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Insight into the Impact of Electrolyte on Passivation of

Lithium-Sulfur Cathodes

Walter Cistjakov, Johanna Hoppe, Jinkwan Jung, Fridolin Roder, Hee-Tak Kim,

and Ulrike Krewer*

One of the remaining challenges for lithium—-sulfur batteries

toward practical application is early cathode passivation by the insulating
discharge product: Li,S. To understand how to best mitigate passivation

and minimize related performance loss, a kinetic Monte—Carlo model

for Li,S crystal growth from solution is developed. The key mechanisms
behind the strongly different natures of Li,S layer growth, structure,

and morphology for salts with different (DN) are revealed. LiTFSI electrolyte
in dimethyl ether leads to lateral Li,S growth on carbon and fast passivation
because it increases the Li,S precipitation-to-dissolution probability on carbon
relative to Li,S. In contrast, LiBr electrolyte has a higher DN and yields a
particle-like structure due to a significantly higher precipitation-to-dissolution
probability on Li,S compared to carbon. The resulting large number of Li,S
sites further favors particle growth, leading to low passivation. This study is
able to identify the key parameters of the electrolyte and substrate material to
tune Li,S morphology and growth to pave the way for optimized performance.

1. Introduction

however, their widespread application is
still inhibited due to performance issues
caused by the insulating nature of their
charge product (Sg) and discharge prod-
uct (Li, S), as well as self-discharge caused
by the diffusion and migration of solu-
ble intermediates, that is, polysulfides,
between the anode and cathode. These
processes result in low sulfur utilization
in the whole cell, volume expansion of
the cathode, low cycle number, and low
coulombic efficiency.

To overcome these challenges, re-
search has focused on understanding
and controlling dissolved polysulfides
and their electrochemical and chemical
reactions, as well as on the deposition
and dissolution of the charge/discharge
products, sulfur and lithium sulfide.
Several works have designed cathode
frameworks to enclose polysulfides

Increasing demand for sustainable, low-cost, and high gravi-
metric energy storage motivates research and development on
next-generation batteries. Lithium—sulfur batteries (LSBs) are at-
tractive alternatives to Lithium-ion batteries (LIBs) due to their
high gravimetric energy density, with practical values reaching
400 Wh kg=!. They also feature high environmental sustain-
ability, low cost, and widespread abundance of the active mate-
rial, sulfur. LSBs are already available in niche applications,]

within porous carbon,?3] or graphenel* structures, or to sup-
press the dissolution and diffusion of polysulfides with gel
polymers.°l These approaches showed progress in improving
sulfur utilization, but challenges in preventing surface passiva-
tion still remain.

Other studies have investigated the precipitation of Li,S on
a substrate material, such as carbon or graphene, in order to
identify the underlying mechanisms of passivation. Noh et al.l®]
revealed experimentally how the discharge rate influenced the
Li,S precipitate structure at the carbon surface; high currents
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resulted in the formation of numerous randomly distributed Li, S
islands, which coalesced into an amorphous structure on the car-
bon surface. In contrast, low currents allowed enough time for
the species to coordinate and form a flat crystalline Li,S sur-
face on carbon, which resulted in early passivation during dis-
charge. In addition, high discharge rates were also found to be
better for cyclability because the amorphous Li, S was more read-
ily dissolved, which resulted in charge overpotentials. Temper-
ature was also shown to impact Li,S deposition; Lang et al.l’]
compared the cyclability at room temperature and 60 °C for
a 1:1 mixture of 1,2-dimethoxyethane (DOL) and 1,3-dioxolane
(DME) with lithium bis-(fluorosulfonyl)imid (LiFSI) conductive
salt. Here, they showed better cyclability at high temperatures.
LiF is produced from LiFSI degradation in significant amounts at
60 °C, where it fills in the nanocavities of the Li,S/Li, S, structure
and forms a solid film; this film captures polysulfides effectively
while retaining good Li* conductivity. After each cycle, almost all
solids are removed from the surface. In contrast, at room tem-
perature, only crystalline Li,S was precipitated and little LiF was
produced. As a result, the solid and poorly soluble Li, S, accumu-
lates after each cycle leading to an electrically insulating layer.

In a different approach to mitigate surface passivation, Chu
et al.l®) changed the electrolyte salt to control the shape of Li,S
precipitates formed during discharge. The widely used DOL:
DME (1:1) electrolyte with a lithium bis(trifluoromethane sul-
fonyl)imide (LiTFSI) conductive salt has a low donor number
and low Li,S solubility; resulting in a flat Li,S structure at the
surface of the carbon substrate material after discharge. To pre-
vent this detrimental structure, which leads to rapid passivation,
Chu et al. replaced the conductive salt with the high donor num-
ber salt, lithium bromide (LiBr). This high doner number salt
features a high solubility for Li,S. This high solubility leads to a
beneficial 3D particle-like Li, S structure, slower passivation, and
a higher discharge capacity compared to the LiTFSI electrolyte.
Lang et al.’) compared LiTFSI and LiFSI in DOL: DME. They
confirmed the flat growth structure in cells with LiTFSI-based
electrolytes, and they showed that cells with LiFSI-based elec-
trolytes formed spherical Li, S particles. The mechanisms of how
these structures form and evolve over time are mostly speculative
due to experimental limitations.

Mechanistic models that range from the atomic- to macroscale
are increasingly used for understanding and optimizing the pro-
cesses in LSBs, including passivation.[%l Liu et al.'!l used den-
sity functional theory (DFT) to investigate the growth of the in-
soluble species, Li,S and Li,S,, on a crystalline Li,S surface.
They found that Li,S is energetically favored over Li,S, to de-
posit on (111) and (110) Li,S surfaces. Park et al."?l employed
first-principles calculations to confirm the existence of Li,S, as
only a metastable phase that was directly transformed to Li,S,
and that the (111) surface is more prone to Li,S crystal growth.
Furthermore, Liu et al.l'3] investigated the deposition of lithiated
polysulfides on silicene and graphene with a method that cou-
ples coupling DFT calculations and kinetic Monte—Carlo (kMC)
approach. They found that silicene can mitigate the polysulfide
shuttle but induces faster surface passivation due to the higher
attractive forces of Li,S with the surface. In a further study, they
used their kMC approach to investigate the influence of temper-
ature and S?- concentration on graphene surface passivation.!']
Andritos et al.'®] investigated doping graphene to increase the
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graphene binding energy to mitigate the polysulfide shuttle. A 3D
kMC approach was proposed by Thangavel et al.,['] in which they
simulated a cathode with all soluble and insoluble sulfur species
they defined. They showed the transport of polysulfides and the
production of Li,S close to the carbon particles for high and low
discharge rates. So far, no molecular or kMC simulation studies
have addressed why there are different Li,S crystal structures or
examined the significant influence of electrolyte solubility and
concentration on the precipitation process.

On the macroscale, most simulation studies have focused
on the electrochemical reactions and transport of dissolved
polysulfides,’~1%1 Schén et al.[?%] revealed the complex interplay
of chemical and electrochemical reactions by using a kinetic
model containing seven reaction steps and diffusion. They also
observed the early onset of Li,S precipitation. The works by Ren
etal.,[?! Xiong et al.[??] and Danner et al.!?}] have analyzed the pre-
cipitation of the insoluble products Sg and Li,S and the resulting
structures. They focused on determining the effect of discharge
on the formation of spherical Li,S particles with different radii.
For this purpose, they have used constant reaction rates of Li,S
or the classical theory of nucleation and growth.

Such continuum approaches suffer from the inability to repre-
sent the inherent stochastic nature and inhomogeneity of pre-
cipitation. Wehinger et al.?* reviewed multiscale approaches,
which combine, for example, kMC and continuum or DFT and
kMC models; these help to show inhomogeneities in layer growth
versus electrode thickness for LIB anodes.] These also re-
veal the impact of reaction versus transport on the local com-
position of the solid electrolyte interphase (SEI) formed on Li
metal.?%] Ab-initio parameterized kMC models revealed the im-
pact of electrolyte composition on the thickness and composition
of the SEI on Li metal; higher salt concentrations lead to thin-
ner SEIs.[?’] Such models have not yet been used for analyzing
LSBs.

The strong impact of electrolyte composition on Li,S growth
and the resulting precipitate structure observed by Chu et al.,[*%]
and Lang et al.! indicates that electrolyte composition tailoring
is a highly promising pathway to enable high-performance and
durable LSB cathodes. To our best knowledge, so far, no sim-
ulation work has investigated the effect of electrolyte composi-
tion on surface passivation. Such an analysis promises to pro-
vide important new insights into the growth mechanisms and
governing processes of passivation layer formation, as well as
their sensitivity to electrolyte, surface, and performance proper-
ties. In this work, we employ a kMC model of solution-mediated
Li, S crystal growth to study these behaviors and properties. The
model integrates approaches from the field of growth kinetics of
organic crystals to consider the electrolyte’s interaction with the
solid crystal surface, 23!l These approaches studied the growth
of a simple cubic system, the Kossel crystal, and applied it exem-
plarily to the crystallization of hexamethylenetetramine from an
aqueous and alcoholic solution.[?] Here, we show that our model
can reproduce the experimentally observed different Li,S struc-
tures and morphologies for DME electrolytes with two different
conductive salts, LiTFSI and LiBr. We will highlight the strongly
different nature of the evolution of precipitation structures for
both electrolytes, how the number of next Li, S neighbors impacts
growth, and how electrode surface properties impact the sensitiv-
ity to the electrolyte.
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Figure 1. Electrochemical performance and cathode precipitate morphology for lithium-sulfur battery: a) Measured dlscharge curves at 0.05C for T m
LiBr and LiTFSI. Experimental SEM images and average thickness of Li,S precipitates on carbon nanofiber-based cathode after discharge for b) LiTFSI
electrolyte and c) LiBr electrolyte. Discharge was terminated at half of the discharge capacity of the second plateau at 340 mAh g~! for 1 m: LiTFSI, and
780 mAh g=! for 1 m LiBr (cf. Figure S1, Supporting Information). Corresponding kMC simulation results of the Li,S structure and average thickness at
the carbon surface area for d) LiTFSI electrolyte and e) LiBr electrolyte. Parameters in Table 1 were used.

2. Results

Understanding the impact of electrolyte salts on discharge per-
formance and Li,S precipitate morphology is at the center
of this publication. The experimentally analyzed setup con-
sists of lithium-sulfur cells with a carbon nanofiber cathode,
a polypropylene separator, a lithium metal anode, and a DME
electrolyte containing polysulfides with either LiBr or LiTFSI as
salt. The electrolyte/polysulfide solution is prepared by dissolving
Li, S, into the electrolyte. Using dissolved Li, S, instead of solid
Sg prevents the effects of solid Sy at the surface. Discharge of the
cell is stopped in the middle of the second voltage plateau, before
complete passivation, to allow for better morphological analysis
of Li,S precipitate on the carbon surface. The experiments were
used to parameterize the kMC simulations. For the derivation
of mathematical model and experimental details see the Experi-
mental Section (Section 4). The following sections will reveal the
sensitivity of the precipitate morphology evolution to electrolyte
and electrode properties by model-based scanning of the impact
of a wide range of electrode and electrolyte properties.

2.1. Experimental versus Simulated Li,S Morphology

The experimentally obtained discharge performance and Li,S
growth morphology for a low and a high donor number elec-
trolyte are given in Figure 1a—c, respectively.

Both discharge curves show high voltages ~2.33 V for a short
time before dropping to 2.1 V and recovering to a second plateau
~2.13 V. The voltage drop occurs more quickly with the LiTFSI
electrolyte, and the voltage minimum is reached at a lower dis-
charge capacity. The discharge is terminated at half of the dis-
charge capacity of the second voltage plateau, 780 mAh g=! for
the LiBr electrolyte and 340 mAh g=! for the LiTFSI electrolyte,
determined by an earlier full discharge experiment (Figure S1,
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Supporting Information). Terminating the discharge at half of
the discharge capacity of the second plateau timing was chosen
to assess the Li,S morphology on the carbon surface in a post-
mortem analysis and to avoid complete passivation of the carbon
surface. The predicted structures for full and half discharge are
similar (Figure S1, Supporting Information), confirming the gen-
eral trends discussed in the following. Further, comparison at the
same capacity for both electrolytes would not be feasible as at the
final capacity for the cell with LiTFSI the second plateau in the
cell with LiBr, and thus precipitation, has not yet started. At the
start of cell discharge for both electrolytes, long chain polysul-
fides (S;") react to shorter chains (S27) that cause the initial high
voltage. According to Ghaznavi et al.'’] the steep voltage drop
can be attributed to the initiation of the reaction of S~ to §?-,
which is followed by the precipitation of Li,S, ultimately lead-
ing to the voltage plateau. The plateau is explained by an equal
consumption-to-production ratio of S>~, which leads to a constant
S?~ concentration in the electrolyte bulk. The growth of the Li,S
precipitate on the carbon surface continues until the discharge is
terminated. The experimentally obtained average Li,S thickness
on the carbon surface was 4.7 nm for the LiTFSI electrolyte and
15 nm for the LiBr electrolyte.

For the LiTFSI electrolyte, a flat, film-like Li,S surface struc-
ture that fully covers the nanofiber surface is formed (Figure 1b,
see also Figure S1d, Supporting Information for full discharge).
No defined particle structures are recognizable. In contrast, the
LiBr electrolyte yields a rough Li,S surface structure with large
round precipitates (Figure 1c, see also Figure Sle, Supporting
Information for full discharge) with individual particle diameters
thatrange from 49 to 85 nm.®) The differences between flat struc-
tures for LiTFSI and the rough ones for LiBr salts are due to the
larger solubility of Li, S for LiBr.

Simulations on a 100 x 100 nm carbon surface accurately re-
produced the experimentally observed morphology and average
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Table 1. Material-specific parameter set for the simulation scenario for the LiTFSI and the LiBr electrolyte.

Symbol Description LiTFSI LiBr Unit
g Surface roughness factor 16.5492) 6.0452% -

AP Interfacial difference parameter 3.75b 3.75b -

Ksp Solubility product 10730141 5.958 x 10°2 mol® m=?
k. Frequency factor 2.497 x 1074 6.249 x 1073 s7!
Xiiys Molar fraction 1.048 x 107133 1.394 x 10743 mol m~3
cfiazts Concentration of Li,S in a saturated electrolyte 10-123) 1.33 x 10739 mol m=3
cila'j Li* concentration from the conducting salt 103041 10304 mol m=3
Coa- S2~ concentration during 0.05C discharge in precipitation phase 6.5 x 1074b) 400 mol m=3

b) . ) .
% Calculated; )Adjusted to reproduce experiments; 9 Measured experimentally.

precipitate thickness, as seen in Figure 1d,e. Although the car-
bon support in the experiment consisted of round nanofibers, the
assumption of a flat kMC surface is justified because the fibers
were sufficiently large that their circumference of 946 nm was
~10 times larger than the full kMC grid size, which would re-
sult in only a small curvature. Specific properties of the carbon
will also enter the unknown model parameters, which were ad-
justed to reproduce the experiment: The identified parameters of
the frequency factor k,, the interfacial difference parameter AP
and the S~ concentration in the oversaturated solution cg,- are
given in Table 1. k,, as a frequency factor, affects the precipita-
tion time and is adjusted to reproduce the precipitation duration
of the experiment. The calculation of the binding energy under
vacuum conditions by Chu et al.[®] has been used to estimate AP.
The higher binding energy of Li,S on Li, S layer (2.48 eV) shows
higher binding affinity than on graphite (1.39 eV). This reveals
that the AP can only be positive. Due to missing interaction en-
ergies we adjusted the value manually to AP = 3.75 to reproduce
the experimental results for the carbon nanofibers. For LiTFSI,
the S?~ concentration of 6.5 x 10~ mol m~ was chosen that was
close to the value of 10~ mol m~> predicted by the simulation
study of Ghaznavi et al.l'’] In contrast, LiBr electrolyte is able to
dissolve more Li,S due to its higher solubility, which is why $?=
was adjusted to 40 mol m~>. Further parameters are material-
specific properties that have been measured or calculated (see SI).
As the only parameters determined from the experiments, that
is, AP, k, and cg,-, were applied for both electrolytes, differences
in precipitation kinetics and morphology between the electrodes
can be attributed to material parameters.

The kMC simulation using the LiTFSI electrolyte yielded an
average Li, S thickness of 4.7 + 0.13 nm and a fully covered sur-
face. The structure predicted by the simulation, a flat surface with
small roughness, as well as the average Li,S thickness, corre-
sponds well with experimental results. The minimum Li, S thick-
ness is 3.3 nm, whereas the highest site is only 5.7 nm, indicat-
ing that lateral Li, S precipitation is favored. Homogeneous layer
growth can be assumed to continue during the second half of the
discharge, with the thick insulating layer increasingly impeding
electron transfer from the carbon surface. This leads to the exper-
imentally observed voltage decrease and low practical capacity (cf.
Figure S1, Supporting Information).

The simulation using LiBr yielded a surface area covered only
83% by Li,S. The 15 nm average Li, S thickness with a high stan-
dard deviation of 3.76 nm matches the particle-like structure in
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the experiments. Based on the simulation, Li,S favors to precip-
itate on top of the Li,S surface instead of on the carbon surface
because of the higher energetical attraction of Li, S molecules to
each other (detailed analysis see sections below). This leads to
the growth of particle-like structures of up to 40 nm and a high
surface roughness. As there is still 17% free carbon surface area
after half of a full discharge, this facilitates the reduction of sul-
fur species at a much lower depth of discharge for the LiBr elec-
trolyte, which results in a higher sulfur utilization and higher
practical capacities compared to the LiTFSI electrolyte.

In conclusion, our kMC model can reproduce the differ-
ent Li,S precipitate structures observed experimentally for elec-
trolytes with 1 m LiTFSI versus LiBr. A particle-like structure is
achieved for LiBr, in contrast to a flat surface structure obtained
for the LiTFSI electrolyte. The particle-like structure allows for
slower passivation; which enables a longer availability of elec-
trons from the carbon surface for polysulfide reduction, which,
in turn, explains the higher capacities observed experimentally.
To understand why we see such different behavior for the salts,
we look deeper into the evolution of the Li,S morphology in the
following section.

2.2. Evolution of Li,S Morphology

We analyze the evolution of the structures from the beginning
in order to determine how and why the different salts cause a
difference in precipitate morphology. Figure 2a shows the evolu-
tion of the Li, S surface coverage, ©;; s, that is, the fraction of the
carbon surface covered by Li,S precipitate, and the evolution of
the average precipitate thickness t_iuzs, including their respective
standard deviations, for the LiTFSI electrolyte.

Four stages are visible during the Li,S precipitation process,
similar to the analysis of Liu et. al." Nucleation starts in the
first phase, with negligible average thickness and coverage, with
only single surface sites occupied by Li,S (Figure 2a). Here, de-
position and dissolution of Li,S on the carbon surface occur at
almost equal rates because not enough molecules congregate in
one spot to form a stable nucleus. The Gibbs free energy state can
be used to explain this process; for the single Li,S molecules at
the carbon surface, the energy to precipitate is close to that for dis-
solution. The concentration-, surface-, environment- and species-
dependent Gibbs energies enter the transition rates for disso-
lution and precipitation (see Equations (1-4)). We analyze the
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Figure 2. Evolution of surface for 1 m LiTFSI electrolyte during discharge: a) evolution of average thickness, d,; s, and of carbon surface coverage by
Li,S precipitate, ©; g, over time. Surface structure and square root roughness of the surface, Ry, b) at the end of nucleation (1294 s), c) at the end of

island growth (4002 s), and d) at the end of island coalescence (6809 s). cs2- = 6.5 X 107* mol m=3.

precipitation process by checking the ratio of the transition
rates for precipitation versus dissolution at similar sites, that is,
with similar Li,S neighbors: if the ratio is above 1, precipita-
tion occurs; otherwise, precipitates are more likely to dissolve.
The probability ratio of precipitation versus dissolution of Li,S
on the carbon surface is significantly below one for less than
two precipitated Li,S neighbors (T2, /T4s =9.9 x 107* and
2 /TE = 0.25). This makes it unlikely and energetically unfa-
vorable for Li, S to remain as a precipitate on the surface. As soon
as two neighboring Li, S exist, the ratio rises significantly above 1
( l"fzr;c / F‘é{szs = 61.45), therefore precipitation is more likely to hap-
pen. After 1294 s, there were sufficient events of Li, S molecules
meeting at the surface to form a stable nucleus that covered the
carbon surface by 0.5% (Figure 2b).

This marks the beginning of the second phase, isolated is-
land growth, where the coverage and average precipitate thick-
ness increase exponentially. In this phase, the single islands
grow monotonously, reaching diameters of up to 10-20 nm, but
heights below 2.5 nm. The islands are then rather flat (Figure 2c).
The outer edges of the islands are smooth and rounded, so that
the laterally deposited Li,S molecules are directly incorporated
into the island structure, resulting in a uniform, but anisotropic
(because more lateral) growth. This LiTFSI-typical growth can
again be explained by energy-related process probabilities; pre-
cipitation of Li,S on a single Li,S site is less likely than dis-
solution ( FIL’::;,O / Fﬁjs&o = 0.04), whereas precipitation is favored
at preexisting kink sites on the carbon surface, for example,
25 /TES = 61.45. This implies that lateral growth is energeti-
cally more favorable for the LiTFSI electrolyte, and while vertical
growth is slower, it is still steadily occurs.

A turning point is reached at a coverage of ~#50%, because is-
lands to collide more frequently. During this phase of island co-
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alescence, the coverage curve’s slope decreases to zero until it
reaches full surface coverage, as shown in Figure 2d. During is-
land coalescence, the thickness initially grows exponentially then
slows down and becomes linear as it approaches 100% carbon
surface coverage. The end of the island coalescence occurs along-
side the flattening of the Li,S surface, where the surface rough-
ness decreases from 0.728 to 0.302 nm. Here, the last phase of
monotonous layer growth starts. In the absence of Li,S interac-
tion with the substrate surface, the energetic preference shifts
toward the linear growth of one Li,S layer after another. Con-
stant current operation will continue until the area is fully pas-
sivated and beyond until the tunneling distance is reached.??] At
this point, the voltage will break down, and the constant current
operation is not feasible anymore. Our experiment and simula-
tion stop before this point, that is, we can assume constant cur-
rent and constantly high supersaturation. The here analyzed and
modeled precipitation is a chemical process which occurs as long
as there is sufficient supersaturation. The relatively flat, homoge-
neous growth predicted by the simulation resembles the experi-
mentally reported growth mechanism of LiTFSI electrolyte,® as
indicated in Figure 1b).

The simulation is terminated at all lattice sites when the pre-
cipitate thickness is atleast 5 nm. After this point electron tunnel-
ing through the insulating Li, S becomes increasingly more diffi-
cult. We conclude that the experiment performed for the LiTFSI
electrolyte was stopped within the constant growth region.

In order to understand why the morphology is different for
LiBr, we will now analyze the simulated progression in morphol-
ogy, coverage, and layer growth for LiBr electrolyte, shown in
Figure 3.

The growth stages of Li,S for LiBr in Figure 3a resemble
that of Li,S for LiTFSI electrolyte: an initial nucleation phase
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Figure 3. Evolution of surface for 1 m LiBr electrolyte during discharge: a) evolution of average thickness, d,; s, and of carbon surface coverage by Li,S
precipitate, ©; s, over time. Surface structure and square root roughness of the surface, Ry, b) at the end of nucleation (2802 s), c) at the end of island

growth (15 660 s), and d) at the end of island coalescence (24 750 's). cso- = 40 mol m~3.

without precipitation, followed by a steep increase in thickness
and a flat increase in coverage in the isolated island growth
phase; after reaching 50% coverage, a turning point in coverage
starts the island coalescence phase with a slow transition to lin-
ear thickness growth. In contrast to LiTFSI, the isolated island
growth phase starts later, that is, after 3000 s (Figure 3b) instead
0f 1200 s. The longer time to form stable nuclei can be explained
by the lower precipitation-to-dissolution probability ratios of Li, S
on carbon that result from the lower binding energy of Li,S to
the carbon surface (e.g., Ity / T'¢5 = 0.2 for LiBr versus 65 for
LiTFSI). For LiBr, at least 3 neighboring Li,S are required to get
a higher probability ration of precipitation versus dissolution:
Tey /Tes = 1.58.

A significantly higher average thickness is reached in the
phase of isolated island growth, especially during the island coa-
lescence phase, compared to the growth with LiTFSI electrolyte.
At the end of both phases, the average thickness is approxi-
mately five times higher s for the LiBr electrolyte compared to
the LiTFSI electrolyte. This increase is related to the evolution
of a more uneven Li,S morphology at the carbon surface, as
seen in Figure 3c,d. At 50% coverage, large particles of semi-
spherical shape are visible, with islands being similarly high and
wide.

The largely uneven surface coverage is quantitatively visi-
ble with large surface roughnesses of 6.02 nm (Figure 3c) to
14.14 nm (Figure 3d). These are more than 8 and 40 times larger,
respectively than that obtained for LiTFSI. The result is a surface
structure with a highly accessible carbon surface and therefore a
low surface passivation. When all carbon sites are covered by at
least 5 nm (termination condition), which happens ~25 000 s, the
average thickness was found to be 26 nm versus 5 nm in the case
of LiTFSI case. This corresponds to a significantly higher amount
of precipitated Li, S. The uneven surface structure causes slower
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passivation, leading to the experimentally observed doubling of
capacity with LiBr (cf. Figure S1, Supporting Information).

Simulations further revealed a phenomenon with practical im-
plications: coverage and average thickness show a higher stan-
dard deviation for LiBr compared to LiTFSI electrolyte (colored
areas in Figures 2a and 3a). The morphology and properties
of the precipitate might deviate significantly, suggesting likely
stronger fluctuations in Li,S morphology along the cell thick-
ness for the LiBr electrolyte and on the resulting electrode per-
formance. For LiBr, thickness variation increases monotonously
with time, whereas for LiTFSI it becomes negligible at the end of
discharge. Due to the low precipitation-to-dissolution probabil-
ity ratios on carbon for LiBz, the time to form stable Li,S nuclei
fluctuates strongly. Finally, the high fluctuations could also mean
that the semi-spherical Li,S particles occur at different sizes. In
Figure 3c, smaller particles with 10 nm thickness sit beside a
large structure of 25 nm. The underlying strong fluctuations in
growth rates between particles and in morphology can again be
explained by energetic considerations.

For this, we have a deeper look into the impact of morphol-
ogy, that is, the number of neighbors and supersaturation on the
growth rates. Assuming a saturated, but not oversaturated, so-
lution which corresponds to a dimensionless, supersaturation-
dependent Gibbs energy of § = 0 (see Equation (8)), precipita-
tion and dissolution on a kink site with three neighboring Li,S,
thatis, i = 3, are equally likely for both electrolytes (see Equa-
tions (1)—(2)). The interface between the crystal and the solution
decreases in configurations with more than three lateral neigh-
bors, however, it increases in configurations with fewer than
three neighbors. For sites with more neighbors or for supersatu-
rated solutions (dimensionless Gibbs energy f > 0), the proba-
bility ratio is shifted toward Li, S precipitation. Meaning, the Li, S
precipitate grows after a stable Li, S nucleus is formed. It is worth
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Figure 4. Impact of electrolyte salt on the evolution of the density of sites with at least three lateral neighbors, i > 3, for Li,S on carbon or Li,S sites.
S2~ concentration of 6.5 x 107 mol m~3 (equal to # = 13.38) for LiTFSI electrolyte and of 40 mol m~3 (equal to § = 4.21) for LiBr electrolyte. The
colored area denotes the standard deviation for five individual simulation runs.

investigating the progression of available lateral next neighbors
(NN) for Li, S molecules during the precipitation process on car-
bon and Li, S, respectively. For the here-analyzed conditions with
S?~ concentration of 40 and 6.5 X 10~* mol m~3, which corre-
spondsto f;p, = 4.21and f;rpg; = 13.38, three or more neigh-
bors are sufficient. Figure 4 shows the evolution of the density of
lattice sites with at least three neighbors for the two electrolytes.

For both LiTFSI and LiBr, the density of stable Li,S sites
(i = 3) commences at carbon only after entering the previously
discussed phase of island growth following 1294 and 2802 s, re-
spectively. For Li, S with less than three neighbors, the probability
of precipitation is lower than the probability of dissolution, lead-
ing to unstable Li, S sites on the carbon (see Supporting Informa-
tion). The site density for i > 3 on carbon reaches a maximum
when the Li, S islands start to coalesce. It subsequently decreases
due to the increasing carbon surface coverage. The maximum site
density for the LiBr electrolyte on carbon is 50% smaller than that
of the LiTFSI electrolyte, which means that fewer Li,S islands
were formed on carbon for LiBr. This can be seen in Figure 2c,
where many more individual islands are present in the LiTFSI
electrolyte. Once the density of Li,S on the carbon surface drops
to zero, there is no accessible carbon surface (©y; s = 1).

The density of sites for a given number of neighbors needs to
be multiplied with the respective next neighbor-dependent rate to
determine the overall probability of surface growth. For LiTFSI,
precipitation on carbon is >1300 times more likely than dissolu-
tion, while precipitation on carbon is much less likely for LiBr
(Toy /Tey = 1.58, Tp, /TS =11.84, T( . /TEY = 88.84). This
explains why Li, S in the LiTFSI electrolyte covers the carbon sur-
face rapidly after the onset of island growth, whereas the deposi-
tion of Li,S on the carbon in the LiBr electrolyte is slow because
it is energetically unfavorable.

Figure 4 also reveals a large difference between site density
on Li, S versus carbon. In LiTFSI electrolytes, the density of sites
on Li,S with at least three Li,S neighbors rises later and slower
than on carbon. Furthermore, the site density reaches a maxi-
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mum toward the end of the island coalescence phase and stays
relatively constant after a slight drop. This indicates a shift to a
rather homogenous linear layer growth once the carbon surface
is nearly covered, as shown in Figure 2. The complete coverage
of carbon with Li,S contributes to the constant density and ho-
mogeneous growth because almost all Li,S nucleation and is-
land growth occurs on Li,S. In contrast, in the LiBr electrolyte,
the density on Li,S of sites with at least three Li,S next neigh-
bors increases immediately after the start of island growth, that
is, simultaneously with growth on carbon and then it grows expo-
nentially. The large difference between the monotonous site den-
sity growth on Li, S for LiBr and the evolution of a maximum for
LiTFSI can be attributed to the following; once a stable nucleus
is formed in LiTFSI, the energetically favored crystal-solution in-
terface is used to proceed with the precipitation of Li,S until the
full layer is covered. It is very unlikely that new Li,S nuclei will
form on Li,S in the course of island growth due to the high en-
ergy cost of creating a new crystal-solution interface. Since the
probability of Li,S precipitation on a new layer is much lower
than precipitation in a layer that is already filled with Li,S this
leads to lateral growth. In the LiBr electrolyte, the probability for
the precipitation of Li, S on carbon with three neighboring Li, S is
only slightly higher than the probability of dissolution. Moreover,
the difference between the probability of precipitation on itself to
that on carbon is several magnitudes higher. As a result, Li, S fa-
vors precipitation on a newly formed Li, S layer instead of on the
lowest carbon layer. This results in a continuous increase in the
density of sites of Li,S-on-Li, S that leads to growth in the height
of Li, S structures instead of lateral growing.

In summary, surface morphology and passivation can be in-
fluenced by electrolyte properties because they change the at-
traction of the Li,S to carbon and precipitated Li,S. High solu-
bilities reduce the probability of precipitation, which further de-
creases on foreign substrates. This results in high 3D structures
and reduced passivation, as in the case of the LiBr electrolyte. In
the following section, we investigate how changes in electrolyte
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Figure 5. Impact of supersaturation, represented by S2~ concentration, c2-, and f, for LiTFSI and LiBr electrolyte on precipitation: time until the start

of island growth (©,;,5 = 0.5%) and island coalescence (8,5 = 50%) for a)

LiTFSI and b) LiBr; the average thickness at 50% coverage d|; s for c) LiTFSI

and d) LiBr. Error bars represent the standard deviation computed from five simulations. Probability ratio of precipitation to dissolution of adsorbed
Li,S, IPrec / 1diss  depending on the number of adsorbed Li,S neighbors for different supersaturation f in e) LITFSI electrolyte and f) in LiBr electrolyte.

AP = 3.75 * denotes the concentration of the reference scenario.

conditions and substrate properties impact the observed precipi-
tation behavior. This will further reveal the potential for tuning of
precipitation and enable the assessment of the effect of changes
in operating conditions.

2.3. Influence of Supersaturation

The supersaturation of a solution, and therefore the
supersaturation-dependent dimensionless Gibbs energy f#,
is the driving force for crystallization,?333* The degree of
supersaturation with Li,S is dependent on the concentration of
Li* and S* ions. The previously used S*~ concentration during
precipitation of LiTFSI and LiBr electrolytes was adjusted to the
experimentally measured 0.05C discharge rates, and a constant
concentration was assumed during the second discharge plateau,
that is, during precipitation. Supersaturation may change when
changing battery chemistry or operation, which is what we
analyze in the following. In particular, the S?~ concentration
level depends on the S?~ production and precipitation rate. The
former can be directly influenced by the discharge rate.[”]

A linear proportionality of the S*~ concentration to discharge
rate cannot be assumed, because of the complex behavior and
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varying concentrations of the intermediate polysulfides, 72! Yet,
it is reasonable to assume that an increase in discharge rate leads
to a higher S~ concentration in the electrolyte bulk, ultimately
resulting in more supersaturation. To analyze the impact of the
discharge rate on the precipitation, the dimensionless Gibbs en-
ergy f, which is proportional to the logarithm of the electrolyte
supersaturation, was reduced by 8% and increased by 16% com-
pared to the reference values identified for 0.05C. The high values
represent higher C-rates.

Figure 5 shows the effects of supersaturation on precipitation
time and on the obtained structures. The duration until the onset
of Li, S island growth, represented by ©;; s = 0.5%, and of island
coalescence, represented by ©y; s = 50%, is depicted in Figure 5a
for LiTFSI and in Figure 5b for LiBr electrolyte. The duration
decreases with increasing S*~ concentration, that is, supersatu-
ration. This is because a higher supersaturation increases the
chemical potential difference and consequently the probability
of Li,S precipitation on carbon and on itself. Hence, with high
supersaturation, less time is required until enough stable nuclei
are formed, and the islands grow. The precipitation rates at low
supersaturation are substantially diminished and require a high
number of next neighbors on the carbon surface in order to form
a stable nucleus. In this case, it takes a very long time for such
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Figure 6. Li,S surface morphology, time until reaching the island coalescence phase (8,5 = 50%) reaching a surface coverage of 50%, tsoy, and
maximum local Li,S precipitate thickness, d,,,, for varying supersation (represented by cs2-) and changes in substrate binding energy, represented by
the interfacial difference parameter, AP from 3.5 to 4 for a) LiTFSI and b) LiBr electrolyte. Reference configurations are marked by a square. Note: A

higher value of AP corresponds to lower binding energy on the substrate.

a state to occur. For all concentrations in the LiTFSI electrolyte,
the time until islands coalesce is 3.3 times that for island forma-
tion. For LiBr, the relative time interval from island growth to
coalescence is even higher, so that at a high S?~ concentration of
80 mol m~3, it takes 16 times longer for the islands to coalesce
than to form stable nuclei, compared to twice at low S2~ concen-
tration of 30 mol m~=3.

As the S?- concentration increases, the probability of precip-
itation versus dissolution increases, ultimately reducing overall
growth time. This is shown for LiTFSI in Figure 5e and for LiBr
in Figure 5f. In all cases, the probability is higher for higher sat-
urations. It also increases with the number of neighbors and is
higher for precipitation on Li,S than on carbon. The impact is
more pronounced for LiBr. In LiBr electrolyte, the probability ra-
tio for the precipitation of Li, S on Li, S with one neighbor (i > 1)
exceeds one only for high supersaturations. In contrast, the same
ratio is far below 1 for precipitation on carbon. It needs at least
three neighboring Li, S for the probability ratio to exceed one, that
is, to build stable and grow precipitates also on carbon; supersat-
uration increases the probability significantly due to more Li,S
being able to adsorb. With the high concentration, the nuclei oc-
cur more frequently, which shortens the time until island growth.
However, they are relatively unstable due to the still high proba-
bility of dissolution, which results in the observed long duration
required for a significant part of the surface to become covered
(®y;,5 = 50%). With the high probability for growth on Li, S, this
leads to fewer and larger particles for high concentrations (cf.
Figure 6D).

Adv. Mater. Interfaces 2024, 2400632
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In LiTFS], the Li, S precipitation on carbon can occur with only
one Li,S neighbor (i > 1), yet it requires high supersaturation,
which explains the decreasing growth time with supersaturation.
From two Li,S neighbors onward, precipitation is likely for all
concentrations and substrates. Therefore, not only nuclei forma-
tion but also growth and coalescence on carbon are facile and
rapid, even for low concentrations. Growth times are therefore
less sensitive to concentration. Because the probability ratio is
quite close on carbon and Li, S, Li, S precipitates on both, leading
to many flat particles (Figure 6a). Increasing concentration leads
to more and smaller particles.

The average precipitate thickness is used to quantify the
amount of Li, S precipitate. It is shown in Figure 5c,d at the start
of island coalescence. Thickness decreases for higher supersat-
uration for both electrolytes. Again, the sensitivity to supersat-
uration is more pronounced for LiBr electrolytes. For LiBr, the
thickness is 9 times smaller for the maximum versus minimum
supersaturation, while for LiTFSI it is only 2.5 times smaller.
For the largest supersaturation of LiTFSI electrolytes, the thick-
ness is 0.4 nm, which corresponds roughly to the height of one
Li, S molecule. This shows that precipitation is preferred on the
carbon surface before a second layer is formed. In general, at
such high supersaturation, single Li,S molecules tend to form
more nuclei and small islands rather than large, connected is-
lands. This can be seen in the morphology snapshots at 50%
coverage in Figure 6. When decreasing supersaturation, the is-
land density at 50% coverage decreases due to wider islands for
LiBr electrolyte and coalesced islands for LiTFSI. The increase in

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOWILIOD 3AIERID 3|l idde 8y Aq paueob afe SPIe YO 8SN JO S3|NJ o ARIg1T BUIIUO /8|1 UO (SUORIPUOD-PUR-SWLIBYW0D" A3 | 1M AReq1 Bl UO//SA1Y) SUORIPUOD pue SWB | 34} 88S *[1202/TT/70] U0 ARIqIT3UIIUO AB|IM “d IMisu| Bynss|e i Ad Ze900v202 ILIPe/Z00T OT/I0P/W0d" A3 | 1M Axeiqjeuljuo//Sdny wioly pepeojumod ‘0 ‘0SEL96T2


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadmi.202400632&mode=

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

island size and coalesced islands with lower supersaturation are
well visible in the morphology snapshots. For LiBr at the lowest
concentration, even only one single island is visible in an area
of 100 nm x 100 nm, with the corresponding average precipitate
thickness of ~#9 nm. In contrast, flat structures occur with LiTFSI
because the probability for Li,S precipitation on carbon is high
for more than 2 next neighbors, both on the carbon surface and
on itself (cf. Figure Se).

This leads to the conclusion that low supersaturation, and thus
low C-rates, lead to larger particles, longer run times, and less
surface passivation. This trend occurs for both LiBr and LiTFSI,
though with stronger intensity for LiBr. The low supersaturation
leads to long nucleation times; allowing the carbon surface to re-
main free of the electrically insulating Li, S for an extended period
of time. At low supersaturation, fewer islands with higher Li,S
precipitates are formed, which also keeps the carbon surface free
of Li, S for longer during precipitation.

2.4. Growth Control via Substrate Properties

The substrate in LSB cathodes provides the electrons for the elec-
trochemical reduction of sulfur and polysulfides, and it interacts
with Li, S, which precipitates on its surface. Changing the prop-
erties of the substrate will change the binding energy to Li, S, and
ultimately the Li, S surface structure during precipitation, sulfur
utilization, and discharge capacity. Various strategies to modify
the binding energy between substrate and polysulfides have al-
ready been investigated in the literature.[**! Increasing the bind-
ing energy of polysulfides and Li, S to the substrate by doping the
surface reduces shuttle effects.I'! Substrate materials with high
and low binding energies were experimentally proven to affect
the surface morphology differently.?®] This motivates tuning the
surface properties to achieve better Li, S precipitate morphologies
and cell performance.

In the following, we elucidate the effect of surface tuning on
the precipitation process and the resulting morphology. For this
purpose, stronger and weaker binding substrate material is in-
vestigated by varying the interfacial difference parameter, AP, by
6.6%. A lower binding energy of Li, S on carbon, and thus a lower
probability of precipitation and higher probability of dissolution,
corresponds to a larger AP (see Equations (3) and (4)). The ef-
fect of the substrate binding energy of Li,S on the substrate and
Li, S supersaturation, that is, discharge rate, on the morphology
is displayed in Figure 6 for three different AP and each of the
electrolytes.

The figure shows the impact of S?~ concentration, that is, su-
persaturation, and interfacial difference parameter AP on the
Li, S surface morphology for LiTFSI and LiBr electrolytes at the
start of island coalescence (®y; 3 = 50%). Further, it provides the
corresponding elapsed growth time and the largest obtained lo-
cal thickness. For further results, see Supporting Information. A
weaker binding energy (AP = 4) increases the growth time and
the maximum thickness compared to the reference conditions
(AP = 3.75, marked with a square). This trend holds for all su-
persaturations and salts. The increase is more pronounced for
LiBr: On weak binding substrates, a single particle can be ob-
served that is 1.6 times higher (max. 41.4 nm) and 1.5 times
larger in diameter compared to the Li,S particles at the refer-
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ence scenario. The number of particles has approximately halved.
This behavior can be explained by analyzing the ratio between
the precipitation rate and the dissolution rate for sites with three
neighbors: increasing the binding energy, that is, decreasing the
interfacial difference parameter, yields higher precipitation-to-
dissolution probabilities on carbon, with I /TS5 = 1.23 for
AP = 4,158 for AP = 3.75, and 2.03 for AP = 3.5 (cf.
Figure S2, Supporting Information), all at reference concentra-
tion. The probability of new nuclei forming is 40% lower for
AP = 4compared to the reference scenario, accordingly, there is
a higher likelihood for precipitated molecules to dissolve. In con-
trast, Li, S-on-Li, S precipitation and dissolution are AP indepen-
dent (Equations (1) and (2)), and growth is energetically more fa-
vorable on Li, S than on carbon (I“‘Eir:;3 / Fii;} = 67), which allows
for the growth of large particle-like structures with low surface
passivation.

Decreasing both supersaturation and binding energies causes
growth time and precipitate thickness to reach the highest val-
ues, and particles become less numerous. The lowest supersat-
uration and binding energy yield huge particle-like Li,S struc-
tures with up to 51.4 nm thickness for LiBr, and for LiTFSI, flat
Li,S islands with a maximum thickness of 4.1 nm and widths
~20 nm. For LiTFSI electrolytes, the influence of supersatura-
tion is more pronounced than the influence of the binding en-
ergy of the substrate material. Changing the S~ concentration
from 2.2 X 107 to 48 x 10~ mol m~* doubles the thickness
and diameter of the Li, S islands for all AP. In contrast, changing
the binding energy of substrate material shows minor changes
in the Li,S morphology and only a 33% increase in diameter
and thickness. The relatively small impact of the binding energy
on Li,S growth and morphology for LiTFSI is again attributed
to the precipitation versus dissolution properties; the probabil-
ity ratios of precipitation versus dissolution for Li,S on the sub-
strate material are close to the probability of Li,S on Li,S, re-
sulting in a flat growth of Li,S islands. However, a strong in-
crease of AP, so that the repulsive behavior of the substrate to
Li,S becomes stronger, could provide a change in the growth
structure.

AP has a stronger impact for LiBr; with increasing supersatu-
ration, LiBr shows a significant influence of AP on the Li, S struc-
ture. More single Li, S islands with 4-5 nm thickness are formed
for the highest of S?~ concentrations and highest binding energy
at AP = 3.5. Compared to this, double the average thickness can
be observed for the lowest binding energy at AP = 4 atthe same
concentration. This reduction of the binding energy from AP =
3.5 to 4 decreases the probability of precipitation to dissolution
on carbon by ~65%; resulting in fewer, but larger islands, that
are doubled in height and width.

In conclusion, both electrolytes show the same trends: for low
supersaturation, that is, discharge rates and weakly Li, S-binding
substrates, passivation is delayed and high Li, S precipitate thick-
ness is observed. This effect is larger for electrolytes with a high
Li, S solubility, as shown here for LiBr electrolytes. As a lower pas-
sivation and longer operating time is desired for discharge, this
suggests that supports with lower binding affinities are prefer-
able.

In any case, a strong sensitivity of the precipitate morphology
and discharge performance to a change in substrate properties is
expected, especially for high donor number electrolytes.
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3. Conclusion

Surface passivation due to the insulating nature of Li,S is a cru-
cial challenge for LSBs Controlling it requires a thorough under-
standing of the fundamental processes involved. The kMC model
presented here provides unprecedented insight into the precip-
itation behavior of Li,S on the carbon surface and the result-
ing surface passivation for different electrolytes, substrate prop-
erties, and discharge rates. It is able to explain the experimen-
tally observed changes in Li, S morphology and passivation state
at 0.05C discharge rate by using the material properties of ei-
ther LiTFSI or LiBr electrolyte: The difference in solubility of
Li,S in the electrolytes leads to drastic changes in the interac-
tion energy between Li,S on substrate as well as Li,S on itself,
resulting in different probabilities where Li,S is more likely to
precipitate. For the LiTFSI electrolyte, the nucleation probabil-
ity on a carbon substrate is fast because even two neighboring
Li,S are sufficient, that the precipitation rate is faster than the
dissolution rate. This causes fast nucleation and lateral growth,
leading to capacity losses during discharge due to fast passiva-
tion of the electrochemically active carbon surface and, thus, to
low sulfur utilization. In contrast, large particle-like Li,S struc-
tures are formed in the LiBr electrolyte, leading to slower pas-
sivation. This can be attributed to the low interaction energy be-
tween the carbon surface and Li, S. The precipitation rate is faster
than the dissolution rate only when six or more neighboring Li, S
molecules are present at the surface. Correspondingly, nucleation
and lateral growth on carbon, and consequently passivation, is
slow compared to Li, S-on-Li, S growth, where only two molecules
are needed to get a higher probability of precipitation to
dissolution.

At higher discharge currents, more S?~ is produced, resulting
in higher supersaturation. The increased S*~ concentration in-
creases the chemical driving force for Li,S precipitation, which
causes faster nucleation, growth, and passivation. For both elec-
trolytes, a high discharge rate is disadvantageous because signif-
icantly smaller Li,S islands are formed on carbon, which sub-
sequently quickly coalesce and passivate the surface. The LiBr
electrolyte performs comparably better at high discharge rates
because larger structures are formed. Consequently, electrolytes
with higher Li,S solubility are able to improve the discharge ca-
pability for high rates.

Using substrate materials other than carbon or modifying car-
bon surface properties in the sulfur electrode changes the bind-
ing energy between Li, S and the substrate. This, in turn, changes
the difference in precipitation rates on substrate versus on Li, S
itself. The influence of the substrate properties is particularly pro-
nounced at low concentrations, that is, discharge rates. When
Li,S binds more strongly to the substrate, number of nuclei in-
creases, thus Li, S precipitates become smaller and more numer-
ous, accelerating passivation. The sensitivity to substrate prop-
erties is especially pronounced for the LiBr electrolyte: low su-
persaturation with low binding energies causes large Li,S semi-
spherical particles, whereas high supersaturation with high bind-
ing energies causes flat Li,S precipitates. Note that modifying
the substrate-Li,S binding may also modify the binding energy
to polysulfides.®>] An interesting way to control morphology and
prevent early surface passivation may be to design supports or
the support surface with regions of more strongly binding mate-
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rials, which serve as nucleation points. They allow to influence
the substrate-Li,S binding energy and enable the precise con-
trol of Li, S morphology. Examples for such surface modifications
are catalysts on the substrate surface,!*”*] We propose to ana-
lyze such supports in combination with electrolyte design to tai-
lor both, Li, S precipitation and polysulfide attraction close to the
surface.

Our model-based analysis has given significant new insights
into how, why, and when the surface passivates in lithium-sulfur
cathodes, and that promising strategies to mitigate this effect
are the manipulation of electrolyte composition, supersaturation,
that is operating current, and surface properties. This shows that
the electrolyte design needs to move toward a LiBr electrolyte in
combination with a weakly binding substrate material. The here
presented trend of getting more flat structures for LiTFSI than
for LiBr growth structure in DME solvent can be confirmed by
Chu et al.?®! using the same conducting salt in a solvent con-
sisting of DOL: DOL. A slightly lower Li,S solubility than LiBr
but much higher solubility than LiTFSI electrolyte would re-
sult in a few large particles that do not passivate the electroac-
tive surface much. This could be improved by adding a weakly
binding substrate material to directly precipitate Li,S onto the
existing Li,S, leaving the surface free for longer,[®3¢l In addi-
tion, the model demonstrates capability in analyzing electrolytes
with different solubilities, and thus DN numbers; by this, it al-
lows to assess influencing factors such as the conductive salt
anion (this work), solvent,??] additives,!*"! and conductive salt
concentration.*!]

Further, Yan et al.[*?] and Lang et al.l”] suggested that perfor-
mance is also hampered by Li,S, as a poorly soluble and insu-
lating intermediate. On the other hand, Liu et al.'!] suggested
Li, S as the predominant species. Studies using an extended kMC
model may check, under which conditions Li,S, plays a signifi-
cant role.

The kMC model may also be extended in the future to a mul-
tiscale model by coupling it with a continuum model of elec-
trodes or cells. This would allow for the analysis of the effect
of polysulfides with a more complex reduction mechanism,2!
and of concentration, current and potential distribution within
the electrode. We have applied such models for the reactive
formation of the SEI in LIBs and revealed uneven film for-
mation as a function of current, and the effect of concentra-
tion on film composition and morphology,!?’#}l The here pre-
sented kMC model thus provides an important base for fur-
ther studies regarding performance and passivation in sulfur
cathodes.

4. Methods

This work focused on the comparison of Li,S growth and emerg-
ing structures at carbon substrates in LSBs with two different
liquid electrolytes. Methods proposed by Binsbergen et al.3%!
and refined by Rak et al.3! for crystal growth from solution
were used to describe the growth mechanism. Simulated re-
sults were compared with electrochemical measurements pre-
pared by discharging coin cells and post-mortem images of
the carbon surface structure with a scanning electron micro-
scope (SEM). Further details are described in the following
section.
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Figure 7. a) Coarse graining of Li,S antifluorite structure to face cubic centered single atom crystal structure, and b) overview of processes at the
carbon/electrolyte interface, including precipitation and dissolution of Li,S taking place in the kinetic Monte—Carlo model.

4.1. Experimental Set-Up

Cathode Preparation: The carbon nano fiber (CNF) electrodes
were prepared by electrospinning. First, 1 g of polyacrylonitrile
(PAN, Mw = 150000, Sigma-Aldrich) was dissolved in 10 mL N,N-
dimethylformamide (DMF, Sigma-Aldrich) and stirred for 12 h. This
uniform polymer solution was filled in a syringe (21 gauge) and an electric
field (17 kV) was applied between the syringe and aluminum (Al) foil
collector to electrospun with a 1 mL h™! feeding rate. The electrospun
membrane was detached from Al foil, dried overnight in an oven at
60 °C, and punched into 18 pi disk size. The membrane was stabilized in
ambient air for 3 h at 220 °C, followed by carbonization at 800 °C under N,
flow conditions for 1 h. After cooling, the polysulfide/CNF electrode was
prepared by drop-casting 40 ul of an 0.2 m Li,Sg solution onto the CNF
electrode, corresponding to 2 mg cm~2 loaded cathode. Li,Sg solution
was prepared by mixing and heating lithium sulfide (Li,S, Sigma-Aldrich)
and octa-sulfur (Sg, Sigma-Aldrich) powder) with a stoichiometric amount
to prepare a Li,Sg solution.

Electrolyte Preparation: The electrolyte was prepared in an argon-
filled glove box by dissolving 1 m lithium salt (LiX, X = TFSI or Br) in
1,2-dimethoxyethane (DME).

Electrochemical Measurements:  The electrochemical properties were
evaluated using a 2032-type coin cell. A Li foil (450 um, Honjo Metal)
punched with @ 16.5 mm size was inserted, and a Celgard 2400 monolayer
polypropylene membrane (& 18 mm) was used as a separator. WBC300L
(Wonatech) automatic battery cycler was used to perform the galvanos-
tatic charge and discharge test.

Characterization: Li,S deposition morphologies were observed using
scanning electron microscopy (SEM, Magellan 400, FEI Co.).

4.2. Mathematical Model

The model simulated how Li, S, as the discharge product of LSBs,
was deposited at the substrate surface. Carbon was the substrate
material within the cathode onto which an antifluorite Li, S crys-
tal structure was formed. Following previous work by Liu et al.,[**]
the crystal structure was coarse-grained to a face-centered cubic
structure, with single Li, S units occupying an area the size of a
sulfur atom (see Figure 7a). A Li,S molecule with diameter AL
occupied a site of equal lattice size. Lithium ions, geometric ori-
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entation, and bond angle of the molecule were neglected, so it
was possible to model the predominant (111) surface growth di-
rection of the crystal,['"12] A Li, S molecule could precipitate when
there was a solid molecule in the layer below it (z-direction) and
if the probability of precipitation was high enough depending on
the number of neighboring Li,S (below or in x or y-direction).
As customary for kMC simulations,/**] the carbon substrate
structure was assumed to have the same lattice size and crystal
structure as the growing crystal structure. The concentration of
lithium-ions ¢;;+ and of sulfide ions cg,- in the electrolyte bulk
was kept constant throughout the simulation, which was a rea-
sonable assumption due to the low discharge rate below 0.5C.
It was reported by Ghaznavi et al.['’] that for discharge rates at
0.5C and below, a constant polysulfide concentration could be as-
sumed. At such low discharge rates, a uniform distribution of
all species in the cell could be achieved by diffusion.['’] The dis-
solved species in the electrolyte were therefore evenly distributed,
and the sites at the interface had the same conditions as those in
the electrolyte bulk. Furthermore, bond energies between all de-
posited Li,S and neighboring solid Li,S and carbon molecules
were considered uniform in all directions.

A 2D + 1 kMC modeling approach, as depicted in Figure 7D,
was used to investigate the interaction of processes at the car-
bon surface, which lead to surface passivation by Li,S precipi-
tates during discharge. The two lateral dimensions were x and
y, and growth and molecule movement were just possible in the
z direction. There were four transition events taking place; pre-
cipitation and dissolution of Li, S on both the carbon surface and
on solid Li,S. The transition rates of Li,S precipitation and dis-
solution depended on the change of free energy for the transi-
tion from one state to another. They might contain three energy
terms for the change of energy due to different effects. First, an
energy term with a surface roughness factor a,;; was needed to
occupy a site with i lateral neighbors by a single molecule. A sec-
ond energy contribution accounted for the difference in chemical
standard potential due to the concentration of dissolved species,
represented by f. Finally, there was an energy correction term
containing AP, which accounted for cases where Li,S precipi-
tated on a foreign structure, that is, carbon, and not on solid
Li,S. This yielded the following transition rates for precipitation
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on Li,S, Fli.rec , for dissolution of Li,S, T9ss |
iyS,i Li,S,i

carbon, I'Y'* and for dissolution from the carbon surface l"cclisis:

for precipitation on

rec a .
sy = b x [‘% G =9+ g] M)
iss a . ﬂ
i =t xeo [% G- E] @
Pk xe 111 (3 ) + p AP X
e TRXEPITREE AT TS ®)
Fdiss =k X111 3 . ﬁ AP \
ci =hoxexp | == (3 ) = 5o 4)

with the number of lateral next neighbors in the same x—y-plane
ie Nwith0 < i < 6and either precipitation or dissolution on
Li,S or carbon. k, is the frequency factor and is usually used for
parametrization to experiments.[*] It was assumed to be inde-
pendent of the site position and similar for both events.}!l The
first term, containing the surface roughness factor a,,, repre-
sented the free energy required to cause the change in the sur-
face structure of the solid-liquid interface. It accounted for the
interaction energy between solid and liquid phases for a given
lattice site and the number of its lateral neighbors, which was a
maximum of six for a crystalline (111) fcc facet. As the interac-
tion energies were not sufficiently available in the literature, the
approach for crystals grown from solution by Davey and Elwen-
spoek who considers an ideal solution with a solubility of Li, S in
the electrolyte expressed as molar X;; s was followed:*/**I

Lijs

— —In (X,
RTy, Li,S ( les)

)

1 = 5(111) |:

with the heat of fusion L ;,¢, melting temperature of Li,S T}, s,
and the crystallographic factor £ ;44 X &1y, was calculated by di-
viding the number of lateral neighbors in a crystal by the number
of total neighbors. For (111) facets, which had six lateral neigh-
bors, and three on top and three below, this yielded a value of
Sy = 0.5. R is the universal gas constant. The molar fraction
was calculated by the concentration of Li,S in the Li,S saturated
electrolyte with a given conductive salt, ci":sJ (j€{LiTFSI, LiBr}),
divided by the total concentration of the solution,!**-0]
sat

1i,S,j
X —_— (0)
c +
Solvent LiS,j

i,Sj —

The solvent concentration, cgg.,, for DME solvent is calcu-
lated as follows.

PpME
Csolvent = M (7)
DME

where pp\; is the density and My, is the molecular weight of
the solvent DME.

The thermodynamic driving force for crystallization was the
Gibbs energy of fusion Ay, that is, the chemical potential differ-
ence between the solid and solute phases. It was used to calcu-
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late the dimensionless energy f# as the ratio between the Gibbs
energy and the thermal energy RT. Assuming an ideal solution,
B can be expressed as the logarithm of the supersaturation ratio
of Li,S. This in turn could be calculated by the fraction of the
concentration of dissolved species Li* and S~ to the solubility
product K,

Ap (5 4 ¢ ) eqn
= RT = In — = (8)
sp

here the Li* concentration ¢;;. contains all lithium ions from the
conducting salt and the dissolved Li,S. Full dissociation was as-
sumed for Li, S in the solution. The solubility product of Li, S was
calculated from the product of the ion pair concentrations of Li*
and S?~ constituting a saturated solution. Li* was taken from the
LiTFSI or LiBr conducting salt concentration ¢!, and the S?-
concentration was equal to the concentration of the fully dissoci-
ated Li, S in a saturated solution of 1i,S.[52

2
K salt sat sat
sp (CLi"‘ CLiZS,]' > X CLiZS,]' (9)

According to Chu et al.,[!] a fraction (in this study: 1/3) of Li*
ions were solvated by Br~ ions and did not participate in reactions
occurring within the electrolyte and, consequently, also not in the
deposition process, which had to be taken into account when us-
ing the salt concentration.

The binding energy of Li,S to the carbon substrate differed
from that onto precipitated Li,S, which was discussed above. To
account for precipitation on such chemically foreign substrates,
the approach was applied by Binsbergen et al.,[3*53] which in-
troduced the interfacial difference parameter AP, to account for
the interaction energy of the solid-foreign substrate and liquid-
foreign substrate relation. Due to the complexity of calculating
the interaction energies, these parameters were estimated from
the here presented experiments. A detailed explanation and a dis-
cussion of the estimation of the parameter AP was given in from
the Section 2. A lower binding energy of Li,S on carbon than on
Li, S precipitated corresponded to a positive A P following the pro-
cedure of Binsbergen et al.,[3%>3]

The kMC algorithm was based on the variable step size method
(VSSM),[274344] and structured lists.> The (111) fcc lattice has
N, sites in x-direction, N, in y-direction, yielding N,, = N, X

N, carbon sites, on which Li,S could adsorb from top, that
is, from z-direction (see Figure 7b). Precipitation and dissolu-
tion of Li,S were only allowed in the z-direction. As no pre-
cipitation or dissolution in the x- or y-direction was allowed,
this was a 24+1-D kMC model. Most kMC models used this
approach, as they were computationally efficient. At the edges
of the lattice, periodic boundaries were implemented. As the
concentration in the electrolyte was assumed to be constant
and homogeneous, diffusion processes were not resolved. The
lattice in the z-direction was dimensioned so that the Li,S
structure could grow sufficiently until reaching the termination
condition. The termination condition was fulfilled when the
smallest Li, S thickness reached 5 nm. Above 5 nm, the probabil-
ity for electron transfer by tunneling strongly diminished,?>3?]
making the battery discharge, that is sulfur reduction, stop.
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The kMC algorithm for growth and dissolution was as fol-
lows:

1) Determine transition rates for precipitation I'P™ or dissolu-
tion T'9iss at every surface site (Li,S,C) accounting for the sur-
face site’s number of lateral neighbors.

2) Calculate the sum of transition rates 't = Y ™o prec 4
Mo diss) which is the sum of all possible processes on a face
cubic-centered lattice site of N,, = N, X N,

3) Draw a first random number ¢, € (0, 1).

4) Calculate with ¢, the time step At for a single event that is
determined by:

In (&)
rtot

At=-—

(10)

5) Draw a second random number ¢, € (0, 1).

6) Choose the event, consisting of precipitation or dissolution,
at a lattice site and using ¢, according to Y "o~ [prec/diss <
gzl—*tot < Zny Fprec/diss

After each time step At, [ was updated by calculating the
transition rate on the last changed lattice site, and the time
counter was updated: t, ,; = t, + At. Due to the stochastic na-
ture of kMC, each full kMC simulation was repeated 5 times, and
average and standard deviation were calculated.

The lattice size was chosen to be 250 x 250, which yielded ap-
proximately a surface of 100 nm x 100 nm when assuming a sin-
gle lattice size of 0.403 nm in the x- and y-direction. See Sup-
porting Information for more information. This lattice size was
sufficiently large to avoid artifacts due to numerical stability.

The surface structure and its changes were evaluated by means
of average thickness d,,, carbon surface coverage Oy, 5, density
of nuclei p,,,4, and root mean square surface roughness R, over
time; for more information and a full set of parameters see Sup-
porting Information. The frequency factor k,, S*~ concentration
cq-, and interfacial difference parameters A P were fitted to repro-
duce the experimentally observed Li,S growth time and crystal
structure.
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