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ABSTRACT 

Biaxial-oriented polypropylene (BOPP) thin films are currently used as dielectrics in state-of-the-art capacitors that 
show many advantages, such as low energy loss and high breakdown strength, but a limited energy density (<2 J/cm3). 
This paper reviews some of our experimental results in functionalization of polypropylene with the objective to increase 
its electric energy density and maintain all desirable properties. A family of PP copolymers with various moieties, such 
as OH, O-Si(CH3)3, long chain branching, and cross-linking structure, have been systematically synthesized and studied 
to examine their dielectric properties (i.e. dielectric constant, dielectric loss, breakdown strength, polarization under 
various temperatures and electric fields). Evidently, a high molecular weight poly(propylene-co-hexen-6-ol) copolymer 
(PP-OH) containing 4.2 mol% of polar OH groups shows a dielectric constant (ε) of about 4.6 (more than 2 times of 
BOPP)—which is independent on a wide range of temperatures and frequencies—and high breakdown strength > 600 
MV/m. The PP-OH dielectric demonstrates a linear reversible charge storage behavior with high releasing energy den- 
sity > 7 J/cm3 (2 - 3 times of BOPP) after an applied electric field at E = 600 MV/m, without showing any significant 
increase of energy loss and remnant polarization at zero electric field. On the other hand, a cross-linked polypropylene 
(x-PP) exhibits an ε ~ 3, which is independent of a wide range of temperatures and frequencies, slim polarization loops, 
high breakdown strength (E = 650 MV/m), narrow breakdown distribution, and reliable energy storage capacity > 5 
J/cm3 (double that of state-of-the-art BOPP capacitors), without showing any increase in energy loss.  
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1. Introduction 

Energy storage has long been a scientifically challenging 
and industrially important area [1]. and is an essential 
element to energy utilization and management. An effec- 
tive electric storage technology that might exist today 
could eliminate most of our concerns on more nuclear or 
coal-fired electric generators, enable emulsion-free elec- 
tric automobiles, and expand the usage of clean energy 
sources (solar, wind, hydroelectric, etc.) around the clock, 
as well as effectively address associated environmental 
and economic problems.  

Capacitors [2,3] are passive electronic components 
that store energy in the form of an electrostatic field. In 
their simplest form, capacitors consist of two conducting 
plates (positive and negative electrodes) separated by an 
insulating material called the dielectric—which can be 
air, ceramics, polymers, etc. Opposite to batteries, which 
have high energy density and low power density, capaci- 
tors usually exhibit high power density but low energy 
density, as illustrated in Figure 1. The scientific chal- 
lenge is to increase the energy density of the capacitor,  

 

Figure 1. Energy and power density of energy storage de- 
vices. 

which is governed by the dielectric material. Ceramic 
capacitors [4,5] made from layers of ceramic dielectric 
material, such as lead zirconate titanate, have been ex- 
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ploited to fabricate high energy density capacitors. How- 
ever, there are disadvantages with the matter of a rela- 
tively low breakdown voltage and unrecoverable break- 
down in the capacitor structure. They must be designed 
conservatively with significantly reduced energy density 
in the device level. 

On the other hand, the metallized polymer film ca- 
pacitors [6,7] have attracted a great deal of attention due 
to their desirable properties, such as light weight, low 
cost, and excellent processibility for forming thin film 
with a large surface area. They also demonstrate flexibil- 
ity and toughness under stress, and the ability to be pack- 
aged into a desirable configuration. Some polymer capa- 
citors—based on semi-crystalline thermoplastics, such as 
polyester, polycarbonate, polypropylene—show self-healing 
[8] after a puncture, which merely results in a gradual 
loss of capacitance so that they can be operated near the 
breakdown voltage. The advanced metallized polymer 
film capacitors, using biaxial oriented polypropylene 
(BOPP) thin film [9,10], show noticeably high dielectric 
strength (breakdown electric field > 600 MV/m) and the 
self-healing phenomenon. Despite the low dielectric con- 
stant (ε = 2.2), BOPP thin film produces decent and 
reliable releasing energy density in the range of 1 - 2 J/cc 
(0.3 - 0.6 Wh/Kg) and exhibits almost no energy loss 
during the charging-discharging cycles. Many BOPP 
based capacitors, offering high power densities and signi- 
ficant energy storage capacities, are currently used as 
pulse power conditions in commercial and military 
devices. 

Energy density (J/cc) = 
1

2
εεoE

2 = 
1

2
εεo(V/d)2  (1) 

(εo: permittivity of free space = 8.85 × 10–12 F/m). 
Equation (1) shows the energy density equation and 

Table 1 illustrates several hypothetical situations in the 
ideal capacitors, a defect-free polymer thin film with a 
dielectric constant ε = 2.2 in PP, thickness (d = 10 μm), 
and an applied voltage V = 5 kV (E = 500 MV/m) can 
offer a maximum energy density of 2.4 J/cc (0.74 Wh/Kg) 
at material level, similar to that of experimental result. A 
further increase of the electric field to E = 1000 MV/m 
can result in a theoretical energy density of 9.6 J/cc (0.74  

Table 1. Theoretical estimate of energy density under sev- 
eral hypothetic conditions. 

Energy Density
Dielectric constant (ε) Applied Field (MV/m) 

(J/cc) Wh/kg*

2.2 500 2.4 0.74 

2.2 1000 9.6 2.98 

50 500 54 16.8 

50 1000 216 67.2 

*Polymer density: 0.9 g/cc.  

Wh/Kg). On the other hand, the increase of the polymer 
dielectric constant to ε = 50 (in the range of some fluoro- 
terpolymers) with E = 500 and 1000 MV/m can result in 
a theoretical energy density of 54 and 216 J/cc, respec- 
tively, which are significantly higher than the experi- 
mental values due to undesirable energy loss (discussed 
later). It would be theoretically possible to increase to 
more than a 50 folds energy density to 100 J/cc (30 
Wh/Kg) in the battery range if we could develop an ad- 
vance dielectric material that shows several essential 
characteristics. These characteristics require that: 1) the 
polymer should exhibit a high dielectric constant (ε > 50) 
at the operation temperature, 2) the polymer can be 
processed into defect-free and uniform thin films (d = 10 
μm) with good mechanical strength and a high break- 
down voltage (E > 1000 MV/m), and 3) the polymer 
should have a desirable polar crystalline structure (gen- 
erally, high crystallinity and small crystal size) that ex- 
hibits reversible polarization-depolarization behavior with 
low loss (tanδ < 0.01).  

Figure 2 shows a hypothetical D-E loop (charge dis- 
placement vs. applied electric field). During the charging 
(polarization) cycle, the total energy density (Ucharge) 
charged to the capacitor is estimated by integrating the 
area charge charge  (E: applied electric field; Dcharge: 
charge displacement in the charging cycle). However, the 
energy density (Udischarge) of the capacitor shall be the 
total energy released during the discharging cycle, by 
integrating the area discharge discharge  (Ddischarge: 
charge displacement in the discharging cycle). The 
difference, Ul = Ucharge – Ddischarge, is the energy loss (Ul), 
which is equal to the area enclosed by the charging and 
discharging cycle. Ideally, the polymer chains are po- 
larized by an applied electric field during the polarization 
(charging) cycle to a high field (before breakdown), and  

U E Dd 

U E Dd 

 

Figure 2. A D-E loop showing energy density and energy 
loss. 
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are completely reversible (with very low hysteresis in the 
loop), without remnant polarization at E = 0, and coercive 
electric field at D = 0. 

2. Results and Discussion 

In the past decade, we have been studying two polymer 
systems, including long chain branched polypropylene 
(LCBPP) [11,12] and VDF fluoropolymers [13-15], for 
polymer film capacitors. Two systems represent two dif- 
ferent approaches to increase energy density, either by 
increasing the breakdown field (E) in PP case or increas- 
ing the dielectric constant (ε) in PVDF case. PP with lin- 
ear molecular structure exhibits low melt strength and 
presents challenge in forming defect-free uniform thin 
films (thickness < 10 μm). LCBPP structure dramatically 
increases melt strength and allows the melt process to 
form high quality thin films. With the combination of 
high melt strength and a bi-axially stretching technique, 
some LCBPP thin films (thickness < 10 μm) were pre- 
pared, and they exhibited significant increase in me- 
chanical properties. On the other hand, some PVDF ter- 
polymers, exhibiting high dielectric constants ε > 60 and 
relaxed ferroelectric properties, can offer large charge 
displacements via polar crystals. Figure 3 compares two 
D-E loops of a LCBPP polymer and a ferroelectric PVDF 
fluoro-terpolymer (ferroelectric relaxor) with the compo- 
sition VDF/TrFE/CTFE = 65.6/26.7/7.7 mol%, which were 
prepared by borane-mediated control radical polymeriza- 
tion. The terpolymers show narrow molecular weight and 
composition distributions [16]. 

In LCBPP case, the thin D-E loop indicates reversible 
linear polarization-depolarization profile (similar to that 
of BOPP), with almost no energy loss. Some high quality  
thin films (thickness < 10 μm) show very high break- 
down electric fields > 1000 MV/m (vs. < 700 MV/m in 
BOPP case), which can deliver a high energy density ~ 10 
J/cc at E = 1000 MV/m—four times higher than that of 
state-of-the-art PP capacitors. This experimental energy 
density is also consistent with that of the predicted value 
in Table 1. On the other hand, the VDF/TrFE/CTFE 

fluoro-terpolymer (65.6/26.7/7.7 mol%), has a high ε ~ 60, 
exhibits a large charge displacement ~ 0.1 C/m2, but 
early polarization in the low field range and dielectric 
saturation in the high field range; this is accompanied by 
some hysteresis during the depolarization cycle [16,17]. 
The maximum charging energy density is ~25 J/cc at E = 
500 MV/m, and the energy loss is ~30%. The signifi- 
cantly lower charging energy density, less than half of 
the predicted value under this electric field (Table 1), is 
largely due to the undesirable polarization-depolarization 
profile showing early dielectric saturation. Overall, the 
VDF-based fluoropolymers have shown high energy 
density, however the coercivity inherent to a ferroelectric 
still results in very high loss. The energy loss, which 
generates large amount of heat during the discharging 
cycle, is a major concern in thin film capacitors, espe-
cially for the pulsed power applications. 

In recent years, we have been focusing on functional 
polypropylene (f-PP) structures, including hydroxylated 
PP (PP-OH) [18-20] and cross-linked PP (x-PP) [21,22], 
with the general research objective to simultaneously in- 
crease dielectric activities without compromising dielec- 
tric loss and breakdown strength. Based on the desirable 
linear and reversible polarization-depolarization profile 
(slim D-E loops) for PP structure, we have adopted a 
strategy to decorate the polymer chain with some se- 
lected moieties (via comonomer units) that not only in- 
crease dielectric constant but also exhibit reversible po- 
larization. In synthesis, the goal is to prepare the f-PP 
copolymers with high molecular weight, high crystallin- 
ity, and uniform copolymer structures. Equation (2), illus- 
trates two reaction steps to prepare PP-OH copolymer (I). 
First, the transition metal-mediated propylene copoly- 
merization with few percentages of borane-containing α- 
olefin comonomers was applied to prepare high molecu- 
lar weight copolymers. Subsequently, the borane copoly- 
mer was completely interconverted to the objective PP-OH 
copolymer (I) under mild oxidative condition (see the 
equation below). 

Table 2 summarizes the experimental results of PP-  

 
(2)
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ing 0, 0.7, 1.8 and 4.2 mol% OH comonomer units, as 
well as the BOPP reference. The dielectric constant in- 
creases proportionally with the OH content. The ε value 
of PP-OH-3 with 4.2 mol% of the OH comonomer con- 
tent reaches about 4.6 (more than 2 times that of BOPP). 
It is a pleasant surprise for us to observe all PP-OH di- 
electric profiles resembling the PP profile, with a dielec- 
tric constant (ε) that is independent over a wide range of 
frequencies (between 100 and 1M Hz) and temperatures 
(between –20 and 100˚C). These overlapped and flat di- 
electric constant lines imply a fast polarization response 
for the PP-OH (I) copolymer, even under a relatively low 
electric field condition. On the other hand, all PP-OH 
copolymers also exhibit similar dielectric loss spectra (re- 
semble to that of BOPP); the loss maintains very low (tanδ  
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Figure 3. D-E loops for LCBPP and fluoropolymer (VDF/ 
TrFE/CTFE = 65.6/26.7/7.7 mol%). 

OH copolymers prepared by the heterogeneous TiCl3AA/ 
Et2AlCl catalyst. Despite the unfavorable incorporation 
of large comonomers, we were able to find the reaction 
condition to prepare PP-OH containing > 4 mol% OH 
comonomer units, which is sufficient for showing the 
effects of OH groups in dielectric and capacitor proper- 
ties. The crystalline morphology of the PP-OH copoly- 
mers was examined by DSC measurement, shown in 
Figure 4. Both Tm and △Hm values show an initial re- 
duction, then subsequently level off at the higher co- 
monomer incorporation. Both PP-OH-1 and PP-OH-2 
show higher crystallization temperature (Tc) than the PP 
homopolymer, indicating that the OH groups may also 
facilitate the crystallization process. It is also interesting 
to note that due to low comonomer reactivity for the bo- 
rane comonomer in the heterogeneous Ziegler-Natta 
catalyst, the resulting PP-OH copolymer (I) may have a 
tapered molecular structure, with the OH-containing side 
chain units concentrated at one end of the copolymer 
main chain. Therefore, the increase of comonomer con- 
tent has less effect on the PP chain crystallization. 

Figure 5 shows dielectric constant (top) and dielectric 
loss (bottom) of several PP-OH copolymers (I) contain-  

Figure 4. DSC heating (top) and cooling (bottom) curves of 
PP and three PP-OH copolymers. 

 
Table 2. Summary of poly(propylene-co-hexen-6-ol). 

Runsa Polymer [Y]b (mol%) Mv (×10–3 g/mol) Tm (˚C) △Hm (J/g) Tc (˚C) Tg (˚C) 

Control PP 0 961 160.9 78.0 104.9 - 

1 PP-OH-1 0.7 490 156.7 66.1 106.5 –3.1 

2 PP-OH-2 1.8 592 156.6 65.4 104.9 –2.3 

3 PP-OH-3 4.2 392 156.2 65.2 102.0 0.73 

aRuns: 0.200 g TiCl3. AA, 5 ml Al(Et)2Cl (10 wt% in toluene), 75 ml toluene, 60˚C, propylene gas pressure: 30 psi; b[Y] indicates the comonomer content 
(mol%) in the copolymers.  
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< 0.001) in the frequency between 1000 and 1,000,000 
Hz range and temperature between –20˚C and 100˚C. 

Figure 6 shows D-E loops (top) and energy density 
(bottom) of several PP-OH copolymers (I) containing 0, 
0.7, 1.8 and 4.2 mol% OH comonomer units, as well as 
the BOPP reference. All PP-OH copolymers exhibit simi- 
lar linear and slim D-E loops (resemble to BOPP); the 
slope of the D-E loop increases with the OH content, 
consistent with the dielectric results. In addition, it main- 
tains constant over a wide range of applied electric fields, 
up to E = 600 MV/m. The charge displacement of PP- 
OH-3 reaches 2.4 μC/cm2 at 600 MV/m, which is double 
that of PP under the same applied electric field. Evi- 
dently, the dielectric loss maintains very small, with even 
the PP-OH copolymers exhibiting significantly higher 
dielectric activities. Figure 6 (bottom) compares the en- 
ergy density of the same four PP and PP-OH polymers. 
The energy density ( e discharging ) is estimated 
from the discharging cycle in Figure 6 (top), which 
clearly increases with the OH content and exponentially 
increases with the applied electric field (E). At the ap- 
plied electric field E = 600 MV/m, the energy density for 
PP-OH-3 reaches 7.42 J/cm3—more than double that 
shown in BOPP capacitors. Most importantly, the in- 
crease of energy density does not cause an increase in 
energy loss (the area enclosed by the charging-dis- 
charging cycle), which remains very low (similar to PP) 
for all PP-OH copolymers. 

U E Dd 

 The OH groups in the flexible side chains clearly 
contribute to the polarizability of the PP-OH (I) with the 
unexpected large scale, which may be originated from 

the induced electronic polarization of OH groups along 
with the local dipole orientation. It is intriguing to ob- 
serve (the first time) polar group reversible polarization. 
As illustrated in Figure 7, the flexible OH groups may 
form inter-chain H-bondings with a network structure 
that provides reversible segment stability even when the 
temperature rises up to 100˚C. A FTIR spectrum of PP- 
OH-3 also shows a broad OH absorption band peaked at 
3300 cm–1, indicating H-bonding between OH groups in 
the PP-OH copolymer. 

It is very curious to further understand the OH group 
effects in the PP-OH polarization. As shown in Equation 
3, the PP-OH polymer (I) was modified by reacting OH 
groups with Cl-silane reagent to block all H-bondings in 
the resulting PP-O-Si(CH3)3 copolymer (II). Furthermore, 
the OH groups were reacted with a diisocyanate com- 
pound to form a chemical cross-linked network structure 
(III). Both reactions are very effective to reach the com- 
plete conversion of OH groups (see the equation below). 

Figure 8 (top) compares dielectric constant of PP- 
OSi(CH3)3 (II) with the corresponding PP-OH (I) con- 
taining 4.2 mol% OH group (PP-OH-3) and PP ho- 
mopolymer. Deviating from PP and PP-OH profiles (in- 
dependent on frequency and temperature), the ε value of 
PP-OSi(CH3)3 proportionally decreases with the increase 
of frequency and temperature. In Figure 8 (bottom), we 
also observed the broad hysteresis in the D-E loops of 
PP-OSi(CH3)3 (II) copolymer, which increases with the 
applied electric field. The combination of the dielectric 
constant (vs. temperature and frequency) and polarization 
loops (vs. applied electric field) results clearly indicates  

 
(3)
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Figure 5. (top) Dielectric constants and (bottom) D-E loops 
for (a) PP and three PP-OH copolymers containing (b) 0.7, 
(c) 1.8, and (d) 4.2 mol% OH content. 

the unique contribution of OH polar groups in PP-OH 
dielectric thin film; this not only increases polarizability 
but also provides a stable PP-OH structure and morphol- 
ogy under a wide range of applied electric fields and 
elevated temperatures. This polar PP-OH polymer shall 
have a physical network structure (Figure 7) for per- 
forming fast polarization-depolarization cycles with low 
hysteresis and low energy loss.  

As shown in Equation (3), the PP-OH (I) was also treated 
with phenyl diisocyanate to form chemically cross-linked 
x-PP (III) structure with urethane cross-linkers between 
polymer chains. In this urethane reaction, PP-OH changes 
from a physical network (via H-bonding) to a chemical 
cross-linking network in x-PP. Figure 9 shows dielectric 
constant (top) and dielectric loss (bottom) of a x-PP co- 
polymer (III) that was converted from the corresponding 
PP-OH (I) with 0.7 mol% OH content (PP-OH-1). Basi- 
cally, we observe the same reversible polarization profile 
shown in PP-OH, with an increased dielectric constant 
that is independent on a wide range of frequencies and 
temperatures. Dielectric loss maintains extremely low up 
to 100˚C and 1M Hz frequency. 

Figure 10(a) compares breakdown strength between 
three x-PP copolymers (III), containing 0.7, 1.4 and 2.1 
mol% cross-linkers units, respectively, and the corre-  

 

Figure 6. (top) D-E loops and (bottom) energy density for (a) 
PP and three PP-OH copolymers containing (b) 0.7, (c) 1.8, 
and (d) 4.2 mol% OH content under various electric fields. 

 

Figure 7. An illustration showing the network structure via 
H-bonding between OH groups. 

sponding linear PP polymer. Figure 10(b) shows their 
Weibull distributions with the estimated α and β values. 
All polymer films (thickness: 10 - 15 μm) were prepared 
by solution casting before thermal cross-linking. Evi- 
dently, the chemical cross-linking feature has a signifi- 
cant effect to the breakdown strength and breakdown 
distribution—higher cross-linking density higher break-  
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Figure 8. (top) Dielectric constant comparison between PP, PP-OH, and the corresponding PP-O-Si(CH3)3 with 4.2 mol% 
comonomers, and (bottom) D-E loops of the PP-OSi(CH3)3. 

down strength (α value) and narrower distribution (β 
value). The x-PP-3 thin film shows a breakdown strength 
between 620 and 670 MV/m with a α value = 645 MV/m, 
which is almost the same as those of the biaxially ori- 
ented PP (BOPP) films that are carefully conditioned 
(through stretching and annealing) to increase chain ori- 
entation and crystallinity and to reduce defects [23]. In 
addition, the x-PP-3 film exhibits a very narrow break- 
down distribution with an exceptionally high β value of 
42, indicating excellent dielectric reliability—a very im- 
portant quality in capacitors [24]. The combination of 
high dielectric constant (ε ~ 3), relatively high breakdown 
strength (645 MV/m), and low energy loss in x-PP-3 
dielectric film offers a reliable energy density > 5 J/cc, 

significantly higher than the 2 - 3 J/cc typically shown in 
BOPP capacitors. 

3. Conclusion 
In this paper, we systematically examine the structure- 
property relationship of PP copolymers containing various 
comonomer units. Both PP-OH and x-PP copolymers 
having a network structure show reversible polarization 
with low loss and narrow breakdown distribution. Their 
dielectric constant maintains constant over a wide range 
of temperatures (between –20˚C and 100˚C), frequencies 
(between 100 and 1 M Hz), and applied electric fields (> 
600 MV/m). The PP-OH (having 4.2 mol% OH content) 
based thin film capacitor displays a linear reversible  
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Figure 9. Dielectric constant (top) and dielectric loss (bot-
tom) of an x-PP copolymer (III). 

 

Figure 10. (a) Breakdown strength and (b) Weibull distri-
bution for PP, x-PP-1, x-PP-2, and x-PP-3 dielectrics with 
0.7, 1.4 and 2.1 mol% cross-linkers, respectively. 

charge storage capacity with high releasing energy den- 
sity > 7 J/cm3 (2 - 3 times of BOPP) after an applied 
electric field at E = 600 MV/m, without showing any 
significant increase in energy loss and remnant polariza- 
tion at zero electric field. 
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