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Abstract

The sulfur redox mechanism in solid-state lithium—sulfur (Li—S) batteries remains unclear, as it has been
reported to vary under different operating conditions due to sluggish reaction kinetics. Herein, we investigate
sulfur reactions in solid-state batteries using solid electrolytes with high ionic conductivities to mitigate kinetic
limitations. A solid-state Li—S cell employing LissPS45Cl15 exhibits an asymmetric voltage profile at 25 °C,
with two voltage plateaus during discharge and poorly separated oxidation reactions during charge. Ex situ
X-ray absorption spectroscopy (XAS) elucidates that these poorly separated oxidation reactions consist of
overlapping conversion reactions, in contrast to the clearly distinguishable two-step conversion from Sg to
Li>S via Li>Sx during discharge. In addition, operando impedance evolution, analyzed using a combined
distribution of relaxation times (DRT) and distribution of phasances (DOP) model, reveals distinct relaxation
processes during discharge and charge that arise from differences in the transport properties of the reaction
products. This work demonstrates an intrinsic asymmetric sulfur redox mechanism in solid-state batteries
that is difficult to resolve by conventional electrochemical measurements alone but can be clarified by

combining XAS with impedance analysis using the DRT-DOP model.



1. Introduction

Lithium—sulfur (Li—S) batteries have garnered extensive attention due to the high specific capacity (1675 mA
h g™"), earth-abundance, and low cost of sulfur.?> Nevertheless, the development of conventional liquid
electrolyte-based Li—S batteries has been hindered by severe performance degradation arising from the
formation of soluble lithium polysulfide species (Li2Syx, 4 < x < 8) and the associated shuttle effect.>* Solid-
state Li—S batteries have been proposed as a solution to the shuttle issue, as solid electrolytes (SE) inherently
prevent polysulfide dissolution.® Despite this promising aspect, the sulfur redox mechanism in solid-state

batteries (SSB) remains poorly understood due to the absence of dissolved long-chain lithium polysulfides.

In conventional liquid electrolyte-based Li—S batteries, the sulfur redox reaction undergoes solid-liquid—solid
conversion. Solid-phase sulfur is first reduced to long-chain lithium polysulfides dissolved in the liquid
electrolyte, and the polysulfides are subsequently precipitated out of the liquid phase as insoluble Li,S; and
LiS, giving rise to two voltage plateaus.® In contrast, such solid—liquid conversion is physically impossible in
SSB, leaving the formation of lithium polysulfides and their species unclear. A few studies have investigated
the solid—solid conversion pathway in SSB. For instance, a symmetric sulfur conversion reaction from Sg to
Li2S via a Li»S; intermediate has been reported at 25 °C, with voltage profiles exhibiting a single voltage
plateau during both discharge and charge.” However, operation at elevated temperatures induces an
asymmetric discharge—charge profile, in which two voltage plateaus are observed during discharge, whereas
only a single voltage plateau appears during charge, suggesting an asymmetric reaction pathway under
enhanced kinetics.® Gu et al. demonstrated that, at high temperatures, sulfur is reduced from Ss to Li>S4 and
subsequently to Li»S during discharge, while direct conversion of Li>S to Sg occurs during charge.® These
distinct sulfur redox behaviors under different cycling conditions highlight the importance of studying solid-

state Li—S batteries under conditions where reaction kinetics are not the limiting factor.

Solid-state Li—S batteries show a considerably higher overpotential than conventional liquid electrolyte-based
Li-S batteries.™ While differences in the reaction pathway contribute to the high overpotential, the highly
tortuous conduction pathways in SSB impede the conversion reactions and can further alter the overall
reaction mechanism.™ Unlike flowable liquid electrolytes with good wettability, SE require a homogeneous
microstructural architecture to enable ionic percolation. This percolation network can be readily disrupted by
the electronically and ionically insulating nature of sulfur.’> While both ionic and electronic tortuosity factors

in solid-state Li—S batteries are high, the ionic transport exhibits a higher tortuosity and acts as a bottleneck.



Therefore, mechanical ball milling is a common method to prepare sulfur composite cathode.' Ball milling
reduces the particle size of cathode components and increases the interfacial contact area between sulfur
and the SE, thereby improving the ionic percolation pathways within the composite.’* However, despite these
advantages, the crystallinity and ionic conductivity are substantially decreased upon the ball-milling
process.'>” Under harsh milling conditions, the ionic conductivity can decrease by approximately one order
of magnitude.''” Considering the high ionic tortuosity in SSB and the conductivity decrease induced by ball
milling, the use of highly conductive SE is needed to investigate solid-state Li—S batteries under practical

operating conditions with favorable reaction kinetics.

In this work, we investigate the reactions of sulfur in SSB using two chemically different but highly conductive
SE, LissPS45Clis and LisPSesBr. The solid-state Li—S cell employing LissPS4s5Clis delivers 81% of the
theoretical capacity and exhibits an asymmetric redox behavior in the voltage profiles and the differential
capacity (dQ/dV) curves at 25 °C, enabled by the high ionic conductivity of LissPS45Clis. Ex situ S K-edge
X-ray absorption spectroscopy (XAS) reveals the asymmetric redox pathway, in which sulfur undergoes a
two-step conversion from Sg to Li»Sx and subsequently to Li>S during discharge, whereas Li,S is converted
back to Li>Sx and then to Sg through overlapping conversion reactions during charge. In order to trace the
evolution of electrochemical processes, operando time- and frequency- domain impedance spectroscopy is
performed, and the collected impedance data are analyzed using a combined distribution of relaxation times
(DRT) and distribution of phasances (DOP) model.'® The DRT-DOP indicates that ionically and electronically
insulating reaction product Sg impedes electrochemical processes during charge more considerably than the
discharge intermediate and product, Li>Sx and Li»S. In contrast, a composite cathode prepared with sulfur
and LigPSesBr exhibits a distinctly different electrochemical behavior. The quasi open-circuit voltage (QOCV)
curves show two redox couples during discharge and charge. To further examine this behavior, ex situ XAS,
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and Raman spectroscopy are used.
Substantial changes occur in the PSes* tetrahedra, the oxidation state of sulfur, and the structure of
LisPSesBr, indicating that planetary ball milling, which is necessary for the Li-S cathode preparation, induces
an unintended Se — S exchange reaction between sulfur and LisPSesBr. Amorphous selenium is formed by
this reaction, and both the resulting selenium and excess unreacted sulfur are electrochemically active during
cycling, as characterized by ex situ XAS and XPS. This work demonstrates the intrinsic asymmetric sulfur
redox pathway in SSB and its influence on the electrochemical processes during cycling. Moreover, the Se —

S exchange reaction reveals the significance of both SE choice and the essential ball-milling process in



determining chalcogen chemistries. These findings provide insights into the intrinsic limitations of solid-state

Li—S batteries and the approaches required to improve their performance.



2. Experimental Section

Synthesis

Precursors and SE were handled in an Ar-filled glove box to avoid air exposure. Lithium sulfide (Sigma-
Aldrich, 99.98%), lithium selenide, red phosphorus (Thermo Fisher, 99.999%), selenium (Thermo Fisher,
99.5%), phosphorus pentasulfide (Sigma-Aldrich, 99%), lithium chloride (Sigma-Aldrich, 99%), and lithium
bromide (Alfa Aesar, 99%) were mixed in stoichiometric ratios corresponding to each SE. The powders were
hand-ground using an agate mortar and pestle and pressed into pellets. The pellets were then sealed under
vacuum in carbon-coated ampoules, which were vacuum-dried at 800 °C for 2 h prior to use. The ampoule
containing precursors for LissPS45Cli.s was heated to 450 °C at 100 °C h™" in a tube furnace and annealed
at the same temperature for 72 h, followed by natural cooling. The annealed pellets were hand-ground and
subjected again to the same pressing and annealing process. The ampoules containing precursors for
LisPSesBr and LisPSsBr were heated to 550 °C at 100 °C h™' and annealed at the same temperature for 2
weeks, followed by liquid-nitrogen quenching to obtain a highly disordered phase which offers high ionic

conductivity.' All obtained SE pellets were hand-ground.

The precursor lithium selenide was prepared using a stoichiometric amount of selenium powder and metallic
lithium (abcr, 99.8%) by gas-phase reaction. Metallic lithium was cut into small pieces and placed in a graphite
crucible. The crucible and selenium powder were placed in a pre-dried ampoule, separated by small
indentations in the ampoule wall. The ampoule was sealed under vacuum and heated to 400 °C at 12 °C h™’
in a tube furnace, followed by annealing at the same temperature for 48 h. The annealed sample was allowed

to cool naturally and subsequently hand-ground.
Composite preparation

All samples were handled under an Ar atmosphere to avoid air exposure. S—C—Lis5PS45Cl15 and S—C—
LisPSesBr composites were prepared by a two-step ball-milling process. First, 1.05 g of elemental sulfur
(Thermo Fisher, 99.999%) and 0.45 g of carbon black (ECP600JD, ANR Technologies) were ball-milled using
a Fritsch PULVERISETTE 7 premium line, resulting in a weight ratio of 7:3. The powders were placed in an
80 mL ZrO; cup with 30 g of 5 mm ZrO2 milling media. Ball milling was performed at 500 rpm for 12 cycles,
each consisting of 10 min milling followed by 10 min break. Then, 100 mg of the S—C mixture was ball-milled

with 100 mg of LissPS45Clis or 200 mg of LisPSesBr to account for the difference in SE mass density. Ball



milling was conducted using the same method used for the S—C mixture preparation, except that the number

of milling cycles was increased to 24.

Se—C—LissPS45Clis and Se—C—LisPSsBr composite were also prepared by a two-step ball-milling process.
The ball-milling conditions were the same as those used for S—C-LissPS45Clis and S—C—LisPSesBr
composites. For the Se—C—Lis 5PS45Cl1.5 composite, 1.278 g of selenium powder and 0.222 g of carbon black
were ball-milled. Then, 202.4 mg of the Se—C mixture was ball-milled with 100 mg of LissPS45Cl15. For the
Se—C—LisPSsBr composite, 1.242 g of selenium powder and 0.258 g of carbon black were ball-milled. Then,

181.2 mg of the Se—C mixture was ball-milled with 118.8 mg of LisPSsBr.

The C—-LissPS45Clis composite was prepared by ball miling 20 mg of carbon black with 180 mg of
Lis 5PS45Cl15 under the same conditions used for the S—C—LissPS45Cl15 composite. For the preparation of
the S—LigPSesBr composite, 70 mg of sulfur and 200 mg of LisPSesBr was ball-milled under the same

conditions used for the S—C-LisPSesBr composite.
Cell fabrication

Half-cells were fabricated using a customized press-cell setup (10 mm diameter) reported elsewhere.?° 90 mg
of LissPS45Cl15 was manually pressed as a separator layer using a screw press. For the S—C—LissPS45Cl1 5
and S—-C—LigPSesBr half-cells, 9 mg of S—C—LissPS4.5Cl15 (mass ratio S:C:SE = 7:3:10) or 13.5 mg of S—C—
LisPSesBr (mass ratio S:C:SE = 7:3:20) composite was evenly distributed onto one side of the separator layer,
resulting in an areal capacity of 6.72 mA h cm™ calculated based on the theoretical capacity of sulfur
(1675 mA h g"). For the Se—C—Lis5PS45Cl1 s and Se—C—-LisPSsBr half-cells, 13.6 mg of Se—C—Lis5PS45Cl1 5
(mass ratio Se:C:SE =17.2:3:10) or 15.5mg of Se—-C-LisPSsBr (mass ratio Se:C:SE = 50:10.4:39.6)
composite was used to achieve the same areal capacity, calculated based on the theoretical capacity of
selenium. For the C—Lis sPS45Cl1 5 half-cell, 10 mg of C—Lis sPS4.5Cl15 (mass ratio C:SE = 1:9) was used. After
distributing composite cathode powders, cathode and separator layers were uniaxially pressed together
under a load of 3 tons for 3 min. Indium foil (Haines & Maassen, 99.999%, 100 um thickness, 9 mm diameter)
was attached to the other side of the separator layer, and Li foil (2.0 mg) was stacked on the indium foil to

form an In/Liln anode.

For the In | LissPS45Clis | In/Liln cell, 90 mg of LissPS45Clis was manually pressed using a screw press,
followed by uniaxial pressing under a load of 3 tons for 3 min. An indium foil (100 um thickness, 9 mm

diameter) was attached to both sides of the separator layer, and 2.0 mg of Li foil was stacked on one side of



the indium foil to form an In/Liln anode.

All cells were tightly closed using a wrench and placed in a metal frame maintaining a stack pressure of

= 50 MPa during electrochemical measurements.
Electrochemical Characterization

S—C—Lis5PS45Clis5, S—C—LisPSesBr, and Se—C—LigPSsBr half-cells were discharged and charged using a
Maccor Series 4000 in the voltage range from 1.0 to 2.4 V vs In/Liln at a C-rate of 0.1C, corresponding to an
areal current density of 0.672 mA cm™. Rate performance tests on S—C—LisPSesBr and Se—C—LisPSsBr half-
cells were performed at various current densities of 0.05C (0.336 mA cm™), 0.1C (0.672 mA cm™2), 0.2C
(1.344 mA cm™), 0.5C (3.358 mAcm™), and 1C (6.717 mAcm™) at 25°C. For the cycling and rate
performance tests on S-C-LisPSesBr and Se—C-LisPSsBr, triplicates of half-cells were evaluated. C—
Lis 5sPS4.5Cly5 half-cell was discharged and charged in the same voltage range at an areal current density of
0.498 mAcm™? at 25°C. The current was determined to match the carbon-based specific current
(390.8 mA gc™") used for the S—C—Lis sPS45Cl1 5 half-cell. Galvanostatic intermittent titration technique (GITT)
measurements were conducted on S—C—Lis5PS45Cl15, Se—C—Lis 5PS45Cl1 5, and S—C—LisPSesBr half-cells in
the voltage range from 1.0-2.4 V vs In/Liln with a pulse current of 0.672 mA cm for 15 min, followed by

relaxation for 10 h at 25 °C.
X-ray absorption spectroscopy

Ex situ samples were discharged/charged to specific depth of discharge/state of charge (DOD/SOC) levels
at 0.672 mA cm™ in the voltage range of 1.0-2.4 V vs In/Liln at 25 °C. The cell configuration and assembly
process were the same as those used for electrochemical characterization. Cathodes were carefully retrieved
from the cells in an Ar-filled glovebox after discharging/charging. Measurements were performed at the S K-
edge in fluorescence yield (FY) mode at beamline B18 of Diamond Light Source. Samples were mounted on
a holder in an Ar-filled glove box and transferred to the chamber using an air-tight shuttle. The obtained

spectra were processed using an Athena software package.?'
Operando hybrid electrochemical impedance spectroscopy

S—C-LissPS45Clis, S—C-LisPSesBr, and Se—C-LisPSsBr half-cells were discharged and charged at a
constant current of 0.1C (0.672 mA cm2) in the voltage range from 1.0-2.4 V vs In/Liln using a BioLogic

VMP-300 potentiostat at 25 °C. Operando impedance spectra were collected during cycling using an



accelerated time- and frequency-domain (“hybrid”) measurement technique described previously.??
Measurements alternated between 60 s intervals of constant current and hybrid impedance measurements,
which lasted for approximately 70 s. After each constant current discharge/charge for 60 s, hybrid impedance
spectroscopy was conducted. Time-domain measurements probing the frequency range 20 Hz to 10 mHz
were carried out by maintaining a DC current of 0.1C while superimposing biphasic current steps of amplitude
equivalent to 0.01C for time intervals of 0.16, 1.6, and 16 s, thereafter returning to the 0.1C DC current for
16 s. Subsequently, galvanostatic electrochemical impedance spectroscopy (GEIS) was employed for
frequency-domain measurements while maintaining the DC current of 0.1C. The measurements were
performed using potentiostatic amplitude selection with an AC root-mean-square excitation amplitude of

7.071 mV, 6 points per frequency decade from 2 MHz to 20 Hz, and 2 cycles per frequency.

The obtained time- and frequency-domain data were jointly transformed into the two-dimensional (2D)
distribution of relaxation times (DRT) and distribution of phasances (DOP), allowing impedance and DRT-
DOP analysis over the full frequency range 2 MHz to 10 mHz. We employed a self-tuning hierarchical
Bayesian model for DRT-DOP fitting. This approach reduces subjective parameter selection and performs
favorably relative to methods such as cross-validation, as reported previously.?> The model uses hierarchical
Tikhonov-like regularization to address the ill-posed inversion problem, with weaker regularization applied to
the DOP than to the DRT. This allows the DOP to capture constant-phase impedance features (e.g., diffusion)
that would otherwise generate diverging long-timescale DRT peaks. Nonetheless, some ambiguity in the
DRT-DOP deconvolution is unavoidable because the distributions can interact, potentially leading to small
DRT pseudo-peaks at long timescales. Consequently, the DRT-DOP framework is best regarded as a semi-
quantitative tool for visualizing dominant processes and guiding the development of quantitative models, such

as equivalent circuit models. Further details and a free Python package are available in previous studies. 822

For the In | LissPS45Clis| In/Liln cell, the indium working electrode was discharged at a constant current of
0.672 mA cm~ to an areal capacity of 5.76 mA h cm= and then charged at the same current to an upper
cutoff voltage of 0.2V vs In/Liln. The Operando hybrid measurement was performed using the same
parameters as for the S—C—LissPS4.5Cly 5 half-cell. Only the DRT model (without the DOP complement) was
applied to transform the time- and frequency-domain data for this cell, as no constant-phase processes were

observed in the low-frequency range.

Raman spectroscopy



Raman spectroscopy was carried out using a Bruker Senterra Il Raman microscope equipped with a 532 nm
laser. All samples were mounted on a customized holder with a quartz window to prevent air exposure.
Raman spectra were collected in a wavenumber range of 50-1425 cm™" with an integration time of 5 s at a
laser power of 2.5 mW, unless otherwise stated. A 1200 grating, providing a resolution of 1.5 cm™, and a 20x

objective lens were used.
Powder X-ray diffraction

XRD measurements were conducted using a STOE STADIP diffractometer with Mo Ka4 radiation
(A = 0.70930 A) in Debye—Scherrer geometry. Samples were sealed in glass capillaries (Hilgenberg, 0.5 mm

diameter). The diffraction patterns were collected with a step size of 0.015°.
X-ray photoelectron spectroscopy

XPS measurements were carried out using a PHI GENESIS spectrometer. Ex situ samples were prepared
following the same procedure used for XAS. The samples were mounted on a holder in an Ar-filled glove box
and transferred to the instrument using an air-tight transfer shuttle. Monochromatic Al Ka radiation (1486.6 eV)
was used with a power of 25 W and an accelerating voltage of 15 kV. The beam diameter was 100 um, and
the pass energy was set to 27 eV. To clean the surface, the samples were sputtered using an Ar* sputter gun
with a raster size of 3 x 3 mm? at an energy of 0.5 kV for 30 s prior to measurements. The samples were

neutralized using a charge neutralizer.

Data evaluation was performed using CasaXPS software. The binding energies were calibrated by taking the
C 1s signal of adventitious carbon (284.8 eV) as the reference. Afterward, the S 2p and Se 3p spectra of the
S—-C-LisPSesBr cathodes were calibrated using the S 2p PSs*~ component as an internal reference. Peak
fitting was conducted using a Shirley background and GL(30) line shapes, constraining FWHM. The spin—
orbit splittings for Se 3p and S 2p were set to 5.8 and 1.16 eV, respectively. The area ratio of S 2p12to S 2pap
doublet was constrained to 1:2. The theoretical area ratio of 0.5 for the Se 3p doublet did not provide a
satisfactory fit for the Li.Se and elemental selenium reference spectra. Instead, an empirical area ratio of
0.41 has been reported in a previous study.?* Therefore, the area ratio of the Se 3p doublet was first left
unconstrained and evaluated, and the resulting values were 0.378 and 0.382 for Li.Se and elemental
selenium, respectively. Based on these values, the area ratio of Se 3p+2 to Se 3ps» was fixed at 0.38 for all

samples.



3. Results

3.1 Asymmetric Sulfur Redox Behavior with a Highly Conductive Sulfide SE

A solid-state Li—S cell employing LissPS45Cli5 as the catholyte is constructed and its redox mechanism is
investigated using electrochemical and spectroscopic characterization methods. A S—C-LissPS45Cl15
composite cathode was prepared through an intensive ball-milling process to enable high sulfur utilization
and allow investigation under realistic Li—S cell operating conditions. The voltage window was set to achieve
a high specific capacity while minimizing contributions from SE decomposition. Argyrodite sulfide SE are
known to undergo phosphorous reduction when cells are discharged below 0.6 V vs In/Liln.?% Therefore,
the lower cut-off voltage of 1.0 V vs In/Liln was employed, and the upper cut-off voltage of 2.4 V vs In/Liln
was used to enable reversible cycling. To assess the contribution of SE decomposition, a C—LissPS45Cli 5
half-cell was cycled within this voltage window and exhibits a negligible initial discharge capacity (Figure S1a),

indicating that SE decomposition is minimal during the initial discharge under these cycling conditions.

Figure 1a,b shows the voltage profile of the S—C—Lis5PS45Cl4 5 half-cell and corresponding dQ/dV plot in the
voltage range of 1.0-2.4 V vs In/Liln during the initial discharge and charge at 25 °C. The sulfur loading was
4.0 mg cm~2, which is within the range of practical electrode loadings for solid-state Li—S batteries. The cell
delivered a specific capacity of 1352 mA h g~' during first discharge, corresponding to 81% of the theoretical
capacity of sulfur (1675 mA h g™'). Notably, the voltage profile exhibits asymmetry between discharge and
charge, which is characterized by two voltage plateaus during discharge and a single plateau during charge.
Since the C—LissPS45Cl1 5 cell delivered a negligible capacity during the initial discharge, the two observed
voltage plateaus during discharge can be attributed to sulfur reduction reactions. This asymmetric redox
behavior is further evidenced by the dQ/dV plot exhibiting two reduction peaks at 1.37 and 1.27 V and a
single oxidation peak at 1.77 V, in which the single oxidation peak appears to consist of a small shoulder and
large peak overlapping. Under slower kinetics at 0 °C, the oxidation peaks are more separated and become
distinguishable, as shown in Figure S1b,c. These low-temperature data suggest that there may be at least
two processes during charge, contrary to a previous suggestion,® although they cannot be readily

distinguished using only galvanostatic charge—discharge tests.

To examine whether these two processes during charge could be resolved by overpotential relaxation or by

enhanced reaction kinetics, galvanostatic intermittent titration technique (GITT) measurements and high-
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Figure 1: (a) Initial discharge—charge voltage profile and (b) corresponding dQ/dV plot of the S—C-
LissPS45Cly s half-cell at 0.1C and 25 °C. GITT curves during the initial (c) discharge and (d) charge, obtained
with a pulse current of 0.1C for 15 min, followed by 10 h relaxation period at 25 °C. (e) Initial discharge—
charge voltage profiles and (f) corresponding dQ/dV curves of the S—C—LissPS45Clis half-cells at 0.1C

operated at 25, 40, 60, and 80 °C.

temperature discharge—charge tests were performed. Figure 1c,d shows QOCV curves obtained from GITT
measurements at 25 °C. Although overpotentials of approximately 0.2 V are relaxed during both discharge
and charge, the QOCV curves still exhibit two voltage plateaus during discharge and only a single plateau
during charge. High temperature discharge—charge profiles at 40, 60, and 80 °C are shown in Figure 1e,f.
Increasing temperature reduces polarization, as indicated by the smaller voltage gap between discharge and
charge, while the asymmetric redox behavior observed at room temperature is maintained. These
electrochemical results support the notion that the S—C-LissPS45Clis half-cell undergoes an intrinsically
asymmetric reaction pathway rather than just having a large degree of polarization that could be mitigated by

relaxation or enhanced kinetics at elevated temperatures.



To further elucidate this asymmetric reaction pathway and sulfur intermediate species in SSB, ex situ XAS
was carried out on S—C—-LissPS45Cl1 5 cathodes retrieved at various depth of discharge (DOD) and state of
charge (SOC) levels. Reference S K-edge XAS spectra of elemental sulfur (Sg), Li»S, and Lis sPS45Cl1 5 were
collected to assign sulfur-containing species in the composite cathode (Figure S2a). Elemental sulfur exhibits
a characteristic absorption feature at 2472 eV, corresponding to the transition from S 1s to S-S * state.?’
Li2S is characterized by two main absorption peaks at 2473 and 2475.5 eV, and the absorption edge of
LissPS45Clis SE appears at 2471 eV. Figure 2a,b presents the ex situ S K-edge spectra of the S-C—

Lis 5PS4.5Cly.s cathode during the initial discharge and charge. The pristine cathode spectrum is dominated by
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Figure 2: Ex situ S K-edge XAS spectra of S—C-Lis5PS45Cl1.5 cathodes recovered at various DOD and SOC
states during the initial (a) discharge and (b) charge. The spectrum at SOCO in (b) corresponds to the fully
discharged state (DOD100) shown in (a). (c) Contour map showing the evolution of the ex situ S K-edge XAS

spectra during the initial discharge and charge.



the absorption feature of elemental sulfur at 2472 eV. Upon discharge to DOD50, the contribution from
elemental sulfur decreases, accompanied by the emergence of a pre-edge peak at 2470 eV, which is
attributed to reduced terminal sulfur in lithium polysulfide (Li.Sx) species.?® The pre-edge feature is clearly
observable in the overlaid XAS spectra in Figure S2b,c. Additionally, the absorption feature of the
LissPS45Clis SE, whose absorption edge partially overlaps with elemental sulfur, becomes more
distinguishable as the sulfur contribution decreases. With further discharge, the pre-edge peak of Li»Sk
disappears and the characteristic features of Li.S at 2473 and 2475.5 eV grow in intensity. At the fully
discharged state (DOD100), the spectrum is dominated by contributions from Li>S and LissPS45Cl1 s,
indicating high sulfur utilization, consistent with the high discharge capacity observed by electrochemical
characterization. In the early stage of charge, from SOCO to SOC25, Li,S is partially converted to Li>Sy. Unlike
discharge, further charging from SOC25 to SOC50 leads to the simultaneous formation of Li,Sx and elemental
sulfur. Notably, elemental sulfur begins to reappear at low SOC levels before Li>S is fully oxidized to Li>Sy.
Upon continued charging, the absorption peaks of Li»S and Li»Sx diminish, accompanied by the growth of the

elemental sulfur feature. At SOC100, the spectrum becomes similar to that of the pristine cathode.

The distinct evolution of sulfur species during discharge and charge is shown in the contour plot of ex situ
XAS spectra (Figure 2c). During discharge, elemental sulfur undergoes a two-step conversion to Li;S via
Li-Sx intermediates, whereas charging proceeds through overlapping reactions rather than discrete steps.
This result further clarifies that, although the asymmetric sulfur reaction pathway is evident in the
galvanostatic charge—discharge profiles, the seemingly single reaction during charge consists of two largely

overlapping reactions corresponding to the two distinct reduction steps observed during discharge.

Since all lithium polysulfide species (Li>Sx, x = 2-8) exhibit a pre-edge feature at 2470 eV, S K-edge XAS
alone is insufficient to distinguish specific lithium polysulfide species.?® Therefore, Raman spectroscopy was
employed as a complementary method to further identify sulfur species in the composite cathode (Figure S3).
The pristine S—C—LissPS45Cl15 cathode exhibits weak vibrational features of elemental sulfur, while no
characteristic Raman modes of LissPS45Clis are detected. Notably, no features of elemental sulfur are
observed for the C-Lis5PS45Cl15 (mass ratio C:SE = 1:9) sample at low laser power, whereas characteristic
sulfur peaks appear at high laser power despite the absence of sulfur in the composite. These observations
may be attributed to strong light absorption by the carbon black additive and the resulting local thermal

decomposition, indicating that Raman spectroscopy may introduce measurement artifacts in carbon-



containing composites. Because of these spectral artifacts, it was difficult to identify the lithium polysulfide

species in the cathode after discharge/charge.

Electrochemical impedance spectroscopy (EIS) is an effective technique for characterizing electrochemical
processes in battery systems. To investigate the evolution of impedance during cycling of solid-state Li—S
batteries, operando frequency- and time-domain (hybrid) impedance spectroscopy was performed. EIS is
typically carried out in frequency-domain, which provides high accuracy but requires long acquisition times,
particularly in the low frequency range. In contrast, time-domain approaches offer rapid measurement time
but are limited by poor accuracy at high frequencies. By applying two techniques in different frequency ranges,
the hybrid measurement combines the strengths of both methods while mitigating measurement noise with
DRT-assisted data transformation, enabling rapid and reliable EIS over a broad frequency range.'®?? Figure
3a shows the time-domain measurement with step current excitation and the conventional galvanostatic EIS

(GEIS) in the frequency-domain, both implemented operando during constant-current charge and discharge.

The acquired data were analyzed using a combined DRT and DOP model.'®?2 The DRT represents the
impedance as an infinite series of parallel resistor-capacitor (RC) elements, corresponding to relaxation
processes y(In 1) distributed over log-timescales In 7. The relationship between the impedance and DRT is
given by equation (1).

“ y(n7t)
wl+jwt

Z,(w) = j dlInt (D

However, when the system includes non-RC type responses, such as Warburg diffusion or capacitance, the
DRT may fit the data poorly and/or provide misleading interpretations due to the appearance of multiple peaks
for a single process. Therefore, the DOP has been introduced as a complementary model by a previous
study.'®22 DOP describes the impedance as an infinite series of constant phase elements (CPE), representing
phasances p(v) over their orders v, which can be converted into phase angles 6 = vii/2. The CPE-type

impedance is correlated to the phasances according to equation (2).

1
Z,(w) = f POGW! dv @)

The combined DRT-DOP model allows the separation of impedance into RC- and CPE-type contributions as

expressed in equation (3), where Ry represents the ohmic resistance.

Z=RytZ,(w)+ Z,(w) 3)
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Figure 3: (a) Operando impedance spectroscopy using time- and frequency-domain measurements with
accelerated acquisition time. (b) Schematic illustration of the DRT-DOP model, demonstrating the separation
of constant-phase processes from the conventional DRT model. 2D DRT-DOP mapping of the S—C-
Lis sPS45Cl1s half-cell during the initial (c) discharge and (d) charge, with the corresponding conversion
reactions characterized by ex situ S K-edge XAS represented in the insets. In both (c) and (d), the left and

right panels represent the 2D DRT and DOP plots, respectively.

The separation of RC- and CPE-type processes is illustrated using an exemplary Nyquist plot (Figure 3b).
Both the conventional DRT and the DRT-DOP transforms were applied to the impedance data corresponding
to the Nyquist plot showing a semicircle followed by a diffusion tail, which can be approximately interpreted
using an electrochemical equivalent circuit model consisting of R/CPE and CPE elements in series. Multiple
overlapping relaxation processes distributed over a broad frequency range are observed in the conventional
DRT transform. In contrast, the DRT-DOP model shows a significant relaxation process at 7~ 10° s in the
DRT plot, which is attributed to the semi-circle in the Nyquist plot, while a peak at -6 = 42° in the DOP plot
corresponds to the diffusion tail. The interpretation based on the DRT-DOP model is consistent with the
conventional understanding of the system derived from electrochemical equivalent circuit model,

demonstrating the utility of the DRT-DOP transformation for interpretable impedance analysis.



The DRT-DOP model was applied to the operando impedance data of S—C—Lis sPS45Cl1 5 half-cell during the
initial discharge and charge at 0.1C and 25 °C. To evaluate the contribution from the In/Liln anode, the two-
dimensional (2D) DRT plots of the In | Lis5sPS45Clis| In/Liln cell are analyzed (Figure S4). The relaxation
processes from the In/Liln anode shows y values below 10 Q, indicating insignificant contributions to the total
impedance of the S—C—LissPS45Clis half-cell. Nevertheless, at the end of charge, a resistive relaxation
process is observed at 1~ 107" s, which can be attributed to the dealloying process and the depletion of Li in
the In/Liln anode.®® Figure 3c,d shows the evolution of resistance in the S—C-LissPS45Clis half-cell
represented in the 2D DRT and DOP plots. During discharge, a dominant process is observed in the 2D DRT
plot, which shifts to longer timescales while maintaining a nearly constant resistance until the middle of
discharge. The detailed one-dimensional (1D) DRT and DOP plots extracted from the 2D mapping for 20%
DOD and SOC intervals are shown in Figure S5. The 1D DRT plots at 0, 20, and 40% DOD exhibit a dominant
relaxation at 1 ~ 1-10s and less pronounced processes at shorter timescales. While it is difficult to
unambiguously resolve overlapping electrochemical processes, we interpreted the underlying processes
based on their characteristic timescales. Typically, in the timescale range of 102-10 s, the observed
processes include charge transport through the solid-electrolyte interface and charge transfer at the cathode
and anode, as well as diffusion.?"3? As CPE-type contributions are separately assessed in the DOP model,
the impedance features in the DRT plot are mainly derived from RC-type processes other than diffusion.
Furthermore, as previously discussed and supported by Figure S4, the impedance contribution of the In/Liln
anode is insignificant relative to the overall cell impedance. Therefore, the processes at long timescales 7~
1072-10 s can be reasonably attributed to the impedance of the cathode—electrolyte interface (CEIl) and the
charge transfer at the cathode active material.®?-34 The process at 7 ~ 10 s becomes less resistive after the
middle of discharge. Based on the two-step sulfur conversion during discharge identified by XAS, the
conversion from sulfur to Li>Sx corresponds to a highly resistive process during the first reduction step due to
the electronically and ionically insulating character of Sg (conductivity of ~107%° S cm™).# In contrast, the
reaction product of the subsequent conversion, Li2S, is still poorly conducting but exhibits a conductivity
several orders of magnitude higher (conductivity of 107" — 107" S cm™)3*>=%" than Sg, thereby mitigating the
CEl impedance and/or the charge transfer resistance at the cathode active material. At the end of discharge,
a substantial resistive process emerges at T ~ 10~" s, which is attributed to relaxation processes from the

In/Liln anode, as previously detected in the In | Lis sPS4.5Cl15]| In/Liln cell presented in Figure S4. Throughout



discharge, a single process is consistently observed in the 2D DOP plot at —8 = 42°, which is close to the 45°

phase angle of a Warburg element and can likely be attributed to Li* diffusion process at the cathode.??

During charge, two major processes are observed in the 2D DRT plot. One process at r ~ 10 s appears from
the beginning of charge, and an additional process emerges at 7~ 1 s. These processes also can be attributed
to the CEIl impedance and/or the charge transfer resistance at the cathode active material. Upon continued
charging, two resistive processes merge into one and exhibit increased resistance. Based on the XAS results,
the increased resistance observed in the DRT plot can be correlated with the formation of insulating sulfur.
Meanwhile, the lack of significant DOP peaks indicates that there is insignificant diffusion contribution to

impedance.

The conventional DRT model was not well suited for analyzing the operando hybrid impedance data of solid-
state Li—S batteries, as indicated by the 2D DRT plots obtained without the DOP model (Figure S6). The
overall resistances of the relaxation processes are comparable during discharge and charge, which is clearly
inconsistent with the DRT-DOP results. The origin of this misleading interpretation can be understood from
comparison with the Nyquist spectra calculated from the DRT-DOP plots over the frequency range from
1 MHz to 10 mHz (Figure S7). During discharge, a low frequency tail gradually appears in addition to the
semicircular response, whereas during charge the spectra maintain a semicircular shape. Because the
conventional DRT model artificially transforms these diffusion processes during discharge into relaxation
processes, the relaxation process resistance in the conventional DRT plot is overestimated. This discrepancy
between the DRT-DOP and conventional DRT models indicates that the DRT-DOP model is more suitable

for electrochemical systems involving diffusion processes.

Since sulfur is ionically and electronically insulating, sulfur conversion reactions can occur only at the triple-
phase boundaries between sulfur, SE, and carbon additives. This concept has been utilized to improve the
electrochemical performance of solid-state Li—S batteries, for instance, by employing mixed ionic—electronic
conductors or surficial redox mediators.?¥%° In addition to improving performance, further insight into the
reaction mechanism in solid-state Li—S batteries can be proposed by correlating these triple-phase boundary
constraints with the impedance data and the intermediate reaction products. The limitation in reaction sites
suggests that the conversion products likely nucleate and grow from the triple-phase boundaries. XAS results
reveal that Li>Sx and Li>S are formed stepwise during discharge, whereas the formation of Li>Sx and sulfur

overlaps during charge. In both cases, the sulfur conversion products are expected to progressively passivate
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Figure 4: Schematic illustration of conversion reaction products propagating from the triple-phase boundary.
This conceptual CEl-like passivation model is proposed by correlating the triple-phase boundary constraints
with asymmetric sulfur conversion pathways and impedance evolution, observed in ex situ XAS and
operando impedance spectroscopy results. Each conversion reaction step is represented on the

corresponding dQ/dV peak.

the unreacted active material at the triple-phase boundary, as conceptually illustrated in Figure 4. These
reaction products exhibit different resistive behaviors during discharge and charge depending on their
transport properties, which are reflected in the impedance evolution characterized by operando impedance
spectroscopy combined with the DRT-DOP model. Notably, the charge transport through the CEI and/or
charge transfer at the cathode exhibit higher resistance during charge than during discharge. This
observation can be attributed to the formation of insulating sulfur at low SOCs during charging, which impedes
the conversion reactions more severely than the discharge products, Li>S and Li-Sx. These behaviors support
the proposed model where the accumulated products between the unreacted active material and the triple-

phase boundary act as a CEl-like layer.



3.2 Se - S Exchange Reaction-Driven Formation of Li-Se SSB

When sulfur is present in the SE of solid-state Li—S batteries, the identification of intermediate species
becomes challenging. For sulfur-specific spectroscopic methods such as XPS and XAS, the spectra contain
sulfur signals from the SE in addition to those from the active material sulfur. Moreover, since SE are prone
to decompose within the operating voltage range of typical Li—S cells, their decomposition products may
share common intermediate species with sulfur redox products. Therefore, if sulfur-free SE exhibit sufficiently
high ionic conductivity and compatibility with sulfur, they possess the potential to facilitate sulfur-specific
spectroscopic investigation without the spectral overlap between the SE and the active material sulfur.
Furthermore, they provide the opportunity to estimate the respective capacity contributions from SE

decomposition and active material redox.

Therefore, another sulfur composite cathode was prepared using LisPSesBr, which contains selenium
substituting for sulfur in argyrodite sulfide SE and exhibits a high ionic conductivity of 5 mS cm™.#'" The
composite cathode was prepared with the same procedure used for the S—C—LissPS45Cl1 5, except that the
amount of LisPSesBr was increased to account for its higher mass density compared to Liss5PS45Cl1 s,
ensuring comparable volumetric phase fractions. Figure 5a,b shows the voltage profile of the S—C—LisPSesBr
half-cell and corresponding dQ/dV plot in the voltage range of 1.0-2.4 V vs In/Liln during the initial discharge
and charge at 25°C. The S-C-LiPSesBr half-cell delivered an areal capacity of 5.23 mA hcm™@,
corresponding 78% of the calculated theoretical capacity. The dQ/dV plot exhibits a small shoulder reduction
peak at 1.40 V and a large reduction peak at 1.33 V during discharge. Upon subsequent charging, a single
oxidation peak appears at 1.68 V, which is approximately 0.1 V lower than that observed for the S-C—
Lis sPS45Cl1s half-cell, suggesting a different redox mechanism. Nevertheless, the asymmetric feature,
characterized by two reduction peaks and a single oxidation peak, is similar to that of the S—C—LissPS45Cl1 5
half-cell. To examine the equilibrium potential under reduced polarization, QOCV curves were obtained using
GITT (Figure 5c, d). The QOCYV curves differ from the galvanostatic discharge—charge profiles. While the
discharge QOCYV curve consistently exhibits two voltage plateaus at 1.46 and 1.41 V, the charge QOCV curve
shows two distinct plateaus at 1.52 and 1.62 V, representing one additional plateau compared to that
observed in the galvanostatic discharge—charge profiles. This difference is more clearly presented by
comparing the galvanostatic discharge—charge profiles with the QOCV curves extracted from GITT profiles
(Figure S8). These results indicate that the redox mechanism of the S—C—LisPSesBr half-cell is distinct from

that of the S—C—LissPS45Cl1 5 half-cell.



(a) 2.5} —— S-C-Li;PSe;Br (b) %
c S-C—LissPS,5Cl1 5 -

10
201 __/L_\
0 L

1.5F

Voltage / V vs In/Lil
dQ/dV (mA hem?V
1
o

1.0F
0 1 2 3 4 5 6 10 13 16 19 22 25

Capacity / mA h em? Voltage / V vs In/Liln
25
(c) (d)
=16 =
= £
n w 2.0
> >
2 1] -
o o
= o
= s
S 515
> >
1.0}
o 1 2 3 4 5 86 0o 1 2 3 4 5 6
Capacity / mA h cm™ Capacity / mA h cm™

Figure 5: (a) Initial discharge—charge voltage profile and (b) corresponding dQ/dV plot of a half-cell
incorporating the S—C-LisPSesBr cathode at 0.1C and 25 °C. For comparison, the corresponding data for the
S—C-LissPS45Cl1 5 half-cell are included in (a) and (b). GITT curves during the initial (c) discharge and (d)

charge, obtained with a pulse current of 0.1C for 15 min, followed by 10 h relaxation period at 25 °C.

To investigate the origin of the distinct chemistry in the S—-C—-LisPSesBr cathode composite, XAS, Raman
spectroscopy, XRD, and XPS analyses were performed. Figure 6a presents the S K-edge XAS spectrum of
the pristine S—-C—LisPSesBr cathode together with reference spectra. The spectrum of the pristine cathode
closely matches the LissPS45Clis SE rather than elemental sulfur, in contrast to the pristine S-C—
Lis sPS4.5Cl1.5 spectrum, which is dominated by the elemental sulfur feature. This indicates that most of sulfur
exists in reduced sulfur species, such as PS;*” and S?°, with an oxidation state of —II, rather than in form of
elemental sulfur S(0). To gain further insight into the sulfur chemical states, Raman spectroscopy was
conducted on the S—LisPSesBr composite instead of the S—-C—LisPSesBr cathode composite due to the
above-mentioned difficulty in acquiring reliable Raman spectra from carbon-containing samples (Figure 6b).

The S-LisPSesBr composite was prepared through the same ball-milling process used for the S—C—LisPSesBr



cathode, except that carbon black was excluded. LisPSesBr SE exhibits a symmetric stretching mode of the
PSe.*" unit at 236 cm™.4"42 However, the ball-milled S-LisPSesBr composite shows a broad peak at 256 cm™,
implying a substantial structural change in LisPSesBr during the ball-milling process with elemental sulfur.
This broad peak is a main feature of ball-milled selenium, as shown in Figure S9, indicating that amorphous
selenium was formed.** Furthermore, a peak located at 418 cm™" matches the symmetric stretching mode of
the PS,3 tetrahedra in the LisPSsBr sulfide SE.** The disappearance of the PSes*" unit, along with the
emergence of the PS,3™ unit and amorphous selenium, suggests substitution of selenium by sulfur within the
PSe4*" unit during the ball-milling process, leading to the formation of PS3" tetrahedra and amorphous

selenium.

We examined this structural change using XRD. Figure 6¢c shows the XRD pattern of the ball-milled S—
LisPSesBr composite. The diffraction peaks are significantly broadened due to the harsh ball-milling
conditions. However, characteristic reflections corresponding to the argyrodite structure are still observed.
Notably, the peak positions are identical to those of LisPSsBr, implying that most of selenium in LisPSesBr,
including free Se?” and selenium in PSes*" units, was substituted by sulfur during ball milling, which is
consistent with the XAS and Raman results. Additionally, to increase the crystallinity of the SE and compare
its diffractogram with the reference material, the ball-milled S—LisPSesBr composite was annealed in a

carbon-coated ampoule at 300 and 400 °C for 5 h under vacuum (Figure S10). After annealing, the reflections
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of LissPS45Clys, LioS, and elemental sulfur. (b) Raman spectrum and (¢) XRD pattern of the ball-milled S—
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respectively.



exhibited increased intensities while maintaining their positions, supporting that most of selenium was

replaced by sulfur during the ball-milling process.

Taken together, these observations suggest that sulfur is thermodynamically more stable than selenium in
the argyrodite structure. Because sulfur has a higher electronegativity (2.58) and a smaller ionic radius for
S? (1.84 A) than selenium (EN = 2.55 and r(Se?") = 1.98 A),454¢ the P—S covalent bond and the Coulombic
interaction between Li* and S?~ are expected to be stronger than their selenium counterparts. Furthermore,
formation energies obtained from the Open Quantum Materials Database (OQMD) and the Materials Project
support the higher stability of sulfur in SE structures. For instance, the formation energy of LisPS4
(-1.112 eV/atom, Pnma, OQMD-687436) is lower than LisPSes (-0.810 eV/atom, Pnma, OQMD-
1345149),474¢ and the formation energy of LizPSe (-1.287 eV/atom, Pna2;, mp-1211324) is also lower than
LizPSes (—-1.118 eV/atom, Pna2,, mp-1211446).4° Therefore, the energy generated during ball milling induces
an Se — S exchange reaction between elemental sulfur and selenide SE due to the higher thermodynamic

stability of sulfide SE.

To evaluate whether the atomic percentage of sulfur in the S—C—LisPSesBr composite was sufficient to fully
replace selenium in LisPSesBr, the elemental composition of the S—C—LisPSesBr composite was calculated,
as summarized in Table S1. The atomic percentage of sulfur (23.2%) is higher than that of selenium (19.4%),
indicating that a sufficient amount of sulfur is present to enable the near-complete Se — S exchange reaction.
Moreover, because the sulfur amount exceeds that of selenium, excess elemental sulfur (corresponding to
16.2 at% of the total sulfur in the composite cathode) remains unincorporated into the LisPSsBr structure and
can contribute to redox reactions as an active material during discharge and charge. The resulting
composition of the electrochemically active chalcogen species is 83.8 at% selenium and 16.2 at% sulfur,
based on complete Se — S exchange. Due to the complex Se — S exchange reaction as well as the presence
of residual sulfur, it is impossible to accurately determine the mass of electrochemically active materials in
the S—C—LisPSesBr composite. Therefore, the specific capacity of the S—C-LisPSesBr half-cell cannot be
determined. Instead, the areal capacity was used, because the total molar amount of chalcogen species in

the cathode remains constant despite the Se — S exchange reaction.

The residual sulfur redox behavior was examined by ex situ S K-edge XAS during initial discharge and charge
(Figure 7a,b). The pristine cathode spectrum has dominant Lis sPS45Cl1 s-like features, which are attributed

to LisPSsBr formed by the Se — S exchange reaction, as previously observed by XRD. Because the amount
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Figure 7: Ex situ S K-edge XAS spectra of S—-C—LisPSesBr cathodes recovered at various DOD and SOC
states during initial (a) discharge and (b) charge. The spectrum at SOCO in (b) corresponds to the fully
discharged state (DOD100) shown in (a). (¢) Contour map showing the evolution of the ex situ S K-edge XAS

spectra during the initial discharge and charge.

of residual sulfur is smaller compared to that of sulfur incorporated in the SE, its contribution to the spectrum
is difficult to distinguish in the pristine state. During discharge, sulfur is converted into Li>S via Li>Sx
intermediates. This conversion reaction is evidenced by the decreased intensity at 2472 eV and the
appearance of the pre-edge peak of Li.Sx at DOD25, along with the increased features of Li»S at DODS0.
The changes in the spectra are significant from DODO to DOD50, whereas the subsequent discharge and
charge lead to minor spectral changes until SOC50. From SOC50 to SOC100, Li,S is converted back into

sulfur.

The overall sulfur redox behavior is shown in the contour plot of ex situ S K-edge XAS spectra (Figure 7c¢).
The spectral changes corresponding to the conversion reaction between Sg and Li;S are most pronounced
at the beginning of discharge and the end of charge, both of which lie in the high potential range. Moreover,
the QOCYV curves of the S—C-LissPS45Cl1 5 half-cell exhibit higher potentials than the Se—C—Lis5PS45Cl1 5

half-cell during both discharge and charge, demonstrating the higher potential of sulfur conversion reaction



compared to that of selenium (Figure S11). These results further account for the two distinct redox couples
observed in the QOCV curves of the S—-C—LisPSesBr half-cell (Figure 5c,d), which correspond to sulfur redox
at higher potentials and selenium redox at lower potentials. The relative capacity ratio at each voltage plateau
is close to the relative amount of each active material (atomic ratio Se:S = 83.8:16.2) calculated based on a
near-complete Se — S exchange. These redox reactions of sulfur and selenium become distinguishable in

the voltage profiles under high-temperature discharge—charge conditions (Figure S12).

The redox activity of chemically formed selenium was investigated by ex situ XPS at the pristine, fully
discharged, and fully charged states over the binding energy range of 154-170 eV, which includes both the
S 2p and Se 3p regions (Figure S13). For the pristine S—C-LisPSesBr cathode, S 2p signals show a main
component at 161.6 eV attributed to the PS4~ unit®®%' formed via the Se — S exchange reaction. Another S
2p peak at 163.2 eV can be assigned to bridging sulfur atoms in polysulfides®?°® or S-S species in Se,Ss..%*
Apeak located at 161.1 eV corresponds to the Se 3ps2 component of Se® accompanied by the corresponding
Se 3p12 peak at 166.9 eV, with a spin—orbit splitting of 5.8 eV. At the fully discharged state, the Se® peak
disappears, accompanied by the emergence of a signal at 159.2 eV assigned to Li,Se. Residual S° also
participates in the reduction reaction, as evidenced by the peak at 160.3 eV assigned to Li»S.%® Upon
subsequent charging, the spectrum returns to that of the pristine cathode, with the reappearance of Se? and
sulfur (-S°-) signals. During discharging and charging, the PS.3" signal is consistently observed, implying
that the SE formed via the exchange reaction is electrochemically stable within the applied voltage window.
These observations reveal that selenium formed by the Se — S exchange reaction significantly contributes

the delivered capacity.

The evolution of electrochemical processes in the S—C-LisPSesBr half-cell was examined at 0.1 C and 25 °C
using operando hybrid impedance spectroscopy combined with the DRT-DOP transformation (Figure 8a,b).
The detailed 1D DRT and DOP plots extracted from the 2D mapping for 20% DOD and SOC intervals are
shown in Figure S14. At the beginning of discharge, a significant relaxation process appears in the 2D DRT
plot at r ~ 1 s and shifts to longer timescales as discharge proceeds. With continued discharge, the y value
of this process varies while its timescale remains nearly constant. Additional less resistive processes are
observed in the timescale range of 107 — 1 s, and the pronounced resistive process at the end of discharge
appears at T~ 107" s, which can be attributed to the In/Liln dealloying process.® The overall resistance in the
DRT plot during discharge is much lower than that of the S—C—Lis sPS45Cl1 5 half-cell, with y values below 30

Q. This is because the conversion product Li;Se is more electronically and ionically conductive than LixS
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owing to its smaller band gap and lower Li* migration energy.>*=8 The higher conductivity of Li.Se facilitates
the charge transport through the CEl-like layer and/or the charge transfer at the cathode active material.
Throughout discharge, the 2D DOP plot shows a single process that can be assigned to Li* diffusion process
at the cathode, similar to that observed for the S—C-LissPS45Cl15 half-cell. During charge, the 2D DRT plot
shows a process at 7 ~ 10 s in the early stage of charge, and an additional process appears at 7~ 1 s. As
charge proceeds, these two processes merge into one that becomes highly resistive. This resistive process
is likely attributed to the charge transport through the CEIl and/or the charge transfer at the cathode active
material, impeded by the conversion product selenium, which is more electronically conductive than sulfur*°
but likely lacks appreciable ionic conductivity due to the absence of Li* ions. The higher resistance of the
relaxation processes during charge than during discharge in the S—C—LisPSesBr half-cell indicates, as in the
S—C—-LissPS45Cli s half-cell, that the discharge and charge products of the selenium conversion reaction

influence the cell impedance differently.



For comparison, a Se—C—LisPSsBr half-cell was assembled using elemental selenium, LisPSsBr sulfide SE,
and carbon black, and its impedance evolution was examined. The composition of the Se—C—LisPSsBr
cathode was determined by excluding excess sulfur in the S—C—LisPSesBr cathode and directly employing
elemental selenium and LigPSsBr. The Se—C—-LisPSsBr half-cell also exhibits impedance evolution similar to
that of the S—C—LisPSesBr half-cell, although the resistance of the electrochemical processes is slightly lower
at the beginning of discharge and at the end of charge (Figure S15). The higher resistance of the S-C-
LisPSesBr half-cell in these regions is attributed to the more resistive sulfur conversion reaction arising from
residual sulfur after the Se — S exchange reaction during ball milling, as identified by ex situ S K-edge XAS

(Figure 7c).

Figure 8c,d presents the discharge—charge profiles and corresponding cycling performance of the S—C—
LisPSesBr half-cell over 100 cycles at 0.1C in the voltage range of 1.0-2.4 V vs In/Liln. The cycling
performance of the Se—C-LisPSsBr half-cell is also presented for comparison. The voltage profiles during
cycling test and the rate performance of both cells are shown in Figure S16. The initial discharge capacities
of the S—C-LisPSesBr and Se—C—LisPSsBr half-cells are comparable, delivering 5.57 and 5.68 mA h cm™,
respectively. Notably, the capacity retention of S—C-LisPSesBr half-cell after 100 cycles is 85%, which is
higher than the Se—C-LisPSsBr half-cell (28%). The Li-Se SSB formed via the Se — S exchange reaction

during ball milling demonstrated good capacity and cycling stability.



4. Conclusion

This work explored distinct sulfur reactions in solid-state Li—S batteries employing two different highly
conductive SE. For the solid-state Li—-S cell using Lis sPS4.5Cl1.5, an asymmetric redox pathway was revealed
at 25 °C. During discharge, sulfur is converted from Sg to Li>Sx and then to Li>S through a two-step reaction,
while the reverse conversion from Li,S to Li>Sx and from Li>Sx to Sg overlap during charge. Operando hybrid
impedance spectroscopy suggests that elemental Sg, formed at low SOC levels during charge through these
overlapping reactions, significantly impedes the charge transport through the CEI and/or the charge transfer
at the cathode during charge. In contrast, the discharge intermediate and product, Li2Sx and Li2S, hinder

electrochemical processes to a lesser extent, owing to differences in conductivities of the reaction products.

For the composite cathode using LisPSesBr as the catholyte, a selenium composite cathode is formed by the
Se — S exchange reaction during planetary ball milling. As LisPSsBr is thermodynamically more stable than
LisPSesBr, ball milling leads to the substitution of selenium in LisPSesBr by elemental sulfur, resulting in the
formation of amorphous selenium, LisPSsBr, and unreacted residual sulfur in the composite cathode. Both
selenium and sulfur undergo reversible conversion between their original states and Li;Se/Li>S during
discharge and charge. Consistent with the S—C—LissPS45Cl15 half-cell, the conversion reaction products
influence the electrochemical processes differently depending on their transport properties. The resulting S—
C—LisPSesBr half-cell exhibits a high areal capacity of 5.57 mA h cm™ and good cycling stability (85% after

100 cycles).

Overall, these results provide insights into the role of conversion products in SSB, as well as the potential
chemical reactions induced by the ball-milling process and the SE selection. The intrinsic asymmetric sulfur
redox pathway and the chalcogen chemistry demonstrated in this study contributes to the development of

novel approaches for improving the electrochemical performance of solid-state Li—S batteries.
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