
Given the excellent chemoselectivity of gold

for reducing nitro compounds, we explored this

system as an alternative catalytic route for the

production of cyclohexanone oxime, an important

molecule in the production of e-caprolactame.

Cyclohexanone oxime is currently obtained via

two different routes (Scheme 1A).

In these processes, hydroxylamine, which is

a toxic and unstable product, has to be used or

otherwise synthesized in situ by the Sumitomo

and ENICHEM procedure. However, the high

activity and selectivity of gold catalysts open

the possibility for an alternative process that

would involve the steps given in Scheme 1B.

This process requires a catalyst that selectively

hydrogenates 1-nitro-1-cyclohexene into cy-

clohexanone oxime. Whereas Pt and Pd pro-

duce low selectivity even at relatively low

levels of conversions, selectivity 990% is

achieved at practically 100% conversion with

the gold catalysts (Table 1).
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A Dielectric Polymer with
High Electric Energy Density and
Fast Discharge Speed
Baojin Chu,1,2 Xin Zhou,3 Kailiang Ren,3 Bret Neese,1,2 Minren Lin,2 Qing Wang,1,2

F. Bauer,4 Q. M. Zhang1,2,3*

Dielectric polymers with high dipole density have the potential to achieve very high energy
density, which is required in many modern electronics and electric systems. We demonstrate that
a very high energy density with fast discharge speed and low loss can be obtained in defect-
modified poly(vinylidene fluoride) polymers. This is achieved by combining nonpolar and polar
molecular structural changes of the polymer with the proper dielectric constants, to avoid the
electric displacement saturation at electric fields well below the breakdown field. The results
indicate that a very high dielectric constant may not be desirable to reach a very high
energy density.

D
ielectric materials are used to control and

store charges and electric energies and

play a key role in modern electronics

and electric power systems. As the requirements

grow for compact, low-cost electronic and elec-

trical power systems, as well as for very high

energy and power capacitive storage systems, the

development of high power and energy density

dielectric materials becomes a major enabling

technology (1–3). For example, high energy

density dielectric capacitors would help to re-

duce the volume, weight, and cost of the electric

power system in hybrid electric vehicles.

Among various dielectric materials, poly-

mers are presently the material of choice for

energy storage applications because of their

relatively high energy density, high electric

breakdown field (E
b
), low dielectric loss, fast

speed, low cost, and graceful failure (i.e., high

reliability) (4–6). However, dielectric polymers

that are currently used for high energy density

capacitors show low (G3) dielectric constants

(represented by K). Consequently, the high

energy density in the dielectric polymers relies

on the high E
b
(9500 MV/m). In general, the
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Park, PA 16802, USA. 3Electrical Engineering Department,
4Institute Franco-Allemand de Recherches, 5 Rue du General
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Fig. 1. Kinetic curves for 3-nitrostyrene hydro-
genation with (A) Au/TiO2 and (B) Au/Fe2O3

catalysts. Up to nearly 100% of conversion both
catalytic systems provide selectivity 995%, avoid-
ing the hydroxylamine accumulation problem
(reaction conditions: for Au/TiO2, 120-C, 9 bar,
and 0.23 mol % of Au; for Au/Fe2O3, 130-C, 12
bar, and 0.39 mol % of Au). Arrows indicate that
the hydrogen pressure curve is referred to the
right y axis, and the remaining curves are referred
to the left y axis.
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energy density of a dielectric material (shaded

area in Fig. 1A) is equal to the integral U
e
0

X EdD, where E is the electric field and D is the

electric displacement or charge density. There-

fore, besides a high E
b
, a high D value is

another key factor in achieving a high energy

density. Furthermore, with a proper K to avoid

the electric displacement saturation (D
sat
) at

fields well below E
b
(early polarization satu-

ration), an even higher electric energy density

can be achieved (Fig. 1B).

In high energy density dielectric polymers

that are presently used, the level of D is low.

For biaxially oriented polypropylene, which has

the highest energy density (È4 J/cm3) among

the known polymers, D is below 0.012 C/m2

under a field of 600 MV/m. Conversely, in

polymers with high dipole density, D values

higher than 0.1 C/m2 can be achieved, providing

the potential of reaching an order of magnitude

increase in the energy density (7). One such polar-

polymer system is poly(vinylidene fluoride)

(PVDF) and its copolymer with trifluoroethylene

(TrFE), which is the best known ferroelectric

polymer and has been used widely in electro-

mechanical sensors and actuators (7–10). We

show that, by combining the reversible nonpolar

and polar molecular structural changes to realize

high D with proper (or matched) K values to

avoid the early D-saturation, a very high

energy density (917 J/cm3) with fast discharge

speed (G1 ms) and low dielectric loss can be

obtained in defect-modified PVDF polymers.

A typical D-E loop for a P(VDF-TrFE) co-

polymer is shown (Fig. 2A). Owing to the high

dipole density, the polymer displays a D
sat

of

È0.1 C/m2. Alternatively, the large remnant

polarization in the normal ferroelectric PVDF

and its copolymer P(VDF-TrFE) renders a

small energy density (shaded area in Fig.

2A). Therefore, besides possessing a high D

value, a polymer should also have very small

remnant polarization (D , 0 at zero E),

allowing for a large change in D. From the

molecular point of view, in the normal ferro-

electric phase of PVDF and P(VDF-TrFE), the

polymer chains are already in the all-trans

conformation (fig. S1A), and an applied field

along the original D direction can only induce

small changes in D (curve from point A to point

B in Fig. 2A), which then lead to low energy

density (8, 9).

Recently, we demonstrated that by using de-

fect modifications, the P(VDF-TrFE) copolymer

at compositions below VDF/TrFE 70/30 mole

percent (mol %) can be converted to a ferro-

electric relaxor in which the remnant polariza-

tion is near zero and a large change in D can be

obtained (11, 12). A D-E loop for a terpolymer

of VDF-TrFE–chlorofluoroethylene (CFE)

58.3/34.2/7.5 mol % is presented in Fig. 2A

(13, 14); CFE generates random defects in

P(VDF-TrFE). Apparently, a much higher elec-

tric energy density can be achieved (upper

shaded area in Fig. 2A). Integrating the

discharge D-E curve (fig. S2) yields the electric

energy density of the terpolymer. The ter-

polymer exhibits an electric energy density

higher than 9 J/cm3 under 400 MV/m field

(Fig. 2B), which is higher than known polymers

and other dielectric capacitors (3, 4, 6).

The discharged energy density of the ter-

polymer (Fig. 2B) increases in an almost linear

fashion with E. This relationship contrasts with

that of the linear dielectric polymer, in which

the electric energy density is proportional to the

square of E: Ue 0 ½Ke0E2, where e
0
is the

vacuum permittivity (e
0
0 8.85 � 10j12 F/m).

Indeed, this is the effect of the early D-saturation

in the terpolymer; the material reaches D-

saturation at a field much lower than E
b
, which

reduces the energy density that can be stored in

a dielectric material. As a quantitative estima-

tion, we modeled the D-saturation as a reduction

of the effective dielectric constant K
eff

with the

field (i.e., Ue 0 ½Keffe0E2). The K
eff

value was

È50 at low fields and decreased with E (Fig.

2B). At 400 MV/m, the terpolymer had a K
eff

value of È13.

In this sense, a very high K at low E is not a

desirable feature for a dielectric material to

achieve a very high electric energy density.

Instead, a K that can maximize the electric

energy density (curve II in Fig. 1B) is needed,

even though that dielectric constant is lower

than that of curve I. A piecewise response in D

is used to approximate the real D-E response

(Fig. 1B). This simple analysis illustrates the

importance of a matched K to maximize the

electric energy density.

In the relaxor ferroelectric polymer, the

change in molecular conformation between the

nonpolar and polar forms at room temperature is

associated with the polar-glass transition process,

which is accompanied by a broad and high K

peak (11, 12, 15). Because the energy difference

of PVDF homopolymer between the trans-

gauche-trans-gauche¶ (TGTG¶) and all-trans

conformations is very small, this may be used

to generate a large change in D without the

penalty of a high K at low E values (16, 17). The

TGTG¶ and all-trans conformations as well as

the associated a and b phases are illustrated in

fig. S1. Recent simulations have shown that for

the single molecular chain, a TGTG¶ conforma-

tion has a lower energy value compared with the

all-trans conformation; however, in the crystal-

Fig. 1. (A) Schematic illustration of D and discharged energy density (shaded area) with E. Curve with
arrows indicates energy release as the field is reduced. (B) Schematic illustration of the effect of K (the
slope of D-E curve) on Dsat and energy density. The high K value of curve I leads to the early D-saturation
and consequently to a lower energy density compared with that of curve II, despite its lower K value.

Fig. 2. (A) D-E loops for P(VDF-TrFE) 75/25 mol% (dotted lines) and P(VDF-TrFE–CFE) 58.3/34.2/
7.5 mol% (solid lines) measured at 10 Hz. The shaded blue areas indicate the energy density. (B)
The discharged energy density measured from the D-E loops and Keff as a function of the field
amplitude. The solid curves are drawn to guide eyes.
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line phase, the interchain coupling lowers the

energy of the all-trans conformation with respect

to the TGTG¶ conformation (17). Therefore,

defects that expand the interchain lattice spacing

may lower the energy of the TGTG¶ conforma-

tion and achieve a reversible change in con-

formations between the nonpolar and polar

phases. This can also lead to a substantial

change in D in the absence of a very high value

of K at low E and the early D-saturation.

Based on these considerations, we examined

random copolymers of VDF-chlorotrifluoro-

ethylene (CTFE), in which the bulkier size of

CTFE compared with VDF may expand the

interchain space and distort the crystalline

ordering (14). As previously observed for the

PVDF homopolymer, the films prepared from

the solution cast are in the a phase, whereas,

after mechanical stretching, the films are

converted to b phase, which is the thermo-

dynamically lower energy phase for PVDF

(16, 17). In contrast, both of the films EP(VDF-
CTFE) 91/9 mol%, unstretched and uniaxially

stretched^ exhibited an x-ray pattern of mostly the
a phase (fig. S3), indicating that the small amount

of bulky CTFE stabilizes the TGTG¶ confor-

mations and the a phase. In addition, the D-E

hysteresis loop, measured from the uniaxially

stretched P(VDF-CTFE) 91/9 mol% films, also

exhibited much smaller remnant polarization as

compared with that of PVDF (Fig. 3A).

The discharged energy density from the films

of P(VDF-CTFE) 91/9 mol% was measured by

the use of the Sawyer-Tower circuit under

unipolar Es of 10 Hz (Fig. 3B) (13, 14). The

data indicate that P(VDF-CTFE) 91/9 mol%

copolymer does not show D-saturation as seen

in the terpolymers (fig. S2A). The discharged

energy density as a function of E is presented in

Fig. 3C, and the copolymer exhibited an energy

density of more than 17 J/cm3 under a field of

575 MV/m. Furthermore, the discharged energy

density increased with the square of E, which

suggests that, by improving the film quality so

that E
b
can be further raised to 9575 MV/m, a

much higher energy density can be achieved

(U
e
º E2). For instance, E

b
in the Langmuir-

Blodgett films of P(VDF-TrFE) copolymer has

been shown to be higher than 1000 MV/m (18).

For many applications to energy storage

capacitors, a fast discharge time is required

(1, 5, 6). We measured the discharge speed of

these copolymer films by using a specially

designed, high-speed capacitor discharge circuit

in which the discharged energy was measured

from a load resistor (R
L
) in series with the

polymer capacitor (fig. S4). For P(VDF-CTFE)

capacitor films of 0.16 nF (measured at low

field and 1 kHz) discharging to a 1 kilohm

load, the energy discharging time is well below

1 ms (Fig. 4). As the R
L
value changed from 1

to 100 kilohms, the discharge time increased by

a factor of 100 (fig. S5). This finding indicates

that the discharge time is controlled mainly by

the capacitance of the film and external R
L
and

that the P(VDF-CTFE) copolymer capacitor

can have very fast discharge time (G1 ms). In-
deed, the fitting to the voltage change V(t)

across the R
L
yields the time constant that is

nearly the same as that deduced from R
L
C (fig.

S6), where C is the capacitance. Furthermore,

the discharged energy density does not change

greatly whenR
L
is varied from 1 to 100 kilohms.

These results show that the P(VDF-CTFE)

copolymer capacitor possesses a low loss. Our

demonstrated approach can also be applied to

other polymers possessing high dipole density

and high D to achieve ultra-high energy density

with fast discharge time and low loss.
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Fig. 3. (A) Comparison of the D-E loops of PVDF (black curves) and P(VDF-
CTFE) 91/9 mol% (blue curves) measured at 10 Hz. P(VDF-CTFE) shows
much lower remnant polarization even though the film was uniaxially
stretched. (B) D-E loops measured under a unipolar E of 10 Hz for P(VDF-
CTFE) 91/9 mol%. The different colored curves correspond to D-E loops

measured with different field amplitudes. The conduction contribution was
subtracted. (C) The discharged energy density measured from D-E loops
under unipolar fields. Open squares, uniaxially stretched films; þ,
unstretched films. The uniaxially stretched P(VDF-CTFE) films exhibit much
higher Eb values compared with unstretched films.

Fig. 4. Discharge energy density as a function
of time measured from the direct discharge of
the P(VDF-CTFE) polymer films to RL of 1
kilohm. The E value is 253.5 MV/m.
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