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a metal layer on a soft substrate, and forming a lithium layer on the metal layer. Forming the lithium layer on the metal layer yields
uniform wrinkles in the metal layer. A battery may include the electrode as described.
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THREE-DIMENSIONAL SOFT ELECTRODE FOR LITHIUM METAL BATTERIES

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Patent Application No. 62/506,994 entitled
“THREE-DIMENSIONAL SOFT ELECTRODE FOR LITHIUM METAL BATTERIES” filed

May 16, 2017, which is incorporated herein by reference in its entirety.

TECHNICAL FIELD
This invention relates to a three-dimensional (3D) soft electrode for lithium metal

batteries.

BACKGROUND

In recent years, lithium (Li) metal-based rechargeable batteries including Li-sulfur (S),
Li-air and Li-selenium (Se) batteries are making a strong comeback and being actively pursued
for the fast development of electric vehicles and grid storage because of their much higher
energy densities compared with Li-ion batteries. For example, the energy density of Li—S
batteries can reach ~2,500 Wh/kg or 2,800 Wh/L?2, compared to less than 420 Wh/kg or 1,400
WH/L for Li-ion batteries. However, Li dendrites that grow during plating and stripping pose
safety concerns and tend to penetrate separators lead to capacity decay by consuming both

lithium and electrolyte.

SUMMARY

In a first general aspect, an electrode includes a soft substrate, a metal layer in direct
contact with the soft substrate, and a lithium layer formed directly on the metal layer, wherein
the metal layer comprises wrinkles.

Implementations of the first general aspect may include one or more of the following
features.

The soft substrate is three dimensional. The soft substrate may have thickness of about
25 um or about 50 um to about 100 um, about 250 um, about 500 um, or about 1000 um. The
soft substrate may be elastic, flexible, or both. The soft substrate typically has an elastic

modulus in a range of 100 kPa to 100 MPa. Examples of suitable soft substrates include



10

15

20

25

WO 2018/212871 PCT/US2018/027483

polydimethylsiloxane, silicone, polyurethane, natural rubber, nitrile ethylene-propylene, and
styrene-butadiene. The soft substrate defines pores, and the metal layer is formed on surfaces
defining the pores.

The metal layer includes at least one of copper, nickel, iron, silver, platinum, and gold. A
thickness of the metal layer is typically in a range of 50 nm to 1 um, 50 nm to 500 nm, or 50 nm
to 100 nm. The metal layer is formed on the soft substrate.

The wrinkles are of a substantially uniform height, and the height is in a range of 100 nm
to 20 um. The wrinkles are typically separated by a substantially uniform distance, and the
distance is in a range of 100 nm to 1000 um. The wrinkles may be one dimensional or two
dimensional.

A thickness of the lithium layer is typically in a range of 50 nm to 20 pum.

In a second general aspect, fabricating an electrode includes forming a metal layer on a
soft substrate, and forming a lithium layer on the metal layer, wherein forming the lithium layer
on the metal layer yields uniform wrinkles in the metal layer.

In a third general aspect, a battery includes a first electrode, a second electrode, and an
electrolyte in contact with the first electrode and the second electrode. The second electrode
includes a soft substrate, a metal layer in direct contact with the soft substrate, and a lithium
layer formed on the metal layer, wherein the metal layer includes wrinkles.

Implementations of the third general aspect may include one or more of the following
features.

The first electrode may include lithium. The metal layer includes at least one of copper,
nickel, iron, silver, platinum, and gold. The wrinkles are one dimensional or two dimensional,
and the soft substrate is three dimensional. The soft substrate defines pores, and the metal layer is
formed on surfaces defining the pores. A dimension of the pores is in a range of 5 nm to 500

um.

BRIEF DESCRIPTION OF THE DRAWINGS
FIGS. 1A and 1B depict wrinkling of copper thin film during lithium plating. FIG. 1C

depicts lithium dendrite formation on copper foil.
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FIGS. 2A-20 show optical microscope and profilometer images of copper current
collectors during and after lithium plating. FIGS. 2P-2R show wavelength and amplitude values
after lithium plating for copper current collectors with different thicknesses.

FIGS. 3A-3F are scanning electron microscope images of electrochemically plated
lithium.

FIGS. 4A-4C depict formation of a copper-plated porous three-dimensional (3D) soft
substrate. FIGS. 4D-4F show Coulombic efficiency (CE) versus cycle number for various
electrodes. FIGS. 4G-41 show the voltage profile of these electrodes under a current density of 1
mA cm?. FIGS. 4] and 4K show voltage hysteresis and specific capacity of these electrodes,
respectively, as a function of cycle number.

FIGS. 5A and 5B are SEM images of 300 pm-thick and 50-pm thick 3D Cu@PDMS
substrates. FIG. 5A is a comparison of porous PDMS substrates with a thickness of 300 um
(right) vs 50 um (left). FIG. 5B is a top view of a 50 um-thick porous PDMS substrate showing
reduced pore size. All scale bars represent 100 um.

FIGS. 6A and 6B show full cell cycling performance of a 50 pm-thick 3D Cu@PDMS
substrate with different capacity loadings. FIG. 6A is a2 mAh cm™ capacity loading cell under a
current density of 2 mA cm™. FIG. 6B is a 3 mAh cm™ capacity loading cell under a current
density of 3 mA cm™.

FIGS. 7A-7F show thickness changes of a 3D 50 um-thick Cu@PDMS electrode and a
planar lithium metal anode upon cycling. FIGS. 7A-7C are cross-sectional SEM images of a
planar copper current collector in its pristine state (A), after first lithiation (B) and after 100
cycles (C). FIGS. 7D-7F are cross-sectional SEM images of a 3D 300 pm-thick Cu@PDMS
substrate in its pristine state (D), after first lithiation (E) and after 100 cycles (F). The scale bar is
50 pm.

FIG. 8 shows electrochemical characterization of copper thin film/soft substrate current

collector and a thick copper current collector.

DETAILED DESCRIPTION
When lithium is electroplated on a thin metal current collector supported by a soft
substrate, the compressive stress in lithium is transferred to the thin metal current collector,

thereby causing wrinkles in the metal current collector, which may evolve from one-dimensional
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(1D) wrinkle patterns to two-dimensional (2D) winkle patterns. The soft substrate may be
flexible or elastic. Suitable materials for the soft substrate include materials (e.g., rubber
materials) having a modulus in a range of 100 kPa to 100 MPa, such as silicone, polyurethane,
natural rubber, nitrile, ethylene-propylene, and styrene-butadiene. The soft substrate may be
three-dimensional (3D) and define pores. A dimension of the pores is typically in a range of 5
nm to 500 um. A metal current collector may be formed on surfaces of the pores. A thickness of
the metal current collector is typically in a range of 50 nm to 1 um. Suitable metals for the
current collector include copper, nickel, iron, silver, platinum, and gold. A height of the
wrinkles is typically in a range of 100 nm to 20 um. A separation of directly adjacent wrinkles is
typically in a range of 100 nm to 1000 um. The height of the wrinkles, the separation of directly
adjacent wrinkles, or both may be substantially uniform. A thickness of the lithium layer is
typically in a range of 50 nm to 20 um.

FIG. 1A depicts plating of lithium 100 on a copper thin film 102 disposed on a soft
substrate 104. In one example, soft substrate 104 is polydimethylsiloxane (PDMS). 1D wrinkles
106 or 2D wrinkles 108 may be formed in copper thin film 102 due to the compressive stress
generated during the lithium plating. Similar wrinkling patterns can be generated by using
temperature mismatch and mechanical force. The surface wrinkling releases the electroplating-
induced stress. With the help of stress relaxation, a uniform plating may be achieved. As
depicted in FIG. 1B, lithium 100 penetrates the solid electrolyte interphase (SEI) 110, and the
soft electrode releases compressive stress, and thus mitigating lithium dendrite growth. As
depicted in FIG. 1C, however, compressive stress causes the generation of lithium dendrites 112
on a hard substrate 114 (e.g., copper foil) during lithium plating. Thus, when the electroplating-
induced compressive stress in lithium is not released, stress-driven morphological instability
causes lithium protrusions to form on an initially flat electrode surface, followed by the
disruption of the SEI 110 by lithium protrusions and consequently high local electroplating flux,
amplifying the instability and causing the lithium protrusions to further grow into dendrites 112.

In one example, such as that depicted in FIG. 1A, PDMS is a soft electrode, copper thin
film a current collector, lithium foil is a counter electrode, and 1M LiPFs in diethyl carbonate :
dimethyl carbonate : ethylene carbonate (DC:DMC:EC) (1:1:1) is an electrolyte. Other
appropriate materials may be used in other embodiments. The in-situ microscope and ex-situ

profilometer images of the evolution of the electroplated lithium on copper thin films with
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different thickness (200 nm, 400 nm, and 800 nm) on PDMS electrodes, under a current density
of 1 mA cm™ are shown in FIGS. 2A-20. In order to perform the in-situ microscope
observation, the electrodes were placed in a customized coin cell with glass window on the back.
The electroplating behavior was observed under an optical microscope through the glass window
and transparent PDMS. FIGS. 2A-2C show flat copper films having a thickness of 200 nm, 400
nm, and 800 nm, respectively. FIGS. 2D and 2G show 1D and 2D wrinkles formed in the copper
film of FIG. 2A. FIGS. 2E and 2H show 1D and 2D wrinkles formed in the copper film of FIG.
2B. FIGS. 2F and 2I show 1D and 2D wrinkles formed in the copper film of FIG. 2C. All scale
bars in FIGS. 2A-2I represent 100 pm. The initially flat copper thin films 200, 204, and 206 in
FIGS. 2A-2C, respectively, wrinkle upon lithium electroplating, and the wrinkle patterns evolve
from 1D patterns 210, 212, and 214 in FIGS. 2D-2F, respectively, to 2D patterns 220, 222, and
224 in FIGS. 2G-21, respectively. FIGS. 2G-2I show 2D wrinkles with wavelengths similar to
those of 1D wrinkles after 1 hour of lithium plating for all three copper current collectors. The
wrinkle wavelengths are approximately 25 pm, 50 um and 100 um, respectively. All
experiments were carried out using a current density of 1 mA/cm?. Copper surface profiles after
5 minutes and 1 hour of lithium plating are shown in FIGS. 2J-2L and FIGS. 2M-20,
respectively. FIGS. 2P-2R show wavelength and amplitude values after 5 minutes and 1 hour of
lithium plating for the three copper current collectors with different thicknesses.

These observations indicate the presence of the electroplating-induced compressive stress
in lithium and the subsequent wrinkling on soft electrodes. The emerging of 1D wrinkle is a
transient process that happens once the compressive force exerted from the electroplated lithium
to the thin copper current collector exceeds the critical force for wrinkles, while the evolution
from the 1D to 2D wrinkle patterns is a gradual process in which the 1D wrinkle patterns
gradually bend as further lithium electroplating and thus further compressive force act on the thin
copper current collector. It is also found that during the wrinkle evolution as lithium is
continuously electroplated on copper thin film, wrinkle wavelength remains almost unchanged
and is linearly dependent on the copper thickness. For example, for 200 nm, 400 nm, and 800
nm-thick copper, the average wavelengths are approximately 25 um, 50 pm, and 100 pum,
respectively, which can be understood by the small deformation wrinkle theory where the
wrinkle wavelength is independent of the compressive strain but linearly depends on the thin

film thickness. The phenomenon is apparently different from that of silicon thin film lithiation on
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PDMS, in which silicon wrinkles evolve from 1D to 2D with continuous wavelength decrease
due to the large deformation (up to ~400%) during lithium insertion into silicon and can be
explained by the large deformation theory.

PDMS (Sylgard 184, Dow Corning) was prepared by mixing the base and curing agent
(10:1 by weight), debubbling, and curing at 80 °C for 2 hours to polymerize and then cutting into
1 cm by 1 cm squares. After that, chromium (5 nm) and copper (200 nm, 400 nm, or 800 nm)
were deposited in sequence on the surface of the PDMS substrate using sputter PVD method (3
mTorr, 100 Watts for both materials). The prepared soft electrode was laminated with an ion-
permeable polymer (polypropylene Celgard 2500) as separator and Li metal (0.17 mm, MTI
Corp.) as reference and counter electrode. Commercially widely used 1 M LiPF¢ in ethylene
carbonate (EC) : dimethyl carbonate (DMC) : diethyl carbonate (DEC) (1:1:1) (MTI Corp.)
electrolyte was adopted as the electrolyte for 2D electrode test. 1 M L.t

big{triftuoromethanesuifonyi yrowde {LITFSI) in §,3-dioxolane i,
{DOL:DME) (1:1) with 1% LiNOs3 electrolyte was used for the synergetic combination. For in-
situ optical microscopy observation, the sandwiched structure was loaded in a customized coin
cell with a transparent glass window. For electrochemical testing, the sandwiched structure was
sealed and vacuumed in an aluminized polyethylene (PE) pouch (Sigma-Aldrich). For the half
cell, the Coulombic efficiency test begins with the cycling from 0 to 1 V at 50 pA to remove
surface contamination and stabilize the SEI for 5 cycles. Then a fixed amount of lithium was
plated on the electrodes at different current densities for 1 hour, followed by lithium stripping to
1 V. For the full cell testing, LiFePOs was used as the cathode material. The LiFePOs4 electrode
was prepared by mixing LiFePO4 powder, polyvinylidene fluoride (PVDF) and conductive
carbon additives (mass ratio: 8:1:1) in N-methyl-2-pyrrolidone (NMP) and then casting the
mixture on an aluminum foil followed by drying in a vacuum oven for 12 h. The average mass
loading of LiFePOs in the electrode was about 1.8 mg cm™. The electrode was first assembled
into a half cell using a lithium foil as counter electrode. After depositing 2 mAh cm™ of lithium
metal onto the current collector, the cell was disassembled and lithium anode was further
reassembled into a full cell against LiFePO4 cathode. The electrolyte was 1 M LiTFSI in
DOL:DME (1:1) with 1% LiNOs as an additive. The cells were galvanostatically cycled between
2.5and 4.1 V at 1 mA cm™. All assembly manipulations were performed in an argon-filled

glovebox.
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In-situ optical microscopy observation was carried out using a customized coin cell with
a transparent glass window at the back. Because of the transparence of the glass and PDMS, the
behavior of copper thin film was captured under an optical microscope (Nikon eclipse 1v100,
10X objective). A current density of 1 mA/cm? and a plating time of 1 hour were adopted for
200 nm, 400 nm, and 800 nm thick copper samples. 0.1 mA/cm? and a plating time of 3 hours
were adopted to test the low current density behavior of copper during lithium plating. 5 mA/cm?
and a plating time of 1 hour were used to test the high current density response of copper. Both
low current density and high current density experiments were carried out on 800 nm samples.

For ex-situ profilometer experiments, the samples were charged using 1 mA/cm? for 5
minutes and 1 hour. Because lithium is highly air-sensitive and the oxidation changes the
morphology of the lithium-covered plated surface, directly profiling on the electrode is difficult.
However, it was observed that after the removal of lithium by deionized (DI) water and dried, the
wrinkled copper film would not fully recover the initial flat state, possibly because of the plastic
deformation that occurred for copper during lithium plating. This phenomenon was employed to
observe the amplitude change of copper wrinkles after removal of lithium for a different state of
plating.

After plating of 5 minutes and 1 hour with a current density of 1 mA/cm?, the samples
were taken out from the cells and rinsed by an anhydrous dimethyl carbonate (DMC) for a few
times to remove the residual electrolyte on the surface of the electrode. During transfer of the
samples, care was taken to minimize the oxidation of the samples. The electrodes were first
mounted on a scanning electron microscope (SEM) stub and then sealed inside an aluminized
polyethylene (PE) packaging bag. All these procedures took place in the glovebox. Finally, the
PE bag with the electrode was cut open and quickly transferred to SEM chamber. The total
exposure to air time was less than 5 seconds.

To further investigate the electroplating behavior and wrinkle evolution, samples with
different electroplating time (5 minutes and 1 hour) for all the three copper thicknesses (i.e., 200
nm, 400 nm, and 800 nm) were examined under ex-situ optical profilometer. The results (FIGS.
2J-20) show that the wavelength approximately does not change with the electroplating time but
depends essentially on the copper thickness. However, the wave amplitudes become larger with
increased electroplating time. The wrinkling behavior can be explained by the small deformation

mechanics model, where the amplitude 4 and wavelength A are given by
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Here 4 is the copper thin film thickness; /rand £s are the elastic modulus of the copper film and
PDMS; respectively, €exerred 18 the exerted strain from the electroplated lithium to the copper thin
film. The model shows that as the increase of the exerted strain from electroplated lithium (i.e.,
increasing the electroplating time), buckling amplitude A increases and wavelength A remains
constant, which agrees with the experiments. More quantitatively, using the following material
properties of the PDMS and copper, Es =2.6 MPa, 15 =0.48, £y= 110 GPa, 7= 0.34, the model
gives buckling wavelengths of 29.0 um, 58.0 um and 116.0 um for 200 nm, 400 nm, and 800 nm
copper thin films, respectively, which reasonably agrees well with the measured mean
wavelengths (25 um, 50 um, and 100 um). Using the measured amplitude, the exerted strain and
thus the stress in electroplated lithium can be obtained.

Lithium morphology was examined by electroplating on two different electrodes for
comparison, namely copper thin film on a PDMS electrode that has a stress relaxation
mechanism, and copper foil that is commercially used as anode current collector in lithium-ion
batteries and used in lithium deposition research as a hard electrode without stress relaxation.
FIGS. 3A-3F show scanning electron microscope (SEM) images of electrochemically plated
lithium at early plating stage (5 minutes) and after 1 hour with a current density of 1 mAh cm™.
Significantly different lithium morphologies between using a hard electrode (copper foil) and a
soft electrode (800 nm copper on PDMS) were observed. After 5 minutes of plating on copper
foil (FIG. 3A), it can be observed that many cone-shaped lithium tips have formed and the
overall lithium plating is uneven due to the localized lithium accumulation on these tips. For the
soft copper/PDMS electrode (FIG. 3B), lithium growth starts with small lithium flat “pads,” and
these flat “pads” extend and eventually form bigger round humps. No sharp lithium tips can be
found. Also, these humps can be fairly uniformly distributed on the soft electrode, which seems
to suggest no localized lithium concentration. The dashed lines in FIG. 3B highlight the wrinkle
profile. After plating for one hour on hard copper foil (FIG. 3C), large amount of lithium
dendrites with random dimensions and sharp tips formed. Very differently for soft copper/PDMS
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electrode after one-hour plating (FIG. 3D), the early formed humps connected to each other,
uniformly grew and formed a smooth, continuous lithium film. Even after 100 cycles of plating
and stripping, lithium morphologies on hard copper foils and soft copper thin film/PDMS
electrodes are still different. As shown in FIG. 3E, dense lithium dendrite “forests” formed on
hard electrodes; while a relatively flat lithium surface remained on soft electrodes, indicating that
stress relaxation plays a role on lithium morphology during plating/stripping. All scale bars in
FIGS. 3A-3F represent 10 um. All experiments were carried out using a current density of 1
mA/cm?.

In FIGS. 2A-20 and 3A-3F, PDMS stubs were used as the soft electrodes. Additional
experiments have been conducted to examine the stress relaxation effect compared with hard
copper. Results show that copper/PDMS soft electrodes outperform copper foil. Stress relaxation
may be increased by (a) increasing surface area of the PDMS and thus reducing the plating
current and lithium thickness, and (b) synergetic combination between the soft electrodes and
new electrolyte additives. To achieve this improvement, a 3D soft scaffold was prepared.

FIGS. 4A-4C illustrate the fabrication process of the 3D soft scaffold. FIG. 4A depicts
sugar cube 400 with sugar grains 402 used as a pore generation template. Liquid PDMS 404
(Sylgard 184 with 10:1 ratio) mixed with Silwet as the surfactant to change the hydrophobicity
was allowed to infiltrate into porous sugar cube 400. The PDMS was cured and the sugar was
washed away, leaving 3D, porous, hydrophilic PDMS 406, depicted in FIG. 4B. Then electroless
deposition was applied to conformally and uniformly coat copper as current collector throughout
the interconnected 3D porous PDMS. FIG. 4C depicts copper coating 408 on the PDMS scaffold
of FIG. 4B. Thus a 3D soft copper-PDMS scaffold (Cu@PDMS) was fabricated. Electroless
deposition is a non-galvanic plating method that does not require any external electrical power
and is typically used for electroless plating of metals on nonconductive materials. The SEM
image shows the average pore size is in a range between 50 um and 200 um, and the wall
thickness is around 50 pum.

The cycling Coulombic efficiencies (CE) of copper foil, 3D Cu@PDMS scaffolds as well
as a commercial 3D copper foam electrode of similar pore size as the 3D copper-PDMS
scaffolds were tested. The CE test began with the galvanostatically cycling of the electrodes at
50 pA from O to 1 V to remove surface contamination and stabilize the SEI for 5 cycles. Then 1

mAh cm™, 2 mAh cm™?and 3 mAh cm™ of lithium were plated at current densities of 1 mA
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cm™2, 2 mA cm™? and 3 mA cm™2 followed by lithium stripping to 1 V for all the three electrodes.
FIGS. 4D-4F show that the 3D Cu@PDMS soft electrode had significantly improved
performance compared to those of copper foil and 3D copper foam electrodes. Under a current
density of 1 mA cm™ (FIG. 4D), Cu@PDMS has a stable CE for more than 200 cycles with an
average CE magnitude to be about 98%, while both copper foil and 3D copper foam electrodes
have lower CE magnitude close to 95% and 90% accordingly and become unstable in 90 cycles.
For higher current density of 2 mA cm™ (FIG. 4E), the Cu@PDMS soft electrode still achieves
more than 200 stable cycles with CE magnitude close to 98%, while copper foil has less than 50
stable cycles and 3D copper foam has rather random CE value from the beginning. Especially,
even under large areal current density of 3 mA cm™ (FIG. 4F), the Cu@PDMS soft electrode still
has fairly stable CE for about 100 cycles, while both copper foil and 3D copper foam has no
stable CE from the beginning. By replacing the hard 3D copper skeleton with soft 3D copper
skeleton, even if pore size is larger than 100 pum, the CE is stable for more than 200 cycles.

The voltage profiles of these three electrodes under the current density of 1 mA cm™ are
shown in FIGS. 4G-41. The lithium plating plateau voltage increases from 50 mV to 63 mV for
the copper foil electrode (FIG. 4G) and increase from 21 mV to 24 mV for the 3D Cu@PDMS
electrode from 30th to 90th cycle (FIG. 4I). The lithium plating plateaus for copper foam (FIG.
4H) is more than 200 mV, which is significantly larger than that for the copper foil and the 3D
Cu@PDMS from 30th to 90th cycle. Also, from the voltage hysteresis of the three electrodes in
FIG. 4J, it is observed that 3D Cu@PDMS electrode has the smallest and most stable hysteresis
(60 mV), while the copper foil electrode has a hysteresis larger than 120 mV and the copper
foam has a hysteresis larger than 300 uV. The low plateau voltage increment and small
hysteresis of the 3D Cu@PDMS soft electrode can explained by the formation of more stable
SEI resulting from the relaxation of stress due to the soft substrate. FIG. 4J shows specific
capacity versus cycle number for the three electrodes.

To achieve a symmetrical system between copper foil and lithium, an excess of lithium (5
mAh cm™) was plated on both copper foil and Cu@PDMS electrodes by 1 mA cm™ plating and
0.5 mA stripping for 10 cycles. After that, a current density of 0.25 mA cm™ was used for both
plating and stripping for a total of 100 cycles. From the voltage-time profiles, it was observed
that voltage fluctuation was severe after 60 cycles for copper foil while the soft Cu@PDMS

electrode exhibited stable cycling. The same trend was seen from the hysteresis curves of this

10
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test. The cycling Coulombic efficiencies (CE) of the copper foil hard and Cu@PDMS soft
electrodes were also examined. The CE of the copper foil electrode dropped before the 60th
cycle, which can be ascribed to short circuit in the cell caused by sharp dendrites, while for the
Cu@PDMS electrode, no sudden drop of CE was observed for over 100 cycles under a current
density of 1 mA cm™ and 1 hour plating and stripping to 1V for each cycle. It can be also found
that when using commercial electrolyte (1M LiPFs in DC:DMC:EC (1:1:1)), though Cu@PDMS
electrode has a better CE performance than copper foil electrode, CE is still fluctuating and the
magnitude is as low as 90%. To further improve the CE performance, 1 M lithium
bis(trifluoromethanesulfonyl)-imide (LiTFSI) in cosolvent of 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) (1:1) with 1% LiNOs as electrolyte was examined for both electrodes.
Both electrodes have improved CE stability and CE values, and the Cu@PDMS electrode
outperformed the copper foil electrode.

In another example, 3D porous PDMS was prepared by mixing the base (30 g), curing
agent (3 g) and glucose (15 g, Aladdin), stirring for 10 minutes, and then curing at 80 °C for 2
hours. After solidification, the PDMS contained glucose and was cut into slices with a thickness
of 50 um with an Ultra-Thin Semiautomatic Microtome (Leica RM2245). After that, the slices
were placed in deionized water and ultrasonic treatment for 4 hours to completely remove the
glucose. By using glucose, which has a smaller grain size (tens of microns) than that of the sugar
cubes in the previous example (hundreds of microns), combined with the Ultra-Thin
Semiautomatic Microtome, the 3D porous PDMS has been reduced to as thin as 50 um, and the
pore size has also been reduced from 200~300 pm to 10~50 um. FIG. SA shows a comparison
of porous PDMS substrates with a thickness of 300 um (right) and 50 um (left). FIG. 5B shows a
top view of a 50 um-thick porous PDMS substrate with the reduced pore size. The scale bars in
FIGS. 5A and 5B are 100 um.

Full cells with elevated capacity loading of 2 mAh cm™ and 3 mAh cm™ were tested
under a current density of 2 mA ¢m™ and 3 mA ¢cm™ with a 3D Cu@PDMS electrode formed
with glucose and a copper foil electrode. In fabricating the full cells, 2 mAh cm? and 3 mAh cm”
2 Li was predeposited on both electrodes. As seen from FIGS. 6A and 6B, the 3D Cu@PDMS$S
electrode formed with glucose outperforms the copper foil electrode for both mass loadings. For
2 mAh cm™ batteries in FIG. 6A, the capacity of 3D Cu@PDMS retains over 80% by decreasing
from 138 mAh g™ to 111 mAh g™ with an average Coulombic efficiency greater than 99.5% for
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100 cycles. The capacity in the case of copper foil drops from 142 mAh g! to 46 mAh g with a
retention rate of only 32%. For 3 mAh cm™ batteries in FIG. 6B, the capacity of 3D Cu@PDMS
retains over 78% by decreasing from 137 mAh g™ to 108 mAh g™ with an average Coulombic
efficiency greater than 99.5% for 100 cycles, and the capacity for copper foil drops from 101
mAh g to 7 mAh g'! with a retention rate of only 7%. The degradation for copper foil is
believed to be due to highly nonuniform deposition of lithium under the high current density of 3
mA cm™. The tested lithium electrode on the 3D Cu@PDMS soft substrate displays a relatively
low Coulombic efficiency in the first cycle (FIGS. 6A and 6B), which is also observed for other
types of 3D current collectors and likely contributed by severe SEI formation due to the large
surface area of deposited lithium in the 3D structures. This issue may be alleviated by the pre-
deposition of excess lithium or the use of synergistic electrolyte additives such as lithium
polysulfide combined with lithium nitrate, which has been shown to increase the initial
Coulombic efficiency of the lithium anode in DOL:DME from 71% to 93%.

The 3D Cu@PDMS electrode can maintain a stable thickness over repeated cycling as
compared with the planar copper current collector. FIGS. 7A-7C show cross-sectional SEM
images of a planar copper current collector in its pristine state, after first lithiation, and after 100
cycles, respectively. The thickness of the lithium layer plated on a planar copper current
collector increased more than two-fold after 100 cycles. FIGS. 7D-7F show cross-sectional SEM
images a 3D Cu@PDMS substrate in its pristine state, after first lithiation, and after 100 cycles,
respectively. The 3D Cu@PDMS electrode thickness shows little change after the first lithiation,
and increases by less than 15% after 100 cycles, which confirms that the majority of plated
lithium is accommodated inside the pores of the 3D structure. The scale bar in FIGS. 7A-7F is 50
um.

FIG. 8 shows the electrochemical characterization of a copper thin film/PDMS current
collector compared with the same type of asymmetric plating/stripping experiment on a thick
copper current collector. While severe voltage fluctuation takes place after only 30 cycles for the
copper foil substrate, the sample on the copper thin film/PDMS soft substrate exhibits a stable
voltage profile and small polarization even after 74 cycles.

In some implementations, a battery includes two electrodes and an electrolyte in contact

with the two electrodes. The first electrode may include lithium. The second electrode, as

12
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described herein, includes a soft substrate, a metal layer on the soft substrate, and a lithium layer
formed on the metal layer. The metal layer includes wrinkles.

Only a few implementations are described and illustrated. Variations, enhancements and
improvements of the described implementations and other implementations can be made based

on what is described and illustrated in this document.
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WHAT IS CLAIMED IS:

1. An electrode comprising:
a soft substrate;
a metal layer in direct contact with the soft substrate; and

a lithium layer formed directly on the metal layer, wherein the metal layer comprises

wrinkles.

2. The electrode of claim 1, wherein the soft substrate is elastic.

3. The electrode of claim 1, wherein the soft substrate is flexible.

4. The electrode of claim 1, wherein a thickness of the metal layer is in a range of 50 nm to
1 um.

5. The electrode of claim 1, wherein the metal layer comprises at least one of copper, nickel,

iron, silver, platinum, and gold.

6. The electrode of claim 1, wherein the metal layer is formed on the soft substrate.

7. The electrode of claim 1, wherein the wrinkles are of a substantially uniform height, and

the height is in a range of 100 nm to 20 um.

8. The electrode of claim 1, wherein the wrinkles are separated by a substantially uniform

distance, and the distance is in a range of 100 nm to 1000 um.

0. The electrode of claim 1, wherein a thickness of the lithium layer is in a range of 50 nm
to 20 um.
10. The electrode of claim 1, wherein the wrinkles are one dimensional or two dimensional.
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11. The electrode of claim 1, wherein the soft substrate is three dimensional.

12.  The electrode of claim 11, wherein the soft substrate defines pores, and the metal layer is

formed on surfaces defining the pores.

13. The electrode of claim 1, wherein the soft substrate comprises at least one of
polydimethylsiloxane, silicone, polyurethane, natural rubber, nitrile ethylene-propylene, and

styrene-butadiene.

14.  The electrode of claim 1, wherein the soft substrate has an elastic modulus in a range of

100 kPa to 100 MPa.

15. A method of fabricating an electrode, the method comprising:
forming a metal layer on a soft substrate; and
forming a lithium layer on the metal layer, wherein forming the lithium layer on the metal

layer yields uniform wrinkles in the metal layer.

16. A battery comprising
a first electrode;
a second electrode comprising:
a soft substrate;
a metal layer in direct contact with the soft substrate; and
a lithium layer formed on the metal layer, wherein the metal layer comprises
wrinkles; and

an electrolyte in contact with the first electrode and the second electrode.

17.  The battery of claim 16, wherein the first electrode comprises lithium.

18.  The battery of claim 16, wherein the metal layer comprises at least one of copper, nickel,

iron, silver, platinum, and gold.

15
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19.  The battery of claim 16, wherein the wrinkles are one dimensional or two dimensional.
20.  The battery of claim 16, wherein the soft substrate is three dimensional.
21. The battery of claim 20, wherein the soft substrate defines pores, and the metal layer is

formed on surfaces defining the pores.

22.  The battery of claim 21, wherein a dimension of the pores is in a range of 5 nm to 500

um.
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