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ABSTRACT: Poly(vinylidene fluoride) (PVDF)-based homo-
polymers and copolymers are attractive for a broad range of
electroactive applications because of their high dielectric
constants. Especially, biaxially oriented PVDF (BOPVDEF)
films exhibit a DC breakdown strength as high as that for
biaxially oriented polypropylene films. In this work, we revealed
the molecular origin of the high dielectric constant via study of a
commercial BOPVDF film. By determination of the dielectric
constant for the amorphous phase in BOPVDF, a high value of
ca. 21-22 at 25 °C was obtained, and a three-phase (i.e.,
lamellar crystal/oriented interphase/amorphous region) semi-
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crystalline model was proposed to explain this result. Meanwhile, electronic conduction mechanisms in BOPVDF under high
electric fields and elevated temperatures were investigated by thermally stimulated depolarization current (TSDC) spectroscopy
and leakage current studies. Space charge injection from metal electrodes was identified as a major factor for electronic
conduction when BOPVDF was poled above 75 °C and 20 MV/m. In addition, when silver or aluminum were used as electrodes,
new ions were generated from electrochemical reactions under high fields. Due to the electrochemical reactions between PVDF
and the metal electrode, a question is raised for practical electrical applications using PVDF and its copolymers under high-field
and high-temperature conditions. A potential method to prevent electrochemical degradation of PVDF is proposed in this study.

KEYWORDS: poly(vinylidene fluoride), dielectric constant, electronic conduction, thermally stimulated depolarization current,

space charge injection, ionic polarization

1. INTRODUCTION

Biaxially oriented polypropylene (BOPP) has been the state-of-
the-art dielectric polymer for film capacitors,”” which find
many practical applications such as power electronics in electric
drive vehicles,>” pulsed power,5’6 and medical devices (e.g,
defibrillators).” This is because of its high breakdown strength,
low dielectric loss, and long dielectric life.** However, the
dielectric constant for BOPP is only 2.25, and thus, its energy
density is low, resulting in larger sizes and higher costs as
compared to electrolytic capacitors.'® To miniaturize polymer
film capacitors and lower its cost, high dielectric constant polar
polymers have become increasingly attractive.''~'* The
challenge for polar dielectric polymers lies in how to avoid or
minimize high dielectric losses. For example, poly(vinylidene
fluoride) (PVDF) has a much higher dielectric constant (10—
12 at 1 kHz at 25 °C) than BOPP, and its thermal properties

-4 ACS Publications  © 2015 American Chemical Society

19894

are comparable to those of BOPP. In addition, it can also be
tenter-line processed into high quality thin (3—10 ym) films
(ie, biaxially oriented PVDF (BOPVDEF)). Under a DC
voltage, BOPVDF exhibited a similar breakdown strength as
that of BOPP, ie., 720—770 MV/m."> Therefore, BOPVDF
films seem to be attractive for film capacitor applications.

However, PVDF is a well-known ferroelectric polymer,
and thus, BOPVDF cannot be used for film capacitors under
AC conditions because of its significant hysteresis in
(crystalline) dipole switching above the coercive field (E,, ca.
70 MV/m for the 3 phase'”). Therefore, substantial research
efforts have been dedicated to reducing the ferroelectric
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hysteresis using PVDF random copolymers and terpoly-
mers."'~'* For example, P(VDF-co-trifluoroethylene) [P-
(VDE-TrFE)]-based copolymers (electron beam or y ray-
irradiated) and terpolymers have shown narrow hysteresis
loops due to crystal pinning and nanodomain formation as a
result of crystal isomorphism (i.e., defect-modified crystals).'>"*
Nonetheless, the low Curie point (around room temperature),
low melting temperature (ca. 120 °C), and extremely high cost
(>$5,000/kg) have prevented broad and large-scale applications
of P(VDF-TrFE)-based copolymers and terpolymers. On the
other hand, the switching of crystalline dipoles in ferroelectric
PVDFE can be suppressed under continuous DC poling
conditions.'® Therefore, BOPVDF may be useful for DC
applications because its dielectric constant under DC
conditions is still as high as 10—12. In this study, we intend
to explain the origin of high dielectric constant for BOPVDF
based on its oriented crystalline and amorphous structures.
Meanwhile, the electronic DC conductivity of the BOPVDF
film is investigated under high electric fields, high temperatures,
and long-time poling conditions using the leakage current
study. The mechanisms of dipolar polarization, charge injection
from metal electrodes, and polarization of ions are studied by
thermally stimulated depolarization current (TSDC) spectros-
copy. In the following, we will briefly introduce various
polarization processes, such as dipolar polarization, charge
injection, and ionic polarization, in a BOPVDF film under a
sufficiently high DC field.

Scheme 1 shows various types of polarization events in an
oriented PVDF film under a sufficiently high DC poling electric

Scheme 1. Schematic Representation for Polarized
Amorphous and Crystalline Dipoles, Injected Homocharges,
and Polarized Ionic Species (i.e., Heterocharges) for an
Oriented PVDF Film under a Sufficiently High DC Electric
Field

electric field, E,

cation anion hole electron dipole

field. First, amorphous and crystalline PVDF dipoles will orient
fairly quickly along the electric field direction. Second,
homocharges (i.e, the same sign as the corresponding
electrode) such as electrons and holes will be injected from
the metal electrodes into the film and accumulate near the film-
electrode interfaces.”” Third, PVDF usually contains subppm
levels of impurity ions*"** due to the suspension polymer-
ization method used in industry.”> Under a DC electric field,
ionic species can be polarized toward oppositely charged
electrodes, forming an electric double layer at the sample-metal
electrode interface.”® These ionic charges are heterocharges
because they have an opposite sign as the compensating metal
electrode.”® As shown in Scheme 1, polarized dipoles and

heterocharges will create an opposite internal electric field in
the PVDF film. It is expected that they tend to decrease the
local electric field and thus decrease the electronic conduction
in the polar polymer film. Injected homocharges will create a
parallel internal electric field along the applied field. Therefore,
it is expected that they tend to increase the local field and thus
increase the electronic conduction. In this study, we will
address the following questions: What are the effects of these
polarization events under various poling conditions (ie,
different electric fields, temperatures, and times)? Which is
the most important factor for the electrical conduction in a

polar polymer film?

2. RESULTS AND DISCUSSION

2.1. Oriented Crystalline Structure in the BOPVDF
Film. The crystalline structure of the BOPVDF film was
characterized by WAXD and FTIR, respectively (Figure 1A,B).
The 1D WAXD profile at 25 °C was obtained by integrating
the corresponding 2D pattern (see the inset of Figure 1A). All
major reflections for the @ and f crystals were assigned
accordingly.”*® As a result of biaxial stretching, the mixed
(021/111),, reflections did not show specific orientation when
the X-ray beam was directed parallel to the film normal
However, the (020),, (110), (201),, and (002), reflections
showed a preferred orientation with the o crystal ¢ axes in the
horizontal direction. Meanwhile, sharp (110/ 200)/3 and (001)/;
reflections showed a clear orientation with the f crystal c-axes
in the vertical direction. The Herman’s orientation factor (f};)
for the (110), and (110/200); reflections were calculated to
compare the degree of orientation for the @ and f phases; fy; =
0.43 for (110), and f} = 0.57 for (110/200);. Apparently, the
higher orientation factor for the (110/200) reflection indicated
that the f# phase had a better degree of orientation than the a
phase. We speculate that in the tenter-line processing, the
machine direction in the first step stretching should be along
the horizontal direction to orient the « crystals (which was
crystallized from the stretched melt), whereas the transverse
direction in the second stretching step should be along the
vertical direction to induce some f crystals (which was formed
by stretching the @ crystals). Note that in the tenter-line
processing, the film is stretched first in machine (or extrusion)
direction, followed by subsequent stretching using tenter clips
along the transverse direction.”’

Due to the lack of absolute X-ray diffraction intensities for
the o and f phases, WAXD was not used to determine the
relative contents of the a and f crystals in the BOPVDF film.
Instead, they were determined by FTIR in the transmission
mode. From Figure 1B, absorption bands at 489, 531, 615, 764,
795, and 1215 cm ™" were assigned to the a phase and those at
468, 511, 841, and 1280 cm™' were assigned to the /3 phase.zg
The relative content of the f§ phase [F(f8)] was calculated by
F(p) = Ap/(1.3A, + Ap), where A, and Ay are the absorbance
(i.e., integrated peak areas from peak-fitting) at 764 and 841
cm™!, respectively.””*® From Figure 1B, the relative content of
B crystals was only ca. 0.30, suggesting that the a phase was the
major crystalline phase for the BOPVDF film. In addition, the
electrically poled sample was also studied by FTIR. After the
short-circuit electric poling, the intensities of the absorption
bands for the a phase at 489 and 1215 cm™' decreased as
compared to those for the fresh film, suggesting certain
conversion of the a phase into the f phase induced by the
poling field of 200 MV/m at room temperature for 3 h.
Meanwhile, the intensities of the absorption bands for the f
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Figure 1. (A) 1D WAXD profile and corresponding 2D pattern for the BOPVDF film at 25 °C. Major reflections for the a and f# phases are assigned.
(B) FTIR spectra for the fresh and electrically prepoled (200 MV/m for 3 h at room temperature) BOPVDF films. (Inset) Magnified region between
1200 and 1350 cm™". (C) DSC first heating, first cooling, second heating, and second cooling curves for the BOPVDF film. The heating and cooling
rates are 10 °C/min. Temperature ranges from 0 to 100 °C are magnified 8 times for clarity.
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Figure 2. (A and C) Real (¢,’) and (B and D) imaginary (&,”) parts of relative permittivity as a function of temperature at different frequencies
during the first and second heating process for the biaxially stretched PVDF film. (E) ¢, and (F) &,” as a function of frequency at different
temperatures for the same PVDF film. (F, inset) Linear scale plot for the &,” between —25 and 50 °C.

phase at 841 and 1280 cm™' also decreased. This could be
explained by the electric field-induced alignment of the
—CH,CF,— (or VDF) dipoles in the f§ crystals. Note that
major contributions to the IR absorption bands at 841 and
1280 cm™" are attributed to the symmetric and asymmetric
stretching modes of CF, groups in the /3 crystal.”® These modes
will have a maximum IR absorption when the S dipoles are
oriented perpendicular to the film normal (ie, lying in the
film). On the contrary, they will have a minimum IR absorption
when the f dipoles are oriented parallel to the film normal. For
the nonpoled fresh sample, the S dipoles were randomly
oriented and should show some IR absorption. After electric
poling, a certain amount of # dipoles remained oriented along
the film normal (i.e., the electric field) direction. Consequently,
the IR absorption would decrease. Note that the FTIR result

19896

for the electrically poled film was obtained about 1 week after
the electrical poling at room temperature. The amorphous
dipoles had a fast relaxation at room temperature (~1 us; see
frequency-scan BDS results in Figure 2E,F) and thus should
have already relaxed after 1 week of aging at room temperature.
The orientation effect in FTIR should arise solely from the
dipoles in the crystals. It was reported that electrically aligned
dipoles in the PVDF film will not relax until the temperature
reached above 80 °C.*"*

The degree of f crystalline dipole alignment in the
electrically poled film is compared to a corona-poled film, as
shown in the inset of Figure 1B. The corona poling was
performed at room temperature with a needle voltage of 20 kV
and a grid voltage of S kV for 5 min. From the literature
report,” this corona poling condition should be sufficient to
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maximize the f dipole orientation in PVDF films. After corona
poling, the intensities of the absorption bands at 1215 cm™ for
the a phase and at 1280 cm™ for the /3 phase further decreased,
as compared to those for the electrically poled film. Obviously,
corona poling was more effective in transforming the o phase
into the f phase, as well as aligning the f dipoles along the field
direction. From this comparison, we calculated that the electric
poling at 200 MV/m for 3 h was about 56% as effective as the
corona poling in aligning the f dipoles. We did not choose a
longer poling time because the film breakdown strength would
decrease at longer poling times. Although the corona-poled film
had a higher degree of f dipole orientation, we could not use it
for later TSDC and leakage current studies, because corona
poling also introduced conductive charge carriers (i.e., electrons
and plasma ions) into the BOPVDF film.** As a result, the
electronic conductivity increased and the breakdown strength
significantly decreased as compared to the fresh and electrically
poled BOPVDF films.

Thermal property of the BOPVDEF film was characterized by
DSC, and results are shown in Figure 1C. Temperature ranges
between 0 and 100 °C were magnified 8 times for clarity.
During the first heating, a weak crystal melting peak was
observed around 68.4 °C before the major melting peak at 177
°C. Upon the first (as well as the second) cooling from the
melt, a secondary crystallization peak was observed at 66 °C in
addition to the primary crystallization peak at 145 °C. Note
that secondary crystallization mostly refers to additional
crystallization of the amorphous region (mostly tie and
dangling molecules) in between existing primary crystalline
lamellae.”® Judging from the crystallization temperature of 66
°C, the secondary crystallization should be homogeneously
nucleated, because homogeneously nucleated nonisothermal
crystallization for PVDF has been reported around 55—70 °C
in nanoconfined droplets.*®*” Upon the second heating, no
trace of this melting peak as in the first heating was observed
between 0 and 100 °C, suggesting that the melting point for the
newly formed secondary crystals during cooling from the melt
should be at least above 90 °C (Figure 1C). This was
understandable, considering a finite supercooling for the newly
secondary crystals. On the basis of this experimental result, the
weak melting peak at 68.4 °C during the first heating should be
attribute to the melting of poor secondary crystallites formed
during biaxially orientation. After melt-recrystallization, these
poor secondary crystallites would not form again. Instead,
during the second heating, a broad premelting process showed
an onset around 80 °C before the major melting peak at 175
°C. Assuming the heat of fusion for the perfect PVDF crystal is
104.6 J/g,*° the weight fraction crystallinity for the BOPVDF
film during the first heating was x.,, = 54 wt %. The reason for
the broad premelting of the secondary crystallites and relatively
low crystallinity could be attributed to the existence of about
3—6 mol % head-to-head and tail-to-tail (HHTT) defects in
PVDF homopolymers.*

2.2, Enhanced Dielectric Property Due to Oriented
Amorphous Interphases. The dynamic dielectric properties
of the BOPVDF film were studied by both temperature- and
frequency-scan BDS. Figure 2A,B shows the real (g,") and the
imaginary (&,”) parts of the relative permittivity during the first
heating (up to 100 °C), and Figure 2C,D show the ¢, and ¢&,”
during the second heating. From both heating results (Figure
2B,D), the glass transition temperature (T,) of the BOPVDF
film was identified as the relaxation peak at —39 °C and 1 Hz,
and it gradually increased to higher temperatures upon

increasing frequency. Below the glass transition, the & value
was only about 3.1 at —100 °C and 10° Hz (Figure 2A,C).
Above the T, (e.g,, > 0 °C), the ¢’ value increased to above 10.
Note that the applied electric field in BDS measurements was
only 0.125 MV, /m, much lower than the typical coercive field
(E,) for the # PVDF crystals (ie, E. ~ 70 MV/m)."® At the
same time, the @ and f chain axes in the crystals were well-
oriented parallel to the film due to biaxial orientation.
Therefore, this increase of the ¢, from 3.1 at —100 °C to
>10 above the T, indicated that the relatively high dielectric
constant for BOPVDF in Figure 2A was a result of polarization
of the amorphous dipoles, rather than the crystalline dipoles. If
we assume that the contribution of crystalline dipoles to the
dipolar polarization is negligible for the well-oriented PVDF
film at low electric fields, we shall be able to extract the
dielectric constant for the amorphous phase.

Taking into account of the crystallinity of 54 wt % and the
dielectric constant at 0.01 Hz and 25 °C is about 12.4, we can
estimate the static dielectric constant, €, for the amorphous
phase as high as ca. 21—22 (for detailed calculation, see section
2 in the Supporting Information). This value is significantly
higher than both experimental (8—13) and computer
simulation values (9.7 at 300 K and 12.5 at 400 K).” In
previous reports, an interphase was proposed at the
amorphous—crystal boundaries:** Due to the existence of the
HHTT structural defects, a certain amount of PVDF chains
stemmed out of the crystal basal plane, rather than forming
reentrant folds (i.e., the adjacent reentry model). As shown in
Scheme 2, the amorphous chains in the interphase regions
orient more or less parallel to the stretching direction because
of the perfect alignment of the crystals. This orientation is ideal
for electrical polarization because the main-chain VDF dipoles
can be more easily rotated by the electric field than those in
randomly oriented chains. In the past, it has been reported that

Scheme 2. Schematic Representation for the BOPVDF Film
Containing Oriented Primary and Secondary Crystals, Bulk
Amorphous Phase with a Random Orientation, And
Oriented Amorphous Interphase Regions (Highlighted in
Blue) Under an Alternating External Field”
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crystal orientation has an anisotropic effect on the dielectric
constant for PVDF and its random copolymer films.*"** For
example, the dielectric constant appears higher (~10—12) for
films with crystal/chain axes perpendicular to the film normal
direction than that (~5—6) for films with crystal axes parallel to
the film normal direction. This was explained by different
orientations and responses of crystalline dipoles in the
BOPVDF films. Actually, this explanation is incorrect. As we
mentioned above, the contribution from crystalline dipoles to
the dipolar polarization should be negligible at low electric
fields when the chains are oriented perpendicular to the film
normal. Instead, it is the orientation of the interfacial
amorphous PVDF chains that increases the &} for the
amorphous PVDF and thus the overall dielectric constant of
oriented PVDF films.

In section 3 of the Supporting Information, we estimate the
fraction (f) of the interphase regions in the amorphous PVDF
phase. Using the static dielectric constant estimated for the
amorphous PVDF in the BOPVDF film (ie., & = 21.6), the
fraction is calculated to be 0.5S5. This means that nearly 55% of
the amorphous phase in the BOPVDF film is the interphases
with homeotropic amorphous chains on the crystal basal plane.
We consider that this physical picture of crystalline lamellae,
liquid crystalline-like interphases, and bulk amorphous region
should be general for those semicrystalline polymers, which
have a significant amount of chains stemming out from the
crystal basal surface (i.e., the switchboard model), rather than
the adjacent reentry.* Nevertheless, the above calculations are
rough estimations. In the future, more research needs to be
carried out to experimentally understand the adjacent reentry
versus switchboard models, and quantitatively determine the
fraction of the interphase regions in the amorphous phase of
semicrystalline PVDF (and its random copolymers).

In Figure 2A, another stepwise increase in the &’ was
observed around 60 °C for the first heating at nearly all
frequencies except for 10° Hz, where the glass transition
merged with this step increase. For example, at 1 Hz, the &/
increased from 11.6 at 35 °C to 14.1 at 75 °C. This step
increase in &, during the first heating could be attribute to the
melting of the poor secondary crystallites formed during biaxial
stretching (see the weak melting peak at 68 °C in the magnified
first heating DSC curve in Figure 1C), because it did not show
up during the second heating in Figure 2C. Instead, a weak a,
relaxation peak was observed around 30 °C during the second
heating in the & plot in Figure 2D, whereas this a, relaxation
peak was absent before 50 °C for the first heating in Figure 2B.
Here, the a, relaxation refers to the switching of slightly tilted
CF, dipoles along the chain axes in the a crystal under an
alternating electric field.*** In the fresh BOPVDF film, poor
secondary a crystallites were formed during stretching, and
their chain axes must orient parallel to the film (top panel,
Scheme 2). Consequently, no . relaxation should be seen
during the first heating below their melting starting at 50 °C.
After these secondary crystals melted, the molten chains might
still keep certain orientation (middle panel, Scheme 2).
Although the melting enthalpy was only about 5.4% of the
total crystallinity (DSC result, Figure 1C), these oriented
amorphous chains substantially increased the dielectric constant
from 11.6 at 35 °C to 14.1 at 75 °C at 1 Hz. After
recrystallization (i.e., heating to 100 °C in the first heating and
then cooling to —100 °C), secondary crystallization happened
(weak exothermic peak at 66 °C in the cooling DSC curves,
Figure 1C) with more or less randomly oriented secondary &

crystallites (bottom panel, Scheme 2). Consequently, a weak o,
relaxation peak (e.g, around 30 °C at 1 Hz) was observed
before the onset (80 °C) of premelting shoulder during the
second heating (Figure 2D). Because of this weak a, relaxation
during the second heating, the ¢,' showed a broad and gradual
increase between 0 and 75 °C in Figure 2C (e.g, 11.9 at 0 °C
to 13.7 at 75 °C at 1 Hz).*” During both the first and second
heating processes (Figure 2B,D), significant loss with additional
increase in &’ (Figure 2A,C) was observed above 80 °C,
especially at 1 Hz. This could be attributed to the continued
premelting of the poor PVDF crystallites.

Figure 2E,F shows frequency-scan results for the fresh
BOPVDF film at temperatures ranging from —50 to 125 °C.
Slightly below the T, (e.g, at =50 °C), the &’ gradually
decreased from 6.0 at 107> Hz to 3.1 at 10’ Hz due to the fact
that most amorphous dipoles were still frozen. Above the T, at
—39 °C and below 75 °C, a broad a, relaxation due to
amorphous dipoles in both bulk amorphous and interphase
regions was clearly seen at each temperature in Figure 2E,F.
With increasing temperature, the plateau dielectric constant at
low frequencies (i.e., €/ g,) gradually increased (Figure 2E).
Meanwhile, the breadth of the a, relaxation peak gradually
decreased and its intensity gradually increased (linear-scale plot,
inset of Figure 2F). This behavior cannot be explained by the
classic Debye theory on a dipolar relaxation process with a
single relaxation time, that is, Debye dispersion equation:45

* _ € T b0
T 1+ ot (1)
where € is the complex dielectric constant of the BOPVDF

film, w is the angular frequency, and ¢ is time. At the relaxation
peak, we have

grl’ max = (8rs + 81‘00)/2 (2)
and
€ e = (6 — €.00)/2 3)

These values, as well as the breadth of the relaxation peak,
should not change much with varying temperature. Note that in
cases with relatively weak dipolar interactions,” the €] max
should decrease with increasing temperature because the
dipolar polarizability usually decreases with increasing temper-
ature (eqs S1 and S16, Supporting Information). On the basis
of the experimental observations in Figure 2E,F, we consider
that there must exist a distribution of relaxation times for the
bulk amorphous region and the interphases. This is similar to
the case of the rigid amorphous phase observed in semicrystal-
line polymers,*” where the rigid amorphous phase is more rigid
and thus has slower dynamics than the bulk amorphous phase
near the T, At low temperatures, the distribution of the
relaxation times for both bulk amorphous region and the
interphases is broad, resulting in a broader relaxation peak.
Upon increasing temperature, the distribution becomes
narrower, resulting in narrower relaxation peaks at high
temperatures. Meanwhile, increases in &/ g, (Figure 2E) and
€ fimmax (inset of Figure 2F) with temperature can be
qualitatively explained by the Kirkwood—Frohlich theory in
eq S16 (Supporting Information). At low temperatures, the
rigid fraction is dominant (ie., Ng,, is low), the interaction
among dipoles is weak, or both. As a result, the &, becomes
low, and thus, &/, and €/, may are low, as deduced from eq
S16 (Supporting Information) and eq 3. Upon increasing
temperature, the rigid interphases become more mobile (ie.,
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Figure 3. (A) Leakage current for the fresh BOPVDF film under a poling field of S0 MV/m at 0 °C during a stepwise poling process (starting at S
MV/m with increment of 5 MV/m). (B) DC conductivity at 0 °C for fresh and 200 MV/m-poled BOPVDF films. (C) DC conductivity at —80 °C
for the fresh and various electrically poled BOPVDF films: the first sample is the 200 MV/m-poled film, and the second and third samples are in situ
poled samples at 20 and 30 MV/m at room temperature for 20 min, respectively.

Nipa increases), the interactions among dipoles (especially for
the interphases) become stronger, or both. Therefore, the &,
increases, and thus, both &/ g, and € g max increase. This is
also observed in the molecular dynamics simulation result:*” &2,
= 12.5 at 400 K. Using eq S16 (Supporting Information), the
correlation parameter for the randomly oriented PVDF melt,
&y is calculated to be 6.53 for p, = 0.932 D (assuming the
interphase fraction f is zero), higher than that at 300 K (g;p =
3.61). The increase of the intensity for the amorphous
relaxation peak with frequency in the temperature-scan results
(Figure 2B,D) can be explained similarly, because the relaxation
peak will appear at higher temperatures with increasing
frequency.

At temperatures above 75 °C, further increases were observe
at the low frequency range for €, and ¢,” in Figure 2E,F. The
slope in the ¢,” at low frequencies was close to —1, especially at
125 °C, indicating the existence of impurity ions.* Note that
values of €’ and &” under low frequencies and at high
temperatures were significantly lower than other commercial
PVDF and PVDF copolymer samples.'**"*’ This suggested
that the concentration of impurity ions and their diffusion
coefficient in this BOPVDF film should be fairly low.

2.3. Different Factors Affecting Electronic Conduction
in the BOPVDF Film. As we discussed in Scheme 1, electronic
conduction in the BOPVDF film under high electric fields and
high temperatures should be closely related to the orientation
of amorphous/crystalline dipoles, ionic polarization, and
injected charges. To determine pure electronic conductivity at
a constant temperature, we measured the leakage current” while
holding the sample under each electric field for 20 min, and the
electric field was stepwise increased until 125 MV/m (the limit
of the instrument, i.e, 1000 V). An example of the charge
current as a function of time is shown in Figure 3A for the fresh
BOPVDF film at 50 MV/m and 0 °C during the stepwise
poling process. In the beginning, the charge current decreased
rapidly with time. Supposedly, this charging process should be
fairly fast for a pure and surface defect-free dielectric material,
for example, less than 1 s. Nonetheless, the charge current
continuously decreased, even after S min. This could be
attributed to ionic polarization in the sample (and surface
defects) near the electrode—sample interfaces in addition to the
electronic conduction (leakage) through the sample.”’ After 15
min, the charge current tended to reach a plateau value and we
took the leakage current at 20 min as the DC conduction
current to calculate the electronic conductivity. We did not test

for longer than 30 min because the film tended to break down
more readily if we used a longer holding time at each poling
electric field.

First, we studied the effect of oriented crystalline dipoles on
electronic conduction in the BOPVDF film at 0 °C. To avoid
interference from polarization of impurity ions, we studied the
leakage current of the 200 MV/m-poled BOPVDF film 1 week
after the poling process. In this way, any polarized impurity ions
would have relaxed. From the FTIR result in Figure 1B, some /3
dipoles were still aligned in the f crystals of the 200 MV/m-
poled sample. Figure 3B compares the DC conductivity as a
function of the electric field at 0 °C for the fresh and prepoled
samples. We chose 0 °C because the mobility of impurity ions
was fairly slow around and below room temperature.’” From
Figure 3B, the conductivity of the prepoled sample was slightly
lower than that of the fresh sample. Therefore, we consider that
the polarized B dipoles would slightly decrease the internal/
local field and prevent the electronic leakage through the
sample. Note that the conductivity exhibited a local maximum
for each sample. For example, a peak was observed at 40 MV/m
for the fresh film, whereas a peak was at 80 MV/m for the 200
MV/m-poled film. The reason could be attributed to the
polarization of impurity ions in the sample, and this will be
discussed in the TSDC study later.

Next, we investigated the effect of polarization of amorphous
dipole on the electronic conduction in the BOPVDF film. To
achieve aligned amorphous dipoles, we in situ polarized51 the
BOPVDF sample at a preset electric field below the E. (i.e., 20
and 30 MV/m) at room temperature for 20 min. In this way,
polarization of the S crystalline dipoles could be avoided.
Without removing the poling electric field, the sample was
cooled below its T, (ie, —80 °C) to freeze the aligned
amorphous dipoles. The leakage current results for the
BOPVDF film at —80 °C are shown in Figure 3C. Compared
with the fresh film, the in situ polarized samples with oriented
amorphous dipoles showed a lower conductivity, and the higher
the in situ poling field the lower the conductivity at —80 °C
when the applied field was above 50 MV/m. This result
indicated that aligned amorphous dipoles could also decrease
the local electric field and thus reduced the electronic
conduction in the BOPVDF film. Meanwhile, the electronic
conductivity for the 200 MV/m-poled film with aligned S
dipoles was also measured at —80 °C. The values nearly
overlapped with those for the fresh film under all tested electric
fields. This result suggested that oriented f crystalline dipoles
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Figure 4. TSDC spectra for fresh BOPVDF films under different poling electric fields (E,) at 50 °C for 20 min using (A) Ag and (B) Al electrodes.
(C and D) Corresponding integration results for the three discharge peaks observed in the TSDC spectra in panels A and B. The peak-fitting results

are shown in Figure S1 (Supporting Information).

were less effective in reducing the electronic conduction in the
BOPVDF film than aligned amorphous dipoles. This is
understandable because the conduction electrons must mostly
pass through the amorphous phase rather than the PVDF
crystals for insulating polymeric materials.

In addition to crystalline and amorphous dipoles, the
electronic conductivity can also be affected by injected space
charges (i.e, homocharges) and the impurity ions (ie.,
heterocharges; Scheme 1). Here, we use the TSDC technique™*
to investigate both types of charges. In a TSDC experiment,
three parameters, E, T, and f, are important for the
subsequent discharge current spectrum. We will discuss the
effects from these parameters in the following. Figure 4A shows
the effect of the E, on the TSDC spectra for fresh BOPVDF
films polarized at 50 °C for 20 min with Ag electrodes. Three
major discharge processes were observed around —45, 60
(slightly higher than the T, of 50 °C), and 90 °C, respectively.
To understand the nature of these discharge processes, each
TSDC spectrum was deconvoluted into three peaks using peak-
fitting software. The corresponding results are shown in Figures
S1A—D (Supporting Information), where solid lines are the
experimental data, and dotted lines are fitted peaks using the
Lorentz function. From the fitted peaks, we obtained the
charges (C) for three discharge process by integration in
different temperature ranges: (1) —120 to —20 °C, (2) —20 to
120 °C, and (3) S0 to 120 °C. Figure 4C summarizes the
discharged charges as a function of E, during the three
discharge events for the sample with Ag electrodes. First, the
discharge peak at —45 °C could be attributed to the
depolarization of the polarized amorphous PVDF via
devitrification at T, Assuming the discharged charges at T,
(Crg) equal the dipolar polarization at 50 °C during the poling
process in TSDC, the total charge density for the film at 50 °C,
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$0°C
Diim ™

deformational (D3%f,,) and dipolar (D3} f,,) electric displace-

should be the summation of contributions from

ments: DiC = Dﬁgﬂglm + Dg?Pffflm, we obtain

50°C _ .50°C
€, ﬁlmgoEp - eroo,ﬁlmSOEp + CTg/AO (4)
where €5, and £gp, are the relative permittivity values of

the BOPVDF film at high and low frequencies at 50 °C, and A,
is the electrode area (0.786 cm?). From Figure 2E, we can get

et = 12.7 at 0.1 Hz. Assuming €50 g, is still 2.35 (namely,
€100 fim Should not change much with temperature), a linear
relationship can be obtained for the Cr, as a function of the E,;
see the black line in Figure 4C. As we can see, the experimental
data fit the theoretical line fairly well. The discharge peak at ca.
60 °C increased nearly linearly with E, above 10 MV/m (see
Figure 4A,C). We consider that this discharge peak should be
related to the depolarization of the injected homocharges from
Ag electrodes (Pinj, i.e., Schottky or thermionic emission ”"?).
To prove this hypothesis, we changed the electrodes from Ag to
Al, because different metals should have different work
functions and thus different charge injection capability.”*
Here, we choose Al instead of Au, because Al is much cheaper
and is actually used as metal electrodes for nearly all polymer
film capacitors."”” The E,-dependent TSDC spectra for Al
electrodes are shown in Figure 4B, and the corresponding peak
deconvolution results are shown in Figures S1IE—H in the
Supporting Information. Comparing the total charges (C,,) for
the P, peaks (Figure 4B,D), the C;,; for Ag electrodes was
higher than that for Al electrodes. In addition, for Schottky
emission at a constant temperature, the current density (J)
scales as In J o« E,"2°%** Assuming in a steady state, the
injected charges equal the leakage charges and thus C;;;/A, = /
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Figure S. TSDC spectra for fresh PVDF films at different poling times (tp) at 50 °C and 10 MV/m using (A) Ag and (B) Al electrodes. (C and D)
Corresponding integration results for the three discharge peaks observed in the TSDC spectra in panels A and B. The peak-fitting results are shown

in Figure S2 (Supporting Information).

J dt. As a result, the total charge should scale as In C,; o Epl/ 2,
Indeed, the insets of Figure 4C,D showed a linear relationship
between In C;; and EPI/ * for both Ag and Al electrodes. This
was consistent with the above theoretical prediction. Both these
result suggested that the discharge peak at ca. 60 °C could be
assigned as the depolarization of the injected homocharges at
50 °C for 20 min. It is interesting to note that the charge
injection only became important above 10 MV/m for both Ag
and Al electrodes. Actually, in many practical applications the
electric fields are above 10 MV/m; therefore, injected
homocharges should always happen for real applications.
From a previous report,53 the injected homocharges were
mostly positive charge carriers (holes) from the anode (positive
electrode) into the vicinity of the sample—electrode interface.
Upon subsequent heating, these charge carriers would
discharge in a short-circuit TSDC run. For the sample with
Al electrodes (Figure 4D), the discharged charge at T, also fit
to a linear relationship predicted by eq 4. Finally, the discharge
peaks around 90 °C for samples with Ag and Al electrodes were
often interfered by the premelting process of the poor PVDF
secondary crystals (see DSC results in Figure 1C), which
showed an up-turn in the discharge currents above 110 °C in
Figure 4A,B. As a result, we could not conclude a well-defined
trend for the charges from this discharge process if only based
on the results in Figure 4.

To understand the origin of the discharge peak at 90 °C,
TSDC experiments were carried out under 10 MV/m at 50 °C
for different £, values. An E,, of 10 MV/m, instead of 20 MV/m,
was chosen because the interference from homocharge
injection (ie, the P,; peak) could be minimized. TSDC
spectra at different ¢, values for the BOPVDF films with Ag and
Al electrodes are shown in Figure SA,B. Again, three discharge
peaks in the TSDC spectra were deconvoluted using the
Lorentz function (Figure S2, Supporting Information). The
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integration results of the discharge processes (i.e., charges) for
films with Ag and Al electrodes are summarized in Figure SC,D.
From Figure 5A,B, the discharge peak position and area at the
T, remained constant regardless of different f, values and
different metal electrodes. This is understandable because the
polarization of amorphous PVDF dipoles had a fast dynamics at
50 °C (<1 ps; see BDS results in Figure 2E,F). The P, peaks
for BOPVDF samples with Ag and Al electrodes appeared
around 60 °C (Figures SA,B). The charges for the Py, peaks
only slightly increased with increasing the ¢, (Figure 5C,D).
On the contrary, the discharge peak at 90 °C became
significant and increased roughly linearly with the t, for both
samples with Ag and Al electrodes (Figures SC and D). Given
the slow dynamics, we consider that the discharge peak at 90
°C (P,,) should be attributed to the depolarization of the
polarized ions in the sample. If this was the case, the P,;, peak
should be the same for the BOPVDF films despite the usage of
different metal electrodes. Surprisingly, the P, peaks for the
sample with Ag electrodes were apparently higher than that for
the sample with Al electrodes (Figure SC,D). We explain this
observation as the following. Let us assume that both cations
and anions in the BOPVDF film have a concentration of n, and
their diffusion coefhicients at 50 °C are the same, D,. Assuming
both cations and anions are single valence, the n; and D, values
for the impurity ions at 50 °C can be extracted from the
frequency scan BDS results in Figure 2E,F by fitting with the
Sawada equations (fitting curves not shown):*""** 2y = 5.606 X
10" ions/m® and D, = 1.219 X 107" m?/s (note that in the
Sawada fitting, the concentration is the summation of both
cations and anions; therefore, the total concentration of ions is
2n, if the concentrations for cations and anions are assumed to
be same, ny). Assuming the depolarization charges for ions
(Cion) is the same as the polarization of ions during the TSDC
poling at 50 °C, the current density (J;,,) during the TSDC
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Figure 6. TSDC spectra for fresh BOPVDF films at different poling temperatures (T,s) under 20 MV/m for 20 min using (A) Ag and (B) Al
electrodes. (C and D) Corresponding integration results for the three discharge peaks observed in the TSDC spectra in panels A and B. The peak-

fitting results are shown in Figure S3 (Supporting Information).
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Figure 7. Conductivity as a function of electric field for fresh BOPVDF films with (A) Ag and (B) Al electrodes at different temperatures.

poling should be J,,, = Cion/(Aqt,). On the basis of a theoretical
derivation for the total ionic current density from drifts of both
cations and anions with the same D, under a constant poling
electric field (E, = 10 MV/m),”* the J,, can be expressed as

_ Cion
A,

Jon = 29°DynoE,/kT

©)

If we assume only the impurity cations and anions in the
BOPVDF film drift under E, the predicted relationship
between C,,, and t, are shown as the blue dashed lines in
Figure SC,D. Intriguingly, the experimental C,, values for the
P, peaks around 90 °C for both samples with Ag and Al
electrodes appeared to be higher than the theoretical
prediction. Considering that the experimental C,, were
different for different metal electrodes, there must be some
electrochemical reactions between PVDF and the metal
electrodes, which produce additional ionic species during
electric poling at high fields and/or high temperatures. It is
reported that PVDF tended to emit a certain amount of HF gas
under high electric fields.”* We speculate that Ag and Al must
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react with the emitted HF to produce Ag" and AP**, as well as
F~ anions. Meanwhile, Ag appears to be more reactive with HF
than Al, which is why the P, , peaks for Ag are larger. Actually,
we can see Ag electrode corrosion with naked eyes, especially
on the positive (high voltage) side electrode after the BOPVDF
film is polarized at high temperature (>100 °C), high electric
field (>80 MV/m), and for a long time. We will discuss this in
the leakage current study later.

To further prove the origin of P, peak from electrochemical
reactions, we carried out a TSDC study for the BOPVDF film
coated with Au electrodes. Results and discussion are included
in section 6 in the Supporting Information. It is seen that the
P, peak became fairly weak or nearly disappeared when Au
electrodes were used for poling at E, = 20 MV/m, T, = 50 °C,
and f, = 20 min. This could be attributed to the higher
electrochemical stability of Au than Ag and Al

Finally, the effect of T, on the TSDC spectra of the
BOPVDF film was studied when the E, was 20 MV/m and the
t, was 20 min. The corresponding results for samples with Ag
and Al electrodes are shown in Figure 6A,B. The T|, range was
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from 0 to 75 °C. Again, three discharge peaks in the TSDC
spectra in Figure 6A,B were fitted by the Lorentz function
(Figure S3, Supporting Information). The integrated areas (i.e.,
charges) for samples with Ag and Al electrodes are summarized
in Figure 6C,D. For the discharge peak at the T, the Cr,
remained nearly constant with T,. The position for the Py,
peaks varied with the T, but was always 5—10 °C higher than
the T,. Meanwhile, with increasing the T, C,; started to
substantially increase above 40—50 °C. For the P, peaks
around 90 °C, the C,,, also started to significantly increase
above 40—50 °C. At T, = 75 °C, the P, and P,,, peaks merged
together, making the peak deconvolution not possible.
However, judging from the peak shape and peak-fitting results
(Figure 6C,D), the C,y appeared always higher than the C;,,
above 50 °C for both samples with Ag and Al electrodes. This
suggested that charge injection dominated when the poling
temperature was above 50—60 °C for the BOPVDF film under
high field poling.

From the above study, both crystalline and amorphous
dipoles should have limited effects on the electronic conduction
in the BOPVDF film. What are the effects of the injected
homocharges and the ions (both impurity ions and those
generated from electrochemical reactions)? To answer this
question, the DC conductivity of the BOPVDF films under
different poling fields at different temperatures were tested for
samples with Ag and Al electrodes, and results are shown in
Figures 7A and B, respectively. At low temperatures (—25 and 0
°C), the conductivity increased slightly upon increasing the
electric field for both samples with both Ag and Al electrodes.
This was consistent with the electron-hopping conduction
mechanism that electronic conductivity should increase with
increasing the applied field.” When the temperature increased
to 25 and 50 °C, the conductivity first increased and then
decreased above a certain field, e.g,, 30 MV/m for 25 °C and
5—10 MV/m for 50 °C. This phenomenon was nearly the same
for both samples with Ag and Al electrodes. This can be
explained as the following. In this temperature range at low
electric fields, charge injection is limited. Instead, the polarized
ions dominated in the poling process. Above a certain poling
field, the polarized ions generated a strong enough opposite
internal electric field and eventually decreased the electronic
conduction. Note that the DC conductivities at 25 and 50 °C
almost overlapped when the electric field was above 75 MV/m,
suggesting that the effect of polarized ions from electrochemical
reaction dominated at higher fields and longer poling times.
When the temperature increased to 75 and 100 °C, the DC
conductivity further increased for both samples with Ag and Al
electrodes as compared to the conductivity at 50 °C. However,
the increases were greater for the Ag than for the Al electrodes,
which could be attributed to higher charge injection for the Ag
electrodes at high temperatures under high electric fields. At
each temperature, the conductivity still decreased with electric
field, and this could be attributed to the polarized ions. For the
BOPVDF film with Ag electrodes at 100 °C, an abnormal
increase in conductivity was observed around 85 MV/m
(Figure 7A). After the leakage current run at 100 °C, the
sample was examined by naked eyes. The Ag electrode on the
positive (high voltage) side lost its shiny metallic surface and
also became not conductive, whereas the negative side still
looked shiny and remained conductive. This proved our
previous hypothesis that Ag electrode reacted with PVDF
(most likely a small amount of HF gas) under high-field and
high-temperature electric poling. This severe electrode

corrosion could not be observed by naked eyes when Al was
used as electrodes, suggesting that Al was more resistive than
Ag for the electrochemical reaction.

From this study, we learn that PVDF (or its copolymers)
coated with non-noble metal electrodes (e.g, Ag and Al),
cannot be used for film capacitor applications under stringent
electrical conditions, such as high electric fields, long poling
times, and high temperatures, because it will emit HF gas,
which in turn corrodes the metal electrodes. Considering Au is
too expensive to be used as metal electrodes for practical
applications, we propose to end-cap PVDF with a dielectric
polymer (e.g,, polycarbonate, PC) in a sandwich geometry or in
multilayer films'>*® to prevent direct contact of PVDF with
metal electrodes. This research currently is under investigation
and will be reported in the future.

3. CONCLUSIONS

In summary, the crystalline structure—dielectric property
relationship for a BOPVDF film with 54 wt % crystallinity
were studied. The PVDF crystals contained about 70% « phase
and 30% f phase. Through extraction of the static dielectric
constant for the amorphous phase, a high value of ca. 21-22 at
25 °C was obtained, much higher than the values of 8—13 both
experimentally measured and theoretically predicted usin§
molecular dynamics simulation for amorphous PVDF.’
Consequently, a model of a finite amorphous interphase having
a homeotropic orientation with respect to the crystal basal
plane was proposed. In other words, a significant amount of
PVDF chains on the crystal basal plane adopted the
switchboard, rather than the adjacent reentry (or chain-
folding), model. This interphase was similar to the rigid
amorphous fraction observed for crystalline polymers.*” Based
on the Debye equation (eq S11, Supporting Information), the
fraction of this oriented amorphous interphase was estimated to
be 28% (i.e., S5% of the entire amorphous PVDF), similar to
the rigid amorphous fraction (~30%) in poly(ethylene
terephthalate) (PET).*® From frequency-scan BDS study
(Figure 2F), the amorphous relaxation peak was broader and
weaker at temperatures close to the T, than at high
temperatures, suggesting a slower segmental dynamics for the
homeotropic interphase regions. In the future, we propose to
use solid-state "F NMR to experimentally determine the
existence of this interphase fraction in semicrystalline PVDF
and its copolymers.

Electronic conduction in the BOPVDF film was investigated
by a leakage current study, and various polarization
mechanisms, including dipolar polarization, charge injection,
and polarization of ions, were studied by TSDC spectroscopy.
It was observed that dipolar polarization (i.e., polarization of
crystalline and amorphous dipoles) could slightly decrease the
electronic conduction; however, the effects were fairly limited.
Instead, homocharge injection from metal electrodes, which
tended to increase the electronic conduction, was proved by
TSDC to be the most important factor at high temperatures
(>40—50 °C) under high electric fields (>10 MV/m). Different
metal electrodes exhibited different charge injection capability.
For example, Al electrodes showed less charge injection into
the BOPVDF film than Ag electrodes. As a consequence, the
film coated with Al electrodes exhibited lower conductivity than
that coated with Ag electrodes at high temperatures (>75 °C)
and under high poling fields. In addition, high ionic polarization
in the sample was observed by TSDC at long poling times and
high poling temperatures. The polarized ions could produce a
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reverse internal field and thus reduce electronic conduction.
However, the amount of ionic polarization was higher than
what was expected from the impurity ions in the sample alone,
suggesting that additional ions were generated from electro-
chemical reactions between PVDF and metal electrodes under
harsh electrical poling conditions. Al electrodes appeared to be
more resistant to the electrochemical reaction than Ag
electrodes. To prevent direct electrochemical reactions between
PVDF and the metal electrodes, we propose to carry out future
research to sandwich PVDF with thin layers of a stable
dielectric polymer such as PC (e.g, in multilayer films'**%).
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