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ABSTRACT

The piezoelectric effect in poly (vinylidene fluoride) (PVDF) and its copolymers allows
the exchange of mechanical and electrical energy. Combined with their unique properties as soft
materials, piezoelectric polymers have attracted great interest in actuating, sensing and energy
harvesting applications. The electromechanical coupling capacity of the piezoelectric polymers is
governed by their crystalline phase composition. The p-phase of PVDF, which has an all-trans
chain conformation, is desired because it has the highest aligned dipole density and
piezoelectricity. However, the production and application of B-phase PVDF has been restricted
by complex processing methods (i.e. in situ mechanical stretching) and limited thermal stability.
Developing a method to prepare a thermally stable high B-phase PVDF homopolymer that does
not require mechanical stretching is of great importance for high-performance PVDF devices and

has been a long-lasting challenge in the PVDF industry.

This dissertation details investigations into the structure-property relationships in
piezoelectric fluoropolymers and the development of a novel and versatile method to synthesize
high B-phase PVDF with improved piezoelectricity and thermal stability. Initially, the effects of
molecular structural defects on the crystallization behavior of PVDF are studied through molecular
simulations. It is demonstrated that defects consisting of carbon-carbon double bonds on the
PVDF backbone can effectively reduce the relative conformational energy of $-phase thus leading
to preferential B-phase crystallization. Secondly, a novel dehydrofluorination method is developed
and optimized in this work to induce the discussed molecular defects into PVDF in order to
promote B-phase formation without mechanical drawing. It is demonstrated that after chemical
modification by the developed method, PVDF with B-phase fraction of over 80% can be directly
produced through solution casting. Further research is then performed to thoroughly investigate
both the direct and inverse piezoelectric effects of this dehydrofluorinated PVDF. Record-
breaking piezoelectric strain coefficients are observed from dehydrofluorinated PVDF which
achieves as much as a 107% increase in the piezoelectric strain coefficient dsz and a 40% increase

in da1, compared with conventional drawn PVDF. Furthermore, the dehydrofluorination method



removes the restrictions encountered during high-temperature processing of conventional drawn
PVDF. The improved thermal stability of dehydrofluorinated PVDF allows it to recrystallize in
the B-phase from any temperature below 210 °C which allows a variety of polymer processing
methods to be used for PVDF device fabrication. Lastly, this work evaluates the performance of
dehydrofluorinated PVDF in piezoelectric applications. Two novel additive manufacturing
methods are developed to fully utilize the unique properties of dehydrofluorinated PVDF: a direct-
writing method and an electrospin-assisted 3D printing method. Based on these methods, energy
harvesters and actuators are fabricated using dehydrofluorinated PVVDF and their performance is
evaluated. The power density of a dehydrofluorinated PVDF-based stretching mode energy
harvester is shown to reach 34.80 mW/cc, which exceeds previously reported PVDF-based energy
harvesters and is almost five times higher than the power density of similar devices based on
conventional drawn PVDF. By integrating dehydrofluorinated PVDF using novel additive
manufacturing methods, the advances described in this dissertation provide new approaches to the
development of future piezoelectric devices. This dissertation will serve to disseminate a novel
and versatile method of preparing high B-phase PVDF with excellent piezoelectricity and
improved thermal stability for the future development of high-performance piezoelectric devices.



CHAPTER 1

Introduction

1.1 Motivation

The motivation for this study lies in the development of electroactive polymers and the
increasing demand for soft and flexible materials in sensor and actuator applications.(1-5) Over
the past few decades, electroactive polymers that can realize efficient energy conversion between
the mechanical and electrical domains have attracted significant attention for the development of
frontier research fields such as wearable medical devices, artificial muscles, smart skins, and soft
robotics.(5-12) In particular, piezoelectric polymers like poly (vinylidene fluoride) (PVDF) and
its copolymers have been studied due to their usefulness in electromechanical device applications.
As a piezoelectric material, PVDF can respond to external electric fields with high precision and
speed and generate relatively high stresses. Conversely, PVDF can also generate precise charges
and voltage signals in response to mechanical stimuli.(13-16) Compared with traditional
piezoelectric ceramics such as barium titanate (BTO) and lead zirconate titanate (PZT), PVDF has
a large advantage because of its light weight and flexibility. Additionally, PVDF is able to generate
piezoelectric strain much larger than that generated by piezoelectric ceramics and has access to a
broader variety of fabrication techniques.(17) The piezoelectricity of PVDF is determined by its
phase composition, and more specifically, its fraction of the phase in all-trans conformations,
which is called the B-phase.(18, 19) Unfortunately, the natural crystallization of PVDF usually
leads to the formation of the non-piezoelectric a-phase due to its lower conformational energy.(20,
21) Thus, extra processing is always needed to achieve high fraction of pB-phase in the PVDF
homopolymer. The most widely used method to prepare high B-phase PVDF is uniaxial
drawing.(21-25) By mechanically drawing PVDF to a large elongation, the polymer chains are
forced into the all-trans conformation and become parallelly aligned. This method places large
limitations on the use of PVDF as piezoelectric devices and necessitates the production of only
fibers and films of B-phase PVDF. Furthermore, the drawing-induced B-phase will revert to the

a-phase through relaxation which is accelerated by heat treatment. This heat accelerated reversion



blocks access to most polymer processing techniques and limits the use of drawn PVDF in
applications requiring high temperatures.(24, 26) Therefore, decades of effort have been made in
developing a non-mechanical method to prepare high p-phase PVDF films due to its great
importance for the fabrication of high performance PVDF devices.

The defect-engineering strategy is among the techniques investigated to increase the
piezoelectric phase content of PVDF without mechanical treatments. In this strategy, stable
piezoelectric polymers are formed by effectively modifying the crystallization behavior of
fluoropolymers.(17, 27) Several PVDF-based copolymers that show preferential crystallization in
the B-phase have been successfully synthesized by adding bulky comonomers during the
polymerization of PVVDF.(28) However, the copolymerization process has significant issues. For
example, it is usually complicated and expensive, and adding large fraction of less polar

comonomers affects the piezoelectric property as well as other bulk properties of PVDF.(29-31)

In this dissertation, a new defect-engineering method that intrinsically promotes the -
phase formation through a chemical modification process called dehydrofluorination is presented.
Investigations into the relationship between the structure and crystallization behavior of
dehydrofluorination-modified PVDF is also presented. Based on these findings, a novel
dehydrofluorination method that can be used to prepare high-quality p-phase PVDF without
mechanical treatment has been established. The novel dehydrofluorinated PVDF possesses
enormous piezoelectricity and improved thermal stability which will both be demonstrated using
well-designed characterization techniques. Furthermore, additive manufacturing techniques based
on the dehydrofluorinated PVDF have been developed, thus providing new approaches for the

future development of high-performance piezoelectric devices.

1.2 Fundamentals of Piezoelectric Materials

Piezoelectricity is a word used to describe the electromechanical coupling ability of a
material. Piezoelectric materials can realize two-way energy conversion between the mechanical
and electrical domains. Since their discovery in 1880 by Jacques and Pierre Curie, piezoelectric

materials have found great value in industry, scientific research, and everyday use.(32, 33) In



recent research, piezoelectric materials have become popular candidates for applications such as

actuators, sensors and energy harvesters.

1.2.1 Mechanism of Piezoelectricity

The piezoelectric effect originates from the electric dipoles that exist in solid materials.
The electric dipoles are formed by the non-centrosymmetric arrangements of charge-carrying ions
or polar molecular groups.(34) Summation of the dipole moments per volume of the piezoelectric
material provides a value of polarization (or dipole density). To exhibit the piezoelectric effect,
the material needs to possess a non-zero total polarization. Thus, only materials with non-
centrosymmetric crystalline structure possess piezoelectric coupling. Among 32 crystal classes,
21 of them are non-centrosymmetric and 20 of these crystal classes exhibit piezoelectricity.(35,
36) There are ten polar crystal classes which contain a permanent electric dipole moment in their
unit cell, while there are ten nonpolar but piezoelectric crystal classes which show a non-zero
polarization under mechanical stress.(34) When mechanical stress is applied to a piezoelectric
material, the polarization changes due to the structural changes around the molecular dipoles.
These changes appear as a variation of the surface charge density which can be observed as a
voltage signal. In this way, the mechanical energy input in forms of compression, stretching, and
vibration is transferred to output electrical energy. Conversely, the structure around the molecular
dipoles can be affected by external electric fields, leading to mechanical deformation of the
material.(37, 38) This leads to a generated strain, or surface stress if the solid material is blocked,
so that the input electrical energy is transferred to mechanical energy. Thus, piezoelectricity can
be exhibited through two effects: the direct piezoelectric effect, where an applied mechanical stress
causes the accumulation of electric charge on the surface of the material, and the inverse
piezoelectric effect, where mechanical strain is generated from the material by an external electric
field, as shown in Figure 1.1.(39, 40)
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Figure 1.1. Piezoelectric responses: (a) Direct piezoelectric effect and (b) Inverse piezoelectric
effect.

Piezoelectric coefficients are used to describe the piezoelectric effects mathematically.
The piezoelectric strain coefficient, or the d coefficient, relates the charge generated on the surface
of the material to the applied mechanical stress and is thus expressed in terms of generated charge
density per unit stress. In the direct effect, the piezoelectric response can be represented by the

following matrix equation: (37, 40)

{D}=[d{T}+[s"HE} Equation 1.1

For materials of the 4mm and 6mm crystal classes such as the well-known piezoelectric ceramic

barium titanate, the equation can be also rewritten according to their symmetry as can be seen in

Equation 1.2:
T
T2
D] [0 0 0 0 dg 0] [a O O]E
D,[=f0 0 0 d, 0 0 T3 + 0 &, O0|E, Equation 1.2
D, d;; dy dy o of.* 0 0 &) E
T5
_Tﬁ_

where {D} is the matrix of electric charge density displacement, {T} is the external stress field, {E}
is the external electric field, [d] is the matrix of piezoelectric strain coefficients for the direct effect,
and /e/ is the electric permittivity matrix. Conversely, piezoelectric d coefficients may be viewed

as relating the generated mechanical strain to an applied electric field to model the inverse



piezoelectric effect. In this case, the piezoelectric response can be represented by the following

equation:

{S}=[s"HT}+[d"HE} Equation 1.3

Again, for materials of the 4mm and 6mm crystal classes, the equation can be also rewritten
according to their symmetry as in the following equation:

S| |si s;, s 0 O 0 T, 0 0 d,
82 Sgl 552 553 O O 0 T2 O O d32 E
Sl % % 00 0 T, 0 O A Ei Equation 1.4
S, 0 0 si O 0 T |0 dy 0 _
S; 0 0 0 0 s& 0 T,| |dgs 0 0|
_Se_ L 0 0 0 0 0 Z(SlEl_SZEZ)_ _Te_ L 0 0 0 _

where {S} is the strain matrix, {T} is the external stress field, {E} is the external electric field, [sF]
is the elastic compliance matrix, [d"] is the matrix of piezoelectric strain coefficients for the inverse
effect which ideally is the transposition of the [d] for the direct piezoelectric effect. Note that if
the component of piezoelectric strain coefficients is zero, the equations above become merely
Gauss’s Law and Hooke’s Law. This indicates that the piezoelectric performance of a material is
dependent upon its bulk properties, and the piezoelectric strain coefficients act as a medium for
the energy conversion mechanism to work. (41) The discussed d coefficients have units of either
pC/N, indicating generated charge per applied force, or pm/V, indicating generated deformation

per applied voltage, for the direct or inverse piezoelectric effects respectively.

Besides the piezoelectric d coefficient, the piezoelectric voltage coefficient, or so-called g
coefficient, is also commonly used for evaluating the piezoelectricity of a material. The
piezoelectric voltage coefficient indicates the electric field generated per unit of applied
mechanical stress and is therefore directly related to the conversion efficiency from stress to
voltage of the piezoelectric materials, or the capacity of a material to act as a strain sensor. The g
coefficient is defined by the following equation and can be calculated by ratio of the d coefficient

and the dielectric permittivity, resulting in a unit of Vm/N:

D T
oE, 0S; d; .
0=~ = | S|l =< | =—— Equation 1.5
oT, oD, &
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where E is the external electrical field, T is the stress, S is the strain, D is the charge displacement,
d is the piezoelectric strain coefficient, and ¢ is the dielectric permittivity of the piezoelectric
material. Because the g coefficients directly relate the strength of the electric field generated by a
piezoelectric material in response to an applied mechanical stress, they are important in the

assessment of a material in sensing applications.

1.2.2 Piezoelectric Materials

Piezoelectricity was first found in natural crystalline materials such as quartz, topaz,
Rochelle salt and cane sugar.(32, 33) Some natural organic materials such as collagen, tendon,
wood, and silk also exhibit piezoelectricity due to the uniaxial polar orientation of dipoles in their
molecular structures or textures.(42, 43) Piezoelectric materials were first utilized in practical
applications when quartz was widely used to make sonar devices during World War I. As a result
of this initial successful application, more attention has been given to the development of
piezoelectric materials over the past century, and the demands for high performance piezoelectric
materials have expanded rapidly. Synthetic piezoelectric ceramics were created and soon became
the most investigated and most widely used piezoelectric materials because of their much higher
coupling coefficients when compared to natural piezoelectric crystals. The most well-known
synthetic piezoelectric ceramics are the barium titanate (BTO) family and the lead zirconate
titanate (PZT) family.(34, 40, 44) Their piezoelectricity originates from their non-
centrosymmetric perovskite crystal structures.(45) For example, in BTO crystals, the off-centered
Ti** ion forms a permanent dipole within every unit cell (Figure 1.3). Perovskite ceramics can
generate a measurable piezoelectric charge when less than 0.1% strain is induced by mechanical

stress. They can also produce up to 0.1% strain when an external electric field is applied.
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Figure 1.2 Structure scheme barium titanate perovskite unit cell(44). The permanent Dipole is
labeled with arrow.

Recently, most research and development of piezoelectric ceramics have put effort in two
directions, the first of which is the development of doping and synthesis methods for perovskite
ceramics with various metallic elements. In this way, to achieve desired properties such as
piezoelectric coupling coefficient, dielectric constant, Curie temperature, stiffness, etc. can be
achieved.(46-48) For example, single crystalline Pb(Mg13Nb23)O3-PbTiO3 (PMN-PT) have been
reported and have attracted a lot of attention due to its extraordinary high piezoelectric coefficients
(d33=2500 pC/N) and low stiffness when compared to traditional PZT ceramics.(49, 50) Along
this same direction, multiple efforts have also been made in developing new lead-free piezoelectric
ceramics such as bismuth/alkaline titanate and alkaline niobite based perovskites, thus avoiding
the toxicity of lead.(48, 51-53) In addition to doping and synthesis, effort has also been focused
in the direction of the development of growth methods for piezoelectric ceramics with textured or
oriented grain structures. As mentioned above, the piezoelectricity of these ceramics originates
from the molecular dipole in their crystallographic unit cells, and the electromechanical coupling
ability depends on the total polarization of the material. Thus, an oriented grain structure with
highly aligned dipoles will lead to significantly improved piezoelectric performance. Synthesis of
perovskite single crystal nanowires have been widely investigated to create one-dimensional
structured piezoelectric materials so that their properties can be maximized. A variety of growth

techniques have been reported for both BTO family and PZT family perovskites, including
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chemical epitaxial growth, chemical vapor deposition, template growth, hydrothermal growth,
etc.(54-61) Such piezoelectric nanostructures are widely reported in high-performance sensing
and energy harvesting applications. Besides perovskite nanowires, zinc oxide (ZnO) nanowires
are also widely used although they exhibit relatively weak piezoelectricity. ZnO ceramics possess
a non-centrosymmetric wurtzite structure and only exhibit piezoelectricity when the grain structure
is textured.(40) However, the versatile synthesis methods of growing ZnO nanowires arrays on
different surfaces make them an excellent candidate for the structural and sensing component of a
multifunctional material.(62-64)

There are also some synthetic polymers that exhibit piezoelectricity because of their polar
molecular structures. These polymers contain molecular dipoles formed by polar covalent bonds
along their backbones, and the total polarization is dependent on the alignment of these polymer
chains. Piezoelectricity has been observed from common synthetic polymers such as Nylon and
polylactic acid.(65-68) However, the most well-known and investigated piezoelectric polymers
are poly (vinylidene fluoride) (PVDF) and its copolymers because of their strong piezoelectricity
as well as high ferroelectric and pyroelectric properties.(39, 69) These piezoelectric polymers
were first reported in the 1970s and have attracted great interest as soft piezoelectrics.(70-73) In
the PVDF molecule, each -CH2-CF2- (or VDF) repeating unit serves as a permanent dipole. (Figure
1.3) The piezoelectricity of PVDF is determined by the crystalline phases that make up the bulk
material; different chain conformations in these phases align the dipoles in different ways.(18, 19)
Once crystallized in the most favorable phase, the molecular dipoles within PVDF will be
parallelly aligned to sum up to a large total polarization, leading to strong piezoelectric and

ferroelectric effects.
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Figure 1.3 Structure scheme of PVDF polymer chain. Dipoles are labeled with arrows.



The piezoelectric dss coefficient and gss coefficient of several common piezoelectric
materials are shown in Figure 1.4.(68, 74-76) Piezoelectric materials with lower permittivity, such
as PVDF and its copolymers, provide greater energy conversation capacity due to a lower
capacitance, which traps a lower portion of the generated charge, compared to the piezoelectric
ceramics with higher permittivity. This leads to high g coefficients and indicates the potential of
PVDF and its copolymer in sensing applications although their d coefficients are much lower than
piezoelectric ceramics. In addition to high g coefficients, PVDF also carries the added benefit of
its classification as a thermoplastic polymer. Unlike hard and brittle ceramics, PVDF is a soft and
flexible material with low density, which is preferable in many applications such as wearable
devices and soft robotics.(6, 8, 10, 11) The softness of PVDF allows the generation of large
piezoelectric strains as well as the ability to withstand large deformation in sensing applications
using the direct piezoelectric effect. Previously reported PVDF-based materials can easily
generate deformation of a few percent of their static structures, while most piezoelectric ceramics
can only generate ~0.1% strain.(14, 16, 77) Additionally, the metal-free composition and chemical
inertness of PVDF and its copolymers makes them more suitable in biomedical applications.
Furthermore, unlike the high-temperature sintering and complicated nanowire growing techniques
used in the processing of piezoelectric ceramics, piezoelectric polymers can be processed using a
variety of plastic processing techniques, such as solution casting and extrusion, which are cheaper
and more efficient. PVDF and its copolymers can be cast into flexible thin films, which broaden
their potential applications to include microelectromechanical systems (MEMS) and wearable
devices.(12, 78) The described advantages over traditional piezoelectric ceramics indicate the
great potential of PVDF for a variety of piezoelectric applications. However, to fully utilize the
piezoelectricity of PVDF, there are still problems to be solved, and one of the most important and

long-standing problems lies in the crystallization behavior of PVDF.
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Figure 1.4 Piezoelectric coefficients of common piezoelectric materials: (a) piezoelectric strain coefficients
ds3, (b) piezoelectric voltage coefficient g3s. (68, 74-76)

1.3 Development of Piezoelectric PVDF

Unlike ceramics, PVDF is semi-crystalline with multiple phases. Maximizing the
piezoelectric properties of PVDF thus requires additional processing due to the instability of the
piezoelectric phase in the polymer. This places limitations on the available manufacturing
processes and prevents the use of this unique responsive material in many practical
applications.(21, 25) Therefore, extensive research has been conducted to understand the

crystallization behavior of PVDF in order to improve the piezoelectric properties.

1.3.1 Crystalline Phases of PVDF and Drawing-Induced Phase Transition

As a semi-crystalline polymer, PVDF can form five crystalline phases depending on
different processing methods.(79-82) Among these phases, there are three phases that are most
commonly observed and investigated (Figure 1.5): a non-polar a-phase, a polar B-phase, and a less
polar y-phase.(20, 69) In the a-phase, P\VDF polymer chains are crystallized in trans-gauche-trans-
gauche minus (TGTG’) conformation and align in an antiparallel orientation in the
crystallographic unit cell. This chain conformation and alignment leads to zero polarization of the
unit cell, thus a-phase PVDF does not possess piezoelectricity. The B-phase is the most polar of
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the phases in PVDF and possesses the highest piezoelectricity. In the p-phase, PVDF polymer
chains are crystallized in an all-trans conformation and align in a parallel orientation. This planar
conformation and parallel alignment orients all of the molecular dipoles in the same direction,
causing them to sum up to a large total polarization.(18, 83, 84) The y-phase is a less common
phase that usually appears as an intermediate state between a-phase and B-phase PVDF. In the y-
phase, PVDF polymer chains are crystallized in a trans x3 -gauche-trans x3-gauche minus
(T3GT3G’) conformation and are aligned in a parallel orientation in the unit cell. The partially
planar conformation leads to a polarization that is smaller than the polarization seen in the B-phase,
which results in a weaker piezoelectricity. Among these phases, the a-phase possesses the lowest
conformational energy and is thus the most common phase of PVDF. As a result, it can be easily
formed directly from polymer melts and during solvent casting of PVDF. However, as the B-phase
and y-phase are the most electrically active phases, a large amount of interest has been attracted to
investigate the phase transformation behavior of PVDF to promote the formation of these polar

phases.

Figure 1.5 Crystalline phases of PVDF: (a) a-phase, (b) B-phase and (c) y-phase.
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As previously stated, among the phases of PVDF, the B-phase exhibits the highest
piezoelectricity; thus, it is the most desired phase for piezoelectric applications. The ideal process
to fully utilize the piezoelectricity of PVDF would prepare PVDF of high B-phase content and
apply sufficient electric poling, preferably at an elevated temperature, to completely align the
dipoles in the same direction. Multiple efforts have been made to develop a method that promotes
the formation of B-phase in PVDF. Because B-phase PVDF has a zigzag conformation, which is
the most extended conformation for a polymer chain, one of the common ideas is to utilize
mechanical stress to promote phase transition from other phases to f-phase. It has been widely
reported that the a-to-P phase transition of PVDF can be achieved through a mechanical drawing
process.(21, 22, 24, 25, 85) This drawing method has been widely investigated at different drawing
rates, temperatures, and elongations, and quickly became the most widely used manufacturing
technique for high B-phase PVDF in industrial applications.(24) By drawing PVDF under elevated
temperature to an elongation of 300% to 500%, the polymer chains are forced into all-trans
conformation and are aligned along the drawing direction (Figure 1.6).(86) This drawing process
thus greatly increases the degree of crystallinity of the resulting PVDF and produces a large
fraction of B-phase.(87, 88) However, it should be noted that the B-phase prepared using this
drawing method alone does not produce PVDF that exhibits piezoelectric effects due to the fact
that the polymer chains are randomly oriented in the direction normal to the drawing force. To
maximize the piezoelectric properties of the drawn PVDF, state-of-the-art processing methods
perform mechanical drawing of PVDF under an external electrical field.(24, 89) The applied
electric field can orient the molecular dipole along the field during the drawing process thus
providing in situ electric poling. This manufacturing process allows large-scale, continuous

production of highly-piezoelectric PVDF films.
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Unfortunately, the mechanical drawing process also leads to significant limitations in the
potential applications of PVDF. One of the major disadvantages of mechanically drawn PVDF is
that the B-phase produced by the drawing process is accompanied by significant residual internal
stresses. Once the drawn PVDF is heated to a temperature high enough to allow free movement
of chain segments, thermal relaxation will occur, and the stressed polymer chains will revert to the
original a-phase.(90, 91) This thermal relaxation effect can be significantly accelerated when the
drawn PVDF is subjected to high temperatures (>100 °C).(92, 93) This feature of drawn PVDF
blocks access to high-temperature electric poling and limits its application at elevated
temperatures. Additionally, the uniaxial drawing method can only produce p-phase PVDF in the
form of films and fibers. Once it has been mechanically drawn, the product PVDF cannot be
further processed using common polymer processing techniques because of low thermal stability.
This lack of variety in product forms largely restricts the application of drawn PVDF. The
development of a method to synthesize stable, highly-piezoelectric PVDF films without uniaxial
drawing is thus of great importance for the fabrication of high-performance PVDF devices and has

been the focus of decades of research.

1.3.2 Previous Efforts to Prepare Undrawn B-phase PVDF

Over the past few decades, a significant amount of research has been dedicated to

developing alternative preparation methods for high B-phase PVDF. The previous reported non-
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mechanical methods to prepare PVDF with high piezoelectric properties is divided into the
following categories of approaches: thermal methods which involve modification to the solvent
evaporation process and the melt crystallization process, electric poling methods which use electric
fields instead of mechanical stress, additive methods using the addition of nucleating fillers,
including nanoparticles, ionic chemicals, hydrated salts and polymer blends, nanofabrication
methods including the electrospinning method and Langmuir-Blodgett method, and defect-
engineering copolymerization methods. Each of these methods are further explained in the

following section.

1.3.2.1 Thermal Methods
In early research of the crystallization behavior of PVDF, it was observed that the

evaporation process during solvent casting affects the crystalline composition.(94-96) In
particular, the parameters that affect the final phase composition include evaporation rate,
evaporation temperature, and the choice of solvent. Gregorio Jr. et al. and Salimi et al. reported
that PVDF crystallizes in a higher B-phase fraction at lower evaporation temperature during the
solution crystallization process from dimethylacetamide (DMAC).(94, 96) It was shown that the
cast PVDF film could achieve a B-phase fraction over 80% when the evaporation temperature is
lower than 70°C, while PVDF films dried at temperature above 120C only contain a B-phase
fraction less than 20%. In a later report, Gregorio Jr. et al. reported that PVDF films with increased
fraction of B-phase can be formed during low temperature evaporation of PVDF from other
solvents including dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), and
hexamethylphosphoramide (HMPA).(97) It was shown that the resulting crystalline phase formed
during solution casting is determined by the evaporation rate of the solvent, which depends on the
evaporation temperature and the boiling point of the solvent. Low evaporation rates favor the
formation of B-phase, while high rates favor the formation of a-phase.

The solvent used in PVDF solution crystallization also affect the resulting phase
composition.  Gal’perin et al. first reported that polar PVDF was obtained by solution
crystallization in DMF, DMAc, and dimethyl sulfoxide (DMSOQ).(98) Furthermore, Benz et al.
performed research on a variety of solvents to investigate the solvent effects on the phase
composition of PVDF.(99) It was reported that solvents with a high dipole moment promoted the
formation of a polar phase in PVDF. However, it was also reported that the phase composition of
the resultant polar PVDF is dominated by the y-phase instead of the B-phase (Table 1.1).
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Nonetheless, the effects of polar solvents on promoting the formation of planar chain conformation
in PVDF was confirmed. The reason for increased planar conformation is given by the strong
intermolecular interactions between polar solvents and PVVDF. Such intermolecular interactions
lead to the expansion of the coil dimensions of PVDF polymer chains so that more planar
conformation is induced. This effect is more significant at lower temperatures where the proton
exchange rate of the polar solvent is lower.(99) Thus, a combination of both polar solvents and
low evaporation temperature are usually used for preparing piezoelectric PVDF films from
solution casting. However, low evaporation temperature also leads to increased roughness and
porousness in the resulting PVDF films, which then leads to decreased electrical and mechanical

properties.

Table 1.1 Solvent effects on the phase composition of solution-casted PVDF films.(Films were
solution casted and dried at 70 C) (99)

Solvent Dipole moment (D) Phases Obtained
Dimethyl Sulfoxide (DMSO) 3.96 y-phase
Dimethylformamide (DMF) 3.82 y-phase
Dimethylacetamide (DMAC) 3.81 y-phase
Acetone 2.88 y-phase
Tetrahydrofuran (THF) 1.75 Mixture of a- and y-phase
Ethanol 1.69 a-phase
Toluene 0.37 a-phase

Heat treatments methods directly performed on the PVDF melts or PVDF films have also
been reported for the preparation of piezoelectric PVDF in early studies. Many efforts have
focused on finding the optimum crystallization condition for polar PVDF. Lovinger et al. reported
an isothermal crystallization method to prepare polar phase PVVDF.(100, 101) Formation of the y-
phase was observed when the PVDF melt was crystalized at elevated temperature. Osaki et al.
found y-phase dominated PVDF was obtained from melt by isothermal crystallization at
170C.(102) However, B-phase PVVDF cannot be obtained through such methods. Quenching and

annealing processes are also reported to promote the phase transition to polar phase.(103, 104)
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Yang et al. reported that a quenching process of PVDF melts from 210C to -50C leads to the
formation of B-phase.(105) Additionally, Kang et al. reported that the ferroelectric behavior of
spin-coated PVDF films largely increased as a result of an annealing process at 150 C because of
increased B-phase fraction.(106) In addition to these heat treatments, promoted [3-phase formation
was also observed in crystallization processes under high pressure and on special substrates.(107,
108) Early studies reported that epitaxial growth of B-phase PVDF is observed when the PVDF is
crystallized from melt on a potassium bromide substrate leading to high fraction of oriented -
phase.(109) However, because of the high viscosity of PVDF melt and the degradation of PVDF
at high temperature, the process using PVDF melt to produce B-phase PVDF can be very
complicated and expensive. It should be noted that these studies of the melt crystallization of
PVDF were mostly conducted in 1980s; many other more efficient and processable methods have
been developed since then.

1.3.2.2 Electric Poling Methods
An electric poling process at elevated temperature is often reported as an alternative

method to mechanical drawing to induce phase transitions in PVDF. In this method, an electric
field is used as an external drawing force instead of the mechanical forces used in the conventional
drawing method.(26, 93) Since the molecular dipoles can be stressed and reoriented using a strong
electric field, the electric poling process is often used as a method to maximize the piezoelectric
response of prepared PVDF films. In the high temperature electric poling process, PVDF films
are subjected to a strong electric field at elevated temperature close to the melting point to increase
the flexibility of chain segments. The VDF dipoles are then aligned along the field direction and
frozen by cooling the film down to room temperature under the electric field. Satyanarayana et al.
investigated the phase transition of PVDF under external electric fields through molecular
dynamics simulation.(110) The simulation showed the molecular motion of PVDF phase
transition under electric fields was similar to that of the phase transition under mechanical stress,
and lower electric field is required for a complete a-to - phase transition when a low uniaxial
strain of 4.75% is applied to the PVDF film simultaneously. During the electric poling process,
a-phase usually transits to d-phase first, in which PVDF chains still have the same conformation
but are aligned parallelly.(111, 112) Generally, the electric poling method is more effective at
higher temperatures and electric fields, however, the risks of sample failure due to electric

breakdown also increases under such conditions. Electric poling induced phase transition from y-
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and &-phase to B-phase are also reported.(108, 112) Since these two phases are high-energy
intermediate states between a- and B-phases, the transition is easier to realize at lower electric field

and temperature.

It should be noted that although the use of electric field instead of mechanical forces allows
high flexibility in product form, the f-phase PVDF prepared by electric methods is still drawn
PVDF. The problem of thermal relaxation still exists in these PVDF products because of the
presence of internal stress. Thus, although the electric poling method can slightly broaden the
physical form of PVDF products because of the flexibility of applying electric fields, it cannot

solve the problems caused by low thermal stability.

1.3.2.3 Additive Methods
Many additives such as hydrated salt, nanoscale fillers, and polymers are reported to have

influence on the crystallization behavior of PVDF. These methods are focused on the properties
of solution cast PVDF films since the additives are usually mixed in PVDF solutions. The most
frequently reported additives for the preparation of the B-phase are hydrated metal salts such as
magnesium chloride hexahydrate and nickel cerium nitrate hexahydrate.(113-116) The
mechanism of metal salt induced B-phase formation lies in the strong interfacial interactions
between PVDF and the added salt. Such interfacial interactions are formed by ion-dipole
interactions and hydrogen bonds between PVDF and the water molecules of the salts (Figure
1.5).(117) A single molecular layer of PVDF chains with all-trans conformation are adsorbed on
the salt surfaces because of the interactions between the water molecule and the fluoride atoms.
Such molecular layers serve as the initial crystal nuclei, and polymer chains crystallize around
these nuclei with same conformation to form the B-phase.(118) The addition of hydrated metal
salts can thus effectively improve the ferroelectricity and piezoelectricity of cast PVDF films;
however, the residual salts have no contributions to either the structural or electrical properties of
the resultant PVDF.
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Figure 1.7 Promoted B-phase formation on the surface of hydrated salt.(117)

Nanoparticles of TiO2, BTO, and ferrite can also serve as nucleating seeds for the formation
of B-phase PVDF.(119-122) The mechanism of the nucleating of B-phase around these
nanoparticles is explained by the negative electrostatic charges on these nanoparticles. Strong
molecular interactions occur between these negatively charged surfaces and the positively charged
CH2 segments of PVDF chains, thus leading to initial crystal nuclei of B-phase at the interface
(Figure 1.8).(120) The process of B-phase nucleation by these nanoparticles is very similar to the
process promoted by hydrated salts. However, use of BTO and ferrite nanoparticles have great
advantages compared to the use of hydrated salts because of the unique properties of the filler
itself. Inclusion of piezoelectric ceramic nanoparticles like BTO can adjust the dielectric and
piezoelectric properties of PVDF, resulting in piezoelectric nanocomposites that may exhibit better
performances in sensing, energy storage, and energy harvesting.(123, 124) The addition of
magnetostrictive ferrite particles such as NiFe,O4 and NiFe2O4 in piezoelectric PVDF results in a
multiferroic nanocomposite that allows application in electromagnetic coupling sensing and
actuating.(120, 125)
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Figure 1.8 Promoted pB-phase formation on the surface of negatively charged ferrite nanoparticles.
(120)

In recent years, high strength nanofillers such as carbon nanotubes (CNTSs), graphene
oxides, and nanoclays have also been used as reinforcement materials for P\VDF nanocomposites,
and have been found to be influential for the crystallization of PVDF.(126-129) EIl Achaby et al.
reported that the addition of graphene oxide in PVDF/DMF solution enhanced the B-phase
formation in cast films.(127) The results showed a B-phase dominated PVDF film was directly
obtained from solution-casting with 2 wt.% of the graphene oxide filler. Ramasundaram et al.
reported an organically modified silicate filler that can induce preferential 3-phase formation in
PVDF base nanocomposites.(128) The surface of the silicate filler was modified to enhance the
interaction with PVDF molecules. The formation of B-phase PVDF is then promoted by the
interfacial interactions in which the all-trans conformation chains have a lower energy barrier to
be absorbed on the surface of nanofiller.(130, 131) The efficiency of increasing [3-phase through
nanofillers, especially CNTs, are still controversial,(130) however, the addition of high strength
nanofillers can improve the mechanical properties of PVDF and may open new routes to the

fabrication of multi-functional nanocomposites.

Another category of additives that can be used to induce 3-phase formation is poly (methyl
methacrylate) (PMMA). It was discovered several decades ago that PVDF-PMMA polymer
blends with an appropriate molar ratio can crystallize in the p-phase.(132, 133) Gregorio Jr. et al.
reported that a small concentration of PMMA (10 to 15 wt. %) in PVDF-PMMA blends leads to
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preferential B-phase crystallization from solution casting.(134) Li et al. further investigated the
crystallization behavior of PVDF-PMMA blends and reported a phase diagram indicating that -
phase can be obtained by annealing the polymer blend near its melting point.(135) PMMA
promotes B-phase crystallization for steric reasons in addition to dipole-dipole interactions. Due
to their similar electronic structure, PMMA chains can enter the crystalline region of PVDF and
induce steric hindrance between PVDF chains.(134) Meanwhile, the dipole-dipole interaction and
hydrogen bonds between the PMMA and PVDF forces the PVDF and PMMA polymer chains to
align in a parallel orientation. Such interaction favors the all-trans conformation in both polymer
chains, leading to the formation of f-phase. However, since PMMA is an amorphous polymer, a
large fraction of PMMA will decrease the degree of crystallinity of PVDF which leads to the loss
of ferroelectricity.(136)

1.3.2.4 Nanofabrication Methods
The methods discussed in this section are the electrospinning method and Langmuir-

Blodgett method. Both techniques are versatile processing methods that are widely used for
fabricating nanostructures comprised of polymers. However, during these processes, a high ratio
of ‘stretching’ is induced in the PVDF which leads to phase transition and results in extremely
high fraction of B-phase.

Electrospinning techniques have attracted significant attention as a convenient method to
prepare polymeric nanofibers. In the process of electrospinning, electric force is used to draw
charged polymer solutions or polymer melt into fibers with diameters on the order of hundreds of
nanometers. The method is usually executed by applying a high voltage to charge a droplet of
polymer solution or melt. When the electrostatic repulsion of the charged droplet is strong enough
to counteract its surface tension, a stream of liquid jet will form from the surface of the droplet and
be deposited onto a grounded collector.(137, 138) With a syringe pump or liquid dispenser to
continuously feed polymer solution or melt to a charged nozzle, the polymer can be drawn by the
electric field at a constant rate to form continuous nanofibers or sprayed nanowebs (Figure 1.9).
Electrospinning of PVDF solution has been widely reported as a promising method for fabricating
micro- and nano-scale piezoelectric devices.(139, 140) During the electrospinning process, the

PVDF polymer chains are charged and stretched by the electric field to form all-trans
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conformations with dipoles aligned parallelly according to the field. The effects of the electric
field act as a combination of mechanical drawing and electric poling. As a result, electrospun
PVDF fibers possess a high fraction of p-phase and strong piezoelectricity.(141-143) Pu et al.
reported a nanoscale actuator based on electrospun PVDF fibers and reported a large inverse
piezoelectric strain coefficient dsz of -57.6 pm/V.(144) Additionally, Chang et al. and Soin et al.
reported PVDF nanogenerators fabricated using an electrospinning method and observed high
energy conversion efficiency.(145, 146) Electrospun 3-phase PVDF fibers have attracted interest
in various fields including sensing, batteries, filtration, and biomedical applications.(147, 148)
The development of controllable near-field electrospinning techniques in recent years also indicate
its potential as a candidate additive manufacturing method for high-performance piezoelectric
devices.(145, 146)
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Figure 1.9 Electrospinning of PVDF. (a) Schematic diagram of electrospinning process. (b) PVDF
nanofibers electrospun under different conditions. (149)

The Langmuir-Blodgett (LB) method is a monomolecular film assembly technique that is
used for preparing nanosheets or ultrathin films of polymers. The LB method utilizes the
hydrophilic and hydrophobic functional groups in the polymer which acts as surfactant. Once
deposited on water surface, the surfactant molecules will be spread out by the surface tension of
water and eventually form a monomolecular layer on the surface of the water. In the case of PVDF,
the C-F groups serve as the hydrophilic groups by forming hydrogen bonds with water molecules
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(Figure 1.10).(150) During the spreading process on the surface of the water, the PVDF chains
are stretched by surface tension to extend biaxially. Monolayer of oriented B-phase PVDF film is
thus formed on the surface of the water and can be deposited onto a solid substrate by immersing
the substrate into water. Thicker B-phase PVDF films can be obtained by repeatedly depositing
PVDF monolayers onto the substrate.(151, 152) Since the thickness of a single monolayer is fixed,
the thickness of the deposited PVDF LB film can be precisely controlled by controlling the number
of layers. Kliem et al. reported an LB deposition method and prepared oriented PVDF films with
thicknesses of only several nanometers and f-phase fraction of almost 100%.(152) Chen et al.
characterized the piezoelectricity of the PVDF LB film and observed a large dss coefficient of -
49.4 pm/V. (150) They also reported that because the PVDF molecules are highly oriented in the
LB film, the electric poling process is not necessary for maximizing the piezoelectricity of the
PVDF. Additionally, Zhu et al. reported that the LB deposition of PVDF can further improved by
the use of amphiphilic nanosheets, in order to prepare highly-oriented ferroelectric PVDF LB
films.(153)
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Figure 1. 10 Illustration of the preparation of oriented -phase PVDF through LB method. (150)

Although both the electrospinning method and LB deposition method still use external
force to form B-phase PVDF by stretching, they are able to prepare highly-piezoelectric nanoscale
PVDF products. It can be expected that these nanofabrication methods will find great use in future

development if MEMS, microrobots, and nanodevices.
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1.3.2.5 Defect-Engineering Methods
The ‘defect-engineering’ strategy originates from the study of the head-to-tail isomerism

of PVDF.(154, 155) In 1972, Farmer et al. reported that the head-to-head/tail-to-tail (HHTT)
defects induced during the polymerization of PVDF will influence the polymorphic crystallization
behavior of the PVDF.(155) It is demonstrated that with a high fraction of such ‘defects’, the 3-
phase formation is promoted. The reason of promoted B-phase formation was found to be that the
regional steric effect caused by the HHTT defects increased the energy barrier of a-phase
formation while causing no significant effects on the formation of B-phase.(156) Defect-
engineered copolymers of PVDF such as poly(vinylidene fluoride-co-trifluoroethylene), or
P(VDF-TrFE), have been developed as alternative piezoelectric polymeric materials to PVDF.(27,
28, 72, 73) The newly introduced comonomers can adjust the ferroelectric and piezoelectric
properties of VDF based polymers by affecting the structure of crystalline and ferroelectric
domains. The comonomers used in PVDF copolymers are larger and bulkier than the VDF units,
thus introducing more steric effects to the crystalline region of the PVDF.(156) Such effects lead
to a preferential crystallization in B-phase in these copolymers. As a result, P(VDF-TrFE) can
crystallize into B-phase from melt and solution casting, widely broadening its processing
opportunities when compared to PVDF formed using alternative methods.(20, 157-159) The
mechanism of promoted B-phase formation in the P(VDF-TrFE) copolymer will be investigated in
detail in chapter 2.

P(VDF-TrFE) copolymers are conventionally prepared by using the free radical
copolymerization of VDF and trifluoroethylene (TrFE). The polymerization can be performed
during aqueous dispersions such as suspension, emulsion, and microemulsion to yield high
molecular weight products.(157, 160, 161) The composition of the polymerization system needs
to be carefully controlled since residual ionic species in the final product will reduce the
piezoelectricity. lodine transfer polymerization methods and reversible addition fragmentation
chain transfer (RAFT) polymerization methods have also been reported to prepare electroactive
block copolymers of VDF and TrFE.(161-163) Although the copolymers have a huge advantage
in the stable B-phase formation when compared to PVDF, the copolymerization is complicated and

expensive which increases the cost of using PVDF copolymers in piezoelectric applications.
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Furthermore, the mechanical properties and some piezoelectric coefficients of these copolymers
were found to be lower than the PVDF homopolymer.(13, 164, 165)

This dissertation will design a low-cost and versatile route to prepare B-phase PVDF
following the defect-engineering strategy. The molecular defects are introduced by the chemical
modification method through dehydrofluorination of PVDF. The dehydrofluorination reaction
takes place when PVDF is subjected to basic or high temperature conditions and modifies the
backbone structure of PVDF by introducing carbon-carbon double bonds or forming crosslinks
(Figure 1.6).(166, 167) The relationship between the modified molecular structure and phase
composition of PVDF will be further investigated to obtain a better understanding of the
crystallization behavior of fluoropolymers. Finally, an optimized dehydrofluorination method will
be developed to prepare B-phase PVDF with high piezoelectricity. Additionally, the piezoelectric

properties and performance of the new developed PVDF will be demonstrated.
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Figure 1.11. Dehydrofluorination of PVDF
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1.4 Dissertation Overview

In the following section, a detailed description of the research performed in each chapter

IS provided:

Chapter 2 investigates the effects of dehydrofluorination on the crystallization behavior of
PVDF using a molecular simulation method. It begins with a brief overview of defect-engineered
P(VDF-TrFE) copolymers and its terpolymers which preferentially crystallize in B-phase. The
mechanism of the crystallization behavior of P(VDF-TrFE) is discussed and investigated for the
first time with a molecular simulation method. The results provide a quantitative explanation of
how bulkier comonomers change the potential energy levels of each crystalline phase in PVDF
and lead to preferential crystallization. Based on the same defect-engineering strategy, the model
of P(VDF-fluoroethyne) copolymer, which can be experimentally prepared through
dehydrofluorination, is built and investigated using the same molecular simulation method. The
results demonstrate that the -phase formation can be promoted when a certain fraction of double
bonds is introduced into PVDF. These findings provide the theoretical proof for the efficacy of

using dehydrofluorination to prepare p-phase PVDF.

Chapter 3 focuses on the development and optimization of the dehydrofluorination process.
It begins with an introduction to the experimental process of PVDF dehydrofluorination and the
chemical characterization techniques which were used in this study. Methods to calculate the
dehydrofluorination extent and B-phase fraction of dehydrofluorinated PVDF is developed based
on the characterization results. Furthermore, the effect of experimental parameters such as
dehydrofluorination agents, concentration, and reaction time are investigated in Chapter 3. The
results provide experimental proof of promoted B-phase formation in dehydrofluorinated PVDF.
High ferroelectric properties are observed from the dehydrofluorinated PVDF indicating the
formation of large B-phase domains. Eventually, a relationship between dehydrofluorination
extent and B-phase fraction is quantified for the first time, and a set of optimized reaction
conditions for manufacturing high B-phase PVDF is provided. The findings of this chapter open

a new approach to large-scale manufacturing of high f-phase PVDF.

As the efficacy of dehydrofluorination-induced B-phase PVDF has been proven
theoretically and experimentally in last two chapters, Chapter 4 focuses on the investigation of the

piezoelectricity and thermal stability of the dehydrofluorinated PVDF. Different piezoelectric
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characterization methods are performed on dehydrofluorinated PVDF to evaluate its piezoelectric
performance through both direct and inverse piezoelectric effects. Giant piezoelectric strain
coefficients of ds3 = -65.59#0.71 pm/V and ds;1 = 25.12#1.13 pC/N are measured from
dehydrofluorinated PVDF, which are the highest piezoelectric coefficients reported for all PVDF
based polymers to date. The investigation of the thermal stability of B-phase in dehydrofluorinated
PVDF further demonstrates the preferential crystallization behavior induced by
dehydrofluorination. The results show that the B-phase fraction of dehydrofluorinated PVDF can
be preserved through cycles of melting and cooling processes below an upper limit temperature of
210 °C. The results demonstrate that the developed PVDF is a worthwhile candidate with great

potential for low-cost, high-performance commercial applications of piezoelectric materials.

Chapter 5 of this dissertation develops two additive manufacturing techniques for
fabricating piezoelectric devices based on dehydrofluorinated PVDF. The first technique is a
direct-writing method that can print 2D patterns of PVDF with precisely controlled thickness while
perfectly preserving the B-phase fraction of dehydrofluorinated PVDF. Energy harvesters and
bilayer actuators based on dehydrofluorinated PVDF are fabricated through the direct-writing
method. The developed stretching mode energy harvester based on dehydrofluorinated PVDF
shows a high power density of 21.96 mW/cc which is over 3 times higher than the same device
fabricated by the state-of-the-art drawn PVDF. The second technique is the electrospin-assisted
3D printing method, which can achieve micro-level high resolution printing of PVDF 3D
structures meanwhile provide in situ stretching and electric poling to maximize the piezoelectric
performance. A breathable and wearable PVDF energy harvester is fabricated using this method
and a decent voltage response is observed. The results demonstrate that high-performance
piezoelectric energy harvesters and actuators can be fabricated in a convenient and efficient way
by integrating dehydrofluorinated PVDF into additive manufacturing methods. Such findings

provide novel approaches to the development of future piezoelectric devices.

The final chapter of this dissertation starts with a brief overview of the findings throughout
the dissertation. After the overview, the contributions of this dissertation and their possible
influence on future research investigating piezoelectric polymers is discussed. Additionally, the

final section of this chapter describes potential future work that can be conducted.
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CHAPTER 2
Study of Crystallization Behavior of Dehydrofluorinated PVDF

2.1 Chapter Introduction

This chapter focuses on the effects of dehydrofluorination on the crystallization behavior
and crystalline phase composition of PVDF. The hypothesis of this chapter is that the
dehydrofluorination changes some of the VDF repeating units to double bond (-HC=CF-, or
fluoroethyne) units which will bring steric defects into crystalline PVDF thus impacting the phase
composition. In order to build the theoretical basis and prove this hypothesis, this chapter begins
with a review of previous studies of the crystallization behavior of the copolymer and terpolymers
of PVDF. The influences of introducing foreign comonomers of different dipole moments and
steric effects into the PVDF crystalline regions will be discussed with a focus on the crystalline
structures, dielectric properties, and ferroelectric properties of the copolymer and terpolymers. A
computational analysis will be designed and performed for the P(VDF-TrFE) copolymer to
achieve a quantitative understanding of the mechanism of its preferential crystallization behavior.
Molecular models of dehydrofluorinated PVDF will also be built and analyzed using the same
computational method to predict the crystallization behavior. It will therefore be demonstrated
that fluoroethyne units introduced by dehydrofluorination can increase the planar chain
conformation of PVDF thus leading to more B-phase formation. These results provide a theory
explaining how dehydrofluorination is able to impact the crystallization behavior of PVDF and
improve the fraction of the piezoelectric phase. The key contribution of this chapter is to provide
a better understanding of the crystallization behavior of PVDF and the effects of comonomers, and

to provide another solution to prepare high 3-phase PVDF through chemical modifications.

2.2 Promoted B-phase Formation in PVDF Copolymers and Terpolymers

In previous research, many PVDF copolymers have been synthesized and reported due to

their unique electroactive properties. Commonly reported comonomers include trifluoroethylene
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(TrFE), 1,1-chlorofluoroethylene (CFE), chlorotrifluoroethylene (CTFE) and
hexafluoropropylene (HFP) (Figure 2.1).(168-170) These comonomers are widely used to adjust
the ferroelectric and piezoelectric properties of VDF based polymers by affecting the structure of
the crystalline and ferroelectric domains.(171, 172) Studying the effects of comonomers on the

crystallization behavior of PVDF can help theorize the mechanism of promoted -phase formation

in dehydrofluorinated PVDF.

F
TrFE CTFE HFP

Figure 2.1. Repeating units of common comonomers of PVDF based polymers.

Among the previously mentioned copolymers, P(VDF-TrFE) copolymers have attracted
the most attention and been preferred over PVDF homopolymers for many piezoelectric and
ferroelectric applications.(69, 164) The P(VDF-TrFE) copolymers were first reported in the early
1980s as a better alternative material to the PVDF homopolymer due to their high ferroelectric
properties.(72, 157) Unlike the PVDF homopolymer which needs mechanical stretching to
achieve B-phase, P(VDF-TrFE) copolymers can crystallize into a ferroelectric phase with all-trans
conformation, similar to the 3-phase of PVDF, directly from melt or solvent casting.(157) This
preferential formation of the ferroelectric phase of P(VDF-TrFE) provides access to various
processing methods such as solvent-casting, inkjet printing, and 3D printing thus providing an
advantage over traditional PVDF homopolymers.(27, 158, 173, 174) The mechanism of this
crystallization behavior has yet to be thoroughly investigated, but the reason for promoted -phase
formation is anticipated to be a result of the slight structural differences in the ferroelectric phases
of the P(VDF-TrFE) copolymer and PVDF homopolymer. Farmer et al. first reported that the
replacement of hydrogen atoms by fluorine atoms in the PVDF chains would strongly influence
the polymorphic crystallization behavior of PVDF.(155) Although their study focused on the
effects of head-to-tail isomerism in PVDF polymerization, they provided changes in the potential
energy of each chain conformation (all-trans for B-phase and TGTG’ for a-phase) when -CF,-CF»-
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segments were introduced by head-to-head/tail-to-tail defects. Their results show that the potential
energy level of TGTG’ conformation increases significantly with an increase in -CF,-CF2-
segment percentage, which leads to a preferential crystallization in 3-phase for the whole polymer
system. Lando et al. claimed that this increase of potential energy in TGTG’ conformation is
attributed to the increased steric effects caused by the larger fluorine atoms.(175, 176) Since the
distance between the fluorine atom and hydrogen atom on adjacent carbons of TGTG’
conformation chain (2.30 A) are smaller than the sum of van der Waals radius of two fluorine
atoms (Rvan der waais(F)=1.47 A) (Figure 2.2), the replacement of a fluorine atom at the position
originally occupied by a hydrogen atom would induce significant strain in a-phase crystals.
However, the strain induced in the all-trans conformation chains is minimal because the distance
between the adjacent hydrogen atom and fluorine atom is larger (2.56 A).(177) In the case of the
P(VDF-TrFE) copolymer, the addition of TrFE units to the backbone of PVDF would also increase
the steric hindrance in TGTG’ conformation chains, leading to a higher potential energy level for
a-phase formation. These bulky TrFE units act as defects in the crystalline region of PVDF and
create a localized higher energy barrier for the formation of TGTG’ conformation. The formation
of a-phase domains is interrupted, while the energy level of the formation of B-phase domains is
unaffected. As a result, P(VDF-TrFE) copolymers can always crystallize in a [B-phase

conformation in most processing methods.

PVDF(a-phase) P(VDF-TrFE)(a-phase)

Figure 2.2. Interatomic distance changes between PVDF and P(VDF-TrFE) copolymer in both a-
phase and B-phase chain conformation.
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The steric effects of introducing TrFE units also lead to changes in intermolecular
interactions between neighboring polymer chains in the crystalline region. Because of the
introduction of large fluorine atoms, the interchain distances of the all-trans conformation phase
of the copolymer is noticeably increased.(178, 179) These bulky units of TrFE act as defects in
the crystalline region of PVDF, occupying more space and allowing a more flexible dipole rotation
along the chain axis. The increased interchain space and chain flexibility will also contribute to
the formation of polar $-phase by further lowering the intermolecular van der Waals effects. This
will reduce the energy barrier created by steric hindrance so that the state of lowest intermolecular
electrostatic potential energy, in which chains of dipoles are parallelly packed and oriented, can
be easier to achieve. On the other hand, the increased interchain distances in the crystalline region
of P(VDF-TrFE) lead to significant changes in several bulk properties such as density, elastic
modulus, and melting point.(156, 159, 180) Such changes in properties can be used as evidence
to reflect the effects of the comonomers. In addition to bulk material properties, the dielectric and
ferroelectric properties of P(VDF-TrFE) are also significantly changed due to the comonomers.(29,
73, 157, 179) Because of the increase in the interchain distances, the energy barriers for dipole
rotation along the chain axis are reduced which leads to a higher dielectric constant.(13, 168, 171)
This decreased energy restriction on dipole motions also results in a low Curie temperature;
previous research shows that the Curie temperature of P(VDF-TrFE) copolymers decreases

significantly with increasing TrFE ratio.(157, 164)

Other comonomers such as CFE, CTFE, and HFP are also widely used to adjust the
properties of the PVDF based copolymer. However, these comonomers cannot promote the -
phase formation by simply copolymerizing with PVDF. This is because CFE, CTFE, and HFP
units are too big to be included in the crystalline region of PVVDF in the copolymer.(30, 169, 172)
Furthermore, a large fraction of these large comonomers will decrease the degree of crystallinity
of the copolymer.(181, 182) However, these comonomers can be utilized by adding them to the
copolymerization of VDF and TrFE, with a small molar ratio, to form a terpolymer (Figure 2.3).
Since TrFE units can be crystallized together with VDF units and increase the interchain distances
between crystallized chains, it is possible for large comonomers to be included into the crystalline
region of P(VDF-TrFE). The interdiction of large comonomers will induce a more steric effect
and further increase the interchain distances.(183) The formation of B-phase is still dominant in
the crystallization, but the ferroelectric properties of the terpolymers is significantly different from
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PVDF and P(VDF-TrFE) copolymers. It is reported that large comonomers like CFE and CTFE
bring a ‘pin’ effect to the ferroelectric domains of PVDEF.(170) Because of their different dipole
moments and strong intermolecular interaction, these large comonomers interrupt the large
ferroelectric domains and bundle a few VDF and TrFE dipoles together to form smaller domains.

Such changes in ferroelectric domains provide a relaxor ferroelectric behavior to the
terpolymer.(30, 168)

PVDF P(VDF-TrFE) P(VDF-TrFE-CFE) P(VDF-TrFE-CTFE)
A TS r=ap=apss - i b
444 dd4d Lddd 444 =w
bt Add AL b h D D =m
ddd 44 dhd L

> > > =+ = CTFE

el i T i .

e - - —
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Figure 2.3. B-phase crystalline domains of PVDF’s copolymer and terpolymers. The arrows
represent the dipole moments. The interchain distance di<d;<ds<da.

2.3 Computational Study of the Crystallization of P(VDF-TrFE) Copolymers

In order to quantify the steric hindrance brought by TrFE units and its effects on the
crystallization behavior, P(VDF-TrFE) polymer chain models of TGTG’ conformation (a-phase)
and all-trans conformation (B-phase) with varying VDF: TrFE ratios are built. The conformational
potential energy of these molecule models is calculated through molecular simulations by means
of Materials Studio software. The polymer chain models are built according to the crystal
parameters of a-phase and f-phase PVDF as reported by Lando et al. and Doll et al., and a
geometry optimization function from Material Studio software is applied after the TrFE units are
introduced.(184, 185) Each polymer chain model contains 20 repeating units, with 0% to 50% of
VDF units at random locations replaced by TrFE units. The conformational potential energy of
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these polymer chains is expressed as a sum of bonded, van der Waals, and electrostatic terms as

shown in the following equation (Equation 2.1) (186):

E = Ebonded + EvdW + Ees Equation 2.1

total

where the bonded term Enonded accounts for the potential energy changes due to bond stretching,
bending, torsional bending, out-of-plane wagging, and bond-bond coupling, the van der Waals
term Eww accounts for the potential energy changes from intramolecular van der Waals
interactions, and the electrostatic term Ees accounts for the energy changes from electrostatic
interactions. The Condensed-phase Optimized Molecular Potentials for Atomistic Simulation
Studies (COMPASS) force field as incorporated in the Forcite function in Material Studio software
is used to calculate the conformational potential energy of each polymer chain model.(186, 187)
The parameters of the atomic partial charges are assigned by the COMPASS force field fitting to
experimental and ab initio data. For a PVDF chain, the calculation results indicate that the all-
trans conformer has higher energy than the TGTG’ conformer, and the energy difference is ~20
kcal/mol (Figure 2.4a). It shows that although the all-trans conformer has a lower van der Waals
term, its electrostatic term is much higher than that of the TGTG’ conformer since the parallel
alignment of the dipoles is not energy preferable. However, when the TrFE unit is introduced into
the polymer chains, the van der Waals term of the TGTG’ conformer increases significantly,
indicating a largely increased steric effect. Meanwhile, the difference between the electrostatic
terms of the two conformers becomes smaller when a large fraction of TrFE units replaces VDF
units. As a result, the total conformational potential energy of the all-trans conformer is lower
than that of the TGTG’ conformer after over 10% of VDF repeating units are replaced by TrFE
units, as shown in Figure 4a. The energy difference between the two conformers increases with
increasing TrFE fraction. For a polymer chain with VDF: TrFE ratio of 50:50, the conformational
potential energy difference is 87.5 kcal/mol, which is much higher than the energy difference
between the TGTG’ and all-trans conformer of pure PVDF. This indicates that the B-phase
possesses high stability in the P(VDF-TrFE) copolymer with a TrFE fraction above 10%, and the
formation of B-phase from these copolymers by most processing methods is energy-wise
preferential. The simulation results are consistent with previously reported experimental research
on P(VDF-TrFE) copolymers which conclude that the coexistence of a-phase and B-phase is only

observed in copolymers with a low fraction of TrFE. (178, 179)
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Figure 2.4. Conformational potential energy of P(VDF-TrFE) with varying TrFE fraction: (a)
total potential energy, (b) bonded term Ebonded, (C) van der Waals term Evaw, and (d) electrostatic
term Ees.

The mechanism of the preferential crystallization in the P(VDF-TrFE) copolymer can be
further confirmed by investigating the contributions from the three energy terms. The introduction
of TrFE units leads to a tightly packed structure (more space is occupied) in a-phase, which leads
to a decreased bonded term, Ebonded, in @ TGTG’ conformer model (Figure 2.4b). However, this
tight packing causes significant steric effects in the whole molecule. The van der Waals term,
Evaw, of the TGTG’ conformer is largely increased when TrFE units replace VDF units (Figure
2.4c¢). On the other hand, the TrFE units do not have significant impacts on the steric structure of
the B-phase because the extra fluorine atom is placed on the hydrogen side of the backbone which
has low space-occupancy. As a result, both the bonded term, Eponded, and van der Waals term, Evaw,
in the all-trans conformer are almost unaffected by the increasing fraction of TrFE units. The

energy difference between the Eww of the two conformers is much greater than the energy
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difference between the two Enonded OF the two conformers, indicating intramolecular van der Waals
interactions are the major factor in determining the potential energy levels of the molecular
conformations. The electrostatic term, Ees, is increasing in both conformers along with increased
TrFE units because of the addition of new negatively charged fluorine atoms (Figure 2.4d). The
Eesterm of an all-trans conformer is always higher than that of a TGTG’ conformer in any TrFE
fractions because the oriented dipoles in the all-trans conformer lead to higher potential energy.
However, since the introduced TrFE units possess lower dipole moments than the VDF unit, the
difference between the electrostatic terms is slightly decreased along with the increased TrFE
fraction. As a result, the total conformational potential energy of the all-trans conformation
becomes lower than that of the TGTG’ conformation with the introduction of the TrFE unit, and
this change in potential energy is significantly affected by the intramolecular van der Waals
interactions.  Such results quantitatively demonstrate the mechanism of the preferential
crystallization in P(VDF-TrFE) copolymers and further validate the steric defect theory reported
previously. Additionally, this molecular simulation method provides a new strategy in designing

modified PVDF based fluoropolymers with high -phase.

2.4 Computational Prediction of the Crystallization Behavior of Dehydrofluorinated PVDF

The dehydrofluorination method, which introduces double bonds to promote the f-phase
formation in PVDF, follows the defect-engineering concept brought up in the research of P(VDF-
TrFE) copolymers. The introduced fluoroethyne units satisfy two requirements that can be
summarized from previous research to induce high B-phase formation and high piezoelectricity:
first, the double bond containing unit is bulkier than VDF, so it may induce extra steric effects,
and second, the size of the fluoroethyne unit is close to VDF units, so it will not be excluded from
the crystalline region of PVDF. In order to predict the crystallization behavior of
dehydrofluorinated PVDF and prove the efficacy of this double bond introducing method,
fluoroethyne-containing PVDF polymer chain models of TGTG’ conformation (a-phase) and all-
trans conformation (-phase) with varying fluoroethyne ratios are built. The crystal parameters of
a-phase and B-phase PVDF reported by Lando et al. and Doll et al. are used to build the PVDF
backbone.(184, 185) Similar to the P(VDF-TrFE) models, each polymer chain model contains 20
repeating units, and the double bonds are introduced into the PVDF backbone by replacing VDF
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units with fluoroethyne units at random positions along the polymer chain. The geometry
optimization function from Material Studio software is then applied after fluoroethyne units are
introduced. Considering the trans-cis isomerism of carbon-carbon double bonds, four sets of
polymer chain models are built to investigate all possible regional chain conformations (Figure
2.5): cis conformation double bonds within a-phase (TGTG’-cis), trans conformation double
bonds within a-phase (TGTG’-trans), cis conformation double bonds within -phase (alltrans-cis),
and trans conformation double bonds within -phase (alltrans-trans). Among these four scenarios,
TGTG’-trans and TGTG’-cis lead to the formation of a-phase, while only alltrans-trans leads to
the formation of B-phase. Decreased interatomic distances between the hydrogen/fluoride atom
on the fluoroethyne unit and the fluoride/hydrogen atom on the adjacent VDF unit are observed
from both a-phase conformers (TGTG’-trans and TGTG’-cis, from 2.08 A to 1.90 A and 1.85 A,
respectively). This indicates that the introduction of double bonds can induce extra steric effects
into the a-phase of PVDF. However, such interatomic distances in B-phase conformers are
increased (Alltrans-trans and all trans-cis, from 2.56 A to 2.63 A and 2.62 A respectively),
indicating less steric effects after the introduction of double bonds.

TGTG -cis TGTG'-trans

Figure 2.5. The four regional chain conformations of double bonds containing PVDF.

The potential energy surfaces of the polymer chain models are again assigned by the
COMPASS force field as incorporated in the Materials Studio software.(186) The resulting
conformational potential energy of the four models are shown in Figure 2.6. The alltrans-cis
conformer possesses the highest potential energy due to a shift of the dipole direction in the all-
trans conformation chain caused by the double bond in the cis conformation. This leads to high
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energy level in both Evsw and Ees terms. Among the remaining three models, the alltrans-trans
conformer becomes the most energy preferable model after 10% of fluoroethyne units is
introduced. The total conformational potential energy of the alltrans-trans conformer containing
10% double bonds is 2.451 kcal/mol lower than the TGTG’-cis conformer and 26.404 kcal/mol
lower than the TGTG’-trans conformer with same fraction of double bonds. At a fluoroethyne:
VDF ratio of 50:50, the energy differences between the alltrans-trans and the TGTG’-cis
conformer and between the alltrans-trans and the TGTG’-trans conformer are 169.891 kcal/mol
and 74.832 kcal/mol respectively. Thus, the potential energy differences between the two phases
is even larger than that of the P(VDF-TrFE) copolymers discussed above, indicating that the
method of introducing double bonds is very efficient in promoting B-phase formation. PVDF
containing the double bond is expected to exhibit a preferential crystallization to 3-phase from
melt and solvent casting in addition to other processing methods. The major factor leading to this
change in crystallization behavior is still the van der Waals interaction which shows that the Eyaw
terms of TGTG’-trans and TGTG’-cis conformers are higher than the Evaw term of the alltrans-
trans conformer. The Evaw terms are also increasing with increased fraction of fluoroethyne units
due to increasing steric hindrance. Meanwhile, the Evaw term of the alltrans-trans conformer is
decreased after the introduction of fluoroethyne units, indicating reduced steric effects from the
double bonds. The bonded term, Enonded, iS Observed to be increasing with increasing fraction of
fluoroethyne units in all conformers as a result of the bulky double bonds inducing more
restrictions in bond motion. However, unlike P(VDF-TrFE), Ebonded Of the alltrans-trans conformer
is lower than that of the TGTG’ conformers because of the planar conformation of the double bond
and the whole polymer chain. Thus, the energy differences between Enonded terms further

contribute to the preferential crystallization of 3-phase.
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Figure 2.6. Conformational potential energy of the four double bonds containing PVVDF models
with different carbon-carbon double bond fractions. (a) Total potential energy, (b) bonded term,

Ebonded, (C) Van der Waals term, Evaw, and (d) electrostatic term, Ees.

To simulate the intermolecular interactions of dehydrofluorinated PVDF chains in the
crystalline region, a set of supercell models is built, and their potential energy is calculated and
compared. To build the supercell model, the crystalline unit cell of both a-phase and B-phase are
first built according to the atomic coordination parameters reported by Lando et al. and Doll et
al.(184, 185) Each unit cell contains two polymer chains, and each chain contains two repeating
units. The supercell model is created by repeating the unit cell 10 times along the chain axis to
build a larger crystalline unit cell containing two polymer chains of 20 repeating units (Figure 2.7).
The introduction of double bonds is done by replacing VDF units with fluoroethyne units at

random positions in the supercell model. The introduced fluoroethyne unit follows the regional
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chain conformation cases except in the alltrans-cis scenario because the cis conformation double
bond cannot fit into the B-phase unit cell. The COMPASS force field in the Materials Studio
software is again used to assign the parameters of the atomic partial charges of these supercell
models.(186) Finally, the potential energy of the supercell model is calculated through the Forcite
module in Materials Studio. The supercell model allows this calculation to include both the effects
of intermolecular interactions within the unit cell as well as the interactions with the symmetric

unit cells adjacent to the boundaries of the supercell.

e

a-phase (TGTG’ conformation)

A4 A4

Figure 2.7. Supercell model of a-phase (top) and -phase (bottom) PVDF.

B-phase (all trans conformation)

The total potential energy as well as the Ebonded, Evaw, and Ees terms of the supercell models
are shown in Figure 2.8. The trends in the energy changes are found to be similar to the results of
the single chain simulation discussed previously. The total potential energy of the TGTG’-trans
and TGTG’-cis are both lower than that of the alltrans-trans at a low fraction of double bonds.
However, the alltrans-trans model becomes the most energy preferential conformation when the
fraction of double bonds is above 25% as it possesses an energy level that is 65.34 kcal/mol lower
than the TGTG’-trans and 333.03 kcal/mol lower than the TGTG’-cis conformations. The energy
differences increase as additional double bonds are introduced, indicating the formation of B-phase
is more preferential in regard to potential energy. In this supercell simulation, both a-phase models
(TGTG’-trans and TGTG’-cis) exhibit much higher Eponged and Evaw terms in comparison to the -
phase model. The Ees term of the alltrans-trans model is significantly higher than that of the a-
phase models, but the energy differences between the Ees terms are decreased by the introduction

of double bonds. When considering the intermolecular interactions of multiple polymer chains in
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the crystalline region of PVDF, the electrostatic interactions become the major factor in
determining the energy preferential phase in PVDF. The energy difference between the alltrans-
trans model and the TGTG’-trans model decreases from 553.07 kcal/mol for pure PVDF to
113.968 kcal/mol for PVDF containing 50% double bonds. All three terms (Evaw, Ebonded, and Ees)
contribute to the low potential energy of B-phase in PVDF with an increasing fraction of double
bonds. These simulation results further confirm the theoretical efficacy of the presented method

using double bonds to promote the formation of $-phase in PVDF.
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Figure 2.8. Conformational potential energy of the three double bonds containing PVDF
supercell models with different carbon-carbon double bond fractions. (a) Total potential energy,
(b) bonded term, Eponded, (C) van der Waals term, Evaw, and (d) electrostatic term, Ees.

2.5 Chapter Summary

In this chapter, the crystallization behavior and mechanism of the defect-engineered PVDF

copolymer and terpolymers are investigated. As has been claimed in previous research, the
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preferential B-phase formation in P(VDF-TrFE) and other PVDF copolymers is induced by the
steric defects brought by larger and stiffer comonomers. In this work, this conclusion is proven
quantitatively for the first time by a molecular simulation of the factors contributing to the
conformational potential energy of PVDF. The newly developed simulation method successfully
demonstrates that the potential energy changes of both a-phase and p-phase in P(VDF-TrFE) is
mainly controlled by the changes in intramolecular van der Waals interaction due to the TrFE units.
The method further predicts that f-phase formation will be dominant in P(VDF-TrFE) with a TrFE
fraction above 10%, which is consistent with reported experimental data.

The crystallization behavior of dehydrofluorinated PVDF is analyzed theoretically and
predicted by the molecular simulation method. Intramolecular models and intermolecular models
of PVDF crystals containing dehydrofluorination-induced double bonds are built and analyzed.
The simulation results of both models indicate the preferential crystallization of B-phase in
dehydrofluorinated PVDF with a sufficient double fraction above 10~20%. Detailed investigation
shows that the introduction of double bonds effectively increases the van der Waals potential
energy of a-phase while maintaining the conformational potential energy of B-phase at a lower
level. These results theoretically prove the efficacy of dehydrofluorination in promoting the
formation of B-phase in PVDF and demonstrate the mechanism of this change in crystallization
behavior. In the next chapter, the efficacy of dehydrofluorination method will be further
demonstrated through experimental approaches. A series of dehydrofluorinated PVDF samples
are prepared using different dehydrofluorination agents and reaction conditions. Their crystalline
structure and dielectric properties will be investigated to correlate their phase composition with

the extent of dehydrofluorination.
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CHAPTER 3

Development and Optimization of Dehydrofluorination Process for High -
phase PVDF

3.1 Chapter Introduction

The following chapter focuses on the optimization of the dehydrofluorination process of
PVDF to maximize the B-phase fraction obtained through the proposed chemical modification
method. In order to develop a slowly-induced, controllable dehydrofluorination method, the
effects of experimental parameters such as dehydrofluorination agents, agent concentration, and
reaction time are investigated in a series of controlled experiments. The extent of
dehydrofluorination and the fraction of carbon-carbon double bonds are characterized and used as
criteria to control the experimental parameters of the modification process. In this chapter, the
phase compositions of dehydrofluorinated PVDF are investigated by chemical and ferroelectric
characterization methods. The results provide experimental evidence for the conclusions obtained
from previous molecular simulations, showing that the dehydrofluorination process can effectively
promote the B-phase formation in PVDF. The fraction of B-phase in the treated PVDF is measured
and correlated to the extent of dehydrofluorination. The correlation between -phase fraction and
double bond fraction of PVDF is also found to be consistent with the predictions from the
molecular simulation study. Ferroelectric properties of dehydrofluorinated PVDF are also
investigated to further confirm the formation of large f-phase domains. The results are then used
to develop an optimized dehydrofluorination process that maximizes the piezoelectric and
dielectric properties of PVDF.

3.2 Preparation and Characterization of Dehydrofluorinated PVDF

As previously mentioned, the dehydrofluorination reaction takes place when PVDF is
subjected to a basic or high temperature environment. Mostly, dehydrofluorination leads to the

formation of carbon-carbon double bonds on the backbone of the PVDF polymer chain by
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removing the hydrogen and fluoride atoms bonded on adjacent carbon atoms which form a
molecule of hydrogen fluoride (HF). In some cases where massive and rapid dehydrofluorination
occurs, nonadjacent dehydrofluorinated carbon atoms occasionally bond to form a crosslink
between PVDF polymer chains.(167, 188) To induce dehydrofluorination uniformly in PVDF,
the reaction is usually done in a low concentration solution of PVDF. In this study, we found that
the dehydrofluorination can be conveniently terminated by mixing the reaction solution with water
to precipitate PVDF from the solution. A typical dehydrofluorination reaction is conducted as
follows (Figure 3.1): PVDF is first dissolved in N, N-dimethylformamide (DMF) at room
temperature with a weight fraction in the range of 5% to 15 %. Then a dehydrofluorination agent
is added into the PVDF/DMF solution. The concentration of the dehydrofluorination agent is
controlled by the molar ratio between the agent and the repeating units in the solution (Agent: VDF
ratio). After thorough vortex mixing, the solution is kept at room temperature. The reaction time
depends on the type of dehydrofluorination agents and can range from a few minutes to weeks.
After the reaction, the PVDF solution is slowly mixed into distilled water to terminate the reaction
by precipitating PVDF from the solution. The precipitates are collected and washed using distilled
water three times to completely remove the residual dehydrofluorination agent. The washed PVDF
is then dried under vacuum at 80 <€ overnight. The prepared PVDF can be dissolved into a DMF

solution again to prepare thin films or can be used directly for other processing methods.
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Figure 3.1. Scheme of the experimental process of PVDF dehydrofluorination
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In order to measure the extent of reaction and phase composition of the dehydrofluorinated
PVDF, thin films of dehydrofluorinated PVDF are prepared. The PVDF solution is spread
uniformly onto glass substrates through doctor blading or a direct writing method. The samples
are then kept under vacuum at 80<C for solvent evaporation. An optional annealing process is
performed on the dried film to increase the crystallinity of the PVDF film. The annealing process
is conducted by heating the PVDF film while still on the glass substrate up to 200<C, then holding
for 20 minutes before slowly cooling down to room temperature over 5 hours (cooling rate
~0.5 <T/min).

The extent of dehydrofluorination is characterized by combustion elemental analysis.
Combustion elemental analysis is a method used to determine the elemental composition of a pure
organic compound by combusting the sample under specific conditions where the combustion
products can be analyzed quantitatively. In this work, the weight fraction of the carbon, hydrogen
and fluoride elements contained in the PVDF are measured by combustion analysis. The
combustion experiments are conducted by Micro-Analysis, Inc. The fractions of carbon and
hydrogen are then measured according to the ASTM standard D5291. The fraction of fluoride is
measured by converting the fluoride to the ionic form by oxygen flask combustion, followed by
ion chromatography. During dehydrofluorination, the percentage of the fluoride element is
supposed to decease noticeably because of the loss of HF molecules. This change in composition
will be measured by combustion analysis and can be used to calculate the reaction extent. The
extent of dehydrofluorination, %DHF, is given by the following equation based on the fraction of

lost fluoride:

%F, — %F
%F, — %F,

%DHF = x100% Equation 3.1

where %DHF is the percentage of dehydrofluorinated VDF units in PVDF, %F is the weight
fraction of fluoride in the tested sample measured from the combustion analysis, %Fo is the weight
fraction of fluoride in untreated PVDF, which is supposed to be 59.375%, and %F is the weight
fraction of the PVDF in which all repeating units have been dehydrofluorinated to carbon-carbon
double bonds, which is supposed to be 43.182%. It should be noted that according to this

equation, %DHF reaches 100% when only half of the fluoride atoms are lost due to
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dehydrofluorination. It is possible for a %DHF value above 100%, which indicates that some

repeating units are dehydrofluorinated twice to form carbon-carbon triple bonds.

The fraction of carbon-carbon double bonds induced by dehydrofluorination is
characterized by X-ray photoelectron spectroscopy (XPS). XPS is a surface-sensitive quantitative
chemical characterization technique that measures the elemental composition and electronic state
of elements within the tested material. XPS can accurately measure the kinetic energy and number
of electrons that escape from the surface of the material under X-ray irradiation, with a
measurement depth of ~10 nm. The XPS measurement of PVDF is performed by a Kratos Axis
Ultra XPS. The C1s spectra obtained by specific XPS scanning in the carbon region provide the
states of carbon bonds within the dehydrofluorinated PVDF (Figure 3.2). The fraction of carbon-
carbon double bonds can thus be obtained, which is important to the phase transition of
dehydrofluorinated PVDF. Ideally, when %DHF is less than 100% (carbon-carbon triple bonds

are not formed), the fraction of double bonds should be close to the extent of dehydrofluorination.
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Figure 3.2. XPS C1s scanning of (a) untreated PVDF and (b) dehydrofluorinated PVDF.

Four major chemical states of carbon bonds can be observed in the XPS C1s spectra as listed in
Table 3.1. In the optimization of dehydrofluorination process, a relationship between %DHF and

the fraction of double bonds is built to indicate an effective dehydrofluorination extent.

Table 3.1. Bond type and binding energy of carbon peaks in XPS C1s spectra of PVDF
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Bonds Binding energy

C-F2 291.9eV
C-C-F2 289.1eV
C-C 284.7 eV
C=C 283.0eV

The phase composition of PVDF is characterized by Fourier transform infrared spectroscopy
(FTIR) and X-ray diffraction analysis (XRD). FTIR is a semi-quantitative chemical composition
technique that can provide information such as chemical bonds, functional groups, and chain
conformations. FTIR measures the infrared absorption spectrum of a sample by recording the
intensity changes of an infrared light of varying wavelength passing through the tested sample.
Absorption occurs when the frequency of IR matches the vibrational frequency of a bond, allowing
it to be identified and quantified. FTIR is suitable for use as a convenient and fast method to
validate the existence of B-phase inside of a PVDF sample. Because of the large differences
between the chain conformations of different crystalline phases of PVDF, the evidence and relative
fraction of -phase can be confirmed by obvious changes in their IR spectra. FTIR measurement
of the PVDF is performed by a Nicolet iS60 spectrometer (Thermo Scientific) with a SMART iTR
accessary in the wave number range of 550~4000 cm™. Typical FTIR spectra of a-phase
dominated and B-phase dominated PVDF are shown in Figure 3.3 and the wavenumbers of
characteristic peaks of both phases are listed in Table 3.2. Both a-phase and p-phase usually
coexist in PVDF films, and the fraction of B-phase in the crystal part of PVDF can be quantified
by FTIR measurements. In such a quantification method, the fractions of a-phase and B-phase are
calculated based on the absorption at their characteristic band: 763 cm™ for a-phase and 840 cm'?
for B-phase.(87) Assuming the infrared absorption of PVVDF follows the Beer-Lambert law, the
absorbance of the a-phase and f-phase is given by:

0

L,
_ 763cmt ) _ i
A, =log(->"=)=c-K - X, Equation 3.2
763cm ™
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_ 840cm— ) _ ., . .
A, =log(-**=)=c-K, .- X,
840cm”" Equation 3.3

where X, and X are the degree of crystallinity of the specific phase of PVDF, A, is the absorbance
of the a-phase at 763 cm™, Az is the absorbance of the B-phase at 840 cm™, | is the thickness of the
sample, c is the average monomer concentration, 1° and I are the incident intensity and transmitted
radiation intensity at specific wavenumber respectively, K is the absorption coefficient at the
specific wave number, and X, and Xz are the degree of crystallinity of the specific phase of PVDF.

Thus, the relative fraction of B-phase in a PVDF sample containing both phases can be calculated

using:
f(B) =t = &
X+ Xﬁ (K8400m’1 / K763cm’1)A0! + Aﬁ Equation 3.4

where Kgaoem*= 7.7x10* cm?/mol and Ksaoem ™= 6.1x10% cm?/mol.(25, 96) The quantified B-phase

is used as major evidence to prove the promoted B-phase formation in the dehydrofluorinated

PVDF.
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Figure 3.3. FTIR spectra of a-phase dominated PVDF and B-phase dominated PVVDF.
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Table 3.2. FTIR wavenumber and assigned functional group vibrational mode in different phases

of PVDF.(87)
Phase Band wavenumber (cm)  Functional group and vibrational
mode
615 CF2 bending
763 CF skeletal bending
a-phase 795 TGTG’ conformation CH2 rocking
855 CH out-of-plane deformation
976 CH out-of-plane deformation
1220 CF out-of-plane deformation
1380 CH2 bending
840 T4 conformation CH> rocking
B-phase 1279 CF out-of-plane deformation
1400 CH2 bending
v-phase 834 T3G conformation CH> rocking
1234 CF out-of-plane deformation

X-ray diffraction (XRD) is a common technique used to determine the crystal structure and
the degree of crystallinity. XRD uses a monochromatic x-ray beam to scatter off the sample’s
lattice structure and measures the angle and intensity of the scattered beam. This scattering

phenomenon is defined as diffraction and is governed by Bragg’s law:
nA = 2dy;Sinf Equation 3.5

where dhi is the lattice spacing between the diffracting planes, 4 is the wavelength, and @ is the
angle of the incident beam. Experimentally, an x-ray of known wavelength is transmitted at a
known incident angle so that d, the lattice parameter, can be measured. Typically, data is presented
as plot of 26 versus intensity, where peaks characteristic to the sample material will exist at specific
diffraction angles. XRD is another necessary characterization method in this research to measure
the phase composition and crystalline structure of dehydrofluorinated PVDF. The XRD
measurements of the PVVDF are performed on a Rigaku Ultima IV X-ray diffractometer equipped
with a Cu Ka X-ray tube source (A= 0.154 nm). Figure 3.4 presents a comparison between
diffraction patterns of a-phase PVDF and B-phase PVDF. The peaks at 17.6°, 18.4° and 19.9° are
ascribed as the a-phase according to JCPD No0.42-1650, while the peaks at 18.6° and 20.6°
represent the B-phase according to JCPD N0.42-1649. The peaks at 18.6° and 20.3° represent y-
phase according to JCPD No. 38-1638. Note that the peaks corresponding to B-phase and y-phase

are usually overlapping because of similar short-term conformation and lattice parameters. In the
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XRD pattern of dehydrofluorinated PVDF, the position of a-phase and 3-phase peaks are often not
exactly the same as the untreated PVDF, indicating changes of interchain distances during the
modification. The FTIR spectra and XRD patterns of defluorinated PVDF samples prepared in
the last task are expected to show a correlation between B-phase fractions and the experimental
parameters.  This will provide better understanding of the mechanism and Kkinetics of
dehydrofluorination. An optimized dehydrofluorination procedure is expected to be formulated,

which can efficiently introduce the highest fraction of 3-phase to PVDF at a low cost.

o-phase PVDF o
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Figure 3.4. XRD pattern of a-phase dominated PVDF and B-phase dominated PVDF.

3.3 Effect of Dehydrofluorination Agents

As mentioned previously, the dehydrofluorination reaction occurs when PVDF is under
either a basic or high temperature condition. Thus, basic chemicals are often used as
dehydrofluorination agents to introduce carbon-carbon double bonds in PVDF. These basic
chemicals can be divided into three categories: strong ionic bases, such as sodium hydroxide
(NaOH) and potassium hydroxide (KOH); ionic basic salts, such as sodium carbonate (Na>CO3)
and sodium bicarbonate (NaHCO3); and organic bases, which are mostly amines.(166, 188-190)
In previous research efforts, strong ionic bases were used to induce fast and high extent

dehydrofluorination, which usually led to overreaction. In this case, an increase of undesirable
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crosslinks and excess degradation occurs, leading to hindered crystallization of PVDF and reduced
dielectric performance.(166, 190) Additionally, since these ionic bases cannot be dissolved in
organic solvents such as DMF, dehydrofluorination cannot be uniformly induced to the PVDF
solution, causing non-uniform properties in the product. lonic basic salts such as NaHCO3 can
induce dehydrofluorination in a much slower rate in comparison to strong bases because of their
lower basicity. However, the low solubility of these salts in organic solvents also prevents these
salts from inducing dehydrofluorination uniformly. The extent of dehydrofluorination is difficult
to control when the dehydrofluorination agent is an immiscible solid base. Thus, the attention of
this research is more focused on organic bases which are in liquid form or have high solubility in
PVDF solution.

In this work, weak organic bases are used as dehydrofluorination agents instead of strong
ionic bases and basic salts to slowly and uniformly induce the dehydrofluorination of PVDF in
PVDF/dimethylformamide (DMF) solution. Primary and tertiary amines that are miscible with
DMF are studied for their performance as dehydrofluorination agents. The investigated amines
include ethylene diamine (EDA), trimethylamine (TEA), 1,4-diazabicyclo [2.2.2] octane
(DABCO), and 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU). Among these dehydrofluorination
agents, EDA is a common primary amine with a basicity (pKa=10.7) close to bicarbonate salts
(pKa=10.25). DABCO and TEA are tertiary amines with low basicity (pKa=8.8 for DABCO and
pKa=9.0 for TEA in DMF).
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1,4-diazabicyclo[2.2.2]octane Triethylamine
(DABCO), pKa=8.8 (TEA), pKa=9'00
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Ethylene diamine 1,8-Diazabicyclo[5.4.0]Jundec-7-ene
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Figure 3.5. Amine dehydrofluorination agents investigated in this study.
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It is expected that these amines will induce dehydrofluorination at a reduced reaction rate
so that the extent of dehydrofluorination can be precisely controlled through the reaction period.
The experimental results show that the reaction rate is largely dependent on the basicity of the
PVDF solution. As shown in Figure 3.6, at the same concentration (agent: VDF ratio =1 :10), high
pKa dehydrofluorination agents such as EDA and DBU can induce a high extent of
dehydrofluorination in minutes or hours, while low pKa dehydrofluorination agents take multiple
days to achieve a low extent of dehydrofluorination. To achieve an extent of dehydrofluorination
of %DHF=~10%, it takes a period of 8 hours for EDA catalyzed dehydrofluorination with a
concentration of EDA: VDF= 1:10. For same concentration of DABCO and TEA, the reaction
time to achieve 20% dehydrofluorination is 20 days and 30 days, respectively. However, for strong
organic bases like DBU (pKa=13.5), the extent of reaction is much more difficult to control. Due
to both the fact that its basicity is in the range of strong ionic bases and the fact that it is highly
miscible in organic solvents, DBU has been widely used as catalyst in dehydrohalogenation
reactions. Yet in this case, the strong basicity leads to rapid dehydrofluorination. It is observed
that at a same concentration of DBU: VDF= 1:10, DBU induces fast and non-uniform
dehydrofluorination in PVDF, leading to inconsistent elemental compositions on different spots of

a same sample.
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DABCO TEA DBU

Untreated pK,=8.8 pK.=9.0 pK,=10.7 K.=13.5
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Figure 3.6. PVDF dehydrofluorination induced by different amines with same concentration of
agent: VDF=1:10.
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However, there are no side-effects observed from different dehydrofluorination agents

except the significant difference in reaction rate. Phase composition characterization of the PVDF
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dehydrofluorinated by different amines is performed by FTIR and is shown in Figure 3.7.
When %DHF > 10%, all dehydrofluorinated PVVDF samples are dominated by [3-phase with the -
phase fraction in the range of 75%-~85%. These results indicate that once a sufficient
dehydrofluorination extent is achieved, the formation of B-phase will be promoted. Additionally,
there is no evidence of other chemical changes which can be extracted from the FTIR spectra of
the dehydrofluorinated PVDF samples. Thus, it can be concluded that the dehydrofluorination of
PVDF can be induced and utilized to promote 3-phase formation by any of the dehydrofluorination
agents investigated above, including primary and tertiary amines. The reaction rate of
dehydrofluorination is only decided by the basicity of the dehydrofluorination agent, and the
efficiency of promoting B-phase formation is solely dependent on the extent of dehydrofluorination.
Such conclusions demonstrate that dehydrofluorination can be a versatile and convenient method
for preparing high quality -phase PVDF. The wide choices in catalysts and the flexibility in
reaction process are expected to have great potential for scalability in manufacturing. In order to
control the extent of dehydrofluorination in an accurate and time-efficient manner, the reaction
parameters of EDA catalyzed dehydrofluorination is investigated in further detail in the next
section of this study. Furthermore, an optimized procedure of dehydrofluorination and sample

preparation will be established to maximize the 3-phase fraction of PVDF.
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Figure 3.7. Effect of different dehydrofluorination agents. (a) FTIR spectra of dehydrofluorinated

PVDF treated by different dehydrofluorination agents and (b) the B-phase fraction in these
samples.
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3.4 Optimization of EDA Catalyzed Dehydrofluorination Procedure

The optimization of the dehydrofluorination procedure primarily aims to achieve two goals:
one is to find out the extent of dehydrofluorination that can induce the highest piezoelectric
performance in PVDF, and the other is to establish a set of reaction parameters that can stably
produce PVDF with the desired extent of dehydrofluorination. In order to achieve these goals, the
first step is to characterize the extent of dehydrofluorination in EDA treated PVDF. Since EDA is
a weak organic base that can slowly induce a high extent of dehydrofluorination within hours of
initiating the reaction, reaction time is used as the major parameter to control the extent of
dehydrofluorination. In this study, EDA catalyzed dehydrofluorination is conducted using a 7 wt. %
PVDF/DMF solution at room temperature, with EDA: VDF=1: 10. The effect of reaction time is
investigated in the range of 0 to 48 hours. The extent of dehydrofluorination at different reaction
times is monitored by combustion elemental analysis, as shown in Table 3.3 and Figure 3.8. The
XPS C1s spectra provide a clear insight to the dehydrofluorination process. As the reaction time
increases, the C-F> peak decreases while the C=C peak increases significantly. This shows that
the %DHF value and fraction of double bonds in EDA treated PVDF are both increasing with
reaction time. The C=C fraction values are very close to the %DHF values calculated above when
the reaction time is within 12 hours, indicating that the majority of the EDA induced
dehydrofluorination leads to double bond formation in the early stages of reaction. However, in
the case of a very long time (48 hours), the C=C fraction only reaches 36.42% while the %DHF
value reaches 69.05%. This difference might indicate an increase of crosslink formation in the
late stages of the dehydrofluorination of PVDF. As predicted by the molecular simulation results
in Chapter 2, the 3-phase formation becomes preferential when double bond fraction is above 10%.
This double bond fraction corresponds to a %DHF value of ~10% and a reaction time of about 8

hours.
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Figure 3.8. Characterization of dehydrofluorination extent. (a) EDA treated PVDF with different
reaction time in 7 wt. % PVDF/DMF solution. (b) The calculated %DHF and double bonds fractions
versus reaction time plot for EDA treated PVDF (c) XPS C1s spectra of EDA treated PVDF with

different reaction times.

Table 3.3 Results of combustion elemental analysis of EDA treated PVDF

Reaction Wt. % (C) Wt % (H) Wt % (F) %DHF Cc=C

time(hrs) fraction (%)
0 36.76 3.39 59.22 0 0.68
0.5 36.94 3.3 58.98 1.48 --
1 37.3 3.15 58.59 3.88 1.36
2 37.11 3.43 58.61 3.76 2.54
4 37.3 3.36 57.69 9.43 4.4
6 37.51 3.37 57.83 8.56 6.11
8 37.95 3.18 57.56 10.23 10.11
10 38.46 3.32 56.52 16.65 15.07
12 38.45 3.24 55.56 22.56 21.01

53



48 38.29 3.85 48.02 69.05 36.42

Since the piezoelectric performance of PVDF is mainly determined by the B-phase fraction,
the phase composition is the most important criteria in the optimization of the dehydrofluorination
procedure. Asshown in the FTIR spectra (Figure 3.9), the EDA treated PVVDF shows an increasing
fraction of B-phase as the reaction time increases. In the first 4 hours of the reaction, the FTIR
show that the EDA treated PVDF samples are dominated by a-phase, yet the intensity of the a-
phase peaks is slightly decreased. In the following four hours of the reaction, the peaks of the -
phase PVDF appear and grow rapidly. The fraction of B-phase increases from 40.76% in the
untreated PVDF, to 83.74% after 8 hours of dehydrofluorination. At this point, the EDA treated
PVDF shows a dehydrofluorination extent of %DHF=10.23%.  Further increase in
dehydrofluorination extent does not show significant effects on the fraction of p-phase in the
dehydrofluorinated PVDF. The fraction of B-phase reaches a saturation after a reaction time of 8
hours and remains in the range of 80~85% up to a reaction time of 30 hours, where the
dehydrofluorination extent is 49.144.5%. This result is consistent with the molecular simulation
results discussed in the previous chapter. When a sufficient extent of dehydrofluorination is
achieved in PVDF, the potential energy level of B-phase formation becomes lower than that of a-
phase formation. This would affect the crystallization behavior of the PVDF and rapidly change
the dominating phase in dehydrofluorinated PVDF. Further increase in p-phase fraction is limited
by the structural defects located on the grain boundaries of the semi-crystalline polymer, as well

as the coexistence of small fractions of y-phase, as seen in FTIR spectra.
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Figure 3.9. (a) FTIR spectra and (b) calculated B-phase fraction of EDA treated PVDF.
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The crystalline phase composition of the EDA treated PVDF films is further investigated
through X-ray diffraction (XRD) analysis. As illustrated in Figure 3.10, untreated PVDF is
dominated by a-phase which is recognized by the peaks at 17.6°, 18.4° and 19.9°. By increasing
the EDA treating time, the a-phase peaks at 17.6° and 18.4° are gradually replaced by a new peak
at 18.6° which is ascribed to both B-phase and y-phase, while the peak at 19.9° shifts toward higher
20 values indicating increased f-phase and y-phase. After a reaction time of 8 hours, the XRD
pattern of dehydrofluorinated PVDF shows a weak peak at 18.6° and a strong peak at ~20.5°,
which indicate a combination of B-phase and y-phase. The peak at ~20.5° is a summation of f3-
phase at 20.6° and y-phase peak at 20.3°. Both FTIR and XRD results show the presence of y-
phase in dehydrofluorinated PVDF which is not found in untreated PVDF. The reason of y-phase
formation is due to the T3GT3G’ conformation of y-phase PVDF acting as a metastable energy
state during the phase transition between a-phase and B-phase. Similar to the FTIR analysis, the
XRD results indicate that the content of B-phase significantly increases in dehydrofluorinated
PVDF. These results demonstrate that B-phase becomes the dominant phase in PVDF films with
a %DHF above 25%. This is consistent with the results from the molecular simulations which
indicates that B-phase formation is preferential after such fraction of double bonds is introduced

by dehydrofluorination.
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Figure 3.10. XRD patterns of EDA treated PVVDF with different reaction time.

However, the fraction of B-phase is not the only factor that determines the piezoelectric
performance of PVDF. As discussed in the last chapter, the defect-engineering method adopted
in PVDF copolymerization will lead to changes in other electric properties such as Curie
temperature, dielectric constant, and breakdown strength. These changes are also expected in
dehydrofluorinated PVDF. The dielectric constant of dehydrofluorinated PVDF is measured by
an Agilent E4980A precision LCR meter, as shown in Figure 3.11a. The dielectric constant of
PVDF increases with increasing dehydrofluorination extent, from 8.8 to 14.7 at 1 kHz
when %DHF increases to over 50%. Such an increase in the dielectric constant is caused by the
increased flexibility of the dipole rotation along the chain axis, which is due to the increased
interchain distances. However, the changes in dielectric constant are much smaller than those
associated with PVDF copolymers, indicating the change in the interchain distance of B-phase is
negligible. Such changes in lattice structure can only be observed by XRD analysis in stretched
PVDF samples with very high %DHF. Another significantly affected property is the electrical
breakdown strength. As shown in Figure 3.11b, the breakdown strength of dehydrofluorinated
PVDF drops significantly after over 8 hours of reaction. This result is attributed to overreaction
since a high fraction of dehydrofluorination induces double bonds and crosslinks, leading to low

breakdown strength. Low electrical breakdown strength will limit PVDF in applications at high
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voltage and its performance as actuators, and thus should be avoided during the modification

process.
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Figure 3.11. a) Dielectric constants and (b) electric breakdown strength of EDA treated PVDF
with different reaction time.

As a conclusion, the optimized reaction procedure and conditions for the EDA catalyzed
dehydrofluorination are as follows: adding EDA to a 7wt. % PVDF/DMF solution by a molar ratio
of EDA: VDF=1: 10 and reacting at room temperature for 8 hours. Such a treatment yields a
dehydrofluorination extent %DHF= ~25%, which is optimal for $-phase formation and electric
performance. Unlike mechanically drawn PVDF, the B-phase in dehydrofluorinated PVDF is
induced by intrinsic chemical modification. This unique characteristic leads to uniform
mechanical and electrical properties in the dehydrofluorinated PVDF, as well as thermal stability

since the phase composition remains unchanged through most heat treatments.

3.5 Study of Ferroelectricity of Dehydrofluorinated PVDF

Ferroelectricity is a property of certain materials that possess a spontaneous electric
polarization that can be reversed by the application of an external electric field. Ferroelectric
materials exhibit a hysteresis effect under oscillating electric field, which can reflect the size and
structure of dipole domains within the material. Ferroelectric materials also exhibit piezoelectric
behavior because of the requirement of symmetry in the crystal structure. However, piezoelectric

materials do not necessarily exhibit ferroelectric behavior. Since B-phase is the only ferroelectric
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phase in PVDF, strong ferroelectric properties are often indicative of the existence of high -phase
fraction. Furthermore, the remnant polarization and coercive field of PVDF can reflect the size of
the oriented crystalline domains of B-phase, which can hardly be measured through chemical
characterization methods such as FTIR. In an a-phase dominated PVVDF sample, only a small
number of free dipoles in the amorphous part of PVDF can be aligned and reversed by external
electric fields. Thus, the sample will exhibit a dielectric polarization behavior (Figure 3.12).
Ferroelectric relaxor behavior can be found when small domains of aligned dipoles are present in
PVDF, which exhibits a high saturation point but a low remnant polarization. Relaxor behavior
can be widely found in PVDF terpolymers such as P(VDF-TrFE-CTFE) and P(VDF-TrFE-
CFE).(170) Only in PVDF containing large domains of aligned dipoles, like the B-phase structure,
a strong ferroelectric response with high remnant polarization can be observed.

Dielectric response Relaxor response Ferroelectric response
(a-phase PVDF) (PVDF terpolymers) (B-phase PVDF)

7 2, & =0
7NN =

- \
v oomtt W =2

= |

Figure 3.12. Domain structures and polarization responses of a-phase PVDF, PVDF terpolymer
and B-phase PVDF.

In this study, the ferroelectric property of dehydrofluorinated PVDF is evaluated by measuring
the ferroelectric hysteresis loop through a Sawyer-Tower circuit (Figure 3.13). A voltage signal
with a frequency of 10 Hz is applied to the circuit to create an AC electric field with an amplitude
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of 300 MV/m on the tested sample. The tested PVDF sample is prepared by the doctor blading
method into a thin film with a thickness of 10 um. Thin layers of gold (Au) are coated on both
sides of the film as electrodes using a sputter coater. The polarization, or electric displacement, is
calculated by the following equation:

CV,
A

D=

where D is the polarization, Cs is the capacitance of the reference capacitor, Vs is the voltage
measured across the reference capacitor, and A is the area of the tested sample. The hysteresis

loop is obtained by plotting the polarization versus the electric field.
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Figure 3.13. Sawyer-Tower circuit for ferroelectric measurements.

The ferroelectric polarization loops of dehydrofluorinated PVDF with different EDA
treatment reaction times, as well as untreated PVDF are shown in Figure 3.14. As the reaction
time increases, the polarization behavior of the PVDF transits from mostly dielectric polarization
to high ferroelectric polarization with an obvious hysteretic behavior. The remnant polarization
of PVDF increased from 0.25+£0.05 pC/cm? for untreated PVDF to 6.31+£0.15 uC/cm? for
dehydrofluorinated PVDF with an 8-hour EDA reaction time (%DHF= ~27%). This large
increased ferroelectric behavior is indicative of an increased fraction of [-phase in the
dehydrofluorinated PVDF. The trend of increasing remnant polarization with increasing
dehydrofluorination extent is found consistent with the trend of increasing B-phase faction
obtained from the FTIR analysis shown in Figure 3.9.  The correlation between
dehydrofluorination extent and ferroelectricity further proves the efficacy of the
dehydrofluorination method in promoting B-phase formation in PVDF. The large increased

remnant polarization and high coercive field also indicate the existence of large crystal domains
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of B-phase in properly dehydrofluorinated PVDF. With the fact that the coercive field is decreased
at low extent of dehydrofluorination, it can be inferred that the size of crystal domains of a-phase
in PVDF are first reduced by the effect of dehydrofluorination and that crystal domains of B-phase
grow bigger with increased extent of dehydrofluorination. The coexistence of small domains of
different phases of PVDF when low extent of dehydrofluorination is induced is consistent with the
XRD pattern of EDA treated PVDF with a short reaction time.
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Figure 3.14. Ferroelectricity measurement of dehydrofluorinated PVVDF. (a) Polarization versus
electric field plots of dehydrofluorinated PVDF with different reaction time, as well as untreated
PVDF. (b) Remnant polarization and coercive field versus reaction time. (c) Full ferroelectric
hysteresis loop of dehydrofluorinated PVDF with a reaction time of 8 hours.

3.6 Chapter Summary

In this chapter, the experimental procedure of PVDF dehydrofluorination is investigated
and the efficacy of the dehydrofluorination method in promoting [-phase formation is proven
through chemical and electrical characterization techniques. The dehydrofluorination of PVDF is
induced conveniently in a room temperature reaction in solution, being catalyzed by different

dehydrofluorination agents. It is demonstrated that by inducing a proper extent of
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dehydrofluorination, the B-phase fraction in PVDF can be increased approximately from 40% to
80%. It is also demonstrated that the dehydrofluorination of PVDF can be induced by different
dehydrofluorination agents including primary and tertiary amines. Amines including EDA,
DABCO, TEA, and DBU are investigated regarding their performance in catalyzing
dehydrofluorination of PVDF. It is found that the rate of dehydrofluorination is controlled by the
basicity of the reaction solution, which is determined by the concentration and pKa value of the
dehydrofluorination agents. However, once the extent of dehydrofluorination (%DHF) reaches
25%, the formation of B-phase is effectively promoted regardless of which dehydrofluorination
agent is used. The increasing B-phase fraction with increasing dehydrofluorination extent is
observed from FTIR and XRD analysis. Strong ferroelectric effects are observed in

dehydrofluorinated PVDF, indicating the existence of large B-phase crystal domains.

This chapter presents an optimized procedure for an EDA catalyzed dehydrofluorination
reaction to maximize the piezoelectric performance of modified PVDF. In addition, an optimum
dehydrofluorination extent (%DHF) is found to be ~25% with an optimum %;(C=C) ' value of 20%,
where the dehydrofluorinated PVDF can achieve high B-fraction without degrading other dielectric
properties. In the following chapters, p-phase PVDF films and devices are prepared according to
the procedure established in the current chapter, in order to evaluate the performance of the
dehydrofluorinated PVDF in various applications. This work is the first to report the method of
preparing high p-phase PVDF through controlled dehydrofluorination. The fundamental findings
in this chapter are valuable in designing large-scale manufacturing methods for high piezoelectric
PVDF.
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CHAPTER 4

Study of Electromechanical Coupling Properties and Thermal Stability of
Dehydrofluorination Induced -phase PVDF

4.1 Chapter Introduction

In the last two chapters, the efficacy of the dehydrofluorination method in promoting f3-
phase PVDF formation has been demonstrated in both theoretical and experimental methods. The
novel developed dehydrofluorination induced B-phase PVDF is expected to have exceptional
advantages over the traditional drawn PVDF. The intrinsically increased B-phase fraction can lead
to further improved electromechanical coupling efficiency and giant piezoelectric responses. Thus,
one of the major tasks of this chapter is to characterize the piezoelectric properties of the
dehydrofluorinated PVDF. However, since PVDF is a soft material, traditional piezoelectric
measurement methods for piezoelectric ceramics are not suitable for an accurate measurement of
PVDF. In this chapter, several new piezoelectric characterization methods are designed and
investigated to accurately measure the piezoelectric coefficients of the dehydrofluorinated PVDF.
The piezoelectric properties of PVDF are demonstrated through both direct effect in which PVDF
transfers mechanical energy to electrical energy, and inverse effect in which PVDF transfers
electrical energy to mechanical energy. The results reflect the high performance of

dehydrofluorinated PVDF in various applications such as sensing, energy harvesting and actuating.

Additionally, since the B-phase is induced by chemical modification instead of mechanical
processing, improved thermal stability is expected for the developed dehydrofluorination induced
B-phase PVDF. With no worries of phase transition due to thermal relaxation, the
dehydrofluorinated PVDF is supposed to maintain its B-phase at higher use temperatures and
recrystallize directly into B-phase after it is manufactured through various heat processing methods.
Such thermal stability of the dehydrofluorinated PVDF is also investigated in this chapter. The
effects of the dehydrofluorination process to the thermal properties of PVDF are analyzed through
a series of experiments and the limitations in heat processing of the dehydrofluorinated PVDF are

also demonstrated.

62



4.2 Piezoelectric Coefficients Measurements of the Dehydrofluorinated PVDF through
Direct Effect

Direct piezoelectric effect is the energy conversion effect where a piezoelectric material
transfers mechanical energy input to electrical energy output. The input mechanical energy is
usually applied to the material in forms of compression, stretching and vibration, to induce
deformation of the piezoelectric material. The electrical energy is generated in the form of surface
charge, which can be measured as a voltage across the material. By measuring the pressure applied
onto the piezoelectric material and the charge displacement generated on the surface, the
piezoelectric coefficients can be calculated. Before discussing the experimental measurements of
the piezoelectric coefficients of PVDF, a brief review of the mathematical description of
piezoelectricity and the piezoelectric coefficients in direct effect are provided as follows.

In the measurement of direct piezoelectric effect, a uniaxial external stress field is usually
applied onto a sample while the external electric field is usually zero, giving a simplified equation
of the djj coefficient:

E
d; = (%] with a unit of pC/N, representing the charge generated per unit force.
i

The measuring techniques of the dj coefficient mostly work in two ways: measuring the ds3
coefficient by measuring the charge displacement across the sample in the same direction of the
applied stress; or measuring the ds; coefficient by measuring the charge displacement across the

sample in the direction perpendicular to the applied stress.

4.2.1 Berlincourt circuit method for the piezoelectric dzz coefficient measurement

Berlincourt circuit is a widely used method for measuring the piezoelectric dss coefficient
of piezoelectric ceramics, and also one of the most famous methods for measuring the direct
piezoelectric effect.(191, 192) A schematic diagram of a typical Berlincourt circuit dsz meter is
shown in Figure 4.1. During the measurement, the sample is clamped between two electrodes with

a preload force. A low amplitude oscillating force is applied to the sample, which periodically
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changes the stress on the thickness direction of the sample. The surface voltage changes and
capacitance of the tested sample is measured between the two electrodes to calculate the amount
of charge generated on the sample surface. In this study, the PVDF film is clamped between the
two electrodes with a preload of 1 N. The sinusoidal force signal is applied by a piezoelectric
stack actuator (Piezosystem jena 101442). The capacitance of the tested PVDF sample is measured
by an Agilent E4980A LCR meter and the generated voltage between the two electrodes is
measured by a unity gain voltage follower (LTC6240CS8) with an input impedance of 1TQ and a
capacitance of 3.5 pF. All measured signals are collected and processed by a National Instrument
DAQ system (NI USB-4431).

Fixed top electrode
Voltage

PVDF film
Bottom electrode
Accelarometer

Follower

t

Force stack actuator

\ 4

Piezoelectric

Figure 4.1. Schematic diagram of a typical Berlincourt circuit d3;3 meter.

Prior to the testing, the PVDF samples are electrically poled by corona at 12 kV at an
elevated temperature of 125 <C to improve the alignment of permanent dipole moments. Both the
untreated PVDF sample and the dehydrofluorinated B-phase PVDF sample are prepared and
electrically poled for the d33 measurement. During the measurement, sinusoidal force signals are
applied to the samples with a frequency of 20 Hz and various amplitudes, and the generated voltage
signal from the PVDF samples were collected. Figure 4.2a shows a representative input force and
output voltage signal of the PVDF films. Generated electrical charge from the PVDF films under
various mechanical forces is calculated with the capacitance at 20 Hz. The root mean square (RMS)

64



value of the generated charge is plotted as a function of the RMS value of the applied force signals
in Figure 4.2b. The ds3 piezoelectric strain coefficients of the two PVDF samples are calculated
from the slope of the linear fit of the charge versus force plot (Figure 4.2b). The dassz value of the
dehydrofluorinated PVDF film is calculated to be -39.9532.42 pC/N while that of the untreated
PVDF film is found to be only -8.7340.23 pC/N. The ds3 value of the dehydrofluorinated films
are about 4.5 times higher than that of the untreated PVDF films. The large piezoelectric strain
coefficient of the dehydrofluorinated PVDF films is higher than that of any previously reported
PVDF, clearly demonstrating their capability of high electromechanical response.(26, 83, 93, 97)
This outstanding piezoelectric property reveals the underdeveloped potential of PVDF and thus

opening great prospects for dehydrofluorinated PVDF in energy harvesting and sensing

applications.
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Figure 4.2. dz3 measurement of the PVDF films by the Berlincourt circuit: (a) Input force signal
and received voltage signal from the PVDF samples, (b) Charge versus force plot of the
untreated PVVDF sample and the dehydrofluorinated PVDF sample. The slope of the plot is
obtained by linear fitting.

Although the giant dss value of the dehydrofluorinated PVDF obtained from the
Berlincourt circuit measurement is higher than the dss coefficient of any previously reported PVDF,
the accuracy of the Berlincourt method is questionable. When measuring soft materials, the results
are significantly affected by a slight difference of the preload because of the deformation of the
sample. It is also reported that piezoelectric coefficients of soft materials measured by the

Berlincourt method usually have large instrument error over different equipment.(193) The
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piezoelectric properties of the PVDF measured by Berlincourt method are reliable for comparison
purpose, but not accurate enough for providing an absolute value of piezoelectric strain coefficient.
A more accurate and reliable method for measuring direct piezoelectric effect for soft materials is

still needed.

4.2.2 Dynamic mechanical analysis (DMA) method for piezoelectric ds: coefficient
measurement

A novel method designed for measuring the direct piezoelectric effect of soft materials is
developed in this study. This method is based on a dynamic mechanical analysis (DMA) system.
DMA is widely used for the characterization of time and temperature dependent properties of
polymeric materials. A tension frame on the DMA instrument can apply an accurately controlled
uniaxial strain to the sample, meanwhile recording the dynamic force applied to the sample. By
stretching the PVDF film sample along the longitude direction and measuring the generated
voltage across the thickness, a piezoelectric ds1 coefficient is obtained. Since the strain of the
samples are accurately controlled by the DMA, the instrument error resulting from the preload
difference is largely reduced. Thus, this DMA method is expected to provide an accurate
measurement for the absolute piezoelectric coefficient of PVDF and other soft materials through

direct piezoelectric effects.

Figure 4.3. Experimental setup of the DMA measurement of direct piezoelectric effect.
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In this study, the measurement is performed on a TA instruments DMA Q800 with a tension
frame attachment. The tested samples are PVDF films with dimensions of approximately 20 mm
x 4 mm x 10 pm. All PVDF films are corona poled at 125°C at 12 kV and then sputtered with
gold on both surfaces as the electrodes. The sample is clamped and wired on the DMA as shown
in Figure 4.3. Unidirectional strain with various frequency and amplitudes are applied to the PVDF
sample to generate a biased AC voltage signal. The generated voltage and current are then
measured by a Keysight B2985A electrometer and collected by a National Instrument DAQ system
(NI USB-4431). The piezoelectric strain coefficient, ds1, of each sample can be calculated with
the open circuit voltage measured from the electrometer and the applied force measured from the

DMA, by the following equation:

Cv_t
dy, = o

Fi

where C is the capacitance of the sample, Vpp, is the peak-to-peak value of the open circuit voltage,
F is the peak force stimulus used to induce the strain of the sample, and | and t are the length and
thickness of the sample, respectively. To calibrate the DMA method, a conventional uniaxial
drawn PVDF (obtained from TE Connectivity, Inc.) with a known d31=23.0 pC/N is also tested.
During the calibration test, the conventional PVDF sample is subjected to 0.5% strain harmonic
excitation at a frequency of 100 Hz. The generated open circuit voltage and the short circuit current
are measured as shown in Figure 4.4a. The root mean square (RMS) value of the open circuit
voltage from the conventional PVDF sample is measured to be 9.00 V, with an RMS short circuit
current of 3.34 pA. Such results yield a ds; coefficient of 21.9040.31 pC/N for the commercial
uniaxial drawn PVDF devices, which is close to the reported value on the product datasheet
(Reported d31 =23.0040.50 pm/V from inverse effect measurements). The frequency dependence
of this DMA method is also investigated by applying strain signals at different frequencies on the
sample. Asshown in Figure 4.4b, the RMS value of the generated voltage is not influenced by the
changing frequency. Instead, it shows an almost constant ratio between the input force and output
voltage. These results yield similar piezoelectric coefficients of approximately 22 pC/N,
validating the accuracy of this DMA method in a wide range of measuring frequencies.
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Figure 4.4. DMA measurement on conventional drawn PVDF. (a) Open circuit voltage and short
circuit current generated by the conventional uniaxial drawn PVDF sample. (b) RMS open
circuit voltage and applied force from the conventional uniaxial drawn PVDF sample at different
frequencies.

The high B-phase PVDF treated by EDA with a reaction time of 8 hours (%DHF=10%) is
used to prepare the dehydrofluorinated PVDF thin film samples. The samples are prepared by
solution casting the dehydrofluorinated PVVDF onto a glass substrate and then dried. The dried
films are then corona poled at an elevated temperature, and gold is subsequently sputtered on both
surfaces to function as top and bottom electrodes. A maximum peak to peak voltage of 40.26 V
with an RMS value of 13.97 V was obtained when the dehydrofluorinated PVDF devices were
subjected to 0.5% strain harmonic excitation at a frequency of 100 Hz (Figure 4.5). Meanwhile, a
high peak to peak short circuit current of 15.74 pA with an RMS value of 5.53 pA was also
measured. The dehydrofluorinated PVDF devices generate over a 55% larger voltage and current
response compared to the conventional PVDF devices. A plot of the generated RMS open circuit
voltage versus the frequency of strain is shown in Figure 4.5b, demonstrating that the results are
not influenced by frequency. The dehydrofluorinated PVDF sample yields a dz1 coefficient of
25.1241.13 pC/N, higher than that of any other previously reported PVDF, which falls in the range
of 20 pm/V to 23 pm/V.(9, 13, 83, 97, 194) The result demonstrates that the dehydrofluorinated
process can generate large piezoelectric coupling in the PVDF without drawing, further
demonstrating the efficacy of the chemical modification for the highly polar PVDF material. In
order to correlate the piezoelectric property of dehydrofluorinated PVDF with their %DHF, the
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da: coefficients of the PVDF samples with different reaction times are also measured by DMA
method, as shown in Figure 4.6. The ds; coefficient increases with increasing %DHF because of
the increasing fraction of B phase induced by dehydrofluorination. The ds1 coefficient reaches a
peak value of ~25 pC/N when %DHF is 10%, after that the value starts to decrease with further
dehydrofluorination. This result confirmed that the optimum extent of dehydrofluorination
is %DHF=10% by a reaction time of 8 hours with EDA. The decreased piezoelectric properties
at high extent of dehydrofluorination is due to the dropping dielectric properties that are caused by
further dehydrofluorination.
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Figure 4.5. DMA measurement on dehydrofluorinated PVDF. (a) Open circuit voltage and short
circuit current generated by the dehydrofluorinated PVDF sample. (b) RMS open circuit voltage
and applied force from the dehydrofluorinated PVDF sample at different frequencies.
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Figure 4.6 Piezoelectric ds; coefficient of dehydrofluorinated PVDF with different 2%6DHF:

To investigate the possibility of further improved piezoelectricity of the dehydrofluorinated
PVDF, the dehydrofluorinated PVVDF samples are first drawn and then tested by the DMA method.
The mechanical drawing process that is traditionally used for preparing the B-phase PVDF, was
applied for the dehydrofluorinated PVDF films. Each film is stretched uniaxially at 100 °C to an
elongation of 500%. The uniaxial drawing process increases the degree of crystallinity of the
dehydrofluorinated PVDF film, thus higher piezoelectric properties are expected. As a result, the
drawn dehydrofluorinated PVDF devices generated an open circuit RMS voltage of 15.41 V and
a short circuit RMS current of 6.81 pA (Figure 4.7a), higher than that of the undrawn
dehydrofluorinated PVDF. A giant ds; value of 35.1240.69 pC/N is obtained after the drawing
process due to the increased crystallinity. The obtained ds; coefficient is about 40% higher than
the undrawn dehydrofluorinated PVVDF, and more than 60% higher than that of the commercial
drawn PVDF. A comparison of the measured ds: coefficients of the dehydrofluorinated PVDF
(drawn and undrawn) and previously reported ds1 coefficients of PVDF and P(VDF-TrFE)
copolymers are shown in Figure 4.7b. This significant increase in the dz1 coefficient of drawn
dehydrofluorinated PVDF indicates that the piezoelectric properties of dehydrofluorinated PVDF
can be further improved by traditional processing method of mechanical drawing. This study
shows that ultrahigh-performance piezoelectric polymers can be developed with a combination of
chemical modification such as the dehydrofluorination process and mechanical process such as the

uniaxial drawing. Also, the PVDF devices tested with the DMA method are very promising to be
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used as stretching mode energy harvesters given their superior electromechanical coupling
properties. The energy harvesting performance of the PVDF-based devices will be discussed in

the next chapter.
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Figure 4.7. DMA measurement on dehydrofluorinated drawn PVDF and ds; coefficients. (a)
Comparison of open circuit voltage and short circuit current generated by the conventional
uniaxial drawn PVDF, the dehydrofluorinated PVDF and the drawn dehydrofluorinated PVDF
under 0.5% strain at 100 Hz. (b) Previous reported ds: coefficients of the PVDF and its
copolymers comparing to that of the dehydrofluorinated PVDF (from the DMA method). (9, 13,
83,97, 194)

The piezoelectric coefficients measured through direct piezoelectric effect reflect the
performance of piezoelectric materials in applications such as sensors and energy harvesters. In
this study, the dehydrofluorinated PVDF shows improved piezoelectric properties compared to the
conventional PVDF products, with a direct piezoelectric dsz coefficient of -39.9542.42 pC/N and
a ds1 coefficient of 25.12+1.13 pC/N. The fact that the piezoelectricity of the dehydrofluorinated
PVDF can be further improved by a conventional mechanical drawing process also provides new
approaches in preparing PVDF devices with ultrahigh piezoelectric properties. The performance
of the dehydrofluorinated PVDF as an energy harvester will be further investigated in detail in the

next chapter.
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4.3 Piezoelectric Coefficients Measurement of the Dehydrofluorinated PVDF through
Inverse Effect

Inverse piezoelectric effect is the energy conversion effect where a piezoelectric material
transfers the electrical energy input to mechanical energy output. This effect is usually exhibited
through a generated strain of the piezoelectric material under the stimulus of an external electrical
field. To measure the piezoelectric d coefficients through inverse effect, a uniaxial external electric
field is usually applied onto the sample while the external stress field is usually zero, giving a

simplified equation for the dj; coefficient:

;
d; = (2—;:] with a unit of pm/V, representing displacement per applied voltage.
The measuring techniques of the djj coefficients mainly work in two ways: measuring the ds3
coefficient by measuring the strain of the sample in the same direction of the applied electric field;
or measuring the ds; coefficient by measuring the strain of the sample in the direction
perpendicular to the applied electric field. Ideally, the piezoelectric strain coefficients from direct
effects and inverse effects should be equal for the same piezoelectric material. However, because
of the existence of electrostrictive effects, the apparent inverse piezoelectric coefficients of soft
materials are usually different from the direct piezoelectric coefficients. Hence, measurements
from both piezoelectric effects are important and necessary to thoroughly understand the

electromechanical coupling performance of PVDF.

4.3.1 Refined piezoelectric force microscopy (PFM) method for piezoelectric ds3 coefficient
measurement

To capture the small piezoelectric strain in the thickness direction of the PVDF thin films
in the inverse piezoelectric effect, a refined piezoelectric force microscopy (PFM) method is
developed.(57, 195) The PFM measurement is conducted on a Park System XE-70 atomic force
microscope. To prepare the PFM samples, the dehydrofluorinated PVDF (8 hours treatment by
EDA) is spin-coated onto a piece of gold coated silicon wafer to make a thin film. A thin layer of
gold is sputter coated on the PVDF films surface, serving as the bottom electrode. A thickness of

~350 nm was measured for the thin film actuator through a non-contact mode topography scan.
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The film actuator is then electrically poled by corona at 125°C at 8 KV prior to testing. A lower
voltage is used here to avoid failure of the thin film during poling. As shown in Figure 4.8, the
PFM test is performed by attaching a Pt-coated conductive tip with a force constant of 40 N/m on
the films surface. The conductive tip is attached to the PVDF film with a normal force of 1200
nN applied, serving as the top PFM electrode. AC voltage signals in a 1 Hz triangle waveform
with amplitudes in the range of 0.5 V ~ 1.5 V are first generated by an Agilent 33220A functional
generator and then amplified by 200 times and applied across the thin film sample through the top
PFM tip electrode and the bottom silicon wafer electrode. An AC signal frequency (17 kHz) on a
lock-in amplifier is used to reduce low-frequency noise and drift near the cantilever resonance
(325 kHz). The generated displacement in the thickness direction of the dehydrofluorinated PVDF
sample under the voltage signal is measured by recoding the tip displacement of the AFM
cantilever beam. The electric field across the sample and the generated strain are then calculated

accordingly and plotted below, which will be discussed in detail in the following paragraph.
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Figure 4.8. PFM setup for piezoelectric strain-electric field loop measurement.

The plots of the piezoelectric strain versus the bipolar electrical field from the
dehydrofluorinated PVDF thin film is shown in Figure 4.9a. Switching of the strain direction is
observed under the oscillating electric field, and this phenomenon is called a butterfly loop
response, which is attributed to the piezoelectric domain motion across the electric coercive field
of the PVDF. Similar to the ferroelectric hysteresis, the butterfly response is the evidence of strong
piezoelectricity. In Figure 4.9b, a clear 180 ° phase change of the dehydrofluorinated PVDF under
the bipolar voltage is observed, which shows the repolarization of the piezoelectric domains of the
polymer due to the dipole switching. The phase-field loop also indicates the existence of a coercive
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field matching with the strain-field loops. A large bipolar piezoelectric strain of up to 3.2% is
measured from the dehydrofluorinated PVDF and is comparable to that of the irradiated P(VDF-
TrFE) copolymers, which are widely reported as high-performance piezoelectric actuators.(14, 16)
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Figure 4.9. PFM measurement of dehydrofluorinated PVDF. (a) Strain versus electrical field
plots (the butterfly loop response) measured under AC electric fields with different amplitude
and (b) phase response of the dehydrofluorinated PVDF from PFM measurements.

To accurately measure the piezoelectric dss strain coefficient, unipolar voltage signals are
applied on the PVDF sample and thus a unipolar strain versus electric field loop is obtained as
shown on Figure 4.10a. The results show a maximum unipolar strain of 2.7%, and the da3
coefficient is obtained by calculating the slope of the strain versus increasing electric field curve
(Figure 4.10b). The slope increases rapidly at low electric fields and reaches a short plateau
region when the strain and electric field exhibit a linear relationship. Then the slope starts to
decrease at high electric fields because the piezoelectric strain is reaching saturation. The
effective das coefficient is calculated as the slope of the linear region of the strain-electric field
curve and a value of -65.5940.71 pm/V is obtained. This large ds3 value is a result of the highly
aligned dipole domains induced by the large planar conformation amount in dehydrofluorinated
PVDEF. In previous studies, the high dass values reported for PVDF and its copolymers ranged
from -31 pm/V to -35.5 pm/V. (26, 83, 93, 97) The ds3 value of the dehydrofluorinated PVDF is
remarkably larger than that of any reported piezoelectric polymer. Therefore, this method
furthermore proves that the newly developed dehydrofluorinated PVDF is an excellent candidate
for energy harvesting, sensing and actuating devices because of its superior electromechanical

coupling over the existing PVDF based polymers.
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Figure 4.10 PFM measurement of dehydrofluorinated PVDF under unipolar electric fields. (a)
Strain versus electric fields loop and (b) calculated d3; values along increasing electric fields.

Besides the piezoelectric ds3 coefficient, the piezoelectric voltage coefficient, or so-called
g coefficient, is also calculated for evaluating the piezoelectricity of dehydrofluorinated PVDF.
The g coefficient is calculated by the ratio of the d coefficient and the dielectric permittivity. A
lower permittivity of PVDF provides greater energy conversation capacity due to lower
capacitance which traps a lower portion of the generated charge, compared to a piezoelectric
ceramic with high permittivity. A record-breaking high g3z value of 0.6840.021 Vm/N is obtained
for the dehydrofluorinated PVDF.
dehydrofluorinated PVDF is the highest piezoelectric voltage coefficient reported for any

As shown in Figure 4.11, the giant gss value of the

piezoelectric material inclusive of single crystal ceramics.(13, 26, 50, 83, 173, 196, 197) This
extremely large piezoelectric response reveals the underdeveloped potential of PVDF and greatly
improves the prospects of dehydrofluorinated PVDF for energy harvesting and sensing

applications.
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Figure 4.11. Comparison of piezoelectric dsz and gas coefficients. (a) Previously reported dss
coefficients of PVDF and its copolymers compared to that of dehydrofluorinated PVDF. (26, 83,
93, 97) (b) Previous reported high gs3 coefficients of piezoelectric materials compared to that of

dehydrofluorinated PVDF. (13, 26, 50, 83, 173, 196, 197)

The characterization of the inverse piezoelectric effect shows that the dehydrofluorinated
PVDF has large piezoelectric coefficients. Both the measured ds3 of -65.5940.71 pm/V and gs3 of
0.6840.01 Vm/N are higher than that of any reported PVDF based materials. It’s noted that the
coefficients obtained through the inverse effect are larger than that obtained from the direct effect
discussed earlier in this chapter. This gap is derived from the electrostrictive effect which takes
place in the PVDF and contributes to the actuation under an applied electric field. Given the fact
that the electrostriction exists in all actuating measurements of soft piezoelectric materials, it
should not affect the accuracy for the performance evaluation of the PVDF material as
piezoelectric actuators. Besides the high piezoelectricity, the dehydrofluorinated PVDF also
exhibits excellent properties such as large actuating strain and high blocking force, which are

highly desired in actuator applications such as morphing wings and artificial muscles.

4.4 Investigation of Thermal Stability of p-phase of Dehydrofluorinated PVDF

Besides the superior piezoelectricity, improved thermal stability is also expected in the
dehydrofluorination induced B-phase PVDF. Unlike the unstable 3-phase PVDF obtained through
mechanical processing, the polar phase induced through the dehydrofluorination process will be

preserved at high temperatures because of the absence of internal stress which tends to relax at
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clevated temperatures. As predicted by the molecular simulation in chapter 2, the B-phase
crystallization in the dehydrofluorinated PVDF is energy-preferred, so the dehydrofluorinated
PVDF should always crystallize in B-phase after melting or solution casting. A simple
demonstration of this thermal stability of B-phase in the dehydrofluorinated PVDF is a phase
composition test through melting and recrystallization. In this test, the dehydrofluorinated PVDF
and the conventional uniaxial drawn PVDF are heated to 200 C for 20 minutes, for complete
melting, and then slowly cooled down to room temperature. The FTIR spectra of the two PVDF
samples are obtained before and after the heat treatment for comparison, as shown in Figure 4.12.
The result shows that the phase composition of the dehydrofluorinated PVDF sample remains the
same after the heat treatment, while the B-phase of the drawn PVDF sample changes to a-phase
after the heat treatment. The thermal stability of the f-phase is very important for the piezoelectric
application of PVDF because the improved stability of f-phase will allow the high piezoelectricity
of dehydrofluorinated PVDF to survive through many polymer processing techniques, which are
not achievable for drawn PVDF. Manufacturing techniques such as extrusion, injection molding,
and 3D printing can then be applied in the fabrication process of piezoelectric PVDF devices with
complicated structures without compromising the high piezoelectricity of the PVDF materials.
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Figure 4.12. FTIR spectra of (a) the dehydrofluorinated PVDF and (b) a conventional uniaxial
drawn PVDF, before and after recrystallization from melting.

To further confirm the thermal stability of the B-phase in dehydrofluorinated PVDF and
investigate the phase transition of PVDF under elevated temperature, a vary-temperature XRD
technique is used to monitor the phase changes within PVDF during thermal treatment. Samples
of the dehydrofluorinated PVDF and the conventional drawn PVDF were heated step by step up
to 200°C and then cooled down to room temperature while the XRD patterns are collected at 25 C,
100C, 150 C and 200 C, respectively. The XRD patterns are also collected for these samples after
they are cooled down to room temperature. As shown in Figure 4.13, the XRD patterns of the
dehydrofluorinated PVDF remains the same during the heating process until it entirely turns into
an amorphous phase when the material is completely melted at 200°C. This indicates that the
dehydrofluorinated PVDF maintains a stable degree of crystallinity throughout the heating process
before the temperature increased above its melting point. Upon cooling, the dehydrofluorinated
PVDF recrystallizes into a phase composition dominated by -phase again. However, for the
conventional drawn PVDF film subjected to the same heat treatment, the peaks representing the

B-phase are clearly broadened and their intensity is reduced with the increased temperature. This
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behavior indicates a rapid decrease in the degree of crystallinity due to thermal relaxation of the
drawn PVDF. Also, after it is melted to an amorphous phase, the drawn PVDF film eventually
crystallizes into the a-phase and loses its piezoelectricity. Unlike the dehydrofluorinated PVDF,
the B-phase of the drawn PVDF cannot recover from cooling after the heating process. These
results demonstrate that the dehydrofluorinated PVDF possesses the unique property of preserving

B-phase at elevated temperatures.
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Figure 4.13 High-temperature XRD patterns of (a) the dehydrofluorinated PVDF and (b) the
conventional drawn PVDF. The samples are heated up to 200 “C and then cool down to room
temperature.

The thermal stability of the B-phase in dehydrofluorinated PVDF is further studied by
monitoring the phase composition during multiple cycles of the melting-cooling processing. In
each cycle, the dehydrofluorinated PVDF is heated up to 200°C in a convection oven, held at 200°C
for 20 minutes, and then cooled down to room temperature in the oven. The FTIR spectra after
each cycle is shown in Figure 4.14, and the B-phase fraction of the sample is calculated by the
Beer-Lambert law discussed the chapter before. It is shown that the phase composition of the
dehydrofluorinated PVDF is unchanged after up to 5 melting-cooling cycles. The [3-phase fraction
in the dehydrofluorinated PVDF during the 5 cycles of heat treatments is in the range of 78% to
85%. The preservation of the high B-phase fraction of the dehydrofluorinated PVDF indicates that
it is able to survive multiple times of thermal processing. Recycling of the dehydrofluorinated
PVDF through melting and remolding while still preserve the [B-phase dominated phase

composition is then applicable. However, there are still limitations in the thermal stability of the
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dehydrofluorination PVDF. 1It’s found that when the dehydrofluorinated PVDF recrystallizes from
extremely high temperature, the p-phase fraction of the material may decrease. This decrease of
B-phase is first observed when the dehydrofluorinated PVDF is recrystallized after 210 C (Figure
4.15). Existence of a-phase of the dehydrofluorinated PVDF is found in its FTIR spectrum and
the B-phase fraction of the sample decrease to ~65%. The fraction of B-phase is further decreased
when the dehydrofluorinated PVDF is heated to higher temperatures. Eventually, after heat
treatment over 220 C, the dehydrofluorinated PVDF crystallizes into a-phase instead of -phase,
thus losing most of its piezoelectricity. The loss of B-phase of the dehydrofluorinated PVDF after
such high temperature treatment is due to degradation and oxidation. Thus, it should be noted that
the processing temperature of the dehydrofluorinated PVDF should not exceed the threshold
temperature which is found to be 210T in this study to preserve its high B-phase fraction.
Nonetheless, this upper limit temperature is already much higher than the processing temperature
allowed for the drawn PVDF.
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Figure 4.14 Melting-cooling treatment of dehydrofluorinated PVDF. (a) FTIR spectra and (b) -
phase fraction of the dehydrofluorinated PVDF after multiple cycles of melting-cooling
treatment.
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Figure 4.15 High temperature recrystallization of dehydrofluorinated PVDF. (a) FTIR spectra
and (b) B-phase fraction of the dehydrofluorinated PVDF recrystallized from different
temperature above its melting point.

As the thermal stability and limitation of B-phase in dehydrofluorinated PVDF have been
thoroughly demonstrated above, it’s not enough to conclude on the wide range of use temperatures
for the dehydrofluorinated PVDF. The Curie temperature (T¢) is also very important in evaluating
the use temperature of piezoelectrics. Tc is the temperature above which a piezoelectric material
loses its piezoelectricity because thermal agitations of dipoles break the polarization. As reported
in previous studies, defect-engineered fluoropolymers such as the P(VDF-TrFE) and the PVDF
terpolymers have T¢’s which are much lower than that of PVDF homopolymers. It’s shown that
when a high fraction of comonomers are added to the polymer, the T of the copolymer can be
decreased to room temperature. This low Tc largely limited the application of these polymers in
high temperature environments. Thus, an investigation of the T. of dehydrofluorinated PVVDF is
necessary. In this study, the melting point and the T. of the dehydrofluorinated PVDF, the
commercial uniaxial stretched PVDF (obtained from TE connectivity, Inc.), and the untreated
PVDF (a-phase) are measured by differential scanning calorimetry (DSC). The results show that
the two -phase PVDF samples (the dehydrofluorinated PVDF and the uniaxial stretched PVDF)
have similar melting points at ~170 °C (Figure 4.16). For the a-phase PVDF, the melting point is
found to be lower (164.61 °C). The T. of the conventional drawn PVDF is found to be near its
melting point, indicating its T¢ of 169.25 °C. A large Curie transition peak is observed for the
dehydrofluorinated PVDF in the DSC test, indicating the transition of the large piezoelectric
domains. The T. of the dehydrofluorinated PVDF is measured to be 163.34 °C, which is slightly
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lower than that of the drawn PVDF. These results show that the dehydrofluorination of PVDF
will slightly decrease the T because of the steric defects introduced into the polymer chains.
However, the piezoelectricity can still be preserved up to a temperature near the melting point of
PVDF. This wide range of use temperature demonstrates the advantages of the dehydrofluorinated
PVDF over the PVDF copolymers in high-temperature applications.
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Figure 4.16. DSC measurement of the dehydrofluorinated PVDF, the commercial uniaxial
stretched PVDF, and the untreated PVDF. Melting point (Tm) and Curie temperature (Tc) were
measured and labeled accordingly.

4.5 Chapter Summary

In this chapter, the extraordinary piezoelectric properties of the dehydrofluorination
induced p-phase PVDF are thoroughly demonstrated. The piezoelectricity of the
dehydrofluorinated PVDF is investigated by characterization of its direct piezoelectric effect and
inverse piezoelectric effect, respectively. In the measurement of each effect, novel
characterization techniques are first developed and then validated by commercial standard
materials. These measuring methods are shown to provide accurate characterization of
piezoelectric coefficients of soft materials. By the Berlincourt method and DMA method, the
direct piezoelectric strain coefficients of the dehydrofluorinated PVVDF are measured to be a das of
-39.9542.42 pC/N and a ds; of 25.1241.13 pC/N, which is higher than any previously reported
data of PVDF. Additionally, the piezoelectricity of the dehydrofluorinated PVDF is found to be
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further improved by the traditional mechanical processing, as the drawn dehydrofluorinated PVDF
yields a higher ds; coefficient of 35.1240.69 pC/N. By PFM method and blocking force method
that measures the inverse effect, the inverse piezoelectric coefficients of the dehydrofluorinated
PVDF is measured to be a dsz of -65.5940.71 pm/V. A giant piezoelectric voltage coefficient (gzs)
of 0.68 Vm/N of the dehydrofluorinated PVDF is also measured as the highest piezoelectric
voltage coefficient reported for any piezoelectric material so far. These giant piezoelectric
coefficients demonstrate that the developed PVDF is a worthwhile piezoelectric material candidate
with great potential for low-cost, high-performance of in commercial applications.

The thermal stability of f-phase in the dehydrofluorinated PVVDF is also investigated in this
chapter. The Curie temperature of the developed PVDF is found to be slightly decreased by the
dehydrofluorination process, but still higher than that of other defect-engineered PVDF
copolymers. The varied temperature XRD and heat treatment experiments show that the
dehydrofluorinated PVDF can stably recrystallize into high B-phase multiple times after high
temperatures below 210 °C. Both the improved thermal stability and the eliminated need for
mechanical drawing enable a simpler route towards additive manufacturing of PVDF materials
with high polar phase content, leading to a wider range of practical applications for piezoelectric

polymers.
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CHAPTER 5

Development of Additive Manufacturing Method for PVDF and 3D
Printed Piezoelectric Devices

5.1 Chapter Introduction

As the large piezoelectricity and high thermal stability of dehydrofluorinated PVDF has
been proven, the newly developed material is supposed to gain access to many polymer processing
methods which are not possible for conventional drawn PVDF. In this chapter, new possibilities
in piezoelectric PVDF device fabrication are investigated by integrating the dehydrofluorinated
PVDF with novel additive manufacturing methods. A direct writing method is developed for 3D
printing dehydrofluorinated PVDF based on solution dispensing. The direct writing method can
print simple 3D structures of PVDF and can also print 2D patterns of PVDF with precisely
controlled thicknesses. This method also supports direct printing of electrodes onto printed PVDF
structures, enabling one-step fabrication for piezoelectric PVDF devices. The experimental results
find that the high B-phase fraction of dehydrofluorinated PVDF can be perfectly preserved. Based
on this 3D printing method, PVDF energy harvesters and actuators are designed and fabricated to
demonstrate the excellent performance of dehydrofluorinated PVDF originated from their
improved piezoelectricity. The design of polymer energy harvesters and their frequency
dependency is investigated in order to fully utilize the piezoelectricity of PVDF to increase the
energy conversion efficiency in a wider range of stimuli frequencies. As a result, a well-designed
dehydrofluorinated PVDF is able to generate a power density of 21.96 mWf/cc, which is
magnitudes higher than previously reported PVDF devices.

A novel electrospun 3D printing method is also developed and reported in this study. The
reported method can achieve micron-level resolution 3D printing of PVDF and provide in situ
electric poling to the printed material. Network structures and fabrics of PVDF are printed for the
first time through this method and the energy harvesting performance of the printed structures are
investigated. The results demonstrate that the developed electrospun 3D printing method has great

potential for applications in breathable and wearable piezoelectric devices.
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5.2 Direct-Writing Method for 3D Printing of Dehydrofluorinated PVDF

Additive manufacturing, or 3D printing, is the new trend in the development of materials
processing and manufacturing techniques. The ‘additive’ feature of these techniques shows the
potential of a convenient and economic way to fabricate complex three-dimensional structures. In
the fabrication of MEMS and piezoelectric devices, the in-situ printing of different materials can
lead to a one-step fabrication process, having an advantage over the traditional fabrication
processes that requires multiple steps of machining and assembly. However, because of the
necessity of mechanical drawing, conventional 3-phase PVDF is not suitable for these 3D printing
techniques. As discussed in chapter 4, any melting or dissolving of the conventional drawn PVDF
will lead to the complete loss of B-phase, as well as its piezoelectricity. However, such limitations
do not exist for dehydrofluorinated PVDF. To reveal the full potential of dehydrofluorinated
PVDF, it is required to have a versatile fabrication method that alleviates design and fabrication
limitations of PVDF based devices. Although most 3D printing techniques for polymeric materials
are fused deposition modeling based on filament extrusion, these techniques are not suitable for
dehydrofluorinated PVDF because the processing temperature is usually higher than the upper
limit found in the last chapter. Simply extruding dehydrofluorinated PVVDF through a high

temperature extruder may lead to the loss of B-phase.

In this study, an ink-based additive manufacturing technique is developed to demonstrate
the compatibility of the dehydrofluorinated PVDF with modern fabrication techniques and
visualize its high electromechanical properties. A direct-write (DW) assembly technique is used
in this method to print dehydrofluorinated PVDF films and build PVDF based devices. The setup
of this direct-writing method is shown in Figure 5.1. In this method, dehydrofluorinated
PVDF/DMF solutions, as well as other polymer solutions with controlled rheology, are prepared
as printable inks. The inks are dispensed from a syringe which is connected to a liquid dispensing
system (Nordson EFD Ultimus™ V High Precision Dispenser) to control the dispensing rate. The
syringe is mounted on a digital controlled three-dimensional motion track (Aerotech®) that can
achieve precise positioning within 0.2 pm resolution. The ink can be dispensed onto different
substrates, including glass, metal and plastic, placed on a heated printing stage. The heated

printing stage can control the rate of solvent evaporation in order to avoid the warping problem
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that may occur in the solution casting process. Printing of multiple inks is achieved by switching
the ink containing syringes. The final thickness of each deposition layer is controlled primarily by
a few factors such as PVVDF concentration, nuzzle diameter, deposition rate, and speed of printer-
head.

ed printing stage

Figure 5.1. Experimental setup of direct-writing method for dehydrofluorinated PVDF.

This direct-writing method is able to conveniently prepare large area PVDF films with
precisely controlled thickness in the range of 5 to 200 pm. Meanwhile, the direct-writing method
can print well-designed 2-dimensional patterns of PVDF and other polymers to a desired thickness
to achieve a 2.5D printing (Figure 5.2). Additionally, this method can print electrode material onto
printed PVDF structures in a single printing process. A conductive ink can be prepared by the
following process: 1g of poly(lactic acid) (PLA) is dissolved in 10 ml of dichloromethane(DCM),
1g of Silver nanowires (prepared according to the method reported by Sun et al.(198)) is added to
the PLA/DCM solution. The mixture is then shear mixed followed by sonicating for 30 minutes
to achieve a uniform dispersion for the printing. This electrode material can be printed on the
PVDF surface with high conductivity and good adhesion. Multiple layers of circuit patterns and

interdigitated electrodes can be conveniently printed together with PVDF layers (Figure 5.2b).
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Therefore, complex PVDF-based devices composed of multiple materials can be simply

manufactured using this direct-writing technique.

Figure 5.2. Direct-written PVDF samples. (a) Dehydrofluorinated PVDF films with complex
geometries and (b) printed interdigitated electrodes with varied line thicknesses.

The phase composition of untreated PVDF and dehydrofluorinated PVDF is confirmed by
FTIR and XDR, as shown in Figure 5.3. Since the direct-writing method solidifies PVDF only in
the solution casting process, the high B-phase fraction of dehydrofluorinated PVDF can be
perfectly preserved. The phase composition of PVDF samples prepared by the direct-writing
method are found to have the same phase composition as the samples prepared by conventional
doctor-blading methods. In this study, this direct-writing method is frequently used to prepare
samples for chemical and electrical measurements and in fabrication of PVDF based energy

harvesters and actuators.
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Figure 5.3. Phase composition characterization of dehydrofluorinated PVDF samples prepared
by doctor-blading and direct-writing, measured by (a) FTIR and (b) XRD.

5.3 Direct-Written Dehydrofluorinated PVDF Energy Harvesters

Energy harvesting and sensing are among the most popular and promising application of
piezoelectric materials. These applications utilize the direct piezoelectric effect to transfer
collected mechanical energy to electrical energy. The efficiency of energy conversion is largely
dependent on both the piezoelectricity of the used materials and the design of the devices. As the
rapid development of small wearable devices, energy harvesters attract huge attention a possible
candidate for these devices in order to achieve self-powering devices and avoid the inconvenience
from batteries. In order to demonstrate the energy harvesting performance of dehydrofluorinated
PVDF, different types of energy harvesters are fabricated and investigated in this study.

5.3.1 Vibrational cantilever beam mode energy harvester

Cantilever beam mode energy harvesters are one of the most reported type of energy
harvesters. The most important part of this type of device is a cantilever beam that can vibrate
with an external vibrational stimulus and thus generate strains in the piezoelectric part. The
cantilever beam obtains the highest energy collecting efficiency when it’s stimulated at its own
vibrational resonance frequency. Since PVDF is a very soft material, the vibrational resonance
frequency of a PVDF film is usually much lower than most ambient vibrations. Thus, PVDF
cantilever beam energy harvesters are fabricated by direct-writing a thin layer of PVDF onto a

stainless-steel foil. As shown in the schematic of the energy harvesting device (Figure 5.4), the
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PVDF coated stainless-steel foil servers as a cantilever, allowing the energy harvesting device to
achieve a resonant frequency by capitalizing upon the resonant frequency of the stainless-steel
electrode rather than the resonance of the PVDF film. Devices made with p-phase
dehydrofluorinated PVDF (treated with EDA for 8 hours) and untreated PVDF are fabricated for
comparison purpose. PVDF coated stainless-steel devices are corona poled at elevated
temperature (125C) at 12 kV and then gold is sputtered on the surface as the top electrode before
testing. During the vibrational testing, the energy harvesters are attached to a vibration shaker
(LDS V408). A shear accelerometer that can give an accurate measurement of the input base
acceleration is attached to the shaker and the measured acceleration signal was processed by
National Instrument DAQ system (NI USB-4431). The generated voltage was measured by a unity
gain voltage follower (LTC6240CS8) with 1TQ input impedance and capacitance of 3.5 pF and
the generated current was measured by a Keithley 6514 electrometer. Measured voltage and

current signal were also processed by the National Instrument DAQ system.

“\_ PVDF Film

FTO Glass * \/‘ 10“”‘]

Sputtered Gold
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Figure 5.4. Schematic diagram of the PVDF-based cantilever beam energy harvester using
stainless-steel as the cantilever.

The resonance frequency of the tested devices is roughly confirmed to be ~40 Hz by
inputting a white noise vibration to the devices and measuring the frequency responses. In the
vibrational test, a sinusoidal acceleration signal of frequencies close to the device resonance is
input to the device to produce the vibration. High open circuit voltage and short circuit current are
observed from energy harvesters under an acceleration input at exactly the resonant frequency. A
peak to peak (p-p) voltage of ~3.8 V and a p-p current of ~150 nA are generated from EDA treated
PVDF by applying 10 g p-p acceleration (Figure 5.5). Additionally, the p-p open circuit voltage
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and the p-p short circuit current generated from the untreated PVDF energy harvester with same
acceleration input at resonant frequency is measured to be ~0.55 V and ~62 nA respectively, which
are much lower than the EDA treated PVDF energy harvester.

i
e RN

Figure 5.5. Open circuit voltage and short circuit current responses measured from cantilever
beam energy harvesters. (a) (b) Dehydrofluorinated PVDF energy harvester and (c) (d) untreated
PVDF energy harvester, respectively.

The generated AC power from the energy harvesting devices is calculated by measuring the
voltage across several load resistors ranging from 1 MQ to 20 MQ. As shown in Figure 5.6, the
AC power of EDA treated energy harvesting devices reaches a peak power of 137.1 nW at a load
resistor of 10.1 MQ. Then, the generated power reduces as the load resistance increases because
voltage starts saturating towards the open circuit voltage. The peak power density is calculated to
be 190.5 uW/cc from 10 g p-p acceleration (Figure.7b). For the untreated PVDF energy harvester,
the peak AC power across a 7.7 MQ load resistor is only 19.5 nW from the same input base
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acceleration of 10 g p-p (Figure 7a). The peak power density of the untreated PVDF energy
harvester is calculated to be only 24.4 uW/cc (Figure 7b). The power density from an EDA treated
PVDF energy harvester is ~8 times higher than the peak power density of the untreated PVVDF
energy harvester, and the energy harvesting performance is better than most previously reported
PVDF energy harvesters.(1, 3, 4, 146) The increased energy harvesting performance of the EDA
trecated PVDF is due to the higher B-phase content in the material, which will broaden its

applications for energy harvesting or sensing.

0.18

N
o
o

a = EDATreated PVDF [ | = EDA Treated PVDF
0.16 e Untreated PVDF 225 * Untreated PVDF
0.14 - & ’g 200 - :
0.124 = S 2
— <= 150
= 0.10 B
i: il g 125
)
g 0.06 4 8 "7
a @ 751
0.04 - g 50 -
o
0:02 -M 22 -M
0.00 T T T T r T T T T 0 T r T T T T T T T
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Load Resistance (MQ) Load Resistance (MQ)

Figure 5.6. Power characterization of PVDF cantilever beam energy harvesters. (a) AC power
and (b) power density of the EDA treated PVDF energy harvester across varying load resistance.

5.3.2 Stretching mode PVDF energy harvester

Since PVDF is a soft and flexible material, it’s very easy to induce elastic deformation in
these materials by external stress. The changes of elastic deformation in PVDF can be utilized as
another mode of energy collection. The ambient vibrations can be used to induce periodic strain
changes in PVDF thin films from which electric power can be generated, which is how a stretching
mode energy harvester works. The stretching mode PVDF energy harvesters are fabricated by a
stripe of direct-written PVDF film with fixed dimensions as shown in Figure 5.7. The gold
electrodes are applied on both side of the PVDF film though sputter coating. The energy
harvesting performance of these stretching mode devices are measured on a DMA instrument
which can induce periodic strains with desired amplitude and frequency. The details of this method
have been mentioned in chapter 4. To demonstrate the high energy harvesting performance of

dehydrofluorinated PVDF, three different kinds of devices were fabricated, conventional drawn
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PVDF, dehydrofluorinated PVDF and drawn dehydrofluorinated PVDF. The open circuit voltage
and short circuit current measurements are shown in Figure 4.6, which show that the
dehydrofluorinated PVDF can generated 55% higher voltage and 65% higher current than the
conventional PVDF under a stimulus of 0.5% strain at 100 Hz. The generated voltage and current
can be further improved by 10% and 23%, respectively, by applying mechanical drawing to
dehydrofluorinated PVDF.

a Stﬁrfess b

" PVDF

" Au Electrodes

Stress

Figure 5.7. (a) Schematic diagram of a PVDF stretching mode energy harvester. (b) Performance
measurement on DMA instrument.

The generated power of the energy harvesters is measured by stimulating the devices with the
same strain signals across a series of load resistors ranging from 1 MQ to 10 MQ. The AC power
generated was calculated from the generated RMS voltage value and the electrical resistance. The
generated voltage across the resistor increases and saturates along with increasing load resistance,
while the calculated power meets a maximum value with an optimum load resistance of 2 MQ
(Figure 5.8). A peak AC power of 36.06 uW is obtained from the dehydrofluorinated PVDF which
corresponds to a peak power density of 21.96 mW/cc. The power density from the
dehydrofluorinated PVDF stretching mode energy harvester is 115 times higher than the peak
power density measured on the cantilever beam mode energy harvester based on the same material
and is considerably higher than other previously reported PVDF energy harvesters. (1, 3, 4, 146)
This large improvement in power density indicates that the stretching mode energy harvesters have

much higher energy conversion efficiency.
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Figure 5.8. Power measurements of a dehydrofluorinated PVDF stretching mode energy
harvester. (a) RMS voltage, (b) power output and power density generated by a
dehydrofluorinated PVDF stretching mode energy harvester under 0.5% maximum strain at 100
Hz across different load resistances.

For the conventional PVDF energy harvester, the peak AC power across a load resistor of 2
MQ is only 14.09 uW from the same excitation at 0.5% maximum strain at 100 Hz, leading to a
calculated peak power density of only 7.01 mW(/cc (Figure 5.9). The power density from the
dehydrofluorinated PVDF energy harvester is 3.13 times higher than the peak power density of a
conventional PVDF energy harvester. The high output power from the dehydrofluorinated PVDF
films further show the giant piezoelectric voltage coefficient and the potential for the
dehydrofluorination process to yield piezoelectric polymers without mechanical drawing.
However, the power density can be further improved through uniaxial drawing of the
dehydrofluorinated PVDF to further increase crystallinity. A maximum power density of 34.80
mW/cc is measured from the drawn dehydrofluorinated PVDF devices across an optimum load
resistance of 2 MQ, with a power output of 50.78 uW (Figure 5.9). This improved performance
further confirms that the dehydrofluorination method can be combined with conventional
processing methods of PVDF to further extract the potential of these functional polymers for

practical applications.
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Figure 5.9. Measurement of conventional PVDF stretching mode energy harvester on a tensile
frame in the DMA. (a) RMS voltage signal and (b) generated power and power density across
different load resistances under 0.5% maximum strain excitation at 100 Hz.
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Figure 5.10. Measurement of drawn dehydrofluorinated PVDF stretching mode energy harvester
on a tensile frame in the DMA.. (a) RMS voltage signal and (b) generated power and power
density across different load resistances under 0.5% maximum strain excitation at 100 Hz.

A comparison of the RMS voltage and power density from different stretching mode
energy harvesters are shown in Figure 5.11. It shows that the drawn dehydrofluorinated devices
can generate voltage about twice that of the voltage generated by conventional PVDF devices,
providing a 5 times higher energy density. All PVDF based stretching mode energy harvesters
can provide a power density in m\W(/cc level, which is much higher than the previously discussed
cantilever beam energy harvesters. Such large power is sufficient to be used as a power source for
small wearable digital devices. The stretching mode energy harvesters also benefit from there

simple design by reducing more than 80% of the devices weight compared to the cantilever beam
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devices. Since there is no need for a cantilever and supporting material in the stretching mode
energy harvesters, the device completely consists of PVDF serving as both the functional
component and the structural component. This design of energy harvester provides an approach

to fully utilize the giant piezoelectricity in PVDF.
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Figure 5.11. Comparison of energy harvesting performance of PVDF based stretching mode
energy harvesters. (a) RMS voltage signal and (c) power density across different load resistances
under 0.5% maximum strain excitation, measured from conventional uniaxial drawn PVDF,
dehydrofluorinated PVDF and drawn dehydrofluorinated PVDF.

To demonstrate the feasibility of the DHF-PVDF energy harvesters as a power supply for
wearable electric devices, an array of green light-emitting diodes (LEDs) are connected to the
energy harvester with a LED bridge rectifying circuit. The DHF-PVDF energy harvester is able
to turn on a LED array containing 6 green LEDs when it is excited at frequencies ranging from 5
Hz to 100 Hz with a maximum strain of 0.5% (Figure 5.12). This indicates a high energy-
conversion efficiency of DHF-PVDF under excitation of a wide range of frequencies, including
the low frequency range of human motions. The large energy harvesting capacity of DHF-PVDF
is demonstrated by using it as the power supply for a larger LED array. When excited at 100Hz
under a maximum strain of 0.5%, the DHF-PVDF energy harvester is able to light up a
maximum number of 42 green LEDs, as shown in Figure 5.12b. The high output power from the
dehydrofluorinated PVDF films further show the huge piezoelectric voltage coefficient and the
potential for the dehydrofluorination process to yield piezoelectric polymers that do not require
drawing to induce the formation of B-phase, making them suitable for integration into additive

manufacturing processes as functional materials.
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Figure 5.12. PVDF energy harvester powered LED arrays. (a) LED array containing 6 green
LED bulbs lit up by a dehydrofluorinated PVDF energy harvester excited at different frequency.
(b) LED array containing 42 green bulbs lit up by the same device excited at 100Hz under 0.5%

maximum strain excitation. The inset shows the circuit diagram of the LEDs array.

5.3.3 Frequency dependency of PVDF energy harvesters

Frequency dependency is another major concern on the performance of energy harvesters.
As discussed previously, the cantilever beam harvesters can only achieve high power output when
the external stimulus is near to the resonance frequency of the cantilever. The resonance frequency
is only determined by the dimension and stiffness of the cantilever material. At other frequencies
away from the resonance, the cantilever cannot generate a large deformation during the vibration,
leading to a low energy conversion efficiency. This results in a situation that, although satisfactory
energy density is achieved at specific frequency, the actual performance of the energy harvester is
very poor when it’s subjected to ambient vibrations with a wide range of frequencies. This
frequency dependency can be found in many reports of energy harvesters, and largely limits their
application. In this study, the frequency dependency of the stretching mode energy harvesters is
investigated. Since the excitation of PVDF in stretching mode energy harvester doesn’t rely on
the vibration of cantilevers, it’s expected that the energy conversion efficiency is less influenced

from the stimuli frequency.

The investigation of frequency dependency is performed by applying strains to the
stretching mode energy harvesters with the same amplitude but different frequency. Figure 5.12

shows the energy generating performance of a dehydrofluorinated PVDF energy harvester across
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different load resistors measured at 10 Hz, 50 Hz and 100 Hz, respectively. At all frequency the
RMS voltage is saturating towards the same open circuit voltage with increasing load resistance.
The optimum resistance for the maximum generated power increases as the frequency decreases
and found to be in a reciprocal relationship with the frequency. Eventually, a peak power density
of 2.17 mW/cc is observed across an optimum load resistor of 23 MQ under a stimulus of 0.5%
strain at 10 Hz. At 50 Hz, the dehydrofluorinated PVDF generated a peak power density of 10.53
mW/cc observed across an optimum load resistor of 5 MQ. Compared to the peak power density
of 21.96 mW/cc obtained at 100 Hz, it seems that the power generating performance is largely
decreased with the frequency. However, it should be noted that the input stimuli possess different
energies because of the different frequencies. As the input power from a sinusoidal force wave is
proportional to the frequency, the ratio between the strains stimuli at 10 Hz, 50 Hz and 100 Hz
equals 1:5:10. The ratio of peak power density measured from the stretching mode energy
harvester at 10 Hz, 50 Hz and 100 Hz is 2.17 mW/cc: 10.53 mW/cc: 21.96 mW/cc respectively,
which is very close to the ratio of the input power. This result indicates that frequency will not

affect the energy conversion efficiency of the stretching mode energy harvesters.
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Figure 5.13. (a) RMS voltage, (b) power and power density across different load resistances
measured at 10 Hz, 50 Hz and 100 Hz.

The same frequency dependence study was performed on the conventional PVDF energy
harvesters and drawn dehydrofluorinated PVDF energy harvesters as a comparison (Figure 5.13
and Figure 5.14). The conventional PVDF device gives a peak power density value of 0.72 mW/cc

at an optimum load resistance of 26 MQ at 10 Hz, and 3.49 mW/cc at an optimum load resistance
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of 5 MQ at 50 Hz (Figure 5.13). For the drawn dehydrofluorinated PVDF energy harvesters, a
peak power density of 3.16 mW(/cc is obtained at an optimum load resistance of 21 MQ at 10 Hz,
while a peak power density of 15.79 mW/cc is observed at an optimum load resistance of 4 MQ at
50 Hz (Figure 5.14). The power density is found to be proportional to the frequency, indicating a
constant energy conversion efficiency. The power density of dehydrofluorinated PVDF and drawn
dehydrofluorinated PVDF are approximately 3 times higher and 5 times higher than the
conventional drawn PVDF, respectively. These results further demonstrate the excellent capacity

of dehydrofluorinated PVDF for energy conversion, which has been indicated by the giant

piezoelectric coupling coefficients. Such high energy harvesting performance indicates the

potential of dehydrofluorinated PVDF as a valuable candidate material for wide-frequency energy

harvesting and sensing applications.
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Figure 5.14. (a) RMS voltage, (b) power and power density of conventional drawn PVDF energy
harvester across different load resistances measured at 10 Hz, 50 Hz and 100 Hz.
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Figure 5.15. (a) RMS voltage, (b) power and power density of drawn dehydrofluorinated PVDF
energy harvester across different load resistances measured at 10 Hz, 50 Hz and 100 Hz.

5.4 Direct-Written Dehydrofluorinated PVDF Actuators

Actuators are another popular and promising application of piezoelectric materials. These
applications utilize the inverse piezoelectric effect to transfer electrical energy to mechanical stress
or deformation. Piezoelectric ceramic actuators have been widely used in nano-positioning and
high strain rate applications because of their fast and precise responses to electric fields. However,
the use of these materials as actuators are limited because the properties of ceramic materials
restrict piezoelectric ceramics from generating large strains. Thus, piezoelectric polymers that can
generate large strains in a fast and precise manor have attracted lots of interests and will find their
use in applications such as artificial muscles, robotics and morphing wing aircrafts. In this study,

in order to demonstrate the actuating performance of dehydrofluorinated PVDF, bilayer actuators

of dehydrofluorinated PVDF are fabricated and investigated.

Utilizing the optimized processing parameters, a bilayer piezoelectric actuator consisting of
dehydrofluorinated PVDF and polylactic acid (PLA) is fabricated by the direct-writing (DW)
method (Figure 5.15). A clear and smooth thin film of dehydrofluorinated PVVDF with a thickness
of 15 microns is prepared using the DW method. After depositing gold nanoparticles as the
electrode, a thin layer of PLA is deposited on the PVDF film to create an asymmetric beam

structure. Once an electric field is applied on the PVDF layer, deformations will be induced in the
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longitude and thickness direction of the PVDF film, while the PLA film is not affected by the
electric field. An asymmetric strain distribution will be induced in the PVDF/PLA bilayer which
leads to a large bending deformation of the actuator.

PLA

PVDF I Electrodes

Figure 5.16. A schematic diagram of the PVDF/PLA bilayer actuator.

The actuating experiment is performed by applying a bipolar electric field up to 125 MV/m
to the actuator. The bilayer is originally curved because of the different shrinkage ratio of the two
layers during the drying process. Large deformation is observed as the curvature of the bilayer
decreases and eventually the bilayer is straightened when the applied field reaches the maximum
value. Similar deformation is observed when an electric field is applied regardless of its direction
across the film thickness. Under high electric field, a negative strain along the field direction is
generated in the dehydrofluorinated PVDF layer as well as an expansive strain perpendicular to
the field direction, which cause a difference in length between the active and inactive layers. This
mismatch in length in an addition to the high electromechanical coupling of dehydrofluorinated
PVDF which leads to such a large deformation observed here. As a result, the maximum
piezoelectric strain of 3.2% measured from dehydrofluorinated PVDF by PFM method is

translated to a visible large deformation of a PVDF based actuator.
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Figure 5.17. (a) and (b) Dehydrofluorinated PVDF/PLA bilayer actuator under electric field up
to 125 MV/m.

5.5 Electrospun-Assisted 3D Printing Method for PVDF

Another 3D printing method for PVDF developed in this study is based on a different
mechanism. As discussed above, the reported direct-writing method can print complex 2D patterns
of PVDF with precisely controlled thickness to achieve a semi-3D printing of PVDF. However,
the resolution of the printed 2D patterns are largely limited by the size of nozzles used in the
printing. Although the piezoelectric devices can be printed in one step by the direct-writing
method, electric poling of the devices is still required to maximize the piezoelectric performance.
In order to further improve the printing resolution and overcome such inconveniences, a novel
electrospun-assisted 3D printing method is developed. The new method is based on the near-field
electrospinning method which has been reported for preparing continuous and oriented polymer
nanofibers. The experimental setup used for the electrospun-assisted 3D printing of PVDF is
shown in Figure 5.17. This method utilizes a setup combining electrospinning and 3D printing,
where polymers are first electrospun from solution into nanofibers and then accurately deposited
on to a grounded substrate using an automated stage. High concentration PVDF/DMF solutions
(up to 30 wt.%) are used as inks for the printing of PVDF. The printing resolution is controlled
by the voltage and distance between the nozzle and grounded substrate, the viscosity of the
polymer solution and the speed of the nozzle motion.
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Figure 5.18. Experimental setup for electrospun-assisted 3D printing of PVDF.

During the electrospinning process, mechanical stretching and electrical poling take place
simultaneously on the spun PVDF nanofibers through the electric field applied between the
printing head and substrate. Such stretching and poling effect can further improve the
piezoelectricity of the dehydrofluorinated PVVDF and maximize their performance in the printed
device. Through this method, thin single PVDF fibers can be printed and used as the basic building
block for 3D structures of PVDF (Figure 5.18). The diameter of a single printed fiber is measured
to be 1 to 3 pm, which is much smaller than the diameter of the nozzle (200 um). Chemical
characterization results show that the printed dehydrofluorinated PVDF contains a high fraction of
B-phase. The PFM measurement of the printed sample yields a high piezoelectric ds3 coefficient
of -85.93 m/V, which is higher than the result obtained from dehydrofluorinated films. This high
ds3 value indicates that the piezoelectricity of dehydrofluorinated PVVDF is further improved by the

stretching and poling effect during the electrospinning.
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Figure 5.19. Microscale PVDF fiber printed by electrospun-assisted 3D printing method. (a)
AFM scanning, (b) FTIR spectra, (¢) XRD pattern and (d) PFM measurement of a single PVDF
fiber printed by electrospun-assisted 3D printing method.

PVDF grids are printed by the electrospun-assisted 3D printed method to demonstrate its
3D printing capability. This method is able to build a PVDF structure over 80 layers to form a
thin wall structure of ~3 mm height. The printed PVDF grids are highly flexible and breathable.
The morphology of the printed PVDF grids are observed through SEM imaging (Figure 5.19).
These images show that the electrospun PVDF fibers are perfectly placed on top of previously
printed layers as the designed printing pattern. The layer thickness of the printed PVDF structure
is measured to be 3 to 4 um, while the wall thickness is about 10 pm. The difference between the
dimensions of a single printed fiber and the actual printed layer is because the solvent-containing

fiber flows on the printed surface once deposited and then dries into a belt shape layer. It should
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be noted that when printing PVDF structures consisting of a large number of layers, mismatching
of two neighboring layers will occur at higher layer numbers. The mismatching is caused by the
electrostatic repulsion from the top of the printed structure where charge is accumulated. Such a
problem can be partially released by using an AC electric field as the driven field for

electrospinning.

15 layers 80 layers

Figure 5.20. SEM images of electrospun-assisted 3D printed PVDF grids.

The electrospun-assisted 3D printing method can print PVDF structures on any grounded
surfaces without direct contact, which may provide a new approach to the fabrication of wearable
piezoelectric devices. To demonstrate the capacity of this novel 3D printing method in PVDF
device fabrication, a wearable energy harvester is prepared by printing PVDF grids on a latex
glove. As shown in Figure 5.20, the printing area of the latex glove is an electrode by sputtered
gold prior to printing. A PVDF grid containing 80 layers is printed on the latex glove. The printed
PVDF grid shows great adhesion and flexibility on the glove. The voltage generating performance
of the wearable energy harvester is tested by applying a periodic strain signal with amplitude of
0.5% and frequency of 5 Hz. An open circuit voltage signal with a p-p value of 200mV is collected

from the device.
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Figure 5.21. (a) Wearable PVDF energy harvester on a glove and (b) generated open circuit
voltage signal.

As a newly developed 3D printing method for PVDF, the electrospun-assisted 3D printing
method still suffers from several problems such as low printing speeds and decreased accuracy in
printing tall structures. Although further optimization and improvement is required, the method
provides a novel approach for high resolution PVDF printing and applicable research directions

for the fabrication of micro- and nano-scale piezoelectric devices.

5.6 Chapter Summary

This chapter focuses on the additive manufacturing method and application of the newly
developed dehydrofluorination induced B-phase PVDF. A direct-writing method is developed as
a novel 3D printing method for dehydrofluorinated PVDF. The direct-writing method can print
2D patterns of PVDF with precisely controlled thickness while preserving the B-phase fraction of
dehydrofluorinated PVDF. Cantilever beam mode energy harvesters and newly developed
stretching mode energy harvesters are fabricated by the direct-writing method. The stretching
mode energy harvester based on dehydrofluorinated PVVDF shows a high-power density of 21.96
mW!/cc, over 3 times higher than conventional drawn PVDF based devices. The energy harvesting

performance is further improved by applying drawing to the dehydrofluorinated PVDF. A giant
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power density of 34.80 mW(/cc is obtained from drawn dehydrofluorinated PVDF based devices,
demonstrating the high energy conversion efficiency. Such high-power output from these
dehydrofluorinated PVDF is sufficient to serve as the power source for small wearable digital
devices like pacemakers. Further investigation in the frequency dependency shows that the
stretching mode energy harvesters exhibit a high energy conversion efficiency irrelevant to the
frequency. The great potential of dehydrofluorinated PVDF as well as the design of stretching
mode energy harvesters in wide-frequency energy harvesting and sensing applications are well
demonstrated. Dehydrofluorinated PVDF/PLA bilayer actuators are also fabricated through the
direct-writing method. The fabricated actuator is able to translate the 3.2% piezoelectric strain

from dehydrofluorinated PVDF to a large deformation.

A newly developed electrospun-assisted 3D printing method is also introduced for high
resolution 3D printing of PVDF. This method can provide in situ stretching and electric poling
while print PVDF 3D structure with micron-level high resolution. It’s shown that the
piezoelectricity of the printed dehydrofluorinated PVDF can be further improved, yielding a
piezoelectric dss coefficient of -85.93 pm/V. A wearable and breathable PVDF energy harvester
is fabricated by printing PVDF grids on a glove through the electrospun-assisted 3D printing
method. The device is able to generate a voltage signal of 200 mV p-p value under a 0.5% strain.
The techniques and results presented in this chapter demonstrate that by integrating
dehydrofluorinated PVDF with additive manufacturing methods, piezoelectric energy harvesters
and actuators with greater performance can be fabricated in a more convenient process, compared
to the manufacturing techniques used for conventional drawn PVDF. The new materials and new

3D printing methods provide novel approaches to the development of future piezoelectric devices.
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CHAPTER 6
Conclusions

The piezoelectric polymer PVDF has attracted great attention because of its piezoelectric
properties and unique features as a soft material. Compared to traditional piezoelectric ceramics,
PVDF can generate many times larger piezoelectric strain and has broader access to fabrication
techniques. With these advantages, PVDF and its copolymers are found to have great potential
in frontier research fields such as self-powered wearable devices, artificial muscles and soft
robotics. The piezoelectric property of PVDF is related to the composition of crystalline phases.
To guarantee high performance in piezoelectric applications, PVDF with a high fraction of -
phase is required. However, conventional techniques for preparation of B-phase PVDF mostly
use a mechanical drawing method which lead to low thermal stability and limited product form
(only applicable to films and fibers). Some non-mechanical methods such as low temperature
evaporation and annealing have been developed, but still cannot solve the problems found from
the mechanical methods. The difficulty of preparing -phase PVDF is due to the large
differences between the conformational energy of the phases in PVDF. A defect-engineering
strategy is developed to change the original conformational energy of PVDF by introducing
other comonomers. Based on this strategy, PVDF copolymers such as P(VDF-TrFE) that can
stably crystalize -phase have been successfully developed. However, the copolymerization
method also leads to many undesired changes to the bulk properties of PVDF. Although the -
phase formation is promoted, the copolymers exhibit a low Curie temperature and low
breakdown strength comparing to PVDF homopolymer, restricting their application in high
temperature and high voltage conditions. Nonetheless, the defect-engineering strategy indicates

a new approach to non-mechanical 3-phase preparation.

This dissertation explored the relationship between molecular structure and the
crystallization behavior of PVDF based fluoropolymers. A chemical modification method was
designed and developed to prepare a defect-engineered PVDF which promoted p-phase fraction.
The new developed method utilized a dehydrofluorination reaction to introduce carbon-carbon
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double bonds to the backbones of the PVDF molecules. Molecular simulations showed that the
conformational potential energy of o-phase and [-phase were effectively changed by
dehydrofluorination and the -phase formation became the state of lowest energy in PVDF after
15% of carbon-carbon double bonds were introduced. The results demonstrated that the
introduced carbon-carbon double bonds induced steric hindrance in the a-phase formation while
reduced the potential energy level of the B-phase formation in terms of steric and electrostatic
interactions. The experimental dehydrofluorination of PVDF was performed in the form of a
simple room temperature solution reaction process. In order to control the extent of
dehydrofluorination, the experimental process was optimized in term of dehydrofluorination
agents, concentration and reaction time. The results showed that -phase formation was effectively
promoted in dehydrofluorinated PVDF. With a dehydrofluorination extent of %DHF= ~20%, the
dehydrofluorinated PVDF contained a B-phase fraction of over 80%. Thus, the efficiency of
dehydrofluorination method to promote B-phase formation was thoroughly proven through both

theoretical and experimental approaches.

The piezoelectricity of dehydrofluorinated PVDF was investigated by both conventional
and newly developed characterization techniques, through both direct and inverse piezoelectric
effects. Berlincourt method and a newly developed DMA method were used to evaluate the
piezoelectric property of dehydrofluorinated PVDF through direct piezoelectric effect. The direct
piezoelectric strain coefficients were measured to be dsz = -39.9532.42 pC/N and ds; = 25.12#1.13
pC/N, which are higher than any previously reported data for PVDF. By using the PFM method,
giant inverse piezoelectric strain coefficients were reached, ds3 = -65.5940.71 pm/V. A huge
piezoelectric voltage coefficient (gs3) of 0.6840.01 Vm/N for dehydrofluorinated PVDF was also
obtained as the highest piezoelectric voltage coefficient reported for any piezoelectric material so
far. The characterization results also showed that dehydrofluorinated PVDF can generate a large
3.2% piezoelectric strain and a blocking force of up to 14,000 times its own weight. These record-
breaking piezoelectric coefficients and excellent piezoelectric performances demonstrate that the
dehydrofluorination method can further exploit the potentials of PVDF as a high-performance
piezoelectric material. The thermal stability of B-phase in dehydrofluorinated PVDF was also
investigated, showing that dehydrofluorinated PVDF could stably recrystallize into high 3-phase
multiple times from any high temperature below 210 °C. This high thermal stability of
dehydrofluorinated PVDF broadens its application under harsh conditions.
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Two additive manufacturing methods were developed in this dissertation and using these
methods high-performance energy harvesters and actuators were fabricated by processing
dehydrofluorinated PVDF. The direct-writing method was developed to utilize the promoted f-
phase formation of dehydrofluorinated PVDF. This ink-based printing method can print 2D
patterns of PVDF with precisely controlled thickness while perfectly preserving the B-phase
fraction in dehydrofluorinated PVDF. On the other hand, the electrospun-assisted 3D printing
method was a versatile additive manufacturing method designed for PVDF and other piezoelectric
polymers. This method can achieve micron-level high resolution meanwhile provide in situ
stretching and electric poling to the printed material. Cantilever beam energy harvesters and
stretching mode energy harvesters based on dehydrofluorinated PVDF were fabricated by the
direct-writing method. The cantilever beam energy harvester based on dehydrofluorinated PVDF
yielded a power density of 190 pW/cc, which is higher than any reported PVDF based energy
harvesters with similar designs. The dehydrofluorinated PVDF stretching mode energy harvester
yielded a giant power density of 21.96 mW/cc which is 3 times higher than similar devices based
on conventional drawn PVDF. The energy harvesting performance was further improved by
applying mechanical drawing to dehydrofluorinated PVDF. A massive power density of 34.80
mW/cc was obtained from drawn dehydrofluorinated PVDF base devices, demonstrating the high
energy conversion efficiency. Such high-power output from these dehydrofluorinated PVDF
devices is sufficient to serve as a power source for small wearable digital devices such as heart
pacemakers. Dehydrofluorinated PVDF/PLA bilayer actuators were also fabricated through the
direct-writing method. The fabricated actuator was able to translate the 3.2% piezoelectric strain
from dehydrofluorinated PVDF to a large deformation. A wearable and breathable PVDF energy
harvester was fabricated by printing dehydrofluorinated PVDF grids on a glove through the
electrospun-assisted 3D printing method. The device was able to generate a voltage signal of 200
mV p-p value under a 0.5% strain. These results demonstrated that the high piezoelectricity
observed from dehydrofluorinated PVDF could lead to excellent performances in applications such
as energy harvesters and actuator. Furthermore, by integrating dehydrofluorinated PVDF with
novel additive manufacturing methods, this dissertation provided new approaches to the

development of future piezoelectric devices.
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6.1 Contributions

This dissertation investigated the structure-property relationship in piezoelectric
fluoropolymers and developed a novel dehydrofluorination method to prepare $-phase PVDF with
high piezoelectric properties and improved thermal stability. This work provided a solution for
the decades-long problem in the P\VDF community and has made numerous contributions detailed

in the following section.

The relationship between molecular structure and crystallization behavior of PVDF based
fluoropolymer was investigated in a molecular simulation method for the first time. The
conformational potential energy calculations on molecular models of P(VDF-TrFE) and
dehydrofluorinated PVDF successfully predicted the preferred phase formation during the
crystallization of these fluoropolymers. This method, for the first time, provided a quantitative
explanation of the different crystallization behaviors of PVDF and P(VDF-TrFE). The molecular
simulation strategy provided a new approach for future development of piezoelectric polymers
though molecular designing.

This dissertation developed a novel dehydrofluorination method to intrinsically promote
the B-phase formation in PVDF. The effectiveness of this method was thoroughly proven by both
theoretical and experimental approaches. The optimized experimental parameters allowed the
production of dehydrofluorinated PVDF with an optimum dehydrofluorination extent (%DHF=
10%), which lead to a high -phase fraction over 80%. The simplified PVDF dehydrofluorination
process was expected to be applicable for large-scale manufacturing. The developed method
avoided the necessity of mechanical drawing in B-phase PVDF preparation, providing a solution

for the decades-long problem in the PVDF community.

Based on the developed dehydrofluorination method, high B-phase fraction PVDF was
prepared and their piezoelectric properties were investigated. This dissertation performed a
thorough evaluation on the piezoelectricity of dehydrofluorinated PVDF through newly developed
characterization methods. The DMA method and blocking force method were designed in this
work and used to conveniently measure the piezoelectric strain coefficient ds: through direct and
inverse piezoelectric effects, respectively. Record-breaking high piezoelectric strain coefficients
were observed from dehydrofluorinated PVDF through both direct and inverse effects, showing a

maximum 117% increased ds3 and 40% increased ds: coefficients comparing to conventional
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drawn PVDF. A giant piezoelectric voltage coefficient (gss) of 0.41 Vm/N for dehydrofluorinated
PVDF was also obtained to be the highest among all reported piezoelectric materials. These results
demonstrated that the newly developed dehydrofluorinated PVDF was a worthwhile material
candidate for high performance piezoelectric applications. Improved thermal stability was also
observed in dehydrofluorinated PVDF, as it can recrystallize to p-phase from any temperature
below 210 °C. This unique feature removed the restriction in high temperature applications and

opened access to various polymer processing method.

This dissertation developed two novel additive manufacturing methods to fabricate high
performance energy harvesters and actuators with dehydrofluorinated PVDF. The power density
of dehydrofluorinated PVDF based stretching mode energy harvester reached up to 34.80 mWi/cc,
almost 5 times higher than similar devices based on conventional drawn PVDF. The newly
developed electrospun-assisted 3D printing method demonstrated its potential in fabricating
breathable piezoelectric fabrics. By integrating dehydrofluorinated PVDF with novel additive
manufacturing methods, this dissertation provided new approaches to the development of future

piezoelectric devices.

6.2 Recommendations for Future Work

This dissertation performed fundamental research on the dehydrofluorination of PVDF.
The results showed that promoted B-phase formation occurs in properly dehydrofluorinated PVDF
treated by any organic dehydrofluorination agents. Although in this dissertation only the
experimental process of EDA induced dehydrofluorination in a DMF solution was optimized, it
was expected that there are other reaction systems based on other bases that are suitable for the
dehydrofluorination of PVDF. By further investigating the possibility of other
dehydrofluorination agents and solvents, more efficient methods for preparation of

dehydrofluorinated PVDF may be developed for large-scale manufacturing of high -phase PVDF.

In the case of developing a 3D printing method, this dissertation provided two additive
manufacturing methods designed for dehydrofluorinated PVDF. However, the fabrication of large
and complex 3D structure of PVDF is still not feasible. The electrospun-assisted 3D printing

method is very promising in the fabrication of piezoelectric devices because of the high printing
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accuracy and the in situ electric poling feature. However, it still suffers from problems such as
low printing speed and difficulty in printing tall structure. Further research in development of
PVDF 3D printing techniques can be of great importance to fully utilize the high piezoelectricity
of dehydrofluorinated PVDF.
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