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(57) ABSTRACT 

Methods are provided for making bipolar electrochemical 
devices, such as batteries, using electrophoresis. A bipolar 
device is assembled by applying a ?eld that creates a physical 
separation between tWo active electrode materials, Without 
requiring insertion of a discrete separator ?lm or electrolyte 
layer. 
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ELECTROPHORETIC ASSEMBLY OF 
ELECTROCHEMICAL DEVICES 

[0001] This application is a continuation of US. patent 
application Ser. No. 11/108,602, ?led Apr. 18, 2005, Which 
claims priority to US. Provisional Patent Application Ser. 
No. 60/563,026, ?led Apr. 16, 2004, and US. Provisional 
Patent Application Ser. No. 60/583,850, ?led Jun. 29, 2004. 
US. patent application Ser. No. 11/108,602 is also a Continu 
ation In Part of US. patent application Ser. No. 10/206,662, 
?led Jul. 26, 2002, Which claims priority to US. Provisional 
Application Ser. No. 60/308,360, ?led Jul. 27, 2001; US. 
patent application Ser. No. 10/ 206,662 is also a Continuation 
In Part of US. patent application Ser. No. 10/021,740, ?led 
Oct. 22, 2001, Which claims priority to US. Provisional 
Patent Application Ser. No. 60/242,124, ?led Oct. 20, 2000. 
Each of these applications are incorporated by reference 
herein. 

GOVERNMENT RIGHTS 

[0002] This invention Was made With government support 
under Grant Number F49620-02-1-0406, aWarded by the Air 
Force, and Grant Number NMA501-03-01-2004, aWarded by 
the Department of Defense. The government has certain 
rights in the invention. 

BACKGROUND 

[0003] 1. Field 
[0004] The ?eld includes methods of making bipolar 
devices using electrical potentials and electric ?elds, and in 
particular methods of making bipolar electrochemical 
devices, such as batteries, using electrophoresis. 
[0005] 2. Summary of the RelatedArt 
[0006] Batteries, and particularly rechargeable batteries, 
are Widely used in a variety of devices such as cellular tele 
phones, laptop computers, personal digital assistants, and 
toys. Manufacturing constraints generally limit the available 
shapes of batteries, With common form factors including cyl 
inders, button cells (thin discs), and prismatic forms. The 
energy density of such batteries is relatively loW, due to poor 
volumetric utiliZation of space Within the electrochemical 
devices. Recently “three-dimensional batteries” have been 
proposed, Which have anodes and cathodes With active sur 
face areas exposed in three dimensions, and potentially 
exhibit improved performance results compared to standard 
battery geometries. A need exists for neW manufacturing 
methods to create electrochemical devices With improved 
energy density, poWer density, and cycle life, as Well as 
reduced manufacturing cost. 
[0007] Electrophoresis, the motion of charged particles 
under an applied electric ?eld, is used to characterize the 
behavior of solutions and suspensions, and has also been used 
to deposit materials in the form of thin ?lms, coatings, and 
even bulk products. The formation of battery electrodes by 
electrophoretic deposition has been disclosed (e.g., Kana 
mura et al., Electrochemical and Solid-State Letters, 3:259 
262 (2000)). Typically, a coating is electrophoretically depos 
ited on a metal substrate from a suspension of particles in a 
liquid. The deposited coating is then removed from the appa 
ratus or bath in Which the deposition Was carried out, and 
subsequently used for a desired application. For example, to 
prepare a battery, an electrophoretically-deposited electrode 
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is removed from its liquid deposition bath, dried, and used as 
a component in a device assembly. HoWever, the act of elec 
trophoresis does not by itself create a complete device. 

SUMMARY 

[0008] Methods are provided for making bipolar electro 
chemical devices using electrophoresis. Potentials (e. g., elec 
trical potentials) and ?elds (e.g., electrical ?elds) are used to 
assemble a variety of electrochemical device architectures, 
including tWo-dimensional and three-dimensional construc 
tions for batteries, capacitors, fuel cells, electrochromic dis 
plays, and sensors. The disclosed electrophoretic assembly 
methods do not require insertion of a discrete separator ?lm or 
electrolyte layer, and are useful for producing devices With 
reduced manufacturing cost and improved energy density, 
poWer density, and cycle life. 
[0009] In certain embodiments, the methods described 
herein utiliZe the electric-?eld assisted deposition of an elec 
troactive material from a medium. The electroactive material 
is suspended in the medium, and may be in the form of 
colloidal particles, macromolecules, molecules, or ions. 
Hereafter, it should be understood that the term “particles” 
refers to any of the above forms. 
[0010] One aspect provides a method of assembling a bipo 
lar device including a ?rst terminal and a second terminal, and 
a device made according to the method. The method includes 
providing the ?rst terminal and providing particles of a ?rst 
electroactive material in a medium. The method further 
includes providing the second terminal electronically con 
nected to a second electroactive material. The method further 
includes generating a ?eld causing particles of the ?rst elec 
troactive material to form an electronically continuous elec 
trode, and creating an electronically insulating separation 
betWeen the ?rst and second electroactive materials. The elec 
tronically insulating separation betWeen the ?rst and second 
electroactive materials is preserved in the ?nal device. 
[0011] In certain embodiments, the method comprising 
generating an electrical ?eld causing particles of the ?rst 
electroactive material to form an electronically continuous 
electrode, and creating an electronically insulating separation 
betWeen the ?rst and second electroactive materials. The elec 
trical ?eld can be generated by applying an electrical poten 
tial betWeen the ?rst terminal and the second terminal; or, 
betWeen one of the ?rst and second terminals and a third 
terminal. The electrical ?eld can attract particles of the ?rst 
electroactive material to the ?rst terminal. In some cases, the 
electrical ?eld attracts particles of the ?rst electroactive mate 
rial to the ?rst terminal and/or repels particles of the ?rst 
electroactive material from the second electroactive material 
in the medium. 
[0012] In certain embodiments, the method also includes 
providing an ionically conductive material in the electroni 
cally insulating separation betWeen the ?rst and second elec 
troactive materials. In some embodiments, the ionically con 
ductive material is a liquid electrolyte. In some embodiments, 
the medium includes a polymer, and preserving the electroni 
cally insulating separation betWeen the ?rst and second elec 
troactive materials includes solidifying, or drying, the poly 
mer to form a solid polymer electrolyte. 
[0013] In some embodiments, the method further com 
prises depositing particles of the ?rst electroactive material 
on the ?rst terminal. 

[0014] In certain embodiments, the second electroactive 
material has a three-dimensional structure de?ning a void 
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space, and wherein the ?eld causes particles of the ?rst elec 
troactive material to concentrate in the void space. The sec 
ond electroactive material may be a porous electrode, and 
Wherein the ?eld causes particles of the ?rst electroactive 
material to concentrate in the pore space of the porous elec 
trode. The porous electrode may be a reticulated open-cell 
carbon, metal or ceramic foam. 
[0015] In some embodiments, Wherein particles of at least 
one of the ?rst and second electroactive materials are coated 
With a conductive material. 

[0016] In some embodiments, at least one of the terminals 
is patterned to include a serpentine, spiral, or comb-like 
region and further comprising depositing electroactive mate 
rial in the region. In some cases, the ?rst and second terminals 
are constructed and arranged to be interdigitated. 
[0017] In some embodiments, the method further com 
prises depositing particles of the ?rst electroactive material 
on the ?rst terminal thereby forming an electronically con 
tinuous ?rst electrode; and, generating a second ?eld causing 
particles of the second electroactive material to deposit on the 
second terminal, thereby forming an electronically continu 
ous second electrode. The method may further comprise cre 
ating an electronically insulating separation betWeen the ?rst 
and second electrodes; and, preserving the electronically 
insulating separation betWeen the ?rst and second electrodes. 
The ?rst and second electrodes may be formed simulta 
neously, or sequentially. 
[0018] In certain embodiments, the method also includes 
applying an electrical potential to the ?rst terminal, thereby 
creating an attractive force betWeen the ?rst electroactive 
material and the ?rst terminal. In at least some such embodi 
ments, particles of the ?rst electroactive material are depos 
ited at the ?rst terminal. 
[0019] In some embodiments, the second electroactive 
material has a three-dimensional structure de?ning a void 
space, and the repulsive force betWeen the ?rst and second 
electroactive materials causes particles of the ?rst electroac 
tive material to concentrate in the void space. In certain 
embodiments, the second electroactive material is a porous 
electrode, and the repulsive force betWeen the ?rst and second 
electroactive materials causes particles of the ?rst electroac 
tive material to concentrate in the pore space of the porous 
electrode. In some embodiments, the porous electrode is a 
reticulated open-cell carbon, metal or ceramic foam. 
[0020] In certain embodiments, particles of at least one of 
the ?rst and second electroactive materials are coated With a 
conductive material. 
[0021] Another aspect provides a method of making an 
electrode and an electrode made according to the method. The 
method includes providing a ?rst terminal and providing 
conductive particles of an electroactive material in a medium. 
The method further includes providing a second terminal. An 
electrical potential is applied betWeen the ?rst and the second 
terminal to deposit conductive particles of the electroactive 
material at the ?rst terminal thereby forming an electronically 
continuous electrode. A continuous bridge of conductive par 
ticles of the electroactive material is formed betWeen the ?rst 
and second terminals. The applied electrical potential is 
removed. 
[0022] In some embodiments, the method further com 
prises providing a third terminal and providing conductive 
particles of a second electroactive material in a medium. The 
method further comprises providing a fourth terminal and 
applying an electrical potential betWeen the third and the 
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fourth terminals to deposit conductive particles of the second 
electroactive material at the third terminal thereby forming a 
second electronically continuous electrode. A second con 
tinuous bridge of conductive particles of the second electro 
active material is formed betWeen the third and fourth termi 
nals. The applied electrical potential is removed. 
[0023] Another aspect provides a battery. The battery com 
prises a substrate, a ?rst terminal, a second terminal; and a 
localiZed conductive region comprising electroactive mate 
rial formed on the substrate and surrounded by an insulating 
region. At least one of the ?rst and second terminals is elec 
tronically connected to the conductive region. 
[0024] Other aspects, embodiments and features of the 
invention Will become apparent from the folloWing detailed 
description of the invention When considered in conjunction 
With the accompanying draWings. The accompanying ?gures 
are schematic and are not intended to be draWn to scale. In the 
?gures, each identical, or substantially similar component 
that is illustrated in various ?gures is represented by a single 
numeral or notation. For purposes of clarity, not every com 
ponent is labeled in every ?gure. Nor is every component of 
each embodiment of the invention shoWn Where illustration is 
not necessary to alloW those of ordinary skill in the art to 
understand the invention. All patent applications and patents 
incorporated herein by reference are incorporated by refer 
ence in their entirety. In case of con?ict, the present speci? 
cation, including de?nitions, Will control. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a schematic illustration of depositing an 
electrochemically active material using electrophoresis 
according to certain embodiments. 
[0026] FIGS. 2A-B are schematic illustrations of the for 
mation of layered battery con?gurations using electro 
phoretic deposition and simultaneous separation according to 
certain embodiments. 
[0027] FIG. 3 is a schematic illustration of a system for 
spatially concentrating a cathode material in the pore space of 
a porous foam anode using electrophoresis according to cer 
tain embodiments. 
[0028] FIG. 4A is a schematic illustration of spatially con 
centrating a cathode material in the pore space of a porous 
foam anode using electrophoresis according to certain 
embodiments. FIG. 4B is an expanded vieW of the foam. 
[0029] FIG. 5 is a top vieW of a microelectrode array depos 
ited on glass, Which is useful for carrying out electrophoresis 
according to certain embodiments. 
[0030] FIG. 6 is a chart shoWing a cyclic voltammetry scan 
of a heat treated carbon foam, tested in a SWagelok® cell 
against a lithium metal foil electrode, shoWing reversible 
electrochemical insertion of lithium at the expected potential 
for carbon anodes. 
[0031] FIG. 7 is a chart shoWing cyclic voltammetry results 
from several samples of devices assembled by electrophore 
sis according to certain embodiments. Testing Was performed 
at various scan rates betWeen 0 and 4.2V at room temperature. 
In each case, the sample resistance remained high up to the 
maximum voltage, shoWing that electrical insulation Was pre 
served. 
[0032] FIG. 8A is a top vieW of a microelectrode array With 
LiCoO2 and Super PTM carbon electrophoretically deposited 
at one electrode according to certain embodiments. 
[0033] FIG. 8B is a top vieW of a microelectrode array With 
LiCoO2 and Super PTM carbon electrophoretically deposited 
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at one electrode and mesoporous microbeads (MCMB) elec 
trophoretically deposited at the other electrode according to 
certain embodiments. 
[0034] FIG. 9 is a plot illustrating galvanostatic cycling (30 
mA/ g) vs. lithium metal of reticulated vitreous carbon, ?red 
at 24000 C. in He gas for 4 hours, shoWing loW ?rst-cycle 
irreversibility and loW capacity fade to 10 cycles. 
[0035] FIGS. 10A-C are plots of galvanostatic voltage 
capacity curves at C/24 rate for an electrophoretically 
assembled cell, calculated for LiCoO2 mass. FIG. 10A shoWs 
a ?rst charge curve exhibiting large excess capacity attributed 
to the reversal of electrochemical reactions induced during 
electrophoresis. FIG. 10B shoWs discharge curves for the ?rst 
feW cycles exhibiting similar voltage pro?les, With the capac 
ity varying With upper voltage limit during charge. FIG. 10C 
shoWs the sixth cycle exhibiting polarization during charge 
and discharge of ~0.2V about the open circuit voltage. 
[0036] FIGS. 11A-B are schematic illustrations of cell 
designs in Which a can and a tab are used as Working elec 
trodes for electrophoretic forming, and subsequently are used 
as current collectors of the resultant battery. 
[0037] FIGS. 12A-B shoW a tWo-step deposition process 
for the electrophoretic assembly of a battery as described in 
Example 8. 
[0038] FIG. 13 shoWs the charge and discharge for cycle 
number 40 for the battery of FIGS. 12A and 12B as described 
in Example 8. 
[0039] FIGS. 14A-B shoW a tWo-step process for making a 
battery by electrophoretic deposition on a set of four elec 
trodes as described in Example 8. 
[0040] FIGS. 15A-C shoW the deposition from a mixture of 
1 Wt % LiCoO2 in acetone at 2, 2.5 and 3 V, respectively, as 
described in Example 9. 
[0041] FIGS. 16A-C shoW the deposition from a mixture of 
1 Wt % LiCoO2 in acetone at 5 V as described in Example 9. 
[0042] FIG. 17 shoWs a reticulated carbon foam attached to 
a second Pt mesh current collector, and placed above a ?rst Pt 
mesh current collector as described in Example 7. 
[0043] FIG. 18 shoWs the current measured betWeen tWo 
current collectors as a function of time for tWo values of 
applied voltage as described in Example 7. 
[0044] FIG. 19 shoWs a pattern of terminals having a ser 
pentine con?guration as described in Example 10. 
[0045] FIG. 20 shoWs a pattern of terminals having a spiral 
con?guration as described in Example 10. 
[0046] FIG. 21 illustrates con?gurations of terminals 
alloWing deposition corresponding to the method of Example 
3 as described in Example 11. 
[0047] FIG. 22 illustrates con?gurations of terminals 
alloWing deposition corresponding to the method of Example 
8 as described in Example 11. 

DETAILED DESCRIPTION 

[0048] The invention provides methods of assembling 
bipolar electrochemical devices using electrophoresis. Elec 
trical potentials and electric ?elds are used to form electro 
chemical junctions betWeen positive and negative electrodes, 
and electrochemical devices are fabricated With a variety of 
internal designs or architectures, including one-, tWo-, and 
three-dimensional constructions. By Way of non-limiting 
example, methods as disclosed herein are useful for making 
laminated devices, bobbin construction batteries and variants 
thereof, planar interpenetrating electrode structures, and 
three-dimensional interdigitated and interpenetrating struc 
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tures, such as those based on the in?ltration of one porous 
electrode With an opposing electrode. Many such device 
architectures are described in detail in Us. patent application 
Ser. No. 10/206,662, published as US 2003/0099884 A1, 
Which is incorporated by reference herein. Non-limiting 
examples of device con?gurations suitable for assembly by 
electrophoretic methods as described herein include a cell 
comprising a single pair of parallel linear electrodes, a single 
planar cell stack consisting of a laminate having one positive 
and one negative electrode, multiple laminates or multilayer 
stacks, a tWo-dimensional array of alternating linear elec 
trodes, a tWo-dimensional interdigitated electrode array, a 
three-dimensional array of interdigitated electrodes, three 
dimensional interpenetrating electrode arrays, three-dimen 
sional interpenetrating electrode arrays in Which at least one 
electrode is in the form of an open-cell foam, a sintered 
porous particle aggregate, a mat of ?bers or ribbons, a Weave 
of ?bers or ribbons, stacked mats or Weaves of ?bers or 
ribbons, and non-interpenetrating or non-interdigitated cells 
in Which at least one electrode is porous. 

[0049] Methods of the invention are useful for assembling 
electrochemical devices including but not limited to batteries 
(of primary or secondary type), capacitors, fuel cells, electro 
chromic displays and WindoWs, and sensors.Advantageously, 
assembly of devices according to electrophoretic methods as 
described herein does not require insertion of a discrete sepa 
rator ?lm or electrolyte layer, as is conventionally done in the 
fabrication of electrochemical devices. Devices assembled as 
described herein can be “separatorless” because an electroni 
cally insulating, ionically conductive layer is formed in situ 
betWeen the anode and cathode during electrophoretic assem 
bly. Methods as described herein are useful for assembling 
devices With loWer manufacturing cost, higher energy density 
and poWer density, and longer cycle life than comparable 
devices produced by conventional methods. 
[0050] In at least some embodiments, electrophoretic 
assembly of a device is carried out by applying an electrical 
potential betWeen tWo electrodes that subsequently are used 
as the terminals or Working electrodes of the device. For 
example, in certain embodiments, electrophoresis is used to 
deposit a ?rst electrochemically active material, and option 
ally additives, at a ?rst electrode, current collector, or termi 
nal of a device. Electrophoresis is effected by applying an 
electrical potential betWeen the ?rst electrode and a second 
electrode, current collector, or terminal of the device. The 
potential applied to the second electrode causes it to repel the 
?rst active material. In at least some instances, the ?rst active 
material is also attracted to the ?rst electrode. By applying an 
electrical potential betWeen the tWo terminals of the device, a 
physical separation is produced betWeen the tWo active elec 
trode materials Without requiring the insertion of a discrete 
separator ?lm or electrolyte layer, as is conventionally done in 
the fabrication of electrochemical devices such as batteries, 
capacitors, fuel cells, and electrochromic devices. In at least 
some embodiments, electrophoresis is carried out in a ?uid 
medium that remains betWeen the electrophoretically sepa 
rated materials. In certain embodiments, by limiting the vol 
ume available to the electrophoretically mobile particles, a 
device is produced With very small diffusion distances 
betWeen electrodes. 

[0051] In some embodiments, the second electrode of the 
device being assembled by electrophoresis is a terminal or 
current collector at Which a second active material previously 
has been deposited, by electrophoretic or other means. In 






















