Sulfur spillover on carbon and its effect on
metal-sulfur solid-state batteries

Roman Healy Corominas
Research group Adelhelm

Humboldt University Berlin
Helmholtz-Zentrum Berlin e s

= S
.l,v-ﬁi“fuﬂ;‘» e

00000000 —

p—— =

(N
T s
998! T _uE

HZB i EBBL

BERLIN BATTERY LAB

o4
Photograph: Campus Mitte, Faculty. of law se

12th Workshop Li-S Batteries, Nov 17-18 2025, Dresden



Elemental sulfur possesses arich allotropy and
polymorphism (+30 sulfur forms)

Allotropes of Sulfur
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Sulfur has two liquid states: LDL and HDL. They consist
of ring and chain molecules
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K. Shi et al., “Sulfur chains glass formed by fast compression,” Nature Communications , vol. 16, no. 1, Dec. 2025, doi: 10.1038/s41467-024-55028-w.
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Pressure and temperature are essential to changing the
state of sulfur
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How does this link to batteries?
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In a LI-S battery...

Preparation of sulfur-carbon composites

Several challenges to solve
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How are sulfur-carbon composites prepared?

Vapour Phase Infiltration Mechanical Intrusion
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L. Borchardt, M. Oschatz, and S. Kaskel, “Carbon Materials for Lithium Sulfur Batteries - Ten Critical Questions,” May 23, 2016, Wiley-VCH Verlag. doi: 10.1002/chem.201600040.
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BACKGROUND

Story behind the spillover process

Probing the “Universal” Amorphization of Crystalline Sulfur in its
Mixture with Ultrahigh Surface Area Porous Carbon

Neeraj Pal and Aninda Jiban Bhattacharyya*
J. Phys. Chem. C 2023, 127 (12), 5713-5719.

Sulfur Spillover on Carbon Materials and Possible Impacts on Metal-
Sulfur Batteries
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Benjamin Dietzek, and Philipp Adelhelm™

Angewandte Chemie International Edition 2018, 57 (41), 13666—13670.

Pitfalls in the characterization of sulfur/carbon
nanocomposite materials for lithium-sulfur
batteries

Christine Raif3, Klaus Peppler, Jiirgen Janek, Philipp Adelhelm *

Carbon 2014, 79, 245-255.
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BACKGROUND

Sulfur spillover process

« Extremely fast process, in which sulfur fills carbon pores at RT

« The chemical state of sulfur after spillover is unclear

« Raman, DSC or XRD cannot provide much information - peaks disappear
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L. Medenbach et al., Sulfur spillover on carbon materials and possible impacts on metal-sulfur batteries; Angew. Chemie. Int. Ed., 2018 doi:10.1002/anie.201807295
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THERMODYNAMICS
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Piccolo, F. et al. Unraveling the Spontaneous Adsorption of Sulfur onto Activated Carbon: Mechanism and Thermodynamic of the Sulfur Spillover. In Preparation
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THERMODYNAMICS

Heat of the reaction
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THERMODYNAMICS

Heat of the reaction
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THERMODYNAMICS

Entropy decreases

A,,G = AH - TAS

AS =7

Piccolo, F. et al. Unraveling the Spontaneous Adsorption of Sulfur onto Activated Carbon: Mechanism and Thermodynamic of the Sulfur Spillover. In Preparation
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THERMODYNAMICS

Entropy decreases

A,,G = AH - TAS

AS =7

S.as = 0.7 Sgae® - 3.3R
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THERMODYNAMICS

Entropy decreases

AS = ?

Sags = 0.7 Sy’ - 3.3R

Sss’gas (298.15k, 1 bar) = 430.31 J/(K molgg)
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THERMODYNAMICS
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THERMODYNAMICS

AS = ?

S.as = 0.7 S’ - 3.3R

Ssg’gas (298.15K, 1 bar) = 430.31 J/(K molgg)
Ssg’ads (298.15k, 1 bar) = 273.78 J/(K molgg)
Sss° rhombic (298.15, 1 ban) = 32-06 J/(K molgg)

Entropy increases

— _

Physisorption
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Sulfur crystals

AS = 241.72 J/(K molgg)
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THERMODYNAMICS

A,,G = AH - TAS

AS =241.72 J/(K molgg)

Entropy increases
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Sulfur crystals
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BENCHMARKING SULFUR SPILLOVER

Mix
Spillover é |
Wait y
/ Heat to %
for 6-12h

Melt
infiltration

Nov 17-18 2025, Dresden Sulfur spillover on carbon and its effects on metal-sulfur solid-state batteries



CHEMICAL STATE OF SULFUR
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CHEMICAL STATE OF SULFUR
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Infrared and Raman spectra of sulfur*
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CHEMICAL STATE OF SULFUR
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DIFFERENCE IN RADICAL FORMATION
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CHANGES ON CARBON ENVIRONMENT
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EFFECT IN SOLID-STATE BATTERIES
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EFFECT IN SOLID-STATE BATTERIES
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CONCLUSIONS

Causes and mechanism of spillover
o Physisorption process driven mostly by AS

o Strong evidences it is a solid-solid adsorption

Characterization
o Distinct final products were found for melt infiltration and spillover

o EPR shows melt infiltration has almost an order of magnitude higher radical amount
o NMR shifts higher for melt infiltration samples with less line broadening = Different interaction
o First-ever reported far-IR of sulfur confined in carbon (access to internal modes)

Effect on SSBs

o Easy and scalable preparation of sulfur-carbon composites

o Improved electrochemical performance of SSBs
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