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Figure 1

(57) Abstract: The disclosure relates more specifically to protected anodes for batteries, and to methods for making such anodes. One
aspect of the disclosure is a method for preparing a protected anode, the method including providing an electrochemical cell comprising
a cathode comprising at least one transition metal dichalcogenide, an anode comprising a metal, an electrolyte in contact with the
transition metal dichalcogenide of the cathode and the metal of the anode, and carbon dioxide dissolved in the electrolyte; and performing
a discharge- charge cycle comprising discharging the electrochemical cell, and applying a voltage across the anode and the cathode for
a time sufficient to charge the electrochemical cell; wherein the electrochemical cell is substantially free of water; and wherein one or
more chemical species formed in the discharge-charge cycle and dissolved in the electrolyte are deposited onto the anode.
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PROTECTED ANODES AND METHODS FOR MAKING AND USING SAME
CROSS-REFERENCE TO RELATED APPLICATIONS

(60017 This application claims the benefit of priority of U.S. Provisional Patent
Application no. 62/40%,261, filed Oclober 17, 2018, which is hereby incorporaied herein by

reference in its entirety.
BACKGROUND OF THE DISCLOSURE
Field of the Disclosure

(60021 The disclosure relates generally to batteries. The disciosure relates more

specifically to protecied anodes for balteries, and to methods for making such anodes,
Description of Related Art

[0003] Rechargeable metalsulfur, mestal-air and metal-ion batieries have shown a
fremendous polential to be the main source of power for many applications such as electric
vehicles and microelectronics due 10 their remarkable energy density.  However, the
practical performance of these systems is limited due to their shorl cycle life affected by

degradation of the anode elecirode.

[0004] Specifically, the combination of a meial, e.q., lithium, ancde and a liguid
electrolyte solution is problematic for rechargeable batieries because of the high reactivity of
the active metal with any relevant polar aprolic solvent and/or salt anion in electrolyte
solytions. For example, the surface reaction of lithium metal with electrolyte components can
result in the formation of a mosaic structure of inscluble surface species at the solid
electrolyte interphase (SED, causing a loss of anode malerials and leading o low cyaling
efficiency, gradual capacity loss, and poor cyclability. Moreover, a complex, uneven SEl
resuits in non-uniform current distribution of a lithium electrode, which can induce an intemnal

short circuit in, e.g., a lithium ion battery.

[G005] Accordingly, there remains a need for a more robust, protected anode elecirode

with g longer cycle life in metal-sulfur, metal-air, and metak-ion batteries.
SUMMARY OF THE DISCLOSURE

[0008] One aspect of the disclosure is a method for preparing a protected anode, the
method including
providing an electrochemical cell comprising
a cathode comprising at least one fransition metal dichalcogenide,

an anode comprising a melal,
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an electrolyte in contact with the transition metal dichalcogenide of the
cathode and the metal of the anode, and
carbon dioxide dissolved in the electrolvte; and
performing a discharge-charge cycle comprising
discharging the electrochemical cell, and
applving a vollage across the anode and the cathode for g time sufficient to
charge the electrochemical cell;
wherein the elecirochemical cell is substantially free of water; and
wherein one or more chemical species formed in the discharge-charge cycle and

dissolved in the electrolyte are deposited onto the anode.

[0007] Anocther aspect of the disclosure is a method as described above, further
including
removing the protected ancde from the elecirochemical cell afier one or more
discharge-charge cycles; and
configuring a battery comprising
the protected anode,
a cathods, and
an elecirolvie in contact with the anode, and optionally with the metal of the

anode.

[0008] Another aspect of the disclosure is protected anode comprising a protective layer
disposed on an anode comprising lithium metal, wherein the proteclive laver comprises

LizCOs in an amount of at least 50 atom% of the proleciive layer.

[0009] Another aspect of the disclosure is a batiery including a proiecled anode as

described above, further comprising a cathode and an elecirolvte in contact with the anode.

BRIEF DESCRIPTION OF THE DRAWINGS

(00107 Figure 1 is a graph of the performance of g lithiume-air battery ulilizing a protecied
anode prepared according 1o Example 1 over 800 charge-discharge cycles, as described in

more detall in Example 2, below.

[0011] Figure 2 is a graph showing the performance of an electrochemical cell utilizing
protecied anodes, prepared according to Example 1 as the working and counter electrodes,
throughout the high rate cycling experiment, as described in more detail in Example 3,
below.

(6012} Figure 3 is a graph of the potential of the cell of Example 3 over the course of a

low rate deep cycling experiment, performed after the high rate cycling experiment.
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[3013] Figure 4 is a representative XPS spectium of the surface of a protected anode
prepared according o Example 1, highlighting the Li 15 region. The experiment is described

in more detail in Example 4, below.

[3014] Figure 5 is a representative XPS spectium of the surface of a protected anode
prepared according (o Example 1, highlighting the © 1s region. The experiment is described

in more detaill in Example 4, below.

[3015] Figure 8 is a representative XPS spectium of the surface of a protected anode
prepared according 1o Example 1, highlighting the O 1s region. The experiment is described

in more detaill in Example 4, below.

[B0186] Figure 7 is a graph of the cycle life and first cycle polarization gap of lithium-air
batteries ulilizing a protected anode, as a function of the number of anode protection cycles

performed, as described in more detail in Example 5, below.

(30173 Figure 8 is an electrochemical impedance spectroscopy (EIS) specirum of
lithium-air batleries utilizing protected anodes prepared with a vared number of anode

protection cycles, as described in more detall in Example 6, below.

[6018] Figure 9 is a scanning electron microscopy {(SEM) image of the surface of a
protected anode prepared according to Example 1, as described in more detail in Example

7, below. The scale baris 1 um, and the inset image width is 500 nm.
{6019 Figure 10 is a schematic of the lithium-air batlery of Example 2.
DETAILED DESCRIPTION OF THE DISCLOSURE

(60207 The particulars shown herein are by way of example and for purposes of
iHustrative discussion of the preferred embodiments of the present invention only and are
presented in the cause of providing what is believed 10 be the most useful and readily
understood description of the principles and conceptual aspects of various embodiments of
the invention. In this regard, no altempt is made 1o show structural details of the invention in
more detail than is necessary for the fundamental understanding of the invention, the
description taken with the drawings and/or examples making apparent {o those skilled in the
art how the several forms of the invention may be embodied in practice. Thus, before the
disclosed processes and devices are described, it is to be understood that the aspecits
described herein are not limited to specific embodiments, apparati, or configurations, and as
such can, of course, vary. It is also to be understood that the terminology used herein is for
the purpose of describing particular aspects only and, uniess specifically defined herein, is

not intended to be limiting.
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(60217 The terms “a,” “an,” “the” and similar referents used in the context of describing
the invention (sspecially in the context of the following claims) are to be construed to cover
both the singular and the plural, unless otherwise indicated herein or clearly contradicted by
context. Recitgtion of ranges of values herein is merely intended {o serve as a shorthand
method of referring individually 1o each separate value falling within the range. Unless
otherwise indicated herein, each individual value is incorporated into the specification as if it
were individually reciied herein. Ranges can be expressed herein as from “about” one
particular value, and/or to “about” anocther particular value, When such arange is
expressed, another aspect includes from the one particular value and/or to the other
particular value. Similarly, when values are expressed as approximations, by use of the
antecedent “about,” it will be understood that the particular value forms another aspect. it
will be further understood that the endpoinis of each of the ranges are significant both in

relation to the other endpoint, and independently of the other endpoint.

[00223 Alt methods described herein can be performed in any suilable order of steps
unless otherwise indicated herein or otherwise clearly contradicted by context. The use of
any and all examples, or exemplary language (e.g., “such as”) provided herein is intended
merely to betier illuminate the invention and does not pose a limitation on the scope of the
invention otherwise claimed. No language in the specification should be construed as

indicating any non-claimed element essential to the practice of the invention.

[0023] Unless the context clearly requires otherwise, throughout the description and the
claims, the words ‘comprise’, ‘comprising’, and the like are o be construed in an inclusive
sense as opposed to an exclusive or exhaustive sense; that is 1o say, in the sense of
“including, but not limited t0°. Words using the singular or plural number also include the
plural and singular number, respectively. Additionally, the words “herein,” “above,” and
“below” and words of similar import, when used in this application, shall refer to this

application as a whole and not to any particular portions of the application.

(60247 As will be understood by one of ordinary skill in the art, each embodiment
disciosed herein can comprise, consist essentially of or consist of its particular stated
element, step, ingredient or component. As used herein, the transition term “comprise” or
‘comprises” means includes, but is not imited to, and allows for the inclusion of unspecified
elements, sieps, ingredients, or components, even in major amounts. The transitional
phrase “consisting of’ excludes any element, step, ingredient or component not specified.
The transition phrase “consisting essentially of” limits the scope of the embodiment io the
specified elements, steps, ingredients or components and to those that do not maierially

affact the embodiment.
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[3025] Unless otherwise indicated, all numbers expressing quantities of ingredients,
properties such as molecular weight, reaction conditions, and so forth used in the
specification and claims are 1o be understood as being modified in all instances by the term
*about.” Accordingly, unless indicated o the contrary, the numerical parameters set forth in
the specification and gtiached claims are approximations that may vary depending upon the
desired properties sought 1o be obtained by the present invention. At the very least, and not
as an atternpt to limit the application of the doctrine of equivalents {o the scope of the claims,
each numerical parameter should at least be construed in light of the number of reported
significant digits and by applying ordinary rounding technigues. VWhen further clarity is
required, the term “about” has the meaning reasonably ascribed 1o it by a person skilled in
the art when used in conjunction with a stated numerical value or range, i.e. dengting
somewhat more or somewhat less than the stated value or range, to within a range of 220%
of the stated value; £19% of the stated valus; x18% of the siated value; £17% of the stated
value; £16% of the stated value; £15% of the stated value; £14% of the stated value; £13%
of the stated value; £12% of the stated valus; x11% of the siated value; +10% of the stated
value: $8% of the stated value; 8% of the siated value; £7% of the stated valus; £6% ofthe
stated value; £5% of the stated value; 4% of the stated value; 3% of the stated value; 2%

of the stated value; or 1% of the slated value.

[6028] Notwithstanding that the numerical ranges and parameters setling forth the broad
scope of the invention are approximations, the numerical values set forth in the specific
examples are reporied as precisely as possible. Any numerical value, however, inherently
contains certain errors necessarily resulting from the standard deviation found in thelr

respective testing measurements.

(60277 Groupings of aliernative elements or embaodiments of the invention disclosed
herein are not {0 be construed as limitations. Each group member may be referred to and
claimed individually or in any combination with other members of the group or other
elements found herein. it is anticipated that one or more members of g group may be
included in, or deleted from, a group for reasons of convenience and/or patentability. When
any such inclusion or deletion occurs, the specification is deemed to contain the group as
micdified thus fulfilling the written description of all Markush groups used in the appended

claims.

[6028] Some embodiments of this invention are described herein, including the best
mode known o the inventors for carrying out the invention. Of course, variations on these
described embodiments will become apparent to those of ordinary skill in the art upon
reading the foregoing description. The inventor expects skilled artisans to employ such

variations as appropriate, and the inventors intend for the invention to be praciiced otherwise
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than specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matiter recited in the claims appended hereto as permiited by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicied by context.

[3029] Furthermore, numerous references have been made 1o patenis and printed
publications throughout this specification. Each of the cited references and printed

publications are individually incorporated herein by reference in their entirety.

[3030] in closing, it is to be understood that the embodiments of the invention disclosed
herein are iHustrative of the principles of the present invention. Other modifications that may
be employed are within the scope of the invention. Thus, by way of example, but not of
imitation, alternative configurations of the present invention may be ulilized in accordance
with the teachings herein. Accordingly, the present invention is not limited to that precisely

as shown and described.

[0031] In various aspects and embodiments, the disclosure relates to protected anodes
prepared by discharging and charging an electrochemical cell comprising a cathode
comprising at least one transition metal dichalcegenide, an anode comprising a metal, an
electrolyte, and carbon dioxide, dissolved in the electrolyte. The disclosure demonstrates
such protecied ancdes to have no adverse impact on batltery performance while possessing

a significantly increased cycle life.

[0032] One aspect of the disclosure is & method of preparing a protecied anode. The
method includes providing an electrochemical cell comprising a cathode comprising at least
one transition metal dichalcogenide, an anode comprising a metal, an slectrolyte in contact
with the transition metal dichalcogenide of the cathode and the metal of the anode, and
carbon dioxide dissolved in the electroiyte. The method includes performing a discharge-
charge cycle comprising discharging the electrochemical cell, and applying a voltage across
the anode and the cathode for a time sufficient to charge the electrochemical cell. One or
more chemical species formed in the discharge-charge cycle and dissolved in the electrolyte
are deposited on the ancde. The electrochemical celi of the method is substantially free of

water.

[0033] in certain embodiments, the electrochemical cell comprises water in an amount of
less than 5 wi.% of the electrolyte, e.q., tess than 4.5 wi.%, or less than 4 wi.%, or less than
3.5 wt.%, or less than 3 wt.%, or less than 2.5 wi.%, or less than 2 wt.%, or less than 1.8

wt. %, or less than 1 wl.%, or less than 0.75 wt.%, or less than 0.5 wi.% of the electrolyle.



WO 2018/075538 PCT/US2017/057008

[3034] in certain embodiments of the methods as otherwise described herein, the
electrochemical cell is substantially free of Mz and O In cerfain embodiments, the
electrochemical celi comprises My in an amount of less than about 5 wt.% of the electroiyte,
e.g., less than about 4 wt. %, or less than about 3 wi.%, or less than about 2 wt.%, or less
than about 1 wi.% of the electrolyte.  in certain embodiments, the electrochemical cell
comprises Oz in an amount of less than about 5 wi.% of the electrolyte, e.q., less than about
4 wi.%, or less than about 3 wi.%, or less than about Z wt.%, or less than about 1 wt.% of
the electrolyte. In certain embodiments, the electrochemical cell comprises Oy and Hz ina
combined about of less than about 10 wt.% of the electrolyte, e.g., less than about 8 wt.%, or
less than about 8 wt.%, or less than about 7 wi.%, or less than about 6 wt.%, or less than
about 5 wt.%, or less than about wt.%, or less than about 2 wit.%%, or less than about 2 wt.%,

or less than about 1 wi.% of the elecirolyie.

[0035] in certgin embodiments of the methods as otherwise described herein, the
method further comprises one or more additional discharge-charge cycles. In cerain
embodiments, the total number of discharge-charge cycles is from 2 {0 25, e.g., from 2 (o 24,
orfrom21to 23, orfrom 210 22, orfrom 2 10 21, or from 2 t0 21, or from 2 10 20, or from 2 to
18, orfrom 20 19, orfrom 2110 18, or from 210 17, or from 210 18, or from 2106 18, or from 2
to 15, or from 2 to 14, or from 2 10 13, or from 2 10 12, or from 2 o 11, or from 2 {0 10, of
from2ic @, orfrom2to 8, orfrom2ic 7, orfrom21i0 €, orfrom 2 to 5, or from 3 1o 25, or
fromd4 to 25 orfrom 510 25, orfrom € 10 25, or from 7 to 25, or from 8 to 25, or from 9 1o 25,
or from 10 to 25, or from 11 to 25, or from 12 to 25, or from 13 to 25, or from 14 {0 25, or
from 1510 25, orfrom 16 to 25, orfrom 17 t0 25, or from 18 10 25, or from 1910 25, or from
20t 25 orfrom 310 24, orfrom4 to 23, orfrom 5 t0 22, or from 5 10 21, or from 5 to 20, or
from5t0 19, orfrom&to 18, orfrom&to 17, or from 510 16, or from 510 15, or from 8 io 14,

orfrom7t0 i3, orfrom&8to 12 orfrom@to 11.

[6036] in certain embodiments of the methods as otherwise described herein, the
voltage applied is within the range of about 1 Vio about 5V, e.g., about 1.25 V1o about 4.75
V,orabout 1.5 Vio about 4.5V, orabout 1.75 V1o about 425V, orabout 2 Vio about 4 Vv,
or about 2.25 V io about 3.75 V, or about 2.5 V 1o about 3.5 V, or the voltage is about 1.5 V,
orabout 1.75 V, orabout 2V, orabout 2.25 V, orabout 2.3V, or about 2.75 V, or about 3 V,
or aboul 3.25 V, orabout 3.5V, orabout 3.75 V, or about 4 WV, or about 4.25 V, or about 4.5
V.

[806373 As described above, in the methods and devices of the disclosure, the anode
includes a metal. As the person of ordinary skill will appreciate, a variety of constructions
are available for the anode. The anode can, for example, consist essentially of the metal

{e.g., as a bar, plate, or other shape). In other embodiments, the anode can be formed from
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an alioy of the metal, or can be formed as a deposit of the metal on a substrate (e.g., a
substrate formed from a different metal, or from another conductive material). As the person
of ordinary skifl in the art will appreciate, other materials that include the metal in its zero-
valence stale can be used. For example, in certain embodiments, the metal can be provided
as part of a compound metal oxide or carbonacecus material from which the metal can be

reduced {o provide metal ion and one or more electrons.

[0038] As described above, in the methods and devices of the disclosure, the anode
includes a metal and may be shaped as, for example, a bar, plate, chip, disc, efc. The
person of ordinary skill in the art will appreciate that the anode may have a varisty of
different dimensions, for example, a chip with a thickness of 8.15 mm, 0.25 mm, 0.5 mm,

0.65 mm, etc.

[0039] Although lithium is ofien used as the metal of the anode, other embodiments of
the disclosure are directed o other anode metals described herein. Accordingly, it should be
understood that the descriptions herein with reference to lithium are by way of exampie only,
and in other embodiments of the disclosure, other metals are used instead of and/or in
addition to lithium, including those described herein. Metals sultable for use in the anode of
the disclosure include, but are not limited io alkaline metals such as lithium, sodium and
potassium, alkaline-earth metals such as magnesium and calcium, group 13 elements such
as aluminum, transition metals such as zing, iron and silver, and alicy materials that contain
any of these metals or malerials that contain any of these metals. In particular
embodiments, the metal is selected from one or more of lithium, magnesium, zinc, and

aluminum. In other particular embodiments, the metal is lithium,

[0040] Vwhen lithium is used as the melal of the anode, a lithium-containing
carbonaceous material, an alioy that contains a lithium element, or a compound oxide,
nitride or sulfide of lithium may be used. Examples of the alloy that contains a lithium
element include, but are not limited to, lithium-aluminum alloys, lithium-tin alloys, lithium-lead
alloys, and lithium-silicon allovs. Examples of lithium-containing compound metal oxides
include lithium titanium oxide. Examples of lithium-containing compound metal nitrides

include lithium cobalt nitride, fithium iron nitride and lithium manganese nitride.

[6041] As described above, in the methods and devices of the disclosure, the cathode
includes at least one firansition metal dichalcogenide. Examples of iransition metal
dichalcogenides include those seleclted from the group consisting of TiXs, VX, CrXs, ZrXy,
NbXa, MoX,, HE, WX, TaX,, TeX,, and ReX;, wherein X is independently S, Se, or Te. In
one embodiment, each transition metal dichalcogenide is selected from the group consisting

of TiXz, MoX,, and WX, wherein X is independently S, Se, or Te. In another embodiment,
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each transition metal dichalcogenide is selected from the group consisting of TiS,, TiSe,
MoS:, MoSe,, WS, and WSe,;. For example, in one embodiment, each transition metal
dichalcogenide is TiS;, MoS;, or WS, In ancther embodiment, each iransition metal
dichalcogenide is MoS; or MoSe,. The transition metal dichalcogenide may be MoS; in one

embodiment.

[3042] The at least one transition metal dichalcogenide itself can be provided in a variety
of forms, for example, as a bulk material, in nanostructure form, as a collection of pariicies,
and/or as a collection of supported particles. As the person of ordinary skill in the art will
appreciate, the transition metal dichalcogenide in bulk form may have a lavered structure as
is typical for such compounds. The firansition metal dichalcogenide may have a
nanostructure  morphology, including but not  limited to  monolayers, nanotubes,
nanoparticles, nanoflakes {(e.q., wmultilayer nanoflakes), nanosheets, nanoribbons,
nanoporous solids etc. As used herein, the term “nanostructure” refers 1o a material with a
dimension {e.g., of a pore, a thickness, a diameter, as appropriate for the structure) in the
nanometer range (i.e., greater than 1 nm and less than 1 ymy). In some embodiments, the
fransition metal dichalcogenide is laver-stacked bulk transition metal dichalcogenide with
metal atom-terminated edges {e.g., MoS; with molybdenum-ierminated edges). in other
embodiments, transition metal dichalcogenide nanopariicles (e.g., MoS, nanoparticies) may
be used in the devices and methods of the disclosure. In other embodiments, transition
metal dichalcogenide nanoflakes (e.g., nanoflakes of MoS:) may be used in the devices and
methods of the disclosure. Nanoflakes can be made, for example, via liquid exfoliation, as
described in Coleman, J. N et gl Two-dimensional nanosheets produced by lHguid
exfoliation of layered materials. Science 331, 568~71 (2011) and Yasael, P. et al. High-
Quality Black Phosphorus Atomic Layers by Liguid-Phase Exfoligtion. Adv. Mater. (2015)
{doi10.1002/adma.201405150), each of which is hereby incorporated herein by reference in
its entirety. In other embodiments, transition metal dichalcogenide nanoribbons (8.4.,
nanoribbons of MoS;,) may be used in the devices and methods of the disclosure. in other
embodiments, TMBC nanosheets (e.g., nanosheets of MoS8,) may be used in the devices
and methods of the disclosure. The person of ordinary skill in the art can select the

appropriate morphology for a particular device.

[8043] in certain embodiments of the methods as otherwise described herein, the
transilion metal dichalcogenide nanostructures {e.g., nanoflakes, nancopariicies,
panoribbons, etc.) have an average size between about 1 nm and 1000 nm. The relevant
size for a nanoparticle is its largest diameter. The relevant size for a nanoflake is its largest
width along its major surface. The relevant size for a nancribbon is its width across the

ribhon. The relevant size for a nanosheet is ils thickness. In some embodiments, the
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transiiion metal dichalcogenide nanostructures have an average size belween from about 1
nm to about 400 nm, or about 1 nm to about 3580 nm, or about 1 nm to about 300 nm, or
about 1 nm to about 250 nm, or about 1 nm to about 200 nm, or aboul 1 nm to about 150
nm, or about 1 nm o about 100 nm, or about 1 nm to about 80 nm, or about 1 nm {0 about
70 nm, or about 1 nm {0 about 50 nm, or 50 nm 1o about 400 nm, or about 50 nm 1o about
350 nm, or about 50 nm io about 300 nm, or about 50 nm to about 250 nm, or about 50 nm
to about 200 nm, or about 50 nm o about 150 nm, or about 50 nm o about 100 nm, or about
10 nm io about 70 nm, or about 10 nm to about 80 nm, or about 10 nm to about 100 nm, or
about 100 nm to about 500 nm, or about 100 nm to about 800 nm, or about 100 nm to about
700 nim, or about 100 nim to about 800 nm, or about 100 nm to about 200 nm, or about 100
nm to about 1000 nm, or about 400 nm 1o about 5300 nm, or about 400 nm 1o about 600 nm,
or about 400 nm to about 700 nmy, or about 400 nm 0 about 800 nm, or about 400 nm io
about 800 nm, or about 400 nm to about 1000 nm. in ceriain embodiments, the transition
metal dichalcogenide nanostructures have an average size between from about 1 nm to
about 200 nm. In certain other embodiments, the iransition metal dichalcogenide
nanostructures have an average size between from about 1 nm {0 about 400 nm. In certain
other embodiments, the transition metal dichalcogenide nanostructures have an average
size beitween from about 400 nm to about 1000 nm. in certain embodiments, the iransition
metal dichalcogenide nanostructures are nanoflakes having an average size between from
about 1 nm io about 200 nm. In cerain other embodiments, the firansition metal
dichalcogenide nanoflakes have an average size between from about 1 nim to about 400 nm.
in certain other embodiments, the transition metal dichalcogenide nanoflakes have an

average size between from about 400 nm to about 1000 nmi.

(G044 in certain embodiments of the methods as otherwise desoribed herein, transition
metal dichalcogenide nanoflakes have an average thickness between about 1 nm and about
100 um {(e.g., about 1 nm io about 10 wm, or about 1 nm to about 1 ym, or about 1 nm io
about 1000 nm, or about 1 nm to about 400 nm, or about 1 nm to about 350 nm, or about 1
nm to about 300 nm, or about 1 nm to about 250 nm, or about 1 nm to about 200 nm, or
about 1 nm io about 150 nm, or about 1 nmito about 100 nm, or about 1 nm to about 80 nmy,
or about 1 nm to about 70 nm, or about 1 nm to about 50 nm, or aboubt 50 nim {0 about 400
nm, or about 50 nm to about 350 nm, or about 50 nm to about 300 nm, or about 50 nm {o
about 250 nm, or about 50 nm o about 200 nm, or about 50 nm o about 150 nm, or about
50 nm to about 100 nm, or about 10 nm to about 70 nm, or about 10 nm o about 80 nm, or
about 10 nm 1o about 100 nm, or about 100 nm o about 500 nm, or about 100 nm to about
800 nm, or about 100 nm to about 700 nm, or about 100 nm {o about 800 nm, or about 100

nm to about 900 nm, or about 100 nm to about 1000 nm, or about 400 nm to about 500 nm,
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or about 400 nm to about 800 nm, or about 400 nm to about 700 nm, or about 400 nm o
about 800 nm, or about 400 nm o about 800 nm, or about 400 nm io about 1000 nm); and
an average dimensions along the major surface of about 20 nm to about 100 um (e.g., about
20 nm to about 50 ym, or about 20 nm to about 10 um, or about 20 nm to about 1 um, or
about 50 nim o about 100 ym, or about 50 nim to about 50 um, or about 50 nm to about 10
um, or about 50 nm to gbout 1 um, or about 100 nm 1o about 100 ym, or about 100 nm o
about 50 um, or about 100 nm o about 10 um, or about 100 nm o about 1 umy, The aspedt
ratio (largest major dimension:thickness) of the nanoflakes can be on average, for example,
at least about 5:1, at least about 10:1 or at least about 20:1. For example, in certain
embodimenis the transition meial dichalcogenide nanoflakes have an average thickness in
the range of about 1 nm to about 1000 nm {(g.g., aboul 1 nm to about 100 nm}, average
dimensions along the major surface of about 50 nm to about 16 ym, and an aspect ratio of at

feast about 5:1.

[0045] One of skill in the art will recognize that the at least one transition metal
dichalcogenide of the cathode may be provided in a variety of forms, provided that it is in
contact with the eleclrolyte.  For example, the transition metal dichalcogenide can be
disposed on a substrate. For example, the transition metal dichalcogenide can be disposed
on a porous member, which can allow gas {e.g., COy} to diffuse through the member to the
TMDC. The porous member may be electrically-conductive.  In cases where the porous
member is not electrically conductive, the person of skill in the art can arrange for the
electrical connection of the cathode to be made to some other part of the cathode. The
substrate may be selected to allow CO, to be absorbed in g substantial quantity info the
device and transmitied to the TMDC. Examples of the porous materials for the substrate
include carbon-based materials, such as carbon as well as carbon blacks (e.g., Ketjen biack,
acetylene black, channel black, furnace black, and mesoporous carbon), activated carbon
and carbon fibers. In one embodiment, a carbon material with a large specific surface arga is
used. A material with a pore volume on the order of 1 mb/g can be used. In another case, a
cathode can be prepared by mixing TMDC with conductive material {(s.g. SUPER P brand
carbon black) and binder (e.q., PTEE) foliowed by coating on a current collector (e.g.,
aluminum mesh). The ratio of these elements can generally vary. In various embodiments,
the TMDC-containing cathode material {e.g., material that is coated onto a current collector)
includes at least 10 wi%, at least 20 wi%, at least 50 wi%, at least 70 wi%, 10-99 wi%, 20-
99 wi%, 50-99 wi%, 10-95 wi%, 20-95 wi%, 50-95 wit%, 10-70 wi%, 20-70 wi%, 40-70 wi%
or 70-99 wi% TMDC. In certgin embodiments, it can be 95 wi% TMDC, 4 wi% PTFE binder
and 5 wi% super P; or 50 wit% TMDC, 40 wi% PTFE binder and 10 wi% super P,
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[(048] The TMDC-containing material can be coated onto a current collecior or a porous
member at any convenient thickness, e.g., in thicknesses up to 1000 ym. The overall

cathode desirably has some porosity so that COz can be provided 1o the TMBC material,

(30477 One of skill in the art would be able to optimize the amount of the TMDC present

in the gas diffusion material present at the cathode,

[0048] As described above, in the devices and methods of the disclosure the slecirolyte
comprises at least 1 % of an ionic liquid. One of skill in the art will also recognize that the
term “ionic liquid” refers to an ionic substance {i.e., a combination of a cation and an anion)
that is liguid at standard temperature and pressure (25 °C, 1 atim). In certain embodiments,
the ionic liquid is & compound comprising at least one positively charged nitrogen, sulfur, or
phosphorus group (for example, a phosphonium or a qualernary amine). In cerlain
embodiments, the electrolyte comprises at least 10%, at least 20%, ai least 50%, at least

70%, at least 85%, at least 90% or even at least 95% ionic liquid.

[0049] Specific examples of ionic liquids include, but are not limited fo, one or more of
salis of: acetyicholines, alanines, aminoacetonitriles, methylammoniums, arginines, aspartic
acids, threonines, chioroformarmidiniums, thiouroniums, quincliniums, pyrrolidinols, serinols,
benzamidines, sulfamates, acetates, carbamates, inflates, and cyanides. The person of
ordinary skill in the art will select such salis that are in liguid form at standard temperature
and pressure. These examples are meant for ilustrative purposes only, and are not meant

o limit the scope of the present disclosure.

[0050] in some embodiments, the ionic liguid of the disclosure may be an imidazolium
salt, such as 1-ethyl-3-methylimidazolium tetrafluoroborate, 1-ethyl-3-methylimidazolium
bis{irifiuoromethanesulfonylimide, 1-ethyi-3-methylimidazolium trifluoromethanesuifonats, 1-
butyl-3-methylimidazolium tetrafluoroborate, 1-butyl-3-methylimidazolium
bis{irifivoromethanssulfonyliimide, or 1-butyl-3-methylimidazolium trifluoromethanesuifonate;
a pyrrolidinium salt, such as 1-butyl-1-methylpyrrolidinium tetrafluorcborate, 1-butyl1-
methyipyrrolidinium  bis@rifluoromethanesulfonybimide,  or  1-butyk1-methyipyreolidinium
friflucromethanesulfonate; a piperidinium  salf, such as 1{-butyl-i-methylipiperidinium
tetrafiuoroborate, 1-butyl-1-methyipiperidinium bisgriflucromethanesuifonyiimide, or 1-butyl-
1-methyipiperidinium  trifluoromethanesulfonate;  an ammonium  salt,  such  as
amyliriethylammonium  bis{trifluoromethanesulfonylimide, or  methyltri-n-octylammonium
bis(trifluoromethanesulfonyl)imide; or a pyridinium salf, such as 1-ethyl-3-methylpyridinium

bis{trifluoromethanesulfonyl)imide.

[6051] in certain embodiments, the ionic liquids of the disclosure include, but are not

fimited 1o imidazoliums, pyridiniums,  pyrrolidiniums,  phosphoniums, ammoniums,
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sulfoniums, prolinates, and methioninates salls. The anions suitable {0 form salts with the

cations include, but are not limited to Cy-Ce alkyisuifate, tosyiate, methanesuifonate,

bis(trifiuoromethyisulfonylimide,

carbamate, and sulfamate. In particular embodiments, the ionic liguid may be a sailt of the

hexafluorophosphate,

tetraflucroborate,

triftate, halide,

cations selected from those ilustrated below:
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thiuronium

sarcasines

wherein R-Rq,; are independently selected from the group consisting of hydrogen, -OH,
linear aliphatic C+Ces group, branched aliphatic C:-Ce group, cyclic aliphatic Ci-Cs
group, -CHOH, -CHCHOM, -CHCHCHOH, ~-CHCHOHRCH;, -CHCOH, -CHCHCOH,
and -CH2COCHs.

[0052] in cerain embodiments, the ionic liguid of the methods and devices of the
disclosure is imidazolium sait of formula:
}m\

Y N~
R{™&S Rs

e

5

wherein Ry, Ry, and Rs are independently selected from the group consisting of hydrogen,
linear aliphatic C+-Cs group, branched aliphatic C+-Cs group, and cydlic aliphatic C4-Cs group.
in other embodiments, R: is hydrogen, and Ry and R; are independently selected from Hnear
or branched C4-C4 alkyl. In particular embodiments, the ionic liguid of the disclosure is an 1-
ethyl-3-methylimidazolium salt. In other embodiments, the ionic liguid of the disclosure is 1-

ethyl-3-methylimidazolium tetraflucroborate (EMIM-BF ).

[0053] in general, a person of skill in the art can determine whether a given ionic liquid is

a co-catalyst for a reaction (R) catalyzed by TMDC as follows.

{a} fill a standard 3 elecirode elecirochemical cell with the electrolyte commonly used for
reaction R. Common electrolytes include such as 0.1 M sulfuric acid or 8.1 M KOH in
water can aiso be used;

(b} mount the TMDC into the 3 electrode electrochemical cell and an appropriate counter
electrode;

{¢) run several CV gycles o clean the cell;

{d} measure the reversible hydrogen electrode (RHE) potential in the elecirolyie;

(e} load the reaciants for the reaction R into the cell, and measure a CV of the reaction

R, noting the potential of the peak associated with the reaction R;
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(fy calculate Vi, which is the difference between the onset potential of the peak
associated with reaction and RHE;

(g} calculate VIA, which is the difference between the maximum potential of the peak
associated with reaction and RHE;

(h) add 0.0001 o 99,9999 weight % of the ionic liquid to the electrolyie;

(i} measure RHE in the reaction with ionic liguid,

() measure the CV of reaction R again, noting the potential of the peak associated with
the reaction R;

{k) calculate V2, which is the difference between the onset potential of the peak
associated with reaction and RHE; and

calculate VZA, which is the difference between the maximum potential of the peak

P
R

associated with reaction and RHE.
i V2<V1 or V2A< VIA al any concentration of the ionic liquid (e.g., between 0.0001 and

899.9999 weight %), the ionic liguid is a co-catalyst for the reaction.

[0054] in some embodiments, the ionic liquid is present in the electrolyte within the
range from about 50 weight % (o about 100 weight %, or about 50 weight % 1o about 29
weight %, or about 50 weight % to about 98 weight %, or about 50 weight % to about 95
weight %, or about 50 weight % to about 90 weight %, or about 50 weight % to about 80
weight %, or about 50 weight % fo about 70 weight %, or about 50 weight % to about 860
weight %, or about 80 weight % to about 99 weight %, from about 80 weight % 1o about 98
weight %, or about 80 weight % fo about 95 weight %, or about 80 weight % to about 90
weight %, or about 70 weight % 1o about 99 weight %, from about 70 weight % 1o about 98
weight %, or about 70 weight % to about 85 weight %, or about 70 weight % to about 90
weight %, or about 70 weight % to about 80 weight %, or about 50 weight %, or about 70
weight %, or about 80 weight %, or about 80 weight %, or about 95 weight %, or about 96
weight %, or about 87 weight %, or about 88 weight %, or about 28 weight of the aqueous
solution. In certain embodiments, the ionic liquid is present in the electrolyle within the
range from about 75 weight % to about 100 weight %, or about 80 weight % io about 100
weight %. In some other embodiments, the ionic liquid is present in an electrolvie at about

90 weight %. In other embodiments, the electrolvie consists essentially of the ionic liguid.

[8055] in certain embodimenis, the elecirolyte may further include a solvent, a buffer
solution, an additive 10 a component of the system, or a sclution that is bound to at least one
of the catalysts in a system. In certain embodiments, the elecirolyie may include an aprotic
grganic solvent. Some suilable solvents include, but are not limiled to dioxolane,
dimethylsulfoxide (DMSQO), diethylether, telraethyleneglycol dimethylether (TEGDME),
dimethyl carbonate (DMC), diethylcarbonate (DEC), dipropylcarbonate (DPC),
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ethylmethyicarbonate (EMC), ethylene carbonate (EC), propyiene carbonate (FC),
tetrahydrofuran (THE), butylene carbonate, lactones, esters, glymes, sulfoxides, sulivlanes,
polyethyiene oxide (PEQO) and polyacryinitrile (PAN), alone or in any combination. In cerlain
embodiments, non-ionic liquid organic solvents are present in an amount of less than about
40 weight %, less than about 30 weight %, less than about 20 weight %, less than about 10
weight %, less than about 5 weight %, or even less than about 1 weight %. In cerain

embodiments, the elecirolyie is substantially free non-ionic Hguid organic solvents,

[0056] In certain embodiments, the electrolyte may further comprise other species, such
as acids, bases, and salts. In certain embodiments, the electrolyte may include g melallic
ion, 2.g., lithium ion, magnesium lon, zinc ion, aluminum ion, etc. In one embodiment, the
electrolyie may include Hthium ion. In ceriain embodiments, the electrolvte may include a
salt of the metal of the anode (e.g., when the anode includes metaliic lithium, the elecirolyie
may inciude a fithium salt, such as fithium perchiorate, lithium
bis(irifiuvoromethanesulfonylimide, lithium hexafluorophosphate, lithium tiflate, Lithium
hexafluoroarsenate, etc.}. In cerfain embodiments, the salt of the metal of the anode is
present in a concentration in the range of about 8.005 M to about 5 M, about 0.01 M o about
1 84, or about 80.02 M o about 0.5 M. The inclusion of such other species would be evident
fo the person of ordinary skill in the art depending on the desired electrochemical and
physicochemical properties o the electrolyie, and are not meant {o limit the scope of the

present disclosure,

[00587]) As described above, in the devices and methods of the disclosure the
electrochemical cell comprises carbon dioxide, dissolved in the electrolyte. In certain
embodiments, the carbon dioxide is present in the electrolyte in a concentration of at least
about 8% of the saturated concentration of carbon dioxide in the eleciroiyie, e.g., at least
about 7.5%, or at least about 10%, or at least about 12.5%, or at least about 15%, or al least
about 17.5%, or at least about 20%, or at least about 22.5%, or at least about 25%, or at
feast about 30%, or at least about 35%, or at least about 40%, or at least about 45%, or at
feast about 50%, or at least about 55%, or at least about 80%, or at least about 85%, or at
leat about 70%, or at least aboul 75%, or atl least aboui 80%, or at least about 85%, or at
least about 20%, or al least about 95%, or at least about 96%, or at least about 87%, or at
least about 98%, or at least about 99% of the saturated concentration of carbon dioxide in

the electrolvie.

[0058] in certain embodiments, the method further comprises removing the prolecied
anode from the electrochemical ceil afier one or more discharge-charge cycles; and
configuring a battery comprising the protected anocde, a cathode, and an elecirolyte in

contact with the anode, and optionally with the metal of the anode.
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[3059] Another aspect of the disclosure is a protected ancde made by a method as

otherwise described herein.

(3080 Another aspect of the disclosure is a protective anode comprising a protective
laver disposed on an anode comprising lithium metal, wherein the protective layer comprises
LiCO4 in an amount of at least 50 atom% of the proleciive layer. In some embodiments, the
protective layer has a thickness within the range of about § nm to about 5 ym, e.g., about 5
nm to about 40 um, or about 5 nm to about 30 um, or about 5 nmto about 20 um, orabout 5
nm to about 10 um, or about 5 nm 1o about 9 um, or about & nm 1o about 8 pm, or about 5
nm to about 7 um, or about & nim to about & um, or about 5 nm to about  pm, or about 5 nm
to about 4 um, or about 5 nm {0 about 3 ym, or about 5 nm o about 2 um, or about 5 nm o
about 1 um, or about & nm {o about 800 nm, or about 5 nm to about 800 nm, or about 5 nm
to about 700 nm, or about 5 nm to about 600 nm, or about 5 nm 1o about 800 nm, or gbout 5
nm to about 450 nm, or about 5 nm o aboul 400 nm, or about 5 nm 1o about 350 nm, or
about 5 nm to about 300 nm, or about 5 nm to about 250 nm, or about 5 nm o about 200
nm, of about 10 nim to about 5 um, or about 15 nm o about 5 pm, or about 20 nmto about 5
um, or about 25 nm to about 5 um, or about 50 nm to about 5 ym, or about 75 nmto about 5
um, or about 100 nm to about 5 um, or about 150 nm to about 5 um, or about 200 nm to
about 5 um, or aboul 250 nm to about 5 ym, or about 300 nm o about 5 um, or about 350
nm to about 5 um, or about 400 nm to about 5 um, or about 450 nm {o about 5 um, or about
500 nm to about 5 um, or about 800 nm to about 5 ym, or about 700 nm to about 5 um, or
about 800 nm 1o about 5 ym, or about 800 nm 1o about 5 um, or about 1 um to about 5 um,
orabout 1.25 ymto about 5 ym, or about 1.5 umto about & ym, or about 1.75 umto about 5
um, or about 2 um 1o about 5 um, or about 2.25 10 gbout 5 um, or about 2.5 umto about 5

Vgl

[G081] Another aspect of the disclosure is a battery comprising a proiected anode
described herein or made by a method as described herein, a cathode, and an electrolyie in

contact with the anode, and optionally with the metal of the anode.

[6082] The person of ordinary skill in the art will appreciate that the battery may be any
batiery in which the protected anode made by a method as described herein is suitable, e.q.,
a metal-sulfur better, a metal-air battery, or @ metal-ion battery. In certain embodiments, the
battery is a metal-air baltery. In certain embodiments, the battery i3 g metal-air battery
wherein the cathode comprises at least one transition metal dichalcogenide. For example, in
one embodiment, the battery is a metal-air baitery described in WO2018/100204. In cther
embodiments, the cathode of the baitery does not comprise a transition metal
dichalcogenide. In certain embodiments, the batiery is a metalair battery whergin the

electrolyte comprises al ieast 50 wi.% of an ionic liquid. In cerlain embodiments, the baltery
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cell comprises water, Mz, and/or O, in an amount greater than the amount of water, M,
and/or O comprising the electrochemical cell of the method of producing a protected anode

as otherwise described herein.
EXAMPLES

[8083] The Examples that follow are illustrative of specific embodiments of the invention,
and various uses thereof. They are set forth for explanatory purposes only, and are not {o

be taken as limiting the invention.
Example 1. Anode Protaction

(G064 Protected anodes were prepared by including the anode 1o be protected in an

electrochemical battery cell also comprising a MoS, nanoflake cathode and elecirolyte.
[G085] Cathode Preparation

[G088] MoS; nanoflakes were synthesized using a liquid exfoliation method in which 300
mg MoS, powder (89%, Sigma-Aldrich) was dispersed in 60 mi isopropyl alcchol (IPA)
(>99.5%, Sigma-Aldrich). The solution was then exfoliated for 30 hrs and centrifuged for 1 hr
i extract the nanoflakes from the unexfoliated powder. Dynamic Light Scattering (DLS)
analysis indicated a uniform size distribution of synthesized MoS: nanoflakes in the narrow
range of 110-150 nm with an average flake size of 135 nm. MoS; nanoflakes (0.2 mg) were
coated onto a conductive subsirate of a gas diffusion layer (GDL) (0.2 mm thickness, 80%
porosity, Fuel Celis Eic.) with a surface area of 1 cm™. Prepared cathodes were dried in a
vacuum oven for 24 hrs at 85°C to stabilize the cathode and remove impurities. This
procedure resulted in identically prepared cathode samples with a consistent catalyst loading

of 0.2 mg/om? on GDL substrates.
[8087] Anocds Preparation

[6068] The anodes to be protected were prepared from pure lithium chips with a
thickness of 0.25 mm (>898.9%, Sigma Aldrich}.

(6069 Electrolyie Preparation

(60707 The electrolyte solution was prepared by dissolving 0.1 M Lithium Bis
(Trifluoromethanesulfonyl) Imide LITFSH (>99.0%, Sigma-Aldrich) info a mixdure of 25%
1-Ethyl-3-methvlimidazolium tetrafluorcborate (EMIM BF4) (HPLC, »>99.0%, Sigma-Aldrich)
and 75% dimethyl sulfoxide (DMSO) (Sigma-Aldrich).

[6071] Battery Cell Preparation

(00723 All baitery systems were assembled with a custom made Swagelok battery set-

up in Argon (An filled glove-box. This setup comprised the cathode, the anode, and three
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droplets of the eleclrolvie. A glass microfiber filler was used as a separator to prevent direct

contact between the cathode and the anode.
[3073] Anods Protection Procedure

(80743 The assembled batlery cell was first purged with pure CO; (88.98%, FPraxair inc.)
in order to remove gas impurilies and prevent parasitic reactions. The COsy-filled baltery was
then connected to a potentiostat (MTi Corporation) for cycling measurements. A 0.1 mA/cm™
constant current was applied for 10 continuous cycles, each cycle consisting of a one hour
charge process followed by a one hour discharge process. In-situ measurements of voliage

as a function of time and capacity were recorded.
Example 2. Performance of Lithium-Ailr Batiery with a Protected Anode

[8075] A protected anode prepared according to Example 1 was incorporated into a
fithium air batiery configured as shown in Figure 18, wherein the protecled anode and
cathode were separaied by a glass fiber filter wetied with electrolyte. The cathode and
electrolyte were prepared according to Example 1. The assembled batiery was first purged
with an air mixture of ~21% Oxygen (O, ~78% Nitrogen (N2), 500 ppm CO;, and 45%
refative humidily (RH) in order to remove gas impurities and prevent parasitic reactions. The
air mixiure was custom-made (Praxair inc.) with an accuracy of 1% for CO; and £0.02% for
0O,. Humidity was added {o the gas flow before introduction to the battery. The RMH and
temperature of the air flow were tracked during purging by a sensor (Silicon Labs SI 700 x)
to maintain the RH at 45% and the temperature at 25°C £ 1°C (room temperature). The RH
and temperature versus time were recorded (Si700x Evaluation software) continuously. The
fithium-air batiery was connecied 1o a potentiostat for cycling measurements. A 0.1 mA/cm™
constant current was applisd for 800 cycles, sach cycle consisting of a one hour charge
process followed by a one hour discharge process. in-situ measurements of voliage as a
function of the cycle number and capacity were recorded (See, Figure 1). Through 800
cycles, there was negligible variation in battery performance. These results showed an
increase in the number of cycles for which the polarization gap remains unchanged of more
than an order of magnitude over a batlery utilizing a bare lithium anode, without any adverse

impact on overall batiery performance.
Example 3. Columbic Efficiency of a Protected Anode

[0076] The columbic efficiency {(CE) of a protected anode was tested by high rate cycling
followed by exhaustive stripping of the ancde. To prepare the cell, two lithium anodes with
an initial theoretical capacity of Qe=10.2 mAh/cm? were separaiely protecied according to

Example 1. The protected anodes were then incorporated, as working and counter
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electrodes, into a 2016 coin cell ulilizing a glassy fiber separator and an eleciroivie
comprising 25%/75% ionic liquid/BMSC with 0.1M LITFSL

(60773 High Rate Cycling

[8078] The cell was subjected {0 a specified number of cycles (N=51 cycles), each cycle
consisting of a one hour charge process, wherein a current density of 2 mA/cm? was applied,
followed by a one hour discharge process. This resufted in a cycling capacity of
Q=2mAh/cm?. During discharge, 19.8 weight% of the fithium of the working electrode was
transferred to the counier electrode. During charging, the same amount of lithium was
transferred back to the working electrode. These resulls, shown in Figure 2, wherein the
amount of lithium transferred back and forth between the working and counter electrodes
remains the same throughout the cycling experiment, is ideal because any accumuliation of

ithium at the counter elecirode could decrease the coulombic efficiency of the system.
[0079] Low Rate Deep Cycling

[3080] After the high rate cycling experiment, a low rate deep cycling experiment was
performed on the working electrode. A cuirent density of 0.5 mA/cny was applied (4 times
lower than that used in the cycling experiment, in order to minimize lithium dendrite growth
and deformation of the solid electrolyte interface (SED (i.e., the interface between the lithium
elecirode and the electrolyte)). The current was continuously applied until the cell voltage
reached -0.5 V (Figure 3), at which point the lithium at the working elecirode had been
completely stripped. The capacity, at which the voltage reached -0.5 V, in this case 9.88

mAh/om?, is the maximum capacity of the working electrode.
[00&1] Coulombic Efficiency Calculation

[3082] The columbic efficiency of the lithium anode then was calcuiated using the

following equation:

CE= 1. 27U

N
[0083] Wherein Qg is the theoretical lithium capacity of the electrode (10.2 mAh/om?), Oy
i5 the maximum capacity of the working elecirode after deep cycling experiment (8.98
mAh/om?), Q. is the capacity of the cell during high rate cycling (2 mA/em® and N is the

number of high rate cycles performed (81 cycles).
[0084] The coulombic efficiency of the protecied anode was therefore 98.9%.
Example 4. XPS of a Protected Anode Surface

[(085] A-ray photoelectron speciroscopy (XPS) experimenis were carried out using a

Thermo Scientific ESCALAB 250X instrument. The instrument was equipped with an
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electron fiood and scanning ion gun. To prevent samples from oxidation and contamination,
protected anodes were carefully rinsed with dimethyil carbonate (DMC) and dried under an
argon flow before characterization. A mobile glove box filled with Ar was used for
transferring the samples into the loading chamber of the instrument. All specira were
calibrated to the C1is binding energy of 284.8 eV, To quantify the atomic concentration of
each element, all data were processed by Thermo Avantage software, based on Scofield
sensitivity factors. The background signal was removed by the Shirly method. The
representative XPS spectra of the anode surface in the Li 1s, C 1s, and O 1s regions
consistently showed that the protected layer on the anode surface was mainly LiCQOa. As
indicated in the specira (See, Figures 4-6), the reference binding energies for LkCOs in the
Lits, C 1s, and O 1s regions are 55.15eV, 288.5eV, and 531.5eV, respectively.

[0086] No evidence of other products such as L0, LibQz, or LIOH was observed. The
standard binding energies for these products in the Li 15 region are 55.6eV, 54.5aV, 54 .8eV,
respectively, and in the O 1s region are 531.3eV, 531eV, and 531eV, respactively. These
spectra show binding energies that are in good accordance with the standard binding

energies of Li:COs.

[0087] Elemental guantification results based on the surface area of the corresponding
peak of sach element further confirm the atomic ratio of LkCQO; as the main product on the

surface of the lithium anode:

[0088] Table 1. Atomic Percentage of Surface Elements

Element Atomic Percentage (%)
Lits 29.79
Cis (LI2CO3) 10.37
Cis (C-C) 13.48
Ois 46.36

{8089 The physical and electronic properties of LizCO; provide for both ionic conduction
and electronic insulation properies, which are two essential properties for any prolective
interphase ulilized in, for example, secondary lithium batteries. Without being bound by
theory, the ionic conductivity of an LizCQOs layer may allow for Li* diffusion fo or from an

underlying anode, while the electronic insulativity prevents any poisoning of the anode.
Example 5. Thickness-Dependant Performance of Protective Layer

(80303 The effect of the number of cycles performed in the anode protection process
was investigated. Protected anocdes were prepared according to Example 1, but the number

of charge-discharge cycles (i.e., anode protection cycles) was varied (5, 10, 15, and 20
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cycles). After protection, anodes were incorporated into a lithium air battery prepared
according to Example 2. The air-filled batleries were then connected to a potentiostat (MTI
Corporation) for cyeling measurements. The cell was subjecied to a specified number of
cycles, each cycle consisting of a one hour charge process, wherein a current density of 0.1
mA/enY was applied, followed by a one hour discharge process. in-situ measurements of

voltage as g funclion of time and capacity were recorded.

[00%1] Figure 7 shows the cycle life of the lithium air battery and the first cycle
polarization gap as a function of the number of protection cycles {which is correlated 1o the
thickness of the protective layer). The cycle life of the battery was shown to be around 60
cycles after 5 anode protection cycles, and 800 cycles after 10 anode protection cycles. The
opposite trend was observed for the polarization gap of the Li-air baltery as a function of the
number of anode protection cycles, wherein the smallest polarization gap was observed at S
anode protection cycles. The polarization gap for the first cycle without anode protection was
1.366 V. The potential gap dropped o $.4933 V for the battery comprising an anode afier 5
protection cycles. Bevond 5 protection cycles, the first cycle polarization gap increased as

the number of anode protection cycles increased, up to 20 cycles.

[00%23 These resulis suggest that the optimum number of anode protection steps is

about 10 cycles for a Li-air battery.
Example 6. EIS Characterization of Lithium-Air Battery with a Protected Anode

[00%3] To investigate the effect of the thickness of the anode protective layer on the
stability and efficiency of the cell, protected ancdes were prepared according o Example 1,
but with a varying number of anode protection cycles (5, 10, and 15 cycles), and
incorporated inio lithium-air batieries prepared according to Example 2. For each
electrochemical impedance spectroscopy (EIS) experiment, a fresh cathode with a known
loading of catalyst and an identical elecirolyte were used to avoid any contamination or
external resistance in the sysiem, in order 1o secure an independeni study of the
electrochemical properties of the protected anode. The batlery cells were connected {0 a
potentiosiat (Volta Lab PGZ 100), and measuremenis were performed with a 700 mV

overpotential at a frequency range of 10 Hz 1o 100 kHz.

[00%4] Figure 8 shows the EIS results with respect (o the number of anode protection
cycles. The charge transfer resistance (Ro) of the anode after 10 protection cycles was
about 550 kohms, while it was about 180 and 1350 kohms after 5 and 15 cycles,

respectively. The charge transfer resistance for an unprotecied anode was 30 kohms.

[0095] Vilthout being bound by theory, the increase in cell resistance may be aftributed

fo the presence of LiCOz on the anode surface. A thicker protective layer leads {0 more
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charge transfer resistance in the cell. The thickness of the protective layer afler 5 anode
protection cycles was not enough to protect the LiFAir battery for an extended amount time,
while 15 ancde protection cycles makes the resistance in the cell too high to be considered

suitable for such a battery.

[3098] Based on these results, the anode after 10 protection cycles showed the best

electrochemical performance.
Example 7. SEM Characterization of a Protecied Anode Surface

{80373 The surface structure and morphology of a prolecied anode were investigated
through scanning electron microscopy (SEM). A protecied lithium anode prepared according
1o Example 1 was characlerized. SEM images were acquired at an acceleration voltage of
(EHT) 10 kV in lens magnification of 15 kX and an acceleration voltage of (EMHT) 10 kV in
lens magnification of 25 kX. The SEM image of the surface of the protected anode (See,
Figure 9), shows the formation of rod-shaped products, which are consistent with a LiCOs

species.
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We claim:

1. A method for preparing a protected anode, the method comprising
providing an electrochemical cell comprising
a cathode comprising at least one transition metal dichalcogenide,
an anode comprising a metal,
an electrolyte in contact with the transition metal dichalcogenide of the
cathode and the metal of the anode, and
carbon dioxide dissolved in the glectrolyte; and
performing a discharge-charge cycle comprising
discharging the elsctrochemical cell, and
applying a vollage across the anode and the cathode for a time sufficient to
charge the electrochemical cell;
wherein the elecirochemical cell is substantially free of water; and
wherein one or more chemical species formed in the discharge-charge cycle and

dissolved in the electrolyie are deposited onto the anode.

2. A method according to claim 1, wherein the electrochemical cell comprises water in

an amount of less than about 5 wi.% of the electrolvie.

3 A method according to claim 1, wherein the electrochemical cell comprises water in

an amount of less than about 2 wi.% of the electrolyte.

4. A method according to claim 1, wherein the electrochemical cell comprises water in

an amount of less than about 1 wt.% of the electrolvie.

5. A method according to any of claims 1-4, wherein the electrochemical cell is

substantially free of H; and O..

5. A method according to claim 8, wherein the elecirochemical cel comprises H; in an

amount of less than 5 wi. % of the elecirolyte.

7. A method according to claim 5, wherein the electrochemical celf comprises Hz in an

amount of less than 2 wi.% of the elecirolyie.

8. A method according to any one of claims 5-7, wherein the elsctrochemical celi

comprises Oz in an amount of less than 5 wi.% of the electrolyte.
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9. A method according to any one of claims 5-7, wherein the electrochemical cell

comprises Oz in an amount of less than 2 wi.% of the eleciroiyte.

10. A method according to any one of claims 5-8, wherein the electrochemical cell

comprises H, and O: in a combined about of less than 10 wt.% of the electroiyte.

11, A methed according to any one of claims 1-10, further comprising performing one or

more additional discharge-charge cycles.

12. A method according to claim 11, wherein the total number of discharge-charge cycies
is from 2 10 25.

13. A method according o claim 11, wherein the total number of discharge-charge cycies
is from 510 15,

14, A method according 1o any one of claims 1-13, wherein the voltage is within the

range of about 1 Vic about 5 V.

15. A method according to any one of claims 1-14, wherein the anode consists

essentially of the metal.

18. A method according to any one of claims 1-15, wherein the metal of the anode is

fithium, magnesium, zinc, or aluminum.

17. A method according to any one of claims 1-18, wherein the metal of the anode is
lithium.

18. A method according to any one of claims 1-17, wherein the electrolyle comprises a

rhetallic ion.

18. A methed according to claim 18, wherein the metallic ion is lithium ion, magnesium

ion, zinc ion, or aluminum ion.

20. A method according to claim 18, wherein the metallic ion is lithium ion.
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21. A method according to any one of claims 18-20, wherein the metallic ion is present in

the electiolvte at a concentration within the range of about 0.005 M to about 5 M.

22, A method according to any one of claims 18-20, wherein the metallic ion is present in

the electrolyie at a concentration within the range of about 0.01 M 1o about 1 M,

23. A method according to any one of claims 18-20, wherein the metallic ion is present in

the electrolyte at a concentration within the range of about 0.02 1o about 0.5 M.

24. A method according to any one of claims 18-23, wherein the metal of the anode and

the element of the metallic ion are the same.

25, A method according {o any one of claims 1-24, wherein the carbon dioxide is present
inn the electrolyte in a conceniration of at least about 5% of the saturated concentration of

carbon dioxide in the elecirolyie.

26. A method according 1o any one of claims 1-24, wherein the carbon dioxide is present
in the electrolyie in a concentration of at least about 25% of the saturated concentration of

carbon dicxide in the electiolvte.

27. A method according to any one of claims 1-24, wherein the carbon dioxide is present
in the electrolyie in a concentration of at least about 50% of the saturated concentration of

carbon dioxide in the slectrolyte.

28, A method according to any one of claims 1-27, wherein the material of the transition
metal dichalcogenide-containing cathode includes at least 50 wi. % transition metal

dichalcogenide.

29. A method according to any one of claims 1-28, wherein the cathode comprises the at
least one transition metal dichalcogenide disposed on a porous member or a current

collectior.

30. A method according to any one of claims 1-28, wherein the cathode comprises the at

least one transition metal dichalcogenide disposed on a porous carbon member.

31. A method according (o claim 29 or 30, wherein the porous member is electrically

conductive.
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32. A method according to any one of claims 1-31, wherein each transition metal
dichalcogenide is TiXz, VX, Criky, 2, NbX,, MoXz, HEG, W, TaXs, ToXs, or ReXs,

wherein each X is independently S, Se, or Te, or a combination thereof.

33. A methed according to any one of claims 1-31, wherein each fransition metal
dichalcogenide is TiX,, MoX;, or WX,, wherein each X is independently S, Se,or Te, ora

combination thereof.

34. A method according {0 any one of claims 1-31, wherein gach transition metal
dichalcogenide is TiS,, TiSe,, MoS,, MoSe,, WS,, or WSea.

35. A method according {o any one of claims 1-31, wherein each transition metal

dichalcogenide is TiS,, MoS;, or WS,

36. A method according {o any one of claims 1-31, wherein each transition metal

dichalcogenide is M03;, or MoSe,.

37. A method according to any one of claims 1-31, wherein each transition metal

dichalcogenide is MoS,.

38. A method according to any one of claims 1-37, wherein each transition metal

dichalcogenide is in nanoparticle form.

38, A method according to claim 38, wherein the transition metal dichalcogenide

nanoparticles have an average size within the range of about 1 nm to about 1000 nm.

40, A method according to any one of claims 1-37, wherein each transition metal

dichalcogenide is in nanoflake form.

41, A method according to claim 40, wherein the transition metal dichalcogenide

nanofiakes have an average size within the range of about 1 nm to about 400 nm.

42, A method according to claim 40, wherein the transition metal dichalcogenide
nancfiakes have an average thickness in the range of about 1 nm o about 100 nm, average
dimensions along the major surface of about 50 nm o about 108 pm, and an aspect ratio of at

least about 5:1.
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43, A method according to any one of claims 1-37, wherein each transition metal

dichalcogenide is in nanosheet or nanoribbon form.

44, A method according to claim 43, wherein the transition metal dichalcogenide
nanosheets or nanoribbons have an average size within the range of about 1 nm to about
400 nm.

45, A method according {0 any one of claims 1-37, wherein gach transition metal

dichalcogenide is in bulk form.

46, A method according (o any one of claims 1-45, wherein the electrolyte comprises an

ionic liguid.

47. A method according o claim 48, wherein the ionic liguid includes a cation selected
from imidazolium, pyridinium, pyrrolidinium, phosphonium, ammonium, choline, sulfonium,

prolinate and methioninate, and an anion.
43, A method according 1o claim 47, wherein the cation is an imidazolium cation.

49, A method according o claim 47, wherein the cation is an imidazolium cation having

the formula:
J - f

R.("CN;;\\}/

Ry

Ra

wherein Ry, R, and R, are independently selected from the group consisting of hydrogen,

linear aliphatic C+Cs group, branched aliphatic C1-Ce group and cyclic aliphatic C4-Cs group.

50. A method according to claim 48, wherein wherein R is hydrogen, and Ry and R; are

independently selected from linear or branched C4-Cy alkyl,

51. A method according to any one of claims 47-80, wherein the anion is C-Cs
alkylsuifate, tosylate, methanesulfonate, bis(irifluoromethylsulfonylimide,

hexafluorophosphate, tetrafluoroborate, triflate, halide, carbamaie or sulfamate.
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52. A method according to any one of claims 46-51, wherein the ionic liquid is 1-ethyl-3-

methviimidazolium tetrafluoroborate.

53. A method according to any one of claims 46-52, wherein the electrolyte comprises at

least 50 wi.% of the ionic liquid.

54, A methed according to any one of claims 46-52, wherein the electrolyte comprises at
least 90 wi.% of the ionic liquid.

55. A method according {0 any one of claims 1-54, wherein the electrolyie is substantially

free of water and non-ionic liquid organic solvents.

58. A method according {o any one of claims 1-54, wherein the electrolyvte comprises an

aprotic organic soivent.

57. A method according o claim 56, wherein the solvent is ether,

58, A method according to claim 58, wherein the solvent is tetraethyiene glycol dimethyl

ether, dimethoxyethane, or dimethyl suifoxide.

59, A method according to any one of claims 1-58, further comprising
removing the protected ancde from the electrochemical cell afier one or more
discharge-charge cycles; and
configuring a batlery comprising
the protecied anode,
a cathode, and
an electrolyte in contact with the anode, and optionally with the metal of the

anode.

60. A method according to claim 59, wherein the cathode of the battery does not

comprise a transition metal dichalcogenide.

81, A protected anode, prepared according io the method of any one of claims 1-58.

82. A protected anode comprising a protective layer disposed on an ancde comprising

lithium metal, wherein the protective layer comprises Li2C0Os in an amount of at least 50

atom% of the protective layer.
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63. A battery comprising
the protected anode of claim €1 or claim 62;
a cathode; and
an electrolyte in contact with the anode, and optionally with the metal of the anode.

&4, The battery according to claim 63, configured as a metal-air battery.

85. The metal-air battery of claim 84, wherein the cathode comprises at least one

transition metal dichalcogenide.

&6. The metal-air battery of claim 64 or 65, wherein the elecirolyte comprises at least 50

wt. % of an ionic liquid.

67. The battery of claim 63, configured as a metalion baltery.

€8. The battery of claim 63, configured as a metal-sulfur batltery.

£9. The battery according to any one of claims 64, 67, and 68, wherein the cathode does

not comprise a transition metal dichalcogenide.
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