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ABSTRACT

Influence of High Aspect Ratio Nanopatrticle Filler Addition on Piezoelectric Nanocomposites

Jeremy Armas

Piezoelectric nanogenerators (PNGs) are a new class of energy harvesting materials that
show potential as a direct energy source for low powered electronics. Recently, piezoelectric
polymers have been utilized for PNG technology due to low toxicity, high flexibility, and facile
solution processing which provide manufacturing opportunities such as screen printing. Throughout
the last decade, countless projects have focused on how to enhance the energy harvesting
capabilities of these PNGs through the incorporation of nanoparticle fillers, which have been
reported to enhance the piezoelectric properties of the film either directly through their intrinsic
piezoelectric properties or through acting as surfaces for the interfacial nucleation of piezoelectric
polymer crystals.

Herein, two systems of PNGs formed from piezoelectric copolymers poly(vinylidene
fluoride-co-hexafluropropylene) or poly(vinylidene fluoride-co-trifluoroethylene) mixed with high
aspect ratio zinc oxide nanowires, hydroxyl functionalized multi-walled carbon nanotubes, or
carboxylic acid functionalized single walled carbon nanotubes were investigated. Variations of filler
type and loading are tested to determine influences on film morphology and piezoelectric
properties. Power harvesting tests are conducted to directly determine the effect of nanoparticle
addition on the output power of the non-poled devices. Both copolymer systems are found to exhibit
a non-linear increase in output power with the increase of nanoparticle filler loading. The crystal
polymorph properties of both systems are investigated by Fourier transform infrared spectroscopy.
The microstructure of the poly(vinylidene fluoride-co-trifluoroethylene) films are further examined
using X-ray diffraction, differential scanning calorimetry, polarized optical microscopy, and atomic
force microscopy to determine the mechanism behind the increased power harvesting capabilities.

As well, explanations for perceived output power from “self-poled” films are briefly explored.
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1. INTRODUCTION
1.1 Nanogenerators

With global energy consumption larger than ever before, the world has an urgent need for
renewable and sustainable energy sources. Increasing power demands coupled with the emerging
push for sustainable energy has led to a flux of new energy harvesting technologies within the last
few decades. A novel type of energy harvesting device known as the nanogenerator is developing
interest in the research world as a promising method to power small electronics from ambient
energy sources. These nanogenerators utilize the specialized properties of nanomaterials to
produce flexible, lightweight, and portable devices that have energy harvesting capabilities. This
technology has been classified into three general categories based on their energy harvesting
mechanisms: piezoelectricity, triboelectricity, and pyroelectricity.

The first type, the piezoelectric nanogenerator (PNG) is a device that can convert
mechanical energy from tapping, bending, or vibrating into electrical energy through the flow of
charges that neutralize a pressure induced polarization differential. The second type, the
triboelectric nanogenerator also converts mechanical energy into electrical energy through a
contact charging effect from the transfer of charges between surfaces of unlike materials. The final
class of nanogenerators is the pyroelectric nanogenerator, which produces power by converting
thermal energy into mechanical energy from the diffusion of charge carriers through a temperature
gradient. ”

Piezoelectric nanogenerators have developed into a flourishing area of research due their
opportunities for facile processing resulting in the production of thin devices with high flexibility. The
first proposed development of a nanogenerator was a PNG suggested by Professor Zhong Lin
Wang at Georgia Institute of Technology. Wang’'s group observed the generation of electrical
energy from an array of highly aligned zinc oxide nanowires when they were mechanically strained.
8 Further tests from the group showed that zinc oxide nanowire devices could be used to drive
electronic components such as LEDs and small liquid crystal displays when tapped, bended, or
stretched. 7 Since the group’s establishment of nanogenerator technology in 2006, various other

groups have investigated various combinations of nanomaterials that could directly generate



piezoelectric energy %! or be incorporated into a piezoelectric material to enhance its energy

harvesting efficiency 12-14,

1.2 Piezoelectric Effect

To optimize the power conversion efficiency of a PNG, it is important to have a strong
background understanding of its working mechanism, the piezoelectric effect. This effect was first
discovered on August 2, 1880 by two brothers, Pierre and Jacques Curie, who were interested in
studying the character of pyroelectric crystalline materials that would produce an electric potential
from a change in temperature. The Curie brothers believed that this effect was the result of a
material’'s asymmetric crystal structure, and that these structures might be able to generate electric
potential from other direct stimuli such as mechanical stress. Using a simple setup of tinfoil, wire,
and a jeweler’s saw, the brothers tested various materials such as quartz, topaz, and Rochelle salt,
and found a charge gradient would indeed form when applying mechanical strain. 1516

This was the first discovery of direct piezoelectric effect, and not long after, mathematician
Gabriel Lippman found the reverse piezoelectric effect when he demonstrated that a piezoelectric
material will change its structure when it is exposed to an external electric field. 17 After these
discoveries, interest in piezoelectric materials waned until the early 20t century, when piezoelectric
ultrasonic transducers were designed with quartz crystals for submarine sonar equipment. Shortly
after, the technology was employed in various systems such as audio speakers and microphones,
guartz watches, sensors, and MEMS actuators. 181920

The general definition of a piezoelectric material is a crystalline material with aligned non-
centrosymmetric unit cells resulting in a unidirectional electric charge polarization throughout the
crystal structure. These materials, also known as oriented-dipole electrets, exhibit a change in
charge polarization density when strained as the spacing between charged atoms within the crystal
lattice is compressed or extended. 2!

For example, lead zirconate titanate (PZT, chemical structure Pb(ZrxTiix)Os) is a widely
used piezoelectric ceramic with a perovskite structure (Figure 1). At room temperature, the unit cell
of PZT is tetragonal, and the central Ti** or Zr** are displaced out of plane with surrounding O%

ions, resulting in polarization. PZT is also defined as a ferroelectric material, a subclass of



piezoelectric materials that have a spontaneous electric polarization that can be reversed through
the application of an external electric field. At a molecular scale, polarization reversal occurs
through the reorientation of the central Ti**/Zr#* from its equilibrium position above the central plane
of the unit cell to a position of equal energy below the plane, leading to a 180° reversal in the
direction of spontaneous polarization. Above the Curie temperature (Tcurie) the material transitions
from the ferroelectric phase to the paraelectric phase: PZT unit cell is face-centered-cubic, the
central Ti**/Zr** are at the body center in plane with surrounding O% ions, and the overall structure

is nonpolar. 22

5+
® pb ® o ® Ti%, Zr+

oL

T>T,

curie

T<T

curie

Figure 1. Noncentrosymmetric perovskite unit cell of lead zirconate titanate with charge

polarization across the structure below Tcurie.

Ceramics such as PZT possess domains in which the polarization of neighboring units
align in the same direction, but between these domains the direction of the polar field vector may
vary. Domain walls separate these regions, and the directions of polarization between neighboring
domains are either 90° or 180° from one another. As a result, the net polarization across the
material is essentially zero, as randomly oriented domains counteract each other’s polarization.

Unidirectional orientation of polar field vectors is established within a ferroelectric material through



the application of an externally applied DC electric field below Tcuie. From the application of the
external field, the direction of polarization in the crystallites will align with the direction of the poling
field. After the external field is removed, the resulting material is left with a remnant polarization (Pr)

perpendicular to the poling axis. %

(a) (b) (c)

L t
ARNEE:

Figure 2. (a) Unpoled piezoelectric with randomly oriented ferroelectric domains, (b) during
poling, an external voltage is applied to the material to align ferroelectric domains, (c) after poling,
domains are oriented in similar directions, resulting in a remnant polarization (Pr) in the direction

of the applied field.

The characteristics of ferroelectrics are better understood by visualizing their polarization
behavior using a ferroelectric (P-E) hysteresis loop (Figure 3). This test measures the polarization
(P) of a ferroelectric material as a function of an applied alternating electric field (E). Electrodes
across the surfaces of the ferroelectric sample (Cx) are connected in series with a linear capacitor
(Co), so that the measured voltage across Cois proportional to the polarization of the ferroelectric
sample. As a large electric field is applied across the ferroelectric material, domains that have
polarization oriented opposite to the direction of the applied field undergo switching into the
direction of the applied field, essentially applying the poling treatment previously mentioned (curve
OA in Figure 3) . The extrapolation of the linear tangential segment of the BC section in Figure 3
back to the vertical axis (point E) represents the spontaneous polarization (Ps). As the applied field
is increased, a maximum polarization is reached as all domains are switched in the direction of the

field. When the field is reduced back to zero, the polarization of the ferroelectric sample decreases



to a non-zero Pr (point D). The applied field required to decrease the polarization to zero is the
coercive field strength (Ec). As the field strength increases in the opposite direction, the polarization
of the ferroelectric domains reverse so that the spontaneous polarization is reversed. The P-E loop

is completed by reversing the applied field direction once more. !

Figure 3. Typical ferroelectric (P-E) hysteresis loop. !

As previously mentioned, the compression or extension of the non-centrosymmetric unit
cell of a piezoelectric material results in the change in charge polarization across it. When this
compression-induced change in polarization occurs throughout a piezoelectric material with
unidirectional orientation, the average polarization across the material changes, resulting in a
change of charge at the surfaces on either side of the device. The application of conductive
electrode films to these surfaces and connection with external conductive wires creates a pathway
for charges to travel on either side of the polarization field. Thus, during compression, charges can
run from one electrode to the other to compensate for changes in material surface charges. These
charges continue to travel between electrodes until a new equilibrium is reached, resulting in
electron flow towards the positively charged electrode. When the material is decompressed, it
returns to its original polarization state, and charges transfer to their original state resulting in an

electron flow in the opposite direction.
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Figure 4. Generation of current across electrodes as a piezoelectric material is compressed and

decompressed.

The piezoelectric effect is described as the generation of an electrical charge density as a
result of an applied stress through the equation:
D = % =do (1)
In which the charge density (D) is charge (Q) per unit area (4), which is equivalent to the
applied stress (o) multiplied by the piezoelectric charge constant (d). 23
Piezoelectric materials can also undergo the reverse piezoelectric effect, described by the
following equation:
e=dE (2)
Here, the resulting strain ¢is generated from a field £, and these values are proportionally
related with the piezoelectric charge constant. When considering the both the direct and inverse
piezoelectric effect, the electrical charge density is described as:
D =do+ €°E (3)
In which €7 represents the film’s dielectric permittivity under a zero or constant stress. 24

The above equation is rewritten to better describe the behavior of a piezoelectric transducer:
E= go+ B°D 4)
In which g represents the piezoelectric voltage constant and B¢ represents the
impermitivity of the film under a zero or constant stress. These equations are generally expressed

in vector and tensor notation, but for the purpose of this introduction they have been generalized.



25 These relationships only hold true when piezoelectric materials are linear, at low electric fields
(reverse piezoelectric effect) and low mechanical stress (direct piezoelectric effect). Above these
conditions, transducers display a non-linear hysteresis-like behavior.

Equations 3 and 4 are generalized to describe the piezoelectric charge and voltage

constants expressed as a function of developed charge density or electric field as a function of

imparted stress:

®)

SR~

(6)

Q| m

A high piezoelectric charge constant is desirable for materials that undergo high frequency
vibration such as ultrasonic transducers, whereas a high piezoelectric voltage constant, g, is
desirable for materials that generate large voltages in response to mechanical stress. 2 When d
and g constants are reported in literature, they are often reported in with “i” and “” indices, which
indicate the direction of induced polarization or voltage in relation to the applied stress, respectively.
These indices indicate directional vectors 1 to 3 signifying the X, y, and z axis directions,

respectively, and 4 to 6 representing shear around the respective axis (Figure 5).

6 4 7"

Figure 5. General diagram of piezoelectric transducer with directional axis 1, 2, and 3 and shear

axis 4, 5, and 6.

For example, the djs coefficient is the piezoelectric charge coefficient that corresponds to

the electrical charge density normal to the direction of the film per unit of stress imparted normal to



the film’s direction. A more general way to describe this term is the amount of charge density
generated across the electrodes of a piezoelectric transducer such as the one in Figure 5 per unit
stress applied normal to the film from a normal compressive force such as tapping.
1.3 Piezoelectric Polymers

Recently, there has been a large push to use materials other than inorganics in electronics
technology due to their poor sustainability, brittleness, toxicity, and complicated processing.
Functional polymers are a popular class of materials that are being used to replace inorganics in
electronics technology due to their facile solution-based batch synthesis and processing, high
flexibility, and low toxicity. Functional polymers have been integrated into many electronics
technologies including field effect transistors (FETSs), light emitting diodes (LEDs), photovoltaics,
and battery technologies. A recent report from IDTechEx, an independent market research
organization recognized as a leading expert on emerging technologies suggests that market for
printable, flexible organic electronics is forecasted to grow from $31.7 billion in 2018 to $77.3 billion
in 2029. 26 A portion of this market growth has been forecasted to occur within piezoelectric polymer

nanogenerator technologies.

Figure 6. Facile solution-based processing of polymer electric components gives rise to

opportunities for a new class of flexible and sustainable polymer electronics. 27

The piezoelectric effect was originally believed to exist only in inorganic materials, but in
1925, physicist Mototaro Eguchi discovered that when a molten mixture of carnauba wax and resin
was heated to 130° C and exposed to a 1.5 MV/m electric field, injected charges from contacted

electrodes would form a charge on the surface of the mixture resulting in charge polarization across



the material. Dielectric materials like Eguchi’'s carnauba wax that hold induced charges are
regarded now as an important class of piezoelectric materials known as real-charge electrets. 28 29
It was discovered later that these real-charge electrets trap and store charges either on the
material’s surface or within the material, which results in a polarization analogous to that of an
oriented-dipole piezoelectric. In reality, most piezoelectric polymers have been suggested to
display both real-charge and oriented-dipole piezoelectric behavior.

In 1969, Dr. Heiji Kawai of the Kobayashi Institute of Physical research in Tokyo discovered
that a large piezoelectric voltage signal is generated from structurally regular poly(vinylidene
fluoride) (PVDF) when properly processed. 2830 Kawai noticed that the repeat unit of this polymer,
which has chemical structure (CH2-CF2), has an exceptionally large dipole moment of 2.1 D 3 when
oriented in the all-trans conformation. When this polymer forms into an all-trans crystalline state, it
forms a non-centrosymmetric unit cell with oriented-dipole piezoelectric behavior similar to that of
inorganic piezoelectrics. In this case, to make a working piezoelectric device from this polymer, the
all-trans conformation of the polymer must be formed and regularly oriented normal to the direction
of the film’s plane.

To achieve this desired orientation within the polymer system, the proper crystal domains
must be formed through certain processing methods. In a good solution, polymers exist in an
amorphous state in which polymer chains are in a random-coil orientation (Figure 7a). With flexible,
linear chain polymers, aligned crystalline domains are formed either through orientation by
mechanical stretching or through self-organized regular alignment and folding of polymer chains
as the solvent is evaporated. The latter crystal formation mechanism occurs through intermolecular
forces between chain segments and results in sheet-like crystals called lamellae. As polymers
rarely form 100% crystalline films when formed from these conditions, crystal lamellae are normally

dispersed among amorphous polymer regions in what is known as a semi-crystalline matrix.



Figure 7. (Left) Different conformations in linear polymers (a) amorphous conformation (b)
lamellar sheets (c) extended chain crystals (d) semi-crystalline matrix. (Right) Illustration of

polymer crystal lamellae. 3t

When PVDF is crystallized under quiescent conditions (either from dilute solution or the
melt), chains orient themselves in order to minimize steric and electrostatic repulsion between
adjacent fluorine groups, and will assume the lowest energy torsional bonding arrangements of
either 180 degrees (trans, t) or + 60 degrees (gauche*, g*) between substituents when forming
lamellar structures. As a result of multiple low energy rotational states, PVDF is a polymorph, and
can exist in either the a (tg*tg), B (tttt), y (tttg* tttg’), or & (tg*tg’) phases, where t signifies trans, g*
signifies clockwise gauche, and g- signifies counterclockwise gauche bond rotation. Although both
the a and & crystal chain orientations have identical rotational order leading to a formed dipole
moment, stacking of a chains form antiparallel crystal packing leading to a nonpolar internally
compensated crystal domain (Figure 8). To form &-phase crystals, the a phase is introduced to an
external electric field, and transverse chains rotate 180° along its torsional axis leading to dipole
alignment within the crystal lamellae (Figure 8). In comparison, the all-trans 3 phase crystal forms
overall unidirectional polarization within the crystal lamellae without the need for an applied field.

The y phase crystal also forms polarization throughout its domain, although dipole moment per
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repeat unit is significantly smaller than that of a B phase crystal. 2 Thus, to develop a piezoelectric

device from PVDF, it is important to maximize the formation of 3-phase crystal domains.

d-phase

4.96 A

a=4.96 A

491 A

b=

tg"lg' All=trans

Figure 8. (Left) Depiction of crystalline chain conformations of PVDF a/d and 3 phases. (Right)

Unit cells of the (a) a-phase (b) &-phase (c) B-phase of PVDF projected parallel to chain axes. 2

Although most linear polymers form an all-trans conformation when crystallized from
quiescent conditions, steric repulsion between fluorine groups causes PVDF’s lowest energy
crystal conformation to be the nonpolar a-phase, rendering the film nonfunctional as a piezoelectric
device. As well, even if crystal domains within the semi-crystalline polymer matrix were polarized,
the crystalline domains would be randomly oriented, and unidirectional orientation of polarized
domains is needed for an effective piezoelectric device.

Kawai developed a processing method to achieve unidirectionally oriented (3-phase crystal
domains of PVDF that is utilized to this day. In essence, this method involves mechanical extension
and then electrical poling of a film formed from quiescent conditions (Figure 9). Mechanical drawing
at temperatures below 90° C is responsible for reorienting the spherulitic a phase crystals to the
chain’s fully extended all-trans (3) conformation in the direction of drawing. At this point, polarized

crystal domains are formed, but their dipole vectors must be oriented normal to the film, which is
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achieved through external poling normal to the film from a high voltage source of at least 0.4 MV

cm, 2

1b. Mechanically
Oriented

Figure 9. Schematic illustration showing (left to right) morphology of film after melt casting (a-
phase), mechanical stretching to reorient chains to the extended p-phase, and application of

external electric field to align polarization domains of crystals. 3

This stretch and pole processing method, while effective, requires specialized processing
equipment and the application of a strong electric field resulting in the use of a large amount of
additional energy and added processing equipment. To combat the need for PVDF stretching,
researchers have developed copolymers of PVDF that exhibit a strong piezoelectric effect with high

crystallinity and the formation of the polar B-phase from the melt.
KR F R F R F R F
H H F  CF3 H H H F
P(VDF-HFP) P(VDF-TrFE)

Figure 10. Structure of PVDF copolymers (left) poly(vinylidene fluoride-co-hexafluoropropylene)

and (right) poly(vinylidene fluoride-co-trifluoroethylene).

Of these copolymers, poly(vinylidene fluoride-co-trifluoroethylene), abbreviated P(VDF-

TrFE) (Figure 11) is of key interest in this study. P(VDF-TrFE) has been established as the standard
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piezoelectric polymer in research and industry due to its excellent ferroelectric properties and ability
to form electroactive domains from the melt. At 25 mol % TrFE, the copolymer has a dss=-24 pC/N
(at 110 Hz), a Tcuie 0f 116 °C, and a melting point of 145 °C. The higher proportion of bulky fluorine
groups in P(VDF-TrFE) copolymers with 60 to 80 mole % VDF prevents the formation of the tg* tg-
a phase through steric repulsion, leaving the all-trans 3-phase conformation as the preferred lowest
energy crystal structure. As a result, the stretch processing step is forgone as this copolymer
produces high levels of B-phase crystal structure directly through crystallization from quiescent
conditions. This copolymer also exhibits a Curie temperature that can be observed experimentally
because it is below its melting temperature, unlike the Tcuie of PVDF and P(VDF-HFP). 2

p  (110)

+

(200)

7 C

oHydrogen @Fluorine @Carbon

Figure 11. Orientation of B-phase within the PVDF lamellar crystal throughout the a, b,
and c axis. The (110) and (200) crystallographic planes shown in the upper left corner are
commonly associated with the B-phase of (PVDF-TrFE) and are visible around 19.9° using X-ray

diffractometry. 4

The copolymer poly(vinylidene fluoride-co-hexafluoropropylene), abbreviated P(VDF-HFP)
is a polymer often studied for polymer electrolytes, but it has been shown to have strong
piezoelectric properties and good charge-trapping properties leading to additional oriented dipole
stabilization. 32 PNGs made from this cost-effective copolymer were prepared and their energy

harvesting ability was compared to PNGs prepared with P(VDF-TrFE).
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1.4 Nanomaterials

Recent interest in nanomaterials has risen within the last few decades due to the unique
properties that they possess. They have been involved in nearly every facet of the research world,
including use for reinforcing materials, additives to introduce new functionalities, and
nanostructures for electronics. These materials, also called nanoparticles (NPs) are classified as
particles that are between 1 and 100 nm in at least one dimensional axis. As a result of their small
size, they have a very large surface area-to-volume ratio, resulting in large amounts of interfacial
contact with the surrounding environment within a small volume of particles. For example, a solid
cube with 1 cm sides will have an overall volume 1 cm?® and 6 cm? surface area, while a powder of
1 nm cubes with a 1 cm®volume has a total surface area of 6x107 cm? (Figure 12). The surface-to-
volume ratio of the powder is seven orders of magnitude, or ten million times larger than the solid

cube.

Total volume: 1 cm?
Total surface area: 6 cm?

Break down into
1 nm cubes

1lcm

Total volume: 1 cm?
Total surface area: 6x107 cm?

Figure 12. As the particle size within a constant volume decreases, the surface area to volume

ratio increases significantly.

Another advantageous property of nanoparticles is that they are made from a multitude of
different materials, including metals and metal oxides, polymers, and carbon nanomaterials.
Intrinsic properties of nanoparticles are based on their composition, size, shape, crystallinity, and
surface chemistry, all of which can be fine-tuned by synthesis and post-processing to obtain desired

functionality.
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Typically, nanoparticle synthesis results in growth of surfaces bounded by the lowest
energy facets, often leading to isotropic geometries. Methods of selectively controlling the growth
of nanoparticles have been developed and generally consist of kinetic control, surface passivation
onto a particular surface facet, and physical templating from a seeded substrate surface. Of those
methods, surface passivation by use of a capping agent resulting in the controlled growth of
exposed facets is utilized in this study due to the ease and versatility of the technique. 3334

Proper design of a nanoparticle shape is key to exploit their physical, optical, electrical,
and catalytic properties. Nanomaterials are typically categorized as either 0-dimensional, 1-
dimensional, or 2-dimensional structures. These categories of classification are based on the length
scale of the particle in each spatial dimension. For example, 0-dimensional nanoparticles are
between 1 and 100 nm in all three dimensions, and thus usually have symmetrical spherical or
cubic structures. The small size of these nanoparticles results in interesting quantum effects as
they approach the quantum scale. As such, 0-dimensional semi-conducting nanoparticles begin to
approach the size of an electron’s De Broglie wavelength, which results in the quantum
confinement of internal electrons, allow for the bandgap tunability of the nanoparticles. 3

On the other hand, 1-dimensional nanoparticles have one dimension outside of the
nanoscale that lead to high aspect ratio needle-like nanomaterials such as nanowires (NW),
nanotubes (NT), and nanorods (NR). The morphology of these nanopatrticles leads to interesting
anisotropic properties either within a single particle or throughout a mixture of unidirectionally
oriented particles.

Nanoparticles with two dimensions outside of the nanoscale, predictably labeled 2-
dimensional nanoparticles, make planar nanomaterials such as sheets and platelets. When
nanosheets are layered parallel to the plane of a substrate, they can impose a tortuous path that
lead to strong barrier properties for chemicals. As well, coatings with added sheet-like fillers show
a sharp contrast in reflected light depending on the viewing angle as a result of anisotropic light
attenuation at varying angles of incident light. This phenomenon, known as “flop”, results in an
observed darkening at larger viewing angles as incident light at these angles gets attenuated

between the sheets.
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Mixtures of polymer matrix and nanoparticle fillers, known as polymer nanocomposites
(PNCs), possess the properties of both the polymer and added nanofiller. These formulations can
be customized for desired properties by proper selection of polymer and nanoparticle material and
morphology. The first study of PNCs, which took place in the 1940s, sought to enhance the
structural properties of rubber tires, and afterwards interest in the technology died down until the
1990’s, when a study from Toyota Central Research showed that exfoliated montmorillonite clay
could increase the modulus of nylon-6 by a factor of around 3 as well as increase the heat deflection
temperature by 80 K. 3637 The key to enhanced properties of PNCs is the high surface volume of
nanofiller in contact with the polymer phase. For example, a system with a particle volume fraction
of 0.3, when the particle diameter is 300 nm, the interfacial volume fraction is 0.03, whereas when
particle diameter decreases to 50 nm, the interfacial volume fraction rises to 0.22. As such, NPs
are used as effective fillers to optimize interfacial interactions. 38

One such interfacial interaction is interfacial crystallization which is induced by secondary
nucleation on a particle or molecule not made up of the crystallizing polymer. Interest has
developed for the use of NPs in nanocomposites as nucleation surfaces to induce polymer
crystallization in the hopes of maximizing the crystallinity of polymer matrix. This phenomenon is
described by the Lauritzen-Hoffman theory of secondary nucleation, which is considered the
standard model to understand the formation of polymer lamellae through interaction with a
substrate surface.

Based on the Lauritzen-Hoffman theory, the chain nucleation step involves the initial stem
deposition through the adsorption and flattening of a section of the chain onto a substrate surface,
forming the activated state. As entropy decreases from this step, the primary stem deposition is the
highest energy, and thus slowest stage in secondary nucleation. Therefore, favorable interactions
between the nanoparticle surface and the initial section of polymer is crucial to overcome this
energy barrier. Crystal formation continues with chain folding of the remaining attached polymer
and the elongation and formation of a secondary activated state parallel to the primary stem. These
subsequent steps continue until the lamellar structure forms along the lateral surface formed by the

first stem (Figure 13). °
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Figure 13. lllustration of (a) Initial step deposition on substrate surface and (b) subsequent stem

and fold formation resulting in development of crystal lamella. °

Various studies have demonstrated that the high surface area-to-volume ratio of NPs make
them excellent nucleation agents for inducing polymer crystallization of PVDF and its copolymers
through interfacial interactions. These studies have shown that the fraction of 3-phase of PVDF
drastically increases with addition of various nanofillers such as ferrite NPs (Figure 14), 6
piezoelectric BaTiOs, 2° and acid functionalized MWCNT 4. Nanocomposites with the P(VDF-HFP)
copolymer showed similar trends on the increase in -phase from the addition of NPs such as SiO2
nanorods, 4t Ni-doped ZnO NPs, 42 and Pt NPs 2. On the other hand, literature does not show a
clear trend on NP influence on B-phase formation within P(VDF-TrFE) nanocomposites. For
example, it was reported that the amount of B-phase is not effected by the addition of organically
modified layered silicates 43 or gold nanowires 44, even though they report enhanced piezoelectric

properties from the nanocomposites due to other interfacial interactions.
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Figure 14. Polarized optical microscopy images of (a) PVDF, (b) 0.1% CoFe204, and (c)
5% CoFe204 PNCs (200 uym scalebars in b and c). (d) Increase in B-phase in nanocomposites

with increasing CoFe204 nanocomposite sample measured through FTIR. ¢

As interest in PNG technology increases, various studies are focusing on determining
methods of increasing the piezoelectric performance of polymer PNGs through the addition of
nanofillers. The scope of these studies covers a broad range of processing and characterization
techniques, but they generally seek to determine methods of increasing the piezoelectric
characteristics of the films through the addition of nanofiller to act as nucleating surfaces for
polymer crystallization or as intrinsic piezoelectric materials that directly contribute to power
harvesting. In this study, 1-dimensional nanomaterials are used as nanofillers in order to investigate
the influence of their high aspect ratios (length/diameter, L/D) on the PNG performance. These
special morphologies, formed through surface passivation to promote directional growth, 38 result
in extremely high surface area-to-volume ratios, and resulting particles have a directional
dependency in their mechanical, electrical, and optical properties which can be taken advantage of

for applications that require directional orientation.
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Zinc oxide nanowires (ZnO NW) are a highly utilized nanofiller in PNG studies due to their
intrinsic piezoelectric properties and capability for unidirectional alignment. These materials have
both piezoelectric and semiconducting properties (with a band gap of 3.37 eV) 45 which make them
versatile materials with demonstrated success for use in photocatalysis, sensing, UV detection,
field effect transistors (FETs), and PNGs. “ The use of these materials in piezoelectric energy
harvesters is of special interest due to their facile synthesis, highly customizable nanostructures,
strong piezoelectric properties, and high biocompatibility and biosafety. 8

Of the morphologies obtainable with ZnO, high aspect ratio nanowires have been the focus
of many studies due to the directionality of piezoelectric power generation in highly oriented arrays.
ZnO can have a hexagonal wurtzite structure composed of tetrahedrally coordinated O% and Zn?*
ions stacked along the [0001] c-axis (Figure 15). Similar to tetragonal PZT, uneven charge
distribution throughout the unit cell of wurtzite ZnO results in a polarization that can be stressed to
generate energy.

As mentioned, the first group to introduce the concept of piezoelectric energy harvesting
was the Wang group at Georgia Tech, who used highly aligned arrays of wurtzite ZnO NW grown
along the [0001] direction. The group demonstrated that the deflection of a nanowire with a Pt
coated conductive AFM tip generated a piezoelectric potential within the nanowire structure. The
metal-semiconductor contact with the positively charged stretched side of wire formed a reverse-
biased Schottky diode. Contact with the compressed negatively charged side of the wire formed a
positively biased Schottky diode, and an electric current would flow to neutralize the displaced ionic
charges in the nanowire. 8 This work is the initial study responsible for sparking the boom in

research focused on energy harvesting technologies that have been developed to this day.
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Figure 15. (a) Crystal structure of hexagonal wurtzite ZnO with a non-centrosymmetric unit cell (b)
compression and extension of ions lead to changes in polarization which are stabilized by charge

generation at electrode surfaces.

Another class of nanoparticles known as carbon nanomaterials have attracted attention
due to their unigue mechanical, thermal, electronic, optical, and chemical properties. This class of
materials includes fullerenes (0D), carbon nanotubes (CNTSs) (1D), and graphene (2D), all of which
have different morphologies but share an identical carbon-lattice based structure, which consists
of sp? hybridized two-dimensional lattice of carbon in a honeycomb-like cyclohexane matrix. The
m-bonding found between carbons throughout the lattice leads to widespread electron
delocalization allowing electron transport over long lengths. A flat, two-dimensional plane of this
lattice as described above is known as a graphene sheet, and a CNT is made when this sheet is
rolled over on itself to create a cylindrical shape.

Carbon nanotubes are characterized as either single-walled (SWCNT) or multi-walled
(MWCNT) based on the amount of graphene layers surrounding the core nanotube, where a
SWCNT only has one core cylinder and a MWCNT has multiple layers stacked upon each other
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(Figure 16). Of the three carbon-based nanomaterials, carbon CNTs have been highly anticipated
due to their attractive mechanical, electrical, thermal, and optical properties. Their high aspect ratio
leads to superior charge transport along its pseudo-1 dimensional lattice without interruption
making them more conductive than copper. 4" These materials have been utilized in all branches
of science and technology for uses such as drug delivery, energy storage, and even nano-sized

circuitry. 48-50

SWCNT MWCNT

Figure 16. (a) Lattice structure of carbon nanomaterials and (b) Structure of single-walled (left)

and multi-walled (right) carbon nanotube. 5152

Due to their distinct character, CNTs have been extensively used as nandfillers in
piezoelectric PNCs to modify their energy harvesting capabilities. One study developed a highly
flexible nanogenerator consisting of 12 wt % piezoelectric barium titanate (BaTiOz) nanoparticles
and either 1 wt % SWCNT or MWCNT dispersed in a PDMS matrix. It was found that PDMS films
with both BaTiOs and either SW/MWCNT produced an output voltage ~3 V, compared to an output
voltage of ~0.15 V from PDMS films with just BaTiOs. The group theorized that the CNT network
increases the dispersion of BaTiOs nanoparticles within the polymer matrix, form a network that
may act as a “scaffolding” to increase the film’s modulus, and form conduction paths throughout
the film that can reduce the internal resistance of the film leading to a demonstrated shorter voltage
lifetime and higher power output. 53

There are few studies that investigate piezoelectric nanocomposites made with P(VDF-

TrFE) and CNT. One such study demonstrated that the addition of both SWCNT and MWCNT
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resulted in an increase in output power from 0.84 mV (plain P(VDF-TrFE) to 6.45 mV (0.5 wt %
MWCNT) and 7.80 mV (0.5 wt % SWCNT) from an increased Young’s modulus in the composite
films, which results in better mechanical to electrical energy transfer. * Another concurrent study
reported that the increase to 1 wt % SWCNT loading in a P(VDF-TrFE) film resulted in an increase
in piezoelectric as well as an increased output power due to interfacial polarization between the
highly conductive CNT phase and the dielectric polymer matrix. 55

One common problem in the development of CNT nanocomposites is the formation of
nanofiller aggregates due to their highly homogenous non-polar structure. The most common
method for increasing CNT dispersion is through particle surface stabilization either using covalent
functionalization with heterogeneous functional groups or non-covalent functionalization with a
surfactant or polymer. 52 Covalent functionalization of CNTs is achieved by introducing
heteroatomic polar functional groups such as carboxylic acid or hydroxyl groups through the
reaction of strong oxidizing acids with defect points on the sides and ends of the CNT structure.

Non-covalent surface functionalization techniques involve either the adsorption of small
molecule amphiphilic surfactants or polymer grafting onto the surface of pristine CNTs to decrease
interfacial tension between the filler surface and its surrounding without altering the particle’s
composition. If the goal is to use CNT to promote polymer crystal nucleation, covalent CNT surface
functionalization is likely the preferred technique in order to avoid the introduction of complicated
polymer-surfactant interactions. Also, polar functional groups on the surface of CNTs may help
induce interfacial crystallization through intermolecular attractions.

Recent studies have reported the ability to harvest energy from nanocomposite PNGs
without the need for a costly poling process. Although the phenomenon is not yet well defined,
these “self-poling” PNGs have demonstrated significant energy harvesting capability, and few
mechanisms have been attributed to their function.

One such mechanism, pressure-induced polarization, suggests that piezoelectric films with
zero net remnent polarization may be poled by mechanical stress. 56 This effect was suggested to
be responsible for the observed 20 V output voltage and 1 pA cm-2 output current density from a

PNG developed through the incorporation of ZnSnOs nanocubes into a polydimethylsiloxane matrix
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without external poling treatment. It was also suggested that an increase in ZnSnOs filler loading
increased the observed output power of the film due to the formation of an interfacial Maxwell-
Wagner-Sillars polarization at the interface between the PDMS matrix and the nanofiller, leading to
the separation of charges and thus spatial electretic polarization. 57

Another reported mechanism contributing to self-poling is the formation of heterogeneous
electrets. Polarized domains form from the accumulation of trapped charges in certain dielectric
materials either within micropores, interfaces between crystalline/amorphous polymer, or interfaces
between polymer/nancfiller. Charges that are injected into macroscopic pores of dielectric films or
boundaries between crystalline/amorphous regions of dielectric polymer films can gather and form
molecular dipoles. 58 According to the Maxwell-Wagner Sillars principle, within polymer
nanocomposites, a large disparity of conductivity between the highly dielectric polymer matrix and
a conductive filler results in a charge accumulation within their interfaces. 5° The high surface area-
to-volume ratio of nanofillers facilitates a large amount of interfacial interaction between particles
and dielectric polymer, resulting in a significant volume of charge storage between these interfaces.
As well for carbon nanotube PNC samples, micron sized domains of conductive nanofiller contain
delocalized electrons which eliminate the need for charge injection.

For example, Mandal et al. developed a PNG that utilized heterogeneous trapped charges
with in-situ synthesized platinum nanoparticles (PtNP) suspended in a porous P(VDF-HFP) matrix
to facilitate electretic polarization. The PNG demonstrated the generation of 18 V of open-circuit
output voltage with 17.7 pA short-circuit current with 4 MPA of stress, attributed to electretic space
charging within the pores of the film, resulting in a remnant polarization. Also, crystalline domains
of electroactive 3 and y phases of P(VDF-HFP) are suggested to be formed through the interfacial
nucleation between the fluorine groups on the copolymer and the PtNP surface, stabilizing trapped
charges. The energy harvesting capabilities of the film were demonstrated by powering multiple

LEDs and charging different capacitors. 12
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1.5 Motivation and Research Plan

The overall goal of this project was to develop a piezoelectric polymer nanocomposite that
is prepared with simple processing conditions while avoiding the “stretch and pole” processing
steps. As well, the project aimed to gain a better understanding regarding how the addition of
certain nanoparticles might influence the piezoelectric properties of various copolymers of PVDF.
Systems were designed and tested with P(VDF-HFP) the P(VDF-TrFE) to compare energy
harvesting capabilities of the prepared formulations. Three high aspect-ratio nanomaterials, ZnO
NW, MWCNT-OH, and SWCNT-COOH were utilized in this project, and the effect of their addition

in nanocomposites were characterized.
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2. EXPERIMENTS AND METHODS
2.1 Materials

High purity single walled carbon nanotubes (length: 5 — 30 um, diameter: 1-2 nm, >95%
purity) were purchased from Sun Innovations, Inc and were covalently functionalized with
carboxylic acid groups in order to better disperse them throughout the film. Short hydroxyl
functionalized multi walled carbon nanotubes (Length: 0.5 — 2 um, diameter: 8-15 nm) were
purchased from Cheaptubes and were used as received. P(VDF-HFP) with an average molecular
weight (Mw) of 455,000 g moltwas purchased in pellet form from Sigma-Aldrich. P(VDF-TrFE), 30
mol % TrFE (Solvene 300/P300), average molecular weight (Mw) of 300,000 g mol?, was
purchased as a powder from Sigma-Aldrich. Both polymers were used as received.

2.2 Preparation of Nanoparticle Filler
2.2.1 Synthesis of Zinc Oxide Nanowires

Zinc oxide nanowires were synthesized following previously reported solvothermal
technique. 4 To prepare the solution, 0.297 g zinc nitrate hexahydrate powder is added to 200 mL
ethanol at room temperature. Powdered sodium hydroxide (1.2 g) was then added and mixed by
vigorous stirring for 1 hour. The mixture was sonicated for an additional 30 minutes in a sonication
bath to ensure that all base is dissolved. Ethylenediamine (10 mL) was added as a capping agent
and the mixture was transferred to a Teflon lined vessel which was sealed in a Parr 4748 stainless
steel autoclave to react at 130° C for 24 hours. Synthesized nanowires were collected from the
dispersion by centrifugation, washed with water and ethanol several times, and dried in an oven.

2.2.2  Functionalization of Single Walled Carbon Nanotubes

Single walled carbon nanotubes were added to a 3:1 ratio of concentrated sulfuric acid and
nitric acid, respectively in a sealed vial and sonicated in an ultrasonic bath for 4 hours to introduce
carboxylic acid functional groups to the surface of the nanotubes (Figure 17). Functionalized
nanotubes were isolated using vacuum filtration with a Teflon filter. The isolated NPs were rinsed

with water and ethanol and then left to dry in a desiccator overnight.
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Figure 17. Acid functionalization of carbon nanotubes which introduces polar groups to the

surface of CNTs.

2.3 Piezoelectric Nanogenerator Preparation

2.3.1 P(VDF-HFP) Sample Preparation
A 15 wt % polymer stock was prepared by dissolving P(VDF-HFP) in dimethylformamide
(DMF) under reflux for 3 hours. The mixed solution was then filtered using a 10 pum pore size syringe
filter to remove any impurities. To prepare PNC formulations, the mass of MWCNT-OH and ZnO
NW filler were measured out corresponding to the sample’s formulation (Table 1) and were added
to a predetermined weight of copolymer solution. Resulting formulations were vortexed for 30

seconds and subsequently sonicated for 3 hours in a sonication bath.

Table 1. Filler Loading in 10 wt % P(VDF-HFP) in DMF

Sample Weight Percent MWCNT-OH  Weight Percent ZnO NW
C 0 0
MZ0 1 0
MZz4 1 4
MZ8 1 8
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Films were prepared by casting using an adjustable doctor blade set either 100 um or 200
um above a cleaned glass slide. Casted films were transferred to an oven at 80 °C to evaporate
solvent.

2.3.2 P(VDF-TrFE) Sample Preparation

A 15 wt % polymer stock solution of P(VDF-TrFE) in DMF was prepared by dissolving
P(VDF-TrFE) in DMF under stirring at room temperature overnight. The mixed solution was then
filtered using a 10 um pore size syringe filter to remove any impurities. Stock filler dispersions in
DMF were prepared by suspending 0.5 wt % filler (either ZnO NW, MWCNT-OH, or SWCNT-
COOH) in DMF. The dispersion is vortexed for 10 seconds and then sonicated in a bath sonicator
for =3 hours. Formulations of 0.1, 0.5 and 1 wt % filler were prepared by adding the desired amount
of filler dispersion into 2 g 15 wt % polymer solution and then diluting with DMF to obtain the desired
concentration of filler in 10 wt % P(VDF-TrFE). The mixture was vortexed for 30 seconds, bath
sonicated for 6 hours, and then pulsed with probe sonication at 30% amplitude for 1 minute.

Films were prepared by casting formulations using an adjustable doctor blade set either
100 um or 200 pm onto a cleaned glass slide. Casted films were transferred to an oven set at 60
°C to evaporate solvent and were subsequently annealed at 135 °C for 3 hours. This annealing
step has been shown to help induce growth of larger ordered crystal lamellae and has been

established as an important step in enhancing the piezoelectric performance of PVDF-TrFE films.6°
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Table 2. Dimensions of Nanoparticles Used in the Study

Nanoparticle Length (hnm)  Diameter (nm)  Average Aspect Ratio (L/D)
ZnO NW 1245 £ 725 26.5+7.0 47
MWCNT-OH 1250 + 750 11.5+35 109
SWCNT-COOH* 1750 + 125 1.5+05 1,167

* Dimensions reported are from supplier of pristine SWNCT — acid functionalization

likely leads to shortened CNT and increased particle polydispersity

2.3.2.1 Film Thickness Determination
Films were cast at 100 um and 200 um in triplicate for each formulation for thickness
measurements. The thickness of each film was measured around 10 times throughout the area of
the film using a Mituyoyo 0-1” range digital micrometer. Multiple measurements were taken and

averaged to provide a general average thickness of formulations.

2.4 Instrumental Methods
2.4.1 Scanning Electron Microscopy
The morphology of ZnO NW was characterized using the JEOL JSM-7610F scanning
electron microscope (SEM) operated at an acceleration voltage of 3.0 kV, WD 7.9mm. The sizes
of individual nanowires were measured from SEM images using ImageJ image processing
software. %1 To prepare for SEM, the nanowires were added to a vial with EtOH and dispersed
through bath sonication. The resulting suspension was transferred onto a clean silicon substrate
and solvent was evaporated at room temperature. The sample was then applied to a carbon tape-
covered SEM sample holder.
2.4.2 X-Ray Diffraction
X-ray diffraction (XRD) is a powerful tool used to gain information on the crystal structure
of various materials. The technique takes advantage of the fact that the regularity of spacing planes
within crystal structures behave like that of a three-dimensional diffraction grating. When filtered

monochromatic X-ray radiation interacts with a regularly spaced crystal lattice, the X-rays are
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scattered to form regular diffraction patterns. Information is reconstructed from these patterns to
obtain information about the sample’s crystal structure.

XRD measurements were performed on a Bruker AXS D8 ADVANCE X-ray diffractometer
equipped with a LynxEye 1-dimensional linear Si strip detector. The samples were scanned from
10 to 80 degrees 20. The step scan parameters were 0.02 degree steps and 2 seconds counting
time per step with a 0.499 degree divergence slit and a 0.499 degree antiscatter slit. The X-ray
source was Ni-filtered Cu radiation from a sealed tube operated at 40 kV and 40 mA. Phases in the
samples were identified by comparison of observed peaks to those in the International Centre for
Diffraction Data (ICDD PDF2018) powder diffraction database.

2.4.3 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was employed to characterize the
presence of crystal polymorphs within the copolymer films. An OPUS Platinum Alpha Fourier-
transform infrared spectrometer was used in ATR mode from 4,000 to 400 cm™L. FTIR spectra were
collected with 24 scans and a resolution of 4 cm-L. Distinct vibrational modes within the spectra is
attributed to variation in crystal packing depending on a polymorph’s chain orientation. Assuming
the FTIR absorption follows the Beer-Lambert law, the fraction of beta phase F(f3) is determined

with FTIR using the following equation:

. S (7)
FB) = (1.26) Ay + Ag

Where Aq corresponds to the CF2 bending and skeletal bending vibrational mode of the
alpha phase at 763 cm?, absorbance Ag corresponds to the CH2 rocking vibrational mode of the
beta phase at 840 cm, and 1.26 is the ratio of absorption coefficient corresponding to the B-phase
(Kg= 7.7 x 10* cm?/mol) relative to a-phase (Kq = 6.1 x 10*cm?/mol). 62 &3

2.4.4  Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was utilized as a useful instrument to glean
information on the thermodynamic properties of the polymer films. In a typical run, a pan with
sample in it and reference pan left empty are loaded into heaters that maintain identical

temperatures. Phase transitions within the sample either absorb or release heat, requiring a
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difference in power supplied to the two heaters to maintain matching temperatures. The difference
in power supplied to the heaters as a function of temperature is maintained in the final graph. A
first order transition such as melting will display an endothermic peak in the DSC signal, and the
temperature corresponding to the maximum of that peak represents the melting temperature (Tm).

The enthalpy of fusion (AHy) is calculated with following equation:

T2 (8)
AH; = f C,dT
T,
Equation 8 is equivalent to the integral of the endothermic melting peak within the DSC
signal. The degree of crystallinity (x.) of a semi-crystalline polymer is determined with the measured

enthalpy data and the melting enthalpy of completely crystalline polymer:

_ Ay ©)

Xe = 0
AHf

Where the enthalpy of completely crystalline P(VDF-TrFE) is AH? = 91.45 J/g. 64

DSC measurements were performed on a TA Instruments Q1000 differential scanning
calorimeter equipped with a 50-position auto sampler. Sealed aluminum hermetic pans were used
to contain samples and for reference pans. A sample cut from each film, around 5 mg, was used
for each run. The samples were initially melted at 180 °C and maintained at this temperature for 5
minutes to erase any thermal history. Samples were then cooled from 180 °C to 25 °C at a rate of
5 °C min-tand subsequently heated back to 180 °C at a rate of 5 °C min-,

2.4.5 Polarized Optical Microscopy

Highly aligned domains of crystalline polymer have special optical properties such as
birefringence that is assessed using techniques such as polarized optical microscopy (POM).
Birefringence is a result of anisotropic structure of the lamellar crystals, which result in a difference
between refractive indices in two planes. During transition mode POM, light from a lamp source
passes through a polarizer, the sample, a second polarizer positioned 90 degrees rotated in relation
to the first, and then a microscope camera. With a non-birefringent sample, the incident polarized
light cannot pass through the second perpendicular polarizer, and thus no light is observed in the
image. When a birefringent polymer crystal is placed between the polarizer, the plane polarized

light interacts with the anisotropic crystal, and two perpendicular light components known as the
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ordinary and extraordinary light waves result. When the polarized light waves enter through the
second polarizer, only those that are parallel to the polarizer pass through, and are observed in the
image. Thus, highly aligned polymer crystalline structures are observed through this technique.
Images of P(VDF-TrFE) nanocomposite films were taken with the Nikon Eclipse polarized optical
microscope under 60x magnification with 90° crossed polarizers. A DS-Fil camera was used to
capture images of crystalline nanocomposite films.
2.4.6  Atomic Force Microscopy

Atomic force microscopy (AFM) is an advanced imaging technique that can be used to
characterize the surface morphology of PNC films which helps to provide information about the
effect of nanofiller addition on the polymer crystal microstructure. The working mechanism of AFM
involves sweeping of a cantilever with a sharp tip that is raster-scanned over a sample surface.
Atomic interactions between the cantilever tip and the surface results in a deflective force that is
measured by a Z-servo feedback loop used to adjust the height of the tip to control the tip-sample
distance. Cantilever deflection is measured by the detection of a laser beam reflected off of the
cantilever into a position-sensitive diode. The change in measured deflection is translated into a
topography map which depicts the surface microstructure. Tapping AFM is a mode of AFM that
oscillates the tip in the z-axis as it runs along the substrate surface near the cantilever’s resonant
frequency. This method overcomes problems that come from dragging the tip across the surface
such as friction or adhesion that could lead to image artifacts.

AFM images were obtained using tapping mode on the Asylum Research Molecular Force
Probe 3D (MFP-3D) microscope under ambient conditions. Commercial silicon cantilevers with
force constants of 12-70 N m* and fundamental resonance frequencies of 160 kHz were used for
imaging. Topographic images of each sample were analyzed using the Gwyddion Scanning Probe

Microscopy (SPM) open-source software. 5
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2.4.7 Device Fabrication
Piezoelectric nanogenerators were dried films by the application of copper electrodes to
either side of the film, with protruding off-set strips for direct oscilloscope lead attachment. The films
were then encapsulated in SYLGARD 184 Silicone (Dow) using a 10:1 ratio of elastomer to curing
agent to prevent structural damage to the devices and to facilitate uniform force distribution
throughout the devices. Initial P(VDF-HFP) and P(VDF-TrFE) devices were prepared with 25.5 x

17 mm electrodes, whereas later versions of P(VDF-TrFE) devices were prepared with 10 x 35 mm

electrodes.
. Dry film
Mix and and anneal_ i
i p:
/r—\somcate [ Apply electrodes to film Ve 2
Addition of filler DENEENR G | .
R II{> Either powder or 0.5 wt I:{> | . ‘I:D :D Encapsulate in PDMS
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‘copolymer ————— J AN J
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Figure 18. Method for piezoelectric nanogenerator device fabrication.

Alternative electrode designs were explored to optimize device flexibility and processing
conditions. Devices were prepared with electrodes made from DuPont silver epoxy paste diluted to
a 1:1 ratio with butyl acetate through airbrush spray application using a steel stencil with a 10 x 35
mm patterned opening. The resulting electrodes had a low resistance (104 mQ/sq) and excellent
flexibility. Another electrode design was also explored through screen printing with the conductive
polymer mixture poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (Sigma-
Aldrich). To apply this electrode, the polymer film was fixed to the bench surface and a mesh screen
was used to print the PEDOT:PSS onto the film. The electrode was dried at 80 °C, and another
coating was applied to the other side of the film and dried. Copper wire leads were applied to the
electrodes using silver paste and carbon tape. Sheet resistance was measured using the Keithley
Instrument 2400 SourceMeter with a 4-point probe configuration to compare quality of electrode

materials.
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2.4.8 Power Testing

Film energy harvesting performance was determined through a series of strain tests using
a digital oscilloscope. Initial tests with P(VDF-HFP) PNGs were performed with hand tapping tests
with compression normal to the film. Tests to compare the output power of P(VDF-TrFE) were
carried out using Instron 5943 equipped with a 1 kN load cell and cylindrical compression platens.
PNG devices were adhered to a stabilized platform on the bottom platen using double sided tape
and the top platen was offset from the sample surface by 1.6 mm to simulate a “tapping” force onto
the device. Cyclic compression was run with an extension of 1.6 mm at a rate of 18 mm/s for 10
cycles.

Output voltage was measured using a Tektronix TDS 2014C digital oscilloscope directly
connected to piezoelectric devices. Output current was measured by recording the voltage drop

from a shunt resistor setup using 1 MQ resistor in parallel with the device. The current was
extrapolated by using Ohm’s law (I = g) with the known value of the resistor and the output voltage

recorded.

The circuit for a standard PNG energy harvesting device is seen in Figure 19. A full wave
bridge rectifier consists of four diodes arranged as a bridge so that both positive and negative
electrical pulses from the PNG are directed towards the same positive terminal and is used to
convert AC power from the PNG to DC. The rectified power is stored within a capacitor, and a
single pole double throw (SPDT) switch is used to transfer power stored within the capacitor to

some load, in this case a display.
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Figure 19. (Top) circuit used for power harvesting of piezoelectric nanogenerator (PNG) (Bottom)

Actual power harvesting circuit on breadboard.

The initial PNG energy harvesting device was set up using a breadboard, and later models
were designed as integrated circuits for portable energy harvesting devices. A 10 nF capacitor was

chosen as the energy storage capacitor.
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3. RESULTS AND DISCUSSION
3.1 Preparation of Nanoparticle Filler
3.1.1 Zinc Oxide Nanowires
Synthesized zinc oxide nanowires (ZnO NW) were characterized to confirm their
morphology and crystal structure. Using SEM, the synthesized nanomaterials showed the expected
high aspect ratio wire-like morphology, with a measured average diameter of 26.5 + 7.0 nm,

average length of 1245 + 725 nm, and an average aspect ratio (L/D) of 47.

Figure 20. SEM images of synthesized ZnO NW, where images show (left) dispersion of ZnO NW

(x5,500) and (right) zoomed in depiction of ZnO NW diameters (x90,000).

X-ray diffraction (XRD) spectra of dispersed ZnO NW powder confirms that synthesized
ZnO NW are a hexagonal wurtzite structure which has non-centrosymmetric polarization along its
c-axis with lattice parameters of a = 3.25 A and ¢ = 5.21 A confirmed by comparison with PDF 01-
070-8070 card (Appendix Figure A.1). UV-Vis spectroscopy of ZnO NW prepared in water showed

peak absorption at 367 nm agreeing with expected band gap of 3.37 eV (Appendix Figure A.2). 45
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Figure 21. XRD diffractogram of solvothermally grown ZnO NW confirming non-centrosymmetric

hexagonal wurtzite structure with lattice parameters of a=3.25 A and ¢ = 5.21 A.

3.2 P(VDF-HFP) Nanocomposites
3.2.1  Film Crystalline Properties

The crystalline morphology of the P(VDF-HFP) nanocomposites were characterized
through FTIR spectroscopy. Using Equation 7, the percentage of B-phase (F(B) x 100%) of the
control P(VDF-HFP) without added nanoparticle filler was determined to be 56%. In formulation
MZO0 (1 wt % MWCNT-OH), the amount of B-phase in composite films increased up to 82% + 1%
for 100 um wet films and 78% + 3% in 200 um wet films. In formulation MZ4 (1 wt % MWCNT-OH
and 4 wt % ZnO NW), the amount of B-phase was 80% + 1% for 100 um wet films and 81% + 1%
in 200 pm wet films. As well, in formulation MZ8 (1 wt % MWCNT-OH and 8 wt % ZnO NW), the
amount B-phase was 79% + 1% for 100 um wet films and 81% * 3% in 200 um wet films. These
results show that the addition of just 1 wt % MWCNT-OH leads to an increase in the relative amount
of B-phase as high as 26%, whereas further addition of ZnO NW does not lead to any significant

change in the amount of B-phase.
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Figure 22. Results from FTIR study (a) FTIR spectra of 100 um wet cast (b) FTIR spectra of 200
pm wet cast (c) Fraction of beta phase F(B) of P(VDF-HFP) copolymer composites with 1 wt %

MWCNT-OH and a range of 0, 4, and 8 wt % ZnO NW casted at 100 um and 200 um wet films.

3.2.2 Power Harvesting

The power harvesting properties of the P(VDF-HFP) PNGs were tested with a hand tapping
test imparted on devices made from 100 ym wet cast films. Results from tap testing (Figure 23)
show that sample C (pure P(VDF-HFP) film) exhibits an average voltage Vave = 140 mV. In
comparison, sample MZ0 had a Vave = 0.74 and MZ8 had a Vave = 0.98 V. These results suggest
that the addition of just 1 wt % MWCNT-OH increase the output voltage by ~5x. Subsequent
addition of 8 wt % ZnO NW shows a minimal increase in average output voltage not nearly as
significantly as the addition of the 1 wt % MWCNT-OH, following the trend similar to that of the

increase in B-phase observed in FTIR results.
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Figure 23. Output voltage of P(VDF-HFP) formulations from tapping demonstrating an increase in

increase in voltage with the addition of nanoparticle filler.

Further tests must be run in order to confirm the magnitude of the increase in output power
demonstrated from this test. Also, it is important to test the repeatability of these results with a
method that has a standardized application force and frequency.

To explain the increase in output power from the addition of nanofiller into P(VDF-HFP)
films, a few mechanisms are considered. First, a significant increase in electroactive B-phase of
around 26% was observed, increasing the volume of polar crystal domains within the films. This
increase in B-phase content would be a clear explanation for an increase in output device power if
the films had been poled to align polar domains, but because these samples were not poled, the
explanation for a power increase becomes more complicated. For this system, a deeper

understanding of the mechanisms behind the power generation is needed.

3.3 P(VDF-TrFE) Nanocomposites
Following the results from the P(VDF-HFP) nanocomposite formulations, PNCs with
P(VDF-TrFE) copolymer and various nanopatrticle fillers were prepared to attempt to achieve an
increase in output power. Single-filler formulations were prepared with varying weight percent of
ZnO NW, MWCNT-OH, and SWCNT-COOH, and a more comprehensive combination of tests were
run to investigate possible mechanisms responsible for the observed increase in the PNG’s

piezoelectric properties.
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3.3.1  Film Structure

In PNGs, film thickness is optimized to produce a desired output signal while accounting
for limitations for the film’s final application and maintaining mechanical durability. Polymer
piezoelectric applications often take advantage of the low thickness and high flexibility in the
devices, which result in a small cross-sectional area that experience large amounts of stress
induced deformation when a relatively small force is applied. That said, there are a few limitations
on decreasing film thickness. For example, thicker films typically generate higher voltages, and
thinner films can experience issues such as pitting, which can result in a short between electrodes.
66 Thus, care must be taken when designing a polymer PNG so that the film thickness is optimized
to account for its application and proper function.

Films were characterized to determine the relationship between wet cast film thickness and
that of the resulting dried film. It was found that the average thickness of films cast at 100 um wet
were around 10 um when dried, which indicated that the dried films cast at this thickness end up
about one-tenth the thickness of the wet cast. On the other hand, the average thicknesses of films
cast at 200 um wet were around 15 um when dried, not following the one tenth thickness ratio
previously observed. This lower than expected thickness is possibly due to wetting effects from the
low viscosity formulation.

The addition of nanofiller generally shows an increase in dry film thickness in all cases
except for an observed decrease in thickness upon the increase from 0.5 to 1 wt % filler. The 1 wt
% ZnO NW dried films were only measured seven times, so more measurements are needed to
account for uncertainty. The increase in film thicknesses might be caused by the increased stiffness
of the PNC with the addition of rigid nanofiller, resulting in less deformation when stress from the
micrometer is applied. Also, large nandofiller aggregates form within the thin film which may add to
the film’s overall volume. As seen in images from POM (Appendix Figure A.4), smaller CNT
aggregates appear to be multiple micrometers in size, whereas large aggregates range up to

hundreds of micrometers, visible by eye (Appendix Figure A.4).

39



[}
&2
[}
&3]
[}
&2

—&—100 pm SWCNT-COOH
—5—200 um SWCNT-COOH

—=—100 pm Zn0O NW
—=—200 pm ZnO NW

—©— 100 pm MWCNT-OH
200 ppm MWCNT-OH

N
o
N
o
N
o

ey *

—— '/)411\\ ‘

T T4

g

!
b
\

-
o

IS

Film Thickness (um)

o
Film Thickness (um)

o

'T

|

|

{

Film Thickness (zm)
o

5l— : - 5l : - 5l : -
0 0.1 0.5 1 0 01 0.5 1 0 01 0.5 1
Weight Percent ZnO NW Weight Percent MWCNT-OH Weight Percent SWCNT-COOH

Figure 24. Film thickness of 100 and 200 um wet cast films with 0, 0.1, 0.5, or 1 wt % nanofiller.

Suspending individual CNT particles within most solvents is difficult due to the homogeneity
and strong nonpolar interactions throughout their structure. As previously mentioned, chemical
surface functionalization and bath sonication can both significantly aid in forming a stable particle
suspension, but CNT bundles on the microscale formed from strong interactions between the
particles often still persist after these treatments. This problem is addressed through the application
of high frequency vibrational forces in direct contact with the nanocomposite using a probe
sonicator. This technique was employed on both ZnO NW and CNT formulations to ensure that
samples had well suspended nanoparticle dispersions. A clear decrease in aggregate size can be
observed between films that did not undergo probe sonication treatment and films that had been

treated for one minute (Figure 25).

(a)

)

Figure 25. 200 um P(VDF-TrFE) films loaded with 1 wt % SWCNT-COOH casted (a) before and

(b) after 1 minute of pulsed probe sonication.
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3.3.2 Film Crystalline Properties

FTIR spectroscopy was used as a quick and informative method to analyze the effect of
NP loading on the crystal structure of the P(VDF-TrFE) polymer. Bands at 508, 840, 1285, and
1431 cm correspond to the B-phase polymorph of the copolymer, whereas bands at 532, 612,
763, 796, 854, 870, and 970 cm-! correspond to its a-phase. %7 The presence of B-phase bands and
absence of a-phase bands in FTIR spectra (Figure 26) indicates that crystalline domains within the
films are mostly made up of the B-phase polymorph. Spectra also show that there is an insignificant
change in the fraction of beta phase in both the 100 um and 200 um wet casted samples throughout
all of the samples, indicating that the addition of nanofiller did not significantly affect the preferred
crystal polymorph formation P(VDF-TrFE) copolymer.

FTIR spectroscopy can also be used to gather information on the orientation of crystal
domains. Of these, peaks around 1200 cm-, 1290 cm?, and 1400 cm-! correspond to vibrational
modes parallel to the a-axis, b-axis, and c-axis, respectively. 68 The spectra show nearly identical
bands at these peaks for all samples, indicating that the addition of nanofiller did not alter the

orientation of the copolymer’s crystal domains.
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Figure 26. FTIR spectra of 100 um wet cast samples with the addition of 0.1, 0.5, or 1 wt % (left

to right) ZnO NW, MWCNT-OH, or SWCNT-COOH.

Films cast at 200 um wet were also characterized with FTIR to determine if an increase in

bulk phase has any effect in the crystalline properties of the copolymer. Again, no change in peak

height corresponding to the a or B phase was observed, indicating that the nanofiller addition had

no effect on the fraction of B phase present in the films. Additionally, peaks corresponding to a-

axis, b-axis, and c-axis saw no peak change with the addition of nanofiller.
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Figure 27. FTIR spectra of 200 um wet cast samples with the addition of 0.1, 0.5, or 1 wt % (left

to right) ZnO NW, MWCNT-OH, or SWCNT-COOH.

XRD was employed to further assess the effect of NP addition on the preferred crystal
polymorph formation of the 100 um wet cast PNGs. In P(VDF-TrFE) samples, peaks at 19.9°, 35.2°,
and 40.7° which correspond to the (200)/(110) planes, (001)/(310)/(020) planes, and
(111)/(201)/400)/(220) planes of the P(VDF-TrFE) B-phase, respectively. 46° The peak at 31.8° in
the ZnO NW PNGs is attributed to the ZnO (100) crystallographic plane which appears at the
addition of 0.5 wt % ZnO NW and increases in a linear fashion as more nanofiller is added.
Existence of these peaks and lack of a-phase peak at 18.5° suggests that all samples preferentially
form the B-phase crystal polymorph. Observations agree with FT-IR data suggesting the addition

of nanoparticle filler does not substantially effect the crystalline structure of the films.
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Figure 28. XRD diffractogram of P(VDF-TrFE) films with variable loading of nanopatrticle filler.

DSC was employed to gain further understanding about the thermodynamic and crystalline
properties of the films. This technique is employed to determine the Curie temperature (Tcurie),
melting temperature (Tm), and degree of crystallinity (xc) within the polymer films. Results from xc
measurements are shown in Figure 29. For both ZnO NW and MWCNT-OH nanocomposites, the
addition of nanofiller leads to a gradual decrease in the degree of crystallinity. On the other hand,
the addition of 0.1 and 0.5 wt % SWCNT-COOH resulted in around a 5% increase in crystallinity
from 55% in the P(VDF-TrFE) control to 60%. The addition of up to 1 wt % SWCNT-COOH
decreased the crystallinity within the film by a difference of 8%. The melting temperatures of the

PNCs remained relatively unchanged from nanoparticle addition (Appendix Table A.5)
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Figure 29. Percent crystallinity (Xc) of polymer nanocomposites with varying loading of ZnO NW,

MWCNT-OH, and SWCNT-COOH.

FTIR and XRD measurements showed that addition of nanofiller did not significantly
change the large amount of B-phase in P(VDF-TrFE) films. Thus, the relative percentage of
crystalline phase within the semi-crystalline matrix is proportional to the overall volume of B-phase
within the film. Results from XRD measurements showed a slight decrease in the degree of
crystallinity, and thus a decrease in the volume of present 3-phase relative to amorphous polymer,
for all nanocomposites besides 0.1 wt % and 0.5 wt % SWCNT-COOH.

In order to further investigate the effect of nanoparticle addition on the microstructure of
the PNCs, the surface of dried 100 um cast films were probed using AFM. Previous studies have
shown that P(VDF-TrFE) films form needle-like microstructures when annealed between the curie
temperature and melting temperature as lamellar stacks grow along the long axis direction of the
needles. 6870 Piezoelectric performance has been suggested to be impacted by the morphology of
the crystal structures in previous studies characterizing P(VDF-TrFE) thin films. 7> Strong
piezoelectric performance from these microstructures has been attributed to edge-on crystallization
of microdomains which results in polar b-axis orientation normal to the film. 72

The surface morphology of pure P(VDF-TrFE) shows the presence spherical crystalline

grains with the diameter of several micrometers.
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Figure 30. Atomic force microscopy topograph of control P(VDF-TrFE) film with no added filler.

The addition of ZnO NW as low as 0.1 wt % seemed to significantly alter the microstructure
at the surface of the films. AFM images in Figure 21 show the resulting surface structure of the
PNCs after the addition of 0.1, 0.5 and 1 wt % ZnO NW. Long, flexible lamellar fibers multiple
microns in length are observed randomly oriented in the films. It is possible that the addition of ZnO
NW is disrupting the formation of polymer crystalline macrostructures which is leading to the

random orientation of crystalline polymer fibers observed.

Figure 31. Atomic force microscopy topographs of P(VDF-TrFE) PNCs with (left to right) 0.1 wt %,

0.5 wt %, and 1 wt % ZnO NW.

Unlike that of the pure P(VDF-TrFE) and ZnO nanocomposite films, CNT films show
needle-like crystalline structures that are similar to microstructures observed with P(VDF-TrFE) thin
films (<100 nm) previously reported. The decrease in microstructure size could be attributed to

increased surface nucleation on the nanofiller surfaces, an effect previously reported with PVDF
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homopolymer with the addition of nanofillers. ® The decrease in crystallite size in CNT composite
samples was also clearly observed through POM imaging, confirming that the decrease in
microstructure size exists throughout the sample and not just a localized region imaged with AFM
(Appendix Figure A.4). In MWCNT-OH nanocomposites, needle-like microstructures a few microns
in length seem to retain the same morphology and size throughout the addition of 0.1, 0.5, and 1

wt % nanofiller.

Figure 32. Atomic force microscopy topographs of P(VDF-TrFE) PNCs with (left to right) 0.1 wt %,

0.5 wt %, and 1 wt % MWCNT-OH.

Films with 0.1 wt % SWCNT-COOH showed needle-like polymer microstructures similar
to those observed in MWCNT-OH samples. As the loading of SWCNT-COOH is increased to 0.5
wt %, the crystal microstructures significantly decrease in length. At 1 wt % SWNCT-COOH loading,

the needle-like morphology of the polymer is lost, and crystallites becomes too small to distinguish.

Figure 33. Atomic force microscopy topographs of P(VDF-TrFE) PNCs with (left to right) 0.1 wt %,

0.5 wt %, and 1 wt % SWCNT-COOH.
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Properties such as RMS surface roughness are obtained from AFM topographs through
image processing software to glean information relating to the surface structure of the
nanocomposites. In relation to the control film, an increase in roughness is observed with the
addition of ZnO NW, whereas a significant decrease in roughness is observed when adding either
CNT filler. In samples between 0.1 and 1 wt % MWCNT-OH, there is no significant observed
change in RMS. Samples with SWCNT-COOH loading shows a decrease in RMS as nanofiller is
added.

The increase in RMS of samples with ZnO NW appears to be due to the formation of peaks
and troughs from higher order (>10 pum) structures formed from stacked lamellar fibers.
Comparatively, samples loaded with CNT do not appear to have these higher order structures, but
rather consist of randomly distributed grains. When comparing topographs, it appears that the RMS
directly corresponds to grain size in CNT samples.

Table 3. RMS Surface Roughness of Polymer Nanocomposite AFM Topographs

Sample RMS Roughness (nm)
Control 85.24
ZnO NW 0.1 130.50
ZnO NW 0.5 104.20
ZnO NW 1 100.50
MWCNT-OH 0.1 30.02
MWCNT-OH 0.5 23.67
MWCNT-OH 1 27.17
SWCNT-COOH 0.1 45.17
SWCNT-COOH 0.5 36.98
SWCNT-COOH 1 24.05
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3.3.3 Power Harvesting

The output power of the P(VDF-TrFE) PNGs was characterized using the Instron
compression tester setup. Results from the test showed that there was a nonlinear increase in
output voltage with nanoparticle addition. The addition of ZnO NW demonstrated a slight increase
in voltage which maximized at 0.5 wt % nanofiller addition, but then decreased when the weight
loading of the filler was increased to 1 wt %. The addition of MWCNT-OH increased the observed
voltage with a loading as low as 0.1 wt %, although little increase was observed from subsequent
loading up to 1 wt % filler. On the other hand, the addition of 0.5 wt % SWCNT-COOH showed a

large jump in output voltage, which seemed to not change much increasing loading to 1 wt %

SWCNT-COOH.
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Figure 34. Output voltage of devices from Instron compression testing.

As well, a general increase in device output current from Instron testing was observed with
the addition of nanofiller. Parabolic trends are observed in output current with the addition of ZnO
NW and MWCNT-OH, with a peak in current for both filler types at a loading of 0.5 wt %. On the
other hand, in SWCNT-COOH formulations, the output current peaks at 0.1 wt % filler, and is

slightly diminished thereon.
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Figure 35. Output current of devices from Instron compression testing.
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The output volume power densities of the devices were calculated using current and
voltage data from instron testing and the film volume (assuming an average film thickness of 10
pm). A parabolic trend was observed with the addition up to 1 wt % nanofiller with peak power
density observed at 0.5 wt % filler. Above that, the power density drops off, most notably so with
the ZnO NW devices. The addition of SWCNT-COOH showed a considerable increase of power
density at all loadings, reaching a maximum of 67.8 + 5.2 yW cm- at 0.5 wt % loading, more than

a twofold increase from the P(VDF-TrFE) film without filler which showed a power density of 29.0

+ 5.2 YW cm3, We can calculate the piezoelectric voltage constant using the equation (g3; = g =

%) knowing that the average applied force of the Instron was 200 N and the dimensions of the

nanogenerator films. If assume that the recorded voltage from the oscilloscope represents the film’s
open circuit voltage, the maximum voltage constant from 0.5 wt % SWCNT-COOH samples is gaz3
=0.112 £ 0.012 Vm N1, It is important to note that the power density and piezoelectric voltage
constant are dependent on film thickness, so a small film thickness significantly increases these

values.
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Figure 36. Device volume power density from Instron compression testing.
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The shape of the voltage signal from Instron compression testing was investigated to
understand the mechanism behind power generation. A closer look at the signal from Instron
compression testing (Figure 37) shows a 74 ms end-to-end signal, with a mirroring decompression

peak that shows a similar magnitude of output voltage and signal duration.
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Figure 37. Oscillatory compression test output voltage using 0.5 wt % SWCNT-COOH film over

(left) multiple seconds and (right) a single compression/decompression cycle showing a 74 ms

compressive signal.

In comparison, a simple hand tapping test was employed and output voltages were
recorded. Quick tapping pulses imparted onto the film showed considerably higher output voltages
(Figure 38), with a peak output voltage Vmax = 13V. When comparing the signal of this mode of
actuation to that of the Instron compression signal, a lower end-to-end signal of =8 ms is observed.
Also, the decompression signal shows a much lower output voltage than that of the compressive
signal, unlike the equal magnitude signals observed in Instron compression testing. It is important
to note that throughout all compression tests, it was observed that the speed of PNG film
compression had a large effect on their output power. This phenomenon was demonstrated through

Instron compression testing with an incremental increase in oscillatory tapping frequency

(Appendix A.5).
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Figure 38. Output voltage from tapping SWCNT-COOH 0.5 (left) tapping over time showing
sustained output voltage and (right) peak and trough outlined in left figure demonstrating typical

time duration of compressive and decompressive voltage peaks.

The current generated by this tapping mode of deformation was also recorded to gather
information about power generation. Observed output current (Figure 39) from tapping showed a
peak output current of Imax= 7.8 HA and an average output current of lave = 4.8 pA. The shape of

these signals is similar to observed voltage signals.
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Figure 39. Output current from tapping SWCNT-COOH 0.5 tapping.

From the peak current and voltage of the tapping test, the maximum volume power density
was found to be 29 mW cm3, with an average of 12.3 mW cm. The rectified voltage output from
the compressive normal stress of tapping, as seen in Figure 40, leads to the generation of only a
positive output voltage. The rectified PNC was used to turn on a red LED directly through

compressive tapping (Figure 40b inset).
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Figure 40. Output voltage from tapping 0.1 wt % ZnO NW PNG with (left) no rectification (right)

with full wave bridge rectifier.

The energy harvesting capabilities of the film were demonstrated through charging a 10
nF capacitor using the rectified circuit. The SPDT switch was used to subsequently discharge the
capacitor to power a display. With ten seconds of tapping, the capacitor was charged to 29 V which

could be used to power multiple display systems including an array of LED lights (Figure 41).
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Figure 41. Discharge of 10 nF capacitor charged with 10 seconds moderate hand tapping used to

power several green and yellow LED lights (inset).

To demonstrate that the output signals were generated from the piezoelectric effect rather
than from the instrumental noise, the switching-polarity test was conducted with piezoelectric films.
78 This test is passed when the reversal of the sign of compression and decompression voltage

peaks is observed after the probes of the measurement device are reversed on the PNG. Results
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from light finger tapping on the 0.5 wt % SWCNT-COOH device (Figure 42) demonstrate the
reversal of peak output signal when the leads are reversed. This signal reversal is indicative of the

presence of a unidirectional polarization normal to the plane of the PNG film.
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Figure 42. Output voltage in the (left) forward and (right) reverse direction showing polarization-

switching with the 0.5 wt % SWCNT-COOH film.

Several different modes of film deformation were tested to demonstrate the efficiency of
energy harvesting for various possible uses. The first test involved flicking the device by hand while
its base was stabilized and immobile. The flicking motion gives two signals: first, from a downwards
bending stress imparted by hand, and second, a quick upwards bend due to restoring forces. As a
result, two signals are observed from each flicking motion with opposite signs due based on the
direction of bending strain. Flicking had a max output voltage of -7.56 V from the downward flick
with an average voltage of around -3.5 V. The maximum voltage from the subsequent upward flick

was 2.8 V while the average was around 1 V.
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Figure 43. Voltage generation through flicking (left) overview of signals observed (right) single

signal.
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The second test involved bending the film at a frequency of 4.8 hz. Similar to the flicking
test, a signal is produced by the bending stress from film deformation within the polarized
semicrystalline film, and thus as signal is produced. The restoring force returns the film to its original
unbent shape which causes a movement of polarized crystals within the film to their original form,
resulting in a signal with a reversed sign. An average output voltage of about 270 mV and 390 mV
was observed from bending and unbending, respectively.

The final mode of film deformation tested involves the application of a ligh compressive
“pulse” onto the device without removing hand contact. Similar to tapping, this method imparts
pressure normal to the plane of the film which causes a large amount of strain throughout the small
distance of the film’s thickness. An average output voltage of of 280 mV and -1.3 mV was observed

from this form of compression and decompression, respectively.
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Figure 44. Voltage generation through (left) film bending and (right) compressive force from finger

pulsing.
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4. CONCLUSION

In summary, two film systems were designed and tested to determine how the piezoelectric
properties of electroactive PVDF copolymers are influenced by the addition of various
nanomaterials. The introduction of 1 wt % MWCNT-OH into the P(VDF-HFP) resulted in a 26%
increase in the electroactive B-crystalline phase and a 600 mV increase in output voltage from
tapping testing. No significant change in B phase or output voltage was observed from the additional
loading of ZnO NW. This result sparked further curiosity regarding the influence of filler type on
nanoparticle addition. As a result, the continuation of the project focused on comparing how
individual nanoparticles influence a piezoelectric film’s properties. P(VDF-TrFE) was used as a
polymer matrix as this copolymer is known to produce high amounts of electroactive B-phase
directly from solution casting and is known to have strong piezoelectric properties.

To further characterize nanoparticle influence in PNG films, the relative presence
electroactive [3-phase crystal along with the overall degree of crystallinity in P(VDF-TrFE) films were
characterized by FTIR, XRD, and DSC. Results from FTIR showed that the film’s crystalline
regiouns mostly formed the electroactive B-phase. Results from XRD testing solely show diffraction
peaks corresponding to the B-phase, confirming the observations from FTIR testing. Measurements
from DSC tests show a slight decrease in the film’s overall degree of crystallinity with the addition
of most nanoparticles except for an observed increase from the addition of 0.1 and 0.5 wt %
SWCNT-COOH. Only one run was conducted for each PNC formulation, so repeat tests will help
better understand the average degree of crystallinity of the PNC films.

Surface mapping with AFM was conducted to understand the effect of nanopatrticle loading
on the crystal morphology of the films. An observed decrease in crystallite size was observed with
the addition of CNT, and a continual decrease in crystallite size was observed as the loading of
SWCNT-COOH was increased.

Upon the addition of nanoparticles into the copolymer matrix, a non-linear increase in
output power was observed for all types of nanofiller loading. The nanomaterial which displayed
the highest output power was from P(VDF-TrFE) samples with SWCNT-COOH, and the highest

power was observed at 0.5 wt % nanopatrticle loading. The piezoelectric voltage constant was

56



calculated to be gs3= 0.112 £+ 0.012 Vm N- from instron compression testing, and peak output
volume power density was calculated to be 29 mW cm-3measured from hand tapping. These values
are greatly influenced by the thickness of the nanogenerator films, which were only around 10 um,
which is significantly thinner than PNGs from other studies.

The energy harvesting capabilities of the PNGs were demonstrated through the use of
simple circuitry. PNGs rectified using a full bridge rectifier were demonstrated to be able to power
an LED directly from tapping, and rectified power that was used to charge a capacitor showed an
output voltage of 30V after discharging just from just ten seconds of tapping. This stored power
was used to power multiple multicolored LEDs. Significant output voltages was also obtained
through different modes of film deformation such as flicking, bending, and compression,
demonstrating the variety of motions that can be used for energy harvesting.

A few mechanisms are considered to be producing an output power from the PNGs. The
first is electretic polarization from high volume heterogeneous interfacial charge trapping at
polymer/filler interfaces. The decrease in crystallite size observed from POM and AFM suggested
increased interfacial interactions that may be helping to facilitate charge trapping. The formation of
smaller crystallites induced in CNT/fluoropolymer nanocomposites has previously been reported to
help facilitate higher charge storage within the nanofiller-polymer interface. 38 Annealing-induced
polarization in P(VDF-TrFE) between Tcuie and Tm was previously reported, 1° and further testing
may be run to determine whether this is the case with these prepared PNGs. As well, the
triboelectric effect, or the formation of a current from the transfer of charges from one material to
another, is considered to be contributor as a small amount of signal was observed when certain
materials such as Teflon would make contact with the PNGs. More comprehensive testing is
necessary to gain a better understanding of the energy harvesting mechanisms behind the films.

From this study, polymer PNGs with enhanced piezoelectric properties were prepared
through the addition of nanoparticle filler without the need for “stretch and poling” processing
methods. Results from this study may serve as a framework for further understanding of complex

interactions between the nanofiller and piezoelectric polymer matrix.
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5. FUTURE WORK

Future tests should focus on obtaining a better understanding on the filler influence in
energy harvesting performance based on the results of this study. Mechanical testing using
dynamic mechanical analysis (DMA) will determine influence of film stiffness on the mechanical
energy transfer for transduction to an electrical signal, a trend that has shown to lead to a significant
increase in piezoelectric properties in previous reports. >* Also, device testing such as capacitance
measurements and output power as a function of load resistance will help further characterize the
electrical properties of the film and their influence on energy harvesting.

Along with that, obtaining a better understanding of the energy harvesting mechanisms in
these PNGs will be important to further increase their energy harvesting properties. More advanced
spectroscopic technigues such as 2-dimensional grazing incidence X-ray diffraction (2D GIXD) can
be employed to analyze the three-dimensional crystalline orientation of the lamellae within the film.
This test can be used to determine if there is dipole-oriented unidirectional polarization attributed
to the preferred edge-on lamellar orientation normal to the plane of the film.

Optimizing the application of screen-printable PEDOT:PSS electrodes will be an important
next step to increasing the film’s flexibility and reducing any resistive barriers that might be
decreasing charge flow. Testing with other electrode designs such as PET/ITO, screen-printable
silver ink, or sputtered metal might be of interest to determine the best electrode material. Proper
contact between wire leads and electrodes should be made to maintain contact without inducing
shorting between electrodes. Developing a proper electrode design will be key to improving the

output power of the PNGs.
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APPENDIX
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Figure A.1 Reference spectrum PDF Card — 01-070-8070 XRD pattern of hexagonal wurtzite zinc

oxide (International Centre for Diffraction Data).

1 <+«— 367 nm

0.8

Absorbance

325 425 525
Wavelength (nm)

Figure A.2 UV-Vis spectra of ZnO NW with peak at 367 nm corresponding to 3.37 V bandgap.

Table A.1 ZnO NW Size Distribution

Average Diameter (nm) Average Length (nm) Average Aspect Ratio

265+7.0 1245 + 725 47
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Figure A. 3 Length distribution of synthesized ZnO NW.
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Table A.2 Beta Phase Fraction of P(VDF-HFP) Films Prepared by Blade Casting

0 wt % ZnO NW

4 wt % ZnO NW

8 wt % ZnO NW

100 pm wet cast

0.82+£0.01

0.80 £0.01

0.79+0.01

200 pm wet cast

0.78 £0.03

0.81+0.01

0.81+0.03

Table A.3 Dried Film Thickness Measurements of 100 um Wet Cast Films

sample Average (um)  SE (um)  count
100 pum control 8.84 0.94 25
100 pm ZnO 0.1 10.2 1.2 38
100 um ZnO 0.5 13.0 1.9 23
100 um ZnO 1 10.6 2.1 7
100 pm MWCNT-OH 0.1 111 1.8 21
100 um MWCNT-OH 0.5 11.4 1.3 26
100 pm MWCNT-OH 1 13.41 0.61 32
100 um SWCNT-COOH 0.1 9.50 0.59 30
100 pm SWCNT-COOH 0.5 10.60 0.62 30
100 pm SWCNT-COOH 1 11.41 0.64 29
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Table A.4 Dried Film Thickness Measurements of 200 um Wet Cast Films

sample Average (um) SE (um)  count
200 um control 14.7 1.3 31
200 um Zn0O 0.1 14.64 0.79 31
200um Zn0O 0.5 15.4 15 28
200um ZnO 1 16.8 1.8 26
200 um MWCNT 0.1 15.8 2.8 42
200 um MWCNT 0.5 15.9 2.2 34
200 um MWCNT 1 20.1 11 30
200 um SWCNT-COOH 0.1 15.4 1.1 29
200 um SWCNT-COOH 0.5 16.27 0.89 30
200 um SWCNT-COOH 1 18.97 0.83 30

Table A.5 Curie Temperature (Tcuie), Melting Temperature (Tm), and Degree of Crystallinity (Xc) of

Dried 100 um Wet Cast P(VDF-TrFE) Films (2" ramp)

Sample Tewie (C°)  Tm(C°) X (%)
Control 116.2 144.9 54.8
0.1 wt % ZnO NW 114.0 144.0 52.4
0.5 wt % ZnO NW 114.4 144.6 52.0
1wt % ZnO NW 114.7 145 49.3
0.1 wt % MWCNT-OH 114.0 145.2 50.8
0.5 wt % MWCNT-OH 113.7 144.7 48.2
1 wt % MWCNT-OH 114.6 144.4 46.2
0.1 wt % SWNCT-COOH 113.4 144.6 60.2
0.5 wt % SWCNT-COOH 113.8 144.6 59.9
1 wt % SWCNT-COOH 113.6 144.8 47.4
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Figure A.4 POM images of dried 100 um wet cast films with varying loading of nanofiller between

crossed polarizers.
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Figure A.5 Peak voltage from Instron compression testing as a function of oscillation rate from

direct compression.

Figure A.7 Device designs with (left) copper tape electrodes and (right) screen printed

PEDOT:PSS electrodes. Both devices are encapsulated in PDMS.
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