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SUMMARY

Functional hybrid organic-inorganic nanocomposites, formed by integrating two or
more materials at the nanoscale with complementary properties, offer the potential to
achieve performance, functionality and architecture far beyond those of each constituent.
Despite this, we lack a versatile approach to design hybrid nanocomposites with desired
functions and properties while having a good control over the size, shape, and
architecture of the resulting nanocomposites. In this thesis, we developed a versatile and
robust polymer-templated approach for synthesizing organic-inorganic nanocomposites
with controllable size, shape, morphology, and functionality. This viable polymer-
templated approach enables the in-situ synthesis of inorganic nanocrystals with well-
controlled size, shape, and functionality in the presence of some rationally designed
polymer template by utilizing the interplay between the functional groups of polymer

templates and the inorganic precursors.

Two main targeted applications, namely, functional nanocomposites as electrodes
for Lithium ion batteries (LIBs) and as dielectric materials for capacitors guide the
polymer-templated strategy when designing the polymer templates and crafting hybrid
organic-inorganic nanocomposites. The major achievements can be summarized as

follows:

First, a viable and robust in-situ synthesis of poly(vinylidene fluoride) (PVDF)-
BaTiO3z nanocomposites composed of monodisperse ferroelectric BaTiO3z nanoparticles

with tunable diameter directly and stably connected with ferroelectric PVDF was initiated
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by exploiting both the ability to synthesizing amphiphilic star-like poly(acrylic acid)-
block-poly(vinylidene fluoride) (PAA-b-PVDF) diblock copolymers with well-defined
molecular weight of each block as nanoreactors, and the strong coordination interaction
between the precursors and hydrophilic PAA blocks. The resulting PVDF-BaTiOs
nanocomposites, with tunable PVDF/BaTiOz volume ratio, displayed high dielectric
constant and low dielectric loss, which is promising for applications in high energy
density capacitors. In addition, these PVDF-functionalized BaTiOs nanoparticles

exhibited the ferroelectric tetragonal structure.

Second, we extended this amphiphilic star-like diblock copolymer nanoreactor
strategy to bottlebrush-like diblock copolymer and crafted ferroelectric PVDF-BaTiO3
nanocomposites composed of ferroelectric BaTiOz nanorods with tunable diameter,
length and aspect ratio stably connected with ferroelectric PVDF. The capability of
systematically varying the size of BaTiO3 nanocrystals offers the potential to investigate
the size and shape effects on the ferroelectric and dielectric properties of BaTiOs-based
nanocomposites, thereby providing insight into the rational design of ferroelectric PVDF-

BaTiO3z nanocomposites for practical applications.

Third, we developed a facile and effective strategy for in-situ crafting
ZnFe;Og4lcarbon nanocomposites comprising small-sized ZnFe>Os nanoparticles
embedded within the continuous carbon network through the pyrolysis of ZnFe;Os
precursors-containing polymer template PS@PAA core@shell nanospheres. The
advantages of this strategy are threefold. First, the PS@PAA nanosphere template is
synthesized by emulsion polymerization in one-step. Second, the pyrolysis leads to the

formation of ZnFe>O4 nanoparticles. Third, in the meantime the pyrolysis also induced

XX



the carbonization of PS@PAA, forming continuous carbon network that encapsulates the
formed ZnFe>O4 nanoparticles. The synergy of nanoscopic ZnFe>O4 particles and their
hybridization with a continuous conductive carbon network contributes to excellent rate
performance and prolonged cycling stability over several hundred cycles when the
ZnFe>04 (79.3 wt%)/carbon nanocomposites are investigated as anodes for lithium ion
batteries (LIBs). We envision that this synthetic strategy is simple and robust, and can be
readily extended for the preparation of other carbon hybridized electrode materials for

high-performance LIBs.

Finally, we crafted corn-like SnO2 nanocrystals, composed of hundreds of SnO-
nanoparticles (~5 nm) decorated along the cob with a large number of pores between
SnO2 nanoparticles, using judiciously designed bottlebrush-like hydroxypropyl cellulose-
graft-poly (acrylic acid) (HPC-g-PAA) as template and coated the corn-like SnO> with a
thin layer of protective polydopamine (PDA). The synergy of the corn-like nanostructures
and the protective PDA coating enabled the excellent electrochemical performance for
the PDA-coated corn-like SnO electrode, including the superior long-term cycling

stability, high Sn—SnO: reversibility, and excellent rate capability. We envisage that the

bottlebrush-like polymer templating strategy is facile and robust, and can be readily
extended to create a rich variety of other functional metal oxides and metal sulfides for

high-performance LIBs.

The bottom-up crafting of functional hybrid organic-inorganic nanocomposites
offers new levels of tailorability to nanostructured materials and promises new

opportunities for achieving exquisite control over the surface chemistry and properties of

XXi



nanocomposites with engineered functionality for diverse applications in energy

conversion and storage, catalysis, electronics, nanotechnology, and biotechnology.
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Chapter 1 Introduction

1.1 Background of hybrid nanocomposites

Hybrid nanocomposites obtained by integrating two or more materials at the
nanoscale with complementary properties offer the potential to achieve performance,
function and hierarchical architecture far beyond those of each constituent.% Usually,
the properties of hybrid nanocomposites are not simply the sum of the individual
contributions, but are dominated by the interplay of the inherent properties of each
constituent, the hierarchical structure and the inner interfaces.t! The research into
functional hybrid nanocomposites has become a mushrooming field of investigation,
yielding innovative advanced materials with high added value. Various types of organic-
inorganic hybrid nanocomposites have been investigated for achieving improved or
unusual features that could allow myriad innovations, such as new generation of catalysts
and electrolyte membranes for fuel cells, 22?21 new generation of photovoltaic devices,
[23-241 smart microelectronic devices, 25261 next generation lithium ion batteries (LIBs),?”
281 high energy density capacitors, I ?°1 etc. In this chapter, the background of hybrid
nanocomposites will be introduced by reviewing the general strategies for designing
functional hybrid nanocomposites, the basics of two common hybrid organic-inorganic
nanocomposites (i.e. polymer-ceramic nanocomposites and electrochemically active-
inactive nanocomposites), the general approaches for preparing polymer-ceramic
nanocomposites and active-inactive nanocomposites, and finally the chemistry of
polymer-templated approach for preparing hybrid nanocomposites. The advantages and
challenges of polymer-templated approach for preparing hybrid nanocomposites are also

briefly discussed.



1.1.1 General strategies for designing functional hybrid nanocomposites
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Figure 1.1 Scheme of the main chemical routes for the synthesis of organic-inorganic
hybrid nanocomposites. [ Copyright © The Royal Society of Chemistry 2005

The easiest way to prepare hybrid organic-inorganic nanocomposites is physically
mixing the components together. However, due to the interfacial incompatibility and high
surface energy of inorganic nanoparticles, 239 serious problems such as phase
separation and the agglomeration of nanoparticles will be created.l>*°! To this end, many
chemical pathways have been implemented for tailoring the organic/inorganic interface
of a given hybrid material. According to the nature of the interfacial bonding, hybrid
nanocomposites can be divided into two distinct classes. In class | materials, the organic
and inorganic components are embedded and only week bonds (such as hydrogen

bonding, van der Walls or ionic bonds) give the cohesion to the whole structure. In class



I materials, strong chemical bonds (e.g. covalent or ionic-covalent bonds) are existed in
the interface for linking different components together. B The main chemical routes for
all types of organic-inorganic hybrid nanocomposites are schematically illustrated in
Figure 1.1. Path A corresponds to the conventional soft chemistry based routes,
including conventional sol-gel pathways as shown in route Ay, the use of specific bridged
precursor or polyfunctional precursors (route Az) and hydrothermal synthesis (route Agz).

Some of the chemical routes will be discussed in details in this chapter.

For route A1, hybrid nanocomposites can be processed via the encapsulation of
organic components (such as organic molecules, oligomers, macromonomers, and
biocomponents) within sol-gel derived siloxane-oxide matrices or metal oxide-based
networks just by mixing organic components with metal alkoxides or/and organosilanes
in a common solvent. During the hydrolysis and condensation reactions of metal
alkoxides or/and organosilanes, the organic components may become crosslinked, or they
can interact or get trapped within the inorganic components through a large set of fuzzy
interactions (H-bonds, m-7t interations, van der Waals).[!! Despite the simplicity and low
cost of this strategy, route A: usually yield amorphous hybrid nanocomposite materials
and the inorganic components are generally polydisperse in size and locally
heterogeneous in chemical composition, and thus requires more understanding and better
control of the local and semi-local structure in order to achieve higher degree of

organization and homogeneity in the yielded hybrid organic-inorganic nanocomposites.™*!

The strategy listed in route Az is based on the same sol-gel chemistry as route Al
but usually use specific bridged precursors such as silsesquioxanes X3Si-R’-SiXs (where
R’ is an organic group covalently bound to n groups of -SiXs, X=CIl, Br, OR) for
constructing hybrid organic-inorganic nanocomposites. In the beginning, the
hydrolysis/polycondensation of precursors occur, forming a short-range ordered

organization of 3-D organized structures controlled by the van der Walls interactions



between the organic units. In the following step, the short-range order extends to larger
domains due to the formation and redistribution of Si-O-Si bonds by
hydrolysis/polycondensation of Si-OR groups, leading to the formation of homogeneous
molecular silicon-based hybrid organic-inorganic nanocomposites having a better degree
of local organization.™ 32 In recent work, some modifications have been made by
incorporating urea functional group to the bridged silsesquioxanes precursors for
realizing targeted morphologies. The organo-bridged precursors bearing urea groups first
self-assembly into designed supramolecular architectures through the strong hydrogen
bonding between urea groups, then through judiciously hydrolyzing the precursors,
highly crystalline organic-inorganic hybrids with variable morphologies (fibers, spheres
and tubes, and sheets) can be created.[*2¢1 The uniqueness of path A; and path Az is that
they can mix the organic and inorganic components at the molecular level due to the use

of organic bridged inorganics containing precursors.

Route As introduces the hydrothermal/solvothermal synthesis in polar solvents
(water, formamide, etc.) in the presence of organic templates for creating hybrid
nanocomposites. A new generation of hybrid materials that have been created through
route As is highly microporous Metal Organic Frameworks (MOF) which usually exhibit
very high surface areas. They possess magnetic or electronic properties, which are

promising for an extensive number of applications.3""!

Path B corresponds to the assembling or the dispersion of well-defined functional
nanobuilding blocks (NBBs) that are generally capped with polymerizable ligands and
can be connected through organic spacers or surface-driven condensation reactions or as
a reservoir of inorganic matter that can be delivered at the hybrid interface to build an
extended inorganic network or connected through organic spacers.[*!l These NBBs are
quite diverse in nature, structure, and functionality, including clusters, organically

functionalized nanoparticles, or layered compounds that are able to intercalate organic



components. Such flexibility and diversity in the choices of NBBs together with the use
of organic templates that can self-assemble allows one to create an amazing range of

hierarchical architectures and interfaces with tunable functionalities.[* 1

Path C describes another self-assembling procedure for constructing organic-
inorganic hybrid nanocomposites. They can be achieved through the organization or the
texturation of growing inorganic components or hybrid networks with organic surfactants
as template, as described in route Ci. This approach is also able to build a whole
continuous range of nanocomposites, from ordered dispersions of inorganics in a hybrid
matrix to highly controllable nano-segregation of organic polymers within inorganic
matrices.[*?l The hybrid nanocomposites can also be achieved through the templated
growth of mesoporous hybrids by using bridged silsesquioxanes as precursors in the
present of surfactants (route C,).*! Route Cs, which combines nanobuilding block
approaches with the use of organic templates that can self-assemble and allows the
control of the assembling step, is another promising strategy for realizing hybrid

nanocomposites with tunable functionalities.[*4-451

1.1.2 Functional hybrid nanocomposites for energy storage applications

With the rapid development of global economy, the depletion of fossil fuels and
the environmental contamination are driving scientists and engineers to develop
environmental friendly, renewable, and highly efficient methods of creating and storing
energy. New clean energy sources such as solar energy, mechanical energy, thermal
energy, biochemical and chemical energy have been widely studied. This also motivates
the development of high-performance energy storage systems. Better electrical energy
storage devices in terms of more energy stored and maximum power as well as size and
weight, cost, lifetime, etc. are also under rapid development driven by their

applications.® Functional hybrid nanocomposites for energy storage applications have



been created by selecting appropriate components with desired properties, designing the
interface and functionality, and controlling the connectivity of the multiphase
nanocomposites in a controlled manner, as the energy storage performance of these

devices depends crucially on the properties of these hybrid nanocomposites.

Well-developed energy storage devices, such as capacitors, are highly desirable
for energy pulse and power conditioning applications. However, traditional dielectric
ceramics in capacitors cannot store enough energy in the available volume and weight,
due to the intrinsic dielectric properties of large permittivity but relative small breakdown
strength of ceramic materials. Large electric energy storage in capacitor devices requires
the dielectric materials to exhibit both large permittivity and high breakdown strength,
since the electric energy density that can be stored in a dielectric material is limited to
eEv?/2, where € and Ejp are the dielectric constant and breakdown strength of the material,
respectively.[*”48l |t is thus not surprising that ceramic-polymer nanocomposites
combining polymers of high breakdown strength with ceramic nanoparticles of high
permittivity would enhance greatly the electric energy density of the resulting
capacitors.[*>% The approach of combining the advantages of both components in the
ceramic-polymer nanocomposites is appealing for two reasons. First, there are large
interfacial areas in polymer-ceramic nanocomposites, which could promote interfacial
exchange coupling through a dipolar interface layer and lead to enhanced polarization
and polarizability in polymer matrix near the interface. As a result, enhanced permittivity
can be expected in the polymer matrix near the interface.®! Second, the nanoscale
ceramic materials also make it possible to reduce the thickness of polymer matrix film to
nanoscale, since the electrical breakdown strength increases when decreasing the sample
thickness, %% the already high breakdown strength of polymer matrix can be further
enhanced by avoiding avalanche effects in the resulting nanocomposites.[®® Both effects

are beneficial for enhancing electric energy density. Other advantages of the polymer-



ceramic nanocomposites include the facile solution processibility, mechanical flexibility,
and reduced weight for device scalability. The capacitors based on polymer-ceramic
nanocomposites are promising to possess energy density values close to or higher than

that of linear dielectric capacitors.

Another rapidly developed new energy storage technology is rechargeable lithium
batteries (e.g. lithium ion batteries (LIBs)), which stores electrical energy through storing
Li ions in the electrochemically active materials. For example, graphite, which is the
widely used commercialized anode material, stores energy through the reversible
intercalation of Li ions between graphite layers with up to one Li atoms intercalated per
six C atoms under ambient conditions (i.e. forming LiCg).>*! However, the strong desire
of enhancing energy density and power density of LIBs requires the electrode materials
to store more Li ions within a shorter time period. As a result, a variety of rationally
designed electrochemically active-inactive hybrid nanocomposites composed of
electrochemically active material which can react with lithium and inactive material
which cannot react with lithium but usually has other useful functions have been widely
exploited as advanced electrode materials for LIBs.°® In such active-inactive hybrid
nanocomposites, the electrochemically active materials are capable of storing much more
Li ions than graphite, while the inactive materials usually serve for multifold functions,
including capable of conducting charges quickly for enhancing the power rate, capable of
protecting the structural stability of active materials for achieving long cycle life, to name
a few. Therefore, active-inactive nanocomposites are emerging as promising electrode
materials for significantly enhancing the energy density and power density of the

corresponding LIBs.



1.2 Polymer-ceramic nanocomposites as dielectric materials for capacitors
1.2.1 Connection types of binary polymer-ceramic nanocomposites

Constructing composites by combining multiphase materials together means not
only choosing component phases with the desired properties, but also coupling them in
the best manner. Connectivity of a composite material describes the manner how each
phase is self-connected and coupled with other phases, i.e. the interspatial relationships in
a multiphase material. It is well known that the connectivity between phases in the
multiphase composite materials is very important in achieving the designed properties,
since physical properties can change by many orders of magnitude depending on the
manner in which connections are made. 81 Connectivity pattern of the polymer-ceramic
nanocomposites controls their mechanical, electrical, thermal, dielectric, ferroelectric

properties, to name a few. 5659

The connectivity of one phase in the composite material is defined by how many
dimensions the phase is self-connected. For example, if a phase is self-connected in three
dimensions, its connectivity is termed as 3. If a phase is self-connected in two dimensions,
its connectivity is termed as 2, and so on. Considering a two-phase composite material,
its connectivity is defined by combination of terms m-n, where m presents the
connectivity of the active phase (filler) while n represents the connectivity of the inactive
phase (matrix). [l There are ten connectivities for a two-phase composite material: 0-0, 0-
1, 1-1, 0-2, 1-2, 2-2, 0-3, 1-3, 2-3, and 3-3, depending on how each phase is self-
connected. [2 ¢ The ten connectivities of a two-phase composite material is illustrated in

Figure 1.2, in which two kinds of cubes, shaded and unshaded, are used to represent the



basic building block of the two different phases. 2 For 1-2 connectivity pattern, one
phase is self-connected in two-dimensions, and the other phase is self-connected in one
dimensional chains or fibers. In the 1-3 connectivity pattern, the shaded phase is three-
dimensionally connected and the unshaded phase is one-dimensionally connected. The 2-
2 patterned composite is made up of alternating layers of the two phases, and both phases
are self-connected in the lateral X and Y directions but not connected perpendicular to the
layers along Z. 3-3 patterned connectivity, in which two phases form interpenetrating
three-dimensional networks, is the most complicated pattern. Patterns of this type often
occur in living systems such as coral where organic tissue and an inorganic skeleton

interpenetrate one another. 6%

e

0-0

Figure 1.2 Ten connectivity patterns for two-phase composite materials. Each phase has
zero-, one, two or three dimensional connectivity to itself.’l Copyright © 2011Elsevier
Ltd



0-3 patterned polymer-ceramic composites, in which a three-dimensionally
connected polymer phase is loaded with isolated ceramic particles, are the most attractive
form the application point of view. In 0-3 patterned polymer-ceramic composites, the two
phases are homogeneously mixed without any phase segregation, resulting in excellent
dielectric properties with high dielectric constant and high breakdown strength.[!]
Composites of 0-3 connectivity enable flexible forms and very different shapes with very
inexpensive fabrication methods including mechanical mixing, solution mixing, and
molding. B8 Interfacial effects can occur between the ceramic grains and the polymer
matrix, leading to large dielectric relaxations normally at low frequencies (called

Maxwell-Wagner relaxations). [62

1.2.2 Theoretical models of dielectric properties of polymer-ceramic nanocomposites

A number of models have been proposed for predicting the dielectric properties of
the polymer-ceramic composites composed of high dielectric constant ceramic fillers and
high breakdown strength polymer matrix. Depending on the loading amount of the
ceramic fillers and the connectivity pattern of the polymer-ceramic hybrid composites,
three common models are most accepted and they are Maxwell-Garnett equation,
Bruggeman self-consistent effective medium approximation, and Jaysundere-smith

equation.

1221 Maxwell-Garnett equation

Considering the mixing condition when ceramic particles of permittivity kf

(volume fraction is @) are mixed into an isotropic polymer matrix of dielectric

10



permittivity k,, (volume fraction is @,,, @,,=1-0,). The permittivity of the two-phase
ceramic-polymer composite (k.) lies between a lower permittivity (k. ;) and an upper
permittivity (ko max) Value ( kemin < ke < kemax), and the two limiting values are

described by the following equations: 2!

— _ kmkr
kc,min - Km®f+KfOm (11)
kc,max =kmDm + qu)f (1.2)

The lower permittivity (k. ) describes a series model in which both phases are self-
connected in two dimensions (2-2 type connectivity), forming a layer parallel to the
electrode films deposited on the surface, as shown in Figure 1.3a. The upper permittivity
(k¢ max) corresponds to the parallel model as shown in Figure 1.3b, in which each phase
is self-connected in two dimensions, while the layer formed is perpendicular to the
electrode film. ©? The practical two-phase composites are described by the mixing model

as shown in Figure 1.3c.

— 0% o goo
.: :. . ‘.
R @oe ®50°%0
(a) (b) (¢)

Figure 1.3 Ideal connection types of two-phase ceramic-polymer composites, (a) series
model, (b) parallel model, and (c) a mixing model for the practical composites. The pink
lines stand for electrodes. 2 Copyright © 2011 Elsevier Ltd

Further efforts in modeling the dielectric properties of two-phase composites have

achieved a more accurate equation (the Maxwell-Garnett equation) for predicting the

11



dielectric properties of composites. The Maxwell-Garnett equation is valid for lower
concentration of ceramic filler and is as described by equation 1.3: [ 63

30r(kf—km)

ke = toml1+ Gy

] (1.3)

For more general situations when the ceramic particles are not spherical in shape,
the modified Maxwell-Garnett equation, which takes into account of the geometry of the
dispersed particles in the polymer matrix, is more accurate in predicting the dielectric
properties of the two-phase composites. The more general Maxwell-Garnett equation
considering the geometry of dispersed particles is in the following form as described
equation 1.4, 1 where the parameter A is the depolarization factor and A=1/3 for
spherical particles.

Dr(kr—km)
A(1-0y)(kp—kem)+km

k. =kn[l+ ], ford,<0.1 (1.4)

As described above, the Maxwell-Garnett equation is reasonable for composites

consisting of a continuum polymer matrix with low amount of embedded inclusions. ¢4

1.2.2.2 Bruggeman self-consistent effective medium approximation

In contrast to the Maxwell-Garnett equation, the Bruggeman self-consistent
effective medium approximation treats each phase equally, assuming all components are
randomly mixed together. (6451 This theory has been widely used to predict the dielectric
and optical properties of composite materials, and provided more valid predictions at a
much higher content of spherical filler (up to 0.5). The final Bruggeman’s formula is

described as in equation 1.5: [
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kp—ke _ (1=0p)(kp—km)

= Pr << 0.5 1.5
kg/3 k—,17{3 ( f ) ( )
1.2.2.3 Jaysundere-smith equation

In the situation when a low concentration (@, < 0.1) of filler is present in the
composite, as shown in Figure 1.4a, the interaction between filler particles is too weak
due to a large distance between filler particles and is often neglected. Therefore, the
Maxwell-Garnett equation is valid in the course of theoretical prediction for dielectric
properties. However, at higher concentration of fillers when the particles are closely
located, as described by Figure 1.4b, the interaction between fillers is becoming
significant and the electrical field arising from the distribution of dipole moment is no
more negligible when calculating overall field locally experienced in the matrix. Taking
into consideration of both the two factors, the Jaysundere-smith equation is described as
follows in equation 1.6: 21

km®m+kf®fﬁ[l+3®fm]

k.= (1.6)

kf—km

3k
Om+0 5 R4 W]

km+kf)[1+3®f
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Figure 1.4 A schematic showing the distribution of filler particles in a polymer matrix at
(a) low concentration of fillers and (b) high concentration of fillers. [ Copyright © 2011
Elsevier Ltd

1.2.3 General strategies for preparing polymer-ceramic nanocomposites

The energy density stored in dielectric materials is proportional to the dielectric

constant and electric field (E) according to the equation 1.7:
U= %SOSTEZ (1.7)

where g, is the dielectric permittivity of vacuum, ¢, is the relative permittivity of the
dielectric materials, and E is the applied electric field. Therefore, the maximum energy
density depends on both the dielectric permittivity and electric breakdown strength (Eb)
of the dielectric material. %6671 Polymer-ceramic nanocomposites composed of high
permittivity ceramic nanoparticles and high dielectric strength polymer matrix are
currently of considerable interest, as they can be solution processed on large and flexible

substrate at low temperatures and ambient pressures, and have been successfully
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demonstrated as high-quality dielectric nanocomposites for electronic applications such
as embedded capacitors, multilayer capacitors, high-energy-density capacitors, and gate
insulators in organic field effect transistors. [ To obtain polymer-ceramic
nanocomposites with both high permittivity and high dielectric strength suitable for
practical applications as high energy density dielectric materials, large volume fraction

(>30%) of ceramic nanoparticles are needed but this usually leads to problems such as

nanoparticles agglomeration and phase separation from the polymer host matrix due to
the high specific surface area and high surface energy of ceramic nanoparticles. [ As a
result, poor processability, high defect density, large leakage currents and low breakdown
strength are expected for the vyielded polymer-ceramic nanocomposites dielectric
materials. To avoid these problems, especially at high volume fractions of ceramic
nanoparticles, synthetic approaches that enable a homogeneous distribution of each
constituent in the nanocomposites and a well-defined interface between them are of great

importance.[4

Surface modification of ceramic nanoparticles with functional ligands has
emerged as an effective strategy to mitigating these problems. Surface modification of
ceramic nanoparticles produces excellent integration and improves the interfacial
interactions between ceramic nanoparticles and the polymer matrix, and hence enhances
the homogeneity of the nanocomposites. The dispersion behavior of surface modified
ceramic nanoparticles in a polymer matrix is described in Figure 1.5. B As shown in
Figure 1.5a, the bare ligand-free nanoparticles tend to aggregate together, leading to
phase separations in the nanocomposites. However, the aggregated nanoparticles become

further separated after grafting with some macromolecular chain (Figure 1.5b), and the
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polymer-grafted nanoparticles have much better miscibility with the polymer matrix due

to increased hydrophobicity. [/
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Figure 1.5 Schematics of :(a) agglomerated nanoparticles in the matrix polymer in the

case without polymer and (b) separation of particles due to the grafting polymer. [l
Copyright © 2013 Elsevier Ltd

Different surface modification techniques lead to different interfacial interactions
between ceramic nanoparticles and polymer matrix. The ideal features of well-controlled
polymer-ceramic interface would be (a) robust, stable, and physically thick insulating
layers to prevent direct particle-particle contact, (b) a shielded and buried polar or
charged interface between the ceramic nanoparticles and the polymer matrix, and (c)
increased dispersibility of the modified ceramic nanoparticles by matching the solubility
parameters of the outer surface of the nanoparticles with polymer matrix.[®! Covalent
attachment of organic molecules or polymer chains to the surface of ceramic
nanoparticles provides a stable and passivated interface that is of key importance to
realizing homogenous distribution of the modified ceramic nanoparticles to polymer

matrix. Surface passivation through covalently attaching ligands to a surface have been
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accomplished by two main strategies, that is, “grafting-to” (chemically binding end-
functionalized small molecules, oligomers or preformed polymers to the nanoparticle
surface through charged or polar-polar interaction) © 7 774 and “grafting-from”
(initiating the controlled polymerization from the nanoparticle surface functionalized
with an initiator).®> ™ The schematic representations of the “grafting-to” and “grafting-
from” methods are shown in Figure 1.6. Each strategy will be discussed in detail in the
following part, as the appropriate surface modification agent is essential in fabricating
ceramic-polymer nanocomposites of excellent energy storage properties. In-situ synthesis
of ceramic nanoparticles in the presence of polymer better at tailoring the interface

interactions will also be introduced.
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A: Anchoring Group
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Figure 1.6 Schematic description of grafting-to and grafting-from approaches for the
synthesis of inorganic-organic core-shell nanoparticles. I Copyright © 2002 Elsevier
Science Ltd
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1.231 “Grafting-to” approach to modify the surface of ceramic nanoparticle

Various ligands have been demonstrated to be able to functionalize the surface of
nanoparticles when they are grafted to nanoparticles surface, and improved interfacial
compatibility and better dispersion of modified ceramic nanoparticles in various host
polymer matrics have been achieved. 2% . 70 For example, researchers have
demonstrated that phosphonic acids can form a robust and functional organic shell on the
surface of perovskite-type metal oxide nanoparticles (e.g. Barium Titanate (BaTiO3)) by
a simple solution-processing technique of mixing nanoparticles with the polymer ligand
bearing the phosphonic acid functional group in an ethanol/water solution. 2 7@ Such
modification of metal oxide nanoparticles surface is thought to be rendered either by
heterocondensation of phosphonic acid with surface hydroxyl groups or coordination to
metal ions on the surface. " They further showed that the phosphonic acid-modified
BaTiOs nanoparticles with high surface coverage can be homogeneously incorporated
into poly(vinylidene fluoride-cohexafluoropropylene) (P(VDF-HFP)) polymer matrix and
the resulting BaTiOs-polymer nanocomposite films exhibit good phase stability, high
film quality, and large maximum energy storage density at optimized volume fraction of

BaTiOs nanoparticles.?% 68 70

Polyvinylprrolidone (PVP) has also been demonstrated as a good surface
modification agent for BaTiOsz nanoparticles in fabricating polymer-ceramic
nanocomposites, as PVP can interact strongly with surface hydroxyl groups of BaTiO3
nanoparticles and be coated on the surface of BaTiOs nanoparticles. [ 76771 By mixing
PVP with BaTiO3 nanoparticles in ethanol and sonicating the solution for enough time, a

complete coating of PVP on the surface of BaTiO3 nanoparticles can be achieved, which
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makes the PVP-modified BaTiOz nanoparticles soluble in some organic solvents (e.g. N,
N-dimethylformamide(DMF)). 8] Besides, the PVP-functionalized BaTiO3z nanoparticles
have very high compatibility in PVDF polymer matrix due to the strong specific dipolar
interaction between the PVP’s carbonyl group(C=0) and the PVDEF’s fluorine group
(C=F2), leading to a high homogeneity in the PVP-modified BaTiOs-PVDF
nanocomposites.[’® The resulting nanocomposites exhibit greatly enhanced dielectric
permittivity, electric breakdown strength and energy density, which can be attributed to
the improvement of the homogeneity of the nanocomposites after PVP surface

modification. [%6]

Diblock copolymer polystyrene-b-poly (styrene-co-vinylbenzylchloride) (PS-b-
PSVBC) has also been reported as a good surface modifier and passivation layer for
realizing good dispersibility of BaTiOs nanoparticles in a nonpolar polystyrene matrix.
As shown in Figure 1.7a, a two-step process was implemented to fabricate the core-shell
structured polymer-coated BaTiOs nanoparticles, where PS-b-PSVBC was introduced as
the stable polymer shell for the complete wrapping of BaTiOz nanoparticlse. In the first
step, the chloromethyl group in PS-b-PSVBC was reacted with an oxy anion on the
surface of BaTiOs nanoparticles, forming an organic layer consisted of covalently bonded
PS-b-PSVBC and a weakly absorbed second layer surrounding the BaTiO3 nanoparticles.
In the second step, the nonpolar chloromethyl functional blocks of the unstably absorbed
PS-b-PSVBC was transformed in situ into the polar ammonium blocks through
triethylamine treatment process, which form a polar inner layer and interact strongly with
the BaTiO3 nanoparticles surface. As a result, the nonpolar polystyrene block outer layer

and the polar ammonium-containing block inner layer self-assembled to form the stable,
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layered and dense polymer shell. This surface polymer shell was directly observed by
TEM as shown in Figure 1.7b, exhibiting a uniform thickness of 5-7 nm without any
noncovered sites. The PS-b-PSVBC modified BaTiOs nanoparticles demonstrated good
dispersibility into polystyrene matrix even at a high volume fraction of 33 vol %,
resulting in homogeneous (BaTiO3/PS-b-PSVBC)/polystyrene nanocomposites film with
low leakage current, high dielectric permittivity (e=44 at 10kHz), large breakdown

strength (222414V/um) and high energy density (9.7 J/cm?).5

(2)

Figure 1.7 (a) Schematic illustration of the formation of BaTiO3z nanoparticles with the
polymer shell (PS-b-PSVBC). (b) TEM images of BaTiO3 nanoparticles coated with PS-
b-PSVBC after amine treatment. The 5-7 nm thickness PS-b-PSVBC layers were clearly
shown on the BaTiOz nanoparticles, and these layers were intact and stable after
dispersion in THF or toluene. [ Copyright © 2009 American Chemical Society
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Despite various successful demonstrations of surface modification by “grafting-to”
method, there are still many problems existed with this surface modification approach.
For example, incomplete surface coverage or insufficient interaction between the surface
modifier and polymer matrix may occur, therefore, the interface between the ceramic
nanoparticles and the polymer matrix is relatively loose, and an abrupt decrease of the
dielectric breakdown strength can be observed when relatively large amount of
nanoparticles are present in the polymer-ceramic nanocomposites.?> ™1 A reversible
interaction between the organic surface modifiers and the ceramic surface may also occur
which usually interferes with the formation of a robust polymer shell and results in
increased current leakage and lower breakdown voltage when the composite ratio of the
ceramic nanoparticles in the polymer matrix is very high. ® Meanwhile, many other
surface modification approaches better at tailoring the interface are widely investigated to
prepare high performance nanocomposites with the universally desirable properties of

dielectric materials for use in energy storage devices.

1.2.3.2 "Grafting-from” approach to modify the surface of ceramic nanoparticle

A higher percentage of successful grafts in polymer-modified nanoparticles with a
higher polymer grafting density can be obtained by the “grafting-from” approach. The
“grafting-from” polymerization process, which may include radical, anionic and cationic
polymerization methods, involves propagation of the grafted polymers from the surface
of the ceramic nanoparticle.t> 8 Such methods afford control over the molecular weight,
the distribution of molecular weight, and structure of the resulting polymers. So far, the

application of controlled “living” polymerization technique to the synthesis of ceramic-
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polymer nanocomposite is widely explored. For instance, Guo et al. prepared a series of
high dielectric constant polyolefin-metal oxide nanocomposites by in situ polymerization
of olefin on the surface of metal oxide nanoparticles which were coated with
methylaluminoxane (MAO). Y The obtained polymer-metal oxide nanocomposites
exhibited respectable permittivities and high breakdown strengths at low particle loadings.
However, the nanocomposites at a high particle loading (7 vol%) showed significantly
increased leakage current density. More recently, Marks et al. implemented in situ
polymerization of propylene by catalysts anchored on the Al.Oz-coated BaTiOsz and ZrO-
nanoparticles surface, yielding homogeneously dispersed nanoparticles in a polyolefin
matrix. The nanocomposites, with high permittivity, small dielectric loss, are attractive

for large energy storage capacities. [°]

The method of surface-initiated reversible addition fragmentation chain transfer
(RAFT) polymerization was carried out by Yang et al. to prepare a series of fluoro-
polymer-coated BaTiOs nanoparticles for tailoring the interface between BaTiOs
nanoparticles and polymer matrix (Figure 1.8a).1! TEM images in Figure 1.8b show that
a stable and dense polymer shell without any noncovered sites was directly coated on the
surface of BaTiOs nanoparticles. In addition, the insulating fluoro-polymer shell
structures and thicknesses can be rationally adjusted during the RAFT polymerization
process so that the interface between BaTiOs nanoparticles and the polymer matrix can
be modulated. The fluoro-polymer modified BaTiOs nanoparticles demonstrated
excellent compatibility when they were mixed with ferroelectric polymer poly
(vinylidene fluoride-co-hexafluoro popylene) (P(VDF-HFP)), as the fluoro-polymer

shells have similar chemical structure and surface energy to P(VDF-HFP) matrix,
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therefore, strong interfacial adhesion between BaTiOz nanoparticles and the ferroelectric
polymer matrix is obtained. The fluoro-polymer modified BaTiOs nanocomposites
demonstrated good dispersity in the polymer marix and no agglomeration could be found
(Figure 1.8 c). The resulting P(VDF-HFP)-BaTiOs nanocomposites by the dispersion of
thick fluoro-polymer-coated BaTiOz nanoparticles in P(VDF-HFP) matrix exhibited
significantly enhanced energy storage capability and low dielectric loss. Moreover, the
energy storage density for the nanocomposites could be tailored by adjusting the structure

and thickness of the fluoro-polymer shell. [
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Figure 1.8 (a) Schematic illustration for the preparation of fluoro-polymer coated BaTiOs
nanoparticles and (P(VDF-HFP)) nanocomposite films. (b) TEM images of a fluoro-
polymer coated BaTiOs nanoparticle, the fluoro-polymer shell is clearly seen with a
thickness of 5-6 nm. (c) SEI images of the resulting P(VDF-HFP)-BaTiOs3
nanocomposites. [l Copyright 2013 American Chemical Society.

Controlled in situ atom transfer radical polymerization (ATRP) has been widely
used to grow polymers from a variety of nanocrystal surface, including silica, 2% gold,

(4 nanotubes, 5% and graphene oxide. 1 The “grafting-from” method, ATRP, can

graft various kinds of polymers and can achieve a higher graft density and a higher
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capping efficiency, allowing accurate tailoring of the thickness and composition of the
polymer layer.[®l A broad range of monomers have been polymerized by in situ ATRP
method to modify the surface of ceramic nanoparticles for creating ceramic-polymer
nanocomposites with enhanced energy storage performance. For example, Marder et al.
reported the grafting of polystyrene and poly (methyl methacrylate) (PMMA) polymer
on BaTiOz nanoparticles through ATRP with a phosphonic acid as surface initiator, and
the one-component PMMA-BaTiOz nanocomposites achieved a maximum extractable
energy density of 2 J/cm?® at a field strength of ~220 V/ um. 8% Poly (di(ethylene glycol)
methyl ether methacrylate) was also successfully grafted from the surface of TiO:
nanoparticles by ATRP, yielding the core-shell structured TiO2-polymer nanocomposites
with elevated value of dielectric permittivity and low loss tangent. [*°) Recently, high
performance core-shell structured BaTiOz-PMMA nanocomposites was demonstrated by
in situ ATRP approach.®l As shown in Figure 1.9a, the surface of BaTiOs nanoparticles
was functionalized with reactive hydroxyl (-OH) groups for further conversion into
brominated BaTiOs nanoparticles, which introduced a sufficient quantity of initiating
sites for ATRP reaction. The following in situ ATRP of methyl methacrylate (MMA)
monomer under an oxygen-free atmosphere successfully grafted PMMA onto the surface
of BaTiOs nanoparticles, yielding the core-shell BaTiOz-PMMA. The PMMA polymer
layer is directly observed on the surface of BaTiO3 nanoparticles, and the polymer shell
thickness can be controlled by the feed ratio of monomer to BaTiOs nanoparticles
(Figure 1.9b). The highly filled BaTiOs-PMMA nanocomposites with BaTiOs
nanoparticles embedded in the PMMA shell polymer matrix demonstrated excellent

homogeneity free of voids and pores, as observed in the SEM images of their fractured
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surface in Figure 1.9c. The BaTiOs nanoparticles are well isolated from each other by the
polymer shell, and there is no evidence of particle-matrix debonding, indicating very
strong interfacial bonding and excellent dispersion of the BaTiO3z nanoparticles, forming
high quality BaTiOs-PMMA nanocomposites. Broadband dielectric analysis of the
BaTiO3-PMMA nanocomposites indicated excellent dielectric properties, with high
dielectric constants and low dielectric loss in a wide range of frequencies and
temperatures, demonstrating that in situ ATRP could be a promising method to fabricate

high quality dielectric nanocomposites for high energy density storage.
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Figure 1.9 (a) Schematic diagram illustrating the process of ATRP from the surface of
BaTiOs nanoparticles. (b) TEM images of core-shell BaTiOs-PMMA with different
polymer shell thickness, from 1 to 4, the PMMA polymer thickness increases from 7.5
nm to 17 nm. (c) SEM image of the cross-sectional images of the BaTiOs-PMMA
nanocomposite films with polymer shell thickness of 10 nm. [l Copyright © The Royal
Society of Chemistry 2011
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The “grafting-from” strategy relies on the in-situ polymerization of monomers
from the surface of initiator-functionalized nanoparticle and requires the introduction of a
sufficient quantity of initiating sites on the nanoparticle surfaces, therefore, this method
may be plagued by the low initiation efficiency, and thus low grafting density and yield.
[ 1n addition, the percentage of grafting and grafting efficiency is highly dependent on
the choice of initiator during the radical polymerization. 21 As a result, other surface
modification approaches better at controlling the interfacial interaction between the
ceramic nanoparticles and the polymer matrix than the “grafting-to” and “grafting-from”
approaches are of becoming increasingly important and useful. This is one of the goals of

this study.

1.2.3.3 Polymer-assisted in-situ synthesis of inorganic nanocrystals

The above mentioned “grafting-to” and “grafting-from” approaches created the
inorganic nanocrystals through some ex-situ synthesis method, which offer limited
control on the size, shape, and size distribution of the inorganic nanocrystals. On the
contrary, in-situ synthesis of inorganic nanoparticles in the presence of polymer matrix
has been demonstrated to be a simple and cost-effective means of modifying the surface
of nanoparticles for achieving a uniform dispersion of nanoparticles in the polymer
matrix, while having a versatile control over the size, morphology and uniformity of the
inorganic nanocrystals.[® %1 Typically, a microdomain is formed by the polymer which
contains or is functionalized with some polar groups. These functional groups show
strong chemical affinity to the inorganic precursors added, and then the ceramic

nanocrystals form selectively upon reduction of the precursor within the precursor-loaded
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polymer domains, yielding ceramic nanocrystals with polymer grafted on the surface. (%
For example, Lee etc. reported an in-situ synthesis approach of forming poly (vinylidene
fluoride)-graft-poly(2-hydroxyethylmethacrylate) (PVDF-g-HEMA)/Barium  Titanate
(BaTiOs) nanocomposites without any catalyst or initiator. 1 The mechanism of in-situ
synthesis of BaTiOs nanoparticle in the presence of PVDF-g-HEMA is shown in Figure
1.10. Briefly, the PVDF was first treated by electron beam radiation to create active sites
of PVDF capable of reacting with HEMA monomers (Figure 1.10a), further propagation
of the added monomer lead to the formation of macroradicals. After the grafting reaction
was completed, the macroradicals was converted into the product PVDF-g-HEMA
(Figure 1.10c). In the following step (Figure 1.10d), the BaTiOs precursor solution was
added into PVDF-g-HEMA solution and the reaction was carried out at 100 <C for 2 h.
The BaTiOsz nanoparticles obtained through in-situ co-precipitation method contained the
OH group on the surface, and were well dispersed and bonded strongly with PVDF-g-
HEMA based on the covalent bonding of -OH group of PVDF-g-HEMA and OH group
of BaTiOs. The resulting PVDF-g-HEMA/BaTiOs nanocomposites via the novel in-situ
synthesis method exhibit highest dielectric constant reaching up to 333, and a dielectric
loss of 0.73 at 30 wt% BaTiO3z at 1kHz, which may be attributed to the inclusion of
nanosized BaTiOs, higher polarizability of the grafted polymer matrix, and reduction of

amorphous/crystalline interfaces.
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Figure 1.10 Mechanism for in-situ synthesis of PVDF-g-HEMA/BaTiOz. (a) Chain
initiation, (b) dehydrofluorination with an alkaline solution, (c) chain termination and (d)
binding of PVDF-g-HEMA on the BaTiOs nanoparticle surface. [ Copyright © The
Royal Society of Chemistry 2013

However, current polymer-assisted in-situ synthesis approach is still limited in
controlling the size, shape and uniformity of the ceramic nanocrystals, because the in-situ
synthesis is affected by the complicated interplay of loaded precursor homogeneity,
nucleation and growth process, and the stabilization of particle surfaces by the
surrounding polymer matrix. Therefore, this approach has limited applications in those
areas that require precise control over the particle size, shape, and architecture, [93-9]
Clearly, it is highly desirable to construct intimate and stable ceramic-polymer
nanocomposites with size controllable, monodisperse ceramic nanoparticle and well-
defined polymer/ceramic interface. In our study, the robust and versatile polymer-

templated approach for the in-situ crafting of inorganic nanocrystals by capitalizing some

28



rationally designed polymer as nanoreactors is able to satisfy all these requirements. The

chemistry of the polymer-templated approach will be discussed in detail in section 1.4.

1.3 Active-inactive nanocomposites as electrodes for Lithium ion batteries (LIBs)
1.3.1 Introduction to the main challenges of LIBs

As the leading battery technology, LIBs have been widely used in consumer
electronics due to their superior energy density, flexible and lightweight design, good
cycle life and good power performances.l They are the technology of choice for future
hybrid electric vehicles, which are central to the reduction of CO2 emissions arising from

transportation. !

The commercialized LIBs are typically comprised of a graphite negative electrode
(anode), a non-aqueous liquid electrolyte containing lithium salts dissolved in an organic
carbonate solution which enables the ion transfer between the two electrodes, and a
positive electrode (cathode) formed from layered LiCoO: (Figure 1.11). The storage
capacity of a LIB is given by the amount of lithium that can be stored reversibly in the
two electrodes. On charging, lithium ions are extracted from the layered LiCoO:2
intercalation host, pass through the electrolyte, and are intercalated between the graphite
layers in the anode, while at the same time, the electrons pass around the external circuit
in the same direction. During discharging process, the lithium ions are reversibly

extracted from the anode and inserted into the positive electrode. [ 4]
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Figure 1.11 Schematic representation of typical commercial Li-ion battery comprising a
negative electrode (graphite), a positive electrode (LiC00O3), separated by a nonaqueous
liquid electrolyte, showcasing the charge-discharge mechanism. P! Copyright © The
Royal Society of Chemistry 2011

Most commonly researched anode materials include graphite, silicon, tin, titanium
dioxide, transition metal oxide, to name a few, [7-1% while typically researched cathode
materials include LiCoO;, LiFePOs, LiMn,0s, etc. 10194 The energy storage capacity of
these electrode materials is rated by their specific capacity (mA h g*), which highlights
how much charge can be stored in a given mass of material before the potential exceeds

its electrochemically reversible window.

The enormous spectrum of applications of LIBs, particularly in electric vehicles

(EVs), hybrid EVs and electric grids, invokes essential requirements on their energy and
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power densities, as well as cycle life. However, the most common commercial graphite
anode material still exhibits a relatively low theoretical specific capacity of 372 mA h g,
which cannot meet the demand of the high-energy applications noted above. P71 In this
context, considerable efforts have been devoted to the development of advanced
electrodes with high energy density and power density as well as long cycle life and low
cost. %I To date, a wide variety of anode materials with much higher lithium storage
capacity are under extensively investigation for replacing the graphite anode material. For
example, silicon, which electrochemically form alloys with lithium, has emerged as one
of the most promising high-energy electrode materials, as it offers an appropriate low
voltage as an anode and a high theoretical specific capacity of ~4200 mA h g, ten times
higher than that of traditional graphite anode.®®! Metal oxides (MxOy, where M is Fe, Co,
Ni, Cu, Sn, Mn, etc.) are also widely studied as promising alternatives to graphite owing

to their attractive higher theoretical capacities (> 600 mA h g%), low cost, environmental

friendliness and wide availability containing earth-abundant elements.[*t: 87 1961 QOther
metal oxides also deliver much higher capacity than graphite, such as MnO> (1233 mA h
g1), SnO2 (790 mA h g1), Fe203 (1005 mA h g1), CoO (715 mA h g1), CosO4 (890 mA h
gl), to name but a few, making them attractive as advanced anode materials for high

energy density Li-ion batteries. [107-106]

Despite the intriguing features described above, these high-capacity electrode
materials have not yet been implemented for practical applications. This is due to their
capacity decay over cycling which originates primarily from the huge volume change
during the repeated insertion and extraction of lithium ions.[*%-1%] The volumetric change

and the large mechanical strain rapidly leads to the deterioration of electrode (cracking,
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crumbling, or eventually pulverization) and causes a substantial loss in capacity, as well
as a shortened lifetime of only a few charge—discharge cycles.[!*! The problem is
especially a big issue for silicon-based and metal oxide-based anodes, as silicon expands
volumetrically by up to 400% on fully lithium insertion, and metal oxide totally disrupted
their original structure after lithiation. In addition, the large volume change can easily
break the solid-electrolyte interface (SEI) layer formed in the lithiated expanded state and
repeatedly expose the fresh surface of active materials to electrolyte, leading to the
continual growth of SEI layer and gradual depletion of electrolyte over cycling. All these
factors contribute to the severe capacity fading observed for these high-capacity electrode
materials. Another challenging issue is the poor electrical conductivity of electrode
materials (e.g. TiO2 (10 S cm™), SnO, (10 S cm™), and FesO4 (10> S cmY)), which
limits the attainable lithium storage capacity at high charge/discharge rate, and cannot
satisfy the requirement of high power density for future large-scale applications in

electric or hybrid vehicles.[* 1121131

Many research efforts have been directed to construct nanostructured electrode
materials for alleviating these issues and improving battery performances, which can be
attributed to the multiply functions enabled by the nanometer scale dimension. Firstly, the
reduced dimensions of active electrode materials can significantly shorten the transport
length for both electrons and lithium ions. According to Fick’s Law, the characteristic
time constant for diffusion is given by t = L?/D, where L is the diffusion length and D is
the diffusion constant, as can be seen, the time t for intercalation decreases with the
square of the particle size on replacing micrometer with nanometer particles. [l

Therefore, lithium ions can be quickly inserted and extracted with active particles,
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rendering fast charging/discharging. 7118 Secondly, the reduced dimension leads to
high surface/volume ratio and high electrode/electrolyte contact area, which are favorable
for improving the lithium reaction rate.[126: 2% Thirdly, the nanostructured materials can
better withstand the volume change and the induced stress than bulk materials, as the
absolute volume changes in the local environment for nanostructured materials are still
very small.1202211 Thirdly, by reducing the active materials to nanometer scale, the
degradation to the SEI stability and the original structures could be reduced. By now,
nanostructured electrode materials in various morphologies such as nanoparticles,**: 122-
1231 nanotubes,™?4 nanorods/nanowires,?5-1271 nanospindles,*? nanosheets,*?°! etc. have
been demonstrated to offer opportunities in achieving superior electrochemical
performance. For example, Park et. al. reported that by using Si nanotubes as anodes, a
very high reversible capacity of 3247 mA h g with Coulombic efficiency of 89% had
been achieved. Besides, the nanostructuring strategy also increased the cycle life up to a
few hundred cycles with 80% capacity retention.™*® However, by constructing nanoscale
electrode materials is not enough in significantly enhancing the battery performance, as
the conductivity of nanostructured electrode materials is still very low. Besides, other
new problems, such as undesirable electrode/electrolyte reactions, may arise for
nanostructured electrode materials as a result of the high surface-to-volume ratio and the
large surface energy of nanostructured materials.[**®l Hence these high capacity
nanostructured electrode materials should be rationally designed in order to improve the

electrochemical performance for practical applications.

Active-inactive  nanocomposites composed of electrochemically active

nanomaterial and inactive material have also been demonstrated as an effective strategy
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for enhancing the energy density and power density of LIBs. The energy storage
performance is highly dependent on the choices of the active and inactive materials, the
amount of each component and their architectures. In addition, the way in which the
inactive component is interacted with the active component, e.g. homogenous integration
or inhomogeneous mixing, would strongly affect the interfacial interaction between them
and strongly influence the physical, mechanical, electrical, and thermal properties of the
composite materials when they are used as electrodes for LIBs. The most widely
investigated inactive materials are those more electrically conductive carbons and elastic

polymers.

1.3.2 Active-inactive nanocomposites as advanced electrodes for LIBs
1321 Methods for integrating active materials with carbons

Carbon-based nanocomposites by integrating carbons (including graphite, graphene,
mesoporous carbon, carbon nanotubes (CNTSs), carbon nanofibers (CNFs), [13:-138) with
those high capacity active electrode materials are the most widely studied active-inactive
nanocomposites. The typical textures of graphite, activated carbon, ordered mesoporous
carbons, and CNTs are shown in the SEM images in Figure 1.12. The carbons, in such
complex hierarchical structure, are usually acting as structuring agents for reducing the
adverse effects of these pure active materials. In addition, carbon materials possess good
electronic conductivity, which is favorable for realizing the fast electron transport
between active materials and the current collector and hence for achieving good rate
performance.[*3%-401 |n addition, due to the high chemical stability of carbon, they can

protect the electrolyte from decomposition by catalytic reactions with the electrodes.
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Moreover, carbons, if are homogenously dispersed around nanostructured active
materials, have the capability of accommodating the mechanical stresses/strains
experienced by the active materials, preserving the structural integrity of active materials
and composite electrode during the alloying/dealloying processes, ! preserving the
structural stability of SEI layer, and thereby enabling enhanced cyclability and rate
capacity in the resulting hybrid composites.[*4! Benefited by the manifold morphology of
carbons, and their unique mechanical and physical properties, the macroscopic
connectivity between carbons and the active materials can be designed to have desirable
transport routes within the storage medium. 1% One important issue to consider when
forming carbon-based nanocomposites is to find an appropriate compromise between a
high packing density of those high capacity active materials for delivering high lithium

storage capacity and sufficient space to buffer the volume variation. (42

Figure 1.12 SEM images of several carbon materials commonly used for electrochemical
energy storage. (a) graphite (b) activated carbon. (c) ordered mesoporous carbon. (d)
CNTs. 129 Copyright ©2010 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim
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Due to the flexibility of the structural units of carbons, a diversity of modifications
with carbon materials have been exploited, such as surface carbon coating,[t% 43-146]
graphene as substrate with active nanomaterials decorating, growing or anchoring on the
surface, 1501 graphene/carbon encapsulated active materials,[*t 110 151 mechanically
mixing graphene with active materials,[*>? graphene nanosheets wrapped active material
particles,[*>3 sandwich-like graphene/active material/graphene structures,*>¥ layered
structures with active materials alternating with graphene sheets,**! etc. The most
common and simple approach of forming carbon-based nanocomposites is to coat a
carbon layer on the active materials surface, which will provide sufficient mechanical
strength to buffer the volume changes of active materials during repetitive charging and
discharging. The carbon coating layer can be in various forms, and the uniformity of the
carbon coatings play an important role in improving the capacity and cycle lifetime of
battery with the carbon-based nanocomposites as electrodes. For instance, uniform and
continuous carbon layers have been coated on various nanocrystal surfaces (e.g.
Fes04,'%1 ZnFe,04,11%%1 ), forming core-shell structure, and the results give clear
evidence of the uniform carbon coatings in improving the electrochemical performance
of nanostructured transition metal oxides. The carbon shell plays multiply roles when
improving the electrochemical performance: (1) maintain the integrity of the active
nanocrystals, (2) increase the electronic conductivity of the electrodes, and (3) stabilize
the as-formed SEI films. 18]

Two-dimensional (2D) carbon network with active nanomaterials encapsulated
inside is another widely studied morphology for achieving high rate electrode materials.

For example, He et al. ™ constructed an advanced architecture in which carbon-
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encapsulated FesOs nanoparticles (~18.2 nm) were homogeneously embedded in 2D
porous graphitic carbon nanosheets (PGC) with a thickness of less than 30 nm (Figure
1.13). In this architecture, the thin carbon shells can effectively avoid the direct exposure
of FesO4 nanoparticles to the electrolyte and preserve the structural and interfacial
stabilization of Fe3Os. Meanwhile, the flexible and conductive 2D PGC nanosheets can
accommodate the mechanical stress induced by the volume change of the embedded
Fe3O4 nanoparticles, as well as inhibit the aggregation of FesO4 nanoparticles and thus
maintain the structural and electrical integrity of such morphology during the repeated

charge and discharge process.

Figure 1.13 (a-c) Low-magnification TEM images, and (d) high-magnificaiton TEM
images of 2D Fe30.@C@PGC nanosheets clearly reveal that the FesO4 nanoparticles (5-
25 nm) are perfectly encapsulated by thin and well-graphitized onion-like carbon shells
within the nanosheets. ™ Copyright © 2013 American Chemical Society
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Nanocomposites composed of flexible and electrically conductive graphene sheets
anchored with nanostructured active materials are also widely investigated. Such
architecture is capable of maximizing the utilization of electrochemically active materials
due to the synergetic effect of the hybrids. The ultrathin flexible graphene layers with
good electrical conductivity, high surface area, mechanical flexibility, and good
electrochemical performance play multiple roles: (1) to provide a mechanical support for
anchoring well-dispersed nanoparticles; 141 (2) to provide a continuous and conductive
matrix for transporting electrons and hence to achieve good rate capability; (3) to
immobilize the nanoparticles through a strong bonding and prevent the aggregation of
nanoparticles during charge/discharge process. Meanwhile, the anchoring of
nanoparticles on graphene can effectively reduce the degree of restacking of graphene
sheets and consequently keep their high active surface are, and to some extent, increase
the lithium storage capacity and cycling performance of graphene-based material. [** By
now, graphene anchored with CosOs nanoparticles, [**01 ZnFe,O4 nanoparticles, 148
graphene shell-coated Sn nanoparticles, 571 Sulfur nanoparticles, ®letc. have

demonstrated enhanced electrochemical performance.

1.3.2.2 Methods for integrating active materials with polymers

Various kinds of polymers have also been introduced as inactive components for
constructing active-inactive nanocomposites to improve the electrochemical performance
of the nanocomposites electrodes. The polymers introduced usually play different roles,
including serving as conductive matrix for improving the electrical conductivity, [5%-60]

acting as soft polymer matrix/coating for relaxing the internal stress of the active
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materials that suffer from severe volume change during charge-discharge cycles, 6% or

serving as the carbon source, etc.

Conductive polymers such as polypyrrole (PPy) and polyaniline (PANI) are the
most widely studied polymer additives for the formation of active-inactive
nanocomposites electrodes owing to their inherent high electrical conductivity (~100-
10000 S m™), intrinsic flexibility, and high stability in electrochemical environments. 1162
1661 They themselves have been demonstrated as promising cathode materials capable of
lithium storage, however, access of ions to the polymer structure and structural instability
still remain as big issues, inhibiting their practical applications.l**”l Therefore, many
efforts are focused on incorporating PPy and PANi with active nanomaterials for using
the advantages of both components and maximizing the performance of the resulting
batteries. For example, SnO»-PPy hybrid nanowires with SnO» nanoparticles incorporated
inside the PPy nanowire was synthesized in a one-step process by a simple
electrochemical method and was evaluated for their use as high performance anode
materials for LIBs. The hybrid SnO2-PPy hybrid nanowires showed superior cyclic
performance and a high capacity for over 200 cycles, mostly likely because the PPy
matrix effectively prevented the agglomeration of the SnO2 nanoparticles and acted as an
elastic buffer to mitigate the volumetric change in the nanoparticles that occurs during
cycling.*%8  Another work of fabricating core-shell structured hollow SnO,-PPy
nanocomposites was realized by a hydrothermal method followed by an in-situ chemical
polymerization route. The hollow SnO.-PPy nanocomposites electrode exhibited
significantly enhanced cycling performance and excellent Coulombic efficiency

compared to the hollow SnO:> spheres without PPy coating, attributing to the PPy coating
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which was able to prevent the possible pulverization of the hollow SnO. spheres,
alleviate the volume changes of SnO2 nanoparticles, and prevent the agglomeration of
generated Sn particles during the lithium insertion-extration process.['*®l Wang et al.
prepared a series of PPy-coated LiFePO4 nanocomposites as cathode, which delivered
better cyclability and increased reversible capacity compared with that of bare-LiFePO4

electrodes. [169]

Wu et al. reported a Si-PANi hydrogel composite by in-situ polymerization and
crosslinking of aniline in the presence of Si nanoparticles, resulting in the hierarchical 3D
porous conductive foam-like polymer framework with the conformally PANi-coated Si
nanoparticles embedded inside, in intimate contact with the conductive polymer hydrogel
matrix at both the microscopic and molecular level (see Figure 1.14). M2 Such a
hierarchical hydrogel framework combines multiple advantageous features, including fast
electronic and ionic transfer channels due to the continuous electrically conductive PANi
network, as well as sufficient empty space for the large volume expansion of Si
nanoparticles during lithium insertion. As a result, the composite anode demonstrated
superior electrochemical performance with over 90% capacity retention at a current

density of 6.0 A g for over 5000 cycles.
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Figure 1.14 (a) Schematic illustration of 3D porous Si-PANi hydrogel composite
electrodes. Each Si nanoparticle is uniformly coated with conductive PANi and is further
connected to the highly porous hydrogel framework. (b) Microstructure of the Si-PANi
composite electrode: 1) SEM image of pure Si nanoparticles. 2) SEM image of the PANi
hydrogel sample. 3, 4) SEM images of a Si-PANi composite electrode at lower and
higher magnification, respectively. 5) TEM image for uniformly PANi-coated Si
nanoparticles. 2 Copyright © 2013 Macmillan Publishers Limited

The conducting polymer can also be used as carbon source for converting the
polymer-based nanocomposites into carbon-based nanocomposites. Especially, the
carbonization of heteroatom-containing polymers (e.g. Polyacrylonitrile (PAN), 179
polydopamine, sulfonated poly(divinylbenzene)),™¥ poly(1,3,5-tris(thienyl)benzene)
(PTTB), [1721 PPy, have been widely applied in preparing heteroatom (such as nitrogen,
sulfur, and phosphorous) doped carbon materials with improved electrochemical

properties. The degree of disorder of the obtained carbon is dependent on the polymeric

carbon source, pyrolysis temperature, etc. For example, Zhang et al. prepared silicon-
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polyparaphenylene (Si-PPP) and silicon-polyvinylchloride (Si-PVC) nanocomposites
with Si nanoparticles coated by the polymers by using mechanical milling method. The
following in-situ pyrolysis of PPP and PVC under argon atmosphere produced disordered
carbon layers coated on Si nanoparticle surfaces, and the coatings formed by PVC-based
carbon appeared to be more uniform than those by PPP-based carbon, offering better
accommodation of the silicon volume change, and increasing capacity and cycle life. (173
Si-C nanocomposites with similar morphology was also prepared by in situ chemical
polymerization of 3,4-ethylenedioxythiophene (EDOT) with Si nanoparticles in a
poly(styrenesulfonate) (PSS) aqueous solution and subsequent carbonization of
SI/PEDOT:PSS, respectively. The heteroatom sulfur in PSS caused a 2.66 wt% sulfur
doping amount in the resulting disordered carbon matrix, which exhibited a favorable

effect on improving the electrochemical performance of the Si-C composite electrode. [74]

Polydopamine has been widely demonstrated as a green and cost-effective carbon
source, since polydopamine has a strong tendency to form coatings on various substrates
and nanostructures, allowing facile functionalization of electrochemically active
nanomaterials as electrode materials for Li-ion batteries. 17 Besides, the thickness of
polydopamine coatings can be conveniently controlled. Moreover, polydopamine-
induced carbons have high electrical conductivities comparable to those of multi-layered
graphene, which may be attributed to the altered molecular charge-transfe behavior
induced by the N-type doping by nitrogen and effective n-n stacking. TEM images
(Figure 1.15) for polydopamine-induced carbon coating on SnO2 nanoparticles indicated
that the polydopamine coating had a stacked-layer structure with a mean inter-layer

spacing of about 0.4 nm. The layered structure was well retained after the carbonization
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and the induced carbon coating had a slightly smaller mean interlayer spacing of 0.37 nm.
(31 Hence, polydopamine-induced carbons are usually regarded as multilayered graphene
doped with heteroatom. [17® Various unique morphologies have been obtained when
converting polydopamine to carbon for preparing the carbon-based composite electrodes.
For example, a yolk-shell structured Si-Carbon composites with silicon nanoparticle
(~100 nm) as the “yolk” and amorphous carbon (5-10 nm thick) as the “shell” was
prepared by carbonizing the polydopamine-coated Si-SiO> core-shell nanoparticles,
followed by removing the SiO. sacrifical layer from the obtained Si@SiO.@C
composites. High capacity (~2800 mAh g* at C/10), long cycle life (1000 cycles with 74%
capacity retention), and high Coulombic efficiency (99.84%) were realized in this yolk-
shell structured Si-C electrode, attributed to the following advantages of such yolk-shell
structure: a) the self-supportive carbon shell together with the well-controlled void space
provided enough flexibility for the volume expansion of Si nanoparticles without
breaking the carbon shell; b) the uniform and pinhole-free carbon shell prevented the
direct contact of Si with electrolyte, inhibiting the continuous growth of SEI films formed
on the carbon shell, and thus improved cycling stability; c) the highly electronically and
ionically conducting carbon shells allowed good kinetics and hence improved rate

capability. [177]

(b)

Figure 1.15 TEM images of (a) the polydopamine coating, and (b) the polydopamine-
induced carbon coating on SnO; nanoparticles, showing the layered structure. [
Copyright © The Royal Society of Chemistry 2012
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1.4  Polymer-templated approach for designing hybrid nanocomposites

As introduced in section 1.2, polymer-templated approach for in-situ synthesis of
inorganic nanocrystals in the presence of rationally-designed polymers as nanoreactors,
different with “grafting-to” and “grafting-from” approaches, is able to control the size,
shape, morphology and uniformity of the created inorganic nanocrystals in the resulting
hybrid nanocomposites. Inorganic reagents can be loaded into the domains formed by
polymers through interacting with the functional groups of the polymer. The nanoscale
domains formed by the polymers provide space for the nucleation and crystallization of
the inorganic nanocrystals, while the block copolymer architecture can facilitate both the
modification of the nanoparticle surface and the long-range positioning of the inorganic
nanocrystals. 78 However, due to the complicated interplay of loaded precursor
homogeneity within the polymer domains, nucleation and growth process of inorganic
nanocrystals within polymer domains, and the stabilization of particle surfaces by the
surrounding polymer matrix, the effect of polymers on the size, morphology and
uniformity of the resulting nanocomposites depends strongly on the selection of polymers,
the synthesis temperature of the inorganic nanocrystals, as well as the thermodynamic
quality of the system. [17° It was found that the molecular weight of the polymer used can
greatly influences the average size of the inorganic nanocrystals, as well as their size

distribution and stability against aggregation. [%-%°]

The polymer molecules in this polymer-templated approach serve as two main
roles: they serve as nanoreactors, proving confined medium for the nucleation and

crystallization of inorganic nanocrystals, and thereby controlling the size, shape and size
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distribution of the generated inorganic nanocrystals. Furthermore, they stabilize and

isolate the generated inorganic nanoparticles, thus preventing their aggregation. [

Up to date, many organic molecules, surfactants, polymers and dendrimers have
been used as polymer nanoreactors for the preparation of inorganic nanocrystals. [180-182]
For example, Bao et al. synthesized the Au nanoparticles by reduction of HAuCls with
sodium borohydride (NaBHs) in the presence of generation 1.5 poly(amidoamine)
dendrimers with hydroxyl as terminal groups (OH-PAMAM-1.5). Due to the electrostatic
attraction between charged OH-PAMAM-1.5 and oppositely charged Au ions, the added
Au ions was immediately coordinated to the nitrogens of the OH-PAMAM-1.5, forming a
salt between protonized tertiary nitrogen of OH-PAMAM-1.5 and Au anions. By
reducing the Au ions with NaBH4, Au nanoparticles were created in-situ, with uniform

size distribution, and were surrounded and stabilized by the OH-PAMAM-1.5. 1180

Poly (ethylene oxide) (PEO)-containing polymers have been widely used for
templating the in-situ synthesis of metal nanoparticles (e.g. Au, Ag, Pd) of a variety of
morphologies, including spheres, plates, prisms, etc. [181-184] |t has been demonstrated
that in PEO-containing polymers, the Au precursor AuCls ions were bound to
pseudocrown ether structures (cavities) that were formed from PEO coils, in which
several oxygen atoms of the PEO chains interacted with one metal ion. The strength of
the attraction between PEO and AuCly ions depends on the length of the PEO chains. [178,
182] Then the bound AuCls ions were reduced via the oxidation of PEO by the metal
center. The resulting Au species then migrates to other cavities where the equilibrium
3 Au (I) & 2Au + Au(1Il) occured. Finally, the Au atoms coalesced to form clusters,

which then grew to yield Au nanoparticles. The efficiency of particle formation process,
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the size and uniformity of the produced Au nanoparticles were dependent on the
composition of PEO containing polymer, molecular mass, and concentration. A single-
step synthesis of Au nanoparticles from hydrogen tetrachloroaureate(lll) hydrate
(HAUCI; 3H20) has been achieved in the presence of poly (ethylene oxide)—
poly(propylene oxide)—poly(ethylene oxide) (PEO-PPO—PEO) block copolymers but not
with any other reducing agent. 8! This synthesis proceeded fast to completion (in less
than 2 h), and is environmentally benign and economical since it involves only water and
non-toxic, commercially available polymers. It was proposed that Au nanoparticles
formation in the aqueous solutions of PEO-PPO-PEO comprises three main steps: (1)
initial reduction of metal ions by the PEO block in crown-ether-like domains formed by
the PEO-containing block copolymer in solution, (2) absorption of block copolymer on
the gold clusters initially formed because of the amphiphilic character of the block
copolymer, and localized reduction of metal ions on the surface of these gold clusters to
increase their size (3) growth of metal particles to a certain size and shape that are
dictated by the block copolymers that stabilize them. Therefore, an increase in the PEO
chain length (molecular mass) favors the reduction of the gold precursor HAuCls and the

formation of Au nanoparticles. [181-182]

Amine-containing polymers, such as poly (2-vinylpyridine), poly (ethylenimine),
have also been utilized as polymer nanoreactors for the in-situ synthesis of inorganic
nanocrystals, because the amino group has strong coordination ability with metals. [18
1851871 For example, Antonietti et al. reported that a double-hydrophilic

polyethyleneoxide-polyethyleneimine block copolymer (PEO-b-PEI), where the amino

group in the PEI block was able to coordinate with the metal compound (AuCls) would
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result in the formation of micellar core for loading the Au precursors, while the other
block PEO provides good solubility and stabilization of the produced Au
nanoparticles.[*®”) Nagasaki et al. prepared monodispersed gold nanoparticles by the
simple addition of a ligand installed R-biotinyl-PEG-block-poly[2-(N,N-dimethylamino)
ethyl methacrylate] (biotinyl-PEG/PAMA) in HAuCls aqueous solution at room
temperature without using any additional reducing reagent. The ligand-installed PEG
layer locating on the outer surface of the obtained gold nanoparticles substantially
contributed to sterically stabilize them even under very high salt concentration.
Furthermore, biotin as the ligand molecule installed at the end of tethered PEG chain
showed specific recognition of streptavidin under physiological salt concentration
indicating the high utility of these ligand-installed PEG/PAMA-gold nanoparticles as

colloidal biosensor systems. 18]

Carboxylic acid-containing polymers, such as Poly (acrylic acid) (PAA), have
been used as nanoreactors for in-situ growth of inorganic nanocrystals. Carboxylic (-
COOH) group present in PAA chain allows many types of bond formation, such as
hydrogen, ionic, covalent and coordination.[®8 These bonding have been used to make
hydrogels, clelating agents, esters and complex nanoparticles.[*®! Metal oxides have been
obtained through PAA-assisted in-situ synthesis approach through the strong
coordination bonds formed between oxygen atoms of —COO™ groups and metal moiety of
the inorganic precursors. The electrostatic attraction between positively charged metal
ions and —COO" groups resulted in the absorption of metal ions onto the domain formed
by PAA chains. Recently, rationally designed PAA-containing block copolymers were

designed as polymer nanoreactors to synthesize monodisperse colloidal nanocrystals
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possessing controlled size, shape and functionality. 1 199-1921 This method, developed by
our group, is one of the most advanced in-situ synthesis methods to fabricate inorganic
nanocrystals, permitting exquisite control over the particle size, size uniformity,
hydrophilicity, and morphology. Moreover, this method frequently dictates a well-
ordered spatial arrangement of the generated nanocrystals. The templates used were a
series of star-like diblock copolymers prepared by sequential ATRP and click reactions.
The templates include diblock copolymer poly (acrylic acid)-block-polystyrene (PAA-b-
PS), poly (acrylic acid)-block-poly (ethylene oxide) (PAA-b-PEQO) for preparing solid
spherical nanoparticles, and polystyrene-block-poly (acrylic acid)-block-polystyrene (PS-
b-PAA-b-PS) and polystyrene-block-poly(acrylic acid)-block-poly (ethylene oxide) (PS-

b-PAA-b-PEO) triblock copolymers for preparing spherical hollow nanoparticles.

The schematic representation of synthetic strategies for the rationally designed
diblock copolymers and triblock copolymers and the templated in-situ synthesis of
spherical solid and hollow nanoparticles are shown in Figure 1.16a, b, respectively.
These block copolymers, prepared by a series of ATRP and click reactions, form
thermodynamically stable unimolecular micelles, the size and shape of which can be
tuned by chemical synthesis. They acted as nanoreactors for the in-situ synthesis of
inorganic materials. The inner PAA block in the unimolecular micelles is hydrophilic and
imparts the preferential incorporation of precursors into the interior space occupied by 21
PAA blocks via a strong coordination bonding between the metal moiety of the
precursors and the functional groups of PAA (—COOH). It is important to note that there
was no such coordination with the outer hydrophobic PS blocks. Subsequent hydrolysis

and condensation of appropriate precursors in the mixed solvents of dimethylformamide
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(DMF) and benzyl alcohol formed the desired nanoparticles with the PAA blocks
encapsulated inside, while the surface of the nanoparticles was intimately and
permanently connected with hydrophobic PS blocks (Figure 1.16a). Similarly, hollow
nanoparticles capped with PS blocks were obtained by using triblock copolymer PS-b-

PAA-b-PS as nanoreactor (Figure 1.16b).
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Figure 1.16 Schematic representation of synthetic strategies for nanoparticles with
different architectures (plain, hollow) using amphiphilic star-like block co-polymers as
nanoreactors. (a) Formation of plain nanoparticles, and (b) hollow nanoparticles. 4
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The unimolecular polymer-templated strategy by using rationally designed PAA-
containing block copolymers as nanoreactors enables the synthesis of nearly
monodisperse nanoparticles with precisely controllable size and surface chemistry. The
permanent connection between the inorganic nanoparticles and the respective
hydrophobic or hydrophilic polymer chains renders them soluble in many organic
solvents, and provides the ability of homogeneous incorporation of the polymer-capped
inorganic nanoparticles in respective polymer matrix (i.e. forming 0-3 patterned polymer-
ceramic nanocomposites). In addition, the polymer-templated approach is quite versatile
and can be readily extended to nearly all the transition or main-group metal ions and
organometallic ions, thus, enabling the creation of a wide variety of metal oxides with

rationally designed composition and stoichiometric ratio.
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Chapter 2 Research Goals, Objectives, and Overview

2.1 Goals

The goal of this study is to (1) develop a versatile polymer-templated approach for
in-situ synthesis of inorganic nanocrystals in the presence of polymer templates, forming
functional hybrid organic-inorganic nanocomposites with well-controlled size, shape,
architecture, crystallinity, interface, and functionality; (2) craft ceramic-polymer
nanocomposites with excellent dielectric properties using the polymer-templated
approach for use as dielectric materials in ultrasmall size high energy density capacitors,
(3) design active-inactive nanocomposites with excellent electrochemical performance by
employing the polymer-templated approach for use as advanced anode materials in
lithium ion batteries (LIBs). The overarching goal is to design and synthesize a series of
rationally designed block copolymers, which can be used to template the in-situ synthesis
of a wide variety of inorganic nanocrystals with well-controlled size, shape, crystallinity
and functionality, forming functional hybrid nanocomposites for various applications.
The design of the polymer templates, including their morphology, the molecular weight,
the functional groups, and the roles the polymers played in templating the growth of
inorganic nanocrystals are highly dependent on the applications of the resulting hybrid

organic-inorganic nanocompsites.

Thus, in order to make the polymer-templated approach versatile and practical,
the mechanisms of how the functional groups and the morphology of the polymers work

in templating the growth of various inorganic nanocrystals will be proposed and
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systematically explored. Four kinds of polymer templates designed according to the
proposed mechanism will be utilized to craft inorganic nanocrystals for demonstrating the
generality of this polymer-templated approach. The polymer templates are also designed
based on the requirements imposed by the potential applications of the resulting hybrid
nanocomposites in LIBs, as dielectric materials in capacitors and as ferroelectric
materials in nanoscale ferroelectric memory devices. The general principle of how to
design the polymer template is discussed by understanding how the polymer template

works.

The polymer-templated approach for designing hybrid nanocomposites will bring
uniqueness to the resulting hybrid nanocomposites, such as extreme uniformity in
morphology, nanometer scale dimension, well-designed interface, excellent homogeneity
between different phases, one-step approach, cost-effective, etc. The precise control over
the dimension, morphology, and homogeneity of the resulting hybrid nanocomposites
will make it possible to study very basic science questions, such as the size and shape
effects on dielectric and ferroelectric materials. In order to demonstrate the advantages of
the polymer-templated approach, the resulting hybrid nanocomposites will be
characterized as dielectric materials in capacitors, as ferroelectric materials in

ferroelectric memory devices, and as advanced anode materials in LIBSs.
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2.2 Objectives

To realize the goal noted above, the following specific research objectives will be

pursued and summarized in Figure 2.1. The specific tasks are described as follows.
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Figure 2.1 lllustration of research goals and technical objectives.

Task one: Polymer-templated ferroelectric PVDF-BaTiOs nhanocomposites

(a). Designing and synthesizing star-like and bottlebrush-like diblock copolymers
poly(acrylic acid)-block-poly(vinylidene fluoride) (PAA-b-PVDF) as nanoreactors to

craft in-situ monodisperse inorganic nanocrystals with tunable sizes that are intimately
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and permanently connected to PVDF chains. The morphology of the star-like and
bottlebrush-like diblock PAA-b-PVDF copolymers, including the length of inner PAA
block and outer PVDF block, the length of the bottlebrush-like diblock copolymer, and
the polydispersity of the polymer nanoreactors will be well-controlled and rationally

designed to precisely control the size and shape of the inorganic nanocrystals.

(b). In-situ synthesis of spherical and rod-like PVDF-capped BaTiOs nanocrystals (i.e.
PVDF-BaTiOz nanocomposites) by utilizing the rationally designed star-like and

bottlebrush-like diblock copolymers (PAA-b-PVVDF) as nanoreactors, respectively.

(c). Scrutinizing the dielectric and ferroelectric properties of PVDF-BaTiOs
nanocomposites. The dependence of dielectric permittivity and dielectric strength on size,
and volume fraction of BaTiOs nanocrystals will be scrutinized and understood for the
purpose of rationally crafting BaTiOs-based nanocomposite materials with controlled
dielectric permittivity and maximized energy storage density for capacitors in various

portable electronic and communication devices.

Task two: Polymer-templated electrochemically active-inactive nanocomposites

(a). Designing and synthesizing bottlebrush-like PAA-containing polymer with rationally
designed size and morphology for use as polymer template which can interact with the
formed metal oxide (SnO.) nanoparticles and bind them to the backbone of the polymeric

template, forming a corn-like SnO2 nanocrystals.

(b). Designing and synthesizing a core-shell structured PAA-containing polymer with

rationally designed size and morphology for use as polymer template for loading the
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inorganic precursors within the PAA shell region and creating a network-structured

ZnFe>O4-carbon nanocomposites.

(c). Investigate and optimize the electrochemical performance of the polymer-templated

hybrid nanocomposites as anodes in LIBs.

2.3 Organization and composition of dissertation.

Chapter 1 is a general review of the polymer-templated approaches for designing
ceramic-polymer nanocomposites and electrochemically active-inactive nanocomposites.
These nanocomposites exhibit excellent properties due to the integration of two
components with complementary properties. In the beginning, the connection types of the
two-component ceramic-polymer nanocomposites are discussed and the corresponding
theoretical models for predicting their dielectric properties are introduced. Later, the
general strategies for preparing both the polymer-ceramic nanocomposites and active-
inactive/carbon nanocomposites are reviewed. The advantages and disadvantages of these
traditional strategies are listed and compared with the polymer-templated approach.
Finally, we introduced the polymer-templated approach for the in-situ synthesis of

inorganic nanocrystals in the presence of polymer template.

Chapter 2 describes the scientific goals and technical objectives of the work
discussed in this dissertation, which are polymer-templated in-situ synthesis of inorganic

nanocrystals in the presence of polymer templates for the construction of functional
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hybrid nanocomposites for applications as dielectric materials in capacitors, as

ferroelectric materials in ferroelectric devices, and as anodes in LIBs.

Chapter 3 introduces the experimental techniques that critically support the
studies presented in this dissertation. It includes material synthesis (polymer synthesis,
inorganic materials synthesis), material characterization, Sample/device preparation, and
device characterization. Materials synthesis techniques include esterification, fractional
precipitation, atom transfer radical polymerization (ATRP), emulsion polymerization,
click reaction, hydrolysis, wet-chemistry method, hydrothermal method. Sample/device
preparation includes the assembly of LIBs based on the active-inactive nanocomposites
as electrodes, and hot-pressing of the polymer-ceramic nanocomposites into disk-like
dielectric materials. Materials characterization techniques include transmission electron
microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy
(AFM), Raman spectroscopy, X-ray diffraction (XRD), gel permeation chromatography
(GPC), fourier transform infrared spectroscopy (FTIR). Device characterization includes
galvanostatic charging-discharging, cyclic voltammetry, electrochemical impedance

spectroscopy (EIS), and LCR meter.

Chapter 4 reports the polymer-templated in-situ synthesis of intimate
ferroelectric organic-inorganic nanocomposites (PVDF-BaTiOz) with well-controlled
dimensions and compositions by exploiting both the ability to synthesize amphiphilic
star-like PAA-b-PVDF diblock copolymers with well-defined molecular weight of each
block as nanoreactors, and the strong coordination interaction between the precursors and
hydrophilic PAA blocks of the star-like PAA-b-PVDF nanoreactor. Notably, the

unimolecular nanoreactor strategy renders the crafting of functional nanocomposites with
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a well-defined size and shape, precisely controllable PVDF/BaTiOs ratio, and superior
long-term stability. P\VDF-BaTiOz nanocomposites displayed high dielectric constant and
low dielectric loss. As such, they offer promising potential for applications in energy
storage, such as high energy density capacitors. In addition, these PVVDF-functionalized
BaTiOs nanoparticles exhibited the ferroelectric tetragonal structure, and the

ferroelectricity is further substantiated by the PFM study.

Chapter 5 reports the polymer-templated approach for designing active-inactive
nanocomposites (i.e. ZnFe,Os/carbon nanocomposites) composed of ZnFe;O4
nanoparticles with an average size of 165 nm encapsulated within the continuous carbon
network as anode materials for LIBs. Such intriguing nanocomposites were yielded in-
situ via the pyrolysis-induced carbonization of polystyrene@poly(acrylic acid)
(PS@PAA) core@shell nanospheres in conjunction with the formation of ZnFe>Os
nanoparticles through the thermal decomposition of ZnFe>O4 precursors incorporated
within the PS@PAA nanospheres. The ZnFe>O4/C nanocomposites containing 79.3 wt%

ZnFe>O4 exhibited excellent rate performance and cycling performance.

Chapter 6 reports the polymer-templated formation of corn-on-the-cob-like SnO>
nanocrystals composed of hundreds of SnO: nanoparticles decorated along the cob by
capitalizing on rationally designed hydrophilic bottlebrush-like hydroxypropyl cellulose-
graft-poly (acrylic acid) (HPC-g-PAA) as template. The corn-like SnO, was further
coated with a thin layer of polydopamine (PDA) for obtaining a good passivating solid-
electrolyte-interface (SEI), yielding the PDA-coated corn-like SnO2 while maintaining
the structural and morphological integrity of as-prepared corn-like SnO; (i.e., uncoated

sample). The PDA-coated corn-like SnO; electrode exhibited the excellent rate capability,

57



the superior long-term stability for over 300 cycles, and the high Sn—SnO: reversibility
with capacities approaching the theoretical capacity of 1494 mA h g at low current
density of 160 mA g7, attributing to the synergistic effect of corn-like nanostructure and

the protective PDA coating.

Chapter 7 presents the general discussion of the overall research. Three aspects
of broader impacts of the polymer-templated approach for constructing functional hybrid
nanocomposites are discussed: a) investigating the fundamental study of size and shape
effect on the dielectric and ferroelectric properties of BaTiOs-based nanocomposites
owing to the capability of the polymer-template approach in precisely controlling the size
and shape of the resulting BaTiOs nanocrystals, b) extending the polymer-templated
approach to craft many other organic-inorganic nanocomposites with well-defined
interface for various applications, and extending the polymer-templated approach to
design diverse rationally designed block copolymers for constructing nanocomposites

with complex architectures for different applications.
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Chapter 3 Experimental Methods

3.1  Synthesis of Polymer templates
3.1.1 Synthesis of macroinitiator (cellulose-Br, HPC-Br)

Cellulose-based macroinitiator (cellulose-Br) was prepared by the homogeneous
esterification procedure. Before esterification process, the cellulose powder (5 g) was
vacuum-dried at 80 <C for 24h, followed by the azeotropic distillation in 100ml of dry
toluene to further remove water. Then 50 g AMIMCL ionic liquid was added and the
mixture was heated to 80 <C under stirring to disperse cellulose powder, the mixture
turned to a viscous transparent solution when cellulose was completely dissolved.
Subsequently, a mixed solution of DMF (30 ml) and NMP (30 ml) was added to dilute
the solution and to absorb HBr generated in the following esterification reaction. The
temperature was then reduced to 40 <C for obtaining an appropriate esterification reaction
rate while achieving good solution mobility for homogeneous esterification reaction.
Then 28ml 2-Bromoisobutyryl bromide (the molar ratio of 2-bromoisobutyl bromide to
hydroxyl groups of cellulose=2:1) was added dropwise to the cellulose solution under
stirring, and the esterification reaction was allowed to continue at 40 <C for 24h. The
resulting dark brownish solution was poured into 200 ml water to precipitate the product.
The precipitated product was filtered and dried under vacuum at 60 <C, and then re-
dissolved in acetone and precipitated in water for purification. The dissolution-
precipitation purification process was repeated three times, and the final product was

vacuum dried at 60 <C for 24h. Hydroxypropyl cellulose-based macroinitiator (HPC-Br)
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was prepared by similar esterification procedure but was conducted in the mixed solution

of dimethylformamide (DMF) and N-Methyl-2-pyrrolidone (NMP) mixed solution.

3.1.2 Fractional precipitation of macroinitiator

The length of PVDF-capped BaTiOsz nanorods, and corn-like SnO> nanocrystals
templated by bottlebrush-like PAA-b-PVDF and HPC-g-PAA, respectively, are
determined by the molecular weight of the macroinitiators. Fractional precipitation was
used to separate crude cellulose-Br and HPC-Br into a series of monodisperse
macroinitiators with very low molecular weight distribution (polydispersity < 1.2) with
aceton as solvent and DI water precipitator. Specifically, 10 g of prepared macroinitiators
were dissolved into 400 ml acetone, and then water as precipitator was added to the
solvent dropwise until the transparent solution started to become opaque and precipitant
started to appear. The precipitant was collected by filtration, dried in vacuum and then
dissolved in THF for checking the molecular weight and polydispersity. This fractional
precipitation process was repeated for several times. Each time was slightly different

regarding the precipitator amount until the desired molecular weight was obtained.

3.1.3 Grafting PtBA block via Atom Transfer Radical Polymerization (ATRP)

In the typical process of preparing star-like PtBA-b-PVDF diblock copolymer, the
poly(tert-butyl acrylate) (PtBA) side chain was prepared by ATRP of tert-butyl acrylate
(tBA) monomer in methyl ethyl ketone (MEK), with 21Br-B-CD as the macroinitiator
and CuBr/PMDETA as the cocatalyst. Typically, an ampule charged with CuBr (0.0707

g9), PMDETA (0.1707 g), 21Br-p-CD (0.1 g), tBA (45 mL), and 45 mL of MEK was
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vacuumed by three freeze-thaw cycles in liquid nitrogen, then sealed, and placed in an oil
bath at 60 <C. The ampule was taken out from the oil bath and dipped in ice bath at
different desired times to terminate the polymerization. The solution was then diluted
with acetone, passed through a neutral alumina column to remove the catalyst, and
precipitated in the mixed solvents of methanol/water (v/v = 1/1). After filtration, the
product was purified by dissolution/precipitation twice with acetone and methanol/water
and dried at 40 <C in vacuum for 2 days. The bottlebrush-like block copolymers with
PtBA as side chains were prepared in the same method by replacing 21Br--CD with

cellulose-Br and HPC-Br as macroinitiators, respectively.

3.1.4 Grafting PVDF block via click reaction

In the typical process of preparing star-like PtBA-b-PVDF diblock copolymer, the
PVDF block was produced by click reaction between PtBA-Nz and linear PVDF—=.
Specifically, star-like PtBA—N3z and PVDF— = were dissolved in DMF (10 mL) in a dry
ampule. CuBr and PMDETA were added, and the reaction mixture (P\VDF —= : star-like
PtBA—Ns: copper bromide : PMDETA = 1.5:1: 10 : 10; molar ratio) was degassed by
three freeze-pump-thaw cycles in liquid nitrogen. The ampoule was first immersed in an
oil bath at 90 <C for 24 h, and then taken out of the oil bath and placed in liquid nitrogen
to terminate the polymerization. The mixture was diluted with DMF and passed through
the alumina column to remove the copper salt. The product was precipitated in cold
methanol and dried in vacuum oven at 40 <C for 4 h, yielding multi-arm, star-like PtBA-

b-PVDF diblock copolymer.
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3.1.5 Hydrolysis of PtBA block into PAA block

Amphiphilic star-like and bottlebrush-like PAA-b-PVDF diblock copolymers were
yielded by the hydrolysis of tert-butyl ester groups of PtBA block into PAA block. In the
typical process of preparing star-like PAA-b-PVDF, star-like PtBA-b-PVDF (0.5 g) was
dissolved in 50 mL THF, and 10 mL trifluoroacetic acid (TFA) was then added. The
reaction mixture was stirred at room temperature for 24 h. After the hydrolysis, the
resulting star-like PAA-b-PVDF diblock copolymer was gradually precipitated in THF.
The final product star-like PAA-b-PVDF diblock copolymer was purified, washed with

THF, and thoroughly dried under vacuum at 40 <C overnight.

3.1.6 PS@PAA core-shell structured template via emulsion Polymerization

PS@PAA core-shell nanospheres were prepared by emulsion polymerization of
the mixture of styrene and acrylic acid in aqueous solution. Typically, 2.176 g of acrylic
acid was dissolved in 150 ml DI water to form a homogeneous solution. 10.4 g of styrene
were then added to the above solution to form uniform oil-in-water droplets by stirring at
450 rpm for 30 min at room temperature, followed by the addition of 0.54 g K2S0s.
Subsequently, the mixture was degassed under argon purge for 1 h. The polymerization

was then performed by reacting at 80 <C for 24 h under vigorous magnetic stirring.

3.1.7  Synthesis of inorganic nanocrystals by the polymer-templated approach

The polymer-templated in-situ synthesis of inorganic nanocrystals was conducted
via a wet chemistry approach by capitalizing on rationally designed block copolymers as

templates. In a typical process of synthesizing PVDF-functionalized BaTiO3
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nanoparticles by using PAA-b-PVDF as templates, 10 mg star-like PAA-b-PVDF was
dissolved in the mixed solvents containing N,N-Dimethylformamide (DMF) and benzyl
alcohol (BA) at DMF : BA =5 : 5 by volume at room temperature, followed by the
addition of an appropriate amount of precursors (0.244 g BaCl> 2H,0 + 0.24 g NaOH +
0.11 ml TiCls) that were selectively incorporated into the space occupied by the inner
PAA blocks through the strong coordination bonding between the carboxyl groups of
PAA and the metal ions of precursors as there were no active functional groups in the
outer PVDF blocks to coordinate with the precursors. The solution was then refluxed at
180 °C under argon for 2 h, yielding ferroelectric BaTiO3 nanoparticles intimately and
permanently capped with ferroelectric PVDF. The solution was then purified by
ultracentrifugation with MEK as solvent and ethonal as precipitant for several times to
remove unreacted precursors and mixed solvents. The PVDF-functionalized BaTiOs
nanorods were prepared in the same method by replacing star-like PAA-b-PVDF with

bottlebrush-like PAA-b-PVDF.

In the typical process of crafting ZnFe,Os/carbon nanocomposites by using
PS@PAA as template, the precursor solution, prepared by dissolving Zn(NO3)2 6H.0
and Fe(NOs)3 9H0 in DI water and adjusting the pH value to 2, was added dropwise
into the PS@PAA template solution under strong magnetic stirring and then stirred at
80<C for 6 h to ensure the complete coordination between the carboxyl groups of PAA
and the metal moieties of precursors. The precursors-loaded PS@PAA powder was
obtained by centrifugation and then dried at 65 <C in vacuum oven. The precursors-

loaded PS@PAA powder was first grinded by mortar and pestle and then heated at
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1<C/min to 600 <T for 2 h in a tubular furnace (MTI) under argon atmospherQOe, yielding

the ZnFe>O4/carbon nanocomposites.

In the typical process of crafting corn-like SnO> nanocrystals by using HPC-g-
PAA as templates, 20 mg polymer template HPC-g-PAA was dispersed into 50 ml mixed
solution of ethanol and H20 (Vethano/VH20 = 1/2) by ultrasonication until HPC-g-PAA
was completely dissolved, forming a transparent colorless solution. After that, 0.75 g urea
and 0.2 g NaxSn0O3 3H,O were added into the solution and sonicated for 15 mins,
forming an opaque solution. The solution was then transferred to 60 ml polytetrafl
uoroethylene (Teflon)-lined stainless-steel autoclave and kept in an electric oven at 180
<C for 12h. The autoclave was then taken out from the oven and left to cool to room
temperature. The white precipitate was collected by centrifuge, washed thoroughly with
ethanol and H-O, and then re-dispersed in a Tris buffer aqueous solution (33 ml, 10 mM;

pH=8.5) by continuously stirring for the following treatment.

3.2  Characterization
3.2.1 Gel permeation chromatography (GPC)

The molecular weight of polymers was measured by gel permeation
chromatography (GPC), equipped with an Agilent1100 with a G1310A pump, a G1362A
refractive detector, and a G1314A variable wavelength detector. THF was used as eluent
at 35 °C at 1.0 mL/min. One 5um LP gel column (500 A, molecular range: 500-2 x<10*
g/mol) and two 5um LP gel mixed bed columns (molecular range: 200-3x10° g/mol)

were calibrated with PS standard samples.
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3.2.2 Proton NMR (*H NMR)

'H NMR spectra were obtained by a Varian VXR-300 spectroscope, in which
CDCiz DMSO-ds, DMF-d7; were used as solvents. The efficiency of esterification of

hydroxyl groups of cellulose can be calculated based on the *H-NMR spectrum by the

. A
equation: E; = 18:

, Where Et is the esterification efficiency of hydroxyl groups of

cellulose; Ay and Aaare the integral areas of the methyl protons of cellulose and protons

of cellulose, respectively.

3.2.3 Fourier transform infrared spectroscopy (FTIR)

FTIR studies were conducted over a wavenumber range of 400-4400 cm
(Shimadzu Japan) to confirm the successful loading of precursors within the PS@PAA
polymer shell, and to confirm the coating of polydopamine on corn-like SnO:

nanocrystals.

3.2.4 Transmission electron microscopy (TEM)

The morphology of PVDF-capped BaTiOsz nanocrystals, polydopamine-coated
and uncoated corn-like SnO2 nanocrystals, and ZnFe,Oas/carbon nanocomposites were
examined by TEM (JEOL 100; operated at 100kv) and HRTEM (FEI Tecnai F30;

operated at 300kV).
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3.2.5 Scanning electron microscopy (SEM)

The structure and morphology for the electrodes before and after cycling were
characterized using a field-emission scanning electron microscope (FESEM; FEI Quanta

250 operating at 10 kV in high vacuum).

3.2.6 X-ray diffraction (XRD)

The crystal structures of inorganic nanocrystals were characterized by XRD on an
Alpha-1 (Cu-Ka, A=0.154nm). The crystal size of the nanocrystals was calculated based
on the Scherrer’s equation(d = kAB " 1cos6~1; where k = 0.89, 1 is the X-ray wavelength,
6 is the Bragg angle, and S is the real half-peak width in radians after corrections for the

instrument broadening).

3.2.7 Raman Spectroscopy

The nature of the carbon network encapsulating the ZnFe>O4 nanoparticles was
confirmed by Raman spectroscopy using a Renishaw InVia Raman Spectrometer

equipped with a 785 nm laser.
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3.2.8 Piezoresponse force microscopy (PFM)

Vdc
Sample
Conductive
V.. layer

l

Sample holder

Figure 3.1 Schematic illustration of the bias condition in piezoforce microscropy
measurement (PFM; vertical mode)

Ferroelectricity of a single PVDF-functionalized BaTiOs nanoparticle was
measured by atomic force microscopy (Bruker Dimension Icon) in piezoelectric force
microscopy (PFM) mode. As shown in Figure 3.1, the DC bias was applied through the
AFM tip, and the AC bias was applied to the bottom electrode. The Pt/Ti-coated
conductive AFM probes have a nominal force constant of 0.4 N/m. The applied AC bias
had 2 V peak-to-peak amplitude and a frequency of 15 KHz. The nanocomposites films
were prepared by spin-coating the solution on the ITO glass. Well-dispersed single
PVDF-functionalized BaTiO3z nanoparticle was obtained by simply drop-casting the
solution onto the carbon-coated copper TEM grid as the TEM grid is conductive and can

thus serve as the substrate for the PFM measurement.
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3.29 LCR meter

The frequency dependent capacitance and loss tangent using a parallel equivalent
circuit were measured using an Agilent E4980A LCR meter in the frequency range 100
Hz-2 MHz at 1Vms (root mean square voltage) in open/short-circuit-correction mode to

eliminate the residual capacitance from the cables connected between the meter and the

. e : c
probe station. Permittivity values were calculated using the formula &, = e from
0

the measured capacitance (Cp) and thickness of each capacitor (t) for which the area (A)

was known.

3.2.10 Electrochemical characterization

Electrochemical performance of electrodes was examined by galvanostatic testing
of CR 2032-type coin cells assembled in argon filled glove box (MBraun). The coin cells
used the ZnFe>Os/carbon nanocomposites as cathode, lithium foil as anode, and
polypropylene (Celgard 2500, Celgard Inc., USA) as separator. The cathode was
composed of 80 wt% of ZnFe>O4/C nanocomposites as active material, 10 wt% of
acetylene black as conductive agent, and 10 wt% of polyvinylidene fluoride (PVDF) as
binder. The electrolyte purchased was a 1M LiPFg solution in the mixed solvents of
ethylene carbonate (EC), diethyl carbonate (DEC) and ethyl methyl carbonate (EMC)
(volume ratio = 1:1:1, 1M LiPFs/EC+DEC+EMC). The assembled cells were
galvanostatically cycled between 0.005 V and 3 V (Arbin battery testing system, BT2043)
at room temperature. The cyclic voltammograms (CVs) were recorded using an 1IM6ex

electrochemical workstation at a scan rate of 0.1 mV s? over the voltage window of
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0.005 V-3.0 V. The electrochemical impedance spectroscopy (EIS) measurements were
also performed on the IM6ex electrochemical workstation over a frequency range of 1072-
10° Hz. A perturbation of 0.005 V was applied. After the cycling performance test, the
fully charged coin cells were dissembled in glove box for further examination. The
ZnFe>O4l/carbon nanocomposites electrodes were rinsed using dimethyl carbonate (DMC)
to remove the organic solvents and dissolved salts, and dried in the glove box prior to

gxamination.

Similarly, the coin cells used the PDA-coated and uncoated corn-like SnO>
electrodes as cathode, lithium foil as anode, and polypropylene (Celgard 2500, Celgard
Inc., USA) as separator. The cathode was composed of 70 wt% of active material, 15 wt%
of acetylene black as conductive agent, and 15 wt% of sodium alginate as binder. The

other parameters are the same with ZnFe204/C nanocomposites-based electrodes.
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Chapter 4 Polymer-templated Isotropic BaTiOs-PVDF

Nanocomposites

Related publication: B. Jiang, X. Pang, B. Li, and Z. Lin, "Organic-inorganic
nanocomposites via placing monodisperse ferroelectric nanocrystals in direct and
permanent connect with ferroelectric polymers”, Journal of the American Chemical
Society. 137, 11760 (2015)

4.1 Introduction

Polymer-ceramic nanocomposites composed of high permittivity ceramic
nanoparticles and high dielectric strength polymer matrices possess the enhanced
dielectric properties inherited from the ceramic nanoparticles and the facile solution
processibility, high breakdown strength, flexibility, and light weight for device scalability
originated from the polymer matrix.[%® 8 They have found wide applications as high
permittivity and low dielectric loss materials in the fields of embedded capacitors,*%
gate insulators in organic transistors,!*%-1%1 and power-storage devices.l’> 71 Among
various polymer-ceramic nanocomposites, ferroelectric poly (vinylidene fluoride)-barium
titanate (PVDF-BaTiO3z) nanocomposites exhibit many interesting properties, such as

nonzero switchable remnant polarization, and excellent dielectric properties.[4 1%

PVDF is a semicrystalline polymer with pyro-, piezo- and ferro-electric
properties.[*! The relatively high breakdown strength and large dielectric constant (~10

at 1 kHz) of PVDF make it a potential polymeric material as polymer matric for dielectric
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nanocomposites.% 1281 |t s interesting to note that PVDF can crystallize in five
crystalline phases (a, B, vy, 0, €), in which B, y and & phases are the polar phases and
possess a net dipole moment, and « and € phases are non-polar phases.[**”! The a phase is
the most common and stable form, while B phase is the most important and widely
studied phase due to its excellent piezoelectric and pyroelectric properties.'% The
ferroelectricity of PVDF originates from a permanent dipole moment in monomeric unit,
configuration, conformation, morphology and packing of polymeric chains or crystallites

in a manner that individual dipole moment is not compensated.

BaTiOs is one of the most extensively studied ceramic nanofillers for dielectric
nanocomposites due to its excellent dielectric and ferroelectric properties. BaTiOs
material is currently utilized in a wide variety of fields including multilayer
capacitors,[*®-201  transducers,[202-2061  actuators,[?%6-2%81 electro-optical devices,20%-21
electromechanical devices,!?'221 dynamic random-access memory,[?16-219 field-effect
transistors,?20-2231 and thermistors, 2242271 among others. BaTiOs primarily exists in four
crystallographic forms including cubic, tetragonal, orthorhombic, and rhombohedral
crystal structures (Figure 4.1). 51 At high temperatures (T >120 <C), it possesses the
classic perovskite cubic phase with a face centered cubic (FCC)-derivative structure in
which the larger cation Ba?* and O% together form FCC lattice, and the smaller cation
Ti** occupies the octahedral interstitial sites in the FCC array. Due to the structural
symmetry, the cubic phase is paraelectric. As temperature is lowered, BaTiO3
successively phase-transitions into the three different ferroelectric phases with each
involving small distortions from the cubic symmetry. It undergoes a paraelectric-to-

ferroelectric transition to the tetragonal phase as T drops below the curie temperature (Tc)
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of 120 <C (Figure 4.1). The tetragonal structure (space group P4mm) can be regarded as
the movement of Ti** ion off-center along a Ti-O bond, causing the positive and negative
ions to be separated, thereby resulting in a polarization of around 26 uC/cm? along the
<001> direction. Each unit cell of the crystals holds a reversible dipole moment, which is
spontaneously aligned parallel to the direction of the dipole moments of neighboring unit
cells, creating a net dipole moment. With further cooling, the orthorhombic phase occurs
at T between 5C and -90<C. Lastly, onset of the rhombohedral phase occurs at T <-90<C.
Each of these distortions can be regarded as elongations of the cubic unit cell in some
directions, such as along an edge ([001]; tetragonal), along a face diagonal ([011];
orthorhombic), or along a body diagonal ([111]; rhombohedral), respectively (Figure 1).
[31 Distortions along these directions result in a net displacement of the cation center with

respect to anion center, resulting in spontaneous polarization in the ferroelectric phases.

!

|

|

l

!
P

Tetragonal
”’
Orthorhombic Rhombohedral

Figure 4.1 Schematic representations of the different phases of BaTiOs. The tetragonal,
orthorhombic and rhombohedral phases are ferroelectric. '3 Copyright 1993, American
Chemical Society.
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A reduction of system size into the nanoscale regime typically enhances the effect
of microstructure, composition, stress, defect concentration and surface composition on
the type and the intensity of ferroelectric diploes. Nanoscale BaTiOz behaves differently
from both their bulk counterparts and the atomic species from which they are derived.
For example, the dielectric property of BaTiO3 has been found to depend heavily on their
crystal size (i.e., size effect),l*6 228-2301 with the permittivity first increases as the BaTiOs
particle size is reduced, reaches through a maximum value, and ultimately decrease with
further reducing the particle size. The ferroelectric property, on the other hand, would
disappear when the BaTiOs particle size is reduced to below some critical value. In this
context, understanding and ultimately manipulating the dielectric properties through
structure or phase design at the nanoscale is of prime importance for the practical
application of this interesting material in various types of new generation micro-devices
and nano-devices that rely on dielectric materials. Various strategies are proposed for
controlling and obtaining desirable dielectric properties. Among them, changing the size
and modifying the surface of BaTiOs nanocrystals stand out as the most effective and

widely studied strategies.

4.1.1 Size effect

Size effects of the dielectric properties of polycrystalline BaTiOz were first
reported over 50 years ago by Kniepkamp and Heywang.[??¥2%21 The size effect is
generally defined as follows: as the grain size or particle size is reduced, the dielectric
constant at room temperature is found to first increase to a maximum value at a certain

grain or particle size and then decrease (Figure 4.2 a-b). In addition to the size-
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dependent permittivity, another change accompanying the grain/particle size decrease is a
progressive reduction in the Curie temperature (Tc, the temperature above which BaTiO3
transforms from the tetragonal to the cubic phase). As a result, the room-temperature
tetragonal distortion (i.e., c/a, where ¢ and a are the unit cell lattice constant of BaTiO3)
gradually disappears and thus the ferroelectricity of BaTiOs particles decreases with
decreasing particle size at room temperature. It has been noted that below a certain
critical size, ferroelectricity of BaTiOs particles disappears due to the transformation
from tetragonal to cubic phase.[??l To date, a number of factors have been found to
influence the specific critical size within this range in addition to the size effect,
including the microstructure, composition, stress, defect concentration and interfacial
effects among others. [16 228230, 2331 However, it is difficult to separate the intrinsic size
effect from these other factors. Furthermore, many of these factors are likely interrelated
with each other, making the isolation of individual effects very challenging. As a result,
various models have been developed to explain the size effect, [2#23] though no
agreement of accepted models exists. The only widely accepted point is that the size
effect not only originates from the intrinsic structure, i.e., related to the changes in atomic
polarization at small scales, but is also determined by the extrinsic nature of the material

which is strongly related to processing history and the crystallinity of NCs.[??°]
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Figure 4.2 (a) Grain size dependence of the permittivity of BaTiOz ceramics and
polycrystalline thin films. Reproduced with permission.[*! Copyright 2000, Annual
Reviews. (b) Particle size dependence of the permittivity of BaTiO3z nanoparticles
(experimental measurements and calculation results are compared). [ Copyright 2009,
IEEE Ultrasonics, Ferroelectrics, and Frequency Control Society.

Theoretically, the size-dependent ferroelectricity and the disappearance of
ferroelectricity at lower dimensions can be well explained by the depolarization effect.
Depolarization fields in ferroelectric materials arise from incomplete compensations for
the ferroelectric polarization charges.!?*8 For a ferroelectric material with polarization P,
a total surface charge density (o) of 0 = p-nis induced (where p is the polarization
vector and n is the unit normal to the surface) due to the polarization discontinuities in the
vicinity of the surface.[?3" Such surface charges produce a depolarization field inside the
ferroelectric material oriented in the opposite direction with respect to the spontaneous
polarization P. 2% However, the surface charges are unstable if they are not compensated.
In the case when the ferroelectric material is sandwiched between two metallic electrodes,
the surface charges are completely compensated, so there is no depolarization field. On
the other hand, if the surface charges are not fully compensated, a depolarization field

Ecep develops and can be described by the following equation®®: E4., =
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281:/1

——(st ey ) where eg denotes the dielectric constant of the ferrroelectric material,

€0 IS the dielectric constant of the screening electrode, I is the screening length that
characterizes the space-charge extent in the electrode, and | is the thickness of the
ferroelectric film. It is clear from the equation that, in the limit when 1—o0 or Is—0, the
depolarization field vanishes. However, for extremely small dimension when 1—0 and at
relatively large screening lengths, a significant depolarization field will build up,

resulting in the disappearance of ferroelectricity at small dimensions.

4.1.2 Surface effects

The size-dependent dielectric, ferroelectric and structural properties are
mainly attributed to the large surface/volume ratio and the increased surface energy of
nanoscale BaTiOs crystals compared to those in micrometer scale. Depending on the
preparation methods, the surface of as-prepared BaTiOs NCs can be covered with
different molecular adsorbates, such as hydroxyl groups (OH) from sol-gel and
hydrothermal techniques, or carbonaceous species from various precursor routes. 23
Recently, it has been shown that atomic and molecular adsorbates such as OH and
carbonates are more effective than metals in stabilizing the ferroelectricity of BaTiOs
nanoscale domains. 2% In this regard, the controlled surface modification of BaTiOs NC
is clearly an effective method for tailoring the surface chemistry as well as improving
their dielectric and ferroelectric properties. To date, surface modification has been widely
achieved through chemical bonding with surface ligands’® #®land coatings.[?**  For

example, n-hexylphosphonic acid (HPA)-functionalized BaTiO3 NCs have been found to
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possess improved dielectric properties as compared to un-modified NCs. 2% This is
reflected by the decreased sensitivity to temperature and frequency of both the dielectric
constant and dielectric loss. In addition, surface coating has also emerged as an effective
method in increasing the tetragonality and thus preserving the ferroelectric property at
extremely small particle/domain sizes by affecting the chemical features near the grain
boundaries. A representative example is that BaTiOz nanoparticles (D=40 nm) coated
with a manganese (Mn) layer adopt a pure tetragonal ferroelectric phase, while the
uncoated BaTiOs nanopowders adopt the cubic paraelectric phase, ?*! and that can be
attributed to the induced strain in the samples due to Mn coating, which led to increased
tetragonality and the preservation of ferroelectricity below the critical size of unmodified

particles.[*" 2421

4.2  Experiments, results, and discussion
4.2.1 Synthesizing star-like PAA-b-PVDF diblock copolymer

In this study, we will synthesize a 21-arm star-like PAA-b-PVDF diblock
copolymer by a series of living polymerization and click reactions. These nonlinear PAA-
b-PVDF diblock copolymers will be used as nanoreactors to template the growth of

BaTiO3 nanoparticles intimately capped with PVDF.

Amphiphilic unimolecular star-like PAA-b-PVDF diblock copolymer was first
synthesized by a combination of atom transfer radical polymerization (ATRP) and click
reaction, followed by hydrolysis, as illustrated in Figure 4.3. Briefly, B-cyclodextrin (B-

CD), a cyclic oligosaccharide possessing 21 hydroxyl groups was esterified by reacting
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the surface hydroxyl groups with 2-bromoisobutryryl bromide, yielding star-like
macroinitiator (denoted 21-Br-p-CD; upper second panel in Figure 4.3).[14 190-191]
Subsequently, it was employed to conduct ATRP of tert-butyl acrylate (tBA) monomers
(upper third panel in Figure 4.3) in methyl ethyl ketone (MEK), using 21Br-B-CD as the
macroinitiator and CuBr/PMDETA as the cocatalyst (upper third panel in Figure 4.3).
The resulting star-like poly (tert-butyl acrylate) (PtBA) was then transformed into star-
like azide-functionalized PtBA (i.e., PtBA-Ns; upper fourth panel in Figure 4.3) by

reacting with sodium azide (NaNs).

PAA PrB:

A
BaCl,-21L,0+ \\I / X\R//J
TiCl+NaOH __ T Jydrolysis ~_ Na
Refluxing /_/ H \—\_ f'/# E \

PVDF «——{)

PVDF-BaTiO; nanoparticle 21-arm star-like
nanocomposites PAA-b-PVDF

Figure 4.3 Synthetic Route to amphiphilic 21-Arm, star-like PAA-b-PVDF diblock
copolymer and subsequent conversion into PVDF-Functionalized BaTiOs Nanoparticles
(i.e., PVDF-BaTiOs Nanocomposites).*ICopyright © 2015 American Chemical Society
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At the same time, alkyne-terminated PVDF (i.e., PVDF-propargyl; PVDF —=)
was obtained by the nucleophilic substitution of the hydroxyl group on hydroxyl-capped
PVDF into the alkyne group (central right panel in Figure 4.3). Finally, the click reaction

between star-like PtBA-N3 and PVDF—= formed star-like PtBA-b-PVDF (lower right

panel in Figure 4.3). The tert-butyl substituents in star-like PtBA-b-PVDF block
copolymers can be readily hydrolyzed, thereby yielding amphiphilic star-like PAA-b-
PVDF consisting of inner hydrophilic PAA blocks and outer hydrophobic PVDF blocks
with well-controlled molecular weight of each block and narrow molecular weight
distribution (lower central panel in Figure 4.3). The proton NMR (*H NMR) spectrum of
a representative star-like PAA-b-PVDF is shown in Figure 4.4. The signal associated

with the triazole ring appeared at 6 = 7.8 ppm, suggesting the success in coupling PtBA-

N3z with PVDF—=.
DMF
(a) (b)
PAA
DNMF . .

) triazole ring
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Figure 4.4 *H NMR spectrum of star-like PAA-b-PVDF diblock copolymer. The signal
associated with the triazole ring appeared at 6 = 7.8 ppm in (b) (i.e., a close-up of red
dashed circle in (a)), indicating the success in coupling PtBA-N3 with PVDF —=. [8
Copyright © 2015 American Chemical Society
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4.2.2 In-situ synthesis of BaTiOs3-PVDF nanocomposites by star-like PAA-b-

PVDF template

PVDF-functionalized BaTiO3z nanoparticles were then crafted by capitalizing on
PAA-b-PVDF diblock copolymers as nanoreactors (i.e., templates). The hydrophilic
inner PAA blocks in star-like PAA-b-PVDF rendered a strong coordination interaction
between the carboxylic groups (-COOH) of PAA and the metal moieties of BaTiO3 (Ba?*
and Ti*"), while the outer hydrophobic PVDF blocks did not possess such coordinating
functional groups 14! (lower left panel in Figure 4.3). Thus, it is not surprising that the
precursors were selectively incorporated into the space occupied by inner PAA blocks
and converted into BaTiOz nanoparticles in-situ, intimately and stably capped with PVDF
chains. Remarkably, the diameter of these PVDF-functionalized BaTiO3z nanoparticles
can be precisely tuned by varying the molecular weight of inner PAA blocks during the
ATRP of tBA. Accordingly, the volume ratio of BaTiOs to PVDF can be readily altered.
In this study, we synthesized star-like PAA-b-PVDF block copolymers with two different
molecular weights of PAA. Table 4.1 summaries the molecular weight of each block in
star-like PAA-b-PVDF and the corresponding diameter of PVDF-functionalized BaTiO3

nanoparticles derived from them.
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Table 4.1. Molecular weights of amphiphilic multi-arm, star-like PAA-b-PVDF diblock
copolymers and the corresponding size of PVDF-functionalized BaTiOz nanoparticles

Sample MW of MW of Diameter of PVDF-capped BaTiO3
PAA block | PVDF block nanoparticles
Sample-1 8,400 8,600 10.2 £ 0.6 nm
Sample-2 16,800 8,600 16.1 £ 0.8 nm

Figure 4.5 compares the size of two PVDF-capped BaTiO3z nanoparticles (i.e.,
PVDF-BaTiOs nanocomposites) measured by transmission electron microscope (TEM).
The diameters of BaTiOz nanoparticles are approximately 10.2+0.6 nm (Figure 4.5a) and
16.1+0.8 nm (Figure 4.5b), respectively. Representative high-resolution transmission
electron microscopy (HRTEM) images are shown in the insets demonstrating that they
had continuous crystalline lattices. A good uniformity of nanoparticles is clearly evident.
This is in stark contrast to the limited report on in-situ synthesis of BaTiOz nanoparticles
in the presence of PVDF-based polymer possessing functional groups (e.g., hydroxyl) for
direct coupling with the precursors® but often yielding poorly controlled size, as noted
above. Notably, the ability to precisely tune the size of BaTiOz nanoparticles by varying
the molecular weights of inner PAA block (i.e., 10.2+0.6 nm and 16.1+0.8 nm in this
work) is of practical interest for investigating the size effect on ferroelectric properties for

the future research.
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Figure 4.5 TEM images of PVDF-BaTiO3z nanocomposites synthesized by capitalizing
on star-like PAA-b-PVDF diblock copolymers with different molecular weights of PAA
blocks as nanoreactors. (a) Diameter, D = 10.2 0.6 nm; and (b) D = 16.1 £0.8 nm.
Insets: the crystalline lattices of each nanoparticle are clearly evident in HRTEM
images.[*® Copyright © 2015 American Chemical Society

It is worth noting that the choice of mixed solvents of DMF and BA afforded the
tailorablitiy of the solubility of each block in DMF and BA for a better encapsulation of
inorganic precursors, representing a key to monodisperse PVDF-functionalized BaTiO3
nanoparticles. The star-like PAA-b-PVDF can be readily dissolved in pure DMF, forming
unimolecular micellar structure (i.e., fully expanded chain conformation) as DMF is a
good solvent for both PAA and PVDF blocks. The addition of BA triggers the outer
PVDF blocks to contract owing to unfavorable interaction between BA and PVDF as BA
is a good solvent for PAA yet a non-solvent for PVDF, while the inner PAA blocks
maintain a coil-like conformation. Interestingly, BaTiOsz nanoparticles had relatively
irregular shapes when the volume ratio of DMF to BA was Vpwr : Vea=9 : 1 (Figure

4.6a) as well as Vpwr : Vea= 3 : 7 (Figure 4.6c). However, at Vpmr : Vea= 5 : 5,

BaTiO3 nanoparticles with the best uniformity were produced (Figure 4.6b). This can be
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rationalized as follows. At the high volume ratio of DMF to BA (9 : 1), the outer PVDF
blocks contract slightly. Thus, the star-like PAA-b-PVDF diblock copolymer adopts a
spherical macromolecular structure with loosely collapsed PVDF chains outside. On the
other hand, at the low DMF to BA volume ratio (3 : 7), the outer PVDF chains contract
significantly, producing densely collapsed PVDF chains outside. The incorporation of
precursors in both cases is limited, thereby yielding relatively non-uniform BaTiOs
nanoparticles. In contrast, the Vomr: Vea= 5 : 5 imparts the formation of well-defined
spherical macromolecules composed of outer more compact PVDF chains and inner coil-
like PAA chains, which promotes the optimal loading of precursors and thus yields

uniform BaTiOz nanoparticles.

(¢) DMEF/BA=3:7

Figure 4.6 TEM images of PVDF-BaTiOz nanocomposites formed in the mixed solvents
of DMF and benzyl alcohol (BA). (a) VDMF: VBA=9: 1 (by volume), (b) VDMF: VBA
=5:5, (c) VDMF: VBA= 3 : 7.1%8 Copyright © 2015 American Chemical Society

The energy dispersive spectroscopy (EDS) measurement detected the elements of
F, Ba, and Ti, which may suggest the successful formation of BaTiO3-PVDF

nanocomposites(Figure 4.7).
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Figure 4.7 EDS spectrum of PVDF-BaTiOs nanoparticle nanocomposites. The
emergence of high Ba and Ti contents suggests the presence of BaTiOs. Moreover, the
existence of F element indicates the presence of PVDF chains in nanocomposites.™®
Copyright © 2015 American Chemical Society

Raman spectroscopy is well-suited for detecting the ferroelectric (tetragonal)
phase of BaTiOsas some bands that are active in the tetragonal BaTiO3z become inactive
in the cubic BaTiOs.?*1 Figure 4.8 shows the Raman spectra of PVDF-BaTiOs
nanocomposites containing different size of BaTiO3z nanoparticles. Notably, the presence

of the sharp band at around 305 cm™ and the broad band at around 720 cm™ was

indicative of the ferroelectric (tetragonal) phase of BaTiO3.[24%]
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Figure 4.8 Raman spectra from PVDF-BaTiOs nanocomposites of two different sizes
(i.., 10.2 nm and 16.1 nm). The sharp band at 305 cm™ and the broad band at 720 cm™
signified the tetragonal phase of BaTiOs. '8 Copyright © 2015 American Chemical
Society

Figure 4.9a,b depicts the X-ray diffraction (XRD) pattern for PVDF-BaTiO3
nanocomposites with the size of 10.2 nm and 16.1nm, respectively. Similar XRD patters
were obtained for the two different sizes. The inset shows the splitting of the (200) peak
at 20 = 45° into two peaks, corresponding to the (002) and (200) planes.l*4 The
emergence of these two diffraction peaks in this region can be attributed to the distortion
of unit cell, suggesting that BaTiO3 nanoparticle possessed the tetragonal structure (i.e.,

ferroelectric behavior), which correlated well with the Raman results discussed above.?*]

Due to the high crystallinity and strong diffraction peaks of BaTiOsz part in the

85



nanocomposites, the peaks at 19-20 degree assignable to PVDF part are much weaker and

less evident.
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Figure 4.9 Powder X-ray diffraction (XRD) patterns of BaTiOs-PVDF nanocomposites
at 20 of 10-100 degrees for (a) 10.2 nm and (b) 16.1nm. Insets are the zoom in XRD
pattern for the peak at 45 degree for (200) plane. 8 Copyright © 2015 American
Chemical Society

We note that among the five crystalline phases of PVDF, B phase contains the
largest spontaneous polarization which can be attributed to the closer packing of polymer
chains in a unit cell.’®71 Fourier transform infrared spectroscopy (FTIR) has been widely

utilized to detect the existence of P phase PVDF.*7 2] Figure 4.10 shows the FTIR
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spectra of star-like PAA-b-PVDF diblock copolymers. Clearly, the peaks corresponding
to both o phase (i.e., the absorption bands at 530 cm™ (CF, bending), 615 cm™ and 765
cm™ (CF2 bending and skeletal bending), and 795 cm™ (CF2 rocking)*®) and B phase
(i.e., the absorption bands at 510 cm™ (CF. bending) and 840 cm™ (CH. rocking)®")
were seen, suggesting the coexistence of both a phase and B phase in the resulting star-

like PAA-b-PVDF diblock copolymers.
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Figure 4.10 FTIR spectra of star-like PAA-b-PVDF diblock copolymers. The vibrational

bands at 510 cm™ and 840 cm™ are the characteristic peaks of the B phase PVDF. [18]
Copyright © 2015 American Chemical Society

4.2.3 Dielectric and ferroelectric properties of BaTiO3-PVDF nanocomposites

The dielectric properties of PVDF-BaTiOs nanocomposites were obtained by

measuring the capacitance and dissipation factor of parallel-plate capacitors prepared by
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hot-pressing the nanocomposites powder under high temperature (T = 150 <C, below the
melting temperature of PVDF, T = 177 <C) and high pressure (16.71N/cm?) (Figure
4.11). Thin layers of Au were evaporated on both surfaces of hot-pressed film as
electrodes. The volume fractions of BaTiOs nanoparticles in nanocompsites can be
calculated based on the density of BaTiOs and PVDF from the thermogravimetric

analysis (TGA) measurements (Figure 4.12), which are 74% for 10.2+0.6 nm and 84.7%

for 16.1+0.8 nm nanoparticles, respectively.

t=1.5mm

\

| D=2.54cm ]

Figure 4.11 Digital images of PVDF-BaTiOz nanocomposites powder after purification
(left), and PVDF-BaTiOs nanoparticle nanocomposites plate after hot-pressing
nanocomposites powder (right).[*8l Copyright © 2015 American Chemical Society
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Figure 4.12 Thermogravimetric analysis (TGA) of PVDF-BaTiO3 nanocomposites. The
weight fraction of the BaTiOs nanoparticle was 69.5% for D = 10.2 0.6 nm, and 74.4%
for D =16.1 +0.8 nm, respectively. *¥] Copyright © 2015 American Chemical Society

Figure 4.13 compares the dielectric properties of two different nanocomposites
(i.e., D=10.2+0.6 nm and D =16.1+0.8 nm) and pure PVDF over a frequency range from
100Hz to 2MHz. Obviously, the dielectric constant of PVDF-BaTiOz nanocomposites
decreased with the increase of frequency (Figure 4.13a). This can be ascribed to the
dipole relaxation of nanocomposites as the dipole movement of nanocomposites fell
behind the applied electric field.[®! In addition, the loss tangent of nanocomposites, tand
=¢”’/e’ (where € and ¢’ are the real and imaginary parts of permittivity, respectively),
also known as the dissipation factor, first decreased and then gradually increased at high
frequency. More importantly, compared to pure PVDF, PVDF-BaTiO3z nanocomposites
exhibited a lower tand, and this reduction was much more significant in the high

frequency region (Figure 4.13b). This can be ascribed to the large interfacial areas in the
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PVDF-BaTiOs nanocomposites which promote the interfacial exchange coupling through
a dipolar interface layer, thereby leading to the enhanced polarization, dielectric response
and breakdown strength.8% 2471 In addition, the tethered multi-arm PVDF chains can
contribute even higher breakdown strength than its bulk counterpart by avoiding
avalanche effects.l®® 2471 The rapid increase in tand of pure PVDF in the high frequency
range was resulted from the a relaxation, which was associated with the glass transition of
PVDF. [248-24% |t js clear that in comparison to pure PVDF at 2x10° Hz, the tand was
0.020 for PVDF-BaTiO3z nanocomposites (D = 10.2+0.6 nm), and 0.028 for PVDF-
BaTiOs nanocomposites (D = 16.1+0.8 nm), respectively, implying that the loss of

PVDF-functionalized BaTiOz nanoparticles was relatively low (Figure 4.13b).

The nanocomposites plates prepared for dielectric properties measurements
described above are microscopically homogeneous, as clearly evidenced by SEM
imaging on the freeze-fractured cross sections of nanocomposite plates (Figure 4.14).
There was limited amount of porosity and the nanocomposites possessed good
homogeneity, signifying that intimate PVDF-BaTiOz nanocompsites afforded favorable

structure for achieving uniform morphology.
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Figure 4.13 Dielectric constants and loss tangents of PVDF and PVDF-BaTiO3
nanocomposites with different diameters of BaTiO3 nanoparticles (i.e., D = 10.2 + 0.6 nm
and D = 16.1 + 0.8 nm). [*8 Copyright © 2015 American Chemical Society
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Figure 4.14 SEM images of PVDF-BaTiOs nanocomposites and pure PVDF (i.e., freeze-
fractured cross sections of nanocomposites plates prepared for dielectric properties
measurements). (a) PVDF-BaTiOs, D = 10.2 0.6 nm; (b) PVDF-BaTiOs, D =16.1 +0.8
nm; and (c) pure PVDF. The right panels are the close-ups of dash-boxed regions in the
left panels. '8 Copyright © 2015 American Chemical Society
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The effective dielectric constant of BaTiOz nanoparticle solely can be extracted
from the dielectric properties measurements of PVDF-BaTiOs nanocomposites. As the
PVDF chains intimately cover the BaTiOs; nanoparticles,?>% the Landauer-Bruggeman
effective approximation is more appropriate than other models and is employed for
calculating the effective dielectric constant of BaTiOs nanoparticles calculation. The

model is given by: 251

(1)

where v is the volume ratio of BaTiOz nanoparticle, which can be calculated based on the
TGA measurement, and &, ssto and epvor (epvor = 10) are the dielectric constants of
PVDF-BaTiOsz nanocomposites, BaTiOz nanoparticle and PVDF, respectively. Figure
4.15 shows the calculated dielectric constants of BaTiOs nanoparticles with two different

sizes, suggesting that larger-sized nanoparticle had higher dielectric constant.

We observed that the calculated effective dielectric constant is much larger than
the reported calculated ones for the same sizes shown in Figure 4.2. We deduce that the
much larger dielectric constant may come from the contribution of the domain-wall, as
many previous reports have confirmed that most of the dielectric and piezoelectric
responses at room temperature are from the domain-wall contribution. 252254 As the
PVDF-BaTiOsz nanoparticles were synthesized using star-like diblock copolymer PAA-b-
PVDF templates, the resulting BaTiOz nanoparticles still contain PAA in them, which,
may lead to the formation of domain walls, and hence cause the larger effective dielectric

constant of BaTiOs nanoparticles.
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Figure 4.15 Calculated dielectric constants of BaTiO3 nanoparticles in PVDF-BaTiO3
nanocomposites based on the Landauer-Bruggeman effective approximation model. 8]
Copyright © 2015 American Chemical Society

The physical properties of nanocomposites are fundamentally related to the
chemical compositions, size, crystal structure, and surface chemistry of organic and
inorganic constituents. Piezoresponse force microscopy (PFM) measurements were
performed on the spots occupied by the individual PVDF-functionalized BaTiO3
nanoparticle (D = 10.2 + 0.6 nm) as well as the spots on the same substrate but with no
presence of PVDF- BaTiOz nanocomposites to probe the ferroelectric property of the
synthesized PVDF-BaTiOs nanocomposites. The piezoresponse hysteresis loops were
collected by imposing a DC bias from -10V to 10V, while the piezoresponse amplitude
(A) and phase (®) of the induced piezoresponse were simultaneously monitored (Figure
4.16). The piezoresponse amplitude (A; in nm) was calculated by dividing the measured

amplitude (A; in mV) with the cantilever sensitivity (0.00853V/nm for the tip). For the
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spot occupied by the individual PVDF-BaTiO3 nanoparticle, the piezoresponse displayed
a square-shaped hysteresis loop of the phase loop with 180 <phase change (Figure 4.16a)
and a classic butterfly-shaped amplitude loop (Figure 4.16b). On the contrary, the empty
spot on the same substrate but with no presence of PVDF- BaTiOs nanocomposites
showed a clear “V” shaped response for the amplitude signal and a 180 phase change
without any hysteresis for both the amplitude and phase signals. The comparison of the
PFM signals for the two spots with or without PVDF-BaTiOs nanoparticle, together with
the fact that both components in the PVDF-BaTiO3z nanocomposites are of ferroelectric
phase as confirmed by Raman and XRD results, suggest that the synthesized PVDF-
BaTiO3z nanocomposites may have well-defined spontaneous polarization that can be
switched by external electric field. (i.e., the ferroelectric property). We note that the
lateral size of single BaTiOs nanoparticle measured by PFM is much larger than 10.2+0.6
nm obtained by TEM, and this may be due to the PFM tip artifact (the radius of curvature
of PFM tip used is 20 nm), while the height (approximately 12.5 nm, including the PVDF
chains situated on the surface of 10.2+0.6-nm nanoparticle) is in good agreement with the

TEM measurement.
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Figure 4.16 Piezoresponse of a single PVDF-functionalized BaTiO3z nanoparticle (D =
10.2 £ 0.6 nm) on the TEM grid. (a) phase, and (b) amplitude of the first harmonic signal
as a function of Vdc to the tip while a 2V peak-to-peak ac voltage is applied to the
bottom electrode. (c) AFM height image of a single PVDF-functionalized BaTiO3
nanoparticle and its corresponding profile. 1 Copyright © 2015 American Chemical
Society
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4.3 Conclusions

In summary, we have developed, for the first time, a viable and robust in-situ
synthesis of intimate ferroelectric organic—inorganic nanocomposites with well-
controlled dimensions and compositions by exploiting both the ability to synthesizing
amphiphilic star-like PAA-b-PVDF diblock copolymers with well-defined molecular
weight of each block as nanoreactors, and the strong coordination interaction between the
precursors and hydrophilic PAA blocks. The PAA-b-PVDF nanoreactors were prepared
by a combination of ATRP and click reaction, followed by hydrolysis. PVDF-BaTiOs
nanocomposites are composed of uniform BaTiOs nanoparticles with tunable size stably
connected with PVDF. By judiciously tune the molecular weight of inner PAA blocks,
BaTiOs nanoparticles with different sizes intimately and permanently linked with PVDF

chains can be created.

Notably, the unimolecular nanoreactor strategy we have described renders the
crafting of functional nanocomposites with a well-defined size and shape, precisely
controllable PVDF/BaTiOs ratio, and superior long-term stability. PVDF-BaTiOs
nanocomposites displayed high dielectric constant and low dielectric loss. As such, they
offer promising potential for applications in energy storage, such as high-energy density
capacitors. In addition, these PVDF-functionalized BaTiO3z nanoparticles exhibited the
ferroelectric tetragonal structure, and the capped semicrystalline PVDF contains the
ferroelectric B phase in it. By extension, this amphiphilic star-like diblock copolymer
nanoreactor strategy has the capacity to yield a myriad of intimate organic-inorganic
nanocomposites with functional organic and inorganic constituents, for example all

semiconducting conjugated polymer-quantum dot nanocomposites by utilizing
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amphiphilic star-like PAA-b-conjugated polymer diblock copolymer as nanoreactors, for

future generations of complex nanoscale materials and devices.
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Chapter 5 Polymer-templated ZnFe>O4-carbon nanocomposites as

advanced electrodes for LIBs

Related publication: B. Jiang, C. Han, B. Li, Y. He, and Z. Lin, "In-situ Crafting
of ZnFe>O4 Nanoparticles Impregnated within Continuous Carbon Network as Advanced
Anode Materials”, ACS Nano. 10, 2728 (2016)

5.1 Introduction

To date, a wide variety of anode materials with much higher lithium storage
capacity are under extensively investigation for replacing the graphite anode material. For
example, silicon, which electrochemically form alloys with Li, has emerged as one of the
most promising high-energy electrode materials, as it offers an appropriate low voltage as
an anode and a high theoretical specific capacity of ~4200 mAh g, ten times higher than
that of traditional graphite anode.[®® Transition metal oxides (MxOy, where M is Fe, Co,
Ni, Cu, Sn, Mn, etc.) are also widely studied as promising alternatives to graphite owing

to their attractive higher theoretical capacities (> 600 mAh g), low cost, environmental

friendliness and wide availability containing earth-abundant elements.[*? 97 161 [ jthjum
storage within transition metal oxides is mainly achieved through the reversible
conversion reaction between lithium ions and metal oxides, which form metal
nanocrystals dispersed in the Li-O matrix, i.e., MxOy+ 2yLi <> xM + yLi,0.[** 14 For
example, Fe3O4 has attracted lots of interest due to their advantages of natural abundance,

environmentally friendly, and biocompatible. It offers a theoretical capacity of 926 mA h
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g! by reacting with eight lithium ions completely per formula unit. % 2% However, the
reduced iron is not electrochemically active, by replacing one iron atom with zinc, the
resulting ternary oxide (i.e., ZnFe>O4) contributes an extra lithium uptake by forming
LiZn alloy, leading to an enhanced theoretical capacity of 1000.5 mAh g*.[*43 SnO; is
converted into Sn nanoparticles dispersed in Li.O matrix by reacting with 4 moles of Li
ions, and the resulting Sn nanoparticles continuously form alloys with Li ions, leading to
a theoretical capacity of around 1494 mA h g* by uptaking 8.4 moles of lithium ions.
Other transition metal oxides also deliever much higher capacity than graphite, such as
MnO2 (1233 mA h g1), SnO; (790 mA h g1), Fe203 (1005 mA h g1) [191 CoO (715 mA
h g1), Cos04 (MA h g'1), to name but a few!'% making them attractive anode materials

for high energy density application.

Despite the intriguing features described above, these high-capacity metal oxides
have not yet been implemented for practical applications. This is due to their capacity
decay over cycling which originates primarily from the electrode pulverization and the
subsequent loss of electrical contacts between the active materials and the current
collectors caused by the volume change induced stress during the repeated insertion and
extraction of lithium ions.[2%191 Another challenging issue is the poor electrical
conductivity of transition metal oxides, which limits the attainable Li storage capacity at
high charge/discharge rate.l'" 1121131 Fe304 has a higher conductivity of 10> S cm than
other metal oxide active materials (e.g. TiOz2 (10°S cm™) and SnO2 (103 S cm?)) 114115
still cannot satisfy the requirement of high power density for future large-scale

applications in electric or hybrid vehicles.

100



Two main strategies have been widely recognized as effective methods in
alleviating these issues. The first strategy is to reduce the active electrode materials to
nanometer scale, which provide multiply advantageous functions as introduced in
Chapter 1, such as (i) a better accommodation of mechanical stress; (ii) the shortened
transport length for electrons and lithium ions and thus rendering fast
discharging/charging; and (iii) a higher electrode/electrolyte contact area favorable for
improving the lithium reaction rate. Another main strategy for improving the
electrochemical performance of LIBs is to construct hierarchically structured
nanocomposites by integrating nanostructured active materials with those more
electrically conductive carbon materials (e.g., porous carbon, carbon nanotubes,

nanofibers, graphene/graphite, etc.).

Clearly, the synergy of the two strategies noted above, that is, nanostructure
engineering of active materials and its hybridization with conductive carbonaceous
material, would impart a better electrochemical performance. However, it remains
challenging to achieve this synergy. In this study, the integration of carbons with active
materials will be realized by the polymer-templated approach. Active materials, including
Fe30a, ZnFe 04, and SnO», will be illustrated as examples to demonstrate the versatility
of the polymer-templated approach. In this chapter, the focus is on the ZnFe,O4-carbon
nanocomposites composed of ZnFe204 nanoparticles with an average diameter of 1645
nm impregnated within the continuous carbon network via the pyrolysis of ZnFe;O4
precursors-containing  polystyrene@poly(acrylic  acid) (PS@PAA) core@shell
nanospheres. The PS@PAA nanospheres were synthesized in one-step by emulsion

polymerization, followed by thermal annealing of ZnFe.Os4 precursor-containing
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PS@PAA nanospheres, leading to the formation of ZnFe>O4 nanoparticles embedded in

the continuous carbon network due to the carbonization of PS@PAA nanospheres.

5.2 Experiments, results and discussion

5.2.1 Synthesis of core-shell structured PS@PAA nanospheres and construction of

ZnFe204-carbon nanocomposites

The PS@PAA nanospheres were synthesized in one-step by emulsion
polymerization of the mixture of styrene and acrylic acid in aqueous solution as shown in
Figure 5.1. In the beginning of forming PS@PAA core@shell nanospheres, hydrophobic
monomers of styrene and hydrophilic monomers of acrylic acid were first dispersed in
water, forming uniform oil-in-water droplets. The polymerization of oil-in-water droplets
of styrene and the creation of free radical of acrylic acid was initiated by the initiator
K2S20g. The resulting PS formed the core of the core@shell nanospheres (upper left
panel in Figure 5.1). Interestingly, on the other hand, a small portion of hydrophilic
acrylic acid monomers and their resulting oligomers acted as surfactant to stabilize the
oil-in-water droplets noted above (upper left panel in Figure 5.1).[2°¢1 In the meantime, a
great portion of hydrophilic acrylic acid monomers were dissolved in water and further
polymerized to yield oligomers. As the polymerization continues, the molecular weight
of the formed acrylic acid oligomers increased, leading to the decrease in hydrophilicity
of acrylic acid oligomers and the formation of PAA. The coagulation of PAA on the PS
core produced the PAA shell, and thus PS@PAA core@shell nanospheres (upper right

panel in Figure 5.1).[2%1
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Figure 5.1 Schematic illustration of the formation of PS@PAA nanospheres and the
resulting ZnFe.Os/carbon  nanocomposites comprising ZnFe.Os4 nanoparticles
impregnated within the carbon network.[*®! Copyright © 2016 American Chemical
Society

Fourier transform infrared spectroscopy (FTIR) spectra of PS@PAA nanospheres
before and after the introduction of ZnFe2O4 precursors were also measured to further
confirm the loading of precursors. As shown in Figure 5.2, the characteristic absorption
at 3023, 2921, 1600, 1493, 1452, 1025, 757 and 697 cm™ corresponding to benzene
rings!?®” in the PS core and the characteristic peak at 1709 cm™ attributed to the
carboxylic acid group of PAA are clearly evident in as-prepared PS@PAA

nanospheres.[?81 - After the loading of ZnFe.O4 precursors, a strong peak at 1385 cm™
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corresponding to the NOgz ions!®® emerged, signifying that the precursors (i.e.,
Zn(NOz3)2 6H20 and Fe(NOz3)3 9H20) were successfully incorporated within the space
occupied by the PAA shell of PS@PAA core/shell nanospheres. Notably, the peaks

corresponding to PS core and PAA shell became weaker after the loading of precursors.
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Figure 5.2 FTIR spectra of PS@PAA nanospheres before and after loading the ZnFe>O4
precursors. The inset shows the digital images of the PS@PAA nanospheres before and
after loading the ZnFe»O4 precursors.[*®l Copyright © 2016 American Chemical Society

The TEM image for the PS@PAA nanospheres clearly showed their core@shell
structure with an average diameter of approximately 260 nm (Figure 5.3a). After the
polymerization was complete by reacting at 80 <C for 24 h, the precursors solution (i.e.,

Zn(NOs3), 6H20 and Fe(NOz)3 9H,0 dissolved in water) with controlled amount and pH
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value was added dropwise to the PS@PAA nanospheres solution at 80 <C under vigorous
stirring. As the carboxyl group of PAA has a strong coordination interaction with Fe3*
and Zn?* ions,[*4 18 2601 the PS@PAA nanospheres functioned as templates by
incorporating ZnFe>O4 precursors, yielding the ZnFe,O4 precursors-loaded PS@PAA
nanospheres (Figure 5.3b). In comparison with pure PS@PAA nanospheres, the edges of
PAA shell was blurred by the precursors, suggesting the success in loading ZnFe>O4

precursors.

Figure 5.3 Sample characterizations. TEM images of (a) PS@PAA core@shell
nanospheres, (b) ZnFe,O4 precursors-loaded PS@PAA nanospheres.’®! Copyright ©
2016 American Chemical Society

The ZnFe>Os precursors-containing PS@PAA nanospheres provided a good
source for the formation of ZnFe.O4 nanoparticles (from precursors) and the creation of
carbon network (from PS@PAA nanospheres). The thermogravimetric analysis (TGA) of
the ZnFe>O4 precursors-loaded PS@PAA nanospheres in nitrogen atmosphere showed a
significant weight loss at around 400 <C due to the degradation of PS and PAA, the

weight loss was then slowed over a temperature range of 400-600 <C (Figure 5.4). After
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600 <C, the weight remained nearly constant, implying that the thermal decomposition
process was complete. Thus, 600 <T was chosen as the temperature for the calcination
treatment as higher temperature may result in the reduction of ZnFe>O4 by the formed

carbon.[261]
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Figure 5.4 TGA plot of the ZnFe>O4 precursors-loaded PS@PAA nanospheres under

nitrogen flow with a temperature ramp of 10 °C/min.[*1 Copyright © 2016 American
Chemical Society

The calcination of the precursors-loaded PS@PAA nanospheres under argon
atmosphere at a ramping rate of 1 °C/min for 2 h led to the thermal decomposition of
both the PS@PAA nanospheres and the loaded precursors, converting the precursors into
ZnFe;0O4 nanoparticles in conjunction with the collapse and shrinkage of PS@PAA
nanospheres and their final transformation into carbon. It is noteworthy that the loading

of precursors within the PAA core of PS@PAA nanospheres restricted the aggregation
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and coarsening of ZnFe;O4 nanoparticles during the high-temperature treatment, thereby
rendering the formation of ZnFe>O4 nanoparticles with an average diameter of 16+5 nm
dispersed in the continuous carbon network (i.e., ZnFe>O4/carbon nanocomposites) TEM
images of the ZnFe,Ou4/carbon nanocomposites shown in Figure 5.5a,b clearly shows the
presence of continuous carbon network encapsulating ZnFe>O4 nanoparticles. The
selected area electron diffraction (SAED) pattern (inset in Figure 5.5b) exhibited a series
of concentric rings, signifying the polycrystalline characteristics of the resulting ZnFe;O4

nanoparticles.

Figure 5.5 (a). TEM images of the ZnFe>04(79.28wt%)/carbon nanocomposites formed
after calcination in argon at 600 °C with ZnFe>O4 nanoparticles embedded within the
continuous carbon network (the average diameter of ZnFe,O4 nanoparticles is 165 nm);
(b) The corresponding HRTEM image of (a), where the ZnFe>Os4 nanoparticles are
marked in red circles. The inset in (b) is the SAED pattern of ZnFe>Os/carbon
nanocomposites.!'”! Copyright © 2016 American Chemical Society

The chemical composition of ZnFe>Oas/carbon nanocomposites was analyzed by
energy-dispersive X-ray spectroscopy (EDX). As shown in Figure 5.6a, the elements of

both Zn and Fe were observed, indicating the existence of ZnFe.O4. The formation of
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ZnFe>O4 phase was further corroborated by the X-ray diffraction (XRD) measurement
(Figure 5.6b). The XRD peaks at 30 35.5< 38.0< 43.5< 53.2< 56.7 and 62.3°can be
assigned to the [220], [311], [222], [400], [422], [511] and [440] planes of ZnFe;O4 in
cubic spinel structure with Fd-3m space group (JCPDS Card No. 022-1012), which
matched very well with the previously reported results.[**® 2621 The absence of peaks
assignable to the crystalline phase of carbon suggested the carbon network was likely in

amorphous state.
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Figure 5.6 (a) EDX spectrum of the ZnFe.O4 (79.3wt%)/carbon nanocomposites. The
inset is the corresponding TEM image for the region examined. (b) XRD pattern of
ZnFe;04(79.3wt%)/carbon  nanocomposites. (c) Raman spectra of ZnFexOs
(79.3wt%)/carbon nanocomposites. The excitation wavelength is 785 nm.[*° Copyright ©
2016 American Chemical Society
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Raman spectroscopy measurement on ZnFe>Oa/carbon nanocomposites was
performed with an excitation wavelength of 785 nm. The peaks at around 1340 cm™ and
1590 cm™ correspond to D band (disordered graphitic structure) and G band (graphitic
structure) of carbon, respectively (Figure 5.6c). The large intensity ratio of Ip/lg for the
ZnFe,04/carbon nanocomposites verified the amorphous nature of carbon, 2 correlating

well with the XRD result.

It is well-known that the amount of carbon is a crucial parameter in determining
the electrochemical performance of the nanocomposites electrode.!?64-2%51 To optimize the
electrochemical performance, we scrutinized ZnFe;Os/carbon nanocomposites at
different ZnFe>O4 to carbon ratios by varying the molar ratio of ZnFe>O4 precursors to
PS@PAA nanospheres. Based on the TGA results shown in Figure 5.7, the ZnFe;O4
contents in these ZnFe>O4/carbon nanocomposites were determined to be 61.4 wt%, 67.4
wit%, 74.5 wt%, 79.3 wt% and 83.5 wt%, respectively. We note that the TEM, XRD, and
Raman results described above are all from the ZnFe>Os/carbon nanocomposites
containing 79.3 wt% ZnFe>O4 (hereafter referred to as ZnFe>O0a4(79.3wt%)/carbon); and
the other four nanocomposites samples showed similar results from these

characterizations.
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Figure 5.7. TGA plots of the ZnFe>Os/carbon nanocomposites under the air flow with a

temperature ramp of 10°C/min. The ZnFe;Os contents in these ZnFe.Oa/crabon

nanocomposites are 61.4 wit%, 67.4 wt%, 74.5 wt%, 79.3 wt%, and 83.5 wt%,
respectively.[**l Copyright © 2016 American Chemical Society

5.2.2 Electrochemical performance of ZnFe20s-carbon nanocomposites electrodes

To scrutinize the lithiation and delithiation behavior of ZnFe,Oa/carbon
nanocomposites electrode, the cyclic voltammetry (CV) measurement on the
ZnFe204(79.3wt%)/carbon electrode was performed at a scan rate of 0.1 mVs™? over a
potential range from 0.005 V to 3 V. Figure 5.8a shows the CVs for the first seven cycles.
In the first cathodic scan, a broad peak at around 0.8 V was observed, which can be

attributed to the reduction of Fe®* and Zn?* to their metallic states, the formation of Li-Zn
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alloys, and an irreversible reaction related to the decomposition of electrolyte.[?®®] The
cathodic peak shifts to around 0.95 V in the subsequent scans, differentiating the later
reduction mechanism from the one in the first scan. For the anodic scans, a broad peak
centered at around 1.75 V was seen due to the oxidation of metallic Fe and Zn to Fe** and
Zn?*, respectively.[?”l Moreover, the cathodic and anodic peaks did not shift in the
subsequent cycles, confirming a highly reversible reaction with lithium once the initial

structural changes were completed.

Figure 5.8b presents the galvanostatic discharge/charge profiles of
ZnFe>04(79.3wt%)/carbon nanocomposites electrode over a voltage range from 0.005 V
to 3 V at specific current of 100 mA g? for the first ten cycles. The initial discharge
profile showed a voltage plateau at around 0.8 V. It was then shifted to approximately
0.95 V for the subsequent cycles, consistent with the CV results discussed above. The
charge profiles displayed a voltage plateau at about 1.75 V for the first ten cycles,
indicating high reversibility. The initial discharge and charge capacities for ZnFe;O4
(79.3wt%)/carbon nanocomposites anode are 1626 mA h g and 1206 mA h g*,
respectively, with the initial coulombic efficiency of 74.2% (all specific capacities are
calculated based on the net weight of ZnFe2O4 nanoparticles). The initial irreversible
capacity loss was owing probably to the initial lithiation of ZnFe>Os which irreversibly
consumed extra lithium and the formation of solid electrolyte interface (SEI) layer at the
electrode/electrolyte interface caused by the reduction of electrolyte.[**®l For the
subsequent cycles, the discharge and charge capacities were stabilized at around 1200
mAh g with coulombic efficiencies approaching 100%, signifying a high reversibility of

lithium uptake and release.
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Figure 5.8 (a) Cyclic voltammetry profiles of ZnFe>Os/carbon nanocomposites for the
first seven cycles between 0.005 V and 3 V at a scan rate of 0.1 mV s?; (b)
Charge/discharge profiles of the ZnFe,O4/C nanocomposites electrode for the first ten
cycles between 0.005 V and 3 V at specific current of 100 mA g*. ¥l Copyright © 2016
American Chemical Society
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The rate performance of ZnFe;Os/carbon nanocomposites electrode was
investigated by increasing the applied specific current every 10 cycles from 0.1C (1C =
1000 mA g?), 0.2C, 0.5C, 1C, 2C to 5C and then back to 0.1C. The rate performances of
the five ZnFe,Os/carbon nanocomposites electrodes with different ZnFe>O4 contents
were compared (Figure 5.9a). The best rate performance was achieved in ZnFe,O4
(79.3wt%)/carbon nanocomposites. Clearly, the specific capacity for ZnFe;O4
(79.3wt%)/carbon nanocomposites electrode decreased with the increase in specific
current. Interestingly, the attractive capacities of 1238 mA h g%, 1198 mA h g%, 1136 mA
h g?, 1052 mA h g, 926 mA h g, and 521 mA h g* were achieved at specific currents
of 100 mA g* (0.1C), 200 mA g*(0.2C), 500 mA g* (0.5C), 1000 mA g* (1C), 2000 mA
g! (2C) and 5000 mA g* (5C), respectively. When the specific current returned to 0.1C,
the capacities not only rebounded back to high value but also showed a continuous
increase and reached a higher value of approximately 1500 mA h g due to the gradual
activation process. 1%l Such outstanding rate performance can be ascribed to the
synergistic effect of the presence of nanosized ZnFe,O4 particles and the continuous
carbon network. The carbon network with good electrical conductivity served as the
conductive medium between ZnFe>O4 nanoparticles and the current collectors, therefore,
the fast charge-discharge can be realized.[**®! In addition, the ZnFe2O4 nanoparticles with
such a small size increased the interfacial area for Li reaction and shortened the transport
length for ions and electrons, leading to high reversible capacities even at high specific
currents.?6?1 The pure ZnFe,O4 nanoparticles (i.e., in the absence of continuous carbon
network) obtained by calcination in air were compared with the ZnFe,O04/C

nanocomposites calcinated under argon.
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Figure 5.9 (a) Rate capabilities of the five ZnFe>Os/carbon nanocomposites electrodes
with different ZnFe,O4 contents at various current densities from 0.1C (1C = 1000 mA g-
1) to 5C as indicated. The ZnFe.Oas/carbon nanocomposites containing 79.3wt% ZnFe>04
exhibited the best rate performance; (b) Cycling performance of ZnFexOs
(79.3wt%)/carbon nanocomposites tested at specific current of 200 mA g-1 (0.2C) for
430 cycles. ™1 Copyright © 2016 American Chemical Society
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Figure 5.9b shows the galvanostatic cycling performance of the
ZnFe>04(79.3wt%)/carbon nanocomposites electrode tested under specific current
density of 200 mA g over a voltage window between 0.005 V and 3 V for 430 cycles.
Prior to the leveling off, the discharge capacity gradually increased from initial value of
1090 mA h g to around 1190 mA h g for the first 280 cycles and reached a stable value
around 1090 mAh g from 280 to 370 cycles. The rapid capacity decay was then
observed after 370 cycles and the capacity decreased to about 1078 mA h g* after the
cycling finished at 430 cycles, yielding a capacity retention of 98%. The observed
capacity increase during cycling was commonly observed for graphene/carbon-based
metal oxide composites, and was attributed largely to the improved Li-diffusion Kinetics
due to the gradual activation process and reversible reaction between metal particles and
electrolytes.!%! Such long-term cyclic stability demonstrated the excellent structural
stability for the ZnFe,Os/carbon nanocomposites with ZnFe.Os4 nanoparticles

encapsulated in the carbon matrix.

It is notable that the precursors-loaded PS@PAA nanospheres were also calcinated
in air, and the pure ZnFe>O4 nanoparticles without the carbon network encapsulation was
obtained and used as control. Figures 5.10a and 5.10b show the TEM image and the rate
performance of pure ZnFe>Os nanoparticles. Clearly, comparing with pure ZnFe;O4
nanoparticles, due to the presence of continuous and conductive carbon network in

ZnFe>O4l/carbon nanocomposites, their rate performance was markedly improved.
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Figure 5.10 (a) TEM image of pure ZnFe>O4 nanoparticles obtained by calcinating the
ZnFe;04 precursors-loaded PS@PAA nanospheres in air. (b) Rate capability of pure
ZnFe,04 nanoparticles electrode tested under different current rates (1C = 1000 mA g).
(191 Copyright © 2016 American Chemical Society

The Nyquist electrochemical impedance spectra (EIS) of ZnFe204
(79.3wt%)/carbon nanocomposites electrode in the fresh state as well as after cycling (in
the charged state) at 0.2C for 430 cycles are shown in Figure 5.11. The EIS spectra
showed a quasi-semicircle from the high to intermediate frequency range and a straight
slopping line in the low frequency range. The inset in Figure 5.11 illustrates the
corresponding equivalent circuit model, where Rohm is the ohmic resistance, reflecting a
combined resistance of the electrolyte, separator and electrodes. The semicircle in the
high frequency range can be attributed to the resistance Rsei and the capacitance Csei of
the formation of SEI layer. The semicircle in the intermediate frequency is associated
with the charge-transfer resistance Rct and its relative double-layer capacitance Cdl. The
sloping line in the low frequency region is related to the Warburg impedance W,
representing the lithium ion diffusion resistance in bulk electrode. From the EIS plots, it

is clear that the radii of the quasi-semicircle after cycling is much smaller than that of
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fresh cell, which can be ascribed to the formation of SEI film and the activation process

during cycling.[?68l
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Figure 5.11. Electrochemical impedance spectra (Nyquist plot) of fresh and cycled
ZnFe204(79.3wt%)/carbon nanocomposites electrodes. The electrical equivalent circuit is
shown as an inset.*1 Copyright © 2016 American Chemical Society

After the cycling finished, the battery was dissembled inside the glove box and the

electrode was washed with dimethyl carbonate (DMC) rigorously for structural analysis.

Figures 5.12a and 5.12b show the TEM images of the ZnFe,04(79.3wt%)/carbon

nanocomposites after cycling. The structure of nanocomposites was seen to be retained

after cycling with the continuous carbon network encapsulating the nanoparticles, except

the nanoparticles turning into much smaller size after the repeated lithiation/delithiation.

Such good structural stability rendered the prolonged cycling stability.
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Figure 5.12. HRTEM images of ZnFe>O4 (79.3wt%)/carbon nanocomposites electrodes
after cycling at 0.2C for over 400 cycles. (¢) and (d) SEM images of freshly prepared
ZnFexO4 (79.3wt%)/carbon nanocomposites electrodes. (e) and (f) SEM images of
ZnFe>04 (79.3wt%)/carbon nanocomposites after cycling at 0.2C for over 400 cycles.*"]
Copyright © 2016 American Chemical Society
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Figures 5.12c-5.12f display the SEM images of the ZnFe,04(79.3wt%)/carbon
nanocomposites electrode that was freshly prepared (Figures 5.12c¢-5.12d) and after
cycling (Figures 5.12e-5.12f). No significant morphological change was observed after
cycling, suggesting the good structural stability of the nanocomposites electrode. The
SEM images (Figures 5.12e-5.12f) for the electrode after cycling revealed that a uniform
SEI layer resulting from the catalytically enhanced electrolyte reduction at low potential
was formed on the ZnFe>Oa/carbon nanocomposites surface. As a result, the morphology
was changed from loose powder-like (Figures 5.12¢-5.12d) to self-holding appearance
(Figures 5.12e-5.12f),1% thereby reducing the contact area between the active materials
and the electrolyte by blocking some holes, which may be responsible for the capacity

decay after 370 cycles.

5.3 Conclusion

In summary, we developed a facile and effective strategy for in-situ crafting
ZnFe;O4/carbon nanocomposites electrode comprising 16+5nm ZnFe>O4 nanoparticles
embedded within the continuous carbon network through the pyrolysis of ZnFe;O4
precursors-containing PS@PAA core@shell nanospheres. The advantages of this strategy
are threefold. First, the PS@PAA nanosphere template is synthesized by emulsion
polymerization in one-step. Second, the pyrolysis leads to the formation of ZnFe>O4
nanoparticles. Third, in the meantime the pyrolysis also induced the carbonization of
PS@PAA, forming continuous carbon network that encapsulates the formed ZnFe>O4
nanoparticles. Notably, the carbon network offers a continuous conductive pathway for

electron transport, improves the mechanical flexibility of active materials, and more
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importantly maintains the structural integrity of ZnFe>Os/carbon nanocomposites during
the repeated lithiation/delithiation. As anode materials for lithium ion batteries, the
ZnFe;04/C nanocomposites containing 79.3 wt% ZnFe>Os4 exhibited the best
electrochemical performance, delivering excellent rate performance with high capacities
of 1238 mA h g!, 1198 mA h g', 1136 mA h g!, 1052 mA h g!, 926 mA h g'!, and 521
mA h g'! at specific currents of 100 mA g, 200 mA g, 500 mA g!, 1000 mA g!, 2000
mA g! and 5000 mA g, respectively, and prolonged cycling stability over several
hundred cycles. Such outstanding electrochemical performance of ZnFe>Os/carbon
nanocomposites electrode is a direct consequence of the synergy of nanoscopic ZnFe>O4
particles and their hybridization with a continuous conductive carbon network. We
envision that this synthetic strategy is simple and robust, and can be readily extended for
the preparation of other carbon hybridized electrode materials for high-performance

lithium ion batteries.
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Chapter 6 Polymer-templated formation of Corn-on-the cob-like SnO>
nanocrystals coated with polydopamine as anodes for LIBs with

superior cyclability

Related publication: Polymer-templated Formation of Corn-on-the-Cob-like SnO;
Nanocrystals Coated with Polydopamine as Anodes for Lithium lon Battery with
Superior Cyclability, submitted (2016)

6.1 Instroduction

The past several decades have witnessed remarkable progress in developing anode
materials with higher reversible lithium storage capacity and rate capability for replacing
the commercialized graphite anode due to its low specific capacity of 372 mA h g.1269
As one of the most intensively investigated anode materials, SnO,-based nanomaterials
show great potential for substituting graphite anode because of their numerous appealing
features including low cost, abundance, environmental benignity, safe working potential
(a few hundreds of millivolts higher than Li*/Li), and high theoretical capacity (two times
higher than that of graphite).[?’9-2721 The electrochemical interaction between lithium and
SnO; can be described in two steps.[?6% 2732751 During the initial lithiation process, the
SnO; anode electrochemically reacts with Li ions, resulting in the formation of Sn and
lithium oxide (Li20), as described by equation 1. Subsequently, the Sn phase reacts with
Li ions, forming LixSn alloys according to the Li-Sn alloying/dealloying reaction, as

depicted by equation 2.
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Sn0, + 4Li* + 4e~ - Sn + 2Li,0 1)

Sn+xLit +xe” & Li,Sn (0 < x < 4.4) (2)

It is widely recognized that the conversion from Sn to SnO: (equation 1) is
irreversible for bulk SnO2 but can become reversible for nanostructured SnQ,.1273-274 2761
In contrast, the reaction of forming LixSn alloys (equation 2) is reversible, in which Li
ions can be repeatedly alloyed and dealloyed with Sn formed in-situ, with a maximum
uptake of 4.4 moles of Liions per unit of Sn. Assuming equation 1 to be fully irreversible,
the commonly reported theoretical capacity calculated based on 4.4 moles of Li ions
uptake per unit of SnO, is 782 mA h gt.[1%2 271 277-282 Op the other hand, when
considering both reactions to be completely reversible, the theoretical capacity of 1494
mA h g can be obtained (i.e., 8.4 moles of Li ions uptake per unit of Sn02).[?”2 However,
there are still limited reports on reversible conversion between Sn and SnO for SnO,-
based electrodes.[?72273 281 Clearly, reversible SnO; nanomaterials with specific
capacities approaching 1494 mA h g* are highly desirable for producing high-

performance lithium ion batteries (LIBs) with high energy density and long cycle life.

It is notable that the rapid capacity fading for SnO2-based electrode hinders its
practical applications. SnO2 anode experiences approximately a 358% volume change
after lithiation between Sn and Lis4Sn.[24 Such large volume change during the
repetitive charging-discharging process leads to the mechanical failure of electrode and
the loss of electrical contact between active materials and the conductive additive or the
current collectors.[?™ 2741 |n addition, the formed active Sn nanoparticles have a strong
tendency to aggregate into big and inactive Sn clusters even at room temperature, 27> 285-

280 leaving behind the electrochemically inactive Li>O due to the irreversible conversion
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from Sn to SnO> (equation 1). Moreover, the large volume change can easily break the
SEI layer formed in the lithiated expanded state and repeatedly expose the fresh surface
of active materials to electrolyte, leading to the continuous growth of SEI layer and
gradual depletion of electrolyte over cycling. Taken together, the severe capacity fading
in SnO,-based electrodes is often observed. 2721 Obviously, the SnO-based electrodes
need to be rationally designed to address the issues noted above in order to further

improve the cyclability for practical application.

In this context, much effort has been directed toward constructing nanostructured
SnO: to enhance the cyclability of SnOz-based electrodes.*>2 278 2871 Nanostructured
materials can better accommodate the volume change and the induced stress than bulk
materials, as the absolute volume changes in the local environment for nanostructured
materials are very small.[®® 281 |n addition, nanostructured materials carry additional
advantages over conventional bulk materials, such as fast charging/discharging due to the
shortened transport lengths for Li ions and electrons, the high electrode/electrolyte
contact area favorable for improving the lithium reaction rate, and the large volume
fraction of Sn/Li20O interfaces beneficial for enhancing the reversibility from Sn to SnO>
(equation 1).[% 273 However, it is noteworthy that the use of nanostructured SnO2 alone
is not sufficient to significantly enhance the cycling stability of SnO»-based electrodes, as
SnO nanomaterials and the produced Sn nanoparticles are still easily aggregated.?®! It
has been demonstrated that by confining SnO. nanoparticles within the electronically
conductive matrix is effective in preventing the aggregation of active Sn nanoparticles.[*5
291 However, it usually requires the matrix to be highly porous that would otherwise

penalize the rate capability due to the limited Li ions transport within the matrix. On the
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other hand, the ability to form a stable and passivating SEI layer at the active
material/electrolyte interface is critical for realizing high reversibility and long-term
cycling stability.[?°22°2 Thus, nanostructured SnO2 with a high Sn—SnO. reversibility,
the suppressed Sn aggregation, and a stable SEI layer over cycling would be the ideal

material choice for achieving high-performance LIBs. This has yet to be realized.

6.2 Experiments, results and discussion

Herein, corn-on-the-cob-like SnO. nanocrystals (thereafter referred to as corn-like
SnO;) comprising small-sized SnO nanoparticles decorated along the cob were crafted
and exploited as electrode for high-performance LIBs. In addition, a protective thin layer
of polydopamine (PDA) was coated on the surface of corn-like SnO. for further
enhancing the performance, forming PDA-coated corn-like SnO». Specifically, the corn-
like SnO2 were created by employing judiciously designed hydrophilic bottlebrush-like
hydroxypropyl cellulose-graft-poly (acrylic acid) (denoted HPC-g-PAA) as template. The
strong coordination bonding between the carboxylic acid groups (-COOH) of PAA
blocks and SnO2 nanoparticles effectively hindered the aggregation of Sn nanoparticles
and retaining a high fraction of Sn/Li20 interfaces, thus promoting the reversible reaction

between Li2O and Sn to form SnO; (equation 1).

Figure 6.1 depicts the synthetic scheme for crafting PDA-coated corn-like SnOx.
Hydroxypropyl cellulose (HPC) is first converted into HPC-based macroinitiator (i.e.,
HPC-Br) through homogeneous esterification. The poly(tert-butyl acrylate) (PtBA)
blocks are then grafted onto HPC-Br by atom transfer radical polymerization (ATRP)

technique, yielding bottlebrush-like HPC-g-PtBA (upper middle panel in Figure 6.1).
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The hydrolysis of PtBA into PAA blocks produces hydrophilic bottlebrush-like HPC-g-
PAA (upper right panel in Figure 6.1), which serves as the template for the growth of
corn-like SnO2 nanocrystals. At the early stage of creating corn-like SnO3, tiny SnO-
nanoparticles are instantly formed under the hydrothermal condition (lower right panel in
Figure 6.1). Instead of self-aggregation, these small-sized SnO2 nanoparticles are quickly
bonded to PAA blocks of HPC-g-PAA due to a strong coordination interaction between
the —COOH groups of PAA blocks and SnO; nanoparticles.*® 2°31 Consequently, the
bottlebrush-like HPC-g-PAA is decorated by SnO: nanoparticles, yielding the
nanostructure resembling the corn-on-the-cob-like architecture, except that such corn-like
SnO2 nanocrystals are composed of multilayers of SnO2 nanocorns (i.e., small-sized
nanoparticles) which are not closely packed along the polymer backbone due to the slight
difference in size and shape (i.e., having voids between nanoparticles) (lower central
panel in Figure 6.1). Finally, each SnO. nanoparticle on the corn-like SnO; is coated
with a thin layer of PDA by a simple polymerization of dopamine, forming PDA-coated

corn-like SnO2 nanocrystals (lower left panel in Figure 6.1).
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Figure 6.1 Schematic representation of the synthesis of the polymer template, that is,
hydrophilic bottlebrush-like HPC-g-PAA (upper right panel), and the templated growth
of PDA-coated corn-like SnO nanocrystals comprising hundreds of small-sized SnO;
nanoparticles decorated along the backbone of HPC-g-PAA template (lower left panel).
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Figure 6.2. 'H-NMR spectrum of hydroxypropyl cellulose (HPC)-based macroinitiator
(i.e., HPC-Br) using dimethyl sulfoxide (DMSO)-de¢ as solvent. The esterification
efficiency of hydroxyl groups of HPC was calculated according to the equation: E; =

1:3 , Where Er is the esterification efficiency of hydroxyl groups of HPC; and Ay and Aa

are the integral areas of the methyl protons of HPC-Br and protons of HPC from the H
NMP spectrum, respectively.
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The grafting density of PAA chains in the bottlebrush-like HPC-g-PAA is directly
dictated by the number of available initiating sites in the HPC-Br macroinitiator (three
hydroxyl groups per HPC allows for the esterification (i.e., forming HPC-Br) and the
grafting of three PAA chains (i.e., the growth of PtBA by ATRP followed by the
hydrolysis to yield PAA)) (Figure 6.1). The high grafting density of PAA chains per
HPC backbone leads to the high loading of active SnO- in the final corn-like SnO>
nanocrystals via the coordination interaction between the -COOH groups of PAA blocks
and SnO. nanoparticles as noted above. According to the NMR spectrum of HPC-Br
(Figure 6.2), the esterification efficiency of hydroxyl groups on HPC was calculated to
be approximately 100%, indicating that nearly all hydroxyl groups on HPC were

converted into active Br-terminated groups for initiating the ATRP of PtBA blocks.

Uncoated corn-like SnO2

IR transmittance (a.u.)

PDA-coated corn-like SnO2

a

T T T T T T T T Y T v T Y T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6.3 FTIR spectra of PDA-coated and uncoated corn-like SnO2 nanocrystals. The
brands marked as “a” at low wavenumber (800-500 cm™) on both spectra are assigned to
the antisymmetric and symmetric Sn-O-Sn stretches, and the brand marked as “b” at
1500 cm™* (C=0 region) confirmed the PDA coating on SnO, nanocrystals.
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PDA is a catechol-containing polymer commonly found in mussel adhesive
proteins. 2°1 PDA can be applied to coat various materials offered by the catechol groups
including metals, metal oxides, nonmetal oxides, silica, ceramics, polymers, and
nanomaterials.*® It has been demonstrated that thin PDA coating exhibits elastic and
porous properties and does not disrupt the ionic transport though it.[2%-2%1 |n this study,
the PDA coating on the corn-like SnO, was obtained by the polymerization of dopamine
in basic buffer solution at pH = 8.5.12°41 The Fourier transform infrared spectroscopy
(FTIR) of corn-like SnO> before and after the PDA coating (i.e., uncoated corn-like SnO-
and PDA-coated corn-like SnOz, respectively) was conducted and confirmed the success
in coating PDA. As shown in Figure 6.3, the brands marked as “a” at low wavenumber
(800-500 cm™) on both spectra can be assigned to the antisymmetric and symmetric Sn-
0-Sn stretches,?°” and the brand marked as “b” at 1500 cm™* (C=0 region) verifies the
PDA coating on SnO, nanoparticles.?®® In addition, the product turned black after
coating, further substantiating the successful coating of PDA on the surface of SnO:

nanocrystals.

Figure 6.4a-6.4d shows the transmission electron microscopy (TEM) images of
the corn-like structure for PDA-coated SnO> nanocrystals at different magnifications.
Small SnO, nanoparticles (marked by solid circles) with an average size of ~5 nm are
bonded along the bottlebrush-like HPC-g-PAA template, forming the corn-like structure
(Figure 6.4c-6.4d). The voids of approximately 3~5 nm between SnO: nanoparticles
were clearly seen (marked by the dashed circles in Figure 6.4d), indicating the corn-like
structure was porous. In addition, a thin layer of PDA coating (~1 nm in thickness) is also

evident (marked by the arrow in Figure 6.4c-6.4d).
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PDA coatiqg

Figure 6.4 (a)-(b) Lower magnification, and (c)-(d) higher magnification TEM images of
PDA-coated corn-like SnO> enabled by capitalizing on bottlebrush-like HPC-g-PAA as
template. The solid circles in (d) mark the crystalline SnO. nanoparticles, and the dash
circles indicate the existence of porosity between SnO2 nanoparticles. The PDA coating
is clearly evident and labeled by the arrow.

To corroborate the role of bottlebrush-like HPC-g-PAA in guiding the formation
of corn-like SnO, three control experiments were performed where each experiment was
slightly different in the choice of polymer template and the addition of SnO> precursors,

as summarized in Table 6.1. TEM images of these control samples labeled as CS1-CS3
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are shown in Figure 6.5. For the CS1 sample, carbonaceous nanospheres were obtained
under the hydrothermal reaction when HPC-g-PAA template was added solely in the
system (Figure 6.5a). For the CS2 sample, when precursors were added in the absence of
HPC-g-PAA template, SnO, microspheres due to the aggregation of small SnO:
nanoparticles were seen (Figure 6.5b). On the other hand, when linear PAA was
employed as template, similar corn-like structures but with a much smaller thickness
were observed (Figure 6.5¢) when compared to the corn-like SnO. templated by
bottlebrush-like HPC-g-PAA (Figure 6.4a-6.4d). This may be due to less —COOH
groups on linear PAA, thus much less SnO2 nanoparticles are bonded per chain of linear

PAA.

Table 6.1 Reaction parameters of the three control samples. For each control sample, the
parameter differed from that of corn-like SnOz is highlighted in bold

polymer template | SnO> precursors | Other parameters

Corn-like SnO» HPC-g-PAA NazSnOg4 see experiments
Control sample 1 (denoted HPC-g-PAA None Same as making
CS1; template only) corn-like SnO»
Control sample 2 (denoted None NazSnOq4 Same as making
CS2; precursors only) corn-like SnO»
Control sample 3 (denoted Linear PAA NazSnOq4 Same as making
CS3; linear PAA as corn-like SnO»

template)
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(2), €Sl-addipgtemplate only

500 nm

(b) CS2-adding precursors only

Figure 6.5 TEM images of three control samples: (a) CS1 obtained by adding polymer
template bottlebrush-like HPC-g-PAA only (no precursors added); (b) CS2 by adding
precursors only (no polymer template bottlebrush-like HPC-g-PAA added); and (c) CS3
templated by linear PAA (the viscosity average molecular weight, Mv, of linear PAA is

450,000 according to Sigma-Aldrich)
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Figure 6.6 shows X-ray powder diffraction (XRD) profiles for corn-like SnO>
before and after the PDA coating, and PDA-coated CS2 and CS3 samples. All peaks can
be assigned to the tetragonal rutile-like SnO, (JCPDS card no. 41-1445).2721 No
additional peaks are found after the PDA coating. The crystal sizes of SnO> nanoparticles
for these samples are summarized in Table 6.2. They are calculated from the (110)
diffraction peak according to Scherrer’s equation (d = kA *cosf~1; where k = 0.89, 1
is the X-ray wavelength, 6 is the Bragg angle, and S is the real half-peak width in radians
after corrections for the instrument broadening). The crystal size of SnO2 nanoparticles
for PDA-coated corn-like SnO- is 5.4 nm, in accordance with that measured by HRTEM

(Figure 6.4c-6.4d).

Table 6.2. The calculated crystal sizes of SnO2 nanoparticle, the BET surface areas, and
the average pore sizes of PDA-coated corn-like SnO> (enabled by HPC-g-PAA), CS2
(obtained by adding precursors only), and CS3 (yielding by adding linear PAA)

SnO; crystal BET surface area pore size
size (nm) (m? g!) (nm)
PDA-coated corn-like SnO> 54 132 33
PDA-coated CS2 9.9 I11.5 7.1
PDA-coated CS3 5.1 156.6 29
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Figure 6.6 XRD patterns for PDA-coated and uncoated corn-like SnO, templated by
bottlebrush-like HPC-g-PAA, and control samples: PDA-coated CS2 (obtained by adding
SnO; precursors only), and PDA-coated CS3 (templated by linear PAA). All peaks can
be identified as tetragonal rutile-like SnO,. The sizes of SnO. crystals calculated
according to Scherrer’s equation are 5.4 nm for both PDA-coated and uncoated samples,
in accordance with that measured by HRTEM (Figure 6.4c-6.4d).

In order to investigate the surface structure and porosity derived from the voids
between SnO> nanoparticles, the N2-sorption measurement was carried out on PDA-
coated corn-like SnO, and PDA-coated CS2 - adding precursors only and CS3 -
templated by linear PAA samples. As shown in Figure 6.7a-6.7c, all samples exhibited a
type IV isotherm curve with a small hysteresis loop, suggesting the presence of
mesoporous structure. The PDA-coated corn-like SnO. nanocrystals have a high

Brunauer-Emmett-Teller (BET) surface area of 132 m?/g and a Barrett-Joyner-Halenda

(BJH) desorption average pore size of 3.3 nm, which agree well with the pores shown in
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Figure 6.4d. The BET surface areas and the average pore size for all control samples are

summarized in Table 6.2.
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Figure 6.7 N2 adsorption-desorption isotherms of (a) PDA-coated corn-like SnO,, (b)
PDA-coated CS2 (obtained by adding precursors only), and (c) PDA-coated CS3
(templated by linear PAA). The insets show the pore-size distribution calculated by the
Barrett-Joyner-Halenda (BJH) method from the desorption branch.
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To scrutinize the lithium storage mechanism, the LIBs assembled using PDA-
coated corn-like SnO- as anodes were tested. Figure 6.8a shows the cyclic voltammetry
(CV) characteristics for the first seven cycles of the fresh cell over a voltage window of
0.005-3 V vs. Li/Li* at the scan rate of 0.1mV s™. In the initial discharge process, a broad
reduction peak was observed in the range of 0.8 to 1.2 V due to the formation of SEI
layers and the conversion of SnO; to Sn and Li2O (equation 1).1272 282283 A weak peak at
approximately 0.2 V can be assigned to the alloying reaction between Sn and Li ions,
forming LixSn (equation 2).1283 2% Dyring the first charging process, two obvious anodic
peaks at 0.58 V and 1.27 V are present, similar to the results reported in literature,[2%°-300
The sharp oxidation peak at 0.58 V corresponds to the reversible Li-Sn dealloying
reaction (equation 2), and the relatively weaker and broader peak located at 1.27 V is
attributed to the conversion from Sn to SnO; (equation 1).1272273 291 For the following
cycles, the two anodic peaks stay at the same position as the first charging process, while
the cathodic peak positions are slightly different. The broad cathodic peaks in the range
of 0.8 to 1.2 V shift to the lower voltage with cycling. The peak shifts to 0.87 V at the 7%
discharge cycle, which can be assigned to the conversion of SnO,—SnO—Sn.[%82
Moreover, the cathodic peak at around 0.2 V becomes more significant than the first
discharging process over cycling. Additionally, it is worth noting that all the peak
currents (also capacities in mA h) for later cycles are higher than the previous cycles,
suggesting an activated electrochemical process involving active materials not only near
the surface but also within the anode over cycling, as well as the enhanced reversibility

from Sn to SnO; (equation 1) for the later cycles.[?”3%01-3021 This phenomenon of gradual
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activation process was also observed for some other cells assembled for cycling tests as

discussed later.
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Figure 6.8 (a) CV curves of the first seven cycles for the fresh cell based on PDA-coated
corn-like SnO; electrode tested at 0.1mV s? in the voltage range of 0.005-3 V. (b)
Galvanostatic charge-discharge voltage profiles for the first five cycles, 100", 150", and
200" cycles of the PDA-coated corn-like SnO- electrode tested at the current density of
160 mA g in the voltage range of 0.01-3.0V vs. Li/Li".
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Figure 6.8b depicts the galvanostatic charge-discharge profiles for the first five
cycles, 100", 150", and 200" cycles of the PDA-coated corn-like SnO; electrode tested at
the current density of 160 mA g* over the voltage range of 0.01-3.0 V vs. Li/Li*. The
initial discharge and charge capacities are 1542 and 945 mA h g, respectively, with a
low Coulombic efficiency of approximately 61.3% for the first cycle. The large
irreversible capacity loss during the first cycle is due primarily to the irreversibility of the
conversion from Sn to SnO> (equation 1) and the formation of the SEI layer owing to the
reductive decomposition of electrolyte. It is important to note, however, this value is still
larger than 52.3 % (782/1494=52.3%), which is the largest Coulombic efficiency
calculated for the first cycle if assuming equation 1 to be completely irreversible after
initial discharge, signifying that the widely assumed irreversible conversion from Sn to
SnO> during the charging process is at least partially reversible for this PDA-coated corn-
like SnO; electrode. The discharge/charge capacities for the 2", 3, 4% 5t 150t 200"
cycles are 1191.4/1180.9, 1011.3/1004.6, 999.9/989.8, 984.3/974.4, 1046.7/1046.4,
1114.9/1114.2, and 1131.5/1131.1, respectively. The poorly defined plateaus for the first
five cycles are in good agreement with the CV measurements, and the curves after the 2"
cycle are nearly overlapped with one another with small variations, suggesting high

reversibility and stability.

The cycling performance at 160 mA g for batteries based on PDA-coated and
uncoated corn-like SnO- is shown in Figure 6.9. The two cycling tests show the same
trend of capacity decreases for the first 25 cycles and then gradual increases. For the
uncoated corn-like SnO> electrode, the capacity displays a good cyclability for the first

150 cycles and reaches the highest value of approximately 856 mA h g* at the 150" cycle.
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This can be ascribed to the corn-like nanostructures that impart good structural stability
due to the small dimension and the presence of sufficient voids between SnO-
nanoparticles to accommodate the volume change and release the stress, as well as the
limited aggregation of the produced Sn nanoparticles because of the strong interaction
between SnO,/Sn and the polymer template. However, a continuous capacity fading was
observed after 150 cycles for the uncoated corn-like SnO; electrode, yielding low
capacity retention of 56% at the 290" cycle. In sharp contrast, the cycling for the PDA-
coated corn-like SnO, exhibited significantly improved prolonged cycling stability. The
capacity gradually increases to a high value of 1187 mA h g* at the 120" cycle before
leveling off after 140" cycle and stabilizes at about 1130 mA h g? for the following
cycles. In addition, the PDA-coated corn-like SnO> demonstrates a much higher capacity
than the uncoated counterpart for the entire cycle life, which may be attributed to the

synergistic effect of the corn-like nanostructures and the PDA coating.

The same cycling tests at 160 mA g* for batteries based on the control samples
(PDA-coated CS2 and CS3) were also conducted. As shown in Figure 6.9, the PDA-
coated CS2 anode has a high initial specific capacity. However, the capacity continues
decreasing during the following cycles and remains only 28% of its initial capacity after
stopped at the 240" cycle. The PDA-coated CS3 anode that was templated by linear PAA
and possessed a corn-like structure displays a good cycling stability, substantiating the
synergistic effect of the corn-like nanostructure and the PDA coating layer in improving
the cycling stability. However, it is notable that the specific capacity of 400 mA h g for
the PDA-coated CS3 anode is much lower than that for the PDA-coated corn-like SnOo.

This is not surprising and can be attributed to the much lower mass loading of active
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SnO materials in the PDA-coated CS3, since the specific capacities for all samples are
calculated based on the total mass of active SnO, materials and the inactive carbonaceous
materials derived from the polymeric template under the hydrothermal condition. As
shown in the thermogravimetric analysis (TGA) plots in Figure 6.10, the weight fraction
of active SnO: in the PDA-coated CS3 sample is only 45%, while it is 84% in PDA-
coated corn-like SnO2, owing primarily to a large number of —-COOH groups per
bottlebrush-like HPC-g-PAA that render more SnO> nanoparticles to be bonded to PAA
blocks in HPC-b-PAA. Nonetheless, the markedly improved cycling performance for
corn-like SnO; electrodes over the control samples underpins the synergy of the
nanostructured corn-like morphology and the protective PDA coating in promoting the
reversible conversion from Sn to SnO; and imparting the long-term cycling stability for

Sn0O»-based anodes.
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Figure 6.9 Cycling performance for PDA-coated and uncoated corn-like SnO- electrodes,
and PDA-coated CS2 (obtained by adding precursors only) and PDA-coated CS3
(templated by linear PAA) tested at 160 mA g.
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Figure 6.10 Thermogravimetric analysis (TGA) plots for PDA-coated corn-like SnO>
and PDA-coated CS3. The weight fractions of SnO> are 84% for the PDA-coated corn-
like SnO2 and 45% for the PDA-coated CS3, respectively.

Figure 6.11a-6.11b compares the rate performance of PDA-coated and uncoated
corn-like SnO; electrodes. The LIBs assembled using these electrodes were first cycled at
a low current density of 160 mA g, followed by testing at various current densities of
400, 780, 1000, 2000, 1000, and 780 mA g for 10 cycles at each current density. After
that, the batteries were cycled at a small test current of 160 mA g™ to investigate any
structural changes caused by previous rate testing. The close-ups of the rate performance
with 10 cycles at each test current are shown in 6.12a-6.12b. Obviously, the specific
capacity of the PDA-coated corn-like SnO2 anode first decreases and then gradually
increases (Figure 6.11a), similar to the trends observed in Figure 6.9, and the specific

capacity reaches a high value of 1057 mA h g* at 160 mA g* at the 105" cycle. The
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capacity starts to decline when gradually increasing the test current to 2000 mA g%, and
the average specific capacities are 921, 851, 835, 667 mA h g at specific currents of 400,
780, 1000, and 2000 mA g*, respectively (Figure 6.12a). When the current density
returns to 160 mA g%, the high capacity is resumed and continues to rise over cycling and
positioned at 1502 mA h g at the 300" cycling, implying an activated electrochemical
process involving more active materials over cycling and carrying highly reversible
conversion from Sn to Sn0,.[273 3013041 For the uncoated corn-like SnO; (Figure 6.11b),
however, the capacity fails to return to previously high values when the test current
switches back to 1000 and 780 mA g™ after the test at 2000 mA g, showing a trend of
decrease during the 10 cycles. In addition, when the battery is back-cycled at 160 mA g7,
the capacity decays quickly over cycling and drops to 413 mA h g when stopped at the
300" cycle, indicating that the cycling stability and reversibility for the uncoated corn-
like SnO> is largely disrupted by the rate testing. It is worth noting that the greatly
improved cycling performance and rate performance for the PDA-coated corn-like SnO>
further support that the PDA coating is beneficial to maintain the prolonged cycling

stability and achieve high reversibility for the Sn—SnO> conversion for corn-like SnO>

electrodes. This is probably because the PDA coating can effectively suppress the
coarsening of the produced Sn nanoparticles and retain a large Sn/Li>O interface that

facilitate the reversible reaction between Sn and Li2O in forming SnO..
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Figure 6.11 Rate performance for (a) PDA-coated corn-like SnO; electrode, and (b)
uncoated corn-like SnO- electrode. They were first cycled at 160 mA g™ and then tested
at various current densities of 400, 780, 1000, 2000, 1000, and 780 mA g*for 10 cycles,
and finally cycled at 160 mA g.
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Figure 6.12 Close-ups of the rate performance for (a) PDA-coated corn-like SnO>
electrode, and (b) uncoated corn-like SnO. electrode tested at current densities of 160,
400, 780, 1000, 2000, 1000, 780 and 160 mA g.
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The superior cyclability for the PDA-coated corn-like SnO- electrode is further
manifested in the cycling performance at various current densities of 200, 400, 780, 1500
mA g as shown in Figure 6.13a-6.13d. The batteries were first tested at a small current
density of 160 mA g* for 5 cycles to activate the battery, followed by cycling at high
current densities for over 300 cycles. These cycling tests all demonstrate the superior
cyclability for over 300 cycles, with the trend of a decrease for the first couple of cycles,
followed by a continuous increase and gradually being stabilized. The specific capacities
at the 300" cycle are 600, 450, and 354 mA h g* at the test current densities of 400, 780,
and 1500 mA g%, respectively. The cycling at 200 mA g* after the 300" cycle shown in
Figure 6.13a displays a similar increased trend due to the activation process as observed
in the cycling at 160mA g in Figure 6.9. All these cycling results further reveal the
superior cyclability for the PDA-coated corn-like SnO electrode. Notably, the specific
capacities (e.g., 600 and 450 mA h g? at the testing currents of 400 and 780 mA g7,
respectively) are much lower than the corresponding values seen in the rate testing in
Figure 6.11a (e.g., 921 and 851 mA h g at the testing currents of 400 and 780 mA g%,
respectively). This can be attributed to the cycling history for the cell in Figure 6.11a,
which involves a long cycling at 160 mA g* and the activation process starts to promote
the reversibility of the Sn—SnO> conversion. Moreover, we note that some cells are not
electrochemically activated for the first two cycles and deliver a lower initial specific
capacity, as evidenced in Figure 6.13a and 6.13c and the CV results in Figure 6.8a. This
is due largely to the electrochemically inactive PDA coating, which is in direct contact

with the electrolyte and may affect the initial lithiation/delithiation process. However, as
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Li ions quickly penetrate through the outer thin PDA coating and react with inner active

materials during the following cycles, much higher specific capacity is then obtained.
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Figure 6.13. Cycling performance of PDA-coated corn-like SnO: electrodes tested at
current densities of (a) 200 mA g2, (b) 400 mA g, (c) 780 mA g, and (d) 1500 mA g,
respectively. The batteries were first tested at 160 mA g for the five cycles prior to
being further tested at higher current densities for (b), (c) and (d).

To further elucidate the electrochemical characteristics of corn-like SnO:

electrodes, electrochemical

impedance spectroscopy (EIS) measurements were
performed. Figure 6.14a-6.14b compares the Nyquist plots for batteries based on PDA-
coated and uncoated corn-like SnO; electrodes after freshly assembled and after the 1%,
2" 100", and 300" cycles in the charging state. Figure 6.14c shows the equivalent

circuit model, where Ronm is the combined ohmic resistance of the electrolyte, separator,

and electrodes. The high-frequency semicircle can be attributed to the constant phase
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element of the SEI film and the contact resistance. The depressed semicircle in the
medium-frequency region is associated with the charge-transfer resistance Rt and the
constant phase element of the electrode/electrolyte interface. The sloping line at low-
frequency region is related to the Warburg impedance, W, representing the Li ion
diffusion resistance in the electrode.!® 283 From the Nyquist plots, it is clear that the radii
of the quasi-semicircle after the 100" and 300" cycles are much smaller than that of fresh
cells for both PDA-coated and uncoated corn-like SnO> samples, reflecting that the
charge transfer is facilitated due to the activation process.*® The Ronm at the high-
frequency intercept on the real axis after the 100" and 300" cycles for both batteries are
higher than those of fresh cells, which is mainly because of the consumption of
electrolyte due to the formation of the SEI layer over cycling.*%-3"] For the PDA-coated
corn-like SnO; electrode (Figure 6.14a), the Ronm after the 300" cycle is similar to that
after the 100" cycle. However, for the uncoated corn-like SnO; electrode (Figure 6.14b),
the resistance after the 300" cycle increases significantly compared with that after the
100" cycle, which is indicative of large consumption of electrolyte by forming a thick
SEl film over cycling. Clearly, the PDA coating is advantageous to prevent the
continuous depletion of electrolyte and maintain the long-term stability of the SEI film,
probably because the PDA coating provides an elastic buffer for accommodating the
volume change of active materials and prevents the direct contact between active
materials and electrolyte. Such a good passivating SEI film contributes to the greatly

improved cycling stability for the PDA-coated corn-like SnO; electrode.
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Figure 6.14 Electrochemical impedance spectroscopy (EIS) results for (a) PDA-coated
corn-like SnO; electrode, (b) uncoated corn-like SnO; electrode of freshly assembled,
after the 1%, 2" 100", and 300" cycles in the charged state over a frequency range of 100
kHz to 10 mHz at an amplitude of 5mV, and (c) equivalent circuit model for the battery.
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Intrigued by the attractive cycling stability of the PDA-coated corn-like SnO>
electrode, we set out to investigate the electrode morphology after cycling. The batteries
after cycling at 160 mA g* for 300 cycles (in charging state) were dissembled in glove
box and characterized by ex-situ scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS). The morphologies of fresh electrode prior to cycling,
the uncoated corn-like SnO- electrode after cycling, and the PDA-coated corn-like SnO>
electrode after cycling are shown in Figure 6.15(a, d, g), Figure 6.15(b, e, h), and
Figure 6.15(c, f, i), respectively. Thick SEI films are clearly evident for the uncoated
corn-like SnO> electrode (Figure 6.15(b, e, h)). Notably, thick SEI films, covering the
surface of active materials, block the holes existed in the electrode and make the
electrolyte inaccessible to active materials, and thus leading to a poor cycling stability for
the uncoated corn-like SnO> electrode. In stark contrast, for the PDA-coated corn-like
SnO; electrode (Figure 6.15(c, f, i)), the SEI film is much thinner and the morphology
remains almost unchanged compared with the fresh electrode, signifying that the layer of
PDA coating on the corn-like SnO. indeed acts as a protective layer for accommodating
the volume change for active materials and suppresses the formation of thick SEI. Such
protective PDA layer together with the corn-like nanostructures account for the observed

superior cyclability for the PDA-coated corn-like SnO: electrode.
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Figure 6.15 SEM images of (a, d, g) freshly prepared electrode at different
magnifications; (b, e, h) uncoated corn-like SnO- electrode after cycling at 160mA g for
300 cycles, and (c, f, i) PDA-coated corn-like SnO; electrode after cycling at 160mA g*
for 300 cycles.

X-ray photoelectron spectroscopy (XPS) measurement was also carried out to
examine the surface electronic state of Sn after cycling. The high-resolution spectrum of
the Sn 3d XPS spectra of freshly prepared electrode, the PDA-coated and uncoated corn-
like SnO: electrodes after cycling are shown in Figure 6.16. The XPS spectrum for the
PDA-coated corn-like SnO: electrode exhibits the same binding energy as the as-
prepared electrode with two broad peaks centered at 495.6 and 487.2 eV. These two
peaks can be assigned to Sn 3ds; and Sn 3ds, respectively, corresponding to Sn** in

Sn0,,[%81- 28 jndicating that the conversion from Sn to SnO, (equation 1) is reversible for
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the PDA-coated corn-like SnO.. However, for the uncoated corn-like SnO>, the obvious
shifts to lower binding energies of 494.9 and 486.5 eV was observed, which can be
attributed to the formation of SnO,128% 3%81 jmplying that the conversion from Sn to SnO;
(equation 1) is not fully reversible and instead SnO is formed during this conversion.
Such comparison demonstrated that the PDA coating is helpful for the reversible
conversion from Sn to SnO> (equation 1), largely because the PDA coating can suppress
the coarsening of Sn nanoparticles and retain a high fraction of Sn/Li>O interface for

promoting the reversible reaction between Sn and Li2O in forming SnO..
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Figure 6.16 High-resolution Sn 3d XPS spectra for freshly prepared electrode, PDA-

coated and uncoated corn-like SnO; electrodes after cycling at 160 mA g for 300 cycles
(in charged state).
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6.3 Conclusions

In summary, we crafted corn-like SnO2 nanocrystals using judiciously designed
bottlebrush-like HPC-g-PAA as template and coated the corn-like SnO2 with a thin layer
of protective PDA for enhancing the electrochemical performance of SnO:-based
electrodes. The batteries based on the uncoated corn-like SnO> demonstrated a good
short-term cycling stability for 150 cycles and a good rate performance, which can be
attributed to the shortened ionic and electronic transport length, the good structural
stability enabled by the reduced dimension of active SnO, nanoparticles in the corn-like
nanostructures, the high porosity favorable for accommodating the volume change and
liberating the stress, and the limited aggregation of Sn nanoparticles due to the strong

interaction between SnO2/Sn nanoparticles and the HPC-g-PAA template.

More importantly, the introduction of PDA coating to the corn-like SnO> provided
a protective layer for active SnO nanoparticles and carried several distinct advantages
over the non-PDA coated corn-like SnO2 counterpart. The PDA coating offered an elastic
buffer to accommodate the volume change of active materials during the
lithiation/delithiation process, thus further suppressing the coarsening of Sn nanoparticles
and enhancing the reversible conversion from Sn back to SnO, due to the large fraction
of the Sn/Li20 interfaces. Moreover, the PDA coating also prevented the direct contact of
active materials with electrolyte, thereby avoiding the depletion of electrolyte for forming
think SEI and finally resulting in a good passivating SEI layer with a superior long-term
stability. The synergy of the corn-like nanostructures and the protective PDA coating

enabled the excellent electrochemical performance for the PDA-coated corn-like SnO-
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electrode, including the superior long-term cycling stability for over 300 cycles at 200,
400, 780, and 1500 mA g, the high Sn—SnO reversibility with capacities approaching
the theoretical value of 1494 mA h g at low current density of 160 mA g, and the
excellent rate capability. We envisage that the bottlebrush-like polymer templating
strategy is facile and robust, and can be readily extended to create a rich variety of other
functional metal oxides and metal sulfides for high-performance LIBs as a diversity of

materials are amenable to such templating growth reaction.
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Chapter 7 General Discussion and Broader Impacts

7.1 General conclusions and discussion

We rationally designed and exploited amphiphilic multi-arm star-like poly(acrylic
acid)-block-poly(vinylidene fluoride) (PAA-b-PVDF) diblock copolymers consisting of
hydrophilic PAA and hydrophobic PVDF blocks that are covalently linked to a small
core as nanoreactors to craft in-situ monodisperse BaTiOs nanoparticles with tunable
sizes that are intimately and permanently connected to PVDF chains (i.e., intimate
PVDF-BaTiOs nanocomposites possessing a well-defined interface between
PVDF/BaTiOz nanoparticles and preventing direct particle/particle contact). The
hydrophilic inner PAA blocks in star-like PAA-b-PVDF rendered a strong coordination
interaction between the carboxylic groups (-COOH) of PAA and the metal moieties of
BaTiOs (Ba?* and Ti*"), while the outer hydrophobic PVDF blocks did not possess such
coordinating functional groups, therefore the precursors were selectively incorporated
into the space occupied by inner PAA blocks and converted into BaTiO3 nanoparticles
intimately and stably capped with PVDF chains. Remarkably, the diameter of these
PVDF-functionalized BaTiOz nanoparticles can be precisely tuned by varying the
molecular weight of inner PAA blocks, and accordingly, the volume ratio of BaTiOs to

PVDF can be readily altered.
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In addition, we also judiciously designed amphiphilic bottlebrush-like PAA-b-
PVDF diblock copolymers comprising hydrophilic PAA and hydrophobic PVDF blocks
that are covalently linked to a one dimensional backbone and used it as nanoreactors to
produce in-situ monodisperse BaTiOs nanorods with tunable diameter and length. The
BaTiO3 nanorods are intimately and permanently capped by PVDF chains thorough a
well-defined interface between PVDF/BaTiOs nanorods. The aggregation of nanorods is
prevented due to their limited direct contact. The diameter and length of the PVDF-
capped BaTiOs nanorods can be controlled by the molecular weight (i.e. length) of inner
PAA block and the molecular weight (i.e. length) of the initiator (cellulose-Br),
respectively. In addition, the uniformity of PVDF-capped BaTiOs nanorods can be well
controlled through tailoring the polydispersity of the molecular weight of cellulose-Br

initiator and inner PAA block of the bottlebrush-like PAA-b-PVDF.

On the other hand, we reported a robust in-situ crafting of ZnFe>Os/carbon
nanocomposites electrode composed of ZnFe;O4 nanoparticles with an average diameter
of 165 nm impregnated within the continuous carbon network via the pyrolysis of
ZnFe>O4 precursors-containing polystyrene@poly(acrylic acid) (PS@PAA) core@shell
nanospheres. The PS@PAA nanospheres were synthesized in one-step by emulsion
polymerization, followed by thermal annealing of ZnFe.Os4 precursor-containing
PS@PAA nanospheres, leading to the formation of ZnFe>O4 nanoparticles embedded in
the continuous carbon network due to the carbonization of PS@PAA nanospheres.
Intriguingly, the PS@PAA nanospheres not only functioned as templates by
incorporating ZnFe,O4 precursors in the region occupied by the PAA shell owing to a

strong coordination bonding between the carboxyl groups of PAA and the metal moieties
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of precursors, but also acted as the polymeric source for the creation of carbon network.
The mass content of ZnFe;Os nanoparticles in ZnFe;O4/C nanocomposites can be
systematically varied to find the optimum mass loading of ZnFe>O4 nanoparticles for the
best electrochemical performance. It is noteworthy that the carbon network provides a
continuous and conductive pathway for electron transport, resulting in excellent rate
capability when ZnFe;Os/carbon nanocomposites containing 79.3 wt% ZnFe>Os were
evaluated as potential anode materials. In addition, the carbon network renders the
mechanical flexibility of active materials, as well as retains the structural integrity of
ZnFe>O4/Carbon nanocomposites during the repeated lithiation/delithiation, thereby

leading to a prolonged cyclic life of the ZnFe>Os/carbon electrode.

Moreover, we crafted corn-like SnO. nanocrystals using judiciously designed
bottlebrush-like HPC-g-PAA as template and coated the corn-like SnO2 with a thin layer
of protective PDA for enhancing the electrochemical performance of SnO»-based
electrodes. The batteries based on the uncoated corn-like SnO> demonstrated a good
short-term cycling stability for 150 cycles and a good rate performance, which can be
attributed to the shortened ionic and electronic transport length, the good structural
stability enabled by the reduced dimension of active SnO, nanoparticles in the corn-like
nanostructures, the high porosity favorable for accommodating the volume change and
liberating the stress, and the limited aggregation of Sn nanoparticles due to the strong
interaction between SnO2/Sn nanoparticles and the HPC-g-PAA template. More
importantly, the introduction of PDA coating to the corn-like SnO- provided a protective
layer for active SnO, nanoparticles and carried several distinct advantages over the non-

PDA coated corn-like SnO> counterpart. The PDA coating offered an elastic buffer to
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accommodate the volume change of active materials during the lithiation/delithiation
process, thus further suppressing the coarsening of Sn nanoparticles and enhancing the
reversible conversion from Sn back to SnO: due to the large fraction of the Sn/Li2O
interfaces. Moreover, the PDA coating also prevented the direct contact of active
materials with electrolyte, thereby avoiding the depletion of electrolyte for forming think
SEI and finally resulting in a good passivating SEI layer with a superior long-term
stability. The synergy of the corn-like nanostructures and the protective PDA coating
enabled the excellent electrochemical performance for the PDA-coated corn-like SnO-
electrode, including the superior long-term cycling stability for over 300 cycles at 200,
400, 780, and 1500 mA g, the high Sn—SnO reversibility with capacities approaching
the theoretical value of 1494 mA h g at low current density of 160 mA g?, and the
excellent rate capability. We envisage that the bottlebrush-like polymer templating
strategy is facile and robust, and can be readily extended to create a rich variety of other
functional metal oxides and metal sulfides for high-performance LIBs as a diversity of

materials are amenable to such templating growth reaction.

7.2 Significance and broader impacts

7.2.1 Precisely controlling the size, shape, and uniformity of nanocrystals

A precise control over the size and shape of ferroelectric perovskite oxide

nanocrystals renders the systematic investigation of the size effect and shape effect on
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both dielectric and ferroelectric properties of ferroelectric perovskite oxide-based
nanocomposites. We demonstrated, for the first time, that the size of monodispersed
BaTiOs nanoparticles can be precisely controlled ranging from a few nanometers to tens
of nanometers by changing the molecular weight of the polymer template. The capability
of synthesizing uniform BaTiOs nanoparticles with different sizes enables the systematic
study of the size effect on the dielectric properties of BaTiO3z nanoparticles, which will
provide guidance in designing BaTiOs-polymer nanocomposite materials with controlled
dielectric permittivity and maximized energy storage density. In addition, the systematic
variation of the size of BaTiOs nanoparticles allows the probing of the critical size of
BaTiO3 nanoparticles, below which the ferroelectric property of BaTiOs nanoparticles
disappears. Such information of the size-dependent ferroelectricity will be helpful when
BaTiOsz nanoparticles and related nanocomposites are used in nanoscale ferroelectric

memory devices.

On the other hand, the delicate control on the diameter and length of BaTiOs
nanorods enables the systematic investigation of the dependence of dielectric and
ferroelectric properties on the aspect ratio (the ratio of the diameter to the length) of
BaTiO3z nanorods. The fundamental study of the size and shape effect of BaTiOs
nanomaterials will provide useful information when designing nanostructured BaTiO3 for

practical applications in capacitors and memory devices.
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7.2.2 Improving the organic/inorganic interface

We demonstrated, for the first time, the surface modification of BaTiOs
nanocrystals by in-situ synthesis of BaTiOs nanocrystals in the presence of polymer
matrix, yielding BaTiOs nanocrystals intimately and permanently tethered with
ferroelectric polymer. Such in-situ synthesis approach enables an elegantly defined
organic/inorganic interface, which allows the homogeneous dispersion of PVDF-
functionalized BaTiOz nanoparticles in the polymer matrix without phase separation. In
addition, the capped PVDF arm with tunable length can serve as the polymer matrix for
constructing the BaTiO3z-PVDF nanocomposites. Such well-defined interface between
organic and inorganic components is of great importance to the homogeneity of the
resulting organic-inorganic nanocomposites, as well as their dielectric properties. Such
bottom-up crafting of intimate organic-inorganic nanocomposites offers new levels of
tailorability to nanostructured materials and promises new opportunities for achieving
exquisite control over the surface chemistry and properties of nanocomposites with
engineered functionality for diverse applications in energy conversion and storage,

catalysis, electronics, nanotechnology, and biotechnology.

7.2.3 Enabling complex architecture and compositions for active-inactive

nanocomposites in one-step

We demonstrated, for the first time, the construction of complex nanostructures
such as corn-on-the-cob-like structure and carbon-network encapsulated nanoparticles, by

a simple one-step polymer-templated approach. The nanostructured morphology is
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directly enabled and reflected by the rationally designed polymer template, which itself,
is in the nanometer scale, therefore, the thermodynamically unstable nanostructured
inorganic materials can be easily obtained, which is in stark contrast to the commonly
reported method for preparing nanostructured materials but often encounters lot of
difficulty in obtaining stable and rationally controlled nanostructured architectures. This
approach also allows the flexible design of complex compositions involving multiply
elements and can precisely vary the stoichiometry ratio of each element for realizing
unique properties, such as up-conversion materials NaYF4:Yb/Er (18%/2%). This
method, compared to traditional method, is more cost-effective and versatile in designing

complex architecture and multi-composition materials with much enhanced stability.
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