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(57) ABSTRACT

A method of making colloidal sphere templates and the
sphere-templated porous materials made from the templates.
The templated porous materials or thin films comprise micron
and submicron-scaled spheres in ordered, disordered, or par-
tially ordered arrays. The invention is useful in the synthesis
of'submicron porous, metallic tin-based and other high capac-
ity anode materials with controlled pore structures for appli-
cation in rechargeable lithium-ion batteries. The expected
benefits of the resulting nanostructured metal films include a
large increase in lithium storage capacity, rate capability, and
improved stability with electrochemical cycling.
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COLLOIDAL SPHERE TEMPLATES AND
SPHERE-TEMPLATED POROUS MATERIALS

BACKGROUND OF THE INVENTION
Description of the Related Art

Lithium-Ion Anode Materials

The commercial requirements for low cost, safety, and high
energy have driven the development of anode materials for
lithium batteries (See references 1-8). Lithium metal itself
has an exceptionally high specific capacity and provides the
minimum anode potential of O V vs. Li/Li+. However, several
reliability and safety issues limit its application in recharge-
able battery systems, including the growth of dendrites that
cause short circuits. Furthermore, lithium metal electrodes
require a four-fold excess of metal for reversibility (See ref-
erences 7-8). Table 1 shows the performance comparison of
candidate lithium-ion anode materials relative to lithium
metal (* theoretically calculated values; 64 volume % from
randomly packed spherical pores). The lithium-ion anode
materials show a theoretical reversible specific capacity that
is a quarter that of the primary capacity of lithium metal, since
it should be based on LiLi; instead of Li, (where x=0-1

during cycling).
TABLE 1

Reversible Irreversible Volumetric

Capacity  Capacity Capacity See
Material (mAh/g) (mAh/g) (mAh/cm®) Reference
Li metal 3862 * n/a 2047 *
(primary only)
Li,Liz 965 * 0* 512% 7
Graphitic C 372% 33 837 * 7
Polyacenic C 530 about 220  not reported 11
Sno, 782 % 796 * 5646 *
SnoO 876 * 398 * 5440 *
1Sn,Fe:3SnFe;C about 200 about 35  about 1700 36
48n0:1B,05:1P,04 650 380 2200 12
(“TCO™)
metallic Sn — Li, 4Sn 991 * 0* 7200 *
Porous metallic Sn 991 * 0* 2590 *

The first systematic study of the electrochemical lithiation
of several metals from organic solvent solutions has been
disclosed (See reference 9). The resulting lithium-metal inter-
metallic alloy systems showed great promise as anode mate-
rials for rechargeable lithium ion batteries, since they (1)
exhibited high capacities for lithium storage, and (2) contrib-
uted a greater margin of safety against the formation of
lithium metal dendrites (i.e. electrode potential above 0V vs.
Li/Li"). Research in this area diminished significantly when it
was learned that the lithium-metal alloy systems had very
poor cycling characteristics. Specifically, the density of
lithium-metal alloys decreased dramatically as the lithium
content is increased. The corresponding volume expansion
(e.g. 259% for Li, ,Sn, relative to Sn) and contraction that
occurred during electrochemical cycling caused fragmenta-
tion of the electrode and loss of anode material.

The next stage of lithium anode development began in
1990 when Sony Corp. developed and commercialized
graphite anodes with specific capacity and exceptional
cycling stability (See reference 10). The structure of graphite
allows lithium storage between its hexagonal sheets up to a
stoichiometry of 1 Li/C6 (corresponding to a specific capac-
ity of 372 mAl/g of carbon). Additionally, polyacenic car-
bons have a greater interlayer spacing than graphite and have
been shown to intercalate as much as 1 Li/C, , with a corre-
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sponding increase in specific capacity (See reference 11).
However, due to the formation of passivation layers during
initial charging, carbons used in commercially manufactured
lithium cells exhibit reversible capacities (339 mAh/g) of
substantially less than 1 LiC,. (See reference 7).

Interest in lithium-metal alloy systems was largely
renewed when Fuji Photo Film and Fujifilm Celltec intro-
duced an anode material composed of the amorphous tin-
based composite oxide (TCO) Sn,BPOy. (see reference 12).
Later studies revealed that the active material was actually
made up of nanoscale domains of electrochemically reduced
tin metal situated in an inactive matrix of B,O;, P,O5 and
Li,O (See reference 13). Since then, there have been three
principal approaches to accommodate density changes of
lithium-metal systems during electrochemical cycling: (1)
active, (2) active-active composite materials with very small
particle size morphology, i.e., micron or submicron, and (3)
active-inactive composite materials.

Small particles of active material allow the lithium to
exchange between the electrode and electrolyte much more
readily, due to high interfacial areas and short diffusion dis-
tances. Other advantages of small particle sizes are that there
is less absolute size increase and less opportunity for phase
separation and mechanical strains that may arise from density
mismatches. Improvements in cycling performance have
been clearly demonstrated by limiting the active domains to
small size scales in the cases of active (See references 14-20),
active-active composite (See references 20-25), and active-
inactive composite materials (See references 14, 18, 26-34).

Active-inactive composites are designed to follow the
“inert matrix” model, in which the electrochemically active
material is contained in a mechanically stable supporting
matrix of electrochemically inactive material. Prominent
members of this class of anodes include tin oxide based
materials (See references 12, 27, 35), Sn,Fe/SnFe,C mix-
tures (See reference 36), and alloys of AB where A is a metal
that alloys electrochemically with Li (e.g., Mg, Ca, Al, Si, Ge,
Sn, Pb, As, Sb, Bi, Pt, Ag, Au, Zn, Cd, and Hg) and B is inert
(e.g. Cu, Ni, Ti, and Fe) (See references 7, 9). If the domain
size and morphology of the active material are optimized,
there may not be a need for the use of active-inactive com-
posites. An ideal anode material has been described as being
composed of a nanoporous or mesoporous tin metal network
without oxides or other inactive binder so that the reversible
specific capacity is maximized while the porosity provides
space for the “swelling” of the nanostructured metal (See
references 15, 27).

Sphere Templated Materials Syntheses

The application of sacrificial templates to electrochemical
deposition opens the door to a new class of nanoscaled metal-
lic materials with many possible incarnations. The fabrication
of metal nanofibers through a porous inorganic membrane
(See reference 37) and a track-etched polymer film (See ref-
erence 38) has been disclosed. The deposition of mesoporous
metal films using liquid crystal phases (See references 15,
39-41) and self-assembled arrays of colloidal spheres (See
references 42-45) has also been disclosed. Electrochemical
deposition in the presence of polymer or silica microspheres
has been shown to be highly effective in producing well-
ordered sub-micron and mesoscopic structures of cadmium
selenide, cadmium sulfide, platinum, palladium, cobalt, and
germanium (See references 42, 44, 45).

Colloidal spheres of silica or various polymers are simple
to synthesize and are commercially available in sizes as low
as tens of nanometers in diameter. These templates are stable
in aqueous electrolyte environments and, if desired, self-
assembled, close-packed, crystalline arrays can be obtained
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(See references 46-49). Once a solid material is synthesized
within the interstitial volume between the spheres, the tem-
plating polymer is removed by dissolution into a solvent or by
thermal decomposition. The use of three-dimensional crys-
talline arrays of colloidal particles for the synthesis of porous
silica (See reference 48), has been extended to the synthesis of
many mesoporous and macroporous materials. Examples
include porous polyurethane membranes (See reference 50)
and several oxides (See references 49, 51-55).

SUMMARY OF THE INVENTION

The present invention describes thin films and a method of
making the thin films comprising micron and submicron-
scaled spheres in ordered, disordered, or partially ordered
arrays. These films exhibit an exceptionally low degree of
cracking and can thus be used as sacrificial templates in the
preparation of thin films of porous materials synthesized
within the interstices between the spheres (FIG. 1).

The present invention is useful in the synthesis of submi-
cron porous, metallic tin-based and other high capacity anode
materials with controlled pore structures for application in
rechargeable lithium-ion batteries. The expected benefits of
the resulting nanostructured metal films include a large
increase in lithium storage capacity, rate capability, and
improved stability with electrochemical cycling as compared
with the existing alternatives. The various sources of capacity
loss (electrode fragmentation, irreversible formation of Li,O,
electrode surface passivation, electronic isolation of active
material, etc.) will be minimized, accommodated, or entirely
avoided by the disclosed material and method of the present
invention, in order to maximize the energy density of portable
power supplies. Furthermore, the porous metal fabrication
methods of the present invention can be extended to other
electrochemical and energy storage material applications.

One embodiment of the present invention is a process for
colloidal sphere-templated electrodeposition of a porous
metal structure, comprising: a) providing an electrode sub-
strate; b) applying a dispersion formed of colloidal spheres in
a liquid phase onto the surface of the substrate; ¢) removing
the liquid phase to form a sacrificial template comprising an
array of close packed colloidal spheres defining an interstitial
volume; d) electrodepositing a metal plating solution onto the
array to form a metallic replica of the array interstitial volume
having a pore distribution corresponding to the spheres; and
e) removing the sacrificial template to form said porous metal
structure. Another embodiment of the invention includes,
after removing the liquid phase to form a sacrificial template,
heating the template below the melting point of the colloidal
particles.

In another embodiment the colloidal spheres are polysty-
rene, polymethylmethacrylate, surface-functionalized poly-
mer, or silica. The removal of the liquid phase to form a
sacrificial template is preferably done by liquid evaporation
or centrifugation. The removal of the sacrificial template to
form said porous metal structure is preferably by dissolution
with a solvent or an acid.

In yet another embodiment, the metal or metal alloy is Sn,
Al, Si, Ge, Pb; Sb—Sn; Cu—Sn; Sb—Cu—Sn; Pb—Sn;
Sn—Se; Bi—Pb—Cd—Sn; Al—Sn; Pb—Sn; Co—Sn;
Au—Sn; Zn—Sn; Sb—I; Ni—Sn; Al-—Mn; Al—Be; or
Al—Ni. Inyet a further embodiment, the spheres are selected
to have a mean diameter within the range of about 10 nm to
about 1000 nm, with a deviation from the mean pore diameter
of more than about 5%, wherein said pores are connected to
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each other. In a further embodiment, the present invention
discloses a template and a porous metal film made by the
previously described process.

In yet a further embodiment, the present invention dis-
closes a porous metal or metal oxide film, a porous metal film,
a porous electrode film, a porous Sn film, having pores of
mean diameter within the range of about 10 nm to about 1000
nm, with a deviation from the mean of more than about 5%,
wherein said pores are connected to each other.

The templates and porous films and the methods for mak-
ing them described herein make possible the production of
superior electrode technologies for lithium ion batteries
including anodes that outperform graphite and TCO materials
in terms of reversible capacity, rate capability, and cycling
efficiency. The inherent specific capacity of tin metal for
lithium storage is a factor of several times higher than that of
graphitic carbon (Table 1). Furthermore, reversibility is
enhanced by the use of metallic tin instead of tin oxide-based
material systems because the irreversible formation of Li,01is
avoided. Charge and discharge rates and cycling efficiency
are improved by the sub-micron scaled morphology of the
metal network. The size of the original spheres dictate several
important structural parameters of the electrode, especially
(a) the amount of interfacial area per volume between the
electrode and the electrolyte and (b) the size scale of the metal
skeleton (i.e. the maximum distance from any interior point in
the metal to the surface).

Creating very small metal structures that alloy electro-
chemically with lithium minimizes the absolute size changes
during swelling (i.e., due to a typically large decrease in
density from the base metal to the alloy), thus reducing the
tendency towards material fracture. Another benefit of creat-
ing very small metal structures that alloy electrochemically
with lithium is that the distance over which the diffusion of
lithium must occur during charging and discharging of a
lithium ion battery is also minimized. If lithium diffusion
distances are high, a concentration gradient will develop and
several lithium-metal intermetallic phases will be present
simultaneously. Mechanical strains and density differences
between these phase-separated domains contribute to the
“pulverization” or “fragmentation” problem that plagues
metal anodes in lithium-ion batteries and causes the loss of
electrochemical contact between anode material and the
remaining electrode. By limiting diffusion distances to sev-
eral nanometers or tens of nanometers, lithium can be made to
leave the alloy more homogeneously, avoiding the deleterious
effects of phase separation.

Small adaptations to the template formation and material
synthesis method can be made to create micron and submi-
cron-porous films comprising many other material systems
and templated by wide areas of crack free sphere assemblies.
The fabrication of porous films for many applications does
not require an ordered lattice of spherical pores. For example,
high surface area, energy-storage electrodes achieve no sig-
nificant benefit from ordered porosity since controlled aver-
age pore size and pore arrangement is sufficient. Anisotropic
shrinkage occurs during the final solvent evaporation from
polymer spheres packed with crystalline ordering. The
shrinking lattice of spheres results in cracks opening on close-
packed cleavage planes as is observed in well-ordered sphere
arrays of more than a few sphere diameters in thickness
(FIGS. 2a-b). Especially with regard to the electrochemical
fabrication of good quality porous films, it is important to
have a crack-free template film so that bulk non-porous mate-
rial is not formed preferentially in the cracks instead of within
the interstitial volume of the spheres.
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The present invention describes methods for the assembly
of sphere films, which make wide areas of crack free template
by forgoing the objective of perfectly ordered spheres. Thus,
cracking of dried films can be dramatically decreased by
intentionally introducing disorder in the arrangement of the
sphere packing.

The present invention also provides: 1) The creation of
metallic tin or tin-based alloy films containing an intercon-
nected network of micron or submicron sized pores derived
from electrochemical deposition though a sacrificial template
of'silica or polymer spheres; 2) The intentional use of micron
or submicron sphere populations with naturally occurring or
artificially imposed size polydispersity in order to create dis-
ordered (or partially disordered) crack-free sacrificial tem-
plate films over relatively wide areas compared to well-or-
dered films obtained from sphere populations having low
polydispersity; 3) The intentional use of mixtures of micron
or submicron sphere populations in order to create artificially
imposed multi-modal size distributions in order to create
disordered (or partially disordered) crack-free sacrificial tem-
plate films over relatively wide areas compared to well-or-
dered films obtained from sphere populations having low
polydispersity; 4) The application of so-obtained porous tin
or tin-based alloy films as the lithium storage anode in a
lithium-ion secondary (rechargeable) battery in order to
obtain improvements in (a) specific charge capacity and
charge/discharge rate capability compared with currently
available commercial anodes and (b) cycling efficiency com-
pared with bulk tin metal or tin-based alloys; and 5) The
ability to engineer the network structure of the porous metal
electrode for optimal mechanical and electrochemical perfor-
mance by simply changing the average sphere size(s), poly-
dispersity, and relative weight fractions (in the case of multi-
modal distributions) contained within the sacrificial template.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of one embodiment of
a process for colloidal sphere-templated electrodeposition of
sub-micron porous metal nanostructures of the present inven-
tion;

FIGS. 2a-b are scanning electron microscope (SEM)
images of an embodiment of the present invention showing
the cracked surface of a well-ordered close-packed crystal-
line assembly of 250 nm polystyrene (PS) spheres, (FIG. 2a)
shows highly ordered spheres continuously through the thick-
ness of the film, and (FIG. 25) shows the overall concentration
of surface cracks;

FIGS. 3a-b are SEM images of an embodiment of the
present invention showing (FIG. 3a) a submicron porous tin
surface after dissolution of polystyrene spheres and (FIG. 35)
a lower magnification SEM image;

FIG. 4 shows an iridescent template of an embodiment of
the present invention comprising (left) crystalline close-
packed spheres and (right) translucent template of disordered
spheres;

FIGS. 5a-b are SEM images of an embodiment of the
present invention showing (FIG. 5a) a crack-free disordered
template film made from 60 nm diameter polystyrene spheres
and (FIG. 5b6) resulting thin film of submicron porous tin after
the electrodeposition process;

FIGS. 6a-¢ are SEM images of an embodiment of the
present invention showing crack-free PS sphere templates
having varied arrangements obtained by mixing different
ratios of 250 and 110 nm spheres; Mass ratios of 250 nm:110
nm spheres are (FIG. 6a) 1:1, (FIG. 6b) 1:4, and (FIG. 6c¢)
1:49;
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FIGS. 7a-f are SEM images of an embodiment of the
present invention showing the critical thickness for cracking
using the vertical deposition method with polystyrene
spheres: (FIG. 7A) 60 nm spheres, 0.10 wt. % dispersion;
(FIGS. 7B and C) 60 nm spheres, 0.05 wt. % dispersion; (FIG.
7D) 1:1 ratio of 260:110 nm spheres, 0.20 wt. % dispersion;
(FIG. 7E) 1:1 ratio of 260:110 nm spheres, 0.10 wt. % dis-
persion (FIG. 7F) a higher magnification SEM image of F1G.
Te;

FIGS. 8a-b are cross-sectional SEM images of an embodi-
ment of the present invention showing templates (FIG. 8a)
containing a 1:1 mass ratio of 260:110 nm spheres vertically
deposited from a 0.20 wt. % dispersion and (FI1G. 85) ahigher
magnification SEM image;

FIGS. 9a-b are SEM images of an embodiment of the
present invention showing polystyrene sphere templates
formed by spreading 20 pl. of 8 wt. % dispersion onto a
horizontally placed Pt-on-glass substrate: (FIG. 9a) top-view
and (FIG. 95) cross-sectional view; and

FIGS. 10a-d are SEM images of an embodiment of the
present invention showing tin metal formed by pulsed elec-
trodeposition through polystyrene templates after removal of
template with hot toluene, (FIG. 10a) top-view and (FIG.
105) cross-sectional images of tin film grown for about 30
seconds; and (FIG. 10c¢) cross-sectional images of tin film
grown for about 2 minutes (FIG. 104) a lower magnification
SEM image of FIG. 10c.

DETAILED DESCRIPTION OF THE INVENTION

Disordered assemblies and partially crystalline arrays of
submicron spheres of various compositions (e.g., polysty-
rene, polymethylmethacrylate, surface-functionalized poly-
mer, and silica) are used as a sacrificial template for the
electrochemical deposition of porous, nanostructured tin
metal. The nanoscaled tin structure resulting from electro-
chemical deposition in the presence of these random or
ordered close-packed colloidal spheres is a metallic replica of
the interstitial volume. Once the metal structure is estab-
lished, the template is removed either by a suitable organic
solvent in the case of polymer spheres or by dilute acid, e.g.,
hydrofluoric acid in the case of silica spheres. A schematic of
the synthesis process is shown in FIG. 1. Specifically, FIG. 1
shows A) the placement of colloidal sphere dispersion above
an electrode substrate; B) the assembly of spheres via liquid
evaporation or centrifugation; C) the addition of a metal plat-
ing solution; D) the controlled electrodeposition of metal
through the void space of the sphere assembly; and E) the
dissolution of sphere templates with a solvent or acid. The
ordered arrangement of the spheres shown in the schematic of
FIG.1is optional and often completely unnecessary or undes-
ired.

In addition to the ability to select the average pore size,
selecting the pore arrangement will also dictate the perfor-
mance of the solid network during solute diffusion (e.g. Li
from LiSn phases) and the resulting swelling. Thus, the
continual access to pore surface area and the overall mechani-
cal response of the bulk material to swelling and contraction
(e.g., as due to lithium insertion and extraction, respectively)
is expected to be dependent on the network configuration.
Optional configurations of pore arrangement include those
that comprise either amorphous domains, any of the various
possible ratios of crystalline to amorphous domains (e.g.,
1-99%), or entirely crystalline domains.
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The fabricated template films comprising entirely amor-
phous or partially amorphous domains resulted in a dramatic
decrease in cracking (much fewer cracks per area) and was
possible by intentionally disrupting the spontaneous crystal-
line self-assembly observed in systems of monodisperse
sized spheres. Crystalline order of packing spheres was bro-
ken by the use of spheres with a sufficiently broad pore size
distribution derived either naturally (resulting from the syn-
thesis of the colloidal spheres) or artificially (resulting from
selected mixtures of sphere populations with each having a
different average size).

Crystalline arrays of PS spheres have been disclosed with
uniform and controlled thickness by using a vertical deposi-
tion process involving the evaporation of aqueous or alco-
holic sphere dispersions (See reference 44). These films were
unsuitable for templating electrodeposited porous metal films
since they characteristically contained cracks (FIGS. 2a-b).
The present invention demonstrated that bulk tin preferen-
tially electrodeposits within these cracks rather than in the
interstices between the spheres. FIG. 3a shows a submicron
porous tin surface after dissolution of polystyrene spheres
and (FIG. 3b) a lower magnification SEM image, shows that
relatively tall domains of non-porous bulk tin, which filled the
cracks in the template, now border the porous tin areas. Fur-
thermore, the present invention describes a general correla-
tion between the degree of order in the sphere-packing and the
tendency towards crack formation (FIG. 4).

The present invention overcame the problems associated
with cracked templates in two complementary ways. The first
way was to use spheres having a high standard deviation in
sphere diameter (more than about 5%, or more than about
10-15%) yielding disordered crack-free templates over large
areas (FIG. 4). The substrates of FIG. 4 are 1 cm wide ITO-
coated glass. The second way was to identify and work below
the threshold thickness for crack formation. Even disordered
films will crack iftoo thick. This parameter was controlled by
carefully setting the concentration of the PS sphere disper-
sions. The present invention described methods for crack-free
disordered templates using sphere sizes in the range of about
260 nm to 60 nm.

The present invention described electrodeposition of tin
using these new templates, from which the dissolution of the
polystyrene template yielded a disordered porous tin struc-
ture in certain regions of the film (FIGS. 5a-b). FIGS. 5a-b are
SEM images of an embodiment of the present invention
showing (FIG. 5a) a crack-free disordered template film
made from 60 nm diameter polystyrene spheres and (FI1G. 56)
resulting thin film of submicron porous tin after the elec-
trodeposition process. A disordered porous metal structure
exhibits all of the same electrode performance benefits
related to high surface area and small domain size of active
material. Furthermore, the theoretical packing density of dis-
ordered spheres is less than that of perfectly close-packed
spheres, so the volume fraction occupied by the interstitial
space will be greater. Thus, the metal deposited in this space
will occupy greater than 26% of the total electrode volume,
and the volumetric lithium storage capacity will be increased
likewise.

The mixing of two or more populations of differently sized
spheres in which the size of each is highly monodisperse
creates an “artificial polydispersity” in sphere sizes. The
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results of this strategy are generally beneficial in avoiding
cracked films and depend greatly on the relative sizes, size
polydispersity, and relative concentrations of each sphere
population. For example, the present invention provides new
structures of disordered crack-free film (FIGS. 6a and b), as
well as crack-free films comprising small crystalline domains
of the larger sized sphere that are separated by disordered
domains and smaller sphere point defects (FIG. 6¢). The
present invention provides systematic control of the structure
of suitable templates in several ways in order determine how
pore size and arrangement affects the electrochemical cycling
behavior of submicron porous tin anodes.

The synthesis of porous tin metal anodes for a secondary
(rechargeable) lithium-ion battery begins with the formation
of a polystyrene sphere template on a conductive substrate,
such as: copper foil, indium-tin oxide coated silica glass,
platinum-coated glass or copper foil. Depending on the appli-
cation, any electronically conductive substrate may be used as
long as it is chemically and electrochemically stable in the tin
deposition bath under the voltage conditions required for tin
plating. When template-coated platinum or gold surfaces are
used as the working electrodes, the formation of tiny gas
bubbles tends to disrupt the adhesion at the template-sub-
strate interface. The present invention eliminated or suffi-
ciently reduced this problem by laying down a very thin layer
(e.g., about 10-700 nm thickness) of tin metal onto the sub-
strate, prior to assembling the sphere template film. This
effectively insulates the tin plating-bath electrolyte from the
catalytic platinum surface and avoids bubble formation.

There are many published methods of assembling colloidal
spheres into a film layer. Two alternate methods of assem-
bling colloidal spheres into a film layer were selected for their
convenience and simplicity. Other methods of assembling
colloidal spheres into a film layer can be substituted by one
skilled in the art. The first method is to immerse the substrate
vertically in an aqueous-alcoholic dispersion of colloidal-
sized (e.g., about 10-1000 nm diameter) polymer or silica
spheres and allow the dispersion to dry past the end of the
substrate (See reference 44). The other method is to simply
“paint” the concentrated dispersion onto the substrate (e.g.,
using a pipette) and allow the liquid phase to dry. In each case,
capillary forces between the particles will cause them to
assemble into a crystalline, amorphous, or mixed crystalline-
amorphous arranged film. As described above, the sphere
arrangement depends on the size distribution of the sphere
population used.

Once the film is dry the spheres may optionally be slightly
sintered together by heating the template below the melting
point of the material composing the spheres (e.g., 500 C for
silica glass or 90 C for polystyrene). This procedure serves to
assure that the spheres will interconnect and provide windows
between the pores of templated materials; however, this inter-
connected pore structure is often obtained without heat-treat-
ing the template.

Once prepared, the template film was immersed in a suit-
able tin or tin alloy electroplating solution with proper
counter and reference electrodes in a suitable configuration
known to those versed in the art of high-quality metal elec-
troplating. Fither potentiostatic metal deposition or any man-
ner of pulsed potential profile may be used to electroplate the
metal throughout the template. Preferably the plating process
is stopped before the thickness of the metal film reaches the
top of the sphere template. If metal plating is continued
beyond this point, non-porous bulk metal will be formed and
the template may be physically isolated from being extracted.

The metal-sphere composite was then rinsed off in an
appropriate wash solution (e.g. deionized water or alkyl alco-



US 8,137,525 B1

9

hol) and immersed in a solution that dissolved away the
sphere template (dilute hydrofluoric acid for silica spheres, or
organic solvents such as toluene, tetrahydrofuran or acetone
for polymer spheres). After thoroughly rinsing and drying,
thermally and or by using negative pressure, the porous metal
films are ready to be interfaced with a suitable lithium-ion
containing electrolyte and a cathode material, as part of a
lithium-ion secondary battery assembly process.

EXAMPLE 1

Vertical Deposition Template Formation—Single
Modal Size Distribution

Conductive substrates for use in vertical deposition experi-
ments were prepared by thoroughly cleaning laboratory glass
slides (2x3 inches), then depositing 100 A of Ti followed by
500 A of Pt or Au using electron beam evaporation. Both Pt
and Au were used in different samples. A plastic mask was
fashioned out of a strip of Teflon, such that only certain areas
of the slide were exposed to the conductive metal. These
slides were cut into smaller strips for use as substrates. Strips
of indium tin oxide (ITO) coated glass, which were cut to
about 1 cm wide, were also used as substrates after cleaning
with isopropanol, dilute HCI, and deionized (DI) water.

Vertical deposition was carried out by suspending sub-
strates in vials containing dispersions of polystyrene spheres
and allowing the solvent to evaporate. Methanol having a
concentration of about 98-100 volume % was used as the
solvent to prepare dispersions containing between about 0.13
and 1.0 wt % of 250 nm diameter PS spheres. A glass crys-
tallization dish was used to slow the evaporation rate and to
prevent contamination and convection currents. The goal was
to determine quantitatively the relationships between concen-
tration and thickness and between thickness and the degree of
cracking.

Non-functionalized polystyrene spheres contain nega-
tively charged sulfate groups on the surface due to their syn-
thesis method. Negatively charged polystyrene template may
tend to delaminate from an electrode that is also negatively
charged during the electrochemical reduction of tin ions. In
such a case, deposition of tin metal could occur between the
template and the electrode, pushing the template forward with
the metal formation. Thus, use of a positively charged PS
template that would adhere more strongly with the applied
bias during the tin electrodeposition process was described.
For this reason, vertical film depositions were also performed
using polystyrene microspheres that were functionalized with
quaternary ammonium surface groups (R—N(CH;),").
These positively charged spheres flocculated from disper-
sions diluted with methanol or ethanol, so aqueous disper-
sions of these spheres, as well as the standard negatively
charged spheres were used. Due to the much slower evapo-
ration rates of water compared with methanol, aqueous depo-
sitions were carried out at elevated temperatures of about
20-100° C., preferably about 50-80° C. Deposition studies
were made using ITO coated glass substrates in aqueous
dispersions with sphere concentrations ranging from about
0.05-0.50% w/w, and evaporation temperatures ranging from
about 25 to 80° C. Dried films were examined by optical and
electron microscopy.

Electron beam evaporated metal substrates offer several
advantages over previously used copper foil tape, including:
minimal interfacial effects, easily controlled geometry,
greater uniformity, and smoothness. Results from polysty-
rene-film depositions using these substrates were indistin-
guishable from those using cleaned ITO-coated glass. How-
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ever, in either case, when negatively charged spheres from
methanol dispersions were deposited, the film quality varied
significantly. Some samples exhibited iridescence (red trans-
mission, green reflection) which is characteristic of ordered
sphere arrays, while others showed no iridescence and uneven
coverage of films. Although the iridescent films exhibited a
dense network of cracks, it was clear that the film appeared
the same on the metallized portion of the substrate and the
uncoated glass. This result confirms that the edge between the
Pt layer and the glass substrate did not significantly disrupt
the structure of the polystyrene template.

Polystyrene films prepared from positively charged
spheres appeared quite different from the films acquired from
the non-functionalized negatively charged spheres (from
methanol or water dispersions). The positively charged films
did not exhibit iridescence, but rather appeared hazy white in
color. Also, samples from positively charged spheres exhib-
ited much more uniform and smooth coverage than the sub-
strates with negatively charged spheres. FIG. 4 shows a pho-
tograph illustrating the difference between the iridescence of
the negatively charged sphere films and the uniform haziness
of the positively charged sphere films.

Optical and scanning electron microscopy also revealed
several differences between films prepared from positive and
negative spheres. Both techniques showed that the positively
charged templates exhibited less or no cracking compared to
those from negative spheres. In addition, SEM showed the
positively charged templates to be disordered while the nega-
tive templates are close packed into ordered face-centered
cubic arrays. Although the difference in assembly behavior
was initially thought to be related to the surface charges of the
spheres, subsequent SEM examination revealed that the dif-
ference is caused by a higher polydispersity of diameters in
the positive spheres.

The standard deviation of negatively charged sphere diam-
eters is typically 5%, which is consistent with the well-or-
dered lattice structures shown in previously reported SEM
images. The SEM images of corresponding films showed a
disordered assembly of spheres. Additional SEM analyses
revealed a large range of sphere sizes present in these tem-
plates. Large crack-free areas were observed from these dis-
ordered templates. Analysis of optical microscopy images
revealed that negatively charged arrays having a low size-
polydispersity typically exhibited greater than three times the
degree of cracking compared with positively charged sphere
arrays having a high size-polydispersity. Moreover, many
templates made from positively charged spheres using a vari-
ety of assembly conditions (i.e., evaporation temperature and
dispersion concentration) exhibited no cracks under optical
microscopy from an area of about 1 cm?.

In order to assess the differences between positively
charged sphere arrays deposited from different concentra-
tions of sphere dispersions and different temperatures, cross-
sectional SEM measurements were also made. By fracturing
samples using a diamond-scribe and examining the fractured
surface, film thickness was measured. Table 2 shows thick-
ness measurements from cross sectional SEM results from
some representative samples. A clear correlation between
ordered sphere packing and film cracking was found. Ordered
structures inherently possess anisotropy, due to the distinct
crystallographic nature of the face-centered cubic close-
packed lattice. Since disordered structures are isotropic,
shrinkage stresses are distributed uniformly. Also, since the
spheres are not completely close-packed there is additional
free volume that may accommodate relaxational re-assembly
during the final shrinkage of the template that occurs during
complete drying.
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TABLE 2
Concentration Temperature Avg. Thickness
(wiw %) ce) (pm)
0.5 80 0.35
0.2 80 0.33
0.2 55 0.55
0.2 25 042
EXAMPLE 2

Vertical Deposition Template
Formation—Multi-Modal Size Distributions

Templates containing a 1:1 mass ratio of about 250:110 nm
diameter (negatively charged) polystyrene spheres were pre-
pared from dispersions ranging from about 0.05 to 0.5 wt. %.
The thickness, sphere arrangement, and degree of cracking
were assessed by SEM. FIGS. 7A-F are SEM images dem-
onstrating the critical thickness for cracking using the vertical
deposition method with polystyrene spheres, which was
found to lie between about 0.1 and 0.2%, corresponding to a
thickness of about 2.2 microns. (FIG. 7A) 60 nm spheres,
0.10 wt. % dispersion; (FIGS. 7B and C) 60 nm spheres, 0.05
wt. % dispersion; (FIG. 7D) 1:1 ratio 0of 260:110 nm spheres,
0.20 wt. % dispersion; (FIG. 7E) 1:1 ratio of 260:110 nm
spheres, 0.10 wt. % dispersion (FIG. 7F) a higher magnifica-
tion SEM image of FIG. 7e.

FIGS. 8 a-b illustrate a typical cross-section SEM micro-
graph showing that an interpenetrating network of void space
remained in which tin will be deposited. FIGS. 8 a-b are
cross-sectional SEM images showing templates (FIG. 8a)
containing a 1:1 mass ratio of 260:110 nm spheres vertically
deposited from a 0.20 wt. % dispersion and (FIG. 85) a higher
magnification SEM image. In addition to 1:1 mass ratios, the
present invention also provided other mixtures of large to
small such as 80:20 and 98:2 ratios of about 260:110 nm
diameter spheres. Both templates, which were prepared from
about 0.2% total concentration, exhibited no cracking, and
each of their thickness was similar to the sample from the 1:1
ratio, 0.2% dispersion.

The sample prepared with a 98:2 ratio appeared iridescent
green upon reflection, similar to the (cracked, crystalline)
templates derived from 250 nm sphere dispersion. However,
all of the iridescent samples made had been severely cracked,
due to the anisotropic shrinkage of the template caused by the
high degree of crystalline order. The effect of introducing a
small number of 110 nm spheres was to provide a distribution
of point defect sites. These defects break the crystalline sym-
metry and cause a relaxing of the overall structure such that no
cracking occurs upon drying, even though the spheres
between the off-sized defects appear perfectly close-packed.
Itis this local ordering that gives rise to the green iridescence.
Both the 80:20 and 98:2 templates were also well suited for
use intin deposition. Porous metal films from templates made
prepared in the 98:2 ratio are especially well suited for theo-
retical and experimental modeling due to the high degree of
local order as well as the relatively uniform pore size.

EXAMPLE 3
“Painting” Template Formation
A disadvantage of the vertical deposition method is that

only a relatively small fraction of the polystyrene spheres
used to prepare each dispersion actually contributes to the
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film. The formation of aggregated particles precludes the
reuse of these slurries. Also, templates obtained by this
method are generally very thin (less than 3 pm). Thicker
templates that lead to thicker porous tin films are desirable in
the fabrication of commercially useful battery anodes (e.g.,
20-30 pum). Porous tin films of 3 microns thickness will have
anode mass of less than 1 mg, making accurate measurement
of'anode capacity difficult.

For these reasons, the present invention also provides a
method of template formation that does not waste large quan-
tities of spheres and that reliably produces thick films of high
quality. The method of spreading a small volume of a con-
centrated sphere dispersion (e.g., about 8 wt. %) onto the
horizontal substrate and allowing the liquid phase to evapo-
rate was used. After evaporation, which took only about
30-45 minutes, a uniform film with good adherence to the
substrate was obtained (FIGS. 9a-b). FIGS. 9a-b are SEM
images showing polystyrene sphere templates formed by
spreading 20 pul. of 8 wt. % dispersion onto a horizontally
placed Pt-on-glass substrate: (FIG. 9a) top-view and (FIG.
95b) cross-sectional view. This “painting” technique has the
advantages of producing templates with greater speed and
reliability, greater thickness, and without wasting micro-
spheres.

The templates produced are typically about 12-20 pm
thick, but the thickness may be adjusted by the concentration
and size of the spheres and by the amount of dispersion
initially contained above the substrate. The same general
phenomena arising from high polydispersity and mixtures of
different sphere populations that were observed using the
vertical deposition method were also observed with the
spreading or “painting” technique.

EXAMPLE 4

Formation of Porous Tin Through Vertically
Deposited Template

Platinum-on-glass conductive substrates for use in sphere
array and tin deposition experiments were prepared as
described previously. Polystyrene sphere arrays were pre-
pared by the vertical deposition method. Polystyrene spheres
(having an average diameter of about 260 nm) with positively
charged surface groups were obtained from Bangs Labs, Inc.
and were diluted with DI water for use in template film
depositions. Template films were typically prepared from
about 0.2% w/w dispersions at 55° C., in which depositions
were complete within 2 days using 1 cm?® substrates.

Electrochemical depositions were performed using a
EG&G 273 A potentiostat/galvanostat, which was remotely
controlled by a PC through the use of a GPIB interface and
Labview® software. Tin was electroplated from two separate
baths: tin tetrafluoroborate and tin sulfate. The composition
of'the aqueous tin tetrafluoroborate bath was as follows: 100
g/L Sn(BE,),, 80 g/l. HBF,, 12 g/[. H;BO;, 8.0 mL/LL form-
aldehyde, 0.20 g/I. benzylidene acetone, 0.20 g/I. 4-ami-
nophenol (See reference 56). To prepare the tin sulfate bath,
solid tin sulfate was dissolved in 0.60 M H,SO, and stirred for
30 minutes. To the resulting cloudy solution was added 1 g/L.
activated carbon, (See reference 57) followed by stirring for
30 min. and vacuum filtration to yield a clear, colorless solu-
tion.

4-hydroxybenzenesulfonic acid and p-cresol was added to
this solution to the following overall composition: 0.15 M
SnSO,, 0.60 M H,SO,, 0.28 M 4-hydroxybenzenesulfonic
acid, 0.055 M p-cresol 15. In addition, nonionic triblock
copolymer Pluronic [.64 was added to some solutions for the
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purpose of hindering dendrite formation. {TFB bath} After
potentiostatic deposition on templated substrates, the PS was
dissolved by placing the substrates in about 15 mL of toluene
and soaking for 1-2 days.

Potentiostatic depositions were performed from both
baths, on bare Pt-on-glass substrates, and on substrates con-
taining polystyrene sphere arrays. The results are shown in
FIG. 5b, which contains SEM images of submicron porous tin
obtained after dissolution of the PS template. The pore struc-
ture is disordered, as expected from the disordered template
(FIG. 5a), yet crack-free regions more than several hundred
microns across are observed. Pores in this material range
from about 50-250 nm in diameter, which satisfies the struc-
tural needs of high surface areas and low diffusion distances
through the metal for use as a high-performance lithium-ion
anode. In addition, the presence of a disordered porous tin
structure ultimately resulted in a greater volume fraction of
tin as compared with the “inverse opal” structure (face-cen-
tered cubic spherical pore structure), which is expected to
contribute an enhanced volumetric capacity.

EXAMPLE 5

Formation of Porous Tin Through “Painted”
Template

Tin was electrodeposited in the presence of templates pre-
pared by the simple “painting” procedure described above. A
tin sulfate bath was used as described previously (0.15 M
SnSO,, 0.60 M H,SO,) (See reference 1). Polystyrene tem-
plates were dissolved in toluene after the tin electrodeposi-
tion. Potentiostatic deposition of tin at potentials of -450 mV
vs Ag/AgClproduced grains of partially porous tin, separated
by regions of bare Pt. Each tin particle appeared “dimpled” on
the surface, which is evidence of the presence of micro-
spheres. However, the metal structure did not appear to rep-
resent the desired high-porosity inverse of the polystyrene.

Significant morphological improvements in the structure
of electrodeposited tin, including smaller grain size reduction
and greater throwing power, were obtained through the use of
pulsed electroplating instead of using direct current. Porous
tin films were deposited for 30 seconds and for 2 minutes
using the same plating bath composition but with a deposition
pulse of 1.2V for 75 ms followed by 925 ms rest at —-0.44 V
(vs. Ag/AgCl). Using the pulsed deposition, the present
invention provides a significant morphological improvement
in the tin as compared to the direct current. Rather than using
room temperature toluene to dissolve the PS spheres, some
samples were immersed in toluene inside sealed bottles and
heated to 105° C. overnight. Hot toluene was used in order to
insure complete dissolution of all polystyrene. FIGS. 10a-d
are SEM images showing tin metal formed by pulsed elec-
trodeposition through polystyrene templates after removal of
template with hot toluene, (FIG. 10a) top-view and (FIG. 10
b) cross-sectional images of tin film grown for about 30
seconds; and (FIG. 10c and FIG. 10d) cross-sectional images
of tin film grown for about 2 minutes.

The present invention thus creates submicron porous metal
electrodes with designed morphologies. The porosity pro-
vides a high surface area of interface between the anode and
the electrolyte, as well as a significant free volume in which
the lithium-tin alloy can expand. Additionally, if diffusion
distances in the metal are limited to the submicron size scale
then the electrochemical insertion and extraction of lithium
from tin occur more homogeneously. Phase separation that
leads to anode “pulverization” is circumvented.
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The methods of the present invention for fabricating inten-
tionally disordered templates have made possible the creation
of uniform templated films over much wider areas than are
obtained using crystalline arrays of sub-micron sized spheres.
The greater power of this modification is that it can still be
used in the myriad of porous material syntheses that have
already been demonstrated for crystalline close-packed
sphere arrays (See references 48, 58, 59). Examples include
the synthesis of electrodeposited pure metals (See references
44 and 60), alloys and intermetallic compounds by salt pre-
cipitation and thermal conversion (See reference 61), sol-gel
derived oxides (See references 51-54, 62, 63), insulating (See
reference 50) and conducting organic polymers (See refer-
ences 64, 65), non-tin group-14 elements including Si (See
reference 66) and Ge (See reference 67), and glassy or gra-
phitic carbons (See reference 68). The prevailing paradigm of
most materials synthesis researchers using submicron
spheres is to create perfectly ordered sphere templates (e.g.
for photonic crystals).

The same template technology can be extended to the
fabrication of other electrode systems. Submicron porous tin
metal is an example of a nanoscale active material, but there
are many other attractive systems such as active-active and
active-inactive composites. The templating techniques
described herein can be merged with existing processes for
electrodepositing other lithium active metals and alloys. The
principles of electrochemically depositing alloys is well
understood (See reference 69) and has been demonstrated for
many tin-based alloys such as Sb—Sn (See reference 21),
Cu—Sn (See reference 70), Sb—Cu—Sn (See reference 32),
Pb—Sn (See reference 71), Sn—Se (See reference 72),
Bi—Pb—Cd—Sn (See reference 73), Al—Sn (See reference
74), Pb—Sn (See reference 75), Co—Sn (See reference 76),
Au—Sn (See reference 77), Zn—Sn (See reference 78), and
many others.

The templates of the present invention can be used to create
submicron porous films of other promising metals such as Al,
Si, Ge, Pb and alloys such as Sb—I, Sb—Sn, Ni—Sn,
Cu—Sn, Al—Sn, Al—Mn, Al-—Be, and Al-—Ni. Each sys-
tem will exhibit its own lithium ion conductivity swelling
characteristics with the insertion of lithium, and our template
formation techniques provide.

Inaddition to metals and alloy electrode configurations, the
present invention can be used to strategically design and
synthesize metal-carbon composite anode materials. Several
promising examples of these have appeared in recent litera-
ture for the cases of Sn-graphite (See references 19, 20, 23,
79), Si-graphite (See reference 14, 20), Sb-graphite (See ref-
erence 20), and Sn—Sb—Cu-graphite (See reference 32).

The following references are herein incorporated by refer-
ence:

1. R. A. Huggins, “Lithium alloy negative electrodes”, J.
Power Sources 1999, 81-82:13-19.

2. B. B. Owens, W. H. Smyrl, and J. J. Xu, “R&D on lithium
batteries in the USA:high-energy electrode materials™, .
Power Sources 1999, 81-82:150-155.

3. S. Megahed and B. Scrosati, “Lithium-ion rechargeable
batteries”, J. Power Sources 1994, 51:79-104.

4. K. Brandt, “The historical development of secondary
lithium batteries”, Solid State Ionics 1994, 69:173-183.

5. B. Scrosati, “Lithium rocking chair batteries: An old con-
cept?”, J. Electrochem. Soc. 1992, 139(10):2776-2781.

6. J.-M. Tarascon and M. Armand, “Issues and challenges
facing rechargeable lithium batteries”, Nature 2001, 414:
359-367.
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These and other changes and modifications are intended to
be included within the scope of the invention. While for the
sake of clarity and ease of description, several specific
embodiments of the invention have been described; the scope
of the invention is intended to be measured by the claims as
set forth below. The description is not intended to be exhaus-
tive or to limit the invention to the form disclosed. Other
variations of the invention will be apparent in light of the
disclosure and practice of the invention to one of ordinary
skill in the art to which the invention applies.

The invention claimed is:

1. A process for colloidal sphere-templated electrodeposi-
tion of a porous metal structure at least partially disordered,
comprising:

a) providing an electrode substrate;

b) applying a dispersion onto the surface of the substrate,
said dispersion being a liquid phase suspension of col-
loidal particles comprising of particles that are substan-
tially spherical in shape and have a standard deviation in
sphere diameter of greater than about 5%;

¢) removing the liquid phase to form a sacrificial template
comprising an array of close packed colloidal spheres
defining an interstitial volume;

d) electrodepositing a metal plating solution onto the array
to form a metallic replica of the array interstitial volume
having a pore distribution corresponding to the spheres;
and

e) removing the sacrificial template to form said porous
metal structure.

2. The process of claim 1, wherein the colloidal spheres are
polystyrene, polymethylmethacrylate, surface-functional-
ized polymer, or silica.

3. The process of claim 1, wherein said assembly of spheres
is by liquid evaporation or centrifugation.

4. The process of claim 1, wherein the sphere assembly is
removed by dissolution with a solvent or an acid.

5. The process of claim 1, wherein the metal is Sn, Al, Si,
Ge, Pb; Sb—Sn; Cu—Sn; Sb—Cu—Sn; PbSn; Sn—Se;
Bi—Pb—Cd—Sn; Al—Sn; Pb—Sn; Co—Sn; Au—Sn;
Zn—Sn; Sb—1I; Ni—Sn; Al—Mn; Al—Be; or AI-—Ni.

6. The process of claim 1, wherein the metal is Sn.

7. The process of claim 1 wherein the spheres are selected
to have a mean diameter within the range of about 10 nm, to
about 1000 nm.

8. The process of claim 1, wherein the colloidal spheres
have a predetermined size.

9. The process of claim 1, further comprising: after step (c),
heating the template below the melting point of the colloidal
particles.

10. The process of claim 1, wherein the applying step, the
dispersion comprises a mixing of two or more populations of
differently sized spheres.

11. The porous metal film of claim 10.

12. A process for colloidal sphere-templated electrodepo-
sition of a porous metal structure at least partially disordered
for use in an electrode, comprising:

a) providing an electrode substrate;

b) applying a thin layer of tin onto the electrode substrate;

¢) applying a dispersion onto the surface of the substrate,
said dispersion being a liquid phase suspension of col-
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loidal particles substantially spherical in shape and have
a standard deviation in sphere diameter of greater than
about 5%;

d) removing the liquid phase to form a sacrificial template
comprising an array of close packed colloidal spheres
defining an interstitial volume, wherein the colloidal
spheres are polystyrene, polymethylmethacrylate, sur-
face-functionalized polymer, or silica;

e) electrodepositing a metal plating solution onto the array
to form a metallic replica of the array interstitial volume
having a pore distribution corresponding to the spheres;
and

f) removing the sacrificial template to form said porous
metal structure.

13. The process of claim 12, further comprising: after step
(d), heating the template below the melting point of the col-
loidal particles.

14. A process for colloidal sphere-templated electrodepo-
sition of a porous tin or tin alloy structure at least partially
disordered, comprising:

a) providing an electrode substrate;

b) applying a dispersion onto the surface of the substrate,
said dispersion being a liquid phase suspension of col-
loidal particles comprising of particles that are substan-
tially spherical in shape and have a standard deviation in
sphere diameter of greater than about 5%;

¢) removing the liquid phase to form a sacrificial template
comprising an array of close packed colloidal spheres
defining an interstitial volume, wherein the colloidal
spheres are polstyrene, polylmethylmethacrylate, sur-
face-functionalized polymer, or silica;

d) electrodepositing a metal plating solution onto the array
to form a metallic replica of the array interstitial volume
having a pore distribution corresponding to the spheres;
and

e) removing the sacrificial template to form said porous
metal structure.

15. The process of claim 14, further comprising: after step
(c), heating the template below the melting point of the col-
loidal particles.

16. A process for the formation of a template, comprising:

a) providing an electrode substrate;

b) applying a dispersion onto the surface of the substrate,
said dispersion being a liquid phase suspension of col-
loidal particles comprising of particles that are substan-
tially spherical in shape and have a standard deviation in
sphere diameter of greater than about 5%; and

¢) removing the liquid phase to form a sacrificial template
comprising an array of close packed colloidal spheres
defining an interstitial volume.

17. The template formed by the process of claim 16.

18. A porous metal or metal oxide film having pores of
mean diameter within the range of about 10 nm to about 1000
nm, with a deviation from the mean of no more than about 5%,
wherein said pores are connected to each other.

19. A porous metal film having pores of mean diameter
within the range of about 10 nm to about 1000 nm, with a
deviation from the mean of more than about 5%, wherein said
pores are connected to each other.

20. A porous electrode film having pores of mean diameter
within the range of about 10 nm to about 1000 nm, with a
deviation from the mean of more than about 5%, wherein said
pores are connected to each other.

21. A porous Sn film having pores of mean diameter within
the range of about 10 nm to about 1000 nm, with a deviation
from the mean of more than about 5%, wherein said pores are
connected to each other.

22. The porous metal film formed by the process of claim
1.



