organic hybrid
electrodes. The Li+ ion diffusion coefficient for the PANI/V2O5 composite was 10
times that of V2O5, and the capacity was also superior than V2O5 xerogel. Cui et al.
group, infusion of a PANI hydrogel into Si-based anodes: the hydrogel is poly-
merized in situ, resulting in a well-connected three-dimensional network structure
consisting of SiNPs conformally coated by the PANI. With this anode, demonstrate
a cycle life of 5000 cycles with over 90% capacity retention at 6.0 A g−1 current
density [139]. SnNPs/PPy composite was prepared by chemically reducing and
coating SnNPs onto the PPy surface. The composite shows a much higher surface
area than the pure nanoSn reference sample, due to the porous higher surface area
of PPy and the much smaller size of Sn in the nanoSn/PPy composite than in the
pure tin nanoparticle sample [140]. Polyaniline (PANI)/multi-walled carbon nan-
otube (CNT) composite cathode was prepared by the in situ chemical polymer-
ization of aniline in well-dispersed CNT solution. The cell delivered a maximum
discharge capacity of 86 mAh g−1 at the 80th cycle with an average coulombic
efficiency of 98% [141]. PANI-CNT nanoporous composite buffer layer-modified
secondary lithium metal battery was fabricated for decreasing the safety risk of the
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secondary Li metal battery in cycles of recharging processes and improves its cycle
life in the future [142].

Supercapacitors are high energy storage devices compared to the conventional
capacitors. Supercapacitors work on the simple phenomena of electrostatics and
electrochemistry helping to harvest energy in a greener way. The combine into a
conducting polymer matrix to form a hybrid material is an effective way to harness
the electrochemical activity of nanosized oxide clusters. By anchoring them into
CPs, the reversible redox chemistry of the otherwise soluble inorganic clusters can
be combined with that of the CPs and be put to work in energy storage applications.
Gomez et al. was presented the preliminary results that show how the resulting
hybrid polymer displays the combined activity of its organic and inorganic com-
ponents to store and release charge in a solid-state electrochemical capacitor device
[143]. Internal pore volume over the total surface area in hybrid composite was
responded to high specific capacitance of PEDOT–MnO2 (315 F/g) and PANI–
MnO2 (221 F/g) than its constituent MnO2 (158 F/g) [144].

Lee et al. developed a simple one-step way to synthesize the binary composites
based on MnO2–PEDOT coaxial nanowires by co-electrodeposition on a porous
alumina template [145]. The core MnO2 offers high energy storage capacity, as the
highly conductive, porous, and flexible PEDOT shell facilitates the electron
transport and ion diffusion into the core MnO2 and considerably protects it from
structurally collapsing and breaking. The coaxial nanowires exhibited high specific
capacitance and good capacitance retention. The coaxial nanowires preserved 85%
of their specific capacitance as the current density increases from 5 to 25 mA cm2.
Three-dimensional (3D) CoO–PPy composite electrodes exhibited very high
capacitance and good rate capability. PPy was integrated into the nanowire array to
improve the conductivity of the 3D electrode. The electrodes quietly maintain a
good electrochemical reversibility of 99.86% even after 2000 cycles, and the
asymmetric supercapacitors deliver a high energy density of 43.5 Wh kg−1 at a
power density of 87.5 W kg−1 [146]. Further, developed a ternary MnO2–CNT–
PEDOT/PSS composite was used for high-performance EC electrodes. They found
that the synergistic effects take place from the combination of MnO2, and func-
tionalized few-walled carbon nanotubes (fWNTs) and the commercial PEDOT/PSS
conductive polymer could effectively utilize the full potential of all the desired
functions of individual component. The ternary MnO2–CNT-conductive polymer
composite exhibited stable capacitance at high current density, but also showed
great potential for use in power applications. Flexible solid-state SC device using
PPy–Au as the electrode and a PVA/HClO4 gel as the electrolyte and separator was
developed by Meng et al. [147]. It achieves an excellent specific capacitance of
270 F g−1 at a low current density of 0.6 A g−1. Fan and co-workers developed
solid-state paper-like polymer supercapacitor based on the PANI–CNT composite
film electrodes and showed a high specific capacitance of 31.4 F g−1 with excellent
cycle stability [148]. PPy–MnO2-carbon fiber composites as flexible supercapacitor
showed a high specific capacitance of 69.3 F cm3 at 0.1 A cm−3 current density
and an energy density of 6.16 mW h cm−3 at a power density of 0.04 W cm−3.
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9.3.2 Ex Situ and In Situ Approaches

Most easiest and attractive routes to the fabrication of inorganic nanoparticle
embedded polymer composite involve the following methods. In the ex situ
approach, inorganic nanoparticles are first produced by soft chemistry routes and
then dispersed into polymeric matrices and in situ approach; metals are generated
inside a polymer matrix by decomposition (e.g., thermolysis, photolysis, radiolysis)
or chemical reduction of a metallic precursor dissolved into the polymer. Hybrid
composites were broadly studied for energy and electrical devices. The electro-
chemical deposition of Pd nanoparticles in poly(3,4-ethylenedioxythiophene) films
gave evidence for three-dimensional growth of metal clusters at an initial stage
[149]. The resulting nanocomposite shows a high electrocatalytic activity with
respect to hydrogen adsorption. The PtCl4

2− anions have been trapped into a
polypyrrole film during its electrochemical preparation, and, after solution
exchange, these anions have been reduced cathodically to yield platinum metal
particles of average size 10 nm, included in a 3D polypyrrole matrix [150]. The
resulting composite film showed an electrocatalytic effect on the electrochemical
methanol oxidation. Further, Pt nanoparticles have been incorporated into a
polyaniline matrix, and the electrochemical process of hydrogen evolution has been
studied at these composite electrodes [151]. Pt–Ru alloy-poly(vinylcarbazole)
nanocomposite has been prepared electrochemically, and electrocatalytic activity of
the resulting nanocomposites as regards anodic oxidation of methanol in an acidic
solution has been shown [152]. Au (ClO4)

4− anion with a grain size less than
100 nm has been claimed to form during the ORR cycling of a Au electrode.
Pyrrole has been found to autopolymerize on this roughened gold surface due to the
electrochemical activity of the complexes, acting as an oxidant, resulting in a
nanosized Au–PPy complex [153]. The ex situ approaches for PPy–Cu1.4Mn1.6O4,
with pzc at pH 2.6 composite electrodes having high electrocatalytic reactivity to
the ORR and exhibiting a remarkable stability [154]. Cong et al. found that HO2

−

generation by the ORR inside PPy in a composite electrode GC/PPy/PPy(Ox)/PPy
exhibited good stability and no loss of reactivity by chemical oxidation of the
polymer [155]. For improving the electrocatalytic activity of Pt toward methanol
oxidation, both the carbon paste electrode and poly(2-amino-5-mercapto-
1,3,4-thiadiazole) (PAMT) were first used to deposit chestnut bur-like Pt parti-
cles. Resulted materials contribute to increase electrochemical active area of Pt
catalyst and, therefore, have a positive effect on Pt’s electrocatalytic activity [156].

In batteries, regulated porosity of polymers greatly affects stability of electrode.
The porous polymer matrix has vacant space to permit for the large volume
expansion and assist even cracked metal nanoparticles (MNPs) trapped into inter-
connected pore CPs, and high conductive coating helps to provide good electrical
connection of MNPs during discharge/charge. To enhance the lithium storage
capabilities of inorganic oxide-based anodes for LIBs, nanopainting with a thin
layer of conducting polymer has been studied [157]. Typical layered transition
metal sulfide (MoS2) and same to graphite structure by S-Mo-S layer together with
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van der Waals forces, which can facilitate to the Li+ insertion/extraction. Poor
conductivity between two adjacent sheets S–Mo–S can be improved by PANI via
in situ method as anode materials presenting high capacity and good cyclability for
Li-ion batteries [158]. LiFePO4 particles are generally problem associated with
slow diffusion of Li-ion across the two-phase boundary and/or low conductivity,
which was overcoming by prepared composite by in situ polymerization restriction
method. Fe3+ acts as precipitating agent for PO4

3− and oxidant for aniline poly-
merization and then coated on graphite (1–2 nm). Their material offered good rate
performance of 80 mAh g−1 at 60 C rate (Fig. 9.4) [159]. Ding et al. proposed new
anode material of CoCO3 with having two-step conversion reactions with a total
theoretical value of 7 Li per CoCO3. The ‘first-order’ reaction involves reduction of
CoCO3 to metallic Co and the formation of Li2CO3, and the second reaction
involves the further reduction of Li2CO3 to LixC2 (x = 0, 1, 2), along with the
formation of Li2O. The weakness of stability of the electrode enhanced by mixed
with PPy to CoCO3–PPy composite, which showed remarkable cycle stability and
its reversibility, appearing to be a very promising anode material for LIBs (Fig. 9.4)
[160].
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Fig. 9.4 Designed the LiFePO4/carbon and CoCO3/PPy composites including an in situ
polymerization reaction and two typical restriction processes (Reproduced from Ref. [4] with
kind permission of © 2015 Royal Society of Chemistry)
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High capacity anode Si and Sn having huge volume expansion during cycling,
which was controlled by PEDOT/PSS was embedded by an in situ polymerization
of EDOT in PSS water solution with dispersed nanosize Si particles and subsequent
carbonization of Si/PEDOT/PSS, which showed retaining a specific capacity of
768 mAh g−1 and a 99.2% CE after 80 cycles [161]. NanoSn–PPy composite with
CMC as the binder had both superior capacity retention and good rate capability. It
showed that both CMC and polypyrrole (PPy) can work as composite binders and
prevent the formation of cracks in electrodes during the charge–discharge process,
caused to good cycling stability, despite the big volume changes [140].

Generally, poor electronic conductivity of pristine anode and cathode materials
is obstructed to the commercial applications. For improving the performance of
electrode, conducting polymers are introduced by in situ/ex situ preparation
method. Arbizzani et al. [41] introduce the PEDOT on the Li1.03Mn1.97O4 by
oxidation and subsequent polymerization of the EDOT on the Li1.03Mn1.97O4

particles promoted by itself, due to its oxidative property. For improving the cycling
process of LiMn2O4/LixV2O5 lithium-ion cell, coating with PPy on the surface of
the anode was performed via in situ polymerization method [162]. PANI was
intercalated into MnO2, which has a swelled layered structure, with a uniform
mesoporous structure, a typical nanosize, and a high surface area, resulting in a high
electrochemical performance for Li-storage [163]. The enhanced electrochemical
performance of b-AgVO3/PANI triaxial nanowires was synthesized by in situ way
[164]. A V2O5/PPy hybrid was prepared for improving the 20% of performance
[165]. The basic routes of preparation of hybrid composite are in situ synthesis of
MNPs, polymers, or both components simultaneously. Final or precursor mixed
components can proceed. Ternary nanocomposite of graphene–Fe2O3–polyaniline
(GFP) in which the PANI was synthesized via in situ polymerization of aniline with
the well-dispersed Fe2O3 nanoparticles anchored firmly on the GE sheets and
protected by PANI films was helpful to solve the poor cycling problems and offer a
direct short pathway for charge/electrode diffusion. It exhibited an excellent cycling
life, with a decrease in capacitance of only 8% after 5000 cycles and enhanced
energy density of 107 Wh kg−1 at a power density of 351 W kg−1 and 17 Wh kg−1

even at a higher power density of 4407 W kg−1 [166].
Zhai groups have demonstrated the feasibility of supercapacitor material core

with pseudocapacitive material shell such as CNT@PPy–MnO2 [167],
CNT@PEDOT–MnO2 [168], and CNT@PANI–MnO2 [169]. In CNT@PPy–
MnO2, multi-wall CNTs were well-dispersed and wrapped around using 18 wt%
poly(4-styrenesulfonic acid) (PSS), which also provides attractive forces for pyrrole
and metal ions upon negative charging. PPy–MnO2 composite shell was subse-
quently prepared by adding pyrrole and KMnO4. It showed � 268 F g−1 specific
capacitance much higher than CNT@MnO2 (� 170 F g−1) and CNT@PPy
(� 160 F g−1). It exhibited very stable cycle life (10% reduction after 5000 cycles);
in contrast, a specific capacitance reduction of 61 and 45% was observed under the
same test conditions for CNT@MnO2 and CNT@PPy, respectively. Li et al. [170]
demonstrate a facile, simple, and effective approach to synthesizing ultrafine
(<10 nm in diameter) b-MnO2/PPy nanorod composite powders for
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high-performance supercapacitor electrodes. The proposed synthetic mechanism
and the developed synthetic strategy provide design guidelines in synthesizing other
energy storage materials toward ultrafine 1D nanostructure. Well-aligned CoO
nanowire array grown on 3D nickel foam with PPy uniformly immobilized onto or
firmly anchored to each nanowire surface to boost the pseudocapacitive perfor-
mance with the elegant synergy between CoO and PPy shows the way to a high
specific capacitance of 2223 F g−1, good rate capability, and cycling stability
(99.8% capacitance retention after 2000 cycles). Because the high electronic con-
ductivity of PPy, and the short ion diffusion pathway in ordered mesoporous
nanowires. The negative electrode has demonstrated high energy density
(� 43.5 Wh kg−1), high power density (� 5500 W kg−1 at 11.8 Wh kg−1) and
outstanding cyclability (� 20,000 times). After charging for only � 10 s, two such
4 cm−2 asymmetric supercapacitors connected in series exhibited efficiently power
5-mm diameter red, yellow, and green round LED indicators (lasting for 1 h for red
LED) and drive a mini 130 rotation-motor robustly [146].

Hierarchical nanocomposite of vertical polyaniline (PANI) nanorods aligned on
the surface of functional multi-walled carbon nanotubes (FMWNTs) by in situ
polymerization of PANI on the surface of FMWNTs prepared nanocomposite
possessed higher specific capacitance and better stability than each individual
component as supercapacitor electrode materials due to the synergistic effect of
both components, as well as to the special hierarchical structure, which not only
increases the specific surface area of the nanocomposite but also facilitates the
penetration of electrolyte ions [171]. PANI–MnO2 nanocomposites prepared
through ‘interfacial syntheses’ to use the interfacial region between an organic
phase and an aqueous phase to synthesize the composite [172], which process was
depicted in Fig. 9.5.

Fig. 9.5 Formation mechanisms of MnO2–PANI composites: (I) interfacial synthesis and (II)
chemical co-precipitation (Reproduced from Ref. [172] with kind permission of © 2012 Elsevier)
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The organic phase was prepared by dissolving aniline monomers into inorganic
(CHCl3) solution, while the aqueous phase was obtained by dissolving potassium
permanganate in distilled water. When the aqueous solution was added into the
organic solution, an interface was formed immediately between the two phases and
the reaction occurred. During the reaction, aniline was diffused from the organic
solution to the interface and was chemically oxidized into polyaniline. At the same
time, MnO4

− was reduced to manganese oxide precipitate. Finally, the PANI–
MnO2 nanocomposite was formed and remained in the aqueous solution. It shows
larger specific surface area (124 m2 g−1), more uniform pore-size distribution, and a
higher specific capacitance of 262 F g−1 with better cycling stability. Other inter-
esting PANI metal oxide nanocomposites include PANI–MnWO4 nanocomposites,
which were prepared in situ polymerization of aniline monomer in solution con-
taining MnWO4 nanoparticles [173]. The composite has shown good electro-
chemical property: With 50% of MnWO4 loading, the PANI–MnWO4

nanocomposite shows high specific capacitance of 475 F g−1, which is much higher
than that of the physical mixture of PANI and MnWO4 (346 F g−1).

9.3.3 Mechanical Methods

High energy ball milling is an industrially amenable technique as grinder and extra
energy are used to squeeze the materials into extremely fine powder. It is suitable
for batch and continuous operation, all degrees of hardness material, and
open/closed circuit grinding. To make CO tolerant unsupported Pt–Ru-based cat-
alysts for the oxidation of hydrogen in polymer electrolyte fuel cells.
Nanocrystalline Pt0.5–Ru0.5 alloys obtained by ball milling, but their poor perfor-
mances, are further processed by milling Pt, Ru, and Al in a 1:1:8 atomic ratios.
After leaching Al, this catalyst [Pt0.5–Ru0.5 (Al4)] displays a specific area of
38 m2 g−1. Pt0.5–Ru0.5 (Al4) composite catalyst shows hydrogen oxidation per-
formance and CO-tolerance equivalent to those of the commercial catalyst Pt0.5–
Ru0.5 [174]. The hydrolysis properties for hydrogen generation from Mg metal
chlorides composites were prepared by high energy ball milling in pure water. It is
found that the Mg-10 wt% FeCl3 composite ball-milled for 30 min has the best
hydrolysis properties with an initial hydrogen generation rate of 1479.1 ml g−1

min−1 and a theoretical hydrogen production yield of 98% in 2 min [175].
The vast network of the PPy matrix is a suitable environment to cushion the

volume change associated with LixSi alloying and dealloying reactions. The
capacities of the composites were dependent on the amount of silicon added.
A series of novel high capacity of Si/PPy composites was prepared by high-energy
mechanical milling techniques [176]. Substantial shape change during cycling
resulting in rapid capacity fading has so far limited the success of this material.
Composites somehow remediating this detrimental effect have been studied, among
them composites of silicon with PPy 10 wt% PPy nanowires introduced to Si
particles prepared by high-energy mechanical milling for better reversibility and
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cycle life than silicon, while the silicon/microparticles PPy composite shows no
improvement because PPy NWs and microparticles PPy act as a matrix to hold the
active silicon grains as they repeatedly alloy with lithium during the operation of
LIBs [177].

Metal oxides are semiconductor, which cannot provide higher capacity. But
mixing with polymers can produce a reversible capacity more than ten times that of
plain MnO2-based devices. They showed reversible capacities in the range 400–
1000 mAh g−1 at 120 mA g−1 in 20th cycle [178]. Further, to enhance the
long-term cyclability of Si anode by embedding SiNPs into a Li+-conductive
polymer (polyparaphenylene) (PPP) simply by ball milling the SiNPs with PPP as
core–shell structure, in which nanoSi cores act as active Li-storage phase and the
polymeric matrix as a strong buffer to accommodate the volume change, and
protection barrier to prevent the direct contact of Si surface with electrolyte. Si/PPP
composite exhibits a high capacity of 3184 mAh g−1 with 78% initial CE and
1670 mAh g−1 at 16 A g−1, along with long-term cyclability with 60% capacity
retention over 400 cycles [179]. More recently, high capacity VO4 was synthesized
by stoichiometric amounts of In2O3 and V2O5 in the ratio of 1:1 mixed under
ball-milled for 18 h, which have surface area of 0.49–9.28 m2 g−1 and capacity
about 1200 mAh g−1 [180].

High electrical storage capacity of composite electrodes prepared from nanoscale
activated carbon combined with PEDOT/PSS or multiple dopants such as ammo-
nium persulfate (APS) and dimethyl sulfoxide (DMSO). They were fabricated by
electropolymerization of the conducting polymers onto the nanoscale activated
carbon backbone, in which the nanoscale activated carbon was produced by ball
milling followed by chemical and thermal treatments. Activated
carbon/PEDOT/PSS yielded capacitances of 640 F g−1 and 26 mF cm−2. Further,
use of multiple dopants in PEDOT improved the storage performance of the
composite electrode well over that of PEDOT/PSS [181].

Polyaniline-BaTiO3 and Nd-doped BaTiO3 composites were prepared, and it is
conductive enough to be a supercapacitive electrode. The composites were prepared
by partial solution mixing. A novel technique called partial solution mixing method,
which incorporates physical milling in a selected liquid medium, was successfully
developed to prepare the composite electrode specimens. A new PANI-calcined
barium titanate graphite system showed high capacitance of 189.2 Fg−1, exploiting
the pseudocapacitive and the double-layer features of both CBTG and PANI [182].
TiO2 NWs were grown on carbon cloth substrate by a seed-assisted hydrothermal
method, subsequently anodic deposition of PPy shell on the surface of TiO2 NWs
under 1 mA cm−2 for 20 min at 50 °C for formation of TiO2@PPy core–shell
nanowires (NWs) on carbon cloth. Fabricated device based on TiO2@PPy core–
shell NWs not only has excellent flexibility, but also exhibits remarkable electro-
chemical performance [183].
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9.3.4 Blending Inorganic Nanoparticles into Polymer
Matrix

Blending defined as a mixture of different substances or other things, i.e., inorganic
nanoparticles mixed into the conducting polymers. The blends of PtNPs into PANI
nanofibers route were presented in Scheme 9.6. PANI nanofibers of 60 nm diam-
eter were synthesized by a scalable interfacial polymerization and then supported Pt
electrocatalyst (Pt/PANINFs) and carbon black-supported Pt electrocatalyst (Pt/C)
by reduction method. Prepared Pt/PANINFs composite catalyst shows a higher
electrochemical active surface area and higher methanol oxidation reaction catalytic
activity than the Pt/C. If/Ib ratio of Pt/PANINFs is 1.90, higher than that of the Pt/C
catalyst (0.93), which reveals better tolerance of Pt/PANINFs [184]. PANI/C
composite can serve as a support material for dispersing Pt and Pt-Ru particles in an
electrocatalyst for methanol oxidation. The incorporation of PANI provides a
suitable matrix for conventional carbon black particles and forms composite support
materials with increased electrochemical accessible surface area and decreased
charge-transfer resistance. Pt–PANI/C displays about a four times higher mass
activity for methanol oxidation in comparison with Pt–PANI at a Pt loading of
80 lg cm−2 [185]. PANI-decorated Pt/C@PANI core–shell showed enhanced
catalyst activity and durability compared with non-decorated Pt/C. Resulted the
activity for the oxygen reduction reaction strongly depends on the thickness of the
PANI shell and that the greatest enhancement in catalytic properties arised at 5-nm
thickness, followed by 2.5, 0, and 14 nm. The high activity and stability of the

Filtrate, wash, dry

H2PtCl6 in EG PANI NFs in EG

Pt/PANI NFs in 
EG

Pt colloids-
PANI NFs

Pt(OH)4colloids-
PANI NFs

Pt/PANI NFs

Stir, pH control

140 0C

Stir, pH control

Scheme 9.6 Diagram of
preparation of Pt/PANI NFs
composite
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Pt/C@PANI catalyst were attributed to PANI-decorated core–shell structure indu-
ces both electron delocalization between the Pt d-orbitals and the PANI
p-conjugated ligand and electron transfer from Pt to PANI and also protects the
carbon support from direct exposure to the corrosive environment [186].

Just pressing the LiMn2O4 and PPy powder without using any binder as pellets
anode material at potentials ranging between 4.3 and 3.2 V versus Li/Li+, PPy
works well as a conducting matrix for the redox reaction of LiMn2O4 � Li1
−xMn2O4 + xLi++xe−. The PPy behaved also like a capacitor and contributed to the
capacity density of the LiMn2O4/PPy composite [187]. Thin flexible polypyrrole–
lithium iron phosphate (PPy–LiFePO4) composite has been developed to enhance
electrical conductivity of cathode [188]. The photograph of the PPY–LFP electrode
is shown in Fig. 9.6, for flexible battery by the electrospun method. Deposition of
PPy in a spherical-hollow crystalline V2O5 yielded a composite with slightly
reduced capacity but increased cycling stability [189]. PPy coated on small particles
of V2O5 evaluated as positive mass of a lithium-ion battery by Zhao et al. has
shown improved cyclability [190]. Using pyridinesulfonic acid as an additive
during preparation of a V2O5/PPy hybrid material has resulted in a capacity increase
of 20% [165]. Differences between core/shell and host/guest nanocomposites of
V2O5/PPy have been studied by Posudievsky et al. [191]. Thus, addition of a
chemical oxidant and associated problems caused by excess of this oxidant in the
reaction system and possibly the final product could be avoided. The observed
capacity of this positive mass was 163 mA g−1, close to the theoretical capacity of
170 mAh g−1 for LiFePO4, with a superior high-rate performance attributed to the
improved lithium-ion diffusivity of the composite material. The influence of the
particle morphology of LiFePO4 (donut-, dumbbell-shape, nanocrystalline) coated
with PEDOT was studied by Dinh et al. [192]. Tannin sulfonic acid-doped PANI
was prepared at 10 °C with two different ratios of aniline to sodium persulfate
(oxidant) and the simultaneous incorporation of TiO2, Al2O3, and ZnO nanopow-
ders for good electronic properties and exploring their potential use in solar cell
applications [193]. PEDOT has controllable electrical conductivity, but suffers from
problems of volumetric swelling and shrinkage during the insertion and ejection of
ions.

Fig. 9.6 Photographs a of a flexible PPy–LFP electrode, b SEM of electrospun P(VDF-HFP)
matrix, and c scheme of the flexible battery. Inset of b Photograph of electrospun P(VDF-HFP)
(Reproduced from Ref. [188] with kind permission of © 2012 Royal Society of Chemistry)
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Sen et al. [194] prepared PEDOT–NiFe2O4 nanocomposites by chemical poly-
merization of EDOT monomer in solution containing NiFe2O4. The PEDOT-
NiFe2O4 nanocomposite shows high specific capacitance (251 F g−1) in compar-
ison to NiFe2O4 (127 F g−1) and PEDOT (156 F g−1) where morphology of the
pore structure was believed to play a significant role over the total surface area.
PEDOT was also composited with MoO3 by Murugan et al. [195] using chemical
polymerization of EDOT monomer with FeCl3 as oxidizing agent in MoO3 sus-
pension. The nanocomposite also has much higher specific capacitance (300 F g−1)
compared to that of pristine MoO3 (40 mF g−1). The improved electrochemical
performance was attributed by the authors to the intercalation of electronically
conducting PEDOT between MoO3 layers and an increase in surface area. The
electrical conductivity of intrinsic PPy is low, and doping of surfactants can
enhance effectively the electrical conductivity of PPy. p-Toluenesulfonic acid
(PTSA) was used as a dopant by Dong et al. [196] to prepare MnO2–PPY/TSA
nanocomposite for supercapacitor applications. TSA and pyrrole were dispersed
ultrasonically in deionised water to form a homogeneous solution. With the addi-
tion of KMnO4 oxidant, redox reactions occurred and MnO2–PPY/TSA
nanocomposite was produced. Nanocomposite electrode exhibited a higher speci-
fic capacitance of 376 F g−1 at 3 mA cm−2 and better cycling stability in 0.5 M
Na2SO4 solution than the MnO2–PPY. Another polymer-metal oxide composite
that shows promising supercapactive properties is MnO2-poly(aniline-co-
o-anisidine) [197], which has specific capacitance of the 262 F g−1 in 1 M
Na2SO4 at a current density of 1 A g−1.

9.3.5 Nanostructured Polymer with Inorganic Particles

Functional groups of polymer interact with inorganic salts and subsequent reduction
or thermal (or other) treatment results in nanoparticles formation within the func-
tional nanophase. The capping, reducing, stabilizing, or protective agents (polymers
and surfactants) are play important during formation of nanoparticles. Incorportion
of a PANI-phytic acid hydrogel into Si-based anodes via hydrogen bonding fol-
lowed with cross-linking resulting in a well-connected three-dimensional network
structure consisting of SiNPs conformally coated by the PANI. With this anode,
demonstrate a cycle life of 5000 cycles with over 90% capacity retention at current
density of 6.0 A g−1 [139]. LiMn2O4–PPy composite was studied for charge–dis-
charge properties for 3 and 4 V (Scheme 9.7) [189, 198].

In order to improve the electrode performance, pyrrole dispersed in V2O5 forms
hybrid composite by chemical polymerization method that can influence the acidic
dopant [199]. LiFePO4 exposed to hot air and regenerated with PPy as a reductant
was studied. Excellent performance in particular at high rates was observed. This
approach was further developed and optimized using EDOT as a monomer and its
chemical oxidation by a slightly lithium-poor form of LiFePO4 [200]. Fabricated
high-performance Li-ion battery anodes by encapsulating SiNPs in a nanostructured
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3D porous conductive polymer framework developed [201]. The hierarchical
conductive hydrogel framework with carbon nanotubes is the electronic fortifier
with high porosity and is prepared to accommodate the Si particles of SiNPs/PPy–
CNT composite by in situ polymerization for improved cycling LIBs performance
[9]. Chen et al. [202] synthesized a very high-performance PANI–MnO2

nanocomposite using the hydroxylated MnO2 nanoparticles which was surface
modified with silane coupling agent (ND42). Electro-copolymerization of aniline
and ND–MnO2 nanoparticles was conducted on a carbon cloth in an electrolyte
solution containing ND–MnO2, aniline, H2SO4, and Na3PO3. The whole synthesis
process is illustrated in Fig. 9.7.
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Electro-copolymerization method was also used to prepare unmodified PANI–
MnO2 nanocomposite and pure PANI. PANI–ND–MnO2 composite film has an
average specific capacitance of � 80 F g−1 and a very stable coulombic efficiency
of � 98% over 1000 cycles. It also exhibits high intrinsic electrical conductivity
and good kinetic reversibility. The excellent properties were attributed by the
improved interaction between MnO2 and PANI and the increased effective surface
area in PANI–ND–MnO2 film, due to the surface modification of MnO2

nanoparticles with the silane coupling reagent. Notably high specific capacitor was
achieved with PANI–SnO2 nanocomposites prepared by Hu et al. [203] using a
chemical method in which SnO2 nanoparticles and aniline were dispersed in sodium
dodecylbenzenesulfonate solution, and then, ammonium persulfate was added to
the above mixture to start polymerization. The PANI–SnO2 nanocomposite, thus,
prepared had a high specific capacitance of 305.3 F g−1 with a specific energy
density of 42.4 Wh kg−1 and a coulombic efficiency of 96%. Sulfonic acid groups
are then grafted on the carbonized PANF by ultrasonication in concentrated sulfuric
acid to increase the surface hydrophilicity and Pt loading. The obtained sulfonated
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carbonized PANF was found to own not just high conductivity but good
hydrophilicity which can load more than 18% of Pt on the surface from a 25%
H2PtCl6 (aq) and demonstrate better electrochemical activity in the cyclic voltaic
and ORR testing. The surface area of the loaded Pt per unit support can be increased
from 85.66 to 276.61 cm2 mg−1 after 24 h of sulfonation. The single-cell perfor-
mance demonstrates an increasing power and maximum current density with degree
of sulfonation for MEA made of the sulfonated carbonized PANF [204].

9.3.6 Sol–Gel

Sol–gel method is very attractive and instructive at process. They show an intense
development accompanied by important practical applications of energy conversion
and storage system and have significant advantages, for example, good crystallinity,
homogeneous mixing at the atomic or molecular level, low synthesis temperature,
short heating time, good stoichiometric control, uniform particle size and small
diameter, and down to nanometer level [205]. The basic processing steps of this
method are precursor, hydrolysis, reactive monomer, condensation, sol gelation,
gel, and treatment. Controlled preparation of V2O5/PPy composite leads to favor-
able reversible electrochemical properties suggested by Ren et al. [206]. Further,
V2O5/PPy nanocomposites for Li+ ion transport had proposed [207, 208]. Hydrogel
V2O5/PPy composite was proposed for systematic studies of spectral and structural
characterization [209]. Electrochemical lithium intercalation properties of V2O5/
PANI were studied [210, 211]. Park et al. deposited V2O5 on a layer of PANI [212].
Li4Ti5O12 was prepared by sol–gel method, followed by PANI coating, which
exhibits better rate capacability and cyclability [213]. Tethering carbon-coated
LiFePO4/PPy composite demonstrated enhancement of the rate capability of cath-
ode composites [214]. The core/shell structures prepared from small crystals of
V2O5 coated with PPy were inferior to host/guest structures synthesized from an
aerogel of V2O5 with mechanochemical polymerization of pyrrole. Nanocomposites
of PEDOT and V2O5 prepared with microwave assistance showed an increased
capacity of 370 mAh g−1 [215].

9.3.7 Electrochemical and Chemical Deposition Methods

A thin film is a layer of material ranging from fractions of a nanometer (monolayer)
to several micrometers in thickness. Electronic semiconductor devices and optical
coatings are the main applications benefiting from thin-film construction. The
polymer composite electrodes are mostly synthesized by deposition methods such
as chemical or electrochemical ways. LiFePO4 electrode is modified with PPy via
monomer penetrated and coated in the inner pore, which would reduce the activity
surface and further decrease undesirable reactions with the electrolyte, while the
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lithium intercalation would not be inhibited. This strategy used to synthesize the
PPy films [216]. Si/PPy core–shell nanofibers delivered by electropolymerized PPy
nanofibers electrode followed by CVD of SiNPs are favorable for facile charge
delivery and gathering, while the porosity of the electrode can efficiently cushion
the volume expansion of Si (Fig. 9.8) [217]. PPy-doped LiFePO4 cathodes were
prepared by electrochemical deposition and showed poor electrochemical properties
[218–220].

Huang et al. reported on porous NiO/polyaniline (PANI) film obtained by
depositing the PANI layer on the surface of the NiO film, which showed
520 mAh g−1 at 1 C [221]. Porous NiO/PEDOT films are prepared by chemical
bath and electrodeposition techniques, exhibit weaker polarization and better
cycling performance [222]. Free-standing PPy/LiFePO4 film electrodes were pre-
pared using the same solution, but with the addition of LiFePO4 powder. The cell
with composite film had a higher discharge capacity beyond 50 cycles
(80 mAh g−1) than that of the cell with pure PPy (60 mAh g−1) [223]. Wang et al.
prepared electrochemically highly flexible, paper-like, free-standing PPy and PPy–
LiFePO4 composite film electrodes and observed that the cell with PPy–LiFePO4

composite film had a higher discharge capacity beyond 50 cycles (80 mAh g−1)
than that of the cell with pure PPy (60 mAh g−1) [224].

LiFePO4 as a typical compound fraught with conductance problems was coated
with carbon and embedded in PPy during electropolymerization of the latter.
Improved specific capacity and rate behavior were reported with the capacitance
attributed to the substitution of the inactive carbon matrix (and binder) by the
redox-active PPy and the rate improvement to the vastly increased electronic
conductance of the matrix. Carbon-coated particles of LiFePO4 were tethered to
PPy [213]. Substantial shape change during cycling resulting in rapid capacity
fading has so far limited the success of this material. Composites somehow
remediating this detrimental effect have been studied, among the composites of

Fig. 9.8 Reaction pathway for the synthesis of PANI–ND–MnO2 nanocomposite film
(Reproduced from Ref. [217] with kind permission of © 2012 Royal Society of Chemistry)
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silicon with PPy [177]. High capacity LIB anode SiNWs/PEDOT material for-
mulated by electropolymerization method, which maintaining the mechanical
integrity of the cycled Si material, along with preserving electrical connections
between NWs that would otherwise have become electrically isolated during vol-
ume changes [225].

Electrochemically synthesized MnO2 embedded PPy nanocomposite (MnO2/
PPy) thin-film electrodes on polished graphite substrates. Growing PPy polymer
chains provide large surface area template that enables MnO2 to form as
nanoparticles embedded within polymer matrix. Co-deposition of MnO2 and PPy
has a complimentary action in which porous PPy matrix provides high active
surface area for the MnO2 nanoparticles, and, on the other hand, MnO2 nanopar-
ticles nucleated over polymer chains contribute to enhanced conductivity and sta-
bility of the nanocomposite material by interlinking the PPy polymer chains. MnO2/
PPy nanocomposite thin-film electrodes show significant improvement in the
specific capacitance (� 620 F g−1) in comparison to its constituents MnO2

(� 225 F g−1) and PPy (� 250 F g−1) [226].
The electrodeposition of platinum microparticles into PANI films on glassy

carbon electrodes and their catalytic activity for the reduction of hydrogen and the
oxidation of methanol was described by Kent [227]. Pulse galvanostatic method
was used to synthesize nanofibular PANI followed and then modified by Pt
microparticles, and at the same Pt loading, exhibits a considerably higher electro-
catalytic activity on the methanol oxidation than that of the granular PANI electrode
modified by Pt microparticles. When the value of Pt loading is over 0.2 mg cm−2,
the Pt/nanofibular PANI/SS electrode is greatly superior to the Pt/granular PANI/SS
electrode in electrocatalytic activity [228].

Pt-Ru particle sizes of the 3–8 nm was electrodeposited onto PANI from dis-
tilled water solution containing ruthenium chloride and chloroplatinic acid by
step-potential plating methods. From the loading content results as a function of
plating time, the efficiency of loading was enhanced to N11 wt% with the increase
of the plating time to 36 min. However, from the viewpoint of average particle
sizes, the smallest nanoparticles of 3.1 nm were obtained by electrodeposition with
24 min plating time. H2 adsorption/desorption study showed that Pt-Ru/PANI had
the higher specific surface area for an electrochemical reaction. The enhanced
methanol oxidation specific current (121 mA mg−1) for polyaniline-supported Pt–
Ru catalysts was attributed to the relatively higher electrical conductivity of the
PANI or the increased electrochemical area, which could be related to small particle
size and low degree of aggregation [229].

Electrodeposited platinum and polyaniline on graphitized carbon electrode were
used for electrochemical oxidation of 1-propanol in alkaline medium [230].
Three-dimensional porous Pt films were prepared based on Pt electrodeposition on
PANI-modified electrodes followed by selective dissolution of PANI with HNO3.
Electrochemical quartz crystal microbalance revealed that the PANI–H2PtCl6
interaction involves redox and coordination reactions, depending on the working
potential. It can electrocatalyze the oxidation of H2O2 with a sensitivity of
414 mA cm−2 mM−1 and a detection limit of 9 nM [231]. Metallic particles were
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dispersed in electrically conducting polymer films in order to achieve multi-electron
transfer processes in a 3D matrix. Dispersions of Pt in PPy were formed by several
electrochemical and chemical methods. Films were prepared in which Pt was
deposited primarily at the polymer/solution interface, at the metal/polymer inter-
face, or uniformly through the film. For the homogeneous film, the catalytic current
is limited by the rate of O2 permeation in the film [232].

The electrodeposition of polythiophene (PTh), polyaniline (PANI), and poly-
pyrrole (PPy) films modified by dispersion of Pt or Pt + Pb and its employment in
the electrocatalytic oxidation of HCOOH was studied. Under condition I of this
Fig. 9.9, the polymeric electrode system is in the reduced state and the Pb atom was
deposited on the surface of the Pt granules and on the polymeric matrix. The
electroadsorption of HCOOH takes place on the Pt active sites, and the polymer
eliminates anions through the undoping process. Under condition II, the following
processes take place: (i) direct oxidation of HCOOH, (ii) partial oxidation of the
polymer with subsequent anionic doping, and (iii) total oxidation of the Pb atoms
[233].

Electrochemically growth the MnO2 nanoflakes and polypyrrole (PPy) on car-
bon fiber for conductive wrapping, and hybrid structure have a high specific
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capacitance of 69.3 F cm−3 at a discharge current density of 0.1 A cm−3 and an
energy density of 6.16 � 10−3 Wh cm−3 at a power density of 0.04 W cm−3, the
device can drive a commercial liquid crystal display (LCD) after being charged.
The as-fabricated solid-state SC showed high mechanical flexibility, and the
capacitance of the device had only a slight fluctuation of 0.24% when it was rolled
up [234].

One-step electropolymerization of PANI/NiHCF/sCNT interconnected com-
posite films was fabricated using cyclic voltammetry in the solution of sCNTs,
NiSO4, Na2SO4, K3Fe(CN)6, and aniline. Their formation mechanism is presented
in Fig. 9.10. NiSO4 and K3Fe(CN)6 concentrations can affect morphology of
PANI/NiHCF/sCNTs composite film changed from the short nanotubes to

Fig. 9.10 Schematic illustration of the formation mechanism of PANI/NiHCF/sCNT composite
films (Reproduced from Ref. [235] with kind permission of © 2015 Springer)
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microparticle and coral-like structure as a result of the p–p* electron and hydrogen
bonding interaction among sCNTs, NiHCF, and PANI. The specific capacitance of
PANI/NiHCF/sCNTs composite film was 430.77 F g−1 with 0.04 mol L−1 NiSO4

and 0.04 mol L−1 K3Fe(CN)6 due to self-doping effect of sCNT in composite films.
The cycle stability of PANI/NiHCF/sCNTs composite films was enhanced with the
increase of NiSO4 and K3Fe(CN)6 in prepared solution [235].

9.3.8 Diversity Methods

[PEI-capped PtNPs/(PEDOT/PSS)]was prepared by photoreduction and electrostatic
LBL assembly qualified component for electrocatalysis. The stable and uniform
multi-layer thin films of [PEI-capped Pt NPs/(PEDOT/PSS)] were found to be an
active catalyst coating for the oxidation of methanol, and a 20 bilayer film proceeds
with a stable level of catalyst activity for over 1000 oxidation cycles. [236].
Because of strong absorptive properties, PPY can be immobilized onto Au elec-
trodes for the convenient studying of electrocatalytic. The obtained Pt-PPy
nanocomposite-modified Au electrodes exhibit a strong elctrocatalytic activity
toward O2 reduction in acid solution. It can be concluded that the Pt-PPy composite
may be developed for its application in fuel cells and oxygen sensors [237].

Recently, polypyrrole nanotube imidazolium moiety can be modified with
*13.2 nm size of Pt–Au alloy nanoparticles hybrid was synthesized by covalently
attached imidazolium moiety, which exhibited well-dispersed effect due to the
mutual interaction between Au and Pt [238]. Highly porous PANI–Pt particle size
(4 nm) composite reported that the methanol oxidation has better catalytic activity
value of 109.5 mA mg−1 and it can contribute to the improvement of catalytic
performance [239]. The preparation of Pt–Co bimetallic compounds were carried
out on polypyrrole–multi-walled carbon nanotube composite by in situ polymer-
ization method for DMFCs. The composite reached good CO-tolerance ability and
great potential for DMFCs [240].

Zhou et al. [241] developed an electrocatalytic performance of methanol oxi-
dation based on a novel modified composites of platinum-supported poly indole
(Pt/Pin/GC) and poly(5-methoxy indole) (Pt/PMI/GC) in a electrodeposition
method. The Pt/Pin/GC and Pt/PMI/GC catalysts were revealed higher catalytic
activity and strong poisoning tolerance. Electrochemical impedance spectroscopy
also used to measure the charge-transfer resistance for methanol oxidation.
Methanol oxidation fuel cell based on Pt–Co-supported polyphosphazene modified
with carbon nanotube was reported [242]. The composite fuel cell showed good
distribution, small particle size, and high mass activity. PANI–PTSA composite
modified with Pt on the electrode surface (Pt/PANI–PTSA). The catalyst was
characterized by electrochemically, and it (Pt/PANI–PTSA) was used for methanol
oxidation at the Pt electrode surface [243]. Treated polystyrene sphere (Pt/Ppy/PS)
catalyst builds a profound impact in electrochemistry due to its remarkable elec-
trochemical properties of methanol oxidation. The sphere type of Pt/Ppy/PS
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electrode have big and small holes like catalysts exhibit particle size range around
2-200 nm [244].

The combination of sCPE/PAMT catalyst showed superior electrocatalytic
properties than others [156]. Wang et al. [245] reported that a platinum
microparticle interface on conducting polymer modified with nichrome matrix
(Pt/PAn/Nc) catalyst by a simple and green approach method for methanol oxi-
dation. The electrode observed anti-CO poisoning capacity, decreased the electrode
cost and very simple. The polyethyleneimine-capped platinum nanoparticles (PEI–
PtNPs) have been synthesized by photoreduction method. This catalyst (PEI–
PtNPs) can be modified with conducting polymers of poly
(3,4-ethylenedioxythiophene:poly(styrene sulfonate) [(PEDOT/PSS)–Na+]. The
catalyst [PEI-capped PtNPs/PEDOT/PSS] exhibits the best improvement of active
catalyst for methanol oxidation [236]. The electrochemical preparation of
Pt-supported polyindole (Pt/PIn) and poly(5-methoxy indole) (Pt/PMI) catalysts has
been used for methanol oxidation. The resulted catalyst exhibits higher catalytic
activity and stronger poisoning tolerance than Pt/polypyrrole/GC and Pt/GC. By
applying electrochemical impedance spectroscopic (EIS) analysis, the
charge-transfer resistances for methanol oxidation on Pt/Pin/GC and Pt/PMI/GC
catalysts are smaller than the others [241]. Another approach has been the elec-
tropolymerization of aniline and its derivatives on pre-treated aluminum and plat-
inum (Al/Pt) electrodes. The applied electrode potential was swept between 0.2 and
1.0 V versus SCE using 0.1 M H2SO4 and 0.1 M aniline. The Pt-supported
polyaniline matrix enhanced the electrocatalytic activity toward methanol oxidation
reactions [246]. Radiolysis and salient synthesis aspects were viable approaches in
the preparation of conducting polymer (poly(diphenyl butadiene) (PDPB))-sup-
ported palladium nanoplate (PDPB/Pd) hybrid and are used in DMFCs. The
composite was developed in a real passive DMFC and the enhancement of catalytic
activity [247].

Electrochemical method used preparation of Pt-based catalysts with
free-standing poly[poly(N-vinyl carbazole)] (PPVK) as support (Pt–M/PPVK,
M=Pd, Au, and Ru) on a glassy carbon electrode (GCE). It is found that PPVK film
as support effectively enhances the catalytic activity of Pt nanoparticles for
methanol electro-oxidation in alkaline medium. The bimetallic Pt–M nanoparticles
obtained potentiostatically on the PPVK film show the higher electrocatalytic
activity than bare Pt/GCE and JM Pt/C [248]. PANI/Fe2O3 multi-channeled nan-
otube structure as aqueous rechargeable lithium-ion battery (ARLIB) anode is using
PANI–Mo3O10 nanowires as the template. The removal of MoOx from the inter-
calated layered MoOx/PANI structures results in a multi-channeled nanotube
structure, and the subsequent hydrothermal growth of Fe2O3 nanoparticles on PANI
surface can simultaneously re-dope PANI into a highly conductive form. The initial
discharge and charge capacities of the PANI/Fe2O3 multi-channeled nanotube
anode are 60.5 and 54.2 mAh g−1 at 150 mA g−1, respectively. When fabricated as
an ARLIB full cell with the PANI/Fe2O3 multi-channeled nanotube anode and a
LiMn2O4 cathode, an initial discharge capacity of 50.5 mAh g−1 is obtained at the
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current rate of 150 mA g−1, with superior capacity retention of 73.3% after over
1000 charge/discharge cycles [249].

Iron species attached by physically or chemically on backbone of a PPy com-
prised with LiFePO4 leads to stabilization of the charge/discharge characteristics
and higher electrode capacities [104]. Se/PPy/graphene composites were synthe-
sized by surfactant-free solution processes, which exhibit large discharge capacity
of 678 Ah kg−1 at a current rate of C/120 used of Li–Se battery [250].
Layer-by-layer fashion was used for improving the characteristic properties of V2O5

and of PANI with a volumetric charge density of 264 mAh cm−3 [251]. PANI
deposited by a self-assembly process onto carbon particles of LiFePO4 found that
capacity increases in particular at high rates [252]. PPy-covered NiO was used for
remedying the inherent problems of volume change [253]. PPy can also be used to
reduce charge-transfer resistance associated with the Li+ ion
intercalation/deintercalation reaction such as PPy/MoO3, PPy/V2O5, PPy/LiCoO2,
and PPy/LiV3O8 [254–258]. Javier et al. found that theoretical value of LiFePO4 is
maintained using block copolymer of poly(3-hexylthiophene) and poly(ethylene
oxide) [259]. A a-LiFeO2–PPy nanocomposite was prepared by the chemical
polymerization method as a cathode material for improving the reversible capacity
and cycling stability (104 mAh g−1 at 0.1 C after 100 cycles) [260]. To prevent the
contact of the nanoSi surface with electrolyte, SiNPs covered by Li+-conductive
polymer matrix, thus suppressing the continual rupturing-reformation of SEI film
on the Si surfaces [261].

Han et al. found multi-functional nanostructure of PPy/Fe2O3/C as stable and
high efficient anode [262]. Controlled Li+ diffusion of anode material obtained from
SnO2/PPy nanocomposites [263, 264]. Significantly improving the conductivity of
SiNPs by PPy prevents the cracking of the electrode during cycling [265].
Microemulsion polymerization method was used for SnO2/PANI composite in
anode material applications [266]. SnO2-based composite coaxial nanocables
carbon-related particles (MWCNT, graphene, SWNT) anchored on conducting
polymers exhibited excellent stability and high reversible capacity [267–269].
TiO2-based conducting polymer composites synthesized by hydrothermal with
chemical polymerization methods developed for enabling fast discharge and charge
with enhanced electrochemical performance [270–272].

Template utilized in synthesis of core–shell CuO/PPy composites led to
improved stability, electric conductivity, and electrochemical performance [273].
Surface adsorption of PDDA on LiMn2O4 particles extends the lifetime of the LIB
by arresting the Mn+ dissolution, thus increasing battery stability [274].
Significantly improved the electrochemical performance of NiO/PPy composite was
also studied [253]. Cation exchange technique was used for high-performance
cathode material (PPy/VOx–NTs) [275]. Dissolution of metal oxide on LiNi1/3
Mn1/3Co1/3O2/LixV2O5/PANI composite was studied [276]. Surface coating of PPy
on LiFePO4 particles was applied as improves the electron conductivity [277].
Mixed ion/electronic conductor of PPy with PAAMPSA was an additive in sulfur
cathodes in Li–S batteries [278]. Nest-like PANI coated SiNPs was also proposed
[279]. Reverse micelle approach of V2O5/PANI was analyzed, and the hybrid
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material seems to be the stabilization of the capacity due to a probable homoge-
neous distribution of the induced stress during cycling [280]. Simple mixing of
conductive binder (SPAn) and ramsdellite-MnO2 used as cathodic material for LIPs
[281]. Concomitant ion exchange and polymerization method used in MoO3/PANI,
which provided a moderate increase in cell capacity and improved the reversibility
of the Li insertion reaction [282]. Organic–inorganic hybrid material formed by
PANI/hexacyanoferrate (HCF) anion; the anchoring of the electroactive anion
within the polymer caused its application as a functional material that harnesses the
activity of the molecular species [283]. Pressurized method used for SnNPs/PANI
synthesis and examined to anode properties [284].

Facile template-free approach to grow a well-aligned large-scale cone-shaped
nanostructures of RuO2/PPy was prepared for specific capacitance *15.1 mF cm−2

(� 302 F/g) at current density of 0.5 mA cm−2 with a potential range of—0.2–
0.7 V. This material exhibited very high stability and promising supercapacitor
performances [285]. Due to high cost of RuO2, many research works based on
MnO2 with a variety of nanostructures were explored for the high specific capac-
itance and rate stability [286, 287]. But poor electrical conductivity is remaining the
same as the other MOx. For effective and promising supercapacitor applications, a
range of MnO2-based binary phase hybrids are demonstrated with CPs [145, 288].

Hou et al. [289] have demonstrated MnO2/CNT/CP ternary nanostructures
exhibiting high specific capacitance 427 F g−1 with high cycle stability. Zhou et al.
[290] have claimed an impressive 2223 F g−1 for a composite with 3D CoO with
PPy nanowire. In their work, the aqueous asymmetric supercapacitor device with a
maximum potential window of 1.8 V was demonstrated with a very high energy
density (� 43.5 Wh/kg), high power density (� 5500 W/kg at 11.8 Wh/kg), and
outstanding cyclability. Reports also show that the core–shell or hybrid nanos-
tructure composite has been potential for improved flexible supercapacitor appli-
cations. Recently, Li et al. [291] have demonstrated the core–shell
CNT@PPy@MnO2 ternary composite electrode for ES application. In their work,
the synergistic effects from respective PPy and MnO2, in addition of the porous
conductive CNT framework, were attributed for the superior electrochemical per-
formance of the hybrid electrode. In another work, Wang et al. have prepared
MnO2–PPy hybrid nanofilm directly on the CC for high-voltage symmetric ES
application [292].

9.3.9 Challenges on Conducting Polymers/Inorganic
Nanohybrid-based EES

From the above description, it can be obviously implicit that different inorganic
particles composites with CPs can impel the future of CP-based inorganic hybrids,
and flexible electrode engineering offers an significant way to optimize the
CP-based high-performance flexible energy devices. Research studies also declare
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that the composite formation can affect the overall electrochemical process, and the
final electrochemical device performance and stability of the electroactive materials.
Since past decades, clearly indicates that in the last five years how the CP-based
energy devices materials improved from the binary to ternary compositions.
Moreover, it is also found that, in the majority of the researches, CP-based com-
posites were the best-performing flexible energy devices when directly fabricated
on the flexible current collector.

But, it should be point out that, while the CP inorganic hybrids show very high
specific capacitance, their device performances such as power density, energy
density, and cycle stability are very far from the practical industrial applications.
Also, most of the research works have mainly focused on the high performance of
the energy device materials, but the optimization of the cell fabrication and their
effect on device performance, such as power density, energy density, and stability,
should be more focused near future. Thus, to research into the power density and
energy density study of the complete battery or capacitor cell and more advance
characterizations of the electrode material resistance should be focused carefully in
this field as it would be very informative for real and commercial energy storage
device applications. Lastly, it is needed to put some efforts on defining the industrial
standards for the commercialization of EES. Even if, in the recent market, the
carbon-based electrodes become commercially available; there is lacked of any
industrial standards for EES at this moment. As a result, it is required to create some
general industrial standards, such as performance and electrode structural and
dimensional parameters, depending on the kinds of EES and its applications.

9.4 Conclusions

In spite of the huge amount of data produced during research laboratories across the
globe, it is still not clear whether hybrid composites have the potential to revolu-
tionize many aspects of our lives. This is mostly suitable for the electrochemical
energy storage field, in which has reached rather high levels due to the continuous
need for new materials that can meet the market’s performance requirements.
Conducting polymer-inorganic particle hybrids promises to increase substantially
the energy density and power density of practical systems and allow the develop-
ment of next-generation devices. Because of coupling the unique advantages of
dissimilar storage materials to form hybrid composite electroactive materials is an
important approach to control, develop, and optimize the structures and properties
of electrode material for enhancing their performance for EES and the properties of
hybrid composite electrodes depend not only upon the individual components used
but also on the morphology and the interfacial characteristics. Therefore, hybrid
electrode offers high energy storage, the possibility of long-term stability, and a less
expensive, easy, and reproducible fabrication method, and as such they necessitate
a renewed approach to their design and development. Additionally, it will push the
development of useful and reliable EES devices. However, hybrid electrode-based
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batteries have certain restriction such as uncertainty of safety, reducing capacity,
poor rate capability, and conductivity. Also, need to understand the metal storage
mechanisms of materials, the kinetic transport at the electrode/electrolyte interface,
and the development of extrapolative theoretical tools for a better fundamental
understanding of the relationships between composites and electrochemical
properties.

Also, as hybrid electrode-based supercapacitors still have some dilemma.
A synthesized hybrid composite electroactive material with precisely controlling
their chemical composition ratio, micro/nanostructures, phases, surface area, and
interfacial characteristics is still challenging. The property and behaviors of the
hybrid composite electroactive materials can differ considerably depending on the
preparation technique and process parameters; so, the ability to reproducibly syn-
thesize materials with consistent properties is very important for their wide uses in
supercapacitors. Aggregation and degradation can occur in the nanocomposite by
relatively strong forces between them, and micro/nanostructure changes due to
charging–discharging cycling and materials contaminations due to impurity intro-
duced for original reactants or during synthesis processes etc. has to be resolved
before their large-scale adoption by the industry. Further, the materials costs and
their synthesis processes have to be reduced significantly. The future directions of
electrode materials should focus on search new electrodes and designing structures
and morphology for improving the power density, rate capability, service life,
safety, and reduced cost. More sustainable and greener methods should be adopted
to producing high power batteries, which will be limited the pollution and to secure
a future for living system.
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Chapter 10
Polymer-Derived Carbon/Inorganic
Nanohybrids for Electrochemical Energy
Storage and Conversion

Lichun Yang and Qingsheng Gao

Abstract Polymer-derived carbon/inorganic nanocomposites are developed as
high-performed materials for electrochemical energy conversion and storage. Via
the hybridization with carbon species, the enhanced conductivity, varied band
structures, and promoted stability are responsible for the optimized thermodynamics
and kinetics of electrochemical processes, resulting in the high capacity/activity and
good durability. In this chapter, the general strategies to construct nanocomposites
will be firstly introduced. And then, electrocatalytic hydrogen evolution reaction
and lithium ion batteries are taken as the examples to illustrate the enhancement of
inorganics by the integration with polymer-derived carbon. Their structure–activity
relationship is focused in discussing the promising electrochemical performance.
We seek to provide some rational design of key structures and properties for
efficient electrode materials via the controlled derivation of polymer-derived carbon
and their composites.

10.1 Introduction

As one of the most versatile materials, carbon has been applied in many fields, such
as energy storage/conversion, sensing, catalysis, and environmental science, owing
to its extraordinary properties, e.g., low density, high thermal and electrical con-
ductivity, good chemical and electrochemical stability, and excellent mechanical
strength [1]. Carbon is also frequently integrated with inorganic nanomaterials to
form nanocomposites, showing the synergistically combined properties of carbon
and inorganic phases. As a result, such carbon-based nanocomposites provide
opportunities for developing novel function in energy field [1–3].
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To fabricate a carbon/inorganic nanocomposite for a targeted application, the
carbon source must be appropriately chosen [4]. On the one hand, the molecular
structure of carbon source directly influences the architectures, morphology, and
properties of the carbon phase. On the other hand, it also determines the processing
routes, which make obvious effects on the interfacial interactions between carbon
and inorganics, and thus the properties of nanocomposites. Common types of
carbon sources, including small molecules, renewable compounds, and polymers,
are effective to generate carbon/inorganic nanocomposites [5–7].

This chapter will focus on the polymers as carbon source, which are ideal to
construct carbon/inorganic nanocomposites for energy storage and conversion.
Remarkably, the utilization of polymers exhibits obvious merits in comparison with
small organic molecules [6, 7]. Firstly, the good stability of polymers upon heating
enables sufficient carbon source for carbonization, avoiding the inevitable loss of
small organic molecules during heating. Secondly, the varied molecular structures
(e.g., porous networks and linear chains) and the associated morphology of poly-
mers make it easy to create the novel nanostructures of carbon/inorganics, which
are of great importance for improving electrochemical performance. Thirdly, the
adjustability and processability of polymers endow the resulting composites with
well-controlled electronic properties and promoted application, due to the efficient
doping (e.g., N, S, and P), the synergy on hetero-interfaces, etc.

The controlled integration with carbon can obviously boost the performance of
inorganics for electrochemical energy storage and conversion, e.g., as the electrodes
for Li+ or Mg2+ ion batteries, and the electrocatalysts for water splitting (hydrogen
and oxygen evolution) and its reversible reactions (hydrogen oxidation and oxygen
reduction) [8–11]. Via the hybridization with carbon species, the enhanced con-
ductivity, varied band structures, and promoted stability contribute to the optimized
thermodynamics and kinetics, resulting in the superior capacity/activity with good
cycleability [2, 10, 12]. Particularly, polymers, with tailored molecular structures,
can facilitate the controlled evolution to functional and well-defined carbon species,
further promoting the electrochemical applications of their nanocomposites.

In this decade, great efforts have been made to develop novel polymer-derived
carbon/inorganic nanocomposites and exploit their applications as the key materials
for energy storage and conversion [1, 4]. Regarding the rapidly booming attention
in this cutting-edge area, it is necessary to highlight the new discoveries and
achievements. Among various electrochemical devices and technologies for energy
conversion and storage, the electrocatalytic hydrogen evolution reaction (HER) and
lithium ion batteries (LIBs) can well represent the electrochemical behaviors
depending on the surface and bulky properties of materials [13–18]. They will be
discussed as the exampling systems for the polymer-derived carbon/inorganics. In
this chapter, the general strategies to construct nanocomposites will be firstly
introduced. And, the relevant materials and their promising performance in HER
and LIBs are discussed to illustrate the importance of the controlled derivation from
polymers and polymer-based composites. Their structure–activity relationship will
be emphasized for understanding the promotion of polymer-derived carbon in
electrochemistry.
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10.2 General Synthesis

As one characteristic of polymer-derived carbon/inorganic nanocomposites, the
combination of carbon and inorganics on nanoscale plays an important role in their
electrochemical behaviors and applications [4, 12]. The different combination leads
to the variation of their tailored interactions and synergic effects. There are three
types for the combination, i.e., inorganic can be supported by carbon matrix, coated
by carbon layers, and evenly integrated with carbon skeleton, as shown in
Scheme 10.1. For example, porous carbon derived from polymers serves as ver-
satile supports to load various nanosized inorganics (type I), offering large surface
to construct a profitable micro-environment with good conductivity and highly
exposed active surface [19]. Meanwhile, the coating of nanosized inorganics by
carbon layers is conventional (type II).

As for LIBs, the carbon coating on electrode materials (e.g., Si, Sn, and Fe2O3)
can effectively buffer the volume-variation of active components toward the satis-
fied cycleability and rate capacity [3, 11]. And recently, it is evidenced that the
precise control over the thickness of carbon layers (a few layers of carbon) not only
protects metal (e.g., Co and Fe) nanoparticles from corrosive H+, but also serves as
the catalytic centers for HER due to the electron perturbation by metal cores [20,
21]. In addition, carbon species can be evenly integrated with inorganics on
nanoscale, in which carbon is the key skeleton to achieve various morphologies of
their composites (type III). As highlighted by electrospinning, [22] polymers are
firstly introduced as templates to form inorganic/polymer hybrid nanofibers, which
are converted to the corresponding one-dimensional (1D) carbon/inorganics using
polymer-derived carbon as skeleton.

The tailored synthesis emerges as the key issues in the development of such
functional materials. Regarding the integration of inorganic nanostructures with
polymer-derived carbon, the synthesis can be generally sorted as below
(Scheme 10.2).

Scheme 10.1 Illustration for the integration between carbon and inorganics in polymer-derived
carbon/inorganic nanocomposites
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10.2.1 Direct Coating Polymers on Inorganics Followed
by Carbonization

Owing to the self-polymerization of monomers and the versatile adhesive proper-
ties, polymers can be directly coated onto numerous kinds of inorganic nanos-
tructures with adjustable thickness (route I in Scheme 10.2). This leads to novel
carbon/inorganic nanocomposites after carbonization under inert atmosphere. For
example, Kong et al. reported the coating of polydopamine (PDA) on SnO2

nanoparticles via the polymerization of dopamine (DOPA) in a basic solution [23].
After calcination at 700 °C under Ar flow, the carbon coated SnO2 nanoparticles
were finally obtained. Such carbon coating was demonstrated feasible to improve
the electrical conductivity of inorganics for electrochemical applications, such as
LIBs. Similarly, polymer-derived coating can be integrated with various inorganic
nanostructures, e.g., micro/nanospheres, nanoparticles, nanocubes, nanowires, and
nanorods [24–29].

Scheme 10.2 Synthetic strategies for polymer-derived carbon/inorganic nanocomposites
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10.2.2 Post-introduction of Inorganics Into
Polymer-Derived Carbon Nanostructures

An alternative to direct polymer coating is to introduce inorganic precursors
into/onto polymers or polymer-derived carbon hosts (route II in Scheme 10.2). The
abilities of polymers to adsorb metal precursors, mainly the corresponding ions,
enable the easy loading of inorganics, after which a carbonization is applied to
convert polymers to carbon. In this regard, the structural evolution of inorganic
components upon heating should be noticed. For example, when iron acetate (Fe
(CH3COO)2) was introduced to PDA spheres, both Fe and Fe3C generated from the
carbonization of PDA, employing PDA as reductant and carbon source [30].
Another interesting route is that hollow/porous nanostructures of polymer-derived
carbon could also provide nanoreactors for the synthesis of nanosized inorganics.
For instance, MoS2 nanosheets can be achieved in the nanocups of PDA-derived
carbon [31].

10.2.3 In Situ Formation of Polymer-Derived
Carbon/Inorganic Nanostructures

In order to achieve uniform polymer/inorganic hybrids, in situ polymerization
accompanying with inorganic loading or generation is utilized, in which the strong
interactions between as-formed polymer chains and inorganic components benefit
the dispersion of inorganics in polymer matrix and even the derived carbon (route
III in Scheme 10.2). Zhao et al. reported the in situ synthesis of H2WO4/PDA
nanospheres, which can be further converted to WCN/C after carbonization [32].
During the polymerization of DOPA to PDA, the produced protons can further react
with Na2WO4, resulting in the precipitate of H2WO4 in PDA matrix. Such uniform
hybrids are good for the derivation to carbon loading tungsten carbonitride with
controlled composition.

10.3 Electrocatalytic Hydrogen Evolution

To address the rapid growth of energy consumption and the associated environment
issues, renewable and clean energy sources have attracted immense research interest
on the global levels [33]. Hydrogen (H2) is a promising alternative to traditional
fossil fuel, as it can store energy from renewable sources (e.g., sunlight and wind)
into the chemical bond via water electrolysis, which then can be released through
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the reverse reaction in fuel cells on demand [34]. The electrochemical HER
essentially depends on electrocatalysts, which must be stable and capable of
reducing water rapidly at potentials close to its thermodynamic value
(2H+ + 2e−!H2; 0−0.059 � pH, V vs. normal H2 electrode at 298 K) [35].

Typically, the HER in both acidic and alkaline aqueous medias proceeds in two
steps (Eqs. 10.1–10.6), where the * indicates the active-site, and H* a hydrogen
atom bound to an active-site [18, 36]. The first one is an electrochemical reduction
step (H+ reduction, Volmer reaction) with a Tafel slope of 118 mV dec−1

(Eqs. 10.1 and 10.4); the second one (Hads desorption) is either the ion and atom
reactions (Heyrovsky-reaction) with a slope of 40 mV dec−1 (Eqs. 10.2 and 10.5)
or the atom combination reaction (Tafel-reaction) with a slope of 30 mV dec−1

(Eqs. 10.3 and 10.6).
Acidic:

H3Oþ aqð Þ þ e� þ � $ H� þ H2O lð Þ ð10:1Þ

H� þ H3Oþ aqð Þ þ e� $ H2 gð ÞþH2O lð Þ þ � ð10:2Þ

H� þ H� $ H2 gð Þ þ 2� ð10:3Þ

Alkaline:

H2O lð Þþ e� þ � $ H� þ OH aqð Þ ð10:4Þ

H� þ H2O lð Þ þ e� $ H2 gð Þ þ OH aqð Þ þ � ð10:5Þ

H� þ H� $ H2 gð Þ þ 2� ð10:6Þ

Obviously, the key parameter for the above reactions is the binding of the
intermediate hydrogen to catalyst [36]. A catalyst surface possessing too weak
hydrogen bonding strength cannot efficiently initiate the reaction, whereas a catalyst
surface having too strong bonding strength would prohibit the releasing of adsorbed
H (Hads) (Scheme 10.3). For an ideal HER electrocatalyst, the hydrogen binding
should be moderate to balance the two elementary steps for HER [37]. This is in
line with the Sabatier principle which states that optimal catalytic activity can be
achieved on a catalytic surface having intermediate bonding energies with reactive
intermediates [38]. Norskov et al. calculated hydrogen adsorption free energy on
different transition metals [39]. When the experimentally measured HER exchange
current density was plotted as a function of the calculated free energy, an interesting
volcano-shaped curve was obtained with the peak position close to that of platinum.
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Although platinum (Pt) and its alloys show high efficiency, they are severely
prohibited by high cost and low abundance. Therefore, the urgent issue in elec-
trolytic systems is to explore efficient noble-metal-free catalysts that are cheap and
earth-abundant [17]. Remarkable advances in electrocatalytic HER have been
recently made regarding the use of transition metals and their carbides, nitrides,
chalcogenides, and phosphides, which show the high HER activity due to their
hydrogen binding close to that of Pt [16–18, 36]. They are remarkably featured by
the good durability and economic cost. In the cases of above metal non-oxide
electrocatalysts, the common shortages are their low conductivity and poor dis-
persion, the latter of which usually results from their harsh synthesis at high tem-
perature. In this regards, the polymer-derived carbon matrix can effectively promote
the conductivity and dispersion of active materials, improving the HER perfor-
mance. Meanwhile, the strong interactions between carbon substrates and catalysts
can also alter the electronic configuration on active-sites, which is very important
for optimizing HER kinetics and activity.

To evaluate the efficacy of an electrocatalyst, there are many performance
characteristics can be used, including its activity, stability, selectivity, and cost.
Catalytic activity is almost always critical for HER, which can be determined by the
varied overpotential (η) required to achieve the same current density (j) [40]. In
solar water splitting, the potential for 10 mA cm−2 is a common figure of merit
because this is the current density expected in a 12.3% efficient solar to hydrogen
device, which is on the order of the efficiency that would be required for cost
competitive photoelectrochemical water splitting [40]. Thus, the overpotential (η10)
required to achieve the j of −10 mA cm−2 is usually used to compare the total
electrode activities. Meanwhile, Tafel plot is a useful metric to assess the HER
performance of electrocatalysts and at the same time is an available indicator of the
reaction mechanism [16, 41]. The small Tafel slope of electrocatalysts indicates a
fast increase of hydrogen generation rate with the applied overpotential, corre-
sponding to the promoted kinetics of HER. In the context, the activity of the metal
non-oxides will be compared in terms of η10 and Tafel slope.

Scheme 10.3 Schematic
illustration for the mechanism
of electrocatalytic HER
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10.3.1 Polymer-Derived Carbon/Inorganics
as Noble-Metal-Free Electrocatalysts

10.3.1.1 MoS2-Based Nanocomposites

Inspired by nitrogenase enzymes, MoS2 was discovered active for HER since 2005
[42]. And the most active-sites of MoS2 were demonstrated to be the (010) and
(100) planes exposing unsaturated Mo- and S-edges by Chorkendorff et al. [43],
rather than the inert (002) basal plane (Fig. 10.1). Thus, increasing the number of
exposed MoS2 edges is crucial to improve the catalytic efficiency, which has been
verified by engineering nanostructured MoS2 to preferentially expose edge-sites in a
highly ordered double-gyroidnanoporous network [44]. Meanwhile, it is important
to note that MoS2 electrocatalyst is prohibited by the extremely low conductivity
between two adjacent van der Waals bonded S–Mo–S sheets [41]. Resistivity has
been measured to be 2200 times larger through the basal planes than the 10−1 to 1
(X cm−1) parallel to the planes (Scheme 10.4). To increase the conductivity
between two adjacent S–Mo–S sheets, the construction of ultrathin MoS2
nanosheets evenly integrated with conducting carbon should be taken into account.

Recently, Liu et al. demonstrated that the loading of MoS2 into mesoporous
carbon nanospheres (MCNs) was efficient to improve the HER activity in 0.5 M
H2SO4, due to the enhanced conductivity by MCNs [45]. This strategy was further
extended to load MoS2 into the mesoporous graphene foam (MGF), which was
prepared via the templating of silica nanosphere [46]. The as-obtained MGF had a
high surface area of 819 m2 g−1 and a pore size of *25 nm. This structure enabled
the controlled growth of MoS2 toward ultra-small nanoparticles (*2 nm), rather
than typical nanosheets. The drastically reduced size of MoS2 can massively
increase the catalytic edge-sites in comparison with pure MoS2 which was freely
grown in solution. As expected, the MoS2/MGF presented a high activity with a η10

Fig. 10.1 a STM on MoS2 nanoplatelets on Au [111], reproduced with permission.6 b A
molecular model of a platelet exposing both Mo and S-edges from top and side view (Reproduced
from Ref. [41] with kind permission of © 2012 Royal Society of Chemistry)
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of *140 mV and a η100 of 200 mV in 0.5 H2SO4, which was superior to those of
MoS2/MCNs and MoS2/graphene.

Lou et al. have synthesized a unique hybrid hollow structure by growing
ultrathin MoS2 nanosheets on N-doped carbon shells (denoted as C@MoS2) [47].
As shown in Fig. 10.2, very uniform a-Fe2O3 nanocubes were used as templates to
synthesize N-doped carbon nanoboxes, employing the smooth coating of poly-
dopamine (PDA, thickness *40 nm) as the efficient carbon source. After the
removal of Fe3O4 by HCl, carbon nanoboxes were harvested, which further served
as the support for the growth of ultrathin MoS2. The hollow carbon nanoboxes were
very uniform with an average size of about 580 nm, and the thickness of the MoS2
shell was about 35 nm. The N-doped carbon shells can effectively prevent the
aggregation of MoS2 nanosheets, providing more active-sites for electrochemical
HER. Meanwhile, the uniform hybridization of MoS2 nanosheets with carbon can
also improve the conductivity. As evaluated as electrocatalysts in 0.5 M H2SO4, the
C@MoS2 showed the low overpotentials of 165 and 200 mV to give current
densities of 10 and 35 mA cm−2, respectively.

Biomass-derived molecules, e.g., glucose and fructose are also feasible to con-
struct the uniform nanocomposites of MoS2/C. Their condensation to polysaccha-
ride matrix during the hydrothermal preparation of MoS2 provides a space-confined
growth of MoS2 nanosheets, leading to the ultrathin dimension with rich active-sites
[48]. As for the hydrodesulfurization reactions in petrochemicals, a commonly
accepted “rim-edge” model reveals that the rim-sites, referring to the edges of top
and bottom S–Mo–S slabs, are more active for (de)hydrogenation than the
edge-sites associated with the sandwiched S–Mo–S (Scheme 10.5a) [49].

Inspired by this innovation, Gao et al. introduced the space-confined growth by
polysaccharides to fabricate ultrathin MoS2 nanosheets, which further evolved to
MoS2/C after carbonization [48]. The polysaccharide matrix with abundant
hydroxyl and glucosidic groups possessed the enhanced chemical interactions with
Mo precursors, which would benefit the space-confined growth of MoS2 toward
ultrathin nanosheets (Scheme 10.5b). The as-obtained MoS2/C nanospheres were
uniform in size as a MoS2 weight content of 14.8% is adopted (Fig. 10.3).

Scheme 10.4 Schematic of the difference in conductivity to the active-sites on nanoplatelets and
nanoparticles (Reproduced from Ref. [41] with kind permission of © 2012 Royal Society of
Chemistry)
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More importantly, the thickness of MoS2 was about 2–4 nm, lower than that
(*10 nm) received from the free generation under the same hydrothermal treat-
ment. Such MoS2/C exhibited an excellent activity for HER with a small onset

Fig. 10.2 a Illustration of the synthesis process of C@MoS2 nanoboxes. b–d Images of C@MoS2
nanoboxes (Reproduced from Ref. [47] with kind permission of © 2015 Wiley-VCH)

Scheme 10.5 Schematic illustration for a active-sites replying on the different thickness of MoS2,
and b fabrication of MoS2/C employing in situ formed polysaccharides as a template to confine
MoS2 growth (Reproduced from Ref. [48] with kind permission of © 2015 Elsevier)
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overpotential of *80 mV and a high current density of 88 mA cm−2 at
η = 200 mV. Both number and strength of active-sites were enhanced in MoS2/C,
which was reflected by their high Cdl and TOF (Table 10.1), respectively. This
work opened up new opportunities to construct hierarchical MoS2/C nanostructures
with reduced thickness and enriched active-sites via the biomass-derived polymers.
The similar mechanism was also confirmed by the work conducted by Yang et al.
[50], in which the low Tafel slope (40 mV dec−1) of MoS2/amorphous carbon
indicates the striking kinetic metrics exceeding previous MoS2.

Obviously, the polymer-derived carbon serves as versatile matrix in MoS2/C,
which enhances the control over the size and morphology of MoS2, and improves
the conductivity of nanocomposites. In this situation, polymers are only the carbon
source toward supports. However, in some cases, polymers are also the key source
for generating catalytic species.

Fig. 10.3 a SEM and b, c HRTEM images of MoS2/C-14.8. Insets of b are the TEM image of
bare MoS2, hydrothermally synthesized without glucose. d Elemental mapping of Mo, S and C
detected on MoS2/C-14.8 (Reproduced from Ref. [48] with kind permission of © 2015 Elsevier)

10 Polymer-Derived Carbon/Inorganic Nanohybrids … 429



10.3.1.2 Carbide-Based Nanocomposites

Owing to the noble-metal-like electron properties around the Fermi level (EF),
transition metal carbides emerge as the promising noble-metal-free electrocatalysts
for HER. In comparison with metal sulfides, the good electronic conductivity of
carbides enables the high electrochemical performance [17, 18]. However, the
high-temperature preparation required for metal carbides unfortunately results in
the poor dispersity and the sintering of active-sites [51]. As expected, the
polymer-derived carbon provides a feasible support to accommodate such chal-
lenge. More importantly, the polymer is reactive for the formation of active car-
bides, which would enhance the interactions between carbides and carbon and
consequently promote the catalytic performance.

Presenting the varied electronic feature and catalytic property related to the
tuneable phases and composition, molybdenum carbides have received special
attentions [18]. Among them, b-Mo2C has demonstrated the best performance [52].
Intense efforts have been made on Mo2C nanostructures with enriched active-sites,
which highlight the good activity on 1D nanostructures composed of well-defined
Mo2C nanoparticles [53–55]. The hierarchical surface in radial direction provides
abundant sites for H2 generation and bubble release; the axial dimension in micron
facilitates charge transfer and avoids aggregation of active materials.

Recently, Lou et al. designed hierarchical b-Mo2C nanotubes consisted by
porous nanosheets via carburizing Mo-polydopamine nanotubes under a N2 gas
flow [56]. As shown in Fig. 10.4, Mo-polydopamine hybrid nanotubes constructed
by 2D ultrathin nanosheets were first fabricated using MoO4

2− as the Mo source,
dopamine hydrochloride as coordination ligand, ammonia solution as the poly-
merization initiator, and MoO3 nanorods as a reactive self-degraded template as
well as additional Mo supply. The hierarchical b-Mo2C nanotubes with a wall
thickness of about 90 nm and a well-defined hollow interior could be clearly
observed (Fig. 10.4). The highly porous texture was throughout the whole nan-
otubes, which were composed of ultrafine nanocrystallites (<3 nm) uniformly

Table 10.1 HER parameters of various MoS2 samples [48]

Catalystsa Active-sites
(mmol
molMoS2

−1 )b

TOF
(s−1)c

Tafel slope (mV
dec−1)

Tafel region
(mV)

j0 (lA
cm−2)d

MoS2/C-14.8 67.4 13.1 60 80–120 131.8

MoS2/C-19.7 43.7 2.9 72 100–150 63.1

MoS2/C-29.0 29.0 2.1 77 130–180 25.8

Bare MoS2 1.6 0.7 90 215–270 4.2
aAll the parameters were measured under the same conditions, i.e., catalyst loading weight of
0.570 mg cm−2 on GCE in 0.5 M H2SO4 solution
bData were calculated according the CV results
cTOFs were measured at η = 200 mV
dExchange current densities were obtained from Tafel curves by using extrapolation methods
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embedded in carbon matrix. Benefitting from the ultrafine primary nanocrystallites,
the large exposed surface, the fast charge transfer, and the tubular structure, the
as-prepared hierarchical b-Mo2C nanotubes exhibited excellent electrocatalytic
performance for HER (Fig. 10.5). They delivered a low η10 of 172 and 112 mV in
0.5 M H2SO4 and 0.1 M KOH, respectively.

Carbonization via polymer pyrolysis is feasible toward various porous
metal-carbide electrocatalysts. Polymers, e.g., polydiaminopyridine and polyani-
line, poly(m-aminobenzenesulfonic acid), have been proved efficient as the sources
for metal carbides [57, 58]. However, to enhance the nanoporosity and large surface
of catalysts, some assistant is required during the preparation. For example, Tan
et al. reported the synthesis of cobalt and heteroatom (N and/or S) doped carbon
through the pyrolysis of poly(m-aminobenzenesulfonic acid) using SiO2 nanopar-
ticles as the template [58]. The high Brunauer–Emmett–Teller (BET) surface area
(725 m2 g−1) is helpful for exposing the catalytic sites to enhance electrocatalytic
activity.

Fig. 10.4 a Schematic illustration for synthesis of b-Mo2C nanotubes. b, c FESEM images, d–g
TEM, and h HRTEM images of the hierarchical b-Mo2C nanotubes (Reproduced from Ref. [56]
with kind permission of © 2015 Wiley-VCH)
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Nakanishi et al. synthesized tungsten carbonitride nanoparticles employing the
in situ polymerized polydiaminopyridine (PDAP) as the precursor [32]. The
pyrolysis in the presence of Fe species resulted in the highly active Fe-modified
WCN/C nanospheres, in which the doping of N and Fe promoted the HER activity
of WCN. Recently, they further develop molybdenum carbonitride (MoCN)
nanomaterials by using in situ CO2 emission strategy and the abundant amino
group-based polydiaminopyridine precursors [57].

As depicted in Fig. 10.6a, the synthesis was divided into three synthetic steps. In
step 1, hydrochloric acid was added to an aqueous solution of Na2MoO4 and
diaminopyridine (DAP), forming a solid complex of DAP-2H+/MoO4

2−. In step 2, a
solution of (NH4)2S2O8 and NaHCO3 was further added to the above suspension to
produce polydiaminopyridine (PDAP)-2H+/MoO4

2−. The NaHCO3 was added for
in situ CO2-bubble emission in order to mechanically disrupt the solid-state
monomer and/or polymer during polymerization and further create rich porosity in
the final electrocatalysts after pyrolysis (800 °C, step 3). The final product was
denoted as PDAP–MoCN–CO2. The authors also synthesized two other MoCN
materials as reference samples. The first (termed PDAP–MoCN) was prepared
without adding NaHCO3 during step 2, and the second (termed PANI–MoCN) was
prepared using polyaniline (PANI), which has fewer amino groups than PDAP. The
PDAP–MoCN–CO2 was featured by the uniform distribution of particles, as
compared with PDAP–MoCN and PANI–MoCN, which highlighted the importance
of in situ CO2 emission to improve the effective surface area of MoCN (107 m2

g−1). Moreover, the PDAP-based precursor significantly leads to the improved
density of catalytic active-sites of carbonitrides, as evidenced by Fig. 10.6b. In the
Mo 3d spectra, the peaks associated with the active species of Mo2+ and Mo3+ were
dominant in PDAP–MoCN–CO2 and PDAP–MoCN. This indicated that the higher
capacity for N-coordinated MoO4

2− in the PDAP with abundant amino groups was
beneficial for the exposure of active Mo species. Owing to the large surface area

Fig. 10.5 Electrochemical evaluation of hierarchical b-Mo2C nanotubes in 0.5 M H2SO4 (red
line) and 0.1 m KOH (blue line). a Polarization curves on the GC electrode at 2 mVs−1 and b Tafel
slopes (Reproduced from Ref. [56] with kind permission of © 2015 Wiley-VCH) (color figure
online)
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(107 m2 g−1) and high Mo2+ and Mo3+ surface ratios, PDAP–MoCN–CO2 deliv-
ered the superior HER activity with a η10 of 140 mV and a Tafel slope of 46 mV
dec−1 (Fig. 10.6c), outperforming that of PDAP–MoCN and PANI–MoCN.

The polymers as-formed during the formation of carbides served as in situ
template to prohibit the aggregation of carbide, resulting in the ultrafine nanopar-
ticles with rich active-sites. Meanwhile, the derived carbon coating on carbide
surface would protect the active materials from corrosive acid or base electrolytes.
N-rich molecules, e.g., cyanamide, dicyanamide, and melamine, can be polymer-
ized to C3N4 and even CNx upon heating, which are the good matrix to load metal
sources [59]. More importantly, the decomposition of C3N4 and even CNx at further
evaluated temperature not only provides reactive source for carbide generation, but
also results in intimate N-doped carbon on the well-defined carbides. And an

Fig. 10.6 a Schematic illustration of synthesis procedures of PDAP–MoCN–CO2. b XPS Mo 3d
spectra of (1) PDAP–MoCN–CO2, (2) PDAPMoCN, and (3) PANI–MoCN materials. c HER
polarization curves for (1) commercial Pt/C; (2) PDAP–MoCN–CO2; (3) PDAP–MoCN; and (4)
PANI–MoCN electrodes (Reproduced from Ref. [57] with kind permission of © 2015 American
Chemical Society)
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interesting electronic optimization on active-sites was recently evidenced due to
strong interactions between carbide surface and ultrathin carbon coating [21].

Asefa et al. reported a facile, one-step synthetic route that leads to a novel
electrocatalyst composed of ultra-small Mo2C nanoparticles embedded within
nitrogen-rich carbon (NC) nanolayers, employing dicyanamide as the carbon and
nitrogen sources (Fig. 10.7) [60]. The crystalline carbons with 2–4 layers of carbon
atoms were coated on the small Mo2C with an average size 3.6 nm. The
Mo2C@NC showed remarkable catalytic activity, great durability, and gives about
100% Faradaic yield toward HER over a wide pH range (pH 0–14). The optimal
Mo2C@NC obtained after carbonization at 800 °C shows the low η10 of 124, 156,
and 60 mV at pH 0, 7 and 14, respectively (Fig. 10.8). The authors further con-
ducted theoretical calculations, which showed that the Mo2C and N dopants in the
material synergistically co-activate adjacent C atoms on the carbon nanolayers,
creating superactive nonmetallic catalytic sites for HER.

Wang et al. further improved the above method to achieve ultrafine Mo2C with
an average size less than 3 nm, in which a heating-driven polymerization at 400 °C
was employed to generate graphitic C3N4 [61]. This in situ formed polymer matrix
can protect Mo2C nanoparticles from aggregation during carbonization at high
temperature. As a result, the η10 for HER in 0.5 M H2SO4 is as low as 78 mV,
outperforming the most of ever-reported noble-metal-free electrocatalysts.

The polymers of carbon nitrides are also feasible to construct highly active
bimetallic carbides electrocatalysts and even metal-modified carbides. For example,
Zou et al. used dicyanamide as the carbon source to carbon-protected Co6W6C
electrocatalysts, which were composed of bimetallic carbide nanoparticles (5–
20 nm) embedded in carbon shells [62]. A low η10 of only 73 mV was observed for
HER in 1.0 M KOH. Wang et al. introduced melamine as carbon and nitrogen
sources to synthesize the Ni-encapsulated nitrogen-doped carbon vesicle material
modified by molybdenum carbides [63]. Such nanocomposites had a hierarchically
mesoporous structure and were proven to be a highly efficient nonprecious metal
catalyst for HER in both acidic and basic electrolytes. Particularly, a low η10 of
68 mV was detected with 0.5 M H2SO4.

Biomass-derived polymers were used to fabricate active carbides on nanoscale,
which were promising due to the low cost, high nature abundance, and good
environmental-friendliness. Muckerman et al. proposed the synthesis of
Mo2C-Mo2N/C from humble soybeans, which were high-protein biomass [64]. This
catalyst, composed of a catalytic b-Mo2C phase and an acid proof c-Mo2N phase,
drove the HER with low overpotentials (η10 = 150–200 mV) and was highly
durable in a corrosive acidic solution over a period exceeding 500 h. The author
further extended the strategy to fabricate tungsten-based carbide-nitride electro-
catalyst loading on reduced graphene oxide, which delivered a small η10 of 105 mV
[65]. These findings prove that the high-protein biomass is a useful material for the
generation of catalysts incorporating an abundant transition metal, thereby chal-
lenging the exclusivity of Pt catalysts in the hydrogen economy.
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Fig. 10.7 a Illustration of the synthesis and the structure of Mo2C@NC. b, c TEM images of
Mo2C@NC. Inset in b displays particle size distribution of the Mo2C nanoparticles. d, e HRTEM
images of the areas 1 and 2, respectively, in c (Reproduced from Ref. [60] with kind permission of
© 2015 Wiley-VCH)
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10.3.1.3 Other Noble-Metal-Free Electrocatalysts

Metal phosphides are another kind of efficient noble-metal-free electrocatalysts for
HER, such as phosphides of Ni, Co, Fe, Cu, Mo, and W [66]. They exhibit the most
promising catalytic performance, which is close to that of commercially available
Pt-based catalysts [67]. Constructing polymer-derived carbon/metal-phosphides
nanocomposites would boost the activity owing to the enhanced conductivity and
improved dispersity of active phosphides. Zhang et al. presented an efficient
approach for preparing porous carbons embedded with Mo and Fe phosphides
(MetP@PCs, Met = Mo, Fe, PCs = porous carbons) at a large scale through direct
pyrolysis of cationic, phosphorous-based, porous polymer precursors loaded with
metal-containing anions in a hydrogen atmosphere [68]. The successful formation
of MoP@PC and FeP@PC was verified by XRD (Fig. 10.9). Uniform distributions
of MoP and FeP were observed by SEM-EDX mapping (Fig. 10.9). The MetP@PC
composites exhibit superior catalytic activity for HER under acidic conditions. In
particular, MoP@PC with a low loading of 0.24 mg cm−2 affords a current density
of up to −10 mA cm−2 at 51 mV and a very low Tafel slope of 45 mV dec−1

(Fig. 10.10). Meanwhile, Sun et al. proposed the one-step facile preparation of MoP
nanosheets supported on carbon flake via a solid-state reaction using
(NH4)6Mo7O24�4H2O, NaH2PO4�2H2O and a biomass polymer, sodium alginate, as
Mo, P and C sources, respectively [69]. When used as a novel HER electrocatalyst,
such composites were active and durable in acidic and neutral electrolytes.

10.3.2 Some Particular Strategies Based
on Polymer-Derivation to Fabricate
Carbon/Inorganics Electrocatalysts

10.3.2.1 Electrospinning Followed by Controlled Pyrolysis

Electrospinning techniques have been studied for the fabrication of conductive
polymer nanowires and a part of inorganic material nanowires [22]. This method

Fig. 10.8 Steady-state current density as a function of applied voltage during HER at pH a 0, b 7,
and c 14 (Reproduced from Ref. [60] with kind permission of © 2015 Wiley-VCH)
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along with different post-treatments has been applied to synthesize some interesting
surface multilevel structures (branched nanowires and necklace-like nanowires) and
inner multilevel structures (core/shell nanowires and multichannel microtubes).
Continuous nanofibers are easily obtained owing to the electrostatic repulsive force,
driven by the electric field, during elongation of the viscous electrospinning solu-
tion. For noble-metal-free electrocatalysts, electrospinning provides a universal
method to fabricate 1D nanostructures evenly integrated with conducting carbon,
and more importantly to achieve a tailorable composition in a wide range, which is
of great importance for the variation of electronic configuration and thus catalytic
nature of materials.

Fig. 10.9 a, b XRD patterns for MoP@PC (a) and FeP@PC (b); c, d SEM images and SEM
elemental mappings of MoP@PC (c) and FeP@PC (d) (Reproduced from Ref. [68] with kind
permission of © 2015 Wiley-VCH)
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Recently, electrospinning followed by a pyrolysis was introduced to design the
hierarchical nanofibers of metal sulfides and selenides, which were test as elec-
trocatalysts for HER in acidic electrolytes. Du et al. conducted the synthesis of
triangular WSe2 and W(SexS1−x)2 nanoflakes uniformly dispersed on electrospun
carbon nanofiber via a chemical vapor deposition (CVD) system [70]. The mor-
phology and structure of these products were systematically characterized, reveal-
ing that WSe2 nanoflakes are configured in the 2H-phase with high crystallinity,
and the W(SexS1−x)2 nanoflakes are configured in the alloy form without any
obvious phase separation. The hybrid catalysts were directly used as hydrogen
evolution cathodes. The HER performances were optimized by the control on the
cover density and thickness of the WSe2 nanoflakes and the defective structure of
the W(SexS1−x)2 nanoflakes, which can be varied by the content of the initial W
precursor and the appropriate substitution of selenium with sulfur.

Kim et al. reported a design via coaxial electrospinning [71]. The single-layered
WS2 nanoplates are uniformly anchored to hollow nitrogen-doped carbon nanofi-
bers (WS2@HNCNFs), fully exploiting the benefits of nanostructuring. The syn-
thetic procedure of WS2@HNCNFs was achieved via coaxial electrospinning of
poly(styrene-acrylonitrile) (SAN) solution for the core and poly(acrylonitrile)

Fig. 10.10 a, b Polarization curves of bare glassy carbon electrode (GCE), MoP@PC, FeP@PC,
and Pt/C. c Polarization curves of MoP@PC before and after 4000 cycles in 0.5 M H2SO4. d Tafel
plots of MoP@PC, FeP@PC, and Pt/C (Reproduced from Ref. [68] with kind permission of ©
2015 Wiley-VCH)
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(PAN) solution for the sheath in which WS2 precursor was homogeneously dis-
persed. Subsequently, a two-step thermal treatment was conducted in a 5% H2/N2.
Single layer of WS2 was visibly embedded in the nitrogen-doped carbon nanofibers
(Fig. 10.11), which was further verified by XRD and Raman investigation. The
WS2@HNCNFs exhibited relatively low overpotential of 280 mV to reach
−10 mA cm−2 as well as a small Tafel slope of 60 mV dec−1.

Fig. 10.11 a SEM image of WS2@HNCNFs (scale bar in the inset: 200 nm), b, c TEM images
and d, e HRTEM images of WS2@HNCNFs. Dashed white ellipses indicate pores in the carbon
matrix. A white ellipse with a white allow in e points at a WS2 single layer. f STEM image of
WS2@HNCNFs on which EDS linescan profile of W, S, N, and C is superimposed (Reproduced
from Ref. [71] with kind permission of © 2015 American Chemical Society)
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Electrospinning was also introduced to design metal/carbon electrocatalysts. Liu
et al. proposed the direct fabrication of Ni-decorated carbon nanofibers by calcining
Ni2+/poly(amic acid) (PAA), which was shaped into fibers via electrospinning [72].
Ni nanoparticles were uniformly distributed on the surface or partly embedded in
the nanofibers. Such hierarchical Ni/C can catalyze the HER in basic electrolytes.
Furthermore, it is facile to vary the compositions in the electrospinning solution, the
polymer-based nanofibers and consequently the as-obtained inorganic/carbon
nanostructures [22]. The tailored composition in inorganic/carbon facilitates the
regulation on the surface structures and electronic configuration of electrocatalysts,
which benefit the electrocatalytic kinetics and efficiency. For example, Xiong et al.
developed novel nitrogen and phosphorus co-doped cobalt-based carbon nanofibers
(Co–N–P–CNFs) by electrospinning [73]. Urea and triphenylphosphine were used
as nitrogen and phosphorus sources, respectively. The characterization results
showed that the large amounts of Co atoms embedded into the porous carbon
nanofibers after the doping of N and P atoms. Meanwhile, Co–N–P–CNFs pos-
sessed abundant pyridinic-N and Co–Nx clusters as catalytic active-sites. Therefore,
the optimal catalysts exhibited high durability of the ORR and HER electrocatalytic
activity, and excellent methanol tolerance in both alkaline and acidic media.

Although electrospinning techniques have been demonstrated efficient for HER
catalyst design, the further mechanism study and application are still ongoing. In
particular, its application in design hetero-nanostructures is absent, which are fea-
tured by the rich interfaces on nanoscale and tunable electron structures. It is
envisioned that the future work with a further controlled electrospinning would
further boost the efficiency of noble-metal-free electrocatalysts.

10.3.2.2 Controlled Evolution from Designed Metal-Organic
Frameworks (MOFs)

MOFs are highly porous materials which were first defined in late 1990s by Yaghi
and Li [74]. MOFs are formed by linking organic and inorganic moieties through
covalent coordination linkages. Other types of interactions such as H-bonding, p–p
stacking, and van der Waals forces may also play a role in forming MOFs with
three-dimensional (3D) structures. The MOFs are also called coordination poly-
mers. These materials are extremely light (*0.13 g cm−3) with very high surface
areas (up to 10,000 m2 g−1), large pore volumes, and well-defined pore size [75].
And more importantly, the even integration of organic and inorganic species in
atomic scale enables the versatile design of nanocomposites, as a new and important
route toward polymer-derived inorganic/carbon electrocatalysts [76, 77].

Metal sulfides and phosphates can be synthesized via reacting MOFs with S and P
sources, respectively, at a mild temperature (100–400 °C). The well-duplicated
nanoporosity, large surface, and even hollow architecture significantly enable the
good HER activity. For example, porous CoP concave polyhedrons have been
synthesized by a facilely topological conversion strategy of low-temperature calci-
nation using Co–MOF (ZIF-67) polyhedrons as the precursor [78]. The CoP
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polyhedron showed a low η10 of 133 mV and a Tafel slope of 51 mV dec−1 in 0.5 M
H2SO4. Zou et al. synthesized hollow Co-based bimetallic sulfide (MxCo3−xS4,
M = Zn, Ni, and Cu) polyhedra with superior HER activity and stability [79]. The
homogenous MCo–MOFs were used as the precursor, which were transformed to
hollow bimetallic sulfides by solvothermalsulfidation and thermal annealing. The
analogous nanostructures of CoxFe1−xP nanocubes, [80] CoP hollow polyhedrons,
[81] and MoS2 nanosheets [82] have been developed from the corresponding MOFs.

MOFs are feasible precursors for fabricating metal/carbon electrocatalysts via
annealing under inert flow. Li et al. utilized the pyrolysis of Ni2-(bdc)2ted (bdc =
1,4-benzenedicarboxylic acid; ted = triethylene-diamine) in NH3 to yield Ni
nanoparticles with surface nitridation together with thin carbon coating layers [83].
The subtle surface modification significantly improved the catalytic performance
for HER in basic electrolytes, in which a low overpotential of only 88 mV was
achieved at a current density of 20 mA cm−2. Yao et al. reported the synthesis of
nickel–carbon electrocatalysts from Ni–MOFs by carbonization at 700 °C in N2

atmosphere [84]. The Ni–C can be tuned by electrochemical methods to obtain
atomically isolated Ni species anchored on graphitized carbon, consequently dis-
playing high activity and durability for HER. Recently, Chen et al. developed a
facile synthesis of an FeCo alloy encapsulated in highly nitrogen-doped graphene
layers by one-step annealing of Fe3[Co(CN)6]2 nanoparticles [85]. The sphere-like
samples were composed of small encapsulated alloy particles (Fig. 10.12), which
were coated with graphene layers (about five layers). The catalyst showed a low
onset overpotential (88 mV) and an overpotential of only 262 mV at −10 mA cm−2

(Fig. 10.13). Besides, it exhibited an excellent long-term durability performance
even after 10,000 cycles due to the protection of the graphene layers. The author
further conducted the density functional theory calculations to reveal that N doping
can provide adsorption sites for H* and the appropriate increase of N will decrease
ΔGH* for HER (Fig. 10.13d).

MOFs are the reasonable precursors toward well-defined metal-carbide nanos-
tructures, in which the even integration of organic and inorganic species in atomic
scale enables the quasi-homogeneous reactions for carbide generation. Lou et al.
developed a MOF-assisted strategy for synthesizing porous molybdenum carbide
octahedral nanoparticles (denoted as MoCx nano-octahedrons) as efficient HER
catalysts [86]. As shown in Fig. 10.14a, a unique MOFs-based compound was
chosen as the precursor with a formula of [Cu2(BTC)4/3(H2O)2]6[H3PMo12O40]
(NENU-5; BTC = benzene-1,3,5-tricarboxylate). After a direct pyrolysis at 800 °C
under N2 gas flow and a following etching by Fe3+, MoCx nano-octahedrons
composed of small nanocrystallites were obtained. Each MoCx nano-octahedron
was composed of numerous small nanocrystallites (Fig. 10.14b–g). Benefiting from
the porous and robust structure as well as ultrafine primary nanocrystallites, the
MoCx nano-octahedrons exhibited remarkable catalytic activity for HER in both
acidic and basic conditions (Fig. 10.15). They displayed a low overpotential
(η10 = 142 and 151 mV), a small Tafel slope (53 and 59 mV dec−1), and a low
onset overpotential (25 and 80 mV) in 0.5 M H2SO4 and 1.0 M KOH, respectively.
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However, MoCx species are easily to oxidize on the surface even in ambient
conditions; the above etching operation via oxidative Fe3+ should be avoided if
possible. In addition, using Cu-MOFs as a template and carburizing the organic
ligand with the supported POMs in the pores are not beneficial for real “atomic
contact” between the Mo ions and organic ligands. Very recently, Tang et al.
developed a “MOF-directed strategy” for synthesizing porous and uniformly
nanostructured MoC via in situ carburization of Mo–MOF under inert atmosphere,
[87] as shown in Fig. 10.16a. The as-obtained catalyst was denoted as
nanoMoC@GS, meaning highly dispersed and nanosized MoC encapsulated in
graphitized carbon shell. In the ordered porous architecture of the Mo3(BTC)2
precursor, the “atomic contact” between Mo ions and organic ligands enabled the
formation of ultrafine MoC (*3 nm) which were encapsulated by fluffy and
ultrathin graphitized carbon shell (ca. 1–3 layers, Fig. 10.16). Ultrafine MoC

Fig. 10.12 a–c SEM and TEM images of FeCo@C obtained at 600 °C. d, e HRTEM images of
the samples, f enlarged image of 1e where interplanar spacing of the alloy as well as the graphene
shell was measured in the image, g–i STEM image of the single FeCo nanocrystal and the images
of elemental mapping of Fe and Co (Reproduced from Ref. [85] with kind permission of © 2015
Royal Society of Chemistry)
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nanoparticles (*3 nm) confined by 1–3 layered graphite shells significantly
favored the efficient HER in acidic and basic media. A low overpotential (η10 = 124
and 77 mV), a small Tafel slope (43 and 50 mV dec−1), and a high exchange
current density (j0 = 0.015 and 0.212 mA cm−2) were achieved on nanoMoC@GS
in 0.5 M H2SO4 and 1.0 M KOH, respectively.

As a good example, the 1D nanostructures of organic-inorganic hybrid MoOx/
amine were proved by Tang and Gao, as the versatile precursor toward well-defined
MoCx nanocatalyts [88–90]. As for such kind of coordination polymer,
e.g., Mo3O10(C6H5NH3)2�2H2O (aniliniumtrimolybdate), Mo3O10(C2H4N2H6)
(ethylenediaminetrimolybdate), and Mo3O10(C5H5NH)2�H2O (pyridiumtrimolyb-
date), the 1D growth originates from anisotropic molybdate anions Mo3O10

2− [88].
More importantly, the hybrid nanostructures can provide the “sub-nanometer
contact” between Mo3O10

2− and protonated aniline and create a quasi-
homogeneous carburization, which favors the formation of the nanoporous and
1D Mo2C [89, 91]. In 2014, the high activity for HER was evidenced on the
harvested nanoporous Mo2C nanowires [53]. Very recently, Gao et al. made further
efforts to boost the HER performance via the electron regulation on the active-site

Fig. 10.13 a Polarization curves of samples versus RHE, b Tafel plots of FeCo@C obtained at
varied temperature, c Polarization curves of FeCo@C-600 after 1st, 2000th, 5000th, and 10,000th
cycles, d calculated ΔGH* diagram of some models, the words in the brackets mean H* adsorbed
on the graphene or Co4 side (Reproduced from Ref. [85] with kind permission of © 2015 Royal
Society of Chemistry)
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of carbide surface [55, 92]. Although Mo2C demonstrates the best HER perfor-
mance among various MoCx, e.g., a-MoC1−x, η-MoC, c-MoC, and b-Mo2C, [52]
the negative hydrogen binding energy (ΔGH*) on Mo2C indicates a strong

Fig. 10.14 a Schematic illustration of the synthesis procedure for porous MoCx

nano-octahedrons. Characterizations of MoCx nano-octahedrons. b–d TEM images (scale bar,
200 nm; inset of c: SAED pattern), e magnified TEM image (scale bar, 5 nm), f HRTEM image
(scale bar, 2 nm), and g elemental mapping (red carbon; blue molybdenum; scale bar 50 nm) of
porous MoCx nano-octahedrons (Reproduced from Ref. [86] with kind permission of © 2015
Macmillan Publishers Ltd) (color figure online)
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adsorption of H on Mo2C, [93] which benefits H+ reduction (i.e., Volmer step) but
restricts Hads desorption (i.e., the Heyrovsky/Tafel step). An optimization on the
electronic features is desired.

The electron density around the Mo active-sites mostly relies on the carbon in
the lattice, which will be reduced with increasing C because of the electron transfer
from Mo to C. For example, with a high C content, MoC usually presents weaker
hydrogen binding in comparison with that on Mo2C, and consequently a facilitated
Heyrovsky/Tafel step, but a hindered Volmer reaction. Gao and Tang et al. reported
MoC–Mo2C heteronanowires (HNWs) as efficient HER electrocatalysts, [55] which
were fabricated from MoOx-aniline or MoOx-p-methylaniline nanowires via con-
trolled carbonization (Fig. 10.17). The HNWs denoted as MoC–Mo2C-n (where
n refers to the MoC weight percentage) were composed of defined nanoparticles
and featured by rich nanoporosity, large surface area, and more importantly a
tunable composition. The molar ratio of active Mo3+ and Mo2+ was tailored via this
controlled carbonization (Fig. 10.17c), which would make obvious influence on the
adsorption of H and thus the HER activity.

Fig. 10.15 HER performance of porous MoCx nano-octahedrons: a polarization curve at
2 mV s−1 and b Tafel plots in 0.5 M H2SO4, c polarization curve at 2 mV s−1 and d Tafel plots in
1.0 M KOH (Reproduced from Ref. [86] with kind permission of © 2015 Macmillan Publishers
Ltd)
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As expected, the optimal one consisting of 31.4 wt% MoC displayed a low η10
of 126, a small Tafel slope of 43 mV dec−1, and a low onset overpotential of
38 mV in 0.5 M H2SO4, outperforming that of bare Mo2C and MoC (Fig. 10.18).

Fig. 10.16 a Procedure for synthesis of nanoMoC@GS. b SEM, c, d TEM and e HRTEM images
of nanoMoC@GS obtained at 700 °C (Reproduced from Ref. [87] with kind permission of © 2016
Royal Society of Chemistry)
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This well indicated a synergy between nanosizedMoC and Mo2C. Featured by the
both of the current densities at η = 0 (j0) and 150 mV (j150), the HER activity of the
heteronanowires was visibly dependent on the variation of the ratio of active Mo3+/
Mo2+ (n3+/2+) on the surface (Fig. 10.19). The lower electron density around EF in
MoC–Mo2C-31.4 than that of Mo2C was further evidenced by the narrowed
valance-band distribution. Regarding the strong hydrogen binding on Mo2C and the
consequently restricted Hads desorption, the decreased electron density in the MoC–
Mo2C-31.4 HNWs would reduce the strength of Mo–H toward the promoted Hads

desorption and thus remarkably improve the HER activity (Fig. 10.19). With fur-
ther improved n3+/2+, the reduced activity and kinetics metrics were observed,
because of weak hydrogen binding involving less electron donated by Mo. In
addition, the MoC–Mo2C-31.4 was also active for the HER in basic solution (1.0 M
KOH), showing the best activity and kinetics in comparison with Mo2C, MoC,
MoC–Mo2C-68.1, and MoC–Mo2C-30 (mixed).

Fig. 10.17 a Illustration for the fabrication of MoCx HNWs from MoOx-amine NWs with tunable
composition. b XRD patterns and c Mo 3d XPS profiles of the as-obtained MoCx NWs
(Reproduced from Ref. [55] with kind permission of © 2016 Royal Society of Chemistry)
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Furthermore, another strategy via the doping of late-transition metals (e.g., Co
and Fe) was developed to optimize the electronic configuration of Mo2C, which
follows another mechanism that the rich electrons in dopants can effectively reduce
the unoccupied d orbitals of Mo and transfer into Mo–H anti-bonding. As a result,
the weakened Mo–H in turn favors Hads desorption. Gao and Tang et al. developed
a Co-doping into Mo2C on the basis of Co-modified Mo3O10(C6H5NH3)2�2H2O
nanowires [92]. The successful Co-doping significantly increases the electronic
density around EF in Mo2C, resulting in the weakened Mo–H toward optimized
HER kinetics. As expected, the Co–Mo2C nanowires presented a remarkably
improved activity in comparison with parent Mo2C. With an optimal Co-doping,
Co–Mo2C displays a low overpotential (η10 = 140 and 118 mV; η100 = 200 and
195 mV), a small Tafel slope (39 and 44 mV dec−1), and a low onset overpotential
(40 and 25 mV) in 0.5 m H2SO4 and 1.0 M KOH, respectively.

The above results have well attested the efficiency of MOFs-based materials for
the development of high-performance noble-metal-free electrocatalysts. The
rational evolutions on the basis of their rich nanoporosity, large surface, and tunable
composition lead to the effective regulation on the architectures, surface structures,
and electronic configuration, which are desired for the optimization of HER per-
formance. It is envisioned that the future work with available and diverse MOFs
would further boost the controlled generation and further applications in electro-
chemical HER.

It can be concluded for this part that the polymer-derivation provides a rational
design of carbon/inorganic nanostructures as efficient electrocatalysts for electro-
chemical HER, e.g., metals and their non-oxides (sulfides, nitrides, carbides, and
phosphates). They present the significance as noble-metal-free electrocatalysts, with
the low-cost and high earth-abundance. The designed carbon-hybrid structures
derived from polymers promote the conductivity and dispersity of active inorganics,

Fig. 10.18 Polarization curves for the HER on modified GCEs comprising (I) MoC–Mo2C–31.4,
(II) Mo2C, (III) MoC–Mo2C–68.1, (IV) MoC–Mo2C–30 (mixed), (V) MoC, and (VI) commercial
Pt/C in a 0.5 M H2SO4 and b 1.0 M KOH (Reproduced from Ref. [55] with kind permission of ©
2016 Royal Society of Chemistry)
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and more importantly enable the electron regulation on active-sites due to their rich
interactions. The summary for their HER activity is listed in Table 10.2 and
Table 10.3. It is worthy to mention that the use of Pt counter electrodes should be
avoided in the test of noble-metal-free electrocatalysts. The possible oxidation of Pt
and further re-deposition on cathode (HER electrode) would create a false
impression on the activity of noble-metal-free materials [94]. In this regard, the
reported results obtained with Pt counter electrode are not listed herein. In a
common sense, carbides and phosphates-based nanocomposites displayed the high
HER activity in both acidic and basic electrolytes, which points out a direction for
the future research.

10.4 Lithium Ion Batteries

Since the introduction into the market in 1991, LIBs have been widely accepted by
industry for portable electronic devices, owing to their advantages of high energy
density, long lifespan, good environment compatibility, and low self-discharge
compared with traditional lead-acid and Ni-based batteries [102, 103]. As a
promising power source, the LIB is receiving more attention with the development

Fig. 10.19 a j0 (obtained by
extrapolating the Tafel curves
to η = 0 mV) and j150 (current
density at η = 150 mV) of the
above MoCx, which are
associated with the ratio of
surface Mo3+/Mo2+

determined through XPS
analysis. b Schematic
illustration of the HER
activity relying on the
electron density of Mo in a
series of MoCx

electrocatalysts (Reproduced
from Ref. [55] with kind
permission of © 2016 Royal
Society of Chemistry)

10 Polymer-Derived Carbon/Inorganic Nanohybrids … 449



Table 10.2 Summary of HER performance of polymer-derived carbon/inorganic electrocatalysts
in acid electrolytes

Catalysts Electrolytes Loading
(mg cm−2)

j (mA cm−2) η
(mV)

Tafel slope
(mV dec−1)

Ref.

MoS2/mesoporous
carbon nanospheres

0.5 M
H2SO4

0.19 10 150 41 [45]

MoS2/mesoporous
graphene foam

0.5 M
H2SO4

0.21 10 140 42 [46]

100 200

C@MoS2 0.5 M
H2SO4

0.50 10 165 55 [47]

35 200

MoS2/C nanospheres
with ultrathin MoS2

0.5 M
H2SO4

0.57 10 130 60 [48]

88 200

WSe2/C nanofibers 0.5 M
H2SO4

/ 10 158 98 [70]

WS2@hollow
N-doped carbon
nanofibers

0.5 M
H2SO4

0.29 10 280 60 [71]

MoS2 in nanoporous
carbon

0.5 M
H2SO4

0.29 10 240 51 [82]

Nanoporous Mo2C
nanowires

0.5 M
H2SO4

0.21 10 130 53 [83]

66 200

Mo2C/C nanotubes 0.5 M
H2SO4

0.75 10 172 62 [56]

Co/N-, S-doped
carbon

0.5 M
H2SO4

0.3 10 180 66 [58]

MoCN nanoparticles 0.5 M
H2SO4

0.4 10 140 46 [57]

Fe-WCN/C
nanospheres

0.5 M
H2SO4

0.4 10 220 47.1 [32]

Mo2C@NC 0.5 M
H2SO4

0.28 10 124 60 [95]

Mo2C@C 0.5 M
H2SO4

0.25 10 78 41 [61]

Mo2C–Mo2N/C 0.1 M
HClO4

2.8 10 *150 / [64]

WCx–WN/C 0.1 M
HClO4

10 100 105 36 [65]

MoCx octahedrons 0.5 M
H2SO4

0.8 10 142 53 [86]

100 230

nanoMoC@graphite
sheets

0.5 M
H2SO4

1.0 10 124 43 [87]

146 200

MoC–Mo2C
heteronanowires

0.5 M
H2SO4

0.14 10 126 43 [55]

Co–Mo2C nanowires 0.5 M
H2SO4

0.14 10 140 39 [96]

100 200
(continued)
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of newly emerging electronic devices, especially electronic and hybrid electronic
vehicles. Accordingly, LIBs with even higher power density, higher energy density,
and longer cycling life are in continuous demand. Electrode materials are significant
for the high performance of LIBs. Here we will introduce the application of
polymer-derived carbon/inorganic hybrids as electrode materials for LIBs.

10.4.1 Anode Materials

Graphite is a typical layered material which can reversibly store/release Li+ in the
interlayers. Due to the low potential of Li+ intercalation and stable capacity
delivery, graphite-based materials prevail as anodes for today’s LIBs. However, the
theoretical capacity of graphite is only 372 mAh g−1 (based on the intercalation
mechanism: 6C + Li++e−$LiC6), which is far from satisfactory to power electric
vehicles. Driven by ever-increasing demand for higher energy density, various
alternative anode materials have been investigated, which can be categorized into
alloy/dealloy mechanism-based materials (e.g., Si, Ge, Sn) and conversion
mechanism-based transition metal compounds such as oxides and sulfides (e.g.,
Fe2O3, Co3O4, MoO2, MoS2). These two kinds of materials reversibly store/release
Li+ through the following typical reactions.

Table 10.2 (continued)

Catalysts Electrolytes Loading
(mg cm−2)

j (mA cm−2) η
(mV)

Tafel slope
(mV dec−1)

Ref.

NiMoNx/C 0.5 M
H2SO4

0.25 2 170 36 [82]

MoN nanosheets 0.5 M
H2SO4

0.28 10 *200 90 [86]

MoP@porous carbon 0.5 M
H2SO4

0.24 10 51 45 [68]

Co/N–P–C
nanofibers

0.5 M
H2SO4

0.23 10 248 56 [97]

CoP concave
polyhedrons

0.5 M
H2SO4

0.35 10 133 51 [78]

CoxFe1−xP nanocubes 0.5 M
H2SO4

0.35 10 72 52 [80]

CoP/C 0.5 M
H2SO4

/ 10 91 42 [98]

FeCo@NC 0.5 M
H2SO4

0.29 10 262 74 [85]

Co–C–N nanofibers 0.5 M
H2SO4

1.5 10 138 55 [99]

100 212
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Alloy/dealloy mechanism:

Mþ xLiþ þ xe� $ LixM M: Si; Ge; Sn; etc:; x� 4:4ð Þ ð10:7Þ

Conversion mechanism:

MxXyþ xyLiþ þ xye� $ yLixXþ xM M: Fe; Mo; V; Co; etc:; X : O; S; F etc:ð Þ
ð10:8Þ

Table 10.3 Summary of HER performance of polymer-derived carbon/inorganic electrocatalysts
in basic electrolytes

Catalysts Electrolytes Loading
(mg cm−2)

j (mA cm−2) η
(mV)

Tafel slope
(mV dec−1)

Ref.

Mo2C/C nanotubes 0.1 M
KOH

0.75 10 112 55 [56]

Mo2C@NC 1.0 M
KOH

0.28 10 60 / [100]

Mo2C@C 1.0 M
KOH

0.25 10 78 41 [61]

Carbon-protected
Co6W6C

1.0 M
KOH

0.28 10 73 25 [62]

Ni/C nanofibers 2.0 M
KOH

/ 3.1 200 105 [72]

Ni@N-C 1.0 M
KOH

/ 20 88 71 [83]

MoCx octahedrons 1.0 M
KOH

0.8 10 151 59 [86]

*30 200

MoC@graphite shell 1.0 M
KOH

0.76 10 77 77 [87]

Co–Mo2C nanowires 1.0 M
KOH

0.14 10 118 44 [96]

100 195

MoC–Mo2C
heteronanowires

1.0 M
KOH

0.14 10 120 42 [55]

MoS2nanosheet
arrays

1.0 M
KOH

/ 10 190 100 [82]

MoP 1.0 M
KOH

0.86 10 130 48 [101]

Ni–Mo nanopowder 1.0 M
KOH

1 10 *80 / [97]

Co@Co-oxo/hydoxo
phosphate

1.0 M
KOH

/ 2 385 140 [98]

CoP NW arrays 1.0 M
KOH

0.92 10 209 129 [99]
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Through the alloy/dealloy and conversion mechanisms, these materials show
much higher theoretical capacities (600–4400 mAh g−1) than that of graphite.
However, most of these materials are semiconductors; their relatively low con-
ductivities hinder efficient utilizations of the active materials, resulting in poor rate
capability. More importantly, these materials suffer from volume expansion in the
discharge process and volume shrinkage in the charge process. As illustrated in
Scheme 10.6 [104], severe volume change in the repeated cycles results in material
pulverization (Scheme 10.6a) and electrode deformation (Scheme 10.6b), leading
to loss of electrical contact and eventual capacity fading.

Another challenge is, during the discharge process, organic electrolyte decom-
poses on the interphase of the anode and electrolyte when the voltage is below 1 V
versus Li/Li+, forming a layer on the surface of the anode which is called
“solid-electrolyte interphase” (SEI). This film is double-edged: Although it is
electronically insulating, it prevents further contact of active materials with elec-
trolyte, avoiding continuous decomposition of the electrolyte. Therefore, stable SEI
is crucial for the long cycle life. However, due to the large volume changes in the
discharge/charge process, SEI is easily broken. Freshly exposed surface of the
active material induces further decomposition of the electrolyte (Scheme 10.6c).
And the thickened SEI hinders charge transfer, therefore result in capacity decay.

Hybridizing anode active materials with carbon on nanoscale are an effective
route to address these challenges. On one hand, nano engineering enhances the
kinetics for Li+ storage due to the shortened diffusion paths and relieves the strain

Scheme 10.6 Electrode failure mechanisms for alloy/dealloy and conversion reaction-based
anode materials: a material pulverization, b electrode deformation, and c continuous SEI growth
(Reproduced from Ref. [97] with kind permission of © 2012 Elsevier)
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associated with the volume change during the discharge/charge process. On the
other hand, hybridization with nanocarbon facilitates the charge transfer, avoids
aggregation of active materials, and also buffers the volume changes. By con-
structing nanohybrids with carbon, the cycle performance and rate capability of the
anode materials can be remarkably improved.

As discussed in the previous section, there are mainly three strategies to realize
effective connection of anode nanomaterials with polymer-derived carbon: in situ
formation of polymers on the surface of the nanomaterials followed by pyrolysis,
post-introduction of anode nanomaterials into the polymer-derived carbon matrix,
and one-pot construction of polymer/metal salts (or ions) followed by pyrolysis.
With these strategies, polymer-derived carbon/inorganic nanohybrids with varied
structure/morphologies can be successfully synthesized, which have been demon-
strated to be promising anode candidates for LIBs.

Carbon coating is one of the most widely used coating techniques for anodes.
The carbon coating layers not only significantly enhance the electronic conductivity
of electrode materials,5 but also lead to stabilized SEI films, which result in
improved rate and cycling performance [105]. Compared with mechanical mixture
of inorganics with carbonaceous materials (e.g., graphite, MCMB, and acetylene
black) in solid states, dispersion of organics or their precursors in solutions of
polymers followed by drying and carbonization offers comformal, uniform, and
complete carbon coating. For example, block copolymer [106], polyvinylpyrroli-
done (PVP) [107–109], polyvinyl chloride (PVC) [110, 111], polyvinylidene
fluoride (PVDF) [112], and poly(cyclotriphosphazene-4,40-sulfonyldiphenol)
(PZS) [113] were applied as carbon sources for the coating on MnO [106], MoO2

[107], CuO [108] and Mn3O4 [109], and Si [110–113]. An improved method is to
adopt in situ polymerization followed by pyrolysis under inert atmosphere, which
can lead to more uniform and continuous carbon coating on the inorganic surface.
Pyrrole monomers in situ polymerized on the surface of the sea urchin-like
–FeOOH, after then, the generated polypyrrole coated –FeOOH was transformed to
sea urchin-like Fe3O4@C nanocomposite after calcination (Fig. 10.20) [114]. This
composite exhibit much improved capacity, cycle stability, and rate performance
compared with the bare counterpart, as shown in Fig. 10.20b, c.

Hydrothermal carbonization of glucose has been proved to be a universal
method for effective carbon coating on varied inorganics. Typically, the prepared
nanostructured core materials are firstly suspended in a glucose solution. In the
following hydrothermal process, the glucose molecules absorbed or attached
through hydrogen bonding on the surface of the cores go through dehydration,
polymerization to polysaccharides, and carbonization [115, 116]. The pre-coated
products are annealed subsequently in the inert atmosphere to finally obtain the
inorganic@carbon core-shell nanostructure. As an example, Si@SiOx/C nanopar-
ticles were prepared by the hydrothermal carbonization of glucose in the presence
of Si nanoparticles and subsequent pyrolysis (Fig. 10.21) [117]. The carbon coat-
ing, in association with the vinylene carbonate (VC) additive for the electrolyte,
leads to effective SEI structure that suppressed the pulverization of Si and con-
tinuous decomposition of electrolyte. As a result, this hybrid showed a significantly
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improved lithium-storage performance in terms of highly reversible capacity,
excellent cycling performance, and high-rate capability (Fig. 10.21). It exhibited a
reversible capacity of *1100 mAh g−1 at a current density of 150 mA g−1 and
retained above 600 mAh g−1 as the current densities increased to 1000 mA g−1

during the 200 cycles. MoO2@C nanobelts can be prepared using MoO3 nanobelts
as precursor and glucose as carbon sources [118]. In the first hydrothermal process
(Scheme 10.7), the polysaccharide coating on the surface of the nanobelts helps to
maintain the morphology of the precursor during the transformation from MoO3 to
MoO2. MoO2@C nanobelts exhibit a reversible capacity of 518.5 mAh g−1 at a
current density of 500 mA g−1, retaining 82.3% of the initial capacity after 30
cycles. The hydrothermal carbonization of glucose is most widely applied to syn-
thesis of various structured inorganics with carbon coating, e.g., Sn@C nanopar-
ticles [119], SnO2@C nanoparticles [120], SnO2@C nanotubes [121], SnS2@C
nanoparticles [122], peapod-like Co3O4@C nanocomposite [123], Fe3O4@C
nanospindles [124], Fe3O4@C microcapsules [125], Fe3O4@C hollow beads [126],
porous NiO@C microspheres [127], and ZnO@Cnanorod array [128]. Following
this line, the carbon coating derived from glucose can be further applied to inor-
ganics which have been firstly loaded/supported on carbon nanotubes (CNTs),
graphene, etc. For example, a–Fe2O3 hollow nanohorns were firstly grown on
hierarchical CNT [129], SnO2 nanoparticles were firstly distributed on graphene
[130–132] or porous carbon [131] before the hydrothermal carbonization of glu-
cose, which remarkably enhances the cycle stability compared with the pristine core
materials.

Polymers with N-containing groups have recently drawn great attention as
carbon sources, because N-doped carbon can be obtained during the carbonization
process, which has been demonstrated the enhanced electronic conductivity and Li+

storage capacity. Among various N-containing polymers, polydopamine with high
concentrations of amine groups has strong binding affinity to inorganic materials
and excellent coating capability. Accordingly, the conformal polydopamine-derived

Fig. 10.20 a Schematic illustration of the synthetic procedure for a sea urchin-like porous C–
Fe3O4 nanocomposite [114]. b Cycling performance of a sea urchin-like C–Fe3O4 nanocomposite,
Fe3O4 particles without carbon shell and commercial Fe3O4 at a current density of 100 mA g−1.
c Rate performance of a sea urchin-like C–Fe3O4 nanocomposite and Fe3O4 particles without
carbon shell. Open symbols indicate discharge cycles and solid symbols are charge cycles
(Reproduced from Ref. [107] with kind permission of © 2012 Royal Society of Chemistry)
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carbon with tailorable thickness is continuous and uniform. Due to the high per-
centage of nitrogen content in the precursor, the resulting carbon layer contains a
moderate amount of N species, which can substantially improve the electrochemical
performance. For example, polydopamine was applied as a precursor to prepare
N-doped carbon coated Fe3O4 nanoparticles (denoted as Fe3O4@NC) [133]. As
illustrated in Fig. 10.22a, dopamine monomers were firstly anchored on the surface
of the rhombic-shaped a-Fe2O3 nanoparticles due to the strong binding affinity of
catechol groups to Fe–OH of a-Fe2O3. Subsequently, the dopamine polymerized
to form a conformal and continuous polymer layer. The core-shelled
a-Fe2O3@polydopamine was lastly transformed to Fe3O4@NC nanocomposites
by thermal annealing at 500 °C. In the obtained nanocomposites, the cores of Fe3O4

nanoparticles were encapsulated by continuous and uniform N-doped carbon layer
of *10 nm (Fig. 10.22b) [133]. The composite exhibited remarkably high-specific
capacity, high-rate capability, and excellent cycle performance. At a current density
of 500 mA g−1, it exhibited reversible capacity higher than 800 mA h g−1,

Fig. 10.21 a TEM images of the Si@SiOx/C nanocomposite produced by hydrothermal
carbonization and further carbonization at 750 °C under N2. b Cycling and rate performances
of pure Si nanoparticles and Si@SiOx/C nanocomposite electrodes cycled in VC-free and
VC-containing 1 m LiPF6 in EC/DMC solutions (solid symbols: charge; empty symbols:
discharge) (Reproduced from Ref. [110] with kind permission of © 2008 Wiley-VCH)

Scheme 10.7 Schematic illustration for the preparation of MoO2@C nanobelts (Reproduced from
Ref. [111] with kind permission of © 2012 Royal Society of Chemistry)

456 L. Yang and Q. Gao



when the current density increased to mA g−1, it still retained capacity of 595 mA h
g−1 at a current of 1000 mA g−1, and the capacity retention was 99% after 200
cycles even though the current density increases from 500 to 1000 mA g−1 after
100 cycles (Fig. 10.22c). Carbon coated SnO2 nanoclusters were obtained using
polydopamine as carbon source [23]. The continuous carbon coating of *5 nm
connected the SnO2 nanoclusters, which enabled stable cycle performance. The
SnO2@C nanocomposite delivered a reversible capacity of about 700 mAh g−1 at a
current density of 100 mA g−1, realizing as high as 98% of the theoretical capacity
of the hybrid. The capacity and stability were much improved compared with the
pristine SnO2 nanoparticles. Polydopamine-derived N-doped carbon coating also
showed effective improvement of capacity and cycle stability for other anode
materials, including ZnFe2O4 nanorods [134], MoS2 hollow spheres [135], porous
a-Fe2O3 nanospheres [136], and yolk-shell MnO spheres [137].

In conclusion, the polymer-derived carbon coating can provide rapid and con-
tinuous electronic transport, buffer the volume change, and prevent the direct
contact between the nanomaterials with electrolyte, thus stabilizing the SEI film and
avoiding capacity fading. By tuning the amount of monomers, the reaction time,
temperature, etc., the carbon layer can be accordingly controlled to achieve the
optimal thickness which ensures both elastic and good mechanical stability.

For most in situ formed polymerized-carbon coating on inorganic nanostruc-
tures, the contact between the carbon layers and active materials is fairly compact.
To better accommodate large volume changes, void spaces were introduced
between the active materials and the carbon coatings, turning core-shell structure
into yolk-shell structure. This could efficiently enhance the capacity retention
through buffering the local volume change during the lithium insertion–deinsertion
processes, which is important to improve the cycling performance of the LIBs
[138]. For example, Sn@C yolk-shell particles can be prepared as illustrated in
Fig. 10.23a [139]. In the preparation procedure, SiO2 submicroparticles were used
as sacrificial template, after the coating with SnO2, SiO2 were etched to form SnO2

hollow spheres. After coating with glucose-derived carbon, SnO2@C hollow
nanospheres were transformed to Sn@C nanocomposites with heat treatment in N2.
Sn@C nanocomposites presented a yolk-shell structure in which Sn nanoparticles
were encapsulated in elastic hollow carbon spheres (Fig. 10.23b). The high Sn
content and appropriate void space rendered the electrode advantageous features
such as high-specific capacity (>800mAh g−1 in the initial 10 cycles,
and >550 mAh g−1 even after 100 cycles), high-volume capacity, and good cycling
performance (Fig. 10.23c).

Meanwhile, yolk-shell-structured Si@C nanocomposite can be prepared with the
assistant of coating SiO2 sacrificial layer. For example, Si nanoparticles were coated
by SiO2 before polydopamine coating, after the pyrolysis, SiO2 layers were etched
to make voids between the carbon layers (5–10 nm) and the Si nanoparticles
(100 nm), forming a yolk-shell structure (Fig. 10.24a, b) [140]. The well-defined
void space allows the Si particles to expand freely without breaking the outer
carbon shell, therefore stabilizing the SEI on the shell surface. The
yolk-shell-structured Si/C nanoparticles exhibited stable capacity of 1500 mAh g−1
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for 300 cycles and retain 74% of the capacity after 1000 cycles at a rate of 1C
(4200 mA g−1, Fig. 10.24c) [140]. In addition to dense SiO2 layers, extra intro-
duction of mesoporous SiO2 template layers can result in mesoporous carbon shells
derived from phenolic resin coating [141]. The obtained yolk-shell Si@mesoporous
carbon yields long cycle life (*1000 mAh g−1 after 400 cycles) and excellent rate
capability (62.3% capacity retained at a high current of 8.4 A g−1). Analogously,
resorcinol-formaldehyde, polyvinylidene fluoride, and polydopamine were also
demonstrated as effective carbon precursors to construct various yolk-shell
nanocomposites of Fe-, Sn- and Mn-based oxides, which showed the high Li+

storage associated with the carbon coating [142–148].
Although nanostructure engineering has successfully extended the cycle life of

anode materials with large volume change during the lithiation/delithiation process,
it has also brought along fundamental challenges, including high surface area which

Fig. 10.22 a Schematic illustration of the fabrication of Fe3O4@NC composites and the coating
mechanism of polydopamine on the surface of an iron oxide nanoparticle. b High-magnification
image of a Fe3O4@NC composite. c Long-term cycling of Fe3O4@NC (Reproduced from Ref.
[126] with kind permission of © 2013 Royal Society of Chemistry)
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can increase side reactions with the electrolyte and low tap-density which leads to
low volumetric capacity. These challenges stimulate the design of pomegranate
structure, an advanced version of the yolk-shell [149]. In the preparation procedure
as illustrated in Fig. 10.25a, Si@SiO2 core-shell nanoparticles were assembled into
secondary microbeads by a microemulsion approach before coating a layer of
carbon derived from resorcinol-formaldehyde resin. And Si/C pomegranate struc-
ture could be obtained after the removal of the thickness tunable SiO2 layers. The
Si/C pomegranate anode retained a capacity of 1160 mAh g−1 after 1000 cycles at a
rate of C/2 (2100 mA g−1), with a retention of more than 97% (Fig. 10.25b). With a
conventional slurry coating and calendaring process, electrodes prepared with
the Si/C pomegranate exhibited a volumetric capacity in the range of 900–
1270 mAh cm−3, which is higher than the practical value for graphite anodes
(600 mAh cm−3). The pomegranate structure shows improvement compared with

Fig. 10.23 a Synthetic scheme and b TEM image tin nanoparticles encapsulated elastic hollow
carbon spheres (TNHCs). c The discharge/charge capacity profiles of TNHCs in 5 mV–3 V (vs.
Li+/Li) voltage window and C/5, the inset shows the first discharge/charge profiles of TNHCs
cycled at a rate of C/5 (Reproduced from Ref. [132] with kind permission of © 2008 Wiley-VCH)
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the yolk-shell structure, in terms of areal mass loading, material tap-density, and
electrical properties.

Besides core-shell and yolk-shell structure derived from polymer-carbon coat-
ing, another hybridization model is the loading of electrochemically active materials
on/into polymer-derived carbon scaffold. Conductive carbon matrix provides fast
ways for electron transfer which enables effective utilization of active materials, and
at the same time acts as robust scaffolds which are very stable to accommodate the
mechanical strain induced by the volume change during cycling.

One way to achieve the hybrid model of inorganic/C scaffold is
post-introduction of inorganics or their precursors on/in polymers followed by
pyrolysis. By dispersing SnO2 nanoparticles into polymer solution in which triblock
polymer (Pluronic F127) as soft template and resorcinol and formaldehyde as
monomers for RF resin, framework of RF resin was obtained after polymerization
with assistant of Pluronic F127. In the following heat treatment, RF resin was

Fig. 10.24 a SEM and b TEM images of synthesized Si@void@C powder. c Delithiation
capacity and coulombic efficiency of the first 1000 galvanostatic cycles between 0.01 and 1 V
(alginate binder). The rate was C/10 for one cycle, then C/3 for 10 cycles, and 1 C for the later
cycles (Reproduced from Ref. [133] with kind permission of © 2012 American Chemical Society)
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carbonized while Pluronic F127 decomposed to form pores in the carbon, result in a
sponge-like porous C/Sn composite. The mesoporous C/Sn anodes can deliver a
capacity as high as 1300 mAh g−1 after 450 charge/discharge cycles and provide a
capacity of 180 mAh g−1 even at 4000 mA g−1 charge/discharge current density.

And electrospinning is a most powerful and popular method way to evenly
distribute nano inorganics or metal salt precursors in the polymers like polyaniline
(PAN), poly(vinyl pyrrolidone) (PVP), poly(methyl methacrylate) (PMMA), and
poly(vinyl acetate) (PVAc). Through tuning electrospinning and thermal treatment,
1D nanofibers with controllable phase (e.g., polymers, metals and ceramics),
morphologies (e.g., porous, hollow and core-shell), and compositions (e.g.,
metal/metal oxides, carbon/metal or metal oxide composites) can be easily obtained
[22].

Sn/C microtubes could be prepared by pyrolysis of coaxially electrospun
nanofibers of tributyltin@polyacrylonitrile (TBT@PAN), as illustrated in
Fig. 10.26a [150]. In such hybrids, Sn nanoparticles are well-confined inside the
carbon microfibers with hollow channels (Fig. 10.26b), which offer adequate void
space as “buffer zone” to accommodate the large volume change in the lithiation
and delithiation processes, leading to improved cyclability of the Sn/C composite
electrode. The composite displays a high reversible capacity of 737 mAh g−1 after

Fig. 10.25 a Schematic of the fabrication process for silicon pomegranates, b Reversible
delithiation capacity for the first 1000 galvanostatic cycles of the silicon pomegranate and other
structures tested under the same conditions (Reproduced from Ref. [143] with kind permission of
© 2014 Macmillan Publishers Ltd)
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200 cycles at 250 mAh g−1 and retains 480 mAh g−1 when cycled at
2500 mAh g−1 (Fig. 10.26c). By introducing PMMA into PANI/DMF solution,
porous carbon can be obtained, because PMMA decomposes into small molecular
and evaporates during the carbonization of PANI, leaving voids in the carbon fiber.
For example, by single-nozzle electrospinning of TBT-PMMA-PANI followed by
high-temperature treatment, Sn nanoparticles encapsulated in porous multichannel
carbon microtubes could be obtained and showed stable cycle performance [151].
Pores can be also obtained by etching of inorganics embed in the carbon nanofibers
as mentioned in above yolk-shell structure.

For example, Si nanoparticles can be confined in porous carbon nanofibers
using single-nozzle electrospinning of PAN/DMF suspension with Si@SiOx
nanoparticles, high-temperature calcination and pore generation by etching of SiOx

[152]. This Si/porous carbon-hybrid nanofibers showed 1104 mAh g−1 after 100
cycles at 0.5 A g−1 and maintained 485 mAh g−1 at 10 A g−1. Other interesting
structures like bubble-nanorod-structured Fe2O3/C composite nanofibers could be
obtained with electrospun Fe(acac)3/PAN composite fibers as precursors by using
Kirkendall effect (Fig. 10.27) [153]. In the Fe2O3/C composite, hollow Fe2O3

nanospheres provided sufficient voids for volume expansion and carbon nanofiber
matrix connecting the Fe2O3 nanospheres facilitates charge transfer. The spe-
cial structure led to notable capacity retention and excellent rate capability.

Fig. 10.26 a Schematic illustration of preparation of Sn@carbon nanoparticles encapsulated in
hollow carbon nanofibers. b TEM image of Sn@C nanofibers. c Cycling performance of the
commercial Sn nanopowder and the Sn@C nanofibers (Reproduced from Ref. [144] with kind
permission of © 2009 Wiley-VCH)
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The Fe2O3/C composite retained a discharge capacity of 812 mAh g−1 (84% of the
second cycle) after 300 cycles at 1 A g−1 (Fig. 10.27).

And another way to achieve the hybrid model of inorganic/C scaffold is to
directly grow inorganic nanostructures on/in the polymer-derived carbon matrix
(e.g., carbon nanotubes, carbon nanofibers, porous carbon, etc.). For example,
highly flexible, hollow, and end-opening carbon nanofibers could be derived from
the self-assembly and carbonization of polypyrrole [154]. Through hydrothermal
route, these nanofibers were homogenously coated by nanocrystalline SnO2

(Scheme 10.8). As an anode material for LIBs, this composite showed a stable and
high charge capacity (598.3 mA h g−1) at a current density of 100 mA g−1 over 50
cycles with a low capacity fading of about 0.7% per cycle.

Fig. 10.27 a Schematic illustration of the formation mechanism of bubble-nanorod-structured
Fe2O3–C composite nanofibers by Kirkendall-type diffusion. b TEM image and c cycling
performance and rate performance of the bubble-nanorod-structured Fe2O3–C composite
nanofibers (Reproduced from Ref. [147] with kind permission of © 2015 American Chemical
Society)
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Especially, carbons with open pores can provide additional benefits. On one
hand, they allow more active materials to grow inside the pores, which
well-confined the growth of nanomaterials, avoiding their agglomeration, and
leading to favorable interactions between the two phases. On the other hand, the
open pores can act as electrolyte container for high-rate charing/discharging and Li+

reservoir for efficient Li+ diffusion and storage. Ordered mesoporous carbon can
be prepared through directly assembling mesoporous polymers based on soft
templates of block copolymers or nanocasting monomers/polymers (sucrose,
resorcinol-formaldehyde resin, PAN, etc.) into hard templates of ordered meso-
porous silica or [153, 155, 156]. As the most well-known member of the meso-
porous carbon family, CMK-3, a sucrose-derived replica of SBA-15, has a uniform
pore diameter, large pore volume, interconnected porous structure, and high con-
ductivity [157, 158]. These features enable a very high reversible capacity (up to
1100 mAh g−1) and good cycle performance [159] and also make it a promising
carbon matrix for enhancing the electrochemical performance of various electrode
materials, e.g., NiO [160, 161], CoO [162, 163], a-Fe2O3 [164], Fe3O4 [165], FeF3
[166], SnO2 [167], CuO [168], and MoO2 [169]. MoS2 can be impregnated into
CMK-3 by saturation with ammoniumtetrathiomolybdate (NH4MoS4) solution
[170]. The as-obtained MoS2@CMK-3 nanocomposite showed an improved
cycling performance of 602 mA h g−1 at 250 mA g−1 after 100 cycles compared to
the bulk MoS2 and an excellent rate capability of 564 mA h g−1 at 2000 mA g−1

(Fig. 10.28). Hybrid nanostructure of MoS2 nanosheets grown on CMK-3 can be
obtained with hydrothermal method, as illustrated in Fig. 10.29 [171]. With the
maintained mesoporous feature of CMK-3, this composite delivered a high dis-
charge capacity of 934 mAh g−1 even after 150 cycles at a current density of
400 mA g−1, with a coulombic efficiency close to 100% (Fig. 10.30).

Hybridization structure of inorganic/C scaffold can also be achieved by one-pot
construction of polymer/metal ions (or salts) precursors followed by carbonization,
which is more facile compared with the above two strategies. For example, by
in situ polymerization of dopamine with zinc and iron species followed by car-
bonization, ZnFe2O4/C nanospheres could be synthesized [172]. The ZnFe2O4

nanoparticles (*8 nm) were well dispersed in the polydopamine-derived porous

Scheme 10.8 Synthetic scheme for the SnO2–C composites (Reproduced from Ref. [148] with
kind permission of © 2011 Royal Society of Chemistry)
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carbon matrix, which endowed the nanospheres with excellent rate capability and
cycling stability. After high-rate cycling at 1, 2, and 5 A g−1 for 100, 200, and 200
cycles, the ZnFe2O4 nanospheres could still deliver very stable capacities of 606,
490, and 392 mA h g−1 and no obvious capacity fading was observed at each
current density. Through complexation of dopamine and MoVI followed by
hydrothermal treatment and post-annealing, sandwich-like structure of single-layer
MoS2/N-doped carbon nanocomposite could be successfully obtained (Fig. 10.31).
The nanocomposite with a MoS2 content of 76 wt% exhibited a stable capacity of
500 mA h g−1 for more than 800 cycles at 1.0 A g−1 [173]. Nevertheless, the
complexation was restricted to certain species, and the composition determined by
the coordination chemistry rather than the feed ratio is hard to control.

10.4.2 Cathode Materials

Basically, there are two kinds of cathode materials for LIBs, lithium transition metal
oxides and phosphates [116]. Among diverse lithium transition metal oxides, lay-
ered LiCoO2 and spinel-type LiMn2O4, as most promising and typical materials,
have been attracting tremendous attention. LiCoO2 has been successfully com-
mercialized as a cathode material since the birth of the LIBs, owing to its merits
such as high voltage (4.2 V vs. Li/Li+), considerable reversible capacity (135 mAh
g−1), and easy production. By doping or substitution of Co atoms with elements
such as Ni, Mn, and Fe in the lattice, the inherent electronic and Li+ conductivity
can be enhanced and the production cost can be reduced. And spinel-typed
LiMn2O4, in which Mn can be partially substituted by Ni and Al, has long been
studied as LIBs cathode materials because of their reliable safety and low cost.
However, challenges of poor electronic and Li+ conductivity, continuous dissolu-
tion of metal ions during discharge/charge cycles still remain for LiCoO2 and
LiMn2O4. As mentioned in the above section, carbon coating is regarded as a

Fig. 10.28 a Cycling performance of MoS2@CMK-3 electrode, and b rate capability of the
MoS2@CMK-3 electrode (Reproduced from Ref. [164] with kind permission of © 2012 Royal
Society of Chemistry)
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general surface modification for anode materials, because it can enhance electronic
conductivity and isolate the active cores from outside environment. However,
polymer-derived carbon coating on the surface of LiCoO2 and LiMn2O4 was less
reported, because the carbonization of polymer under inert atmosphere generates H2

and CO, which may reduce the high-valence metal in these cathode materials.
The second class of cathode materials is phosphate. Since the proposal of

LiFeO4 by Goodenough et al. in 1997, olivine-type LiMPO4 (where M = Fe, Mn,
Co, or Ni) materials have been extensively studied as promising cathode materials.
Among them, LiFePO4 is gaining significant attention because of its relatively low
cost, high theoretical capacity (170 mA h g−1), environmental benignity, and safe
nature. However, its poor electronic (*10−9 S cm−1) an ionic conductivity (10−14

to 10−16 cm2 s−1) result in poor rate capability, which seriously hamper its practical
applications. Besides crystalline lattice optimization (doping transition metals or
polyanions) which can improve the inherently electronic and Li+ conductivity,

Fig. 10.29 a Schematic illustration of the formation of MoS2@CMK-3 hybrid nanostructure.
b SEM and c TEM images of MoS2 nanosheets on CMK-3 after the hydrothermal process
(Reproduced from Ref. [165] with kind permission of © 2014 Wiley-VCH)
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Fig. 10.30 a Cycling performance together with Coulombic efficiency of MoS2@CMK-3 at a
current density of 400 mA g−1. b Cycling performance of MoS2@CMK-3 at different current
densities(Reproduced from Ref. [165] with kind permission of © 2014 Wiley-VCH)

Fig. 10.31 a Schematics showing structural and morphological evolutions of MoS2/C. b Cycling
performance at a discharge rate of 5 A g−1 and a charge rate of 1 A g−1 of the MoS2/C anode
(Reproduced from Ref. [167] with kind permission of © 2014 Royal Society of Chemistry)
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nanoengineering and hybridization with carbon are still two keys to solve the
kinetics problems as the same with anode materials. Nanostructures facilitate the
Li+ diffusion in the cathode materials due to the reduced dimension, which, how-
ever, also brings along other problems. For example, due to the enlarged surface
area, more undesirable chemical reactions occur at the interface of the
electrode/electrolyte. The side reactions produce HF which attacks the surface of
LiFePO4, leading to poor cycle performance [174]. Carbon coating is an effective
way to eliminate this problem. The carbon layer with good electric conductivity
prevents direct contact of electrode surface and electrolyte, therefore alleviating the
problems of low electronic conductivity as well as unfavorable side reactions.

Carbon coatings must also be either porous or very thin to allow easy penetration
of lithium ions [175]. Mechanically mixing the as-prepared powders with car-
bonaceous materials such as graphite, MCMB, and acetylene black can only obtain

Fig. 10.32 a Preparation process for the LiFePO4/carbon composite including an in situ
polymerization reaction and two typical restriction processes. b cycling profile tested at a current
density of 0.1 Ag−1 between 2.0 and 4.3 V; c charge–discharge curves at different cycle number
(Reproduced from Ref. [170] with kind permission of © 2008 Wiley-VCH)
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a rough-coating structure. Although these techniques significantly improve the
electronic conductivity, the carbon coating is not uniform and the thickness is hard
to control, uncoated areas remain weak sites for the attack of O2 and electrolyte.
Polymer coating followed by pyrolysis can offer more uniform, continuous, and
complete carbon coating on the surface of LiFeO4, because it is easier to obtain
evenly distributed nanoparticles in solution than in solid phase, and monomers/
polymers can be satisfactorily adhere to the surface of LiFeO4 by coulombic forces
or chemical adsorption/bonding. By control the concentration of monomers/
polymers, the reaction time of polymerization, the thickness of the resultant carbon
layer can be easily adjusted.

As a typical example, LiFePO4@C composite in which highly crystalline
LiFePO4 cores (20–40 nm) coated by a continuous semi-graphite carbon shell
(1–2 nm) could be successfully obtained through in situ polymerization restriction
method [176]. As shown in Fig. 10.32a, in the first step, aniline monomers were
in situ polymerized on the surface of newly generated FePO4 nanoparticles, forming
a polyaniline shell which can effectively restrict the growth of FePO4. And in the
second step, polyaniline was transformed to carbon layer which in situ restricted the
growth of LiFePO4. The core-shell structured LiFePO4@C delivered a discharge
capacity of 168 mAh g−1 at a current density of 0.1 A g−1 and maintained 95% of
the capacity over 1100 cycles (Fig. 10.32b, c). LiFePO4@CNT core–shell nano-
wires could be obtained through using self-catalyzed pyrolysis of PMMA [174]. As
shown in Scheme 10.9, PMMA coated on LiFePO4 precursor nanowires was in situ

Scheme 10.9 Schematics to illustrate the synthetic procedure of the LFP@CNT nanocomposites
(Reproduced from Ref. [168] with kind permission of © 2013 Royal Society of Chemistry)
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catalyzed by Fe2+ to transform graphitized CNT, which in return restricts the
growth of LiFePO4 crystallite during the heat treatment. LiFePO4@CNT nanowires
delivered a capacity of 160 mA h g−1 at 17 mA g−1, and 65 mA h g−1 at
8500 mA g−1 (50 C, 1.2 min for charging/discharge).

Porous carbons prepared from the pyrolysis of polymers and carbohydrates will
form interconnected nanochannels and electronically conductive walls, which are
characteristically good conducting networks for both Li+ and electron. With
Pluronic F127, a block copolymer, as a soft template for the nanoporous carbon
matrix, the LiFePO4@C nanocomposite with highly dispersed LiFePO4 nanopar-
ticles (60–100 nm) was obtained by two-step synthesis: sol–gel procedure and
subsequent solid-state reaction (Fig. 10.33a, b) [177]. Owing to fast migration of
Li+ and e−, this LiFePO4@C nanocomposite showed high-rate capability and
excellent cycling performance. At a high power density of up to 20 kW kg−1

(completing the discharge or charge process in about 16 s, corresponding to a rate

Fig. 10.33 a High-magnification TEM image and b Nitrogen adsorption/desorption isotherms of
the LFP-NP@NPCM nanocomposite. c Rate performance at different power density; the inset
shows the Ragone plots for the nanocomposite and commercially available supercapacitor
electrodes. d Cycling performance of the LFP-NP@NPCM nanocomposite cycled at a rate of 1.5
C between 2.2 and 4.2 V (vs. Li+/Li), the inset shows the corresponding Coulombic-efficiency
profiles (Reproduced from Ref. [171] with kind permission of © 2009 Wiley-VCH)
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of 230 C), it can maintain the discharge energy density of 87 Wh kg−1. After 700
cycles at 1.5 C, it maintained 97% of the capacity (Fig. 10.33c, d). The performance
of the LiFePO4@C nanocomposite was similar to supercapacitors, but with higher
energy density. LiFePO4 embedded in ordered mesoporous carbon can be also
prepared by nanocasting LiFePO4 into a hard template, CMK-3 (Fig. 10.34) [178].
The mesoporous LiFePO4/C composite can maintain *110 mAh g−1, 91% of the
initial capacity after 1000 cycles at a rate of 10 C (completing the discharge or
charge process in 6 min).

10.5 Conclusions

The recent advances on polymer-derived inorganic/carbon nanocomposites as
efficient materials for electrochemical energy conversion and storage are high-
lighted in this chapter. Taking HER and LIBs as the good examples, the significant
improvement of activity/capacity and durability associated with carbon integration
from polymer-derivation has been demonstrated, which should be ascribed the
optimized thermaldynamics and kinetics for electrochemical processes. In the case
of HER, the hybridization of polymer-derived carbon contributes to the enhanced
electronic conductivity, the varied electronic configuration, and the
space-confinement for active catalysts. As for LIBs, the carbon-hybrid structures
promote electronic and ionic conductivity and provide soft-matrix to accommodate
the drastic volume variations during electrochemical processes, accomplishing the
high capacity, good rate capacity, and long cycling life.

It should be pointed out that the design of polymer-derived inorganic/carbon
electrode materials is still ongoing, and there are several important issues required

Fig. 10.34 a HRTEM images of mesoporous LiFePO4/C nanocomposite, and b discharge
capacity versus cycle number for the mesoporous nanocomposite electrode at the high rate of 10 C.
The inset shows the high coulombic efficiency (Reproduced from Ref. [172] with kind permission
of © 2010 Wiley-VCH)
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to be cleared. Firstly, the precise control on the electronic structure of
inorganic/carbon nanocomposites should be taken into account as the keys to fur-
ther enhance the electrochemical performance. The tailored electronic properties,
such as Fermi level, d-band structure, and conductivity, are expected to optimize the
surface activity of inorganics and utilize their synergy with carbon species.
Secondly, the effective control over the combination between polymer-derived
carbon and inorganic, and their nanostructures should be employed to design
high-performance materials, in which the hierarchical nanostructures with uniform
carbon–inorganic combination are demanded. Thirdly, the further mechanism
underlying the efficient performance of such composites associated with the
interactions of carbon and inorganic should be uncovered to open new opportunities
in energy field. With rational design and delicate control in synthetic process, this
unique class of nanocomposites may hold the key to overcome some bottlenecks of
current materials in electrochemical energy conversion and storage.
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Chapter 11
Tailoring Performance of Polymer
Electrolytes Through Formulation Design

Wei Wang, Dmitry Bedrov and Paschalis Alexandridis

Abstract The flammable organic solvent-based electrolytes used in lithium bat-
teries impose serious safety concerns and temperature restrictions. A switch to solid
polymer electrolytes can significantly increase chemical/mechanical stability,
improve safety, reduce cost, and advance manufacturability, if only issues such as
low conductivity and transference, limited operating temperature range, and
insufficient mechanical strength can be overcome. To this end, significant research
efforts have been directed to understand the mechanism of lithium ion motion in
polymer matrices and to modify the chemistry, architecture, and morphology of the
poly(ethylene oxide) polymer typically used in polymer electrolytes. Furthermore,
the incorporation of nanoparticles into polymer electrolytes has created new
opportunities for simultaneous improvement of conductivity and of mechanical
properties. The performance of such composite polymer electrolytes can be mod-
ulated by the judicious surface chemical modification of the nanoparticles and/or by
the addition of organic solvents or ionic liquids. The examples highlighted here
point to the importance of formulation design for the improvement of the perfor-
mance characteristics of multi-component systems such as polymer electrolytes.
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11.1 Introduction

Polymer electrolytes are widely utilized in electrochemical devices such as
lithium-ion batteries, fuel cells, and supercapacitors for energy storage and con-
version [1–8]. In this chapter, we focus on different additives and their effects on
polymer electrolyte performance for lithium-ion batteries. A battery is composed of
two electrochemically active electrodes [9] separated by an ion-conductive, elec-
tronically insulating electrolyte medium [10]. Rechargeable batteries find wide-
spread use because of their repeated charge and discharge capability [11].

The electrolyte is one of the critical components of the lithium-ion battery. It
facilitates ion transport and blocks electron conduction between the two electrodes
[12]. Desirable properties of electrolytes are: high ionic conductivity and cation
mobility, low electronic conductivity, good mechanical strength, thermal and
chemical stability, and interfacial contact with electrodes, and large electrochemical
stability window [13, 14]. Organic solvent-based electrolytes and ionic liquid-based
electrolytes are two classes of electrolytes that have been well studied but they
exhibit several drawbacks [15]. Organic solvent-based electrolytes have problems
that include intrinsically poor cycling efficiency and flammability [16]. For ionic
liquid-based electrolytes, a challenge is their relatively high viscosity which limits
the attainable ionic conductivity [17–19]. Polymer electrolytes [20, 21] have thus
been considered with an aim to overcome such limitations. The archetype polymer
electrolyte is based on poly(ethylene oxide) (PEO) with lithium salt dissolved in it
[22]. However, the semi-crystalline structure of PEO presents inherent problems as
a polymer matrix for Li+: (1) not sufficiently high ionic conductivity, especially in
ambient temperature; (2) insufficient mechanical strength; and (3) dendrite growth
at the interface between electrode and electrolyte, which might cause internal short
circuits [2].

In order to overcome these limitations of polymer electrolytes, several avenues
have been explored. One promising line of investigation involves the introduction
of nano-sized additives, as shown in Fig. 11.1 [23], in order to minimize the
concentration of PEO crystalline domains without diminishing the PEO flexibility
and mechanical stability over a wide temperature range [24, 25]. Inert oxide
ceramics are the most common additives [26]. The effects of such additives have
been analyzed in terms of Lewis acid–base interactions [24] between the surface
groups of the fillers and active sites on the polymer chains.

Even though ternary systems incorporating nano-additives are promising, e.g.,
due to simultaneous improvement of conductivity and mechanical strength [24–27],
composite polymer electrolytes (CPEs) are still away from desirable performance,
e.g., room temperature conductivity higher than 10−3 S/cm [28]. For applications in
electrochemical devices such as lithium-ion batteries [4, 12], research on CPEs is
directed toward the formulation of modified ternary (polymer + lithium
salt + nanoparticle) systems.

Different schemes have been reported for modifying each component in CPEs.
Here, we focus on two avenues of modification: (1) surface chemical modification
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of nanoparticles, e.g., functionalization by oligomer groups or by ionic liquids;
(2) physical modification via the addition of components such as organic solvents
or ionic liquids. Section 11.2 discusses Li+ transport mechanisms and factors that
affect it in polymer-based electrolytes. Section 11.3 addresses the effect of
nanoparticles on CPE properties and performance. Section 11.4 discusses
nanoparticle chemical modification. Section 11.5 is concerned with the physical
addition of a fourth component to CPEs. The purpose of Sects. 11.4 and 11.5 is to
exemplify how different formulation modifications of CPEs have been designed and
implemented, and to inspire ideas on novel CPE design for further CPE perfor-
mance improvement.

11.2 Polymer-Based Electrolytes

First, we review key molecular mechanisms and phenomena influencing the motion
of Li ions (and their counter-ions) in a polymer matrix, and we outline several major
challenges that conventional polymer electrolytes are facing to become an efficient
alternative to conventional organic solvent electrolytes. We use PEO-based poly-
mer electrolytes to illustrate these issues as the overwhelming majority of polymer
electrolytes investigated to date are PEO-based. In addition to a large number of
experimental studies, PEO-based electrolytes have also been studied by molecular
simulation [29–41], and therefore these systems provide good case studies to
illustrate the full complexity of understanding and design of efficient polymer
electrolytes.

Fig. 11.1 Schematic of composite polymer electrolytes in the context of lithium-ion batteries
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11.2.1 Mechanism of Li+ Motion in PEO-Based Polymer
Electrolytes

PEO is the quintessential polymer electrolyte owing largely to its effectiveness at
dissolving lithium salts due to strong Li+-ether oxygen binding. Quantum chemistry
(QC) and molecular dynamics (MD) simulation studies [29, 42] of PEO have
revealed that Li+ cations are very strongly coordinated by an average of six ether
oxygen atoms as shown in Fig. 11.2. Coordination of Li+ usually involves a single
PEO chain, with occasional coordination by two polymer chains.

The nature of ether–-Li+ interactions strongly affects the mechanism of Li+

mobility in PEO-based solid polymer electrolytes (SPEs). This can be understood
by comparing the mechanism of Li+ diffusion in oligoethers with that in organic
solvents. Li+ motion in organic liquid electrolytes (typically carbonates) occurs by a
combination of vehicular (with a solvent shell) and structural (exchange of solvent
shell) diffusion [43]. In contrast, simulations reveal that Li+ diffusion in
pentaglyme + Li[bis[(trifluoromethyl) sulfonyl]imide] (TFSI) [43] salt occurs
entirely by a vehicular mechanism, i.e., a pentaglyme/Li+ complex diffuses long
distances before Li+ exchanges between complexing molecules. The residence time
of Li+ with a pentaglyme is around 50 ns, compared to *1 ns in carbonate, or 3–
10 ns in ionic liquids [44]. While the lack of an efficient structural diffusion
mechanism has relatively little influence on Li+ motion in pentaglyme because of
the fast center-of-mass diffusion of the low molecular weight (MW) solvent, the
situation is different in higher molecular weight (MW) PEO. Because the
center-of-mass diffusion of PEO is negligible, a Li+ cation must change coordi-
nating PEO chains, i.e., it will undergo “jumps” between PEO chains [45].
Compared with pentaglyme, Li+ transport is considerably slower in the PEO-based
SPE, while the diffusion of TFSI is reduced relatively little, indicative of the relative
independence of anion motion from that of the polymer. This leads to a significantly
lower transference number in the polymer electrolyte as a much greater fraction of
charge is carried by the anion due to the very slow Li+ motion. Furthermore, the
PEO chain center-of-mass motion is considerably slower than that of the cation,
intimating that the vehicular mechanism, which is so important in the oligoethers,
does not contribute significantly to Li+ motion in the SPE. Instead, Li+ motion in
the PEO-based electrolytes resembles diffusion along PEO chain contours with
occasional inter-chain jumps on a time scale of *100 ns [41].

Fig. 11.2 Representative
configurations of Li+

coordination by PEO
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Simulation [29] and experimental studies [46, 47] of linear PEO-based elec-
trolytes also showed strong dependence of the Li+ and anion motion on salt con-
centration. While the anion motion remains much faster than that of Li+ for all salt
concentrations, the translational dynamics of both ions decrease dramatically with
increasing salt concentration, suggesting strong coupling with local polymer
relaxations. The slowing of polymer segmental dynamics with increasing salt
content is due to the strong binding between ether oxygens and Li+, which greatly
restricts conformational motion. As a result, a maximum in PEO-based electrolyte
conductivity is observed for Li:EO molar ratio *1:10 due to two counter-acting
effects: Ionic conductivity increases with increasing salt concentration due to the
increase in the number of charge carriers, while increasing salt concentration slows
down polymer dynamics, thereby decreasing also the Li+ transport [29, 48].

11.2.2 Influence of Polymer Architecture

Polyethers of comb-branch chain architecture have been investigated in efforts to
develop polymer electrolytes that take advantage of the ability of oligoethers to
coordinate Li+ while, at the same time, preventing crystallinity due to use of short
side chains, and allow for separate optimization of the backbone properties from
those of the side chains [49]. The ideal comb-branch electrolyte might, for example,
use a glassy backbone polymer, thereby leading to good mechanical properties,
while Li+ transport would be carried out by flexible ether (PEO) side chains
(Fig. 11.3a). The use of relatively short side chains not only reduces/prevents PEO
crystallinity, but may also facilitate the inter-chain hopping needed for large-scale
Li+ transport, due to sharing of Li+ cations between side chains. Several polymer
electrolytes formed from comb-branch polymer have been studied experimentally
[50, 51] and in simulations [30], however, studies showed that the conductivity of
the comb-branch electrolytes is very similar to that of the linear PEO electrolytes.
Molecular simulations of the comb-branched systems revealed that Li+ motion
occurs primarily by hopping of the cation from one side chain to another [30].
However, a fraction of Li+ cations are partially coordinated by the polyether
backbone and, therefore, have very slow dynamics and do not contribute to con-
ductivity. The slow dynamics of cations that are partially coordinated by the chain
backbone can be correlated with conformational transitions of PEO segments: those
that are closer to the backbone are significantly slower due to steric crowding.
Hence, the Li+ complexed by the slower segments exhibits the lowest mobility.
Therefore, while the comb-branched PEO-based electrolytes investigated so far did
not show improved Li+ conductivity, they provided evidence of two promising
trends: (1) the Li+ that is not complexed by the backbone exhibits higher mobility
than in the linear PEO electrolyte, indicating that the short side chains do promote
inter-chain hopping, and (2) the Li+ mobility, at least for those cations not com-
plexed by the polymer backbone, is largely independent of the backbone motion.
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One disadvantage of current PEO-based electrolytes is their low transference
number due to relatively high anion mobility. Large-scale anion motion in
comb-branch electrolyte can be eliminated by attaching the anions to the polymer
(Fig. 11.3b), however, this has a deleterious effect on Li+ mobility [52], because
anions play an important role in the ability of Li+ cations to undergo inter-chain
jumps. While attaching the anion to the polymer has the advantage of improving
transference number (all charge is carried by Li+), further reducing the Li+ mobility
is a major disadvantage. Addition of a solvent/plasticizer [e.g., ethylene carbonate
(EC)] to the single-ion conductor electrolytes showed dramatic improvement in
ionic conductivity over the non-plasticized single-ion conductor. EC increases the
rate of polymer conformational transitions, yet it is not directly involved in coor-
dination and transport of Li+ [53]. An experimental investigation [54] of a
single-ion conductor made from blending PEO with a comb-branch
polystyrene-based polyanion showed a low conductivity, but depending dramati-
cally upon the polyanion structure. Such blending provides additional degrees of
freedom in terms of composition and architecture design of polymer electrolyte
[55].

Finally, there has been an interest in siloxane as a component for polymer
electrolytes due to its conformational flexibility (and hence low glass transition
temperature) and electrochemical stability. Because siloxane itself has limited
ability to solvate Li+, siloxane-based electrolytes contain ether groups for the
purpose of solvating and transporting Li+. Siloxane-ether oligomers [56–59] and
comb-branch polymers with siloxane backbones and PEO side chains [60–63]
(Fig. 11.3c) show indeed improved conductivity. However, these electrolytes do
not exhibit adequate room temperature conductivity and mechanical stability for
most applications.

11.2.3 Influence of Polymer Morphology

Microphase-separated copolymers consisting of PEO covalently linked to a dif-
ferent type polymer offer an attractive avenue to achieving both high ionic

Fig. 11.3 Representative PEO-based polymer architectures considered for SPEs
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conductivity and dimensional stability in polymer electrolytes [64]. Microphase-
separated copolymers can also prevent the formation of semi-crystalline spherulites
that reduce contact with electrodes [65]. It is important to note that added lithium
salts modulate the degree of block segregation and can alter the resulting polymer
organization and properties emanating from this [66, 67]. Copolymer electrolytes
that provide nano-scale domains ion-rich and ion-lean can be advantageous [68].
The ion-rich domains play a primary role in ion transport and, to this end, the
polymer segments localized there should be mobile, through appropriate polymer
chemistry and architecture, or through heating and/or the introduction of plasti-
cizers. The polymer segments of the ion-lean domains can be designed such that
they contribute to the mechanical rigidity of the polymer electrolyte [69].

The conductivity of heterogeneous polymer electrolytes involves a pre-factor
f (� 1) that accounts for the tortuosity and connectivity of the conducting domains
[68]. In the case of block copolymer electrolytes [69] with well-defined nano-scale
morphologies [70], an ideal morphology factor, fideal, can be defined based on
perfectly ordered lamellae, cylinders, etc. [68]. Experimentally determined f of
heterogeneous polymer electrolytes relevant to Li-ion batteries is typically lower
than fideal [67] indicating the importance of the resistance at grain boundaries, and
associated with it, the importance of processing history [71, 72].

The effects of morphology on the ionic conductivities of polymer electrolytes are
significant [69]. A polymer electrolyte membrane of a typical 100 lm thickness
encompasses several micro-scale grains, each with well-defined nano-scale orga-
nization of the polymer, but each with different orientation. For intra-grain ion
transport, the continuity and connectivity of the ion-conductive nano-scale domains
are important, whereas for inter-grain ion transport, the connectivity of conducting
channels across the boundary between adjacent grains is important. The mesoscopic
and macroscopic orientation/alignment of nano-structured domains are outstanding
issues in the field of microphase-separated polymers, but several methodologies
have been found effective, such as thermal or solvent annealing, epitaxy, tem-
plating, stretching, shear alignment, application magnetic or electric fields, or
combinations thereof [72–83].

While nano-scale polymer organization is driven by thermodynamics,
meso-scale grain size and alignment are typically an outcome of processing, either
deliberate or unintended consequence of sample preparation and testing [84]. An
investigation of thermal history on the ionic conductivity of LiTFSI (lithium bis
(trifluoromethanesulfonyl)imide, LiN(SO2CF3)2)-doped PEO-PS (polystyrene)
block copolymer electrolytes showed the conductivity of low MW samples to
decrease after annealing, while the conductivity of high MW samples was unaf-
fected. This was attributed to the development of well-defined nanostructure in the
annealed samples [85]. A subsequent study on the dependence of ionic conductivity
on the grain size of a lamellar PEO-PS block copolymer electrolyte showed
well-formed lamellar grains to be less conducting than poorly defined, small grains
[86]. Well-ordered solvent-cast films of polymerized ionic liquid block copolymers
(single-ion conductors) exhibited up to an order of magnitude higher conductivity
than poorly ordered melt-pressed films [87].
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11.3 Composite Polymer Electrolytes

As nanoparticles are incorporated into a PEO + salt electrolyte to form a composite
polymer electrolyte (CPE) [24, 25], the concentration of PEO crystalline domains
can be reduced without harming the PEO chain flexibility. This is a main reason for
the observed ionic conductivity enhancement in CPEs. Moreover, the cation
transference number (t+, fraction of the current carried by lithium ions) and the
mechanical strength can be improved simultaneously over a wide temperature
range. These effects of nanoparticles on polymer electrolytes are highlighted in this
section.

11.3.1 Nanoparticle Effects on Conduction
and Transference

The most critical requirement for the application of polymer electrolytes in
lithium-ion batteries is the ionic conductivity. This is commonly described by the
Vogel–Tamman–Fulcher (VTF) equation [25, 88, 89].

r ¼ AT�1=2 exp½�Ea=ðT � T0Þ� ð11:1Þ

The conductivity variation with inverse temperature for the CPEs PEO (4 � 106

g/mol)–LiTf (lithium trifluoromethanesulfonate or lithium triflate, LiCF3SO3, EO:
Li+ = 9)–xwt% TiO2 (x = 0, 5, 10, 15 and 20) is shown in Fig. 11.4. Only the 5 wt%
sample behaves differently compared to the typical VTF behavior of other elec-
trolytes. Specifically, the conductivity increases faster at temperatures T > 80 °C
due to the increased mobility of ions via Lewis acid–base interaction. The sample
with 10 wt% TiO2 exhibited the optimal ionic conductivity among those studied.
Further addition of nanoparticles (20 wt%) led to a drop in conductivity because of
nanoparticle agglomeration that hindered ion transport [90].

In addition to their effect on ionic conductivity, nanoparticles also affect the
transference number (t+) of CPEs. t+ directly describes the charge transport and thus
the current of a specific ion [91]. Specifically, t+ indicates the fraction of the current
that is carried by the cation (Li+) in the electrolytes. It is desirable to achieve a high
t+ value in order to enhance the electrode reaction kinetics and to eliminate the
concentration gradients within the battery so that the internal voltage drop could be
lowered and the output current increased [92]. t+ is most commonly calculated by
Eq. (11.2) [93, 94].

tþ ¼ lþ

lþ þ l�
¼ Dþ

Dþ þD� ð11:2Þ
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In Eq. (11.2), D+ and D− are the cation and anion self-diffusion coefficients; l+

and l− are the mobility [95, 96] of the cation and anion, respectively.
High lithium transference number (tLi þ ) at ambient temperature contributes to

efficient battery performance [97, 98]. In view of the importance of t+, the effect of
additive surface functional sites on the transference number (t+) is discussed here.
For the system PEO–LiCF3SO3 (EO:Li+ = 20)–10 wt% Al2O3 (basic, neutral, or
acidic, d = 5.8 nm), the transference number t+ increased in the sequence of
updoped (t+ = 0.46) < basic Al2O3 (t

+ = 0.48) < neutral Al2O3 (t
+ = 0.54) < acidic

Al2O3 (t+ = 0.63) [99]. As for an explanation, the hydrogens of acidic ceramic
surfaces (Lewis acid) form hydrogen bonds with the lithium salt anions and the
ether oxygens (Lewis base) [99], which promote salt dissociation and also decrease
the PEO crystallinity [98, 99]. In this way, t+ increased. As for the neutral and basic
Al2O3, the number of Lewis acid sites decreased, leading to a weaker increase in t+.
This discussion would be more interesting if the number of acidic sites on the
surface could be quantified in combination with oxygen vacancy analysis. The
efficiency of acidic sites on the t+ increase would thus be revealed.

We discuss above factors affecting the lithium transference number t+. But how
is t+ related to conductivity? Conductivity and tLi þ results have been compared for
CPEs, with the additive being ionically active or inert SiO2 particles (active SiO2

was mesoporous silica MCM-41 absorbing plasticizers of ethylene carbonate (EC)/
propylene carbonate; inert SiO2 was mesoporous silica MCM-41 without plasti-
cizers). For PEO (300,000 g/mol)–LiClO4 (EO:Li

+ = 16)–SiO2 (1000 m2 g−1), the
conductivity initially increased upon addition of active SiO2, attained a maximum
value of about 2.4 � 10−5 S cm−1 at 10 wt% active SBA-15 (even though the free
Li ion percentage was optimized at 5 wt%), followed by a mild decline with further
loading of active SBA-15 [92]. In parallel, the transference number t+ increased
from 0.42 for the undoped sample, reached a maximum value of 0.54 at 10 wt%

Fig. 11.4 Variation of
conductivity with inverse
temperature on the heating
run for composite polymer
electrolytes incorporating
TiO2 ceramic powder; PEO
(4 � 106 g/mol)–LiTf (EO:
Li+ = 9)–x wt% TiO2 (x = 0,
5, 10, 15 and 20)
(Reproduced from Ref. [90]
with kind permission of ©
2014 Elsevier)
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active SBA-15, followed by a drastic decline with further loading of active
SBA-15 (Fig. 11.5). As for the reasons, the –OH groups on the surface of SBA-15
compete with Li+ (both as Lewis acid) to interact with ether oxygens and ClO4

−

(both as Lewis base) to promote Li+ transport and thus enhance t+. When the
additive content exceeded 10 wt%, nanoparticle aggregation drastically impaired
the Li+ transference number.

In another study, mSBA-15 (silane-functionalized silica of SBA-15,
1000 m2 g−1) was added into PEO (300,000 g/mol)–LiClO4 (EO:Li+ = 16). The
ionic conductivity (r) and t+ presented a similar increasing trend and achieved their
peak values simultaneously at a level of 5 wt% doping. This mSBA-15 additive has
been proposed to promote lithium salt dissociation and produce more free lithium
ion, and to lower the activation for ion transport [100]. Following the peak values, r
decreased gradually and t+ decreased steeper upon further nanoparticle addition.

11.3.2 Nanoparticle Effects on Mechanical Properties

Polymer electrolytes are promising to avoid drawbacks of the liquid-state elec-
trolytes and help to expand the operating conditions, even in harsh conditions, e.g.,
high temperature. However, the mechanical strength of neat PEO is not satisfactory,
especially at a high working temperature due to its low-melting temperature
66–75 °C. The binary systems of PEO with lithium salt do not exhibit an obvious
improvement of mechanical strength despite the transient crosslinks [101] formed
between lithium ions and ether oxygens. Thus, the mechanical properties of
polymer electrolytes with nano-additives became of interest. In this section, we
discuss how nanoparticles can improve CPE mechanical properties such as tensile
strength, yield strength, elastic and viscous modulus.

Silane (KH550)-modified silica was added for simultaneous enhancement of the
ionic conductivity and mechanical strength of PEO (MW = 300,000 g/mol)–

Fig. 11.5 Ionic conductivity
r and lithium transference
number t+ as a function of
a active SBA-15 and
b inert SBA-15 content for
PEO (300,000 g/mol)–
LiClO4–SiO2 (1000 m2 g−1)
CPE at 25 °C. Solid lines
correspond to the Y axis on
the left. The dashed line
corresponds to the Y axis on
the right (Data from Wang
et al. Ref. [92])
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LiClO4 (EO:Li
+ = 16) [102]. Less than 10 wt% nanoparticles caused the formation

of an amorphous interface region around the nanoparticles and an increase in the
polymer amorphous fraction [103], which led to an increase of the ionic conduc-
tivity as shown in Fig. 11.6. Further addition (>10 wt%) of nanoparticles led to
agglomeration that impaired the ionic conductivity. In contrast, the CPE tensile
strength kept increasing upon addition of nanoparticles to 15 wt% [102].

In another study, the tensile modulus and yield strength of PEO
(300,000 g/mol)–LiClO4–(mSBA-15: silane-functionalized mesoporous silica)
increased with increasing mSBA-15 amount in the 0–15 wt% range [100]. This
enhancement is due to the addition of ceramic fillers which acted as crosslinking
media inside the polymer matrix by their surface interactions [104]. However, the
enhancement was not always monotonic. For PEO (100,000 g/mol)–LiClO4–

(montmorillonite–CNT), the optimized tensile strength was achieved upon 5 wt%
clay–CNT incorporation into the hybrid. The tensile strength increased by 160%
compared to the PEO electrolyte [105]. This reinforcement has been ascribed to the
large aspect ratio and surface roughness of the clay–CNT hybrid filler, which lead
to strong interactions between nano-fillers and polymer [105]. The different surface
roughness may also explain the difference in the optimal nano-additive amount for
maximized tensile strength between these two systems. In combination with the
knowledge that the maximum conductivity occurred at 10 wt% nano-additive [92,
106, 107], the incorporation of 10 wt% nano-additive appears to offer an optimal
combination of improved mechanical properties as well as optimized ion conduc-
tivity. Very likely, a CPE composition involving around 10 wt% additive would
also correspond to minimized Tg, Tm, and crystallinity. Of course, the surface
conditions, e.g., roughness, functionalization, and possible surface defects of the
nanoparticle additives may cause the final result to deviate.

Fig. 11.6 Ionic conductivity
and tensile strength for PEO
(MW = 300,000 g/mol)–
LiClO4 (EO:Li

+ = 16) with
various contents of SiO2 and
KH550-modified SiO2

(mSiO2) at 30 °C. Solid lines
correspond to the Y axis on
the left. Dashed lines
correspond to the Y axis on
the right (Data from Fan et al.
[102])
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11.4 Ternary Polymer Electrolytes

With an aim to further improve the CPE performance, Sect. 11.3 discusses the silica
nanoparticle modification by plasticizers treatment or by silane compound to tune
the interactions between polymer, nanoparticles, and Li+ ions (the notion of tuning
interactions also applies to the physical modification of CPEs that is discussed in
Sect. 11.4). The compatibility of nanoparticles with the polymer matrix can be
improved in this way. We discuss here pseudo-ternary systems consisting of
polymer, salt, and surface-modified nanoparticles. Typical methods of nanoparticle
chemical modification with polymers and ionic liquids are addressed in
Sects. 11.4.1 and 11.4.2, respectively.

11.4.1 Polymer-Functionalized Nanoparticles

In order to improve the compatibility of nanoparticles with the polymer matrix for a
better performance of CPEs, surface grafting of nanoparticles with oligomers (short
chain polymers) that share the same repeating unit as the polymer matrix has been
actively investigated. One example involves polyhedral oligomeric silsesquioxane
(POSS) nanoparticles functionalized by poly(ethylene glycol) (PEG) [108, 109],
and another example concerns silica functionalized by PEO [110]. POSS is an
organic–inorganic hybrid compound typically formed by inorganic cubic core
(siloxane cage) and outer organic groups (pendant arms), with a general formula of
(RSiO1.5)n = 6, 8, or 10 [111]. POSS are of interest for their broad applications [73,
83], inlcuding in connection to CPEs [112–115].

Different ways of POSS [116–118] application in combination with
ion-conductive polymers (e.g., PEO) for electrolytes in lithium-ion batteries have
been reported [73, 108, 109, 111–118]. In the first case, the outer organic groups of
POSS are ion-conductive PEO chains, and the organic–inorganic hybrid compound
(generally denoted as POSS–PEO) itself acts as an electrolyte with the grafted PEO
serving as conducting media. In this case, the POSS–PEO is the matrix. In the
second case, POSS–PEO can also be used as an additive for binary PEO + salt
polymer electrolytes; with the help of grafted PEO chains, compatibility with the
PEO matrix can be improved. A comparison of these two cases is presented next.

For the first case of POSS–R as matrix, POSS–PEO8 (n = 4, where n denotes the
number of PEO-repeating units attached to POSS, while the subscript 8 of PEO
denotes octa-functionalization on POSS) and PEO 600 K were compared as ion
conduction medium upon addition of LiClO4 at a fixed amount of EO:Li+ = 12. As
shown in Fig. 11.7a, the POSS–PEO8 (n = 4)-based electrolyte exhibited higher
conductivity than that of PEO (600 K)-based electrolyte over the whole temperature
range. In contrast, in Fig. 11.7b, PEO (600 K)–LiClO4 (O/Li = 12:1) exhibited an
abrupt conductivity change [108] at the PEO-melting temperature of around 327 K.
At low temperatures (T < Tm), neat POSS–PEO8 (n = 4, O/Li = 12:1) presented a
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higher conductivity than that of PEO (600 K)–LiClO4 (O/Li = 12:1) because of the
low viscosity of POSS–PEO8 and the crystallization of PEO. At high temperatures
(T > Tm), it is the opposite case because of the inert SiO1.5 core of POSS–PEO.

For the second case of POSS–R as additive, at low temperatures, the mixture of
POSS–PEO8 (n = 4) /PEO (600 K) exhibited a conductivity between that of
POSS–PEO8 (n = 4)- and PEO (600 K)-based electrolytes. This was attributed to
the crystallinity decrease by addition of POSS–PEO8 into PEO (600 K); at high
temperatures, the mixture of POSS–PEO8 (n = 4) /PEO (600 K) exhibited lower
conductivity than PEO (600 K)–LiClO4 (O/Li = 12:1) because of the presence of
the inert SiO1.5 core [108].

Fumed silica (FS) (d = 12 nm, surface area = 200 m2/g) functionalized by
non-polar alkyl moieties (FS-C8) or by polar PEO oligomers with
MW = 200 g/mol (FS-C3EG3ME) has been used in oligomer-based electrolytes
with two different lithium salts, respectively: polyethylene glycol dimethyl ether
(PEGDME, Mw = 250 g/mol)–LiN(CF3SO3)2/LiCF3SO3 (Li:O = 1:20) [110]. The
conductivity was not improved but rather dropped marginally with the addition of
fumed silica at a doping amount of 10 and 20 wt%. FS-C3EG3ME even brought
down the conductivity to a larger extent compared to FC-C8. High conductivities of
over 10−3 S/cm at the 295–400 K temperature range were reported [110]. This high
conductivity was attributed to the low molecular weight matrix of PEGDME with
MW = 250 g/mol. In this case of low molecular weight oligomer electrolyte, the
conductivity benefited from the liquid state of the matrix, while the addition of
nanoparticles increased the viscosity to impair the ionic conductivity to some
degree. This is opposite to the nanoparticle effect in SPEs to improve ion con-
duction. However, when it comes to a solid polymer matrix, it is possible that

Fig. 11.7 a Conductivities of (i) POSS–PEO (n = 3)8 (filled triangle); (ii) POSS–PEO (n = <8>)8
(filled circle); (iii) PEGDME (MW = 500 g/mol) (filled square); and PEO (MW = 600 K) (filled
diamond). All samples are prepared using LiClO4 with O/Li = 8:1. Reproduced from Ref. [109]
with kind permission of © 2006 The Electrochemical Society; b conductivity plots of (i) POSS–
PEO8 (n = 4) (filled square); (ii) PEO (MW = 600 K) (filled diamond); (iii) blend of 50 wt%
POSS–PEO8 (n = 4) with 50% PEO (600 K) (filled triangle); and (iv) blend of 60 wt% POSS–
PEO(n = 4)8 with 40 wt% PEO (600 K) (filled circle); all samples are prepared using LiClO4 with
O/Li = 12:1 (Reproduced from Ref. [108] with kind permission of © 2007 American Chemical
Society)
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FC-C3EG3ME would act more effectively to facilitate ion transport for its lithium
ion coordination sites of EO units [114, 117]. Therefore, the incorporation of these
differently grafted fumed silica into solid polymer electrolytes awaits to be inves-
tigated for comparison.

Other studies of polymer-functionalized nanoparticles include silica grafted
with: [119] (1) homopolymer of poly(ethylene glycol) methyl ether methacrylate
(PEGMA) of different molecular weight, or (2) poly(ethylene glycol) methyl ether
methacrylate (PEGMA) copolymer, as additive for matrix of poly(ethylene glycol)
dimethyl ether (PEGDME, Mw = 500 g/mol)–LiI/I2 (EO:Li = 10:1). This system
was reported to achieve room temperature conductivity 10−4 S/cm, but this result
was around a threefold decrease from the undoped binary samples [119]. Thus, it
can be concluded that the effectiveness of modified nanoparticle on properties of
CPEs differs depending on the liquid or solid state of the polymer matrix, and it is
not always the case that chemically functionalized nanoparticles can help improve
the performance of the electrolytes. Similar work has been published, e.g.,
PEO-grafted silica was used in the matrix of PEO/sulfoisophthalate ionomers to
improve the room temperature ionic conductivity by an order of magnitude [120].

11.4.2 Ionic Liquid-Modified Nanoparticles

In addition to PEO oligomer grafting on POSS surfaces, ionic liquids have also
been introduced for nanoparticle chemical functionalization. The application of
ionic liquids in polymer electrolytes has been motivated by their good chemical and
electrochemical stability, low flammability, and negligible vapor pressure [18, 121–
126]. Researchers then considered nanoparticles and ionic liquids chemically
combined together as additives for CPEs. For example, studies have been reported
on 1-methyl-3-[(triethoxysilyl)propyl]imidazolium chloride (TMICl) tethered to
TiO2 nanoparticles (20 nm in size) used in electrolytes for dye-sensitized solar cells
(DSSC) [127], and on 1-undecyltrimethoxysilane-3-butyl imidazolium bis
(trifluoromethylsulfonyl) imide tethered to ZrO2 (average particle size 86 ± 2 nm)
as hybrid electrolytes for lithium-ion batteries [128].

In a recent study, 1-methyl-3-propyl-imidazolium bromide ionic liquid attached
on silica (MPIm-AS or AS-IL, size not given) was reported to improve the ionic
conductivity of PEO (MW = 106 g/mol)/poly(ethylene imine) (PEI,
MW = 1.2 � 105 g/mol)–LiClO4 [129]. (PEO:PEI = 10:1, lithium salt, and
nanoparticle amount not specified.) The novelties included: (1) physical mixing of
PEI with PEO as polymer matrix, PEI itself providing alternative coordination sites
to complex with lithium ions by its nitrogens on polymer chains; (2) blending with
PEI makes the electrolyte formation easier due to its lower viscosity, and thus
unnecessary to use plasticizers.

The impedance became much smaller upon the introduction of MPIm-AS, with
the optimal content observed at 6 wt% and the corresponding conductivity at
9.1 � 10−5 S/cm as shown in Fig. 11.8 [129]. In contrast to the Sect. 11.3
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discussion of optimal doping at 10 wt%, [92, 106, 107], the optimal doping con-
centration of AS-IL is decreased in this case to 6 wt%. The difference may be due to
the different composition of the polymer matrix. The different electron-donating
ability of oxygen and nitrogen led to a different solvating ability for the lithium ions
and interactions with AS-IL [129]. When the amount of AS-IL exceeded 6 wt%,
particle aggregation hindered the ion transport and decreased the ionic conductivity.

Decreasing melting temperature Tm and heat of fusion DHm values are reported
in Table 11.1. It is worth noting that the optimal conductivity point, at 6 wt%
MPIm-AS, is not the point of lowest PEO crystallinity. This was explained by a
greater amount of additive that aggregated and impaired the ion transport within the
matrix [129].

Another report of this type concerns 1-methylimidazole chloride (ImCl) ionic
liquid-tethered TiO2 (size not provided) as additives for plasticized polymer elec-
trolytes: PEO (Mw = 106 g/mol) /PMMA (Mw = 1.2 � 105 g/mol)–LiClO4–

propylene carbonate–(3–12 wt%) IL-TiO2 [130]. This study also followed the idea
of “tuning the recipe” for CPEs by blending polymers as co-matrix, and also by the
addition of plasticizer. The maximum conductivity was 1.05 � 10−4 S/cm at 9 wt%
IL-TiO2 [130]. Further addition of IL-TiO2 led to conductivity drop due to
immiscibility or aggregation of IL-TiO2. For this type of IL-tethered nanoparti-
cles, the topic of how the two counterparts, i.e., ionic liquid and nanoparticle, work
in tandem with the CPEs remains of interest to this field.

To sum up Sect. 11.4, chemical modification of ternary CPEs is seeking to
improve the compatibility of nanoparticles with the polymer matrix or to improve
the “solubility” of the nano-additives in the polymer matrix. One common method
is to graft functional groups onto the nanoparticle surface to interact with ether
oxygens of the PEO matrix. Following the chemical modification of the nanopar-
ticles, pre-existing Lewis acid–base interactions have been disturbed. The optimum
doping (for optimal ionic conductivity) is no longer the typical 10 wt% for
untreated nanoparticles [92, 106, 107]. For different studies, either the polymer
matrix can accommodate more nanoparticles [108, 109] for a higher performance,
or a smaller amount of nanoparticle doping [129] can function as well as the

Fig. 11.8 Ionic conductivity
of poly(ethylene oxide)
(MW = 106 g/mol)/poly
(ethylene imine)
(MW = 1.2 � 105 g/mol)–
LiClO4 (PEO:PEI = 10:1)
containing 0, 2, 4, 6, and 8 wt
% of AS-IL at room
temperature (Data from Kim
et al. [129])
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unmodified ternary CPEs. Moreover, in CPE studies with modified nanoparticles,
the observation that “the sample with nanoparticle doping amount for lowest
crystallinity point did not exhibit highest conductivity” [129] has not been thor-
oughly explained, even though the ion transport is believed to be facilitated in the
amorphous state of the polymer matrix.

11.5 Quaternary Polymer Electrolytes

After the discussion in Sect. 11.4 concerning chemically modified nanoparticles in
CPEs, we discuss here an alternative for CPE formulation, which is the physical
addition of a fourth component in order to improve the performance. The advan-
tages of this approach are the vast choice of co-additives and its ease of imple-
mentation (blending as opposed to organic/inorganic chemistry). We discuss here
pseudo-quaternary systems consisting of polymer, salt, nanoparticles, and solvent.
Two typical classes of the fourth CPE component are organic solvents as plasti-
cizers and ionic liquids. These are highlighted in Sects. 11.5.1 and 11.5.2,
respectively.

11.5.1 Organic Solvent Additives

Organic solvent-based electrolytes have been traditionally employed to obtain a
high ionic conductivity such as 10−2 S/cm [16, 131, 132]. Organic solvents have
also been added to polymer electrolytes to produce gel polymer electrolytes
(GPE) [133–135]. Given the organic solvent contribution to a high conductivity,
organic solvents have been employed as co-additives together with nanoparticles in
CPEs. This is a popular approach due to a wide range of additive choices. Selected
examples of such quaternary CPEs are discussed in this section.

Conductivity results of plasticized PEO–16 wt% LiCF3SO3–20 wt% EC
incorporating 3–18 wt% of Al2O3 (d = 11.8 nm) [136] are shown in Fig. 11.9.

Table 11.1 Melting point (Tm), melting enthalpy (DH) and crystallinity (vc) of for poly (ethylene
oxide) (MW = 106 g/mol)/poly(ethylene imine) (MW = 1.2 � 105 g/mol)–LiClO4 (PEO:
PEI = 10:1) CPEs containing 0, 2, 4, 6 and 8 wt% AS-IL [129]

Content of AS-IL Tm (°C) DHm (J/g) vc (%)

a (0 wt%) 60.67 32.1 46.5

b (2 wt%) 55.23 31.7 45.8

c (4 wt%) 53.66 28.7 41.5

d (6 wt%) 51.89 27.8 40.2

e (8 wt%) 46.29 27.2 39.6
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The addition of 15 wt% Al2O3 fillers maximized the ionic conductivity to
5.07 � 10−4 S/cm. For plasticized PEO (600,000 g/mol)–LiCF3SO3 (LiTf, Lithium
triflate)–dibutyl phthalate (DBP) (20 wt%) incorporating MnO2 (d = 12–15 nm), a
maximum conductivity of 4.3 � 10−4 S/cm was achieved at 12 wt% MnO2 [137].
Noticeably, the organic solvent-plasticized CPEs tend to accommodate more
nanoparticles for optimized ionic conductivity.

The ionic conductivity of systems comprising PEO (4 � 106 g/mol)–LiCF3SO3

(EO:Li+ = 9)–EC–Al2O3 (5.8 nm pore size, 150 mesh, neutral) is shown in
Fig. 11.10 [138]. The observed conductivity enhancement originated from the
structural modifications caused by the plasticizer and the nanoparticles. A sample
consisting of PEO (4 � 106 g/mol)–LiCF3SO3 (EO:Li

+ = 9)–50 wt% EC–15 wt%
Al2O3 (5.8 nm pore size, 150 mesh, neutral) exhibited the lowest Tg and Tm values
together with the highest conductivity. However, in the case where EC was not
added, the conductivity versus nanoparticle amount revealed that the highest con-
ductivity occurred at 13 wt% Al2O3, which is lower than that at 15 wt% observed in
the presence of EC. Compared to results from other ternary systems which usually
present optimal conductivity at 10 wt% nanoparticle doping [92, 106, 107], the
plasticized polymer electrolytes can accommodate higher amounts of
nano-additives, with the assistance of organic solvent.

In parallel with the conductivity results, the thermal properties of polymer
electrolytes incorporating co-additives reflect the conductivity trend to some extent,
and thus can be employed to explain the conductivity changes. The Tg and Tm
values for the binary PEO (4 � 106 g/mol)–LiCF3SO3 (Lithium triflate, LiTf, EO:
Li+ = 9) electrolytes were −44 and 58 °C, respectively [138]. Both Tg and Tm
decreased with the addition of either Al2O3 filler or EC plasticizer. A quaternary
system containing both nanoparticle and plasticizer further brought down both Tm
and Tg as shown by samples 1–6 in Table 11.2 [138]. Follow-up work with TiO2

(particle size not provided [90]) together with EC plasticizer added to the same
binary system of PEO (4 � 106 g/mol)–Lithium triflate (LiTf) (EO:Li+ = 9)
exhibited a similar trend of Tm and Tg drop [90]. For samples 7–9 in Table 11.2, the
activation energy (Ea) decreased from 120.6 to 78.8 kJ/mol with the addition of 10

Fig. 11.9 Conductivity for
PEO–LiCF3SO3–EC CPEs at
different wt% Al2O3, and for
PEO–LiCF3SO3–DBP CPEs
as a function of MnO2 content
at room temperature (Data
from Johan et al. [136, 137])

11 Tailoring Performance of Polymer Electrolytes Through … 497



wt% TiO2, and further decreased to 57.5 kJ/mol with addition of both 10 wt% TiO2

and 50 wt% EC at temperatures below 60 °C. This activation energy decrease
suggested an improved mobility of ions within the polymer matrix, and hence
increased conductivity. Whereas at temperatures above 60 °C, nearly equal Ea

values were obtained for binary, ternary, and quaternary samples [138]. The con-
ductivity increase could be explained by the improved ion mobility in the melted
matrix above Tm, which overwhelmed the effect from added nanoparticles or
plasticizer. For the plasticized CPE of PEO–LiTf (EO:Li+ = 9)–50 wt% EC,
addition of 15 wt% Al2O3 exhibited the lowest Tg and Tm (Tg decreased to −56 °C
and Tm to 49 °C, respectively). The doping amount of 15 wt% differs from that
reported to give optimal thermal property in ternary CPEs (without EC) at 10 wt%
nanoparticles [92, 106, 107]. The difference originated from the plasticizing effect
to accommodate more nanoparticles before aggregation would take place. As a
result, the optimal content of nanoparticle doping increased from 10 to 15 wt%.

A similar trend was obtained for a system of the same components but with
different formulation for optimal properties [136]. PEO (MW not provided)–16 wt
% LiCF3SO3–20 wt% EC–15 wt% Al2O3 (d = 11.8 nm) gave the lowest Tg and Tm

Fig. 11.10 Variation of the ionic conductivity with inverse temperature for the composite
polymer electrolyte systems: PEO–LiTf, PEO–LiTf–50 wt% EC, PEO–LiTf–10 wt% Al2O3,
PEO–LiTf–15 wt% Al2O3, PEO–LiTf–50 wt% EC–10 wt% Al2O3, PEO–LiTf–50 wt% EC–15 wt
% Al2O3. EO:Li

+ = 9 for all samples (Reproduced from Ref. [138] with kind permission of ©
2007 Elsevier)
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values, resulting from increased amorphous percentage and segmental flexibility
caused by the EC plasticizer and the nano-filler [139–141]. However, the PEO
(600,000 g/mol)–LiCF3SO3–dibutyl phthalate (DBP)–MnO2 (12–15 nm) CPE
exhibited a different change of Tg. As related to the polymer chain segmental
movement, Tg increased marginally to −70 ºC when MnO2 was added to the
plasticized system (Tg = −74 ºC) and to the binary system (Tg = −71 ºC).

From a comparison of these quaternary CPE systems with binary polymer + salt
electrolytes and ternary CPE systems, we can see that for binary systems, Tg
increased from neat PEO to binary PEO–Li+ mixtures due to the transient crosslink
formation between Li+ and ether oxygens [98, 142, 143]. In ternary CPEs,
nanoparticles tended to further decrease Tg, by different extent as different types of
nanoparticles were used, while this is not always the case for quaternary systems.
Organic solvent and nanoparticle co-additives make it more complicated to draw a
general rule to predict property change upon additive incorporation. Further
knowledge [144] on this promising direction would be desirable.

11.5.2 Ionic Liquid Additives

Ionic liquids have been extensively studied as additives for polymer electrolytes
due to the unique properties of low-melting temperature and low vapor pressure
[122, 145–147]. Reviews and research papers on ionic liquids as additives for
polymer electrolytes have been published [148–151]. Here, we focus on physical
co-doping of ionic liquids together with nanoparticles in CPEs.

Table 11.2 Crystallite melting temperatures (Tm), glass transition temperatures (Tg), and
conductivity of different PEO (4 � 106 g/mol)–LiCF3SO3 (LiTf: Lithium triflate, EO:Li+ = 9)–
Al2O3/TiO2 samples from [138] and [90]

Sample
number

Polymer electrolyte Tm (°
C)

Tg (°
C)

r at 25 oC
(Scm-1)

1 a(PEO)9LiTf 58 −44 3.5�10-7

2 a(PEO)9LiTf–50 wt% ECa 57 −48 1.6�10-6

3 a(PEO)9LiTf–10 wt% Al2O3 54 −49 1.5�10-5

4 a(PEO)9LiTf–15 wt% Al2O3 51 −50 2.1�10-5

5 a(PEO)9LiTf–50 wt% EC–10 wt%
Al2O3

50 −53 8.2�10-5

6 a(PEO)9LiTf–50 wt% EC–15 wt%
Al2O3

49 −56 1.5�10-4

7 b(PEO)9LiTf 64 −39 c1.4�10-6

8 b(PEO)9LiTf–10 wt% TiO2 60 −46 c4.9�10-5

9 b(PEO)9LiTf–10 wt% TiO2–50 wt
% EC

50 −50 c1.6�10-4

aResults from Pitawala’s work [138]
bResults from Vignarooban’s work [90]
c: r at 30 °C
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Ternary systems of PEO–lithium bis (trifluoromethanesulfonyl) imide (LiTFSI,
EO:Li+ = 18)–10 wt%–nano-sized SiO2 [152] and PEO–LiTFSI (EO:Li+ = 18)–N-
methyl-N-propylpiperidinium bis(trifluoromethanesulfonyl) imide (1.44 PP13TFSI)
have been reported [153]. In the discussion of quaternary systems of this subsec-
tion, nanoparticles and ionic liquids are doped together for the system of PEO
(6 � 105 g/mol)–LiTFSI (EO:Li+ = 18)–10 wt% SiO2 (d = 50 nm)–PP13TFSI
(Li+/PP13

+ = 1:1.44) [154]. The conductivity exhibited an Arrhenius behavior as
shown in Fig. 11.11. Conductivity enhancement in the melt state (T > Tm) by
co-doping is not obvious, but at temperatures below the melting point (T < Tm), the
enhancement is significant as explained by the activation energy decrease. From the
Arrhenius plots of conductivity, with the addition to PEO18LiTFSI of
(1) nano-SiO2, (2) PP13TFSI, or (3) both nano-SiO2 and PP13TFSI, the activation
energy (Ea) decreased from 115.3 kJ/mol for the binary PEO18LiTFSI to
(1) 105.0 kJ/mol, (2) 97.6 kJ/mol, and (3) 82.9 kJ/mol, respectively. The lower Ea

value implies a higher mobility of the lithium cations within the polymer matrix; the
lowest Ea and highest r values were achieved by the co-doped sample at the
low-temperature region. In contrast, in the high-temperature region, Ea remained
almost constant for all samples (35.1–37.2 kJ/mol) [154].

In closing Sect. 11.5, the physical modification of ternary CPEs can be sum-
marized as “tuning the recipe” of binary polymer electrolytes (polymer + Li+) by
adding more ingredients to modulate interactions among nanoparticles, PEO (ether
oxygens), and lithium ions within the system, and to affect properties such as
crystallinity, glass transition temperature, and dielectric. The property changes
favor an improvement of the ionic conductivity performance.

Fig. 11.11 Temperature
dependence of the
conductivity for PEO–
LiTFSI, PEO–LiTFSI–SiO2,
PEO–LiTFSI–PP13TFSI and
PEO–LiTFSI–SiO2–

PP13TFSI (EO:Li
+ = 18 for

all samples) (Reproduced
from Ref. [154] with kind
permission of © 2011
Elsevier)
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11.6 Summary and Outlook

Polymer electrolytes typically based on poly(ethylene oxide) and a lithium salt are
being considered to improve the mechanical strength, thermal stability, and safety
over traditional organic solvent-based electrolytes. The development of polymer
electrolytes involves the simultaneous improvement of desirable properties for
lithium-ion batteries.

For binary systems (polymer + lithium salt) [21], given the knowledge of Li+

motion mechanism in PEO-based polymer electrolytes, controlling the polymer
architecture and morphology are effective methods to improve the polymer elec-
trolyte performance. However, it is difficult in binary polymer + salt systems to meet
the performance required in practical applications. A breakthrough occurred when
nano-additives were incorporated into binary systems for conductivity improvement
[24–27]. This conductivity improvement can be explained by functions affected by
nanoparticle: creating more amorphous domains, promoting lithium salt dissolution.
Generally, samples with 5–12 wt% nanoparticle (depending on the type of additive
and its surface, typically at 10 wt%) and molar ratio EO:Li+ = 6–20 (typically at
8–10) yield the optimal ionic conductivity together with lowest degree of poly-
mer crystallinity (vc), decreased glass transition temperature (Tg) and melting tem-
perature (Tm), and improved mechanical strength [92, 103, 106, 155].

However, CPEs also suffer from possible nanoparticle agglomeration within the
polymer matrix. This can limit the performance enhancement due to nanoparticles.
The room temperature ionic conductivity, a critical performance indicator of ternary
CPEs, remains below the desired level of 10−3 S/cm. In order to further improve the
CPE performance, modified CPEs (PEO + salt +-modified nanoparticle and
PEO + salt + nanoparticle + solvent) are being considered aiming to tune
pre-existing interactions within polymer matrix.

Section 11.4 discusses nanoparticles that are chemically modified for an
improved compatibility within CPEs. POSS–PEO8 can be accommodated up to 30
wt% in high molecular weight polymer matrix due to the improved compatibility
conferred by the PEO end groups. The conductivity improvement ranged from a
few times in temperatures above Tm to almost two orders of magnitude in the
low-temperature range. However, the conductivity dropped marginally when add-
ing 10 and 20 wt% [110]. PEO–silica into PEGDME (200 g/mol) matrix due to the
increased viscosity. Incorporation of PEO–silica in high molecular weight polymer
electrolyte has not been reported yet; as for non-polymer modification of silica, the
best conductivity that can be achieved in this case is a little higher than 10−5 S/cm at
room temperature, which is less effective than that reported for the quaternary
(polymer + salt + nanoparticle + solvent) polymer electrolytes discussed in
Sect. 11.5.

Section 11.5 discusses the doping of CPEs with a fourth component in order to
further modulate interactions. In the case of nanoparticle doping with an ionic liquid,
the optimal room temperature conductivity can be in the range 10−4.5–10−4 S/cm.
This approach did not always increase the conductivity over the whole temperature
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range studied when compared to ternary systems of polymer + Li+ + ionic liquid. In
comparison, co-doping with nanoparticles and organic solvents for CPEs led to an
obvious degree of crystallinity drop and marginal Tg and Tm decreases compared to
ternary plasticized system (polymer + Li+ + organic plasticizer). The conductivity
enhancement is less than one order of magnitude (about 2–8 times) and presented an
optimal conductivity a little lower than 10−4 S/cm at room temperature. It becomes
apparent from the above that for quaternary polymer electrolytes, a level of 10−4

S/cm room temperature ionic conductivity is still difficult to achieve, and co-doping
has shown limited contribution toward conductivity enhancement.

The research in CPEs is experiencing a bottleneck in that the highest ionic
conductivity reported for solid-state CPEs just got close to 10−3 S/cm at room
temperature [156–158], still not high enough to compete effectively with traditional
organic solvent-based electrolytes. Future research in this field could fall into two
broad directions. The first direction encompasses three-dimensional nano-scale
ordered structure fabrication [105], such as ion tunnels [159] or ion paths [160], to
facilitate ion conduction. Grafting side chains [161, 162] or a block of different
chemistry [163–165] on the PEO polymer backbone can also be viewed as a
nano-scale fabrication if further ordered structure can be obtained. The second
direction is to adjust the CPE composition, with addition of certain other additives
conferring special functions [90, 92, 137, 138, 166]. Sections 11.4 and 11.5
exemplify the current status of these two directions. The discussion in this chapter
of various formulation strategies for electrolyte performance enhancement is
intended to further stimulate the design of novel CPEs.
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Chapter 12
Polymer Nanocomposites Dielectrics
for Energy Applications

Yang Shen, Xin Zhang, Yuanhua Lin and Ce-Wen Nan

Abstract Dielectric capacitors have been the major enabler for many applications
in advanced electronic and electrical power systems due to their capability of
ultrafast charging–discharging and ultrahigh power density. The low energy density
of polymer dielectrics used in these capacitors could not meet the ever increasing
demands for compact, reliable, and efficient electrical power systems. Polymer
nanocomposites, in which high dielectric constant (k) nanofillers are incorporated in
polymer matrix, have been actively pursued. In this chapter, we begin with two
theoretical considerations for concomitantly increasing the dielectric permittivity
and breakdown strength of nanocomposites, i.e., the critical interfacial polarization
and distribution of local electric field. In the framework of these considerations,
recent progresses based on two approaches, e.g., core–shell structured polymer
nanocomposites and dielectric anisotropy, toward polymer nanocomposites of high
energy density are reviewed. Novel composite design paradigm, such as
nanocomposites with hierarchical interfaces and topological-structure modulated
nanocomposites, for concomitant enhancement of dielectric permittivity and
breakdown strength is also reviewed. In addition to energy density, thermal stability
of nanocomposites is another critical parameter that dominates the reliability of
nanocomposites at high temperatures. The advantages and promises of nanocom-
posite approach in raising the energy storage performance at temperatures are also
considered.

12.1 Introduction

High power and high energy capacitor is one of the major enabling technologies for
the development of commercial, consumer, and military systems with ever
increasing demands for compact, reliable, and efficient electrical power systems [1].
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The electrostatic capacitors offer the highest power density, lowest loss, and highest
operating voltage compared to other types of capacitors such as electrolytic
capacitors and supercapacitors. Examples of their important applications include
high frequency inverters, IGBT snubbers, power factor correction, and pulsed
power generation. However, the low energy density of these capacitors (<2 J/cm3)
leads to large capacitor volume and weight. For instance, DC bus capacitors in the
power inverters of electrical vehicles can occupy *35% of the inverter volume and
*23% of the converter weight [2]. Therefore, it is imperative to develop novel
technologies that can significantly increase the energy density of the electrostatic
capacitors.

An electrostatic capacitor consists of dielectric layers placed between metallic
electrodes. According to thermodynamic relationships for dielectrics, when an
electric field (E) is applied on the dielectric and induces an electric displacement
D [3], the change of energy (U) is:

U ¼
Z

EdD ¼
Z

Edðe0K � EÞ K ¼ D
Ee0

� �
ð12:1Þ

Here, e0 ¼ 8:85� 10�12 F=m is the vacuum permittivity and K is defined as the
dielectric constant. As the electric field is increased (decreased), electrical energy is
stored in (discharged from) the dielectric. The electric displacement is related to the
polarization P by D ¼ Pþ e0E, hence high polarization leads to high displacement.
For linear dielectrics where K is independent of E, Eq. (12.1) can be simplified into:

U ¼ 1
2
e0KE2 ¼ 1

2
DE ð12:2Þ

For capacitors with large capacitance and high energy, polymers are generally
preferred over inorganic materials as the dielectric. Large area, high quality polymer
films can be produced using low cost, high throughput manufacturing methods.
Moreover, the unique “self-healing” behavior in polymers ensures that a local
dielectric breakdown on a large area capacitor film will lead to open circuit instead
of short circuit at the spot of breakdown, thus avoiding the catastrophic failure of
the entire system [4].

Currently, one of the most commonly used polymer capacitor film is the biax-
ially oriented polypropylene (BOPP) film. Polypropylene (PP) is a nonpolar
semicrystalline polymer with the outstanding characteristics of high breakdown
strength (>700 V/m), low dielectric loss (<0.02%), nearly temperature- and
frequency-independent dielectric constant, good mechanical strength, and reliable
self-healing capability [5].

The major drawback of PP is its low dielectric constant (K = 2.2), resulting in an
“intrinsic” energy density of about 6 J/m3 (at 800 MV/m). The energy density of
packaged capacitors is significantly lower because of the derating of electric field
needed to ensure reliable long-term operation, and the volume occupied by pack-
aging materials. In spite of significant effort, it is proven very difficult to improve the

512 Y. Shen et al.



energy density of BOPP film capacitors beyond 2 J/cm3 for long operation lifetime.
In order to increase the energy density of electrostatic capacitors, novel polymer
dielectric with dramatically improved energy density than PP is critically needed.

In parallel to the development of high energy density polymers, tremendous
efforts have also been made in preparing polymer composites filled with inorganic
nanoparticles, especially 0–3 composites, in which particles (zero dimension,
usually ceramic particles of high dielectric constants) are embedded in
three-dimensionally connected polymer matrix [6]. The major drawback of poly-
mers dielectrics is their low dielectric permittivity, hence small electrical dis-
placement (D), which results in low energy density albeit the ultrahigh breakdown
strength. The rationale of these 0–3 composites thus lies in their potential of
combining the high breakdown strength and low dielectric loss of the polymer with
ceramic fillers of high dielectric constant, representing a promising approach to
realize high energy density.

The benefits of this approach are twofold: (i) The enormous interfaces inside the
0–3 polymer composites could promote interfacial exchange coupling through a
dipolar interface layer and lead to enhanced polarization and polarizability in
polymer matrix close to the interface [7]. (ii) Given the nanometer size of the
ceramic particles, it is possible to reduce the thickness of the polymer matrix film to
nanoscale and hence further enhance its already high breakdown strength by
avoiding avalanche effects. Straightforward at first sight, this strategy is highly
complicated by a number of factors, such as the filler/matrix interfaces and the
anisotropy of fillers, that may to a large extend determine the dielectric behavior of
the 0–3 composites. Moreover, a highly inhomogeneous electric field is induced by
the nanoparticles of high dielectric constants, which gives rise to local hot spots of
increased electric field concentration and reduces the effective breakdown strength
of the composites. It is quite challenging to balance the seemingly contradictory
criteria of enhancing dielectric constants while maintaining high dielectric strength.

12.2 Interface and Interfacial Polarization:
The Theoretical Considerations

In the 0–3 composites dielectrics, the interface between the ceramic nanoparticles
and polymer matrix is defined as the range over which the permittivity changes from
the value for ceramic nanoparticles to that for polymer matrix [8]. Interface is
considered to have finite thickness. Consider a system consisting of a spherical
nanoparticle with the diameter d and an interface with thickness t inside the diameter
of the nanoparticle, the fraction f of the interfacial volume is expressed as: [9].

f ¼ 3
2t
d

1� 2t
d

� �
þ 1

3
2t
d

� �2
" #

2t=d\1ð Þ ð12:3Þ
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As suggested by Eq. (12.3), decrease of the ratio t/d of the interface thickness to
the diameter of nanoparticles leads to dramatic increase of the volume fraction of
the interface. For instance, for a nanoparticle of 10 nm in diameter with interface of
1.0 nm in thickness, the interfacial volume fraction exceeds 50%. The dielectric
property of the interfacial region differs from either the polymer matrix or the
nanoparticle. Given their high-volume fraction in the composites, interfaces are the
dominant feature of dielectrics at the nanometric scale [8].

Two characteristics of interface are critical in describing their dielectric
responses, i.e., how they are chemically formed and how the charges are distributed
across the interfacial regions. To describe the formation of interfaces, a multilayer
core model is proposed by Tanaka et al. [10] for a spherical inorganic filler particle
embedded in a polymer matrix, as shown in Fig. 12.1. As seen, the first layer is the
bonded layer with a thickness of *1 nm, which corresponds to the transition layer
tightly bonded, by ionic, covalent or hydrogen bonds, or van der Waals force, to
both nanoparticles and polymer. The second layer (a bound layer) is an interfacial
region consisting of a layer of polymer chains strongly bound and/or interacted to
the bonded layer and the surface of the nanoparticles. Its thickness is in the range of
2–9 nm. The third layer is a region loosely coupling and interacting to the second
layer, in which the chain conformation, chain mobility, and even free value or
crystallinity differ from the polymer matrix. In addition to the chemical bonds, the
morphology of the interface layers is also strongly affected by the charge

Fig. 12.1 Multicore model for interfaces between inorganic nanoparticles and polymer matrix in a
polymer nanocomposite. It consists of a bonded layer, a bound layer, and a loose layer. As the
nanoparticle is positively charged, a diffuse electrical double layer would form in the interfacial
region and overlap the three layers above (Reproduced from Ref. [6] with kind permission of ©
2014 Wiley-VCH)
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distribution across the interfacial regions. Within these regions, Coulombic forces
(long range), van der Waals forces (moderate range), or electrostatic forces (short
range) are involved and may significantly alter the interface layers.

When subjected to electric field, interfaces in polymer composite could be
charged. The charged interface is generally described in terms of three charged
layers that invariably form and determine the dielectric characteristics of the
interface, as shown in Fig. 12.1. On the nanoparticle side, a double layer associated
with surface states is induced by immobile charged impurities, trapped carriers, and
mobile electrons and holes in the nanoparticle. After the nanoparticle becomes
effectively charged, the surrounding polymer responds by establishing a screening
countercharge confronting the charge on the nanoparticles. Two mechanisms are
involved in this reorganization process [11]. The first is concerned with the polymer
polarization involving both electronic polarization (dipole motion) and the orien-
tation of permanent dipoles (molecular motion).

The second screening action occurs when mobile ions are present in the poly-
mer. The mobile ions will migrate to establish a diffuse electrical double layer (the
so-called Stern–Helmholtz double layer) around the nanoparticles. This layer is of
molecular thickness and may have a high charge density. The nanoparticle side of
Stern–Helmholtz double layer is consisted of adsorbed ions or dipoles, while the
polymer side of this layer [also called the outer Helmholtz plane (OHP)] is deter-
mined by the nearest approach of ions. Further extending beyond OHP into poly-
mer is the so-called Gouy–Chapman diffusion layer. In this region, the mobile
charges are distributed in such a way that the countercharge carriers with the
opposite polarity are diffused outward from the OHP to the Debye shielding length,
decaying exponentially with distance according to the Born approximation. The
thickness of the Gouy–Chapman diffusion layer is significantly influenced by the
electric conductivity of polymer. In highly conductive polymer, the layer shrinks
into OHP; while in weakly conductive polymer, the thickness of this layer could be
over 10 nm. Filled with mobile charge, the Gouy–Chapman diffusion layer has a
significant role in influencing the dispersion of nanoparticles in polymer matrix.
More importantly, this layer is the dominant feature that determines the dielectric
response of polymer composite dielectrics. Within the electrical double layers, the
charge density (qi) is closely related to the electric potential (u) as: [11].

qi rð Þ ¼ qið1Þe�zieuðrÞ=kT ð12:4Þ

As indicated by Eq. (12.4), the charge density in the double layer is very sen-
sitive to the electric potential and therefore to the electric field. At the surface of the
nanoparticle, i.e., r = 0, the charge density in the double layer (qi(0)) is then related
to the surface conductivity of the nanoparticle (r) as: [11].

X
i

qi 0ð Þ ¼
X
i

qi 1ð Þþ r2=2ekT ð12:5Þ
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As suggested by Eq. (12.5), higher surface conductivity at the surface of
nanoparticles may induce higher charge density in the electrical double layer in the
surrounding polymer matrix. The charges within the interfaces often take on an
active role when subjected to an impressed electric field. To study the effect of
surface conductivity of nanoparticle on the apparent dielectric behavior of a com-
posite system O’Konski [12] considered the random suspension of spherical par-
ticles with surface conductivity rs in a dielectric medium. At low frequencies or
high rs, the charges in the interfaces are efficiently transferred by the applied
electric field and induce polarization at opposite ends of the nanoparticle. This
polarization creates a large dipole over the nanoparticle and may give rise to greatly
enhanced effective dielectric permittivity of the composite, exceeding the dielectric
permittivity of the nanoparticle.

Chew and Sen [13] made further improvement to this model by considering the
countercharge effects in the double layers. At low frequencies, charge could be
efficiently transferred into the surround matrix and form a neutral cloud of charge.
At low frequencies, the diffusion cloud is large and out of phase of the applied
electric field, which results in an out of phase dipole moment. As the frequency
increases, the diffusion cloud lessens and with it the out of phase dipole moment.
This model gives plausible explanations for the frequency dependence of dielectric
behavior of many composite systems, where significant dielectric loss is usually
observed at low frequencies and is attributed to the large out-of-phase dipole
moment caused by surface charge polarization.

Given their complex nature, interfaces in polymer composites are usually con-
sidered as an interphase between polymer and nanoparticle fillers, which exhibit
finite thickness and specified dielectric permittivity. Very recently, Lopez-Pamies
et al. [9] constructed an analytical solution for the macroscopically homogenized
dielectric response of particulate composites comprising a random distribution of
particles bonded to a matrix material through interphases of finite size that contain
space charges. In this approach, the charge density of the interphase is related to the
electric potential (u) in a more concise form as: [14]

qi rð Þ ¼ qi
�u rð Þ
Rp rj j ; ð12:6Þ

where Rp denotes the radius of the nanoparticle and qi is a measure of charge
content in the interphase (of units F/m). By solving Gauss equations, the effective
permittivity of the polymer composite (j*) can be written explicitly as: [14].

j� ¼ j1þ 3j1 f2þ f3ð Þ f2 j2 � j1ð Þ 2j2 þ j3ð Þþ 3f3j2 j3 � j1ð Þ½ �
j3 j2 1� f2 � f3ð Þ f2þ 3f3ð Þþ f2j1 f2 þ f3þ 2ð Þ½ � þj2 j1 f2 þ f3þ 2ð Þ 2f2þ 3f3ð Þ � 2f2j2 f2 þ f3 � 1ð Þ½ �

þ
3j1f3 f2 þ f3ð Þ f2

f3
þ 1

� �4=3
2j2 þ j3ð Þþ 4 f2

f3
þ 1

� �1=3
j2 � j3ð Þþ 3 j3 � j2ð Þ

� �
qi

4j3 j2 1� f2 � f3ð Þ f2þ 3f3ð Þþ f2j1 f2 þ f3þ 2ð Þ½ � þ 4j2 j1 f2 þ f3þ 2ð Þ 2f2 þ 3f3ð Þ � 2f2j2 f2 þ f3 � 1ð Þ½ �
ð12:7Þ
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Two remarks could be observed from Eq. (12.7): (i) In the absence of inter-
phases (f2 = 0 and qi = 0), Eq. (12.7) reduces to the famous Maxwell–Garnett
formula; (ii) the macroscopic permittivity is linearly related to qi, a measure of the
amount of charges in the interphases. Large positive values of qi, which imply that
the interphasial charges form an overall dipole that is aligned with the applied
electric field, lead to a great enhancement of the macroscopic permittivity. While
this model is able to describe and explain the extreme enhancement in dielectric
response of polymer composites, its basic assumption is that the electric field
remains unaltered outside the core–shell type nanoparticles, which obviously is not
the case in real polymer composites.

In fact, in polymer composite, the local electric field close to the nanoparticle
fillers could be significantly altered, giving rise to electric field fluctuation
throughout the polymer composites. Take polymer composites filled with ferro-
electric ceramic particles as an example. To enhance dielectric constants of polymer
composites, ferroelectric ceramic nanoparticles, such as BaTiO3 and PbTiO3, are
employed due to their high dielectric constants. When these nanoparticles are
introduced, the ferroelectric domains inside the nanoparticles are encouraged to
grow in the field direction, giving rise to increased polarization hence higher charge
density at the surface of the nanoparticles. This polarization is then countered by
charge (mobile ions or dipoles induced by the polar groups in polymer chain) in the
polymer matrix. Within the double layer, the lateral movement of charge around the
interfaces could reinforce this process. The outcome is the significantly enhanced
electrical fields in the double layers, which is higher than the field in either the
nanoparticles or the polymer matrix. Thus, the interfaces are seen to be sites of
enhanced electric fields and the seats of polarization and conduction phenomena,
which can dominate the behavior of polymer composite dielectrics [10]. The
implication of enhanced electric field in the interface is that these hot spots in local
electric field could be the weak point under high electric field, resulting dielectric
breakdown of polymer composites at electric field much lower than the breakdown
strength of polymer. This is especially so at high volume fraction of nanoparticles in
the polymer composites where overlap of the interfacial double layers will give rise
to percolated path for charge transfer and even further reduce the breakdown
strength of the polymer composites [11].

The reduction in breakdown strength is a serious drawback of nanocomposite
approach due to the quadratical scale of electric energy density with electric field. It
is of critical importance to balance the dielectric constants and breakdown strength
in polymer composites. To this end, theoretical studies have recently been per-
formed to deepen the understanding of the trade-offs in polymer composites and,
more importantly, to provide guidelines to the design of high-energy-density
polymer composites. In modeling within the frame work of self-consistent effective
media theory [15], interfaces in polymer composites are considered as interfacial
phase with finite thickness, which is between the nanoparticles and polymer matrix
and can be viewed as a core–shell type structure with the nanoparticle. The
dielectric nanocomposite could then be considered as a three-phase material, con-
sisting of a polymer matrix (phase 1), an interfacial phase (phase 2) of finite
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thickness l, and nanoparticle fillers (phase 3). For this three-phase composite, the
effective permittivity j* can be expressed as:

j� ¼ j1 þ f2 j2 � j1ð Þa2 þ f3 j3 � j1ð Þa3 ð12:8Þ

where fr and ar are the volume fraction and electric field concentration factor for
corresponding phase r, respectively. The average electric field in phase r is then
related to the electric field applied at the boundary (E0) as:

Erh i ¼ arE0 ð12:9Þ

The effective medium approximation provides a reasonable estimate of ar as:

ar ¼ 1� s jr � j�ð Þ�1j� þ s
h i�1

; r ¼ 2; 3 ð12:10Þ

where s is the depolarization factor and is 1/3 for spherical particles. The field
concentration factor for the polymer matrix can then be determined from the nor-

malization condition as
P3
r¼1

frar ¼ 1. By taking into account the statistical fluctua-

tion of the average field throughout of the polymer composites, the apparent
breakdown strength of polymer composites (Eb) could be predicted more accurately
as:

E0 a1 þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1
f1

@j�

@j1

s
� a21

 !
�Eb ð12:11Þ

The implication of these modeling results is that measurements should be taken
to mitigate electric field concentration in order not to cause serious reduction of the
dielectric breakdown strength of polymer composites.

12.3 Modulation of the Filler/Polymer Interface: Surface
Modification of Nanoparticles and Beyond

The most common approach of modulating the filler/polymer interface is surface
modification of nanoparticles. Surfactants such as phosphate esters or oligomers are
usually employed [16], which could improve the compatibility between the
nanoparticles and polymer matrix and facilitate the homogeneous dispersion of
nanoparticles in the matrix. In order to form robust interface layers on the surface of
nanoparticles and suppress the dielectric loss, covalent bonding between the surface
modifiers and nanoparticles are highly desirable. To this end, a number of ligands
have been explored as coupling agent between the nanoparticles and polymer
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matrix. Kim et al. [17, 18] demonstrated that phosphonic acid is capable of forming
covalent bonding with BaTiO3 nanoparticle through coordination of metal ions on
the surface or condensation with surface hydroxyl groups. These surface modifiers
tightly bind to the BaTiO3 nanoparticle could then effectively decrease the aggre-
gation of BaTiO3 nanoparticles in the polymer matrix. Rational selection of
phosphonic acid with different functional groups could effectively improve the
compatibility between the BaTiO3 nanoparticle and different polymers.

For instance, {2-[2-(2-methoxyethoxy)ethoxy]ethyl} phosphonic acid (PEGPA)
has a tri(ethylene glycol) chain to compatibilize BaTiO3 nanoparticles with polar,
hydrophilic resins and solvents. Pentafluorobenzyl phosphonic acid (PFBPA) fea-
tures a fluorinated aryl group to afford good compatibility with fluoroelastomers
and common organic solvents. Enhanced dielectric permittivity (*37), reasonably
low dielectric loss (<0.07) and hence increased energy density (*6.1 J/cm3) are
achieved in these composites filled with phosphonic acid-modified BaTiO3

nanoparticles. Covalent bonding between the nanoparticles and polymer matrix
could also be induced by hydroxyl groups which could be achieved either by the
introduction of hydroxyl groups on the nanoparticle surface or by the employment
of surfactants containing hydroxyl groups. For instance, hydrogen peroxide has
been used to treat the BaTiO3 nanoparticles [19] or Ba0.6Sr0.4TiO3 nanofibers [20]
in order to anchor hydroxyl groups on the surface of the nanofillers. Upon mixing
of these surface hydroxylated nanoparticles with polymer matrix, hydrogen bonds
could be formed between the electrophilic atoms on the polymer chains and the –

OH groups.
Dopamine, a bio-inspired building block for surface coatings, has recently

received considerable attention for their capability of forming robust and dense
surface layers on a variety of substances [21]. Simultaneously with aromatic and
amido groups, dopamine is an ideal compatibilizer between the inorganic
nanoparticles and polymer matrix. Song et al. [22, 23] treated BaTiO3 nanoparticles
and nanofibers with dopamine in aqueous solutions, and a layer of *5 nm in
thickness is formed on the surface of the nanoparticles. The layer is of high
structural integrity and tightly bonded to the nanoparticle surface through BT–O–C
bonds, as verified by XPS analysis and the microstructural images. The dense layer
formed by dopamine not only affords homogeneous dispersion of nanoparticles but
also suppresses the remnant polarization usually associated with surface charges in
the loose interface between nanoparticles and polymer. The synergistic effects of
these features give rise to an enhancement of over 200% in dielectric breakdown
strength for the resultant polymer composites. As a result, the extractable energy
density is enhanced up to 5.4 J/cm3, which is an enhancement of over twofold as
compared with pure PVDF.

One other strategy of modulating the filler/polymer interface is to graft the host
polymer chains directly to the nanoparticles without the use of small molecular
surface modifiers. For this purpose, in situ polymerization on the surface of the
nanoparticles is most commonly adopted approach. A series of core–shell structure
BaTiO3/polymer composites have been successfully prepared by Huang et al. In
these composites, nonpolar poly(methyl methacrylate) (PMMA) [24] or polar poly
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(1H,1H,2H,2H-heptadecafluorodecyl acrylate) (PHFDA) [25] is synthesized by
grafting the corresponding monomers to the surface of BaTiO3 nanoparticles. The
subsequent atom transfer radical polymerization (ATRP) or surface-initiated
reversible addition–fragmentation chain transfer polymerization (RAFTP) yields
dense polymer surface layer on BaTiO3 nanoparticles. Besides the increased the
dielectric permittivity induced by the BaTiO3 nanoparticles, the most attractive
feature of these composites is their ultralow dielectric loss. In the polymer com-
posites filled with PHFDA-coated BaTiO3 nanoparticles, the dielectric loss is only
0.02 (@100 Hz), which is even lower than that of the PVDF-HFP matrix (0.06),
even the volume fraction of BaTiO3 nanoparticles is as high as 50 vol%.

In addition to the in situ approach to bind polymer chains to the surface of
nanoparticles, Li et al. [26] proposed and demonstrated that polymer chains could
also be covalently bonded to the surface of nanoparticles via chain end function-
alization. In this approach, phosphonic acid end groups are attached to the chain of
poly(vinylidene fluoride-chlorotrifluoroethylene) P(VDF-CTFE). The reactive ter-
minal groups then direct couple with ZrO2 nanoparticles through the Zr–OH con-
densation. The covalent-bonded nanocomposite affords an energy density as large
as 11.2 J/cm3 with a considerably high dielectric strength of 270 MV/m, which is
comparable to that of the pure polymer matrix.

It is worth noting that these aforementioned approaches have only addressed one
challenge in the modulation of filler/polymer interface, i.e., how to improve the
compatibility between the nanoparticles and polymer matrix and guarantee homo-
geneous dispersion. It still remains untouched as how to manipulate the interfacial
polarization by modulating the charge distribution inside the interface/interfacial
regions, or to mitigate the electrical field concentration caused by the abrupt
dielectric permittivity gradient across the filler/polymer interface, which is of utmost
significance for the polymer composite dielectrics. In answer to these challenges,
attempts to control the charge distribution across the interface have been made by
Jung et al. [27]. In a polystyrene (PS) nanocomposite comprising core–shell BaTiO3

nanoparticles with diblock copolymer shielding layers, polystyrene-block-poly
(styrene-co-vinylbenzylchloride) (PS-b-PSVBC) self-assembled and formed a dense
shell layer on the BaTiO3 nanoparticles via a two-step process. Within the shell
layer, nonpolar polystyrene blocks of the diblock copolymers form the outer layer
with the polar ammonium-containing blocks preferentially residing in the inner layer
and bonding closely with BaTiO3 nanoparticles. As a result of the special confor-
mation of PS-b-PSVBC shell layer, the surface of BaTiO3 nanoparticles can be
largely charged with ammonium groups in the inner layer, which contributes to a
high polarization level in the composites. Plus, this charge-rich layer is directly
buried and shielded by the 3–5 nm thick insulating outer layer so as to minimize the
development of the breakdown path and leakage current. The high charge density in
interface gives rise to much enhanced interfacial polarization hence high dielectric
permittivity of the corresponding polymer composites (*44 at 10 kHz).

Notably, this high dielectric permittivity is obtained by using polystyrene host of
low dielectric permittivity (er * 2.5–2.6), while the reported highest results have
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mostly been obtained by introducing high dielectric ferroelectric polymers such as
PVDF or its copolymers (er > 10). In the meantime, thanks to the insulating layers,
large dielectric breakdown strength (up to 222 kV/mm) is also achieved at high
permittivity, giving rise to a high calculated energy density of 9.7 J/cm3. Recently,
the role of charge density in the interface is further explored by Siddabattuni et al.
[28] more systematically. Five different monolayers of electron-rich or
electron-poor organophosphate coupling groups were self-assembled to the surface
of TiO2 or BaTiO3 nanoparticles to affect the filler/polymer interface. The
nanoparticles were then dispersed into epoxy to form composite films and the role
of modulated interface in dielectric behavior of composite behavior was investi-
gated. It is found that the surface of TiO2 nanoparticles is best modified with
electropositive aromatic organophosphate ligands that contain an
electron-withdrawing functional groups such as nitro, which showed improved
leakage current (<5 pA/cm2 at 100 V), low dielectric loss, and enhanced dielectric
breakdown strength compared to electron-donating functional group modified TiO2

composites. These results support the hypothesis that the electronic structure of the
filler ligand can indeed control the dielectric properties of the composites.
Electropositive ligands may be useful for particle surface modification to minimize
leakage current and dielectric loss and provide for higher dielectric breakdown
strength, hence higher energy storage density of the polymer composites.

The implication of these results is that decoupled modulation of dielectric per-
mittivity and dielectric breakdown strength may indeed be realized by careful
tuning of charge density in the bonded layer while maintaining the low electrical
conductivity of the bound layer. A true realization of Tanaka’s multicore model is
thus highly desirable. To this end, the most encouraging progresses have recently
been made by Lanagan et al. [29–31]. Instead of polymer chains or small molecular
surfactants, a thin layer of Al2O3 with dielectric permittivity of*10 is deposited on
a variety of metal oxide nanoparticles including BaTiO3, ZrO2, MgO, SrTiO3, and
Ba0.5Sr0.5TiO3 [32]. To introduce the Al2O3 layer, methylaluminoxane (MAO) is
firstly grafted to the surface of metal oxide nanoparticles. Upon exposure of these
precursors to oxygen and moisture, the pyrolysis of MAO yields a dense layer of
Al2O3 on the surface of metal oxide nanoparticles, as schematically shown in
Fig. 12.2. These core–shell nanoparticles subsequently served as support and
metallocene cocatalyst for the following in situ isotactic-propylene polymerization.

Fig. 12.2 Synthetic route to 0–3 ceramic-polypropylene nanocomposites (Reproduced from
Ref. [32] with kind permission of © 2012 Wiley-VCH)
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The significance of this composite system lies in two aspects: (i) It is the first
systematically testable realizations of Tanaka’s multicore model, where the bonded
layer (nanoparticle) and the bound layer (Al2O3 layer) are modulated with their
effects on the dielectric behavior of polymer composites investigated while the
polymer matrix being held constant. (ii) The resulting nanocomposites have
nanoparticle permittivities ranging from 6 to 2000 with varied thickness (2–10 nm)
Al2O3 shells (er * 10), and isotactic-polypropylene (er * 2) as the matrix. With
the presence of Al2O3 buffer layer of moderate dielectric permittivity, electric field
concentration caused by the large contrast of the dielectric permittivity between the
nanoparticle and polymer matrix could thus be mitigated by the dielectric permit-
tivity gradient. Proper adjustment of materials parameters yields recoverable energy
storage capacities as high as 2.05 J/cm3, and total energy storage capacities as high
as 15.6 J/cm3 at voltages close to breakdown. Also of significance is the finding
that the loss in these materials is largely proportional to the particle interfacial area
within the sample, regardless of the constituent nanoparticle material, is dependent
on the Al2O3 layer thickness [32].

Besides, introducing buffer layer of moderate dielectric permittivity in between
the nanoparticles and polymer matrix, the approach of balancing dielectric per-
mittivity by rational selection of filler and polymer matrix with comparable per-
mittivity values has also been adopted to mitigate the electric field concentration
induced by the large contrast of dielectric permittivity. Wang et al. [33] prepared a
nanocomposites comprised of P(VDF-TrFE-CTFE) (er * 42) and TiO2 nanopar-
ticles (er * 47). Due to the close dielectric permittivities of the two constituents,
very minor enhancement of dielectric permittivity is observed in these nanocom-
posites. Yet, the large interfacial area between the TiO2 nanoparticles and the
polymer significantly promotes the interfacial polarization and leads to substantial
improvement in electric displacement and thus high energy density at high electric
field (6.9 J/cm3 at 200 kV/m). More importantly, the balanced dielectric permit-
tivity gives rise to a maximum dielectric breakdown strength of 230 kV/m, which is
considerably larger than that of conventional dielectric polymer nanocomposites
(below 100 MV/m).

12.4 The Implications of Dielectric Anisotropy

Equally important as the filler/polymer interface is the dielectric anisotropy in
determining the dielectric and energy storage performance of nanocomposites. The
properties of the composites not only depend on the properties of respective con-
stituent materials (i.e., matrix and inclusions), but also sensitively depend on the
filler microstructures (i.e., size, shape, and spatial arrangement) embedded in the
matrix. For polymer composites, dielectric anisotropy could be induced either by
the introduction of anisotropic nanoparticles, such as nanofibers (1D) or nanosheets
(2D) of large aspect ratio, or by the alignment of spherical nanoparticles into chains
[34]. Much enhanced dielectric permittivity, hence higher electrical polarization,
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could be obtained when the orientation or alignment of nanoparticles is in line with
the external electric field. The dielectric anisotropy is usually associated with the
large aspect ratio of anisotropic nanoparticles [35]. Along the longitudinal direction
of the large-aspect-ratio nanoparticles, the depolarization factor is smaller, as
compared with transverse directions, which allows the electric field to penetrate into
the fillers and propagate through the chains, leading to a high composite dielectric
permittivity. For instance, the alignment of lead zirconium titanate (PZT) nanowires
was induced via uniaxial strain assembly in a thermoplastic polymer matrix. In
these highly oriented polymer nanocomposites, the dielectric permittivity was
enhanced by over threefold, as compared with randomly filled polymer
nanocomposites, when the PZT nanowires were aligned with the external electric
field [36].

The implications of dielectric anisotropy on the energy storage performance of
polymer nanocomposites are twofold: (i) The enhanced dielectric permittivity,
hence higher electrical polarization, along the direction in which the nanoparticles
are oriented or aligned in line with the external electric field is highly desirable for
higher energy density of polymer nanocomposites; (ii) the filler particle
microstructural arrangements that provide higher composite dielectric permittivity
also suffer from higher local electric field concentration in the polymer matrix,
which would decrease dielectric breakdown strength of the composites. Phase field
modeling [37, 38] indicates that electric field concentration is severely intensified in
the matrix regions between spherical nanoparticles, in particular, when aligned into
chains along the externally applied electric field direction. As for polymer
nanocomposites filled with nanofibers or nanosheets, hot spot of local electric field
is mostly found at the tip of these large-aspect-ratio nanoparticles. Dielectric
breakdown process could thus be initiated from these hot spots of local electric field
at an external electric field still far below the intrinsic dielectric breakdown strength
of the polymer matrix. It is worth noting that same modeling also indicates that the
susceptibility of the polymer composite could be lowered by the orientation of the
large-aspect-ratio nanoparticles in the in-plane directions when the electric field is
applied out of plane, leading to a lower concentration of the electric field in the
polymer matrix and strong anisotropy in dielectric breakdown strength [39].

In fact, the orientation of large-aspect-ratio nanoparticles perpendicular to the
external electric field could even enhance the dielectric breakdown strength of
polymer nanocomposites. The enhanced breakdown strength could be explained by
the electrical breakdown process. Electrical breakdown usually happens as a result
of the progress of electrical treeing throughout the material. Partially oriented
nanofibers in the nanocomposites are capable of restraining the growth of electrical
treeing by providing tortuous paths for treeing, as well as more scattering centers
for the hot electrons. The nanofibers partially oriented in the direction perpendicular
to the applied electric field also provide more ordered trapping or scattering centers
for the injected charges, hindering the traverse of the injected charges to the
opposite electrode. Plus, a higher resistance to filamentary thermal and elec-
tromechanical breakdown events is also obtained as a result of the orientation of the
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nanofibers. Enhanced mechanical properties are also expected in the nanocomposite
filled with fibers. The local thermal and electric stresses are spread over a larger
material volume, leading to improved breakdown strength.

Given the quadratic dependence of electrostatic energy density on dielectric
breakdown strength versus linear dependence on dielectric permittivity, maxi-
mization of energy density prioritizes optimization of composite breakdown
strength rather than effective dielectric permittivity, which then rationalize the
employment of ceramic nanofibers as dielectric fillers for higher energy density of
polymer nanocomposites. A variety of ceramic nanofibers have recently been
explored for their energy storage performance in polymer nanocomposites,
including BaTiO3, BaxSr1−xTiO3, PZT. The rational selection of ceramic nanofibers
initially lies in their different intrinsic polarization behavior. In order to obtain the
high extractable energy density, the remnant polarization needs to be as small as
possible so that more electrical energy stored could be released in the discharging
process instead of being stored in the form of remnant polarization of the ceramic
nanofibers or space charge polarization at the filler/polymer interface. Paraelectric
ceramic nanofibers with small remnant polarization, such as BaxSr1−xTiO3

(x < 0.7), are thus considered superior than their ferroelectric counterparts, i.e.,
BaTiO3 or PZT, in enhancing the extractable energy density of polymer
nanocomposites.

However, as been elaborated in the previous section, the dominant interfacial
polarization at the filler/polymer interface may well overwhelm the intrinsic
polarization behavior of these ceramic nanofibers, leading to very minor differences
in the polarization behavior of the corresponding polymer nanocomposites. In a
direct comparison, the electrospun Ba0.6Sr0.4TiO3 [40] and BaTiO3 nanofibers [22]
were surface modified with dopamine and composed with PVDF to form polymer
nanocomposites. At 11 vol% of nanofibers, the remnant polarization mildly
decreased from 1.5 lC/cm2 for BaTiO3 to *0.5 lC/cm2 for Ba0.6Sr0.4TiO3 in the
polymer nanocomposites. However, in a very similar PVDF-based composite
where the Ba0.6Sr0.4TiO3 nanofibers were treated with H2O2, Zhai et al. [20]
reported a higher remnant polarization of *2.0 lC/cm2 at much lower volume
fraction of 2.5 vol%. The substantial difference in the remnant polarizations
observed is indicative of the overwhelming role of interfacial polarization in the
electrical polarization behavior of polymer nanocomposites. Also, the effects of
polymer matrix should not be overlooked. Hu et al. [41] introduced the
dopamine-modified Ba0.6Sr0.4TiO3 nanofibers into PVDF-TrFE of higher dielectric
permittivity. In the resultant polymer nanocomposites, the lowest remnant polar-
ization observed is >4.0 lC/cm2, which is mainly attributed to the high remnant
polarization of PVDF-TrFE matrix.

Compared with 1-D nanofibers, very few types of 2-D nanosheets have been
explored for their energy storage performance in polymer nanocomposites, due
largely to the limited availability of nanosheets. Nanofibers could be synthesized
through a number of methods, such as electrospinning, hydrothermal treatments, or
substrate-mediated electrochemical deposition while long-time exfoliation pro-
cesses are needed for the preparation of nanosheets. So far, the most commonly
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used 2-D nanosheet is montmorillonite (MMT), a layered silicate which is naturally
abundant and commercially available. The rationale of using MMT lies in their
ability to provide more ordered trapping centers and more efficient scattering for the
injected charge, thus obstructing its ability to traverse the sample to the opposite
electrode. Plus, increased path tortuosity in the electrical treeing process during
breakdown is also favorable for enhanced dielectric breakdown strength. Indeed,
Tomer et al. [42] found that highly oriented oMMT has a measurable positive effect
on the breakdown strength of the polymer nanocomposites. The dielectric break-
down strength was enhanced 370 kV/mm in the nanocomposites containing ori-
ented oMMT, an enhancement of >20% over the unfilled PE matrix (300 kV/mm),
even the loading of oMMT is only 6 wt%.

More importantly, markedly lower dielectric losses were observed in the
nanocomposites containing oriented oMMT as compared with its random coun-
terparts. It is worth noting that insufficient control of the hierarchal morphology of
the blend, especially at intermediate or high loading of MMT where
polymer-deficient structural defects could form, usually results in a precipitous
decline in dielectric breakdown strength of polymer nanocomposites. The benefits
of increased path tortuosity are compromised by the polymer-deficient structural
defects at high loading of MMT. The extent to which these nanosheet concepts can
be exploited to create an extreme density of barriers has not been explored by
Fillery et al. [43]. In a model system composed of organically modified montmo-
rillonite (oMMT) and polyvinyl butyral (PVB), the high degree of compatibility in
solution allows control of nanocomposite morphology and filler orientation across
the entire range of volume fractions from pure polymer to pure oMMT. A facile
spray processing technique ensures the generation of large area, free-standing,
nanolaminate films. These large uniform films enable a statistically relevant
assessment of failure, demonstrating that dielectric breakdown strength of the
nanolaminates can increase 2.5 times relative to the unfilled polymer at a rather high
volume fraction of 25 vol% inorganic (70 wt% oMMT). This implies that an ide-
alized morphology of polymer nanocomposites to retard the breakdown cascade
perpendicular to the electrodes will occur at intermediate volume fractions and
resemble a discotic nematic phase where highly aligned, high-aspect-ratio
nanometer thick plates are uniformly surrounded by nanoscopic regions of polymer.

On the other side of the composite spectrum, the role of polymer matrix in the
energy storage performance should not be overlooked. In pure PVDF films, Li et al.
[44] demonstrated that thermal quenching of PVDF films (from 200 °C into ice
water) induces phase transformation from the polar b-phase to the nonpolar
c-phase, which could withstand a high electric field of *500 kV/mm and avoid the
early polarization saturation in b-phase. The highest polarization obtained is
*9 lC/cm2, very close to the theoretical irreversible saturate polarization of
PVDF. Careful attentions have thus to be paid in the processing of polymer matrix
with an aim to modulate their crystalline phase, degree of crosslinking, and, most
importantly, to decrease the structural imperfections in the polymer matrix. Along
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this line, Tang et al. [45] recently took a concerted approach toward ultrahigh
energy density of polymer nanocomposites. Paraelectric Ba0.2Sr0.8TiO3 nanowires
of large aspect ratio were synthesized through hydrothermal method. The following
surface treatments to the Ba0.2Sr0.8TiO3 nanowires with ethylenediamine improved
their compatibility with PVDF matrix. Most critically, the resultant polymer
nanocomposites were thermally quenched from 200 °C into ice water, which could
not only induce c-phase of PVDF but also help eliminate pores or voids formed
during the casting process of the composite films. As shown in Fig. 12.3, through
these combined efforts, the nanocomposites are shown to have an ultrahigh energy
density of 14.86 J/cm3 at 450 kV/mm and provide microsecond discharge time
quicker than commercial BOPP capacitors.

In addition to thermal treatment, the interplay between introduced nanoparticles
and the crystallization of polymer matrix may also be capitalized as an efficient
approach to modulate the crystalline phase of polymer matrix. Tomer et al. [46]
explored a promising route to improve the energy storage performance of PVDF,
through a synergy of HFP comonomers and of kaolinite clay nanofillers. This study
shows that the addition of these high-aspect-ratio fillers to poly(vinylidene
fluoride-hexafluoropropylene) [P(VDF-HFP)] copolymers does not increase the
polar phase and, consequently, these composites exhibit markedly enhanced
dielectric properties at high electric fields. With 5 wt% of kaolinite clay nanofillers
added, the dielectric breakdown strength of the corresponding polymer nanocom-
posites was increased up to *780 kV/mm, an enhancement of >50% over that of
the unfilled PVDF-HFP films. The highest electrical energy density achieved is
*19 J/cm3.

Fig. 12.3 Energy storage performance of the BST/PVDF nanocomposite capacitor: a energy
density of the nanocomposite with different volume fraction as a function of the electric field
calculated from D–E loops; b efficiencies of the nanocomposites with different volume fraction as
a function of the electric field (Reproduced from Ref. [45] with kind permission of © 2013
American Chemical Society)
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12.5 Concomitant Enhancement of Dielectric Permittivity
and Breakdown Strength

Until this point, the high energy density is mainly obtained through enhancing the
dielectric breakdown strength of polymer nanocomposites. After years of intensive
study, the dielectric breakdown strength of polymer nanocomposites has been
substantially increased rather close to, if not beyond, the intrinsic dielectric
breakdown strength of the corresponding polymer matrix, leaving limited room for
further improvement. Plus, it is also of interest to achieve high energy density at
comparatively low electric field. For these reasons, novel approaches have recently
been proposed for the concurrent enhancement of the dielectric permittivity, hence
electrical polarization, and dielectric breakdown strength of polymer nanocom-
posites. The bottom line is to enhance electrical polarization without causing
decreased dielectric breakdown strength.

To this end, Polizos et al. [47] prepared inorganic nanofillers consisted of
well-dispersedBaTiO3 spherical nanoparticles that are surroundedbyattached layered
MMT nanoplatelets, with the latter having the ability to react with the epoxy matrix.
Through covalent bonding between BaTiO3 nanoparticles and the high-aspect-ratio
oMMT fillers, detrimental effects in the performance of the epoxy composites under
high electric fields, when adding high-permittivity BaTiO3 nanoparticles, are signifi-
cantly reduced in the systems. With the presence of BaTiO3 nanoparticles, the maxi-
mum electrical polarization increased by >40% over the nanocomposites solely filled
withoMMT.Also, the slopeof theP-E loopfor the5 wt%BT/oMMTindicates ahigher
permittivity at high E-fields without increasing the high-field losses, compared to all
other systems. Most recently, Li et al. [48] took a very similar approach in which
two-dimensional (2-D) hexagonal boron nitride nanosheets (BNNSs) was used to
improve dielectric breakdown strength and BaTiO3 nanoparticles was used to induce
higher electrical polarization of the polymer nanocomposites. Ferroelectric poly
(vinylidene fluoride-co-chlorotrifluoroethylene), P(VDF-CTFE), was chosen as the
matrix because of its highest intrinsic energy density among the known polymers.
Notably, a 20% increase in dielectric permittivity along with a 43% improvement in
dielectricbreakdownstrength relative to thepristinematrix is foundat a compositionof
12 wt% BNNSs and 15 wt% BaTiO3. As a result, an unprecedented high energy
densityof 21.2 J/cm3wasobtainedat anelectricalfieldof 532 kV/mm.The additionof
these nanoparticles also hindered the partial conversion of nonpolar a-phase in PVDF
to thepolarb-phase,givingrise toahighcharge–dischargeefficiencyof82%evenat the
highest electrical field. It is worth noting that in these approaches, the nanoparticles of
high dielectric permittivity are randomlymixed with the large-aspect-ratio nanofillers
to form the 0–3 composite, although some type of hierarchical structure formed by the
two fillers may be occasionally found.

Recently, Hu et al. [49] proposed that by expanding the traditional 0–3
nanocomposite approach to a multilayered structure, one may achieve both
enhanced electrical displacement as well as a higher breakdown field than that of
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the polymer matrix. Such a topological-structure nanocomposite combines syner-
gistically the complementary properties of the constituent layers. In a three-layer
demo nanocomposite, BaTiO3 nanoparticles were introduced in the outer composite
layers to induce high electrical polarization, while BaTiO3 nanofibers were used in
the central composite layer for improving the breakdown strength. In this config-
uration, the outer composite layers filled with large amount of BaTiO3 nanoparticles
can be polarized up to higher electric field, hence enhancing the electric dis-
placement. As shown in Fig. 12.4, simultaneously, enhanced electric displacement
and breakdown strength were achieved, as highlighted in the shaded area.
Particularly, with 10 vol% of BaTiO3 nanoparticles in the outer layers, the maxi-
mum electric displacement was increased from *5.2 µC/cm2 for 0 vol% to
6.0 µC/cm2 for 2 vol% of BaTiO3 nanofibers, an enhancement of � 16%.
Concomitantly, the breakdown strength was also enhanced by 67%, i.e., from
*228 kV/mm for 0 vol% to *382 kV/mm for 2 vol% of BaTiO3 nanofibers. By
careful tuning of the relative thickness of the constituent layers, a maximum dis-
charged energy density of 9.7 J/cm3 was achieved.

Fig. 12.4 Variation of a maximal electric displacement and b breakdown strength of the
multilayer composites with the volume fractions of BTO-np in the outer layers and BTO-nf in
the central layers (2 vol%: square; 3 vol%: solid circle). Also, superimposed are the data for the
composites filled solely with BTO-np (denoted as 0 vol%: up-triangle) (Reproduced from
Ref. [49] with kind permission of © 2014 Wiley-VCH)
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The dual-filler approach still requires a large amount of fillers to be incorporated
in polymer matrix, which imposes much challenge on the preparation of defect-free
nanocomposite and may compromise the reliability of composite dielectrics at high
voltage. To address this issue, Shen et al. [50, 51] recently proposed and demon-
strated that composite nanofibers with hierarchical interfaces inside the nanofibers
are capable of inducing much enhanced electrical polarization at a rather
low-volume fraction. Moreover, the orientation of these large-aspect-ratio nanofi-
bers in the directions perpendicular to the external electric field gives rise to
improved breakdown strength. In a demo system, TiO2 nanofibers embedded with
BaTiO3 nanoparticles (BTO@TO_nfs) were prepared by a modified electrospin-
ning process. The hierarchical interfaces inside the BTO@TO_nfs are highlighted
in Fig. 12.5.

Fig. 12.5 a1 The low-magnification HAADF image of BaTiO3 particles coated by a TiO2

nanofiber; atomic resolution ABF images indicated by colored frames in a1 are presented in a2,
where the surface regions have been outlined by yellow dotted lines; a3 is simulated ABF images
and line profiles of inversed intensities with varied Ti4+ content at the Ba2+ sites, indicated by
numbers at the upper left of each image, in each line profile, the left peak corresponds to the
non-substituted Ba2+ ions and the right peak corresponds to the Ti4+-substituted Ba2+ ions; a4 line
profiles of experimental inversed intensities near the interface (which is the inserted image in a3),
the peaks correspond to the locations of the Ba2+ ions doped with Ti ions. b1 the I–V curve and b2
the D–E loop of BTO@TO_nfs; c the structure model for the DFT calculation (Reproduced from
Ref. [50] with kind permission of © 2016 Wiley-VCH) (color figure online)
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Simulations of the angular bright-field (ABF) images suggest that there is mutual
occupation of Ba2+–Ti4+ within the interfacial regions between TiO2 and BaTiO3.
On the atomic scale, results of first-principle calculation based on density–function
theory (DFT) further indicate that the mutual occupation of Ba2+–Ti4+ within the
unit cell of BaTiO3 leads to substantially increased electrical polarization of the
interfacial regions. On the mesoscopic scale, phase field simulations reveal that the
percolation of the TiO2/BaTiO3 interfaces inside the BTO@TO_nfs could signifi-
cantly change the electrical polarization behavior of the nanofibers from being
insulting to being more semiconductive like [52]. These BTO@TO_nfs are then
fused with poly (vinylidene fluoride-hexafluoropropylene) [P(VDF-HFP)] by a
solution-casting method. The following annealing and thermal-quenching treat-
ments give rise to nanocomposites films of high structural integrity and flexibility.
In these P(VDF-HFP)-based nanocomposites, the dielectric permittivity is sub-
stantially enhanced up to 35 with a small loading of 7 vol% of BTO@TO_nfs.
More importantly, thanks to the high structural integrity and partial orientation of
BTO@TO_nfs, the nanocomposites loaded with 3 vol% of BTO@TO_nfs still
exhibit a rather high breakdown strength of *800 kV/mm. The synergistic effects
of these favorable features give rise to an ultrahigh energy density of *31 J/cm3 at
*800 kV/mm, which is even comparable to electrochemical supercapacitors. Plus,
the nanocomposite also bears high discharge efficiency of >70% even at this very
high electric field of *800 kV/mm, as compared to BOPP with a low discharge
efficiency of <40% at a much lower electric field <700 kV/mm.

12.6 Considerations Beyond Energy Density:
Thermal Stability

The ever increasing demands for miniaturization and functionality of electrical and
electronic devices also impose higher challenges for the thermal stability of dielectric
materials, especially in the scenarios where capacitors are subjected to both high
temperature and high voltage. For example, to accommodate BOPP film capacitors in
the power inverters of hybrid and electric vehicles, which are used to control and
convert direct current from batteries into the alternating current required to power the
motor, cooling systems have to be employed to decrease the environmental tempera-
ture from about 140 °C to about 70 °C. This brings extra weight, volume, and energy
consumption to the integrated power system and reduces its reliability and efficiency.
When subjected to high voltage, even themost robust engineering polymers (Tg), such
as poly(ether ether ketone) (PEEK) or polycarbonate which exhibits high
glass-transition temperatures and is theoretically capable of withstanding a high tem-
peratureup to300 °C, fail at rather low temperature (<150 °C), exhibitingsignificantly
increased dielectric loss and dramatically decreased discharge efficiency. With low
intrinsic thermal conductivity (usually 0.1–0.5 Wm/K), pure polymers are susceptible
to thermal runaways. When the joule heat generated by the much increased high-field
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electrical conduction is accumulated from inside the polymer, local temperature is
substantially raisedwell aboveTg, resulting in drastically decreasedYoung’smodulus
and breakdown strength.

Wang et al. [53, 54] recently demonstrated that incorporation of hexagonal
boron nitride (h-BN) nanosheets in divinyltetramethyldisiloxane-bis(benzocy-
clobutene) (BCB) polymer matrix dramatically improve the thermal stability of
nanocomposites at high electric field. The BN-filled nanocomposites exhibit high
breakdown strength of 403 kV/mm at a record high temperature of 250 °C. When
composed with polymer matrix, h-BN sheets of high intrinsic thermal conductivity
(*300 Wm/K) form network throughout polymer matrix, which raises thermal
conductivity from *0.1 Wm/K for BCB to *1.8 Wm/K for h-BN-filled
nanocomposites. A finite element simulation on the steady-state internal tempera-
ture distribution indicates that, with the accelerated heat conduction from inside
h-BN-filled nanocomposites, the highest temperature inside c-BCB/BNNS is only
204 °C at 200 kV/mm with an ambient temperature of 200 °C. At the same
operating conditions, the PEI-, FPE-, and Kapton-based film capacitors are all
overheated. Moreover, the h-BN networks also render nanocomposites with robust
mechanical properties, making them less susceptible to electromechanical failure at
high electric field.

12.7 Conclusions

In summary, years of intensive research has led to rather high energy density of 0–3
polymer nanocomposites, i.e., *20 J/cm3 which is comparable with the electro-
chemical capacitors. More importantly, it is now commonly accepted that it takes
concerted efforts toward high energy density of nanocomposites. The design of
polymer nanocomposites requires the rational selection of nanoparticles and poly-
mer matrix that takes into account their interplay and the subsequent effects on the
dispersion of nanoparticles and crystallization of polymer matrix, the interface
engineering that not only promotes homogeneous dispersion of nanoparticles but
also modulates the critical interfacial polarization. As the dielectric media subjected
to rather high electrical field, these polymer nanocomposites are also hypersensitive
to any structural defects that have detrimental effects on the dielectric breakdown
strength of nanocomposites and compromise the energy storage performance of
polymer nanocomposites or even counteract any benefits one may obtain through
rational design of nanocomposite microstructure. Careful control of processing
conditions is thus equally, if not more, important as the rational design of polymer
nanocomposites. Novel strategies for mass production of polymer nanocomposites
films are also highly desirable for the application of nanocomposite dielectrics. The
current melt-casting and stretching technique could not be readily applied to the
fabrication of polymer nanocomposite films, due to the fact that the incorporated
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nanofillers as well as the structural imperfections introduced, may act as hot spot for
local stress concentration and result in cracks during the stretching process.
Hot-pressing techniques could eliminate the pores or voids in composites and may
hold the promise for roll-to-roll fabrication of nanocomposite films.
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Chapter 13
Flexible Piezoelectric and Pyroelectric
Polymers and Nanocomposites for Energy
Harvesting Applications

Chaoying Wan and Christopher Rhys Bowen

Abstract Ferroelectric polymers are promising functional materials for energy
harvesting applications, given their low stiffness, high flexibility, toughness, ease of
modification to tailor properties, processability and low density. This chapter pro-
vides detailed description of the molecular structure, polymorphs and properties
of ferroelectric vinylidene fluoride (VDF)-based fluoropolymers and related
nanocomposites. The nature of the ferroelectric crystalline phase plays a key
role in the piezo- and pyroelectric properties of the polymer‚ various methods
to increase the content of the polar ferroelectric polymorphs in the polymers are
discussed, such as copolymerization, addition of nanoparticles, nanoconfinement,
electrospinning, and post-treatment.

13.1 Piezo- and Pyroelectric Polymers

Electroactive polymers have a number of obvious advantages over ferroelectric and
piezoelectric ceramics in specific applications in terms of their ease of processing at
low temperatures, low density, low mechanical stiffness, flexibility and mechanical
robustness/toughness, such as high strains to failure. These materials have found
diverse applications in smart and multifunctional systems such as transducers,
sensors, actuators, energy harvesting and storage devices, in the forms of fibres,
foams, thin films, textiles and coatings. Ferroelectric polymers that contain net
molecular dipole moments of their macromolecular structures are of interest as
materials for energy harvesting and storage applications as a result of their high
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levels of polarization. The molecular dipoles in these materials are spontaneously
polarized, and they can be oriented by the application of an electric field, tem-
perature variation, mechanical stretching, magnetic field and by interactions with
nanoparticles [1]; thereby leading to a piezo- and pyroelectric response of the
polymer. Polarized and electroactive polymers of interest include vinylidene
fluoride (VDF)-based fluoropolymers, odd-numbered nylon, poly-L-lactide, poly-
urethane and liquid crystal elastomers. The electroactive performance of these
materials is highly dependent on their macromolecular structures, i.e., the crys-
talline structure, chain conformation, dipole orientation in the crystalline regions
towards the direction of the applied electrical poling field [1, 2], processing con-
ditions and post-treatment methods that are applied.

Compared to ferroelectric ceramics, electroactive polymers often have a lower
permittivity and lower piezoelectric coefficients. As a result, significant effort has
been undertaken to enhance the dielectric properties and piezoelectric coefficients of
the polymers, and the approaches employed include modifying the molecular
structure, forming composites, controlling processing conditions and posttreatment
methods; this includes mechanical stretching and electrical poling. In this chapter,
we will discuss the latest research progress in strategies to enhance the piezo- and
pyroelectric properties of electroactive polymers, in particular poly vinylidene
fluoride (PVDF) and its copolymers with a particular emphasis on energy har-
vesting applications. For energy harvesting or scavenging applications, a variety of
properties is of interest such as the relative permittivity (dielectric constant), dij
piezoelectric coefficients (such as the d33 and d31 coefficients) to determine the
charge generated due to an applied mechanical load and the pyroelectric coefficient
(p) to determine the charge generated due to a temperature fluctuation. To achieve a
piezoelectric and pyroelectric response, there is also a need to readily polarize the
material, therefore the remanent polarization (Pr) and coercive field (Ec) are also of
interest. The ability to tailor these properties for potential harvesting applications
will be described in this chapter.

13.1.1 Polyvinylidene Fluoride (PVDF) and Polymorphs

PVDF is a thermoplastic semicrystalline polymer and is one of the most important
ferroelectric polymers due to its unique molecular structure and crystalline forms.
The PVDF homopolymer contains 59.4 wt% fluorine and 3 wt% hydrogen [1], and
the presence of fluorine atoms with large van der Waals radius (1.35 Å, vs.
hydrogen 1.2 Å) and electronegativity in the polymer chains [–CH2–CF2–] induces
a dipole moment perpendicular to the chain in each monomer unit [2, 3]. PVDF has
approximately 50% crystallinity and exhibits five different polymorphs: a (phase
II), b (phase I), c (phase III), d and e, which are related to the molecular chain
conformations; Fig. 13.1 shows the a, b and c phases [4]. The a-crystal phase is
hexagonal, with aligned polymer chains antiparallel to each other, in the confor-
mation of trans-gauche-trans-gauche′ (TGTG′) [4]. The b-crystal is orthorhombic
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and has an all-trans planar zigzag conformation with their dipoles parallel to the b-
axis, which contribute to the highest dipolar moment per unit cell (8 � 10−30 C m)
[5]. The phase transition from the ferroelectric b-phase to paraelectric a-phase is
defined as Curie transition or Curie temperature (Tc), which is highly dependent on
the polymer chain structure, processing condition and posttreatment. A higher
b-phase content in PVDF, therefore, leads to higher piezo-, pyro- and ferroelectric
properties [1, 2, 6].

A variety of methods has been developed to increase the fraction of the ferro-
electric b-phase content in PVDF, including copolymerization with a second
monomer, blending with other polymers, forming composites with nucleating
agents or nanofillers, tailoring processing conditions, mechanical stretching and
electrical poling. The nonpolar a-phase of PVDF is kinetically favourable and can
readily form on crystallization from the melt at moderate or high levels of super-
cooling [7] (<160 °C), or from solution crystallization of a xylene/acetone mixture,
monochlorobenzene or dimethylformamide (DMF) solutions [8]. The polar b-phase
is the most thermodynamically stable form and can only be induced to form under
special conditions. These include (i) melt crystallization at high pressures [9] or at
very high cooling rates [7, 10], (ii) solution casting from highly polar solutions,
such as hexamethyl phosphoramide [11], (iii) vapour deposition of oligomeric
PVDF [12, 13] or (iv) by blending with negatively charged nanoparticles. The
a-phase can transform to the b-phase by mechanical stretching and electrically
poling at electric fields as high as 100 kV mm−1 under elevated temperature of 80–
165 °C [1]. From first-principles simulations and a generalized solid-state nudged
elastic band method [14], it has been suggested that the electric field induces the
a-phase to transform to the polar d-phase and then to the b-phase. This is shown in
Fig. 13.2 where the a-phase forms from the melt and progressively transforms to
the b-phase at high electric fields; the impact of cold drawing and annealing at high

Fig. 13.1 Three a, b and c
primary polymorphic
crystalline phases of PVDF
(Reproduced from Ref. [4]
with kind permission of ©
2009 American Chemical
Society)
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temperature to form the b-phase is also shown [15]. By stretching blown films of
PVDF biaxially or uniaxially [16], the highest content of highly oriented b-phase,
86.5%, was achieved during drawing at 87 °C, with a drawing rate of 50 mm min−1

for a stretch ratio of 6.5. At this level of stretch ratio, a maximum stress piezo-
electric d33 coefficient (charge per unit force) of 33 pC N−1 was obtained. Other
studies have shown that the b-phase is more favourably formed in the temperature
range of 70–100 °C and at a stretch ratio of approximately 3–5 [17]. Higher
stretching temperatures reduce the efficiency of the phase conversion, and con-
version to the b-phase only takes place for stretch ratios above 5. It has also been
shown that annealing of the PVDF film at 90 °C transforms the c-phase to the
b-phase, and this is reflected as a decreased local relative permittivity [18].

In recent years, nanofabrication technologies, such as electrospinning, nanoim-
print lithography [19] and the horizontal Langmuir–Schaefer technique [20] have
attracted significant attention in producing nonvolatile memory and flexible
piezoelectric sensors. In particular, electrospinning has the potential to produce a
high b-polymorph content in PVDF via a one-step process that avoids additional
processing stages such as mechanical stretching or electrical poling; details of this
process will be described later in this chapter. In the following sections, the latest
research progress on the effects of copolymerization, processing condition, post-
treatment, addition of nanoparticles and electrospinning on the piezo- and pyro-
electric properties of PVDF is discussed.

13.1.2 Copolymerization and Phase Transition

Copolymerization is an effective method to tune the polymorph structure and phase
transition behaviour of PVDF. The co-monomer type and composition ratios

Fig. 13.2 Electric field-induced phase transitions of PVDF. The unit cells are shown as viewed from
the ab and bc planes. The transverse dipole moment of each polymer chain is shown using the orange
arrow that points from the negatively charged fluorine atoms to the positively charged hydrogen
atoms (Reproduced from Ref. [15] with kind permission of © 2016 AIP) (Color figure online)
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determine the crystalline structures and degree of crystallinity which directly affect
the ferro-, piezo- and pyroelectric properties of the copolymers. A variety of VDF
copolymers and terpolymers has been synthesized by incorporation of tri-
fluoroethylene (TrFE), chlorotrifluoroethylene (CTFE) or hexafluoropropylene
(HEP) co-monomer. The molecular structures of these commonly studied PVDF
copolymers are shown in Fig. 13.3.

The introduction of a bulky co-monomer to PVDF chains generally facilitates
the formation of the ferroelectric b-phase due to a steric hindrance effect [21]. For
example, in P(VDF-co-TrFE), Fig. 13.3a, the introduction of a third fluoride atom
in the TrFE [–CHF–CF2–] co-monomer unit forces the polymer chains to align in
an extended planar zigzag all-trans conformation below the Curie temperature,
when the TrFE content is over 11 mol% [22]. When the TrFE is above 20 mol%,
the formation of b-phase is independent of the processing conditions and electric
poling [23]. For P(VDF-co-HFP), see Fig. 13.3b, the presence of bulky CF3 in the
PVDF chains provides more space to allow the dipoles to reorient. With a HFP
content of 5 mol%, the highest value of remanent polarization (Pr * 80 m Cm−2)
was achieved for solvent-cast films, resulting in a higher piezoelectric coefficient
d31 of 30 pC N−1 as compared to those of PVDF homopolymers [24]. In the case of
P(VDF-co-CTFE) copolymer, Fig. 13.3c, with a CTFE content lower than 16 mol
% [4], the piezoelectric constant d33 was as high as 140 pC N−1 [25]. Therefore, the
advantages of PVDF copolymers over PVDF are that the b-crystalline phase is
always present regardless of the processing method, which can be attributed to the
steric hindrance of the co-monomer that expands the interchain distance and
reduces the activation energy for the a-b phase transition [2, 26]. Further annealing,
mechanical stretching or electrical poling process can increase the crystallinity and
align the CF2 dipoles, which leads to higher piezo- and pyroelectricity than PVDF
homopolymers. On introducing a chloro-containing third monomer termonomer,
such as chlorotrifluoroethylene (CTFE) to P(VDF-co-TrFE) copolymers, as in
Fig. 13.3d, with over 20 mol% of TrFE, some of the ferroelectric b-phase trans-
forms to the c-phase when the termonomer units reach 7 mol% [27]. As a result of
the mixed ferroelectric and paraelectric phase, the Tc was reduced to almost ambient
temperature; these terpolymers exhibit a high dielectric constant (>70), slim
polarization hysteresis and ferroelectric relaxor behaviour making it of interest for
energy storage applications.

Fig. 13.3 Molecular structures of a P(VDF-co-TrFE), b P(VDF-co-HFP), c P(VDF-co-CTFE)
and d P(VDF-TrFE-CTFE)
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13.1.3 Processing Conditions and Influence on Curie
Temperature

The effects of processing conditions, annealing, mechanical drawing, electrical
poling, pressure [28], thermal history and addition of inorganic particles on the
generation and orientation of the b-phase are now discussed. As discussed, the
paraelectric a-crystal phase is generally formed in PVDF upon cooling from the
melt or from solution-cast films, see Fig. 13.2. A mixture of a-, b- or c-phase
crystals is generally observed in PVDF copolymers when crystallized from the melt
or solution under different conditions. The conversion of the ferroelecric
b-crystalline phase to the paraelctric a-crystalline phase takes place thermally when
the material is heated above the Curie temperature (Tc), which accordingly defines
the upper use temperature of the copolymers for piezoelectric and pyroelectric
applications such as energy harvesting. The Tc of b-PVDF is approximately 170 °C
[29] and the introduction of a co-monomer to the polymer chains can restrict the
degree of crystal growth down to nanosized crystalline domains [15, 27], which
accordingly increases the interchain distance and dipolar mobility and leads to a
decreased Tc. For example, a Tc = 105 °C was measured for a copolymer with a
70/30 composition ratio [30]. The Tc of PVDF copolymers relies on the chemical
compositions of the copolymers and is highly dependent on the polymer annealing
conditions. Generally, a higher annealing or crystallization temperature and/or
longer annealing time above Tc yields lamellar thickening and better crystalline
packing, less defects and higher crystallinity of the paraelectric phase. These factors
result in an increase of the Tm and decrease the Tc [31]. When annealing the
polymer in the b-phase state, an increase in the Tc is expected.

As an example of the influence of such processing conditions, for a solution-cast
P(VDF-co-TrFE) (81/19) copolymer, annealing at 120 °C (close to the Tc) for 16 h
increased the Tc to 128 °C but no change of Tm was observed. In contrast, the Tc
increased to 125 °C and Tm increased to 151 °C after annealing at 140 °C for 16 h
[22]. The changes of Tc were associated with changes in the Gibbs free energies in
the orthorhombic b-phase and hexagonal a-phase during annealing. Annealing of
the material below its Tc favours the removal of gauche defects in the ferroelectric
phase, which can increase the degree of crystallinity and b-phase concentration.
Annealing above the Tc facilitates the transformation of more paraelectric phase
into the b-phase. The b-phase concentration in the as-cast film was determined to be
approximately 75%, and it increased to 93% after annealing at 130 °C for 2 h; see
Fig. 13.4. The increase in b-phase concentration correspondingly increased the d33
piezoelectric coefficient from an original value of 13–18 pC N−1 after 4 h of
annealing, see Fig. 13.4a, with a threefold increase in elastic modulus and tenfold
reduction of oxygen permeability [22].

The annealing treatment that is applied critically affects both Tc and Tm.
Copolymers with 50–80% VDF show a Tc in the range of 70–140 °C [32], which is
absent in pure PVDF. In the temperature range between Tc and Tm, the polymer
chains move more freely to reorganize into a higher degree of crystallinity.

542 C. Wan and C.R. Bowen



Generally, annealing at temperature above Tc but below Tm can increase the degree
of crystallinity and decreases Tc [32, 33]. Solution-cast P(VDF-co-TrFE) (72/28)
thin films were annealed at 120 °C for 3 h (above Tc, but below Tm) led to a
preferential chain orientation that was aligned parallel to the substrate surface with
higher degree of crystallinity, and dipole alignment upon electrical poling. These
factors lead to a large permanent polarization in the thin films, a remanent polar-
ization (Pr) = 7.8 lC cm−2, and coercive field (Ec) of 0.75 MV cm−1 for a
100-nm-thick film [31]. Therefore, to achieve high piezoelectric coefficients, it is
essential to control the annealing procedures through the Curie transition temper-
ature [32].

13.1.4 Dielectric Displacement (D)–Field (E) Properties

The ferroelectric behaviour of PVDF-based materials has been investigated as a
function of temperature and poling frequency, see Fig. 13.5 [34]. For a
uniaxial-stretched P(VDF-co-TrFE) (50/50) film, paraelectric behaviour was
obtained due to the nucleation of electric field-induced ferroelectric nanodomains
inside the paraelectric phase matrix when it was poled at a high poling frequency
(e.g., 1000 Hz) and 100 °C (above the Tc of 64 °C). These ferroelectric nan-
odomains were highly reversible and could be rapidly depolarized on removal of
the poling field, see Fig. 13.5c. At an intermediate poling frequency (10 Hz) and
100 °C, an ‘antiferroelectric-like’ behaviour was observed, which could be attrib-
uted to the competition between depolarization and polarization fields upon reverse

Fig. 13.4 a Piezoelectric d33 coefficient of solvent-cast P(VDF-co-TrFE) films as a function of
annealing time at 130 °C. The inset shows the d33 coefficient of the copolymer, as-cast (open
symbols) and annealed 4 h at 130 °C (black symbols), during ageing at room temperature.
b Melting enthalpy of solvent-cast P(VDF-co-TrFE) films as a function of annealing time at 120,
130 and 140 °C, and relative fraction of crystalline b-phase as a function of annealing time at
130 °C. The inset shows DHm versus annealing time in logarithmic scale (Reproduced from Ref.
[22] with kind permission of © 2014 Wiley-VCH)
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poling, see Fig. 13.5b. Finally, at a low poling frequency (e.g., 1 Hz) and 100 °C, a
normal ferroelectric behaviour with more rectangular hysteresis loops was observed
since the small, reversible ferroelectric domains had time to grow into large irre-
versible ones, see Fig. 13.5a. For energy harvesting applications, the ability to pole
the material and achieve a high remanent polarization (Pr) which is modulated with
stress or temperature is of interest for piezo- or pyroelectric harvesting, as in
Fig. 13.5a. For energy storage applications, an antiferroelectric-like (Fig. 13.5b) or
paraelectric (Fig. 13.5c) behaviour is more desirable due to the ability to store and
recover energy, as given by the larger areas in the dielectric displacement (D)–
electric field (E); these are indicated by the purple areas in Fig. 13.5.

A b-phase fraction (F(b)) of 0.74 and an overall crystallinity of 42.6% was
achieved for melt-quenched stretched PVDF films [35]. A higher F(b) of 82% and a
d33 = 21 pC N−1 was obtained by stretching PVDF films that were solution-cast
from N,N-dimethylacetamide (DMAc) solutions [36]. It is reported that an overall
crystallinity of 52–60% with F(b) = 0.53 for PVDF films that were prepared by spin
coating from an acetone/DMF solution and subsequently stretched uniaxially [37].
The pyroelectricity of a ferroelectric VDF-oligomer [CF3(CH2CF2)17I]-evaporated
film was investigated utilizing a low-frequency sinusoidal heat source [13]. The
pyroelectric coefficient (p) of the 600-nm-thick VDF oligomer film was estimated to
be −68 µC m−2 K at 37 °C whose value is larger than those reported for ferro-
electric polymers. The VDF oligomer is, therefore, a promising material for
application in pyroelectric thin film infrared detectors and pyroelectric harvesting
applications.

A simple two-step annealing scheme [38] was applied for the fabrication of
stable nonvolatile PVDF thin film memory devices. This consisted of the crystal-
lization of ferroelectric c-phase during the first step and enhancement of the PVDF
film dense morphology during the second step. The PVDF films also exhibit a
coercive field of 113 MV m−1 and a ferroelectric polarization of 5.4 lC cm−2.

Nanoconfinement also facilitates polar b-phase formation. PVDF nanowires can
be crystallized into the b-phase due to nanoporous confinement (200 nm channel),
with well-aligned polymer chains and crystallites arranged perpendicularly to the

Fig. 13.5 Schematic illustration dielectric displacement (D)–electric field (E) loops and domain
structure of a normal ferroelectric, b antiferroelectric-like and c paraelectric behaviours of the
high-temperature PE phase in P(VDF-co-TrFE) under different poling frequencies (f) (Reproduced
from Ref. [34] with kind permission of © 2012 Elsevier)
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channel walls. PVDF-templated nanowires show a remanent polarization higher
than the saturation one (Pr = 19 lC cm−2 vs. Ps = 9 lC cm−2) [39]. This is
attributed to the combination of the polarization of the ferroelectric polymer with
the charge derived from the superposition of leakage current to the displacement
current.

In contrast, thin films of PVDF without any poling stage did not show any
ferroelectric behaviour. P(VDF-co-TrFE)(70/30)-templated nanowires exhibit a
remanent polarization of 7.4 lC cm−2 and a saturation polarization of
9.6 lC cm−2, values that are similar with respect to the as-prepared P
(VDF-co-TrFE) thin film saturation polarization (Ps), remanent polarization (Pr)
and coercive field (Ec). Maximum d33 values of −8.2 and −6.5 pm V−1 were
obtained for the P(VDF-co-TrFE) and PVDF nanowires. Non-poled P
(VDF-co-TrFE) thin films exhibited a d33 of −15 pC N−1 in comparison with the
poled films and bulk materials of both P(VDF-co-TrFE) and PVDF were in the
range of −20 and −30 pC N−1 [39].

For a P(VDF-co-TrFE) copolymer with a composition ratio of 72.2/27.8 mol%
[30], the polymer chain length affects the conformations. It was found that a short
polymer chain length corresponds to a higher crystal size and leads to a higher
b-phase content; the d33 piezoelectric coefficient was enhanced by decreasing the
molecular weight (Mw) of the copolymer. A maximum d33 value of −50 pC N−1

was achieved for the composition 72.2/27.8 mol% with a molecular weight of
470 kg mol−1.

Interestingly, the pyroelectric properties were enhanced for the lowest polymer
crystalline grain size studied. A pyroelectric coefficient of 37.8 lC m−2 K was
obtained with the composition 71/29 mol% with a molecular weight of 505 kg
mol−1. These differences may be related to how the polarization changes with either
stress (influencing the piezoelectric coefficient) or temperature (influencing the
pyroelectric coefficient).

PVDF films were produced by varying the quenching temperature [40]. Nearly,
100% of b-phase crystals formed at −20 °C, and the b-phase was self-aligned and
polarized, with a high d33 piezoelectric coefficient of up to −49.6 pm V−1 (or
pC N−1). The self-polarized b-phase and high piezoelectric coefficient of the PVDF
films make them suitable for energy harvesting applications, such as vibration
harvesting.

In addition to tailoring the processing conditions and heat treatment conditions, a
recent approach to tailor the piezoelectric and pyroelectric properties is to form
nanocomposites, and this will be now discussed.

13.2 PVDF Nanocomposites

Polymer-based nanocomposites have attracted intensive interest as high-energy
density capacitors with high energy density (Ue), since heterogeneous materials
make it possible to combine the high relative permittivity and electrical properties
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of nanofillers, such as ferroelectrics, with the high breakdown strength, low
dielectric loss and lightweight of polymers. Generally, PVDF and its copolymers
only present a-phase (*0.4%) [41] or a small amount of b-phase when cooled from
the melt; as shown in Fig. 13.2. Research has demonstrated that nanoparticles with
a negatively charged surface can interact with the positively charged –CH2 groups,
and induces the formation of the more polar b-phase, with fractions up to 100%
[42–44], and a high d33 piezoelectric coefficient of *33 pC N−1 [45]. The
dipole-surface charge interaction model has been found in various PVDF-based
composites systems, with additives such as clay, barium titanate (BaTiO3) [46],
lead zirconium titanate (PZT) [47], SiO2 [48] ionic liquids, carbon materials (car-
bon nanotube, graphene, carbon fibres), metal nanoparticles (nanoparticles of Pd,
[49] Ag [50], Pt [51]), metal salts (CuO [52], ZrO2 [53] TiO2, Fe3O4 [54, 55]
BaFe12O19 [56], Cerium(III)-N,N-dimethylformamide-bisulphate [Ce(DMF)
(HSO4)3] complex [57]) and conducting polymers. The effect of nanoparticle
additions on the structure and piezoelectric properties of PVDF polymers generally
depends on their nucleating efficiency, supercooling effect as well as interfacial
interactions. Specifically, the nucleating effect of the nanoparticle additions strongly
depends on the particle size [46, 52] shape [58], surface chemistry [52], concen-
tration [47], dispersion, interfacial interaction and processing conditions.

For metal and metal salt-filled PVDF composites, it has been shown that 5 wt%
of copper can induce the formation of up to 90% of b-phase due to the high
interfacial area between the well-dispersed nanoparticle surface and the polymer
[52]. Cerium(III)/yttrium(III) nitrate hexahydrate salts (1–30 wt%) [59] induced the
formation of b-phase due to the strong ion–dipole interaction through the formation
of hydrogen bonds between the water molecules of the salts and the –CF2 dipoles of
the polymer chains, which enhanced the nucleation of polar b-phase to achieve a
large permittivity in PVDF films. The Fe2O3–Co3O4 nanoparticles that formed
in situ in the PVDF matrix led to the formation of more b-phase and a higher
permittivity in thin films [55]. A 15 mass% SiO2-loaded PVDF film showed the
highest permittivity, which was attributed to the smaller size of SiO2 nanoparticles
and the homogeneous and discrete dispersion of SiO2 nanoparticles in the PVDF
matrix [48]. Furthermore, by adding mesoporous SiO2 nanorods to a PVDF-co-HFP
matrix, the SiO2 nanorods with its anisotropic rod shape and ordered mesopores
doubled the amount of the –OH groups present and increased the intermolecular
interactions and enhanced the b-phase content and piezo-/ferroelectric properties of
PVDF-co-HFP [60]. BaTiO3 hollow nanospheres [58] with particle sizes of �20
nm and BET surface area of 297 m2 g−1 were surface treated to enhance their
compatibility with PVDF. Both the large specific surface areas and increased sur-
face functionality of the hollow spheres increased the b-phase content and degree of
crystallinity at 16 wt% of filler content. The changes in crystallinity lead to a higher
relative permittivity (e′ � 109.6) and energy density for energy storage
(Ue � 21.7 J cm−3) with a high breakdown strength (Eb = 3.81 � 103 kV cm−1)
compared to pristine PVDF (e′ � 11.6 and Ue � 2.16 J cm−3 at 3.98 � 103 kV
cm−1); thereby indicating the benefits of nanoparticle-filled composites. In this way,
the nucleation of the ferroelectric b-phase in PVDF was influenced by the geometry
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of the fillers through the interface interactions between the local electric field of the
filler and PVDF dipoles, such as ion–dipole and dipole–dipole interactions.

Superior ferro- and piezo-electret properties in a self-poled [51], porous hybrid
ferroelectretic polymer nanocomposite film were introduced by in situ generation of
platinum (Pt) nanoparticles embedded in a P(VDF-co-HFP) matrix. The cooperative
functionality between the self-polarized b-phase and the micropores as charge
trapping sites to form an electret was achieved using a simple solvent evaporation
method. As a consequence, the resulting films exhibited a superior electrical
square-shaped hysteresis loop with a large remanent polarization (Pr � 61.7 lC
cm−2), piezoelectric charge coefficient (d33 �−686 pC N−1) and ultrahigh
dielectric properties (e′ = 2678, tand = 0.79 at 1 kHz). A new type of ‘ferroelec-
tretic’ nanogenerator (FTNG) was fabricated using a flexible hybrid nanocomposite
film that converted the applied mechanical energy into electrical energy with a
compressive stress (e.g., by actuating with a human finger). An 18 V open-circuit
output voltage with an expected 17.7 lA short-circuit current was generated from
the FTNG with a 4 MPa of normal stress amplitude. The high piezoelectric energy
conversion efficiency (ηpiezo � 0.2 %) of the FTNG indicated that the hybrid
polymer nanocomposite film was well suited for piezoelectric-based energy
harvesters.

13.2.1 Nanoclay-Based Composites

Organoclays have been shown to promote the formation of b-phase of PVDF, while
unmodified clay shows no, or little, influence. The solution-casting method [61] can
facilitate the dispersion and strengthen the interaction between organoclay with
PVDF as compared to melt processing. The effects of nanoclay inclusion on the
crystallization behaviour of PVDF depend on the dispersion, exfoliation and
interfacial interactions of nanoclay in the PVDF matrix. Ammonium clay shows the
best dispersion and phosphonium clay is more efficient in forming the b-phase [41],
the highest b-phase fractions, up to *99%, were obtained at 5 wt% of octade-
cyltriphenylphosphonium bromide modified clay (28.2 wt% organic content). In
comparison, the addition of 5 wt% of unmodified clay leads to only *23% of
b-phase content in the composites. The presence of nanoclay can also act as a
nucleating agent and enhance the melting and crystallization temperature of PVDF
by 10 and 13 °C, respectively; the relative permittivity of PVDF at 1 Hz was
increased from 8 to 13.3 with 5 wt% of unmodified clay addition, while it reached
16.3 with 5 wt% of organoclay [41]. By tuning the surface charge and dispersion of
clay in PVDF, the energy density (Ue) of PVDF/clay nanocomposites was increased
from 5.34 to 5.91 J cm−3 at 1 wt% clay content and the highest energy density
could reach 10.2 J cm−3, as compared to the pristine PVDF film [62].

Organically modified clay generally has a good dispersion behaviour and a
strong interfacial interaction with PVDF. Exfoliated organoclay nanosheets pro-
mote and stabilize the epitaxial growth of the b-phase of PVDF [63, 64] mainly by
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the stronger interfacial interactions rather than heterogeneous nucleating effects or a
supercooling effect [63]. While the majority of work has been for energy storage
applications, the high b-phase content may lead to energy harvesting applications.

13.2.2 Carbon Nanotube-Based Composites

Single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs) have been used to modify PVDF and its copolymers. With a
solution-mixing method using dimethylacetamide (DMAc) as the solvent [65],
pristine MWCNT (diameter of 10–50 nm, length of 4–10 lm) can induce the
formation of both the a- and b-phase in PVDF under a sonication treatment, while
no b-phase was formed in mechanical mixtures. For SWCNT-filled P
(VDF-co-TrFE) composites prepared by solution casting followed by annealing at
70 °C for 38 h [66], the pyroelectric coefficients of the composites were higher than
that of the pure P(VDF-co-TrFE) copolymer at room temperature. As a function of
temperature, the increase in the pyroelectric coefficients of the composites is more
gradual than that of the copolymer, see Fig. 13.6a. This may be due to the inter-
facial interactions between the SWCNTs and the polymer chains that hinder the
mobility of the dipoles at higher temperatures and limit the overall contribution to
pyroelectricity. The measured d31 values were 25 pC N−1, which is higher than the
20 pC N−1 for the pure PVDF-TrFE film with no additions, see Fig. 13.6b.

One of the benefits of the inclusion of nanoparticles into the PVDF is that the
crystalline structures of PVDF can be tuned using surface modified particles
through melt processing, without an additional need for an annealing or poling
treatment. The nucleating efficiency of three types of surface functionalized
MWCNTs in b-crystals of PVDF was compared [67]. The contents of the

Fig. 13.6 a Pyroelectric coefficient for P(VDF-co-TrFE) and its composites containing SWCNTs
of approximately 0.01 wt%; b piezoelectric response of composites at 0.0072 wt% as compared to
the pure copolymer (Reproduced from Ref. [66] with kind permission of © 2004 American
Chemical Society)
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functional groups on the MWCNTs surface were carboxyl (–COOH *3 at.%),
amino (–NH2 *0.5 at.%) and hydroxyl (–OH *1.2 at.%). The work revealed that
the amino group functionalized MWCNTs had the highest percentage of b-phase
(17.4%) in PVDF [67], followed by those with hydroxyl groups (11.6%) and
unmodified MWCNTs (9.4%). The nanocomposites containing carboxyl func-
tionalized MWCNTs had the lowest amount of b-phase (4.7%). It is believed that
the combined effects of the dispersion of MWCNTs and the interfacial interactions
account for the formation of the b-phase in PVDF; see Fig. 13.7. When NH2-
MWCNTs and COOH-MWCNTs were melt blended with PVDF/PMMA blends
[68], only the NH2-MWCNTs (1 wt%) favoured the formation of b-crystals, where
both the neat blends and COOH-MWCNTs-filled composites show only b-phase
after melt mixing. This observation was ascribed to the preferable location of the
NH2-MWNTs in the amorphous phases of PVDF and in the interlamellar regions of
PVDF/PMMA (70/30).

Therefore, the effects of CNT on the nucleation of b-phase of PVDF are mainly
dependent on the surface charge–dipole interactions (surface chemistry), the par-
ticle size and concentration, as well as processing conditions (solvent, temperature,
annealing, shearing, posttreatment).

Fig. 13.7 Schematic of the role of CNTs on the formation of the b-phase in PVDF: a the chemical
bonding between functionalized CNTs and PVDF chains; b the adsorbed chains of PVDF on the
surface of CNTs influenced by the dispersion of CNTs (Reproduced from Ref. [67] with kind
permission of © 2014 Elsevier)
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13.2.3 Graphene in PVDF

Graphene and its derivatives are effective nanoparticles for modification of PVDF
and its copolymers [69]. The oxygen functional groups on the surface of graphene
oxide (GO) or reduced graphene oxide (RGO) can interact with the –CF2 in PVDF
via electrostatic interaction and/or hydrogen bonding, thereby benefiting the
nucleation of ferroelectric c- or b-phase [70]. With a solvent-casting route,
approximately 80% of the polar ferroelectric b-phase was formed in PVDF/RGO
films and this led to an enhanced permittivity and electric polarization [71]. In
comparison, a combination of zinc oxide (ZnO), magnetic iron oxide (Fe3O4)
nanoparticles and RGO reduced the amount of b-phase (*50%) present in the films
[71]. The Fe3O4 loaded-PVDF composite films exhibit reduced values of both
permittivity and electric polarization. A weak magneto-dielectric behaviour was
observed in Fe3O4-loaded PVDF nanocomposite films at room temperature with a
coupling constant *0.04%. However, with a Fe-doped RGO, a 99% of polar
c-phase was formed in PVDF [72], which is ascribed to electrostatic interactions
among the –CH2 and –CF2 dipoles of PVDF and the delocalized p-electrons and
remaining oxygen functionalities of Fe-doped RGO via ion–dipole and/or hydrogen
bonding interactions. For energy harvesting applications, the nanocomposite films
generated an open-circuit output voltage of 5.1 V and a short-circuit current up to
0.254 lA on loading with a human finger, thereby acting as a self-poled piezo-
electric energy harvester. In addition, the nanocomposite exhibited a higher elec-
trical energy density of �0.84 J cm−3 at an electric field of 537 kV cm−1, which
indicates that it is appropriate for energy storage capabilities.

To evaluate the effects of surface functionalization of graphene on the formation
of b-phase [73], a thermally reduced exfoliated graphene (EG) with various
oxygen-containing functional groups was studied, including fluorination-EG,
ozone-EG and PMMA-g-EG. The solution-mixed composites with 0.5 wt% of
functionalized EG were characterized by Fourier transform infrared spectroscopy
and X-ray diffraction. The b-phase content of PVDF is PMMA-g-EG >
ozone-EG > fluorination-EG > EG and was directly related to its specific interac-
tion between the C=O group of PMMA and the CF2 group of PVDF. In the
frequency range of 102–107 Hz, the relative permittivity of the PVDF composites
showed an increase owing to a variation of the carbonyl group (C=O) content.
Among all the composites studied, the PVDF/PMMA-g-EG composite has the
highest relative permittivity (e′ = 18) and dielectric loss.

An enhanced piezoelectric energy harvesting performance was observed in
bilayer films of poled P(VDF-co-TrFE) and GO [74]. The bilayer film exhibited a
voltage output of 4 V and power output of 4.41 lW cm−2 compared to poled P
(VDF-co-TrFE) films alone (voltage output of 1.9 V and power output of
1.77 lW cm−2). The enhanced voltage and power output in the presence of GO
film was due to the combined effect of electrostatic contribution from the GO,
residual tensile stress, enhanced Young’s modulus of the bilayer films and the
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presence of space charge at the interface of the P(VDF-co-TrFE) and GO films,
arising from the uncompensated polarization of P(VDF-co-TrFE).

13.2.4 Electrospinning of PVDF Nanocomposites

Electrospinning has demonstrated many advantages for producing ferroelectric
polymeric materials, such as ease of setup, scalability, generation of continuous
nanofibres and membranes with high-specific surface area and high porosity. The
electrospinning parameters, such as applied voltage and electrode-to-collector dis-
tance, solvent polarity, polymer molecular weight and concentration and additives
have considerable effects on the fibre morphology and properties. Electrospinning
favours the formation of b-phase formation or induces a- to b-phase transformation
due to its unique in situ electrical poling and mechanical stretching effects. The
b-phase content in polymeric fibres is highly dependent on the solvent type,
additives and electrospinning parameters.

For example, when electrospinning PVDF from DMF solution, a b-phase
fraction F(b) of 0.75 and an overall crystallinity in the range of 49–58% can be
produced. By adjusting the electrospinning conditions to narrow down the fibre
diameters or increase voltage, more b-phase could be obtained, which is ascribed to
the increased elongation and a larger electric field that act as an increased poling
field on the polymer jet [75]. When electrospinning PVDF from N-methyl-
2-pyrrolidinone (NMP)/acetone (5/5 v/v) mixed solution at 16 wt% concentration,
PVDF nanofibres with a F(b) larger than 95% was collected from a rotating drum at
800 rpm [76]. When electrospinning 20 wt% PVDF from DMF/acetone (6/4 v/v)
solution [77] in the presence of 3 wt% of tetrabutylammonium chloride (TBAC)
additive, almost pure b-phase fibres were produced. The TBAC salts are believed to
facilitate the degree of hydrogen bonding between the contained water molecules
and the fluorine atoms of PVDF and hence induce more trans-conformation. In
contrast, only the a- and c-phase was detected in the spin-coated samples from the
same solutions. It is believed that the TBAC additive induced local conformational
changes, and electrospinning promotes interchain interactions. A higher fraction of
b-phase can lead to higher d33 piezoelectric coefficients [6], and therefore a higher
voltage or charge output in energy harvesting applications, however, the piezo-
electric performance of PVDF fibres is also affected by the total dipole moment, i.e.,
the orientation of dipoles which is closely related to the poling effect.

Given the high-applied electrostatic fields and polymer jet characteristics of the
electrospinning process, it is believed that electrospinning can not only facilitate
more piezoelectric phase formation but also induce dipole orientation in the poly-
mer fibres. A number of studies have reported flexible, high-output piezoelectric
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nanogenerators based on PVDF fibres using near-field electrospinning (NFES) or
conventional far-field electrospinning (FFES) processes [78–80]. However,
the effects of the electrospinning process on the dipolar orientation of the polymer
fibres are still not fully understood and conflicting results have been reported [79,
80]. Using a rotating drum or disc as a fibre collector is believed to exert additional
mechanical stretching and promotes the formation and alignment of the c-axis of
the b-phase crystallites along the fibre axis [77]. One study [81] reported that
rotation of the collecting drum has an important role in the enhancement of b-phase
formation, and degree of the orientation of the fibres in the electrospun mats
controls the ferroelecric properties. However, another study found that the degree of
orientation and the polymorphism behaviour of the fibres did not vary significantly
with either the rotating disc speed or the size of the spinneret used [77, 82]. This
implies that the formation of the b-phase is likely to be caused by the columbic
force imposed by the electric field rather than the mechanical and shear force
exerted by the rotation disc collector and spinnerets.

To seek evidence of dipole orientation during electrospinning process, Sun et al.
[76] compared electrospun PVDF nanofibres with fibres made by a force-spinning
process (mechanical stretching without electrostatic force), in which the nanofibres
were produced by an electrostatic force and by centrifugal force. It is found that
both fibrous mats showed aligned PVDF fibres with high F(b) > 95%. However, the
force-spun PVDF fibres did not show piezoelectricity although it has a high
b-phase, which is because the mechanical force may only induce the phase trans-
formation but fails to align the ferroelectric dipoles. In comparison, the FFES
process can create an electric poling field (*1 kV cm−1) on the polymer jet, thus
inducing polarization of the crystallites with a preferential orientation along the
fibres; see Fig. 13.8.

Fig. 13.8 Representation of dipole arrangement in the fibre mats produced by force-spinning
(a) and electrospinning (b) (Reproduced from Ref. [76] with kind permission of © 2015 Springer)
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13.3 Conclusions

Ferroelectric polymers are promising functional materials for energy harvesting
applications as a result of their mechanical flexibility, high strains to failure,
toughness, ease of modification to tailor properties, low temperature processing and
low density. This chapter has provided of detailed description of the molecular
structure, polymorphs and properties of ferroelectric vinylidene fluoride (VDF)-
based fluoropolymers and related nanocomposites. The ferroelectric crystalline
phase plays a key role in the piezo- and pyroelectric properties of the polymers, and
various methods have been described to increase the content of the polar ferro-
electric polymorphs in the polymers. Methods employed include copolymerization,
addition of nanoparticles, nanoconfinement, electrospinning and posttreatments.
The ability to tailor the structure and phase composition of these ferroelectric
polymers provides opportunities to tune their properties for high-performance
flexible ferroelectrics for energy harvesting and energy storage applications.
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Chapter 14
Nanostructured Polymers
and Polymer/Inorganic Nanocomposites
for Thermoelectric Applications

Zongqiong Lin and Qichun Zhang

Abstract Thermoelectric generators (TEGs) are being considered as one of the
most promising green technology to convert the waste energy into useful electricity.
Conjugated polymers and their nanostructures possess high electrical conductivity,
low thermal conductivity, and reasonable Seebeck coefficient, which can meet the
requirements for high-efficiency TEGs. This chapter focuses on recent progress in
the development of nanostructured polymers and polymer/inorganic nanocompos-
ites with multi-dimensional nanostructures (0D, 1D to 2D) for thermoelectric
applications. The challenges and perspectives in the emerging field of nanostruc-
tured polymers are also involved.

14.1 Introduction

As a green technology to harvest waste energy, thermoelectric generators (TEGs),
which are able to produce an electrical current or electrical power from a temperature
gradient DT [1], have evoked a lot of researchers’ interests. They possess a series of
charming advantages such as high reliability, portable weight, no maintenance
required, and friendly to environment [2]. The working principle of thermoelectricity
is associated with two fundamental effects (Fig. 14.1), including: (1) the Seebeck
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effect, also referred to as the thermopower, in which an electrical potential is
produced within a single conductor that is subjected to a temperature gradient; and
(2) the Peltier effect, in which a temperature difference is created at the junction of
two dissimilar conductors when an electric current crosses. TEGs are typically an
assembly of both n- and p-type semiconductors which may simplistically be
described as electron rich (donor) and electron poor (acceptor), respectively.
Thermoelectric efficiency is measured by the dimensionless figure of merit,
ZT = (S2r/j) * T, where S is the Seebeck coefficient, r is the electrical conductivity,
j is the thermal conductivity, and T is the absolute temperature.

Generally, *50% of the waste heat is stored in large-volume warm fluids
(T < 250 °C). However, rare-efficient TE materials have been found at room
temperature (typically as a p-type Bi2Te3/Sb2Te3 superlattice with ZT = 2.4) [3].
Most of inorganic materials with high thermoelectric efficiency are working at high
temperature (>500 K), e.g., the most efficient skutterudite material (Ce-filled
skutterudites, CeFe3.5Co0.5Sb12) with ZT = 1.4 at T = 900 K [4], the most efficient
SnSe with ZT = 2.6 ± 0.3 at 923 K [5], and the most efficient lead chalcogenide
with ZT = 0.8–1 at *650 K (PbTe for example) [6]. In contrast, organic/polymer
semiconductors are superior over their inorganic counterparts in low temperature
waste heat harvesting, and leading to a bright future in TEGs. Nanostructuring
strategy of bulk materials has led to significant improvements in ZT because
engineered nano-scale interfaces could introduce many possibilities for both pho-
non scattering and the energy-dependent scattering of electrical carriers [7]. Both
theoretical calculations and experiments have already demonstrated that
low-dimensional TE materials can efficiently enhance ZT values, due to the

Fig. 14.1 Thermoelectric heat engines. a When current is run across a thermoelectric junction, it
heats or cools through the Peltier effect, depending on the direction of the current flow. b When
heat flows across the junction, electrical current is generated through the Seebeck effect
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quantum size effect and the enhanced interface scattering of phonons [8]. Thus,
solution-processed inorganic nanoparticles have been previously suggested for
these applications to reduce the costs of devices’ fabrication. However, their low
electrical conductivities have resulted in a very low power factor
*0.5 lW m−1 K−2 at 300 K, which makes their application impractical [9].
Similarly, although thermally evaporated organic thin films show low thermal
conductivities and intriguing Seebeck coefficient, their low electrical conductivities
have set up a limitation [10]. In contrast, solution-processed polymers with heavily
doping can have sufficiently high electrical conductivities, however their ther-
mopowers are relatively lower. Thus, polymer–inorganic thermoelectric
nanocomposites have become a hot research topic because they might possess one
of the most particularly attractive features, namely, the synergetic combination of
the easy processability of conjugated polymers and the excellent thermoelectric
performance of inorganic semiconductors. As alternative, many researchers have
paid their attentions to the conductive polymer–carbon-based nanocomposites
(carbon sources are carbon nanotubes [11] and graphenes [12]). Their research has
demonstrated that the as-prepared composites have the enhanced TE properties
[13]. In this chapter, we only highlight the recent progresses on the preparation,
modification, and optimization of nanostructured polymer and their composites
with inorganic materials for TEGs.

14.2 Polymer-Based TE Materials

Compared to inorganic materials, organic materials have the noteworthy advantages
such as mechanical flexibility, low-cost synthesis, and solution processability. The
excellent thermoelectric material should have high electroconductivity, a significant
Seebeck coefficient in order to ensure efficient thermoelectric power generation, and
lower thermal conductivity. Organic thermoelectric materials based on conductive
polymers have already shown high electrical conductivity (r, up to 104 S cm−1,
depends on the doping level) [14], low j (in range of 0.1–1.0 W m−1 K−1) [15] and
reasonable S (10 * 1 � 103 mV K−1) [16], which can meet the requirements for
high efficiency of energy conversion TEGs. The progresses of conductive polymers
for potential applications in TEGs, including polyanilines (PANI), polythiophenes
(PT), PEODT:poly(styrenesulfonate) (PSS), polyacetylene (PA), polypyrrole
(PPY), poly(2,7-carbazole), and their derivatives (Fig. 14.2), have been well
summarized by several recent review articles or book chapters [13c, 17]. Since three
variable factors (S, r and j) are somewhat interdependent, it makes the optimization
of ZT more challenging and more difficult [13c, 14b, c, 18]. One of the key
strategies to optimize ZT in inorganic conductors is to reduce their thermal con-
ductivity via the introduction of nanostructures acting as phonon-scattering centers.
Therefore, the nano-engineering strategy in conductive polymer particles [19],
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especially 1D nanostructures, have also been proposed to approach a higher ZT, due
to their excellent physical properties rising from the size, surface quantum effects
[20], and enhanced interface scattering of phonons [18, 21].

14.3 0D Nanostructures of Polymer-Inorganic
Nanocomposites

Composite materials consisting of inorganic nanostructures and polymers may have
better TE properties than pure polymers because the composite materials could
embrace the properties of both polymer and inorganic nanostructures to enhance the
performance through a synergistic effect. Pinter et al. [22] prepared Ag–poly
(3-octylthiophene) nanocomposites that exhibit an extremely large Seebeck coef-
ficient (1283 lV K−1). Since Ca3Co4O9 single crystals show a high S up to
130 lV K−1 and good chemical stability at room temperature [23], Liu et al. [24]
successfully fabricated free-standing PEDOT:PSS/Ca3Co4O9 composite films by
mechanically blending Ca3Co4O9 powder with PEDOT:PSS, but rather poor in
performance. Note that the r of the as-fabricate composite film dramatically
decreases to 75 S cm−1, when further increasing the content of Ca3Co4O9.
However, the S only takes 24.8% improvement. The power factor of the composite
film decreases with Ca3Co4O9 content, mainly due to the decline of electrical
conductivity and the limited improvement of the S. Ag2Te–PANI core–shell
nanostructures were prepared by Cai et al. [25] through a one-pot interfacial syn-
thesis method, with about 80–100 nm in size, and *10 nm Ag2Te nanoparticles as
the core of composites. The r of the as-obtained Ag2Te–PANI composite is
measured as 0.043 S cm−1, accompanied by a higher S (251 lV K−1) and lower ĸ
as 0.387 W m−1 K−1.

Fig. 14.2 Chemical structures of typical organic conducting thermoelectric polymers
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Lead telluride (PbTe) is a narrow band gap (Eg = 0.32 eV) semiconductor,
which has been reported to show superior TE properties [26]. Cai et al. [27]
synthesized a PANi/PbTe core–shell nanostructure and PbTe/PANi/PbTe
three-layer sphere-like morphology by interfacial polymerization. The S of the
composite can reach 578 lV K−1 with temperature increases to 373 K, but r
(2.2 S m−1) is still very poor, which leads to a low power factor in these PbTe–
PANI composites.

Bi2Te3-based alloy has been reported as the best TE material system at room
temperature and has attracted a great research interesting [3]. Zhao et al. [28]
prepared Bi0.5Sb1.5Te3–PANI composite by mixing Bi0.5Sb1.5Te3 powder and
PANI powder and then pressing them into pellets. But the power factors of the
hybrid materials decrease significantly with the increase of the polymer content due
to mainly the decline of electric conductivities. The Bi2Te3 nanoparticles and PANI
in emeraldine form are physically mixed with camphorsulfonic acid in m-cresol,
which results in *50 times higher power factor (as 51 lW m−1 K−2) than the
polyaniline film reported by Toshima et al. [29]. The physically mixed hybrid film
displays much higher power factor and S in comparison with those by solution
mixture, which is attributed to the different morphology and dispersibility of
nanoparticles between these two methods. However, Song et al. [30] prepared
Bi2Te3/PEDOT:PSS TE composite films by a physical mixing method with dif-
ferent contents of the Bi2Te3 particle, and the optimized power factor of the
composite film is only 9.9 lW m−1 K−2 (10 wt% Bi2Te3). The low power factor is
assigned to the micrometer size of Bi2Te3 particles (325 mesh), which cannot be
homogeneously dispersed in the PEDOT:PSS matrix.

Katz et al. [31] incorporated both ball-milled n- and p-type Bi2Te3 powders with
commercialized highly conductive PEDOT:PSS (named as CLEVIOS P, PH500
and PH1000). The r of all three PEDOT grades increases significantly when the
dimethyl sulfoxide (DMSO) is added from 1 to 5 wt%, and then starts to decrease.
PH1000 products show both S and power factor superior to other products at all the
DMSO contents. The best power factor is obtained as 47 lW m−1 K−2 in
CLEVIOS PH1000 (4–5 wt%). Two representative SEM pictures are shown in
Fig. 14.3a. On the cross section of the fracture surface, PEDOT:PSS coats on the
surface of Bi2Te3 Âµm size particles, which also is covered by a PEDOT:PSS thin
layer. From the top view picture, the rough surface of samples revealed that Bi2Te3
particles are not uniformly dispersed. Figure 14.3c, d show the TE properties of the
mixture of CLEVIOS PH1000 and n/p-type Bi2Te3 ball-milled powders. Bi2Te3
powders have a size distribution from submicrometer to several micrometers. The r
increased and S decreased with the incensement of PEDOT volume ratio. The
power factor of the mixture using PH1000 is generally better than other products
due to the best power factor associated with PH1000 (Fig. 14.3c). The highest
power factors reaches 131 lW m−1 K−2 for 10 vol% of PEDOT. The estimated ZT
for the three samples should be more than 0.08 (10%), 0.06 (17%), and 0.07 (23%).
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14.4 1D Nanostructure of Polymer-Inorganic Composites

Tellurium (Te) possesses a high thermopower larger than 500 lV K−1 in bulky
form with oxide impurities [32] of its nanocrystal, which can be synthesized in
water in the presence of surfactant toward a solution processing of eco-friendly TE
generator. Segalman et al. [33] reported aqueous-processed nanocrystal films
composing of Te nanorods functionalized with PEDOT:PSS, and the as-prepared
nanocomposite has a high TE performance (ZT � 0.1). The Te nanorods are
synthesized in situ with water-soluble PEDOT:PSS (Fig. 14.4a), which can be
drop-cast to form a continuous film as shown in Fig. 14.4b. The introduction of

Fig. 14.3 a Cross section SEM picture of the PH1000 mixed with Bi2Te3 ball-milled particles
(30% volume ratio of PEDOT:PSS). b Top view of the sample. c Power factor of CLEVIOS P
(blue), PH500 (red), and PH1000 (green) mixed with Bi2Te3 particles. d r, S, and power factor of
CLEVIOS PH1000 mixed with Bi2Te3 particles. Reproduced from Ref. [31] with kind permission
of © 2010 American Chemical Society (color figure online)
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PEDOT:PSS onto the surface of nanorods is to purposely increase the electrical
conductivity with the decreased thermal conductivity of the whole film. Te/PEDOT:
PSS nanocomposite film exhibits higher r (19.3 S cm−1) than both that of
PEDOT:PSS and unmodified Te nanorods, which is ascribed to that PEDOT:PSS
can prevent the oxidation of Te nanorods and improve the interparticle contact.
Higher S (163 lV K−1, approximately an order of magnitude than the bulk poly-
mer) indicates that hole transport does not occur strictly through the PEDOT:PSS.
Interestingly, the value of ĸ for the nanocomposite is in range of 0.22–
0.30 Wm−1 K−1, which is approximately the same as that of PEDOT:PSS. The
possible reasons are attributed to the porosity of the films, different vibrational
states between the two components, and the inhibition of heat-carrying phonons
transport in such a small diameter of nanorods. Furthermore, it is found that the r,
S, and power factor in the composite films are the function of the mass fraction of
Te [34]. Figure 14.4c shows the AFM images of the morphology of composite

Fig. 14.4 a Synthesis of PEDOT:PSS passivated Te nanorods, followed by formation of smooth
nanocomposite films during solution casting. b Picture of a typical drop-cast composite film on a
1 cm2 quartz substrate, illustrating excellent film uniformity. Reproduced from Ref. [33].
Copyright 2010 American Chemical Society. c Atomic force microscopy images of microns thick
Te nanowire polymer composite films with Te nanowire mass fractions and RMS roughness of a
97%, 22.2 nm, b 76%, 8.8 nm, c 54%, 12.8 nm, d 32%, 10.8 nm, and e 11%, 7.3 nm (reproduced
from Ref. [34] with kind permission of © 2013 Wiley-VCH)
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films in microns thickness and with different roughness in various Te fractions. The
r of the films exhibits a peak at 76 wt% Te (*12 S cm−1), which indicates that the
control over the interfacial volume in polymer/nanocrystal composites could be a
novel route for optimizing carrier transport in nanocomposites. The S increases
monotonically with increasing Te and can be well consisted with the
two-component series-connected fitting using a brick–wall interface model, which
has been used to fit data from the conductor–insulator, and composite solid elec-
trolyte [35]. The ĸ also is determined by the function of the mass fraction of Te. At
the extreme ratio (>80 wt% Te), there is not enough remaining polymers to make a
fully dense matrix between particles to further suppress the thermal conductivity.
These two studies highlight the importance of nano-scale interfaces in
polymer/nanocrystal thermoelectric composites, and provide a general route for the
enhancement of carrier transport in hybrid materials and devices.

Wang et al. [36] further studied a patterned single microribbons of the Te
nanowire/PEDOT:PSS composite through a standard lift-off process. The
temperature-dependent transport behavior and the long-term stability are explored
to get a deeper insight of the transport phenomena. Electrical current will pass
through regions of polymer, Te nanowire, or the interface of Te nanowire/PEDOT:
PSS, according to their fitting of r versus T−1/4 plot. With a band-like conduction in
Te nanowires as well as hopping sites in the PEDOT:PSS, the conduction at the
Te/PEDOT:PSS interface may better be described by a Poole-Frenkel type process
[37]. It is found that the Te nanowires are slowly oxidized over time and a decrease
in r is seen after three weeks, but this is offset by an increase in S.

Layered semiconductor bismuth trisulfide (Bi2S3) is a promising TE material
with a band gap of 1.3 eV [38]. Cai et al. [39] developed a facile route (one-pot
self-assembly method) to prepare Bi2S3 nanotubes and PEDOT composite. When
the content of Bi2S3 increases (up to 36.1 wt%), the electrical conductivity of the
composite powder after cold pressing increases, whereas the S firstly increases then
decreases, and the power factor monotonically increases. The sample with 36.1 wt%
Bi2S3 had a highest power factor (2.3 W m−1 K−2), which is about five times larger
than that of the pure PEDOT.

Wang et al. [40] successfully developed a facile route to fabricate PbTe-modified
PEDOT nanotubes and achieved extremely large Seebeck coefficient values. For the
synthesis of PEDOT nanotubes, a facile interfacial polymerization [41] is devel-
oped at room temperature and the chemical oxidation occurs at the interface of n-
hexane/acetonitrile. The diameter of the as-prepared pure PEDOT nanotubes is
*50 nm, and the length of the nanotubes ranges from 0.5 to 1.5 lm. Whereas the
PbTe-doped nanotubes can give out a length more than 4 lm and *40 nm in
diameter, where the size of the as-coated PbTe nanoparticles is between 20 and
50 nm as shown in Fig. 14.5a and a′. The reason for the formation of longer and
thinner PbTe-doped PEDOT nanowire may be that PbTe nanoparticles act as a solid
stabilizer and assist to form solid-stabilized emulsion nanoparticles, which have
much finer droplets of the mixture than that made by simply agitation. The r and
S of the powder pallets after cold pressing are plotted as a function of PbTe content
(Fig. 14.5b) at room temperature. N-type conduction and an extremely large S value
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(−4088 lV K−1) are obtained in the pure-dedoped PEDOT, but low electrical
conductivity (6.4 � 10−4 S cm−1) is observed. The absolute Seebeck value
decreases to 1205 lV K−1 (the sample with 43.9 wt% PbTe) with the increase
PbTe content, and the calculated power factor increases from 1.07 lW m−1 K−2

(pure PEDOT) to 1.44 lW m−1 K−2 (28.7 wt% PbTe sample).
Ternary hybrid strategy is employed for further optimizing the carrier transport

at the interface of Te/PEDOT:PSS composites. The carrier-filtering process is uti-
lized to modify the energy dependence of carrier scattering [42], which can
selectively scatter low-energy charge carriers and cause an asymmetry in the dis-
tribution of mobile charge carriers around the energy level of the potential barrier.
Urban et al. [43] demonstrated the controlled patterning through varying the

Fig. 14.5 Typical TEM images for PbTe-doped PEDOT nanotubes a and a′ high-magnification
image of the marked zone in a, b, r, S of PEDOT nanotubes composite pellets with different PbTe
content (reproduced from Ref. [40] with kind permission of © 2011 American Chemical Society)
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amounts of Te-Cooper alloy subphases within nanowire to introduce
energy-dependent carrier-scattering mechanisms and characterize the resulting
change in thermoelectric and electronic properties. They reported the synthesis of
Cu1.75Te alloy subphases with precise conversion within PEDOT:PSS-Te nano-
wires (NWs) in aqueous solution with aspect ratios of 36 ± 4.0. After growth of the
PEDOT:PSS-Te NWs, aliquots of aqueous copper ions with different amounts of
copper loading are injected to produce various nanowires (Fig. 14.6a). Unlike the

Fig. 14.6 TEM images of nanowires with alloy subphases. a Cartoon depiction of Cu
incorporation and nucleation of alloy phases within PEDOT:PSS-Te NWs. b PEDOT:PSS-Te
(Cux) NWs exhibit morphological transition to bent wires. c PEDOT:PSS-Te(Cux) NWs appear
polycrystalline, and grain boundaries are observed at angled portions of “bent” wires. The interface
between two crystal domains results in angles (h) ranging from 100 to 160°, which defines the
curvature of the “bent” wires. d Nonmonotonic trends in both S and r suggest the energy
dependence of carrier scattering has been modified by growth of semimetal–alloy nanointerfaces.
e Up to 22% improvement in the power factor of the system is realized upon initial subphase
growth. Note that power factors are reported after optimization of PEDOT:PSS content, whereas
the S and r are reported before this optimization. f Band structure of Te and Cu1.75Te before
contact. Equilibrium band alignment in Te–Cu1.75Te nanocomposites. Bending of the valence
bands at the interface introduces an energetic barrier that preferentially scatters low energy holes
(reproduced from Ref. [43] with kind permission of © 2016 American Chemical Society)
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rigid rods for the as-prepared PEDOT:PSS-Te NWs, PEDOT:PSS-Te(Cux) NWs
suffers a morphological transition from a straight and rigid wires to the curved rods
due to the growth of alloy subphases (Fig. 14.6b). The growth of this new crys-
talline phase happens at an angle of h versus the original Te nanowire (Fig. 14.6c)
as shown in HR-TEM, which leads to the wire to kink. From this detail, it was
concluded that the structurally mismatched interfaces at grain boundaries would
cause kinks rather than an increase in mechanical flexibility. Note that, at low
copper loadings, an increase in the S is observed, which is well consisted with a
modest drop in r (Fig. 14.6d). A 22% increase in the maximum power factor of the
system, up to 84 lW m−1 K−2, is realized (Fig. 14.6e).

The enhancement of the S (up to 220 lV K−1) is observed in the alloyed
nanowire representing a 16% increase over the unalloyed hybrid, which is much
higher than expected. The reason might be ascribed to a mismatch in available
energetic states caused by the estimated 150–300 meV gap in work functions when
carriers traveling the length of a nanowire must hop from the Te phase into an alloy
subphase. “Hot” carriers may have sufficient energy to overcome the semimetal–
alloy interface mismatch and hop across the Cu1.75Te barriers, but low-energy
“cold” carriers are scattered. In the future, other metal–Te alloy phases are expected
to systematically probe the effect of energetic and structural matching across
interfaces on carrier scattering and dynamics. Kim et al. [44] designed a ternary
hybrid paper composed of reduced graphene oxide, PEDOT:PSS, and Te nanowires
to enhance the TE performance, as well as to improve the flexibility and mechanical
and chemical durability. The ternary hybrid shows a power factor of
143 lW m−1 K−1 at 300 K, which is one to two orders of magnitude higher than
those of single- or binary-component materials. The reason is also proposed as that
the two heterojunctions that induce double-carrier filtering significantly increase the
electrical conductivity without a major decrease in the thermopower.

14.5 2D Nanostructure of Polymer-Inorganic Composites

Wang et al. [45] proposed a directly mechanical blending of Bi2Te3/PANI
nanocomposite, where Bi2Te3 flakes and rice-like PANI particles was synthesized
using hydrothermal and chemical oxidation routes, respectively. However, this
method only obtains a poor power factor (5.02 lW m−1 K−2). Beside Bi2Te3-based
alloy, Bi0.5Sb1.5Te3 nanosheet (BST)/PEDOT:PSS composite was also investigated
to show a higher power factor value (ZT � 0.05 at room temperature) [46]. The
process for the preparation of BST NS/PEDOT:PSS films is illustrated in
Fig. 14.7a, as the hydrothermal synthesis, Li+ intercalation and exfoliation route
[47], and then spin-coating or drop-casting of nanosheets. The as-prepared BST
nanosheets possess a hexagon shape with the edge length ranges from � 125 to
800 nm (Fig. 14.7b). Figure 14.7c shows a hexagonal electron diffraction pattern of
a BST nanosheet, indicating the single crystalline nature of the BST nanosheets.
The growth direction of the BST NSs is along the basal plane of the Bi2Te3 crystal
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structure [48]. The drop-cast composite film has the highest electrical conductivity
(1295.2 S cm−1) if the BST NS content was 4.10 wt%. The S increases for both
spin-coating and drop-casting composite films. The spin-coated composite films
show an obviously higher S comparing with that of drop-casting film, which is
ascribed to the strong carrier scattering and quantum-confinement effect of such a
thin film in nano-scale. Figure 14.7d shows the power factor of both composite
films. The power factor for the spin-coated films increases dramatically with the
increasing content of BST nanosheets, due to the considerably rising S. The highest
power factor value (32.26 lW m−1 K−2) is obtained on the drop-cast composite
film containing 4.10 wt% BST nanosheets. The ZT value is estimated as � 0.05 at
room temperature for the drop-cast 4.10 wt% BST nanosheets/PEDOT:PSS com-
posite film (if ĸ = 0.2 W m−1 K−1), which is much higher than that of the
spin-coated film (� 0.01 at RT). The manufacturing processing for the composite
films has a significant effect on TE properties.

As one of the most attractive 2D semiconductive materials, MoS2 has gained
considerable attention as a potential TE material, due to its low thermal conduc-
tivity (0.1–1 W m−1 K−1) [49] and large in-plane mobility (200–500 cm V−1 s−1)
[50]. A very large TE power factor (2.8 � 104 mW m−1 K−2) and a large ZT
(*3.4) have been achieved using Boltzmann transport theory and first principle
calculations for single-layer MoS2 and MoS2 nanoribbons, respectively [51]. In
early 1953, Manseld et al. [52] obtained a remarkable S of −600 mV K−1 for bulk
MoS2 crystal. Recent reports of the TE performance of MoS2 (prepared by chemical
vapor deposition (CVD) in a single-layer transistor device could reach a high S as
*30 mV K−1, but rather poor in power factor because the poor electrical

Fig. 14.7 a Illustration of the process for preparation of BST NS/PEDOT:PSS films. TEM images
of the P-type BST NSs b and c the corresponding selected area electron diffraction pattern.
d Power factor calculated for the drop-cast and the spin-coated films as a function of the BST NS
content in the composite films (reproduced from Ref. [46] with kind permission of © 2014
American Chemical Society)
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conductivity of MoS2 (10
−9 to 10−7 S cm−1) limits its TE performance. The first TE

demonstration of MoS2/polymer nanocomposite can be traced back to 1993.
Kanatzidis et al. [53] reported the encapsulation of PANI in MoS2 as a

nano-composite, and observed a highly r (0.4 S cm−1) as well as *10 lV K−1 in
S. Later on, Xu et al. [54] fabricated a flexible PEDOT:PSS/MoS2 (PM) thin film
via direct vacuum filtration with pristine PEDOT:PSS and exfoliated MoS2
nanosheets in different organic solvents. A mass of 0.5 g of MoS2 powder is added
into 100 mL N,N-Dimethylformamide (DMF) or N-methyl-2-pyrrolidone
(NMP) (Step A in Fig. 14.8). Chemical exfoliation with n-butyllithium is also

Fig. 14.8 a Schematic illustration of the preparation of the flexible PM thin films. b Electrical
conductivity of PM thin films with different contents of exfoliated MoS2 nanosheets in DMF
(PMx–D), NMP (PMx–N), and H2O (PMx–H). c Power factor of PM thin films with different
contents of exfoliated MoS2 nanosheets in DMF, NMP, and H2O (reproduced from Ref. [54] with
kind permission of © 2016 Royal Society of Chemistry)
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introduced to obtain MoS2 nanosheets. After sonication and centrifugation, MoS2
nanosheet dispersions in DMF, NMP, or water have been mixed with aqueous
PEDOT:PSS solution (Step B), and denoted as PMx–D, PMx–N, and PMx–H,
respectively (x is the mass percentage of MoS2 in the dried PM thin film). The
well-dispersed mixture in water is vacuum filtrated (Step C) through a
polyvinylidene fluoride (PVDF) membrane (pore size: 0.22 lm) to form uniform
films. The average electrical conductivity values for MoS2/PEDOT:PSS thin films
diluted with DMF, NMP, and ethanol are 1349, 528, and 1250 S cm−1, respectively
(104-fold higher than that of pristine PEDOT:PSS), which is due to the washout of
PSS chains. The PM-composite thin films decreases by 30–50% with the increased
MoS2 nanosheet content from 0 to 20 wt%, but still *103 times higher than that of
pristine PEDOT:PSS. The r is found to decrease with the decreasing temperature.
The S of PM thin films increase with the amount of MoS2 nanosheets and reached
the maximum values at 3–5 wt% MoS2 nanosheets. Note that the PM4–D thin film
shows a higher S value (19.5 lV K−1) than that of PM–N and PM-H. The
enhancement of S in PM thin films is possibly resulted from the high carrier
mobility of MoS2 nanosheets and the well connection between PEDOT and MoS2
nanosheets. The power factor of PM thin films exhibite maximum values at 3–5 wt
% MoS2. Also, the PM-D thin films generally show a higher power factor than that
of PM–N and PM–H due to their higher r and S. An optimized power factor of
45.6 lW m−1 K−2 presents at 4 wt% MoS2 nanosheets for PM4–D thin films,
which is about much larger than that of the PEDOT thin film (28.3 lW m−1 K−2)
and higher than those of the previous reported PEDOT:PSS-based composites. The
ZT value of the PM4-D thin film is calculated to be 0.04 at room temperature.

14.6 Summary and Perspective

TE properties of polymer matrix or polymer/inorganic nanosomposites still have a
lot of room to be enhanced through doping or dedoping processes. Generally, the r,
j, and S of conducting polymers and inorganic TE nanostructure/polymer
nanocomposites are interdependent. Thus, it becomes more difficult to increase
the r and S simultaneously in inorganic nanostructure/conductive polymer
nanocomposites without affecting thermal conductivity. However, improving
backbone ordering of polymer chains and increasing charge carrier mobility in
nanostructures should increase r and S simultaneously.

Moreover, the present techniques for the preparation of inorganic
nanostructure/polymer nanocomposites such as physical mixing, solution mixing,
and in situ oxidative polymerization still remain challenging in dispersing inorganic
TE nanostructures into polymer matrix. Obviously, poor wettability between
polymer and inorganic TE nanostructures as well as easy oxidation of inorganic TE
nanostructures during the processing has prevented inorganic TE nanostructures
from effective dispersion in a polymer matrix. In situ synthesis technique of
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nanoparticles in polymer solution (or nano-suspensions) might avoid the oxidation
of the nanostructures and constructed the nanoheterojunction directly.

More importantly, the so-called carrier-filtering effect has recently become an
attractive approach for ternary hybrid system because this effect can significantly
increase the electrical conductivity without a major decrease in the thermopower (or
Seebeck). Therefore, the engineering of interfaces at the heterojunctions is critical
for matching energy levels, through tuning the electric structure of conjugated
polymers.

Lastly, the diversity of nanostructures beyond nanoparticles and nanowires for
the inorganic/polymer hybrid system is also promising for the high-performance
TEGs, due to the enhancement interface scattering of phonons, especially the novel
inorganic 2D semiconductor and various morphologies in higher dimensionality
with complex structures and nanoporosity. For the organic counterpart, the low
density and highly porosity of metal organic framework (MOF) and covalent
organic frameworks (COF) with high conductivity would provide extremely small
thermal conductivity and could act as novel candidates for enhancing TE properties.
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Chapter 15
Polymer-Inorganic Nanocomposites
for Polymer Electrolyte Membrane
Fuel Cells

Kingshuk Dutta

Abstract Polymer/inorganic nanocomposites represent a unique class of amorphous,
flexible, and isotropic materials for applications in high, intermediate, and low
temperature polymer electrolyte membrane fuel cells (PEMFCs). Nanocomposite
polymer electrolyte membranes in PEMFCs constitute of either a polymer matrix
continuous phase with dispersed inorganic proton conducting particles or a proton
conducting polymer matrix continuous phase with dispersed inorganic particles.
Therefore, these nanocomposites are basically composites of polymer having
nanoscale building blocks of inorganic particles. These remarkable hybrid materials
possess combined advantages of both the inorganic and the polymer phases, often
with synergistic outcomes. In essence, materials of hybrid nature possessing
nanosized interfaces between the dispersed inorganic and the continuous polymer
domains present remarkable opportunities to produce unique material properties.
Accordingly, significant thermal and ionic conductivities, thermal stability, flexi-
bility, corrosion resistance, mechanical strength, dielectricity, ductility, optical
density, and processability are some important and attractive attributes of these
nanocomposite materials. In addition, these properties can be controlled easily by
varying the composition, synthetic procedure, bonding between the polymer and
the inorganic particles, and the size of the nanophases. This chapter will deal with
the use of polymer/inorganic nanocomposite materials in various categories of
PEMFCs, namely hydrogen, direct methanol, and microbial fuel cells. The
advantages obtained upon utilizing these hybrid nanocomposite materials over that
of the state-of-the-art materials will be highlighted in details. In addition, possible
future directions will be provided regarding possibilities of fabricating and utilizing
new and prospective hybrid materials for these applications.
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15.1 Introduction

Fuel cells represent a class of alternative energy harnessing and storing devices
which are essential in today’s world, considering the extremely high energy
demand and consumption by human population and equally threatening scarcity of
conventional fossil fuel-based energy reserves. Within the category of fuel cell
devices, polymer electrolyte membrane (PEM)-based fuel cells (PEMFCs) are one
of the most important types. These are fuel cells containing solid polymer mem-
branes functioning as electrolytes/ion-exchangers. PEMFCs can be further sub-
categorized based on the type of fuels used: (a) hydrogen fuel cells using hydrogen
as a fuel, (b) microbial fuel cells (MFCs) using organic matter present in wastewater
and sludge as a fuel, and (c) direct methanol fuel cells (DMFCs) using methanol as
a fuel [1–5].

A PEM in a fuel cell is responsible for performing three basic functions:
(a) selective transport of protons from the anode to the cathode side of the cell,
(b) prevent passage of generated electrical charges in the anode to the cathode, and
(c) prevent mixing of the contents of the anode chamber with that of the cathode
chamber. Over the years, PEMFCs have witnessed employment of a wide variety of
polymeric membrane materials as electrolytes. These include primarily of com-
mercially available membranes, such as Nafion®, Dow XUS®, Aciplex-S®, and
other laboratory-based membranes composed of blends, composites, copolymers,
and interpenetrating networks of pure and/or sulfonated polymers poly(ether ether
ketone) (PEEK), poly(vinylidene fluoride) (PVdF) and its copolymer (PVdF-co-
HFP), polystyrene, polybenzimidazole (PBI), polyaniline (PAni), etc. [3, 6–12].
Membranes constituting these laboratory-based membrane materials in conjunction
with commercial membrane materials, majorly Nafion, have dominated the field of
PEM research so far [13–16].

However, irrespective of such a huge thrust in PEM research for over two and a
half decades, the underlying problems associated with PEMFCs have remained
largely unsolved in totality [17–19]. PEM materials which potentially solve one
problem often lead to aggravation of other associated problems. This has, in turn,
critically hampered the widespread commercialization of fuel cell device as a power
source in stationary and portable applications. In this regard, the new generation of
hybrid membranes, composed of polymer/inorganic hybrid materials, has shown
extreme potential in solving the lingering drawbacks of fuel cell devices. These
polymer/inorganic hybrid nanocomposites are amorphous, flexible, and isotropic
materials, which have recently found prospective use in PEMs of PEMFCs.
Morphologically, these nanocomposite PEMs constitute of either a polymer matrix
continuous phase with dispersed inorganic proton conducting particles or a proton
conducting polymer matrix continuous phase with dispersed inorganic particles.
Therefore, in essence, these nanocomposites are basically composites of polymer
having nanoscale building blocks of inorganic particles. Metal/ceramic oxides are
commonly employed as the inorganic particles. These unique hybrid materials
exhibit combined advantages, often synergistic, obtained from both the inorganic
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and the polymer phases. Significant thermal and ionic conductivities, thermal
stability, flexibility, corrosion resistance, mechanical strength, dielectricity, ductil-
ity, optical density, and processability are some critical and attractive attributes of
these nanocomposite materials.

In addition, these properties can be controlled easily by varying the composition,
synthetic procedure, bonding between the polymer and the inorganic particles, and
the size of the nanophases. This chapter will present the application of
polymer/inorganic nanocomposite materials in high, medium, and low temperature
PEMFCs. The associated advantages that have been realized upon utilizing these
hybrid nanocomposite materials, over that of the state-of-the-art materials, will be
discussed in details. In addition, possible future perspectives will be analyzed
regarding possibilities of fabricating and utilizing new and prospective hybrid
materials toward application in PEMFCs.

15.2 Polymer-Inorganic Nanocomposites as Polymer
Electrolyte Membranes in Hydrogen Fuel Cells

A hydrogen fuel cell is an electrochemical device responsible for chemical to
electrical energy conversion via combination of hydrogen as a fuel (anode reactant
or anolyte) and oxygen or air as an oxidant (cathode reactant or catholyte). In
general, the anode and the cathode reactions take place in presence of platinum
(Pt) as both the anode and the cathode catalysts. A schematic illustration of a
hydrogen fuel cell has been presented in Fig. 15.1. Although a lot of components
and associated advantages/disadvantages are involved with a fuel cell system, this
chapter will deal only with the employed PEM component and its detailing.

Fig. 15.1 A schematic
illustration of a hydrogen fuel
cell (reproduced from Ref. [1]
with kind permission of ©
2016 Elsevier)
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Commercial Nafion® membranes of DuPont represent the state-of-the-art PEMs
involved in the fabrication of hydrogen fuel cell systems. It presents several
advantages, including high proton conductivity (under fully hydrated condition),
excellent electrochemical and chemical stabilities, and structural integrity at mod-
erate temperatures of up to 90 °C.

However, Nafion membranes suffer from extreme high cost, which eventually
increases the overall cost of the fuel cell device, thus, hindering its widespread
commercialization. In addition, at high temperatures (>90–100 °C), Nafion mem-
branes loses their chemical and mechanical stability, as well as, their moisture
retention capacity, leading to a decrease in its proton conductivity. Moreover,
Nafion, consisting of pendant sulfonic acid (–SO3H) groups, also exhibit loss of
these groups via hydrolysis at temperatures >100 °C. In order to overcome these
critical problems various alternative membranes have been designed and fabricated
[17, 20]. However, this chapter will only focus on PEMs based on polymer/inorganic
composite materials.

Mixed membranes composed of Nafion and silicon oxide have been fabricated by
incorporation of silicon oxide within Nafionmembranes [21]. The incorporated oxide
particles were concentrated within the middle of the membrane, so that the membrane
surfaces remain similar to that of the pristine Nafion-117membrane. This was done in
order tomaintain the nature of themembrane-electrode interface same as that using the
pristine Nafion-117 membrane, while varying the bulk membrane properties such as
proton conductivity. At a temperature of 80 °C, this hybrid membrane exhibited a
higher conductivity of 9.9 � 10−2 S cm−1 compared to pristine the Nafion-117
membrane (i.e., 7.4 � 10−2 S cm−1), although its room temperature (25 °C) con-
ductivity (i.e., 4.4 � 10−2 S cm−1) was lower than that exhibited by the pristine
Nafion-117 membrane (i.e., 8.7 � 10−2 S cm−1). A series of recast Nafion-inorganic
composite membranes have been fabricated, employing tungsten oxide (WO3), tita-
nium dioxide (TiO2), silicon dioxide (SiO2), or SiO2/phosphotungstic acid (PWA) as
the inorganic constituent(s) [22]. The inorganic content was maintained at 10 wt%.
Scanning electron microscope (SEM) images of these composite membranes have
been presented in Fig. 15.2. The PEMFC performance at high temperature (>100 °C)
using the modified membranes Nafion/SiO2, Nafion/WO3, and Nafion/SiO2/PWA
revealed that their proton conducting abilities were comparable to that of Nafion-115
membrane at a relative humidity of 100%; however, their conductivities were found to
be superior than the pristine Nafion-115 membrane at lower relative humidity values.
For example, under an operation condition of 70% relative humidity and 110 °C
temperature, the Nafion/SiO2/PWA hybrid membrane exhibited the best proton
conductivity (i.e., 2.67 � 10−2 S cm−1) followed by the Nafion/SiO2 (i.e.,
1.07 � 10−2 S cm−1), the Nafion/WO3 (i.e., 1.01 � 10−2 S cm−1), the Nafion/TiO2

(i.e., 8.93 � 10−3 S cm−1) and the pristine Nafion-115 (i.e., 8.13 � 10−3 S cm−1)
membranes. Again, under this particular operating condition, the PEMFC current
density values exhibited by the tested membranes at 0.4 V potential were
Nafion/SiO2/PWA (i.e., 540 mA cm−2) > Nafion/SiO2 (i.e., 320 mA cm−2) >
Nafion/WO3 (i.e., 230 mA cm−2) > Nafion/TiO2 (i.e., 150 mA cm−2) > pristine
Nafion 115 (i.e., 95 mA cm−2).
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In order to improve on the proton conductive and water retention capacity under
conditions of higher temperature (i.e., 90 and 120 °C) and low relative humidity
(i.e., 40%), nanocomposite PEMs comprising of recast Nafion/MO2 (where, M
represents Si, Zr, or Ti) have been fabricated [23]. These sol–gel nanocomposite
membranes demonstrated enhanced water uptake capacities compared to the pristine
Nafion-112 membrane at 90 and 120 °C temperatures. However, at these tempera-
tures and 40% relative humidity, only the Nafion/zirconium oxide (ZrO2)
nanocomposite membrane exhibited higher proton conducting ability (by 10%) over
that of the pristine Nafion-112 membrane. This particular enhancement was due to
the fact that Nafion/ZrO2 sol–gel nanocomposite membrane produced increased
acidity as represented by a decreased equivalent weight of this membrane over that
of Nafion/TiO2 and Nafion/SiO2 sol–gel nanocomposite membranes. Recast
Nafion/ZrO2-SiO2 composite membranes were fabricated by varying the ratio of
incorporated Zr to Si [24]. The total inorganic content was maintained at 10 wt%.
These composite membranes exhibited higher water uptake capacities, compared to
the pristine Nafion-112, recast Nafion/ZrO2 and recast Nafion/SiO2 membranes,

Fig. 15.2 Scanning electron micrographs of composite membranes: a recast Nafion/SiO2, b recast
Nafion/TiO2, c recast Nafion/WO3, and d recast Nafion/SiO2/PWA (reproduced from Ref. [22]
with kind permission of © 2006 Elsevier)
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when measured at 80 °C temperature. At this temperature, increase in the ZrO2

content of the membrane was found to result in increasing proton conducting ability.
However, a reverse trend in proton conducting ability of the membranes was

noted at 120 °C. Composite membranes constituting of a Zr to Si ratio of 0.5 was
reported to produce the best cell performance (i.e., an output power density of
610 mW cm−2 at an applied voltage of 0.6), when tested at 120 °C temperature,
50% relative humidity and 2 atm. pressure. Nafion/ZrO2 composite membranes
exhibited increased water uptake capacity with increasing ZrO2 content of the
membrane [25]. At 10 wt% incorporated ZrO2, the composite membrane exhibited
387 mW cm−2 and 604 mW cm−2 power density values, when tested at an applied
voltage of 0.6, under conditions of 85% relative humidity, 130 °C temperature and
100% relative humidity, 110 °C temperature, respectively. ZrO2 incorporation was
found to render little effect on the structure and crystallinity of recast Nafion
membranes [26]. Recast Nafion/ZrO2 nanocomposite membranes demonstrated
increased water retention capability over the pristine membrane at 100 °C, under
conditions of medium to high relative humidity.

A zirconium phosphate-modified sulfonated poly(fluorinated arylene ether)s
composite membrane demonstrated better cell performance at an operating tem-
perature range of 100–140 °C, compared to the unmodified membrane [27].
Moreover, this composite membrane exhibited significant stability at 120 °C cell
operating temperature; whereas the unmodified membrane suffered from irre-
versible degradation during operation. It produced current density values of 760 and
460 mA cm−2 at cell operating temperatures of 120 and 130 °C, respectively, at
0.6 V applied voltage. This was higher compared to the corresponding values
obtained for Nafion membrane, i.e., 620 and 260 mA cm−2 at 120 and 130 °C,
respectively, at 0.6 V. A Nafion-115/zirconium phosphate (23 wt%) composite
membrane exhibited a current density of *1000 mA cm−2 at 0.45 V, 130 °C and
3 bar, in comparison with the exhibition of only 250 mA cm−2 by pristine
Nafion-115 under identical operating conditions [28]. Similarly, a recast
Nafion/zirconium phosphate composite membrane produced *1500 mA cm−2

under similar operating conditions.
In addition, these composite membranes showed stability during operation at

130 °C, while pristine Nafion membranes suffered from irreversible degradation.
This performance improvement of the composite membranes over the pristine
membranes was attributed to the interrelationship between structure and proton
conductivity of the membranes [29]. Uniform distribution of the incorporated Zr and
P particles within the composite membranes, as compared to the pristine Nafion-115
membrane, was realized from electron microprobe elemental analysis, as presented
in the cross-sectional micrographs in Fig. 15.3 [28]. Incorporation of zirconium
phosphate within Nafion-115 membrane results in formation of rigid scaffold within
the membrane structure, which facilitates uptake of water by the composite mem-
brane [30]. This, in turn, gets reflected in the improved ion-exchange capacity,
proton conductivity and ultimate fuel cell performance of the composite membrane.

Inorganic silica particles have been extensively used in fabrication of
polymer/inorganic nanocomposite PEMs for hydrogen fuel cells [31]. These
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particles enjoy wide availability, low cost, and high thermal stability and
hydrophilicity. Nafion/SiO2 composite membranes were found to perform satis-
factorily at and above 130 °C temperature, in comparison with pristine recast Nafion
and pristine Nafion-115 membranes. These pristine membranes undergo irreversible
thermal degradation beyond 100 °C temperature [32]. A hybrid Nafion/SiO2 com-
posite membrane was found to produce enhanced proton conductivity over pristine
Nafion-112 and pristine recast Nafion membranes at 95 °C [33]. The hybrid mem-
brane also enjoyed higher ion-exchange capacity over the pristine membranes. At a
cell operating temperature of 120 °C and low relative humidity, this hybrid mem-
brane demonstrated an improvement in current density over that of pristine Nafion
membrane of *60 mA cm−2 at 0.7 V, along with a 16% enhancement in power
density. Sulfonated phenethylsilica incorporated within Nafion membrane proved to
be a potential bifunctional additive, with enhanced proton conduction ability and
water uptake [34]. The ion-exchange capacity and the water uptake ability were
found to increase with increasing amount of added silica. Under conditions of 100%
relative humidity and 80 °C temperature, the composite membrane containing 2.5–5
wt% incorporated silica demonstrated a 2.7–5.8 times increment in proton con-
ductivity over that of pristine Nafion-117 membrane.

A nanocomposite silicon membrane, consisting of a porous and hydrophilic
SiO2 layer to reduce the pore size, exhibited a higher proton conducting ability by
2–3 orders of magnitude over that of Nafion-117 membrane at low humidification
conditions, as well as, an improved power density by one order of magnitude [35].

Fig. 15.3 Cross-sectional micrographs representing the electron microprobe elemental analysis of
phosphorus (left) and zirconium (right) in a pristine Nafion-115 and b Nafion-115/zirconium
phosphate (23 wt%) composite membranes (reproduced from Ref. [28] with kind permission of ©
2002 Elsevier)
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Nafion-117 membrane was modified in situ by phosphosilicate particles via infil-
tration (Fig. 15.4) [36]. This Nafion/phosphosilicate composite membrane was
found to produce a higher stability and proton conducting ability under anhydrous
conditions and >100 °C temperature, compared to pristine Nafion-117 membrane.
This proton conduction and water uptake of the hybrid membrane got increased
with increasing phosphate content of the membrane. A water uptake capacity of
10.5% was produced by the hybrid membrane as compared to the value of only
4.5% exhibited by pristine Nafion-117 membrane. However, at <100 °C tempera-
ture, the proton conductivity of the composite membrane was observed to be lower
than pristine Nafion-117 membrane owing to restrictions imposed upon proton
mobility and blocking of proton conduction path by reduced free volume and
disruptions of hydrophilic domain arrangement.

An organic polymer membrane, incorporated with SiO2 particles, exhibited
improved water uptake, thermal stability, and fuel cell performance at temperatures

Fig. 15.4 Schematic representation of in situ modification of Nafion membrane using phospho-
silicate by infiltration method (reproduced from Ref. [36] with kind permission of © 2009
Elsevier)
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>100 °C, compared to the pristine membrane [37]. The presence of SiOH group
within the composite membrane structure was found to be responsible toward
exhibition of high water uptake and significant proton conductivity at high tem-
peratures. Poly(ethylene oxide)/SiO2 composite membranes have also been fabri-
cated by sol–gel method for potential application in high temperature PEMFCs [38,
39]. A Nafion/SiO2/PWA composite membrane, prepared by sol–gel method,
exhibited a current density of 82 mA cm−2 at an applied voltage of 0.6 [40].
Following a similar synthetic approach, a fabricated Nafion/SiO2 membrane
demonstrated a better performance compared to pristine Nafion-1135 membrane by
*5 times at a relative humidity of 18% [41].

Presence of a homogeneous and even distribution of siloxane inside the poly-
meric matrix was also noted. A self-assembled Nafion/SiO2 composite membrane
was found to possess higher durability and retention of water compared to a sol–gel
prepared Nafion/SiO2 nanocomposite membrane [42]. This self-assembled mem-
brane exhibited a proton conduction ability of 9 � 10−2 S cm−1, which is compa-
rable to that obtained for a commercial Nafion-112 membrane. A PBI/SiO2 (10 wt%)
membrane, doped with phosphoric acid, demonstrated a twofold higher storage
modulus, as well as, a higher proton conduction (i.e., 3.8 � 10−2 S cm−1) at a
temperature of 140 °C and a relative humidity of 1%, compared to the membrane
devoid of incorporated SiO2 (i.e., 1.52 � 10−3 S cm−1) [43]. A PBI/SiO2-PBI
(10 wt%) nanocomposite membrane, synthesized by an ozone-mediated technique,
exhibited a 25% greater proton conduction (i.e., 5 � 10−2 S cm−1 at 160 °C) that
the unmodified PBI membrane and a higher maximum power density (i.e.,
650 mW cm−2) than the unmodified PBI membrane (i.e., 530 mW cm−2) [44].

A hybrid organic/inorganic membrane, containing polysilsesquioxanes bridges,
fabricated by sol–gel method and doped with PWA (Fig. 15.5), demonstrated
proton conducting ability of greater than 10−2 S cm−1 at temperatures as high as
160 °C [45]. In addition, at a low relative humidity of 20%, the proton conduction
of this membrane was found to be higher than 2 � 10−3 S cm−1 at 120 °C, thereby
indicating a negligible dependence of conductivity on relative humidity at >100 °C.
A Nafion/[(ZrO2).(SiO2)0.67]x (where, x = 0–1.79) nanocomposite membranes were
fabricated as PEMs for high temperature PEMFCs [46]. Nanocomposite membrane,
with x = 0.313 and 0.534, produced conductivities of 4.3 � 10−2 and
3.5 � 10−2 S cm−1 at 135 and 115 °C, respectively. A recast Nafion/TiO2 (3 wt%)
composite membrane demonstrated higher maximum power densities of 256 and
514 mW cm−2 at 130 and 110 °C temperatures, respectively, at 0.56 applied
voltage; while pristine Nafion-115 membrane got decomposed at 130 °C [47]. This
hybrid membrane also exhibited higher water uptake, ion-exchange capacity, and
proton conductivity compared to the pristine Nafion-115 and the pristine recast
Nafion membranes. Other Nafion/TiO2 membranes have also been fabricated with
good mechanical and electrical properties, and cell performances [48, 49]. Recast
perfluorosulfonic acid (PFSA)/WO3 composite membranes, having varied WO3-
content, were synthesized and their performances were compared to the commercial
Nafion-112 membrane [50]. These composite membranes exhibited higher water
uptake and proton conducting abilities compared to the commercial membrane.

15 Polymer-Inorganic Nanocomposites for Polymer Electrolyte … 585



Incorporation of 15 wt% of WO3 within recast PFSA membrane resulted in exhi-
bition of highest current and power density values over all the membranes studied.
A sulfonated PEEK (SPEEK)/zeolite beta composite membrane, at an inorganic
loading of 10 wt% and a constituent ratio of SiO2/alumina (Al2O3) = 50/50,
exhibited the highest proton conductivity [51]. This conductivity value was higher
than that obtained for pristine SPEEK membrane.

The above reports, highlights, and discussions summarize the important works
reported so far regarding research and development in the field of polymer/inorganic
PEMs for hydrogen fuel cells. Table 15.1 lists a compilation of the results obtained
using different polymer/inorganic nanocomposite membranes in hydrogen fuel cells.
For further reading, the readers are referred to other major literary works listed in the
reference section of this chapter [17, 20, 52, 53].

15.3 Polymer-Inorganic Nanocomposites as Polymer
Electrolyte Membranes in Microbial Fuel Cells

An MFC is an electrochemical device responsible for chemical to electrical energy
conversion via combination of organic matter present in wastewater as a fuel (anode
reactant or anolyte) and oxygen or air as an oxidant (cathode reactant or catholyte).
In general, the anode and the cathode reactions take place in presence of microor-
ganisms as both the anode catalyst and platinum as the cathode catalyst. A schematic

Fig. 15.5 A schematic of the molecular organic/inorganic interface. The monomers are
crosslinked by catalytic reaction of PWA to the hybrid macromolecules (reproduced from Ref.
[45] with kind permission of © 2003 Elsevier)
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illustration of an MFC has been presented in Fig. 15.6. An MFC can be seen as a
dual-utility device which can effectively generate electrical energy from wastewater,
cleaning and purifying the wastewater in the process. It can also serve in production
of biohydrogen and can also act as a biosensor [5]. However, as of now, the electrical
energy generated by an MFC is too low for commercial production. Similar to
hydrogen fuel cells, MFCs have also witnessed the utilization of commercial Nafion
membranes in majority of PEMs. However, these commercial Nafion membranes
suffered from certain drawbacks, such as (a) extreme high cost; (b)
allowance of passage of positive ions other than protons, resulting in accumulation
of these ions in the cathode chamber and a reduction in the rate of cathode reaction
[54]; and (c) formation of biofilm on the membrane surface, leading to reduced
transport potential [55]. Therefore, in order to overcome these critical problems,
various alternative membranes have been designed and fabricated [56–58].
However, this chapter will only focus on PEMs based on polymer/inorganic com-
posite materials.

Polymer/inorganic nanocomposite membranes enjoy lower cost, easier transport
of protons and higher resistance against biofouling in comparison with other PEMs.
A novel poly(ether sulfone) (PES)/ferrosoferric oxide (Fe3O4) (15 wt%)
nanocomposite membrane exhibited a highest voltage production of 0.656 (among
all the membranes studied), which was found to remain stable over 72 h operation
[59]. This nanocomposite membrane demonstrated higher current and power

Fig. 15.6 A schematic illustration of a microbial fuel cell (reproduced from Ref. [5] with kind
permission of © 2014 Taylor & Francis)
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densities of 148 and 20 mW m−2, respectively, compared to the corresponding
values of 112 and 15.4 mW m−2 obtained for a commercial Nafion-117 membrane.

In this work, Saccharomyces cerevisiae and low-concentration neutral red were
used as the biocatalyst and the anode chamber electron shuttle, respectively.
A SPEEK/Fe3O4 (7.5 wt%) nanocomposite membrane demonstrated high selec-
tivity in transfer of protons over other available cationic species and low extent of
crossover of oxygen [60]. This, in turn, resulted in the membrane exhibiting a
higher maximum power density (i.e., 104 mW m−2) compared to that obtained for a
commercial Nafion-117 membrane (i.e., 47 mW m−2). SEM images (Fig. 15.7) of
the nanocomposite membranes synthesized using different loadings of Fe3O4 par-
ticles show that these inorganic particles were largely present on the surface of the
SPEEK membrane, with uniform distribution. Escherichia coli and Pt/C were
utilized as the anode biocatalyst and the air-cathode catalyst, respectively.

Nano-Al2O3-incorporated sulfonated PVdF-co-HFP (SPVdF-co-HFP)/Nafion
nanocomposite membranes were fabricated for potential application as PEMs in
MFCs [61]. The nanocomposite membrane containing 5 wt% of incorporated
nano-Al2O3 produced higher proton conducting and water uptake abilities com-
pared to the pristine SPVdF-co-HFP and the commercial Nafion-115 membrane.
Moreover, this particular membrane also demonstrated current and maximum
power density values of 1900 ± 95 mA m−2 and 541.52 ± 27 mW m−2,

Fig. 15.7 Scanning electron micrographs of a pristine SPEEK, b SPEEK/Fe3O4 (2.5 wt%),
c SPEEK/Fe3O4 (5 wt%), d SPEEK/Fe3O4 (7.5 wt%), and e SPEEK/Fe3O4 (10 wt%); Darker
portions localized hydrophilic ion clusters, lighter portions hydrophobic moieties (reproduced
from Ref. [60] with kind permission of © 2014 Elsevier)
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respectively. This output power density was higher that the values obtained for the
pristine SPVdF-co-HFP and the commercial Nafion-115 membranes by *48 and
*11%, respectively. Mixed firmicutes was employed as a biocatalyst in this work.

15.4 Polymer-Inorganic Nanocomposites as Polymer
Electrolyte Membranes in Direct Methanol Fuel Cells

A DMFC is an electrochemical device responsible for chemical to electrical energy
conversion via combination of methanol as a fuel (anode reactant or anolyte) and
oxygen or air as an oxidant (cathode reactant or catholyte). In general, the anode
and the cathode reactions take place in presence of Pt-Ru as the anode catalyst and
Pt as the cathode catalyst [62, 63]. A schematic illustration of a DMFC has been
presented in Fig. 15.8. Like, the other two fuel cell systems discussed above,
DMFCs have also witnessed the application of commercial Nafion membranes as
the state-of-the-art PEMs. In DMFCs, Nafion membranes offer several positive
attributes, including high conduction of protons (under fully hydrated condition),
excellent electrochemical and chemical stabilities, and structural integrity at mod-
erate temperatures of up to 80 °C. However, as mentioned above, these Nafion
membranes are extremely costly; thus, contributing to an overall increase in the cost
of the DMFC device, which hinders its widespread application and commercial-
ization. In addition, in a DMFC, Nafion membranes suffer from high permeability
of methanol from the anode chamber to the cathode chamber [64]; thus, leading to
generation of high cross-potential and sluggish cathode reaction kinetics [65].
Moreover, at high temperatures (>80–90 °C), Nafion membranes face loss of
moisture retention capacity and chemical and mechanical stability, leading to a

Fig. 15.8 A schematic illustration of a direct methanol fuel cell (reproduced from Ref. [8] with
kind permission of © 2014 Taylor & Francis)
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decrease in its proton conductivity. Furthermore, Nafion suffers from loss of pen-
dant –SO3H groups owing to hydrolysis at temperatures >100 °C. These critical
drawbacks of commercial Nafion membranes have demanded designing, synthesis
and fabrication of alternative membranes for application as PEMs in DMFCs
[66–68]. This chapter will review the development of PEMs fabricated from
polymer/inorganic composite materials.

Nanocomposite membranes composed of PVdF-co-HFP, Nafion, and aluminum
oxy hydroxide (AlO[OH]n) were synthesized and evaluated for use as PEMs in
DMFCs [69]. The membrane consisting of 51 wt% of PVdF-co-HFP, 41 wt% of
Nafion and 8 wt% of AlO[OH]n produced the best results among the prepared
membranes (with varying constituent loading) in terms water uptake (i.e., 33.8%),
methanol uptake (i.e., 17.27%) and proton conductivity (i.e., 1 � 10−3 S cm−1).
However, in terms of methanol permeability, the PEM composed of 90 wt% of
PVdF-co-HFP and 10 wt% of AlO[OH]n exhibited the best result (i.e.,
6.2 � 10−8 cm2 min−1) in comparison with commercial Nafion-117 membrane
(i.e., 2.32 � 10−5 cm2 min−1) and the PVdF-co-HFP (51 wt%)/Nafion (41 wt%)/
AlO[OH]n (8 wt%) membrane (i.e., 9.8 � 10−7 cm2 min−1). Incorporation of the
inorganic component was also found to increase the thermal stability of the PEMs.
Presence of ceramic oxides within polymer-based membranes has been observed to
improve the high temperature performance of DMFCs. The oxygen atoms present
in these oxides, along with their high surface area, play a major role in enhancing
the electrochemical properties of the composite PEMs. Nano-alumina, as an inor-
ganic constituent, has been utilized in blends of SPVdF-co-HFP/Nafion for fabri-
cation of PEMs for DMFCs [70]. This nanocomposite membrane, containing 5 wt%
of incorporated nano-alumina, demonstrated current density values of 270 and
285 mA cm−2 at 110 and 90 °C, respectively, at an applied potential of 0.2 V. This
particular membrane also exhibited an optimum power density value of
57 mW cm−2 at 0.2 V and 90–110 °C cell temperature, compared to the corre-
sponding values of 28 mW cm−2 obtained for the commercial Nafion-117 mem-
brane and 32 mW cm−2 obtained for the SPVdF-co-HFP/Nafion blend membrane.
Therefore, the nanocomposite membrane was significantly successful in preventing
the loss of moisture retention capacity of Nafion at high temperatures.

A recast Nafion/TiO2 nanocomposite membrane demonstrated a current density
of >800 mA cm−2 and a maximum power density of 350 mW cm−2 at 0.4 V
applied potential, 145 °C cell temperature, 2 M methanol feed at the anode and
oxygen feed at the cathode [71]. TiO2, calcined as 500 °C, was found to produce
the best results [71, 72]. Tin oxide (SnO2) has also been utilized as the inorganic
component in polymer/inorganic nanocomposite membranes [73]. Presence of 9 wt
% of SnO2 in poly(styrene sulfonic acid)-grafted PVdF-co-HFP/SnO2 nanocom-
posite membrane was found to exhibit an IEC of 0.9 meq g−1, a water uptake of
*50%, a methanol uptake of *23% (2 M methanol), a proton conductivity of
*9.9 � 10−2 S cm−1 and a methanol permeability of *8�10−7 cm2 s−1, in
comparison with the corresponding values of 1.55 meq g−1, *58, *29% (2 M
methanol), *1.32 � 10−1 S cm−1 and *2.3 � 10−6 cm2 s−1, respectively,
obtained for the pristine PVdF-co-HFP membrane. This particular nanocomposite
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membrane demonstrated the highest efficiency among all other nanocomposite
membranes fabricated. The proton conductivities of the different composite mem-
branes were observed to increase with increasing relative humidity and temperature.
In addition, this 9 wt% SnO2-containing nanocomposite membrane demonstrated a
superior current density of *240 mA cm−2 and a corresponding maximum power
density of *110 mW cm−2 at 0.4 V, 60 °C cell temperature, 2 M methanol feed at
the anode and non-humidified air feed at the cathode; as compared to the corre-
sponding values of*170 mA cm−2 and*81 mW cm−2, respectively, obtained for
the pristine membrane. Similarly, a nanocomposite PEM, constituting of SPEEK
and 50 wt% SnO2.nH2O, demonstrated significant proton conductivity and stabil-
ity, as well as, low methanol permeability toward exhibition of good DMFC per-
formance at 100 °C [74].

Methanol crossover through the PEM is one of the most critical drawbacks of a
DMFC system, since this leads to generation of high cross-potential and sluggish
cathode reaction kinetics. An approach to circumvent this serious problem is to
directly deposit transition metal nanoparticles onto the PEM surface. Uniform
distribution of these deposited nanoparticles leads to blocking of pores/methanol
transport channels present within the PEM; thus, resulting in suppression of
methanol crossover. Pt, Pd, and Au nanoparticles have found use in this respect and
have exhibited promising results [75–79].

A nanocomposite membrane composed of recast Nafion and acid-functionalized
zeolite beta (5 wt%) exhibited 40% reduced methanol permeability compared to
commercial Nafion-115 membrane, while maintaining comparable proton con-
ductivity with the commercial membrane [80]. Schematic illustrations of the
nanocomposite membrane and its transport potential have been presented in
Fig. 15.9. This figure clearly demonstrates the ability of the nanocomposite
membrane to restrict flow of methanol across the membrane while allowing smaller
size protons to pass through. During DMFC operation, using 1 M methanol as the

Fig. 15.9 Schematic illustrations of the Nafion/acid-functionalized zeolite beta nanocomposite
membrane and its transport potential; a White portions hydrophobic sections present within Nafion
and colored portions hydrophilic sections present within Nafion; b transport of methanol and
proton in the nanocomposite membrane (reproduced from Ref. [80] with kind permission of ©
2006 American Chemical Society)
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feed and 70 °C cell temperature, this nancomposite membrane demonstrated a 21%
higher maximum power density and a 3% higher open circuit voltage (OCV) over
that of the commercial Nafion-115 membrane. However, when the feed methanol
concentration was increased to 5 M, the nanocomposite membrane exhibited a 93%
higher maximum power density and a 14% higher OCV over that of the commercial
membrane. Similarly, recast Nafion/montmorillonite, recast Nafion/Aerosil®,
SPEEK/laponite and SPEEK/montmorillonite nanocomposite membranes have
been fabricated and utilized as PEMs for normal and high temperature DMFC
operations [81–85]. These membranes exhibited significantly high proton con-
ductivity, much reduced methanol permeability and enhanced membrane selectivity
compared to state-of-the-art Nafion membranes.

DMFC operation under conditions of high temperature and low humidity
demands tailor-made acid-base characteristics of the surface of the inorganic
nanoparticles [86]. The number of acidic functional groups present on the surface of
the nanocomposite membranes, as well as, the strength of these acidic functional-
ities determine the capacity of these membranes toward absorption and retention of
water, via electrostatic interaction, for proper functioning of the membranes under
conditions of low humidity present during high temperature (>140 °C) DMFC
operation. This phenomenon, in turn, directly affects the proton conducting abilities
of the membranes [87, 88], via both Grotthus and vehicular mechanism of proton
transport (Fig. 15.10) [8, 66].

ZrO2, SiO2, calcium oxide (CaO), zirconium phosphate, and titanium phosphate
nanoparticles have also found utilization toward fabrication of as PEMs in DMFCs.
For example, a CaO-containing chitosan/poly(vinyl alcohol) (PVA) nanocomposite
membrane was found to exhibit lower methanol permeability compared to com-
mercial Nafion-115 membrane [89]. Again, SPEEK/ZrO2 nanocomposite mem-
branes demonstrated large reduction in methanol, water, nitrogen, oxygen, and
carbon dioxide permeabilities compared to the pristine SPEEK membrane [90].
This reduced permeabilities of the different species present within the cell was a
result of uniform distribution of the ZrO2 nanoparticles (of *100 nm diameter) on
the base SPEEK membrane, pore-blocking of the SPEEK membrane by the
deposited ZrO2 particles, and strong adhesion between the polymer matrix and the
deposited inorganic phase (Fig. 15.11).

Like hydrogen fuel cells, DMFCs have also witnessed involvements of SiO2 and
SiO2-based inorganic nanoparticles toward fabrication of PEMs. For instance,
PVA/sulfosuccinic acid/SiO2 nanocomposite membranes have been designed in
order to reduce the methanol permeation ability of the PEMs [91]. These hybrid
PEMs demonstrated a methanol permeation range of 10−7–10−8 cm2 s−1 and a
proton conduction range of 10−2–10−3 S cm−1. These two PEM properties were
found to be reliant on the content of the sulfosuccinic acid within the hybrid
membrane, which in this case plays the role of providing hydrophilic –SO3H
functionalities and as a crosslinker. Again, a Nafion/SiO2/PWA nanocomposite
membrane demonstrated a higher maximum power density at 145 °C, i.e.,
400 mW cm−2 using oxygen catholyte and 250 mW cm−2 using air catholyte,
compared to Nafion/SiO2 and Nafion/SiO2/silicotungstic acid nanocomposite
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membranes [92]. This better DMFC performance induced by the presence of PWA
within the PEM was attributed to its ability of higher water retention and the
resulting higher proton conductivity. Similarly, Nafion/PAni/SiO2 nanocomposite

Fig. 15.11 Scanning electron
micrograph demonstrating the
fine dispersion of deposited
ZrO2 particles in the
SPEEK/ZrO2 (5 wt%)
composite membrane
(reproduced from Ref. [90]
with kind permission of ©
2005 Elsevier)

Fig. 15.10 Grotthus and vehicular mechanism of proton transport through a PEM. In the Grotthus
mechanism, transfer and transport of excess protons occur along the hydrogen bonds via neutral
water molecules; while in the vehicular mechanism, transport of excess protons occur with the aid
of moving vehicles such as water, hydroxonium, and other complex ions (reproduced from Ref. [8]
with kind permission of © 2014 Taylor & Francis)
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membranes exhibited reduced methanol crossover compared to commercial
Nafion-117 membrane [93].

In essence, an increase in silica content of a membrane leads to increase in its
oxidative stability and membrane selectivity, and decrease in its methanol perme-
ability, methanol uptake, proton conductivity, and water uptake [94–96]. Again,
incorporation of mesoporous titanium phosphate, mesoporous zirconium phosphate
or SiO2 nanoparticles within Nafion membranes has been reported to produce
enhanced water uptake, reduced methanol permeability and similar proton con-
ductivity compared to the commercial Nafion-117 membrane [97]. The DMFC
performances obtained with these nanocomposite membranes have been presented
in Fig. 15.12. Other silica-based hybrid polymer/inorganic nanocomposite mem-
branes, such as Nafion/imidazole-functionalized nanosilica and sulfonated poly
(arylene ether ketone) (SPAEK)/3-glycidoxypropyl-trimethoxysilane (GPTMS)/
3-mercaptopropyl-trimethoxysilane (MPTMS), have produced similar results as
discussed above [98, 99].

The above reports, highlights, and discussions summarize the important works
reported so far regarding research and development in the field of polymer/
inorganic PEMs for DMFCs. Table 15.2 lists a compilation of the results obtained
using different polymer/inorganic nanocomposite membranes in DMFCs. For fur-
ther reading, the readers are referred to other major literary works listed in the
reference section of this chapter [17, 20, 52, 53].

Fig. 15.12 DMFC performances obtained with a Nafion/SiO2, b Nafion/mesoporous zirconium
phosphate and c Nafion/mesoporous titanium phosphate nanocomposite membranes, in compar-
ison with the commercial Nafion-117 membrane, at 70 °C (anolyte 2 M aqueous methanol at a
flow rate of 2 sccm, catholyte oxygen at a flow rate of 200 sccm) (reproduced from Ref. [97] with
kind permission of © 2009 Elsevier)
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15.5 Conclusions and Future Perspectives

The overall development that has taken place over the years, especially in the last
decade, in the field of polymer/inorganic nanocomposite PEMs for PEMFCs has
been reviewed in this chapter. Evidence of enormous research and developmental
activities toward designing, synthesizing, and fabrication of polymer/inorganic
nanocomposite PEMs has been witnessed. These hybrid nanocomposite membranes
have been tested and applied with the objective of replacing conventional com-
mercial PEMs, such as Nafion membranes, and other PEMs, which are fabricated
either from a single polymer or via formation of blends, grafts, coats, laminates, and
interpenetrating networks involving two or more polymers. Applications of these
polymer/inorganic hybrid nanocomposite PEMs in three most important PEMFCs,
namely hydrogen fuel cells, MFCs and DMFCs, have been highlighted and dis-
cussed, and the results obtained from these applications have been presented cat-
egorically and systematically in the representative figures and the tables.

Conventional PEM materials suffer from certain critical drawbacks that have
been discussed under the respective sections of this chapter. The most important
aspects in this regard are the inabilities of the conventional PEMs to (a) perform
under conditions of high temperature and low humidity in both hydrogen fuel cells
and DMFCs, (b) resist flow of cations other than protons in MFCs, (c) resist for-
mation of surface biofilms and material degradation by microorganisms in MFCs,
(d) resist methanol crossover in DMFCs, and (e) maintain a high proton conduc-
tivity while reducing methanol permeability in DMFCs. Moreover, the cost con-
sideration of the high-cost commercial PEMs are also important, since a high
material cost leads to an increase in the overall cost of the device operation and
energy generation. These drawbacks have led to the concept of incorporation of low
cost inorganic fillers within PEM matrices, since these inorganic nanomaterials
possess (a) nanodimensions of <100 nm enabling them to fit within the pores
present in the membrane matrix, thus hindering the flow of liquids and gases
through the membrane pores; (b) selective transfer of small-sized protons, thus
restricting the passage of other large-sized cations through the membrane pores;
(c) high surface area enabling them to uniformly disperse and distribute over the
entire PEM matrices; and (d) acidic functionalities, which enhances the capacity of
the PEMs toward absorption and retention of water, via electrostatic interaction, for
proper functioning under conditions of low humidity present during high temper-
ature DMFC operation, as well as, allowing high rate and amount of proton
transport while restricting the flow of fuel, gases and other cations.

Future research in this area shall witness greater involvements of high perfor-
mance materials, such as aromatic conjugated polymers, graphenes, and carbon
nanotubes, as co-components in conjunction with the already established base
polymer matrix and dispersed inorganic domains systems. These high performance
materials, as evident from literature, have found extensive use in a wide variety of
applications, including the fabrication of PEMs for PEMFCs. Therefore, their
proper and judicious utilization shall render positive attributes to this area of
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research. Another approach, which is also an established technique, is to directly
deposit inorganic catalyst nanoparticles onto the surface of the PEMs. This will
ensure intimate contact between the catalyst layer and the electrolyte, which is
essential to minimize the internal resistance of the cell. Moreover, these deposited
catalyst nanoparticles will also serve the purpose of blocking the available pores
present within the base polymer matrix, thus ensuring restricted flow of undesired
species and selective flow of protons. Lastly, synthesis of potential matrix polymer
materials and dispersed inorganic nanoparticles with tailor-made properties, which
shall ensure better interaction between these two phases, should be designed and
performed. The resulting PEMs, with intimately bonded phases, shall inherently
possess controlled pore size and pore distribution to restrict flow of unwanted
substances, ability to withstand high temperature and low humidity conditions, and
long-term stability under practical cell operating environments.
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Chapter 16
Effects of Polymer-Packing Orientation
on the Performances of Thin Film
Transistors and Photovoltaic Cells

Yang Wang and Tsuyoshi Michinobu

Abstract Controlling the solid-state orientation of semiconducting polymers has
been a challenging topic in order to achieve high mobilities in organic field-effect
transistors and good power conversion efficiencies in organic photovoltaics. In this
chapter, we focus on how the orientation of semiconducting polymer backbones is
influenced by the chemical structures, such as backbone regularity, polymer main
chain geometry, backbone coplanarity, molecular weight, heteroatoms, and side
chains. A detailed analysis of the polymer thin films has been conducted by various
techniques, especially including two-dimensional grazing incidence X-ray diffrac-
tion measurements, and there is now a clear correlation between the polymer ori-
entation and electronic device performances.

16.1 Introduction

Conjugated polymers are promising semiconducting materials for the
next-generation electronic devices. Compared to their inorganic counterparts that
need complicated processing methods under harsh conditions, organic/polymeric
semiconductors can be simply and cost-effectively implemented into flexible dis-
plays, electronic papers, and large-area solar cells by printing technologies due to
their versatile chemical synthesis, solution processability, film uniformity, thermal
stability, and mechanical flexibility [1]. Since the first report of polycyclic aromatic
compounds with high conductivities in 1950s [2], remarkable progress has been
achieved during the past few decades in organic electronic devices, such as organic
light-emitting diodes (OLEDs) [3], organic field-effect transistors (OFETs) [4],
organic photovoltaics (OPVs) [5], and most recently, bio-sensors [6].

Conjugated polymers, as the core component of organic electronics, have a
significant impact on the overall device performances. Besides the optical and

Y. Wang � T. Michinobu (&)
Department of Organic and Polymeric Materials, Tokyo Institute of Technology,
2-12-1 Ookayama, Meguro-Ku, Tokyo 152-8552, Japan
e-mail: michinobu.t.aa@m.titech.ac.jp

© Springer International Publishing AG 2017
Z. Lin et al. (eds.), Polymer-Engineered Nanostructures for Advanced
Energy Applications, Engineering Materials and Processes,
DOI 10.1007/978-3-319-57003-7_16

607



electronic properties of the conjugated polymers, the molecular ordering and ori-
entation in the crystalline domains have a significant impact on the charge transfer
and transport properties [7]. Thus, controlling the mesoscale and/or nanoscale
ordering of conjugated polymers with the desired orientation is essential for
high-performance organic electronics. Due to the internal factors (such as the wide
polydispersity indices of polymers and complicated inter-/intramolecular interac-
tions) and external factors (such as organic solvents, wet processes, and substrate
characteristics), it is a scientific challenge to control the polymer ordering with the
desired alignment motif in the solid state. Therefore, intensive studies have been
carried out in this field [8]. So far, a high number of research studies have
demonstrated that there are mainly two types of stacking models, namely face-on
and edge-on molecular packing orientations, which are applied to different kinds of
device configurations because of the different charge transport directions [9]. For
example, the edge-on orientation is favorable for the in-plane charge carrier
transport, leading to high-performance OFETs, whereas the face-on orientation has
led to much higher power conversion efficiencies in polymer solar cells due to its
benefit regarding facile out-of-plane charge transport.

Generally speaking, there are two ways to tune the molecular ordering and
orientations. The first way is the rational chemical design and synthesis by the
polymer self-assembly ability. The second way is film processing techniques which
force the polymer chains to orient in long-range orders, such as solution shearing
[10], mechanical stretching and rubbing [11], drop-casting onto inclined substrates
[12], off-center spin-coating [13], directional epitaxial crystallization [14], and
epitaxial polymer crystal growth methods [15]. Considering our group’s research
specialty, in this chapter, we focus on how the orientations of the semiconducting
polymer backbones are tuned by the rational molecular design and the corre-
sponding implications of the backbone orientation for the performance of organic
electronic devices, such as OFETs (Sect. 16.2) and OPVs (Sect. 16.3) based on our
and other research group studies.

16.2 Molecular Design Strategies: Tuning
the Polymer-Packing Orientations
for High-performance OFETs

16.2.1 Introduction

One of the most important parameters of OFETs is their charge carrier mobility.
The traveling speed of the injected carriers through the p-orbital overlap of the
molecules determines the performance of the OFETs. Therefore, it is crucial to
control the polymer-packing ordering with a favorable orientation for the realization
of high-performance OFETs [16]. Rational design and careful organic synthesis
is a common approach to adjust the self-assembly characteristics and realize
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polymer-packing ordering with suitable chemical structures. Up to now, all the
design strategies can be mainly divided into two categories: i.e., the first strategy is
the rational design of the polymer main chains, including the backbone regularity,
backbone geometry, and backbone coplanarity, and the second strategy is the
side-chain engineering.

16.2.2 Rational Polymer Main Chain Design Strategies

16.2.2.1 Effects of Backbone Regularity and Geometry

Regioregular poly(3-hexylthiophene) (rrP3HT, Fig. 16.1) [17], synthesized by the
head-to-tail regio-controlled polymerization of the monomer unit, achieves a
coplanar backbone, resulting in highly crystalline lamellar and p–p stacking
structures. While the spin-coated P3HT samples with a lower regioregularity (81%)
exhibited a face-on orientation, the P3HT with a higher regioregularity (>91%)
demonstrated an edge-on orientation. Therefore, high charge carrier mobilities up to
0.1 cm2 V−1 s−1 have been achieved in the highly regioregular P3HT [18]. On the
other hand, the regiosymmetric polythiophene, namely the repeat unit, which
consists of thiophene spacer(s) sandwiched between two alkylthiophenes in a
“head-to-head” fashion, such as poly(3,3′′′-didodecylquaterthiophene) (PQT-12,
Fig. 16.1), is another important example of this class [19]. The major merit of this
molecular design is that a free space can be generated by the unsubstituted thio-
phenes, allowing the interdigitation of side alkyl chains between adjacent polymer
backbones, which result in well-ordered lamellae [20]. Together with linear alkyl
side chains, which can interact with each other through van der Waals forces, this
highly ordered structure is believed to be the origin of the edge-on orientation.

Furthermore, the incorporation and extension of thiophene-based fused aromatic
rings (heteroarenes) into the regiosymmetric system can afford higher mobilities
due to the enhanced coplanarity, and thus stronger p–p stacking interactions of the
polymer backbones, as represented by the poly(2,5-bis(3-alkylthiophen-2-yl)thieno
[3,2-b]thiophene)s (pBTTTs, Fig. 16.1) [21]. pBTTTs have been reported to
demonstrate the mobility of *1 cm2 V−1 s−1 with strong p-stacking and a narrow
p–p distance of 3.7 Å [22]. Going a step further, a more sophisticated polymer
design strategy, the so-called donor–acceptor or push–pull motif, has been devel-
oped. Due to their strong intra- and intermolecular interactions between the donor
and acceptor units, such polymers not only self-assemble into ordered structures,
but also enhance the p-stacking of the polymer chains.

More recently, even higher charge carrier mobilities have been achieved via the
rational design and control of the regularity of the donor and acceptor units [23].
For example, Perez et al. reported regioirregular (RI) and regioregular (RR) donor–
acceptor conjugated copolymers based on cyclopenta[2,1-b:3,4-b′]dithiophene
(CDT) and pyridal [2,1,3] thiadiazole (PT) (see Figs. 16.1 and 16.2) [24].
Compared to its RI counterpart, the RR polymer exhibits a two order of magnitude
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higher hole mobility. Based on the grazing incidence X-ray diffraction (GIXD)
measurements (see Fig. 16.2), the RI polymer adopts the edge-on orientation
throughout the film. However, in the RR film, the crystallites adopt a mixed
edge-on and face-on texture in the bulk and a slight preponderance of edge-on at the
surface, which can afford higher charge transport properties utilizing 3D conduction
channels. All the above examples demonstrate that controlling the backbone reg-
ularity is an important design criterion to develop high-performance polymer
OFETs.

Besides control of the backbone regularity, we should also pay attention to the
backbone geometry because it also has a prominent effect on the transistor per-
formances as demonstrated in an earlier study by Rieger et al. using various ben-
zodithiophene isomers [25]. Inspired by this study, Osaka et al. reported a series of
semiconducting polymers by incorporating different isomeric naphthodithiophene
(NDT) (namely, PNDT1-BT, PNDT2-BT, PNDT3-BT, and PNDT4-BT, see
Fig. 16.1). The highest mobility of 0.8 cm2 V−1 s−1 has been achieved for the
NDT3-based polymer. The trend in the hole mobility is in the order of
PNDT3-BT > PNDT4-BT > PNDT1-BT > PNDT2-BT. Based on GIXD studies
(see Fig. 16.3a, b), PNDT3-BT exhibits the most highly ordered lamellar structure
with the edge-on orientation, and PNDT4-BT has a similar but less ordered
structure, whereas the PNDT1-BT has a very weak p-stacking order, and no ori-
entation preference has been observed for the PNDT2-BT. Therefore, one has to
consider that the above result originated from the polymer backbone geometry.
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Although the NDT1- and NDT2-monomers appear to have a linear shape, their
polymers form a zigzag-shaped backbone which is not favorable for molecular
packings. In contrast, PNDT3-BT and PNDT4-BT form a pseudo-straight back-
bone, which can effectively pack into a highly ordered structure (see Fig. 16.3c)
[26]. As a consequence, the mobility trend in the above study is completely con-
sistent with the ordering and extent of the edge-on orientation of the molecules
determined by the polymer backbone geometry.

Fig. 16.2 GIXD patterns of regioirregular (RI) and regioregular (RR) donor–acceptor polymers
(Reproduced from Ref. [47] with kind permission of © 2014 American Chemical Society)

Fig. 16.3 a Out-of-plane and b in-plane GIXD patterns of PNDTmBT (m = 1–4) in the annealed
thin films; c optimized backbone structures of the polymers (Reproduced from Ref. [26] with kind
permission of © 2011 American Chemical Society)

16 Effects of Polymer-Packing Orientation on the Performances … 611



16.2.2.2 Effects of Polymer Backbone Coplanarity

The isoindigo (II)-based polymers have attracted much attention in the field of
polymer OFETs due to the high mobility and good air stability. It is notable that by
simply coupling with bithiophene, the isoindigo-based polymers are able to achieve
mobilities as high as 0.8 cm2 V−1 s−1 as reported by Pei et al. [27]. However, the
steric effects of the phenyl protons induce a torsional strain between the isoindigo
and adjacent p-systems, resulting in the nonplanar polymer main chains [28].
Therefore, Chen et al. proposed a method of replacing the phenyl rings in the
isoindigo unit with thiophenes to enhance the polymer backbone planarity [29]. As
a result, the corresponding polymers displayed a range of backbone coplanarities.
The polymers with a greater thienyl substitution displayed greater backbone
coplanarities, lower mobilities, but higher solar cell efficiencies, as represented by
PTBIIT-HD (see Fig. 16.1).

However, PII2T-OD (see Fig. 16.1) provided the highest hole mobility of
0.93 cm2 V−1 s−1 despite having a low degree of backbone coplanarity. From this
study based on the isoindigo polymers, it seems that the planar polymers with a
high solubility were able to form a face-on orientation, while the nonplanar poly-
mers favored packings with an edge-on orientation. Very recently, Kim et al.
reported that poly(thienoisoindigo-alt-naphthalene) (PTIIG-Np, see Fig. 16.1) can
achieve a hole mobility of 14.4 cm2 V−1 s−1 with a high k gate dielectric poly
(vinylidenefluoride-trifluoroethylene) (P(VDF-TrFE)) [30]. It was determined that
PTIIG-Np forms a well-ordered lamellar packing microstructure with the bimodal
distribution of both edge-on and face-on crystallites (see Fig. 16.4). The most
important discovery is that PTIIG-Np exhibits a stronger preference for the edge-on
orientation near the top surface of the polymer film. Therefore, the highest mobility
(14.4 cm2 V−1 s−1) has been obtained via a top-gate/bottom-contact (TG-BC)
device architecture because the edge-on orientation is favorable for the in-plane
charge transport. In sharp contrast, only 0.01 cm2 V−1 s−1 has been obtained in the
PTIIG-Np-based bottom-gate and top-contact devices.

Besides the replacement of the benzene-fused rings with thiophene-fused ring
structures, the noncovalent interaction via heteroatom substitution is another
important method of tuning the polymer backbone coplanarity. For example, Yum
et al. have reported a series of donor–acceptor (D–A) polymers based on benzo-
triazole with different substitutions [31]. Surprisingly, when fluorine atoms are
introduced to the benzotriazole unit, the fluorinated polymer, PTBTz-F (see
Fig. 16.1), shows a highly ordered structure with a preferred edge-on orientation
due to the intra- and intermolecular F���S, F���H–C, C–F���pF attractive interactions.
With these ordered polymer-packing structures, PTBTz-F has achieved a remark-
ably enhanced hole mobility as high as 1.9 cm2 V−1 s−1, dramatically outper-
forming the unsubstituted one (PTBTz) which only shows a mobility of
0.007 cm2 V−1 s−1. In addition, our group has recently reported a series of ben-
zobisthiadiazoles and their related heterocycle-based polymers (see Fig. 16.1) [32].
During the course of the GIXD study, it was found that the polymer orientation
significantly changes from edge-on dominant to face-on dominant packing
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orientations on a Si substrate by simply substituting the heteroatoms of the ben-
zobisthiadiazole acceptor. For example, the substitution of sulfur by the selenium
atom can lead to a face-on orientation texture, while replacing the sulfur with the
nitrogen atom can result in a molecular packing ordering with more preference for
the edge-on orientation (see Fig. 16.5). There is a clear correlation between the
polymer orientation and electronic device performances for the polymers with a
greater molecular population of edge-on orientations that tend to show higher
mobilities.

16.2.3 Side Chain Engineering

In general, the high solubilities of conjugated polymers in common organic sol-
vents (such as tetrahydrofuran, chloroform, toluene, chlorobenzene, and
1,2-dichlorobenzene) typically originate from the attached flexible side chains on
the rigid conjugated backbones. The importance of side chains in dictating the

Fig. 16.4 GIXD profiles and AFM images of solution-processed PTIIG-Np films annealed at
310 °C. 2D-GIXD images (a) and 1D out-of-plane GIXD profile (b) of the thin films. c AFM
height (top) and phase (bottom) images. d, e The local GIXD data ranged from −0.5 to 0.5 Å−1 in
qxy and from 0 to 0.5 Å−1 in qz and the corresponding intensity-corrected pole figures of the
(100) reflection (Reproduced from Ref. [30] with kind permission of © 2014 American Chemical
Society)
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performance of organic electronics is underestimated in the past because they are
insulating and bulky that hinder the efficient intermolecular charge transport.
However, selecting the suitable side chains is as important as synthesizing the
conjugated backbones as proposed by Bao et al. [33]. The selection of the solu-
bilizing groups is like the art of trade-off, as they not only affect the solubility, but
also tune the molecular packing, orientation, thin film morphology, and hence the
device performances [34]. Currently, enormous flexible chains, namely alkyl,
organic–inorganic hybrid, oligoether, and fluoroalkyl, have appeared as the side
chains of the conjugated polymers. However, the full summary of the functionality
of these side chains is not an objective of this chapter. For the sake of simplicity, we
focus on the effects of using hybrid siloxane chains and branched alkyl chains.

First, using isoindigo-based polymers as a model system, we would like to
illustrate how the hybrid siloxane chains could lead to high-performance OFETs.
As shown in Fig. 16.6, Pei and his coworkers, for the first time, reported
an isoindigo-based polymer (IIDDT) with the hole mobility of around
0.79 cm2 V−1 s−1 [27]. However, the branching point of these alkyl chains was
close to the conjugated backbone, which was thought to disrupt the intermolecular
p–p interactions between the conjugated backbones. With newly designed siloxane

Fig. 16.5 2D-GIXD patterns of the thin films of a PSN, b PSeN, and c PSeS after the treatment of
the optimized annealing conditions (Reproduced from Ref. [32] with kind permission of © 2015
American Chemical Society)
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hybrid chains (PIIT-Si, see Fig. 16.6), the p–p stacking distance was shortened
from 3.75 to 3.58 Å because moving the branched site away from the polymer main
chain led to the realization of close packings of the conjugated backbones, as
reported by Bao et al. [35]. Therefore, the hole mobility as high as
2.48 cm2 V−1 s−1 has been achieved.

The most interesting phenomenon is that the molecular orientation changed from
edge-on to dual texture by replacing the branched alkyl chain with the siloxane
hybrid chain (see Fig. 16.7). The reflection corresponding to the p–p stacking was
the strongest along the out-of-plane qz axis. It is well known that the charge
transport in the OFETs primarily occurs in-plane, and holes and electrons partic-
ularly move along the p-stacking direction of the conjugated polymers. However,
when a carrier encounters a grain boundary, it should move around such a boundary
in the direction normal to the substrate plane in order to achieve a more efficient
charge transport. Therefore, Bao and her coworkers proposed 3D conduction
channels. For example, charges in a PII2T-Si film can move more effectively as
compared to PII2T-Ref due to the presence of both parallel and perpendicular
orientations of the p-stacking planes.

Inspired by Bao’s work, Yang and Oh et al. employed the siloxane hybrid side
chains in the DPP-based polymers (PTDPPSe-SiC6, see Fig. 16.6), generating an
ambipolar OFET with the high hole mobility of 3.97 cm2 V−1 s−1 and electron
mobility of 2.20 cm2 V−1 s−1 [36]. Furthermore, after tuning the spacers between
the siloxane and backbone, a record ambipolar characteristic with the hole mobility
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of 8.84 cm2 V−1 s−1 and electron mobility of 4.34 cm2 V−1 s−1 has been achieved
(PTDPPSe-SiC5, see Fig. 16.6) [37]. However, the siloxane chains are not stable
and persistent under certain conditions [38], hence limiting the application of this
useful hybrid chain. Subsequently, alkyl chains with a farther branching point,
namely the branching site from the 2-position to the 3-, 4-, and 5-positions, have
been designed by Pei and his coworkers (namely, IIDDT-C2, IIDDT-C3,
IIDDT-C4, see Fig. 16.6) [39]. It was observed that the p–p stacking distances of
the polymers do not decrease beyond the 3-position. A polymer with
4-decyltetradecyl chains achieved the hole mobility as high as 3.62 cm2 V−1 s−1.
This may arise from strong polymer backbone interactions as well as a confor-
mational change in the stacking of the polymer backbone induced by the branching
of the alkyl chains.

Soon afterward, Kim and his coworkers, inspired by this farther branched alkyl
chain engineering, have tried to adjust the branching position of the two
DPP-polymers, thus resulting in P-29-DPPDBTE and P-29-DPPDTSE (see
Fig. 16.6) [40]. The OFETs based on these polymers demonstrated very high hole
mobilities up to 5 cm2 V−1 s−1 even without any optimization. By optimizing the
device geometry and thermal annealing treatments, the maximum hole mobility as
high as 12 cm2 V−1 s−1 was achieved. From the XRD measurements (see
Fig. 16.8), it was found that moving the branching position of the side chain away
from the backbone can give rise to a better ordered edge-on orientation with the
exceptionally short p–p stacking distance of 3.58 Å. All these examples indicate
the power of side chain engineering for tuning the polymer packing orientation and
charge carrier mobility.

Fig. 16.7 GIXD images of
PII2T-Ref (a) and PII2T-Si
(b) (Reproduced from Ref.
[35] with kind permission of
© 2011 American Chemical
Society)
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16.3 Molecular Design Strategies: Tuning
the Polymer-Packing Orientation
for High-performance OPVs

16.3.1 Introduction

Organic photovoltaics (OPV) have attracted significant interests from both the
industrial and academic communities over the past two decades due to their
advantages, such as low cost, solution processability, and mechanical flexibility
[41]. Most recently, single-junction bulk-heterojunction (BHJ) polymer solar cells
(PSCs) with record high-power conversion efficiencies (PCEs) up to 11.7% have
been reported, indicating the bright future for the full-scale commercialization of
the OPV [42]. Molecular engineering of conjugated polymers has become one of
the main driving forces to spur the advancement of the PCEs [43]. Besides the
polymers’ absorption bands and highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels, the photovoltaic properties
of the PSCs mostly depend on the ordering structures of the polymers,

Fig. 16.8 Out-of-plane and in-plane XRD patterns: a, b polymers with normal alkyl chains and
c P-29-DPPDBTE and d P-29-DPPDTSE with farther branched alkyl chains (Reproduced from
Ref. [40] with kind permission of © 2013 American Chemical Society)
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i.e., crystallinity and backbone orientation [44], which have a significant impact on
the exciton diffusion, charge separation, and charge transport properties. On the one
hand, the crystallinity of the polymers, which is usually explained by the strength of
the p–p stacking, can be enhanced by the introduction of rigid and fused
heteroaromatic p-cores into the polymer main chain [45]. On the other hand,
although we have the knowledge that the face-on orientation facilitates the vertical
charge transport and thus enhances the OPV performance, to direct the polymer
backbone from the edge-on (or no direction) to face-on orientation is still very
challenging. Thus, in this section, we focus on various molecular design strategies
for tuning the polymer orientation for highly efficient OPVs.

16.3.2 Effects of Molecular Weights

For a variety of D–A polymers, it has been reported that there is a correlation
between the number-average molecular weight (Mn) of the polymer and its pho-
tovoltaic performance [46]. For the same polymer, modest differences in the Mn

sometimes lead to significant batch-to-batch performance variations [47]. Although
authors usually do not clearly state the results of the Mn optimizations, it is gen-
erally the case that polymers having a higher molecular weight outperform those of
a lower molecular weight when used in OPV devices. Such an effect of the
molecular weights on the OPV performance was first observed in the benchmark
combination based on the poly(3-hexylthiophene): [6,6]-phenyl-C61-butyric acid
methyl ester (P3HT:PCBM) system by Brabec et al. [48] and Heeger et al. [49].
Later, similar effects were also found in narrow band gap polymers by Bazan et al.
[50] and others [51].

The device performance enhancement as the Mn increases is primarily attributed
to the increased charge carrier mobility and the formation of a more optimal BHJ
morphology [52]. However, some studies have suggested that the increased
molecular weights facilitate the face-on orientation of the polymers, thus enhancing
the charge transport property and short-circuit current (Jsc). For example, Osaka and
his coworkers first reported the observation of drastic changes in the polymer
packing textures by increasing the molecular weight of PTzBT-14HD (see
Fig. 16.9) [53].

The GIXD measurements revealed that PTzBT-14HD with a low Mn of 13 kDa
does not have preferential orientations (Fig. 16.10a–d). Intriguingly, when the
molecular weight increased, the lamellar diffractions tended to preferentially appear
on the qz axis as arcs for the polymer with Mn = 20 kDa and as oval spots for the
polymer of Mn = 33 kDa. Meanwhile, a strong p–p stacking diffraction converged
on the qxy axis, indicating the strong tendency of the edge-on orientation for high
Mn polymers. In the case of the BHJ films (Fig. 16.10e–f), the sample with the Mn

of 13 kDa showed a very weak p–p stacking crystallinity and no preferential ori-
entation. With the higher molecular weights, the polymers unexpectedly showed a
strong tendency for the face-on orientation, which was in sharp contrast to the

618 Y. Wang and T. Michinobu



results observed for the polymer-only films. As the polymers adopted a greater
face-on orientation, the charge transport properties were significantly improved, as
evidenced by the Jsc increasing from 6.1 with Mn = 13 kDa to 10.6 mA cm−2 with
Mn = 33 kDa. In a later study, a similar result was reported by You and his
coworkers based on their medium band gap polymer, PBnDT-FTAZ [54]. The
lowest molecular weight polymer (10 kDa) showed no preferential orientation of
“face-on” or “edge-on” with respect to the substrate. However, as the molecular
weight increased, the diffraction intensity of the (010) p–p stacking peak, ascribed
to the out-of-plane rather than to the in-plane direction, became stronger (see
Fig. 16.11). This result implies that the conjugated backbone adopts a greater
“face-on” orientation as the molecular weight increases.

It should be noted that although we have claimed that the molecular weight
effects on the OPV properties originated from the change in the polymer packing
orientation, each conjugated polymer undergoes a different degree of such effects,
and accordingly, it is hard to quantify them. For example, some groups have
qualitatively discussed that the crystalline region of polymers in the BHJ blends can
be the principal factor that determines the performance [55].

16.3.2.1 Effects of Halogenation

The halogenation of molecules is a simple but effective method of finely tuning the
frontier energy levels and other physiochemical properties [56]. As the most
electrophilic atom of the halogens, fluorine and its substituents have been exten-
sively studied not only in organic semiconductors but also in other research fields,
such as medicinal chemistry [57], in vivo bioorthogonal chemistry [58], and food
chemistry [59]. In the research field of organic semiconductors, fluorinated mate-
rials generally show better device performances because of their deeper HOMO
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Fig. 16.9 Representative high-performance photovoltaic polymers
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levels, more planar backbones, and internal dipoles higher than their unsubstituted
counterparts [60]. Recent studies have also demonstrated that adding fluorine
substituents to the conjugated polymer backbone can lead to a more face-on
packing orientation, which contributes to the suppressed charge recombination and
thus increasing the short-circuit current (Jsc) and fill factor (FF) of related solar
cells.

For example, You and his coworkers have shown that through F substitution,
the polymer packing orientation can be manipulated at the donor–acceptor

Fig. 16.10 2D GIXD images of the PTzBT-14HD thin films (left column, a–d) and
PTzBT-14HD/PC61BM BHJ films (right column, e–h) with different molecular weights
(Reproduced from Ref. [53] with kind permission of © 2012 Wiley-VCH)
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heterojunction interfaces, which can be observed for three different polymers
(PNDT-DTBT, PBnDT-DTBT, and PBnDT-TAZ, see Fig. 16.9) [61]. By using
resonant soft X-ray scattering (SoXS), they have characterized the degree of
molecular orientation (DMO) as well as an order parameter that describes the
face-on (+1) or edge-on (−1) orientations relative to the heterojunction interfaces.
In all three polymer blend systems, the device performances were improved when
the fluorine derivatives were employed. The DMO of the blended films with the
fluorinated derivatives was positive, indicating a face-on orientation. On the other
hand, the DMO was slightly negative for the low-efficiency devices based on the
polymers without F substitutions, indicating an edge-on orientation (see
Fig. 16.12).

Subsequently, You and his coworkers also designed and synthesized a series of
polymers with the same backbone but varied amounts of fluorine substitution
(PBnDT-(1 − x) HTAZ-(x) FTAZ, x = 0 (F00), x = 0.25 (F25), x = 0.50 (F50),
x = 0.75 (F75), and x = 1 (F100), see Fig. 16.9) [62]. Their results clearly indicated
that the increased fluorination on the conjugated backbone, more specifically, on the
acceptor moiety of the “donor–acceptor (D–A)” copolymers, benefits the hole car-
rier mobility with a strikingly monotonic correlation (Fig. 16.13). Because similar

Fig. 16.11 GIXD
out-of-plane and in-plane 20°
sector averages along with
circular averaged data of the
five blended films
(Reproduced from Ref. [54]
with kind permission of ©
2014 Wiley-VCH)
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morphologies, probed by SoXS, have been observed for all five BHJ blends, the
increased hole mobility with additional fluorination was likely due to the improved
interchain transport, supported by the improved (010) p–p stacking and face-on
orientation observed by GIXD (Fig. 16.14).

However, introducing an F atom into the polymer backbone does not always
enhance the PCE. A recent study, reported by Pei et al., has shown that because of
the strong crystallization tendency of the fluorinated polymers (F-IIDT, see
Fig. 16.9), very large crystal domains are formed within the blended films [63].
This impeded the efficient polymer–fullerene miscibility and the formation of
interpenetrated networks, thus resulting in an insufficient charge separation and low
short-current density of F-IIDT-based devices. Instead, they have proposed that the
introduction of chlorine into the polymer backbone (Cl-IIDT, see Fig. 16.9) may
improve the PCE. The incorporation of large-size chlorine atoms not only provides
the HOMO levels similar to the fluorinated ones, but also induces a slight torsion on
the backbone and mitigates the strong intermolecular interactions between the
isoindigo-based polymers. As shown in Fig. 16.15, the intensity distribution of the
lamellar diffraction peaks (h00) of the F-IIDT/PC71BM blend depicted a ring with a
uniform intensity, indicating no directionality for the molecular packing of F-IIDT.
In contrast, for Cl-IIDT/PC71BM, the (100) diffraction peaks contained arcs of the
intensity along the qz and qxy directions. The p–p stacking diffraction peaks also
appeared without directionality in the case of the F-IIDT blended films, while the
Cl-IIDT blended films displayed such peaks along the qz direction. All these results

Fig. 16.12 Device performance strongly correlates with DMO. a–c, FF (top) and Jsc (bottom) as a
function of DMO (a), average composition variations (b) and median characteristic length of
morphology (c) for devices based on PNDT-DTBT polymers that are either fluorinated or
hydrogen-based controls (Reproduced from Ref. [61] with kind permission of © 2014 Macmillan
Publishers Ltd)
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suggest that the packing direction of the polymer backbone is isotropic without any
preferred crystallographic orientations in the case of the F-IIDT blended films,
while Cl-IIDT prefers the face-on packing in the blended films. Therefore,
Cl-TTDT with the stronger face-on orientation and smaller crystal domain signif-
icantly outperformed F-IIDT in OPV devices (Fig. 16.15).

16.3.3 Side Chain Engineering

One of the keys of producing efficient photovoltaic polymers is the introduction of
side chains with the appropriate length, topology, and distribution [64], which can
determine the crystallinity and orientation of the polymers in the solid film state.
Osaka et al. demonstrated that the polymer orientation substantially changed upon
the simple introduction of linear alkyl groups at the donor unit [65]. It was observed
that when a linear dodecyl (–C12H25) chain is attached at the 5- and 10-positions of
the naphtho[1,2-b:5,6-b′]dithiophene (NDT3) unit of PNNT-12HD (see Fig. 16.9),
the ordered structure mostly changes without any alterations in the energy levels,

Fig. 16.13 a J–V curves for the BHJ devices of � 350 nm thick films based on all five
copolymers under 1 sun, AM 1.5G condition. b EQE for the same devices in (a). c Changes in Jsc
and Voc with the increasing amount of F substitution. d The increase in the fill factor tracks the
increase in the overall device efficiency (PCE) as more F substituents are incorporated into the
copolymers (Reproduced from Ref. [62] with kind permission of © 2014 American Chemical
Society)
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Fig. 16.14 GIXD data of the blended films. p–p Stacking intensity, face-on crystallite orientation
with respect to the substrate, and lamellar distance increase with higher fluorine contents
(Reproduced from Ref. [62] with kind permission of © 2014 American Chemical Society)

Fig. 16.15 GIXD patterns of F-IIDT/PC71BM blended film and Cl-IIDT/PC71BM blended film
together with the corresponding OPV properties (Reproduced from Ref. [63] with kind permission
of © 2015 American Chemical Society)
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resulting in high PCEs above 8%. As shown in Fig. 16.16a, the original polymer
(PNNT-DT) was oriented in an edge-on manner, as the diffractions corresponding
to the lamellar structure and the p–p stacking predominantly appeared along the qz
axis and the qxy axis, respectively. However, in sharp contrast to this polymer,
PNNT-12HD preferentially adopted the face-on orientation as the p–p stacking
diffraction appeared along the qz axis (Fig. 16.16b). After blending with PC61BM,
the positions and distances of both lamellar structures and p–p stacking were not
changed, indicating the preservation of the polymer packing structures. The face-on
orientation and the crystalline p–p stacking of PNNT-12HD are consistent with the
low in-plane mobility and the high out-of-plane mobility compared to PNNT-DT,
and this should be the cause of the significantly enhanced FF of the solar cells in
particular when the thicker active layers are fabricated. In conventional PSCs, the
optimized thickness is thought to be 80–120 nm, because as the thickness increases,
the FF significantly decreases. However, in the case of PNNT-DT with highly
crystalline face-on packing structures, FF was still 0.64 when the thickness reached
300 nm. Since thick films can harvest more solar photons, a higher Jsc is expected.
Therefore, PSCs based on PNNT-HD achieved the high PCE of 8.2% at the
thickness of 300 nm, while PSCs based on PNNT-DT achieved the highest effi-
ciency of 5.5% at the optimized thickness of 170 nm.

Soon afterward, Osaka et al. demonstrated that the backbone orientation in the
thiophene–thiazolothiazole (TzTz) copolymer system (see Fig. 16.17) could be
modified by tuning the alkyl side chain composition. Their hypothesis about the
reason why the previously studied PTzBT-14HD forms the edge-on orientation in
the polymer-only film is that the tetradecyl linear alkyl chain (C14) is longer than
the trunk part of the branched 2-hexyldecyl (HD) chain, and thus, the character of
the linear alkyl chain, which often directs the backbone to the edge-on orientation,
becomes stronger [66]. Consequently, they propose two design strategies of the
alkyl side chains to form the face-on orientation: i.e., (1) shortening the linear or

Fig. 16.16 2D-GIXD images of as-spun thin films of a PNNT-DT and b PNNT-12HD
(Reproduced from Ref. [65] with kind permission of © 2013 American Chemical Society)
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elongating the branched alkyl chain and (2) replacing the linear alkyl chain with a
branched chain [67].

For quantification, the intensity ratio of the out-of-plane (qz axis) to in-plane (qxy
axis) lamellar peaks (Iop/Iip) was calculated, which can be considered as the edge-on
to face-on crystallite ratio. The Iop/Iip was 30.1 for PTzBT-14HD, which is the
highest value among these polymers and also indicates the highest degree of
edge-on orientation. When the linear side chain (R1) was changed to shorter chains,
such as dodecyl (C12) and decyl (C10) (PTzBT-12HD and PTzBT-10HD) in which
the length difference between the R1 and R2 chains was negligible, the face-on
crystallite was observed (see Fig. 16.18b upper middle and left; the lamellar and
p-stacking diffractions appeared on the qxy and qz axis, respectively).

Similar changes were observed in the case of a longer branched side chain,
R2 = octyldodecyl (OD) (Fig. 16.18b, bottom right). By shortening the linear side
chain (PTzBT-12OD and PTzBT-10OD), the face-on orientations again became
more dominant (Fig. 16.18b, bottom middle and left), in which the Iop/Iip was 0.6
and 0.5, respectively. These results clearly demonstrated that by shortening the
linear or elongating the branched alkyl chain, the PTzBT polymers are able to form
the face-on orientation. When the linear side chain (R1) was substituted with the
branched 2-ethylhexyl (EH) or 2-butyloctyl (BO) side chains (PTzBT-EHHD or
PTzBT-BOHD), the polymers also stacked in a face-on configuration (Fig. 16.18c,
upper left and middle).

In particular, in PTzBT-BOHD, in which the length difference between R1 and
R2 was smaller as compared to PTzBT-EHHD, the p–p stacking diffraction on the
qz axis was more dominant, indicating that PTzBT-BOHD was more preferentially
face-on oriented. When both R1 and R2 changed to BO, the polymer
(PTzBT-BOBO) exhibited the strongest p–p stacking diffraction on the qz axis,

Fig. 16.17 Chemical structures of thiophene–thiazolothiazole copolymers (PTzBTs) with various
alkyl side chains (Reproduced from Ref. [67] with kind permission of © 2014 Wiley-VCH)
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indicating the highest degree of face-on orientation among the five polymers with
branched R1-branched R2 chains (Fig. 16.18c, upper right). Furthermore, when
compared to the linear-branched chain system, one could easily obtain the polymers
with face-on dominant textures in the branched-branched chain system, as shown in
Fig. 16.18c (among the five polymers with branched R1-branched R2 chains, only
PTzBT-EHOD showed the edge-on orientation). In addition, it was also found that
the length difference between R1 and R2 seems to play an important role in
determining the backbone orientation. When the difference is greater, the polymers
tend to form an edge-on orientation, and when the difference is smaller, the poly-
mers tend to form a well-ordered face-on orientation.

16.4 Conclusions

In this chapter, we have highlighted how the molecular structure modifications
direct the polymer packing orientations and affect the corresponding device per-
formances. Although the backbone orientation is governed by many factors,

Fig. 16.18 a Schematic illustrations of the textures for the edge-on and face-on orientation and
the mixture of the edge-on and face-on (bimodal orientation); b 2D-GIXD patterns of
polymer-only films for PTzBTs with the linear and branched side chains c and with all branched
side chains (Reproduced from Ref. [67] with kind permission of © 2014 Wiley-VCH)
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we believe that the degree of intermolecular interactions is the most important
factor for the stacking orientation. That is to say, polymers with strong inter-
molecular interactions tend to form edge-on orientations, whereas polymers with
weak intermolecular interactions tend to form face-on orientations. It becomes the
paradigm that polymers should adopt the edge-on orientation for high-mobility
OFETs and the face-on orientation for high-efficiency OPVs. However, it should be
noted that in reality, the device performance is not always determined by the
backbone orientation, especially in the case of OPVs in which polymers with a
higher face-on population do not always show high efficiencies. This is because the
efficiency is also affected by the BHJ film morphology which also affects the charge
carrier transport. Although remarkable achievements have been produced in this
field, it is still a scientific challenge to easily control or change the polymer ori-
entation within the thin films of organic devices. We hope that this chapter will help
researchers, especially the synthetic chemists, efficiently develop high-performance
semiconducting polymers for specific purposes.
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Chapter 17
Design and Control of Nanostructures
and Interfaces for Excitonic Solar Cells

Jianjun Tian, Shixun Wang and Guozhong Cao

Abstract Excitonic solar cells (ESCs) including dye-sensitized solar cells, quantum
dot-sensitized solar cells, perovskites solar cells, and inverted organic photovoltaics
are built upon metal oxide semiconductors (MOSs), which have attracted consider-
able attention recently and showed a promising development for the next generation
solar cells. The development of nanotechnology has created various MOS nanos-
tructures to open up new perspectives for their exploitation, significantly improving
the performances of ESCs. One of the outstanding advantages is that the nanos-
tructured mesoporous MOSs offer large specific surface area for loading a large
number of active materials (dyes, quantum dots, or perovskites) so as to capture a
sufficient fraction of photons as well as to facilitate efficient charge transfer. This
review focuses on the recent work on the design, fabrication, and surfacemodification
of nanostructured MOSs to improve the performance of ESCs. The key issues for the
improvement of efficiency, such as enhancing light harvesting and reducing surface
charge recombination, are discussed in this paper.

17.1 Introduction

As a cost-effective alternative to silicon-based photovoltaics, excitonic solar cells
(ESCs) including dye-sensitized solar cells (DSCs), quantum dot-sensitized solar cells
(QDSCs), perovskites solar cells (PSCs), and inverted polymer solar cells or inverted
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organic photovoltaics (OPVs), based upon nanostructured MOSs have attracted
considerable attention recently and showed a promising development for the next
generation solar cells [1–7]. MOS plays a very important role in ESCs either as
electron transporting layer while blocking hole transport (known as cathode buffer
layer) or as hole transporting layer while blocking the electron transport (anode buffer
layer) [8]. As early as 1991, MOS TiO2 with porous nanostructure was successfully
used in DSCs to get high power conversion efficiency (PCE) of greater than 7%, which
was a significant breakthrough for the next generation solar cells with low cost [6].
DSC is a category of photovoltaic device based on a photoelectrochemical system in
which a porous MOS film with dye molecules adsorbed on the surface serving as the
working electrode for light harvesting and the generation of photoexcited electrons [9].
Many efforts have been focused on improving light absorption of sensitizers [10–13].

In 2014, a recorded PCE of 13% of DSC has been obtained by using a molecularly
engineered porphyrin dye coded SM315 and the cobalt (II/III) redox electrolyte [14].
In comparison with c-Si solar cells, PCE of DSCs still is much low. One of the
effective approaches is to develop new sensitizers for absorbing photons in the full
sunlight spectra. Narrow-bandgap semiconductor quantum dots (QDs) with wide
light absorption region, such as CdS [15, 16], CdSe [7, 17], PbS [18], and InAs [19]
have been investigated as photo-sensitizers instead of organic dyes to form QDSCs
that have attracted a lot of attention particularly due to: (1) adjustable bandgap through
design and control the size of QD, (2) good chemical stability, (3) much efficient light
absorption (a high extinction coefficient), and (4) multiple exciton generation
(MEG) promising a power conversion efficiency theoretically up to 40% in a single
junction solar cell [20–22]. Practically, efficiencies in the range of 6% for CdSe [23,
24] and 8% for CdSeTe [25–27] QDSCs have already been achieved; the PCE of
QDSCs remains lower than that of DSCs, due likely to large surface charge recom-
bination, attributable to the surface imperfection of QDs and the less ideal contact
between QDs and MOS scaffold [28].

In 2009, Miyasaka group reported the solar cells with DSC structure using
organic-inorganic hybrid perovskite CH3NH3PbBr3 and CH3NH3PbI3 as
visible-light sensitizers instead of organic dyes [29]. This attempt led to PCE of
3.8%. Although, the PCE was low, the attempt provided a new approach for the
next generation solar cells [30]. In 2011, Park’s group reported a 6.5% efficient
CH3NH3PbI3 PSC [31], though this work did not attract much attention due to the
liquid electrolyte used in the devices. In 2012, an all solid ESC using perovskite
with a PCE greater than 10% was obtained by Snaith’s group, which had attracted
worldwide attention [32]. In 2015, PSCs based on the MOS TiO2 assembled with
CH3NH3PbX3 achieved PCE of greater than 20% [33].

In recent years, OPVs have attracted extensive investigation as one of ESCs,
mainly due to their inherent advantages of being low cost, and compatible with
flexible substrate and solution-based roll-to-roll processing technique [1–5, 34].
Compared with the organic photovoltaics with a traditional structure, which typi-
cally have a configuration ITO/PEDOT/P3HT:PCBM/MOS/Al, inverted OPVs
with the configuration ITO/MOS/PCBM:P3HT/PEDOT/Ag avoid the contact of
ITO with PEDOT (which degrades the conductivity of ITO glass) and allow the use
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of high-work-function metal (e.g., Ag) as top electrode and can therefore signifi-
cantly enhance the stability of polymer solar cells [8].

Among various MOSs, TiO2, ZnO, and SnO2 have been studied widely in ESCs,
due to their matching band structure, excellent physical properties, and high elec-
tronic mobility [35–40]. Table 17.1 [41] shows structural and electronic charac-
teristics of TiO2, ZnO, and SnO2 [42]. It can be seen that TiO2, ZnO, and SnO2

have similar band structure and physical properties. In the past decades, more and
more efforts have been focused on the application of TiO2, ZnO, and SnO2 in ESCs.
For example, Fig. 17.1 displays the evolution of the number of publications for
‘dye-sensitized solar cell.’ In addition to research works, many excellent reviews
and perspective articles have covered the fundamentals and technical approaches
for the design, fabrication, and characterization of MOSs for ESCs [36, 39, 43–49].
In this review, we would focus mainly on the recent work on the MOS structure and
their interface for improving the efficiency of ESCs, such as enhancing light har-
vesting and reducing surface charge recombination.

As to the evaluation method, current density–voltage (I–V) measurement is
frequently used in the investigation of the performance of solar cells. We can get
four vital parameters obtained from I–V measurements as follows: the open-circuit
voltage (Voc), the short-circuit current density (Jsc), fill factor (FF), and the PCE.
PCE is defined as the output power divide by the input power, as Eq. (17.1) shows:

g ¼ Pmax

Pinc
¼ Imax � Vmax

Pinc
¼ Isc � Voc � FF

Pinc
; ð17:1Þ

where the η is PCE and Pinc represents the input power of irradiated light (usually
100 mW cm−2). FF varies from zero to one in the actual courses of solar cell due to
recombination between electrons and holes and corrosion of sensitizers. There are
many factors that directly determine the value of FF such as the charge-transfer
resistance (Rct), series resistance (Rs), and Warburg impedance (Zw).

17.2 Dye-sensitized Solar Cells (DSCs)

DSCs are in essence a photoelectrochemical system as shown in Fig. 17.2 [50].
Nanostructured MOS films are the framework of DSC photoanodes, which serve
dual functions as the support for sensitizer loading and transporter of photoexcited
electrons from sensitizer to external circuit [44]. Usually, a layer of MOS with the
thickness 10–20 µm is prepared on a glass substrate coated with a transparent
conductive film. The other electrode, the so-called counter electrode, is a glass or
silicon substrate coated with a platinum film. As a conductive medium, the liquid
electrolyte with I−/I3

− redox couples is filled in the gaps of MOS and the space
between the photoanode and counter electrode. The work process of DSC is [50] as
follows: The light irradiating from the photoanode side is captured by the dye
molecules that are adsorbed on the oxide, leading to the generation of photoexcited
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electrons in the dye molecules; the photogenerated electrons then transfer into the
oxide, diffuse in the oxide, and are finally collected by the transparent conductive
film on the glass substrate, which is connected to external circuit; the photooxidized
dye molecules are reduced by electrons provided by I−/I3

− redox couples in the
electrolyte. Those photogenerated electrons at the photoanode travel through the
external circuit, reach the platinum-coated counter electrode, and finally, gain
access to the electrolyte, reducing I−/I3

− redox couples and enabling the electrolyte
to be regenerated.

In DSCs, the structure of photoanodes has important effect on the light har-
vesting and photoexcited electrons transport. Not only does the nanostructured
MOS offer large surface area to adsorb a large number of dyes for light harvesting,
but also collects the electrons from dyes and transfers them to electrodes. MOS
nanoparticles film is first used in DSCs due to its large surface area for loading
dyes. But it is not an ideal structure in regard to the electron transport [53, 54]. The
first non-ideality results from the lack of a macroscopic electrostatic potential
gradient in the film due to the fact that the film is permeated with a concentrated
electrolyte [53]. The mesoporous films are very much different compared to their
compact analogues because (i) the inherent conductivity of the film is very low,
(ii) the small size of the individual colloidal particles does not support a built-in
electrical field, and (iii) the oxide particles and the electrolyte-containing pores form
interpenetrating networks whose phase boundaries produce a junction of huge
contact area [55]. Therefore, the electron transport in the nanoparticle film is
dominated by a process of diffusion instead of drift. The drift is a common way in
p–n junction solar cells for carrier separation in the presence of an electric field. The
second non-ideality comes from the fact that the electron transport in a nanoparticle
film undergoes a trapping and detrapping process as shown in Fig. 17.3 [41]
Numerous grain boundaries, interface defects, and connections existing in the
nanoparticle film also increase the surface charge recombination, and retard
effective charge injection and charge transport, which result in a loss of PCE. So
many efforts have been made on the synthesis of a variety of nanostructured MOS

Fig. 17.1 Evolution of the
number of publications for
‘dye-sensitized solar cell’
with ‘TiO2’, ‘ZnO’, and
‘SnO2’, respectively. Source
ISI Web of Science, Thomson
Reuters (Reproduced from
Ref. [41] with kind
permission of © 2016
Elsevier)
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photoanodes in the forms of wires, tubes, spheres, rods, sheets, belts, flowers, and
trees for the efficient DSC devices [56–63].

To increase the electron mobility and reduce the grain boundaries and interfaces,
one-dimensional (1D) nanostructures, such as nanotube arrays and
single-crystalline nanowire arrays, have been studied as photoanodes for DSCs
[56]. However, DSCs based on 1D structures have not reached high conversion
efficiency as expected due to the much small surface area for dye adsorption [64].
The 3D hierarchical nanostructures can offer larger surface areas for dye adsorption
while simultaneously enhancing light scattering for efficient photon harvesting, and
thereby, improving PCE [60, 64–66]. The aggregate structure consisting of primary

Fig. 17.2 Structure and operating mechanism of a DSC (Reproduced from Ref. [66] with kind
permission of © 2010 Royal Society of Chemistry)

Fig. 17.3 Schematic illustrations of electron transport in a nanoparticle film suffering a
trapping/detrapping process (Reproduced from Ref. [41] with kind permission of © 2016 Elsevier)
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nanocrystallites can provide both large specific surface area and light scattering
effect so as to enhance the performance of DSCs [9, 53, 66–70]. In addition, the
diffusion of electrolyte in the aggregate structure is faster than that in nanoparticle
film, which boosts the charge transport. Our previous works [9, 53, 67, 69, 71–73]
showed that the photoanodes with the hierarchical aggregates structure are
promising for the highly efficiency DSCs. Our recent works have been continuing
to improve the fabrication and design of the hierarchical structure of MOSs for
increasing the PCE of DSCs.

17.2.1 TiO2 Hierarchical Structures for DSCs

In the last few decades, many methods have been used to synthesize TiO2

nanostructures, such as sol–gel processing [74], hydrothermal [75], solvothermal
[76], and template growth [77] approaches. The hydrothermal and solvothermal
methods have been frequently used for the reason that they are readily capable of
obtaining the desired size and structure of TiO2 nanocrystals by controlling
the temperature and duration of the reaction, and the type and concentration of the
reactants, as well as the solvent and additives used. However, defects in the
resultant nanocrystals like complex and time-consuming process have been pointed
out in the hydrothermal and solvothermal methods. The high cost and low pro-
ductivity of the hydrothermal and solvothermal methods are also considered as a
big hindrance for their applications in DSCs. There is a growing need to develop a
fast and high productivity synthesis method to obtain TiO2 nanocrystals for the
application in DSCs.

Compared with hydrothermal and solvothermal methods, the microwave assisted
synthesis offers rapid processing speed, homogeneous heating, and simple control
of processing conditions, and thus has attracted much attention in the last few years
[78]. Recently, microwave assisted synthesis was employed to fabricate hierar-
chically structured TiO2 nanocrystallite aggregates, which are shown in Fig. 17.4
[79]. Hierarchically structured TiO2 nanocrystallite aggregates with a size
of *500 nm in diameter consisted of *10 nm nanocrystallites were synthesized
by microwave assisted method at 150 °C in a short time (*10 min) using ethanol
and TiCl4 as the solvent and titanium precursor, respectively. The rapid heating rate
and superheating/“hot spots” of the reaction system under microwave irradiation
resulted in huge supersaturation leading to a high density of nuclei instantly so as to
form a great deal of uniformly sized small particles/nanocrystals, which were
subsequently assembled to uniformly sized aggregates. The TiO2 aggregates
showed much better light scattering property, larger specific surface area, and
higher dye-loading than those of the commercial P25 TiO2 nanoparticles. In
comparison with P25, the short current density (Jsc) and dye-loading of DSC based
on the as-synthesized TiO2 aggregates increased by 33 and 62%, respectively. As a
result, the PCE of the DSC was up to 7.64%.
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It was also found that the electron diffusion in the TiO2 aggregate network was
enhanced through the addition of TiO2 nanoparticles with preferential filling at the
necks between adjacent TiO2 aggregates, which resulted in strengthening the
connections, while retaining the porous structure of the TiO2 network as shown in.

Figure 17.5 [80] The fortified necks were found to reduce the transport resis-
tance (Rt) by allowing facile transfer of electrons from one aggregate to another,
while the scattering effect of the TiO2 aggregate network got weakened with adding
the TiO2 nanoparticles as a result of reduction of the light scattering centers such as
the necks and gaps between the aggregates. However, due to the increase in surface
area as the TiO2 nanoparticles were added, the diminished light scattering effect of
the aggregate network was compensated and even the highest performance was
achieved when the 10% TiO2 nanoparticle was added into the TiO2 aggregate film,
suggesting that widening necks between submicrometer-sized light scatters such as
an aggregate would be a good strategy in achieving further improvement of PCE of
dye-sensitized solar cells through the improved charge transport property.

Fig. 17.4 a SEM images of as-synthesized TiO2 aggregates, b schematic illustration of TiO2

aggregates formation process, c schematic illustration of the effect of the aggregates for the light
scattering and d diffuse reflection spectra curves of P25 nanoparticles TiO2 film and TiO2

aggregates film. Reprinted from reference (Reproduced from Ref. [79] with kind permission of ©
2010 Royal Society of Chemistry)
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However, dye molecules and electrolyte are difficult to penetrate into the interior
pores of the aggregates, which is not helpful for the improvement of enhanced
photon capture and efficient transport of the photoexcited electron. The inverted
aggregate hierarchical structure would have both high dye adsorption and strong
light scattering. Our recent work reported a strategy for the synthesis of hierar-
chically structured three-dimensionally ordered macroporous (HS-3DOM) TiO2

with controlled macropore sizes (ca. 85–155 nm) by using well-arrayed polymethyl
methacrylate with different diameters as well as two kinds of photoanode films
based on hierarchically structured porous TiO2 filled with nanoparticles have been
demonstrated as shown in Fig. 17.6 [81]. DSCs based on a special TiO2 pho-
toanode with a macropore size of 105 nm exhibited a current density of
20.6 mA/cm2 and a high PCE of 9.7%. The hierarchically structured porous TiO2

layer has much large surface area to load dyes and high-diffused reflectance and
scattering to harvest photons, which is the main reason for high photogenerated
current density. The results showed the electron lifetime was prolonged and charge
recombination was reduced. This may be due to the special geometry architecture of

Fig. 17.5 Schematics illustrating a electron diffusion in aggregates and through necks between
aggregates, b low possibility of electron transfer from one aggregate to adjacent one due to poor
neck, c high possibility of electron transfer as a result of widened neck compared to the diameter of
the aggregate, d the widened neck between two aggregates achieved by filling with the added
nanoparticles and e J–V curves of the DSCs with the photoanodes composed of TiO2 aggregate
and mixture of the aggregates and nanoparticles (Mix10 and Mix20) (Reproduced from Ref. [80]
with kind permission of © 2015 Elsevier)
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the photoelectrodes. Therefore, this high PCE is ascribed to the special morphology
of the TiO2 photoanode with high dye adsorption due to its ordered and open
structures, and also its light scattering and charge-collection efficiency.

17.2.2 ZnO Hierarchical Structures for DSCs

ZnO is known to have band structure and physical properties similar to that of TiO2,
but a higher electron mobility than that of TiO2 [9, 67, 69]. In addition, ZnO with a
hexagonal crystal structure possesses facets with different surface energy and, thus,
can easily form anisotropic structures, such as nanorods, nanowires, and
nanoflowers, which enables it to exhibit unique electronic and optical properties
[73, 82]. ZnO nanostructured photoelectrodes for DSCs have been investigated over
the last several years [63, 64, 83, 84]. For ZnO-based DSCs, the ZnO films with
hierarchical structure have exhibited much better performance in DSCs than that of
nanoparticles and 1D structure, due to the larger specific surface area for dye
adsorption, effective light scattering within the photoanode, and more pores for the
penetration of electrolyte into the photoanode films [66]. As early as 2008, we had
prepared ZnO aggregates spheres made up of nanocrystallites for DSCs [69]. With

Fig. 17.6 Schematic illustration of the paste formation process based on a Ti-155, Ti-115, and
b Ti-105 samples and the ones based on c Ti-85 sample, as well as HR-SEM pictures of
photoanode films based on e Ti-105 and h Ti-85 samples. Schematic diagram of d HS-3DOM
TiO2, f and i shedding 3DOM architectures of TiO2 after supersonic treatment, g and j agglomerate
3DOM architectures of TiO2 after stirring treatment. Reprinted from reference (Reproduced from
Ref. [81] with kind permission of © 2010 Royal Society of Chemistry)
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increased dye adsorption and improved light-scattering capabilities by the primary
nanoparticles and secondary colloids, 5.4% of PCE was obtained, which is one of
the highest PCE of ZnO-based DSCs at that time. Recently, we develop a novel
interface precipitation method to synthesize hierarchically structured ZnO
nanocrystallite aggregates as shown in Fig. 17.7 [66].

The conventional homogeneous precipitation process in aqueous solution is an
efficient way to synthesize ZnO nanoparticles at low temperature. In this process,
ethanol and water were used as solvents to first separately dissolve NaOH and zinc
acetate dihydrate under stirring, respectively. The reaction occurred in the interface
of the different solvents with a slow rate, which was easier to form a porous
hierarchical structure. In comparison with ZnO nanoparticles synthesized by con-
ventional homogeneous precipitation method, such hierarchical structure has larger
specific surface area, more efficient dye-loading and effective light scattering within
the photoelectrode; all result in an increased photocurrent. Furthermore, electro-
chemical impedance spectroscopy study revealed that reduced charge recombina-
tion in ZnO nanocrystallite aggregates resulted in enhanced Voc. As a result, a PCE
of 5.07% with commercially available dye N719 had been obtained without
applying anti-reflection coating and chemical treatment, which was more than
200% of the PCE achieved in ZnO nanoparticles synthesized by homogeneous
precipitation method in aqueous solution.

Porous ZnO aggregates of nanocrystallites were thought to be helpful to retain
their high surface area. However, their PCEs are still lower than that of TiO2-based
DSCs, due likely to the poor chemical stability for dye solution and lots of surface

Fig. 17.7 a Schematic diagram of ZnO formation process using interface precipitation, b SEM
image of ZnO aggregates, c diffuse reflectance of ZnO film prepared by different precipitation
process, and d J–V curves of DSCs based on the different ZnO photoanodes (Reproduced from
Ref. [66] with kind permission of © 2012 Elsevier Ltd.)
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defects for high charge recombination. A lot of research results showed that the charge
recombination could be reduced by applying a core-shell configuration [85, 86]. Such
a core-shell configuration is expected to suppress the charge recombination by
forming an energy barrier to prevent the electrons in the conduction band of the
semiconductor from transferring to the oxidized dyes and ions in the electrolyte,
leading to increased open-circuit voltage and short current density [85–87]. It was also
reported [83] that the shell (TiO2) has a more negative conduction band edge than that
of the core oxide (ZnO) or it creates a dipole at the core—shell interface that shifts the
band edge of the core upward in energy, which suppresses recombination and
increases the open voltage and fill factor. Many novel core/shell structures, for
example, ZnO/TiO2, ZnO/Al2O3, ZnO/ZrO2, and ZnO/MgO photoelectrodes, have
been used in DSCs for this purpose [83, 85–88]. In an earlier study, atomic layer
deposition (ALD) method was utilized to deposit ultrathin TiO2 layer on the porous
structure of ZnO aggregates, and the resultant devices demonstrated much enhanced
PCE of ZnO DSC with photoelectrodes made of submicrometer-sized aggregates of
ZnO nanocrystallites as shown in Fig. 17.8 [86]. The ZnO core/TiO2 shell structure
increases the open-circuit voltage, without impairing the photocurrent density, and
results in an increased PCE from 5.2 to 6.3%.

ALD is rather time-consuming and not cost effective [89]. Recently, a facile
solution method was applied to modify the surface of ZnO aggregate photoanodes
for DSCs as shown in Fig. 17.9 [90]. During the modification process, the surface
of the ZnO will be dissolved through a chemical reaction in an aqueous solution of
(NH4)2TiF6 and H3BO3, while the deposition of TiO2 nanocrystallites takes place
sequentially and concurrently. This method can be considered as an in situ alter-
native deposition method. As the chemical reaction on the surface of photoanode
material is always easy to take place at an area with high surface energy, so TiO2 is
more likely to deposit on the defect region of ZnO surface, which reduces the
surface defects while further increases the surface stability [90]. The IPCE of the
TiO2-modified film with a 3 min treatment exhibits a highest maximum to 60%,
whereas the film with a 20 min treatment shows a lowest maximum as shown in
Fig. 17.9c. The trend observed with IPCE matches with that of the Jsc, and the
integrated current from the spectra correlates closely with the photovoltaic data.
Figure 17.9d displays the whole process of the photon-electric conversion in solar
cells. Initially, the photons are captured by the dyes to realize the harvesting of

Fig. 17.8 Schematics
illustrating ALD TiO2 thin
layer on the surface of ZnO
nanocrystallites, inset shows
SEM image ZnO aggregate
coated by TiO2 thin layer
(Reproduced from Ref. [86]
with kind permission of ©
2010 Wiley-VCH)
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light. Then, the electrons generated by dye will inject into photoanode. The energy
difference between the lowest unoccupied molecular orbital (LUMO) of the dye and
the conduction band of TiO2 provides driving force for charge injection. Therefore,
the surface modification process introduces a thin layer of TiO2 nanoparticles on the
surface of ZnO aggregates can reduce the charge recombination and increase the
charge collection, at the same time, open the inner pores through in situ selective
etching of ZnO at pore apertures. As a result, the PCE of DSC was increased from
4.81 to 6.27%, after surface modification of ZnO aggregates.

17.2.3 SnO2 Hierarchical Structures for DSCs

SnO2 is an important n-type wide-bandgap semiconductor with wide applications in
transparent conductive films, gas sensors, lithium-ion batteries, and solar cells [38,
91–95]. SnO2 as a possible alternative of TiO2 photoanode in DSCs with various

Fig. 17.9 a, b SEM images of submicrometer-sized aggregates of ZnO nanocrystallites in
different magnifications, c incident photon-to-current conversion efficiency (IPCE) spectra of
ZnO-based DSCs with different solution treatment times; d photoelectric conversion process in
solar cells (Reproduced from Ref. [90] with kind permission of © 2014 Elsevier)
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morphologies, such as nanoparticles [96, 97], nanofibers [98], nanowires [99],
nanotubes [100], and hollow nanospheres [101–105], has been successfully syn-
thesized and characterized. For example, Cheng et al. [106] reported the synthesis
of single-crystalline SnO2 nanorods with small size (15–20 nm in length and 2.5–
5 nm in diameter) by hydrothermal treatment of TiCl4. Wu et al. [107] prepared 3D
hierarchical SnO2 nanostructures composed of 2D nanosheets. TiO2-coated
multi-layered SnO2 hollow microspheres had achieved 5.65% of PCE [108].
Among various techniques used for SnO2 synthesis, hydrothermal growth is one of
the most common methods, which can form desired size and morphology by
manipulating reactant ratio and reaction parameters [109].

Our recent work reported a microwave assisted synthesis of assembled SnO2

nanosheets and their characterization and application as photoanodes in DSCs as
shown in Fig. 17.10 [110]. The assembled SnO2 nanosheets photoanode, with large
specific surface area, effective light scattering, and an easy path for electron
transport with long lifetime, demonstrated appreciably increased short-circuit
photocurrent density, reduced charge recombination, and consequently high PCE.
However, the limitations of SnO2-based DSCs are the relatively weak adsorption of

Fig. 17.10 SEM images of a, b SnO2 (hydrothermal) nanostructure and HRTEM images, inset,
SEM images of c, d SnO2 (microwave) nanostructure, and HRTEM images, inset. The scale bars
in SEM images of a and c represent 200 nm. The scale bars in SEM images of b and d represent
100 nm. The scale bars in HRTEM figures represent 1 nm (Reproduced from Ref. [110] with kind
permission of © 2010 American Chemical Society)

648 J. Tian et al.



the dyes with acidic anchoring groups, and the recombination of conduction band
electrons with the oxidized dye [38]. In future, a lot of efforts should be focused on
the surface and electronic modification of hierarchical SnO2 photoanodes to
improve the PCE of DSCs.

17.3 Quantum Dot-sensitized Solar Cells (QDSCs)

QDSCs can be regarded as a derivative of DSCs which use narrow-bandgap
semiconductor quantum dots (QDs) photosensitizer instead of organic dyes in
DSCs. Figure 17.11 shows the QDSC structure consists of a MOS photoanode,
QDs (sensitizer), polysulfide electrolyte, and counter electrode [54]. When the
photons are harvested by QDs, the electron–hole pairs will be excited and then are
rapidly separated into electrons and holes at interface between the MOS and QDs.
The electrons are transferred by MOS at the same time; the holes are released by
redox couples in the liquid electrolyte [22, 110]. The principles for choosing QDs
and MOS photoanodes to construct QDSs are as follows: (1) narrow and direct
bandgap QDs are preferred due to their high optical absorption, (2) MOS and QDs
should have perfect matching in energy levels so that charges transport efficiently in
the solar cells [70].

Table 17.2 shows the energy band parameters of QDs, which are usually chosen
to fabricate QDSCs. Similar to DSCs, we can know that nanostructured MOS plays
a key role in designing QDSCs. The difference between them is that the size of QDs
is much larger than that of organic dye. The distribution and adsorbing capacities of
QDs in MOS substrate are important issues for the performance of QDSCs. In this
section, we will introduce and discuss our recent works on the fabrication of QDs,

Fig. 17.11 Schematic illustration of the structure of QDSC and photoinduced charge-transfer
processes (Reproduced from Ref. [54] with kind permission of © 2015 American Chemical
Society)

17 Design and Control of Nanostructures and Interfaces … 649



design and surface modification of TiO2 and ZnO MOSs to improve the perfor-
mance of QDSCs.

17.3.1 Fabrication of QDs for QDSCs

QDs are usually deposited onto mesoporous MOS films to form QDSCs electrodes
via two approaches: (a) adsorption of pre-synthesized quantum dots, and (b) in situ
growth directly from the precursor solutions. The introduction of rapid injection of
precursors into the reaction solvent at a certain temperature, called hot-injection
synthesis, has been used to prepare colloid QDs since 1993 [111, 112]. This method
has attracted much attention for QDSCs due to the advantages in using
pre-synthesized monodispersed QDs of high crystallinity, with expectation to
obtain overall control over the QD size, size distribution, and surface passivation.
Recent years have witnessed the development of the post-synthesis assembly to
fabricate high efficiency QDSCs, which generally involves three approaches: direct
adsorption, electrophoretic deposition, and linker-assisted deposition [113]. By
exploiting this approach, CdSexTe1−x QDSCs with greater than 8% of PCE were
obtained in 2015 [27]. In situ growth of QDs within the mesoporous MOS scaf-
folds, including chemical bath deposition (CBD) [114] and successive ionic layer
absorption and reaction (SILAR) [21, 115], has shown highly photoelectric con-
version efficiency when being adopted to assemble QDSCs [116]. The CBD is a
relatively simple method to deposit QDs and nanoparticle films, which possesses
many advantages, such as stable yields, robust adherence, uniform and good
reproducibility. The growth of QDs strongly depends on the growth conditions,
such as the duration of deposition, composition, and temperature of the solution,
and characteristics of the mesoporous films. The SILAR method is based on suc-
cessive reactions on the surface oxides. Each reaction is followed by rinsing, which
enables a heterogeneous reaction between the solid phase and the solvated ions in

Table 17.2 Energy band parameters of some most commonly used QDs for QDSCs [51, 52]

Semiconductors Bandgap
(eV)

Conduction band minimum
(eV)

Valence band maximum
(eV)

Ag2S 0.92 −4.5 −5.42

CdS 2.40 −3.98 −6.38

CdSe 1.74 −4.10 −5.84

CuInS2 1.50 −4.06 −5.56

Cu2S 1.10 −4.44 −5.54

PbS 0.37 −4.74 −5.11

PbSe 0.27 −4.93 −5.20

Sb2S3 1.72 −4.72 −6.44

SnS2 2.10 −4.44 −6.54

SnS 1.01 −4.66 −5.67
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the solution. So a thin film can be grown layer by layer. In situ growth method is
regarded as a convenient, reproducible, and cost-effective way to QDSCs. In
addition, QDs can be adsorbed on the surface of MOS, which is helpful for
injecting and transfer of photoexcited electron. We deposited CdS and CdSe QDs
onto the mesoporous TiO2 film using SILAR and CBD, respectively, to form
CdS/CdSe co-sensitized QD [22]. Figure 17.12 shows the schematic illustration of
the formation process of CdS/CdSe QDs co-sensitized solar cells. The PCE of
QDSC was up to 4.62%.

Recently, the method of using doping metal ions into QDs is thought an effective
way to improve the performance of QDSCs. Some results, such as Hg2+ into PbS
[117], Mn2+ into CdS [118], and Mn2+ into CdSe [23], showed the increase of
photoelectric properties of the solar cells. By using doping Mn2+ into CdSe, we
have successfully prepared a high efficiency of 6.33% Cd0.8Mn0.2Se quantum dot
solar cell using CBD method as shown in Fig. 17.13 [23]. The Mn2+ ions doped
into QDs can increase the light harvesting to produce more excitons. In addition,
Mn2+ dopant also raises the conduction band of CdSe, accelerates the electron
injection kinetics, and reduces the charge recombination to improve the charge
transfer and collection. The increase of the efficiencies of light harvesting, charge
transfer, and charge collection results in the improvement of the quantum efficiency
of the solar cells.

Inserting a layer of non-sensitized QDs on the surface of MOS photoanodes not
only helps to grow the subsequent sensitized QDs, but also suppresses the back
charge recombination between the electrons in oxide and the holes in electrolyte.
Recently, we prepared a multi-layered semiconductor (ZnSe/CdS/CdSe) QDs on
the surface of TiO2 mesoporous films as shown in Fig. 17.14 [119]. The
multi-layered QDs-sensitized solar cells showed a larger short-circuit currents and
higher efficiency than those of single-layered QDs-sensitized solar cells due to a
complementary effect in light harvesting. Figure 17.14b shows the recombination

Fig. 17.12 Sketch of the formation of CdS/CdSe QDs on the mesoporous TiO2 film and J–
V curve of QDSCs (Reproduced from Ref. [22] with kind permission of © 2012 American
Chemical Society)
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Fig. 17.13 a J–V curve of CdMnSe QDSC, inset is the CBD process of CdMnSe QD; b external
quantum efficiency (EQE) spectra curves of QDSCs (Reproduced from Ref. [23] with kind
permission of © 2014 Royal Society of Chemistry)

Fig. 17.14 a HRTEM image showing the arrangement of ZnSe/CdS/CdSe QDs around a TiO2

crystallite and b Nyquist curves of the different layered QD-sensitized solar cell measured in the
dark at −0.6 V bias. c relative band positions of TiO2, ZnSe, CdS, and CdSe in bulk and d ideal
stepwise structure of band edges for the efficient transport of excited electrons and holes in a TiO2/
ZnSe/CdS/CdSe photoelectrode (Reproduced from Ref. [120] with kind permission of © 2014
American Chemical Society)
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resistance is also increased by a seeding layer of ZnSe, which leads the reduction of
the charge recombination and the prolonging of the electron lifetime. The possible
reason is that the cascade structure of multi-layered semiconductor is advantageous
to the electron injection and hole recovery of QDs. The band edges and relative
Fermi levels positions of TiO2, ZnSe, CdS, and CdSe in the bulk are schematically
shown in Fig. 17.14c. When TiO2, ZnSe, CdS, and CdSe are connected together,
the difference in energy levels induces electron flow from the higher level (ZnSe) to
the other lower levels. Therefore, the Fermi level of ZnSe would shift down with
respect to the location of Fermi level in TiO2, and the conduction band edges of
CdS and CdSe are elevated. Such electron transfer is known as the Fermi level
alignment. The photoexcited electrons would transfer from the higher conduction
band to the lower band with the help of a driving force. Therefore, the resulting
conduction band edges for the ZnSe/CdS/CdSe device are inferred to have a
stepwise structure, as shown in Fig. 17.14d. The layer of ZnSe also acts as a
blocking layer to shield the TiO2 core from the outer CdS/CdSe QDs and electrolyte
and provides a physical separation of the injected electrons in TiO2 from the
positively charged QDs and the electrolyte, thus retarding the interfacial recombi-
nation to obtain a high efficiency. As a result, the PCE was increase from 2.26% for
QDSC without ZnSe to 4.94% for QDSC with multi-layered QDs. So researchers
may concentrate on designing more multi-layered QDs for QDSCs.

17.3.2 TiO2 Hierarchical Structures for QDSCs

The TiO2 aggregates film shows a better light-scattering property to extend the light
pathway for light harvesting, which has been used in DSCs in our previous works.
Different from dye, QD is difficult to enter into the interior of the aggregates film
due to their large size, which results in the low loading of QDs and poor perfor-
mance of QDSCs. In order to dissolve this problem, we proposed a two-step
fabrication method of TiO2 aggregates to increase the porosity of the aggregates
[120]. The aggregate made of the mesoporous TiO2 beads has been prepared
through a combined precipitation and solvothermal process. Figure 17.15a–d shows
SEM image of the mesoporous TiO2 beads aggregates. The aggregates were first
synthesized using precipitation and solvothermal process. And then, an optimal
amount of ammonia was adopted to etch TiO2 spheres and achieve the desired
porosity of the beads for QDs adsorption. The ammonia etches the precursor
aggregate beads to open the pore size of the aggregates. From Fig. 17.15g, the
absorbance of the films increases with increase of the additional ammonia, which
followed the trend of increased pore size and pore volume but a decreased specific
surface area. The properties of QDSCs are almost in accordance with the light
absorbance of the aggregates (Fig. 17.15h). As a result, a PCE of the solar cell up to
4.05% has been achieved for a CdS/CdSe QDSC.
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Fig. 17.15 SEM image of TiO2 beads aggregates a 0 mL, b 0.5 mL, c 1 mL and d 2 mL
ammonia solution; e TEM and f HRTEM images of the ultramicrotomed sample of the calcined
mesoporous TiO2 beads without ammonia treatment during the solvothermal process. The inset of
f shows the SAED pattern of TiO2 beads. g UV–Vis spectra of CdS/CdSe QDs co-sensitized TiO2

beads aggregates films, and h J–V curves for CdS/CdSe QDs co-sensitized solar cells using the
photoanodes prepared by TiO2 beads aggregates. The beads prepared with the addition of 0, 0.5, 1
and 2 mL ammonia to a mixture of 12 mL ethanol and 6 mL deionized water during the
solvothermal treatment are denoted as beads A, B, C and D, respectively (Reproduced from Ref.
[121] with kind permission of © 2014 Royal Society of Chemistry)
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17.3.3 Nanostructured ZnO for QDSCs

17.3.3.1 1D Nanostructured ZnO for QDSC

It was demonstrated [22] that QDs experienced difficulty penetrating into the inner
pores of the nanoparticles films, leading to several issues: (1) the direct exposure of
MOS film in electrolyte resulting in a serious degree of recombination between the
electrons in the MOS and holes in the electrolyte; (2) less QD loading in the films.
Open structures, such as 1D structure of nanorods, nanowires, and nanotubes, can
facilitate the distribution of QDs from the surface to the interior of the films and
enhance the QD loading. In addition, 1D-structured MOS has a higher electron
mobility than that of the nanoparticles. For ZnO nanowires, the electron diffusion
coefficients (Dn) are 0.05–0.5 cm2 s−1, which are several hundred times larger than
those of nanoparticle films. The electron diffusion coefficient determines the elec-
tron diffusion length as Eq. (17.2) [53, 54]:

Ln ¼
ffiffiffiffiffiffiffiffiffiffi

Dnsn
p

; ð17:2Þ

where Ln is the electron diffusion length, Dn is the electron diffusion coefficient, and
sn is the electron lifetime. A longer diffusion length is typically associated with the
higher charge-collection efficiency. For QDSCs, such open structures of 1D MOS
can also facilitate the permeation of QDs from the surface to the interior of the
films. 1D nanostructure offers a straightforward path for the electrons and shortens
their transport time inside MOS, and then reduces the charge recombination
probability. So the 1D nanostructure array is considered the most promising can-
didate materials for QDSCs owing to its effective electron transport, which helps to
collect photogenerated electrons [121].

However, QDSCs based on 1D structure have not reached a high conversion
efficiency as expected due to the limited surface area for QDs adsorption.
Introducing a surface profile modification for 1D MOS can be thought as an
effective way to increase QD loading. Recently, we designed a facile surface
modification process for ZnO nanowire arrays as shown in Fig. 17.16 [122]. The
ZnO nanowire arrays were fabricated by growing on seeded indium-doped tin oxide
(ITO) substrate without using a template or high temperature conditions. After
surface modification, the edges of the ZnO nanowires become ‘rough,’ which helps
to harvest QDs as shown in Fig. 17.16d. The surface modification method not only
formed a barrier layer on the surface of the ZnO nanowire, which suppresses charge
recombination by preventing the electrons in the ZnO conduction band from
transferring to the oxidized ions in the electrolyte, but also modified the surface
characteristics of the ZnO nanowire so as to harvest a greater number of QDs and
increase the short current density of the QDSC. PCE of QDSC was increased from
1.54 to 3.14% by surface modification.
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17.3.3.2 Hierarchical Nanostructured ZnO for QDSCs

It is well-known that the surface area of photoanodes is a key factor for the loading
of QDs. For 1D-nanostructured MOS, a fundamental drawback is the insufficient
internal surface area owing to a low roughness factor or the considerable free space
between adjacent 1D nanostructures [122]. Hierarchical branched nanostructures
are derived from 1D nanostructures, however, with a consideration to enlarge the
surface area through using extended ‘branches’ [53], which mainly include bran-
ched and dendritic nanowires or nanorods. Our recent work reported a ZnO
nanorods branched by nanosheets for QDSCs as shown Fig. 17.17 [123]. The thin
ZnO nanosheets were slowly assembled on the surface of nanorods to form a
hierarchically branched photoanode for constructing CdS/CdSe QDSCs. This
branched structure had two advantages in improving the PCE of the solar cells:
(a) it increased surface area and modified surface profile of the ZnO nanosheets to
aid in harvesting more quantum dots (as shown Fig. 17.17g), which leads to a high
short current density Jsc; (b) it facilitated the transportation of the electrons in this
compact structure to reduce the charge recombination, which led to the enhance-
ment of Voc and FF. As a result, the QDSC assembled with the hierarchical

Fig. 17.16 a Schematic illustration of the fabrication process of ZnO NR array photoelectrode for
QDSC, b SEM images of ZnO NR array, c SEM image of modified ZnO nanorod array, d TEM
image of ZnO nanorod coated by QDs (Reproduced from Ref. [122] with kind permission of ©
2013 Royal Society of Chemistry)
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photoanode exhibited a high PCE of 3.28%, which is twice more than that of NRs
photoelectrode (1.37%).

Although ZnO hierarchical aggregates show good light scattering for QDSC, its
PCE is much lower than that of nanoparticles. In order to utilize the light scattering
of the aggregates, a bilayer structure was constructed by ZnO nanoparticles film and
ZnO nanosheets aggregates scattering layer as shown in Fig. 17.18 [124]. The
growth orientations of ZnO crystals were controlled to form nanosheets, which
attached together and assembled into aggregates due to the high surface energy of
the nanosheets. The aggregates were used as a top layer to effectively increase the
light diffuse reflection and harvesting to enhance photogenerated current (as shown
Fig. 17.18c). In comparison with ZnO single nanoparticles film, the Jsc of QDSC
assembled by ZnO bilayer structure is increased from 10.3 to 17.0 mA/cm2, which
represents an enhancement of 55%. Such structured QDSC exhibited a high PCE of
5.08%.

17.3.3.3 Surface Modification of ZnO for QDSCs

Nanostructured ZnO faces two questions: (1) instability in the electrolyte; (2) a
large number of surface defects. For ZnO-based QDSCs, the surface charge
recombination is limit factor for improving the performance of the devices. The
processes of charge recombination in QDSCs are somewhat different to DSCs,
which can be simplified as shown in Fig. 17.19. There are seven pathways of
recombination in QDSCs [54]: ① recombination of electrons in the QD conduction
band and holes in the QD valence band; ② recombination of electrons with the
electron acceptors in the electrolyte; ③ trapping of the exited electrons at the
surface states of QDs; ④ trapping of the free electrons at the a surface states of
QDs; ⑤ back electron injection from ZnO to QDs; ⑥ trapping of the free electrons
at the interface states of ZnO particles; and ⑦ back electron injection from ZnO to
the electrolyte. The electron quenching (①), recombining with the electrolyte (②),
trapping (③ and ④) strongly depend on the surface quality of QDs. The pathways
⑤, ⑥, and ⑦ relate directly to the interfaces state of ZnO. Therefore, a lot of
interfaces in the nanostructured ZnO provide easy pathways for charge recombi-
nation. The state of adjacent surface between QDs and ZnO also propels the free
electron trapping. The introduction of surface modification for ZnO is believed to
be an effective approach for decreasing the charge recombination and improving the
transports of the electrons or holes [46]. For example, the surface modification for
ZnO can increase the interfacial resistance and decrease the surface defects, which
results in the recombination reduction through the mechanisms ④, ⑤, ⑥, and ⑦.
In addition, the surface modification can also change the surface energy of ZnO for
loading more QDs [124].

However, the introduction of shell layer on the ZnO surface will reduce the
porosity of the ZnO film, which could result in the decrease of the loading of QDs.
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Recently, we develop a facile chemical passivation strategy for ZnO mesoporous
photoelectrode, which not only enlarged the apertures in the ZnO mesoporous
photoelectrode to harvest more QDs, but also introduced a thin TiO2 nanoparticle
layer on the surface of ZnO to decrease the surface charge recombination [125]. The
process can be expressed via the following equations [125, 126]:

JFig. 17.17 a SEM images of the cross section of the ZnO nanorods film, inset shows the cross
section of the seed layer and nanorods film; b, c SEM images of ZnO nanorods, d SEM images of
ZnO nanorods–nanosheets branched structure, e TEM and f HRTEM images of the branched ZnO
loaded with QDs, g optical absorbance spectra of the ZnO photoelectrodes loaded with QDs, and
h J–V curves of QDSCs assembled with different photoelectrodes under simulated AM 1.5, 100
mW/cm2 sunlight (Reproduced from Ref. [123] with kind permission of © 2014 American
Chemical Society)

Fig. 17.18 a SEM image of the bilayer structure composed of ZnO NPs film and NSs aggregates
layer, b SEM image of the ZnO NSs aggregate, and c diffuse reflection spectra curves of ZnO films
(Reproduced from Ref. [124] with kind permission of © 2014 American Chemical Society)

Fig. 17.19 Schematic illustrations of charge recombination processes in QDSCs (Reproduced
from Ref. [54] with kind permission of © 2015 American Chemical Society)
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TiF2�6 þ 2H2O $ TiO2 þ 6F� þ 4Hþ ð17:3Þ

H3BO3 þ 4Hþ þ 4F� $ BF�4 þ H3Oþ þ 2H2O ð17:4Þ

ZnOþ 2H3Oþ ! Zn2þ þ 3H2O ð17:5Þ

The reaction (17.3) and (17.4) can be shifted to the right by reaction (17.5),
which indicates the dissolution of ZnO can boost the hydrolyzation of TiF6

2−.
Figure 17.20a shows the variation of pore size, porosity, and surface area of the
film during the passivation process. ZnO is dissolved by reacting with H3O

+ so as to
open the apertures and pores, at the same time, TiO2 particles are deposited on the
fresh surface and combine with the newly broken chemical bonds to form a pas-
sivation layer. Figure 17.20b illustrates the recombination pathways of QDSCs.
The passivation layer can increase the interfacial resistance and lead to recombi-
nation reduction through decreasing the back electron injection from photoanode to
electrolyte. According to the results of electrochemical impedance spectroscopy
(EIS) and light absorbance as shown in Fig. 17.20c–e, both QDs loading and
electron lifetime have been improved by the surface modification. The PCE of
QDSC is also increased from 2.38 to 4.68%, almost doubled the PCE.

Fig. 17.20 a Passivation process of the ZnO mesoporous film, b surface charge recombination
pathways of the QDSC, c Nyquist plots curves, and d bode plot curves of the QDSCs under
forward bias (−0.6 V) and dark condition, and e UV–Vis spectra curves of the ZnO films loaded
with QDs (Reproduced from Ref. [122] with kind permission of © 2013 Royal Society of
Chemistry)
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17.4 Perovskite Solar Cells (PSCs)

Organic-inorganic hybrid perovskite is a star material for the solar cells. In 2012,
there are only several articles of PSCs. But the number of the publications of PSCs
is more than 600 in the half year of 2015. In fact, the hybrid perovskites
[(C4H9NH3)2PbI4, CH3NH3PbI3, CH3NH3SnI3, etc.] had been synthesized several
decades ago, which were widely used in organic light-emitting diodes due to high
electrical mobility and good optical properties [127]. The bandgap of the perovskite
CH3NH3PbI3 is 1.5 eV, which is very close to the Shockley–Queisser limit optimal
bandgap (1.34 eV) for solar cells [128]. So the perovskite CH3NH3PbI3 is an
excellent potential light absorber material for the solar cell. There are two structures
of PSCs: perovskite-sensitized solar cell and planar heterojunction perovskite solar
cell as shown in Fig. 17.21 [129]. Perovskites were first employed as ‘sensitizers’
on mesoporous TiO2 and their function in the solar cell was assumed to be anal-
ogous to the dye in DSCs (as shown in Fig. 17.21a) [29, 130]. In this case, the
working principle is expected to be similar to DSCs. However, the working
mechanism is different from DSCs, because of charge transport and charge accu-
mulation properties in the perovskite [30]. So the structure of the solar cell can be
evolved into a simple planar heterojunction architecture, where a solid intrinsic
perovskite layer is sandwiched between p- and n-type selective contacts (as shown
in Fig. 17.21b) [129].

The perovskites are usually deposited on a substrate by low-temperature solution
process, including one-step and two-step coating methods. Perovskite forms either
by spin-coating a mixed CH3NH3I and PbI2 solution (one-step coating) or by
spin-coating CH3NH3I after coating with PbI2 (two-step coating). However, the two
methods face a problem that is a poor stability of PCE, even under the same

Fig. 17.21 Illustration of the charge generation processes in a ‘perovskite-sensitized’ solar cell
(a) and a planar heterojunction perovskite solar cell (b). m-TiO2 and c-TiO2 denote mesoporous
and compact TiO2 layers, respectively, HTM (hole transport material) is the hole transporter
material, and FTO (F-doped tin oxide) is the transparent conducting oxide (Reproduced from Ref.
[129] with kind permission of © 2015 Nature Publishing Group)
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fabrication process parameters [129, 131]. One important reason should be attrib-
uted to the inhomogeneous perovskite film that fabricated by those methods.
Controlling the morphology of perovskite crystallites has been regarded as an
essential condition to guarantee reproducibility for high performance PSC [132–
135]. Recently, a dynamic growth process was used to fabricate perovskite crys-
tallites. As shown in Fig. 17.22a, b, the coverage rate of perovskites by this method
is more than that of perovskites prepared by usual solution process. So the bareness
of mesoporous TiO2 layer is significantly avoided [136]. Due to high quality per-
ovskite capping layer, the PCE of the solar cell is increased from 11 to 13%.

From the structure of PSCs, the compact MOS layer (such as c-TiO2 as shown in
Fig. 17.21a) that plays an important role in charge transfer, which reduces the
energy barrier between FTO and perovskites to increase the charge collection. As
n-type semiconductor, the compact layer can transport the electrons and prevent the
transfer of the holes. So it reduces the charge recombination at the interface of FTO
and perovskite. Recently, some methods, such as ALD, magnetron sputtering,
thermal spraying, and sol–gel, have been used in the fabrication of the compact
MOS layer [30, 48, 49, 130]. Among these methods, the sol–gel method is one of

Fig. 17.22 SEM images of perovskites prepared by a static growth process, b dynamic growth
process, c J–V curves of PSCs and d PSCs assembled TiO2 compact layers prepared by sol–gel
using different aging time (Reproduced from Ref. [136] with kind permission of © 2016 American
Chemical Society)
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the most widely used methods due to flexible adjustability and low cost without
complex equipment. For sol–gel process, the aging time and temperature are two
key factors for the compact layer. In our recent work, the PCS with greater than
15% of PCE was obtained by controlling the sol–gel aging of TiO2 compact layer
as shown in Fig. 17.22d [136]. It was found that the sol–gel aging time is 4 h under
room temperature, PCS shows the best performance: the highest and average values
of PCEs are 15.6 and 14.01%, respectively [137].

Most recently, scanning Kelvin probe force microscopy (SKPM) and photo-
conductive atomic force microscopy (pcAFM) were used in the investigation of the
variation of the surface potential, photogenerated voltage, and photocurrent net-
works of the PSCs with different film topography [137]. Three perovskite
CH3NH3PbI3 films with different morphologies and crystallite sizes as well as the
corresponding complete PSC devices based on those three films were prepared as
shown in Fig. 17.23 [137]. It has been found that the defect regions on the capping
layer showed little photovoltaic response while exhibited good conductivity, which
can form small current paths for the photo-charge recombination. Accordingly,
even though the P52 film with largest grain size shows most significant photo-
voltaic response in the KPFM measurement, the Voc of P52-based PSCs was
suppressed due to the existence of defect regions. Meanwhile, the insufficient
exciton generation in the grain boundary region was also observed by the pcAFM
measurement. Hence, P15 film with the smallest grain size can eliminate the defect
region, while it can also reduce the Isc due to the increase of the grain boundary
region.

17.5 Inverted Organic Photovoltaic (OPVs)

Figure 17.24a shows a schematic of an inverted OPV with a stacked structure of a
transparent electrode (e.g., ITO, FTO, and AZO), an interfacial layer named as
cathode buffer layer (CBL), a BHJ active layer, an anode buffer layer (ABL) usually
made of PEDOT:PSS, and a metal electrode with high-work-function such as Ag
and Au [8]. The structure of conventional PSCs is also schematically presented in
Fig. 17.24b for comparison. In the inverted device architecture, the contact between
the ITO and PEDOT:PSS is avoided, and meanwhile Al for top electrode adopted in
conventional PSCs is replaced with an air stable high-work-function metal, such as
Au or Ag [137, 138]. As a result, the inverted PSCs exhibit greatly improved
ambient stability as compared to the PSCs with a conventional structure, over-
coming one big hurdle for possible widespread application of PSCs [139–144].
The MOS used in the inverted OPVs deposited on ITO glass substrate serves as a
CBL and is a critically important component. Its composition, morphology,
structure, and crystallinity can largely affect the solar cell performance.
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17.5.1 Nanostructured TiO2 CBLs for OPVs

17.5.1.1 TiO2 Mesoporous Film

Besides facilitating the PCBM to form a continuous layer, CBL may play a role in
enhancing the solar cell performance. We [145] found that, in the case of a TiO2

mesoporous oxide film with the pore size of *10–20 nm as cathode buffer layer,
the PCE of the OPV could reach a value as high as 3.4%, while they were 1.7 and
1.9% when using a macroporous film with the size of 2–50 nm and a dense film,

Fig. 17.23 Three of perovskite-based films with different roughness and coverage rate have been
studied in this experiment. The low (a, d, g) and large (b, e, h) magnified SEM images of the film
surfaces and their corresponding three-dimensional SPM images (c, f, i). The roughness was 52,
25, and 15 nm for a–c, d–f, and g–h films, respectively. For clarification, they are noted as P52,
P25, and P15. j I–V curves measured for the perovskite solar cells employing these P52, P25, and
P15 films from 0 to 1 V bias voltage with 200 ms speed rate under AM 1.5 G one sun (100
mW/cm2). i Photovoltaic parameters obtained from I–V curves (Reproduced from Ref. [137] with
kind permission of © 2016 Wiley-VCH)
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respectively. Figure 17.25 shows SEM images of dense, mesoporous, and macro-
porous TiO2 CBLs [146]. When the conduction band bottom of the oxide such as
TiO2 is lower than the LUMO level of PCBM and meanwhile the film thickness is
not much larger than the electron diffusion length, the electron can transport within
the oxide film efficiently, and the transport is much more efficient than within a
polymer such as PCBM. When the CBL has a suitable structure, for example, in
this work it is a mesoporous film, the polymers can penetrate into the mesoporous
film, leading to the formation a much large interface between the polymers and the
oxide. This makes the electrons in the PCBM have a significantly increased
probability to transport into the oxide before they get trapped during transport
within the PCBM. Since the electron transport in an oxide is much more efficient
than in a polymer, the use of nanostructure which stretches into the polymers to
extract electrons can largely enhance the electron collection efficiency, resulting in
the high efficiency. However, in the case of preparing macroporous film via
spin-coating a sol precursor of TiO2 and PVP solution with different stirring time
(60 and 30 min), the nanocrystallites aggregate to larger agglomerate than that of
the mesoporous film, and the electron transport in the oxide becomes less efficient
due to the size of aggregates which are larger than the diffusion length of electrons
within the corresponding oxide. Consequently, the macroporous film achieved a
PCE of 1.7%, much lower than the 3.4% efficiency achieved by using a mesoporous
film. This work illustrates that there is a trade-off between the nanostructure
forming a large interface with the polymers to improve electron collection and it
hindering electron transport in case of its size much larger than the electron dif-
fusion length.

Fig. 17.24 Schematic illustration of device structures of a inverted and b conventional OPVs with
bulk heterojunction active layer (Reproduced from Ref. [8] with kind permission of © 2015 Royal
Society of Chemistry)
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17.5.1.2 TiO2 Nanorod Array

Nanostructured TiO2 for the enhancement of electron collection in OPVs has also
demonstrated in another work with regard to the use of TiO2 nanorod array grown
on a FTO glass substrate through a hydrothermal method as shown Fig. 17.26
[147]. By controlling the time for hydrothermal growth, the length of nanorods (i.e.,
the height of the nanorod array) could be adjusted. When the nanorod arrays were
used as the CBL in OPVs, it was observed that the solar cell efficiency could be
much affected by the length of nanorods. For the nanorods *150 nm in length, the
solar cell reached a high PCE of *3.21%, which was apparently higher than the
efficiency of *2.70% when using the nanorods with a length of *500 nm, and
was also higher than the efficiency of 2.79% when using a very thin TiO2 dense
film. The high efficiency obtained for the solar cell using the nanorods with a
relatively small length was explained that, similar to the mechanism in the case of
mesoporous film mentioned above, the nanorods stretching into the polymers
resulted in a large oxide/polymer interface and could thus improve the electron
transport and collection.

However, when the nanorods were as long as 500 nm (which is much larger than
the electron diffusion length in TiO2), although the TiO2 nanorods were single

Fig. 17.25 Top-view SEM images of a dense TiO2, b mesoporousTiO2, and c macroporousTiO2

films, respectively; d the cross section SEM of an OPV using a porous TiO2 films (Reproduced
from Ref. [146] with kind permission of © 2014 Elsevier)
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crystalline, the electron transport through the entire nanorods became somewhat
difficult, leading to electron traps to a large extent and thus giving rise to a smaller
photocurrent density than in the case of short nanorods (9.05 mA/cm2 for 500 nm
and 10.06 mA/cm2 for 150 nm). This eventually yielded a low PCE. It had also
been observed that the solar cell with the long nanorods presented a fill factor (FF),
51.3%, lower than the fill factor of 53.6% for short nanorods and 53.8% for dense
film. This can be explained that, in the case of too long nanorods, the polymers are
hard to penetrate into the entire nanorod array so that the bottom area of the nanorod

Fig. 17.26 The top-view and cross section SEM images of TiO2 nanorods with length of 140 nm
(a, b), and nanorod with length of 500 nm (c, d). e SEM image of TiO2 dense film. The scale bars
are all 100 nm. f schematic of the OPV based on TiO2 nanorods array CBL (Reproduced from Ref.
[147] with kind permission of © 2012 Springer)
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array is not fully covered by the polymers, resulting in an increase in the series
resistance of the solar cell.

17.5.2 Nanostructured ZnO CBLs for OPVs

17.5.2.1 ZnO Dense Layer

ZnO has drawn much attention in serve as the buffer layer because it has good
transparency across the whole visible spectral range, relatively high electron
mobility, and environmental stability [8, 148]. Recently, we compared the effi-
ciencies of OPVs constructed with ZnO dense CBL having different thickness and
roughness achieved by changing the concentration of the ZnO sol used for the
fabrication of cathode buffer layer [148]. It was revealed that, when the thickness of
ZnO film varied from 20 to 65 nm, the PCE basically remained the same, around
3.1%. In other words, the solar cell efficiency is not sensitive to the thickness of the
CBL. This makes sense considering that the film thicknesses in 20–65 nm are
comparable to the electron diffusion length in ZnO and, therefore, the electron
transport within the CBL is not affected perceptibly by varying the film thickness.
However, it was found that the solar cell efficiency could be significantly affected
by the roughness of the cathode buffer layer; a smaller roughness gave rise to higher
power conversion efficiency, which increased from 1.82 to 3.30% when the
roughness (as shown in Fig. 17.27 measured with AFM) decreased from 4.25 to
2.86 nm. It was explained that the ZnO cathode buffer layer with small roughness
could lead to a good contact with the polymer, which benefited the electron
transport at the polymer/ZnO interface and meanwhile gave rise to the solar cell
with low series resistance; in the case of large roughness, there likely formed some
voids at the polymer/ZnO interface, which hindered the electron transport and
increased the series resistance of the solar cell. Such a speculated mechanism was in
line with the experimental observation that higher photocurrent density and larger
fill factor were obtained in the case of smaller roughness.

17.5.2.2 SrTiO3:ZnO Composite Layer

Compared with ZnO, SrTiO3 has a higher dielectric constant (*104), similar
bandgap structure, but lower electron mobility. It was hypothesized that the material
with larger dielectric constant and spontaneous polarization, such as SrTiO3, may
create an internal electric field while PSCs operation. Such a high dielectric con-
stant material would favor the effective charge transfer in OPVs. SrTiO3:ZnO CBL
was used in OPVs as shown in Fig. 17.28a, b [148]. The fabrication of SrTiO3:ZnO
CBL was achieved by mixing a sol of SrTiO3 and a sol of ZnO in certain molar
ratios and then spin-coating on a ITO glass substrate followed by a heat treatment at
350 °C to enable the formation of SrTiO3:ZnO composite. The ratios of SrTiO3 to
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ZnO changed from 5:95, 10:90, 15:85, and 20:80 to 25:75. It was revealed that the
solar cell efficiency increased from 3.58% for pure ZnO to 4.10% for the ratio of
SrTiO3:ZnO being 10:90; a further increase of the SrTiO3:ZnO ratio, however, led
to a decrease in the efficiency, which dropped to 2.38% when the ratio was 25:75 as
shown in Fig. 17.28c. The increase in the solar cell efficiency was found to result
from an increase in the FF of the solar cell while the open-circuit voltage and
short-circuit photocurrent density did not show an apparent change. The increase in
the FF likely suggests that the contact between the polymers and the CBL is
improved in view of the addition of suitable amount of SrTiO3 to ZnO, which
changes the surface status of ZnO (possibly due to local spontaneous polarization of
the SrTiO3) and results in the interface between the polymers and cathode buffer
layer with a relatively low energy barrier; a low energy barrier is beneficial to the
electron transport over the polymer/CBL interface especially when the kinetic
energy of electrons is small, corresponding to the high voltage range (adjacent to
open-circuit voltage) during the I–V measurement. The allowing of the electrons
with small kinetic energy to transport through the polymer/CBL interface
straightforwardly leads to an increase in the FF.

17.5.2.3 Ta2O5:ZnO Composite Layer

Similar to SrTiO3, Ta2O5 is also known for its high dielectric constant and index of
refraction, which is helpful for the effective charge transfer in OPVs. Ta2O5:ZnO is
another composite studied for CBL of OPVs [149]. The results are very similar to
what are obtained for SrTiO3:ZnO as shown in Table 17.3. It was observed that the
PCE of OPV increased gradually when the percentage of Ta2O5 in the composite
increased from 0 to 18% (in molar), and when the percentage is higher than 18%,
the efficiency dropped quickly. For pure ZnO (i.e., 0% Ta2O5), the PCE was 3.70%.

Fig. 17.27 3D AFM images of the ZnO buffer layers of devices (a–f), which were deposited by
spin-coating 0.02, 0.05, 0.1, 0.3, 0.6, and 1 M sol one time (Reprinted from reference [148] with
kind permission of © 2012 Wiley-VCH)
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The maximum efficiency corresponding to 18% Ta2O5 was 4.12%. When the Ta2O5

was 30%, the efficiency was as low as 1.26%. When the CBL only consisted of
Ta2O5, the solar cell efficiency was nearly close to zero. Same as the case of
SrTiO3:ZnO, when the content of Ta2O5 increased from 0 to 18%, the increase in

Fig. 17.28 a, b OPVs and the corresponding energy level diagram of the components of the
devices, c I–V curve at 1 sun and dark condition with various SrTiO3:ZnO films as the cathodic
buffer layer and d IPCE results of various SrTiO3:ZnO films as CBLs (Reprinted from reference
[149]. with kind permission of © 2014 Elsevier)

Table 17.3 Properties of OPVs with various Ta2O5:ZnO CBLs (Reproduced from Ref. [150]
with kind permission of © 2014 Royal Society of Chemistry)

Ta2O5

(%)
Voc

(V)
Jsc
(mA cm−2)

FF PCE
(%)

Rsh

(kX cm2)
Rs

(kX cm2)

0 0.636 9.49 0.613 3.70 0.67 8.72

6 0.637 9.75 0.649 4.03 1 7.58

12 0.634 9.73 0.661 4.08 5 7.20

18 0.637 9.64 0.670 4.12 3.3 7.28

24 0.631 9.75 0.616 3.79 1.67 10.07

30 0.563 8.61 0.260 1.26 0.2 243.9

100 0.564 0.04 0.374 0.0009 11 125,000
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PCE mainly resulted from an increase in FF, from 0.61 for pure ZnO to 0.67 for
18% Ta2O5, while the solar cell’s open-circuit voltage and short-circuit current
density did not show an apparent change. When the content of Ta2O5 exceeded
18%, it was found that the electron mobility of the SrTiO3:ZnO films decreased
greatly with increasing the amount of Ta2O5 in the composite, and as a result, the
series resistance of the solar cell increased significantly, which were 7.28 Ω cm2 for
18% Ta2O5, 10.07 Ω cm2 for 24% Ta2O5, and 243.9 Ω cm2 for 30% Ta2O5. The
mechanism of Ta2O5:ZnO composite CBL enhancing the solar cell efficiency is
same as what was depicted above for SrTiO3:ZnO. The addition of Ta2O5 to ZnO
gives the cathode buffer layer with a surface status different from that of ZnO film.
When the amount of Ta2O5 is suitable, it seems that the use of Ta2O5:ZnO com-
posite can improve the contact between the polymers and the cathode buffer layer,
so as to enable the formation of an interface with low energy barrier, which benefits
the solar cell with increasing its fill factor. However, when the composite contains
too much Ta2O5, for example, over 18% as revealed by this work, a dramatic
decrease in the electron mobility will largely increase the series resistance of the
solar cell and result in a low efficiency. So the study of the use of composites for
CBL of OPVs delivers new understanding to the criteria for choosing material for
the CBL.

As it was mentioned in the beginning of Sect. 17.5, one of the biggest attraction
of inverted OPVs is its excellent ambient stability in comparison with the con-
ventional OPVs. The PCE of the unencapsulated inverted organic photovoltaics
was periodically measured for 42 days to monitor their long-term stability in air
(Fig. 17.29). All devices retained around 100% of the magnitude of their original
power conversion efficiency after being exposed to ambient conditions for 42 days.
This explicitly demonstrates the superior air stability of inverted organic
photovoltaics.

Fig. 17.29 The long-term
stability of inverted OPVs
with ZnO or Ta2O5:ZnO films
as CBL; the devices were
stored in ambient conditions
(Reprinted from reference
[150] with kind permission of
© Royal Society of
Chemistry)

17 Design and Control of Nanostructures and Interfaces … 671



17.6 Concluding Remarks

As the essential component, MOSs, such as TiO2, ZnO, and SnO2, have been
widely used in the ESCs including DSCs, QDSCs, PSCs, and OPVs. With the
development of nanotechnology, a big breakthrough in ESCs will be made due to
the novel nanoarchitectures of MOSs. For example, hierarchical nanostructured
MOSs not only offer large specific surface area for loading a large number of active
materials (dyes, quantum dots, or perovskites), but also have strong light scattering
to capture a sufficient fraction of photons. This review summarized the recent works
on the structure design, fabrication, and surface modification of MOSs to enhance
PCE of ESCs. In addition to the design and fabrication of the nanostructured MOSs,
it was also found that the poor chemical stability and lots of surface defects of
nanostructured MOSs caused much high surface charge recombination of the solar
cells, which resulted in the decrease of PCE. So the rational design and engineering
surface and interface chemistry would favor charge transfer and at the same time
prevent or minimize the charge recombination of the solar cells.
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Chapter 18
Nanostructured Porous Polymers
for Metal-Free Photocatalysis

Wei Huang, Run Li, Beatriz Chiyin Ma and Kai A.I. Zhang

Abstract The direct utilization of sunlight, especially the visible light part of solar
spectrum as a clean and abundant energy source to activate organic reactions is a
great challenge in organic chemistry and materials science. Beside the
well-developed metal-based photocatalysts such as inorganic semiconductors or
transition metal complexes, pure organic photocatalytic systems have gained much
attention currently. Among metal-free photocatalysts, nanostructured and highly
porous conjugated polymers are of particular interest due to their flexible tunability
of optical and electronic properties. In this chapter, an overview on the development
of this new class of functional materials is given. Various structural design methods
such as donor–acceptor combination on the molecular level, band positions mod-
ification, and p/n character variation are shown, and porosity, morphology control
and their impact on the photocatalytic efficiency are also described.

18.1 Introduction

Sunlight has been regarded as a clean and abundant energy source. The direct
utilization of sunlight, especially the visible light part of solar spectrum as the
activation energy for organic transformation reactions has attracted much attention
in the field of organic chemistry and materials science [1]. Tremendous effort has
been paid for the development of visible light photocatalytic systems. Beside the
well-developed metal-based photocatalysts such as inorganic semiconductors or
transition metal complexes, organic photocatalytic systems have gained much
attention currently. Among those, binary carbon nitrides, a state-of-art example,
have been recently wildly employed as metal-free photocatalysts due to their
promising electronic and optical properties. Another emerging class of metal-free
photocatalysts, conjugated polymer-based nanostructured and highly porous
materials, is of particular interest due to the ease tunability of their semiconductor
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properties via donor–acceptor combination on the molecular level, and the ability of
modifying the band gap, band positions, and p/n characters. In this chapter, a
general overview on this new class of functional materials for applications in
metal-free photocatalysis is given and the impact of important properties such as
porosity, morphology, and band structures on the photocatalytic efficiency is also
described.

18.2 Conjugated Microporous Polymers (CMPs)
for Visible Light Photocatalysis

Conjugated microporous polymers (CMPs) are a subclass of porous organic
materials with an amorphous three-dimensional conjugated network combined with
permanent microporosity [2–5]. Recently, CMPs have been employed as promising
photocatalysts for a vast number of organic reactions, taking advantage of their
broad absorption in the visible range and highly tunable energy band positions.

18.2.1 Singlet Oxygen Generation

Singlet oxygen (1O2), a reactive oxygen species, has been applied in a wide
spectrum of applications including wastewater purification, photodynamic therapy,
and selective oxidation of organic compounds due to its high reactivity and
oxidative ability [6–8]. In 2013, Vilela and coworkers reported the first example of
photocatalytic application of CMPs as photosensitizer for 1O2 generation under
visible light irradiation [9]. A string electron-withdrawing unit, benzothiadiazole
was introduced into the polymer backbone combined with 1,3,5-triethynylbenzene
as a weak electron donor and cross-linker via Sonogashira–Hagihara cross-coupling
reaction (Fig. 18.1). The authors introduced a template method using silica
nanoparticles (SiO2NPs) to modify the surface area of the polymer networks. They
found out that the photocatalytic activity of the polymers depended strongly on their
surface area, and the polymer with highest surface area of 660 m2/g could oxidize
a-terpinene with a conversion of 96% upon irradiation at 420 nm, with a singlet
oxygen generation quantum yield of 0.06.

Han and coworkers presented a series of metallophthalocyanine-based CMPs
(MPc-CMPs) as photosensitizer for the generation of 1O2 [10]. The CMPs were
synthesized by Schiff base chemistry between tetraaminometallophthalocyanime
(MPc(NH2)4) and terephthalaldehyde under solvothermal conditions (Fig. 18.2).
The CMPs exhibited high efficiency for 1O2 generation upon irradiation in long
wavelength range at 700 nm.
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18.2.2 Organic Transformation Reactions

Recently, CMPs have recently emerged as an efficient and stable platform for
heterogeneous visible-light-promoted chemical transformations owing to their
semiconductor-range band gaps and excellent absorption of visible light. The

Fig. 18.1 Schematic representation of the synthesis of a benzothiadiazole-based CMP

Fig. 18.2 Representative of the MPc-CMPs
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incorporation of designed photoactive units into the polymer network backbone is a
promising strategy to obtain polymer-based organic materials with photocatalytic
activity. As displayed in Fig. 18.3, Son et al. reported a tandem synthetic strategy
for the preparation of microporous organic networks containing benzodifuran
moieties (BDF-MON) [11]. The corresponding polymers networks showed
promising photocatalytic activities in the oxidation conversion of primary amine
into imines under visible light irradiation.

Rose Bengal is an effective molecular organic photocatalyst and has been used in
the field of homogeneous photocatalysis due to its low cost and low toxicity [12].
Jiang et al. [13] have recently reported on CMP networks by incorporating the
photoactive Rose Bengal unit into the polymer skeletons via Sonogashira–Hagihara
cross-coupling reaction (Fig. 18.4). The polymers were used for aza-Henry reaction
at room temperature under visible light irradiation.

For the light-induced photoredox reactions, one of the main factors of the cat-
alyst is the photo-generated valance band (VB) and conduction band
(CB) positions, which represent the crucial oxidative and reductive potentials of the
catalyst. Zhang and coworkers showed recently a structural design principle of a
series of conjugated microporous polymer networks to allow the fine alignment of
the valence and conduction band levels for enhanced catalytic activity [14]. As
shown in Fig. 18.5, via merely altering the substitution positions on the centered
phenyl unit, which functions as the 3D center of a series of poly(benzooxadiazole)
networks, the resulted VB and CB positions of the polymers can be optimally

Fig. 18.3 Synthesis of microporous organic networks containing benzodifuran moieties
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Fig. 18.4 Molecular structure of RB-CMP1 and its application for photocatalytic aza-Henry
reactions (reproduced from Ref. [13] with kind permission of © 2013 American Chemical Society)

Fig. 18.5 Structural design principle of valence and conduction band position modification of
conjugated microporous poly(benzooxadiazole) networks by altering the substitution position on
the 3D center (reproduced from Ref. [14] with kind permission of © 2015 Wiley-VCH)
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aligned without changing the electron donor and acceptor moieties in the polymer
network backbone. It was shown that the photocatalyst designed with the
1,3,5-substitution positions of the centered phenyl ring demonstrated the superior
photocatalytic activity in the oxidative coupling of benzyl amines (Fig. 18.6). The
superior photo-oxidative activity of B-BO-1,3,5 compared to B-BO-1,2,4 and
B-BO-1,2,4,5 results from the highest oxidation potential of 1.55 V and reduction
potential of −1.19 V of B–BO–1,3,5. The authors also demonstrated that during the
catalytic reaction, both reactive oxygen species (O2

− and 1O2) could be generated,
indicating the existence of photo-generated electrons from both singlet and triplet
states (Fig. 18.6).

By keeping the same geometric structure of the polymer network, Zhang and
coworkers also demonstrated that the chemical composition inside the polymer
backbone also had a considerable impact on the photocatalytic efficiency [15]. In
their report, a series of poly(benzochalcogenadiazole)s were synthesized and
applied for the photocatalytic oxidation of amines (Fig. 18.7). It was found that the
benzothiadiazole-based polymer exhibited the highest catalytic activity.

Fig. 18.6 a UV/Vis spectra and photograph of the cationic radical of TMPD (100 mM in 3 mL
CH3CN) after photo-inducted oxidation by CMPs (2 mg/mL) in after 1 h under blue LED in air.
Inset (i) B–BO–1,3,5; (ii) B–BO–1,2,4; (iii) B–BO–1,2,4,5; b Proposed reaction mechanism of the
photocatalytic oxidative coupling of benzylamine. ISC intersystem crossing. c ESR spectra of
DMPO–O2

−, and d TEMPO–1O2 adducts for different CMPs under light and in dark (reproduced
from Ref. [14] with kind permission of © 2015 Wiley-VCH)
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Very recently, Zhang and Loh prepared a series of carbazolic-based CMPs for
photocatalytic applications [16, 17]. The chemical compositions are shown in
Fig. 18.8. Unlike the convenient CMPs prepared via palladium (Pd)-catalyzed
cross-coupling reaction, these carbazolic-based CMPs can be easily synthesized by
FeCl3-induced oxidative polymerization of the carbazolic monomers and usually
exhibit extremely high-BET surface area (up to 2065 m2/g). These carbazolic-based
CMPs show highly efficient photocatalytic efficiency toward a broad range of
organic reaction, including dehalogenation of phenacyl bromide derivatives,
a-alkylation of aldehydes, hydroxylation of arylboronic acids, oxidative coupling of

Fig. 18.7 Representative structures of the designed conjugated porous poly(benzochalcogenadi-
azole)s

Fig. 18.8 Chemical composition of carbazolic-based CMPs and their application as visible light
photocatalyst for a a series of photoredox reactions and b photocatalytic oxidation of organic
compounds (reproduced from Ref. [16, 17] with kind permission of © 2015, 2016 American
Chemical Society)
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primary amines, aerobic dehydrogenation of non-active secondary amines, and
selective oxidation of sulfides.

Covalent triazine frameworks (CTFs), a type of nitrogen-rich porous polymer,
have been intensely studied in various application fields in the past decade such as
energy storage, catalysis, and gas absorption/separation, due to their extraordinary
chemical stability and high porosity [18–21]. However, the optical property of the
CTFs has been largely ignored. To date, the utilization of CTFs as catalyst for
photocatalytic organic transformation is rarely reported. Very recently, Zhang and
coworkers reported nanoporous CTF-based materials as a metal-free photocatalyst
for photocatalytic reduction of 4-nitropheno (4-NP) to 4-aminepheno (4-AP) [22].
The photoactive CTFs were synthesized based on trimerization reaction of aromatic
nitrile units catalyzed by trifluoromethanesulfonic acid (TfOH) vapor in a solid state
with silica nanoparticle as templates (Fig. 18.9).

In addition to the pure organic photocatalytic systems, a hybrid material of Pd
nanoparticles deposited on CMP network was recently developed for
visible-light-promoted Suzuki cross-coupling reactions [23], via the formation of a
hybrid heterojunction, i.e., a metal–semiconductor contact between Pd nanoparti-
cles and CMP, resulting in a positively charged region on the CMP and a negatively
charged site on the Pd nanoparticles at the interface due to the Schottky effect [24–
27]. As shown in Fig. 18.10, a conjugated microporous poly(benzoxadiazole)
network (B–BO3) was chosen as the semiconductive polymer support, on which Pd
NPs with sizes between 5 and 10 nm were subsequently immobilized. The coupling
reactions of aryl halides with arylboronic acid yielded excellent conversions up to
98% under visible light irradiation at room temperature (Fig. 18.11).

Fig. 18.9 Schematic of solid–vapor synthesis and idealized structures of the nanoporous hollow
polytriazine networks (reproduced from Ref. [22] with kind permission of © 2016 Royal Society
of Chemistry)
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18.2.3 Photocatalytic Water Splitting

Solar-driven hydrogen generation through a photocatalytic process has been
attracting strong research attentions as one of the most promising strategies to
obtain sustainable energy resources [28]. A vast number of studies have focused on
inorganic semiconductors as photocatalysts for hydrogen production from water
using ultraviolet (UV) or visible light. In the past decade, the use of organic
semiconductor as metal-free photocatalysts for visible-light-induced hydrogen
production from water has attracted increasing interest because of their vast syn-
thetic diversities for modifying the electronic and structural properties of the
photocatalysts [29, 30]. Cooper et al. currently prepared a series of amorphous,
microporous organic polymers with exquisite synthetic control over the optical gap
in the range 1.94–2.95 eV by varying monomer composition with the best
hydrogen evolution rate of 18.4 lmol h−1 (Fig.18.12) [31]. Interestingly, the
polymers do not require the deposition of an additional metal cocatalyst.

Wang et al. [32] recently reported on a series of conjugated polybenzothiadia-
zole polymers for hydrogen production using visible light. By alternating the
substitution position of the electron-withdrawing benzothiadizole unit on the phenyl
unit as a comonomer, various polymers with either one- or three-dimensional

Fig. 18.10 a Polymer backbone structure of B–BO3. b TEM image of B–BO3 immobilized with
Pd NPs with sizes between 5 and 10 nm (reproduced from Ref. [23] with kind permission of ©
2015 American Chemical Society)

Fig. 18.11 Photocatalytic Suzuki cross-coupling reaction using a conjugated microporous
polymer network with immobilized with Pd nanoparticles
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structures were synthesized and the effect of the molecular structure on their cat-
alytic activity was investigated (Fig. 18.13). Significantly, the linear conjugated
polymers exhibited superior photocatalytic activity, compared to its
three-dimensional polymer network counterparts in H2 evolution from water with a
hydrogen evolution rate (HER) of 116 lm mol h−1 (Fig. 18.14). The authors
proposed that the main reason for the superior efficiency of the linear polymers was
likely the high efficiency of its light-induced charge-transfer, charge-separation, and
electron-transfer ability.

Yu et al. presented noble porous conjugated polymers, which were synthesized
with different light-harvesting chromophores and transition metal-binding bipyridyl

Fig. 18.12 (Top) Synthesis of conjugated copolymer photocatalysts (CP-CMP1-15) via Suzuki–
Miyaura cross-coupling reaction. (bottom) Optical properties of the polymers with a UV/Vis
absorption and b photoluminescence spectra of the polymers (reproduced from Ref. [31] with kind
permission of © 2015 American Chemical Society)
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(bpy) sites (Fig. 18.15) [33]. Their results showed that the incorporation of bpy
units can greatly increase the photocatalytic activity of hydrogen generation due to
the improved light absorption, better wettability, local ordering structure, and the
improved charge-separation process. The authors found that the hydrogen genera-
tion rate of photocatalyst increased rapidly as the residual metal content increases
from 0.04 to 0.46% and becomes saturated at higher Pd content.

Fig. 18.13 Structures of two series of polybenzothiadiazoles with different molecular designs
(reproduced from Ref. [32] with kind permission of © 2016 Wiley-VCH)

Fig. 18.14 H2 evolution rates using polymers in Series 1 (a) and Series 2 (b) (reproduced from
Ref. [32] with kind permission of © 2016 Wiley-VCH)
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18.3 Water-Compatible Conjugated Microporous
Polymers for Visible Light-Driven Photocatalysis
in Aqueous Medium

Most of the CMPs are insoluble networks, which limit the range of processing
options. Regarding the development of more sustainable reaction media for organic
reactions, much effort has been devoted to the use of “green” solvents, in particular
water, as a cheap and environment-friendly alternative for chemical transformations
instead of hazardous halogenated solvents [34, 35]. So far, only few research
reports have been described as steps toward the synthesis of water-soluble CMPs
for photocatalytic reactions. Modifications of pristine CMPs [36, 37] and emulsion
techniques for formation of nanoparticulate CMPs [38, 39] have been employed as
strategies to enhance the water compatibility of the polymer networks.
A post-modification method of alkyne-bearing conjugated microporous

Fig. 18.15 Structures of monomers and synthesis of PCP photocatalysts by Suzuki polyconden-
sation (reproduced from Ref. [33] with kind permission of © 2016 American Chemical Society)
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polybenzothiadiazoles via a thiol-yne chemistry (Fig. 18.16) was reported to gen-
erate singlet oxygen for the conversion of furoic acid to 5-hydroxy-2(5H)-furanone
in water [36].

Another modification strategy based on a simple protonation method
(Fig. 18.17) showed that stable water-compatible conjugated microporous
polyazulenes were able to photoreduce CrVI to CrIII in aqueous medium [37].

A recent report by Zhang and coworkers showed that CMP nanoparticles (CMP
NPs) with a variety of shapes could be obtained via Suzuki–Miyaura and
Sonogashira–Hagihara coupling in miniemulsion (Table 18.1, Fig. 18.18). The
stable CMP NPs were employed in the reductive activation of molecular oxygen for
the photodegradation of organic dyes and also showed the ability for the pho-
tooxidation of N,N,N′,N′-tetramethyl-p-phenylenediamine in water under visible
light irradiation [39]. The authors also pointed out that by using the CMP NPs in
water, different reactive species such as superoxide (•O2

−), singlet oxygen (1O2),
•OH, and h+ could be generated under visible light irradiation.

18.4 Macroporous Conjugated Polymers
for Visible Light Photocatalysis

Polymerized high internal phase emulsion (polyHIPE) was a relatively novel
method for the synthesis of conjugated macroporous polymers containing
large-scale porosity in micrometer scale. In the past, the class of macroporous
polymer-based materials has been used in a large range of applications such as
tissue-engineering scaffolds [40], enzyme immobilization [41, 42], gas storage [43],
and separation media [44]. The first examples of fully conjugated polyHIPEs were
reported by Vilela and coworkers (Fig. 18.19) [45]. The authors showed that with
the increase of benzothiadiazole moiety inside the polymer backbone, the

Fig. 18.16 Schematic representation of post-modification of CMP via thiol-yne chemistry
(reproduced from Ref. [36] with kind permission of © 2013 Royal Society of Chemistry)
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generation rate of singlet oxygen increased. In addition, a flow photoreactor was
also designed for continuous and efficient singlet oxygen production.

Zhang and coworkers demonstrated a nanopore-engineering method of fully
conjugated polyHIPEs in order to introduce micropores into the macorporous
polymer networks [46]. By using cleavable tert-butyl carboxylate group as building
unit for the polymer, extra nano-sized pores could be created by removing the tert-
butyl carboxylate functional group, gaining a surface area increase by maximal
eight times (Fig. 18.20). The photocatalytic oxidation of sulfides was carried out to
demonstrate the photocatalytic efficiency in a continuous flow setup system. It was
shown that mono-oxidized product of the thioethers could be obtained with yields
of >99% and selectivity of >99% in best cases.

Two other examples of conjugated polyHIPEs were reported recently by Zhang
et al. [47, 48]. The polyHIPE containing the strong electron-withdrawing benzo-
bisthiadiazole (BBT) demonstrated a high photocatalytic efficiency in the dehalo-
genation reaction of a-bromoacetophenones under the irradiation of 23 W
household bulb [47]. Another conjugated polyHIPE containing benzoxadiazole

Fig. 18.17 Synthetic pathway and modification method for hydrophilic, conjugated microporous
poly-azulene networks (reproduced from Ref. [37] with kind permission of © 2016 Wiley-VCH)
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Fig. 18.18 a SEM and b TEM images of the CMP NPs with different shapes (reproduced from
Ref. [39] with kind permission of © 2015 Royal Society of Chemistry)

Fig. 18.19 Chemical structures and morphology of the conjugated polyHIPEs (reproduced from
Ref. [45] with kind permission of © 2013 Royal Society of Chemistry)
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(BO) as photoactive moiety showed a high activity for visible-light-activated rad-
ical polymerization of methyl methacrylate (MMA) [48].

18.5 Non-conjugated Nanoporous Polymer Containing
Organic Semiconductor Moieties

Besides the fully conjugated polymer networks, non-conjugated nanoporous
polymers have also been developed as visible-light-active photocatalysts. To
achieve a high catalytic efficiency, highly photoactive units such as benzothiadia-
zole [49], boron-dipyrromethene [50], and thioxanthone [51] were introduced into
cross-linked polymer networks for the design of photocatalysts. The cross-linking
of the photoactive units could be realized in various methods, for example, Friedel–
Crafts alkylation reaction [49], “click” reaction [50] and anion polymerization [52].

Various organic reactions driven by active oxygen species such as oxygenation
of sulfides [50] and olefinic compounds [53] and degradation of organic pollutions
[54] were reported. Jing et al. prepared cross-linked porous polymers by intro-
ducing the Boron-dipyrromethene (BODIPY) unit into a polystyrene matrix, which
demonstrated a high catalytic efficiency for the oxidation of organic sulfides [50].

only macropores
surface areas: 27~45m²/g

micropores (d=1.5 nm) 
in macropores
surface areas: 53~230m²/g

Fig. 18.20 Idealized structures and surface area control via nanopore engineering of macroporous
polymer networks (reproduced from Ref. [46] with kind permission of © 2014 Royal Society of
Chemistry)
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Yagci et al. [51] reported the photo-generated radical initiator could be used for the
polymerization of MMA with both conjugated polymer and non-conjugated poly-
mer containing thioxanthone unit. A recent report of Vilela et al. [54] demonstrated
that a benzothiadiazole-containing polyamide polymer could efficiently
photo-generated singlet oxygen and therefore degrade organic contaminants such as
bisphenol A and cimetidine. Zhang and coworkers reported a series of microporous
polymers containing 4,7-diphenyl-2,1,3-benzothiadiazole as photoactive moiety via
Friedel–Crafts alkylation reaction [49]. The polymers were employed for highly
selective bromination reaction of electron-rich aromatic compounds with conver-
sion up to 99% and selectivity up to 99% in best cases.

18.6 Conclusions

In summary, in this chapter, an overview on the preparation and application of
nanostructured and highly porous polymers containing conjugated organic semi-
conductor units in visible-light-promoted and metal-free photocatalysis is given.
Due to the ease on tunability of their semiconductor properties via donor–acceptor
combination on the molecular level, and the ability for modifying the band gap,
band positions, and p/n characters, this new class of materials demonstrated a
promising perspective in light-promoted organic synthesis. Important properties
such as porosity, morphology, and band structures should be considered for the
design of the polymer-based materials in order to achieve high photocatalytic
efficiency. There is a high potential for further optimization and molecular design
possibilities. Nevertheless, we believe that the nanostructured, highly porous
polymers could offer a high potential for chemical reactions under sustainable and
environmentally friendly conditions.
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