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Abstract:  Compared with chemical modification of ferroelectric poly(vinylidene
fluoride) (PVDF) for electric energy storage, polymer blends, whether miscible or immiscible,
represent a much easier approach to suppress the ferroelectricity of PVDF. In this study, we
explored both miscible [i.e., poly(methyl methacrylate) or PMMA] and immiscible (i.e.,
polycarbonate or PC) blends with poly(VDF-co-hexafluoroethylene) [P(VDF-HFP)], as well as
the PC/P(VDF-HFP) multilayer films. For miscible PMMA/P(VDF-HFP) blend films, the
addition of PMMA significantly decreased the crystallinity of P(VDF-HFP). At a high PMMA
content of ca. 40 wt.%, the stretched PMMA/P(VDF-HFP) blend films started to exhibit the linear
dielectric behavior with suppressed ferroelectricity. For the immiscible PC/P(VDF-HFP) blend
films, a high PC content of ~50 vol.% was required to suppress the ferroelectricity in P(VDF-HFP).
Instead, the PC/P(VDF-HFP) multilayer films started to show linear hysteresis loops when the
content of P(VDF-HFP) was only 30 vol.%. More importantly, the PC/P(VDF-HFP) multilayer
films exhibited significantly higher breakdown strength than the blend films. This could be
attributed to the perpendicular interfaces (with respect to the applied electric field), which serve as
effective blocks for hot electrons injected from the metal electrodes to pass through the film.
From this study, compared to conventional miscible and immiscible blends, multilayer films are
promising for next generation film capacitors, aiming to achieve high temperature tolerance, high

energy density, and low loss simultaneously.
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1. Introduction

High performance polymer dielectric films are highly desirable for advanced electronic
and power applications such as DC link capacitors in fully or hybrid electric vehicles.[1-3]
Current state-of-the-art polymer film is the biaxially oriented polypropylene (BOPP) film,
primarily owing to its extremely low dielectric loss (e.g., dissipation factor tand ~ 0.0002), high
breakdown strength (730 MV/m at a 2 cm? test area), and long lifetime.[4-6] However, the
temperature rating for BOPP films is limited at 85 °C, above which its lifetime significantly
decreases without derating the operating voltage.[7] In addition, the energy density of BOPP is
relatively low because of its low dielectric constant of only 2.25. To address these issues,
tremendous research efforts have been dedicated to develop new high temperature, high dielectric
constant, and low loss polymer dielectrics for electric energy storage applications.[8-12]

Poly(vinylidene fluoride) (PVDF) and its random copolymers have high dielectric constant
in the range of 10-12.[13-15] Although biaxially oriented PVDF films have been commercially
developed (as thin as 3-4 um), they cannot be used for film capacitors simply because of significant
ferroelectricity in PVDF crystals.[9, 16-17] To suppress ferroelectricity for electric energy
storage, modification of PVDF and its random copolymers has been carried out. The first
strategy is to terpolymerize a large termonomer such as 1,1-chlorofloroethylene (CFE) or
chlorotrifluoroethylene (CTFE) with vinylidene fluoride (VDF) and trifluoroethylene (TrFE).[9-
10, 18-20] Because of the inclusion of the large termonomers inside P(VDF-TrFE) crystals to
breakup ferroelectric domains, nanosized ferroelectric domains (or nanodomains) are obtained.[9,
20] As aresult, relaxor ferroelectric behavior with high apparent dielectric constant (g: = 50-70)
and low hysteresis loss (<20%) is observed for these P(VDF-TrFE-X) random terpolymers (X =

CFE or CTFE). However, these terpolymers have low melting temperatures around 125 °C,



preventing high temperature applications. The second strategy is to graft linear dielectric
polymer chains such as polystyrene[21-23] or polyacrylates[24-27] from P(VDF-CTFE)-based
copolymers. At a low grafting density, these linear dielectric polymers segregate from the
ferroelectric PVDF crystals, forming an insulating layer. Consequently, the normal ferroelectric
behavior for PVDF gradually changes to double hysteresis loop behavior and finally to linear loops.
Relatively high dielectric constants and thus high energy densities are achieved. The third
strategy is to prepare PVDF-based block copolymers with microphase separated morphology.[28-
29] By gradually decreasing the PVDF block content, double hysteresis or linear loops can be
obtained with relatively high energy density.

Compared with chemical modification of PVDF and its random copolymers, polymer
blends appear to be a much easier approach to suppress ferroelectricity in PVDF crystals. These
blends can be either miscible [e.g., with poly(methyl methacrylate) (PMMA)] [30-32] or
immiscible [e.g., with polycarbonate (PC)] blends, depending on favorable (e.g., dipole-dipole
interactions between PMMA and PVDF) or unfavorable intermolecular interactions (e.g.,
incompatibility between bisphenol A moieties in PC and PVDF).[33] In this study, we
investigated the morphological effect on dielectric properties of poly(VDF-co-
hexafluoropropylene) [P(VDF-HFP)] blends (both miscible and immiscible) and multilayer films.
For the miscible PMMA/P(VDF-HFP) blend films stretched to 400%, the PMMA content needed
to be as high as 40 wt.% to suppress ferroelectric switching in PVDF crystals. Under such a high
PMMA content, the crystallinity substantially decreased, thus deteriorating the mechanical
property of the blend film. For immiscible PC/P(VDF-HFP) blend films, the PC content needed
to reach at least 50 vol.% to suppress ferroelectric switching in PVDF crystals.  On the other hand,

for the immiscible PC/P(VDF-HFP) multilayer films, a PC content of only 30 vol.% was enough



to suppress ferroelectric switching in PVDF crystals. More importantly, the PC/P(VDF-HFP)
multilayer films exhibited much higher breakdown strength than the blend films. It is clear that
multilayer films exhibited significantly better dielectric properties than conventional blends,
whether miscible or immiscible. Therefore, they are promising as next generation dielectric films
for the electric storage application, aiming to achieve high temperature tolerance, high energy

density, and low loss simultaneously.[34]

2. Experimental section
2.1. Materials

The P(VDF-HFP) random copolymer, Solef® 21508, was purchased from Solvay, and the
HFP content was 15 wt.%. PMMA resin was purchased from Aldrich, and its weight-average
molecular weight was 120000 Da. PC resin, Calibre™ 200-6, was purchased from Styron (now

Trinseo). All resins were thoroughly dried under vacuum before melt processing.

2.2. Film preparation

PMMA/P(VDF-HFP) blends with different weight ratios (5/95, 10/90, 20/80, 30/70, and
40/60) were prepared using a Haake MiniLab II Micro Compounder at 200 °C for 15 min to ensure
complete mixing. The extrudates were hot-pressed at 200 °C into ca. 30-40 um films. The hot-
pressed PMMA/P(VDF-HFP) blend films were uniaxially stretched using a home-built stretcher
at room temperature up to a draw ratio of 400%.

PC/P(VDF-HFP) blend and multilayer films were prepared as reported before.[35]
Briefly, the PC/P(VDF-HFP) blends with different volume fractions (10/90, 30/70, 50/50, 70/30,

and 90/10) were compounded using a Haake twin-screw compounder, followed by extrusion to



produce ~12 pum thick films. PC/P(VDF-HFP) 32-layer films (~12 pum thick) with different
volume fractions (10/90, 30/70, 50/50, 70/30, and 90/10) were produced using multilayer
coextrusion at 260 °C, where the melt viscosities (at a shear rate of 10 s™') of PC and P(VDF-HFP)
matched to ensure uniform layer thicknesses. Sacrificial low-density polyethylene (LDPE)
surface layers were coextruded around the multilayer films to avoid any mechanical damage of
multilayer films during melt-casting and film uptake. The sacrificial LDPE layers were removed
before any tests of the multilayer films. For comparison purpose, control PMMA, PC, and

P(VDF-HFP) films (ca. 10-12 um thick) were also prepared via the melt coextrusion process.

2.3. Characterization methods and instrumentation

Thermal properties of all blend and multilayer films were measured using a Q2000
differential scanning calorimeter (DSC, TA Instruments). The instrument was calibrated with
indium and tin standards. The heating and cooling rates were 10 °C/min and the sample weight
was ca. 3 mg. Fourier transform infrared (FTIR) was carried out on a Nexus 870 FTIR ESP from
Nicolet. The scanning range is from 4000 to 450 cm™! with 32 scans at a resolution of 4 cm™'.

Two-dimensional (2D) small-angle scattering (SAXS) and wide-angle X-ray diffraction
(WAXD) patterns were collected at the X27C beamline of the National Synchrotron Light Source
(NSLS), Brookhaven National Laboratory. The monochromatized X-ray wavelength was A =
0.1371 nm. Either a Mar CCD detector or a Fujifilm imaging plate was used for SAXS and
WAXD experiments. The distances between the sample and SAXS and WAXD detectors were
calibrated using silver behenate with the first-order reflection at a scattering vector of ¢ = 1.076

1

nm™. The data acquisition time for each SAXS or WAXD pattern was 30 s. Polar software

(version 2.7.4, Stony Brook Technology and Applied Research, Inc., Stony Brook, NY) were used



to integrate the 2D patterns into 1D curves.

Morphology of the film samples were characterized using atomic force microscopy (AFM).
Phase and height images of the cross-sections were recorded using a Nanoscope Ila Multimode
scanning probe (Digital Instruments). AFM was operated using the tapping mode at room
temperature.

Conventional BDS measurements were carried out on a Novocontrol Concept 80
broadband dielectric spectrometer to investigate the frequency- and temperature-dependent
dielectric behavior for as-extruded and recrystallized multilayer films. After drying at 60 °C for
24 h, both sides of the film sample were coated with 20 nm thick gold as electrodes. The
electrode diameter was 10 mm (area = 78.5 mm?). For frequency-scan BDS measurements, real
and imaginary relative permittivities (¢’ and &") in the range of 102—10° Hz were measured at a
constant temperature.

D-E loops were measured using a Radiant Technology Premiere II ferroelectric tester at a
frequency of 10 Hz with a sinusoidal wave function. Gold electrodes (20 nm thick) were sputter-
coated on both sides of the film with a diameter of 2.5 mm. Samples were immersed in a silicone
oil bath to avoid corona discharge in air. The maximum electric field was increased stepwise at
an increment of 50 MV/m until breakdown of the film. High temperature tests were performed
using an IKA RCT temperature controller. The discharged energy density and loss% could be
calculated based on the D-E loop, following a previous report.[8]

Breakdown strength tests were conducted using a Quadtech (Marlborough, MA) Guardian
20 kV HiPot tester. An electrostatic sandwich setup was used for all breakdown measurements.[5]
Film samples were masked using a thick, 100 pum Kapton® mask with a 1.5-cm diameter circular

hole used to determine the sampling area. Two 1.2x6 cm? strips of 6 pum thick aluminum



metalized BOPP film were used as the flexible electrodes. The effective electrode area was thus

Lum™ until electric breakdown. All

1.76 cm?. The voltage was ramped at a speed of 50 V-s~
measurements were conducted at room temperature in air. Breakdown data were recorded when

the breakdown site was in the center area of the masked film (i.e., not via edge corona discharge).
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Fig. 1. (A) Second heating DSC curves for nonstretched PMMA/P(VDF-HFP) blend films and
(B) first heating DSC curves for stretched (400% draw ratio) PMMA/P(VDF-HFP) blend films.
(C) Tg as a function of PMMA wt.% in the amorphous phase for the nonstretched PMMA/P(VDF-
HFP) blend films during second heating. (D) Crystallinity as a function of PMMA wt.% for
nonstretched and stretched (400% draw ratio) PMMA/P(VDF-HFP) blend films.



3. Results and discussion
3.1. Crystalline structure and dielectric properties of miscible PMMA/P(VDF-HFP) blend films

It is well-known that PMMA is fully miscible with PVDF and its random copolymers as a
result of strong dipole-dipole (or hydrogen-bonding like) interactions.[32, 36] PVDF and its
random copolymers such as P(VDF-TrFE) and P(VDF-HFP) cannot be directly used as capacitor
films because of their significant ferroelectricity.[9, 16-17] By blending PMMA into PVDF and
its random copolymers, it is possible to reduce the crystallite size and minimize ferroelectric
switching in PVDF crystals.[37-40] In this study, we evaluated this approach at the film level for
capacitor applications.  Before dielectric property characterization, the effect of PMMA
incorporation on the crystalline structure and morphology of P(VDF-HFP) was studied, especially
for uniaxially stretched blend films up to a draw ratio of 400%.

Fig. 1A shows the second heating DSC curves for nonstretched PMMA/P(VDF-HFP)
blend films with different PMMA weight contents. With addition of PMMA up to 40 wt.%, the
Tg (i.e., Te) gradually increased. These Ty, values were significantly higher than those predicted
by the Fox equation,[41] as shown in Fig. 1C. In addition to Ty, there existed another weak T
around -30 °C (i.e., Tg1) in DSC.  Although it was faint in DSC, this Ty was quite obvious in BDS
and dynamic mechanical analysis (DMA), as reported before.[30, 41-42] This T, did not change
much upon increasing the PMMA content. The Tg1 was explained by the oriented amorphous
chains stemming out of the PVDF lamellar crystals [i.e., the oriented amorphous fraction (OAF);
see the inset scheme in Fig. 1C].[15] Due to the relatively tight packing of the OAF, no PMMA
chains could enter this region and thus T kept around -30 °C, which was similar to that for neat
P(VDF-HFP).[30, 41-42] Currently, the percentage of the OAF could not be accurately

determined for the nonstretched blends. If correcting the PMMA content in the truly mixed



amorphous phase using the OAF percentage , the Ty values should get closer to the Fox prediction.
Upon addition of PMMA, the melting temperature (i.e., Tm2) became gradually lower whereas the
crystallinity decreased drastically (Fig. 1D). Finally, with 40 wt.% PMMA, the nonstretched
blend film became completely amorphous.

After 400% uniaxial stretching, the T2 slightly decreased compared to the nonstretched
films, because mechanical stretching decreased the crystallite size. Nonetheless, the overall
crystallinity increased, possibly due to strain-induced crystallization (Fig. 1D). In particular, the
stretched 40 wt.% PMMA blend film had a crystallinity of 22 wt.%. Upon the first heating, a
weak Tmi around 60 °C was observed for all films. This could be attributed to the melting of

secondary crystals formed during mechanical stretching, as we reported before.[15, 43]
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Fig. 2. (A,C) SAXS profiles and (B,D) WAXD profiles for (A,B) nonstretched and (C,D)

stretched (draw ratio at 400%) PMMA/P(VDF-HFP) blend films.

The crystalline polymorphism in these PMMA/P(VDF-HFP) blend films were first studied
by WAXD. The lamellar structure was studied by SAXS. The corresponding 2D SAXS and
WAXD patterns are shown in Fig. S1 in the Supplementary Information. Figs. 2A and B show
1D SAXS profiles for nonstretched and stretched PMMA/P(VDF-HFP) blend films, respectively.
Upon increasing the PMMA content, the lamellar d-spacing gradually became larger. This could
be primarily attributed to the thickening of the amorphous layers sandwiched between neighboring
lamellae.

From Fig. 2C, the nonstretched 5/95 blend film was primarily in the a crystalline form.

11



The (110) reflection for the nonstretched 10/90, 20/80, and 30/70 blend films shifted to a higher ¢
value, suggesting the appearance of certain y or B crystalline form upon addition of PMMA in
P(VDF-HFP). Finally, the nonstretched 40/60 blend film became completely amorphous.
From Fig. 2D, the stretched blend films exhibited higher crystallinities. The stretched 5/95 blend
film exhibited mostly the a form. For other stretched blend films with higher PMMA contents,
the B form was clearly observed. This result suggested that both addition of PMMA and uniaxial

stretching favored the formation of polar  form in P(VDF-HFP).
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Fig. 3. FTIR spectra for (A) nonstretched and (B) stretched (400%) PMMA/P(VDF-HFP) blend
films. The spectra of control PMMA and P(VDF-HFP) (both nonstretched and stretched) films
are included for comparison.

The polymorphism in nonstretched and stretched PMMA/P(VDF-HFP) blend films was
further confirmed by FTIR, as shown in Fig. 3. For nonstretched PMMA/P(VDF-HFP) blend
films (Fig. 3A), the a form was the major component for the 5/95 and 10/90 blend films, because
the B/y peak at 840 cm™' was absent. For the nonstretched 20/80 and 30/70 blend films, the B/y
peak at 840 cm™! appeared whereas the o peaks at 795, 760, 614, and 532 cm’! disappeared,

indicating that the formation of the B/y form was induced by PMMA. For the nonstretched 40/60
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blend film, the 840 cm™ peak became weaker. From DSC and WAXD results, this blend film
was fully amorphous.

For the stretched PMMA/P(VDF-HFP) blend films in Fig. 3B, only the 5/95 film showed
the presence of the a form, indicated by the o peaks at 795, 760, 714, and 532 cm™!.  For the rest
stretched blend films, the B/y peak at 840 cm™! became obvious, indicating the formation of the B

form upon addition of PMMA and mechanical stretching.
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Fig. 4. Bipolar D-E loops for PC/P(VDF-HFP) blend films: (A) 10/90, (B) 30/70, (C) 50/50, (D)
70/30, and (E) 90/10 (vol./vol.) at room temperature. The poling frequency was 10 Hz with a
sinusoidal wave function. (F) shows loss% as a function of electric field for different blend films.

High-field ferroelectric properties were studied by D-E loop tests on stretched
PMMA/P(VDF-HFP) blend films. The effects of different draw ratios on crystalline morphology
and ferroelectric properties for the PMMA/P(VDF-HFP) 20/80 blend film are shown in Fig. S2.
Upon increasing the draw ratio, more and more oriented PVDF crystals were observed in both 2D

SAXS and WAXD patterns. This was reflected by an increase of the Herman’s orientation factor,
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£, from 0.05 for the nonstretched film to 0.86 for the 400% stretched film. Meanwhile, for the
nonstretched film, linear D-E loops were seen when the poling field was up to 225 MV/m. Upon
increasing the draw ratio, double hysteresis loops developed with gradually enhanced maximum
polarization. This was attributed to the crystal orientation effect,[23] because VDF dipoles could
respond more readily in oriented films than the nonstretched films with a random crystal
orientation. For this study, we used 400% stretched blend films for the high-field dielectric
property study.

Fig. 4 shows bipolar D-E loops for 400% stretched PMMA/P(VDF-HFP) blend films with
different PMMA contents. The poling was performed at room temperature with a sinusoidal
wave function at 10 Hz.  For the 5/95 and 10/90 blend films, typical ferroelectric loops were seen.
This could be attributed to the fact that PMMA did not decrease the PVDF crystallinity much for
both films, as seen in Fig. 1D. For the 20/80 blend film, double hysteresis loops were observed.
For the 30/70 blend film, limited ferroelectric switching was observed only when the poling field
was above 200 MV/m. Finally, for the 40/60 blend film, linear D-E loops were obtained even
when the poling field was as high as 400 MV/m. This could be attributed to nonuniform electric
field distribution in the amorphous and crystalline phases of the blend films. For a multiphase
dielectric under a high applied electric field, the low dielectric constant phase [i.e., the amorphous
PMMA/P(VDF-HFP) phase] bears a high local electric field, and the high dielectric constant phase
(the PVDF crystalline phase) should have a low local electric field.[9, 44-45] It is likely that at
a high PMMA content, the local electric field in PVDF crystals became too weak to induce any
ferroelectric switching of ferroelectric domains. From these bipolar D-E loops, the energy loss%
could be calculated, and results are summarized in Fig. 4F. 'When the PMMA content was below

30 wt.%, significant loss% values (around 50%) were observed when then poling electric field was
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above 250 MV/m. Only for the 40/60 blend film, the loss% remained the lowest among all
samples.

Similar D-E loops were observed for these miscible blend films at 50 (Fig. S3) and 75 °C
(Fig. S4), respectively. Meanwhile, the hysteresis loss% increased upon increasing temperature
(see Figs. S3F and S4F). From this study, we conclude that blending a miscible polymer such as
PMMA with PVDF was not effective in suppressing the ferroelectric switching behavior for PVDF,
unless the content of PMMA reached very high (e.g., 40 wt.%). However, this miscible blend
approach is not practical because too much PMMA significantly decreased the crystallinity and

thus decreased mechanical strength for the blend films.
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(C) 50/50, (D) 30/70, and (E) 10/90. (F) shows the cross-section of the PC/P(VDF-HFP) 50/50
32L film.
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3.2. Morphology and dielectric behavior for immiscible PC/P(VDF-HFP) blend and multilayer
films

If the miscible blend approach is not viable, how about the immiscible blend approach?
In this study, we continued to study two different immiscible polymer blend films, namely,
conventional blend and coextruded multilayer films.[46] Figs. SA-E show AFM phase images
of the cross-sections of PC/P(VDF-HFP) blend films with different compositions. It can be seen
when PVDF was the minority component such as in PC/P(VDF-HFP) 90/10 (Fig. 5A) and 70/30
(Fig. 5B) blend films, PVDF formed the islands in the PC matrix. When PC was the minority
component such as in PC/P(VDF-HFP) 30/70 (Fig. 5D) and 10/90 (Fig. SE) blend films, PC
formed the islands in the PVDF matrix. When the composition was 50/50, bicontinuous
morphology was formed (Fig. 5C). Since all blends were extruded into ca. 12 pum films, the
microdomains became anisotropic in the thickness direction. Using the forced coextrusion
technology, PC/P(VDF-HFP) multilayer films were obtained.[35] An example AFM phase
image is shown in Fig. 5F for PC/P(VDF-HFP) 50/50 32-layer (32L) film. Relatively uniform
PC and P(VDF-HFP) layers were observed. In these images, PC had a higher modulus than
P(VDF-HFP). Therefore, PC microdomains/layers appeared brighter and PVDF

microdomains/layers appeared darker.
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Fig. 6. (A) Dielectric constant as a function of PC vol.% for PC/P(VDF-HFP) blend and
multilayer films. (B) Dissipation factor (tand) as a function of PC vol.%. Theoretical
predictions for parallel and series capacitor models are shown for comparison.

Because PC has poor uniaxial or biaxial stretchability, we could not stretch PC/P(VDF-
HFP) blend and multilayer films. In addition, PVDF crystals adopted the edge-on crystal
orientation when confined in the sub-micron scale space.[47] The frequency-scan BDS results
for the PC/P(VDF-HFP) blend and multilayer films at 25, 50, and 75 °C are shown in Figs. S5 and
S6, respectively. From these results, dielectric constant (g;) and tand as a function of PC vol.%
can be obtained, as seen in Figs. 6A and B, respectively. In both figures, predictions from both
parallel and series capacitor models are shown. Derivation of &/, &", and tand for parallel and
series capacitor models are described in Section V in the Supplementary Information. Compared
with parallel and series capacitor models, the multilayer film &' fit the series model very well and
the blend film &," were between the predictions of the parallel and series capacitor models (Fig.
6A). This is understandable because immiscible blends could not be represented by the parallel
model (see morphology in Fig. 5). The tand values for the multilayer films appeared to be higher
than the series model predictions. Note that derivation of tand in Section V of the Supplementary

Information ignored any conduction of space charges or impurity ions in the samples. If there
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was certain conduction of impurity ions in the multilayer films, the overall tand would be greater
than those predicted by the series capacitor model. For the immiscible blend films, tano were
lower than the parallel model prediction at high PC contents. At low PC contents, the tand values

fit well with the parallel model prediction.
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Fig.7. Bipolar D-E loops for PC/P(VDF-HFP) blend films: (A) 10/90, (B) 30/70, (C) 50/50, (D)
70/30, and (E) 90/10 (vol./vol.) at room temperature. The poling frequency was 10 Hz with a
sinusoidal wave function. (F) shows loss% as a function of electric field for different blend films.

High-field ferroelectric behavior for the PC/P(VDF-HFP) blend films was studied by five
continuous D-E loops, as shown in Fig. 7. For PC/P(VDF-HFP) 10/90 and 30/70 blend films,
typical ferroelectric loops were seen. When the PC content was 50 vol.% or below, linear D-E
loops were obtained, and the & decreases upon increasing the PC vol.%. The energy loss% is
shown in Fig. 7F. When the PC content was below 30 vol.%, ferroelectric switching led to
significant loss. When the PC content was 50 vol.%, the loss% was relatively high when the

poling field was above 200 MV/m. Only when the PC content was higher than 70 vol.%, the
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loss% remained reasonably low. However, the low ¢; for the blend films of high PC contents was

disadvantages.
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Fig.8. Bipolar D-E loops for PC/P(VDF-HFP) multilayer films: (A) 10/90, (B) 30/70, (C) 50/50,
(D) 70/30, and (E) 90/10 (vol./vol.) at room temperature. The poling frequency was 10 Hz with
a sinusoidal wave function. (F) shows loss% as a function of electric field for different multilayer
films.

For PC/P(VDF-HFP) multilayer films, the situation changed. Only for the PC/P(VDF-
HFP) 10/90 32L film, ferroelectric switching was observed. For the multilayer films with PC
content greater than 30 vol.%, linear D-E loops were observed and they were slimmer than those
of the blend films at the same PC content. Upon increasing the PC content, the & gradually
decreased. The energy loss% values are shown in Fig. 8F. The PC/P(VDF-HFP) 10/90 film

exhibited high loss% due to ferroelectric switching. Multilayer films exhibited reasonably low

loss% when the PC content was higher than 50 vol.%.
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Fig. 9. Weibull breakdown analyses for PC/P(VDF-HFP) (A) blend and (B) multilayer films at
room temperature. (C) Weibull breakdown strength at 63.2% failure probability and (D) Weibull
slope B as a function of PC vol.% for PC/P(VDF-HFP) blend and multilayer films.

The dielectric breakdown strength for the immiscible blend and multilayer films were
studied using Weibull analysis. From the Weibull plots in Fig. 9, both breakdown strength (Ep)
at 63.2% failure probability (Fig. 9A) and slope B (Fig. 9B) could be obtained. From Fig. 9A, it
is intriguing to see that PC/P(VDF-HFP) multilayer films exhibited higher Ep, than the linear
average, whereas the blend films showed lower Ey than the linear average. The minimum Ep was

observed for the 50/50 blend film. This is understandable because the 50/50 blend film exhibited

bicontinuous morphology (Fig. 5C) and all other blend films exhibit the island-in-the-sea
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morphology. We consider that the bicontinuous PC/P(VDF-HFP) interfaces must have helped
the conduction of hot electrons injected from the metal electrodes under a high poling field,
especially when they happen to orient parallel to the external electric field. From Fig. 9B, the
Weibull slope B values for the multilayer films were higher than those of the blend films. From
this breakdown study, we conclude that multilayer films with the PC content greater than 50 vol.%
should be more advantageous than the blend films, because they have higher Ey and B values.
This could be attributed to the perpendicular PC/P(VDF-HFP) interfaces, which serve as effective

blockage for injected hot electrons from the metal electrodes, as we reported recently.[48-49]

4. Conclusions

As we know, PVDF and its random copolymers are ferroelectric, which significantly
hampers its application for film capacitors. Therefore, modification of PVDF and its random
copolymers is highly desired to suppress the ferroelectricity (i.e., nonlinear dielectric property
[50]). Polymer blend appears to be an easier approach than synthesis of block or graft PVDF
copolymers for this purpose. In this study, we have examined both miscible (PMMA) and
immiscible (PC) blends with P(VDF-HFP). First, when the PMMA content was <30 wt.%, 400%
stretched PMMA/P(VDF-HFP) blend films still exhibited significant ferroelectric switching.
When the PMMA content reached 40 wt.%, linear D-E loops were achieved; however, the PVDF
crystallinity dramatically dropped and the mechanical property became poor. Second, we studied
immiscible PC/P(VDF-HFP) blends and multilayer films. Due to the immiscibility, P(VDF-HFP)
could still crystallize at all compositions to keep good mechanical property. When the PC content
was >50 vol.%, linear D-E loops were obtained for the blend films. However, the hysteresis loss%

was still quite high. For PC/P(VDF-HFP) multilayer films, linear D-E loops could be obtained
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at a lower PC content of only 30 vol.%. More importantly, the PC/P(VDF-HFP) blend films
exhibited significantly lower breakdown strength than the multilayer films, especially at the 50/50
composition with a bicontinuous morphology. This could be attributed to the more conductive
pathway along the interfaces in the bicontinuous blend film. On the contrary, PC/P(VDF-HFP)
multilayer films exhibited higher breakdown strength than the linear average values, because all
interfaces were perpendicular to the applied electric field. As such, interfacial polarization
significantly prevented the thermal runaway of hot electrons injected from the metal electrode, as
we reported recently.[48-49] Compared with both miscible and immiscible polymer blends,
multilayer film is a viable approach to realize relatively high dielectric constant, high energy

storage, high breakdown strength, and low dielectric loss simultaneously.
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I. X-ray Study of Nonstretched and Stretched PMMA/P(VDF-HFP) Blend Films

nonstretched PMMA/P(VDF-HFP) films
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Figure S1. Two-dimensional (2D) SAXS and WAXD patterns for (the top panel) nonstretched
and (the bottom panel) 400% stretched PMMA/P(VDF-HFP) blend films with different weight
compositions of PMMA.
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II. Effect of Draw Ratio on Crystalline Morphology and Ferroelectric Property of
PMMA/P(VDF-HFP) Blend Films

PMMA/P(VDF-HFP) 20/80 Films
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Figure S2. (Top panel) 2D SAXS and WAXD patterns for the stretched PMMA/P(VDF-HFP)
20/80 blend film with different draw ratios. The Herman orientation factor (f) values are shown
in the WAXD patterns. (Bottom panel) Bipolar D-E loops for the stretched PMMA/P(VDF-HFP)

20/80 blend film with different draw ratios.

E (MV/m)

S-3



I11. Bipolar D-E Loops for Various PMMA/P(VDF-HFP) Blend Films at 50 and 75 °C
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Figure S3. Bipolar D-E loops for PC/P(VDF-HFP) blend films: (A) 10/90, (B) 30/70, (C) 50/50,
(D) 70/30, and (E) 90/10 (vol./vol.) at 50 °C. The poling frequency was 10 Hz with a sinusoidal
wave function. (F) shows the loss% as a function of electric field for different blend films.
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Fig. S4. Bipolar D-E loops for PC/P(VDF-HFP) blend films: (A) 10/90, (B) 30/70, (C) 50/50, (D) 70/30, and
(E) 90/10 (vol./vol.) at 75 °C. The poling frequency was 10 Hz with a sinusoidal wave function. (F) shows the
loss% as a function of electric field for different blend films.
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IV. Frequency-scan BDS for Various PMMA/P(VDF-HFP) Blend Films at Various
Temperatures

PC/P(VDF-HFP) Blend Films
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Fig. S5. Frequency-scan BDS results for PC/P(VDF-HFP) blend films, (A-C) 90/10, (D-F) 70/30, (G-I) 50/50,
(J-L) 30/70, and (M-O) 10/90 at different temperatures: (A,D,G,J,M) &/, (B,E,H,K,N) ¢", and (C,F,I,L,0)
dissipation factor, tand.
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Fig. S6. Frequency-scan BDS results for PC/P(VDF-HFP) multilayer films, (A-C) 90/10, (D-F) 70/30, (G-])
50/50, (J-L) 30/70, and (M-O) 10/90 at different temperatures: (A,D,G,J.M) &/, (B,E,H,K,N) &", and (C,F,I,L,0)
dissipation factor, tand.



V. Derivation of &', &', and tano for Parallel and Series Capacitor Models

For the parallel capacitor model, the overall capacitance (C,") is:

Cp=C+C; S1
where C;", C2” are complex capacitance of individual capacitors. Since capacitance is a function
of area (A) and thickness (d) of the films, Ci* = e;*€0(Ai/d), where &;* is the complex permittivity
and go is vacuum permittivity, we have:

s;“eog = eﬁlso%+sﬁzeo% S2

& = & ¢ + €129, S3
where &* is the complex permittivity of the parallel capacitor model, ¢1 and ¢» are volume fraction
of capacitors 1 and 2. Since &* = &/ — ie;” and tand = &;"/&;’, we can have:

oA /]
& = & ¢1 + &r2 ¢2 S4
"no___.n "
& =& @, T &0, S5
5” ¢ +S” ¢
tand = ——1—"22 S6
Er10+Er2 P,
For series capacitors, the overall capacitance Cs*:
11,1
41 S7
T
Since Ci* = &i*eo(A/d;), we have:
d _d; , d
==+ S8
&r fr1 &r2
1 ¢ ¢
— =142 S9

&r &1 Erp
Since &* = &' — ig,” and tand = &;"/¢;’, we can have:

’ ’
51’” _ $1€r1 P12 S10
12, n2 " 1 2, 2 12, n2
& té&r &r1 &g €r2 Térz
" ”
g _ #1€r1 P, Er2 S11
12, n2 " 1 2, 2 12, n2
r t&r &r1 &g €r2 Térz
tand/e; _ ¢tandi/er | tandy/er 312

1+(tans)? 1+(tand;)?2  1+(tandy)?
In the above derivation, any conduction is ignored. These theoretical predictions are shown in Fig.

6 in the main text.



