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(57) ABSTRACT

An example electrolyte includes a solvent, a lithium salt, and
an additive selected from the group consisting of a mercap-
tosilane, a mercaptosiloxane, and combinations thereof. The
clectrolyte may be used 1n a method for making a solid elec-
trolyte interface (SEI) layer on a surface of an electrode. A
negative electrode structure may be formed from the method.
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ELECTROLYTE AND NEGATIVE
ELECTRODE STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-

sional Application Ser. No. 62/090,181, filed Dec. 10, 2014,
which 1s incorporated by reference herein 1n 1ts entirety.

BACKGROUND

[0002] Secondary, or rechargeable, lithtum 10on batteries or
lithium sulfur batteries are often used 1n many stationary and
portable devices, such as those encountered 1n the consumer
clectronic, automobile, and aerospace industries. The lithium
class of batteries has gained popularity for various reasons,
including a relatively high energy density, a general nonap-
pearance of any memory effect when compared to other kinds
of rechargeable batteries, a relatively low internal resistance,
and a low self-discharge rate when not 1n use. The ability of
lithium batteries to undergo repeated power cycling over their
usetul lifetimes makes them an attractive and dependable
power source.

SUMMARY

[0003] An example electrolyte includes a solvent, a lithium
salt, and an additive selected from the group consisting of a
mercaptosilane, a mercaptosiloxane, and combinations
thereot. The electrolyte may be used 1n a method for making,
a solid electrolyte intertace (SEI) layer on a surface of an
clectrode. A negative electrode structure may be formed from
the method.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Features of examples of the present disclosure will
become apparent by reference to the following detailed
description and drawings, 1n which like reference numerals
correspond to similar, though perhaps not identical, compo-
nents. For the sake of brevity, reference numerals or features
having a previously described function may or may not be
described 1n connection with other drawings in which they
appear.

[0005] FIG. 1 1s a schematic illustration of a solid electro-
lyte intertface (SEI) layer formed on a negative electrode 1n the
presence ol LiOH;

[0006] FIGS. 2A through 2C are graphs illustrating the
voltages versus time (1, 1n hours) for a lithtum-lithium sym-
metrical cell including a comparative electrolyte and an
example of the electrolyte disclosed herein;

[0007] FIG. 3 1s a graph 1llustrating the Coulombic eifi-
ciency (%) of a copper working electrode coated with 3-mer-
captopropyltrimethoxysilane; and

[0008] FIG. 4 1s a graph 1llustrating the Coulombic eifi-
ciency (%) of a copper working electrode with poly(mercap-
topropyl )methylsiloxane in the electrolyte.

DETAILED DESCRIPTION

[0009] Lithium-based batteries generally operate by
reversibly passing lithium 1ons between a negative electrode
(sometimes called an anode) and a positive electrode (some-
times called a cathode). The negative and positive electrodes
are situated on opposite sides of a porous polymer separator
soaked with an electrolyte solution that 1s suitable for con-
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ducting the lithium 1ons. During charging, lithium 1ons are
inserted/intercalated into the negative electrode, and during
discharging, lithium 1ons are extracted from the negative elec-
trode. Each of the electrodes 1s also associated with respective
current collectors, which are connected by an interruptible
external circuit that allows an electric current to pass between
the negative and positive electrodes. Examples of lithium-
based batteries include a lithtum sulfur battery (i.e., includes
a sulfur based positive electrode), a lithtum 1on battery (i.e.,
includes a lithium based positive electrode), and a lithium-
lithium battery (1.e., includes a lithium based positive and
negative electrode).

[0010] Examples of the negative electrode disclosed herein
have a solid electrolyte interphase (SEI) layer formed on a
surface thereof. This SEI layer 1s formed from an additive that
1s present 1in an electrolyte solution. Since the additive 1s
present in the electrolyte solution, the SEI layer may be
formed 1n situ 1n the electrochemical cell. As used herein, the
clectrochemical cell may refer to the lithium sulfur battery,
the lithium 10n battery, or a half cell or a L1i—L1 symmetrical
cell (1.e., lithhum-lithtum battery) with a working electrode
and a counter/reference electrode. Other techniques, referred
to herein as ex situ techniques, may also be used to form the
SEI layer. These techniques are considered to be ex situ
because they take place outside of the electrochemical cell.

[0011] The additives disclosed herein have a strong inter-
action with negative electrode materials, such as lithium,
s1licon, and graphite. It 1s believed that the chemaical reaction
between the additive(s) and the electrode may occur even in
the absence of an applied voltage.

[0012] Examples of the additive include a mercaptosilane,
a mercaptosiloxane, and combinations thereof. Some specific
examples of the mercaptosilane mnclude 3-mercaptopropylt-
rimethoxysilane (3-MPS), (imercaptomethyl)methyldiethox-
ysilane, 3-mercaptopropylmethyldimethoxysilane, 3-mer-
captopropyltriethoxysilanee,

1 1-mercaptoundecyloxytrimethylsilane, and combinations
thereof. Some specific examples of the mercaptosiloxane
include a [4% to 6% (mercaptopropyl )methylsiloxane]-dim-
cthylsiloxane copolymer, a [13% to 17% (mercaptopropyl)
methylsiloxane]-dimethylsiloxane copolymer, a (mercapto-

propyl)methylsiloxane] homopolymer, and combinations
thereof.

[0013] The additive(s) 1s mcluded 1n an electrolyte. The
additive may be included in any suitable amount. As an
example, the additive may be included 1n an amount ranging
from about 1 wt % to about 10 wt % of a total wt % of the
clectrolyte.

[0014] Theelectrolyte also includes a solvent and a lithium
salt. The selection of the electrolyte solvent may depend upon
whether the SEI layer 1s to be formed 1n situ, and if 1t 1s to be
formed 1n situ, the type of electrochemical cell that 1s to be
used. When the SEI layer 1s to be formed 1n situ 1n a lithium
sulfur battery or a L1i—Li1 symmetrical cell, the electrolyte
solvent may be selected from 1,3-dioxolane (DOL),
dimethoxyethane (DME), tetrahydrofuran, 2-methyltetrahy-
drofuran, 1,2-diethoxyethane, ethoxymethoxyethane, tetra-
cthylene glycol dimethyl ether (TEGDME), polyethylene
glycol dimethyl ether (PEGDME), and mixtures thereof.
When the SEI layer is to be formed 1n situ 1n a lithtum 10n
battery or a Li—Li1 symmetrical cell, the electrolyte solvent
may be selected from cyclic carbonates (ethylene carbonate
(EC), propylene carbonate, butylene carbonate, fluoroethyl-
ene carbonate), linear carbonates (dimethyl carbonate
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(DMC), diethyl carbonate (DEC), ethylmethyl carbonate
(EMC)), aliphatic carboxylic esters (methyl formate, methyl
acetate, methyl propionate), y-lactones (y-butyrolactone,
v-valerolactone), chain structure ethers (1,2-dimethoxy-
cthane, 1,2-diethoxyethane, ethoxymethoxyethane), cyclic
cthers (tetrahydrofuran, 2-methyltetrahydrofuran), and mix-
tures thereof. When the SEI layer 1s to be formed ex situ, any
ol the previously described electrolyte solvents may be used.

[0015] Examples of the lithum salt include LiClO,,
L1AICL,, Lil, LiBr, LiSCN, LiBF,, LiB(C.H;),, LiAsF,,
LIN(F SO,), (LIFSI), LIN(CF;S0.,) , (LITFSI or lithium
bis(trifluoromethylsultonyl ymide), LiPF ., LiB(C,O.), (Li-
BOB), LiBF,(C,0,) (LiODFB), LiPF,(C,F:); (LLiFAP),
LiPF,(CF,),, LiPF_(C,O,) (LiFOP), LiPF,(CF,),,
[1SO,CF,, LiNO,;, and mixtures thereol. In an example, the
concentration of the salt in the electrolyte 1s about 1 mol/L.

[0016] The electrode upon which the SEI 1s formed 15 gen-
erally used as a negative electrode 1in any of the lithium sulfur
battery, the lithtum 1on battery, or the L1i—I1 symmetrical
cell. The negative electrode may include an active matenal, a
binder material, and a conductive filler, or may include
lithium metal alone (e.g., 1n a L1i—Li1 symmetrical cell).

[0017] Examples of suitable active materials include any
lithium host active material that can suificiently undergo
lithium 1ntercalation and deintercalation, or lithium alloying
and dealloying, or lithtum insertion and deinsertion, while
copper or another current collector functions as the negative
terminal of the electrochemical cell. Examples of the lithium
host active material include graphite, silicon-based matenals,
or lithium-based materials. Graphite exhibits favorable
lithium intercalation and deintercalation characteristics, 1s
relatively non-reactive, and can store lithium in quantities that
produce a relatively high energy density. Commercial forms
ol graphite that may be used to fabricate the negative elec-
trode are available from, for example, Timcal Graphite &
Carbon (Bodio, Switzerland), Lonza Group (Basel, Switzer-
land), or Superior Graphite (Chicago, Ill.). Examples of the
silicon-based active material include crystalline silicon,
amorphous silicon, silicon dioxide, silicon suboxide (S10_,
0<x<2), silicon alloys (e.g., S1—Sn), etc. The silicon active
material may be in the form of a powder, particles, etc. rang-
ing from nano-size to micro-size. Examples of the lithium-
based materials include lithtum foil or lithium titanate. When
lithium fo1l 1s used, the polymer binder and conductive filler
may not be used.

[0018] The binder material may be used to structurally hold
the active material together. Examples of the binder material
include polyvinylidene fluoride (PVdF), polyethylene oxide
(PEO), an ethylene propylene diene monomer (EPDM) rub-
ber, carboxymethyl cellulose (CMC), styrene-butadiene rub-
ber (SBR), styrene-butadiene rubber carboxymethyl cellu-
lose (SBR-CMC), polyacrylic acid (PAA), cross-linked
polyacrylic acid-polyethylenimine, polyimide, or any other
suitable binder material. Examples of the still other suitable
binders include polyvinyl alcohol (PVA), sodium alginate, or
other water-soluble binders.

[0019] The conductive filler material may be a conductive
carbon maternial. The conductive carbon material may be a
high surface area carbon, such as acetylene black. The con-
ductive filler material 1s included to ensure electron conduc-
tion between the active material and the negative-side current
collector 1n the battery.

[0020] The negative electrode may include up to 90% by
total weight (1.e., 90 wt %) of the active material. In an
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example, the negative electrode includes from about 70 wt %
to about 90 wt % of the active material, from about 5 wt % to
about 15 wt % of the conductive filler material, and from
about S wt % to about 15 wt % of the binder material. As noted
above, when lithium foil 1s used, the negative electrode
includes 100% of the active material.

[0021] To form the SEI layer on the negative electrode ex
situ, any example of the electrolyte disclosed herein may be
prepared, the negative electrode may be purchased or pre-
pared, and then the negative electrode may be exposed to the
clectrolyte. When the SEI layer i1s formed ex situ on the
negative electrode, 1t 1s to be understood that the lithium salt
may be excluded from the electrolyte. The exposure of the
negative electrode to the electrolyte may be accomplished by
dip-coating or some other suitable coating techmique. The
thiol functional groups ol the mercaptosilanes and/or mercap-
tosiloxanes strongly interact (even without application of a
voltage) with the negative electrode to form the SEI layer on
the surface thereof. In these examples, the negative electrode
may be exposed to the electrolyte for a time that 1s sufficient
for the chemaical reaction between the additive and the nega-
tive electrode surface to take place. As an example, the expo-
sure time may range from about 2 minutes to about 24 hours.

[0022] An example of the negative electrode structure 10
formed via the ex situ technique 1s shown 1n FIG. 1. The
negative electrode structure 10 including the negative elec-

trode 14 and the SEI layer 12 formed thereon 1s shown at the
lett hand side 1n FIG. 1.

[0023] Examples of the negative electrode structure 10
formed via the ex situ technique and including a non-lithium
active material (such as graphite or a silicon-based material)
may be exposed to a pre-lithiation technique 1n order to lithi-
ate the negative electrode structure 10 and form the negative
clectrode structure 10'. In these examples, the negative elec-
trode structure 10 may be pre-lithiated using a half cell. More
specifically, the half cell 1s assembled using the negative
clectrode structure 10, which 1s soaked 1n the same electrolyte
used to form the SEI layer 12. The half cell includes a counter
clectrode (e.g., lithtum), and a voltage potential 1s applied to
the half cell. The application of the voltage causes lithium
metal to penetrate the negative electrode structure 10. More
specifically, lithium 10ns are dissolved (or de-plated) from
lithium metal and are alloyed with the graphite or silicon-
based active material by an electroformation reaction with the
clectrolyte solution (which can conduct the lithium ions). The
lithium 10ons can alloy with the active material, thereby lithi-
ating the negative electrode structure 10. During pre-lithia-
tion, electrolyte decomposition products (e.g., LiOH, as
shown 1n FIG. 1) may cause the silicon and oxygen atoms of
the SEI layer 12 to bond together to form another version of
the SEI layer 12' and another version of the negative electrode
structure 10'.

[0024] Adfter pre-lithiation 1s complete, the half cell 1s dis-
assembled and the pre-lithiated negative electrode structure
10' may be washed using a suitable solvent, such as DME.
The pre-lithiated negative electrode structure 10" may be
coupled with a negative-side current collector and used 1n any
examples of the electrochemical cell/battery disclosed
herein. It 1s to be understood that since the SEI layer 1s already
formed, the electrolyte used in the examples of the electro-
chemical cell/battery disclosed herein may or may not
include the additive. In these examples, the electrolyte used

will depend upon the type of electrochemical cell/battery.
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[0025] It 1s to be understood that the negative electrode
structure 10 may not be pre-lithiated when lithium 1s used as
the active material.

[0026] To form the SEI layer on the negative electrode 1n
situ (1.e., 1 the electrochemical cell), the battery may be
assembled with the negative electrode, a suitable positive
clectrode, a porous polymer separator positioned between the
negative and positive electrodes, and an example of the elec-
trolyte mncluding a suitable solvent for the particular battery

type.
[0027] For the lithium sulfur battery/electrochemical cell,

any example of the negative electrode (e.g., electrode 14 with
a lithium-based, silicon-based, or graphite active material)
may be used.

[0028] The positive electrode of the lithium sulfur battery
includes any sulfur-based active material that can suificiently
undergo lithium alloying and dealloying with aluminum or
another suitable current collector functioning as the positive
terminal of the lithum sultur electrochemical cell. An
example of the sulfur-based active material 1s a sultur-carbon
composite. In an example, the weight ratio of S to C 1n the
positive electrode ranges from 1:9 to 8:1. The positive elec-
trode 1n the lithtum sulfur battery may include any of the
previously mentioned binder materials and conductive fillers.

[0029] The porous polymer separator may be formed, e.g.,
from a polyolefin. The polyolefin may be a homopolymer
(derived from a single monomer constituent) or a heteropoly-
mer (dertved from more than one monomer constituent), and
may be either linear or branched. IT a heteropolymer derived
from two monomer constituents 1s employed, the polyolefin
may assume any copolymer chain arrangement including
those of a block copolymer or a random copolymer. The same
holds true if the polyolefin 1s a heteropolymer derived from
more than two monomer constituents. As examples, the poly-
olefin may be polyethylene (PE), polypropylene (PP), a blend
of PE and PP, or multi-layered structured porous films of PE
and/or PP. Commercially available porous separators 16
include single layer polypropylene membranes, such as CEL-
GARD 2400 and CELGARD 2500 from Celgard, LLC
(Charlotte, N.C.). It 1s to be understood that the porous sepa-
rator may be coated or treated, or uncoated or untreated. For
example, the porous separator may or may not be coated or
include any surfactant treatment thereon.

[0030] In other examples, the porous separator may be
formed from another polymer chosen from polyethylene
terephthalate (PET), polyvinylidene fluoride (PVdF), polya-
mides (Nylons), polyurethanes, polycarbonates, polyesters,
polyetheretherketones (PEEK), polyethersulifones (PES),
polyimides (PI), polyamide-imides, polyethers, polyoxym-
cthylene (e.g., acetal), polybutylene terephthalate, polyethyl-
enenaphthenate, polybutene, polyolefin copolymers, acry-
lonitrile-butadiene styrene copolymers (ABS), polystyrene
copolymers, polymethylmethacrylate (PMMA), polyvinyl
chlonide (PVC), polysiloxane polymers (such as polydimeth-
ylsiloxane (PDMS)), polybenzimidazole (PBI), polybenzox-
azole (PBO), polyphenylenes (e.g., PARMAX™ (Missis-
sipp1 Polymer Technologies, Inc., Bay Saint Louis, Miss.)),
polyarylene ether ketones, polypertfluorocyclobutanes, poly-
tetrafluoroethylene (PTFE), polyvinylidene fluoride copoly-
mers and terpolymers, polyvinylidene chloride, polyvi-
nylfluoride, liquid crystalline polymers (e.g., VECTRAN™
(Hoechst AG, Germany) and ZENITE® (DuPont, Wilming-
ton, Del.)), polyaramides, polyphenylene oxide, and/or com-
binations thereof. It 1s believed that another example of a
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liquid crystalline polymer that may be used for the porous
separator 1s poly(p-hydroxybenzoic acid). In yet another
example, the porous separator may be chosen from a combi-
nation of the polyolefin (such as PE and/or PP) and one or
more of the other polymers listed above.

[0031] The porous separator may be a single layer or may
be a multi-layer (e.g., bilayer, trilayer, etc.) laminate fabri-
cated from either a dry or wet process. The porous separator
operates as an electrical insulator (preventing the occurrence
ol a short), a mechanical support, and a barrier to prevent
physical contact between the two electrodes. The porous
separator also ensures passage of lithtum 1ons through the
clectrolyte solution filling its pores.

[0032] The negative electrode, positive electrode, and
porous separator are soaked with the electrolyte disclosed
herein, including the additive, the lithium salt, and the solvent
suitable for the lithtum sulfur battery.

[0033] The lithium sulfur battery/electrochemical cell also
includes an external circuit and a load. The application of the
load to the lithium sulfur electrochemical cell closes the
external circuit and connects the negative electrode and the
positive electrode. The closed external circuit enables a work-
ing voltage to be applied across the lithium sulfur electro-
chemical cell.

[0034] Upon the initial exposure of the negative electrode
to the electrolyte, the additive may begin to react to form the
SEI layer on the surface of the negative electrode. A voltage
potential may also be applied to the electrochemical cell/
battery 1n order to pre-lithiate the negative electrode and to
enhance the formation of the SEI layer. During the voltage
application, lithium metal penetrates the negative electrode,
and the additive in the electrolyte reacts with the negative
clectrode surface to form the SEI layer (e.g., 12 or 12')
thereon.

[0035] For the lithitum 10n battery/electrochemical cell, any
example of the negative electrode (e.g., electrode 14 with a
lithium-based, a silicon-based or graphite active materal)
may be used.

[0036] The positive electrode of the lithium 1on battery
includes any lithium-based active material that can suifi-
ciently undergo lithium insertion and deinsertion with alumi-
num or another suitable current collector functioning as the
positive terminal of the lithium 10n electrochemical cell. One
common class of known lithium-based active materials suit-
able for this example of the positive electrode 1ncludes lay-
ered lithium transition metal oxides. For example, the
lithium-based active material may be spinel lithtum manga-
nese oxide (LiMn,O,), lithium cobalt oxide (L1CoQO,), a
manganese-nickel oxide spinel [Li1(Mn; (N1, )O,], or a lay-
ered nickel-manganese-cobalt oxide (having a general for-
mula of xL.1,MnO,-(1-x)L1IMO,,, where M 1s composed of
any ratio of N1, Mn and/or Co). A specific example of the
layered nickel-manganese-cobalt oxide includes (x.1,MnQO,-
(1-x)L1(Ni1, ,Mn, ,,Co, 5;)O,). Other suitable lithium-based
active materials include [Li(N1,,,Mn, ,Co,,;)O,], LiN10O,,
L1,MS10, 1s composed of any ratio of Co, Fe, and/or Mn),
L1, Mn, O, (LMO, 0<x<I and 0<y<0.1), or a lithtum 1ron
polyanion oxide, such as lithium 1ron phosphate (LiFePO,) or
lithium 1ron fluorophosphate (Li,FePO,F). Still other
lithium-based active materials may also be utilized, such as

LiN1,_ Co,_ M, , O, or LiMn, 5 M_, O, (M 1s composed
of any ratio of Al, T1, Cr, and/or Mg), stabilized lithium
manganese oxide spinel (L1 Mn,_ M O,, where M is com-

posed of any ratio of Al, Ti, Cr, and/or Mg), lithium nickel
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cobalt aluminum oxide (e.g., LiN1, ;Co, ; Al 5O, or NCA),
aluminum stabilized lithium manganese oxide spinel (e.g.,
L1 Al ,sMn, 5-0,), lithium vanadium oxide (L1V,0.), and
any other high energy nickel-manganese-cobalt material
(HE-NMC, NMC or LiNiMnCoO,). By “any ratio” it 1s
meant that any element may be present 1n any amount. So, in
some examples, M could be Al, with or without Cr, T1, and/or
Mg, or any other combination of the listed elements. In
another example, anion substitutions may be made in the
lattice of any example of the lithium transition metal based
active material to stabilize the crystal structure. For example,
any 0 atom may be substituted with an F atom.

[0037] The positive electrode 1n the lithium 1on electro-
chemical cell/battery may include any of the previously men-
tioned binder materials and conductive fillers.

[0038] The lithium 10on electrochemical cell/battery may
also include any of the previously provided examples of the
porous polymer separator.

[0039] The negative eclectrode, positive electrode, and
porous separator are soaked with the electrolyte disclosed
herein, including the additive, the lithium salt, and the solvent
suitable for the lithium 10n battery.

[0040] The lithrum 1on battery/electrochemical cell also
includes an external circuit and a load. The application of the
load to the lithium 10n electrochemical cell closes the external
circuit and connects the negative electrode and the positive
clectrode. The closed external circuit enables a working volt-
age to be applied across the lithium 10n electrochemaical cell.
[0041] Upon the mnitial exposure of the negative electrode
to the electrolyte, the additive may begin to react to form the
SEI layer on the surface of the negative electrode. A voltage
potential may also be applied to the electrochemical cell/
battery 1n order to pre-lithiate the negative electrode and
enhance the formation of the SEI layer. During the voltage
application, lithium metal penetrates the negative electrode,
and the additive 1n the electrolyte reacts with the negative
clectrode surface to form the SEI layer (e.g., 12 or 12')
thereon.

[0042] For the Li—Li1 symmetrical electrochemical cell
(1.e., Iithhum-lithium battery), the negative electrode (or
counter electrode) 1s formed of lithium metal. The positive
clectrode of the L1i—IL1 symmetrical cell may include a cop-
per working electrode plated with lithium (e.g., 1 mAh L1
onto the copper).

[0043] The lithium-lithium symmetrical electrochemical
cell may also include any of the previously provided
examples of the porous polymer separator.

[0044] The negative electrode, positive electrode, and
porous separator are soaked with the electrolyte disclosed
herein, including the additive, the lithtum salt, and the solvent
suitable for the lithtum-lithium symmetrical cell.

[0045] The lithium-lithtum symmetrical electrochemical
cell also includes an external circuit and a load. The applica-
tion of the load to the lithium-lithium electrochemical cell
closes the external circuit and connects the negative electrode
and the positive electrode. The closed external circuit enables
a working voltage to be applied across the lithium-lithium
symmetrical electrochemical cell.

[0046] Upon the mnitial exposure of the negative electrode
to the electrolyte, the additive may begin to react to form the
SEI layer on the surface of the negative electrode. Voltage
may be applied on the negative electrode (e.g., a charging
cycle), 1n order to force the reaction to happen between the
additive 1n the electrolyte and the negative electrode. Prior to
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and during the voltage application, lithium metal penetrates
the negative electrode, and the additive in the electrolyte
reacts with the highly reactive lithium metal negative elec-
trode surface to form the SEI layer (e.g., 12 or 12') thereon.
[0047] It 1s to be understood that the lithium-lithium sym-
metrical electrochemical cell may be used as a lithium-
lithium battery. It 1s to be understood that the negative elec-
trode structure (1.¢., lithium metal electrode with the SEI layer
thereon) formed 1n situ 1n the lithium-lithium symmetrical
clectrochemical cell may alternatively be rinsed and incorpo-
rated as the negative electrode 1n another lithtum metal based
battery.

[0048] Inany of the examples disclosed herein mnvolving 1n
situ formation of the SEI layer, the voltage potential that 1s
applied may range from about -2 volts to about 3.0 volts.
[0049] The SEIlayer 12, 12" disclosed herein 1s a protective
coating in that 1t protects the negative electrode 14 from
additional reactions with the electrolyte. The SEI layer12, 12
also exhibits uniformity (1n composition and thickness) and
adhesion to the negative electrode 14.

[0050] To furtherillustrate the present disclosure, examples
are grven herein. It1s to be understood that these examples are
provided for 1llustrative purposes and are not to be construed
as limiting the scope of the present disclosure.

Example 1

[0051] Lithium symmetrical cells were prepared with
lithium fo1l negative and positive electrodes. The comparative
cell included a comparative electrolyte, which included 1 M
L1PF . 1n EC/DMC (1:1 vol rat10). The example cell included
an example of the electrolyte disclosed herein, which
included 1 M LiPF . in EC/DMC (1:1 vol ratio) and 5% of
3-MPS. The test conditions for the comparative and example
cells were: room temperature; current density=0.39 mA/cm?;
1 hour for charge and discharge, repeated 1000 hours; and
cutolf voltage=trom -2V to 2V. FIGS. 2A through 2C 1llus-
trate the voltage (V, Y-axis) versus time (1, X-axis, in hours)
for the comparative (labeled “1”) and example (labeled “27)
cells. The results 1llustrate that the example cell including the
example electrolyte exhibits much more stable performance
over time when compared to the comparative cell.

Example 2

[0052] To illustrate that an electrode may be coated ex situ,
an example electrolyte was prepared including 0.1% of
3-MPS 1in DOL/DME (1:1 vol ratio). A copper electrode was
then immersed 1n the electrolyte using dip-coating. The cop-
per electrode was allowed to react with the 3-MPS for 2 hours.

[0053] The 3-MPS coated copper electrode was then used
as a working electrode 1n an example electrochemical cell

including a lithium counter/reference electrode. The electro-
lyte 1n the example cell imncluded 0.5 M Li1TFSI and 0.4 M

LiNO, in DOL/DME (1:1 vol ratio).

[0054] A comparative electrochemical cell included an
uncoated copper working electrode and a lithium counter/
reference eclectrode. The electrolyte in the comparative cell
included 0.5 M LiTFSI and 0.4 M LiNO; in DOL/DME (1:1
vol ratio) (without any 3-MPS).

[0055] Thetestconditions for the comparative and example

cells were: room temperature; current=200 uA; arca=1.23

cm”; electric charge=1 mA h; and 100% depth of discharge
(DOD). The Coulombic efficiency results are shown in FIG.
3 as a percentage. In FI1G. 3, theY axis, labeled %, represents
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the Coulombic efficiency (percentage) and the X axis, labeled
“#,” represents the cycle number. As illustrated i FIG. 3,
throughout the cycles, the Coulombic efficiency of the
example cell (labeled *“3”) with the SEI layer disclosed herein
1) was slightly higher than the Coulombic efficiency of the
comparative cell (labeled “4””) and 11) outperformed the com-
parative cell by several cycles.

Example 3

[0056] An example electrochemical cell was formulated
with a copper working electrode and a lithtum counter/refer-

ence electrode. The electrolyte included 0.4 M Li1TFSI and
0.6 M LiNO, 1n DOL/DME (1:1 vol ratio) and 2% of poly

(mercaptopropyl)methylsiloxane.

[0057] A comparative electrochemical cell also included a
copper working electrode and a lithium counter/reference
clectrode. The electrolyte 1n the comparative cell included
00.4 M LiTFSI and 0.6 M LiNO, in DOL/DME (1:1 vol ratio)
(without any poly(mercaptopropyl )methylsiloxane).

[0058] Thetestconditions for the comparative and example
cells were: room temperature; current=200 uA; area=1.23
cm”; electric charge=1 mA h; and 100% depth of discharge
(DOD). The Coulombic efficiency results are shown 1n FIG.
4 as a percentage. In FIG. 4, the Y axis, labeled %, represents
the Coulombic efliciency (percentage) and the X axis, labeled
“#,” represents the cycle number. As illustrated 1n FIG. 5,
throughout the cycles, the Coulombic efficiency of the
example cell (labeled “5) with the mercaptosiloxane addi-
tive 1n the electrolyte was generally higher and more stable
than the Coulombic efficiency of the comparative cell (la-
beled “6™).

[0059] Itisto beunderstood that the ranges provided herein
include the stated range and any value or sub-range within the
statedrange. For example, a range of from 1:9to 8:1 should be
interpreted to include not only the explicitly recited limits of
from 1:9 to 8:1, but also to include individual values, such as
1:2, 7:1, etc., and sub-ranges, such as from about 1:3 to 6:3
(1.e., 2:1), etc. Furthermore, when “about” 1s utilized to
describe a value, this 1s meant to encompass minor variations
(up to +/-10%) from the stated value.

[0060] Reference throughout the specification to “one
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example”, “another example”, “an example”, and so forth,
means that a particular element (e.g., feature, structure, and/
or characteristic) described 1n connection with the example 1s
included 1n at least one example described herein, and may or
may not be present in other examples. In addition, 1t 1s to be
understood that the described elements for any example may
be combined 1n any suitable manner 1n the various examples
unless the context clearly dictates otherwise.

[0061] In describing and claiming the examples disclosed
herein, the singular forms “a”, “an’, and “the” include plural
referents unless the context clearly dictates otherwise.

[0062] While several examples have been described 1n
detail, 1t 1s to be understood that the disclosed examples may
be modified. Therefore, the foregoing description 1s to be
considered non-limiting.

What 1s claimed 1s:

1. An electrolyte, comprising:

a solvent;

a lithium salt; and

an additive selected from the group consisting of a mer-
captosilane, a mercaptosiloxane, and combinations
thereof.
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2. The electrolyte as defined 1n claim 1 wherein the mer-
captosilane 1s selected from the group consisting of 3-mer-
captopropyltrimethoxysilane, (mercaptomethyl) methyldi-
cthoxysilane, 3-mercaptopropylmethyldimethoxysilane,
3-mercaptopropyltriethoxysilanee, 11-mercaptoundecylox-
ytrimethylsilane, and combinations thereof.

3. The electrolyte as defined 1n claim 1 wherein the mer-
captosiloxane 1s selected from the group consisting of a [4%
to 6% (mercaptopropyl)methylsiloxane]-dimethylsiloxane
copolymer, a [13% to 17% (mercaptopropyl)methylsilox-
ane |-dimethylsiloxane copolymer, a (mercaptopropyl)meth-
ylsiloxane] homopolymer, and combinations thereof.

4. The electrolyte as defined in claim 1 wherein:

the solvent 1s selected from the group consisting of 1,3-

dioxolane, dimethoxyethane, tetrahydrofuran, 2-meth-
yltetrahydrofuran, 1,2-diethoxyethane,
cthoxymethoxyethane, tetracthylene glycol dimethyl
cther (TEGDME), polyethylene glycol dimethyl ether
(PEGDME), and mixtures thereof; and
the lithtum salt 1s selected from the group consisting of
lithium bis(trifluoromethylsulfonyl imide (LIN
(CF;S0O,), or LiTFSI), LiINO;, LiPF ., LiBF , Lil, LiBr,
L1SCN, L1ClO,, [1AIC],, [1B(C,0,), (L1iBOB), LiB
(CcHs),, LiBF,(C,0,) (LiODFB), LiN(SO,F), (LiF
LiPF;(C,F ), (LiFAP), LiPF ,(CF,),, L1PF_(C,0,) (Li-
FOP), LiPF,(CF,),, L1SO,CF,, L1AsF ., and combina-
tions thereof.
5. The electrolyte as defined 1n claim 1 wherein:

the solvent 1s selected from the group consisting of ethyl-
ene carbonate, propylene carbonate, butylene carbonate,
fluoroethylene carbonate, dimethyl carbonate, diethyl
carbonate, ethylmethyl carbonate, methyl formate,
methyl acetate, methyl propionate, v-butyrolactone,
v-valerolactone, 1,2-dimethoxyethane, 1,2-diethoxy-
cthane, ethoxymethoxyethane, tetrahydrofuran, 2-me-
thyltetrahydrofuran, and combinations thereof; and

the Iithium salt 1s selected from the group consisting of

lithium bis(trifluoromethylsulfonyl imide (LIN
(CF;S50,), or LiTFSI), LiNO;, L1PF, LiBF_, Lil, LiBr,
Li1SCN, [1ClO,, 11AICL,, L1B(C,0,), (1BOB), LiB
(CcHs),, LiBF,(C,0,) (L1IODFB), LIN(SO,F), (L1FSI),
LiPF,(C,F5); (LiFAP), LiPF (CF;),, LiPF ,(C,0,) (Li-
FOP), LiPF,(CF,),, L1SO,CF,, L1AsF ., and combina-
tions thereof.

6. The electrolyte as defined in claim 1 wherein the additive
1s present 1n an amount ranging from about 1 wt % to about 10
wt % of a total wt % of the electrolyte.

7. A negative electrode structure, comprising;

a negative electrode including an active material; and

a solid electrolyte interface (SEI) layer formed on a surface

of the negative electrode, the SEI layer formed from a
mercaptosilane, a mercaptosiloxane, and combinations
thereof.

8. The negative electrode structure as defined 1n claim 7
wherein the mercaptosilane 1s selected from the group con-
sisting of 3-mercaptopropyltrimethoxysilane, (mercaptom-
cthyl)  methyldiethoxysilane,  3-mercaptopropylmeth-
yldimethoxysilane, 3-mercaptopropyltriethoxysilanee,
1 1-mercaptoundecyloxytrimethyl silane, and combinations
thereof.

9. The negative electrode structure as defined 1n claim 7
wherein the mercaptosiloxane 1s selected from the group
consisting of a [4% to 6% (mercaptopropyl)methylsiloxane]-
dimethylsiloxane copolymer, a [13% to 17% (mercaptopro-
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pyl)methylsiloxane]-dimethylsiloxane copolymer, a (mer-
captopropyl)methylsiloxane] homopolymer, and
combinations thereof.

10. The negative electrode structure as defined in claim 7
wherein the active matenial 1s selected from the group con-
sisting of graphite, silicon-based materials, and lithium-
based materials.

11. A method for making a solid electrolyte interface (SEI)
layer on a surface of an electrode, the method comprising:

exposing the electrode to an electrolyte, the electrolyte

including;

a solvent;

a lithium salt; and

an additive selected from the group consisting of a mer-
captosilane, a mercaptosiloxane, and combinations
thereol.

12. The method as defined in claim 11 wherein the elec-
trode 1s exposed to the electrolyte 1n an electrochemical cell,
and wherein the method turther comprises applying a voltage
to the electrochemical cell.

¥ ¥ # ¥ ¥
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