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Sulfur content Solid-state Carbon Reference
(wt %) electrolyte additive
content (wt %) | content (wt %)

40 40 20 Sakuda et al."
40 50 10 Sun et al .2
30 60 10 Han et al.®
20 40 20 Hou et al.#
30 50 20 Zhang et al.®
30 50 20 Yao et al.®
20 40 20 Zhu et al.”
24 60 16 Wang et al.8
25 60 15 Zhang et al.®

Supplementary Table 1. Summary of the sulfur, solid-state electrolyte, and carbon

additive ratio used in recent studies to fabricate the composite electrode of ASSLSBs.
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Supplementary Figure 1. Structural characterization of S composite electrodes with
and without Lil. (a) XRD patterns of S composite electrodes with and without Lil
compared against S, LGPS, CNT, and Lil. (b) Raman spectra of S composite electrodes
with and without Lil compared against S, LGPS, CNT, and Lil. (¢) TGA curves of S
composite electrodes with and without Lil against S. (d) SEM image of the Lil-
incorporated S composite electrode after the ball-milling process with corresponding EDX
mapping of S, Ge, P, I, and C elements. (e) Schematic illustration and cross-sectional

SEM image of the interface between the Lil-incorporated S composite electrode and SSE



interlayer pelletized at 350 MPa. (f) SEM image (top view) of the Lil-incorporated S
composite electrode pelletized at 350 MPa. (g) SEM image (top view) of the S composite

electrode without Lil pelletized at 350 MPa.

Supplementary Figure 2. SEM images of the Lil-incorporated S composite electrode
after ball-milling under different magnfication.



Supplementary Figure 3. SEM images of the S composite electrode without Lil after

ball-milling under different magnfication.



Supplementary Figure 4. SEM image and EDX mapping of the S composite electrode

without Lil after ball-milling.



Supplementary Figure 5. Top view SEM images of the Lil-incorporated S composite

electrode pelletized at 350MPa under different magnification.



Supplementary Figure 6. Top view SEM image and EDX mapping of the Lil-incorporated

S composite electrode pelletized at 350MPa.



Supplementary Figure 7. Top view SEM images of the S composite electrode without

Lil pelletized at 350MPa under different magnification.
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Supplementary Figure 8. XANES spectra of ASSLSBs with and without Lil at different

discharge/charge states.
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Supplementary Figure 9. S 2p XPS Spectra of ASSLSBs (a) before cycling, (b) after full

discharge, and (c) after full charge. The S 2p32binding energies of So, PS4%, and S%/Li2S,

are 163.3 eV, 161.3 eV, and 1601.1 eV, respectively.
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Supplementary Figure 10. ToF-SIMS secondary ion mass spectra in the mass ranges

for ions (a) LisS*, (b) LisS2*, (c) Li2l* and (d) Lilz” for fully discharged (100% DOD) and



fully charged (100% SOC) products of ASSLSBs with and without Lil. The spectra are

normalized to their total ion intensity for comparison purposes.
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Supplementary Figure 11. lon intensity of LisS™ for ASSLSBs discharged to 0.6 V (vs.
Li-In/Li*) and 0.2 V (vs. Li-In/Li*). The LisS* ion intensity is normalized to the total ion
intensity. The error bars represent the standard deviation of the measured intensity ratio

and were produced using five independent measurements.
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Supplementary Figure 12. (a) Voltage profile of ASSLSBs tested using different lower
limit potentials. (b) Corresponding cycling performance of ASSLSBs tested at 0.2 A g
and 25°C.
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Supplementary Figure 13. (a) Voltage profile showing the reversibility of ASSLSBs in
the first cycle with 3 wt% Lil. (b) Voltage profile showing the reversibility of ASSLSBs in
the first cycle with 6 wt% Lil.
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Supplementary Figure 14. GITT curve of ASSLSBs with and without Lil in the first cycle.
0.2 A g™' current pulses are used for 20-minute increments followed by a 2 h relaxation.
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Supplementary Figure 15. Voltage profiles of ASSLSBs with and without Lil cycled over
a current density range of 0.2 to 6.0 A g™".
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Supplementary Figure 16. VVoltage profile of ASSLSB at 1st, 100", and 200t cycle.
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Supplementary Figure 17. Plot depicting the cycling behavior demonstrated in this work

compared to recent ASSLSB reports.
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Supplementary Figure 18. Voltage profile of ASSLSBs with active material loading of 12
mg cm™2.
Supplementary Note 1
Density Functional Theory (DFT) Calculations

The formation energies of Li2Sz, Li2S and S were calculated in vacuum and on the
Lil surface to provide atomic level insights regarding the catalytic mechanism of Lil. An
energy correction of -0.503 eV/atom for anionic sulfur in the structure was utilized based
on a previous study conducted by Persson et al.’® The calculated formation energy values
for Li2S2, Li2S and S in vacuum are in close agreement with the data available in the
Materials Project database." A slight difference was observed due to the use of GGA in
this work, as compared to a mixture of GGA and GGA+U in the Materials Project
Database for modelling exchange-correlation.'? The calculated values for formation
energies in vacuum are also in good agreement with a previous study conducted by Wang
et al.’® In vacuum, Li2S has a formation energy of approximately -1.59 eV/atom and is
shown to exist in the bulk phase rather than the molecular phase. This indicates that Li2S
is very stable and requires a large activation potential to facilitate its electrochemical

oxidation back to S during charge. The calculated formation energy of Li2S2 and Li2S on



the Lil(100) surface suggests that the compounds are thermodynamically stable in their
molecular form on Lil(100), as compared to the compounds in vacuum. In contrast, the
formation energy of Ss on the Lil(100) surface is calculated to be approximately +0.02
eV/atom. This indicates that the Ss molecule breaks off to form a bulk sulfur phase after
it has been oxidized from Li2S to S on the Lil(100) surface. These results demonstrate
that Lil can facilitate the electrochemical oxidation of Li2S2 and Li2S during charge.

To understand the delithiation process of Li2S2 and Li2S during charging, the
energy required to extract one lithium atom from bulk Li2S and adsorbed Li2S2 and Li2S
was computed using DFT. Barrier to Li removal could not be calculated for bulk Li2S2
because it is meta-stable (energy above convex hull = 0.315 eV/atom), resulting in
immediate structural decomposition.'* For the adsorbed substrate, one Li atom was
removed from the adsorbed Li2S and Li2S2 molecule as per the following reaction: (1) Li2S
— Li-S* + Li* and (2) Li2S2 — Li-S-S* + Li*, respectively. The lithium extraction energy for
the adsorbed Li2S2 and Li2S molecules were calculated using the following expression:
Eext = E(Li-S*/ Li-S-S*) — E(Li2S(ads)/ Li2S2(ads)). The lithium vacancy formation energy of a
bulk Li2S crystal was calculated using a large supercell of 96 atoms for bulk Li2S, using
the following expression: Evac = E(Li2S(bulk with 1 Li vacancy)) — E(Li2Suik)). The lithium
extraction energy was calculated to be +4.10 eV and +3.78 eV for the adsorbed Li2S and
Li2S2 molecule, respectively, while the lithium vacancy formation energy of the bulk Li2S
crystal was calculated to be +5.75 eV per Li atom. After accounting for the energy required
to form Li2S on the Lil surface, the overall activation peak was lowered by 0.65 eV/atom,

which indicates that the energy required for delithiation of Li2S becomes lower in the



presence of Lil as compared to bulk Li2S. On Lil(100) surface, the overall activation peak

for Li2S2 as compared to Li2S was 0.42 eV/atom lower.

Supplementary Note 2
Structural Characterization of Cathode Composites With and Without Lil

Two cathode composites with and without Lil were prepared by mixing sulfur (S),
LitoGeP2S12 (LGPS) SSE, carbon nanotubes (CNTSs), and lithium iodide (Lil) using a ball-
milling method. The absence of diffraction peaks in the XRD patterns for both the cathode
composites with and without Lil indicates that the incorporated materials were
homogeneously mixed after the ball-milling process (Supplementary Fig. 1a). The Raman
spectra in Supplementary Fig. 1b shows that the peak at 472 cm™' representative of the
S-S bonds in elemental sulfur shows a slight redshift for both the composites with and
without Lil. This implies a reduced interaction between S-S bonds, which is most likely
caused by the CNTs and/or Lil."® The sulfur content in the cathode composites with and
without Lil was approximately 30 and 36 wt%, respectively, as determined by
thermogravimetric analysis (TGA) (Supplementary Fig. 1c). Interestingly, the sublimation
temperature of sulfur in both cathodes slightly accelerates, in comparison to pure sulfur.
This can be attributed to the high thermal conductivity of the CNTs, which accelerates
sulfur sublimation during heating.’® As Lil exhibits a lower thermal conductivity when
compared to carbon, the sulfur in the Lil-incorporated cathode composite begins to
sublime at a slightly higher temperature than its counterpart. The morphology of the ball-
milled cathode composites with and without Lil are shown by the scanning electron

microscopy (SEM) images in Supplementary Fig. 1d, Supplementary Fig. 2, and



Supplementary Fig. 3. Energy dispersive X-ray spectroscopy (EDX) confirms a
homogenous distribution of S, Ge, P throughout both cathode composites and | for the
composite with Lil (Supplementary Fig. 1d and Supplementary Fig. 4). The cross-
sectional SEM image confirms that the Lil-incorporated cathode composite establishes
good contact with the SSE interlayer (Supplementary Fig. 1e). lodine ions have a larger
ionic radius (- = 206 pm) compared to sulfur ions (Rs? = 170 ppm), which means that Li-
| has a longer ionic bond length and higher polarizability, indicating high Li* mobility and
soft mechanical properties.’™'” Top view SEM images of the pelletized cathode
composites were taken to provide information about the surface morphology of the
samples. The pellet with Lil exhibits a dense and compact morphology, indicating intimate
contact between particles (Supplementary Fig. 1f and Supplementary Fig. 5). EDX
mapping confirms the even distribution of elements (Supplementary Fig. 6). In contrast,
the pellet without Lil has several cracks on the surface (Supplementary Fig. 1g and
Supplementary Fig. 7). It can be inferred that Lil can improve contact at the tri-phase
interface between sulfur, LGPS, and CNTs in the cathode composite. This phenomenon
is consistent with other studies that have incorporated halide materials such as

fluorine. 1819
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