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ABSTRACT: All-solid-state lithium—sulfur batteries (ASSLSBs) are emerging

as a promising alternative for green energy storage, offering high theoretical ©
capacities and energy densities by using inexpensive materials. To date, ASSLSBs
commonly suffer from poor cycle life and sluggish reaction kinetics. A promising
active material for ASSLSBs is iron disulfide, FeS,, due to its natural abundance,
low cost, and high theoretical capacity (894 mAh-g™'). It undergoes a
displacement reaction with significant volume changes whose effects can be
locally constrained by using small particles. Here, the influence of the positive
electrode microstructure on the electrochemical performance of FeS,-based
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ASSLSBs with Cl-rich argyrodite, Lis ;PS, sCl, 5, a mechanically soft sulfide solid

electrolyte with high ionic conductivity, is investigated. Composites with different microstructures were prepared using three
different processing methods (i.e., hand grinding, ball mill, and mini mill). Their impact on the electrochemical performance was
evaluated, revealing that homogeneously submicro-structured composites achieve higher capacities (up to 4.28 mAh-cm™) and
capacity retention (87.2% at the 50™ cycle). Furthermore, finely structured composites enhance the in situ formation of active
material from the solid electrolyte and increase its accessible reversible capacity. Ex situ analyses (i.e, SEM-EDS and XPS) at
different states of charge show that the morphology of FeS, evolves forming core—shell like submicro-structures.

1. INTRODUCTION

Lithium-ion batteries (LIBs) are currently the most effective
electrochemical energy storage technology due to their
exceptional energy and power densities, cyclability, and
reliability. Typically, LIBs rely on nonaqueous liquid electro-
lytes (LEs), an intercalated lithium transition metal oxide as
cathode active material, and a graphite material as anode active
material. This class of cathode active materials (CAM:s)
includes commercially available materials such as LiCoO,,
LiNiy3Coy1Mn,;0,, and LiNi;4Cog;5Al; (5O, that enable
theoretical specific capacities of 250—300 mAh-g™' and
volumetric capacities of 1300 mAh-cm™.'~ LIB technology
has been vastly investigated and improved in the last decades,
and it is now approaching its theoretical limits. Therefore, new
technologies need to be developed with higher energy and
power densities. Moreover, with increasing energy and power
densities demand, LIBs can have safety issues related to
flammable LEs, cost and availability issues relying on critical
elements like cobalt and nickel.” Hence, new energy storage
technologies must be developed to satisfy the ever-increasing
commercial demand and complement LIBs.

A promising technology that allows greater theoretical
capacity and specific energy at lower materials’ cost is the
lithium—sulfur (Li—S) battery. This employs CAMs with a
multi-electron storage mechanism that is characteristic of
CAMs in which a conversion reaction occurs. One typical
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example of conversion-type CAMs is elemental sulfur.
Unfortunately, the sulfur conversion reaction involves Sg and
Li,S as end members of complex redox chains, both being
electronic insulators (6(Sg) =~ 1077 S-cm™ and o¢(Li,S) ~
107" S-cm™). This, combined with the large volume changes
AV, of its reaction, causes poor cycle life and sluggish
reaction kinetics.”™”

Other well-known sulfur-derived conversion-type CAMs are
metal sulfides. These are based on a double redox process that
involves both the cation and the anion.'”"’ Among these, iron
disulfide (FeS,) is particularly attractive as it is cheap, earth-
abundant, and non-toxic. It was indeed used as cathode active
material at the beginning of the development of ASSLSBs."” It
exists in nature in two polymorphs, marcasite and pyrite, both
containing disulfide S,>~ ions and iron Fe** ions."”"* Pyrite is
the most stable form and has a cubic crystal structure (space
group Pa3). Iron disulfide permits partial overcoming of the
reaction limitations of sulfur since conductive species (i.c., Fe
and FeS) are formed during its (de)lithiation. Its conversion
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Table 1. Properties of the Reactions of FeS,, Sg, and NCM811 with Lithium at 25 °C

Material

FeS,

Cell reaction FeS, + 4Li — Fe + 2Li,S (ref 15)

4 (ref 17, 18)
1.6

4470 (ref 2, 20)
894 (ref 2, 19)

Number of transferred electrons
Voltage vs. Li*/Li [V]

qu, by volume [mAh-cm™]

qu, by weight [mAh-g™']

2.1

16 (ref 15)

3461 (ref 2)
1672 (ref 2)

Sg
Sg + 16Li — 8Li,S (ref 4) Li; (NiggMny,Coy,0, = «Li + Li;o_,NigsMn,;Co, 0, (ref
16)

NCMS811

<1 (ref 2, 16)
3.7

~1300 (ref 3)
~200 (ref 16, 20)

Volume expansion [%] 159 (ref 21) 79 (ref 2) 8 (ref 16)

Electronic conductivity 0.05—-3.5 (ref 22) 10717 (ref 8) 1077-1072 (ref 20)
[S-em™!]

Mohs hardness 6.0—6.5 (ref 2, 23) 1.5-2.5 (ref 23) /

reaction involves 4 electrons in total and a large electrode
expansion during initial lithiation:

FeS, + 4Li" + 4e” — Fe + 2Li,S (1)
The main properties of FeS, and of its lithiation reaction 1 are
listed in Table 1.

Lithium-based all-solid-state batteries (ASSBs) have at-
tracted considerable attention in the last decade as follow-up
technology to LIBs. ASSBs may achieve higher theoretical
energies and power densities and overcome the limits of LIBs.
For example, the absence of flammable nonaqueous LEs may
improve general safety and prevent electrode cross-talk."”**>
Various types of solid electrolytes (SEs) have been
investigated. Among these, sulfide-based SEs are attractive
for their softness and high ionic conductivity.”® Within the
class of sulfide SEs, lithium argyrodites (LisPSsX where X = Cl,
Br, or I) receive special attention as they are inexpensive and
have high ionic conductivities. LisPS;Cl and Cl-rich argyrodite
(LissPS,5Cl,5) present remarkable processability and ionic
conductivity (2—3 mS-cm™" and 8—11 mS-cm™, respectively).
Moreover, the large volume changes of sulfide CAMs can be
partially compensated by the softness of argyrodites.”'® On the
downside, argyrodites have limited thermodynamic stability
(eg, ~#1.7-2.0 V vs. Li*/Li for LigPS;Cl). Nevertheless, the
experimental stability window (SW) of argyrodites is broader
than that thermodynamically predicted (e.g, SW(LisPS;Cl) ~
0.6—2.5 V wvs. Li*/Li), due to kinetic limitation of the
degradation reactions, and it is influenced by material choice,
microstructure, and current density. It has been previously
demonstrated that argyrodites can work as active material
precursors within the potential range 0.0—3.6 V vs. Li*/Li by
mixing them with carbon. During cycling, the SE in contact
with carbon is converted in situ into active material by both
phosphorus and sulfur redox reactions.”’*'® It has been
recently shown that this can occur when cycling sulfide CAMs
within their voltage stability range (e.g, SW(FeS,) ~ 1.0-3.1 V
vs. Lit/Li).>" %

FeS,-based ASSBs, designed for use in electric vehicles, have
been reported to have a lower environmental impact, offer
higher specific capacity, and have similar cumulative energy
demand (CED) and global warming potential (GWP100)
compared to LIBs.”” Still, several challenges, including large
volume variations and related chemomechanical degradation,
remain to be overcome.’’ A comprehensive understanding of
the role of the microstructure of the positive electrode,
typically called cathode composite, may help to find solutions
for these problems. Indeed, it is known that the positive
electrode microstructure can have a significant impact on the
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cell performance.””™* Previous studies demonstrated how
small particles of active material led to higher capacities and
longer capacity retentions.” Such findings can be rationalized
by the high contact area that facilitates the conversion reaction
by shortening the diffusion pathways, thus increasing the active
material utilization. Furthermore, the large volume changes can
be more easily mitigated since they take place homogeneously
in the composite.”>”® A recent report from Whang et al. noted
the need for systematic studies on the evolution of the
electrochemically formed positive electrode microstructures in
ASSLSBs.'" Tt also highlighted the importance of porosity
which can potentially mitigate the large volume changes related
to transition metal sulfide lithiation reactions.

Most reports about ASSLSBs based on FeS, focus on the
active material synthesis without investigating the positive
electrode microstructure and the CAM contact area with the
other components within the composite. Hence, in this work,
we synthesized composites with different microstructures by
using various easily accessible processing methods, i.e, hand
grinding and milling in a mini mill and a ball mill. The different
composites were characterized by X-ray Diffraction (XRD),
Scanning Electron Microscopy coupled with Energy Dispersive
X-ray Spectroscopy (SEM-EDS), and X-ray Photoemission
Spectroscopy (XPS), and were electrochemically tested. The
different microstructures were then compared to assess their
influence on the electrochemical performance of the positive
electrodes in half cells. We observed that higher capacities and
long-term cycling performances were achieved with more
homogeneous and submicro-structured composites. Moreover,
the microstructure affected the electrochemical activity of the
SE, since it influences its contact surface with carbon additives.
The evolution of morphology during cycling and the variation
of the chemical composition were investigated by post mortem
SEM-EDS and XPS analyses.

2. RESULTS AND DISCUSSION

2.1. Microstructural Characterization of Positive
Electrode Composites. The positive electrode micro-
structure plays a key role in the electrochemical performance
of ASSBs. Both the size of domains and the interface area of
contact between the different components in the composites
(ie, CAM, SE, and conductive additive) influence ion and
electron transport. It is therefore crucial to tune the positive
electrode morphology. This can be achieved with two main
approaches: fine-tuning the morphology of the pristine
components or adjusting the positive electrode processing.
The first approach is widely used in scientific literature since it
permits regulating the CAM morphology, however, it often

https://doi.org/10.1021/acs.chemmater.4c03315
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Figure 1. Schematic workflow to investigate the impact of the different positive electrode composite morphologies. The same pristine components
(FeS,, Lis sPS, sCl, 5, and carbon black) were employed and mixed with three different techniques (hand grinding, mini mill, and ball mill). The
powder mixtures were then used to build cells by pressing them into pellets (In/InLi | SE | composite). The produced cells were then characterized

electrochemically.

.»’f‘

Figure 2. SEM images collected with an SE-InLens detector of the positive electrode composites mixed with (a) hand grinding, (b) mini mill, and
(c) ball mill. EDS images showing the elemental map of the positive electrode composites mixed with (d) hand grinding, (e) mini mill, and (f) ball
mill. Separate iron (Fe), chlorine (Cl), and carbon (C) maps are shown below with green, yellow, and red signals, respectively. The distribution of
carbon indicates the conductive additive, Cl displays the Cl-rich argyrodite, and Fe corresponds to FeS,.

includes laborious procedures that are hard to scale
up.*>*¥** Tuning the positive electrode processing is a
more technical top-down approach but it is simpler and
cheaper. Moreover, this step is always necessary as last step and
it can alter the properties of the pristine components,
depending on their mechanical properties. Softer materials
with lower Mohs hardness are more prone to deformation
during processing compared to harder materials with higher
Mohs hardness. We therefore decided to focus on the impact
of positive electrode composite processing, which is often
neglected. To investigate it, three different mechanical
approaches were tested: hand grinding, frequency milling in
a mini mill (Fritsch Pulverisette 23), and rotatory milling in a
ball mill (Fritsch Pulverisette 7). These techniques were
selected because they are widely used on the typical laboratory
scale.”” The processes are illustrated schematically in Figure 1,
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together with the following workflow for their electrochemical
testing.

Prior to mixing the various components for composite
preparation, commercial FeS, was ball milled to reduce its
particle size and make it more suitable for this study. The as-
received material had a particle size of a 325 mesh (~44 ym).
After the ball milling process, particle size reduction was
confirmed through SEM images (Supporting Information,
Figure S1) and particle size distribution analysis (Supporting
Information, Figure S2). Additionally, this processing resulted
in a decrease in material crystallinity which is related to the
reduced particle size (Supporting Information Figure S3). To
evaluate solely the effects of the mixing methods, the same
pristine components were employed in all cases. Both, the
processed FeS, (CAM) and LisPS,sCl; s (LPSCl, s or SE)
were used in the form of micrometer-sized particles: D50 =

https://doi.org/10.1021/acs.chemmater.4c03315
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Figure 3. SEM images collected with an EBS detector of the positive electrode composites pressed at 380 MPa. These were mixed with (a) hand
grinding, (b) mini mill, and (c) ball mill. The EBS detector allows differentiating between elements with largely different masses; light elements
appear with darker gray tones and heavier elements appear with brighter tones. Thus, the black/dark gray parts represent carbon black, the medium

gray regions represent LPSCI, s, and the light gray particles represent FeS,.
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Figure 4. Long-term cycling stability and coulomb efficiency of cells In/InLi | LPSCI, ¢ | FeS,/LPSCl, s/carbon black. All cells were cycled at 25 °C
at 0.1 C (0.34 mA-cm™2), and the areal FeS, loading was 3.8 mg-cm™2. The areal capacities reported here are normalized to the electrode area. The
positive electrode composites were prepared with (a) hand grinding, (b) mini mill, and (c) ball mill. (d) Table reporting the capacity retentions
calculated based on the second cycle or on the maximum capacity measured.

3.73 and 17.35 pm, respectively, measured with a particle size
analyzer. The carbon black (electron-conductive additive) was
used in the form of submicro-particles (DS0 = 310 nm) with a
narrow size distribution (Supporting Information Figures S4—
Ss).

After mixing, SEM revealed that irregular particles with
broad size distributions are obtained with all methods. Hand
grinding (Figure 2a) and milling in a mini mill (Figure 2b)
formed microsized particles, while ball milling (Figure 2c)
produced considerably larger microparticles. In the first two
cases, the particles obtained after mixing were significantly
smaller than those of the pristine SE and active material, whose
particle sizes were measured with a particle size analyzer. The
elemental distribution maps, collected with EDS, were used to
qualitatively evaluate the mixing quality and the area of contact
between the components. The elemental distribution maps
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were also employed to detect and differentiate the materials
present in the positive electrode composites. Specifically, the
signal of iron was used for the active material, FeS,, chlorine
for the argyrodite, LPSCI, 5, and carbon for the carbon black.
Hand grinding and mini milling, especially the latter, lead to
several FeS, microparticles being present in the composite.
Furthermore, the single particles of each component could still
be distinguished. For the ball milled composite, the micro-
particles were homogeneous agglomerates of all components,
within which only submicrometer-sized FeS, particles could be
distinguished. The crystallinity of the individual components
after mixing was assessed using X-ray diffraction patterns
reported in Supporting Information Figure S6. Across all
mixing methods, FeS, showed a decrease in crystallinity,
suggesting partial amorphization during the mixing processes.
In the case of the ball milled composite, the argyrodite also

https://doi.org/10.1021/acs.chemmater.4c03315
Chem. Mater. 2025, 37, 3185—-3196
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underwent a significant loss of crystallinity. This phenomenon
has already been reported and has recently been systematically
studied in the work of Maus et al. The latter demonstrated a
reduced structural coherence and an increased disorder in
Lis sPS,sCl, s during composite processing, leading to a
decrease in its ionic conductivity."**’

To understand the effect of processing on the microstructure
that is formed after densification of the positive electrode
composite, SEM images of pelletized composites were
investigated (Figure 3). The hand ground and the mini milled
composites showed similar microstructures. Figure 3a,b shows
well-interconnected frameworks of carbon (black/dark gray
particles) linking the argyrodite (gray particles) and the iron
disulfide (light gray particles). For the ball milled composite,
Figure 3¢, no SE particles were observed, LPSCI, 5 appeared as
a homogeneous matrix in which the other components were
finely enclosed. The composite was thus uniform and with
micro sized domains of FeS, and carbon black. The latter were
smaller than those of FeS, due to the greater hardness of FeS,
compared to the inherently soft nature of carbon black, as well
as the larger particle size of FeS, before mixing. The FeS,
submicro-particles observed via SEM images, in the ball milled
composite suggest an increased CAM surface area which can
qualitatively explain an increased contact area, among the
positive electrode components, due to the smaller particle size.
Therefore, these may be better contacted electrochemically.

2.2, Electrochemical Performance of All-Solid-State
Battery Cells. The prepared composites were used as positive
electrodes in ASSB cells. The long-term cycling performances
for the hand ground, mini milled, and ball milled composites
are shown in Figure 4a—c, normalized to the electrode area,
and in Supporting Information Figure S7a—c, normalized to
the FeS, mass. The retention improved with more homoge-
neous and finely dispersed CAM (ball milled composite, Figure
4c), which probably aided in distributing the mechanical stress
within the positive electrode. The capacity obtained by ball
milling (maximum of 4.28 mAh-cm™2) was indeed significantly
higher than by hand grinding, Figure 4a, and mini milling,
Figure 4b (maxima of 2.44 and 1.94 mAh-cm™2, respectively).
These values can be justified by the larger FeS, particles
observed for the hand ground and mini milled composites
powders, Figure 2d,e and Figure 3a,b. The better performance
of the composite prepared by hand grinding compared with
that prepared by mini milling can be ascribed to several
possible factors. Among these, one of the most relevant is the
larger contact between the different components which was
observed in the SEM images (Figure 3a,b). This may improve
the overall electrochemical performance by enhancing the
active material utilization. As in this long-term cycling data,
ASSLSBs capacity as a function of the cycle number often
shows a maximum. This behavior is typical of sulfide-based
CAMs that require some cycles to be completely electro-
chemically activated. This activation results from kinetic
factors, microstructural rearrangements during cycling, and
chemical activation of the solid electrolyte. The cycle at which
the maximum capacity is reached depends on the properties of
the composite (i.e., morphology and composition). The long-
term cycling performance is typically quantified in terms of the
relative capacity retention between the second and n™ cycles of
interest. For ASSLSBs it is sometimes reported between the
cycle with the maximum capacity (max q) and the n™ cycle. To
facilitate comparisons, Figure 4d reports the capacity
retentions both to the second cycle and to the max g. The

3189

positive electrode composition was kept constant, thus, the
position of the maximum was similar, and the capacity
retentions reported to the second or max q were comparable.
The capacities of all composites were still increasing after the
second cycle because of the activation process, so all capacity
retentions were larger when referred to it.

The theoretical areal capacity of these cells, considering FeS,
as a CAM, was 3.42 mAh-cm™2 The latter is indicated as a
black dashed line in Figure 4a—c. As depicted in Figure 4c, the
accessible capacity with mixing in a ball mill was larger than
theoretically expected on the basis of FeS, only. To understand
the origin of the additional capacity measured in the ball milled
composite, differential capacity plots are studied. Peaks in
these plots correspond to electrochemical reactions occurring
during cycling, providing insight into the underlying chemistry
of the system. In all the differential capacity (dq/dU) plots
(Supporting Information Figure S8) the discharge peaks at 0.8
and 1.4 V represent the opposite redox processes at 1.2 and
1.85 V, respectively, observed during charging. However, in the
dq/dU plot of the ball milled composite (Supporting
Information, Figure S8c), an additional peak at 1.55 V
(discharge) and a shoulder at 1.9 V (charge) were present
compared to those of the hand ground and the mini milled
composites. This indicates the occurrence of a non-negligible
reversible secondary process taking place within the more
finely dispersed composite. Moreover, the conversion
efficiency proved that the rate-determining step (RDS) took
place during charging (Supporting Information Figure S9)
which is in agreement with previous reports.*”*°

We ascribe the superior electrochemical performances of the
ball milled positive electrode to the submicro-domains of FeS,
homogeneously distributed in it (Figure 3c). Apparently, the
submicro-sized conversion CAM helps to evenly distribute the
large volume variations during cycling, increasing the area of
contact and shortening the Li" diffusion paths within FeS,,
thus enhancing the accessible capacity. The surrounding soft
electrolyte aided in locally compensating the volume changes
and ensuring ionic conduction (6;,,py = 0.10 mS-em™')
through the whole composite (Figure 3). Inversely, the other
composites presented micrometer-sized domains, lower ionic
conductivities, and corresponding capacities (6, = 0.05 mS-
em™' and 6,y = 0.04 mS-em™"). The large SE particles
(medium gray particles) visible in the SEM images were
surrounded by well-connected carbon domains (black
particles), which resulted in higher electronic partial
conductivity compared to the ball milled composite (6 py=
10.30 mS-cm™'). All partial conductivities are reported in
Supporting Information Figures S10, S11, S12, and S13, and
their measurements are described in more detail in Note SI.
From these results, we conclude that the domain size of the
components in the composite has a larger impact on the
electrochemical performances, rather than the crystallinity of
the solid electrolyte or the presence of pores.'"*'

2.3. Solid Electrolyte Contribution. It is known that
argyrodites can be electrochemically decomposed in contact
with carbon at sufficiently high and low potential and then
form active material in situ which can be cycled reversibly.”’
The solid electrolyte involved in this process must be in
contact with carbon to be activated; thus, the extent of
decomposition depends on the positive electrode micro-
structure and should be greater within finely structured
composites. To evaluate the contribution of the solid
electrolyte, composites without FeS, were prepared with the
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methods described above. The crystallinity of the solid
electrolyte in the positive electrodes was assessed by an X-
ray diffraction analysis. The reflections associated with the
argyrodite broadened following the mixing process in all
composites, regardless of the presence of FeS, (Supporting
Information Figure S14). The impact of the processing method
was thus the same, suggesting the formation of analogue
microstructures. The electrochemical test revealed that almost
no capacity is released by the hand ground and the mini milled
composite, while the ball milled composite has a high
reversible capacity of almost 1 mAh-cm™ (Figure 5). This
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result is supported by the recent work of Qian et al*’ The
differential capacity plot, in Figure Sa, shows the same signals
as those previously seen in only the ball milled positive
electrode with FeS, (Supporting Information Figure S8c). We
attribute these signals to the argyrodite electrochemical
activity, specifically to its sulfur and phosphorus redox. The
occurrence of this in situ activated catholyte can be explained
by the finely dispersed carbon black within the solid electrolyte
matrix, which provided an increased contact area between the
two components. Besides, the potential range (Figure Sd) was
within the previously reported kinetic stability range of the
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Figure 7. (a) SEM images, at different magnifications, collected with an EBS detector of positive electrode composites prepared in a mini mill after
the first discharge. EDS mapping images of the mini milled composites at different states of charge: (b) pristine at the OCV, (c) discharged at 0.6
V, and (d) charged at 2.4 V. Iron (Fe), sulfur (S), phosphorus (P), and carbon (C) separate maps are shown on the right with green, blue, orange,

and red signals, respectively.

catholyte. We then evaluated the deconvoluted contributions
to the overall capacity coming from the SE and the CAM.
According to the calculations reported in Supporting
Information Note S2, the maximum contribution of FeS, in
the ball milled composite (879 mAh-g™') was almost equal to
its theoretical capacity. While for the SE, its contribution to the
capacity was more than one-fifth of the latter (21% at the
eighth cycle). This further highlights the key role of composite
morphology in its electrochemistry and in the solid electrolyte
in situ activation.

Given the variety of electrochemical processes occurring
within this system, we suggest here a complete and detailed
representation (Figure 6) that elucidates the principal
contributions to capacity as functions of voltage. Figure 6
illustrates the three main redox pathways that contribute to the
accessible capacity: sulfur, iron, and phosphorus. The sulfur
redox involves contributions from both FeS, (red frames) and
LPSCl; s (blue frames), the iron contribution comes
exclusively from the CAM, and the phosphorus solely from
the SE. These three electrochemical pathways occur in distinct,
overlapping redox intervals within the voltage range for
ASSLSBs, as displayed in Figure S5d. Besides, they are
interconnected, since sulfur plays a role in both iron and
phosphorus redox paths. Hence, depending on the voltage
range, these systems could be referred to as Li—S—Fe ASSBs,
when including also FeS,.

2.4. Positive Electrode Evolution During Cycling. After
the impact of the positive electrode microstructure and its
components on the electrochemical performances was
assessed, the morphological and chemical evolution of the
composite was evaluated. All composites were investigated in
the pristine state, after the first discharge and after the first
charge. As shown in Figure 7a and in Supporting Information
Figure SIS, the morphological evolution of the CAM depends
on its size. The composite porosity was calculated using SEM
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images (Supporting Information Figures S16 and S17). The
pore volume fraction decreased after the first lithiation, likely
as an adaptation to the local volume increase but did not
vanish. The pore volume decreases then again after the first
charge, possibly due to the volume contraction of the CAM in
the positive electrode and volumetric expansion of the negative
electrode. This supports the assumption that the presence of
pores can help alleviating reaction-induced volume changes in
conversion-type electrodes—to a limited extent.'' We analyzed
the SEM images of the cross sections of the positive electrode
composites and different states of charge. From our
observations, we hypothesize that in the discharged state
small particles (ca. < 100 nm) were uniformly lithiated while
medium-sized particles (ca. 100—1000 nm) showed a core—
shell structure (Figure 7a). In the shell, radially distributed
cracks were present because of the local volume changes. Based
on the SEM images we collected, we suggest that large particles
(ca. > 1 um) were unevenly lithiated, possibly due to local
mechanical stresses causing the fragmentation. The so formed
fragments seem to follow the lithiation trends, either
homogeneous or core—shell structured, previously described
for smaller particles. In our SEM observations of the lithiated
state, we noted that the CAM displayed similar patterns as
observed in the discharged state. Thus, FeS, (de)lithiation
displacement reaction does not have a preferred direction and
rather forms submicro-domains, unlike other conversion
materials (eg, CuS). We attribute this behavior to the much
lower mobility of iron ions compared to copper ions in their
respective sulfides.*”** Elemental mapping of the pristine state
(Figure 7) reveals the interconnected pristine microstructure
of the positive electrode. In the discharged state, small CAM
particles did not show any pattern in sulfur and iron
distributions. The core of medium-sized particles was rich in
iron and was surrounded by an iron-depleted circle, where the
shell had both elements and similar considerations were valid
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in the charged state. The species were thus spatially differently
distributed at different states of charge.

To elucidate the evolution of the chemical composition of
the FeS,/LPSCl, ;/CB positive electrode at different states of
charge, ex situ XPS was performed. To assess the data quality,
the elements were quantified to ensure that they matched the
theoretical amounts (Supporting Information Note S3 and
Figure S18). The C 1s spectra show new signals rising in the
discharged state which were not found in the following charge.
This may be explained by the formation of lithiated carbon
species at low potential, which are consumed during
subsequent charging (Supporting Information Figure S19).
The lithiated components, present on the surface of the carbon
black particles, were assigned to both stoichiometric and non-
stoichiometric species due to the carbon morphology. This is
supported by the partial overlap of the applied voltage range
(1.2—3.0 V vs. Li*/Li) with the one of carbon lithiation (0.0—
2.5 V vs. Li*/Li).*”* Therefore, the spectra of samples at the
discharged state were calibrated to the binding energy of Cl 2p,
which remained constant during cycling due to similar binding
energies of LPSCl;; and LiCl, formed after the initial
discharge. The spectra of samples at charged state were
calibrated to C 1s. Further information and detailed
descriptions and fittings can be found in Supporting
Information Note S4 and Figure S19. Sulfur and phosphorus
components were evaluated (Figure 8) and their analyses were
always in agreement. Specific details on the constraints used
for the analysis are reported in Supporting Information Tables
T1-T6. In the positive electrodes at the pristine state, FeS,
(S,>7) and LPSCI, 5 (PS,*”) were dominant in the S 2p and in
the P 2p spectra. The S 2p spectra contained components from
FeS, and LPSCl;;, which unfortunately could not be
unequivocally distinguished. After the first discharge, the
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formation of reduced species (S*” and Pigq the latter
indicating reduced phosphorus in general, not specifically
elemental P) at the expense of oxidized components was
observed. We ascribe the S*~ peak at ca. 160.6 eV to Li,S,
which may form from FeS, and solid electrolyte with in situ
decomposition, or to Li, FeS. At the same time, the P, g,ceq
shoulder (ca. 130.8 V) in the P 2p spectrum indicates the
presence of reduced phosphorus containing species after
discharge. These products prove the redox activity of these
species and the positive electrode lithiation. After the first
charge, the reduced components were oxidized due to
delithiation, showing their redox-active nature. A growth of
the fractions of S, (ca. 164.2 eV) and P—S,—P (ca. 163.3 eV)
components was detected in the S 2p spectrum. These are
attributed to sulfur chains or rings of unknown lengths and to
thiophosphate species, respectively. The latter were identified
to be (Li,S)o75(P2Ss)ozss (LizS)os7(P2Ss)oss (ice, P 2574_); and
(Li,S)0s0(P2Ss)oso (i-e., P,S¢>7), and they were also detected in
P 2p spectra, validating the assignment.””*” However, due to
the variety of sulfur structural units, the detailed pathway is still
undefined as well as the origin of the forming species from
either the active material or the solid electrolyte.

To summarize, this work discloses the morphology evolution
of the electrochemically active species in FeS,-based Li—S
solid-state cells at different states of charge. The microstructure
evolution is dependent on the CAM particle size. Only small
particles were homogeneously lithiated, while larger ones
presented core—shell structures and cracks. The positive
electrode microstructure was proven to greatly impact the
accessible capacity and its retention. The formation of lithiated
reduced species (e.g, Li,S and reduced phosphorus species) at
the first discharge and delithiated (i.e., sulfur chains or rings of
unknown lengths and to thiophosphate species) products after
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the first charge was proven. The changes in the sulfur and
phosphorus XPS spectra unequivocally showed the relevant
contribution of the solid electrolyte decomposition in
ASSLSBs containing transition metal sulfides. The redox path
of iron, previously investigated by Wu et al,, is supported by
this study.”” Furthermore, we show here the redox activity of
carbon in Li—S cells at the first discharge.

3. CONCLUSIONS

This study investigated the impact of the positive electrode
microstructure on FeS,-based ASSLSBs. Finely submicro-
structured composites enhanced the electrochemical perform-
ance, due to the intimate contact among the components. The
SE decomposition led to in situ formation of active material
which significantly contributed to the overall capacity. To
conclude, we observed that the morphological evolution of
FeS, during cycling depends on the particle size, which makes
processing of the positive electrode highly relevant.

Three different mechanical processing methods (i.e, hand
grinding, mini mill, and ball mill) were employed to prepare
the positive electrodes. Ball milling emerged as the most
effective, producing a composite with a uniform and finely
divided structure, consisting of submicro-sized FeS, and CB
domains homogeneously embedded in an SE matrix. This
uniformity aided the distribution of mechanical stress and
reduced lithium-ion diffusion paths, resulting in higher specific
capacity and cycle stability. However, while ball milling
improved the overall electrochemical performance, it also
caused a reduction in the crystallinity of the solid electrolyte,
thereby decreasing its ionic conductivity. The submicro-
structured composites, characterized by a large SE/CB contact
area, showed a severe contribution of a secondary reversible
process: the SE in situ decomposition into active material.

The evolution of the electrochemically formed active species
from FeS, was mapped with SEM-EDS and chemically
analyzed with XPS. The microstructure and composition/
stoichiometry of FeS, evolved during cycling, leading to core—
shell structured particles in both the discharged and charged
states. Besides, the composite’s porosity decreased after the
initial discharge, partially relieving the local volume changes.
These findings underline the key role of the composite
microstructure and the need for fundamental studies to
understand its impact on the electrochemical performances.

4. EXPERIMENTAL SECTION

4.1. Materials and Sample Preparations. 4.1.1. Preparation of
FeS,. Commercially available iron disulfide, powder, 325 mesh, 99.8%
trace metals basis (Merck-Sigma-Aldrich GmbH) was used as starting
material. The commercial powder was ball milled under Ar
atmosphere (p(0,)/p < S ppm, p(H,0)/p < 5 ppm) with a Fritsch
Pulverisette 7 premium line mill (ZrO, milling set, 80 mL cups, S mm
diameter milling media) to reduce its size. Milling was conducted for
12 milling cycles, each of 10 min at 500 rpm followed by a 10 min
break.

4.1.2. Preparation of LissPS,sCl; 5. LissPS,sCl, 5 was prepared by
a high-temperature solid-state synthesis. First, the reactants Li,S
(Thermo Scientific Chemicals, 99.9%), P,S (Sigma-Aldrich, 99%),
and LiCl (Sigma-Aldrich, 99%) were weighed stoichiometrically and
mixed in an agate mortar for approximately 15 min. Second, the
reactant mixture was densified to pellets using a hand press and placed
in quartz ampules. The ampules were previously carbon coated and
dried at 800 °C for 1 h under dynamic vacuum. The ampule was then
sealed under vacuum, and the reaction was performed at 450 °C for 3
days. Afterward, the synthesis step was repeated, i.e., the synthesis
product is mortared, placed in a quartz ampule, heated again to 450
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°C, and held for 3 days. The synthesis preparation was performed
under Ar atmosphere.

4.1.3. Preparation of All-Solid-State Positive Electrode Compo-
sites. Positive electrode composites for all-solid-state Li—S cells were
prepared by using the milled FeS, powder, LissPS,sCl;5, and
commercially available Super P conductive carbon black (CB) (MSE
supplies). Before the components were mixed, FeS, and carbon black
powders were dried for 24 h at 300 °C under a dynamic vacuum in a
Biichi oven. The positive electrode composites were prepared by (i)
hand grinding, (ii) mini mill, or (iii) ball mill Hand-ground
composites were prepared in an agate mortar with the pestle for 10
min. To prepare mini milled composites, a Fritsch Pulverisette 23
(ZrO, milling set, 3 mm diameter milling media) was employed. Mini
milling was conducted at 30 Hz for 1 h. To prepare ball milled
composites, a Fritsch Pulverisette 7 premium line mill (ZrO, milling
set, 80 mL cups, S mm diameter milling media) was employed. The
ball milling was conducted for 24 milling cycles of 10 min at 300 rpm,
followed by a 10 min break. Positive electrode composites containing
FeS, were prepared by mixing CAM:SE:CB in 30:50:20 weight ratio
(CAM 30 wt %, SE 50 wt % and CB 20 wt % or CAM 14 vol.%, SE 59
vol.%, and CB 27 vol.%). The carbon and SE were used within the
composite to ensure sufficient electronic and ionic contact of FeS,.
Positive electrode composites without FeS, were prepared by mixing
SE:CB in a 50:20 weight ratio (SE 71 wt % and CB 29 wt % or SE 68
wt % and CB 31 wt %). Due to the instability of the argyrodite to
ambient atmosphere, all samples were always handled under Ar
atmosphere (p(0,)/p < S ppm, p(H,0)/p < S ppm).

4.1.4. Cell Assembly for Long-Term Cycling. All-solid-state Li—S
cells were assembled in custom-made PEEK casings with a 10 mm
inner diameter. An In/InLi alloy was employed as negative electrode,
and 80 mg of SE was used as separator. Either 10 mg (for positive
electrodes containing FeS,) or 7 mg (for positive electrodes without
FeS,) of composites were inserted into the PEEK casing. These
corresponded to an LPSCl, ¢ loading of 5 mg (6.4 mg-cm™) and,
when present, an FeS, loading of 3 mg (3.8 mgcm™2). For
densification, the layers were compressed uniaxially for 3 min at 3
tons. The negative electrode was prepared by stacking an indium foil
(9 mm diameter, chemPur, 99.995%) and lithium foil (6 mm
diameter, Sigma-Aldrich, 99.9%) on the separator. Two polished
stainless-steel rods were employed as current collectors. The cells
were fixed in a frame, and a pressure of approximately 60 MPa was
applied to guarantee mechanical contact during cycling.

4.1.5. Cell Assembly for Partial Conductivity Measurements. All
cells for electronic partial conductivities were assembled in custom-
made PEEK casings with a 6 mm inner diameter. For measurements,
ca. 100 mg of positive electrode composite was loaded. All cells for
ionic partial conductivities were assembled in custom-made PEEK
casings with a 10 mm inner diameter. For measurements, ca. 50 mg of
positive electrode composite was loaded between layers of solid
electrolyte (80 mg each). On both sides In/InLi alloy was used and
prepared as previously described. For all measurements, two polished
stainless-steel rods were employed as current collectors. For
densification, the layers were compressed uniaxially for 3 min at 1.1
tons (for 6 mm diameter cells) or 3 tons (for 10 mm diameter cells).
The cells were fixed in a frame, and a pressure of approximately 60
MPa was applied to guarantee mechanical contact during electro-
chemical testing.

4.1.6. Sample Preparation for Ex Situ Analyses. After cycling, the
potential was held for 24 h, or until the current dropped below 0.015
mA. The samples were then stabilized at their OCV. The cells were
then carefully removed from the cell casing in an Ar-filled glovebox
with a hand press. The cross sections were prepared with a Leica EM
TIC 3X instrument (Leica Mikrosysteme GmbH). These were cut
under vacuum (107 mbar) for 6 h using three ion guns (6.0 kV and
2.2 mA) and in cryo conditions, liquid nitrogen was used to cool them
at —100 °C. The samples were always transferred with a Leica
VCTS00 airtight transfer module. Directly after cutting, SEM and
EDS analyses were performed on the cross sections.

4.2. Characterization. 4.2.1. Electrochemical Testing. Battery
cycling was performed at 25 °C with a VMP300 or a VMP-3
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potentiostat (Biologic). All cells for long-term cycling were tested
under galvanostatic conditions between 0.6 and 2.4 V vs. In/InLi. A
four-electron reaction of FeS, was assumed for calculating the C-rates,
so the theoretical capacity of FeS, (894 mAh-g™"') was used. For the
characterized model cells, a rate of 0.1 C (341 yA-cm™*) was used. All
cells used for the evaluation of long-term cycling performances were
built as duplicates or triplicates to ensure reproducibility.

Partial electronic conductivity measurements were performed by
impedance and chronoamperometry. The latter method was
employed also for partial ionic conductivity. The impedance was
measured with an amplitude of 10 mV and in a frequency range of 7
MHz—100 mHz. The impedance spectra were fitted by using the
RelaxIS 3 software package (rhd Instruments, Darmstadt, Germany).
All the cells were built as duplicates or triplicates to ensure
reproducibility.

4.2.2. Dynamic Light Scattering (DLS). DLS measurements were
performed with a Nano ZS Zetasizer system (Malvern Instruments,
Malvern, UK) at 25 °C. All the measurements were performed three
times, and the results were averaged to obtain the final results. A
transparent plastic cuvette with a light path of 10 mm and a volume of
3.5 mL was employed. The data were exported by using the
corresponding Zetasizer Software.

4.2.3. Particle Size Analysis (PSA). PSA measurements were
performed with a HELOS/BR (Sympatec GmbH) instrument with
laser diffraction at 25 °C. The measurements were performed in
dispersion. The dispersing media for carbon black and FeS, was
ethanol, for Cl-rich argyrodite a mixture xylene-Oppanol (1 wt %) was
employed. All measurements were performed three times, and the
results were averaged. A quartz cuvette with a volume of 6 mL was
employed. The data was exported using the PAQXOS software.

4.2.4. X-ray Diffraction (XRD). XRD analysis was performed in
Bragg—Brentano geometry on a reflection-transmission spinner. The
samples were analyzed with an Empyrean 3 diffractometer (Malvern
PANalytical) with a Mo Ka source (60 kV, 40 mA). The 20 range
was 5° to 45° and with a step size of 0.014°.

4.2.5. Scanning Electron Microscopy (SEM). SEM analysis was
performed using a Carl Zeiss Merlin electron microscope with an
acceleration voltage of 3 kV and aperture size of 20.0 ym in vacuum
(107 mbar). The software used was SmartSEM. The working
distance was 2.5—4.0 mm. The procedure to calculate the pore area
was adapted from Fujita et al.” The pore volume was calculated with
GIMP software (version 2.10.38). The pore area fraction was
determined by considering the area occupied by the pores with
respect to the total rectangular area of the composite in the image.
The area of the composite was determined as the total rectangular
area minus the area occupied by the pores. For each sample, a region
large enough to be representative of the entire sample was analyzed to
ensure reliability.

4.2.6. Energy Dispersive X-ray Spectroscopy (EDS). EDS analysis
was performed within SEM using an X-Max 50 Silicon Drift Detector
(Oxford Instruments) with a polymer window. An acceleration
voltage of 10 kV and an aperture size of 60.0 ym were used at a
working distance of 8.5 mm. The software used for the elemental
analyses was AZtec 6. The cross sections of the samples post mortem
were analyzed first with SEM and then with EDS.

4.2.7. X-ray Photoelectron Spectroscopy (XPS). XPS measure-
ments were conducted by using a PHI VersaProbe IV system
(Physical Electronics Inc.). A monochromated Al K,, X-ray source (X-
ray source 50 W 15 kV with beam diameter of 200 ym) was used. A
step time of 20 ms, a step size of 0.2 €V, and an analyzer pass energy
of 55.00 eV were used for the detailed spectra. During measurements,
the sample surface was charge-neutralized and the pressure ranged
from 1077 to 107° Pa. The samples were prepared in a glovebox (M.
Braun Inertgas-Systeme GmbH, (O, < S ppm, H,O < S ppm) and
transferred from the glovebox to the analysis chamber with a transfer
shuttle. The samples were mounted on a sample holder using
insulating tape and with the exposed positive electrode surface facing
the X-ray beam. The samples were sputtered with a gas cluster ion
beam gun (GCIB) (10 Kv 30 nA, 2 X 2 mm? S min) to clean the
surfaces. Data analysis was performed by using CasaXPS software.
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The charge correction was done using C 1s (284.8 eV) if possible, and
Cl 2p5,, (199.1 eV) otherwise.
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