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ABSTRACT

This thesis develops a thermodynamic and electronic framework for Li-ion battery
cathodes and applies it to a new class of high-capacity sulfides composed exclu-
sively of industrially abundant elements. It introduces Li-rich Lir, Al Feq_5,S>
cathodes that leverage reversible multielectron anion redox, in which the formation
and cleavage of S—S bonds enable especially high extents of charge storage. A core
design framework is established linking delithiated-phase stability to accessible elec-
trochemical redox capacity. The chemical space is expanded with Cu-substituted
phases, Lir»_,Cu,Alg2Feo ¢S, in which unique Cu-S electronic interactions delo-
calize charge compensation beyond S —S bonds, thereby improving the reversibility
of anion redox. These materials achieve high energy densities using only industrial
elements, offering a promising foundation for next-generation Li-ion cathodes that
address both performance and raw materials constraints. Thus, this thesis advances
the long-term goal of building more sustainable energy systems and expanding

access to electricity worldwide.
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1.1

1.2

LIST OF ILLUSTRATIONS

All batteries contain an anode, electrolyte, and cathode. Anelectrolyte-

permeable, electronically-insulating separator between the anode and
cathode prevents electrical contact between the electrodes. The elec-
trolyte is electronically insulating and ionically conducting. In the
schematics, electrons are indicated as e~, the anode material as j,
and the cathode material as i. The solvated ions in the electrolyte
are indicated as + and —. (a) During discharge, j is oxidized to j*© at
the anode, and i* is reduced to i at the cathode. Discharge is sponta-
neous. (b) During charge, j* is reduced to j, and i is oxidized to i*.
The names of the two electrodes, anode vs. cathode, are defined for
the spontaneous reaction. Charging the battery requires an applied
voltage across the cell. For both charge and discharge the direction
of e™ and current / flow through the external circuit is indicated.

Example schematic showing the state of relevant electrochemical po-
tentials for the cell components before assembly and at open-circuit
equilibrium. (a) The pre-assembly diagram illustrates that the elec-
trochemical potentials are located at higher energies in the anode
than in the cathode. (b) The equilibrium diagram shows how the
electrochemical potentials move in response to the electrostatic po-
tential drop formed at each interface. The electrostatic potential drop
forms because of the reactions shown in the insets, which produce or
consume local Li*-e™ pairs. A mismatch in the Ay .+ levels across ei-
ther interface is a driving force for the associated interfacial reaction;
the reaction will proceed until the consequent electrostatic potential
drop negates the difference in chemical potential across the interface,
yielding a flat electrochemical potential profile. The measured OCV
at equilibrium is given by the difference in the electrochemical po-
tentials for the electrons. Note that because of the sign difference, the
interfacial electric fields act in opposite manner on the electrochem-

ical potentials for Li* vs.e™. . ... ... ... ... ... ...,

Xii

Page
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2.1

22

(a) During discharge, the external circuit allows electrons to move di-
rectly from the anode to cathode. The electrostatic potential drop at
the anodelelectrolyte interface diminishes as electrons are removed,
which pushes ﬁ;‘j‘?de to higher energies. Similarly, electrons arriv-
ing at the cathode diminish the electrostatic potential drop at the
electrolyte|cathode interface, which pushes ,Lii*i‘ih"de to lower ener-
gies. Li* flows from left to right across the interfaces, giving rise
to a concentration gradient (visualized here by the slight slope in the
electrochemical potentials). (b) During charge, an external device
imposes an external voltage more positive than the OCV onto the
cell. The applied voltage is achieved via increases in the interfacial
electrostatic potential drops. Relative to ﬂiliiamlyte, the anode and
cathode’s ;.. move to energies more negative and positive, respec-

tively. Li* flows from right to left across the interfaces, giving rise to

concentration gradients. . . . . . . .. ... ...

The crystal structure of (a) LipFeS; projected along the c-axis (top)
and b-axis (bottom), and the crystal structure of (b) Lis AlS4 projected
along the c-axis (top) and b-axis (bottom). In each panel, the solid
black line indicates the unit cell of the structure shown, while the

dashed black line indicates the unit cell of the other structure for

COMPATISON. .« . & v v v v vt et e e et e e e e e e

X1il

21

Synchrotron powder X-ray diffraction of (a) LipFeS,, (b) Liz 2 Alg2Feg 6S2,

and (c) Lip 4Alg 4Feo2S;. The corresponding Rietveld refinement, re-
flection locations in QO (A‘l) of each phase in the fit, and difference
between fit and data are shown for each material. Superstructure
reflections that are not fit by the Rietveld refinement are indicated by
asterisks (*). The resulting lattice parameters (d) a, (e) b, and (f) ¢
from each Rietveld refinement with respect to y in Lizy Al Feq_,S,
with linear fits indicated by dashed lines. The lattice parameters
follow a linear Vegard’s trend, indicating that yLi* and yAI** suc-

cessfully substitute for 2yFe2+ in LipoAlpsFegS2 (y = 0.2) and

Li2.4A10,4F60.282 (y = 0.4) ........................
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24

2.5

First cycle galvanostatic charge and discharge curves of (a) Li;FeS,,
(b) Li2.2A10.2F60,652, and (C) Li2_4A10.4Fe()_232 Cycled at C/10 based
on 1 e~ per formula unit. The dashed line across panels (a), (b),
and (c) indicates the linear trend in Fe oxidation capacity with y.
(d) The equilibrium voltage V., and (e) overpotential n during the
first charge extracted from GITT. (f) The cycling of Li,FeS; and
Liz 2 AlgoFeg S, at C/10. (g) Rate capability tests of Li;FeS, and
Liz 2 Alg2Feg S, for 5 cycles each at C/10, C/5, C/2, 1C, and again
at C/10. All C rates are based on 1 e~ per formula unit. The data
points in (f) and (g) are the average of three replicate cells and error
bars indicate the standard deviations. . . . . ... ... ... ....
Ex-situ Fe K-edge XAS spectra of (a) Li;FeS; and (b) Liy 2 Alg 2 Feo 6S5.
The first derivative of the rising edge regions for (c) LipFeS; and (d)
Liz 2 Alp2Feg6S2. The energies of the maxima of the first derivatives
at each of the SOCs are overlaid with the corresponding galvanostatic
cycling data for (e) Li;FeS, and (f) Liy2Alg2FeoS;. The dashed
lines in all panels indicate the approximate positions of the pre-edge
x, at 7113.0 eV, and the two rising edges observed at different SOCs,
yand z,at 7117.2 eV and 7118.2 eV, respectively. . . . . ... ...
(a) Ex-situ S K-edge XAS and (b) a representative first cycle curve
indicating the SOCs at which the XAS data was collected for Lio FeS,.
The corresponding data for Li »Alg2Fe S, are in (¢) and (d), re-
spectively. The dashed lines in (a) and (c) indicate the two pre-edge
features v and w, at 2469.2 eV and 2471.8 eV, respectively. . . . . .

Xiv
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4.1

(a) Charge curves of Li;FeS, up to the transition point, after which
the cell is stopped, disassembled, the cathode is rinsed in DMC, dried
in vacuum, annealed at 200 °C under static vacuum (=50 mTorr) for
2 hours, or rested under the same vacuum conditions for ~1 week,
and then assembled in a new cell for galvanostatic cycling. The
standard galvanostatic cycling charge curve for uninterrupted cycling
is indicated by the black, dashed line in panel (a). (b) Ex-situ XRD
of LipFeS; focused on the 26 ranges for the (0 0 1) reflection, and
the (2 0 0) reflection of pyrite FeS, in the pristine, transition, and
annealed states. (c) S K-edge XAS spectra of Li;FeS; in the pristine,
transition, and annealed states. As before in Figure 2.5, the dashed
lines in panel (c) indicate the two pre-edge features v and w, at 2469.2

eV and 2471.8 eV, respectively. Panels (d), (e), and (f), respectively,

indicate the same corresponding data for Lip 2 AlgoFeg6S2. . . . . .

(a) The weighted averages and corresponding weighted standard de-
viations of the isomer shifts of the four Lorentzian doublets used to
fit ex-situ Mossbauer spectra of LioFeS, at various SOCs. (b) The
coordination number N of the first shell correlations, representing
the average number of nearest S atoms coordinating Fe, extracted
from EXAFS fits for Li;FeS, at various SOCs. (c) The representa-
tive galvanostatic data showing the SOC for each data point. Panels
(d), (e), and (f) indicate the same corresponding data, respectively,
for Lip»AlpoFegsS,2. In panels (a) and (d), the weighted average
is indicated by the symbol, and the weighted standard deviation is
indicated by height of the box accompanying the symbol. The dot-
ted/dashed dark purple horizontal line in panels (a) and (d) indicates

the weighted average isomer shift at the transition SOC. . . . . . ..

The crystal structures of (a) LiFeS, projected along the c-axis (top)
and b-axis (bottom), (b) Lis AlS4 projected along the c-axis (top) and
b-axis (bottom), and (c) LiCuFeS, projected along the c-axis (top)

and b-axis (bottom). In each panel, the solid black line indicates the

unit cell of the structure shown. . . . . . . . . ... ... ......

XV
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4.3

4.4
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Synchrotron powder X-ray diffraction of (a) Liy2Alg2FepsS2, (b)
LizCUo,zAlo.zFe()ﬁSz, and (C) Lil.gcuOAAlo.zFe()ﬁSz. The corre-
sponding Rietveld refinement, reflection locations in Q (A~") of each
phase in the fit, and difference between fit and data are shown for
each material. Superstructure reflections that are not fit by the Ri-
etveld refinement are indicated by asterisks (*). The resulting lattice
parameters (d) a, (e) b, and (f) ¢ from each Rietveld refinement
with respect to z in Liz»_,Cu;Alg2Feq¢S2 with linear fits indicated
by dashed lines. The lattice parameters mostly follow a linear Ve-
gard’s trend, indicating that Cu* successfully substitutes for Li* in
LipCugoAlg2Fep6S2 (z =0.2) and Lij §Cug4AlgoFepsS2 (z =0.4). . 59
First cycle galvanostatic charge and discharge curves of (a) Liy 2 Alg2Feo 6S2,
(b) LixCugoAlgoFegS2, and (c) LijgCug4AlgaFeosS2 cycled at
C/10 based on 1 e~ per formula unit. The dashed line across
panels (a), (b), and (c) indicates the linear trend in capacity with
z. (d) The cycling of LiyAlg2FeoSs, LiaCugaAlg2FegeS2, and
Li; §Cug4Alg2Feq S, at C/10. (e) Rate capability tests of Liy 2 Alg 2Fe 6S2,
LipCug2Alg2Feo 652, and Lij gCug 4Alg2Fe ¢S, for 5 cycles each at
C/10, C/5, C/2, 1C, and again at C/10. All C rates are based on 1
e~ per formula unit. The data points in (d) and (e) are the average of
three replicate cells and error bars indicate the standard deviations.
(f) The equilibrium voltage V,,. and (g) overpotential  during the
first charge extracted from GITT. . . ... ... ... . ... .... 61
Ex-situ Fe K-edge XAS spectra of (a) Lix»Alg2FepsS, and (b)
Li; §Cug4AlgoFegsS,>. The first derivative of the rising edge re-
gions for (c) LiyAlg2Feg S, and (d) Lij gCug4gAlp2FepeS2. The
energies of the maxima of the first derivatives at each of the SOCs
are overlaid with the corresponding galvanostatic cycling data for (e)
Lip 2 Alg2Fe S, and (f) Lij gCug 4Alg2Fep6S2. The dashed lines in
all panels indicate the approximate positions of the pre-edge w, at
7113.0 eV, the two rising edges observed at different SOCs, x and
v, at 7117.2 eV and 7118.2 eV, respectively, and the additional high
energy feature, z, at 7119.7eV. . . . . . .. ... 63
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Xvii
(a) Ex-situ S K-edge XAS and (b) a representative first cycle curve in-
dicating the SOCs at which the X AS data was collected for Liy » Alg 2Feg 6S».
The corresponding data for Li; §Cug 4Alg2Feo6S, are in (c) and (d),
respectively. The dashed lines in (a) and (c) indicate the two pre-edge
features u and v, at 2469.2 eV and 2471.8 eV, respectively. . . . . . . 65
(a) Ex-situ Cu K-edge XAS spectra, (b) magnified pre-edge region,
and (c) first derivative of the rising edge regions for Li; gCug 4Alg2Fe6S>.
(d) The energies of the maxima of the first derivatives at each of the
SOC:s are overlaid with representative galvanostatic cycling data. The
dashed lines in all panels indicate the approximate positions of the
pre-edge r, at 8979.0 €V, and the lowest and highest energy rising
edge positions observed at different SOCs, s and ¢, at 8981.9 eV and
8982.4 eV, respectively. . . . . . ... 66
The first shell values of (a) reg, and (b) N from Fe K-edge EXAFS
analysis of Lix»Alg2FeqS,, with (¢) accompanying galvanostatic
data indicating the SOCs at which EXAFS analysis is conducted.
Panels (d), (e), and (f), respectively, indicate the same correspond-
ing data for Li; gCup4Alg2FepeS,>. Panels (d) and (e) additionally
include re, and N, respectively, from Cu K-edge EXAFS analysis of
Li; gCug4Alg2FegsS,. All reg and N values are shown with statisti-
cal error bars. Fe K-edge EXAFS data points are marked with solid
red circles, while Cu K-edge EXAFS data points are marked with

dashed cyancircles. . . . . ... ... ... ... ... 67



4.8 (a) Charge curves of Lip 2Alg2Feo 657 up to the transition point, after

5.1

which the cell is stopped, disassembled, the cathode is rinsed in
DMC, dried in vacuum, annealed at 200 °C under static vacuum
(=50 mTorr) for 2 hours, or rested at room temperature under the same
vacuum conditions for ~36 hours, and then assembled in a new cell
for galvanostatic cycling. The standard galvanostatic cycling charge
curve for uninterrupted cycling is indicated by the black, dashed line
in panel (a). (b) Ex-situ XRD of Liy »Alg2Feg S, focused on the 26
ranges of the (0 0 1) reflection, and the (2 0 0) reflection of pyrite
FeS, in the pristine, transition, and annealed states. (c) Fe K-edge
XAS spectra, (d) magnified pre-edge region, and (e) first derivative of
the rising edge regions for Li; 2 Alg2Feg 6S; in the pristine, transition,
and annealed states. As before in Figure 4.4, the dashed lines in
panels (c), (d), and (e) indicate the approximate positions of the pre-
edge w, at 7113.0 eV, and the two rising edges observed at different
SOCs, x and y, at 7117.2 eV and 7118.2 eV, respectively. Panels
(), (g), (h), (1), and (j) contain the same corresponding data for
Li; §Cug4Alg2FegS,. Panel (g) focuses on the 26 ranges of the (0
0 1) reflection of Li; gCug4AlprFep6S, and the (2 0 4) reflection
of chalcopyrite CuFeS,. The dashed lines in panels (h), (i), and (j)
indicate the approximate positions of the pre-edge w, at 7113.0 €V,
and the two rising edges observed at different SOCs, x” and y’, at
7118.5eV and 7119.7 eV, respectively. . . . .. .. ... ... ...
Indexed prices of Li-ion (a) key cathode raw materials and (b) battery
packs from 2017 to 2024. All prices are normalized to July 2017.
The spike in raw material costs in 2022 caused Li-ion pack prices to
increase for the first time ever that same year, marked by the dashed

graylines. . . . . ...
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The refined phases (top) and only anion frameworks (bottom) of (a)
LizFCSz, (b) Li2,2A10.2F60_6SQ, (C) Li2.4Alo_4FCO.zsz, from our sXRD
data, and (d) LisAlS4. The axes in (a) apply to all panels. The anion
framework of Li;FeS, has near perfect HCP symmetry. To easily
observe changes to the anion framework with y in Lip, Al Fe;_2,S,,
we superimpose the S atoms in LiyFeS,, as transparent black circles,
on top of the S atoms in Liy;AlgsFepeS2, LiraAlgaFep2S,, and
LisAlS4. Qualitatively, the anion frameworks become more distorted
from HCP symmetry with larger y. We hypothesize that the high
charge density of AI’** causes the distortions. . . . . .........
The first cycles of three replicate cells from three separate reaction
batches of (a) LizF@Sz, (b) Li2_2A10.2F60_6SZ, and (C) Li2.4Alo,4Feo.252,
all cycled at C/10 based on 1 e~ per formula unit. We mark the tran-
sition point from the sloping region associated with Fe oxidation to
the S oxidation plateau during charge for each replicate with a dashed
vertical gray line. The corresponding average capacity and standard
deviations associated with the two regions are in Table S4. . . . . . .
GITT curve and accompanying galvanostatic curve at C/10 of the
first cycle of (a) Li;FeS;, and three representative time-relaxation
profiles from the (b) Fe oxidation sloping region and (c) S oxidation
plateau. Panels (d), (e), and (f) show the same corresponding data
for LiyAlg2FeosS,2, and panels (g), (h), and (i) show the same
corresponding data for Liy 4Alg 4Fep»S,. GITT was obtained at C/10
based on 1 mole e~ per f.u. for 20 min separated by 4 h rest periods
at open-circuit. The sections of the GITT curves for which the time-
relaxation profiles are plotted are marked in panels (a), (d), and (g).
Black dashed lines and circular data points mark the section limits of
the sloping region, also used in panels (b), (e), and (h). Gray dashed
lines and diamond-shaped data points mark the limits for the plateau,
again used in panels (¢), (f),and (1). . . . ... ... .. ... ...
(a) The gravimetric charge and discharge capacities and (b) the
coulombic efficiencies of three replicate cells of LipFeS; cycled at
C/10 based on 1 mole e~ per f.u. for 25 cycles. Panels (c) and (d)
show the same corresponding data for Liy Al 2Feo¢S2. The average
and standard deviation of the three replicates in (a) and (c) are shown

in Figure 2.3finthe maintext. . . . . . . . ... ... ... .....
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Representative galvanostatic cycles 1, 5, 10, and 25 of (a) Li,FeS;
and (b) Liy 2 Alg2Fe 652, both cycled at C/10 based on 1 mole e~ per
formulaunit. . . .. ...
The gravimetric charge and discharge capacities of three replicate
cells of (a) LipFeS, and (b) Liz 2Alg>Fep S, subjected to rate capa-
bility tests of 5 cycles each at C/10, C/5, C/2, 1C, and again at C/10.
All C rates are based on 1 e~ per formula unit. The average and
standard deviation of these replicates are shown in Figure 2.3g in the
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Representative galvanostatic cycles 1 (at C/10), 5 (at C/10), 10 (at
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Ex-situ Fe K-edge XAS spectra of (a) Li;FeS; and (b) Liy 2 Alg 2Feg 652
at the pristine, mid-slope, transition, annealed, and mid-plateau
SOCs. The first derivative of the rising edge regions for (c) Li;FeS,
and (d) Lir»Alp2Fep6S,>. The energies of the maxima of the first
derivatives at each of the SOCs are overlaid with the corresponding
galvanostatic cycling data for (e) Li;FeS, and (f) Liz 2 Alg2Feg6S2.
The dashed lines in all panels labeled x, y, and z indicate the same
features as in Figure 2.4: the pre-edge x, at 7113.0 eV, and the two
rising edges observed at different SOCs, y and z, at 7117.2 eV and
7118.2 eV, respectively. . . . . . . ... L
Ex-situ XRD, focused on the (0 0 1) reflection between ~13° to 16°
20, of (a) LioFeS; in the pristine, transition, charged, and discharged
states with (b) accompanying galvanostatic data. The same corre-
sponding data for Liy»Alg2Fep S, is shown in panels (¢) and (d),

respectively. . . . ... L
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S12

S13

Full ex-situ XRD patterns between 10 to 85 26 (°) of (a) Li,FeS;
in the pristine, transition, charged, and discharged states with (b)
accompanying galvanostatic data. The same corresponding data for
Liz 2 Alp2Feg S, is shown in panels (c) and (d), respectively. Fig-
ure S10 suggests that long-range order is restored in the discharged
state by showing the recovery of the layer spacing associated with
the (0 O 1) reflection. The near-identical full XRD patterns in the
pristine and discharged states shown here confirm that this structural

restoration extends to the entire long-range order, not just the layer
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XRD of the attempted synthesis of Aly,FepeS>. The Rietveld re-
finement (fit), reflection locations of each phase in the fit, the weight
percent contribution of each phase, and the difference between the fit

and data are all shown. All observed reflections are accounted for by
a three phase fit to Fe7Sg (10.6 wt%), Al,FeS,4 (38.3 wt%), and FeS,

GLIwt%). ..o

The crystal structure of (a) Lip2Alg2Feg S, from Rietveld refine-
ment of the sXRD data in Figure 2.2 projected along the a-axis (top)
and c-axis (bottom), and the crystal structure of (b) Al,FeS4 projected
along the a-c plane (top) and c-axis (bottom). To show how the struc-
tures are related, the unit cell of the material being shown is indicated
with a solid, black line, and the unit cell of the other material is indi-
cated with a dashed, black line. The Li*-only layers perpendicular to
the c-axis in Liy Al ,Fep S, contain octahedrally coordinated Li*,
while the corresponding layers in Al,FeS4 have only tetrahedrally
coordinated Fe?* or AI**. To easily compare tetrahedral sites, we
omit all octahedrally coordinated cations in the bottom projections
along the c-axis for both materials. This further highlights the pos-
sible structural similarity between delithiated Li»Aly>Fe ¢S, and
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S14  Ex-situ XRD of the annealed states of (a) Li;FeS, and (b) Lir , Alg 2 Feg ¢S,

S15

S16

and the transition states of (¢) Li;FeS, and (d) Liy 2 Alg 2Fep 6S,. Each
panel shows the Rietveld refinement (fit), reflection locations of each
phase in the fit, and the difference between the fit and data. All
patterns are described by a single phase, except Li;FeS; in the an-
nealed state, which is fit to two phases: pyrite FeS; (16.8 wt%), and
Liy_,FeS; (83.2 wt%). While we label the phases in the fits as Lip_y
in (a) and (c) or Liz»_, in (b) and (d) to indicate delithiated samples,
the crystallographic information files used for the refinements are
those of pristine (fully lithiated) Li;FeS, and Lis » Alg>FepS,.

The weighted averages and corresponding weighted standard devi-
ations of the isomer shifts (a) and quadrupole splittings (b) of the
Lorentzian doublets used to fit ex-situ Mossbauer spectra of LiyFeSo,
with the corresponding galvanostatic data (c) showing the SOCs at
which the spectra are measured. Panels (d), (e), and (f), respectively,
indicate the same corresponding data for Liy 2 Alg2Feg ¢S,. In panels
(a), (b), (d), and (e), the weighted average is indicated by the sym-
bol, and the weighted standard deviation is indicated by height of
the box accompanying the symbol. The dotted/dashed dark purple
horizontal line in panels (a) and (d) indicates the weighted average
isomer shift at the transition SOC. The isomer shift data is discussed
in the main text. The quadrupole splitting is similar in both materials.
After annealing, the quadrupole splitting broadens for Li;FeS, but
narrows for Liy 2 Alg2FeqS2, supporting that the former undergoes
conversion while the latter doesnot. . . . . . . ... ... ... ..
Mossbauer spectrum, four Fe sites in each fit, fit (sum of the Fe
sites), and fit-data difference (A) of the (a) pristine, (b) mid-slope,
(c) transition, (d) mid-plateau, (e) charged, (f) discharged, and (g)
annealed states of LipFeS;. The linewidth (I') of the four Fe sites
is constrained to be equal in each fit and is shown in each panel. A
single unidentified Fe site (peak) in annealed sample is indicated by

anasterisk. . . . . ..,
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S18

S19

S20

S21

S22

Mossbauer spectrum, four Fe sites in each fit, fit (sum of the Fe
sites), and fit-data difference (A) of the (a) pristine, (b) mid-slope,
(c) transition, (d) mid-plateau, (e) charged, (f) discharged, and (g)
annealed states of Liy »Alg,FeqS>. The linewidth (I') of the four Fe

sites is constrained to be equal in each fit and is shown in each panel.

The first and second shell values of (a) ro¢ and (b) N for Li,FeS,, with
accompanying galvanostatic data (c) indicating the SOCs at which the
EXAFS analysis is conducted. Panels (d), (e), and (f), respectively,
indicate the same corresponding data for Liy ,AlgsFepsS2. All reg,
and N values are shown with statistical error bars. The first shell data
is discussed in the main text. The second shell data shows similar
trends for LioFeS, and Liy 2AlgoFepeSo. .« . . o o o o o o oL
Fe K-edge EXAFS K3 x (k) data, fit, fit window, and fit-data difference
of the (a) pristine, (b) mid-slope, (c) transition, (d) mid-plateau, (e)
charged, (f) discharged, and (g) annealed states of Li,FeS,. . . . . .
Fe K-edge EXAFS K3 x (k) data, fit, fit window, and fit-data difference
of the (a) pristine, (b) mid-slope, (c) transition, (d) mid-plateau, (e)
charged, (f) discharged, and (g) annealed states of Li>»Alp2Fep¢S,.
Fe K-edge EXAFS k3-weighted |y (R)| data, fit, fit window, and fit-
data difference of the (a) pristine, (b) mid-slope, (c) transition, (d)
mid-plateau, (e) charged, (f) discharged, and (g) annealed states of
LizFCSz. ...............................
Fe K-edge EXAFS k3-weighted |y (R)| data, fit, fit window, and fit-
data difference of the (a) pristine, (b) mid-slope, (c) transition, (d)
mid-plateau, (e) charged, (f) discharged, and (g) annealed states of
LigoAlgoFegsSa. . o o o o o o o
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S23

S24

S25

S26

The centroids of the Mdssbauer spectra, the weighted averages and
weighted standard deviations of the isomer shifts of Li;FeS; (a), with
accompanying galvanostatic data (b). Panels (c) and (d) respectively
show the same corresponding data for Li; 2 Alg 2Feg 6S,. We calculate

the centroids of the spectra in Figures S16 and S17 as centroid =
Zil(vi)vi

Xil(vi)
the velocity, and i indexes the data points. The dotted/dashed dark

where I(v;) is the normalized absorption intensity, v; is

purple horizontal line in panels (a) and (c) indicates the centroid
at the transition SOC. The centroids, calculated directly from the
data without parameters, provide direct access to the isomer shift.
They follow the same trend as the weighted average isomer shifts
from our fits, confirming that the fits accurately represent the data
and are unbiased. The annealed state of LisFeS, is omitted because
it contains multiple phases, preventing meaningful spectral centroid
analysis. . . . ... L e
The volumetric energy density versus the gravimetric energy density
for commercial Li-ion battery cathodes NMC811 and LFP, and the
emerging cathodes DRX, LiyFeS,, and Liy»Alp2FepeS2. Among
these materials, Lix»AlpoFep S, exhibits the highest gravimetric

energy density. Relevant values and references for determining the

XX1V

gravimetric and volumetric energy densities are provided in Table S9. 125

The first cycles of three replicate cells from three separate cells of (a)

Liz 2 Alg2Feo6S2, (b) Li;Cug 2 Alg 2Feg 6S2, and (¢) Lij gCug 4Alg 2Fep 652,

all cycled at C/10 based on 1 e~ per formula unit. We mark the tran-
sition point from the sloping region associated with Fe oxidation to
the S oxidation plateau during charge for each replicate with a dashed
vertical gray line. The corresponding average capacity and standard
deviations associated with the two regions are in Table S11. . . . .
(a) The gravimetric charge and discharge capacities and (b) the
coulombic efficiencies of three replicate cells of LiyAlg2FegS2
cycled at C/10 based on 1 mole e~ per f.u. for 25 cycles. Panels
(c) and (d), and (e) and (f) show the same corresponding data for
LipCug2Alg2Feo S, and Lij gCug4AlgoFepsSo, respectively. The
average and standard deviation of the three replicates in (a) and (c)

are shown in Figure 4.3d in the maintext. . . . . ... .. .. ...
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S27 Representative galvanostatic cycles 1, 5, 10, and 25 of (a) Lio 2 Alp 2Feg 6S»,

(b) LizCll()AzAlo,zFe()ﬁSz, and (C) Lil_gcuO,4Al()42Feo,682, all Cycled at

C/10 based on 1 mole e~ per formulaunit. . . . .. ... ... ... 135
S28 The gravimetric charge and discharge capacities of three replicate

cells of (a) Liz 2 Al 2Feg 652, (b) LixCug 2 Al 2Feg 652, and (¢) Lij §Cug 4 Al 2Feg 652

subjected to rate capability tests of 5 cycles each at C/10, C/5, C/2,

1C, and again at C/10. All C rates are based on 1 e~ per formula unit.

The average and standard deviation of these replicates are shown in

Figure 4.3einthe maintext. . . . . . . ... .. .. ... ...... 136
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from the rate capability tests shown in Figure S28. All C rates are
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S30 GITT curve and accompanying galvanostatic curve at C/10 of the

first cycle of (a) LiopAlg2Fep6S2, (b) LioCugaAlg2Feo S, and (¢)

Li; §Cug4Aly,Fep6S,. GITT was obtained at C/10 based on 1 mole

e~ per f.u. for 20 min separated by 4 h rest periods at open-circuit. . 138
S31 (a) Ex-situ Fe K-edge XAS spectra and (b) first derivative of the rising

edge for LipCugAlg2Fep6S2. (c) The energies of the maxima of the

first derivatives at each of the SOCs overlaid with the corresponding

galvanostatic cycling data. The dashed lines in all panels indicate the

approximate positions of the pre-edge w, at 7113.0 eV, the two rising

edges observed at different SOCs, x and y, at 7117.2 eV and 7118.2

eV, respectively, and the additional high energy feature, z, at 7119.7 eV.138
S32  (a) Ex-situ S K-edge XAS and (b) a representative first cycle curve in-

dicating the SOCs at which the XAS data was collected for LioCug 2 Alg 2Feg 6S2.

The dashed lines in (a) indicate the two pre-edge features u and v, at

2469.2 eV and 2471.8 eV, respectively. . . . . ... ... ... ... 139
S33  Ex-situ XRD, focused on the (0 0 1) reflection between ~13° to 16°

260, of (a) Lip 2 Alg 2Feq 657 in the pristine, transition, charged, and dis-

charged states with (b) accompanying galvanostatic data. The same

corresponding data for Li,Cug » Alg2Feg ¢S, and Li; gCug 4Alg2Fep.6S2
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S36

S37

S38

Full ex-situ XRD patterns between 10 to 85 26 (°) of (a) Liz 2 Alp 2Fep 652

in the pristine, transition, charged, and discharged states with (b) ac-
companying galvanostatic data. The same corresponding data for
LipCug2Alg2Feo S, and Lij gCug4Alg2Feq S, is shown in panels
(c) and (d), and (e) and (f), respectively. Figure S33 suggests that
long-range order is restored in the discharged state by showing the
recovery of the layer spacing associated with the (0 0 1) reflection.
The near-identical full XRD patterns in the pristine and discharged
states shown here confirm that this structural restoration extends to
the entire long-range order, not just the layer spacing. . . . . .. ..

(a) Ex-situ Cu K-edge XAS spectra, (b) magnified pre-edge region,

and (c) first derivative of the rising edge regions for Li,Cug 2 Alg2Feq 6S».

(d) The energies of the maxima of the first derivatives at each of the
SOC:s are overlaid with representative galvanostatic cycling data. The
dashed lines in all panels indicate the approximate positions of the
pre-edge r, at 8979.0 eV, and the lowest and highest energy rising
edge positions observed at different SOCs, s and 7, at 8981.9 eV and
8982.4 eV, respectively. . . . . . ..o oo
The second shell values of (a) r.g and (b) N from Fe K-edge EXAFS
analysis of LiyAlg2Feg Sy, with (c) accompanying galvanostatic
data indicating the SOCs at which EXAFS analysis is conducted.
Panels (d), (e), and (f), respectively, indicate the same correspond-
ing data for Li; gCup4Alg2FepeS2. Panels (d) and (e) additionally
include 7. and N, respectively, from Cu K-edge EXAFS analysis of
Li; gCug4Alg2FeqsS,. All reg and N values are shown with statisti-
cal error bars. Fe K-edge EXAFS data points are marked with solid
red circles, while Cu K-edge EXAFS data points are marked with
dashed cyan circles. The first shell data is discussed in the main text.
The second shell data shows similar trends for Lis 2 Aly2Feg ¢S, and
Lij sCupaAlpaFeoeSa. - . o o o o o oo
Fe K-edge EXAFS k3 y (k) data, fit, fit window, and fit-data difference
of the (a) pristine, (b) transition, (c) charged, and (d) discharged states
of Lis »AlgoFeq6S,. The first shell data is discussed in the main text.
Fe K-edge EXAFS k3 y (k) data, fit, fit window, and fit-data difference
of the (a) pristine, (b) transition, (c) charged, and (d) discharged states
of Li; gCug4Alp2FeosSs. . . . o o o o o

XX Vi

141



S39

S40

S41

S42

S43

S44

S45

S46

CuK-edge EXAFS k3 y (k) data, fit, fit window, and fit-data difference
of the (a) pristine, (b) transition, (c) charged, and (d) discharged states
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Fe K-edge EXAFS k3-weighted |y (R)| data, fit, fit window, and fit-
data difference of the (a) pristine, (b) transition, (c) charged, and (d)
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Fe K-edge EXAFS k3-weighted |y (R)| data, fit, fit window, and fit-
data difference of the (a) pristine, (b) transition, (c) charged, and (d)
discharged states of Li; §Cug4Alg2FegeSs. . . . . . . . . . .. ..
Cu K-edge EXAFS k3-weighted |y (R)| data, fit, fit window, and fit-
data difference of the (a) pristine, (b) transition, (c) charged, and (d)
discharged states of Li; §Cug4Alg2FegeSs. . . . . . . . . . .. ..
XRD of the attempted synthesis of Aly,FepsS>. The Rietveld re-
finement (fit), reflection locations of each phase in the fit, the weight
percent contribution of each phase, and the difference between the fit
and data are all shown. All observed reflections are accounted for by
a three-phase fit to FeS, (51.1 wt%), Al,FeS,4 (38.3 wt%), and Fe;Sg
(10.6 Wt%). . . . . e e e
XRD of the attempted synthesis of Cug,Alg2FeqS,. The Rietveld
refinement (fit), reflection locations of each phase in the fit, the
weight percent contribution of each phase, and the difference be-
tween the fit and data are all shown. All but a few minor reflections
between 20°and 30°26 are accounted for by a three-phase fit to FeS,
(45.8 wt%), CuFeS, (40.7 wt%), and Fe;Sg (13.6 wt%). . . . . ..
XRD of the attempted synthesis of Cug4Alg2FeqS,. The Rietveld
refinement (fit), reflection locations of each phase in the fit, the
weight percent contribution of each phase, and the difference between
the fit and data are all shown. All but a few minor reflections be-
tween 20°and 30°26 are accounted for by a three-phase fit to CuFeS;
(63.8 wt%), FeS, (31.6 wt%), and Fe;Sg (4.6 wt%). . . . ... ..
(a) S K-edge XAS spectra of Lir»Alp2Fep ¢S, in the pristine, tran-
sition, and annealed states. (b) Galvanostatic data indicating the
SOCs at which the XAS data was collected for Lis»Alg2FegeSs.
The corresponding data for Lij §Cug 4Alg2Feo6S» are in (c) and (d),
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features u and v, at 2469.2 eV and 2471.8 eV, respectively. . . . . .
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(a) Ex-situ Cu K-edge XAS spectra, (b) magnified pre-edge region,

and (c) first derivative of the rising edge regions for Li; gCug 4Alg2Fep.6S2

in the pristine, transition, and annealed states. (d) The energies of
the maxima of the first derivatives at each of the SOCs are overlaid
with representative galvanostatic cycling data. The dashed lines in all
panels indicate the approximate positions of the pre-edge r, at 8979.0
eV, and the lowest and highest energy rising edge positions observed
at different SOCs, s and ¢, at 8981.9 eV and 8982.4 eV, respectively.
Ex-situ XRD of the annealed states of (a) Lip 2Alg2Fep S, and (b)
Li; §Cug4Aly2Feq 6S,, and the transition states of (¢) Lip 2 Alg 2Feg 6S»
and (d) Li; gCup4Alg2FepeS>. Each panel shows the Rietveld re-
finement (fit), reflection locations of each phase in the fit, and the
difference between the fit and data. All patterns are described by
a single phase, except Lij gCug4Alp2Fep S, in the annealed state,
which is fit to two phases: chalcopyrite CuFeS; (8.6 wt%), and
Lij g xCugaAlp2FeqsSs (91.4 wt%). While we label the phases in
the fits as Lir»_, in (a) and (c) or Li; g_, in (b) and (d) to indicate
delithiated samples, the crystallographic information files used for
the refinements are those of pristine (fully lithiated) Liy 2 Alg2Feo 6S2
and Li; gCug4AlgoFepeSa. . . o o o o o
The volumetric energy density versus the gravimetric energy density

for commercial Li-ion battery cathodes NMC811 and LFP, and the
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emerging cathodes DRX, LizFGSz, Li2.2A10.2F60.6 Sz, LizCUogAlogFﬁoﬁSz,

and Li; gCug4Alg,Feq6S>. Relevant values and references for deter-
mining the gravimetric and volumetric energy densities are provided
inTable S14. . . . . . . . . .
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ABSTRACT

Chapter 1 develops a thermodynamic model for Li-ion batteries based on elec-
trochemical potentials across all major phases—anode, electrolyte, and cathode.
By explicitly accounting for both Li* and e~ electrochemical potentials, the frame-
work explains equilibrium and non-equilibrium behavior—including voltage, charge
transfer, and interfacial electrostatics—from first principles. This foundation unifies
atomistic and device-level perspectives on Li-ion battery operation and sets the stage

for multielectron redox chemistries explored in later chapters.



1.1 Introduction

As a first-year PhD student, I watched a National Academy of Sciences (NAS)
Chemical Sciences Roundtable titled “Advances, Challenges, and Long-Term Op-
portunities of Electrochemistry: Addressing Societal Needs”, held on November
18-19, 2019. It was just over one month after the Nobel Prize in Chemistry had been
awarded jointly to Dr. John B. Goodenough, Dr. M. Stanley Whittingham, and Dr.
Akira Yoshino for the development of Li-ion batteries. It was especially exciting
to see Li-ion batteries finally receive this long-overdue recognition—as even the
Nobel Prize press release acknowledged: “This lightweight, rechargeable and pow-
erful battery is now used in everything from mobile phones to laptops and electric
vehicles. It can also store significant amounts of energy from solar and wind power,
making possible a fossil fuel-free society.”[1] In our excitement, all the first-year
rotators, See Group members, and our advisor Dr. Kimberly A. See gathered each
morning by 4:50 AM PT in Lecture Hall 153 of the Arthur Amos Noyes Laboratory
of Chemical Physics to watch the livestream of the workshop, which would begin at
8:00 AM ET in Washington, D.C.

Dr. Larry Faulkner opened the workshop by emphasizing that: “Electrochemistry
connects electrical energy and the material world—this will always be a most im-
portant linkage for human existence.”[2] While he was likely directly referring to
chemical materials, his words can be interpreted more broadly: electrochemistry
links electrical energy not only with chemicals, but also with the material conditions
that shape the human condition and quality of life. To me, this is the most exciting
and beautiful aspect of electrochemistry: that it links electricity and chemicals at
both atomic and societal scales. Fundamentally, via e~ transfer, electrochemistry
converts between energy stored in electric fields and chemical energy stored in mat-
ter. Broadly, this process can shape a more sustainable society and improve human
welfare by storing renewable electricity in chemical form. In a world facing the dual
moral imperatives of eradicating energy poverty and combating climate change,

electrochemistry offers a pathway to achieve both without compromise.

While electrochemistry underpins many different technologies today, batteries are
arguably the most widely used—and most directly embody the definition of elec-
trochemistry itself. A battery toggles between electrical and chemical energy via
electrochemical reactions that occur concomitantly at two electrodes termed the
anode and cathode. During discharge, an oxidation reaction at the anode releases

electrons into the external circuit and is accompanied by a reduction reaction at the
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Figure 1.1: All batteries contain an anode, electrolyte, and cathode. An electrolyte-
permeable, electronically-insulating separator between the anode and cathode pre-
vents electrical contact between the electrodes. The electrolyte is electronically
insulating and ionically conducting. In the schematics, electrons are indicated as
e”, the anode material as j, and the cathode material as i. The solvated ions in
the electrolyte are indicated as + and —. (a) During discharge, j is oxidized to j*
at the anode, and i* is reduced to i at the cathode. Discharge is spontaneous. (b)
During charge, j* is reduced to j, and i is oxidized to i*. The names of the two
electrodes, anode vs. cathode, are defined for the spontaneous reaction. Charging
the battery requires an applied voltage across the cell. For both charge and discharge
the direction of e and current / flow through the external circuit is indicated.

cathode that consumes the electrons. The gain and loss of electrons is charge bal-
anced by ions that conduct across the electronically insulating electrolyte as depicted
in Figure 1.1.[3]

Key definitions
A schematic of a general battery during discharge is shown in Figure 1.1a. Chemical
energy is converted into electrical energy spontaneously and current flows from the

cathode to the anode. By convention, the direction of current flow / is opposite to
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the flow of electrons. The electrode nomenclature is defined during the discharge
when oxidation occurs at the anode and reduction occurs at the cathode. An
easy way to remember this convention is the mnemonic “An Ox” and ‘“Red Cat.”
Thermodynamically speaking, the potential energy of the anode is higher than that

of the cathode and thus the reaction is spontaneous.

A schematic during charge is shown in Figure 1.1b. Analogously, electrical energy
is converted into chemical energy upon applying a voltage across the cell to drive
the uphill reaction. Now, the oxidation reaction occurs at the cathode and the
reduction reaction at the anode. Although the opposite reaction is occurring at
each electrode, the battery community colloquially conserves designation of the
electrodes (anode vs. cathode) as it was defined for the discharge (spontaneous)
reactions. The reduction and oxidation reactions that occur at the electrodes are
called half reactions. The corresponding half reaction at each electrode is indicated
below the electrode in Figure 1.1. If the half reactions are irreversible, the battery
can only be discharged once and is called a primary battery/cell. Alternatively, if
the half reactions are reversible, the battery is rechargeable and is called a secondary
battery/cell. The two half reactions together give the full redox reaction of the
battery. For example, the half reactions and full reaction for the battery in Figure 1.1

are:

anode half reaction: j — j© +e” (1.1)
cathode half reaction: i* +e~ —— i (1.2)
full cell reaction: j +i* —— j™ +i (1.3)

Although the equations are written with cations j© and i* and indicate a single e~
transfer, j© and i* could be replaced by anions, and the e~ transfer could instead
involve multiple electrons. The standard reduction potentials of many half reactions
are tabulated and can be used to estimate the thermodynamic cell potential. The
standard reduction potential E® describes a reduction reaction at standard conditions
=E’-E"

where E? is thestandard reduction potential of the cathodic half reaction and E? is

and thus the potential of the full cell described above is calculated by E©

cell

the standard reduction potential of the anodic half reaction. Positive cell potentials

yield negative Gibbs free energy (A G°) and thus spontaneous reactions:
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AG"=-nF Eg, (1.4)
A G =-n F Ecell

where 7 is the number of electrons transferred and F' is Faraday’s constant (96485
C-mol~!). In the second equation, we drop the superscript 0 implying that the same

relationship holds in non-standard conditions.

The species j and i are called the electrochemically active species. That is, the elec-
trochemically active species are the species in the anode and cathode which change
oxidation state in the half reactions and store charge. Discrete changes in formal
oxidation state are often used to describe the charge compensation mechanisms in
battery materials, however, such a description becomes less accurate in materials
with delocalized electrons or holes and/or covalent bonds. It is more accurate to
say the electrochemically active species are the species on which changes in charge
density are most localized during the half reactions. In other words, the electro-
chemically active species are the species that have occupied density of states near

the Fermi level.

The ions + and — in the electrolyte in Figure 1.1 conduct the ionic component of
the full cell reaction. As written above, + and — are general and could refer to any
cation or anion. At least one or more of the ions in the electrolyte will also appear
in the half reactions (consider, for instance, if + =j). Such ions are called working
ions. The working ion can undergo reduction and oxidation itself or simply act as a

charge-compensating ion, as is the case for Li* in a Li-ion battery.

1.2 The Li-ion battery model system

While the discussion so far applies to any type of battery, we now turn to a general
Li-ion system—reflecting this thesis’s central focus on multielectron redox in novel
Li-ion cathodes. We can modify the half-reactions above to include a Li* working
ion. The Li* is both in the electrolyte and reacts at the electrodes; the ion + in
Figure 1.1 is taken to be Li* for this analysis. The half reactions and full cell

reaction for a general Li-ion battery can be written as:

anode half reaction: LiM; — Li* +e™ + M, (1.5)

cathode half reaction: Li* + e~ + M, — LiM, (1.6)



full cell reaction: LiM{ + M, —— M + LiM> (1.7)

Note that the formal oxidation state of Li* remains unchanged and M, and M, are
the electrochemically active species. In a Li-ion battery, M is often graphite and
M, is a metal oxide. We start from the general thermodynamic identity for the

electrochemical Gibbs free energy.
dé:—SdT+VdP+ZZpngg (1.8)

where G is the electrochemical Gibbs free energy, S is entropy, T is temperature,
V is volume, P is pressure, and ﬂg is the electrochemical potential of species @ in
phase B, and N is the number of particles. a indexes over the different phases in
the system and 8 indexes over different charge species (e.g., multiple working ions,

electrons).

Recall that the electrochemical potential ﬂg is the partial molar Gibbs free energy
of a given species S in phase @, composed of the sum of its chemical potential
,uz, which determines diffusive equilibrium, and electrostatic potential ¢g, which

determines electrostatic equilibrium.[4]
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Ay = = ug +25F ¢y (1.9)

T,P

zg is the signed charge number of 8 (e.g., +1, —1, +2, —=2), and F is the Faraday
constant (96485 C-mol™!).

In the Li-ion battery model system, we take the temperature and pressure as con-
stants, and we have only the Li* working ion and electrons e, so the thermodynamic

identity simplifies as below:

(dG)rp =) i dN{. + A5 dNE (1.10)
a

The derivative in the electrochemical Gibbs free energy of the cell can be written
in terms of the Li* and e~ concentrations in all phases. The three major phases

indicated in Figure 1.1 are the anode, electrolyte, and cathode.
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Note that the electrolyte, unlike the anode and cathode, conducts only Li* and other
dissolved ions. The electrolyte (typically an organic solvent in a Li-ion battery) is

highly insulating with respect to e~ or hole (h*) species.

We integrate to get:

/ (dG)T P= / anode dN anode + / IJ:I_lOde stgode

thod thod thod thod
/ﬂia+0 edNI(i?Jf ode /ﬂca 0 echa ode (1.12)
+ / ﬂileictrolyte dNelectrolyte

G Iuanode Nanode + Manode Nanode + 'ucathode Ncathode + Mcathode Ncathode
Lit

+ —electrolyte Nelectrolyte (1.13)
My Li*
Equivalently:
lectrolyt
G Gcathode + ch:gthode + Giief rolyte + Gzr}ode + Gi??de (114)

One might think that dN_ ., elecm’]yte is always equal to 0, so this term in Equation 1.12
could be dropped. However, we define two separate Gibbs free energies. The first
is G, which is the total Gibbs free energy of the battery. This term would increase
if we were to (for example) increase the concentration of Li* in the electrolyte, as
this would result in a higher chemical potential of Li* just by virtue of being more
concentrated. Later on, we define AG 1 (Equation 1.27), which is the Gibbs free
energy difference between the electrodes. This is the same AG as in AG = —nFAE
—Equation 1.4. In this AGe term, the term dNy;+ indeed goes to 0 because any
change in the concentration of Li* in the electrolyte will be cancelled out by equal

and opposite effects at each electrode interface.
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Figure 1.2: Example schematic showing the state of relevant electrochemical po-
tentials for the cell components before assembly and at open-circuit equilibrium. (a)
The pre-assembly diagram illustrates that the electrochemical potentials are located
at higher energies in the anode than in the cathode. (b) The equilibrium diagram
shows how the electrochemical potentials move in response to the electrostatic po-
tential drop formed at each interface. The electrostatic potential drop forms because
of the reactions shown in the insets, which produce or consume local Li*-e~ pairs.
A mismatch in the /i]"., levels across either interface is a driving force for the associ-
ated interfacial reaction; the reaction will proceed until the consequent electrostatic
potential drop negates the difference in chemical potential across the interface, yield-
ing a flat electrochemical potential profile. The measured OCV at equilibrium is
given by the difference in the electrochemical potentials for the electrons. Note that
because of the sign difference, the interfacial electric fields act in opposite manner
on the electrochemical potentials for Li* vs. e™.

The general equilibrium condition

At equilibrium, the total electrochemical Gibbs free energy for the battery must be
minimized. The minimization of the electrochemical Gibbs free energy happens
through changes in the electrochemical potentials for each species. In the bulk of
the anode, cathode, and electrolyte, any gradient in the Li* electrochemical potential

produces drift and diffusion of Li*. The flux, J, of Li* in phase a can be written as:

ce.D?
_ Li* " Lit _
Jfﬁ = — (T) V/J]Cfﬁ (115)
C]‘fi+ is the concentration, Dl(fi+ is the diffusion coeflicient, and Vﬂ;} is the gradient
in electrochemical potential for Li* in «.[4] Movement of Li* through drift and

diffusion alters the chemical potential term in Equation 1.9, thereby altering the
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electrochemical potential.

At the interfaces, the Li* electrochemical potentials can equilibrate through changes
in the interfacial electrostatic potential drop. Any initial mismatch in the electro-
chemical potential at the interface is equivalent to a mismatch in the electrochemical
Gibbs free energy (Equation 1.9). Thus, a mismatch in electrochemical potential at
the interface will spontaneously drive the relevant chemical reaction (Equations 1.5
and 1.6) to either produce or consume Li*-e~ pairs. Note that Equations 1.5 and 1.6
not only describe the half-reactions in a closed circuit (i.e., charge or discharge)
but also in open-circuit conditions, wherein the half-reactions occur at dynamic

equilibrium at the electrode/electrolyte interfaces.

Without an external circuit to compensate charge, any generated Li*-e ™ pairs remain
close to achieve local charge neutrality: the Li* in solution remains adjacent to the
e~ in the electrode. Similarly, consumed Li*-e~ pairs produce anion——h" pairs
that remain proximal. The excess charges at the interfaces generate an electrostatic
potential drop that counteracts any mismatch in chemical potential across the in-
terface. The relationship between the charge density accumulated at each interface
and the resulting electrostatic potential is captured by the 1D Poisson-Boltzmann

equation.

2

d
p(x) = —880quS (1.16)

where p(x) is the excess charge at position x, £g¢ is the permittivity, and ¢ is the
electrostatic potential. Equation 1.9 depends on the electrostatic potential, indicating

that the electrochemical potential can be altered through Equations 1.5 and 1.6.

While the Li* electrochemical potential can be altered by movement of Li*, equi-
libration of the e~ electrochemical potential is constrained by the electronically
insulating nature of the electrolyte. Unlike metals or semiconductors, organic elec-
trolytes cannot support free e~ or h™ concentrations. For a metal-metal contact,
any interfacial mismatch in the e~ electrochemical potential will force charge to
flow, following the drift—diffusion equation.[4] To retain local neutrality, an interfa-
cial layer of h*-e~ pairs will form, creating an electrostatic potential drop via the
Poisson—Boltzmann relationship. However, for the electrode—electrolyte interface in
a battery, no such equilibration process can take place because the interface does not
support €~ or h* conduction. Any e~ electrochemical potential mismatch between

the anode and cathode cannot be resolved at open circuit.
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With the e~ electrochemical potential constrained, minimization of the electrochem-
ical Gibbs free energy only depends on the Li* terms: GEi+, GEH and GI’}. The
terms are related by their Li* concentrations, the sum of which is a constant quantity:

total __ arcathode electrolyte anode
NLi* = NLi+ +NLi+ +NLi+ (1.17)

Since any Li* concentration term can be written as a function of the other two,
there exist only two independent variables. Thus, we can write an expression for
the minimization of the electrochemical Gibbs free energy, min(G_), in terms of the

L . . . lectrolyt
minimization of just two independent variables: N¥2°% and N} 57"

.= ) . lectrolyt
min(G) ~ min (Gc‘ﬂ?th"de + GEEEOVE 4 Gi?fde)

Lit Li*
o _anode aranode , -electrolyte , selectrolyte
= min | 00 N0 4 OV N TS (1.18)
—cathode [ prtotal anode electrolyte
+ UL (N Le ~ N~ N

Note that the e terms in Equation 1.13 are neglected in Equation 1.18 because they
are effectively constant and will not be relevant for minimization. Only the electrons
at the interfaces (a few nanometers) are involved in minimization, which is negligible

relative to the number of electrons in the bulk of each electrode (Nerfaces « ybulk)

The electrochemical Gibbs free energy is minimized when the partial gradient with
respect to each independent variable is equal to O[5] (the mathematical condition

for a minimum):

G
SN =0 (1.19)
Lit Nelzctrolyle
Li
and
G
9 Nelectrolyte =0 (1.20)
Li* Nanode
Li
Solving the above partial derivatives yields:
G
— /«_ti?gde _ /jieilihode =0 (1'21)

0 Nanode
Lit Nelectrolyte

Lit
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and

aG_ electrol
_ —_ yte _ —cathode _
9 Nelectrolyte = My Hy i+ =0 (1.22)
Lit Nan_:_)de
Li

By combining both results we find the equilibrium condition:

ﬂirilgde _ ﬂiliimlyte — -ch:hode (1.23)
Figure 1.2 shows schematics of the relevant electrochemical potentials across the
anode, electrolyte, and cathode before (Figure 1.2a) and after equilibration (Fig-
ure 1.2b). The before state represents the situation where the cell has yet to be
constructed (i.e., no contact between components). The interfacial equilibration
occurs for fif"., because the interfacial reactions (Equations 1.5 and 1.6) can alter
the electrostatic potential drop at the interfaces. The constant value of ,uf}, across
the cell in Figure 1.2b reflects that the electrochemical potential of Li* is uniform at
equilibrium, as required by the equilibrium condition (Equation 1.23). The change

in the electrostatic potential is shown in the vacuum energy (Ey,c) in Figure 1.2b.

Electrochemical origin of cell voltage

The equilibrium cell voltage can now be calculated by considering the smallest
perturbation from equilibrium. We evaluate how the electrochemical Gibbs free
energy changes as a single e is either charged or discharged. We label equations
for charge with “a” and discharge with “b”. Note that an e~ flowing from the cathode

to the anode is accompanied by a Li*.

For the cathode, the electrochemical Gibbs free energy change per particle charged

(Equation 24a) and discharged (Equation 24b) are:

Joules
_ cathode prcathode cathode __ —cathode cathode __
AG cathode (particle = A N (NLi+ 1) T He (Nef 1)
~cathode prcathode —cathode arcathode
~ e NG e N (242)

Joules
AGcathode ( )

: _ ﬁcathode Nceﬁhode Ncthrhode +1) + ﬁczjthode Ncgthode +1
particle Li Li ©

- FLit e

—cathode A 7cathode —cathode A 7cathode
~ e NG e N (240)
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Figure 1.3: (a) During discharge, the external circuit allows electrons to move
directly from the anode to cathode. The electrostatic potential drop at the
anode|electrolyte interface diminishes as electrons are removed, which pushes ,ua‘“"de
to higher energies. Similarly, electrons arriving at the cathode diminish the elec—
trostatic potential drop at the electrolyte|cathode interface, which pushes ,u““h‘)de to
lower energies. Li* flows from left to right across the interfaces, giving rise to a
concentration gradient (visualized here by the slight slope in the electrochemical
potentials). (b) During charge, an external device imposes an external voltage more
positive than the OCV onto the cell. The applied voltage is achieved via increases
in the interfacial electrostatic potential drops. Relative to /Iileftro}yte the anode and
cathode’s ', move to energies more negative and positive, respectively. Li* flows
from right to left across the interfaces, giving rise to concentration gradients.

and for the anode are:

AG anode (m) ,UanOde ( N anode 1) aI_IOde ( Nanode + 1)

particle Li* He
#anode Nanode ’uanode Nanode (2 5 a)
AG arode ( J Oli'lels ) /jirlmde ( Nanode 1) + 'u:node ( N:{lode _ 1)
particle
ﬂanode Nanode 'a:r_lode N:{lode (2 5b)

The full electrochemical Gibbs free energy change is the sum of the anode and

cathode components:
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( Joules
cell :
particle

) = AGcathode + AGanode

_ cathode cathode cathode —cathode cathode
= | o ahode (ypathode _ 1) . eathode (yeathode _ )

cathode Ncathode —cathode Ncathode]

—f ne

+ [ ﬂir;ode ( Nanode + 1) —:r_lode ( Nanode + 1)

anode Nanode

ﬂ 'uanode Nanode] (26 a)

Joules
cell

m) = AGcathode + AGanode

— [ ﬁcathode Ncathode ( Ncathode + 1) + Iacailthode ( Ngflth()de + 1)

Li* S
llcathode Ncathode Iucathode Ncathode]
+ [ /jingde ( Nanode 1) + ﬁzelgode ( NSPOde _ 1)
ﬂanode Nanode 'uenode Nanode] (26b)
Simplified:
Joules
cell ( : ) = AGcathode + AGanode
particle (272)
[ /'l]CjthOde 'ugathode] [ ﬂ]zir:ode + ’u:node]
Joules
AGcell ( : ) = AGcathode + AGanode
particle (27b)

— [ ﬂcathode —cathode] [ —anode ’L—lanode]

Liv T He Hy i+ e

Recall Equation 1.4, AG.e; = —n e ®@. Via Equations 1.4 and 1.27, we can express

® in terms of the electrochemical potentials of the electroactive species (we assume
n=1):

[ luiellthode ﬂcgthode] [ I irllode + Mar}ode]
d=- (28a)
e
[ 'uthhode + #cathode] [ Jr i?Ode Jr; eemode]
®=— (28b)
e
In Equation 1.28, we have not applied the equilibrium condition that ,uc‘“h(’de = yi‘;“’de

(Equation 1.23). Therefore, when a battery is in a non-equilibrium, non-OCV state
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(i.e., actively charging or discharging), the total electrical energy per charge is the
difference in the electrochemical potential of the working ion Li* at the cathode ver-
sus the anode, minus the difference in the electrochemical potential of electrons e™ at
the cathode versus the anode—i.e., the net electrochemical potential difference of all
charge species between the cathode and the anode (Equation 1.28). Figure 1.3 shows
schematics of the relevant electrochemical potentials across the anode, electrolyte,

and cathode during discharge (Figure 1.3a) and charge (Figure 1.3b).

When a battery is at equilibrium in an OCV state (i.e., disconnected from an exter-
nal circuit), we can simplify Equation 1.28 by invoking the equilibrium condition

Equation 1.23, such that the difference in the Li* terms in Equation 1.28 is 0—i.e.,

—~anode _ ~cathode ~anode ~cathode _
Hpe™ = A0 80 ™ — o =0,

ﬁcgthode _ ﬁar_lode
q)OCV == £ (1.293)
e
ﬂagode _ ﬂcgthode
®ocy = ——= < (1.29b)
e

Thus, at equilibrium the total electrical energy per charge is solely the difference in
the electrochemical potential of electrons at the cathode versus the anode, i.e., the
net electrochemical potential difference of e~ between the electrodes (Figure 1.2b).
Whereas, in non-equilibrium states, the total electrical energy per charge Ecp is
the difference in the electrochemical potential of the working ion Li* at the cathode
versus the anode, minus the difference in electrochemical potential of electrons e~
at the cathode versus the anode—i.e., the net electrochemical potential difference
of all charge species between the cathode and the anode. As an aid to the reader’s
intuition, the schematics in Figures 1.2 and 1.3 are quantiative. The shift you see
in the vacuum energy level is the exact shift that is applied to the electrochemical
potentials. The shift is also a linear function of how many charges are shown at
the interface. For example, the electrolyte|cathode interface in Figure 1.3b has 3%
the interfacial charge as that same interface in panel Figure 1.3a. Consequently, the
electrostatic potential drop is 3x greater. Additional resources that informed this

section, though not directly cited, may offer helpful further reading.[6—11]

1.3 Thesis outline
Chapter 1 has outlined the thermodynamics of Li-ion batteries. The rest of this
thesis focuses on novel multielectron redox in Li-rich, industrial-element sulfide

cathodes. These cathodes leverage anion redox—specifically, the formation and
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cleavage of S—S bonds via local structural distortions[12]—to achieve remarkably
high gravimetric capacity and thus high energy density.[13] Chapter 2 introduces
Lir,yAlyFei_,S; cathodes and characterizes their multielectron redox mechanism.
Because sulfides have weaker ligand fields than the oxides used in commercial cath-
odes, they typically exhibit lower voltage and must rely on high gravimetric capacity
to achieve competitive energy density. Chapter 3 thus addresses the key question
of what determines—and how to increase—the capacity limits of Li>,, Al Fe;_5,S»
cathodes. Chapter 4 expands the chemical space of industrial-element cathodes to
include Cu, whose unique electronic interactions with S delocalize charge com-
pensation beyond S-S bonds, while Cu-induced structural effects alter capacity
limits. Lastly, Chapter 5 offers conclusions and an outlook on industrial-element
sulfide cathodes in the broader context of Li-ion fundamental research and broader

technology development.
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ABSTRACT

Li-ion batteries are crucial for the global energy transition to renewables, but their
scalability is limited by the supply of key elements used in commercial cathodes
(e.g., Ni, Mn, Co, P). Therefore, there is an urgent need for next-generation cathodes
composed of widely available and industrially scalable elements. Here, we introduce
a Li-rich cathode based on the known material Li,FeS,, composed of low-cost ele-
ments (Al, Fe, S) that are globally mined and refined at industrial scale. We leverage
the structural similarity between Li;FeS, and LisAlS4 to substitute redox-inactive
AL’ for Fe?*, forming Liy, Al Fe;_2,S, (0< y <0.5). This substitution yields high
gravimetric capacity (450 mAh-g~!) and energy density (1000 Wh-kg ). We
characterize the redox mechanism and find that the high energy density arises from

an unusually extensive degree of anion redox via the 2 $>7/(S;)*>~ couple.
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2.1 Introduction

It is estimated that between 100 to 400 TWh of energy storage are needed to decar-
bonize/electrify global transport and energy sectors by 2050.[1-3] To achieve that
goal with commercial Li-ion batteries with LiNi,Mn,Co,0, (NMCxyz) cathodes,
Ni and Co production must double their respective maximum historical compound
annual growth rates for every year until 2050.[2] Although Mn production is greater
than Ni and Co production, limited refining capacity for ‘battery-grade’ Mn forecasts
supply shortages by 2030.[3, 4] Even with LiFePO4 (LFP), refinement bottlenecks
for battery-grade P imply supply shortages by 2030.[5] Cathodes reliant only on
industrial metals, or industrial elements, would alleviate the supply challenges that
impede the ‘net zero by 2050° goal. We classify ‘industrial elements’ as elements
with global production of at least 107 metric tons in 2023 in primarily elemental
form with §99.5 wt% purity. For example, Al, Fe, and S meet both criteria; Ni and
Co meet neither; and Mn and P meet the production but not the purity criterion.[6, 7]
While Li itself does not meet the criteria, ‘beyond Li-ion’ batteries (e.g., Na-ion,
aqueous Zn-ion, etc.) without any Li require new infrastructure, time, and invest-
ment to reach scale.[4, 8, 9] By contrast, next-generation Li-ion battery cathodes
that contain only industrial elements, except for Li, could scale faster and at lower
capital expenditure (CapEx) into Li-ion batteries by using existing infrastructure,

just as Si anodes have already entered the market.[4]

Fe is the most globally produced transition metal, motivating research to develop
high-performance cathodes that leverage Fe redox. The resurgence of LFP in
commercial applications stems from its lower cost and more industrial element-
like composition compared to NMC,[10] despite LFP’s low energy density (=580
Wh-kg™!, 2068 Wh-L~1)[11] compared to, for example, NMC811 (~950 Wh-kg ™!,
~4500 Wh-L~1).[12] Just over a decade ago, efforts to develop Fe-based cathodes

that outperform LFP sought to increase the voltage of Fe**/**

redox. By means
of iono-covalency/inductive effects, the voltage can be shifted by over ~1.1 V[13]
to a maximum of 3.9 V vs. Li/Li* in triplite LiFeSO4F.[14] However, the en-
ergy density of LiFeSO4F remained close to that of LFP, limiting its commercial
viability.[15] More recently, Heo et al. over-discharged amorphous LiFeSO4F,
achieving 906 Wh-kg~!.[16] However, this required converting LiFeSO4F to Li,0,
Fe®, and LiSOsF, and also required Li* at the anode in the as-assembled cell —
requirements incompatible with current manufacturing techniques. Overall, high

2+/3+

voltage Fe redox in Fe-based cathodes has been unable to match the energy

density of NMC, and high energy density requires conversion reactions.
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Multielectron transition metal and anion redox processes in Li-rich materials invoke
both intercalation and bond-forming/breaking reactions,[17] surpassing capacity
limits of traditional single-e™ transition metal redox. However, stabilizing the
delithiated, oxidized state remains a key challenge. Multielectron redox increases
energy density by increasing capacity, requiring reversible redox reactions even at
deep delithiation levels. Initial delithiation involves ‘transition metal oxidation,’
emptying associated covalent d-p states.[18, 19] Deep delithiation, however, yields
under-coordinated anions, creating associated nonbonding p states near the Fermi
level.[18, 20-23] Often, the empty d-p states lie below the filled nonbonding p
states, triggering anion to metal charge transfers that, in oxides, create reactive O
peroxides/superoxides and promote O release.[20, 21, 24-27] The electronic re-
organization and structural changes hinder electrochemically mediated anion redox
involving the nonbonding p states. This issue is acute in Li-rich Fe-based ox-
ides, specifically Lij 17Tig33Feq502[21] and Lij 33Feq33Sbg3302,[24] where deep

3+/4+

delithiation incurs charge transfers from O?~ to Fe , associated with large hys-

teresis (=1.4 V) and capacity fade (=20% per cycle).
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Figure 2.1: The crystal structure of (a) LiFeS, projected along the c-axis (top) and
b-axis (bottom), and the crystal structure of (b) LisAlS4 projected along the c-axis
(top) and b-axis (bottom). In each panel, the solid black line indicates the unit cell
of the structure shown, while the dashed black line indicates the unit cell of the other
structure for comparison.

Here, to develop a Li-ion battery cathode entirely composed of industrial elements
that achieves high energy density through multielectron redox, we target Li-rich,

Fe-based sulfides derived from LioFeS,. Sulfides must have extremely high capac-
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ities and thus high Li content to match the energy density of NMC because S is
heavier and less electronegative than O. For example, Li; 13Tig 57Fep3S, achieves
only up to ~600 Wh-kg~!'[28], despite having greater capacity in mole e~ per f.u.
than NMC cathodes. The crystal structure of LiyFeS,,[29] shown in Figure 2.1a
along the ¢ and b axes, adopts the P3m1 trigonal space group with a hexagonal
close-packed (HCP) sulfide anion framework and cations alternating between oc-
tahedral and tetrahedral sites in layers. Occupation of tetrahedral sites in the HCP
sulfide anion framework enables higher Li content and thus higher capacity than
typical Li-rich materials, which feature FCC anion frameworks and solely octahedral
cation sites. LiyFeS,, studied for decades (see Supplementary Note S1), exhibits
multielectron redox during charge by Fe?*/** oxidation of Fe-S 3d-3p states, fol-
lowed by 2 S27/(S»)*>~ oxidation[30] of S 3p nonbonding states.[22] Inspired by
the structural similarities between LioFeS, and the more Li-rich LisAlS4, shown in
Figure 2.1 and discussed in Structural characterization of Lip,,Al/Fe;_»,S; (vide
infra), we control Fe and S contributions to multielectron redox by substituting Li*
and AI** for 2 Fe?* to yield Lip,yAl,Fe;_2,S, (0< y <0.5). Al is the second most
industrial metal after Fe[6] and is relatively light. S is an abundant byproduct of
processing fossil fuels[6] and exists as stable persulfides (S>)?~ in many 3d transi-
tion metal sulfides.[17] Together, Fe, Al, and S are highly attractive from scalability
and performance perspectives. We demonstrate that Liy  Alg 2Fe.¢S» achieves high
gravimetric capacity (450 mAh- g~ ") and energy density (1000 Wh-kg~!) through
extensive redox of ~75% of the S, with much less capacity fade (=1.8% per cycle)
than Li-rich Fe-based oxides (20% per cycle).[21, 24] We compare multielectron
redox in LiFeS, and Lip 2 Alg 2Feg 657 to understand why the latter accesses more S
redox. We find that AI** stabilizes the delithiated state, suppressing internal charge
transfers and structural changes, enabling electrochemically mediated anion redox
over a wider capacity window. This insight creates new opportunities for developing
next-generation Li-ion battery cathodes composed of scalable, industrial elements
towards widespread deployment of Li-ion batteries to meet the ‘net zero by 2050’

goal.

2.2 Results and discussion

Structural characterization of Liz,,AlyFe;_3,S;

Substitution of Al** into LioFeS; is motivated by its structural similarity to LisAlS4.
Lim et al. first reported LisAlS4 in 2018 and noted its structural similarity to
LiyFeS,,[31] which others soon reiterated.[32—34] The crystal structure of LisAlS4,[31]



23

T T T T ° data T T T
PARIEY . — fit L(d) 16.81
| — difference
01 A PO D I+ 16.8 <
AN T e e e e T L | ’,,——“— ©
L Fes— i i T L UL - —146.79
— A A b=~
£ 20 . —— : I | : ; — 678
§ . © « superstructure () e 7.9
oo 107g reflection ~
2 L - e 17.85<
: O (L e (R R R TTYRTTY H_H\ OO 0 OO O N _’_,_——"/ Q
S 1oL TS Li, ,Aly Feg 6S,, ¥=0.2 ] o 178
[0} 1 1 1 1 1 1 1 1 1
£ 10 T T T T T T T T T
[
= (c) (U]
5 “%z 8. Mo 16.3
L} Jnn i j Nona A Bnn el -0, °€
OF e e e ———— T S
5L ey g Al Feg S, y=04 1F e 625
£ ML | 1 1 1 1 1 1 1
1 2 3 4 5 6 7 0 0.2 0.4
Q (A", 1=0.1665 A) yinli, AlFe, .S,

Figure 2.2: Synchrotron powder X-ray diffraction of (a) LiFeS,, (b)
Liz2Alg2FegS2, and (¢) Lip4Alg4Feg2S,. The corresponding Rietveld refine-
ment, reflection locations in Q (A™!) of each phase in the fit, and difference between
fit and data are shown for each material. Superstructure reflections that are not
fit by the Rietveld refinement are indicated by asterisks (*). The resulting lattice
parameters (d) a, (e) b, and (f) ¢ from each Rietveld refinement with respect to y in
Lip,yAlyFe;_»,S, with linear fits indicated by dashed lines. The lattice parameters
follow a linear Vegard’s trend, indicating that yLi* and yAI** successfully substitute
for 2yFe?* in Liz»Alg2FeqS> (y = 0.2) and Liy 4Alg4Feo2Ss (v = 0.4).

shown in Figure 2.1b along the ¢ and b axes, adopts the P2;/m monoclinic space
group with a unit cell that is a supercell of the primitive unit cell in P3ml1 if 3
were allowed to deviate slightly to equal 90° from 90.333°. The primary difference
between LioFeS, and LisAlSy lies in the tetrahedral cation site occupancy. LirFeS,
has disordered Li/Fe at a 1:1 ratio (Figure 2.1a), while LisAlS4 has ordered Li/Al
at a 3:1 ratio (Figure 2.1b). The ordering in LisAlSy slightly distorts its anion
framework, yet we anticipate that yLi* and yAI** can be substituted for 2yFe?* in
LisFeS, to yield Lir, Al Fer_2,S> (0< y <0.5).

We synthesize Lir FeS, (y=0), Lip 2 Alg 2Feo 652 (y=0.2), and Liy 4Alg 4Feo 2S, (y=0.4)
by solid-state synthesis from Li,S, FeS, and Al,;S3 at 900 °C. To confirm the sub-
stitution, we analyze synchrotron X-ray diffraction (sXRD) patterns for LiFeS,,
Liz 2 Alg2Feg 652, and Lip 4Alg 4Feg 2S, shown in Figure 2.2a, b, and c, respectively,
with the corresponding Rietveld refinements (Table S1), reflections associated with
each phase in the fit, and the difference between the fit and data. We use the larger
P2;/m unit cell to fit all materials, comparing their lattice parameters. Site occu-

pancy is determined by a linear combination of the two end-members, weighted
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Figure 2.3: First cycle galvanostatic charge and discharge curves of (a) Li;FeS,, (b)
Liz 2 Alg2Feg 652, and (¢) Liz 4Alg 4Feg2S, cycled at C/10 based on 1 e~ per formula
unit. The dashed line across panels (a), (b), and (c) indicates the linear trend in Fe
oxidation capacity with y. (d) The equilibrium voltage V., and (e) overpotential
n during the first charge extracted from GITT. (f) The cycling of LiyFeS; and
Lir»Alg2Feo S, at C/10. (g) Rate capability tests of Li;FeS; and Lij 2 Alg2Feg 652
for 5 cycles each at C/10, C/5, C/2, 1C, and again at C/10. All C rates are based
on 1 e~ per formula unit. The data points in (f) and (g) are the average of three
replicate cells and error bars indicate the standard deviations.

according to the target stoichiometry. We detect 5.9 wt% FeS[35] in LioFeS,, but fit
both Li 2 Alg2Feo.6S2 and Lis 4Alg 4Feg 2 S, to single phases. The lattice parameters
a, b, and ¢ from the fits, plotted vs. Al content in Figure 2.2d, e, and f, respec-
tively, follow linear Vegard trends, confirming the substitution. The refined phases
deviate more from HCP symmetry as y increases (Figure S2), corroborating the
Vegard trend. We also verify the stoichiometries of LioFeS; and Liy 2 Alg2Feg 652
by inductively coupled plasma mass spectrometry (ICP-MS) and combustion anal-
ysis (Table S2). We mark certain unfit reflections between 1 to 2 A-! for LiyFeS,
and Liy»Alg2Feg S, with asterisks (*), identifying them as likely superstructure
reflections after ruling out several possible impurities (see Table S3) and consider-
ing historical discrepancies regarding superstructure in LioFeS; (see Supplementary
Note S2).

Electrochemical characterization of Li;,yAlyFe;_3,S>
The electrochemical performance is evaluated with galvanostatic cycling. The first
cycles of LipFeS,, Liy 2 Alg2Fep6S2, and Lip 4Alg 4Feg2S, at C/10 based on 1 €™ per

formula unit are shown in Figure 2.3a, b, and c, respectively. All materials exhibit
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2+13+ oxidation region followed by the 2 S>~/(S;)?>~ plateau during

the sloping Fe
charge.[30] A dashed line across Figure 2.3a, b, and c indicates a linear decrease in Fe
oxidation capacity with y, confirming its proportionality to Fe content. We find that
~60% to 75% of the Fe is oxidized during charge, suggesting an oxidation state limit
between Fe~¥>0% to Fe~27>*, The S oxidation capacity is greater for Liy yAlg 2 Feg 6S2
(1.52 £0.09 e7) than LiyFeS; (1.09 £0.01 e7), but does not increase much further
for Lip 4Alp4Feg2S, (1.63 +0.21 e™). Three replicate cells from separate reaction
batches for each material are shown in Figure S3, with tabulated capacities provided

in Table S4.

We use the galvanostatic intermittent titration technique (GITT) to assess how ki-
netic properties change with y. The equilibrium voltage and overpotential during
charge for LioFeS,, Liz»Alg2FeoS2, and Liy 4Alg4Feo2S,, extracted from GITT,
are shown in Figure 2.3d and e. Full GITT charge/discharge curves and represen-
tative relaxation curves are shown in Figure S4. Lij4Alg4Feo2S, exhibits higher
S oxidation overpotentials than Li;FeS, and Lis 2 Alg 2Feg 6S2, which have identical
overpotentials despite different AI** contents. The high AI** content of 0.4 heav-
ily distorts the anion framework (Figure S2), likely hindering structural distortions

required for facile S redox.

Due to the low capacity, large hysteresis, and sluggish kinetics in Li 4Alg 4Feq2S2,
we now focus on LipFeS; and Lix»AlgoFepsS,. We show the capacity fade of
LioFeS; and Liy,Alg,FepsS2 at C/10 over 25 cycles in Figure 2.3f. Each data
point and error bar represent the average and standard deviation of three replicate
cells (Figure S5 shows individual cell data and coulombic efficiencies). We find
that the capacity of LioFeS; fades more slowly, at ~0.64% per cycle, compared to
Liz 2 Alg2Feg 652, which fades at ~1.76% per cycle. Despite the fade, the galvanos-
tatic curves of both materials retain their shape over multiple cycles (see Figure S6).
The greater capacity fade of Lip 2 Alg2Feg ¢S, is unsurprising, given that 76.9+1.5%
of the total capacity comes from S redox, which incurs structural distortions, relative
to only ~65+1.5% in LiyFeS; (Table S4). We also compare the rate capabilities
of LioFeS, and Li»Alg,Fe S, in Figure 2.3g (Figure S7 shows individual cell
data). While LioFeS, retains more capacity at 1C compared to Liy 2Alg2Feg6S2,
both exhibit larger hysteresis at 1C (see Figure S8), and Liy2Alg2Feg S, retains
its greater capacity upon returning to C/10. We note, however, that we use free
standing electrodes (see Freestanding cathode preparation), which are poorly suited

for extended cycling. We are optimizing cast electrodes to better assess the ca-
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Figure 2.4: Ex-situ Fe K-edge XAS spectra of (a) Li;FeS, and (b) Liz 2 Alg2Feg 6S7.
The first derivative of the rising edge regions for (c) LiyFeS, and (d)
Liz 2 Alg2Feg6S,. The energies of the maxima of the first derivatives at each of the
SOC:s are overlaid with the corresponding galvanostatic cycling data for (e) LioFeS;
and (f) Lip»Alp,Fep6S2. The dashed lines in all panels indicate the approximate
positions of the pre-edge x, at 7113.0 eV, and the two rising edges observed at
different SOCs, y and z, at 7117.2 eV and 7118.2 eV, respectively.

pacity fade and rate capability. Regardless, Liy2Alg2Fep S, achieves extremely
high initial charge/discharge capacities of 449+20 mAh-g~'/446+24 mAh-g~! and
energy densities of 1125+49/1024+55 Wh-kg™! (see Table S5 for the gravimetric

capacities, average voltages, and energy densities of Li;FeS, and Liy » Alg2Fep6S»).

Spectroscopic characterization of the multielectron redox mechanism

We spectroscopically characterize LiFeS, and Liy 2 Alg 2Feg 6S2 to evaluate charge
compensation and check assignments of features in the galvanostatic data. We
measure ex-situ Fe and S K-edge X-ray absorption spectroscopy (XAS) at six states
of charge (SOCs) for both materials: (1) pristine, (2) mid-slope (halfway through
the sloping region), (3) transition (at the transition point between the sloping and
plateau regions), (4) mid-plateau (halfway through the plateau region), (5) charged,
and (6) discharged.

First, we discuss the Fe K-edge XAS in Figure 2.4. The Fe K-edge near-edge regions
for LipFeS, and Liy 2 Alg2Feg ¢S, at the various SOCs are shown in Figure 2.4a and
b. The spectra exhibit common features: a pre-edge at ~7113.0 eV (labeled x), and
arising edge at x7117.2 eV (y) or *7118.2 €V (z), depending on the SOC. For both
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Figure 2.5: (a) Ex-situ S K-edge XAS and (b) a representative first cycle curve
indicating the SOCs at which the XAS data was collected for LipFeS,. The corre-
sponding data for Lij 2 Alg2Feg ¢S, are in (c) and (d), respectively. The dashed lines
in (a) and (c) indicate the two pre-edge features v and w, at 2469.2 eV and 2471.8
eV, respectively.

materials, the pre-edge intensity increases at the transition SOC and stays constant
at the charged state, suggesting that S oxidation does not affect Fe-S covalency or
the Fe coordination environment.[36] The maxima of the first derivatives of the
rising edge, shown in Figure 2.4c and d for Li;FeS; and Lij »Alg2Feo6S,, increase
by =1 eV from ~7117.2 €V in the pristine state to ~7118.2 €V at the transition SOC,
and stay constant at the charged state. This confirms that Fe oxidation ceases after
the transition SOC despite the majority of electron removal occurring during the
plateau. The data from intermediate mid-slope and mid-plateau SOCs, shown in
Figure S9, further support this finding. We summarize this result in Figure 2.4e.f,
overlaying the rising edge positions with the galvanostatic data. For both LiFeS;
and Liy»Alg2Fep6S,, the rising edge position increases during the sloping region

indicating oxidation, and stays constant during the plateau.

Next, we discuss the S K-edge XAS in Figure 2.5. The Li,FeS; spectra and
corresponding galvanostatic data, shown in Figure 2.5a and b, is reproduced from
Hansen et al.[30] with two new data points at the mid-slope and mid-plateau SOCs.
During the sloping region, the pre-edge feature labeled v at 2469.2 eV grows in
intensity, indicating greater Fe-S covalency.[30, 37] During the plateau, a new pre-
edge feature labeled w at 2471.8 eV emerges that indicates persulfide formation,[30]



28

peaking in intensity at the charged state and vanishing at the discharged state.
The appearance of the pre-edge feature w marks a switch from increasing Fe-S
covalency to forming S-S bonds. The Liy»Alg,>Feq ¢S, spectra and corresponding
galvanostatic data in Figure 2.5¢ and d exhibit the same trends as Li,FeS;, with
pre-edge features v and w labeled at the same energies. The greater S oxidation
capacity of Liz 2 AlgoFeg6S; is confirmed by the much greater intensity of the pre-
edge feature w at the charged state. The S oxidation is structurally reversible in both
materials, as confirmed by ex-situ XRD (Supplementary Note S4 and Figures S10
and S11).

2.3 Conclusion

The materials presented in this work offer new pathways towards next-generation
Li-ion battery cathodes. Figure S24 compares the volumetric and gravimetric
energy densities of various commercial and emerging state-of-the-art lithiated cath-
ode materials with LioFeS, and Lij»AlgoFegS,. While Lip 2 Alg2FegsS, has a
lower volumetric energy density than state-of-the-art oxides due to its larger sulfide
anions, its gravimetric energy density surpasses all reported lithiated cathode mate-
rials. A recent report shows that even highly optimized oxides, dubbed “integrated
rocksalt-polyanion cathodes,” can only match the energy density of Lij » Aly»2Feg 652
through overdischarge,[38] which, as we explain in the Introduction, is not scalable
with current manufacturing techniques. Liy»AlgoFep S, achieves this primarily
through reversible redox of ~80% of its anions with *100% Coulombic efficiency
— the highest reported level of anion redox in a cathode material, exceeded only by
conversion cathodes. The electrochemical performance of Liy»Aly,Fep S, paves
the way for sulfides capable of high degrees of anion redox as high-performance
cathodes composed of only the most industrial/scalable elements. Important next
steps towards real-world energy impact include synthesizing Liy,, Al Fe_»,S; ma-
terials using industrial precursors like Li,COs3,[39] optimizing performance metrics
through electrode and cell engineering, cost modeling, and examining drop-in com-

patibility with existing Li-ion battery manufacturing techniques.

2.4 Experimental

Materials preparation

All materials and precursors were handled inside an Ar-filled glovebox (H,O and
0, < 1 ppm). All Lir,yAlyFey_»,S> (0< y <0.5) materials were prepared by solid-
state synthesis. Powders of Li»S (Thermo Fisher Scientific, 99.9%), FeS (Sigma
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Aldrich, 99.9%), and Al,S3 (Thermo Fisher Scientific, 99+%) were weighed to an

accuracy of +0.1 mg to give total 250 mg of a desired stoichiometry (i.e., value of y)
and then hand-mixed in an agate mortar and pestle. The mixed precursor powders
were pressed into zlt inch diameter cylindrical pellets with a hand-operated arbor
press. The mixed precursor pellets were light gray in color. Pellets were placed
inside carbon-coated vitreous silica ampules (10 mm i.d., 12 mm o.d.), evacuated to
< 50 mTorr, and sealed with a methane-oxygen torch without exposure to air. The
ampules were coated by first rinsing the inside of the empty ampule with acetone, and
then pyrolyzing residual acetone with a methane-oxygen torch. This was repeated
at least twice for conformal, continuous coating. The evacuated and sealed ampule
was then placed inside a box furnace and heated at 1 °C/min to 900 °C with a dwell
time of 12 h. After ambient cooling to room temperature (approximately 1 °C/min),
the ampules were opened inside the glovebox and the pellets were ground into fine
powders in agate mortar and pestles for further characterization. Only the Li;FeS,
pellet melts into a polycrystalline boule when heated to 900 °C. The rest of the
materials mostly retained the shape of the original pressed pellet. All products were
black in both pellet and powder forms, except for Li 4Alp4Feg2S, which is dark

brown/red in powder form.

Synchrotron X-ray diffraction (sXRD) sample preparation

As prepared materials were packed into individual 1.0 mm (outer diameter) glass
capillaries in an Ar-filled glovebox. Each capillary was evacuated to < 50 mTorr
and sealed with a methane-oxygen torch without exposing the sample to air. High-
resolution sXRD patterns were collected on the sample-loaded capillaries at beam
line 28-ID-1 (1=0.1665 A) at the National Synchrotron Light Source II at Brookhaven
National Laboratory. The diffraction patterns were fit using the Rietveld method
with the General Structure Analysis System II,[40] and crystal structures were visu-
alized with VESTA.[41]

Inductively coupled plasma mass spectrometry (ICP-MS) and combustion anal-
ysis

ICP-MS was conducted at the Resnick Environmental Analysis Center at Caltech
with an Agilent 8800 ICP-MS and argon plasma source. Roughly 3 mg of each
synthesized batch of material was digested in 2 to 3 mL of concentrated HNO3 (70
vol%) at 80 °C for 4 h. After the initial digestion, the solutions were twice diluted in

dilute HNO3 (5 vol%) to reach x2500 dilution. Final sample volumes were 25 mL.
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Standard solutions were prepared by diluting stock solutions of Li, Al, and Fe to the

desired concentrations with dilute HNO3 (5 vol%) to create a calibration curve.

Combustion analysis to quantify S content was conducted in duplicate for each
sample by Atlantic Microlab (atlanticmicrolab.com). In an Ar-filled glovebox,
roughly 10-15 mg of each sample was put into a 5 or 10 mL glass scintillation vial
and the cap was sealed with electrical tape. The sample-loaded vials were sealed
under Ar in aluminized mylar pouches (2 to 3 layers) using an impulse heat sealer

(Uline) for shipping to Atlantic Microlab.

Freestanding cathode preparation

Freestanding cathodes were prepared by mixing 60/20/20 (wt%) active material,
carbon (Super P, Alfa Aesar, >99%), and PTFE binder (Sigma, 1 um powder),
respectively, in agate mortar and pestles. The active material and carbon were mixed
first, then binder was added to evenly distribute the active material and carbon in the
binder framework. The hand grinding with binder creates small flakes (*1 mm?)
that were broken into smaller pieces/a powder by hand with a stainless steel spatula.
Roughly 6 to 10 mg of the composite fragmented mix was weighed and pressed into
a 6 mm diameter electrode under ca. 2 tons of force using a manual hydraulic press
(Vivtek), resulting in a freestanding cathode with a thickness of approximately 100

um and an areal loading of roughly 12.7 to 21.2 mg-cm™2 of active material.

Electrochemical characterization

All electrochemical cells were assembled in an Ar-filled glovebox. Li-foil anodes
with a diameter of % inch were punched from either Li ribbon (Sigma, 99.9%, 0.75
mm) or Li chips (AOT Battery, 99.9%), both first mechanically cleaned with an Xacto
blade immediately prior to cell assembly. Each Li anode, ~0.75 mm thick, weighed
~45 mg before cleaning, with minimal loss in both mass and thickness afterward,
as the cleaning primarily removed the surface passivation layer. The electrolyte, 1
M LP30, was a 1 M solution of LiPFg (Oakwood chemical, battery grade) in a 1/1
(by volume) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC),
both Sigma, >99%.[42] The electrolyte was made (and stored) in an HDPE bottle
by combining the carbonates and the salt, and was first stored at least overnight
before use to ensure all components dissolved/mixed well. All electrochemistry
was performed in 2032 coin cells (MTI) assembled with a ~0.88 g stainless steel
top cap, ~0.18 g stainless steel spring (MTI), ~0.73 g stainless steel spacer (MTI),

Li anode on the spacer, ~17 mg % inch diameter glass-fiber separator (Whatman,
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GF/D), 100 uL of LP30 electrolyte (30 uL on the anode, 40 uL on the separator, 30

uL on the cathode), freestanding cathode, and ~0.90 g stainless steel bottom can.
The typical total mass of the as-assembled was =2.9 g. All stainless steel coin cell
components were sonicated in roughly 1/1 acetone/isopropyl alcohol for 30 minutes
and then dried overnight in a vacuum oven at 60 °C prior to use in the glovebox.
The glass fiber separators were dried overnight in a vacuum oven at 60 °C prior to
use in the glovebox. The coin cells were crimped shut with a manual crimper (Pred
Materials). All electrochemical experiments were performed at room temperature
(=25 °C) with a BCS 805 battery cycler (Bio-Logic). For continuous galvanostatic
cycling experiments, all materials were charged at a C/10 rate based on 1 e~ per
f.u. up to 3V, and discharged at the same rate to 1.7 V. For GITT experiments,
currents were applied at the same C/10 rate for 20 minutes at a time separated by 4
hour rest periods. The equilibrium potential Veq. and overpotential 7 was extracted
from the GITT using Python. The capacity fade rate (in % per cycle) for cycling at
C/10 over 25 cycles was determined by calculating linear fits of the average charge
and discharge capacities versus cycle number of three replicate cells, then taking
the slope over the value of the fit function at x=1 (cycle 1), and finally averaging
this value for the charge and discharge fits. For the rate capability tests, the same
charge/discharge voltage cut-offs of 3/1.7 V were used, and the cells were cycled
for 5 cycles each, sequentially, at C/10, C/5, C/2, 1C, and back to C/10 (25 cycles
total).

All ex-situ samples

All ex-situ samples were prepared in 2032 coin cells (MTI) with freestanding cath-
odes as previously described. Samples are first cycled to one of the following SOCs:
mid-slope, transition, mid-plateau, charged, and discharged. For mid-slope sam-
ples, voltage cutoffs of =2.25 V for Li,FeS; and =2.38 V for Liy 2 Alg2Feg ¢S> were
used. For transition samples, voltage cutoffs of %2.53 V for Li;FeS; and =2.56 V
for Liy » Alg2Fep ¢S, were used. For mid-plateau samples, time cutoffs of ~9.8 h for
LioFeS; and ~11.1 h for Liy Alg 2 Fep ¢S, were used. Due to slight cell-to-cell varia-
tion, cutoffs for these intermediate SOCs varied slightly and so for clarity are always
shown with the full corresponding galvanostatic charge and discharge curves. For
charged and discharged samples, voltage cutoffs of 3 V and 1.7 V, respectively, were
used. After cycling to one of the above-defined cutoffs, the cells were de-cripmed
and opened with a manual disassembling tool (Pred Materials) in an Ar-filled glove-

box. The ex-situ cathodes were gently scraped off the current collector by hand
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using a stainless steel spatula, keeping the cathode intact. Any visible glass fiber
separator stuck on the cathode was manually scraped off the cathode surface with
a stainless steel spatula. The cathodes were then rinsed with ~300 uL. of DMC for
2-3 minutes to wash away residual electrolyte. Any residual DMC was dabbed with
a dry Kim wipe, and then the cathode was dried under vacuum for roughly 30 min.
The dry intact cathodes were then either kept intact or broken into smaller pieces/a
powder by hand with a stainless steel spatula, depending on the requirements of the

subsequent characterization.

X-ray absorption spectroscopy (XAS)

Samples for ex-situ XAS were prepared in 2032 coin cells as previously described for
ex-situ samples. The intact ex-sifu cathodes, treated as previously described, were
broken up into loose powders with a stainless steel spatula. All sample preparation
described below was conducted in an Ar-filled glovebox. Prepared sample holders
were sealed in Ar in aluminized mylar pouches (2 to 3 layers) using an impulse heat
sealer (Uline) for transport to the respective synchrotrons. Calibration, background
correction, and data processing of X-ray absorption near-edge structure was done in
Athena from the IFEFIT suite.[43]

For Fe K-edge XAS, the loose powders were loaded into aluminum sample holders
provided by the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC Na-
tional Accelerator Laboratory, encapsulated between two pieces of Kapton tape (1
mil film thickness, 2.5 mil total thickness, Uline). All Fe K-edge XAS was measured
in transmission mode at the SSRL at SLAC National Accelerator Laboratory. The
LioFeS, data for the mid-slope and mid-plateau SOCs was measured at beam line
2-2. The rest of the data presented here was measured at beam line 4-3. In all cases,
during measurement, the sample holder was placed in a continuous He-flushed
chamber to minimize air exposure, and O, levels were measured to be ~500 ppm
with an O, sensor. Fe K-edge data were calibrated to a collinear Fe foil present for
each sample. The data shown are three averaged sweeps of each sample, with each

sweep taking roughly 20 minutes.

For S K-edge XAS, the loose powders were mixed by hand with agate mortar
and pestles with boron nitride (BN) (Alfa Aesar, 99.5%) so that the total sample
concentration was <5% by mass. Roughly 10 to 15 mg of each composite BN-
sample mix was pressed into }‘ inch diameter pellets using a hand-operated arbor

press. The pellets were then loaded into plastic sample holders provided by the
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National Synchrotron Light Source II (NSLS-II) at Brookhaven National Laboratory
(BNL), sandwiched between a polypropylene layer and Kapton tape and adhered to
the sample holder using Kapton tape. S K-edge XAS was measured in fluorescence
mode at beam line 8-BM at NSLS-II at BNL. During measurement, the sample
holder was placed in a continuous He-flushed chamber to minimize air exposure.
S K-edge data were calibrated to a gypsum, i.e., sulfate S®*, standard (1 wt%
CaS04-2 H,0O in polyethylene glycol). The data shown are three averaged sweeps

of each sample, with each sweep taking roughly 15 minutes.

CuK, XRD

CuK, XRD patterns were collected on a Rigaku SmartLab diffractometer. To
prevent air exposure during measurement, samples were loaded inside an Ar-filled
glovebox into a Rigaku-built air-free sample holder with a low background silicon
sample platform. For synthesized materials, roughly 10 mg of sample powder was
placed and compressed (by hand using a stainless steel spatula) onto the sample
platform. For ex-situ cathodes, the cathode was kept intact and gently placed onto
the sample platform. The diffraction patterns were fit using the Rietveld method
with the General Structure Analysis System II (GSAS-II)[40] and crystal structures
were visualized with VESTA.[41]
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ABSTRACT

While the previous chapter described the multielectron redox mechanismin Lio, Al Fey_,S,
cathodes, it remains unclear how redox-inactive AI** promotes greater extents of

anion redox. Here, we show that AI’*

enables deeper delithiation by stabilizing
the delithiated state. In the case of LirFeS,, the thermodynamically favored state
of the hypothetically fully oxidized material is pyrite FeS,, which consists entirely
of Fe?* and persulfides (S»)*>~. This suggests that S~ can reduce Fe>>*, thereby

>2*  Consistent with

destabilizing delithiated Li,_,FeS;, which contains some Fe
this, annealing Li,_,FeS, leads to pyrite formation. In contrast, AI?* substitution
suppresses this phase transition by introducing Al,FeS4, a phase structurally similar
to the pristine fully lithiated material, into the phase space of the hypothetically
fully oxidized system. This alternative phase transition suppresses FeS, formation,
thereby stabilizing deep delithiation and greater degrees of oxidation. This mech-
anistic insight offers a design principle for stabilizing deep anion redox and thus

developing scalable, next-generation Li-ion battery cathodes.
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3.1 Introduction

While the Fe and S K-edge X AS confirm greater S redox capacity in Li 2 Alp 2Feg 652
than in LioFeS,, the critical question of why remains unanswered. We rule out the
higher Li* content of Liy;Alg2FegsS, as the reason, since Lis 4Alg4Fep2S, has
even more Li* but no greater S redox capacity. Moreover, this reasoning would
imply a higher total cation content in the charged state for Liy Alg2Feo S, than
LisFeS,, which is not the case (see Supplementary Note S5). As previously dis-
cussed, a key challenge in developing cathodes that access anion redox is stabilizing
the delithiated, oxidized state. When evaluating the capacity limits of multielec-
tron redox cathodes, considering the most thermodynamically stable structure of
the fully oxidized/delithiated material offers insights into the relative stability of
the electrochemically oxidized/delithiated state. Hypothetically, fully delithiated
LisFeS; would yield FeS,, which has the thermodynamically stable pyrite structure
that features octahedral Fe?* and all (Sz)z‘.[l] Thus, we hypothesize that as deep
delithiation approaches the FeS, stoichiometry, electrochemically oxidized Fe?*/3*
becomes unstable alongside remaining S>~ compared to Fe?* and (S,)?~. However,
the phase transition to FeS; requires major structural changes, kinetically trapping
the electrochemically oxidized material. As more persulfides form during charge,
the stoichiometry and overall oxidation states approach pyrite FeS,, and we hypoth-
esize that the kinetic stabilization eventually fails, causing the voltage to polarize
before full delithiation.

3.2 Results and discussion

Stability of Li,_,FeS; and Lis_,Alg2Fe( ¢S

We now consider the thermodynamically stable structure of fully delithiated Lis » Aly2Feg 6S2,
i.e., ‘AlgpaFeoeS,’. There is no reported Al-Fe-S ternary material with the com-
position AlgsFeg6S2 (i.e., ‘AlFe3S1o’). Thus, to determine the thermodynamically
stable configuration of Aly,FegS», we attempt the solid state reaction of Al, Fe,
and S in the stoichiometric ratio of Alg,Feg S, at 900 °C. We quantify the phases
in the reaction product by XRD and Rietveld analysis, shown in Figure S12. The
pattern is well described by a fit to three separate phases: pyrite FeS>[1] (51.1 wt%),
‘Fe-deficient’ FeS Fe;Sg[2] (10.6 wt%), and the Al-Fe-S ternary Al,FeS4[3-5] (38.3
wt%). Although the majority phase is still FeS,, the formation of Al,FeS,4 shows that
the thermodynamic state of hypothetical fully delithiated Li 2 Alg2Fe6S2 includes
an Al-Fe-S ternary, rather than separate Fe-S and Al-S binaries. We hypothesize
that as Fe?*3* with S>~ becomes increasingly unstable upon deep delithiation of
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Figure 3.1: (a) Charge curves of LiyFeS; up to the transition point, after which
the cell is stopped, disassembled, the cathode is rinsed in DMC, dried in vacuum,
annealed at 200 °C under static vacuum (~50 mTorr) for 2 hours, or rested under
the same vacuum conditions for ~1 week, and then assembled in a new cell for
galvanostatic cycling. The standard galvanostatic cycling charge curve for unin-
terrupted cycling is indicated by the black, dashed line in panel (a). (b) Ex-situ
XRD of LiyFeS, focused on the 26 ranges for the (0 0 1) reflection, and the (2 0 0)
reflection of pyrite FeS; in the pristine, transition, and annealed states. (c) S K-edge
XAS spectra of Li;FeS; in the pristine, transition, and annealed states. As before
in Figure 2.5, the dashed lines in panel (c) indicate the two pre-edge features v and
w, at 2469.2 eV and 2471.8 eV, respectively. Panels (d), (e), and (f), respectively,
indicate the same corresponding data for Liy ;Alg2Feq 6S5.

Liz 2 Alg2Feo6S2, phase transitions to both FeS; and Al,FeS, co-exist and com-
pete. Importantly, Al,FeS, crystallizes in the P3m1 trigonal space group with an
HCP sulfide anion framework and cations in octahedral edge-sharing and tetrahe-
dral corner-sharing sites,[3—5] similar to Liy,,Al,Fe;_2,S; materials with HCP-like
anion frameworks and analogous cation sites (Figure S13). Thus, the hypothetical
phase transition to Al,FeS, requires far less structural reorganization than converting

2413+ alongside S~ by suppressing

to pyrite. We hypothesize that this stabilizes Fe
the phase transition to FeS,, delaying the associated voltage polarization capacity

limit and enabling greater anion oxidation in Liy yAlg2Feo6S;.

To assess the relative thermodynamic and kinetic stabilities of delithiated Li,_,FeS;
and Lip»_yAlg2FeoS,, we conduct annealing and resting experiments. For both
experiments, we charge the cathode to the transition SOC, stop the cell, remove

and rinse the cathode, then either anneal it in an evacuated ampule (=50 mTorr) at
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200 °C for 2 hours or rest it at room temperature under the same static vacuum for
~1 week, and finally reassemble a new cell with the annealed or rested cathode. At
the transition point, ‘exposed’ S 3p nonbonding states would have been oxidized if
charging had continued. Thus, annealing/resting at the transition SOC reveals the
thermodynamic/kinetic stability of these exposed S 3p nonbonding states relative

to empty Fe-S 3d-3p states (or vice versa).

The galvanostatic data from the annealing and resting experiments, along with XRD
and S K-edge XAS are shown in Figure 3.1. The charge curves after annealing
and resting LiFeS, charged to the transition point are shown in Figure 3.1a. After
annealing, the OCV decreases by ~0.32 V from the transition SOC, with new, distinct
plateaus in the charge curve. After resting, the OCV decreases by ~0.26 V, and the
charge curve of the rested cathode shows a new Fe oxidation-like slope followed

2+/3+ can be reduced by S?~ even without

by a S oxidation plateau, suggesting Fe
heat. Combustion analysis (Table S6) shows S loss of ~0.6 wt% after annealing,
which is negligible and too low to explain the changes in the electrochemistry. To
check for structural changes and FeS, formation after annealing, we compare ex-
situ XRD of LiyFeS; in the pristine, transition, and annealed states (Figure 3.1b).
After annealing, we observe reduced (0 O 1) intensity for Li,FeS,, indicating lower
crystallinity, and ~17 wt% FeS, determined by Rietveld refinement (Figure S14a).
The formation of FeS; is evident from its (2 0 0) reflection at ~33.1 26. The FeS,
formation shows that the S 3p nonbonding states are unstable relative to empty
Fe-S 3d-3p states. We confirm the presence of (S;)>~ by S K-edge XAS of the
annealed cathode, observing intensity at the previously noted pre-edge feature w
(Figure 3.1c). Thus, electrochemically oxidized Li,_ FeS; (x = 0.58 £ 0.05) is
a kinetically stabilized, metastable phase. During annealing, it loses crystallinity,
converts to FeS,, and forms persulfides. After resting at room temperature, Fe

appears reduced but without incurring structural changes.

We now discuss the same experiments for Li Al 2Fep ¢S>. The charge curves after
annealing and resting Li> » Alp2Feg ¢S, charged to the transition point are shown in
Figure 3.1d. After annealing, the OCV decreases by ~0.26 V, a smaller decrease
than in LiFeS,, with the S oxidation plateau unaltered except for a small initial
Fe oxidation-like feature. After resting, the OCV decreases by ~0.23 V, almost
matching the OCV after annealing, again with the S oxidation plateau unaltered and
an even smaller initial Fe oxidation-like feature. This similarity suggests that the

200 °C relaxation process is an accelerated version of the room temperature process.
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Combustion analysis shows no S loss (Table S6). XRD (Figure 3.1e) shows that

in the annealed state, unlike LioFeS,, the (0 0 1) intensity increases, indicating
higher crystallinity, with no impurities in the Rietveld refinement (Figure S14b). S
K-edge XAS confirms the absence of persulfides in the annealed cathode, with no
new intensity at the pre-edge feature w (Figure 3.1f). Although Liy;_,Alg2Feq6S2
(x = 0.46 + 0.02) is kinetically stabilized, conversion to FeS; is suppressed during
annealing, with similar changes after both annealing and resting. Thus, the annealed
and relaxed states of Lir»_,Alp2FepS2 (x = 0.46 + 0.02) are much more similar
than in Lip_,FeS, (x ~ 0.58 £ 0.05).

Electronic and local structure of Fe in Li,_,FeS, and Lis,_,Aly2Fe(¢S2

The annealing experiments strongly suggest that the instability of the delithiated
materials is associated with empty Fe-S 3d-3p states. LiyFeS, undergoes for-
mal charge transfer from S>~ to Fe~20+, yielding Fe?* and (S»)>~ in FeS,, while
Liz 2 Alg2Feg S, shows an Fe oxidation-like voltage response, suggesting Fe is re-
duced during annealing and re-oxidized during charge. Fe K-edge XAS confirms
formal Fe reduction in both annealed materials (Supplementary Note S3 and Fig-
ure S9). For Liy»Alg2FeoS,, this raises the question of the electron source for Fe
reduction since persulfide formation is not observed. We suggest that the charge
compensation is similar to that in Fe-deficient Fe;Sg relative to FeS, where it’s
unclear whether the extra positive charge in Fe;Sg is Fe-based (Feg"Fe?S%‘),[ﬂ
S-based (Fe%*S%‘SZ‘ ),[7] or some combination of both.[8, 9]

We use Mossbauer spectrometry and Fe K-edge extended X-ray absorption fine
structure (EXAFS) analysis, which are sensitive probes of the electronic and local
structure of Fe, to evaluate the stability of Li;FeS; and Lis » Alg2Fe( ¢S, at all SOCs,
including materials annealed after charging to the transition point. In Figure 3.2,
the Mossbauer isomer shift, reflecting Fe 3d state occupancy, and the first shell
coordination number N from Fe K-edge EXAFS, representing the average number
of nearest S atoms coordinating Fe, are plotted because they show the greatest
differences between Li;FeS, and Liy,AlgaFeosS2, elucidating the role of AP+,
The Mossbauer isomer shifts and quadrupole splittings can be found in Figure S15,
with each fitted spectrum in Figures S16 and S17, and all fit parameters in Table S7.
Each Mossbauer spectrum is fit with four distinct Fe sites, and the weighted average
isomer shift and its weighted standard deviation for each spectrum are plotted in
Figure 3.2a,d. A larger weighted standard deviation in the isomer shift reflects a

wider spread among the four Fe sites used to fit each spectrum. The EXAFS first
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Figure 3.2: (a) The weighted averages and corresponding weighted standard devia-
tions of the isomer shifts of the four Lorentzian doublets used to fit ex-situ Mossbauer
spectra of LipFeS, at various SOCs. (b) The coordination number N of the first
shell correlations, representing the average number of nearest S atoms coordinating
Fe, extracted from EXAFS fits for Li;FeS, at various SOCs. (c) The representative
galvanostatic data showing the SOC for each data point. Panels (d), (e), and (f)
indicate the same corresponding data, respectively, for Liy 2 Alg2FeS,. In panels
(a) and (d), the weighted average is indicated by the symbol, and the weighted
standard deviation is indicated by height of the box accompanying the symbol. The
dotted/dashed dark purple horizontal line in panels (a) and (d) indicates the weighted
average isomer shift at the transition SOC.
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and second shell r.g and N are shown in Figure S18, with the fitted y (k) and |y (R)|

in Figures S19 and S20 and Figures S21 and S22, respectively, and all fit parameters
in Table S8.

First, we discuss the LioFeS; isomer shifts and N in Figure 3.2a and b, with cor-
responding galvanostatic data (Figure 3.2c). The weighted average isomer shift
decreases during the sloping region, which is consistent with Fe oxidation, and
increases during discharge, consistent with Fe reduction. However, the average
isomer shift unexpectedly increases during the S oxidation plateau, which is high-
lighted by the dotted/dashed line marking the average isomer shift at the transition
point. The increase, confirmed by the spectral centroids (Figure S23a,b), indicates
a counterintuitive global Fe ‘reduction’ despite the ~ 1.09 + 0.01 e~ oxidation.
A Mossbauer study in 1987 also observed this increase but did not explain it.[10]
Covalency differences between (S,)>~ and S?>~ cannot explain the increase, as
(S2)*~, being more covalent (see Supplementary Note S6), would decrease, not
increase, the isomer shift. Fe* reduction can occur when S2~ is present, even
without formal 2 S?~/(S,)>~ oxidation, as shown by the annealing experiment with
Liz 2 Alg2Feg6S2, and suggested by the resting experiments with both materials.
Thus, we deduce that the increase indicates genuine Fe3* reduction in the ex-situ
samples, which Mossbauer spectrometry is sensitive enough to detect.[11-13] Si-
multaneously, N decreases during charge, with N g 3 indicating Fe distorts towards
the basal face of the FeS, tetrahedron in the charged state, before tending towards the
pristine state in the discharged state. The data in the annealed state are shown, but
conclusions are avoided due to convolution from FeS,. The samples are measured
ex-situ =24 hours after cell disassembly and thus have time to relax, and so effec-
tively represent the “rested” state discussed previously. Thus, the Fe reduction and
distortion towards the FeS4 tetrahedron basal face together characterize the kinetic
relaxation mechanism at deep delithiation levels. The greater relaxation — that is,
increasingly reduced and distorted Fe — with deeper delithiation, shows that empty

Fe-S 3d-3p states indeed become increasingly unstable.

Next, we discuss the LiyAlgoFegeS, isomer shifts and N in Figure 3.2d and
e, with corresponding galvanostatic data (Figure 3.2f). The isomer shift largely
mirrors LipFeS,, with a notable difference at the mid-plateau SOC. Instead of the
continuous increase during the S oxidation plateau observed for Li,FeS,, the isomer
shift decreases slightly at the mid-plateau before increasing again at the charged

state. This non-monotonicity, confirmed by the spectral centroids (Figure S23c,d),
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1s highlighted by the dotted/dashed line once again marking the average isomer shift
at the transition point. In Li;FeS,, the continuous increase reveals that empty Fe-S
3d-3p states grow more unstable with delithiation. Conversely, the decrease at the
mid-plateau in Liy 2Alp2Fep ¢S, reveals that the empty states have slightly greater
stability at this SOC than in Li;FeS,. Correspondingly, N stays mostly constant,
with Fe near the base at all SOCs, even in the annealed state. The similarity of N in
the annealed and transition states extends the previously observed similarity of these
states in Liy pAlg2Feo.6S2 from bulk probes to the local structure of Fe. We suggest
that AI** stabilizes N by exerting electrostatic forces on the anion framework,
preventing Fe from distorting within the FeS, tetrahedron. In the charged state,
the isomer shift of Liz 2Alg2Feg S, (0.330 £0.080 mm/s) closely matches that of
Li;FeS, (0.339 +0.083 mm/s), with N also showing slight distortion towards the
base. This suggests that, once the capacity limit is reached at full charge, empty

Fe-S 3d-3p states in both materials become similarly unstable.

3.3 Conclusion

Substituting AI** into Li,FeS, not only makes the material lighter, increasing gravi-
metric capacity, but also increases anion oxidation capacity inmole e~ per f.u. Anion
oxidation capacity increases because Al** stabilizes the electrochemically oxidized
material, which requires kinetic stabilization to prevent the formation of more ther-
modynamically stable products like pyrite FeS,. We assess kinetic stability from

13+

electronic and structural perspectives. Electronically, we evaluate how AI°" alters

the propensity for S~ to reduce Fe~>%* in the electrochemically oxidized material.
Upon annealing, oxidized Li>FeS, shows Fe?* formation through ligand to metal
charge transfer that forms persulfides and pyrite FeS,, whereas Liy Al 2Feg6S2
shows Fe** reduction that preserves crystallinity without forming persulfides. This
difference translates to more stable empty Fe-S 3d-3p states in deeply delithiated
Liz 2 Alg2Feg S, than LisFeS,, revealed by Mdossbauer spectrometry. Structurally,
AI’* stabilizes the Fe local structure. Importantly, the introduction of Al expands
the phase space of thermodynamically stable phases of the oxidized stoichiome-
tries. AlpFeS,, for instance, is structurally very similar to Liy»Alg2FepeS, and
therefore likely aids in the stability against conversion to pyrite. Thus, incorporating
AI** addresses one of the key challenges in developing multielectron redox cath-
odes: stabilizing the highly delithiated state against phase transitions to more stable

phases.
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3.4 Experimental
All methods are identical to those in the previous chapter, except for additional

methods described below.

Synthesis of Aly,Fe( ¢S2

The material and precursors were handled in an Ar-filled glovebox. Powders of Al
(Alfa Aesar, 99.5%), Fe (Acros Organics, 99.0%), and Sg (Acros Organics, >99.5%)
were weighed to an accuracy of +0.1 mg to give total 250 mg of Aly,Fep ¢S, and
then hand-mixed in an agate mortar and pestle. The mixed precursor powders were
pressed into 41'1 inch diameter cylindrical pellets with a hand-operated arbor press.
The mixed precursor pellet was gray in color. The pellet was placed inside a vitreous
silica ampule (10 mm i.d., 12 mm o.d.), evacuated to < 50 mTorr, and sealed with
a methane-oxygen torch without exposure to air. The evacuated and sealed ampule
was then placed inside a box furnace and heated at 1 °C/min to 900 °C with a
dwell time of 12 h. After ambient cooling to room temperature (roughly at a rate of
1 °C/min), the ampule was opened inside the glovebox. The pellet after heating was
a glittery dark gray color and fully melted, conforming to the shape of the ampule
with slight bright yellow S residue stuck to the sides of the ampule.

Ex-situ annealing and resting

For annealing and resting experiments, the cathode was first charged to the transition
SOC. The cell was then stopped and disassembled in an Ar-filled glovebox, and the
cathode was removed and rinsed as previously described. The intact cathode was
then placed in vitreous silica ampules (10 mm i.d., 12 mm o.d.), evacuated to
< 50 mTorr, and sealed with a methane-oxygen torch without exposure to air. For
annealing experiments, the cathode in the evacuated ampule was placed inside a
box furnace and then heated at 1 °C/min to 200 °C, then annealed at 200 °C for 2
hours, and then ambiently cooled to room temperature by shutting off the furnace.
For resting experiments, the cathode in the evacuated ampule was kept at room
temperature for ~1 week. The ampule containing the annealed or rested cathode
was then opened inside an Ar-filled glovebox, and a new cell was assembled as

previously described with the annealed or rested cathode.

Mossbauer sample preparation and measurement
Ex-situ samples for Mossbauer spectrometry were initially prepared as previously

described. The cathode was kept intact and placed on a small piece of Kapton tape
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(1 mil film thickness, 2.5 mil total thickness, Uline). The Kapton tape was adhered
to the inside of a static shielding bag (3 mil thickness, Uline) and sealed in Ar with
an impulse heat sealer (Uline). The cathode itself is 100 pum thick. The sample,
sealed in the bag, was encapsulated between Pb apertures with 5.5 mm openings to
prevent excess background vy rays from reaching the Mossbauer detector, and held
in place with Scotch tape such that the 5.5 mm hole revealed only the cathode. The
Maossbauer spectra were acquired at room temperature, in transmission geometry, in
the constant acceleration mode of a Wissel 1200 spectrometer and with a 3TCo(Rh)
y-ray source (Ritverc MCo07.123) with an activity of 19 mCi. The thickness of the
samples (in mg of natural Fe per cm?) was about 3 to 4.4 mg-cm™2. The velocity
scale (£3 mm/s) was calibrated at room temperature with a 30 um thick a-Fe foil

(99.99+%% purity). Each spectrum was acquired for ~24 hours.

Maossbauer fitting

We use the MossA program to fit the Mossbauer spectra.[15] We show the Moss-
bauer spectra of Li;FeS; and LijAlg2Feg S, at each SOC in Figure S16 and
Figure S17, respectively. Each spectrum is shown with the accompanying fit, each
fit component/Fe site, and difference between the fit and the data. Each spectrum
is fit with four symmetric Lorentzian doublets representing four separate Fe sites.
Each doublet has four fit parameters: (1) the isomer shift , the center point between
the two peaks of the doublet, (2) the quadrupole splitting, the separation between
the peaks, (3) the peak full width half maximum/the linewidth (I'), and (4) the
percent area value (related to the peak intensity scaled by nI"). The fitted values
of all parameters for each spectrum are tabulated in Table S7. We use 4 separate
Fe sites to achieve realistic linewidths for each Lorentzian doublet fit component
and to reflect the actual variety of the possible coordination environments of Fe in
the materials. We use a nested configuration of the Lorentzian doublets in our fits
where possible, over a staggered configuration, as the nested fit better reflects the
electron delocalization we expect in the materials.[16] In every fit, we constrain the
linewidths of all doublets to be equal in order to reduce free parameters and simplify
interpretation. We verify the isomer shift trends from our fits using spectral centroid
analysis. The centroids of the spectra in Figures S16 and S17 are calculated as:

centroid = Zil(lv(’v))v L, where I(v;) is the normalized absorption intensity, v; is the

velocity, and i indexes the data points. The centroids are shown in Figure S23 with
the isomer shift data. Since the centroids are calculated directly from the raw data

without fitting parameters, they provide direct access to the isomer shift. They fol-
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low the same trend as the weighted average isomer shifts from our fits, confirming

that the fits accurately represent the data and are unbiased.

Fe K-edge EXAFS fitting

We use the Athena and Artemis software from the IFEFIT suite for Fe K-edge
EXAFS fitting.[14] In Fe K-edge XAS, oscillations at energies beyond the primary
electronic transition arise from the interference of the excited photoelectron with
itself after scattering off neighboring atoms.[17] The oscillations are converted
to a function of the wave number, y(k), which is then Fourier transformed to
real space (|y(R)|). The y (k) are fit within a k& window of roughly ~3.0+0.1 to
~10+1 A~! (sample dependent), with dk=2 A~'. The |y(R)| are fit within an R
window of roughly ~1.1+0.1 to ~10 A (sample dependent), with dR=0.2 A. The
amplitude reduction factor S % is held fixed for all ex-sifu samples and is determined
by fitting the first shell of the y (k) and |y (R)| of the Fe calibration foil, using a
k window of 5 to 11 A~! (dk =2 A~!) and R window of 1 to 3 A (dR =2 A).
The intensity of the Fourier transform, |y (R)|, represents the oscillation intensity
in real space, corresponding to correlation shells, with Fe located at 0 A. We fit
the first and second shell correlations with defined scattering paths and determine
the correlation distance, ref (10\), and the coordination number N. The first shell
describes the immediate coordination of Fe by S, and the second shell describes the
nearest neighbor cations at the edge-sharing tetrahedral sites closest to a given Fe.
For LiyFeS,, we model the second shell with only Fe, as the scattering probability
off of Li* is very low because of its small electron cloud. For Li;»AlgsFeq6Ss,
although the AI** electron cloud is nonnegligible, we still model the second shell

with only Fe because the low Al content (0.2 mole AI**

per f.u.) minimizes the
scattering probability. The EXAFS analysis is conducted at all of the previously
described SOCs. The resolution of our EXAFS data (the oscillations £50 eV above
the rising edge), limits us to fitting both the first and second shells using only single
scattering paths. This captures overall changes but not specific atomic positions
or heterogeneity thereof. For example, the first shell actually includes 4 separate
S atoms, each with its own scattering path, but we fit the first shell with a single
scattering path, capturing the average effect of the multiple S atoms through the
coordination number N. The EXAFS first and second shell 7. and N are shown in
Figure S18, with the fitted y (k) and |y (R)| in Figures S19 and S20 and Figures S21

and S22, respectively, and all fit parameters in Table S8.
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Chapter 4

Cu”!* DELOCALIZES MULTIELECTRON REDOX AND
DETERMINES CAPACITY LIMITS IN Li; »_,Cu,Alp2Fep.652
CATHODES

Soldner, L. S.; Ramakrishnan, N. R.; Patheria, E. S.; Morrell, C. T.; Qian, M. D.;
Davis, V. K.: See, K. A. Cu”!* Delocalizes Multielectron Redox and Determines
Capacity Limits in Industrial Element Li-lon Cathodes. In preparation.
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Chapter 5

CONCLUSION AND OUTLOOK FOR MULTIELECTRON
REDOX INDUSTRIAL-ELEMENT LI-ION CATHODES

This thesis develops a thermodynamic and electronic framework for understanding
energy storage in Li-ion cathodes and applies it to a new class of high-capacity,
industrial-element sulfides. Beginning with a first-principles treatment of electro-
chemical potentials across battery components, Chapter 1 establishes the energetic
basis for cell voltage, interfacial charge transfer, and charge compensation in elec-
trochemical redox reactions. Chapter 2 introduces novel Li-rich sulfide cathodes,
Lir,yAlyFei_,S,, which operate via multielectron redox and exhibit high extents
of anion redox through the reversible formation and cleavage of S—S bonds asso-
ciated with local structural distortions. Chapter 3 demonstrates that the stability of
the delithiated phase is a key determinant of electrochemical redox capacity lim-
its. Accordingly, it presents a core design framework. First, it hypothesizes that
electrochemical delithiation competes with phase transitions to thermodynamically
stable phases. Second, it establishes that these competing phase transitions are well-
described by the thermodynamic configuration of the hypothetically fully delithiated
phase. Consequently, it shows that the pristine material can be rationally designed
to reflect the structural and electronic properties of the thermodynamic delithiated
configuration, suppressing competing transitions and making deep delithiation elec-
trochemically accessible. Chapter 4 expands the chemical space to include Cu in
Lip »—,Cu;Aly2Feg 652, where unique Cu—S electronic interactions delocalize anion
redox charge compensation beyond localized S—S bonds, improving reversibility.
However, Cu also destabilizes the delithiated phase, limiting accessible capacity. As
noted in the Conclusion of Chapter 4, these results establish a broad compositional
space for future exploration with accompanying guiding design principles. This
space is spanned by Lio,,_,Cu, Al Fe;_2,Sy, where 0 < y < 0.5and 0 < z < 1+,
and may be even more broadly defined by structurally related end members: LiyFeSo,
Li5AIS4, AleeS4, and LiCuFeSz.

The cathodes presented in this thesis, despite their lower voltage, achieve gravimet-
ric capacities and energy densities far beyond those of commercial oxides, and rely
exclusively on industrially abundant elements with already-scaled, battery-grade

supply chains. This raises a natural, important question: can these materials make
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Figure 5.1: Indexed prices of Li-ion (a) key cathode raw materials and (b) battery
packs from 2017 to 2024. All prices are normalized to July 2017. The spike in raw
material costs in 2022 caused Li-ion pack prices to increase for the first time ever
that same year, marked by the dashed gray lines.

a translational impact? As discussed in the introductions to Chapters 2 and 4, a
%, 100x increase in deployed energy storage capacity is required by 2050 to meet
net-zero targets. The biggest bottleneck is cathode raw material cost, which now
accounts for over 40% of total Li-ion cell cost.[2, 3] Recent spikes in cathode
raw material prices (Figure 5.1a) triggered the first-ever increase in Li-ion battery
pack prices in 2022 (Figure 5.1b).[1] This marks a new era for Li-ion technology:
manufacturing is now sufficiently advanced that raw materials costs can dominate
finished-product battery pricing. Thus, cathodes composed of significantly cheaper
and more scalable industrial elements could deliver a step-function drop in the cost
of Li-ion batteries. Of course, well-established applications of Li-ion batteries in
transport and energy infrastructure require competitive performance metrics beyond
just high energy density, such as low capacity fade and high rate capability. However,
while energy density is primarily an intrinsic materials property, many other perfor-
mance metrics—especially those measured over many charge/discharge cycles—are
optimized via electrode and electrolyte engineering techniques. Decades of opti-
mizing commercial cathodes have yielded a mature toolbox of such techniques,[4]
which can be applied to the materials presented in this thesis, as early efforts already
suggest.[5] Thus, the cathodes in this thesis offer a compelling foundation: their
intrinsic energy density is nearly unmatched, and with appropriate engineering, they
could be developed into high-performance, scalable alternatives. This is precisely

the kind of work I am most excited—and most grateful—to pursue as I defend this
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thesis. It is my life’s dream to live the words of Dr. Faulkner quoted in the Introduc-
tion to Chapter 1: to leverage electrochemistry to connect electrical energy and the
material world, at both atomic and societal scales, in service of a more sustainable

future and the eradication of energy poverty.
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Supplementary Note S1: Previous work on Li;FeS,

Li;FeS; has been studied for decades, first reported by Sharma in 1976[1] and then
characterized as a cathode[2—7] and spectroscopically interrogated by Mossbauer[6—
9], infrared[10], and X-ray absorption[7] all in the 1980s. Later, in 2008, Kendrick
and coworkers revisited LiyFeS, to develop a synthesis using the industrial Li
precursor Li;COj3 rather than air-sensitive LipS used for traditional air-free solid
state synthesis.[11] They then evaluated how Li,FeS, performs versus a commercial
graphite anode, showing an energy density of ~740 Wh-kg~! with a capacity fade of
~1% per cycle over 70 cycles at C/5[12], and investigated the rate capability versus Li
metal.[13] All prior mechanistic studies support distinct, sequential Fe?* oxidation
to Fe?*3* followed by S>~ oxidation during charge. The mechanism of S>~ oxidation
was suggested to be formation of (S,)>~ using IR data as evidence.[10] Later, we
showed S K-edge X-ray absorption spectroscopy (XAS) data that definitively shows
formation of (S,)>~ upon oxidation.[14] We refer to these processes henceforth as
‘Fe oxidation’ and ‘S oxidation’. The electrochemical data suggests that the Fe and S
oxidation capacities are ~30 to 40% and ~70 to 60% of the total multielectron redox
capacity, respectively.[11-14] We also note that what we refer to as just ‘Fe oxidation’
actually involves removing electrons from covalent, mixed Fe-S electronic states,
with clear involvement of S-based states that we previously showed computationally
and experimentally.[14] We also determined that the Fe oxidation capacity is limited
by an intrinsic stability limit of removing ~0.5 to 0.6e~ per formula unit from the
mixed Fe-S states, after which anion redox proceeds from S-localized nonbonding
3p states, removing another ~1 to 1.1 e~ per formula unit (i.e., only ~50% of the

total S content participates in anion redox).[14, 15]



Table S1: Rietveld refinement results for sXRD patterns of LipFeS,, Liy 2 Alg2Feg 652, and Lip 4Alg 4Fe 2 S, using the P2;/m monoclinic
space group unit cell, corresponding to Figure 2.2a, b, and c, respectively.

All Rietveld refinement results

lattice parameters atomic parameters
R,,, reduced o o o . ¢3. atom  Wyckoff occu-
,  a@) b(A) cA) BE) V@A) : X y z Uiso
(%) X label site pancy
S1 2e -0.180 0.750 0.743 1.00 0.026

S2 2e 0.162 0.750 0.257 1.00 0.009
S3 4f 0.332 0499 0.748 1.00 0.020
Fel 2e 0.189 0.750 0.638 0.56 0.020
Fe2 4f 0.338 0.011 0.363 0.33 0.020
LiFeS, 16.8 549 6.786 7.790 6.292 89.97 332.669 Fe3 2e 0.147 0.250 0.620 0.78 0.020
Lil 2e 0.189 0.750 0.638 0.44 0.015
Li2 4f 0.338 0.011 0.363 0.67 0.014
Li3 2e 0.147 0.250 0.620 0.22 0.018
Li4 2e 0.500 0.750 0.000 1.00 0.027
Li5 2a 0.000 0.000 0.000 1.00 0.028

continued on next page
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lattice parameters

atomic parameters

Ry, reduced o o o . 3. atom  Wyckoff occu-
, a@) bA) cA) BE) V(A . x y z iso
(%) X label site pancy
S1 2e -0.140 0.750 0.756 1.00 0.018
S2 2e 0.179 0.750 0.265 1.00 0.009
S3 4f 0.316 0.504 0.750 1.00 0.016
All 2e 0.169 0.750 0.628 0.40 0.000
Fel 2e 0.175 0.750 0.624 0.20 0.011
. Fe2 4f 0.343 0.006 0.372 0.33 0.018
LipAlgoFegeS, 15.0 2710 6.793 7.842 6.272 90.00 334.098 Fe3 2 0187 0250 0.660 034 0019
Lil 2e 0.175 0.750 0.624 0.40 0.011
Li2 4f 0.343 0.006 0372 0.67 0.018
Li3 2e 0.187 0.250 0.660 0.66 0.019
Li4 2e 0.500 0.750 0.000 1.00 0.027
Li5 2a 0.000 0.000 0.000 1.00 0.028

continued on next page
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lattice parameters

atomic parameters

Ryp

reduced

atom Wyckoft

occCu-

(%) X2 a® b @ B VA label site * g ‘ pancy o

S1 2e -0.155 0.750 0.761 1.00 0.020

S2 2e 0.187 0.750 0.264 1.00 0.026

S3 4f 0.323 0521 0.748 1.00 0.011

All 2e 0.168 0.750 0.634 0.80 0.000

Fel 2e 0.165 0.750 0.634 0.16 0.014

, Fe2 4f 0.280 -0.002 0.377 0.06 0.087
Lip 4Alp4Fep2S, 12.1 1332 6.806 7.892 6.241 89.85 335.229 Fe3 2 0176 0250 0.666 013 0.001
Lil 2e 0.165 0.750 0.634 0.04 0.014

Li2 4f 0.280 -0.002 0.377 0.94 0.087

Li3 2e 0.176  0.250 0.666 0.87 0.001

Li4 2e 0.500 0.750 0.000 1.00 0.027

Li5 2a 0.000 0.000 0.000 1.00 0.028
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Supplementary Note S2: Unfit reflections and superstructure in Li;FeS; and
Liz 2Aly.2Feo 652

Some reflections for LioFeS; and Liz »Alg 2Feo6S2 between 1 to 2 A~! in Figure 2.2a
and b are not described by the fits and are highlighted by asterisks (*). After check-
ing many possible impurities (see Table S3), we suggest that the unfit reflections
are likely superstructure peaks and/or indicative of multiple polymorphs present in
our LiyFeS; and Lij 2 AlgFeo S, reaction products. The reflections in the same Q
range for the highest Al content material Liy 4Alg4Feo2S, are all fit by the P2{/m
unit cell, ostensibly because the AP site ordering in Liy 4Alg4Fe(»S, closely re-
sembles that in LisAlS4. The refined phases for LiyFeS,, Liy2Alg2FegsS2, and
Liz 4Alp4Feo2S2, and the crystal structure of LisAlS4 reported by Lim et al. are
shown in Figure S2, projected along the a-axis. As y increases, the anion frame-
works appear more distorted, and the anion frameworks of Liy 4Alg4Fep2S, and
LisAlSy (i.e., Lip 5AlgsS;) are very similar, indicating that the AP site ordering in
Lir 4Alg4Feo»S, closely resembles that in LisAlS4. Hence, the unfit reflections in
the same Q range for LiyFeS; and Li; , Aly2Feg ¢S, could be due to ordering of Li™,
Fe?*, and AI’* on the tetrahedral sites that extends beyond the P2;/m unit cell of
LisAlS,4 that we use for Rietveld analysis. In fact, the reflections at ~1.4 and 1.6 Q
in the pattern of LioFeS, are partially described by our model, whereas they are not
fit at all by the P3m1 unit cell[ 14], suggesting that some aspects of the superstructure

are captured by the monoclinic unit cell.

There is a history of disagreement about Li;FeS; having a possible superstructure
from ordering of cation occupancy on the tetrahedral sites. Some papers report
just the primitive P3m1 unit cell and no superstructure[2, 4, 5], while others report
superstructures that vary from two times that of the primitive cell[7, 9], to up to
five[9] or even ten times[3] that of the primitive cell. Further complicating the
matter, the first report of LipFeS; in 1976 by Sharma described two closely related
polymorphs that form at 885°C and 840°C, which were later observed by others,
too.[1, 4, 10] The existence of multiple polymorphs is not uncommon in alkali-
Fe-chalcogenide materials. For example, multiple polymorphs of K,Fe;_,Se; and
K,Fe;Se, are known and often co-exist; phase pure synthesis of any individual
polymorph is difficult.[16] Thus, we propose that the unfit reflections arise from

superstructure and/or polymorphs not accounted for by the P2{/m unit cell model.
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target stoichiometry

measured composition

Li Al Fe S
LiFeS 1.970 +0.010 : 1.000+0.002 1.914 +0.001
22 2.023 +0.036 - 1.000+0.009 1.928 +0.002
LAl oFen g, 211220007 0.186+0.021 0.600+0.001 1.883+0.002
220802820692 9 9974+0.011 0.178+0.022  0.600 +0.003 1.853 +0.003

Table S2: The composition of four separate reaction batches, two each of LiFeS;
and Liy »Alg,Fep ¢S2, measured by ICP-MS for Li, Al, and Fe, and by combustion
analysis for S. The data are normalized to the target Fe content.

precursors other sulfides  reaction with tube air exposure

LizS FeSQ

Ale3 AIQFCS4
FeS Fe7Sg

FesS4 C.Li,AlFe,Si,S,0, C.Li,AlFe,SiS,0; - n HO

LisAlSy

LizAlS;3

LiQFCSQ

Table S3: The possible impurities that we check for the unfit reflections in the sXRD
patterns for LioFeS, and Lis»Alg,Fep S, in Figure 2.2a and b, respectively. We
check all polymorphs of each listed impurity, e.g., for FeS, we check the pyrite and
marcasite polymorphs. The lists of possible impurities for reaction with the quartz
tube and air exposure are summarized by chemical formulae that account for all
possible combinations. We check all possible polymorphs/combinations that are in
the Inorganic Crystal Structure Database under “experimental inorganic structures’.

Table S4: The averages and standard deviations of the first cycle charge capacities of
the three replicates of LiyFeS,, Lio » Alg2Feq 6S2, and Liy 4Alg 4Fe 2S, in Figure S3.

first cycle charge capacities (mole e~ per formula unit)

Fe oxidation sloping region S oxidation plateau total oxidation

LioFeS, 0.58 +£0.05 1.09 +£0.01 1.67 £0.06
Lip 2 Alg2Fep S, 0.46 +0.02 1.52+0.09 1.98 +0.09
Lij 4Alg 4Fep 1S, 0.14+0.05 1.63+0.21 1.77+0.16
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Figure S2: The refined phases (top) and only anion frameworks (bottom) of (a)
LizFGSz, (b) Li2.2A10,2F60.6SQ, (C) Li2.4A10.4F60.252, from our sXRD data, and (d)
LisAlS4. The axes in (a) apply to all panels. The anion framework of Li;FeS, has
near perfect HCP symmetry. To easily observe changes to the anion framework with
y in Liz, Al Fe;_2,S,, we superimpose the S atoms in Lio FeS», as transparent black
circles, on top of the S atoms in Liz»Alg2Feq6S2, LizaAlgaFep2S,, and LisAlS,.
Qualitatively, the anion frameworks become more distorted from HCP symmetry
with larger y. We hypothesize that the high charge density of AI** causes the
distortions.
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Figure S3: The first cycles of three replicate cells from three separate reaction
batches of (a) LioFeS,, (b) Liz2Alg2Fep6S2, and (c) Lix 4Alg4Fe(»2S,, all cycled at
C/10 based on 1 e~ per formula unit. We mark the transition point from the sloping
region associated with Fe oxidation to the S oxidation plateau during charge for each
replicate with a dashed vertical gray line. The corresponding average capacity and
standard deviations associated with the two regions are in Table S4.
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Figure S4: GITT curve and accompanying galvanostatic curve at C/10 of the first
cycle of (a) LipFeS,, and three representative time-relaxation profiles from the (b)
Fe oxidation sloping region and (c) S oxidation plateau. Panels (d), (e), and (f)
show the same corresponding data for Liy 2 Alg2Fe6S>, and panels (g), (h), and (i)
show the same corresponding data for Liy 4Alg 4Feq2S;. GITT was obtained at C/10
based on 1 mole e~ per f.u. for 20 min separated by 4 h rest periods at open-circuit.
The sections of the GITT curves for which the time-relaxation profiles are plotted
are marked in panels (a), (d), and (g). Black dashed lines and circular data points
mark the section limits of the sloping region, also used in panels (b), (e), and (h).
Gray dashed lines and diamond-shaped data points mark the limits for the plateau,
again used in panels (c), (f), and (i).
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Figure SS5: (a) The gravimetric charge and discharge capacities and (b) the coulom-
bic efficiencies of three replicate cells of Li;FeS; cycled at C/10 based on 1 mole
e~ per f.u. for 25 cycles. Panels (c) and (d) show the same corresponding data for
Liz 2 Alg2Feg6S2. The average and standard deviation of the three replicates in (a)
and (c) are shown in Figure 2.3f in the main text.
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Figure S6: Representative galvanostatic cycles 1, 5, 10, and 25 of (a) Li,FeS; and
(b) Lip2Alg2Feg 6S2, both cycled at C/10 based on 1 mole e~ per formula unit.
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Figure S7: The gravimetric charge and discharge capacities of three replicate cells
of (a) LioFeS, and (b) Lix »Alp2Fep ¢S, subjected to rate capability tests of 5 cycles
each at C/10, C/5, C/2, 1C, and again at C/10. All C rates are based on 1 e per
formula unit. The average and standard deviation of these replicates are shown in
Figure 2.3g in the main text.
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Figure S8: Representative galvanostatic cycles 1 (at C/10), 5 (at C/10), 10 (at C/5),
15 (at C/2),20 (at 1C), and 25 (again at C/10) of (a) LioFeS; and (b) Liy 2 Alg 2 Feo 652
from the rate capability tests shown in Figure S7. All C rates are based on 1 mole
e~ per formula unit.



Table S5: The averages and standard deviations of the first cycle charge and discharge gravimetric capacities, average voltages, and
energy densities of the three replicates of Li;FeS, and Lij 2 Alg2Feo S, in Figure S3.

first cycle performance metrics

charge discharge
gravimetric average energy gravimetric average energy
capacity voltage density capacity voltage density
(mAh-g~") V) (Wh-kg™")  (mAh-g™') V) (Wh-kg™!)
LiyFeS, 33412 2.452+0.004  819+28 331+12  2.295+0.004  760+26

Lip2AlgoFepsS,  449+£20  2.505+0.007  1125+49 446+24  2.294+0.004 1024+55

€01
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Supplementary Note S3: Additional Fe K-edge XAS data and its limitations

We measure Fe K-edge XAS of both materials at various SOCs and after annealing
at the transition point to examine changes in the Fe-S 3d-3p states. The spectra of
both materials, shown in Figure S9a and b, exhibit a decrease in the intensity of the
pre-edge feature x after annealing, to a level similar to the mid-slope spectra. For
LisFeS,, the decrease can be partially attributed to the formation of FeS,, where
the centrosymmetric octahedral Fe coordination produces a less intense pre-edge
than the original non-centrosymmetric tetrahedral Fe coordination.[17] However,
for Lip 2 Alg2Fep 6S,, the annealed material remains a single phase with only tetra-
hedrally coordinated Fe (Figure S14b). Hence, the decrease in pre-edge intensity
for Lip2AlgoFeg S, suggests greater occupancy of Fe-S 3d-3p states in the an-
nealed material, i.e., formal Fe reduction. The first derivatives of the spectra for
both materials, shown in Figure S9c and d, indicate that the rising edge positions of
the annealed and mid-slope states are identical, confirming formal Fe reduction by
annealing the cathode at the transition point in both materials. The discrepancy be-
tween the annealed and mid-slope states of LioFeS, is clear, as the first derivative of
the annealed state differs in shape from that of the mid-slope. Remarkably, both the
original spectra (Figure S9b) and first derivatives (Figure S9d) of Liy 2Alg2Feo 652
in the annealed and mid-slope states almost completely overlap, indicating that Fe

is very similar in both states.

We summarize the data in Figure S9e,f by overlaying the rising edge positions with
the galvanostatic data. Notably, the position of the Fe K-edge of both materials
remains similar across the transition, mid-plateau, and charged states. However, the
energy resolution at the rising edge (=1 eV for 3d metals) is limited by the short
lifetime of the 1s core hole.[17] Kowalska et al. encountered this limitation in Fe-S
clusters, where the rising edges of mixed-valent (Fe**/Fe**) and formally reduced
diferrous (only Fe**) clusters were “effectively superimposable.” Accordingly, they
note: “This observation highlights the fact that caution must be exercised in using the
rising edges as an isolated measure of oxidation state.”[18] Thus, to better evaluate
the Fe electronic structure, we use a more sensitive probe of the occupancy of Fe-S

3d-3p states (M0Ossbauer spectroscopy).
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Figure S9: Ex-situ Fe K-edge XAS spectra of (a) LipFeS; and (b) Liy » Alg 2Feg ¢S, at
the pristine, mid-slope, transition, annealed, and mid-plateau SOCs. The first deriva-
tive of the rising edge regions for (c) LipFeS; and (d) Lix 2 Alp2Fep 6S2. The energies
of the maxima of the first derivatives at each of the SOCs are overlaid with the cor-
responding galvanostatic cycling data for (e) LioFeS, and (f) Liy 2 Alg2Feg6S2. The
dashed lines in all panels labeled x, y, and z indicate the same features as in Fig-
ure 2.4: the pre-edge x, at 7113.0 eV, and the two rising edges observed at different
SOCs, y and z, at 7117.2 eV and 7118.2 eV, respectively.
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Supplementary Note S4: Long-range structural changes in Li;FeS; and Liz »Aly2Fe( ¢S
In our previous work on LiyFeS,, we found that the long-range order is maintained
during the initial sloping region associated with Fe oxidation, and that there is a
gradual loss of long-range order during the S oxidation plateau.[14] Here, in Fig-
ure S10, we report ex-situ XRD of LiFeS; and LizAlg2Fe ¢S, in the pristine,
transition, charged, and discharged SOCs, focused on the 26 range for the (0 0
1) reflection as an indicator of overall structural changes. We also show the full
patterns in Figure S11 for completeness, but primarily discuss the (0 0 1) reflection.
The LiyFeS, data supports our previous findings. Relative to the pristine state, the
(0 0 1) reflection of the transition SOC shifts to higher 26 by ~0.1°, and becomes
more intense, indicating that the material is contracted along the c-axis, and more
crystalline, respectively. In the charged state, the (0 O 1) reflection loses most of its
intensity, indicating the loss of long-range order. In the discharged state, the (00 1)
reflection recovers the full intensity of the pristine state, shifted to slightly lower 26

by ~0.05° relative to the pristine state.

The Lip 2 Alg2Fep S, data is similar to LipFeS;. However, the transition SOC of
LiyFeS,, in addition to the contraction, exhibits a new shoulder at slightly higher
(=0.3°) 26, which is absent in Liy»Alg2FeS,. This slight discrepancy suggests
that the long-range structural response to the Fe oxidation in LiyFeS; is less single-
phase in nature compared to that in Liy AlgFeoS2. Importantly, both materials
recover the full intensity of the (0 O 1) reflection in the discharged state. This
indicates that the original long-range structure of the pristine state is restored dur-
ing discharge, despite greater degrees of structurally burdensome anion redox in
Liz 2 Alg2Feg 652 compared to LirFeS,, highlighting the reversibility of the multi-
electron redox mechanism. The recovery of long-range order is also evident in the
full XRD patterns (Figure S11).
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Figure S10: Ex-situ XRD, focused on the (0 0 1) reflection between ~13° to 16° 26,
of (a) LipFeS, in the pristine, transition, charged, and discharged states with (b) ac-
companying galvanostatic data. The same corresponding data for Lip 2 Alg2Feo 652
is shown in panels (c) and (d), respectively.
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Figure S11: Full ex-situ XRD patterns between 10 to 85 26 (°) of (a) LiyFeS;
in the pristine, transition, charged, and discharged states with (b) accompanying
galvanostatic data. The same corresponding data for Liy Alg2Feo6S2 is shown in
panels (c) and (d), respectively. Figure S10 suggests that long-range order is restored
in the discharged state by showing the recovery of the layer spacing associated with
the (0 O 1) reflection. The near-identical full XRD patterns in the pristine and
discharged states shown here confirm that this structural restoration extends to the
entire long-range order, not just the layer spacing.
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Supplementary Note S5: Cation inventory and capacity limits of Li;FeS, and
Liz 2Aly.2Feo 652

In LiyFeS,, the anion redox capacity is limited to only ~55+1% of the S content
before the voltage polarizes and additional capacity is inaccessible. At the end of
charge, not only does some of the S remain as S?~ but ~0.33+0.06 mole Li* per
f.u. remain in the material. In Liy»AlgsFepS2, *76+£5% of the S is oxidized
and ~0.22+0.11 mole Li* per f.u. remains. One could attribute the differences in
capacity to the Li* inventory, arguing that the anion framework collapses/converts
below a critical Li* content, noticing that the remnant Li* contents in the fully
charged LiyFeS, and Liy,Alg,Feq ¢S, are within ~0.1 Li* per f.u. of each other.
However, we note in Section 2.2 that Liy 4Alg4Feo2S,, despite having even greater
Li* content than Li; yAlg2Fe¢S7, has lower capacity (Figure 2.3¢). We also show
in Figure S10 that the long-range order, or overall anion framework, is anyway
not preserved beyond the transition SOC in both LisFeS, and Lij2Alg2Feg 52,
which is also supported by operando XRD measurements in our previous work on
LiyFeS,.[14]

Further, an argument that cites residual Li* in the charged state should look at
the total cation content, rather than just Li*, as arguably the higher charge density
Fe?*3* and AI’* cations would play a bigger role than Li* in supporting the anion
framework against collapse/conversion. In considering total remnant cation content
in fully charged LisFeS, and Liz»Alp2Fep6S2, we find LipFeS; has ~1.33+0.06
cations per f.u. left, whereas Liy2Alg2Fep S, has only ~1.02+0.11 cations per
f.u. Thus, if the total remaining cation content at full charge was responsible for
oxidation capacity limits, we would expect Li; 2Alg2Feg 657 to have lower capacity
(in mole e~ per f.u.) because it would require additional Li* in the charged state
to compensate for having lower non-Li* cation content. Thus, another mechanism
is responsible for limiting the capacity of Li;FeS, relative to Liy 2Alg2FegS2, as
limits cannot be accounted for by Li* inventory or total cation content in the charged

state in both materials.
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Figure S12: XRD of the attempted synthesis of Aly,FeS;. The Rietveld refine-
ment (fit), reflection locations of each phase in the fit, the weight percent contribution
of each phase, and the difference between the fit and data are all shown. All observed

reflections are accounted for by a three phase fit to Fe;Sg (10.6 wt%), Al,FeS4 (38.3
wt%), and FeS; (51.1 wt%).

Figure S13: The crystal structure of (a) Liz 2 Alg2Feg ¢S, from Rietveld refinement
of the sXRD data in Figure 2.2 projected along the a-axis (top) and c-axis (bottom),
and the crystal structure of (b) Al,FeS4 projected along the a-c plane (top) and
c-axis (bottom). To show how the structures are related, the unit cell of the material
being shown is indicated with a solid, black line, and the unit cell of the other
material is indicated with a dashed, black line. The Li*-only layers perpendicular
to the c-axis in Li;»AlgsFeo ¢S, contain octahedrally coordinated Li*, while the
corresponding layers in Al,FeS,4 have only tetrahedrally coordinated Fe** or AI**.
To easily compare tetrahedral sites, we omit all octahedrally coordinated cations in
the bottom projections along the c-axis for both materials. This further highlights
the possible structural similarity between delithiated Li; » Alg,Feg ¢S, and AlyFeS,.



110

Table S6: Detected S content in wt% before and after annealing by combustion
analysis. We also show the S loss in wt% and convert this to mole S per f.u.
based on approximate molar masses of 129.7 g-mole~! of Li,_,FeS; (x ~0.6) and
115.5 g-mole‘1 of Lis »_,Alg2Fep S, (x 20.4). The results show that S loss cannot
explain the changes we observe after annealing —Lij 2 Alg2Fep6S2 shows no S loss
and Li;FeS; shows very minimal S loss.

S content (wt%) S loss
. . mole S per
before annealing after annealing (wt%) fu
LiyFeS, 26.9+0.1 26.2+0.1 0.7 0.04
Liy o Alg2Fep.6S2 29.7+0.1 29.7+0.1 0.0 0.00
Li2FeS2 Li2.2AIO'2FeO.GS2 A
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Figure S14: Ex-situ XRD of the annealed states of (a) LipFeS, and (b)
Liy o Alg2Fe(6S,, and the transition states of (¢) LiFeS, and (d) Lix pAlg2Feq 6Ss.
Each panel shows the Rietveld refinement (fit), reflection locations of each phase
in the fit, and the difference between the fit and data. All patterns are described
by a single phase, except LioFeS; in the annealed state, which is fit to two phases:
pyrite FeS, (16.8 wt%), and Li,_,FeS, (83.2 wt%). While we label the phases in
the fits as Li_ in (a) and (c) or Liz 5 in (b) and (d) to indicate delithiated samples,
the crystallographic information files used for the refinements are those of pristine
(fully lithiated) LiFeS; and Lij » AlgFeg6S,.
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Figure S15: The weighted averages and corresponding weighted standard deviations
of the isomer shifts (a) and quadrupole splittings (b) of the Lorentzian doublets used
to fit ex-situ Mossbauer spectra of Li;FeS,, with the corresponding galvanostatic
data (c) showing the SOCs at which the spectra are measured. Panels (d), (e),
and (f), respectively, indicate the same corresponding data for Liy > Alg2Fe6S,. In
panels (a), (b), (d), and (e), the weighted average is indicated by the symbol, and
the weighted standard deviation is indicated by height of the box accompanying the
symbol. The dotted/dashed dark purple horizontal line in panels (a) and (d) indicates
the weighted average isomer shift at the transition SOC. The isomer shift data is
discussed in the main text. The quadrupole splitting is similar in both materials.
After annealing, the quadrupole splitting broadens for Li;FeS, but narrows for
Liz 2 Alg2Feg6S2, supporting that the former undergoes conversion while the latter
does not.
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Figure S16: Mossbauer spectrum, four Fe sites in each fit, fit (sum of the Fe
sites), and fit-data difference (A) of the (a) pristine, (b) mid-slope, (c) transition, (d)
mid-plateau, (e) charged, (f) discharged, and (g) annealed states of Li,FeS,. The
linewidth (') of the four Fe sites is constrained to be equal in each fit and is shown
in each panel. A single unidentified Fe site (peak) in annealed sample is indicated
by an asterisk.
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Figure S17: Mossbauer spectrum, four Fe sites in each fit, fit (sum of the Fe sites),

and fit-data difference (A) of the (a) pristine, (b) mid-slope, (c) transition, (d) mid-

plateau, (e) charged, (f) discharged, and (g) annealed states of Liy»Alg2FeqeS,.

The linewidth (I') of the four Fe sites is constrained to be equal in each fit and is

shown in each panel.
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Table S7: All Mossbauer fit parameters of each spectrum in Figures S16 and S17.

LizFeSZ
at linewidth I isomer shift quadrupole splitting area
state

(mm-s™!) (mm-s~!) (mm-s™!) (%)

0.48 0.57 17.2

o 0.52 0.95 48.3
pristine 0.33

0.49 1.62 19.1

0.53 1.70 15.4

0.40 1.35 23.4

. 0.48 0.74 36.9
mid-slope 0.36

0.51 1.57 15.6

0.40 1.35 24.1

0.42 0.70 14.7

. 0.11 0.52 28.7
transition 0.33

0.24 0.51 39.0

0.37 1.43 17.6

0.46 0.74 25.2

) 0.06 0.52 20.4
mid-plateau 0.33

0.23 0.52 41.2

0.48 1.17 13.3

0.42 0.90 24.1

0.36 0.62 48.4
charged 0.28

0.19 0.62 22.5

0.44 1.33 5.1

0.67 0.88 22.5

. 0.32 1.26 394
discharged 0.32

0.36 0.69 20.7

0.55 1.52 17.4

0.68 1.33 7.5

0.30 2.08 6.2
annealed 0.40

0.32 0.61 45.7

continued on next page
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at linewidth I'  isomer shift quadrupole splitting area
state
(mm-s™) (mm-s~!) (mm-s™) (%)
0.38 1.43 40.6
Liz 2 Alp2Fe6S2
at linewidth I'  isomer shift quadrupole splitting area
state

(mm-s™) (mm-s~1) (mm-s~!) (%)

0.42 1.39 329

. 0.53 0.84 33.7
pristine 0.38

0.66 1.36 25.9

0.44 1.43 7.5

0.51 1.52 30.0

. 0.05 0.82 20.8
mid-slope 0.35

0.51 1.14 30.9

0.22 1.30 18.3

0.46 0.83 20.5

. 0.07 0.53 253
transition 0.37

0.23 0.61 33.1

0.40 1.55 21.1

0.41 0.77 23.9

. 0.05 0.59 31.9
mid-plateau 0.36

0.22 0.61 33.0

0.48 1.13 11.2

0.37 0.94 342

0.34 0.59 40.7
charged 0.31

0.13 0.63 12.9

0.41 1.36 12.3

0.60 1.60 21.6

. 0.34 1.40 33.7
discharged 0.33

0.28 1.15 17.5

0.61 1.19 273

continued on next page

115



116

Li2Fe82 Liz_zAlo_zFeo‘GS2

T 1 T 1 T T h T T T T T T T LI T
28L@ s e ]

B U = T S
g@f T b Tt b

£ i i i i i i a0 i i 1
0 2.3_? ....... u ‘ 1L ﬁ ; i

I | ? ___________ Ao % ............. T | I ? ................ 4‘ .................................. ? e
! ; | o pristine A mid-plateau

22y o i first shell ! 1 1[i | s mid-slope v charged L]
4F 1) Tl second shell [ " F@)] © transition discharged ]

} ﬁ ‘ ! ! | 7| & annealed ;

o . | s B | 1

= : . : - : :

O ! L i ; -

g/ 1 1 1 1 \4: 1 ﬁ 1 1 1 \\: ]

> 0 5 10 15 20 40 0 5 10 15 20 40
time (h)

Figure S18: The first and second shell values of (a) ref. and (b) N for LiyFeS,,
with accompanying galvanostatic data (c) indicating the SOCs at which the EXAFS
analysis is conducted. Panels (d), (e), and (f), respectively, indicate the same
corresponding data for Liy»AlgoFep6S,. All reg and N values are shown with
statistical error bars. The first shell data is discussed in the main text. The second
shell data shows similar trends for Li;FeS, and Li; 2 Alg2Fep6S5.

continued from previous page

at linewidth I'  isomer shift quadrupole splitting area
state

(mm-s™!) (mm-s~!) (mm-s~!) (%)
0.58 1.30 24.1
0.24 0.99 11.3
annealed 0.36
0.07 0.65 17.4

0.33 1.42 472
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Figure S19: Fe K-edge EXAFS &>y (k) data, fit, fit window, and fit-data difference
of the (a) pristine, (b) mid-slope, (c) transition, (d) mid-plateau, (e) charged, (f)
discharged, and (g) annealed states of LiFeS,.
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Figure S20: Fe K-edge EXAFS &>y (k) data, fit, fit window, and fit-data difference
of the (a) pristine, (b) mid-slope, (c) transition, (d) mid-plateau, (e) charged, (f)
discharged, and (g) annealed states of Liy yAlg2Feq6S;.
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Figure S21: Fe K-edge EXAFS k3—weighted |y (R)| data, fit, fit window, and fit-
data difference of the (a) pristine, (b) mid-slope, (c) transition, (d) mid-plateau, (e)
charged, (f) discharged, and (g) annealed states of LiyFeS,.
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Figure S22: Fe K-edge EXAFS k3—weighted |y (R)| data, fit, fit window, and fit-
data difference of the (a) pristine, (b) mid-slope, (c) transition, (d) mid-plateau, (e)
charged, (f) discharged, and (g) annealed states of Liy »Alp2FeqS,.



Table S8: EXAFS fitting parameters for LioFeS, and Liy 2 Alg2Feg 6S;.

LizFeSZ
S(Z) AE o? Teff, first shell (A) Nfirst shell  Teff, second shell (A) Niecond shell
state intrinsic  energy local Fe-S bond Fe coord.  nearest Fe-Fe edge-sharing
losses  correction disorder length number distance tetrahedra occupancy
pristine 0.618 1.1£0.7 0.006+0.001 2.30+0.01 3.8+0.3 2.72+0.02 0.82+0.2
mid-slope 0.679 4.2+0.3  0.004+ <0.001 2.30+0.01 3.6+0.1 2.72+0.01 0.58+0.07
transition 0.618 2.2+0.5 0.003+ <0.001 2.26+0.01 3.0+0.1 2.76+0.01 0.43+0.10
mid-plateau  0.679 3.2+0.3  0.003+ <0.001 2.26+0.01 3.3+0.1 2.75+0.01 0.54+0.09
charged 0.618 0.7£0.4  0.004+ <0.001 2.25+0.01 2.8+0.1 2.69+0.01 0.91+0.05
discharged  0.618 3.5+1.0 0.004+0.001 2.31+0.01 3.2+0.3 2.70+0.02 0.67+0.2
annealed 0.788 2.6+0.5 0.004+0.001 2.28+0.01 3.2+0.2 2.71+0.02 0.42+0.1
Liz 2Alo2Fe 652
state S(z) AEy o? Teff, first shell (A) Nfirst shell  Teff, second shell (A) Ngecond shell
pristine 0.788 3.5+£0.5 0.003+0.001 2.32+0.01 3.0+£0.2 2.76+0.01 0.67+0.1
mid-slope 0.788 3.9+04 0.004+0.001 2.29+0.01 3.2+0.1 2.74+0.02 0.43+0.12
transition 0.788 3.5+0.5 0.003+0.001 2.26+0.01 3.3+0.2 2.80+0.03 0.35+0.14
mid-plateau  0.788 2.9+04  0.004+ <0.001 2.26+0.01 3.1+0.1 2.75+0.02 0.46+0.10
charged 0.788 2.4+0.6 0.004+0.001 2.26+0.01 3.1+0.2 2.71+0.01 0.78+0.14

continued on next page

ICl
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2

state S(z) AE) o8 T'eff, first shell (A) Nfirst shell  Teff, second shell (A) Nsecond shell
discharged 0.788 3.1+£0.5 0.005+0.001 2.31+0.01 3.3+0.2 2.73+0.01 0.67+0.10
annealed 0.788 3.8+0.6 0.003+0.001 2.29+0.01 3.3+0.2 2.73+0.02 0.42+0.14

cl
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Figure S23: The centroids of the Mdssbauer spectra, the weighted averages and
weighted standard deviations of the isomer shifts of LioFeS, (a), with accompanying
galvanostatic data (b). Panels (c) and (d) respectively show the same corresponding
data for Liy pAlg2FeoS2. We calculate the centroids of the spectra in Figures S16
and S17 as centroid = % where I(v;) is the normalized absorption intensity,
v; 1s the velocity, and i indexes the data points. The dotted/dashed dark purple
horizontal line in panels (a) and (c) indicates the centroid at the transition SOC.
The centroids, calculated directly from the data without parameters, provide direct
access to the isomer shift. They follow the same trend as the weighted average
isomer shifts from our fits, confirming that the fits accurately represent the data and
are unbiased. The annealed state of Li,FeS, is omitted because it contains multiple

phases, preventing meaningful spectral centroid analysis.



124
Supplementary Note S6: Relative covalency of (S;)>~ and S*>~ with Fe

The isomer shift increases during the S oxidation plateau in both LiyFeS; and
Liz 2 Alg2Feg6S2. One could suggest that the increase in the isomer shift is not actu-
ally reflective of Fe reduction, but rather caused by the difference in the covalency of
(S2)>~ ‘ligands’ that form during the S oxidation plateau, relative to the covalency
of the unoxidized S*~ ligands. For this to be true, (S2)?>~ would need to be a less
covalent ligand than S?>~. While (S;)*>~ is seemingly less covalent, as one might
expect S2- to be a better 7 donor, structural and Mossbauer data on Fe-S binaries
and Fe complexes with thiolate/persulfide ligands show the opposite —that, in fact,
(S2)?~ is a more covalent ligand to Fe than than S*>~. The Fe-S bond lengths in FeS,
and FeS, both materials with octahedrally coordinated formal Fe?*, can suggest the
relative covalency of (S2)*>~ and S?~, because all the ligands in FeS; are (S2)*,
and in FeS all the ligands are S2~. The Fe-S bond length in FeS, is 2.2645 A[19]
whereas in FeS it is either 2.519 A or 2.427 A.[20] Thus, the shorter bonds in FeS,
suggest that it is the more covalent material. The reported isomer shifts of FeS,,
which are close to 0.25[21] to 0.325[22] mm/s, and FeS, which is 0.72 mm/s,[23]
again indicate far greater covalency in FeS;. Rickard et al. measured Mossbauer of
six-coordinate Fe>* complexes[24, 25] for which they exchange thiolate ligands for
persulfide ligands, varying the number of persulfide ligands between 0 and 2.[26]
They find that the isomer shift decreases markedly with each persulfide added, from
0.37 mm/s with O persulfides, to 0.29 mm/s with 2 persulfides. They attribute the
decrease in the isomer shift with the increase in persulfide content to the superior
ability of (S»)>~ “to accept electrons from the metal by back-donation, and hence
to reduce the isomer shift by reducing the shielding of the s-electrons from the
nucleus.”[26] More recently, similar effects were reported for Fe-S clusters with
strong 7 acceptor ligands like CO.[27] Thus, the increase in the isomer shift during
the S oxidation plateau cannot be because (82)2_ is less covalent with Fe than S*~,
as the opposite is true. In fact, on the basis of covalency alone, the formation of
more covalent persulfides during the S oxidation plateau should cause the isomer
shift to decrease, not increase. We conclude that the isomer shift increase indeed

indicates Fe reduction.
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Figure S24: The volumetric energy density versus the gravimetric energy density for
commercial Li-ion battery cathodes NMC811 and LFP, and the emerging cathodes
DRX, LijFeS;, and LipAlg2FeS,. Among these materials, LipAlg2FegS)
exhibits the highest gravimetric energy density. Relevant values and references
for determining the gravimetric and volumetric energy densities are provided in
Table SO9.



Table S9: Relevant values and references used to determine the gravimetric and volumetric energy densities shown in Figure S24. For
the emerging cathodes, i.e., DRX and those presented here, we also specify the rate in mA/g at which the performance metrics are

reported.
relevant values and gravimetric and volumetric energy densities of commercial and emerging Li-ion battery cathodes
mole Li* molecular normalized gravimetric volumetric average  gravimetric volumetric
rate per f.u. weight unit cell capacity capacity  voltage energy density energy density
(mA/g) cycled  (g/mole) volume (A®) (mAh-g™!) (mAhLY) (V) (Whkg™) (Wh-L™1)
LiNip §Mny.; Cop.1 02
(NMCS811) 0.9[29] 97.3 33.5[30] 250 1204 3.8[29] 950 4576
LiFePOy4
(LFP) - 1.0 157.8 73.2[31] 170 608 3.4[32] 577 2068
LiMnosNbisO2F gy sp8) 1325 38.7[28] 304 1729 3.1 945 5373
(DRX)
LizFeS, 20 1.67 133.8 83.2 334 892 2.452 819 2187
charge
LioFeS, 20 1.65 133.8 83.2 331 885 2.295 760 2032
discharge
Liz2Alo2Feo652 23 1.98 118.3 83.5 449 1056 2.505 1125 2645
charge
Liz2Alo2FeoS: 23 1.97 118.3 83.5 446 1050 2.294 1024 2408
discharge

b
oN
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Table S10: Rietveld refinement results for sSXRD patterns of Liz »AlgoFeg6S2, LioCugaAlg2FeosS2, and Lij gCug4Alg2Fep S, using

the P2;/m monoclinic space group unit cell, corresponding to Figure 4.2a, b, and c, respectively.

All Rietveld refinement results

lattice parameters atomic parameters
Ryp reduced . . ) . atom Wyckoff occu-
(%) Y2 a(A) bA) c(A) B(C) V(A* label  site x y z  pancy Ui
S1 2e -0.158 0.750 0.744 1.0 0.057

S2 2e 0.175 0.750 0.252 1.0 0.002
S3 4f 0.350 0504 0.749 1.0 0.014
All 2e 0.146 0.750 0.628 0.4  0.005
Fel 2e 0.146 0.750 0.628 0.3  0.005
Fe2 4f 0.348 0.012 0360 03 0.020
Fe3 2e 0.167 0.250 0.640 0.3  0.020
Lil 2e 0.146 0.750 0.628 03 0.015
Li2 4f 0.348 0.012 0360 0.7 0.014
Li3 2e 0.167 0.250 0.640 0.3 0.018
Li4 2e 0.500 0.750 0.000 1.0 0.027
Li5 2a 0.000 0.000 0.000 1.0 0.028

Liy 2 Alp2Fep 652 398  0.02 6.795 7.839 6.269 89.98 333.964

continued on next page
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continued from previous page

lattice parameters

atomic parameters

Ryp reduced atom Wyckoff occu-
(%) Y2 al@®) bA) cA) B V(A} label  site X y z  pancy Uig
S1 2¢ -0.158 0.750 0.755 1.0 0.016
S2 2e 0.176 0.750 0.231 1.0  0.004
S3 4f 0349 0512 0747 1.0 0.015
All 2e 0.146 0.750 0.609 04  0.005
Fel 2e 0.146 0.750 0.609 0.3 0.020
Fe2 4f 0.345 0.003 0.358 03  0.020
Fe3 2e 0.158 0250 0.642 03 0.020
LirCugrAlgsoFegsS,  7.37  0.10  6.756 7.781 6272 89.98 329.743 Lil 2e 0.146 0.750 0.609 02 0.015
Li2 4f 0345 0.003 0.358 0.6 0.014
Li3 2e 0.158 0250 0.642 0.6 0.018
Li4 2e 0.500 0.750 0.000 1.0 0.027
Li5 2a 0.000 0.000 0.000 1.0 0.028
Cul 2e 0.146 0.750 0.609 0.1  0.015
Cu2 4f 0.345 0.003 0.358 0.1 0.015
Cu3 2e 0.158 0250 0.642 0.1 0.015

continued on next page
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lattice parameters

atomic parameters

Ryp reduced atom Wyckoff occu-
(%) Y2 al@®) bA) cA) B V(A} label  site X y z  pancy Uig
S1 2¢ -0.160 0.750 0.770 1.0 0.016
S2 2e 0.162 0.750 0.243 1.0 0.004
S3 4f 0309 0481 0741 1.0 0.015
All 2e 0.187 0.750 0.644 04  0.005
Fel 2e 0.187 0.750 0.644 03  0.020
Fe2 4f 0334 -0.007 0.367 03 0.020
Fe3 2e 0.160 0250 0.610 0.3 0.020
Li; sCupsAlgoFegsSs 8.61  0.13  6.691 7.761 6.284 90.19 326.346 Lil 2e 0.187 0750 0.644 0.1 0.015
Li2 4f 0334 -0.007 0.367 0.5 0.014
Li3 2e 0.160 0250 0.610 0.5 0.018
Li4 2e 0.500 0.750 0.000 1.0 0.027
Li5 2a 0.000 0.000 0.000 1.0 0.028
Cul 2e 0.187 0.750 0.644 0.2 0.015
Cu2 4f 0334 -0.007 0.367 0.2 0.015
Cu3 2e 0.160  0.250 0.610 0.2 0.015

eel
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Figure S25: The first cycles of three replicate cells from three separate cells of
(a) LizoAlg2Fep6S2, (b) LizCugaAlooFepsS2, and (¢) Lij gCug4Alp2Feq6S2, all
cycled at C/10 based on 1 e~ per formula unit. We mark the transition point from
the sloping region associated with Fe oxidation to the S oxidation plateau during
charge for each replicate with a dashed vertical gray line. The corresponding average
capacity and standard deviations associated with the two regions are in Table S11.

Table S11: The averages and standard deviations of the first cycle charge ca-
pacities of the three replicates of Lix,AlgoFepsS2, LipCugoAlg2FepsS,, and
Lil_gCu0_4A10,2Feo,6SZ in Figure S25.

first cycle charge capacities (mole e~ per formula unit)

Fe oxidation sloping region S oxidation plateau total oxidation

Lip 2 Alg2Fep 652 0.46 +0.02 1.52+0.09 1.98 +0.09
LiyCug2Alg2Feo S, 0.34 £0.01 1.36 £0.04 1.70 £ 0.06
Lij §Cug4Alp2Feq6S2 0.34 + 0.0004 1.16 £0.01 1.51+£0.01
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Figure S26: (a) The gravimetric charge and discharge capacities and (b) the coulom-
bic efficiencies of three replicate cells of Liy 2 Alg2Feg ¢S cycled at C/10 based on 1
mole e” per f.u. for 25 cycles. Panels (c) and (d), and (e) and (f) show the same cor-
responding data for Li,Cug2Alg2Fep6S> and Lij gCug4Alg2FeqsS2, respectively.
The average and standard deviation of the three replicates in (a) and (c) are shown
in Figure 4.3d in the main text.
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Figure S28: The gravimetric charge and discharge capacities of three replicate cells
of (a) Liz2Alp2FepsS2, (b) LixCug2Aly2FeoS2, and (¢) LijgCug4Alg2FesS2
subjected to rate capability tests of 5 cycles each at C/10, C/5, C/2, 1C, and again
at C/10. All C rates are based on 1 e~ per formula unit. The average and standard
deviation of these replicates are shown in Figure 4.3e in the main text.
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Figure S29: Representative galvanostatic cycles 1 (at C/10), 5 (at C/10), 10 (at
C/5), 15 (at C/2), 20 (at 1C), and 25 (again at C/10) of (a) Li2Alg2Feo6S2, (b)
LipCug2Alg2Fen6S,, and (c) Lij gCugqAlg2Feg S, from the rate capability tests
shown in Figure S28. All C rates are based on 1 mole e per formula unit.



Table S12: The averages and standard deviations of the first cycle charge and discharge gravimetric capacities, average voltages, and
energy densities of the three replicates of Liy 2 Alg2Feg 6S2, LioCugAlg2Fe6S2, and Lij gCug 4Alg2Fep S, in Figure S25.

first cycle performance metrics

charge discharge
gravimetric average energy gravimetric average energy
capacity voltage density capacity voltage density
(mAh-g™") (V) (Whkg™)  (mAh-g™) (V) (Whkg™")
Liy 2Alp2Feg 652 449+20  2.505+0.007  1125+49 446+24  2.294+0.004 1024+55
Li;Cug2Alg2Fep6S2 352+12  2.482+0.011  873+29 36615  2.298+0.002  841+35
Lij sCug4Alp2Feo6S2 287+1 2.475+0.001 710+3 228+1 2.305+0.002  664+2

LET
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Figure S30: GITT curve and accompanying galvanostatic curve at C/10
of the first cycle of (a) LixsAlgoFepsS2, (b) LipCuprAlg2FepeS2, and (c)
Li; §Cug4Alg2FegS,. GITT was obtained at C/10 based on 1 mole e~ per f.u.
for 20 min separated by 4 h rest periods at open-circuit.
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Figure S31: (a) Ex-situ Fe K-edge XAS spectra and (b) first derivative of the rising
edge for Li;Cug Al 2Fep6S2. (c) The energies of the maxima of the first derivatives
at each of the SOCs overlaid with the corresponding galvanostatic cycling data. The
dashed lines in all panels indicate the approximate positions of the pre-edge w, at
7113.0 eV, the two rising edges observed at different SOCs, x and y, at 7117.2 eV
and 7118.2 eV, respectively, and the additional high energy feature, z, at 7119.7 eV.
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Figure S32: (a) Ex-situ S K-edge XAS and (b) a representative first cycle curve
indicating the SOCs at which the XAS data was collected for LioCug2Alg2Feg 6S7.
The dashed lines in (a) indicate the two pre-edge features u and v, at 2469.2 eV and
2471.8 eV, respectively.
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Figure S33: Ex-situ XRD, focused on the (0 O 1) reflection between ~13° to
16° 26, of (a) Lip2Alg2Feo S, in the pristine, transition, charged, and discharged
states with (b) accompanying galvanostatic data. The same corresponding data for
LipCug2Alg2Feq S, and Lij gCug4Alg2Fep6S, is shown in panels (c) and (d), and
(e) and (f), respectively.
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Figure S34: Full ex-situ XRD patterns between 10 to 85 26 (°) of (a)
Liz2AlgoFegsS, in the pristine, transition, charged, and discharged states
with (b) accompanying galvanostatic data. The same corresponding data for
LipCug2Alg2Fen S, and Lij gCug4Alg2Feo6S, is shown in panels (c) and (d), and
(e) and (f), respectively. Figure S33 suggests that long-range order is restored in the
discharged state by showing the recovery of the layer spacing associated with the (0
0 1) reflection. The near-identical full XRD patterns in the pristine and discharged
states shown here confirm that this structural restoration extends to the entire long-
range order, not just the layer spacing.
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Figure S35: (a) Ex-situ Cu K-edge XAS spectra, (b) magnified pre-edge region,
and (c) first derivative of the rising edge regions for Li;CugAlg2FegS,. (d) The
energies of the maxima of the first derivatives at each of the SOCs are overlaid with
representative galvanostatic cycling data. The dashed lines in all panels indicate the
approximate positions of the pre-edge r, at 8979.0 eV, and the lowest and highest
energy rising edge positions observed at different SOCs, s and #, at 8981.9 eV and
8982.4 eV, respectively.
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Figure S36: The second shell values of (a) reg. and (b) N from Fe K-edge EXAFS
analysis of Lis » Alg 2Feg ¢S2, with (¢) accompanying galvanostatic data indicating the
SOCs at which EXAFS analysis is conducted. Panels (d), (e), and (f), respectively,
indicate the same corresponding data for Li; gCug4AlpoFegsS,. Panels (d) and
(e) additionally include r.¢, and N, respectively, from Cu K-edge EXAFS analysis
of Lij gCupsAlgrFepeS2. All reg and N values are shown with statistical error
bars. Fe K-edge EXAFS data points are marked with solid red circles, while Cu
K-edge EXAFS data points are marked with dashed cyan circles. The first shell
data is discussed in the main text. The second shell data shows similar trends for
Liz 2Alp2Feo6S2 and Lij §Cug4Alg2Feq6So2.
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Figure S37: Fe K-edge EXAFS K3 x (k) data, fit, fit window, and fit-data differ-
ence of the (a) pristine, (b) transition, (c) charged, and (d) discharged states of
Liy o Alg2FeS,. The first shell data is discussed in the main text.
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Figure S38: Fe K-edge EXAFS k3 x (k) data, fit, fit window, and fit-data differ-

ence of the (a) pristine, (b) transition, (c) charged, and (d) discharged states of

Li; §Cug.4Alp2FeSo.
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Figure S39: Cu K-edge EXAFS K3 x (k) data, fit, fit window, and fit-data differ-
ence of the (a) pristine, (b) transition, (c) charged, and (d) discharged states of
Lij §Cug.4Alp2Feq6S2.
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Figure S40: Fe K-edge EXAFS k3-weighted | y (R)| data, fit, fit window, and fit-data
difference of the (a) pristine, (b) transition, (c) charged, and (d) discharged states of

Liz 2 Alp2Feq6S2.
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Figure S41: Fe K-edge EXAFS k3-weighted | y (R)| data, fit, fit window, and fit-data
difference of the (a) pristine, (b) transition, (c) charged, and (d) discharged states of
Li; §Cug4Alp2Feo6S:.
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Figure S42: Cu K-edge EXAFS k3-weighted |y (R)| data, fit, fit window, and fit-
data difference of the (a) pristine, (b) transition, (c) charged, and (d) discharged
states of Lij gCug4Alg2Fe6Ss.



Table S13: EXAFS fitting parameters for Li o Alg2Feg ¢S, and Lij §Cug 4Alg2Feq6S;.

Liy ,Aly,Feo6S2, z = 0 — Fe K-edge

2

S (2) AE) g Veft, first shell (A) Nfirst shell 7 eff, second shell (A) Nisecond shell

state intrinsic ~ energy local Fe-S bond Fe coord.  nearest Fe-Fe edge-sharing

losses  correction disorder length number distance tetrahedra occupancy
pristine 0.788 3.5+£0.5 0.003+0.001 2.32+0.01 3.0£0.2 2.76+0.01 0.67+0.1
transition ~ 0.788 3.5+0.5  0.003+0.001 2.26+0.01 3.3+0.2 2.80+0.03 0.35+0.14
charged 0.788 24+0.6  0.004+0.001 2.26+0.01 3.1+0.2 2.71+0.01 0.78+0.14
discharged  0.788 3.1+£0.5  0.005+0.001 2.31+0.01 3.3+0.2 2.73+0.01 0.67+0.10
Li1.8CUO.4A10.2Fe().6Sz, z=04-Fe K—edge

state SS AEj o? Teff, first shell (1&) Nfirst shell  Teff, second shell (1&) Nsecond shell
pristine 0.723 24+0.6  0.004+0.001 2.31+0.01 3.9+0.2 2.75+0.01 0.94+0.14
transition ~ 0.723 3.0+£0.5 0.003+0.001 2.27+0.01 3.6+0.2 2.75+0.03 0.64+0.11
charged 0.723 0.5+0.4  0.004+0.001 2.26+0.01 3.8+0.1 2.71+0.01 0.57+0.08
discharged  0.723 3.6+£0.7  0.004+0.001 2.31+0.01 3.9+0.3 2.74+0.02 0.91+0.16

continued on next page

94!



continued from previous page

Li; §Cup4Alo2Fe 652, z = 0.4 — Cu K-edge

2

state S (2) AE) g Veff, first shell (A) Nirst shell 7 eff, second shell (A) Niecond shell
pristine 0.899 1.6+1.4 0.004+0.003 2.34+0.02 2.5+04 2.76+0.03 0.89+0.23
transition 0.899 1.7+£1.1 0.004+0.002 2.31+0.01 2.7+0.3 2.76+£0.02 0.99+0.16
charged 0.899 1.4+0.7 0.005+0.001 2.28+0.01 2.9+0.2 2.73+£0.02 0.69+0.11
discharged  0.899 1.2+1.4  0.004+0.003 2.32+0.01 2.5+04 2.76+0.02 1.08+0.23

4!
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Figure S43: XRD of the attempted synthesis of Aly,Fe(S;. The Rietveld refine-
ment (fit), reflection locations of each phase in the fit, the weight percent contribution
of each phase, and the difference between the fit and data are all shown. All ob-

served reflections are accounted for by a three-phase fit to FeS; (51.1 wt%), Al,FeS4
(38.3 wt%), and Fe7Sg (10.6 wt%).
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Figure S44: XRD of the attempted synthesis of Cug,Alg2FepsS,. The Rietveld
refinement (fit), reflection locations of each phase in the fit, the weight percent
contribution of each phase, and the difference between the fit and data are all shown.
All but a few minor reflections between 20°and 30°26 are accounted for by a three-

phase fit to FeS, (45.8 wt%), CuFeS, (40.7 wt%), and Fe7Sg (13.6 wt%).
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Figure S45: XRD of the attempted synthesis of Cug4Alg2FeosS,. The Rietveld
refinement (fit), reflection locations of each phase in the fit, the weight percent
contribution of each phase, and the difference between the fit and data are all shown.
All but a few minor reflections between 20°and 30°26 are accounted for by a three-
phase fit to CuFeS; (63.8 wt%), FeS, (31.6 wt%), and Fe;Sg (4.6 wt%).
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Figure S46: (a) S K-edge XAS spectra of Liy»Aly2FepeS, in the pristine, tran-
sition, and annealed states. (b) Galvanostatic data indicating the SOCs at which
the XAS data was collected for LiyAlgoFegS;. The corresponding data for
Li; §Cug4Alg2Feq S, are in (¢) and (d), respectively. The dashed lines in (a) and
(c) indicate the two pre-edge features u and v, at 2469.2 eV and 2471.8 eV, respec-
tively.
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Figure S47: (a) Ex-situ Cu K-edge XAS spectra, (b) magnified pre-edge region,
and (c) first derivative of the rising edge regions for Lij §Cug4Alg2FeqeS, in the
pristine, transition, and annealed states. (d) The energies of the maxima of the
first derivatives at each of the SOCs are overlaid with representative galvanostatic
cycling data. The dashed lines in all panels indicate the approximate positions of
the pre-edge r, at 8979.0 €V, and the lowest and highest energy rising edge positions
observed at different SOCs, s and ¢, at 8981.9 eV and 8982.4 €V, respectively.
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Figure S48: Ex-situ XRD of the annealed states of (a) Liy»Alg2FepsS; and (b)
Li; §Cug4AlyrFep6S,, and the transition states of (¢) LipoAlgoFegsS, and (d)
Li; §Cug4Alg2FeS,. Each panel shows the Rietveld refinement (fit), reflection
locations of each phase in the fit, and the difference between the fit and data.
All patterns are described by a single phase, except Li; gCup4Alyg2FepsS, in the
annealed state, which is fit to two phases: chalcopyrite CuFeS; (8.6 wt%), and
Lij g_xCugaAlp2Feg6S2 (91.4 wt%). While we label the phases in the fits as Liy
in (a) and (c) or Lijg_, in (b) and (d) to indicate delithiated samples, the crys-
tallographic information files used for the refinements are those of pristine (fully
lithiated) Lip 2 Alg2Feo6S2 and Lij gCug4AlgoFeg 6S7.
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Figure S49: The volumetric energy density versus the gravimetric energy density for
commercial Li-ion battery cathodes NMC811 and LFP, and the emerging cathodes
DRX, LizFeSQ, Liz'zAlo'zFe(mSz, LizCUO_zAlo'zFe()ﬁSz, and Lil,gCu0.4Alo_2Feo,6SQ.
Relevant values and references for determining the gravimetric and volumetric
energy densities are provided in Table S14.



Table S14: Relevant values and references used to determine the gravimetric and volumetric energy densities shown in Figure S49. For
the emerging cathodes, i.e., DRX, LMFP, and those presented here, we also specify the rate in mA/g at which the performance metrics
are reported.

relevant values and gravimetric and volumetric energy densities of commercial and emerging Li-ion battery cathodes

mole Li* molecular normalized gravimetric volumetric average  gravimetric volumetric
rate per f.u. weight unit cell capacity capacity  voltage energy density energy density
(mA/g) cycled  (g/mole) volume (A®) (mAh-g™!) (mAhLY) (V) (Whkg™) (Wh-L™1)
LiNig sMng.;Cop.1 02
(NMCS811) - 0.73[2] 97.3 33.5[3] 201 969 3.8[2] 764 3681
LiFePO4
(LFP) - 1.0 157.8 73.2[4] 170 608 3.4([5] 577 2068
Li;Mny3Nb;30,F
(DRX) 20 1.5[1] 132.5 38.7[1] 304 1729 3.1 945 5373
LiMng gsFeq 15PO4
(LMFP) 8.5 0.9[6] 157.0 74.3[6] 150 526 4 600 2105
Liz2Alo2FeoS, 23 1.97 118.3 83.5 446 1050 2.294 1024 2408
discharge
LizCuo2AlosFeosSz ) 1.77 129.6 82.4 366 955 2.298 841 2196
discharge
LitsCuoatlozFeosSz g 1.51 140.9 81.586 288.1 826.3 2.305 664 1905
discharge

n
p—
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