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Abstract

High energy density, high temperature, and low loss polymer dielectrics are highly
desirable for electric energy storage, e.g., film capacitors in the power electronics of electric
vehicles and high-speed trains. Fundamentally, high polarization and low dielectric loss are two
conflicting physical properties, because more polarization processes will involve more loss
mechanisms. As such, we can only achieve a delicate balance between high dielectric constant
and reasonably low loss. This review focuses on achieving low dielectric loss while trying to
enhance dielectric constants for dielectric polymers, which can be divided into two categories:
extrinsic and intrinsic.  For extrinsic dielectric systems, the working mechanisms include dipolar
(e.g., nanodielectrics) and space charge (e.g., ion gels) interfacial polarizations.  These
polarizations do not increase the intrinsic dielectric constants, but cause decreased breakdown
strength and increased dielectric loss for polymers. For intrinsic dielectric polymers, the
dielectric constant originates from electronic, atomic (or vibrational), and orientational
polarizations, which are intrinsic to the polymers themselves. Because of the nature of molecular
bonding for organic polymers, the dielectric constant from electronic and atomic polarizations is
limited to 2-5 for hydrocarbon-based insulators (i.e., band gap > 4 eV). It is possible to use
orientational polarization to enhance intrinsic dielectric constant while keeping reasonably low
loss. However, nonlinear ferroelectric switching in ferroelectric polymers must be avoided.
Meanwhile, paraelectric polymers often exhibit high electronic conduction due to large chain
motion in the paraelectric phase. In this sense, dipolar glass polymers are more attractive for low
loss dielectrics, because frozen chain dynamics enables deep traps to prevent electronic conduction.
Both side-chain and main-chain dipolar glass polymers are promising candidates. Furthermore,

it is possible to combine intrinsic and extrinsic dielectric properties synergistically in multilayer



films to enhance breakdown strength and further reduce dielectric loss for high dielectric constant
polar polymers. At last, future research directions are briefly discussed for the ultimate

realization of next generation polymer film capacitors.
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1. Introduction

Electric energy storage is of vital importance for green and renewable energy applications.
Different from batteries, which have a high energy density via electrochemical reactions,
capacitors physically store and discharge electric energy within a very short time. In this sense,
capacitors have a high power density and are ubiquitous in all large-scale electrical and power
devices. Recently, further development for capacitor technologies is demanded by new
applications,[1-4] including electric vehicles, high speed trains, smart power grids, and even
electric ships and airplanes. Compared to ceramic[5] and electrolytic capacitors,[6] polymer film
capacitors have certain advantages, including stable capacitance, high voltage, high ripple current,
self-healing, low loss, and ultrahigh power density.[1, 2] Current state-of-the-art polymer film
for capacitors is the biaxially oriented polypropylene (BOPP) film. This is primarily owing to its
ultralow dielectric loss (e.g., dissipation factor, tand ~ 0.0003), high dielectric breakdown strength
(> 700 MV/m), and long lifetime (> 20,000 h) due to the self-healing merit.[7, 8] Note that the
most important requirement for capacitor films is not necessarily high energy density, but low
dielectric loss to avoid significant heat generation in wound capacitors.[1, 9] Without any
sacrifice of breakdown strength and lifetime, the polymer film should be as thin as possible to
achieve a higher volumetric capacitance density [Cp/V = &£0/d?, where C,, is capacitance, V is
volume, & and g are relative and vacuum dielectric constant (or permittivity, x) and d is the film
thickness] and thus a lower material cost. At present, the thinnest BOPP film is 2.5 um with a
capacitance density of 3.2 F/m?, and the cost of metallized films is about $20-30/kg.

However, the temperature rating for BOPP film capacitors is only 85 °C, above which the
capacitor lifetime tends to decrease. As such, BOPP film capacitors cannot be directly used in

the high temperature environment (~140 °C) of modern power electronics, which use silicon- or



wide bandgap semiconductor-based transistors.[10-12] A 60-70 °C water-cooling system is then
necessary to cool BOPP film capacitors, and this incurs additional costs. To develop next
generation capacitor films, the following technological and scientific considerations should be
carefully taken into account. First, the new polymer film should withstand at least 140 °C with
a low dielectric loss (tand < 0.003). In this way, the water-cooling system may be eliminated to
save cost for the system. Second, the new polymer film should be able to self-heal to guarantee
a long lifetime. Third, film capacitors occupy nearly half of both volume and cost of the power
electronic unit. To achieve similar or even lower prices as the metallized BOPP films, the new
polymer film should have a higher energy density for miniaturization. Based on the cost-saving
consideration, the polymer films should be as thin as ~3 um in order to compete with the 2.5 pum
BOPP film technology.  This will require biaxial film orientation using the tenter-line
processing.[13]

In this review, we will not be able to cover all the above aspects for next-generation
polymer dielectric films for electric energy storage. Instead, we will only focus on enhancing
energy density via multiple polarization mechanisms for miniaturization, while keeping low
dielectric loss. Meanwhile, we will also briefly discuss high temperature polymer dielectrics.
Different polarization mechanisms include electronic (10'°-10'® Hz), atomic (or vibrational, 10'2-
10" Hz), orientational (typically 10°-10° Hz), and space charge polarizations (<10* Hz).[14]
From the fundamental physics point of view, high polarization/dielectric constant and ultralow
dielectric loss (tand <0.001) are contradictory material properties and cannot be achieve
simultaneously, because more polarization processes will incur more dielectric loss mechanisms.
Therefore, we can only optimize the system to achieve a relatively high energy density (e.g., ~10

J/em?®) with a reasonably low dielectric loss (e.g., tand <0.003).



It is known that the energy density is proportional to the dielectric constant and square of
the applied electric field; therefore, it seems more beneficial to increase the electric field for high
energy density. However, given the already high breakdown strength for dielectric polymer films
(e.g.,>700 MV/m for BOPP)[15] and the record breakdown strength is about 2 GV/m (e.g., single
crystal diamond),[16, 17] the room for increasing the operating field without decreasing the

lifetime is rather limited. Meanwhile, it is not a good idea to run polymer film capacitors under

high electric fields, because their dielectric lifetime will substantially decrease. Therefore,

increasing dielectric constant is more reasonably achievable for polymers.[18-20] On the basis
of different polarization mechanisms, polymers can be divided into intrinsic and extrinsic
dielectrics. An intrinsic polymer dielectric has a genuine dielectric constant based on electronic,
atomic, and orientational polarizations. An extrinsic polymer dielectric has various interfacial
polarizations, which do not increase the intrinsic dielectric constant. ~Although both types of
polymer dielectrics can seemingly increase the capacitance and thus electric energy storage,
extrinsic interfacial polarizations can cause various issues. In the following, we will discuss both
extrinsic and intrinsic polymer dielectrics, and suggest viable intrinsic dielectric polymers for high

energy and low loss dielectric capacitor applications.
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Fig. 1. Schematic representation of interfacial polarizations (A) without and (B) with space
charge polarization (osp).  Eo is the applied electric field. Dj, &, and E; are electric displacement,
relative permittivity, and nominal electric field for the polymer i [i is 1 for polymer 1 (Py) and 2
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for polymer 2 (P2)]. odip is the dipolar interfacial polarization based on electronic, atomic, and
orientational polarizations. For insulators, there should only exist thermally activated electrons,
and no free holes. The holes at the Pi/P> interface represent image charges for the polarized
electrons at the P»/P; interface.

2. Extrinsic dielectric polymers based on interfacial polarizations

For a multicomponent system under an applied electric field (Eo), interfacial polarizations
can happen when different components have different dielectric constants and/or bulk
conductivities.[14, 18] We can explain this using a layered geometry with polymer 2 (P2)
sandwiched by polymer 1 (P1); see Fig. 1. 'We assume that relative dielectric constants for P; and
P> are &1 < gp, and P> is more conductive than P;. Because of the non-uniform electric field
distribution in multicomponent systems,[ 14, 18] the nominal electric field in P; (E1) is higher than
that in P> (E2). In the first case (Fig. 1A), there is no space charge polarization (osp), but only
dipolar interfacial polarization (c4ip) based on the difference in electronic, atomic, and orientational
polarizations for P; and P,.  Under the equal electric displacement condition: D = g1g0E1 = Dy =
engoEa, the dipolar interfacial polarization can be derived: 6aip = &r1€0(E1-E2).  In the second case
(Fig. 1B), there is a finite o, from polarization of charge carriers (i.e., ions and thermally activated
electrons). Note that there should not exist any free holes for an insulating polymer. The holes
at the P1/P; interface are drawn in Fig. 1B as image charges to compensate the polarized electrons
at the P»/P; interface. Polarization of charge carriers in P> will generate a negative internal
electric field, thus decreasing the electric field in P> (E2). In turn, the electric field in Py (E1) will
increase. Eventually, the system reaches an equilibrium with finite 6sp and caip.  In general, Gaip
increases with the applied field Eo, whereas o5, saturates at a high enough field by complete
polarization of all polarizable charge carriers in P,. Depending on the concentrations of charge
carriers (nsp) and dipoles (ngip) in P2, two situations can take place. When nsp 1s much lower than

ngip such as in conventional dielectrics with a small amount (e.g., < 1 ppm) of impurity ions,[21-
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23] oqip will be greater than osp at high fields. When nsp is comparable to ngip, such as in polymeric
ion gels,[24, 25] osp Will be significantly (>10°x) higher than cai due to formation of the electric
double layer (EDL).[26, 27]

It is worth noting that these interfacial polarizations, especially osp, increase the overall
capacitance (C,), but not the intrinsic dielectric constants of polymers (i.e., &1 and & for Py and
P, respectively). Therefore, we call these multicomponent systems as extrinsic polymer

dielectrics.

2.1. Polymer nanocomposite dielectrics (or nanodielectrics)

The first example of extrinsic dielectric polymers is a nanocomposite dielectric or a
nanodielectric, which is comprised of a polymer matrix and inorganic nanofillers.[28-35] The
nanofillers can be either insulating (e.g., ceramics) or conductive (e.g., metals or carbon
nanotubes/graphenes). A great deal of work has been done in this area to study the relationship
between dielectric properties of nanodielectrics and their components, including size, shape,
composition, and dispersion of fillers. Compared with the polymer matrix, the apparent dielectric
constant of these nanodielectrics is improved, ranging from several to tens of times. For polymer
nanodielectrics with spherical fillers, there are two fundamental models (or mixing rules) to predict
the dielectric constant. They are Maxwell Garnett model and Bruggeman model.[28, 36] The
working principle is actually the dipolar interfacial polarization. Before introducing these two
mixing rules, we introduce parallel and series capacitor models first, which are two extreme cases
for mixed dielectrics.

For the parallel capacitor model, the complex dielectric constant (&) is expressed as

follows:



& = &r1¢P1 + €22 (1)
where ¢ and ¢ are volume fractions and &1" and €:»” are dielectric constants of the polymer matrix
and fillers. For the series capacitor model, & is expressed as:

S= @)

&r &1 &
The parallel capacitor model represents one extreme of the most effective enhancement of
dielectric constant for nanodielectrics, whereas the series capacitor model represents the other
extreme of the least effective enhancement of dielectric constant.

For the Maxwell Garnett (MG, or Maxwell-Wagner) model, the effective dielectric

constant [€ef(MG)] is expressed as:

2Em+Ep+2nAe

geff(MG) =&m 3)

2em+ep—nAe
where em and g, are dielectric constant of the matrix and fillers, Ae = g,-em, and 1 is the volume
fraction of fillers. For the Bruggeman (BR) model, the effective dielectric constant [gef(BR)] is

expressed as:

gerf(BR) = i(Ae(Sn —2)+ep+ J[AS(Z —3n) —ep]? + 8emep) 4

If we assume the en = 3 and g, = 200, then we can see the difference among the above four mixing
rules as a function of the volume fraction of particular fillers. As shown in Fig. 2A, the parallel
and series capacitor models are two extreme cases. These could be tested in polycarbonate
(PC)/poly(vinylidene fluoride-co-hexafluoropropylene) [P(VDF-HFP)] multilayer films and
blends.[37] As shown in Fig. 1B, dielectric constants of the PC/P(VDF-HFP) multilayer films
fit well with the prediction by the series capacitor model. Dielectric constants of the PC/P(VDF-
HFP) blends lie between those of the series and the parallel capacitor models. This is because

the parallel capacitor model cannot represent the immiscible blends.



Generally speaking, the MG model is applicable to a composite with a low loading of
spherical fillers. Only enhancement of the local field between two poles of the filler is taken into
account. The coupling effect among neighboring fillers is neglected. Different from the MG
model, the BR model considers the dipole-dipole coupling effect among neighboring fillers in the
composite. Namely, the BR model is more suitable for the nanocomposites with a higher content
of fillers. Consequently, the BR model is more effective in enhancing et (Fig. 2A).  As shown
in Fig. 2C, the BR model fits the experiment broadband dielectric spectroscopy (BDS) data of
polypropylene (PP)/BaTiO3z and PP/BaTiOs@polyhedral oligomeric selsisquioxane (POSS)
nanocomposites reasonably well,[38] whereas the MG model significantly underestimates the
apparent dielectric constant. In a recent study, Elshad et al. used coarse-grained molecular
dynamics (MD) simulation to support this conclusion.[36] It was found that the dipole-dipole
coupling effect became important and could not be ignored at high filler contents. After
considering the influence of dipolar correlation effects, the simulation result, as well as the BR

model, fit the experiment data well.  On the contrary, the MG model underestimated the efr.
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Fig. 2. (A) Predicted & with four mixing rules, including parallel and series capacitor models,
MG model, and BR model at different filler volume fractions, assuming &, =200 and em =3. (B)
Dielectric constant as a function of PVDF vol.% for the PC/P(VDF-HFP) blend and multilayer
films.[36] Copyright 2019.  Adopted with permission from Elsevier Science Ltd.  (C) The &' for
PP/BaTiOs, PP/BaTiO3@POSS, and PP/BaTiO;@TiO.@POSS 80/20 nanocomposites as a
function of volume fraction of BaTiO3 nanoparticles measured at 1 kHz and RT.[37] Copyright
2016. Adopted with permission from American Chemical Society. (D) Dependence of & on
the filler content, ), in the random composite. The experimental result is from Ref. [39].[35]
Copyright 2016. Adopted with permission from Royal Society of Chemistry.

As we can see from Fig. 2, the dielectric constant of nanodielectrics cannot be effectively
enhanced for spherical fillers, unless the percolation threshold of 35-40 vol.% is reached.[40, 41]
For example, when Li and Ti-codoped NiO was added into PVDF, the composite showed an

apparent &’ as high as 90 at 100 Hz with the filler loading reaching 40 vol.%.[42] Arbatti et al.



produced a calcium copper titanate/P(VDF-TrFE) (TrFE is trifluoroethylene) composite with an
apparent &’ of ~610 at 50 vol.% filler content at 100 Hz.[43] Dang et al. prepared a high x (Ni-
BaTiO3)/PVDF nanocomposite, which exhibited a high apparent permittivity of 800 at a BaTiO;
fraction of ~40 vol.%.[44] With such a high inorganic filler content, the nanodielectrics lose the
melt processability for polymers. This can cause additional issues. 1) It is difficult to achieve
uniform dispersion of nanoparticles in the polymer matrix because of strong van der Waals
interaction at the nanoscale, unless the polymers are directly grafted onto the nanoparticles.[45]
2) The mechanical strength and elongation at break of nanocomposite films significantly
deteriorate when the filler content gets close to the percolation threshold. 3) The thickness of
nanodielectric films is limited by the size of fillers and cannot be too thin. 4) Nanodielectrics are
not suitable for biaxial orientation, which is a typical process for industrial production of capacitor
films. Because of poor interfacial adhesion between the particles and the polymer matrix,

cavitation can easily happen upon stretching.
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Fig. 3. (A) Schematic representation of internal conduction loss mechanism from space charges
in BaTiOs3 nanoparticles. (B) Electric field distribution (Ei/Eo) in the matrix of a PP/BaTiO3
70/30 (vol./vol.) nanocomposite. Er and Eo are the local and the external electric fields. (C)
Bipolar D-E loops for the PP/BaTiO3@POSS 80/20 (vol./vol.) nanocomposite. The inset shows
a TEM image of the nanodielectric. (D) Consecutive four unipolar D-E loops for the
PP/BaTiO3@POSS 80/20 (vol./vol.) nanocomposite at room temperature.[37] Copyright 2016.
Adopted with permission from American Chemical Society.

In addition to the above processing difficulties, these nanodielectrics often exhibit a unique
loss mechanism, as depicted in Fig. 3A.[38] As we know, ferroelectric ceramics such as BaTiO3
are more electronically conductive (¢ ~ 107'° S/m) than dielectric polymers. This is largely

because of the high dielectric constant (& = 123 in this case), which enables thermally activated
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electrons. Upon electric poling, these thermally activated electrons will accumulate at the
PP/BaTiO; interface along the field direction, because PP is much more insulating (¢ ~107!7 S/m).
Here, the positive charges in Fig. 3A are image charges to compensate the polarized electrons.
Upon bipolar poling, these interfacial charges will reverse the polarity via either the interface (I)
or the bulk (IT) of the BaTiOs particle (Fig. 3A). As a result, significant hysteresis loop loss from
internal conduction is observed for the PP/BaTiO; 80/20 nanocomposite [see the electric
displacement-electric field (D-E) loops and the inset transmission electron microscope (TEM)
image in Fig. 3C]. However, the situation is different for repetitive unipolar poling as shown in
Fig.3D. Only the first unipolar loop shows a large hysteresis loop loss, and the rest loops become
slim. This is because the interfacial charges are always poled in the same direct, and the polarity
is never reversed for the second to fourth loops. In this sense, nanodielectrics can only be used
in DC, rather than AC applications. To mitigate the problem of internal conduction loss, much
more insulating ceramics such as Al>O3 should be used; however, insulating ceramics usually have
a rather low dielectric constant.

Furthermore, it is observed that nanodielectrics easily breakdown upon electric poling.
The main reason is attributed to the nonuniform electric field distribution in multicomponent
systems, as long as there is a large permittivity contrast between the fillers (&.r) and the polymer
matrix (e;m). Basically, the high «x inorganic fillers bear a low electric field, Ef, and the low
polymer matrix bears a high electric field, En.[36] From a computer simulation of the
nanodielectric with a random particle distribution, the local En could be a few to several tens of
times higher than the applied electric field (Eo), especially between the aligned particles along the
electric field direction (Fig. 3B).[38, 46] As such, “hot spots” are created in the polymer matrix,

which can be easy to breakdown electrically. The reason is attributed to the high dipolar
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interfacial polarization because of the large difference in dielectric constants between the fillers
and the polymer (similar to the case in Fig. 1A).[36] This result is important, because it also
explains why nanodielectrics with particle aggregation have even lower breakdown strengths,
because the local field between aggregated particles is even higher than that between dispersed
particles. One way to mitigate this problem is to decrease the permittivity contrast by lowering
the dielectric constant of ceramic fillers, such as Al,O3 (e = 9)[47] and TiO; (&: ~ 40 for the anatase
form);[48] however, this will decrease the &+ of the nanodielectric.

How to ultimately solve the above problems for nanodielectrics? The ideal solution is to
decrease the filler content as much as possible, while still achieving a large enhancement effect on
dielectric properties (e.g., dielectric constant and breakdown strength) for the nanodielectrics.
Recently, Thakur et al. developed a novel nanocomposite approach, where the filler content was
less than 1 vol.%.[49] Surprisingly, significant improvement of the s (up to 50%) and dielectric
breakdown strength are observed. For example, after adding only 0.32 vol.% of ALO;
nanoparticles into polyetherimide (PEI), the €. of the nanocomposite could be as high as ~5.0,
which was 55% higher than that (3.2) of the neat PEI. The discharged energy density achieved
as high as ~2.9 J/cm® under 300 MV/m at room temperature. Meanwhile, breakdown strength
could also be enhanced. For example, the DC breakdown strength of low density polyethylene
(LDPE)/Al203; nanocomposites with <1 wt.% filler content was enhanced.[50] It was attributed
to the reduced volumetric conductivity because of deep trap levels in the nanocomposites.[50, 51]
At this moment, more research is needed to testify this concept in other systems and understand
the fundamental mechanism/physics for the unusual behavior.

Another type of nanodielectrics utilizes conducting fillers, either metallic [52-54] or

carbonaceous particles including carbon nanotubes and graphenes.[55-57] Enhanced &cfr is
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reported, as indicated by numerous low-field BDS studies. Meanwhile, the electrical percolation
threshold can be lower than the physical percolation threshold.[58, 59] The high dielectric
constants, ranging between 100 and a few thousands, can be attributed to partial conductive
pathways in direct contact with the metal electrodes, but not penetrating through the entire
sample.[60] In this sense, these conductive nanofiller composites behave similar to a
supercapacitor with an increased electrode area. Nonetheless, most studies stop at the low-field
dielectric characterization. Very few studies proceed to high-field dielectric studies, including
leakage current and dielectric breakdown studies. In a recent work, we studied PP
nanocomposites with nano-aluminum (nAl) particles (18 and 100 nm).[60] The filler content
ranges from 5 to 25 vol.%.  After surface grafting of polymer brushes, these nAl particles disperse
uniformly in the PP matrix. Because there is no particle aggregation and thus no conductive
pathways in direct contact with the metal electrodes, large enhancement of the efr is not observed.
For example, at 18.5 vol.% nAl, the & is only 4.4 at 1 kHz at room temperature, even smaller than
that of 6.1 for the PP/BaTiO3;@POSS 80/20 nanocomposite. The breakdown strength for the
PP/nAl nanocomposites dramatically decreases upon increasing the nAl content. For example,
at 25 vol.% nAl, the breakdown strength is only 30 MV/m, more than 20 times lower than that
(630 MV/m) for the neat PP matrix. Through a leakage current study, the mechanism is unraveled.
The bulk conductivity for the PP/nAl nanocomposites (e.g., 18.5 vol.% nAl) exhibit three
conduction mechanisms. At a low electric field (e.g., <20 MV/m), Ohmic conduction is observed.
Between 20 and 35 MV/m, conduction via the hopping mechanism is observed. Above 35 MV/m,
Fowler-Nordheim field electron emission is observed with significantly enhanced electronic
conduction. Finally, above 70 MV/m, the nanocomposite breaks down catastrophically. From

this study, it is clear that tightly packed metallic nanoparticles serve as the electron sources.
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When the local field in the dielectric matrix becomes high enough, Fowler-Nordheim field electron
emission would happen.[14] Basically, electrons are ejected from the metallic nanoparticles into
the polymer matrix, making the entire composite conductive. It is also because of the Fowler-
Nordheim emission, bipolar D-E loops are broad. Therefore, we conclude that
polymer/conductive filler nanocomposites are not suitable for high energy density capacitor
applications. Indeed, the Fowler-Nordheim field electron emission was also observed in other
polymer/metallic nanoparticle composites.[61-64] These composite films were used as electrical

switches, rather than capacitor films.
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Fig. 4. (A) Specific capacitance of a PS-b6-PEO-b-PS triblock copolymer and its ion gel with the
[EMIM][TFSI] ionic liquid as a function of frequency.[64] Copyright 2008. Reproduced with
permission from Nature Publishing Group. (B) Impedance phase angle as a function of frequency
for a PS-b-PMMA-bH-PS/[EMIM][TFSI] ion gel with different thicknesses.[65] Copyright 2011.
Reproduced with permission from American Chemical Society.

2.2. Ion gel polymer dielectrics
Space charge polarization can also improve the capacitance of polymer dielectrics. Ina
broader scope, space charges can include electrons, holes, and positive/negative ions. For

electrons and holes, they often exist in semiconductors. In this review, we consider that
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semiconductors are outside the scope, and will not be discussed any further. We will focus on
polymer dielectrics containing ions. Because ions can be blocked by metallic electrodes, polymer
electrolytes can survive relatively high electric fields. A successful example is the ion gel, where
the EDL plays an important role. The specific capacitance of an EDL can be calculated from the
Helmholtz model:[26]
Cepr = =y )

where ¢ is the permittivity and A is the thickness of the EDL. Considering the small value of A
(a few nanometers), the Cepr can be much higher than that of neat polymer dielectrics. For
example, the specific capacitance for poly(ethylene oxide) (PEO)/LiClO4 can be at least 10° times
that of PP at 1 Hz.[65] Based on this, ion gels based on block copolymers and ionic liquids could
be used as gate dielectrics in field effect transistors (FETs).[25] As shown in Fig. 4A, the specific
capacitance of a polystyrene-b-PEO-b-polystyrene (PS-b-PEO-b-PS) triblock copolymer and its
ion gels with an ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide
([EMIM][TFSI]), is as high as about 20 pF/cm? at 10 Hz, three orders of magnitude higher than
that of the pure triblock copolymer.[66] However, the loss of ion gels becomes high for
frequency beyond 10* Hz. Fig. 4B shows the phase angle as a function of frequency for another
ion gels, where the triblock copolymer is PS-b-poly(methyl methacrylate)-b-PS (PS-b-PMMA-b-
PS) and the ionic liquid is [EMIM][TFSI].[67] The dielectric loss is zero when the impedance
phase angle ¢ = -90°. As shown in Fig. 4B, the dielectric loss of these ion gels with different
thicknesses reaches the lowest value (i.e., the highest ¢) in the range of 10°~10* Hz and increases
dramatically above 10* Hz. The reason is that ions in the EDL of the ion gel move slowly and
cannot catch up with the applied field at high enough frequencies. The slow motion of ions

causes significant conduction loss in the EDL. Therefore, ion gels are not suitable for film
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capacitors, which operate above 2000 Hz in electric vehicles. Even at low frequencies, the
dissipation factor is higher than 0.05 for ion gels because of the slow ion speed in the EDL.

Future research needs to focus on reducing the dielectric loss for ions at high frequencies.

3. Intrinsic polymer dielectrics based on electronic, atomic, and orientational polarizations
Intrinsic polymer dielectrics have genuine dielectric constants from electronic, atomic,

orientational polarizations. It can be formulated by using the Kirkwood-Frohlich theory:[14]

(&rs—&roo) (2&rstEreo) _ Ndip.gﬂz (6)
ers(Eraot2)? 9egkT

where & is the static dielectric constant, & the dielectric constant at high frequencies (i.e., from
electronic and atomic polarizations), Naip the density of orientational molecular dipoles, g the
correlation factor, p the dipole moment, k the Boltzmann constant, and T temperature. The &

can be estimated by the Clausius-Mossotti equation:[22]

Eroo—1 — Ning(ae+aq) — PNa(aetag) (7)
Eroot2 3¢&p 3ggM

where Ning is the density of induced dipoles by electronic and atomic polarizations, a. and o, the
electronic and atomic polarizability, Na the Avogadro’s number, p the density of the polymer, and
M the molecular weight of the polymer repeat unit. Starting from the measurement issues, we
will discuss viable approaches to enhance intrinsic dielectric constants of dielectric polymers for

high density and low loss electric energy storage.

3.1. Measurement issues for intrinsic dielectric constants
Polarization and intrinsic dielectric constant cannot be directly measured for samples.
Instead, they are measured via the electric current [I(t)] in the measurement circuit. For D-E loop

tests using the modified Sawyer-Tower circuit, integration of I(t) yields the electric displacement,
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D(t).[68] For BDS measurements, the complex capacitance (C,") is obtained via the complex

I(t)*:[69]
P (5%
Cp = Lovd (6)

where o is the angular frequency (o = 2xf, where f'is frequency) and V(t) is the applied sinusoidal
voltage. From the above discussion, interfacial polarization from space charges (i.e., impurity
ions and electrons) and charge injection into the conductive pathways in direct contact with metal
electrodes can substantially increase the apparent C,," measured for the sample. In addition, stray
capacitance (Csy, 1.€., parasitic capacitance from the test circuit) is also present, and its imaginary
part should equal to zero. When the sample capacitance (C"sum) decreases to a value comparable
to Csur, a large error in the measured dielectric constant is resulted. This often happens for thick
(e.g., >100 um) film samples with a low dielectric constant. Considering all these factors, the
measured C," is:

Cp = Csam + Cion + Cetect + Cinj + Catr (7)
where C'ion and C ¢ieet are capacitance from conduction of ions and electrons (i.e., hetero-charges),
and C’jy is the capacitance from injected homo-charges via the conduction pathways. If we use
the following equation, the calculated dielectric constant & will be significantly overestimated:

Cp" = &"go(A/d) (8)
where A is the area and d is the thickness of the film sample.

To accurately measure C'sam, we need to i) avoid C'inj, ii) subtract Csy, and iii) subtract
C'elect.  Cinj can be avoided by uniformly dispersing conductive fillers in the polymer matrix. If
carbon nanotubes are embedded in a polymer matrix, C isj is somewhat difficult to avoid because
of its good conductivity and high aspect ratios. For Novocontrol Concept 80, Cs is about 0.6-

1.0 pF when the sample is put in the shielding chamber. If the sample is thick (e.g., >100 pum),
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area is small (diameter <3 mm), and dielectric constant is low (e.g., <3), Csx becomes comparable
to C'sam.  As such, it should be subtracted. Note that C eiect has only the imaginary part and no
real part (C'erect = 0), because electrons can go through the metal electrodes and will not store any
energy. The & ... iscalculated by & s = 0./(wep), Where the electronic conductivity (ce)
is measured by the leakage current test. It should be subtracted from the &."(w). Finally, C ion
has both real and imaginary parts, because the metal electrodes serve as blocking electrodes.[70,
71] It can be extremely large compared to C'sam. Even a ppm level of impurity ions can cause
very large C’ion, especially at low frequencies (<10* Hz) because of the slow motion of ions. In
principle, C*ion can be subtracted using the Havriliak-Negami (HN) deconvolution method.[72]
However, it is not particularly easy. If C’ion exists in the sample, one should be cautious not to
claim the measured large value of apparent &' (usually >10?) as the intrinsic dielectric constant.
With accurate dielectric measurements, the intrinsic dielectric constants based on
electronic, atomic, and orientational polarizations for organic polymers generally should not
exceed ~200. Note that the dielectric constant for water at room temperature is about 80.[73]
The dielectric constant for N-methylformamide is about 180 at room temperature, which is
considered to be the highest for organic molecules.[74] If the measured apparent ¢ is beyond

~200, one should carefully examine what could be the reason, C inj or Cion.

3.2. Limited dielectric constant from electronic and atomic polarizations

Among all contributions to the intrinsic dielectric constant, electronic and atomic
polarizations are the most desired, because the related dielectric loss mechanisms happen above
the infrared frequencies and there is no dielectric loss in the power and radio frequency ranges.

However, for hydrocarbon-based organic polymers, their contributions are quite limited. As
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shown in Fig. 5, the dielectric constants from electronic and vibrational polarizations are calculated
for hundreds of polymers using density functional theory (DFT).[75] An upper limit boundary
relationship as a function of band gap is observed for the electronic dielectric constant (Fig. 5a).
If we consider the band gap for insulating polymers is 4 eV, the upper limit electronic dielectric
constant is about 4.0.  Atomic (or ionic for ceramic crystals) dielectric constant ranges from 10%
to 35% of electronic dielectric constant, and it does not have a well-defined relationship with band
gap (Fig. 5b). Adding both together, the upper limit dielectric constant is about 5.0 for insulating
polymers with band gap >4 eV (Fig. 5¢). Therefore, many common polymers exhibit a relatively

low & below 5.0.
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Fig. 5. (a) Electronic, (b) atomic (or ionic), and (c) total dielectric constant, &, as a function of
the band gap for hydrocarbon-based polymers, computed using density functional theory (DFT)
within the single chain approach.[73] Copyright 2014. Reproduced with permission from
Elsevier Science Ltd.

Practically, electronic polarization can be enhanced by delocalizing electrons in conjugated
n orbitals. For example, conjugated polymers such as poly(3-hexyl thiophene) (P3HT) have a
higher dielectric constant (ca. 3.5-4) than BOPP.[76] However, polymers with long conjugation
lengths are semiconducting (band gap < 3 eV), and have a high conductivity because of the

presence of space charges (either electrons or holes). Meanwhile, semiconducting polymers can

be easily doped to exhibit metallic conductivities. Therefore, they are not suitable for high-
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voltage electric energy storage. If the conjugation length is rather short (e.g., a few repeat units),
an enhanced electronic dielectric constant can be obtained without the semiconducting property.
For example, polymers grafted with conjugated fluorescein side groups are reported to exhibit
relatively high & between 4 and 6.[77] Nevertheless, the enhancement is still rather limited.

Based on the theory of electrostatics,[14] vibrational polarization can be enhanced by
replacing carbon atoms in organic polymers with larger atoms, such as Si and Ge. This is further
confirmed by recent DFT simulation.[75] However, dielectric constants for Si-based polymers
such as polydimethylsiloxane are not high (only ~2.8),[78] and Ge-based polymers rarely exist.
Later, Sn and Zn-containing polymers are proposed.[20] Nevertheless, there is a concern that
organometallic polymers may have a low band gap, and can be easily contaminated with impurity
ions. The other way to enhance atomic polarization is to increase the polarity for polymers,
because polar vibrational modes in the infrared frequencies create large induced dipoles. For
example, crystalline cellulose and amino acids/proteins exhibit relatively high dielectric constants
of 6-7.[79,80] Recently, aromatic polythioureas (ArPTUs) are also found to show relatively high
dielectric constant between 4 and 6 with high energy density and relatively low loss.[81-84]
However, highly polar polymers are easy to absorb moisture, which is detrimental to dielectric
insulation. Therefore, it is desired to encapsulate polar polymers for capacitor applications.
Later, we will introduce the multilayer film technology to tackle this problem.

Finally, it is worth mentioning a high dielectric constant copper phthalocyanine (CuPc)[85,
86] and its related polymers.[87-91] The CuPc is synthesized from pyromellitic anhydride or
1,2,4,5-tetracyanobenzene either in solution or in melt.[92, 93] Because of the one-pot reaction,
multiple components are obtained as the final product, including (either linear or fused cyclic)

oligomers and monomers. The periphery carboxylic acid groups make the CuPc insoluble in
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most solvents (only the sodium carboxylate form is soluble in water), rendering molecular
characterization difficult. Nonetheless, a tetrameric cyclic form was assumed in the early
publications.[92, 93] Using BDS study, the conjugated CuPc is found to show a very high
dielectric constant (>10°) with a high electronic polarizability of 1.2x1022 cm>.[85, 86,94] Later,
the CuPc is either blended with or grafted onto polymers using the periphery carboxylic acid
groups.[87-91]  Again, high dielectric constants of a few hundreds are reported, and electroactive
actuation is proposed for these high dielectric constant polymers. However, it is recently proved
that the CuPc is not the cyclic tetramer, but the monomer (~30%) with a trace amount of dimers
(2-3%).[95-97] The ultrahigh dielectric constant at low frequencies should be attributed to
absorbed water and subsequent ionization of the carboxylic acid groups (i.e., proton
conductivity).[95, 98] At low relative humidity and high frequencies, the dielectric constant of
CuPc is only about 10 as measured by BDS.

For &w, the measurement should be conducted in the optical/infrared frequencies.
However, this is not possible for non-transparent and infrared-absorbing samples such as CuPc.
When BDS is used, one had better use the &' data at low temperatures (e.g., -150 °C) and high
frequencies (e.g., 1 MHz). Under this condition, most space charge and orientational
polarizations are prohibited, and the &’ value should be close to the €. Otherwise, high apparent

dielectric constants will be reported for polymers containing conjugated oligomeric groups.[99]

3.3. Enhancing dielectric constant using orientational polarization
As mentioned above, pure water has a high dielectric constant of ~80 at room
temperature.[73] Its dipolar relaxation happens around 10 GHz, and thus its dielectric loss is low

(e.g., tand ~ 0.005) in the power frequency range (10°-10° Hz). Despite the unknown structure
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for water, it is speculated that polar nanoregions due to directional hydrogen-bonding are
responsible for its high dielectric constant.[100] Learning from water, it is desired to achieve

high dielectric constant via orientational polarization for polymers.[18]

3.3.1. Normal ferroelectric polymers

During the past a few decades, PVDF and its random copolymer films were ever attractive
for film capacitors. This is because they exhibit a relatively high dielectric constant (g ~ 10) at
room temperature, which could be attributed to the high dielectric constant amorphous phase above
the glass transition temperature (Tg ~-40 °C).[101] Note that linear dielectric constants are often
measured using BDS under a very low electric field (<0.2 MV/m). Under such a low field, PVDF
crystals do not contribute to the orientational polarization. However, as the electric field
increases to above the coercive field (Ec = 70-120 MV/m, depending on the a and [ contents),
PVDF crystals become ferroelectric with broad hysteresis loops, regardless of which crystalline
form they are in (totally, there are five crystalline forms: nonpolar a and €, and polar B, v, and
0).[102,103] Among all crystalline forms, the § form with an all trans planar chain conformation
possesses the largest spontaneous polarization (Ps), ~185 mC/m?, as calculated by DFT.[104]
This large Ps is about 1.5 times that (~130 mC/m?) of the rigid dipole model calculated by MD
simulation.[105] The ~50% increase in Ps is attributed to additional electronic polarization
induced by the dipole-dipole coupling interaction, when all trans planar PVDF chains are tightly

packed in the B crystalline lattice.
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Fig. 6. (A) Progressive bipolar D-E loops for a commercial BOPVDF film containing 70% o and
30% P phases. By subtracting the linear dielectric contribution, the nonlinear dielectric response
is shown in (B). Upon poling to 400 MV/m, the 3 content gradually increases to ca. 50%. (C)
and (D) show the linear dielectric constants, €1" and &1" as a function of frequency under different
poling fields at 25 °C.[67] Copyright 2016. Adopted with permission from American Chemical
Society. (E) Bipolar D-E loops for a uniaxially stretched P(VDF-TrFE) 75/25 film (500%
stretching ratio). The film was polarized at 200 MV/m first. (F) Bipolar D-E loops for a
uniaxially stretched P(VDF-CTFE) 90.5/9.5 film (500% stretching ratio).[114] Copyright 2017.
Adopted with permission from American Chemical Society. All D-E loops use a poling
frequency of 10 Hz with a sinusoidal waveform.

Fig. 6A shows progressive bipolar D-E loops (10 Hz) for a commercial (Kureha) biaxially
oriented PVDF (BOPVDF) film containing 70% o and 30% 3 phases.[69, 101] During high field
poling, the nonpolar a phase undergoes an irreversible phase transition into the polar & phase
around 100-130 MV/m.[106, 107] Above 200 MV/m, the & phase will gradually transform into
the y and ultimately the B phase. At the end of 400 MV/m bipolar poling, the B phase content
increases to ca. 50%. Note that these electric field-induced phase transformations are not

reversible. After subtracting the linear dielectric contribution from electronic/atomic

film

¢/a ) and orientational polarization of the linear amorphous phase [(l-xNL)Péip],

polarizations (D
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the nonlinear dielectric component (xxiPgi) can be obtained:

il
xNLPcllvié = Driym — [Dfl T+ (1- XNL)Péip] )

e/a
where xni is content of the nonlinear component (e.g., crystalline 9, vy, and B phases) and D is

electric displacement of the film. From the linear dielectric contribution [Def /iim+ 1-

xNL)PdLip], the apparent linear dielectric constant is calculated to be ~10, which is beneficial for
electric energy storage. However, the nonlinear dielectric response in Fig. 6B is undesired,
because all nonlinear components contribute to energy losses. This is exactly reflected by the
high-voltage BDS results of linear dielectric constants, &1’ and &:1"”, in Figs. 6C and D.[69] As
the poling field increases above the Ec, significant dielectric loss is observed. ~Moreover,
ferroelectric switching stops around 1000 Hz, because ferroelectric domains are too large to be
switched quickly.

It is highly desired to minimize or even eliminate the nonlinear ferroelectric switching in
PVDF for film capacitors.[18, 103] However, it is not a trivial task. One approach is to
decrease the domain sizes into the nanometer scale (i.e., nanodomains) to ease ferroelectric
switching. For example, it has been reported that relaxor ferroelectric ceramics have a disordered
organization of 1-3 nm ferroelectric domains in the paraelectric matrix.[108-110] Decreasing the
domain sizes for PVDF has been attempted. Since it is difficult to achieve nanodomains in neat
PVDEF, copolymers with trifluoroethylene (TrFE), chlorotrifluoroethylene (CTFE), and
hexafluoropropylene (HFP) are proposed. TrFE has a similar size as VDF. Therefore, TrFE
units can be easily included in the PVDF crystal to form repeat unit isomorphism.[111-113] The
significant effect of isomorphism is the dramatic decrease of the Curie temperature (Tc) below the
melting temperature (Tm) at ambient pressure.[114, 115] Nonetheless, TrFE units cannot break

the large ferroelectric domains into nanodomains; instead, they participate in the ferroelectric
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domain formation. Fig. 6E shows the bipolar D-E loops for a uniaxially stretched P(VDF-TrFE)
75/25 (mol./mol.) film with a stretching ratio of 500% at room temperature. Although the D-E
loops are slimmer than those for BOPVDF in Fig. 6A, significant ferroelectric switching is still
observed.

CTFE and HFP units are too large to be included in the PVDF crystal under normal
crystallization condition. However, they can disrupt/decrease the crystallite size, which in turn
can regulate the ferroelectric domain size, especially in stretched films.  Fig. 6F shows the bipolar
D-E loops for a uniaxially stretched P(VDF-CTFE) 90.5/9.5 (mol./mol.) film with 500% stretching
ratio.[116] From XRD analysis, the crystallite size is only 6 nm. However, the D-E loops still
appear to be too broad. Although large discharged energy densities have been reported for
P(VDF-CTFE)[117, 118] and P(VDF-HFP)[119] random copolymers, the significant hysteresis

loop loss prevents them from being used as practical capacitor films.
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Fig. 7. (A) Bipolar D-E loops for a uniaxially stretched P(VDF-TrFE-CTFE) 62.2/30.2/7.6
(molar ratio) film (stretching ratio = 500%). The poling frequency is 10 Hz.[125] Copyright
2016. Adopted with permission from American Chemical Society. (B) and (C) show high-
voltage BDS results of &' and &/’ as a function of frequency for the uniaxially stretched P(VDF-
TrFE-CTFE) 62.2/30.2/7.6 film at 25 °C. The electric field varies from 10 to 130 MV/m.

3.3.2. Relaxor ferroelectric polymers

Genuine relaxor ferroelectric polymers were first achieved for electron-beam or gamma



ray irradiated P(VDF-TrFE) random copolymers,[120, 121] and large electrostriction was
reported.[121, 122] Later, large termonomers, such as chlorofluoroethylene (CFE) and CTFE,
are incorporated into P(VDF-TrFE) to synthesize terpolymers.[123-126] Slim D-E loops due to
the formation of nanodomains are obtained. Weak physical pinning of CFE units in the P(VDF-
TrFE) crystal leads to double hysteresis loops,[113] whereas strong physical pinning of CTFE units
results in narrow single hysteresis loops (Fig. 7A).[127, 128] The apparent dielectric constant
for P(VDF-TrFE-CTFE) reaches ~70, close to that of water, at room temperature. Figs. 7B and
C show high-voltage BDS results of &' and &;” for this uniaxially stretched P(VDF-TrFE-CTFE)
film. Upon increasing the electric field to above 60 MV/m, dielectric constant below 10 Hz
gradually decreases. This is ascribed to the formation of aligned ferroelectric domains when the
electric field is high and the frequency is low. As the frequency increases to around 300 Hz, there
is no time for the ferroelectric domain to stay aligned. As a result, a peak appears in &' when the
field is beyond 80 MV/m (Fig. 7B). Meanwhile, a relaxation peak for the nanodomains is
observed in g" (Fig. 7C). Beyond 3000 Hz, ferroelectric switching of nanodomains stops, and

the amorphous dipole relaxation is observed above 10* Hz.

1UU'A 1004 B 100+ C ferroelectric
ferroelectric
50 50 504
=3 & &
NE = araelectric £ | i
3 o S g p S g paraelectric
E Ag~40 £ <g~28 = e ~60
] (] ]
-50 -50 4 -504
100 °C, 1000 Hz 100 °C, 10 Hz 100 °C, 10 Hz
-100+ P({VDF-TrFE) 50/50 -100+ mesomorphis nylon-12 -1004 mesomorphic nylon-6
-200-150-100-50 © 50 100 150 200 -200-150-100-50 Q0 50 100 150 200 -200-150-100 -50 0 50 100 150 200
E (MV/m) E (MV/m) E (MV/m)

Fig. 8. Bipolar D-E loops for uniaxially stretched (A) P(VDF-TrFE) 50/50 ([127] Copyright
2012. Adopted with permission from Elsevier Science Ltd.) and bipolar D-E loops for uniaxially
stretched (B) mesomorphic nylon-12, and (C) mesomorphic nylon-6 films.[128] Copyright 2017.
Reproduced with permission from American Chemical Society. For mesomorphic nylon-12 and
nylon-6 films, AC electronic conduction is subtracted.
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3.3.3. Paraelectric polymers

Although a high dielectric constant of 70 has been achieved for the relaxor ferroelectric
P(VDF-TrFE-CTFE) terpolymer, the dissipation factor is relatively high; tand = 0.08 as calculated
from Figs. 7B and C. This is attributed to the presence of ferroelectric nanodomains.
Meanwhile, the dielectric constant will be low for high fields and high frequencies, because
nanodomains stop switching under these conditions. In this sense, paraelectric polymers could
be a better choice. Two types of paraelectric polymers exist for polymers. The first is a molten
polar polymer melt, where molecular dipoles can easily rotate. However, polymer melts are not
suitable for film capacitors because of significantly enhanced ionic and electronic conduction.
The second is a paraelectric semicrystalline polymer. Because of the enlarged interchain distance
in the crystals, polymer chains and dipoles can also easily rotate.[106] As shown in Fig. 8A, a
uniaxially stretched P(VDF-TrFE) 50/50 film exhibits narrow single hysteresis loops with a
relatively high apparent dielectric constant of ~40.[129]  This is because no ferroelectric domains
could form during the high-field electric poling. If transient (or metastable) ferroelectric domains
can form at a high enough poling field, double hysteresis loops will be obtained as a result of
reversible paraelectric-to-ferroelectric transitions. This is observed for mesomorphic nylon-12
(Fig. 8B) and nylon-6 (Fig. 8C) at 100 °C, respectively.[130] The apparent dielectric constants
for mesomorphic nylon-12 and nylon-6 are 28 and 60, respectively. The disadvantage of
paraelectric polymers is their high electronic conductivity because of the highly mobile amorphous

and crystalline phases.
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3.3.4. Dipolar glass polymers with reduced dielectric losses

As we can see from the above discussion, large-scale molecular motions in polar polymers
is easy to promote cooperative dipolar activities (i.e., formation of ferroelectric domains) and
ionic/electronic conduction. To tackle this problems, we propose dipolar glass polymers (DGPs),
where the chain motion is largely frozen (e.g., in the glassy state) and only dipolar groups can
rotate locally (i.e., sub-Ty transitions) to increase dielectric constant.[131] Depending on the
location of dipolar groups, DGPs can be divided into two categories: main-chain and side-chain
DGPs.  Examples of the main-chain DGPs include aromatic polyimides (PI),[132-134]
polyamides,[135] and polythiourea.[81-84] First, polar PIs with cyano groups directly attached
to the phenyl rings in the main chain exhibited dielectric constants around 3.75 at room
temperature.[132] Yang et al. introduced crown ether groups into PI backbone and synthesized
a series of PI with a high dielectric constant (5.8-6.4) and low loss (tand < 0.02) at the frequency
range of 100-100,000 Hz.[134] Second, aromatic polyamides include both semi-aromatic and
fully aromatic polymers. Semi-aromatic polyamides are Selar (DuPont) and MXD series
(Mitsubishi). Their dielectric constants are around 5.[135] Fully aromatic polyamides include
Kevlar and Nomex; however, they are difficult to be processed into high quality thin films for
capacitor applications. As we mentioned above, ArPTUs exhibit a relatively high dielectric
constant of 4.5-6 due to the high dipole moment of the thiourea unit (4.89 D), and tand is lower
than 0.01 between 100 and 1 MHz.[81] The discharged energy density at 1 GV/m is as high as
22 J/em?® with an efficiency of 92.5%. Note, it is difficult to clearly differentiate high-frequency
orientational polarization from vibrational polarization, when the rotation of polar groups is
vibration-like.

As we can see, the rotation of dipolar groups in the main chain is rather limited. To
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enhance the orientational polarization and thus dielectric constant for DGPs, the polar groups
should be attached in the side chains. Side-chain DGPs can be either glassy or semicrystalline.
Common dipolar groups include hydroxyl (-OH, 1.7 D), carbonyl (-C=0, 2.3 D), cyano (-CN, 3.7
D), and sulfonyl (-SO2CHs, 4.5 D) groups. When hydroxyl groups are introduced into the
pendant group of polypropylene (PP-OH), the dielectric constant becomes twice that of PP, and
increases proportionally with the -OH content. For example, the dielectric constant of PP-OH
with 4.2 mol.% of the OH comonomer reaches 4.6.[136] The dielectric loss of PP-OH is
reasonably low. It is known that regenerated celluloses (only 30-40% crystallinity) exhibit
dielectric constant as high as 7-10.[137, 138] Again, this is attributed to the orientational
polarization of the -CH>OH side groups in the glassy amorphous phase.

Cyanoethyl (-CH2CH2CN) or cyanomethyl (-CH2CN) side groups are also used for side
chain DGPs. When -CHCN groups are attached as the side chains in a bisphenol A
polycarbonate (i.e., CN-PC), the dielectric constant at 1 kHz increases to 4.0 for CN-PC as
compared to that of 2.9 for neat PC.[139] The dissipation factor is reasonably low, i.e., tand ~
0.005 at 130 °C and 1 kHz. However, the dielectric constant is low due to the low density of the
-CH>CN dipoles. Cyanoethylated poly(vinyl alcohol) (CN-PVA) exhibits a dielectric constant of
ca. 10 and a minimum tand of 0.01 at 1 Hz below its T, 0of 25 °C.[140] Cyanoethylated poly(2,3-
dihydroxylpropyl methacrylate) (CN-PDPMA) has a relatively high dielectric constant (ca. 8)
between the P (rotation of -CH2CH>CN dipoles at -60 °C) and the a (T at 25 °C) transitions at 500
Hz.[141] However, the window between the B and o transitions is narrow, only about 85 °C.
Also, the Tgs for CN-PVA and CN-PDPMA (and some cyanoethylated celluloses[142]) are too low
for applications above room temperature. The low T, of cyano-ethylated polymers can be

attributed to the relatively long side chains. To overcome this problem, Shin-Etsu Chemical
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commercialized cyanoethylated pullulan (CEP, ~90% functionality). Because of the rigid
cellulose backbone structure, the T, reaches ca. 110 °C,[143] and the dielectric constant at room
temperature is around 16 at 10* Hz. Despite these attractive dielectric properties, CEP suffers
from relatively low Ty, low dielectric breakdown strength (ca. 100 MV/m), and insufficient dipole

switching speed (<10* Hz).
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Fig.9. (A) Temperature-scan BDS results of & and & at 10 Hz for PMSEMA. (B) Bipolar D-

E loops for PMSEMA in comparison with those for PMMA.[142]  Copyright 2015.
Reproduced with permission from American Chemical Society.

Finally, sulfonyl groups are also incorporated into the side chain DGPs to enhance
dielectric constant.[144, 145]  Poly[2-(methylsulfonyl)ethyl methacrylate] (PMSEMA) is
prepared by introduced methylsulfonyl group through flexible ether group.[144] Fig. 9A shows
that PMSEMA shows an obvious vy transition at -100 °C at 10 Hz and Tg around 109 °C due to the
large dipole moment of small sized sulfonyl groups. PMSEMA exhibits a high dielectric constant
of 11-12 and a reasonable dielectric loss of 0.02 at 25 °C. At room temperature, PMSEMA

exhibits linear D-E loops with apparent dielectric constant nearly 3 times that of PMMA, an

analogue polymer (Fig. 9B).
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Similar enhancement in dielectric constant is also found in sulfonylated
polyepichlorohydrin (PECH) and poly[3,3-bis(chloromethyl)oxetane] (PBCMO) with one and two
methylsulfonyl groups per repeat unit, respectively.[146] The disulfonylated DGPs show higher
dielectric constants (e = 9-12) than the monosulfonylated DGPs (s; = 7-8). However,
disulfonylated DGPs have higher dielectric losses than the monosulfonylated DGPs.  Due to the

aliphatic nature, these polyether-based DGPs have relatively low T, values (i.e., <125 °C).
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Fig. 10. Bipolar D-E loops at different temperatures for (A) SO2-PPOs and (B) SO2-PPOs,.
The inset in (A) shows the chemical structure of the sulfonylated PPO. (C) Discharge energy
densities (U.) and (D) discharge efficiencies as a function of temperature for SO2-PPO,s and SO»-
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To further enhance heat resistance, sulfonylated poly(2,6-dimethyl-1,4-phenylene oxide)
(SO2-PPO) is synthesized via post-polymer functionalization (see inset of Fig. 10A).[147] The
rigid backbone of PPO not only improves the T, (~220 °C) but also provides enough free volume
for the efficient rotation of methylsulfonyl groups below T,. Therefore, the dielectric constant
and discharge energy density of SO»-PPO can reach as high as 8.8 and 24 J/cm?, respectively, at
room temperature. The dissipation factor is as low as 0.003. Temperature dependent D-E loops
for SO,-PPO2s and SO,-PPOs; are shown in Figs. 10A and B, respectively. Narrow loops are
observed. The discharge energy densities (Uc) and discharge efficiencies are seen in Figs. 10C
and D, respectively. It is seen that SO2-PPOxs has a lower Ue; however, its discharge efficiency
is much higher at high temperatures. The loss mechanism is attributed to both electronic (major)
and ionic (minor) conduction at high temperatures (Fig. 10D). Therefore, rigid backbone and
appropriate dipole density are important for the high temperature film capacitor application.

Most recently, a new class of dipolar glass polymers was synthesized based on an organo-
soluble polymer of intrinsic microporosity (PIM) bearing sulfonyl side groups.[148] Again, as a
result of orientational polarization of the sulfonyl side groups, relatively high dielectric constant
~6 is achieved. The discharged energy density is as high as 17 J/cm?® around 800 MV/m. This
dipolar glass PIM is used, together with the silica layer (230 nm), as the gate dielectric on highly
doped silicon for InSe field effect transistors. About 10x increased electronic mobility is
achieved as compared to the neat silica dielectric layer. This opens a new opportunity for high x

polymers to be used as gate dielectrics in FETs.

32



A AB feedblock

ABA feedblock multiplier

multlpller multlpller
surface layer

surface layer

surface ext.

Advantageous polarizations:

* Electronic/atomic polarization

« Orientational polarization of
paraelectric amorphous dipoles

* Interfacial polarizations

Disadvantageous polarizations:
* Orientational polarization of
ferroelectric crystalline dipoles
» Conduction of impurity ions
| o 10 ym  Conduction of injected electrons
32-layer PC/PVDF 50/50 256-layer
Fig. 11. Schematic representations of (A) the multilayer coextrusion line and (B) the layer
multiplication process. (C) AFM images of PC/PVDF 50/50 (vol./vol.) 2-, 8-, 32-, and 256-layer
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Copyright 2017.  Adopted with permission from American Chemical Society.

4. Combined intrinsic and extrinsic polymer dielectrics: Multilayer films

From the above discussion, polarization and dielectric constant can be enhanced via
orientational polarization. Therefore, polar polymers bearing dipolar groups should be the future
direction for high temperature, high energy density, and low loss dielectrics. However, there are

still some concerns for highly polar polymers. First, polar polymers are easy to absorb moisture,
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which is detrimental for electric insulation. Second, polar polymers are easy to be contaminated
with impurity ions, and ionic conduction can induce high dielectric loss, especially at high
temperatures. Third, like water, highly polar polymers can form nonionic EDL when they are in
direct contact with metal electrodes. The large voltage drop (or high local field) in the thin EDL
will induce electrochemical reactions. Indeed, electrochemical degradation of PVDF and nylons
has been reported previously at elevated temperatures under high electric fields.[149, 150] To
mitigate these potential problems, we have proposed multilayer polymer films.[4] In these films,
a high dielectric constant polar polymer (e.g., PVDF and nylons) is multilayered with a high
breakdown strength/low loss linear dielectric polymer [e.g., PC, polysulfone, and poly(ethylene
terephthalate (PET)], using the multilayer coextrusion technology.[151] Schemes of the
coextrusion line and multiplication processes are shown in Figs. 11A and B, respectively.[152]
By matching the melt viscosities of the two polymers, multilayer films with different numbers of
layers can be obtained. Fig. 11C shows atomic force microscopy (AFM) phase images of the
polished cross-sections of PC/PVDF 50/50 (vol./vol.) multilayer films with 2-, 8-, 32-, and 256-
layers.

These multilayer films actually combine intrinsic and extrinsic dielectric properties
together, among which some are advantageous and some are disadvantageous (Fig. 11D). The
research goal is to enhance the advantageous polarizations and minimize the disadvantageous
polarizations. The advantageous polarizations include electronic/atomic polarizations, linear
orientational polarization of paraelectric amorphous dipoles in PVDF (or nylons), and dipolar and
space charge interfacial polarizations (see Fig. 1). The disadvantageous polarizations include
nonlinear orientational polarization of ferroelectric crystalline domains in PVDF (or nylons),

conduction of impurity ions, and conduction of injected electrons from metal electrodes. Below,
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we use PVDF-based multilayer films to illustrate the above considerations.

These multilayer films exhibit enhanced dielectric constant between 4 and 7, which can be
adjusted by tuning the PVDF volume fraction (see Eqn. 2 and Fig. 2B). In these multilayer films,
both dipolar and space charge interfacial polarizations exist, as a result of large dielectric constant
and conductivity contrasts (Fig. 1). These interfacial charges (c4ip and osp) can serve as effective
blocks to prevent the passage of injected hot electrons from the cathode through the film.[153, 154]
Indeed, dielectric breakdown strengths are enhanced for the multilayer films, when compared to
the linear addition line of breakdown strengths of the individual component polymers.[4, 37, 155]

Multilayer film is the optimal approach to mitigate ferroelectric switching in PVDF.[22]
Because of the nonuniform electric field distribution, the high dielectric constant PVDF layers
bear a significantly lower local field than the applied electric field. Consequently, ferroelectric
switching is effectively prevented if the external field is not too high. Multilayer films also
provide a confined environment for the impurity ion conduction. As the PVDF layer thickness
gradually decreases, the conduction of impurity ions is effectively blocked by the neighboring PC
layers.[22] Finally, multilayer films with PC as the outer layers can prevent the direct contact of
PVDF with metal electrodes and thus easy injection of hot electrons into PVDFE. As a result,
electronic conduction can be reduced in multilayer films, as compared to that in the polar polymer.
Our experiments show that the higher the Ty for the outer linear polymer (PC or PSF), the less
charge injection from the metal electrodes.[156] After system optimization for the PC/PVDF
multilayer films, we have achieved high energy density at breakdown (13-17 J/cm?), high
breakdown strength (>600 MV/m), high temperature capability (up to 125 °C), and low dissipation
factor (tano = 0.005 at 1 kHz). Currently, we are collaborating with industrial partners to scale

up the fabrication of multilayer films, and package and test multilayer film capacitors.[157]
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5. Conclusions and outlook

In summary, high energy density and low loss polymer dielectrics are highly desired for
electric energy storage applications in the power frequency range (100 to 10° Hz). Rich
condensed matter physics is involved in the development of next generation dielectric polymeric
materials. In order to realize practical applications for new dielectric polymers, the priority
should focus on decreasing the dielectric loss while trying to enhance dielectric constant and
energy storage. Due to the conflicting nature of low dielectric loss (better to be nonpolar
polymers) and high polarization/dielectric constant (better to be polar polymers), we can only
achieve a delicate balance between them. Although extrinsic interfacial polarizations in
nanodielectrics and ion gels can significantly boost the overall capacitance, reduced dielectric
breakdown strength and high conduction losses are resulted. Therefore, enhancing intrinsic
dielectric constant from electronic, atomic, and orientational polarizations should be pursued for
next generation polymer dielectrics in terms of electric energy storage.[18]

First, it is the most desired to enhance electronic and atomic polarizations, because they
are above the terahertz frequency and will not have any loss in the power frequency range.
Nonetheless, the molecular bonding nature of organic polymers prevents significant enhancement
of electronic and atomic polarizations without lowering the band gap. Second, orientational
polarization has a potential to increase the intrinsic dielectric constant while maintaining a
reasonably low dielectric loss. In this sense, polar polymers with highly dipolar groups in the
main chain or the side chains are desired. However, nonlinear ferroelectric switching should be
avoided, whether normal ferroelectric or relaxor ferroelectric polymers. For linear orientational

polarization, paraelectric polymers seem to be promising, because they do not have any
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ferroelectric domains. However, the high chain mobility in the paraelectric phase often facilitates
high electronic conduction. Therefore, dipolar glass polymers are more promising, because chain
dynamics is largely frozen to prevent conduction of charge carriers. For side-chain dipolar glass
polymers, localized rotation of molecular dipoles in the free volume (i.e., sub-T, transitions)
enhances the dielectric constant.  Alternatively, main-chain dipolar glass polymers can be
attractive, and small-amplitude vibration rather than large-angle rotation of molecular dipoles is
responsible for the enhanced dielectric constant.

To prevent potential moisture absorption for polar polymers, it is possible to combine
nonpolar and polar polymers into multilayer films, where extrinsic and intrinsic dielectric
properties can cooperate synergistically. =~ With the proper design of the multilayer film
architecture, dipolar and space charge interfacial polarizations can become advantageous. For
example, dipolar and space charge interfacial polarizations can be utilized to enhance dielectric
breakdown strength, because interfacial charges can serve as effective barriers for the conduction
of injected hot electrons (see Fig. 1). Meanwhile, confined transport of impurity ions in
multilayer films can also reduce the conduction loss from impurity ions. Therefore, multilayer
films are promising to become next generation high energy density, high temperature, and low loss
polymer dielectrics for electric energy storage applications.[4]

Nevertheless, this review cannot cover all the aspects for next generation polymer film
capacitors. We just briefly discuss them below. First, charge (or hot electron) injection from
metal electrodes (through either Schottky or Fowler-Nordheim field electron emissions[14, 158])
is serious at high temperatures. How to mitigate charge injection for high temperature polymers
is a future research direction.[11, 12] Second, electronic, thermal, electromechanical, and partial

discharge breakdowns have been identified for dielectric films.[159] However, their
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fundamental mechanisms are not well-understood in terms of both chemical reactions and physical
changes. Future research should focus on understanding various breakdown mechanisms and
their interactions. Third, self-healing is a fundamental requirement for polymer film capacitors
to exhibit a long lifetime.[160, 161] It allows for the use of polymer films that have some intrinsic
defects as manufactured. When electric current starts to flow through a defect site as a precursor
to breakdown, the local thin metallization is vaporized, thus removing the defect much like a fuse.
At this moment, the self-healing mechanism is still unclear. Very few polymers can self-heal
successfully except for BOPP. The self-healing mechanism can be optimized by the selection of
the metallization material and thickness, and must be able to precede catastrophic faults at elevated
temperatures under high voltage stresses.  Future research is needed to understand the
fundamental mechanism of self-healing and realize it for high temperature polymers. Fourth,
advanced film processing needs be developed to achieve the ultimate film thickness of 2-3 pum in
order to compete with current BOPP technology in terms of material costs. Other than a handful
of high temperature polymers such as PET and PEN,[13] biaxial orientation of other high
temperature polymers using the tenter-line technology is rather limited. Once a viable candidate
is identified (e.g., the multilayer films), biaxial orientation should be developed at the industrial

scale using the tenter-line technology.
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