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Method of Improved Performance in Metal Electrodes for Balteries

CrO88-REFERENCES TO RELATED APPLICATIONS
(30011 This application claims priority to U.S. Patent Application No. 62/326,118
filed Aprit 22, 20186.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under DE-ACQO2-
O8CH11357 awarded by the Department of Energy. The government has cerfain
rights‘in tha invention.
BACKGROUND OF THE INVENTION
1. Field of the Invention
[0003]  This invention relates to alectrochemical devices, such as batleries
containing a metal anode. This invention also relates to methods for treating
slectrodes of such electrochemical devices, More particularly, the invention relates
to a method for treating a lithium metal electrode with an alternating current to modify
the surface properties of the lithium metal, such that a mors uniform flux of lithium
ions is transferred across the electrode-electrolyte interface in subsequent
glectrodeposition and electrodissolution processes. As a result, an electrode treated
with such a process exhibits improved performance and durabiiity.
2. Description of the Related Art
(00041 Lithium ion (Li-ion) battery technology has advanced significantly and has a
market size projected to be $10.5 hillion by 2019. Current state-of-the-art Li-ion
batteries comprise two electrodes {an anode and a cathode), a separator maternial
that keeps the electrodes from touching but allows Li* ions through, and an
elactrolyte {(which is an organic liguid with lithium salts). During charge and
discharge, Li* ions are exchanged betwaen the electrodes.
I0005]  Batteries with longer lives, higher capacities, and reduced safely concerns
are needed for many applications including electric vehicles, grid storage, and
consumer electronics. For many years, lithium (L) metal has been considerad the
“ideal” anode material because of its ability to store lightweight Li in the metallic form

without the need for an inactive host material or a conductive scaffold. This provides



10

15

20

25

30

WO 2017/184482 PCT/US2017/027869

a capacity of 3860 mAh/g and the lowest theoretical anode potential, making it an
enabling technology for next-generation battery systems including Li-sulfur and
Li-air, Unfortunately, reactivity issues resulting from electrode-electrolyte
interactions prevent extended cycling of lithium metal. These interactions lead to the
formation of erratic dendritic structures that cause a reduction in Coulombic efficiency
and eventual fallure. These types of failure not only may shorten battery life but may
also cause safety hazards as a result of gas evolution and possible ignition of the
flammable electrolyte. ’
[0008] A natural solid electrolyte interphase (SE!) is known to form as a resuit of
fithium metal interacting with the electrolyte. This layer acts as an ionic conductor
and electronic insulator and evolves o form a complex, multilayer surface coating.
However, as metallic lithium is plated or stripped, uneven current distributions
resulting from surface inhomogeneities lead to localized “hot spots” where lithium
preferentially nucleates, resulting in the fracture of the SEI layer due to localized
stresses. This exposes the underlying lithium metal leading to dendrite growth and
further deleterious and potentially dangerous side reactions. The effect of these
reactions is threefold: (1) dendrite growth may lead to short-circuiting, (2) rapid
consumption of the slectrolyte may cause high overpotentials and thick SEl layers
that consume previously active lithium and may lead to cell failure due to insufficient
electrolyte, and (3) inactive or "dead"” lithium which forms as dendrites may become
electrically isolated from the bulk electrode, leading to capacity fade of the cell over
time. Unfortunately, dendrite growth is a positive feedback phenomenon such that,
as cycling proceeds, deposition will preferentially occur on existing dendrites, thus
exacerbating the problem.
[0007] Therefore, what is needed is a method to improve the interface between
the lithium metal electrode and electrolyte that results in enhanced cell life cycle and
gfficiency.

SUMMARY OF THE INVENTION
{0008] This disclosure ;ﬁmvides a method for pre-conditioning the surface of a
metallic electrode such that the cycle life and efficiency in an electrochemical cell are

improved. This formation process includes the use of alternating current to modify
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the surface properties of the metal {e.g., ithium, magnesium, sodium, zing), such that
a more uniform flux of metal lons is fransferred across the electrode-slectrolyte
interface in subsequent electrodeposition and electrodissolution processes. As a
result, an electrode treated with such a process exhibits improved performance and
durability.

[0008]  This disclosure may be applied in a formation process for batleries that use
metal (e.g., fithium, magnesium, sodium, zinc) electrodes. Further, the present
invention may provide a break-in procedure for any device or process requiring a
metal electrode. The application of the process of the current invention to an
electrode may advantageously improve cell lifetime and efficiency for an
glectrochemical cell in which the electrode is placed.

100101 In one aspect, the invention provides a method for treating a metal
glectrode. The method can include the steps of: {a) connecting an alternating current
source to the metal electrode; and (b) subjecting the metal electrode to an alternaling
current perturbation, while in contact with an electrolyte, for a treatment time., Step
(b} in this method for treating a metal electrode may comprise sub}eding the metal
electrode {o the alternating current perturbation for the treatment time in 3 liguid
slectrolyte comprising a lithium compound in an organic solvent. Step (b) in this
method for treating a metal electrode may comprise subjecting the matal electrode to
the alternating current perturbation for the treatment time in a liquid electrolyte
somprising a magnesium compound in an organic solvent. The metal electrode may
comprise a metal selected from the group consisting of lithium, magnesium, sodium,
and zinc, The metal electrode may comprise lithium. The metal electrode may
comprise magnesium. The alternating current perturbation can have an amplitude
betwesn about 0.05 V and 1.0V, or between about 0.3V and 0.7V, orabout 6.5 V.
The treatment time can be between about 1 minute and 8 hours, or between about 1
minute and 1 hour, or about 2 minutes. The alternating current perturbation can have
a current density amplitide between about 0.05 ma/om? and about 20 mA/om?. The
metal electrode can be pretreated with 3 solvent before subjecting the metal
glectrode to the alternating current perturbation. The solvent may comprise an

alkane.
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00111 In another aspect, the invention provides a me‘ihad for making an
glectrochemical cell. The method can include the steps of: (8) assembling a metal
glectrode into a full electrochemical cell; (b) connecting the electrochemical celito a
voltage controlled alternating current source; and (¢} treating just the metal electrode
by subjecting the electrochemical cell fo an alternating current perturbation for a
treatment time. Upon cycling of the electrochemical cell, dendrites on the electrode
are smaller and more uniform compared o a similar electrochemical cell in which a
metal electrode of the similar electrochemical cell was not subjected to an alternating
current perturbation. Step (¢) of this method for making an electrochemical cell can
he initiated before or after a solid electrolyte interphase is presant on the electrode.
Step (c) of this method for making an electrochemical cell can comprise a first charge
of the electrochemical cell. Step (¢} of this method for making an electrochemical cell
can comprise applying the alternating current perturbation after a discharge of the
cell. Step {¢) of this method for making an electrochemical cell can comprise
applying & one-time alternating current perturbation. Step (¢} of this method for
making an slectrochemical cell can comprise applying the alternating current
perturbation after every charge/discharge cycle of the ceil. Step (¢} of this method for
making an electrochemical cell can comprise applying the alternating current
perturbation to the electrode for a treatment time without a simuftaneous or switching
application of a direct current. The alternating current perturbation can have a
voltage amplitude less than a full discharge voltage of the eiéctmchemicai cell
thereby treating just the metal electrode. The slternating current perturbation can
have an amplitude between about 0.05 V and 1.0V, or between about 0.3 V and 0.7
V, ar about 0.5 V. The treatment time can be between about 1 minute and 8 hours,
or between about 1 minute and 1 hour, The alternating current perturbation can have
a current density amplitude between about 0.05 mA/am? and shout 20 mA/om?, The
treated metal slectrode can be an ancde andior a cathode of the electrochemical
cell. The electrochemical cell can include a fithium metal anode and a cathode
comprising a lithium host material. The electrochemical cell can include a lithium
metal anode and a cathode comprising sulfur. The electrochemical cell can include a

iithium metal anode and a cathode comprising an alr electrode. The electrochemical



10

15

20

25

30

WO 2017/184482 PCT/US2017/027869

cell can include a liquid electrolyte. The electrochemical cell can include a solid
glectrolyte material.

[0012] Inyet ancther aspect, the invention provides a method for making an
electrochemical cell. The method can include the steps of. (a) assembling a metal
slectrode into a full electrochemical cell; (b) connecting the electrochemical celito a
current controlied alternating current source; and (¢} freating one or both of an anode
and a cathode of the electrochemical cell by subjecting the electrochemical cell to an
alternating current perturbation for a treatmeant time. Upon cycling of the
electrochemical cell, dendrites on the electrode are smaller and more uniform
compared to a similar electrochemical cell in which a metal electrode of the similar
electrochemical cell was not subjected to an alternating current perturbation, Step (¢}
of this method for making an electrochamical cell can be initiated before or after a
solid electrolyte interphase is present on the electrode. Step (¢) of this method for
making an slectrochemical cell can comprise a first charge of the electrochemical
cell. Step (o) of this method for making an electrochemical cell can comprise
applying the alternating current perturbation after a discharge of the cell. Step (¢} of
this method for making an electrochemical cell can comprise applying a one-time
alternating current perturbation. Step (¢} of this method for making an
electrochemical cell can comprise applying the alternating current perturbation after
every charge/discharge cycle of the cell. Step (¢} of this method for making an
electrochemical cell can comprise applying the alternating current perturbation to the
electrode for a treatment time without a simultaneous or switching application of a
direct current. The alternating current perturbation can have a voltage amplitude less
than a full discharge voltage of the electrochemical cell thereby treating just the metal
electrode. The alternating current perturbation can have an amplitude between about
0.05 Y and 1.0V, or between about 0.3V and 0.7V, or about 0.5 V. The treatment
time can be between about 1 minute and 5 hours, or between about 1 minute and 1
hour. The alternating current perturbation can have a current density amplitude
betwesn about 0.05 mAJom? and about 20 mA/om®. The treated metal electrode can
be an anode and/or a cathode of the slectrochemical cell. The electrochemical cell

gan include a lithium metal anode and a cathode comprising a lithium host material.
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The electrochemical cell can include a lithium metal anode and a cathode comprising
sulfur. The electrochemical cell can include a lithium metal anode and a cathode
comprising an air electrode. The slectrochemical cell can include a liquid electrolyte,
The electrochemical cell can include a solid electrolyte material,
100131 Some of the advantages of the present disclosure are the gquickness of the
process and the easy setup requiring litle or no exira equipment and cost,
Additionally, the process may be utilized on a variety of battery chemistries and even
optimized for each specific electrode.
100141  These and other features, aspects, and advantages of the present
invention will become better understood upon consideration of the following detalied
description, drawings, and appended claims.

BrigF DESCRIPTION OF THE DRAWINGS
I0018] FIG. 1A is a schematic of a lithium metal battery.
[0018] FIG. 1B is a schematic of treating electrodes with an alternating current, in
accordance with the present disclosurs.
100171 FIG. 2 is a schematic representation of the cycling stability of an electrode
with and without alternating current treatment, in accordance with the present
disclosure.
(00181 FIG. 3 is a schematic of an exemplary symmetrical lithium electrode cell
connected {o an alternating current source, in accordance with the present
disclosure.
100181 FIG. 4 is a graphical representation of the experimental resulis for
slectrode potential over a number of cycles in a treated and untreated cell, in
accordancs with the present disclosure.
[0020] FIG. 5is a chart showing the experimental resuls of the voltage versus the
thickness of the Ui layer after 40 cycles in a treated and untreatad cell, in accordance
with the present disclosure.
(00211 FIG. 6 is a schematic of exemplary lithium and copper electrodes used in
strip plate tests and connected to an alternating current source, in accordance with

the present disclosure.
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[0022] FIG. 7 is a schematic reprasentation of how AC treatment effects surface
reactivity and ifs effects after cycling. The AC treatment creates a more uniform
distribution of reaction sites across the surface. As a result, dendrites on the AC
treated sample are smaller and more uniform. Upon extended cycling, these small
dendrites on the AC treated electrode surface lead to a smaller (D2) and less tortucus
dead Li laver (12). Compared fo the untreated electrode Dz<D+ and ve< 1, this
enables extended cycling and better performance.

[0023] FIG. 8 shows operando visualization cell images for the Control (left
column) and AC freated (right column) electrodes cycled at 1 mAfem®. Both Li
glectrodes in each symmetric cell were untreated {control) or AC treated {(AC). The
images shown in section a) reveal electrode morphology before cyaling, in sectionb}
after slectrodeposition on the top electrode, In section ¢} deposition on the bottom
electrode, and in section d) after a second deposition of Li* on the upper electrode.
(00241 FIG. 9is in section a), a schematic representation of the effect of separator
and compression on dendrite morphology as observed in post-mortem SEM. 5EM
images of the control Li metal anode (in sections b-e), and AC treated Li metal anode
{in sections 1) taken afier cycling at TmA/om? for 1 howr half cycles. Images in
section b) and in section ¢) show sporadic deep pits on the control slectrode during
dissolution. By comparison, the AC treated electrode shown in section fy and in
section g) reveal much smaller and more evenly spaced areas of dissolution. Upon
changing polarity of the current, deposition ocours within the pits. For the control
sample shown in section d) and in section &), these new deposits appear in the form
of large agglomerated dendrites showing significant amounts of compression due o
the imited number of dendrites that grow into contact with the separator. For the AC
treated sample shown in section h) and in section i}, the Li deposits form in much
more ordered locations across the surface and with & much greater density. As a
result, these dendrites are less agglomerated and appear less compressed because
of & more evenly distributed load.

[0028]  FIG. 10 is an elsctrochemical performance comparing control and AC
treated slectrodes at 1 mafom?. L symmetric cell voltage vs time profile data (depth
of discharge: 1 mAh/om?) is shown in section a) along with the voltage at the middle
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of each half cycle (mid voit) and the voltage hysteresis comparing the difference
between middle and end voltage values. A higher resolution plot of these traces at 1,
25, 50, 75 and 100 cycles is shown in section b). A continucus galvanostatic
deposition of Li from one electrode to the other revealing how voltage evolves as a
function of capacity is shown in section ¢). In section d), SEM images for the control
{top row) and AC treated (boltom row) electrodes taken after 300 cycles at 1 mAlom?
with a depth of discharge of 0.2 mAjom? confirm the hypothesis shown in Figure 7.
[0028] FIG. 11 is a graphical representation of the experimental results for
electrode potential over a number of cycles in a treated and untreated cell, in
accordance with the present disclosure,

[0027] FIG. 12 is a graphical representation of the experimental results for
slectrode potential over a number of cycles in a treated and untreated cell, in
accordance with the present disclosure.

[0028]  FIG. 13 is a graphical representation of the experimental results for
electrode potential over a number of cycles in a treated and untreated cell, in
accordance with the present disclosure.

10028]  FIG. 14 is a graphical representation of the experimental results for
electrode potential over a number of cycles in a treated and untreated cell, in
accordance with the present disclosure.

100301 FIG. 15 is a graphical representation of the experimental results for vollage
vs. capacity in a treated and untreated cell, in accordance with the present
disclosure.

[0031]  FIG. 18 is a graphical representation of the experimental results for
impedance imaginary vs. impedance real and phase shift vs. frequency in a treated
and untreated cell, in accordance with the present disclosure.

[6032]  FIG. 17 is a graphical representation of the experimental results for
slectrode potential over a number of cycles in a treated and untreated cell, in
accordance with the present disclosure.

00331 FIG. 18 is a graphical representation of the experimental results for
electrode potential over a number of cycles in a treated and untreated cell, in

accordance with the prasent disclosure.
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[3034] FIG. 18 is a graphical representation of the exparimental resulis for
glectrode potential over a number of cycles in a treated and untregted cell, in
accordance with the present disclosurs,

DETAILED DESCRIPTION OF THE INVENTION
[0035] The present invention provides new methods for pre-treating a metal (e.g.,
lithium) electrode with an alternating current {AC) source. The process includes
applying a periodic perturbation to the cell such that either voltage or current is
controlied for a given duration of time. This method may also include the use of a
frequency response technique, such as selecirochemical impedance spectroscopy
(E18), to determine the optimal frequency range for the applied periurbation.
[0038]  Without being bound by theory, it is hypothesized that the perturbation
treatment with an AC source creates changes in the chemical reactivity of the
electrode. These changes allow a more homogenous flux of metal ions to flow
across the interface between the electrode and the elecirolyte. Specifically, itis
believed that the alternating current disrupts the uneven or inhomogeneous solid
glectrolyte interphase (SED on the electrode. Applying this treatment to the
slectrodes may change the nature of the SEI, which would otherwise form due to the
uncaontrolied reaction of the electrolyte solution with the metal surface of the
electrode. Further, without this AC pretreatment, large acicular crystals or
arborescent shapes, or dendrites, may form during the deposition and dissolution of
metal (e.g., lithium) between the electrodes. Thus, the initial AC perturbation of the
surface environment between the electrode and the slectrolyte solution may prevent
inhomogeneous dendrite growth on the electrode surface during charging or
discharging.
[00371  The perturbation treatment may be combined with other pretreatments to
the metal (e.g., lithium, magnesium, sodium, zing) surface before performing the AC
treatment, including chemical pretreatments. For example, a pentane solvent
cleaning may be applied fo the metal surface of the elecirode in an inert argon
glovebox environment in order to improve the results of the AC perturbation

treatment.
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[0038]  In a non-limiting example version of the invention, a lithium metal battery
as depicted in Figure 1A is treated. The lithium metal battery 110 of Figure 1A
includes a current collector 112 in contact with a cathode 114, At least a portion of
an amount of a liquid electrolyte 118 is arranged between the cathode 114 and an
anode 118, which is in contact with a current collector 122, A separator 115 keeps
the cathode 114 and the anode 118 from fouching but allows LI* ions through. The
current collectors 112 and 122 of the lithium metal battery 110 may be in electrical
communication with an electrical component 124. The slectrical component 124
could place the lithium metal battery 110 in electrical communication with an
slectrical inad that discharges the battery or a charger that charges the battery.
100381 A suitable active material for the cathode 114 of the lithium metal battery
110 is one or more of the lithium host materials, or porous carbon (for a lithium air
battery), or a sulfur containing material (for & lithium sulfur battery). The lithium host
materials may be selected from lithium metal oxides wherein the metal is one or more
of aluminum, cobalt, iron, manganase, nickel, vanadium, lithium-containing
phosphates having a general formula LIMPQOs whersin M is one or more of cobalt,
fron, manganese, and nickel. In one smbodiment, the lithium host material is
selected from lithium cobalt oxide, lithium nickel manganese cobalt oxide, and lithium
manganess oxide.

[0040] A suitable active material for the anode 118 of the lithium metal battery 110
is lithium metal. However, other batleries suitaﬁﬁie for use in the method of the
invention include a metal electrode comprising a metal selected from magnesium,
sodium, and zinc.

100411  An example slectrolyte 118 of the lithium metal battery 110 comprises a
lithium compound in an organic solvent, The lithium compound may be selected from
LiPFs, LiBFs LICIO4, lithium bis(fuorosulfonyllimide (LIFS1), LIN(CFs80z) (LITFS,
and LICFaSQs (LITH. The organic solvent may be selected from carbonate based
solvents, ether based solvents, fonic Hiquids, and mixtures thereof. The carbonate
hased solvent may be selectad from the group consisting of dimethyl carbonate,
diethy! carbonate, ethyl methyl carbonate, dipropy! carbonate, methylpropyl
carbonate, ethylpropyl carbonate, methylethyl carbonate, ethylene carbonate,

- 10 -
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propylene carbonate, and butylene carbonate; and the sther based solvent may be
selected from the group consisting of diethy! ether, dibutyl ether, monoglyme,
digiyme, tetraglyme, 2-methyltetrahydrofuran, tetrahydrofuran, 1,3-dioxolane, 1,2-
dimethoxyethane, and 1 4-dioxane.

100421 During normal operation, the principal functions of the separator 115 are to
prevent electronic conduction (L.e,, shorts or direct contact) between the anode and
cathode while permitting ionic conduction via the electrolyte. A suitable material for
the separator 115 of the lithium metal battery 110 is porous polypropylene, porous
polvethylene, or blends or layers thereof.

100431 Alternatively, the separator 115 and the liquid electrolyte 116 of the battery
110 may be replaced with a solid electrolyte material. In non-limiting example solid
electrolyte materials, the solid slectrolyte material comprises a material selected from
the group consisting of lithium lanthanum zirconium oxides (LLZO}, LinGeP:2S:
(LGPS), LiosabaossTiOs (LLTO), LizPCN (LIPCN), and lithium polysulfides (LiP8),.
[0044]  In another non-imiting example version of the invention, a magnesium
matal battery is treated. In the magnesium metal battery, the ancde may include
magnesium metal. The cathode may include various materials that show an
electrochemical reaction at a higher electrode potential than the anode. Examples of
cathode materials include transition metal oxides. in the magnesium metal battery,
magnesium cations are reversibly stripped and deposited between the anode and
cathode. In the magnesium metal battery, the slectrolyte may be a liquid electrolyte
comprising a magnesium compound in an organic solvent. The magnesium
compound may be selected from Mg(BxHy): wherein x = 3-12, y = 8-12 and z = 1.
Mg(BX4)2 wherein X is selacted from H, F and O-alkyl; MglB{(C204):2]2;
MgIBF2(C204)]z; Mg{CTIO4)2; Mg(BFa)z; Mg(PFs)z; Mg{AsFa)z; Mg{SbFe)2; MgBra;
Mg{CFa8Q0s); Mg{CFi802)z; Mg{C(CFs80z)s); Mg(B(CsFs)a)z; Mg(B{CsHs}aj2;
MG(N(BO2CF3)2)z; Mg{N(SO20F2CFa)zke; Mg(N(802CaFs)e)e; Mg(BFaCaFsie; and
Mg({PF3(CFzCFa)s)a. The organic solvent may be an ether based solvent selected
from the group consisting of diethyl ether, dibutyl ether, monoglyme, diglyme,
tetraglyme, 2 methyltetrahydrofuran, tetrahydrofuran, 1,3-dioxolane, 1,2-

dimethoxyethane, and 1 4-dioxane.
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100481 In one example embodiment of the method of the invention, a cell
comprised of an anode, cathode and electrolyte is subjected 1o an alternating current
as shown in FIG. 1B. The resulting effect of the AC treatment may tune the
electrochemical activity of the metal {e.g., lithium, magnesium, sodium, zinc)
electrode such that a more homogenous flux of metal lons crosses the electrode-
glectrolyte interface. This result may be caused by the treatment creating a muititude
of low impedance sites by disrupting the solid electrolyte interphase (SEI and the
native surface layer. FIG. 2 shows an untreated cell with an SEIl and native surface
laver including erratically spaced low impedance pathways. Also seen in FIG. £, this
untreated cell can be compared with the treated cell that includes the muititude of low
impedance sites created by the AC treatment.

[0048] A wide range of frequencies, wave shapes, and voltage or current
amplitudes may be applied during the use of this method depanding on the cell
configuration, electrolyte, and materials used. It should be appreciated that the
subsequent concepts discussed below may be prescribed in any appropriate
permutation and the present disclosure is not limited to the following results,

[0047] Perturbation applied 1o the electrode may have a current density amplitude
ranging from 0.05 fo 20 mAJom?. Voltage perturbations resulting in a similar range of
magnitudes of oscillating current density amplitude may have similar beneficial
sffects. The precise voltage selected for perturbations applied o the electrodes may
depend on the potential of the electrodes undergoing perturbation. Using
electrochemical impedance spectroscopy, effects from frequencies ranging from 100
kilchertz to 1 megaheriz have been observed in the electrodes.

(00481 In a non-limiting example, a fabricated cell stack comprising a lithium -
fithium (LI-L) symmetric cell, where both the anode and cathode are lithium metal as
shown in FIG. 3, is subjected to the AC perturbation treatment. Alternatively, in a
battery cell of any full battery system where the anode is lithium metal and the
cathode is a different material, such as a lithium containing metal oxide, the

| perturbation treatment may be isolated to the lithium metal anode and not applied to

the cathode of a different material, by choosing the appropriate slectrode as g zero

voltage point of reference and applying voltage perturbations relative fo that

-2 .
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slectrode. This isolated treatment may be advantageous in sparing the cathode from
any negative effects the perfurbation treatment may have. Moreover, a current
controlied version of the AC treatment may be applied to any battery system where
the treatment is desired for both anode and cathode. A good electrical contact with
the anode or cathode is used. The location of the electrical contact may be varied to
any location on the slectrodes.

EXAMELES
[0048] The following Examples are provided in order to demonstrate and further
iHustrate certain embodiments and aspects of the present invention and are notio be
construed as limiting the scope of the invention,

Example 1
[0080] A model hattery system including a lithium anode and lithium cathode
using LiPFs as an electrolyte and a Celgard 2320 polypropyiene / polyethylene /
polypropylene trilaver separator (0.028 pum average pore diameter) was subjected to
an AC voltage perturbation of 0.5 V in amplitude at a frequency range from 700 Hz -
200 Hz for 2 minutes. FIG. 4 shows the effects of AC treatment example on the
fifetime of a lithium anode. The AC treated anodes exhibited far more stability as
compared to the untreated ancdes. Specifically, the AC treated electrodes exhibited
markedly lower overpotentials and dramatically improved stability. This indicates that
less degrading side reactions ocourred with the surface of the AC treated lithium
metal electrode and the electrolyte, as well as a more efficient transfer of charge
species betwesan the electrade and electrolyte,
[O0511  To help confirm this result, lithium / copper cells were Tabricated such that
the AC treated lithium metsal electrode acted as the anode and the copper as the
cathode. A break-in cycle was used to help form the Cu-slectrolyte interface,
followed by plating 7.2 um of lithium onto the copper slectrode in LiPFs slectrolyte.
Then 10% of this plated lithium was shuttled back and forth between the electrodes
for 38 cycles. On the 40th cycle, all of the lithium was then dissolved from the copper
electrode. This provides a quantitative measure of the lithium remaining after 40
cycles, Data in FIG. § reveals a 300% improvement in the amount of lithium retained
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by pretreating the cell with an AC voltage perturbation. FIG. 8 shows a schematic of
the electrode and AC source setup for the example described above.

Example &
[0052] This Example describes a purely slectrochemical method for improved
coulombic efficiency and lifetime of lithium metal electrode batteries.
IG083]  Lithium metal anodes are key to enable high energy density sscondary
battery systems however, at the present, these slectrodes are plagued by
uncontrolied side-reaction and unstable interfaces. Physical and chemical
modifications of the solid elecirolvte interphase (SEl) are W&ii«decumems&d methods
for addressing these challenges. However, they are limited in performance and
scalability, which has prevented widespread commercialization. In this Example, we
demonsirate an in-sity electrochemical method for improving Li mets! electrode
performance without need for ex-situ protection strategies. By treating Li anodes with
an alternating current (AC) perturbation, the performance of Li metal electrodes can
be significantly improved. Cell fifetime at 1 mAfom? is tripled, a deep discharge of 2
750 um thick electrode demonstrated a capacity of 3600mAh/g, and a Coulombic
efficiency of over 86% is demonsirated in carbonate-based slectrolyte systems using
Li metal foil.
100841 L metal electrodes have long been the holy-grail of battery anodes, owing
to the low standard reduction potential and high gravimetric ensrgy density [Ref. 1}
Because of severe dendrite propagation and safety concerns, though, Li metal anode
development was sidestepped by Li-ion battery (LiB) research [Ref. 2]. However, a
resurgence in Li metal anode research has been fueled by their potential application
in Li-air and Li-B bafteries as well as in current LiBs, where Li metal is utilized as an
anode to dramatically improve energy density [Ref. 31
I0055]  Unfortunately, many of the challenges from the 1870s and 1980s persist,
including low Coulombic efficiency (CE), poor cycle life, and safety concerns {Ref, 4],
Ultimately, all of these challenges can be linked to the uncontrolied reactivity of Li
metal and undesirable side reactions batween Li metal slectrodes and the elecirolyte.
This causes a three-fold effect, where: (1) the uncontrolied reactivity of Li metal

gauses an inhomogensous distribution of electrochemically active sites across the
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secondary electrolyte interphase (SEl), essentially creating ‘hot-spots’ for Li-ion
nucleation [Ref. 5], (2) these hot-spots lead to dendrite and pit formation, which
causes short circuiting and safely concerns, as well as capacity loss if Li becomes
trapped in slectrically isolated dendrites known as ‘dead Lithium' [Refs. 6 & 7}, and
(3) dendrites and pits cause the increased consumption of slectrolyte, as freshiy
exposed Li reacts with the electroivte, causing electrolyte depletion, which increases
the overpotential and eventually causes the cell o fail [Refs. 8-10L

{00881 Our recent work provided a rational framework to correlate the evolution of
Li electrode morphology and electrochemistry, through a combination of opsrando
video microscopy and numerical modeling [Ref. 7], It was shown that the evolution of
dendrites and pits is driven by transitions batweean reaction pathways at the
slectrodefelectrolyvie interfaces resuiting from localized impedance variations
{affected by both kinetics and surface area). During dissolution, Liis preferentially
removed from previously plated Li {in the form of dendrites). When all active Liis
removed from dendrites, the lowest impedance sites form pits.  Similarly, during
deposition Li is preferentially plated onto exisling dendrites. If no active dendrites
axist during the initial stages of deposition, nucleation occurs. The distribution of the
nucleation events and size of the dendrites is directly affected by the homogeneity of
low impedance sites on the surface. The nucleation density and dendrite size can be
correlated to overall electrode performance [Ref. 71 Denser and more uniformly
spaced nucleation sites lead to smaller and more reversible dendrites that improve
cell performance. This indicates that creating an interface with a multitude of similar
impedance sites is reguired for improved Columbic efficiency, Li anode lifetime and
cell safetly.

(00871 However, much of the current work in stabilizing Li metal anodes has
focused on suppressing dendrite growth by modifying SEl behavior through physical
or chemical means. Several groups have demonsirated highly efficient Li metal
anodes by modifying electrolyle solvents [Refs. §, 11-13], increasing sailt
concentrations [Ref. 11], and using additives to allow for a more homogenesous flux of
Li ion across the interface [Ref. 14]. Meanwhile, other groups have successiully

improved electrode performance by applying physical coatings of ultrathin ceramic
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layers, such as AlQs, which affect both the mechanical and chemical properties of
the SEI [Refs. 8 & 18], or by adding free standing films to improve fiux homogeneity
[Ref. 5]. Additionally, Park et al. demonstrated a unigue and effective strategy for
physically modifying the surface to create more uniform nucleation sites, whers a
needle roller was used to pattern the electrode surface before cycling [Ref. 161
Furthermare, other work demonstrated the concept of a Li scaffold, where lithiophilic
host materials were used to improve the stabllity of the slectrode/electrolyte interface
[Refs. 17-18]. While many of these sirategies are promising, most use one or more
of the following: ether based electrolyte environments, which are more flammable
and less compatible with industrial techniques; exira eguipment or more expensive
processing: or inactive material within the electrode, reducing the theoretical
capacity. _

[0058]  In this Example, we present in-sifu electrachemical treatment as an
additional method for improving electrode performance, which enables improved
Coulombic efficlency and long cycle life of a pure Li metal electrode in carbonate
electrolyte systems, with little to no exira eguipment or processing required. Through
the use of an alternating current {AC) perturbation, Li metal electrodes can be
engineered to have a greater density and improved uniformity of active sites on the
surface, in a matter of minutes after a cell has been assembled.

10058]  Li metal foll has an unavoidable native layer, mostly in the form of oxides,
nitrides and carbonates, which is strongly affected by the manufacturing, processing,
and handling conditions [Refs. 20-21]. Once Li comes into contact with the
electrolyte, a solid electrolyte interphase (BE!) forms on the surface. These
combined factors create a inhomogenaous distribution of localized impedances
across the surface. Upon cycling, this causes a non-uniform distribution of nucieation
sites as seen in the top of Figure 7.

[0080]  In this Example, we demonstrate that nucleation site distribution can be
modified by applying either a current-controlled or voltage-controlted AC perturbation
(Figure 7 bottom). This treatment can be targeted at different interfaces by varying
the frequency of the perturbation. Through the use of a technigue like
slectrochemical impedance spectroscopy (EIB), the frequency response of a system
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can be used to determine which frequencies affect specific interfaces within a battery
system. That understanding can subseguently be used {o tailor the electrochemical
treatment, targsting specific interfaces and enabiing optimization for a varisty of
slectrode/alactrolyte systems. The AC treatment increases the number of similar
impedance sites across the swface, leading to a more homogeneous distribution of
nucleation sites. This resulis in smaller and more reversible dendrites (Figure 7,
bottom). After many cycles, this leads to a dramatic reduction in the amount of ‘dead’
Li and correspondingly a reduction in the overpotential required {o drive Li diffusion
through the porous layer to the active surface of the Li electrode. This exemplifies
the fact that the behavior observed during the initial cycle(s) play an important role in
the performance of the cell throughout its ife. Therefore, normalizing the reactivity of
the Li surface and increasing nucleation density by AC treatments is a beneficial
method of improving performance of Li metal anodes.

{0081}  This was confirmed through the use of operando optical microscopy ina
custom designed visualization cell. For Li metal electrodes in a traditional LiPFs 1M
ethyiene carbonate (EC): sthyl methyl carbonate (EMC) (1:1) solution, an AC
perturbation frequency was chosen such that the electrode/SE! interface was probed.
A current-controlled signal at an ampiitude of 1 mA/am? or a voltage-controlied signal
of 0.5 V, was then applied for approximately & minutes after the cell was fully
assembled,

I3062]  The images shown in Figure 8 are still frames acquired from a video taken.
The pristine electrodes and electrolyte before cycling can be seen in the top row of
Figure 8. As cycling begins, two or three large dendrites form on the surface of the
controf cell, while the AC treated sample exhibits many smaller dendrites {sse the
second row down in Figure 8). Upon switching polarity an even more dramatic effect
is observed, as only three dendrites are observed for the control electrode, while &
dense coverage of small, carpet-like dendrites is seen on the treated eleclrodes (see
the third row down in Figure 8). Upon further cycling, it can also be observed that L
is more completely removed from dendrites on the AC sample(see the bottom row
down in Figure 8), indicating & higher degree of reversibility for dendrites on the

freated electrodes.
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[0083] Tofurther demonsirate the effects of AC treatment on the growth of
dendrites and pits, control and AC-treated Li symmetric cells were cycled at 1
mAJom? for 1m Ah/om? in a coin cell environment. Calls were then disassembled for
SEM imaging after both 1 and 2 half cycles; these resulis are shown in Figure 8.
After dissolution during the first half cycle, deep, randomly spaced pits are observed
across the control electrode surface (Figure 9, sections bic). Howsver, the AC
treated sample exhibits smaller and more shallow pits, which appear more avenly
spaced across the electrode (Figure 9, sections ¥/g). Additionally, the AC treated
sample exhibils a finer structure in the areas surrounding the pits which is not present
in the control (Figure 9, sections ¢/g). Upon changing polarity (2™ half cyole), Liis
deposited info the pits created duing the first half eycle. For the control electrode,
this creates large agglomerations of dendrites covering the surface. This arises from
dendrites growing out of the few deep, randomly dispersed pits, which are then being
compressed by the separator and forced to grow parallel to the electrode surface
{Figure 9, section a). Eventually, the dendrites agglomerate together, as shown in
Figure 8, sections dfe. By comparison, the AC treated glectrode demonsirates
dendrites, which are more densely and evenly spaced, but have much less
agglomeration because of the smaller size of each dendrite (Figure 8, sections hii}.
This allows for better utilization of previously deposited Li causing the dendrites to be
more reversible in the AC {reated sample. Consequently, a greater force is applied to
the larger dendrites and farger amount of dead Li on the control sample surface,
leading to the formation of a denser and more tortuous pathway for Li lon diffusion to
the surface of the slectrode when compared to the AC sample (Figure 7, Di1>D:2 and
Ti>T2}

(00841  To show how this effect of improved dendrite morphology, reversibility, and
stability improves cell performance a suite of electrochemical tests were performed
using Li symmetric cells. The results for cells cycled at 1 mAfom? are shown in
Figure 10. Further data at other current densities and depths of discharge are shown
in Figures 11-18. In Figure 10, section a, the voltage vs time trace for Li Melal
anodes cycled at 1 mAhiom? demonstrates much improved stability of anodes after
AC treatment. In this data, the control cell appears stable for the first 60 cycles, then
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an exponential increase in overpotential begins until the cell fails via dendrite
shorting. This fuse-like effect (where a dendrite melts because of high current
flowing through the small cross section area of the dendrite after contact with the
other electrode) is indicated by the erratic voltage behavior after cycle 83, This
fransition can be even more clearly Qbséwed by studying the voltage hysteresis of
each half cycle (Figure 10, section a, lower graph). Initially, the difference between
the voltage during the middie of the cycle and end of the cycle are well defined for
the control. However, after the 80 cycle mark, the voltage hysteresis approaches
zero and the overpotential increases. This quickly escalating effect is due to a build-
up of a thick, highly tortuous layer of dead Li. As this layer reaches a critical
thickness and the electrolvte decomposes, a fransition {o more needie-like dendrite
structures occurs resulting from the Li ion concentration reaching zero at the active
interface (sands time). Finally, once shorting oceours the voltage hysteresis falls well
below zero. By comparison, the voltage profile for the AC treated sample is
remarkably flat, devoid of voltage increases associated with electrolyte
decomposition andfor large quantities of dead Li. Indeed, in the AC treated cell, the
only voltage variations that occur are of electrode kinetic effects, as indicated by the
‘ngaking’ behavior sgen in Figure 10, section ¢. As documented in other work [Ref.
71, the sharpness of these transitions is related to the difference in impedance
hetween the SE! on the bulk surface and the freshly plated Li. For carbonate
glectrolyte systems paired with Li foll, this difference is substantial and creates well
defined peaks until other effects (L.e., mass transport or changes in eleclrolyte
compaosition) begin to dominate the system. From Figure 10, section ¢, it is clear that
for the unireated sample electrode effects are no longser dominant after ~50 cycles,
However, cell polarization variations arising from kinetics remain well defined in the
AC treated cell for greater than 100 cycles. SEM images shown in Figure 10, section
d, confirm this by revealing large amounts of dead fithium present on thé surface of
the control after extended cycling. However, the AC electrode shows ittle sign of
dead Li build up and clearly reveals the improved utilization and reversibility U

deposition and dissolution.
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{00851  To show the effects of AC treatment on capacity, 8 158 mAh/om? Li
electrode was dissolved under constant current conditions (1maAfem?), Figure 10,
section ¢. For the control electrode, only ~80 mAh/om? was dissolved until g dendritic
short occurred prohibiting further operation of the cell, demonstrating a capacity of
2000 mAhfg, well below the theoretical limit. However, for the AC treated sample,
the entire electrode was able to be dissolved without a dendritic short {(voltage
increase attributed to reaching stainless steel spacers) corresponding 1o a capacity of
145 mAh/om? and 3800 mAh/g. This demonstrates the remarkable improvement in
capacity, depth of discharge and cycling efficiency. Indeed, average coulombic
efficiency (aCE) measurements shown in Figures 10-18 show an average Columbic
gfficiency (aCE) as high as 86% using Li metal foll in a carbonale slectrolyte system.
While this specific treatment was shown sffective at a range of current densities (see
Figures 10-186), the paramster space for oplimization of these parameters is very
large and in this Example was only optimized for initial cycling at 1mA/om?.
Therefore, it is envisioned that more optimized conditions can be achieved.

[00688]  This Example has shown that an slectrochemical treatment of Li metal
electrodes is a viable approach for improving Li metal lifetime, stability, and
performance. AC perturbations were demonstrated as an effective means of
improving the total performance of Li dissolution and deposition. Under galvanostatic
cycling conditions at 1 mAJom?, dramatic improvements in cycle life were observed
as well as improvements in capacity and efficiency. These resulls demonstrate that
AC treated Li metal electrodes can attain a practical capacity of 3800 mAh/g and a
Coulombic efficiency of over 98% in a carbonate electrolyte system, In tolal, these
results demonstrate that a simple, scalable and cost effective strategy can make L

metal electrodes a reality.
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[00891  Thus, the present invention provides methods for the treaiment of
electrodes with alternating current to improve battery cell performance and durability.
{00701 Although the invention has been described in considerable detail with
reference to certain embodiments, one skilled in the art will appreciate that the
present invention can be practiced by other than the described embodiments, which
have been presentad for purposes of illustration and not of limitation. Therefore, the
scope of the appended claims should not be limited to the description of the

embodiments contained hersin,
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CLAIMS

What is claimed is:

1. A method for treating a metal electrode, the method comprising:
(&) connecting an alternating current source to the metal electrode,; and
() subjecting the metal electrode to an alternating current perturbation,

while in contact with an electrolyte, for a treatment time.

2. The method of claim 1, wherein step (b) comprises subjecting the metal
slectrode fo the alternating current perturbation for the treatment time in a liguid

glactrolyte comprising a lithium compound in an organic solvent,

3. The method of claim 2, wherein the lithium compound is selected from
LiPFs, LiBF4, LICIOs, lithium bis{fluorosulfonyimide (LIFSH), LIN{CF3802)z (LITFS),
and LICF380s (LiTH.

4, The method of claim 2, wherein the organic solvent is selected from

carbonate based solvents, ether based solvents, jonic liquids, and mixtures thereof.

5. Tha method of claim 4 wherein:

the carbonate based solvent is selected from the group consisting of dimethyl
carbonate, disthyl carbonate, ethyl methyl carbonate, dipropyl carbonate,
methyipropyl carbonate, ethylpropyl carbonate, mathvlethy! carbonate, ethylene
carbonate, propylene carbonate, and bulylene carbonate; and

the ether based solvent is selected from the group consisting of diethyl sther,
dibutyl ether, monoglyme, diglyme, tetraglyme, 2-methyltetrahydrofuran,
tetrahydrofuran, 1,3-dioxolane, 1,2-dimethoxyethaneg, and 1 4-dioxane.

8. The method of claim 1, wherein step (b) comprises subjecting the metal

electrode 1o the alternating current perturbation for the treatment time in a liguid

electrolyte comprising & magnesium compound in an organic solvent.
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7. The method of claim 1, wherein the metal electrode comprises a metal

selected from the group consisting of lithium, magnesium, sodium, and zinc.

8. The method of claim 1, wherein the metal electrode comprises lithium.
8. The method of claim 1, wherein the metal elecirode comprises
magnesium,.

10.  The method of claim 1, wherein the alternating current source is voltage
controtied, and the alternating current perturbation has an amplitude between about
0.05Vand 1.0V

11. The method of claim 1, wherein the alternating current source is voltage
controlled, and the alfernating current perfurbation has an amplitude between about

0.3Vand 0.7 V.

12.  The method of claim 1, wherein the alternating current source is voltage

controlled, and the alternating current perfurbation has an amplitude of about 0.5 V.

13, The method of claim 1, wherein the treatment fime is balween about 1

minute and 5 hours.

14.  The method of claim 1, wherein the treatment time is between about 1

minute and 1 hour.
18. The method of claim 13, wherein the treatment time is about 2 minutes.

18.  The method of claim 1, wherein the alternating current perfurbation has
a current density amplitude between about 0.05 mA/em? and about 20 mA/om?®,

.28 .
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17.  The method of claim 1, further comprising pretreating the metal
glectrode with a solvent before subjecting the metal electrode to the allernating

current perfurbation.

18. The method of claim 15, whersin the solvant comprises an alkane,
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18. A method for making an electrochemical cell, the method comprising:

{a) assembling a metal electrode into a full electrochemical cell;

(b} connecting the electrochemical cell to a voltage controlled alternating
current source; and

{c}  treating just the metal electrode by subjecting the electrochemical cell

to an alternating current perturbation for a freatment time.

20.  The method of claim 18 wherein:

upon cycling of the electrochemical cell, dendrites on the electrode are smaller
and more uniform compared o a similar electrochamical cell in which a metal
electrode of the similar electrochemical cell was not subjecied to an alternating

current perturbation.

21, The method of claim 19, wherein step (¢} is initiated before or after a

solid electrolyte interphase is present on the elecirode.

22.  The method of claim 18, wherein step (¢} comprises a first charge of the

alectrochamical cell.

23. The method of claim 18, wherein step (¢} comprises applying the
alternating current perturbation after a discharge of the cell. |

24.  The method of claim 19, wherein step (¢} comprises applying a one-

time alternating current perturbation,

25. The method of claim 18, wherein step (¢} comprises applying the

alternating current perturbation after evary charge/discharge cycle of the cell.

28. The method of claim 18, wherein step {¢) comprises applying the
alternating current perturbation to the electrode for a treatment time without a

simultansous or switching application of a direct current.



WO 2017/184482 PCT/US2017/027869

27. The method of claim 19, wherein the alternating current perturbation
has a voltage amplitude less than a full discharge voltage of the electrachemical cell

thereby treating just the metal electrodes.

28. The method of claim 18, whersin the alternating current perturbation

has an amplitude between about 005 Vand 1.0V,

28.  The method of claim 18, wherein the alternating current perturbation

has an amplitude between about 0.3V and 0.7 V.

30. The meathod of claim 19, wherein the alternating current perturbation

has an amplitude of about 0.5 V.

31. The method of claim 18, wherein the treaiment time is between about 1

minute and 5 hours.

32. The method of claim 19, wherein the treatment time is between about 1

minute and 1 hour.

33.  The method of claim 19, wherein the alternating current perturbation
has a current density amplitude between about 0.05 mA/em? and about 20 mAJem?®,

34. The method of claim 18, wherein the {reated metal electrode is an

anode of the elecirochemical call,

38, The method of claim 18, wherein the treated metal electrode is a

cathode of the electrochemical call.

368, The method of claim 18, whersin the electrochemical cell includes 3

fithium metal anode and a cathode comprising a lithium host material.
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37. The method of claim 38, wherein the lithium host material is selected
from lithium metal oxides wherein the metal is one or more of aluminum, cobalt, iron,
manganese, nickel, vanadium, lithium-containing phosphates having a general
formula LIMPOs wherein M is one or more of cobalt, iron, manganase, and nicksl.

38. The method of claim 37, wherein the lithium host material is selected
from lithium cobalt oxide, lithium nicke! manganese cobalt oxide, and lithium
manganese oxide.

39.  The method of claim 19, wherein the electrochemical cell includes a

lithium metal anode and a cathode comprising sulfur.

40. The method of claim 18, wherein the electrochemical cell includes a
fithium metal anode and a cathode comprising an air electrode.

41.  The method of claim 19, wherein the electrochemical cell includes a

Hquid electrolyte.

42.  The method of claim 41, wherein the liquid electrolyte comprises a

lithium compound in an organic solvent.
43.  The method of claim 42, wherein the lithium compound is selected from
LiPFs, LiBF4, LICIQq, lithium bis(fluorosulfonyimide (LIFSI), LIN(CFa80z)2 (LITFS1),

and LICF380s (LiTH,

44.  The method of claim 42, wherein the organic solvent is selected from

carbonate based solvents, ether based solvents, ionic liquids, and mixtures thereof.
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45,  The method of claim 44 whersin:

the carbonate based solvent is selected from the group consisting of dimethyl
carbonate, disthyl carbonate, ethyl methyt carbonate, dipropyl carbonate,
methyipropyl carbonate, ethylpropyl carbonate, methylethy! carbonate, ethylene
carbonate, propylene carbonate, and butylene carbonate; and

the ether based solvent is selected from the group consisting of disthyl ether,
dibuty! ether, monoglyme, diglyme, tetraglyme, 2-methyltetrahydrofuran,
tetrahydrofuran, 1,3-dioxolane, 1,2-dimethoxyethane, and 1 4-dioxane.

48,  The method of claim 19, wherein the electrochemical cell includes a

solid slectrolyie material.

47.  The method of claim 46, wherein the solid slactrolyte material
comprises a material selected from the group consisting of lithium lanthanum
zirconium oxides (LLZO), LiwGeP:281: (LGPS), LioaslacssTiOs (LLTO), Li2PQO:2N
{LIPON), and lithium polysuifides (LiPS).

48. The method of claim 40, wherein the liguid electrolyte comprises a

magnesium compound in an organic solvent.

48,  The method of claim 48, wherein the electrochemical cell includes a

magnesium metal anode.
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50. A method for making an electrochemical cell, the method comprising:

(a) assembling a metal electrode into a full electrochemical cell;

(b}  connecting the electrochemical cell {o & current controlled alternating
current source; and

(¢} treating one or both of an ancde and a cathode of the electrochemical
celi by subjecting the slectrochemical cell to an alternating current perturbation for a

freatment time.

51. The method of claim 50 wherein:

upon cyeling of the electrochemical cell, dendrites on the electrode are smaller
and more uniform compared to a similar electrochemical cell in which a metal
electrode of the similar electrochemical cell was not subjected {o an alternating

current periurbation.

2. The method of claim 50, wherein step (¢} comprises freating both of the

anode and the cathode.

53. The method of claim 50, wherein step (c) is initiated before or after a

solid electrolyte interphase is present on the anode.

54. The method of claim 50, wherein step (¢} comprises a first charge of the

slectrochemical cell.

55. The method of claim 80, wherein step (¢} comprisas applying the

alternating current perturbation after a discharge of the cell.

58. The method of claim 50, wherein step (¢} comprises applying 3 one-

time alternating current perturbation.

57. The method of claim 50, wherein step (¢} comprises applying the

alternating current perturbation after every charge/discharge cycle of the cell.

- 5% .



WO 2017/184482 PCT/US2017/027869

58. The method of claim 80, wherain step (¢} comprises applying the
alternating current perturbation to the slectrode for a freatment time without 8
simulfaneous or switching application of a direct current,

58. The method of claim 50, wherein the alternating current perturbation

has an amplitude betwesn about 005 Vand 1.0 V.

80. The method of claim 50, wharein the alternating current perfurbation

has an amplitude between about 0.3V and 0.7 V.

81,  The method of claim 50, wherein the alternating current perturbation

has an amplifude of about 0.5 V.

82. The method of claim 80, wherein the treatment time is belween about 1

minute and § hours.,

83, The method of claim 50, wherein the freagtment time is between about 1

minute and 1 hour

84,  The method of claim 50, wherein the allernating current perturbation
has a current density amplitude between about 0.05 mA/em? and about 20 mAfem?,

85. The method of claim 50, wherein the electrochemical cell includes a

ithium metal anode and a cathode comprising a lithium host material.

88. The method of claim 85, wherein the lithium host material is selected
fram lithium metal oxides wherein the metal is one or more of aluminum, cobalt, iron,
manganese, nickel, vanadium, lithium-containing phosphates having a general
formula LIMPO4 wherein M is one or more of cobalt, iron, manganese, and nickel.
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87. The method of claim 85, wherein the lithium host material is selected
from lithium cobalt oxide, lithium nicke! mangansse coball oxide, and lithium

manganese oxide.

68.  The method of claim 50, wherein the electrochemical cell includes 3

lithium metal anode and a cathode comprising sulfur.

88.  The method of claim 50, wherein the slectrochemicsl cell includes a

fithium metal anode and a cathode comprising an air electrode.

70, The method of claim 50, wherein the electrochemical cell includes a

higuid electrolyte,

71, The method of claim 70, wherein the liquid electrolyte comprises a

lithium compound in an organic solvent.

72. The meathod of claim 71, wherein the lithium compound is selacted from
LiPFs, LiBF4 LICIOy, lithium bis{fluorosulfonyllimide (LIFSH, LIN{CF3802)2 (LITFSI,
and LICF:8Q3 (LiTf).

73.  The mathod of claim 71, wherein the organic solvent is selected from

carbonate based solvents, ether based solvents, ionic liquids, and mixtures thereof.

74.  The method of claim 73 wherein:

the carbonate based solvent is selected from the group consisting of dimethyl
carbonate, disthyl carbonate, ethyl methyl carbonate, dipropyl carbonats,
methylpropy! carbonate, sthylpropyl carbonale, methylethyl carbonate, ethylene
carbonate, propylens carbonate, and butylene carbonate; and

the sther based solvent is selected from the group consisting of diethyl ether,
dibutyl sther, monoglyme, diglyme, tetraglyme, 2-methylistrahydrofuran,
tetrahydrofuran, 1,3-dioxolane, 1,2-dimethoxyethane, and 1,4-dioxane.
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75. The method of claim 50, wherein the slectrochemical cell includes a

solid electrolyte material,

78,  The method of claim 75, wherein the solid electrolyte material
comprises a material selected from the group consisting of lithium lanthanum
zirconium oxides (LLZO), LinGeP:8z (LBPS), LivsalaossTiOs (LLTO), LiaPO:N
(LIPON), and lithium polysulfides (LIPS).

77. The method of claim 70, wherein the liquid slectrolyte comprises a

magnesium compound in an organic solvent,

78. The method of claim 77, wherein the slectrochemical cefl includes a

magnesium metal anode.
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