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Abstract

Pure sulfur (Ss and Li,S) all solid-state batteries inherently suffer from low electronic conductivities
requiring the use of carbon additives, resulting in decreased active material loading at the
expense of increased loading of the passive components. In this work, a transition metal sulfide
in combination with lithium disulfide is employed as a dual cation-anion redox conversion
composite cathode system. The transition metal sulfide undergoes cation redox, enhancing the
electronic conductivity, whereas lithium disulfide undergoes anion redox, enabling high voltage
redox conducive to achieving high energy densities. Carbon-free cathode composites with active
material loadings above 6.0 mg cm attaining areal capacities of ~4 mAh cm are demonstrated
with the possibility to further increase the active mass loading above 10 mg cm™ achieving
cathode areal capacities above 6 mAh cm2, albeit with less cycle stability. In addition, the effective
partial transport and thermal properties of the composites are investigated to better understand

FeS:Li.S cathode properties at the composite level. The work introduced here, provides an
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alternative route and blueprint towards designing new dual conversion cathode systems which
can operate without carbon additives enabling higher active material loadings and areal

capacities.

Introduction

Rechargeable batteries play a critical role in the net zero carbon emissions by 2050 picture.!
Rapidly growing demands in both the transportation and stationary energy storage sector for
lithium-ion batteries require a careful balance between diversifying battery chemistries, assessing
their environmental impact, and providing good electrochemical performance. The re-emergence
of all solid-state batteries (SSB) with the discovery of fast room temperature solid-state
electrolytes opens up an alternative path towards high energy density systems with the possibility
of enhanced safety and circumvention of some challenges faced in liquid electrolyte batteries
(flammability of the electrolyte solvent, polysulfide shuttling for Li-S systems, freezing of liquid
electrolyte at low temperatures). For instance, while the current focus to look at commercialized
cathodes, LiNiosC00.1Mng 102 and LiFePO, serves as the initial steps in bridging the gap between
liquid and all solid-state batteries, ultimately, the benefits of moving to all solid-state systems are
maximized when moving towards multi-electron redox conversion cathodes which can provide
even greater capacities and thus energy densities. While LiNigsC00.1Mno10, SSB provide good
capacities with respect to intercalation chemistries, challenges in regard to interfacial stability
remain and gaseous decomposition products pose safety concerns.?® On the other hand,
LiFePO,4 SSB have recently gained traction as promising alternatives for both the electric vehicle
and home storage applications. However, the low ionic and electronic conductivity of LiFePO4
requires carbon additives resulting in lower energy densities at the cell level and there have been
mixed reports on the stability and cyclability of LiFePO, SSB.*® Beyond LiNiosC001Mng102 and
LiFePOs, there has been active research in exploring conversion chemistries such as elemental

sulfur which undergo multi-electron redox processes providing a multi-fold increase in cathode



capacity relative to their intercalation counterpart.” Furthermore, moving to an all-solid-state
system eliminates the long-standing issue of polysulfide shuttling faced in liquid electrolyte Li-S
systems. However, the electronic and ionic insulating properties of the products formed during
cycling (Ss and Li;S) require the use of carbon additives to establish triple phase boundaries
between the active material, solid electrolyte, and conductive additive.® Although carbon additives
help to establish the electronic pathways within the cathode composite, they also increase the
weight and volume of the passive components, reducing energy density at the cell level and have
been shown to aggravate the decomposition of sulfide solid electrolytes.'® To address these
challenges, strategies such as coatings and redox mediators have been explored.”!"1% While
progress on Li-S SSB continue, in parallel, it is imperative to explore other conversion chemistries
that can also benefit from the lessons learned in the Li-S SSB community. Considering the
challenges with poor electronic conductivity and sulfide solid electrolyte degradation aggravated
by carbon, designing alternative systems that circumvent these issues is critical towards pushing
the field forward and provide a broader perspective and alternative routes toward achieving high
energy density all solid-state batteries.

Conversion transition metal sulfides are promising and re-emerging candidates as high
energy density SSB cathodes (Fe-S, Cu-S, etc).}*1” While initially explored decades prior,81°
advancements in solid electrolytes, better understanding of ion and electron transport in cathode
composites, and a growing need to diversify cathode chemistries, provide a new context to revisit
these systems. In addition, many transition metal sulfides exhibit much higher electronic
conductivities relative to their pure sulfur counterparts (Sgand Li,S) and produce electrochemically
induced metallic frameworks from the reduction of the transition metal upon lithiation.?°-?2 The
higher initial electronic conductivity prior to cycling in combination with the establishment of an
electronic framework during cycling opens up the possibility to reduce or eliminate the use of
carbon completely. FeS; is one of the most popular transition metal sulfide conversion cathodes

due its high earth abundance, non-toxicity, high specific capacity (894 mAhg™), and its



commercial relevance as a primary battery cathode.?2* While the majority of the work on FeS;
revolves around liquid electrolyte systems, the use of a solid electrolyte has the added benefit of
circumventing the issues of polysulfide shuttling and increased pressures improving particle
contact.}”?® In addition, one advantage of the Fe-S system is the tendency for the Fe?* to form
nano-sized Fe° clusters upon electrochemical reduction.?® Electronically insulating Li.S is also
formed upon reduction and therefore the presence of an electronic framework provided by the
Fe? is critical to activate Li>S redox.?” Therefore, in exploring all solid-state batteries based on
conversion metal sulfides, iron sulfides are a good starting point and there have already been a
few reports of FeS,7%28 and FeS?° cells with sulfide solid electrolytes showing promising
performance.

Inspired by the intermediate products (FeS and Li.S) formed in FeS; cathodes,**! in this
work, the use of cation and anion conversion redox chemistry is explored as a means to maintain
the high capacities enabled by multi-electron conversion reactions while benefiting from the
improved electronic conductivities of the transition metal sulfide. While there have been recent
reports of transition metal sulfides paired with Li,S, the transition metal sulfide serves as an
additive functioning as a redox mediator with only minor capacity contributions and primarily
limited to intercalation sulfides (VS., MoS,, WS, TiS,).3233 In contrast, this work explores the use
of dual conversion system consisting of Li.S and the transition metal sulfide FeS to benefit from
multi-electron redox of both components, as well as an improved electronic conductivity from FeS,
enabling the possibility to eliminate the need for carbon additives. Therefore, the ball milled (BM)
FeS-Li.S composites presented here demonstrates a different route to take on the challenges of
poor electronic conductivity issues faced in Li-S SSB in addition to accessing multi-electron redox

that provide much higher capacities relative to LiNiosC00.1Mng10; or LiFePO4 cathodes.

Experimental Section

Chemicals



FeS (Alfa Aesar, 99.9%), Li,S (Alfa Aesar, 99.99%), LisPSsClI (provided by AMG Lithium) powders
and Li rods (abcr, 99.8 %) were transferred directly into an argon glove box (MBraun) under inert
conditions (< 0.5 H20 ppm, < 0.1 Oz ppm). Vapor grown carbon nanofibers (Sigma-Aldrich) were
first dried at 200 °C under vacuum for 24 hours before being transferred into the glovebox. Indium
foil (chemPUR, 100 um thickness, 99.99%) was stored in a vacuum oven at 40 °C for at least two
weeks prior to transfer into the glovebox.

Synthesis of 1:1 mol FeS:Li.S active material composites

2.6 g total of total powder was ball milled (Fritsch Pulverisette 7 premium line) at 500 rpm (15 min
on, 5 min off, direction reversal upon each cycle) in a 80 mL ZrO. milling cup with a ZrO> grinding
media (2:3 mm) to powder ratio of 30:1.

Characterization of ball milled FeS:Li-S composites

X-ray diffraction (XRD): Active material (FeS:Li.S) and precursor powders (FeS, Li.S) were sealed
in capillaries (2 : 0.5 mm) and measured using a StadiP X-Ray diffractometer from STOE in
Debye-Scherrer geometry with a Mo-Ka; radiation (A= 0.7093 A, , Ge(111) monochromator).
Pair distribution function (PDF): Ball milled and shaker milled FeS:Li.S active materials were
measured in a sealed glass capillary with a STOE StadiP X-Ray diffractometer (Ag Ka. radiation:
A =0.5594 A, Ge(111) monochromator) in Debye-Scherrer geometry with MYTHEN4K detectors.
The scattering data were recorded over a Q-range of ~0.784 - 20.206 A~* in steps of ~0.00294 A-
1 for 24 h. An empty capillary was measured as the background with the same procedure. Then
the X-ray diffraction data were background subtracted and converted to a pair distribution function
with a Q-range cutoff of Qmax = 15 A~! using PDFgetX3.

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDX): For the SEM
investigations, an Auriga Crossbeam workstation (Carl-Zeiss) with a field emission gun (Schottky-
type) was used with an acceleration voltage of 3 kV. The imaging process was conducted with an

InLens secondary electron detector. In preparing the samples, the powdered forms were



dispersed, and the pressed pellets were mounted on carbon tape on SEM stubs. A thin layer of
gold, approximately 10 nm thick, was sputtered onto the samples in an argon-filled glovebox to
enhance the electronic conductivity. The samples were then transferred to the SEM vacuum
chamber from the glovebox, using a specially designed SEM vacuum sample holder to minimize
air exposure. For elemental composition analysis, EDX was carried out using an X-Max 80 mm?
detector, with the system set to an acceleration voltage of 15 kV. The collected data was analyzed

using INCA software (version 5.05, by Oxford Instruments).

Laser flash analysis (LFA): Pellets were prepared by isostatically pressing the powders (~150-
200 mg) at 500 MPa for 60 min. The pellets were then carbon coated to ensure good emission
and absorption properties and to protect the samples during transfer into the measurement
chamber. Thermal diffusivities were then investigated using a LFA 467 HyperFlash (Netzsch-
Geratebau GmbH) with a MCT detector and a ZnS sample chamber window. A constant nitrogen
flow (100 mL min?) was applied and a temperature range from -100 °C to 100 °C (stepsize AT
= 25 °C) was investigated, whereby three measurements were conducted at each temperature
step. All measurement signals were fitted with an improved Cape-Lehmann model to determine
the temperature diffusivities using the NETZSCH software LFA Analysis 8.0.3. Further details and
assumptions on thermal conductivity calculations can be found the Supporting Information.
Preparation of cathode composites

For cathode composites containing carbon additives were prepared by combining the active
material (FeS:Li.S, 1:1 mol) with vapor grown carbon nanofibers (CNF) and LisPSsCl (LPSCI)
solid electrolyte with a weight ratio of 30:20:50 a total powder mass of 200 mg. For the carbon-
free composites, the active material and solid electrolyte were combined using a weight ratio of

50:50 with a total powder mass of 200 mg. For both compositions, the powders were placed in a



15 mL ZrO- cup with twenty ZrO; balls (@: 3 mm) and shaker milled (Fritsch Pulverisette 23 Mini

Mill) at a frequency of 45 Hz for 15 minutes.
Electrochemical cell assembly
All electrochemical measurements were performed using PEEK lined press cells with stainless

steel stamps (2: 10 mm) as current collectors. For half-cell testing, the separator layer was formed
by adding ~70 mg of solid electrolyte into the PEEK lining in between two stainless steel stamps
and hand pressed. Subsequently, the cathode composite powder (10 - 20 mg) was evenly
distributed on one side of the separator and uniaxially pressed at 370 MPa for 3 minutes. After

densification, Li (~1.2 - 1.4 mg) and In foil (2: 9 mm) were added onto the other side of the

separator with the indium foil in contact with the solid electrolyte. The cell was hand tightened and
placed in a metal frame with an applied pressure of ~50 MPa (torque of 10 Nm) and left for 5
hours of at 25 °C prior to testing. For symmetric cell testing, the separator layer was formed as
mentioned above and 10 mg of composite powder was added to each side prior to placing in the
uniaxial press at 3 tons for 3 minutes and placed in the metal frame in the same manner as the
half cells.

Electrochemical Characterization

All electrochemical characterization was performed on either a Biologic-VMP300 or Maccor 4000
with cells sitting inside a climate chamber maintained at 25°C. Half cells were cycled in a voltage
window of 0.4 to 2.4 V (vs In/Liln). All the C-rates in this study were determined using a theoretical
capacity of 726 mAh g which takes into the mass of the Li in the complete four electron redox
reaction. The exact current densities of each C-rate depend on the total capacity of the working
electrode which depends on the weight fraction of active material in the composite and the total
composite mass loading. For cyclic voltammetry experiments, half cells were assembled and
cycled using a scan rate of 0.01 mV s™%. To isolate Fe and S redox, the cell was cycled within the

window of 1.4 to 0.4 V (vs In/Liln) for Fe and 1.4 to 2.4 V (vs In/Liln) vs for the S redox cell. For



symmetric cell testing, a voltage window of 0 V to 1.8 V and a current density of 0.14 mA cm=
was used. Assuming equal capacity contributions from Fe and S redox reactions, a voltage
window of 1.8 V (= 0.9 V) in the symmetric cell would drive one electrode to delithiate up to ~ 2.3
V vs In/Liln to undergo S redox while the other lithiates down to ~ 0.5 V vs In/Liln to undergo Fe
redox. Therefore, only one of the redox reactions are activated in each electrode and no more
than half of the capacity can be obtained in the symmetric cell.

Effective partial conductivity measurements

DC (direct-current) polarization experiments were conducted to measure the effective electronic
and ionic conductivities of the cathode composites. For electronic conductivity measurements,
~20 — 30 mg of composite powders were placed in a press cell in between two stainless steel
stamps and pressed under a uniaxial pressure of 370 MPa for 3 minutes to densify the pellet. The
cell was subsequently placed in a metal frame with an applied pressure of 50 MPa. The cell was
left to rest for 5 hours prior to applying a series of potentials (+1 mV, -5 mV, +10 mV, —-20 mV)
for 3 hours each. For ionic conductivity measurements, the composite powder was sandwiched
between two layers of solid electrolyte (80 mg) and pressed under a uniaxial pressure of 3 tons

for 3 minutes. After densification, the cells were reopened and Li (~1.2 mg- 1.4 mg) and In foil (2:

9 mm) were added onto each end of the cell with the indium foil in contact with the solid electrolyte.
The cell was subsequently placed in a metal frame with an applied pressure of 50 MPa and left
to rest for 5 hours prior to applying a series of potentials (1 mV, 5 mV, 10 mV, 15 mV) for 8 hours
each. The resulting current responses for both ion and electron blocking DC polarization

measurements can be found in the Supporting Information.

Results & Discussion
FeS:Li,S active material composites were synthesized via ball milling powders consisting

of a 1:1 molar amounts of FeS and Li;S (Figure S1-S3), similar to what is formed



electrochemically in FeS, during the irreversible initial lithiation reaction at elevated
temperatures.?** The use of ball milling serves two main purposes: 1) for electrochemical
activation of Li,S and 2) ensure homogeneous mixing of the two components to form a composite.
In regard to the first point, due to the low electrical (~ 10° S cm™) and ionic conductivity (~ 10723
S cm™) of Li;S, bulk Li,S is generally electrochemically inactive and typically requires particles in
the nanometer regime to activate redox.2’ Upon ball milling, particle size reduction is observed in
the SEM, while EDX spectral mapping indicates a homogenous distribution (Figure 1a, S5). The
concurrent reduction of Li,S crystallite size is shown by the broadening of the Li.S X-ray diffraction
peaks in the composite (Figure 1b, S2-S4). The overlapping reflections prevent a Williamson-
Hall analysis for the resulting particle size reduction and strain; therefore, pair distribution function
analyses were performed. By comparing the crystalline starting materials Li.S and FeS to the
milled product, a reduction of the coherence length, which is strongly correlated to the damping

profile of pair distribution function, is observed, further supporting the decrease in particle size

(Figure 1c).
' b) c)
i es \ BM FeS : Li,S
b BMFeS : Li,S
5 LN \/‘L_wa
s i :‘a“"\' il o R”Sa
f ] S
3 . Ul e N o I i H
<
5 10 15 20 25 30 35 40 20 40 60 80
Diffraction angle 26/ deg. riA

Figure 1. Characterization of BM FeS:Li,S composites. (a) SEM of BM FeS:Li,S powder (b) X-
ray diffraction of BM FeS:Li,S and precursor powders. (c) Pair distribution function of BM FeS:Li»S

powders which demonstrate decreased coherence length relative to precursor powders.



Initial electrochemical assessment of the ball milled FeS:Li.S cathode composites was
carried out using conductive carbon additives to first investigate the redox signatures of the active
material while minimizing the influence of electronic conductivity which is typically poor in Li,S-
based cathodes. Ball milled active material powders were mixed together with vapor grown
carbon nano fibers (CNF) and LisPSsCl (LPSCI) in a shaker mill to mix all the components prior
to being pelletized. SEM and EDX of the shaker milled composite powder and pressed pellet can
be found in Figure S6-S7. CNF was chosen as the additive due to its good compatibility with
sulfide solid electrolytes and minimal electrolyte decomposition in LPSCI-based all solid state
batteries.®¢ Given the two redox active components present in this system, FeS and Li.S, there
are two separate redox reactions at play: 1) FeS can undergo two electron cation redox from the
reduction of Fe?* to form Fe® and additional Li,S (Equation 1) and 2) the Li.S initially present in

the composite can undergo anion redox and undergo oxidation to form Sg (Equation 2)%":

Iron redox: 1FeS+2Lit +2e” 2 1Fe® + 1Li,S (Equation 1)

Sulfur redox: 1Li,S 2 . Se+ 2Lit+2e (Equation 2)

Therefore, in its assembled state, the FeS:Li,S half cells are in a partially lithiated state with an
open circuit potential ~1.3 V vs In/Li-In. They can either be lithiated or delithiated in the first cycle
in a two-electron redox process to either fully lithiate (Fe redox) or delithiate (S redox) the system
(Figure 2 a-b). Subsequently, the cell undergoes a four-electron redox process from both the iron
and sulfur redox. For example, in Figure 2a, during the first lithiation to 0.4 V vs In/Li-In, FeS is
redox active and undergoes conversion to form Fe® and additional Li,S (Equ.1)® while the Li,S
originally present in FeS:Li»S remains redox inactive in this initial potential window (~1.3 - 0.4 V

vs In/Li-In). However, upon complete delithiation up to 2.4 V vs In/Li-In, both iron and sulfur redox



will be activated. The dual redox of FeS:Li,S is further highlighted in Figure 2c showing two
separate FeS:Li,S half cells whereby one cell is lithiated first with a voltage window restricted to
allow for only Fe redox while the other cell is delithiated first with a voltage window restricted to
only allow for S redox. Due to the ability to separate the two redox processes by controlling the
voltage window, a symmetric cell (FeS:Li>S|LPSCI|FeS:Li,S) can be demonstrated in which
FeS:Li.S served as both the anode and cathode, whereby the anode was limited to Fe redox and
the cathode to S redox. The proof-of concept symmetric cell demonstrates >200 mAh g* specific
capacity with a working voltage window of 1.8 V (Figure 2d). If further optimized, in theory, the
symmetric cell should be able to deliver half of the capacity of the four-electron process. The
limited potential window half half-cell studies in Figure 2c indicate that the sulfur redox exhibits
more capacity loss relative to the iron redox reactions. Therefore, the capacity fade observed in
the symmetric cell (Figure 2d) more likely stems from the sulfur redox of the cathode over the
iron redox in the anode. In addition, the sulfur cyclic voltammogram exhibits multiple peaks in the
reduction process. The presence of multiple peaks could either be an indicator of intermediate
species such as Li>S, which has been recently detected to form alongside Li,S in all solid-state
batteries”*” or partial LPSCI decomposition which shows some degree of reversibility.3¢

FeS and Li»S are reported to be intermediate products formed during the irreversible initial
lithiation of FeS, system.%®3° Therefore, while FeS:Li.S is chemically different from FeS;, the
electrochemical end products formed upon complete lithiation and delithiation should be the same
as FeS; and can furthermore be viewed as an electrochemically-equivalent system to FeS,.3
Upon a complete lithiation, the reaction products should resemble Fe® and Li.S as reported
extensively for the FeS; system while the delithiated products should contain a mixture of an iron
sulfide and elemental sulfur.t”343840 For solid-state FeS, cells, very few reports on phase
identification of charge products exist, however, the formation of o-FeS;, FeS,,, Ss are among the
most commonly referenced.!” While charge product identification is outside the scope of this work,

the iron-sulfide charge product detected in the FeS:Li>S system potentially resembles a



nanocrystalline FesS, alongside another unidentifiable phase based on X-ray diffraction data
(Figure S8). These charge products are similar to the ones detected in FeS; in ionic liquid

electrolytes cells.®*
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Figure 2. Electrochemical properties of FeS:Li.S composites. In its assembled state, FeS:Li,S
composites can be either (a) lithiated first to reduce the FeS to form Fe® or (b) delithiated first to
oxidize Li»S to form Ssg. After the first lithiation or delithiation, the cell can undergo a four-electron
redox process. The yellow star indicates the OCV. (c) Cyclic voltammograms of two separate
FeS:Li,S cells. The teal curve shows a cell with a potential window limited to only Fe redox while
the pink curve shows S redox only. Black traces outline the first cycle. (d) Symmetric FeS:Li,S

solid-state cells cycled at C/10 assuming a two-electron redox reaction.
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Figure 3. a) Electrochemical properties and performance of FeS:Li,S SSB. C-rate performance
of triplicate cells with a cathode composite loading of ~12.7 mg cm~2 are shown for (a) FeS:Li,S
cells with CNF and (b) carbon-free FeS:Li,S cells. For CNF containing cells, the areal current
densities for C/20, C/10, C/5 are approximately 0.139, 0.277, 0.555 mA cm=2, respectively. For
carbon-free cells, the areal current densities for C/20, C/10, and C/5 are approximately 0.231,
0.462, and 0.924 mA cm™2, respectively.

To assess the electrochemical performance of FeS:Li,S SSB, triplicate half cells were
assembled and tested, and individual cell data can be found in Figure S9-S10. C-rate testing of
CNF-containing cathode composites demonstrates that at lower current densities of
0.139 mA cm~2 (C/20), specific capacities of around 600 mAh g can be achieved while at higher
current densities of 0.555 mA cm~2 (C/5), capacities above 400 mAh g can be maintained across
50 cycles (Figure S10). The capacities achieved with CNF-containing FeS:Li.S composites lie
within the range of what is reported for all solid-state FeS and FeS; batteries (Table S1). While
carbon additives and lower mass loadings help to establish FeS:Li,S as a promising dual redox
system, the ability to increase the active mass loading through the removal of carbon additives
and increasing the cathode composite loading are important when considering the practical and
commercial relevance of a system. In other words, while high specific capacities are critical, such

benefits can be lost if the loadings cannot be increased to obtain high areal capacities. Therefore,



it is important to assess what areal capacities can be achieved with a given material system and
in particular, carbon-free systems should help aid in higher active material loading per mass of
composite powder. To this end, carbon-free FeS:Li,S composites were also explored. SEM and
EDX of the shaker milled composite powder and pressed pellet consisting of 50 wt% FeS:Li.S
and 50 wt% LPSCI can be found in Figure S11-12. Figure 3b shows the electrochemical
performance of carbon-free FeS:Li,S cells consisting of 50 wt% FeS:Li,S and 50 wt% LisPSsClI.
Using the same total cathode composite loading of ~12.7 mg cm=2 as with the carbon-containing
composites, an active material loading of ~6.4 mg cm= could be achieved with the carbon-free
system. The achievable areal capacity at C/20 is ~2x greater than the carbon-containing cell for
the same total composite cathode loading (12.7 Mgcomposite CM~2) but different active material

loading (carbon-containing: 3.8 Mgres:Lizs cM2; carbon-free: 6.4 MQres:Lizs CM™2).
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Figure 4. Capacity loss and degradation of carbon-free FeS:Li>S SSB cycled at C/20 (0.139 mA
cm=2). Zoom up dQ dV? plots of the (a)-(b) delithiation and (c)-(d) lithiation cycles. The full dQ
dV-! can be found in Figure S15.

While the removal of carbon increases the areal capacity, capacity loss within the first few
cycles were observed at lower currents (C/20) (Figure 3). In contrast, for C/5 cycling, initial cycle
losses were minimal which suggests that degradation is more pronounced at slower currents
(Figure S14). In order to understand the origins of capacity loss at lower C-rates, dQ dV~! analysis
of a cell cycled at C/20 was employed to look at potentials where capacity changes could be
detected. From the dQ dV analysis, the capacity loss can be identified from the iron redox upon
lithiation as indicated by the reduced peak area at ~0.87 V vs. In/Li-In upon cycling (Figure 4c).
In addition, peaks attributed to Li.S redox are shown in Figure 4 b, d. Upon cycling, a broad
shoulder ~ 2 V is seen to grow (Figure 4b) in addition to peak at ~1.6 V upon reduction (Figure
4d) which is attributed to sulfide solid electrolyte (LisPSsCl) decomposition rather than to the Li,S
redox. This can be corroborated by the change in relative capacities contributions from the iron
and sulfur redox upon galvanostatic cycling. While FeS:Li.S (1:1 mol) should have equal capacity
stemming from the 2-electron redox of each component (S? <> S° and Fe?* «» Fe®), upon cycling,
a shrinking Fe redox and growing S redox plateau is observed (Figure S13). Considering that
equal capacity contributions are observed at the start of cycling, the continuous increase of
capacity from the sulfur redox plateau must then originate from LisPSsCl decomposition. In
addition, from dQ dVv! analysis, the oxidative Li.S redox peak (Figure 4b) undergoes a shift to
higher potentials indicating that upon cycling, the cell becomes more polarized and requires
higher overpotentials for Li»S redox. As for the Fe redox (Figure 4a), only a slight shift in peak

potential is observed indicating less influence and change in overpotential is observed.
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Figure 5. a) Schematic of sample configuration for DC polarization measurements to determine
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Comparison of partial electronic and ionic transport in CNF-containing and carbon-free FeS:Li,S
cathode composites. Error bars are from triplicate cells. I-V curves for all triplicate cells are shown
in Figure S16-S17.

In regard to the higher achievable capacities in the carbon-free FeS:Li.S, although the
total composite loading is the same for both carbon and carbon-free systems, the active mass
loading and thus capacity and C-rates used are different. Therefore, the current densities used in
the carbon-free composites for a specific C-rate is ~1.67 times higher than the CNF-containing
cell. Furthermore, the cathode composite morphologies are different, and the carbon-free
composites contain higher density of smaller pores (Figure S6 and S11). Upon the volume
expansion and contraction upon cycling, pulverization and contact loss could be further
exacerbated by the presence of pore space. While the carbon-free system appears to undergo
more solid electrolyte decomposition, the ability to achieve a much higher initial capacity at higher
current densities is supported by the differences in partial transport between the CNF-containing

and carbon-free FeS:Li,S cathode composites. Figure 5 shows a side-by-side comparison of the



effective electronic and ionic conductivities between the two different cathode composites taken
from triplicate cell measurements (Figure S16-S17). While CNF-containing FeS:Li>S composites
exhibit higher electronic conductivity relative to the carbon-free FeS:Li,;S composites, the ionic
conductivity of both composite systems are several orders of magnitude lower. Therefore, it is the
ionic conductivity that remains the bottleneck and improving upon the effective ion transport in
the cathode composite can have a much larger influence on performance as shown by the higher
capacities attainable in the carbon-free FeS:Li>S despite the use of higher current densities.

To assess the limits for the active mass and composite loading in the carbon-free FeS:Li,S
system, an even higher cathode composite loading of 25.5 Mgcomposite €M™2 (20.0 MQJcomposite)
corresponding to an active mass loading of 12.7 mgres:Lizs cM~2 (10 MQres:Lizs) Was assembled
into a cell. For these cells, capacity fading within the first few cycles were even greater than what
was observed in the 6.4 mg cm™ active mass loading cells (Figure S18). Therefore, the
comparison focuses on the 2" cycle capacity obtained at C/20 across all various active mass
loadings for triplicate cells which show that for higher mass loadings of 12.7 mgres..izs cm™ areal
capacities close to 7 mAh cm™ are achievable (Figure S19). Beyond increasing the total
composite loading, an alternative to further increasing the areal capacity is to also look increasing
the active material content in the cathode composite. While the carbon-free FeS:Li,S were
composed of 50 wt% FeS:Li,S, it is possible to cycle cathode composites containing 70%
FeS:Li»S 30% LPSCI using slower current densities (Figure S20). Therefore, by tuning the active
material ratios in the composite or scaling up the composite loading are two avenues in which

areal capacities can be increased.

Thermal Properties of FeS: Li,S
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Figure 6. Thermal properties of BM FeS:Li,S active material and cathode composites. a) Thermal
diffusivity and (b) thermal conductivity of the FeS:Li,S (red) and 50 wt% FeS:Li>S 50 wt% LisPSsCl
composite (yellow).

Lastly, in the transition to all solid-state batteries, open questions in regard to the thermal safety
of solid-state battery systems at the active material, composite, cell, and pack level remain.
Under cell operation, the transport of charge carriers and electrochemical conversion reactions
taking place generate heat. Since heat can highly influence battery performance and safety,
understanding the transport and dissipation of heat away from heat sources are critical
parameters for thermal management of batteries.** In a solid-state battery, the co-existence of
various components (anode, cathode, solid electrolyte, carbon, pores, and current collectors) with
varying thermal properties adds to the complexity of trying to understand the temperature
distribution and heat pathways present under cell operation in addition to determining the best
routes to improve upon heat dissipation. Focusing on the active material level, the majority of
studies looking into thermal properties are dominated by intercalation chemistries due to their
commercial relevance, while conversion chemistries receive very little attention.*?=** In moving

towards conversion chemistries and all solid-state systems, it is critical to assess the thermal



properties of such systems. To this end, thermal transport properties of active material (FeS:Li.S)
and cathode composite (50 wt% FeS:Li.S & 50 wt% LisPSsCl) pellets were investigated using
laser flash analysis to obtain thermal diffusivities, which provides a measure of how quickly a
material can spread temperature and is given by:

K (Equation 3)

where a is thermal diffusivity, k is thermal conductivity, p is the material density, and C, is the
specific isobaric heat capacity. Figure 6a shows the thermal diffusivity of the active material and
cathode composite. The ball milled FeS:Li,S active material demonstrates a higher thermal
diffusivity relative to the cathode composite across the entire measured temperature range (-100
°C to 100 °C). The lower thermal diffusivity exhibited in the cathode composite is supported by
the lower thermal diffusivity of the LisPSsCl, relative to FeS:Li,S.*® Based on those thermal
diffusivities, thermal conductivities (Equation 3) of the active material and cathode composite were
calculated based on the specific heat capacities estimated using the Dulong-Petit limit (Figure
6b, see Supporting Information). The thermal conductivity of the active material (FeS:Li,S) is
within the range of thermal conductivities reported for calendared carbon coated NCM622 and
NCM811 sheets (0.5 — 1 W m K at 20 °C)* and NCM532 electrodes (~0.5 W m= K=1).47 |t
also is expected that the thermal conductivity of an NCM composite should also decrease with
the introduction of LisPSsCl which is reported to exhibit lower thermal conductivities (~0.3 — 0.5
W m~ K= at 20 °C).*® While the thermal conductivity of the active material-electrolyte composite
is low, the thermal conductivity of LisPSsCl is still within the same range as carbonate liquid
electrolytes (~0.4-0.6 W m= K71).4° Furthermore, even if NCM and FeS:Li,S cathode
composites have similar thermal conductivities, there is an inherent advantage from a thermal
safety standpoint in that no gaseous decomposition products are expected to form in FeS:Li,S
unlike the case with NCM.?2 While these initial results provide some insight on the material and

composite level thermal properties that can help aid efforts in thermal modeling and management,



further work looking into how the thermal properties change upon various states of charge is
needed. This is of particular importance for conversion electrodes in which the active material
undergoes microstructural and phase changes which also have additional contributions to heat

transport.>°

Conclusion

Conversion cathodes are promising class of cathode materials for next generation all solid-state
batteries. The work presented offers an alternative route to achieve high areal capacities enabled
by a dual cation and anion redox system, FeS:Li,S, in order to address the issues of low electronic
conductivity of pure sulfur cathodes while preserving the high capacities provided by multi-
electron conversion redox reactions from both Fe and S redox. The electronic, ionic, and thermal
transport of FeS:Li»S composites are investigated. Further the electrochemical performance of
FeS:Li,S cells is evaluated and a carbon-free cathode composite achieving ~4 mAh cm=2 is
demonstrated. Lastly, a blueprint to further increase the areal capacities as high as ~7 mAh cm2

if further optimized (i.e. active material composition, total composite loading) are presented.
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