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(57) Abstract: Metal nanoparticles are assembled in interrupted metal strands or other structures of characteristic dimensions and
orientation to generate a giant dielectric response through a moditied GE effect. Careful selection and modification of the host ma-
terial and synthesis also leads to low dielectric breakdown voltages. In addition, the high dielectric composite material is em-
ployed in material configurations that are more scalable for industrial and consumer applications.
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HIGH DIELECTRIC PERMITTIVITY MATERIALS FROM COMPOSITES OF LOW
~ DIMENSIONAL METALLIC SYSTEMS

BACKGROUND

[001] Unless otherwise indidated herein, the apprdaches described in this section are
not prior art to the claims in this application and are not admitted to be prior art by
inclusion in this section.

[002] In 1965, Gor'kov and Eliashberg originally predicted thaf minute metallic particles
should posséss dramatically high polarizability, and thus a high dielectric constant,
when small enough (i.e., nano-sized) such that their electronic energy levels are
discrete. This effect is hereinafter referred to as the “GE effect.” The symmetry of the
spherical fnetallic particles, however, may induce a sufficient depolarizatidn field from
electrostatics to wash out the GE effect. This is explained in S. Strassler, et al.,
“Comment on Gor'kov and Eliashberg’s Result for the Polarizability of a Minute Metallic
Particle,” Phys. Rev. B, 6:2575 (1972), the contents of which are incorporated by

reference herein.

[003] Further study on the GE effect was carried out in M. J. Rice, et al., “Gor'kov-
Eliashberg Effect in One-Dimensional Metals?” Phys. Review Lett., 29:113 (1972) (the
“R'i'ce publication”), the contents of which are incorporated by reference herein. In this
publication, the researéhers recognized that ohe-dimensional metals, such as mixed-
valéncy planar cpmplex combodnds o'f'platinum (Pt), might form interrupted metallic
strands under sufficient conditions to manifest the GE effect. More recent fesearch,
published in S. K. Saha, “Observation of Giant Dielectric Constant in an Assembly of

‘Ultrafine Ag Particles,” Phys. Rev. B, 69:125416 (2004) (the “Saha publication”), the

contents of which are incorporated by reference herein, has demonstrated the GE
effect in interrupted metallic strands synthesized using modern techniques. In this and

other studies including T. K. Kundu, et al., “Nanocomposites of Lead-Zirconate-Titanate

Glass Ceramics and Metallic Silver,” Appl. Phys. Lett., 67:2732 (1995) (the “Kundu -

publication) and B. Roy, et al., “High Dielectric Permittivity in Glass-Ceramic Metal
Nanocomposites,” J. Mater. Res., 8:1206 (1993), the contents of which are ‘
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incorporated by reference herein, researchers have demonstrated giant dielectric

responses (on other order of € ~ 1010)_ in small-scale assemblies of ultrafine metal

-particles (i.e., metal nanoparticles) under external electrical bias, disordered

metal/semiconductor particles without bias, and at various temperatures and

frequencies. -

SUMMARY:

[004] In accordance with at least some embodiments of the present disclosure, a
method of producing a high dieleCtrid permittivity comp'osité material is disclosed. The
method includes selecting alumina as a host material, synthesizing nanoscale copper
wires in the host material, applying a current in the range of 100 yA to 10 mA to
producé coppér atom islands in interrupted Sti'ands, and filling pores in the host material

that are not filled with the copper wires.

[005] In accordance with at least some other embodiments of the present disclosure, a
large scale structure that is at least 1 mm thick is also disclosed. The large scale

structure includes multiple layers of composite material having high dielectric constants

due to the GE effect.

BRIEF DESCRIPTION OF THE DRAWINGS

[oos] Figure 1is a flow diagram of an illustrative embodiment of a'process: for

producing a composite material having a high dielectric constant;

[007]1 Figure 2 is a flow diagrafn of an illustrative embodiment of a process for

producing a composite material having a high dielectric conétant; and
[008] Figures 3A and 3B illustrate two examples of a large scale structure that

contains high dielectric permittivity materiais.

DETAILED DESCRIPTION

[009] In the following detailed description, reference is made to the accompanying

~ drawings, which form a part hereof. In the drawings, similar symbols typicaily identify
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similar components unless context dictates otherwise. The illustrative embodiments
described in the detailed description, drawings, and claims are not meant to be limiting.
Other embodiments may be utilized, and other changes may be made, without
departing from the spirit or scope of the subject matter presented herein. It will be
readily understood that the aspects of the present disclosure, as generally described :
herein, and illustrated in the Figures, can be arranged substituted, combined,
separated, and designed in a wide variety of different configurations, all of which are
explicitly contemplated herein. ' '

[0010] This disclosure is drawn, infer alia, to the synthesis, production, and use of new

dielectric composites of low-dimensional metallic or metal-like particles and molecular

templates that guide their synthesis. These particles are assembled in interrupted

~ metal strands or other structures of characteristic dimensions and orientation to
' generate a giant dielectric response through a modified GE effect. Careful modification

-of the composite host matenal also leads to low dielectnc breakdown voltages

Materials with high dielectric constants and/or improved voltage breakdown
characteristics are useful as they help enable advances in supercapacitor applications
and technologies. '

[0011] 'One example of a high dielectric permittivity material is a polycarbonate
membrane having channels that are filled with ultrafine particles of silver in close
physical proximity to each other. This is the material described in the Saha publication.-
These form interrupted strand configurations si'milar toa linear strand of beads, with
each ultrafine particle of silver as a bead.” The silver particles have an effective

- diameter on the order of nanometers and overall strand lengths of ~ 50 um. An overall

composite 50 um thick is estimated to have a dielectric constant of 10" alongthe
strand axis. An electrical field bias of 0.05 volts is required to achieve a capacitive |
state.

[0012] Other examples of a high dielectric permittivity njaterial is a nanocomposite of

PZT glass ceramics and metallic silver that is described in the Kundu publication, whicn

exhibits a dielectric constant of 300-1000 at 300 K, and silver nanowire assemblies in
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mica described in P. K. Mukherjee, et al., “Growth of Silver Nanowires Using Mica
Structure as a Template and Ultrahigh Dielectric Permittivity of Nanocomposite,” J.
Mater. Res.,"17:3127 (2002), the contents of which are incorporated by reference
herein, which exhibits a dielectric constant of around 10”. In certain examples where
the particles are spherical, an applied electrical field bias is necessary to physi'cally
distort the particles and breek thespherical symmetry to induce a large dielectric

response.

- [0013] Silver is used in many of the examples because of ease of synthesis and the

high yield of pore?ﬁlling reaction. However,ipOIypyrroIe nanorods as disordered metals

may also be used, as shown in S K. Saha, “One-Dimensional Organie Giant

~ Dielectrics,” App. Phys. Lett., 89:043117 (2006) the contents of which are rncorporated

by reference herein.

[0014] As used herern an interrupted metallic strand Is an aggregate of metal partlcles

joined by physical proximity in a Iattrce though break junctions, insulating junctions, or

other means. These strands may be metal particles in a linear formation interrupted by

endogeneous lattice defects as described in the Rice publication. The linear formations

- between the junctions rrray be conceived as deep potential wells and modeled as a 1D

sequence of"‘particle-in-a-box”.potentials. The model estimates a dielectric constant on
the order of the particle lengths, and when integrated over the ensemb|es of strands,

gives the very high velues of dielectric constants shown by previous researchers. In

- some cases, the composite material may be considered as a dual lattice exhibiting a

Maxwell-Wagner space charge mechanism, particularly at high frequencies and -

temperatures.

[oorS] The present disclosure extends the range of systems that benefit from the GE
effect. Extensions of both active metallic materials and host materials contained in

such systems are contemplated. This disclosure also introduces novel components for

~ the production of these materials, such as for void-ﬁllirrg, and large structure

construction. Even in non-optimal cases, these materials would enhance dielectric -

constant by orders of magnitude. In addition, material conﬂgurations that are more
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approprlate for large scale appllcatlons are descrlbed These material cont’ igurations

are more scalable for industrial and consumer applications than the single, thin

membranes taught in the prior art and minimize the open pores that do not contain

nanowi_res because such open pores become air filled gaps that contribute to electrical

brea_kdown (e.g., by arcihg).

[0016] The composite materials and the material conﬁguratlons set forth in this

disclosure include one or more of the foIIowmg features:

1. Particle assemblies of the correct size. Metal or metal-like material particle

assemblies are synthesized in host materials near the characterlstlc length for

the particular material so that the GE effect is observed at room temperature or .

other appropriate operatmg temperature. The materials may include one or
more of Cu, Mg, Au, Zn, Cd, Al; Mg, K, or metal-like materials, such as
conducting polymers or conjugated mqlecular systems.

2. Host materials and chemistries. A porous host m'aterial with a pore diameter
suitable to template nanoscale assemblies exhibiting quantum energy states
(order of 100 hm or less) is selected. The selected host material facilitates
chemistry for interrupted strand synthesis of precursors. 'Host materials may
include one of the following classes: porous materlals such as alumma
polycarbonate/other organic polymers, zeolites, molecular sieves, other
mesoporous materials, or template materials such as mica or glass ceramics.
Chemistries may include electro—deposition, pyrolytic, other redox and synthesis

reactions. Any voltaic synthesis may use the host as an anode.

3. Application of a- post synthesns step An optional post—synthesus step is
applied to produce the actual interrupted metal strand or fi nal nanostructures.
The post-synthesis step may include sintering, current-induced melting (as with
silver nanowire conversion to ultrafine particles), or other physio-t:hemical
metho_ds that convert wires or homogeneous structures from the particle
assemblies from #1 above into ihterrupted metal strands.
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e 4. Pore ‘_blogking_. A supplementary sequence of reactions is carried out to block '
the remaining pores and prevent these pores from becoming air ﬁlled.gaps in the}
final structure. These reactions may include follow-on deposition reacfi'ons that
go to completion far better than the main reaction. For example, in the case |
where copper (Cu) Wires m alumina are created to exhibit the GE effect, the

- remaining porous space may be filled with polyestef.

e 5 Postfprocessihg for Ia'rge structures; Further processing of the composite
material is carried out to create an application-relevant structure. This may
~ include folding‘of filled membranes to create a thick structure, compacting of
zeolites filled with nanowires into dense materials, or machining of filled alumina

.into particles for further use.

» 6. Use as capacitors. The composite material may be used as high dielectric
materials in applications requiring capacitors with or withfout favorable high

voltage characteristics, in some cases, with an appliéd voltage bias.

e 7. Use of applied voltage bias. In some embodiménts, e.g., in ultrafine
assemblies of metals in spherical configurations, a voltage bias is applied to the
~ composite material when it is used in a capacitor stnjcture. The voitage bias |
~ may result from an extrinsic field or an intrinsic field. The voltage bias may not

be necessary with nanorods or other non-spherical particles.

The characteristic number of metal atoms for a structure to exhibit the GE effect is
based on the spatial length of the “particie-in-a-box” potential at the appropriate
temperature. Table 1 below shows the characteristic number of metal atoms for

various metals at room temperature.

" TABLE 1

Element lonic Radius (pm) | Number of Atoms
Platinum (Pt) ' 150 267
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Copper (Cu) B A 519

Silver (Ag) I 425
[Gold (Au) - 85 471
[ Zinc Zn) T 74 540
Cadmium (Cd) - |95 ] 421
[ Beryllium (Be) 45 - : 889
Magnesium (Mg) 72 556
Aluminum (A) | 535 — [748
Potassium (K) 138 290
Sodium (Na) 102 392

[0017] 4 The_follbwing are some embodiments that include one or more features of the

present disclosure.

¢

~ [0018] Example 1. Copper in alumna and machined alumina. Figure 1 is a flow

diagram of an illustrative embodiment of a process for producing a composite material
havmg a hlgh dielectric constant. Nanoscale copper wires are first synthesized in
alumlna as a host via electro- deposmon with the alumina as the anode (Block 11). The
synthe3|s is described in further detail in T. Gao, et al., “Electrochemical SyntheSIs of
Copper Nanowires,” J. Phys.: Condens. Matter, 14:255 (2002), the cont'ents of which

.are incorporated by referenCe herein. At Block 12, a high vqltage/current is applied to

~ the nanoscale copper wires in alumina. A current between 100 pA to 10 mA is earefu|ly

selected to create assemblies of ~ 500 Cu atom islande in interrupted s‘trands. Alow.

temperature polymerization of polyester then follows to fill those peres that do not go to

.synthetic completion (i.e., are not filled with the copper nanowires) (Block 13). The

resulting composite material may be used with a bias electrical field to generate a Iarge

- dielectric response along the strand axis (Block 14A). The resuiting composite material

may also be machined mto powder and used in bulk applications (Block 14B). Though
the assemblies would become randomly oriented, it is expected that a sufficient number -

would be oriented in a partiCular direction of an applied field to account for a strong
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enhancement of the overall dielectric constant. In addition, the resultirig composite

material may be folded or stacked to create a large-scale struc_turé (Block 14C).

~ [0019] 'Example 2. Potassium in zeolites. Figure2 is a flow diagram of an illustrative

embodiment of a process for producing a composite material having a high dielectric
constant. Nanoscale metals may be synthesized in structures such as zeolites, e.g., .
_1'D channel zeolites and some 2D and 3D channel zeolites that have non- -
int_eréonnected channels. 1D channel zeolites may include Zeolite L, Zeolite-Linde-
Type-L (LTL), AIPO-31 (ATO) zeolite, roggianite (-RON) zeolite, EU-1 (EUO) zeolite,
RUB-3 (RTE) zéolite, and other 1D channel zeolites disclosed in Xu, R., et al,,

: Chemistry of Zeolites and Related Porous Materials: Syhthésis and Structure, Wiley- :

Interscience, pp. 44 — 46 (2007).

[0020] At Block 21, Zeolite L is selected as the host material. Then, ét Block 22,

~ conventional Davy electrdlysis of KOH is carried out with Zeolite L to produce

potassium nanowires in Zeolite L. At block 23, Zeolite L that is filled with potassium

‘nanowires is compacted into dense materials for use in an application-relevant

structure. By choosing a zeolite with appropriate channel length, such as Zeolite L

_A (which can be growri to crystal lengths of 20 to 7000 nm), potassium nanowires may be

grown in each channel exactly matching the optical distanqe (~ 80 nm) to manifest the .
GE effect. Zeolites as a hoét have the advantage of creating an ensemble of single
length nanowire segments matched precisely to the “particle-in-a-box” Iength, instead of
relying on Kinetically or thérmodynamica“y controlied reactions in extended
mesoporous channéls. ThoUgh Zeolite L has strictly linear channels, each particle will
be oriented randomly in space (zeolites with nonlinear channels will Be oriented
equivalently in the aggregate), leaving only a fraction oriented pafallel to any applied
field. By simple geometric integration of the dielectric Vector, the enhancement of
dielectric constant is's_till expected to be high order, dnly, at most, a few Qrdérs of
magnitude lower than the €~ 10" of an oriented system. Additionally, because each
wire fepresents a single “particle-in-a-box” potential, applications need no applied bias
field. ‘ '
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t0021] Exémple 3. Though silver ultrafine particles have been created in thin (50 pm)
polycarbonate membranes to creafe high dielectric compounds, overall scale up from
these structures has not _been contemplated. However, polycarbonate or other flexible A
_membranes could form the basis of a fo_ll-td-roll manufacturing process, with sheets that
are folded together, cuf and stacked, or rolled to Create thick structures.. A 10 cm thick
structure includels-approximately'ZOOO sheets of membrane that are stacked or folded.

Rolled structures easily scale to consumer power cells (similar to consumer battery

cells that are constructed from rolled electrodes). Figures 3A and 3B illustrate two

examples of a Ia_rgé scale structure that contains high dielectric permittivity materials. -
In these examples, large scale structure 31 includes multiple stacked sheets of

polycarbonate membrane 32 containing silver nanoparticles 33.(F.igure 3A) or multiple

~ folded sheet of.polycarbonéte membrane 32 containing silver nanoparticles 33 (Figure

3B). In other embodiments, large scale structure 31 may include multiple folded or

stacked sheets of other materials having high diel_ectric,consta'nts due to the GE effect.

.[00'22] Example 4. According to the Rice publication, nanorods of polypyrrole have

been synthesized using low temperature pyrolysis in alumina and shown to exhibit giant

~ dielectric effects. The mechanism is posited to be disordered metal phases interrupted -

by semiconductor phases to create interrupted strand structures. Other work,
publishéd in J. L. Lee, et al., “Highly Aligned Ultrahigh Density Arrays of Conducting.
Polymer Nanorods Using Block Copolymer Templates,” Nano Lett., 8:2315 (2008) (the
“Lee publication”), the 'conten'ts of which are incorporated by reference herein, teaches
electrodeposiﬁng of polypyrrole ori_ indium tin oxide (ITO) to create ultrahigh den'_sity
vertical arrays of highly éonductive rods (though they have not been tested for -
capécitive function). According to one or more embodiments of this disclosure, many
other conducting polymers, ranging from polyaniline to more exotic specialty polymers
may be synthesizéd in host Méterials, replacing metals used in the Rice and Lee |
publications. In addition, control of dopant levels through known chemical techniques,
such as kinetic control, allows good control of interrdpted strand dimensions and defect
dénsity. The low weight of these polymers make them ideal for creatin'g s;ystems,with a

low weight-to-performance ratio.
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- [0023] Capacitor system with high efféctive pérmittivify enables rhultibilli_on dollar energy

markets ranging from portable electronics to automotive to large power systems. The

materials set forth in the preéent disclosure would enable applications across these

| markets, particularly those requiring very high dielectric constants.

© [0024] Industrial and academic efforts have produced high dielectric materials, but each

with considerable associated difficulties. Many ceramic high dielectric materials for
parallel plate capacitors suffer from Idw breakdown levels because of material structural
defects. Other maferials with better processing characteristics have insufficient
dielectric properties for large scale use (e.g., dielectric constants in the tens, not
hundreds). Though researchers have contemplated nanodielectrics for industrial
applications as published in C. Yéng, etal., “The F_uture of Nanodielectrics in the
Electrical Power Industry,” IEEE Trans. Dielec. and Elec. Insul., 11:797 (2004), the
contents of whichv'are incorporated by reference herein, little work has been performed

to target structures and systems that are appropriate for non-laboratory applications.

[0025] One exception may be the company, EEStor. EEStor is the assignee of U.S.
Patent Nos. 7,033,406 and 7,466,536, which are directed to low void and low defect
BaTiO; structures. BaTiO3 possesses abnormally large dielectric constants but voids
and defects from traditional syntheses lead to pOdr electric breakdown robustness.
EEStor claims to; have solved this problem with IoW—temperatdre and kinetically labile
synthetic roufes. However, cohvsiderable skepticism remains about the commercial
viability and scalability of their product. In addition, even in the EEStor materials,

dielectric constants of & > 10* are unlikely in production.

[0026] With respect to the use of substantially any plural and/or singular terms herein,

.those having skill in the art can translate from the plural to the singular and/or from the

singular to the plural as is appropriate to the context and/or application. The various

singular/plural permutations may be expressly set forth herein for sake of clarity.

[0027] It will be understood ‘by those within the art that, in general, terms used hérein,

and especially in the appendéd claims (e.g., bodies of the appended claims) are

10
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generally intended as "open" terms (e.g., the terrn “including” should be interpreted as |
"including but not limited to," the term "having" should be interpreted as "having at
least,” the term "includes" shduld be interpreted as "includes but is not limited to," etc.).
It will be further understood by those within the art that if a specific number of an
introduced claim recitation is intended, such an intent will be explicitly recited in the

claim, and in the absence of such recitation no such intent is present. For example, as’

_ an_aid to understanding, the following appended claims may contain usage of the

introductory phrases "at least one" and "one or more" to introduce claim recitations.

- However, the use of such phrases should not be construed to imply that the

introdub_tion of a claim recitation by the indefinite articles "a" or "an" limits any particular
claim containing such introduced claim recitation to inventions containing only one such |
recitation, even when the same claim includes the introductory phrases "one or more” ,
or "at least oné" and indefinite articles such as "a” or "an" (e.g., "g" and/or "an" should

typically be interpreted to mean "at least one" or "ona or more"); the same holds true for

‘the use of definite articles used to introduce claim recitations. In addition, even if a

specific number of an introduced claim recitation is’explicitly recited, those skilled in the

art will recognize that such recitation should typically be interpreted to mean at least the

recited number (e.g., the bare recitation of "two recitations," without other modifiers,

typically means at Iéast two recitations, or two or more recitations). Furthermqre, in
those instances where a convention analogous to "at least one of A, B, and C, etc." is
used, in general such a construction is intended in the sense one havmg skill in the art
would understand the convention (e.g., "a system having at least one of A, B, and C"

would include but not be limited to systems that have A alone, B alone, C anne A and

B together, Aand C together, B and C together, and/or A, B, and C together, etc.).

those instances where a convention analogous to "at least one of A, B, or C, eté." is
used, in general such a construction is intended in the sense one having sk|ll in the art
would understand the convention (e.g., "a system having at least one of A, B, or C"
would include but not be limited to systems that have A alone, B alona, C alone, A and
B together, A and C together, B and C togeth_er, and/or A, B, and C together, etc.). It
will be further understood by those within the art that virtually any disjunctive word

11



10

WO 2011/105964 PCT/SG2010/000191

and/or ‘phrase presenting two or more alternative terms, whether in the description,
claims, or drawings, should be understood to contemplate the possibilities of including
one of the terms, either of the terms, or both terms. For example, the phrase "A or B"

will be understood to include the possibilities of "A" or "B" or "A and B."

[0028] From the foregoing, it will be appreciated that various embodiments of the
present disclosure have been described herein for pUrposes of illustration, and that
various modifications may be made without departing from the scope and spirit of the
present disclosure. Accordingly, the various embodiments disclosed herein are not

intended to be limiting, with the true scope and spirit being indicated by the following

claims.

12
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Claims

1. A method of producing a high dielectric permittivity composite material,
comprising:

selecting a host material with nano- or micro-scale pores or mesoporous

A channels;

synthesizirrg conductive material in the host material channels to ferm
interruptedlstrands; and

filling the pores in the host material that are not filled with the conductive
material.

2. The method of claim 1, wherein the host matenal is alumina, the conductive:
material copper and the pore filling material polyester, and a current in the range of 100

pA to 10 mA is applied to produce copper atom islands in interrupted strands.

3. " The method of claim 2, wherein the filling comprises a low temperature

polymerization of polyester.

4.  The method of claim 2, wherein the nanoscale copper wires are synthes'ized via

electro-deposition with the alumina as the anode.

5 The method of claim 2, wherein the filling comprises a low temperature

- polymerization of polyester and the nanoscale copper wires are synthesized via electro-

deposition with the alumina as the anode.
6. The method of clarm 2, further comprising:

applying a bias electrical field in a manner to generate a large dlelectrrc

response along an axis of the host material filled with the copper wires.

13
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7. The method of cléim 2, further comprising:

machining the host material filled with the copper wires.

8. The method of claim 2, further comprising:

stacking multiple sheets of the host material filled with the copper wires.

9. ‘A method of producing a high dielectric bérmiﬁivity composite material

‘comprising:

selecting a zeolite as a host material; and-

: synthesizing conductive material in the host material.

10.  The method of claim 9, further comprising:

: compactin.g the host material cbntaining the conductive material.

11.  The method of claim 10, wherein the host material has channel lengths of 20 to
7000 nm. | |

12.  The method of claim 11, wherein the host material containingl the conductivé
material has a dielectric constant that is at least 108,

13.  The method of 9, wherein the host material is Zeolite L and the conductive

material is potassium.

14 The method of claim 13, wherein potassium nanowires are synthesized in Zeolite

L by the Davy electrolyéis of KOH.

15. . The method of claim 14, wherein the potassium nanowires are each formed to

have an optical distance of about 80 nm. -

14
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16. A hlgh dielectric permittivity composnte material having a dielectric constant of at

least 108 compnsmg potassium nanowires in Zeolite L.

17.  Alarge scale structure that is at least 1 mm thick comprising multiple fayers of

composite material having high dielectric constants due to the GE effect.

18.  The large scale structure of claim 17, wherein the multiple layers are formed by

folding one or more sheets of the composite material.

19.  The large scale structure of claim 17, wherein the multiple layers are formed by

stécking one or more sheets of the composite material.

20.  The large scale structure of claim 17 wherem the composite materlal includes

polycarbonate membranes containing silver nanopartlcles

21.  The large scale structure of claim 17, wherein the composite material includes

alumina containing copper nanoparticles.

22.  The large scale structure of claim 17, wherein the composite material inCludes

alumina containing copper nanoparticles and polyester.

15
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