wo 2013/133906 A2 |11 N0F V0RO R A A

(43) International Publication Date
12 September 2013 (12.09.2013)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

WIPOIPCT

(10) International Publication Number

WO 2013/133906 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:
HOIM 10/39 (2006.01) HOIM 10/44 (2006.01)
HOIM 10/0562 (2010.01) HOIM 4/136 (2010.01)

International Application Number:
PCT/US2013/020819

International Filing Date:
9 January 2013 (09.01.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/585,098 10 January 2012 (10.01.2012) US
61/590,494 25 January 2012 (25.01.2012) US

Applicant: THE REGENTS OF THE UNIVERSITY
OF COLORADO, A BODY CORPORATE [US/US];
1800 Grant Street, 8th Floor, Denver, Colorado 80203
(US).

Inventors: YERSAK, Thomas A.; Apt. 13, 2127 Glen-
wood Drive, Boulder, Colorado 80304 (US). LEE, Se-
Hee; 787 Nighthawk Circle, Louisville, Colorado 80027
(US). STOLDT, Conrad; 1810 Willow Way, Golden, Col-
orado 80401 (US).

Agent: TRENNER, Mark D.; 1153 Bergen Parkway,
#M115, Evergreen, Colorado 80439 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
T™M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to the identity of the inventor (Rule 4.17(i))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: LITHIUM ALL-SOLID-STATE BATTERY

(57) Abstract: An all-solid-state lithium battery, thermo-electromechanical activation of Li.S in sulfide based solid state electrolyte
with transition metal sulfides, and electromechanical evolution of a bulk-type all-solid-state iron sulfur cathode, are disclosed. An
example all-solid-state lithium battery includes a cathode having a transition metal sulfide mixed with elemental sulfur to increase
electrical conductivity. In one example method of in-situ electomechanical synthesis of Pyrite (FeS,) from Sulfide (FeS) and ele-
mental sulfur (S) precursors for operation of a solid-state lithium battery, FeS + S composite electrodes are cycled at moderately el -
evated temperatures.



WO 2013/133906 PCT/US2013/020819

LITHIUM ALL-SOLID-STATE BATTERY

GOVERNMENT RIGHTS
[0001] This invention was made with government support under grant
number FAS650-08-1-7839 awarded by the Alr Force Research Laborstory. The
govermment has certain rights in the invention.

PRIORITY CLAIM
[0002] This application claims the benefit of U.S. Provisional Application No.
51/585,098 filed January 10, 2012 and titled “Lithium all-solid-state battery” and
U.8. Provisional Application No. 61/580,494 filed January 25, 2012 and titled
“Thermo-electrochemical activation of solid siate slecirolyie,” both of Yersak, et
al., and each incorporated by reference as though fully set forth herein.

BACKGROUND

[0003] Use of traditional rechargeable fithium-ion batteries in consumer
products is a concern due to safety issues. Such safety issues include, but are
not Hmited {0, solvent leakage and fammability of commercial grade liguid
slecirolytes. Traditional solid-state balleries {composed of glass ceramic rather
than liquid electrolytes) do not pose such safely risks and offer high reliability for
end-users. However, tradifional solid-stale batteries suffer from poor rate
capability, low ionic conductivily, interfacial instability, and fow loading of active
materials.

[0004] Molten salt solid-state batteries require high operating temperatures
(e.g., 400°C and higher}, s0 research was abandoned in search of room
temperature lithium-ion and Bthium-polymer technologies. fron disulfide has
been successfully commercialized in high energy density primary cells.
Unfortunately, sulfide conversion chemistries are irreversible at ambient to
moderately elevated temperatires, making these unusable for rechargeable
batieries.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Figure 1 is a high-level depiction of an exampie lithium or lithium-ion
all-solid-state battery structure.
[0008] Figure 2 shows for an exampie baltery: {a) a field emission scanning
electron microscope (FESEM) micrograph of synthetic Fa$; that confirms cubic
structure with 2-3um cubes, and (b) X-ray diffraction of synthetic pyrite.
[0007] Figure 3 shows as an example of FeS; cycled at ambient
temperature {about 30°C) and moderately elevated temperature (60°CY in 3
liquid coin cell and in an all-solid-state configuration for: {a) solid-state at 30°C,
{b) solid-state gt 80°C, (¢} liquid coin cell at 30°C, (d) a liquid coin cell at 80°C,
(2) capacity retention comparison of cells cycled at 30°C, and {f) capsacilty
retention comparison of celis cycled at 60°C.
[0008] Figure 4 shows an example DFT simulation, where (8) is a so-called
“hall-and-stick” representation of LiFeS; along a charging cycle, and (b}
illustrates the average Fe-Fe distance {ds.re) 8t 2ach state in comparison with
the Fe bulk value.
[0009] Figure 5 shows a) Coulometric titration results for a solid-state cell, b}
shows dQ/dV of a solid-state cell, and ¢} shows deconvolution of the dQi/dy
peaks.
[0010] Figure & shows electrode material from the solid-state cell cycled at
60°C recovered after the twentieth charge for transmission electron microscopy
(TEM), where {(a) 8 a bright field TEM image, and {b) is a high resolution {(HR-)
TEM image.
[0011] Figures 7-9 are plots showing actual data obtained for Example 2.
[0012] Figure 10 is a plot ilustrating that activation of Li:5 exhibits jonic and
slecironic conductivity, as well as added thermal energy.
{0013] Figure 11 is a plot showing cells cycled at C/5 and C/5 charge and
discharge rates.
[0014] Figures 12{a)-{d} are plots of an example rate study.
[0018] Figures 13{a)«{b) are plots showing cycling data for a lithium metal
cell.
[0018] Figure 14 is an x-ray diffraction {XRD;} spectra.
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[0017] Figure 15 shows {a) x-ray diffraction (XRD) speclkra and (b} a TEM
image.

[0018] Figure 16 shows (a) cyclic stability of a FeS + SiLi battery, and (b)-{e}
are voitage profiles of the same baltery.

[0019] Figure 17 shows (a) dQ/dV profiles for bulk-type all-solid-state Li
metal batteries, and (b)-{e) dQ¥/dV profiles of an example battery.

[0020] Figure 18 shows (8) XRD of FeS before and after milling, (b) an
FESEM micrograph of FeS, and {£) an FESEM micrograph of Fe..S affer
mechanical milling.

[0021] Figure 19 shows {a) voltage profiles for two initially overcharged
FeS/liin batteries, and (b) XRD measurements normalized with the (100}
reflection of the beta-Be sample window.

[0022] Figure 20 shows voltage profiles of a FeS/Liln battery.

[0023] Figure 21 shows {&) specific discharge capacity of a batlery as 3
function of applied current, and (b) voltage profiles of the same ballery as a
function of applied current.

DETAILED DESCRIPTION

[0024] Many advanced battery technologies are wying to be the successor of
today’s conventional Li-ion balleries. A strong argument can be made that bulk-
type all-solid-state lithium batteries {ASSLB) hold a competitive edge in this
technological race because they are inherently safe, have excellent shelf life,
perform stably at high temperatures, and enabile the reversibility of high capacity
conversion battery materials like FeS;. However, the energy density of high
power ASSLBs must be improved. The success of the ASSLB architecture can
be realized with energy dense all-solid-state composite cathodes.

[0025] Examples of an ambient temperature, reversible solid-state cathode
are disclosed. An example implementation is in & lithium {Li} metal configuration.
The battery may be constructed using a sulfide glass-ceramic solid electrolyte,
and is implemented in an all-solid-state cell architecture. In an example, the
battery may be characterized as M,S, + z8 where M =Fe, Co, Mo, y=0,1, 2, 3
and z = 0, ¥, 1, and so forth. This nomenclature is intended to include at least
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the following systems: FeS;, Fe§, FeS + S, and may also include other suitable
substitutes as will be undersiood by those having ordinary skill in the art after
becoming familiar with the teachings herein. I{ is noled that the electrochemical
synthesis of metal nano-pariicles maintains the electrochemical activity of LizS.
Accordingly, the battery addresses issues previously associated with rapid
capacity fade at ambient temperature. The electrochemically driven synthesis of
orthorhombic-FeS, {marcasite) can be at least partially achieved at ambient
lemperatures.

[0026] The design of an ambient temperature transition metal plus sulfide
batteries is based at least in part on management of slectro-active species
formed upon full charge (2.5V versus Li+/LY) and full discharge {(1.0V versus
LiYLE). Two example species are elemental ron (Fe®) and polysulfides (S,7). To
reduce or altogether prevent diffusion and agglomeration of Fe® nanoparticles in
conventionsl cells, a varietly of polymer electrolytes have been emploved with
limited success.

[0027] A similar approach may be applied o the confinement of inlermediate
polysuifides in conventional Li-S batteries. Example methods for addressing
intermediate polysulide dissolution and LS irreversibility include polysulfide
adsorption on high swface area CMK-3 nano-porous carbon electrodes,
polymer electrolytes, and polyacrylonitrile~-sulfur composites.

[0028] Another approach is to fimit the upper and/or lower voltage bounds of
the FeS; cells, for exampie, to about 2.2V and 1.3V respectively. The formation
of Fe® and 8,% is inhibited by avoiding full discharge and charge. However,
imiting the cell voltage range diminishes achievable energy density and
stibjects the cells {o the risk of over-charge or over-discharge.

[00291 The basic nature of an ali-solid-siate cell architecture allows for the
confinement of electro-active species. For example, FeS; and Li;FeS; can both
be uiilized reversibly as an all-solid-siate anode. An ali-solid-state architecture
reduces or altogether prevents Fe® dissolution and agglomeration. Suffide-
based, glass-ceramic solid electrolytes and other materials that are stable at
gclevated temperalures demonstrate higher conductiviies at  ambient

temperatures. Accordingly, lithium metal anodes can be safely used with solid
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glectrolytes because cell failure does not precipitate thermal runaway. A lithium
metal electrode has a theoretical capacity of about 3876 mAh ¢, is non-
polarizable and has a low operating vollage that increases achievable cell
energy density, An aill-solid-state architecture not only enables the safe use of a
fithium metal anode, but also enables the reversible full utifization the cathode
material.

[0030] Further examples herein disclose in-situ slectrochemical formation of
high capacity conversion hattery materals like FeS, and reversible utilization of
a glass or other stable electrolyte for higher overall elecirode energy density. in
an example, the best performing composite electrode compositions are
composed of no more than about 25% S or LS by weight. Sulfur's high
theoretical specific capacity of about 1672 mAh g offsets poor active material
mass loading so that high overall electrode energy densilies can be achieved
for ASSLBs. To increase the overall energy densily of a composite electrode
without changing the composition, the {echniques described herein reversibly
electrochemically utilize the glass-ceramic electrolyte. For example, by
incorporating um-Cu powder, acetylene black, and 80Li,5:20P.55 glass-ceramic
glectrolyte into a composite electrode, the the Li;S component of glass-ceramic
electrolyte electrochemical can be utilized. For more effective electrolyte
activation and better electrode reversibility, the active metal can be provided by
in-sitit electrochemical reduction.

[0031] The examples described herein may be further optimized by utilizing a
mechanochemically prepared active material nano-composite of high capacity
conversion battery materials like FeS and §. This matenal provides an
alternative 0 the expensive solvothermally synthesized cubic-FeS, (pytite)
based cathode. The precursors {e.g., FeS and S) are comparatively inexpensive
and ¢an be obtained in much higher purities than natural pyrite. The mechanical
milling process also provides material much more readily than the solvothermal
method.

[0032] During testing, the rapidly increasing specific capacity of the nano-
composite electrode {e.q., FeS + §) quickly exceeded ils theoretical capacity by

abowt 94% in {esting. The excess capacity is a result of a dramalic utitization of
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the glass elecirolyie in the composite slecirode withouwt a degradation of cell
performance. At its maximum, an example electrode exhibited an energy density
of about 1040 Wh kg™ which is the highest energy density achieved for a bulk-
type all-solid-staie electrode. With extended cycling, the electrochemistry of the
composite elecirode (e.q., FeS + S) evolves a redox chemistry based primarily
on that of only sulfur. The resulls show that electrochemically structured
interfaces between conversion active materials and the glass electrolyie can be
utilized {0 increase energy density of ASSLBs, while maintaining good rate
performance.

[0033] itis noted that examples are described herein with respect {o spedific
materials and process parameters for purposes of llugtration only, and are not
intended to be limiting. Other examples will be understood by those having
ordinary skill in the art after becoming familiar with the teachings herein, and are
aiso infended to be included within the scope of the claims.

[0034] Before conlinuing, it is noted that as used herein, the terms “includes”™
and “including” mean, but is not limited to, “includes” or “including” and "includes
at least” or “including at least” The term "based on” means “based on” and
“hased at least in parton.”

Lithium All-Solid-State Battery

[0038] Figure 1 shows a high-level depiction of a lithium all-solid-state
battery structure 100. The battery structure 100 is shown including a cathode
101, solid state electrolyte 102, and an anode 103, The arrows are illustrative of
charge and recharge cycles. The anode may include a lidhium metal, graphite,
silicon, and/or other active materigls that transfer electrons during
charge/discharge cycles. In an exampie, the lithium reservoir may be a
stabitized Li metal powder.

[0038] The cathode 101 is shown in more detaill in the exploded view 1071,
wherein the white circles labsled 110 represent a fransition metal sulfide {e.g.,

FeS; or an midure of FeS plus 8). The gray dircles labeled 111 represent solid
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state elecltrolyte (SSE) particies. The SSE particles promote ionic conductive
pathways in and out of the cathode 101. The black circles {abeled 112 represent
a conducting additive, such as acetylene black.

[0037] in an example, the transition metal sulfide (e.g., Fe$S plus 3) may be
mechanically mixed {e.g., using ball milling or other mechanical processes), and
are not chemically combined. The chemistry of the cathode approximates FeS;
on the first cycle. After 10 or more charge cycles, the cathode exhibits a
behavior that is similar to that of the first cydle.

[0038] Although the lithium all-solid-state battery structure 100 may be
implemented using any suitable transition metal sulfide plus sulfide combination,
the following discusses a specific baltery structure based upon synthelic ron
disulfide.

[0038] Synihetically prepasred FeS: is characterized with field emission
scanhing eleciron microscopy (FESEM) and x-ray analysis. Figure 2 shows (g}
a FESEM micragraph of synthetic FeS; that confirms cubic structure with wide
2-3um cubes, and (b) X-ray diffraction of synthetic pyrite. The FESEM
micrograph shown in Figure 2{a) reveals cubic Fe3; particles with 3um wide
faces. The X-ray analysis of synthetically prepared FeS3, shown in Figure 2{b}
shows diffraction peaks that match well with indexed peaks.

[0040] Synthetic FeS; was tested in both an all-solid-state and liquid cell
configuration. To achieve full ulilization of FeS8;, the cells are cycled to full
discharge {1.0V) and full charge (3.0V). The results of cycling at ambient and
moderate temperatures are shown in Figure 3. For purposes of lllustration,
Figure 3 shows FeS: cycled at ambient temperature (about 30°C) and
moderately elevated temperature (about 80°C) in a liquid coin cell and in an all-
solid-state configuration for: (g8) solid-state at 30°C, {b) solid-state at 60°C, {c)
liquid coin cell at 30°C, (d) a liquid coin cell at 80°C, {&) capacily retention
comparison of cells cycled at 30°C, and (f) capacily retention comparison of
cells cycled at 80°C. All cells except for the 30°C solid-state cell were cycled at
a current of 144uA which corresponds to a rate of GC/10 for charge and
discharge. The 30°C solid-state cell was cycled at rate of C/10 for the first cycle
and C/20 (72pA) for all subsequent cycles.
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[0041] Both solid-state celis are ohserved o have good capacity retention
and a high degree of FeS, utilization. The gradual increase in capacity with
cycling is observed to be a result of better FeS; utilization. This conclusion is
supported by differential capacity (dQ/dV) analysis. By the twentieth cycie, the
cell tested at 30°C exhibits a discharge capacity of nearly 750 mAh g while the
cell tested at 60°C exhibits a theoretical discharge capacity of about 884 mAh ¢
' it is likely that the temperature dependence of solid electrolyte’s conductivity
contributes to the full FeS; utidlization at 80°C, but not at 30°C. Al 60°C the
conductivity of the 77.5L1,5-22 5P,Ss solid electrolyte increases to 4.4x107° o’
e from 9.17x107 O emy? at 30°C. In addition, a higher operating temperature
increases the Li* diffusivity in pyrite particles. More efficient Li* insertion inlo
cubic-FeS; is also likely to resuit in better FeS, utilization.

[0042] In liquid cells, the discharge capacily rapidly fades upon cycling. By
the twentisth cycle, the hiquid cell tested at 30°C exhibits a discharge capacity of
only 190 mAh g“? while the cell tested at 60°C exhibils no discharge capacity.
Decomposition processes are accelerated at 60°C leading to such a fast rate of
capacity fade that negligible capacity is observed after the second cycle. On the
other hand, we have just shown that cycling a solid-state FeS; cell at 60°C only
improves its performance.. At 60°C, it is possible to achieve a reversible, four
electron utilization of FeS,. It is noted that many traction battery packs are
designed o operate at temperatures near about 60°C. The superior
performance of all-solid-state batteries described hearein at higher femperatures
may reduce the need for extensive themmal management systems.

[0043] Mdosshauer spectroscopy and  near-edge  X-ray  absorplion
speactroscopy (XANES) show that the products of FeS, reduction are elemental
iran {Fe®) and Li,S. The initial discharge of FeS, proceeds in two steps:

(1) FeS; + 2Li" + 28" +» Li-FeS;,
(2) Li,FeS, +2Li" + 28" «» 20,8 + Fe”

[0044] Each reaction can occuwr at one voltage or two, depending at least in

part on the kinetics of the sysiem,
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[0045] Discharge profiles were gbhserved having one piateau when the cell is
cycled at 30°C, as can be seen in Figures 3(a) and (¢), and two plaieaus at
60°C, as can be seen in Figures 3(b) and (d). At lower temperatures the
reactions are limited by the low diffusivity of Li” into the micron sized FeS.
particles. At 30°C, reactions corresponding to equations (1) and (2) shown
above proceed simultaneously at 1.5V versus Li"/Li. At moderately elevated
temperatures, eqguations (1) and (2) can proceed at 1.7 and 1.5V respectively
due to the higher diffusivity of Li" into the micron sized FeS, particies. The
shoulder at 1.3V in the ambient temperature liquid cell, as can be seen in Figure
3{c), may be attributed 10 an ireversible side reaction of FeS; infermediaries
with the organic slectrolvie. It is noted that the initial discharge profile of the
FeS, cells is much different than subsequent discharge profiles. The vaniation in
discharge profiles may be due to the improved reaction kingtics of charge
products compared to that of cubic-ymFeS;. Betler kinetics may be due to
changes in FeS, particle momphoiogy and the electrochemical formation of a
different phase of stoichiometric of FeS; like orthorhombic-FeS; (marcasite).
[0048]  Superior performance observed in the solid state is believed to be due
to the confinement of electro-active species. The confinement of Fe® by solid
electrolyte partially explains the better performance. Fe® takes the form of
super-paramagnetic atoms or small aggregates of atoms of about 3.6nm in
diameter. Nano-particles of Fe® have a high reattivity which is related {o the
nanc-particle’s large swiface area. Shouid Fe’ particles agglomerate into larger
partictes with smaller overall surface area, then these particles will have a lower
reactivity,. Without meaning to be limited by the theory, it may be the high
reactivity of the Fe® nano-particles that maintains the electro-activity of LS. Of
course, other theories are also possible.

[0047] But Fe® is susceptible to continuous agglomeration upon cycling.
Agglomeration of Fe® results in the isolation of LS species and the observed
capacily fade when cells are discharged to low voltages. An all-solid-state
architecture can reduce or altogether prevent the agglomeration of Fe® nano-
particles. The atomic proximity of Fe¥ nanoparticles with Li;S maintains the
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glectro-activity of Li:S without the excessive amount of conductive additive
needed in S5/LLS based batteries.

[0048] An all-solid-state architecture is ailso successful at confining
polysulfides S.° formed when the electro-active species present at full charge
are reduced. At ambient {0 moderate temperatures, FeS; is not regenerated by
the four electron oxidation of Fe” and Li;S. But the same is not true for molten
salt Fe§; cells, which operate reversibly at temperatures in excess of 400°C.
[0049] Generally, subseguent charge and discharge cycles may procesd
according to the following reactions:

(3) Fe® + LiyS «» Li,FeS, + 2Li* + 2¢
(4) LizFeS; «» Lip FeSs + xLi" + xe’ {0.5 < x < .8}
(5) LizxFeS, «» FeS, + 2-y)S + (2-x)Li" + (2-x)e’

However eguation {5 may be beller represented by equation (8) hased
on the resuits to be outlined below:

(6} LizsFeS; «» 0.8ortho-Fe8; + 0.2FeSsy + 01758 + {2-x)Li" + (2-x)e”

[0060] The direct reduction of sulfur by Li" upon subsequent discharge
therefore introduces intermediate polysulfides (S.7) into the system. In a liquid
cell, polysulfides dissolve inle the electrolyte and participate in a parasitic
*shuttie” mechanism which causes rapid capacily fade and self-discharge. The
“shuttie” mechanism is the primary degradation process occuring in sulfur-
based cells. Polysulfides cannot dissolve into the solid electrolyte. Therefore,
the confinement of polysulfides in an all-solid-state celt inhibits the “shutlle”
mechanism.

[0081] Charge products at about 30-80°C are likely a mulli-phase mixture of
nano-particles of orthothombic-FeS,, non-stoichiometric Fe§, phases like
pyrrhotite and slemental sulfur. in any case, the elecirochemically active
products resulting from sequential charge cycles simulate the Fe&; chemistry as
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well as provide electrical conductivity within the electrode thus reducing the
amount of conductive additive required. This conclusion is supported by the
resulis of a DFT simulation shown in Figures 4-6.

[0052] Figure 4 shows an example DFT simulation of lithiated LiFeS;
indicating material amorphization and Fe agglomeration for x =4, where (a} is a
so-called “ball-and-stick” representation of LiJFeS; along a charging cycle from
x=4 o x=0, and (b} shows the average Fe-Fe distance {dr.r.) at each stale in
comparison with the Fe bulk value.

[00583] Figure § shows: a} Coulometric tilration results for a solid-state cell
titrated at 80°C compared with the first, second, and tenth discharge profiles for
a solid-state cell cycled at 80°C, b) shows dQ/dV of a solid-state cell cycled at
30°C, and ¢} shows deconvolution of the dQ/dV peaks at 2.1 and 2.2V with
fitted peaks and residual.

[0054] Figure & shows electrode material from the solid-state cell cycled at
60°C recovered after the twenlieth charge for transmission electron microscope
{TEM) analysis, where: (a) is a bright field TEM image of the twentieth cycle
sample with darker arsas corresponding to nano-crystalline orthorhombic-FeS;
and lighter areas corresponding to an amorphous region composed of FeS, and
elemental sulfur, and {(b) is a high resolution {HR-) TEM of the twentieth cycle
sample. FFT analysis matches with orthorhombic-FeS; along the [~110] zone
axis.

[0055] Conirary to previous assumptions, subsequent discharges largely
follow the same initial reaction path. Instead, the difference belween the initial
and subsequent discharge profiles is likely 1o changes in particle morphology
and the formation of the more open orthorhombic-FeS; {marcasite). Thus,
equation {8) more accurately describes the chemistry of subsequent cycles.
[0086] A study used coulometric titration to indicate that cubic-FeS; is not
produced electrochemically. However, the time needed for the FeS; electrode to
reach equilibrium is much fonger than the 24 hours allowed in that study. When
an FeS; cell is allowed up to about 144 hours to establish equilibrium during
initial discharge, the open circuit voltage (OCV) of the cell approaches the

voltage of a subsequeni discharge at the appropriate reaction coordinate (x) as
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shown in Figure 5{a}. This result indicales that the difference between the initial
discharge profile and subsequent discharge profifles can be explained by
kinetica. The difference is not a resull of a different reaction pathway. The
diffusion of Li” into the inner core of 2-3 pm pyrite cubes severely limits the
reaction rate of Fe&; reduction. if electrochemically produced FeS; particles are
nanc-crystalling, then the greally increased interfacial surface area facilitates a
fast reaction rate despite poor Li" diffusivity. The diffusivity of Li* may alsc be
improved by regenerating a phase other than cubic-FeS, For sxampile,
orthorhombic-Fe&, has a more open structire than cublc-FeS;. The formation
of orthorhombic-Fe$, instead of cubic-FeS; may result in faster Li" diffusion,
thus further increasing the reduction reaction Kinetics.

{00671 High resolution transmission electron microscopy {HR-TEM) can be
used to support this understanding through direct observation of orthorhombic-
FeS. nanc-particles upon charge. In an example, slecirode material was
recovered from the solid-state cell cycled at about 80°C upon completion of the
twentieth charge as can be seen inFigure 3(b). This cell exhibits full utilization of
FeS; so it is unlikely that a significant mass of electrochemically inactive
synthetic cubic-Fe§; remains in the cell by the twentieth charge.

[00568] Figure 6(a) shows a bright field (BF} TEM image of the 20th cycled
charged FeS; solid-state electrode. This image depicts nano-crystaliine
domaing {darker) of 100-200nm in diameter encased by an amorphous matenal
{lighter). Fast Fourier transform {FFT) analyses of HR-TEM images malches
well with orthorhombic-Fe&, along the [-110] zone axis as can be seen in Figure
B{b}.

[0059] High resolufion TEM imaging indicates a large amount of amorphous
material encasing the crystalline FeS; domains. To explore this issue further, the
differential capacily of the all-solid-state cell cycled at 30°C was examined, as
can be seen in Figures 5{b) and {¢). The peaks shown in Figure 5{b) correspond
to the oxidation of Li;S, and the reduction of S in an all-solid-state sulfur cell.
The purple peaks correspond to reaction plateaus observed in the solid-state
FeS; cells cycled at 30°C.
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[0060] When the solid-state Fel; cell is charged, no peaks are cbserved
corresponding to the oxidation of Li,S. However, upon discharge a peak is
observed at 2.2V, which corresponds to the direct reduction of sulfur to Li;S.
This result indicates that discharge and charge of a FeS, all-solid-state cell at
higher voltages at least somewhat follows equation (5}, above. it indicates that
sulfur is electrochemically produced by the disproportionation of LipFeS;. For
this reason, the amorphous region is hikely a mixture of elemental sulfur and
non-stoichiometric Fed,.

[0061] To quantify the amount of elemental sulfur produced upon charging,
all elemental sulfur is said 1o be directly reduced to Li:S at 2.2V The solid-state
cell cycled at about 30°C exhibited a discharge capacity of about 737 mAh g°
upon the ninth discharge. If the peaks at 2.1 and 2.2 V correspond o the
reaction of charge products with two slecirons, then integrating the dQ/dV curve
between about 1.6 and 2.5 V vields a capacity 368 maAh g“‘ for this cell. When
these two peaks are de-convoluted and fitted with a Voigt profite, the calcuiated
total area gives a capacity of about 342.2 mAh ¢, as can be seen in Figure
5{(c). This value matches well with the expected capacity of about 368 mAh g~
[0082] The peak at about 2.2 V has an area of about 57.14 mAh g, while
the peak at about 2.1V has an area of about 285.78 mAh g, § (2-y)3 is directly
reduced to LizS, then the remaining capacity may be attributed fo FeS,. The
vaiue of ¥ can be determined {6 be about 0.085. If subsegquent discharges follow
equation (5}, then the chemical formula of FeS, is about FeS,g. If Fef,
primarily takes the form of Fe;Ss {pyrrhotite), then the chemistry of subsequent
cycles likely follows equation (8).

[0083] The charge products are likely 3 multiple phase mixture of nano-
crystaliine orthorhombic-FeS,, sulfur deficient phases of FeS, and elemental
suifur. Accordingly, the charge products are believed 1o be nano-crystaliine
orthorhombic-FeS; encased in amorphous sulfur deficient Fe8, and sulfur (see
Figure 6(a)).

[0o64] Coulometric titration indicates that the initial discharge is kinetically
limited, and subsequent discharges follow a similar reaction path {see Figure

5{a}). Nano-crystalline orthorhombic-FeS; enables faster reaction rates.
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[0065] Sulfur reduction was cobhserved at about 2.2V upon charge, but not
LS oxidation upon charge, as can be seen in Figure 5(b). Fe§, phases and
glemental sulfur may explain the amorphous domains observed in the high
resolution TEM images. The presence of sulfur deficient FeS, phases and the
observation of orthorhombic-FeS3, is consistent. Orthorhombic-FeS; exhibits
very weak temperature independent paramagnetism. For this reason, it is likely
that “'Fe Massbauer spsctroscopy used in previous studies was not capable of
distinguishing orthorhombic-FeS; from other strong temperature dependent
paramagnetic phases fike FeS, and cubic-FeS;. By way of example, Fe;S; Is
ferrimagnetic while FeS is paramagnetic. it is noted that ferrimagnetism is a
much stronger affect.

[0066] The results of the DFT analysis shown in Figure 4 indicate the
formation of highly reactive atomic particles of Fe° The fully-discharged,
amorphous-ike LisFeS; model (Figure 4(a)) shows nanoscale separation of a
Fe® nanocluster from LS. The average Fe-Fe interatomic distance {drere) at
full discharge, x = 4, is much shorter than that of Fe in the bulk {Figure 4(b}). A
shorter drore indicates that Fe® should be very catalvtically active. Results also
indicate the presence of elemental sulfur as a charge product. At x = 0, our
atomic model depicts some degree of FeS: crysiallization with a rather open
structure {Figure 4a). The x = 0 model also depicts the presence of a 5, dimer.
it is the presence of elemental sulfur that inhibits the full crystallization of Fe§;
in our simulation. U is likely that the observed FeS,, nano-clusters could
crystalize into orthorhombic-FeS; rather than cubic-FeS; because of the
former’s lower density,

[0087] Before continuing, it should be noled that the description of example
ambient temperature, reversible metallic lithium iron sulfide (FeS;) solid-state
batferies given above and further described below with reference 1o specific
Examples is provided for purposes of flustration, and is not intended to be
limiting. Other devices and/or device configurations using these and/or other
matearials may be utiized as will be readily apparent to one having ordinary skill
in the art after becoming familiar with the teachings herein.
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Example 1
[0068] in this example, the batteries discussed above were made Yor

laboratory scale analysis using commercially available polyvinylpyrrolidone
(PVP, Myay=10.000) and FeCl™4H,0 (>99%) obtained from Sigma Aldrich,
ethylene glycol (99%:) obtained from Mallinckrodt Baker Inc., and sulfur obtained
from Fischer Scientific. HPLC grade water, analytical grade NaQH, and absolute
ethanol were used without further purification. The FeS§; synthetic methodology
used solvothermal reaction conditions. Dielectric heating for the reaction was
provided with a microwave reactor. Microwave heating was selected because of
its high reproducibility and the ability for automation, making this methodology
amenabie to high throughput syntheses.

[0069] For the reaction 17 mbL of ethylene glycol was added to 600 mg of
PVP in 2 35 mbL microwave flask with a magnetic stirbar. Then 127 mg
FeCl;"4H,0 {0.64 mmol) was introduced. 8 ml of 1 M NaOH was then added,
resulting in a dark green color. Finally, 180 myg of sulfur was added. This solution
was stirred for 20 minutes while changing color from green to black. Some sulfur
remained undissolved during this process. The reaction flask was then capped
{70% full} and introduced to the microwave.

[0070] The microwave used for this example was a Discover SP (CEM Inc.).
The sample was irradiated with 75 W of power until reaching 180°C, as
measured by an infrared detector. The heating took about 7 minutes, and was
held at this temperature for 12 hours. Approximately 680 kPa of autogenous
pressure was generated. Afler the reaction was finished, the product was cooled
by compressed air.

[0071] The resulting silver colored precipitate was separated by
centrifugation and washed three timss by sonication in ethanol. The precipitate
was then stored in ethanol and vacuum dried overnight at 50°C for battery
utilization. Synthetic FeS; was characterized by CuKa x-ray diffraction (XRD)
measurement, FESEM microscopy {(JEOL  JUSM-7401F), and Raman
spectroscopy {Jasco NRS-3100).

[0072]  Cell fabrication and cell testing for this example was carried out under

an inert argon gas environment. The all-solid-state cells used in this study were
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hased upon the 77.5Li,5-22.5P-55 hinary solid-state elecirolyte. The composite
positive electrode had a 10:20:2 weight ratio mixture of synthetically prepared
FeS;, 77.5Li:5-22.5P;Ss, and carbon black (Timcal Super CB85), respectively.
The compaosite posilive slecirode was mixed using an agate mortar and pestle.
Stabilized lithium metal powder (SLMP) was used as the negative electrode
{FMC Lithium Corp.). The consfruction of solid-state celis utilized a titanium-
polyaryletheretherketone (PEEK) test cell die. 200mg of solid electrolyte powder
was pressed at 1 metric ton in the PEEK cell die. 5mg of composite positive
glectrode and the stabilized lithium metal powder were then aftached to
opposite sides of the solid electrolyte layer by pressing at 5 metric tons.

[0073] Liquid cells were fabricated by spreading an slectrode slurry with a
6:2:2 weight ratio of synthetic FeS;, polyvinyifluorine (PVDF) binder (Alfa Aesar)
and acetylene black {Alfa-Aesar, 50% compressed) respectively. PVDF binder
was first dissclved into N-methyl-2-Pyrrclidone (NMP} (Alfa-Aesarn) solvent.
FeS: and acetylene black were then stirred into the PVDF binder. A 50 um thick
layer of slurry was spread on onto aluminum foil (ESPI Metals, 0.0017 thick} and
dried at 60°C in a single wall gravity convection oven {Blue M) for 5 howrs. To
ensure good electronic contact, the electrode sheet was then calendared with a
Durston rolling mill to 75% of the {otal thickness. 816" diameter eleckrodes were
punched and heat treated at 200°C in an Argon environment overnight. FeS;
glectrodes were then assembled into cain cells with a lithium foll negative
electrode {Alfa-Aesar, 0.25mm thick} and 1M LiPF, electrolyte.

[0074] Cells were cycled galvanostatically using an Arbin BT210C battery
tester at room temperature (30°C) and elevated temperature (80°C). Declared
C-rates were based upon FeS.'s theoretical capacity of 884 mAh g . Reaction
equilibrium was studied by use of the galvanosiatic infermiftert tiration
technique (GITT).

Example 2
[0078] Figures 7-8 are plots showing actual data obiained for Example 2.

Specifically, Figure 7 shows charge/discharge profiles for Fe§; in a solid state

lithim  battery, made fFom  microwave synthesis. Figure 8  shows
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charge/discharge profites for in-sity formation of FeS, upon cycling of FeS+S
combined by planetary ball milling {cycled at C/10}. The top plot in Figure 9
shows the performance of FeS, with significantly lowered capacity and a lack of
voltage plateaus correlating to Eg. 7 and 8 below. Upon discharge at room
temperature, a slightly lower voltage is observed due to internal resistance in
the cell, and similarly for charging with a slightly higher voltage. A significant
decrease in reversibility is also observed, with first cycle coulombic efficiency of
both room temperature and slevaled temperature FeS cells below 75%. The
bottom plot in Figure 8 shows a first cycle of FeS at (a) room temperature and
{b) elevated temperature.

[0076] In this example, solid state balleries wtilizing highly conducting sulfide
based solid electrolytes were used for reversible cycling of FeS, electrodes in
both room temperature (25°C) and elevated femperature environments {680°C})
as shown in Figurs 7. Furthermore, it was shown that there is no capacity ioss
for increasing rates up to C/8 for elevated temperature testing. The first cycle
shows the reaction formation of Li;S and Fe down to 1.0V. Reversible cycling is
allowed by the highly reactive iron allowing successful de-Lithiation of Li;S, and
subsequent formation of various Li-Fe-S compounds according o the foliowing
equations which are visible in the charging profile.

3Li+ 2FeS, = LisFe,Sy (2.1V) {Eq. 7}
LizFesS,y — 2LisFeS, (1.9YV) {Eq. 8)
LisFeS, + 2L — Fe + 2L0,S (1.6V) {Eq. 8}

[0077] After the first cycle, well defined voltage plateaus exist, showing the
successful formation of FeS; (from discharging) upon charging, and subssquent
formation of specific reversible Li-Fe-S phases upon discharge.

[0078] FeS; was formed in-situ during the first cycle (and also occurs over
the course of many cycles), ulilizing sioichiometric combinations of other
materials. FeS and 8 were mixed either by mortar and pestie grinding, or by ball
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milling to produce an aclive materiz} that is simply the addition of both, without
formation of FeS;.

[0079] Upon the first discharge, plateaus corresponding to FeS and S were
present, and resulied in a similar capacily of FeS; made by microwave
synthesis. By comparison {Figure 8), it can be seen that there is a difference
between discharge profiles for Fe$; and FeS+S electrodes. However, these
both resulfed in the same highly reactive iron species that allows the reversible
cycling of LizB. Voltage plaleaus corresponding to the similar peaks of FeS;
occurred for FeS+S electrodes (Figure 8} during charging. Subseqguent
discharging (2nd cycle) shows that these exhibited high reversibility and
reaction plateaus for FeS,, resulting from the FeS/S slectrodes. Based on this
understanding, it is further noted that another potential system includes
elecirochemical formation of FeS; from elemental iron and sulfur being ball
milled or mixed by hand.

Thermoelectrochemical activation of solid state electrolyte

[0080] Thermoelectrochemical activation of solid siale electrolyte is also
disclosed herein. To nwrease cell ensrgy density, # may be desirable to
thermally activate the solid state slecltrolyte (g.g., L8} in sulfide-based solid
glectrolytes, including but not limited to xLi:S-{100 - xjP,S:. Initially charging a
cell at an elevated temperature increases the energy density of the cell in one
axample by over 50%.

{00811 For purposes of lllustration, two different composite slectrodes were
studied: an 80Li;5-20P,Ss acetylene black composite with a 20:1 weight ratio
respectively and a TiS,:80Li,8-20P:Ss:acetylene black composite with 10:20:1
weight ratio respectively. The cells in this example have an In metal negative
electrode. However, the claims are not limited to these electrodes, as suitable
substitutes may be used as will be undersiood by those having ordinary skill in

the art after becoming familiar with the teachings herein.
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[0082] Figure 1Q is a plot illustrating that the activation of Li;S is based at
least in part on both the ionic and electronic conductivity of TiS,, as well as
added thermal energy (e.g., about 80°C). The specific charge capacities shown
in Figure 10 are based on the fotal mass of TiS; solid electrolyte and acetyiens
black. Even at elevated temperature the composite with only solid electroivie
shows no capacity. Likewise, the composite with TiS; also shows no capacity
when charged at room {emperature.

[0083] However the composite slectrode with TiS; exhibited a charge
capacity of 13 mAh g7 when charged at an elevated temperature of about 80°C.
This corresponds to a specific charge capacity of about 40mAh g based upon
the TiS; mass. As these cells have a lithium-ion configuration, and TiS; is
already in the charged state, the only source of lithium in these cells was Li;S.
Under an applied current at elevaled temperature, it is believed that otherwise
inert LS is activated by the highly onic and electronic conductive character of
TiS;. Other transition metal sulfides have similar material properties as TiSz, and
may be useful in a similar Li;S activation process.

[0084] Figure 11 shows results of thermo-electrochemical activation of LS
using nano-LiTIS,. Figure 11 is a piot showing cells with a 10:20:1 wi% nano-
LiTiSs: 80LL:S-20P.5g acetyleneg black composite elecirode cycled at C/5 and
C/5 charge and discharge rates. The bottom data series (squares} shows the
cell cycled at 30°C (without thermal-electrochemical activation), and the top
data series {iriangles} shows the cell initially charged at 60°C before being
removed fo room temperature. The nano-LiTiS; was synthesized using
mechano-chemical milling process involving LN decomposition. The composite
gleclrodes are a 10:20:1 weight ratio mixture of nano-LiTiS80LLS-
20P, 85 acetviene black.

{0085] The cells in this exampie have an in metal negative electrode and are
cycied at a rate of C/5 for both charge and discharge. However, the initial
charge and discharge cycles are both conducted at a rate of C/10. Specific
charge capacities presented are based upon the mass of LITIS; initially present
in the composite electrode.
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[0086] The first cell cycled at room {emperature exhibils a very siable
capacity of about 230 mAh g’ after about forty cycles. The second cell
undergoes an initial elevated temperature aclivation charge at about 80°C. ltis
then moved to room temperature {about 30°C) for the first discharge and all
cycles thereafter. This cell exhibits a 345 mAh g’ discharge capacity after about
the fortieth cycle. This represents about a 119 mAh g’ (or about a 53%}
increase in capacity over the theoretical capacity of LiTiS; of 226mAh g~

[0087] The increase In capacily observed with nano-LiTiS: s much larger
than the 40mAh g excess capacily achieved with the TiS;-80LLS PS5
acetylene black composite. The greater surface area of the nano-LiTiS; particles
is thought to more easily facilifate the activation of LS in the solid electrolyte.
Supporting the previcus finding, the rate performance of nano-LiTiS; composite
elecirodes is shown in Figure 12.

[0088] Figures 12{a){d) are plots of an #lustrative rate study of a 10:20:1
wi% LITiS,: 80LLS-20P.5s:acelylene black composite electrode, where {8) and
{b) are at 30°C, and (c) and {d) are at 60°C. The plots in Figures 12{a)-{d}
confirm the repeatability of results shown in Figure 11. The cell cycled at an
elevated femperature exhibits discharge capacities in excess of 160mAhg™
greater than the theoretical capacity of 226 mAhg™ for LiTiS:.

[0083] The celis in this example have a Li metal negative electrode to
facilitate fast ion transfer. } is noted that the cell cycled at elevated temperature
has a specific discharge capacily of nearly 390 mAh g‘”" at a rate of C/2 while
the cell cycled room temperature only exhibits a capacity of 210 mAh g™ at C/2.
Repeatedly charging at elevated temperature activates Li,8 in the solid
glectrolyte, providing excess capacity.

{00981 Figures 13{a)4{b) are plots showing cycling data for g lithium metal
cell. The plots show cycling data for a lithium metal cell with a 10:20:1 wi%
FeSey + S:77.5Li:8-22.5P.Ss.acetylene black composite cathode cycled at
60°C. Al an elevated temperature, the cell gains capacity during the first 10
cycles. The increase in capacity is attributed to the S/ALS redox reaction. The
activation of excess sulfur is responsible for the evolution of a voltage plateau at

abowt 2.2V. it can be seen that the cell has a specific discharge capadily of
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about 807 mAh g“ on the first discharge. but a specific discharge capacity of
1341 mAh g~ by the ninth cycle. This represents an activation of about 534 mAh
g'. The activated capacity can be attributed to the evolution of the S/LiLS
reduction plateau at about 2.2V

[0091] As stated above, the particular solid electrolyte system in this
example is xLi;S~{(100- x}P;Ss. However, this techpique is applicable {o any LiS
containing sulfide based electrolyte system is not limited to Li,S-GeS,-P;8s or
LES-SiIS;. These solid slectrolvies are known as glass ceramics. Duting
electrolyte synthesis {e.q., by melt-quenching or mechano-chemical milling) LS
is incorporated into glass formers not limited to Ge8;, P:Ss, and SiS;. Super-
ionically conducting crystalline phases can also be precipitated in a glassy
matrix upon subsequent heat treatment. it is also possible, that these crystaliine
phases may decompose and result in some excess capacity.

[0092] Figure 14 are x-ray diffraction {XRD) specira of an example 80Li:5-
20P.Ss solid electrolyte, example 10:20:1 wit% LiTiS,80Li8-20P.Ss:acetyiene
black composite electrodes, and indexed spectra for LigTiS; and LizS. The XRD
spectra of the solid electrolyte in this Hlustration shows Li;S peaking at about 27
and about 31.2 degrees, indicating that there are some LS domains still
present in the solid electrolyte. i is believed that the additional capacity is a
result of reacting excess LiS in the solid electrolyte. 1t is expected that the
77.5L1,8-22.5P;S;s solid electrolyte has less excess Li:S fo parlicipale in
activation reactions.

f0083] There is evidence of Cu,S formation and Li,S decomposition upon
charging at about 25°C. The cells in this example tend {o exhibit initial specific
charge capacities of up fo about 150 mAh g, Composites without Cu tend to
exhibit no capacity, indicating that Cu is a reacling species in the solid
electrolyte.

{0094] The process described herein is analogous, but is also somewhat
different. That is, Cu reacts to form CuS, while TiS; remains
chemically/structurally stable. TiS; is an intercalation electrode material, while
Cu,S is a conversion battery material. TiS; succeeds in electrochemically

activating excess Li;S because it is both highly ionically and elecironically
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gonductive. The process described herein is based onan iniial charging at
elevated {emperature, as no excess capacity is observed at room temperature.
[0088] The iron sulfide (FeS;, FeS,, or FeS, + S) systems disclosed herein
are more like the Cu,S electrodes. Duwring lithiation {reduction), FeS; is not
chemically/structurally stable like TiS; Instead, Fe$; reacts with 4Li" in a
conversion reaction to form the completely reduced products of Fe® and 2Li;S.
Fe® acts as a catalyst for the oxidation of Li;S The products of oxidation include
various electronically conducting phases of FeS,. These phases then help to
electrochemically activate excess Lip5 present in the solid electrolyte.

[6096] The lithium sli-solid-state ballery described asbove, which may be
thermaily activated as described above, may also be made using a high
capacity conversion battery materials {e.q., FeS;) equivalent. Examples are
described in the following discussing as in-situ electrochemical formation of a
FeS; phase and reversible ulllization of a glass electrolyle for higher overall
electrode energy density. However, the lithium all-solid state battery s not
fimited 1o such an implementation.

[0097] The resulls described below show that eleckrochamically structured
interfaces belween conversion active malerials and the glass slecirolyie can be
ufilized to increase energy density of ASSLEBs, while maintaining good rate
performance.

[0098] For purposes of illustration, synthesis of the fron sulfide based ail-
solid-state composite electrodes can he by a three step planstary bhall milling
procedure (Across International, PQ-N2). An example 77.5Li:8-22.5P:8s {molar
ratio) glass electrolyte can be prepared by milling about 0.832g Li:S (Aldrich,
99.999%, reagent grade) and about 1.168g P:Ss {Aldrich, 99%) in a 500mL
staintess steel vial (Across international} with two stainless steel balls (having
about a 18mm diameter) and twenty stainiess steel balls (having about 2 10mm

diameter} at about 400 rpm for about 20 hours,
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[0099] The 1.1 molar ratic Fe8:S active material compaosite (denoted as FeS
+ &) can be prepared by milling about 0.733g FebS (Aldrich, technical grade) and
about 0.267g Sulfur (Aldrich, 9988%) in a 100mbL agate jar (Across
international} with five agate balls (having about 8 10mm diameter) and fifty
agate balls {having about a 6mm diamster} at about 400 rpm for about 20
hours.

[00100] The composite electrode can be synthesized by milling a ratio of
prepared Fel3 + 5, 77.5LL8-22.5P:S:, and carbon black conductive additive
{Timcal, C85) in a 100mL agate jar with five agate balls (having about a 10mm
diameter) and fifty agate balls (having about a 6mm diameter) at about 400 rpm
for about 18 minutes.

[00101] In an example, cell fabrication and cell testing was carried out under
an inert Argon gas environment, although other environments may also be
utilized. The working sleclrode is about 5mg of the mechanically prepared Fal
+ 3 based composite elecirode. In this example, about dmyg of stabilized lithium
metal powder (SLMP) was used as the counter slectrode (FMC Lithium Corp.,
Lectro Max Powder 100}, The shell of the solid state battery was a titanium-
polvaryietheretherketone (PEEK) test cell die. To fabricate each cell, the glass
elecirolyte powder was first compressed at about § metnic tons inside the PEEK
cell die to form the separator peliet. In this example, about 5mg of composite
positive eleclrode and the SLMP were then attached to opposite sides of the
glass elecirolyie peliet with about § metric {ons force.

[00102] A vanety of different batlteries were fabricated fo aid in the
characterization of the FeS + S/li baltery's electrochemistry. Still other
axamples are contemplated, and the examples discussed herein are merely
flustrative. In an example, the FeS in these batleries was prepared by
mechanically milling about 2g of FeS in a 100mL agale jar (Across international}
with five agate balls {(having about a 10mm diameter} and fifty agate balls
{having about a Bmm diameter) at about 400 rpm for about 20 hours. The cells
used to electrochemically prepare the cycled XRD samples had a 165 mg FeS
composite cathode and an Inli alloy anode. These cells operate at a lower

potential because the InLi alloy has a potential of about 062V vs. LiT/Li.
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[00103] In these examples, all cells were cycled under constant current
constant voltage (CCCV) conditions using an Arbin BT2000 battery tester at
about 60°C. Because the overall capacity of the Fe$ electrode is a moving
target, rate performance is described by current and not by C-rate. Unless
otherwise noted, specific capacilies are given with respect fo the total mass of
the composite electrode. Materials are characlerized by field emission scanning
electron microscopy (FESEM, JEOL JSM-7401F) and Cu-Ka X-ray (XRD}
measurement.

[00104] Figure 15 shows {(a) XRD of FeS + 5 composite active material and
FeS precursor with indexed reflections for Fe;5; and FeS. The FeS precursor
material is likely 3 mulliphase mixture of Fe8 and an iron deficient Fe .8 phase.
After mechanochemical milling, only reflections for FeS and S are observed
which indicates that no solid state reactions occurred to form FeSy; and (b} is an
FESEM micrograph of the FeS + § composite active material.

[00105] XRD measuremeni presented in Figure 15(a) shows that the FeS
precursor is composed parlly of FeS (Triclite}. However, the precursor also
exhibits ferrimagnetism, which indicates that the sample is likely a multiphase
mixture of FeS and an won deficient phase like Fe:Ss (Pyrrhotite). An
unidentified peak at 44 .84° suggests that other phases may be present as well.
[00106] After mechanical milling with S, the reflections for FeS are observed
{o decrease in intensity and broaden. This s consistent with a decrease in
average particle size by mechanical grinding action. Further, no new reflections
are observed which suggests that the nano-composite is an intimate mixture of
glemental FeS and S. The peak at 37.1° can be attributed to the strong (317)
reflection of the S precursor (JOPDS #832285). Figure 15(b) confirms that the
FeS + S nano-composite is comprised of sub-micron sized pariicles.

[00107] The electrochemical behavior of a FeS + S composite electrode over
time is compiex. Figure 16 shows (a) cyclic siability of 3 FeS + S/Li battery.
Assuming that the aclive material composition of FeS + S has a theoretical
specific capacity of 900 mAh g, the electrode’s specific capacity should not
exceed 281 mAh g Excess capacily is evidence for the electrachemical

utilization of the 77.5L1:8-22.5P;5; glass elecirolyie component; and {(b)-{e) are
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voltage profiles for cycles 1, 2, 10, 20, 30, 40, 60, and 158 of the same battery.
The variability of voltage profiles with respect {o cycle number suggesis an
gvolving electrochemistry.

[00108] Figure 16{a) shows the cyclic stabilily of a dmyg electrode cycled at
60°C with a current of 144 pA. The electrode exhibits an initial dischargs of 320
mAh g, or 1020 mAh g based only on the mass fraction of the FeS + S nano-
composite aclive material, The theorstical capacily of FeS + S should only be
approximately 900 mAh g7, however, the other iron deficient phases present in
the Fel precursor affect the actual theoretical value. After the initial discharge,
the electrode rapidly gains capacity until a maximum capacity of 550 mAh g~
and maximum energy density of 1040 Wh kg™ are achieved by the 16" cycle.
This maximum is followed by an extended phase of capacity fade until the
electrode’s capacity stabilizes at 330 mAh g~ by the sixty-eighth cycle. The
initial discharge and the ons-hundred-fitieth cycle both exhibit a specific
capacity of very nearly 3280 mah g"‘, vet the energy densities of these cycles are
470 and 800 Wh kg, respectively. The discrepancy in energy densities despite
simifar specific capacitiss is a reflection of voltage profile evolution to higher
potentials. Figures 2{b-e) present the voltage profiles of the first and second,
fenth and twentieth, thirieth and fortieth, and siktisth and one-hundred-fiftieth
cycles, respectively.

[00109] Voltage profile evolulion can be correlated {0 the rise, fade and
stabilization of the electrode’s capacity. To understand the behavior of the FeS +
S electrode, dQ/dV analysis was employed to qualitatively identify parallel redox
chemistries. Figure 17 shows (g8) dQ/dV profiles for bulk-type all-solid-state Li
metal batleries with FeS, syn-FeS:, and S composite cathodes; and (b)-{e}
dQ/dV profiles for cycles 1, 2, 10, 20, 30, 40, 60 and 150 of an example FelS +
SiLi battery. it is observed that the evolution of three parallel redox chemistries
accounts for the changing capacity of the battery. Twinning of reduction peaks in
voltage ranges between 2.13 - 2.19 and 1.56 - 1.51 V provides evidence for
the in-situ electrochemical formation of a F&S; phase.

[00110] Figuwre 17a shows the characteristic behavior of Fe$, FeS;, and S in

an ASSLE. The FeS, chemistry is characterized by dominant reduction peaks at
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2.20, 2.14 and 1.49 V, while S is characterized by a reduction peak at 2.2V and
FeS by a peak at 1.55V. The dQ/dV profiles in Figure 17b for the first and
second cycles show evidence for the reduction of only FeS and S. As the cell's
capacily increases, so too does the complexity of the voltage profiles. By the
tenth and twentieth cycle, the dQ/dV profiles in Figure 17c show evidence for
the reduction of FeS, S and Fe5;. The reduction of Fed; is apparent due to the
twinning of reduction peaks in voltage ranges of 2.14 - 2,19 V and 151 - 1.56
V. This is the first time evidence for the in-situ electrachemical formation of Fe&;
has been presented.

[00111] Next, capacity fade is correlated to the decline of peaks associated
with Fe’ «» Fe** reduction and oxidation. The dQ/dV profiles in Figure 17d for
the thirtieth and fortieth cycles during the capacity fade phase show that Fe
redox peaks disappear while the S redox peaks remain relatively stable. By the
sixtieth cycle the dQ/dV profiles in Figure 17e for the electrode achieve g degree
of stahility. Extended cycling capacily 10ss is associated with continued fade of
the Fe redox peaks and the fade of S redox peaks.

[00112] The electrochemical ufilization of the 77.5Li:S8:225P,8: glass
glectrolyte can be understood with reference to ex-situ XRD measurement of
FeS based electrodes. In this example, FeS was used instead of FeS + S {o
simplify the analysis. A glass electrolyte was used because the absence of
ceramic elechrolyte diffraction patiemns also simplifies the analysis. To mimic the
nanc-size morphology of the FeS + S aclive malerial, the FeS used in this
experiment was mechanically milled.

[00113] Figure 18 shows (g} XRD of FeS bhefore and after milling indicates
that no phase changes occur during milling, (b) an FESEM micrograph of FeS
as received from the vendor, and (¢) an FESEM micrograph of Fe,S after
mechanical milling. The XRD and FESEM analysis confirm that the mechanical
milling provides the needed size reduction. Utilization of nano-Fe8 helps obtain
good contact with the glass electrolyte.

[00114] Figure 18{a) shows voliage profiles for two initially overcharged
FeS/liin batteries. Composite electrodes were collected for XRD after full

overcharge (solid) and full discharge (dashed). As seen in Figure 18{a}, the FeS



WO 2013/133906 PCT/US2013/020819

composite electrode was recoverad after an initial overcharge {(salid) and after
full discharge {dashed) (Figure 4a).

[00115] In Figure 18(b), all XRD measurements are normalized with the {100}
reflection of the beta-Be sample window (dotted). Li:8 reflections are indicated
by the dashed lines while Fe .S reflections are indicated by the solid lines. The
XRD sample cycled to an initial full discharge exhibits a low capacily because
the electrode composite was mixed manually and not mechanically. Because
FeS is already in the fully charged state, these cells should have exhibited zero
charge capacity. Instead, both cells achieve an overcharge capacity of about
100 mAh g~

[00118] it can be seen from the XRD of cycled FeS composite electrodes in
Figure 19(b), that this capacity is associated with the utilization of excess Li;S in
the glass electrolyte component of the composite electrode. The diffraction
patiern for the glass electrolyte 1950 includes reflections for Li>S (dashed). As
expected, the diffraction pattern for an uncycled composite electrode 1951
includes reflections for Li,S and FeS (solid). After an initial overcharge 1952, the
reflections for LS disappear. When an electrode is discharged after an initial
overcharge 1853, reflections for Fe§S disappear and weak reflections for Li,S are
once again detected. The reduced intensity of the LixS reflections in this sample
is believed o be due {o the small size of electrochemically precipitated LS
particies,

[00117] To delermine how reasonable i is to asitribute the excess capacity o
the utilization of excess Li;S in the glass electrolyte, the percentage of Li;S
oxidized in the cell presented in Figures 16 and 17 can be estimated by
assuming that all of the FeS + § was slectrochemically ulilized and by
acknowledging that the highest achieved capacily is 2.8 mAh. A fraction of this
capacity can be atiributed to utlilization of the glass elechrolyte at the
electrode/glass electrolyte separator interface, as indicated by Figure 21.
[00118] Figure 20 shows the first through seventeenth voltage profiles of a
FeS/Liln battery where the cathode is composed entirely of 5mg of nano-FeS.
Nomally, FeS should reversibly exhibit only a single plateau. However, with

cycling, this battery develops a higher voltage plateau at approximately 14 V
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versus. Inli. The evolution of the second plateau can be atiributed {0 the
electrochemical utilization of Li;$S in the glass electrolyte at the electrode/glass
glectrolvte separator interface. By the seventeenth cycle, up to 300 pAh of
capacity can be atiributed o the utilization of glass electrolyte separator. This
interface utilization effect may lead to an overestimation of specific capacity and
contribute to the observed excess capacity.

[00119] Utilization of the glass electrolyte separalor may lead o an
overestimation of specific capacity and contribide fo the cbserved excess
capacily especially when the electrode is very small like it is in this case. The
FeS + § component can account for 145 mAh of the maximum capacity.
Without accounting for ulilization of the glass electrolyte separator, the
remaining capacity indicates that 1.16 mg, or 86%, of LS in the glass
electrolyte is electrochemically utilized.

[00120] Such a large percentage of the Li:8 component is likely not oxidized
without decreasing the ionic ransport of the compaosite slectrode. Yet, a rate
test at 60°C was conducted on another FeS + § electrode afler a five cycle
activation and good performance was observed.

[00121] Figure 21 shows {a) specific discharge capacity of a batlery as a
function of applied curent, and () vollage profiles of the same batlery as a
function of applied current. The electrode maintains a specific capacity of 200
mAh g with an applied current of about 240 mA. To maintain good ionic
transport, it is likely that the P,Ss component of the glass elecirolyte may be
electrochemically utilized as well. Utilization of P,5; also explains why capacity
increases during discharge cycles, and not only during the charge cycles when
excess LS is initially oxidized to S.

[00122] U is noted that while the initigl specific discharge capacily of the cell
presented in Figures 16 and 17 is similar 10 that presented in Figure 20, the
degree and rate of capacily activation of each cell is much different. By the fifth
cycle the first cell exhibits a specific capacity of about 488 mAh g, while the
cell used in the rate test only exhibits a specific capacity of about 400 mAh g
The maximum capacity of the rate cell is also about 15% lower than that

achieved by the first cell.
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[00123] The electrodes for these two samples were prepared separately
which attests {o the sensitivity of electrolyte activation to the quality of the glass
slectrolyte. Electrolyte sensitivity is emphasized by the results of another study
that did not observe elecirolyie utilization. Like this sfudy, nano-FeS was used
as an active material and LixS was a precursor for their electrolyte. However, the
electrolyte was a different composition, thio-LISICON Lz 2:Geg 25P6 7554, and
was prepared by melt quenching instead of mechanochemical milling. Previous
work also did not show evidence for slectrochemical activation of the glass
electrolyte. In this study, three 5 micron cubes of synthetic FeS; were used as
the active material. Such a large particle size resulls in poor contact between
the glass electrolvte and the aclive malenial which may inhibit slectrolyle
utilization. Cubic-FeS, is also a semiconductor with a much lower electronic
conductivity than that of the ferrimagnetic Fe,. S precursor used in this study.
[00124] it is noted that the decision 1o mechanically combine um-Cu powder
with S or LixS can be further improved. For exampile, the conversion materials,
FeF, and CuF; suggest that a nano-structured network of reduced metallic
nanoparticles may be empiloyed for good reversibility. A mechanical mixture with
micron active metal particles is therefore not ideat for good reversibility or for
good electrolyte utilization. instead, selectrochemically reduced nano-active
metal particles may be used dus to the better atomic proximity 1o other reduced
species, as well as o the eleclroiyte particles, o further enhance reversibility
and effective electrolyte wilization.

[00125] The examples shown and described herein are provided for purposes
of iflustration and are not intended 10 be limiting. Still other examples are also
contemplated.
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CLAIMS

1. An ali-solid-state lithium battery, comprising:

a cathode having a transition metal sulfide mixed with elemental sulfur,
wherein:

upon full discharge, the cathode undergoes conversion reactions to form
a transition metal + lithium sulfide; and

upon full charge, the cathode undergoes conversion reactions to form the
transition metal sulfide + lithium + electrons.

2. The battery of claim 1, whersin the fransition metal sulfide is selected
from monosulfides, disulfides, and trisulfides.

3. The batlery of claim 1, wherein transition metal sulfide is mechanically
combined,
4. The battery of claim 1, wherein the cathode comprises solid state

electrode (SSE) particles, and a conducting additive.

5. The battery of claim 1, further comprising a solid state electrode {SSE)
fayer between the cathode and an anode.

8. The hattery of claim 1, further comprising an anode including lithium
metal, graphite, or silicon-based aclive materials.

7. The battery of claim 1, wherein the cathode is selected from FeS, or
FelS, equivalent.

8. A method of in-sitis elecirochemical synthesis of pyrite (FeS,) from iron
suifide (FeS) and elemental sulfur (8) precursors, comprising:

cycling FeS + 8§ composile electrodes at moderately elevated
temperature;

wherein charge products are described by the following eguation:
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LizxFeS; «» 0.80rtho-FeS, + 0.2FeSsy + 0.1758 + (2-0Li" + {2-x)e".

8. The method of claim 8, further comprising producing voltage plateaus
indicative of FeS, in battery cells constructed with Fe8S + 8 or as an FeS;
equivalent.

10. The method of claim 9, wherein the voitage plateaus become more
defined upon further cyching.

11, The method of claim 8, wherein the moderalely elevated temperature is
about 80°C,

12.  The method of claim 8, wherein initial discharge of FeS; proceeds in two
steps:

(1) FeS, + 2Li" + 2¢" « LizFe$;
{2) LizFeS, +2Li" + 2¢ «» 2L,S + Fe°,

13, The method of daim 12, wherein subsequent charge and discharge
cycles proceed according to the following reactions:

(3} Fe + LS « LigFeS;, + 2L + 2¢
{4) LiFeB; «» L FeS, + xLi” + x& {where, 0.5 <x <0.8)
{5) Liz.FeS; «» 0.80rtho-Fel; + 0.2FeSyy + 0.17588 + (237 + (2-x)e".

14. A solid-state lithium batlery, comprising:

a solid state electrolyte; and

an activating agent, wherein the activating agent activates excess Li;S in
the solid state slectrolyie o realize an improved charge capacity.

15, The batiery of claim 14, wherein solid state electrolyte is sulfide-based.
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18.  The battery of claim 14, wherein aclivaling agent is a transition metal
sulfide such as FeS, TiS,, Fel8; and/or Fel$, equivalent.

17.  The battery of claim 14, wherein the activaling agent has a highly ionic
and/or electrically conductive ¢character.

18. The battery of claim 17, wherein the highly ionic and electrically
conductive character of the activating agent activales the solid state slectrolyte.

18, The battery of claim 18, wherein the activating agent activates otherwise

inert excess LS in the solid stale elecirolyte.

20. The battery of claim 14, wherein the improved charge capacily is realized
after a single charge event at an elevated temperature.

21, The battery of claim 20, wherein the elevated temperature is about 60°C.

22. The battery of claim 20, whersin the improved charge capacity is greater
than about 50%.

23. The bhattery of claim 14, wherein the sulfide based solid electrolvle is
XLigS—(?Uﬂ-X)PgSs.

24.  The battery of claim 14, further comprising a composite electrode.

25,  The battery of claim 24, wherein the composite electrode is 80LLS-
20P;Ss acetylens black.

28.  The battery of claim 24, wherein the composite electrode is TiS,80LLS-
208,85 acetylene black.
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27. The battery of claim 24, further comprising an in meial negative
electrods.

28. A method of activation of a solid-state ithium battery, comprising thermo-
glectrochemical activating excess Li;S in a solid state electrolyte to realize an

improved charge capacity.

28. The method of claim 28, wherein the improved charge capacily is
realized after a single charge event at an elevated temperature.

30.  The method of claim 28, wherein the elevated temperaturs is about 60°C.

31, The method of claim 29, wherein the improved charge capacily is greater
than about 50%.

32. The method of claim 28, further comprising an FeS; equivalent cathode.
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