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FADE-RESISTANT HIGH CAPACITY
ELECTRODES FOR A LITHIUM-ION
BATTERY

TECHNICAL FIELD

[0001] This invention pertains to electrode materials and
structures for the cells of lithium-ion batteries in which
lithium atoms are repeatedly inserted into and removed from
small, wire-like shapes of negative electrode active material
during charging and discharging of the battery. More specifi-
cally, this invention pertains to methods and treatments for
attaching such wire-like, high capacity electrode materials to
a current collector substrate to enhance battery life.

BACKGROUND OF THE INVENTION

[0002] Secondary or rechargeable lithium-ion batteries
may be used as electric storage systems for powering electric
and hybrid electric vehicles. These batteries comprise a plu-
rality of suitably interconnected electrochemical cells each of
which undergoes a specific chemical reaction capable of gen-
erating electrical energy. When suitably arranged, these cells
provide a predetermined electrical current at a specified elec-
trical potential to an external load, such as an electric motor.
Such a battery may be re-charged by supplying electrical
energy to the battery to reverse the chemical reaction under-
gone at the electrodes and render the battery again capable of
delivering electrical power. Of course, there is continuing
interest in higher capacity cells which enable extended use
before recharging is required.

[0003] Inprinciple, this cycle of charge and discharge may
be continued indefinitely, but in practice, each cycle is less
than fully reversible and so the capacity of the battery will be
reduced or ‘fade’ with continued use. After some period of
use, or some number of charge discharge cycles, the extent of
fade or capacity reduction will be sufficient to render the
battery unsuitable for its intended application and require that
it be replaced.

[0004] In each cell of a lithium battery, on discharge,
lithium is transported as lithium ions from a negative elec-
trode through a non-aqueous, lithium-containing, electrolyte
solution to a lithium ion-accepting positive electrode as an
electronic current is delivered from the battery to an external
load, for example, in a vehicle, an electric traction motor. A
suitable porous separator material, infiltrated with the elec-
trolyte solution and permeable to the transport of lithium ions
in the electrolyte, is employed to prevent short-circuiting
physical contact between the electrodes.

[0005] Graphite has been commonly used as a negative
electrode material in such batteries and is commonly
employed as a thin electrode layer bonded to a copper current
collector. During charging of the cells, lithium is inserted into
the graphite (lithiation, forming LiC,, with a capacity of
about 372 mAl/g) and extracted from the graphitic carbon
during discharging (de-lithiation).

[0006] A suitable particulate material for receiving and
storing inserted lithium during discharge of each cell is used
as the positive electrode material. Examples of such positive
electrode materials include lithium cobalt oxide (LiCo0,), a
spinel lithium transition metal oxide such as spinel lithium
manganese oxide (LiMn,0,), a lithium polyanion such as a
nickel-manganese-cobalt oxide [Li(Ni,Mn,Co,)O,, where
x+y+7=1], lithium iron phosphate (LiFePO,), or lithium fluo-
rophosphate (Li,FePO,F), or a mixture of any of these mate-
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rials. Suitable positive electrode materials are often bonded as
a thin layer to an aluminum current collector. The electro-
chemical potential of such lithium ion cells is typically in the
range of about 2 to 4.5 volts.

[0007] The use of lithium-ion batteries to power electric
motors in automotive vehicles has led to the need for higher
gravimetric and/or volumetric capacity batteries. While gra-
phitic carbon is a durable and useful lithium-intercalating,
negative electrode material for lithium-ion cells, it has a rela-
tively low capacity for such lithium insertion. Other potential
negative electrode materials such as silicon (theoretical
capacity, 3578 mAh/g for Li, sSi,) and tin (theoretical capac-
ity, 994 mAbh/g for Li,,Sn,) have much higher theoretical
capacities than graphite for lithium insertion.

[0008] However, unlike graphite, silicon undergoes a vol-
ume change that can exceed 300 volume percent during the
course of lithiation and reverses during de-lithiation. Tin
exhibits similar behavior. Such dramatic volume changes
may induce, in the lithiated silicon, appreciable stresses
which may lead to fracture of the active silicon material
and/or loss of electrical contact by the silicon and its current
collector. This loss of contact is manifested by a rapid reduc-
tion in the electrical storage capacity of the battery; that is
rapid fade.

[0009] Loss of battery capacity resulting from the fracture
of the electrode materials in its cells may result from loss of
electrical contact with conductive material and the creation of
new surfaces which irreversibly consume the active lithium to
form new solid electrolyte interfaces. And, of course, any
lithium entrained within the fractured, separated electrode
material is irretrievably lost.

[0010] Thus there remains a need for a more effective way
ofutilizing high energy capacity negative electrode materials
such as silicon or tin to enable development of a high-capac-
ity, fade resistant lithium ion battery.

SUMMARY OF THE INVENTION

[0011] This invention pertains to lithium-ion electrochemi-
cal cells that use high capacity negative electrode materials,
such as silicon and tin, for absorbing and de-sorbing lithium
during repeated cycling of the cell. As stated, such electrode
materials typically experience significant volume change as
lithium is absorbed or released. In accordance with embodi-
ments of the invention, such negative electrode materials are
used in the form of elongated rod-like or pillar-like structures,
often as nanowires or in other relatively long, thin (nanometer
size thicknesses) shapes for providing abundant surface area
for contact with a liquid lithium-ion containing electrolyte.
The nanowires or thin shapes may have a diameter or cross-
section thickness of, for example, 20 nanometers to 200
nanometers and a length (or height) of 1 to 100 micrometers.
These upstanding nanowires or nanowire shapes may be
presentin an areal density of from about 10° to 102 per square
millimeter of current collector surface.

[0012] The nanowires or long, thin shapes of electrode
material, may be oriented generally parallel to one another
and extend outwardly into the electrolyte. One end of the
nanowires may be attached to, and in electrical contact with,
ametal current collector for conduction of electrons from and
to the active (electrode) material.

[0013] The process of lithiation will begin with deposition
and absorption of lithium at the wire surface and proceed by
diftusion oflithium into the wire interior. The rate of lithiation
will depend on some combination of how rapidly the surface
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lithium may diffuse into the wire interior, depleting the wire
surface of lithium as it does so, and how rapidly additional
lithium may be transported through the ion-conducting elec-
trolyte to replenish the lithium on the wire surface.
[0014] Generally, diffusion of the lithium into the solid
wire will proceed more slowly than transport of lithium
through the liquid electrolyte. This will lead to the develop-
ment of a concentration gradient extending radially inwards
from the wire surface to its interior and persist until the wire
is fully lithiated throughout its volume. Release of lithium
from the now-lithiated wire will likewise establish a concen-
tration gradient, but a gradient of opposite sign than that
developed during lithiation.
[0015] Because the expansion experienced by the wire will
be proportional to its lithium concentration, the presence of a
concentration gradient will lead to a volume expansion gra-
dient in the wire. This volume expansion mis-match between
adjacent portions of the wire will lead to the development of
stresses throughout the wire and especially at the point of
attachment of the wire to its current collector, where the
volume expansion is restricted.
[0016] Inaccordance with an embodiment of the invention,
the magnitude of the stresses may be reduced or mitigated by
modification of the character of the joint between the current
collector and the wire by embedding an end of the nanowire
in the collector. In another embodiment, access of lithium to
the nanowire may be selectively restricted to modify the
nature of the concentration gradient in some portion of the
wire by circumferentially coating a portion of the nanowire
with a coating or mask which serves to bar radial diftfusion.
Both approaches will induce longitudinal diffusion, that is,
diffusion along the nanowire length, in the embedded or
coated/masked portion of the nanowire. These approaches are
effective in reducing the stresses in the electrode during both
a single cycle and over multiple cycles. They are thus effec-
tive in reducing electrode fracture due to stresses induced
during a single discharge-charge cycle and multiple dis-
charge-charge cycles, or stated differently, under uniaxial
loading and cyclic loading.
[0017] Embedding or coating the nanowires, and thereby
enforcing longitudinal diffusion rather than radial diffusion,
will reduce the rate of charge of a battery with such a nanow-
ire electrode. If charging time is limited this may result in an
effective loss of battery capacity. Hence the proportions of
masked and unmasked lengths of the nanowires may be
selected to suitably reduce electrode material stresses while
enabling a predetermined battery capacity and/or charging
rate.
[0018] Commonly anend ofthe wire is joined to the current
collector using a butt joint in which one end of the wire is
abutted to the surface of the collector in end to surface con-
figuration and then attached to the surface by forming a gen-
erally planar joint at the abutting surfaces as schematically
shown at FIG. 1. During lithiation, expansion of the section of
the wire immediately adjacent to the joint plane will induce
shear and tensile stresses at the joint, which, if severe enough,
or if repeated often enough, may lead to failure of the joint.
[0019] In an embodiment of this invention the wire is par-
tially embedded in the current collector so that the wire, sized
to the dimension of a supporting blind hole of suitable length,
is anchored over a portion of its length as shown in FIG. 2.
Such a structure may be fabricated by the steps of:
[0020] a.Applying a layer of photoresist with a thickness of
between about 500 and 2000 nanometers to at least one
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surface of an electrically-conducting current collector,
commonly fabricated of copper.

[0021] b. Exposing, through a suitable mask, the photore-
sist to ultraviolet or deep ultraviolet light of wavelength
between 436 and 193 nanometers to pattern the photoresist.

[0022] c. Removing the unexposed photoresist to leave a
patterned, adherent and etch-resistant photoresist coating
on the collector surface, the pattern defining exposed, gen-
erally circular surface regions with a diameter of about the
nanowire diameter separated by coated regions; suitably
the density of exposed regions will be consistent with the
preferred nanowire density of between 10° and 10'2
nanowires per square millimeter.

[0023] d.Etching the surface of the collector with a suitable
etchant, create extending about 5 or so micrometers which
extend only part-way through the collector

[0024] e. Applying a catalyst such as gold for promoting
growth of a suitable negative electrode material.

[0025] f. Removing the photoresist, and

[0026] g. Growing nanowires or tubes of the suitable nega-
tive electrode material using physical or vapor deposition
techniques. For example, silicon may be deposited from a
SiH,/H, mixed gas flow at a temperature of about 550° C.
or so.

[0027] In another embodiment, which may be employed
alone or in combination with the first embodiment, the lower
exposed portion of the nanowires may be circumferentially
coated with a layer of a composition, for example gold, cop-
per, nickel or titanium which substantially bars lithium diffu-
sion as shown at FIGS. 3A and 3B. With this circumferential
coating, diffusion of lithium into the coating-covered portion
of the nanowires will proceed substantially longitudinally
along the length of the nanowires rather than radially inward.
This will establish a more planar diffusion front across the
width of the nanowires and serve to reduce stresses, particu-
larly stresses at the plane of attachment of the nanowire to the
current collector.
[0028] The thickness of the diffusion barrier may range
from about 1 nanometer to about 20% of the nanowire diam-
eter. Suitably the barrier coating may be a metal, ceramic or
polymer, with metals and polymers being favored for ductil-
ity and ceramics preferred for use in environments unsuited
for metals and polymers. Unsuitable environments may
include, for example, those environments which react with or
dissolve the coating. Because materials at nano-thicknesses
behave differently than when in bulk form, even ceramic
coatings, if very thin, may exhibit adequate ductility to con-
form to the nanowire as it changes diameter during a dis-
charge-charge cycle.
[0029] In some circumstances the effects of anchoring the
nanowire in the current collector and establishing a mask or
diffusion barrier over some portion of its length will be addi-
tive and may be synergistic. But, it will be appreciated that a
copper current collector will serve as a diffusion barrier for
that portion of the nanowire which is anchored in the collec-
tor. To achieve an additional reduction in stress the diffusion
barrier should be deformable and flexible, extending along a
portion of the length to manage diffusion gradients and hence
the stress. A longer masking length tends to smooth out the
concentration gradients and stresses at the root, a desirable
result. But a longer masking length will inhibit diffusion of
lithium and therefore reduce the charge/discharge rates.

[0030] A diffusion barrier layer may be located on that

portion of the nanowire adjacent to the joint between the
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nanowires and the current collector by the following proce-

dure, which is additive to the procedure employed to affix the

nanowires to the current collector.

[0031] h. Coat the entire current collector surface with pho-
toresist to a thickness generally equal to the preferred lon-
gitudinal extent of the barrier coating, generally between
5% and 50%, and preferably between 5 and 15%, of the
length of the nanowire

[0032] i. Apply, by low temperature CVD, a thin layer of
aluminum, approximately 20 to 50 nanometers microme-
ters thick, on those portions of the nanowires which extend
above the level of the photoresist; suitably alkyl aluminum
and amine-alane adducts at a temperature of between 100°
C. and 150° C. enable suitable coating thicknesses with
process times of the order of minutes

[0033] j. Anodize the aluminum to form a protective coat-
ing on that portion of the nanowires which extends above
the level of the photoresist

[0034] k. Dissolve the photoresist, using an alkali solution,
or ash the photoresist to expose that (uncoated) portion of
the nanowire extending from the electrode surface to the
nanowires portion with the anodized coating

[0035] 1. Apply, to the uncoated portion of the nanofiber a
layer of a lithium diffusion barrier such as copper, gold,
titanium or nickel to a thickness of at least about 10 nanom-
eters metal plating

[0036] m. Dissolve, by application of caustic solution, the
protective Al,O; shell from the uncoated length of the
nanowires.

[0037] Providing a diffusion barrier at the attachment end
of'the wire is effective in reducing the stress. But by inhibiting
radial diffusion over a portion of the nanowires length, the
overall rate at which lithium may be inserted or removed from
the nanowires is decreased. This manifests itself as an
increase in battery charging time, or, if charging time is fixed,
potentially as a reduced available capacity relative to an
uncoated fiber. Of course the greater capacity of the nanow-
ires, particularly silicon nanowires, over a carbon-based elec-
trode will, under any reasonable coating length, still result in
a higher capacity battery than those currently available using
carbon-based electrodes. The magnitude of the stress reduc-
tion, and so the anticipated battery life, will similarly increase
with increasing length of the diffusion-inhibiting coating.
These effects of diffusion barrier length thus require trading
off the increase in battery charging time with the stress reduc-
tion.
[0038] Because the concentration gradient for the lithium
will vary with position and change over time, the spatial and
temporal stress distribution will likewise vary. But, in assess-
ing the potential for damage to the nanowires, the most impor-
tant parameter is the maximum stress developed. When such
a stress develops is not important and it is the relationship
between the (known) potential failure location and the spatial
location of the maximum stress which is most relevant to
anticipating nanowires failure. Hence the magnitude of the
maximum stress developed is an appropriate figure of meritin
assessing the utility of various stress-mitigating strategies.

[0039] Computer modeling demonstrates that the maxi-

mum stress decreases more rapidly with the length of the

diffusion-inhibiting layer. Generally an acceptable trade-off
between stress reduction and charging time may be obtained
when the coating length is at least about 5% of the nanowire
length. Further benefit may be obtained with coatings extend-
ing up to about 50% of the nanowire length but a preferred
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range lies between about 5% and 25% of the nanowire length
with a most preferred range lying between about 5% and
about 15% of the nanowire length. For example, when about
25% of the nanowire’s length is coated with the diffusion-
inhibiting coating, the charging time, relative to an uncoated
nanowire is increased by about 33% while the stress is
decreased by a factor of 10, again relative to an uncoated
nanowire.

[0040] Suitable negative electrode materials include silicon
or tin. Such an electrode with its high areal density (between
about 10° to 10*2 per square millimeter) of upstanding wires
or wire shapes per unit area of current collector surface,
would, when incorporated into a lithium ion battery, serve to
improve the gravimetric and volumetric efficiency of such a
cell relative to a graphite based electrode composition. By
application of the above-described embodiments such effi-
ciency enhancement may be achieved without unacceptably
increasing battery fade, thereby enabling a durable high
capacity lithium ion cell.

[0041] Other objects and advantages of the invention will
be apparent from detailed descriptions of practices for form-
ing and masking the nanowire structures and arrangements.
Reference will be had to illustrative drawing figures which
are described in the following section of this specification.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] FIG. 1 is a highly enlarged, fragmentary schematic
representation of showing one means of attaching nanowires
to a current collector. One end of each of the nanowires is
attached to the surface of a current collector to form a butt
joint with a generally planar joint interface. The nanowires
are shown in configurations representative of their de-lithi-
ated state, and, in broken-line outline, in their lithiated state.
The attachment scheme shown is representative of that for
each of the many nanowires which may be present, typically
in areal density of between about 10° and 10*? per square
millimeter of current collector surface.

[0043] FIG. 2 is a highly enlarged schematic perspective
illustration of a single nanowire of a high capacity lithium-
accepting material partially embedded and anchored in a
fragment of a current collector. The structure shown is repre-
sentative of the attachment scheme for each of the many
nanowires which may be present, typically in areal density of
between about 10° and 10'? per square millimeter of current
collector surface.

[0044] FIGS. 3A-B show, in cross-section the butt-joined
nanowire shown in FIG. 1 (FIG. 3A) and the partially embed-
ded, anchored nanowire shown in FIG. 2 (FIG. 3B) after
application of a coating over only a portion of the nanowires.
The coating is intended to mask that portion of the nanowires
to which it is applied to inhibit diffusion of lithium at the
masked region.

[0045] FIGS. 4 A-D show computer simulation results
(FIGS. 4B-D) on the stresses obtained in a nanowires butt
jointed to the current collector surface as shown in FIG. 4A.
FIG. 4A depicts, in cross-section, the morphology of such a
nanowire after lithiation; FIG. 4B shows the normalized shear
stress, responsible for current collector interface failure,
developed at the nanowire-current collector interface as a
function of radial position; FIG. 4C shows the normalized
axial stress developed at the nanowire-current collector inter-
face as a function of radial position; and FIG. 4D shows the
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normalized axial stress, responsible for nanowire failures
distant from the current collector-nanowire interface, along
the length of the nanowires.

[0046] FIG. 5 shows the evolution of maximum shear
stresses with normalized diffusion time for four nanowire
attachment schemes

[0047] FIGS. 6 A-G show, in schematic cross-section, a
sequence of steps in preparing a current collector with a
number of blind holes to accommodate and anchor a plurality
of nanowires.

[0048] FIGS. 7 A-F show, in schematic cross-section, a
sequence of additional steps employed to selectively coat the
root and an abutting portion of the embedded nanowires
shown in of FIG. 6G with a diffusion-retarding coating.

DESCRIPTION OF PREFERRED
EMBODIMENTS

[0049] Lithium ion batteries generally comprise a plurality
of interconnected individual cells arranged so as to satisfy the
voltage and electrical energy storage, or capacity require-
ments, of a particular application. Each cell is of substantially
identical construction and chemistry and incorporates facing
negative and positive electrodes each of which is mounted on,
or attached to, an electrically conductive current collector
commonly fabricated of copper (for the negative electrode)
and aluminum (for the positive electrode). The electrodes are
held in spaced-apart relation by a spacer which fills the gap
between the electrodes but is adapted to enable a continuous
conductive path for lithium ions from one electrode to the
other. Often the spacer is a porous polymer layer in which the
pores extend from one surface to the other. When the pores are
infiltrated with a lithium ion-conducting, non-aqueous liquid
electrolyte, lithium ions may pass from one electrode to the
other. The direction of motion of the ions depending on
whether the cell is discharging or being recharged.

[0050] Some suitable lithium salts that may be used to make
a liquid electrolyte solution include LiClO,, LiAlICl,, Lil,
LiBr, LiSCN, LiBF,, LiB(C¢H;),, LiAsF,, LiCF;SO;, LiN
(CF;S0,),, LiPF , and a mixture that includes one or more of
these salts. The lithium salt is dissolved in a non-aqueous
solvent which may be a cyclic carbonate (i.e., ethylene car-
bonate, propylene carbonate), an acyclic carbonate (i.e., dim-
ethyl carbonate, diethyl carbonate, ethylmethylcarbonate), an
aliphatic carboxylic ester (i.e., methyl formate, methyl
acetate, methyl propionate), ay-lactone (i.e., y-butyrolactone,
y-valerolactone), an acyclic ether (i.e., 1,2-dimethoxyethane,
1,2-diethoxyethane, ethoxymethoxyethane), a cyclic ether
(i.e., tetrahydrofuran, 2-methyltetrahydrofuran), or a mixture
that includes one or more of these solvents.

[0051] Manufacturers and users of lithium ion batteries
have interest in improving the durability and gravimetric
and/or volumetric efficiency of such batteries. One opportu-
nity for improved battery efficiency is to use a negative elec-
trode material better able to absorb lithium ions than the
graphite-based electrode in common use. Suitable electrode
materials may include the metals silicon and tin and their
alloys which exhibit theoretical capacities of 3578 mAh/g
(forLi,5Si,) and 994 mAl/g (for Li,,Sn;) respectively, either
of which substantially exceeds the capacity of graphite
(which forms LiCy), with a capacity of about 372 mAh/g.
However the more closely-packed (than graphite), crystal
structures of silicon and tin undergo significant volumetric
expansion when lithium is introduced into their crystal lattice
during a charging cycle. The volume expansion is non-uni-
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form throughout the electrode and so may generate signifi-
cant stresses in the electrode. These stresses are capable of
fracturing the electrode material, particularly bulk electrode
material, causing some portion of the electrode material to
fragment or spall off and so reducing the volume of the
electrode participating in the cell electrochemical reaction.
This behavior may re-occur on subsequent charge cycles to
progressively reduce the cell and battery capacity and lead to
battery fade.

[0052] Some benefit may be obtained by using these high
capacity electrode materials in the form of densely-packed,
elongated rod-like or pillar-like structures rather than as bulk
electrode material. These rod-like structures may be nanow-
ires of say 20 to 200 nanometers in diameter, 1 to 100
micrometers in length and present in areal densities of from
10° to 10'? per square millimeter. This forest of nanowires
will project out from the current collector and be infiltrated
and surrounded by lithium ion-conducting electrolyte. But
appreciable stresses still obtain, and fracture of the nanowires
or fracture of the bond physically securing the nanowires to
the current collector and enabling electronic conduction
between the current collector and electrode material, may still
result.

[0053] FIG. 1 shows a representative cross-sectional depic-
tion of a typical nanowire 10, before lithiation joined by a
generally planar butt joint 12 to a surface 14 of a current
collector 16, typically fabricated of copper. After lithiation,
nanowire 10', shown in broken-line outline, expands, prima-
rily radially but is restrained from expansion at, and by, joint
13. As will be described in greater detail below, the expansion
and the restraint imposed by the joint 12 induce stresses both
at the joint and along the length of the nanowires.

[0054] Inan embodiment of the invention shown in FIG. 2,
nanowire 110 is also secured to current collector 16, but in
this embodiment is anchored within cavity 18, extending
below surface 14 and part-way through the thickness, t, of the
current collector 16. Anchoring the nanowires to the current
collector in this fashion is effective in reducing the stresses
resulting from lithiation of the nanowire.

[0055] In another embodiment of the invention shown in
FIG. 3A, the butt-jointed nanowire 10 of FIG. 1 is coated or
masked over a length, 1, a portion of its overall length, L. The
mask 20, which may suitably extend from about 5% to 50% of
the overall length, L, of the nanowire should be of a compo-
sition suitable for suppressing or restricting passage of
lithium and so slow transfer of lithium into the nanowire over
the length, 1, of the mask. In a method of practicing this
embodiment, to be described later, mask 20 may also be
deposited on surface 14 of current collector 16, as shown, but
deposit of the diffusion-inhibiting mask layer on the collector
surface is not required and deposit on the nanowires alone is
sufficient for practice of the invention. FIG. 3B shows an
analogous, anchored nanowire 110 after deposit of mask 20.
[0056] FIG. 4A shows, in greater detail, the geometry of a
portion of a lithiated nanowire, attached as shown in FIG. 1,
while FIGS. 4B-D show computed spatially-varying stresses
which may result from such lithiation under the assumption
of' nanowires 10 being surrounded by electrolyte containing a
fixed concentration of lithium ions. FIGS. 4B-D show the
computed maximum stresses, normalized for more direct
comparison. Each of the curves in FIGS. 4B-D corresponds to
a particular nanowire configuration: Curves 25, 125 and 225
correspond to the butt-jointed configuration of FIG. 1; Curves
30, 130 and 230 correspond to the butt-jointed, partially
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masked configuration of FIG. 3A; curves 35, 135 and 235
correspond to the anchored configuration of FIG. 2; and
curves 40, 140 and 240 correspond to the anchored and
masked configuration of FIG. 3B.

[0057] Each of the graphs of FIGS. 4B-D corresponds to a
particular stress at particular locations on the nanowire indi-
cated by the arrows on FIG. 4A, where stresses arising at
locations as 4a, 45, and 4c¢ are shown in corresponding FIGS.
4B, 4C and 4D. FIG. 4B shows the interfacial shear stress as
a function of normalized radial location between centerline
22 and nanowires surface 24; FIG. 4C shows the axial stress
at the joint, again as a function of normalized radial location;
while FIG. 4D shows the axial stress along the length of the
nanowire normalized to the overall wire length taking the
joint interface as the origin.

[0058] In all cases the butt-jointed configuration of FIG. 1
shows, over at least some portion of the nanowire or joint, an
elevated normalized stress relative to the other configura-
tions. The most dramatic condition is shown by the variation
in radial shear stress at the joint shown in FIG. 4B, demon-
strating significant and major stress development during
lithiation and clearly indicating an enhanced likelihood that
the nanowire may shear off and become separated from the
current collector during lithiation. This outcome may be pro-
moted by any pre-existing flaws in the nanowire or by flaws
and irregularities introduced by prior lithiation and delithia-
tion events. Curve 125 of FIG. 4C demonstrates elevated
normal stress levels at the joint, relative to the other joint
configurations, except close to and at surface 24. While curve
225 of FIG. 4D shows a large spike in surface stress at a
location a distance of 0.03 times the length of the nanowire
from the joint, suggesting that fracture of the wire might
occur at that location. Either, separation of the nanowire from
the current collector or a 97% reduction in the length of the
nanowire resulting from nanowire fracture at only 0.03 of its
length, will dramatically reduce the volume of nanowires
capable of participating in the electrochemical reaction lead-
ing to reduced battery capacity and fade.

[0059] The magnitude of all of the stresses may be reduced
by either masking 25% of the nanowire (curves 30,130, 230),
anchoring the nanowire (curves 35, 135, 23) or, most effec-
tively, by both anchoring the nanowire and masking a portion
of it (curves 40, 140, 240). When the nanowire is both
anchored and masked the all three of the stresses are substan-
tially reduced to zero, suggesting that fracture or separation of
the nanowire on lithiation is unlikely to occur in the absence
of particularly problematic flaws in the nanowires.

[0060] It will be appreciated that lithiation occurs progres-
sively and that the stresses in the nanowire and at the joint will
change and evolve with time. It is therefore important to
establish whether or not the superiority of the anchored and
coated joint demonstrated in FIGS. 4B-D persists over the
entire lithiation process.

[0061] InFIG.5A, the maximum shear stress at the (joint)
root is plotted versus a normalized time. The normalized time
generally corresponds to a scale-independent radial concen-
tration profile in the fiber. That is, it is the time required to
obtain a specified radial concentration profile through fibers
of all diameters. At all normalized times, the stresses are a
maximum for the butt-jointed fiber of FIG. 1, curve 45. The
effect of anchoring the fiber as in FIG. 2 is to reduce the
stresses at all times (curve 50) as is the effect of masking the
butt-jointed fibers depicted in FIG. 3A (curve 55). But the
most effective approach, at all times and during the entire
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course of lithiation is to both anchor and mask the fiber (FIG.
3B) which is shown as curve 60. The effect of the combined
effects of masking and anchoring the fiber is to reduce the
maximum sheer stress at the root by at least a factor of 10 over
the butt-jointed nanowire configuration of FIG. 1.

[0062] An exemplary procedure for growth of anchored
nanowires is shown in FIGS. 6A-G which have been drawn
with a view to illustrating the processing steps and not nec-
essarily to properly scale or depict the dimension(s) of any of
the identified features.

[0063] FIG. 6A shows a portion of a current collector 300
with a surface 301. Such current collectors, which for a nega-
tive electrode are commonly fabricated of copper, but may
also be fabricated from stainless steel, nickel and titanium as
well as gold, may be a foil of between 5 and 20 micrometers
in thickness. In FIG. 6B, the collector 300 is shown with a
surface coating of a positive photo resist 302, for example
polymethyl methacrylate (PMMA) or diaazoquinone and
novolac (DQN). The photo resist may be applied by applying
a suitable quantity, generally about 1 ml per square inch, of
the liquid solution of photo resist on surface 301 and then
spinning or rotating the collector at between 1000 and 6000
rpm to evenly distribute the solution to a thickness of about
500 to 2000 nanometers over the entire surface 301 of the
collector 300, followed by evaporating the solvent.

[0064] A patterned mask (not shown) adapted to allow
transmission of ultraviolet light in some areas and block
ultraviolet light in other areas is then applied to the surface
303 of the photo resist. Suitably the mask comprises a series
of’closely spaced regions, generally circular in shape, adapted
to transmit ultraviolet light with each circular region being
isolated from its neighbors and surrounded by a region
adapted to block ultraviolet light. With a positive photo resist
areas exposed to ultraviolet light will be rendered solublein a
developer. So, by applying developer to surface 303 after its
exposure to ultraviolet light only the exposed regions of the
photo resist will be removed, creating circular cavities 306 in
the photo resist, the cavities extending from surface 303' of
the exposed photo resist to surface 301 of the current collector
300 as shown at FIG. 6C. The surface density of the circular
regions of the mask should mimic the desired density of
nanowires, typically between 10° and 10'> nanowires per
square millimeter, on the current collector surface.

[0065] The pathway to collector surface created by cavity
306, may be employed to selectively apply etchant, for
example a caustic solution of NaOH or KOH, to exposed
collector surface 301' at the base of cavity 306. After appli-
cation of etchant, an array of cavities 308, mimicking the
pattern of the mask will be formed in collector 300' as shown
at FIG. 6D.

[0066] Following application, for example by chemical or
physical vapor deposition, of a catalyst, such as iron or gold to
surface 301", a catalyst particle or nanometer cluster 310 may
be positioned in at least a plurality of cavities 308 in collector
301" as shown in FIG. 6E. Following removal of the remain-
ing photo resist using, for example a 1 mol/liter aqueous
solution of KOH or NaOH, collector 300" will contain catalyst
particles 310 in substantially all of cavities 308.

[0067] Silicon nanowires anchored in substantially each of
cavities may be formed by physical vapor deposition pro-
cesses including magnetron sputtering cathode arc, e-beam
evaporation or pulsed laser ablation. One suitable process
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may be CVD deposition of silicon from a flowing SiH4/H2
gas mixture at elevated at a temperature of about 550° C. or
SO.

[0068] While the just-described procedure is appropriate
and suitable for anchoring the nanowires into the current
collector surface, additional steps are required to apply a layer
of diffusion resistant material to mask a portion of the nanow-
ire at its point of attachment to the current collector.

[0069] A diffusion barrier layer may be located on that
portion of the nanowire adjacent to the joint between the
nanowires and the current collector by the following proce-
dure, which is additive to the procedure employed to affix the
nanowires to the current collector. Such a procedure is illus-
trated in FIGS. 7A-F.

[0070] As shown in FIG. 7A the initial structure comprises
a plurality of nanowires 312, partially embedded in current
collector 300", that is the structure shown in FIG. 6G. Because
the barrier layer is to be applied at the embedded end of the
nanowire while the remainder is uncoated, a general proce-
dure is to first apply a removable coating 320 (FIG. 7B) of
suitable depth to the collector surface to immerse the embed-
ded end of the nanowires to the preferred depth, indicated by
coating surface 324. Photoresist may be a suitable material
for the removable coating but achieving a coating thickness of
from about 10 micrometers to 100 micrometers or so may
require a high viscosity photoresist such as SU-8 2025 (avail-
able from Microchem, Newton Mass., USA). This photore-
sist, when spin-coated by rotating at about 1000 rpm results in
a coating of about 80 micrometers thick. A coating layer of
about 10 micrometers is obtained when rotating at between
about 5000 to 6000 rpm. These coating thicknesses corre-
spond quite well to the desired range of between about 10 and
100 micrometers corresponding to between 5% and 50% of
the length of a 200 micrometer or so long nanowire.

[0071] After coating the entire current collector surface
with a layer 320 of photoresist to a suitable thickness, a thin
layer of aluminum 322 (FIG. 7C) may be deposited on those
portions of each of the nanowires which extend above the
upper surface of the photoresist by chemical vapor deposition
(CVD). Suitably the thickness of aluminum ranges from
approximately 20 to 50 nanometers. Preferably the CVD
process is conducted at low temperature to minimize the
extent of curing of the photoresist. It is preferred that the CVD
process be conducted at a temperature lower than the ‘Hard
Bake’ temperature of the photoresist, typically for SU-8, from
150° C. to 250° C. to facilitate subsequent removal of the
photoresist. A suitable CVD procedure employs alkyl alumi-
num and amine-alane adducts at a temperature of between
100° C. and 150° C. This procedure may enable suitable
coating thicknesses with process times of the order of min-
utes.

[0072] The deposited aluminum may then be anodized to
form an electrically insulating coating 322' (FIG. 7D) on that
portion of the nanowires which extends above the level of the
photoresist. If necessary, any pores in the anodized coating
may be filled. Such procedures are well known to those
skilled in the art.

[0073] The photoresist may be removed, as shown in FIG.
7D either by using a solvent-based developer such as ethyl
lactate and diacetonealcohol, or if extensive cross-linking has
occurred during processing, by reactive ion etching in an
oxygen-containing gas mixture or by using oxidizing acid
solutions such as piranha etch.
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[0074] Any surface oxide on the now-exposed portion of
the nanowire may be etched off and the masking material 326
(FIG. 7E), suitably, and without limitation, copper, gold or
nickel, applied by electroplating to a thickness of between 1
nanometer and about 20% of the nanowire diameter. Other
coating procedures such as CVD may also be suitable and
enable deposition of more reactive masking materials such as
titanium. Any coatings should however be applied to only the
uncoated (by alumina) portion of the nanofiber.

[0075] Then, dissolve, by application of caustic solution,
the protective Al,O, shell from the uncoated length of the
nanowires to leave the masked, 326 collector-embedded
nanowires 312 secured in collector 300'. If necessary, the
portion of the nanowire which was coated with the (now-
removed) alumina may be etched to restore a generally clean
lithium-accommodating surface.

[0076] The above descriptions of embodiments of the
invention are intended to illustrate the invention and not
intended to limit the claimed scope of the invention.

1. A negative electrode for a lithium ion battery comprising
a current collector having a surface and a plurality lithium-
accepting nanowires, each nanowire having ends, a length
and a nanometer-sized diameter, in which an end of each of
the nanowires is embedded in the current collector and the
nanowires extend outwardly from the current collector for
infiltration with a suitable lithium-conducting electrolyte,
each nanowire having a circumferential coating of a lithium
diffusion-inhibiting material over a portion of its length
extending from the surface of the current collector, the
lithium diffusion-inhibiting coating serving to mitigate frac-
ture-inducing stresses occurring in the lithium-accepting
nanowire during lithiation and delithiation.

2. The negative electrode for a lithium ion battery recited in
claim 1 in which the circumferentially-coated portion of the
nanowire extends over a length of between about 5% and
about 50% of the length of the nanowire.

3. The negative electrode for a lithium ion battery recited in
claim 1 in which the circumferentially-coated portion of the
nanowire extends over a length of between about 5% and
about 25% of the length of the nanowire.

4. The negative electrode for a lithium ion battery recited in
claim 1 in which the circumferentially-coated portion of the
nanowire extends over a length of between about 5% and
about 15% of the length of the nanowire.

5. The negative electrode for a lithium ion battery recited in
claim 1 in which the current collector comprises substantially
coppet.

6. The negative electrode for a lithium ion battery recited in
claim 1 in which the lithium-accepting nanowire comprises
substantially one of silicon or tin.

7. The negative electrode for a lithium ion battery recited in
claim 2 in which the lithium diffusion inhibiting material is
one or more of titanium, copper, nickel and gold.

8. A lithium ion battery comprising a negative electrode
comprising a current collector having a surface and a plurality
lithium-accepting nanowires, each nanowire having ends, a
length and a nanometer-sized diameter, in which an end of
each of the nanowires is embedded in the current collector
and the nanowires extend outwardly from the current collec-
tor for infiltration with a suitable lithium-conducting electro-
lyte, each nanowire having a circumferential coating of a
lithium diffusion-inhibiting material over a portion of its
length extending from the surface of the current collector, the
lithium diffusion-inhibiting coating serving to mitigate frac-
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ture-inducing stresses occurring in the lithium-accepting
nanowire during lithiation and delithiation.

9. The lithium ion battery comprising a negative electrode
recited in claim 8 in which the circumferentially-coated por-
tion of the nanowire extends over a length of between about
5% and about 50% of the length of the nanowire.

10. The lithium ion battery comprising a negative electrode
recited in claim 8, the electrode comprising a current collector
in which the current collector comprises substantially copper.

11. The lithium ion battery comprising a negative electrode
recited in claim 8 in which the lithium-accepting nanowires
comprise substantially one of silicon or tin.

12. The lithium ion battery comprising a negative electrode
recited in claim 8 in which the lithium diffusion inhibiting
material is one or more of titanium, copper, nickel and gold.

13. A method of fabricating a negative electrode for a
lithium ion battery with a current collector comprising the
steps of:

etching, through a suitable mask, the surface of the current

collector with a suitable etchant for a predetermined
time to create a plurality of closed cavities of suitable
depth in the collector surface;
locating, within the cavities, a catalyst for promoting
growth of a suitable negative electrode material;

growing nanowires of the suitable lithium-accepting nega-
tive electrode material from the catalyst particles, the
nanowires being anchored in the cavity and embedded in
the current collector; and

continuing to grow the nanowires until they achieve a pre-

determined length.

14. The method of fabricating a negative electrode for a
lithium ion battery recited in claim 13, further comprising
applying a coating for restricting diffusion of lithium into the
nano wires, the coating being applied over a portion of the
length of the nanowires proximate to the current collector, the
method comprising:

applying a removable coating to the current collector sur-

face to encase that portion of the nanowire proximate the
current collector while leaving a second portion of the
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nanowire accessible for further reaction, the removable
coating having a thickness, the thickness being generally
equal to the preferred length of the diffusion barrier
coating;

applying thin layer of aluminum to the accessible portions

of the nanowires;

anodizing the aluminum coating to render an electrically

non-conducting coating of alumina on the accessible
portions of the nanowires;

removing the removable coating;

applying, to the first portion of the nanowire a coating of a

material which will restrict access of lithium to the
nanowire; and

removing the alumina coating.

15. The method of fabricating a negative electrode for a
lithium ion battery recited in claim 14 in which the aluminum
is applied using a chemical vapor deposition process at a
deposition temperature of between 100° C. and 150° C.

16. The method of fabricating a negative electrode for a
lithium ion battery recited in claim 14 in which the coating for
restricting access of the lithium to the nanowire is one of
copper, nickel and gold.

17. The method of fabricating a negative electrode for a
lithium ion battery recited in claim 14 in which the lithium
access-restricting material is applied by electroplating.

18. The method of fabricating a negative electrode for a
lithium ion battery recited in claim 14 in which the nanowire
is generally circular in cross-section and has a diameter, the
lithium-access-restricting material having a thickness rang-
ing from about 1 nanometer to about 20% of the nanowire
diameter.

19. The method of fabricating a negative electrode for a
lithium ion battery recited in claim 14 in which the lithium
access restricting material is applied over between about 5%
and 15% of the predetermined length of the nanowire.

20. The method of fabricating a negative electrode for a
lithium ion battery recited in claim 14 in which the lithium-
accepting material comprises one of silicon or tin.
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