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Abstract

The Lithium-Sulfur battery is a promising next generation energy storage technology that could
meet the demands of modern society with a theoretical specific energy near 2500 W h kg
However, this battery chemistry faces unique problems such as the parasitic polysulfide shuttle
reaction which hinders battery performance severely. This shuttle phenomenon is caused by
solubilities of intermediate reaction products in the electrolyte during the reduction chemistry of
the battery. With molecular simulation and computational chemistry tools, we studied the
thermodynamics, solvation structure, and dynamics of the long-chain lithium polysulfide species
Li2Se and Li2Ss in dimethoxyethane and 1,3-dioxolane to gain a deeper fundamental
understanding of this process. We determined the structure of the 1% solvation shell for Li* as
well as those of Li2Se, Li2Ss closed and Li2Ss linear in pure solvents and solvents with extra Li"
added. The lithium polysulfide species were found not to favor dissociation and would most
likely exist as fully lithiated species in solution.

Introduction

From electric vehicle applications and storage of non-grid based energy storage to consumer
electronics, batteries are a critical and important technology. Demand for advanced energy
storage in our modern society is significant thanks to a wide variety of applications and
technologies !> .Currently, the lithium ion battery (LiB) is used to meet this demand and is being
used in these applications. As more research is conducted, the LiB battery continues to improve.
Predictions have placed the maximum specific energy of LiB’s up to 387 Wh/kg. Unfortunately,
this energy density is not high enough for many applications. For instance, a battery needs to
have a theoretical specific energy of 600 Wh/kg to be useful for electric vehicles with a range of
300 miles or greater >*>. Any large improvement in specific energy density over the LiB would
be greatly beneficial to many of the technologies used every day.

One battery that meets these requirements is the Lithium-Sulfur (Li-S) battery with a theoretical
specific energy of around 2500 W h kg ®. Using sulfur based cathode chemistry has other
advantages as well like reduced cost, safety, and low toxicity ' 7. Though the Li-S battery may
seem highly promising; the system faces many difficult problems. Usually, Li-S batteries
struggle from capacity fading and mediocre cycle performance as well as poor stability of anode
and active material loss on the cathode 7. One of the largest problems facing the current Li-S
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battery is the polysulfide shuttle effect. This shuttle phenomenon leads to significant self-
discharge and low coulombic efficiency, which severely hampers battery performance ! 7. This
parasitic process is a result of the solubility of intermediate polysulfide species (Li2Sn ) formed in
the reduction of elemental sulfur Sg into the final desired reduction product Li2S. When the
polysulfide species dissolves in the electrolyte, it is moved from the cathode where the reduction
takes place to the Li metal anode where the species finishes its reduction and becomes trapped as
insoluble LizS # % °1° The polysulfide shuttle effect is a very large problem that the Li-S battery
must overcome to become commercially viable '+ 111,

Countering the polysulfide shuttle effect has been approached with different methods from both
computational and experimental studies. Kang et al covered many of the different methods and
ideas for stopping the shuttle effect in their recent review paper ®. Many studies have investigated
trapping polysulfide species on the cathode with additives or unique cathode architecture '*1°,
Some authors have researched engineering the solid electrolyte interphase (SEI) on the anode to
alleviate the shuttle effect by preventing the reduction on the anode ’. Others have focused on
the effect of the electrolyte composition and performance % 78, Since the fundamental reason
behind the shuttle phenomenon is the solubility of polysulfide species in the electrolyte,
investigating and engineering the Li-S electrolyte will be very important to solving the shuttle
problem '3 1819,

The current Li-S battery electrolyte usually consists of a solvent, lithium salts, and additives. The
solvents main role is to ensure the diffusion of Li" ions through the battery. If a solvent or an
electrolyte has poor ionic conductivity, it will harm battery performance '* 2°. Many different
electrolyte solvents have been studied like THF 2'"22 | Acetonitrile **** Dimethoxyethane
(DME) ® and 1,3 dioxolane (DOL) 2° with different advantages and disadvantages. The lithium
salts like LiTFSI and LiFSI are used to help form favorable SEI on the Li metal anode > !!-27-28
Additives like LiNOj3 are also used in Li-S battery since they increase the electrochemical
performance ' 282° | Considering the electrolyte during electrochemical cycling, then the
solution will also contain Li" ions (both from the salt and from cycling) and polysulfides due to
the shuttle effect 7

Experimental studies have investigated the speciation of polysulfide species in the electrolyte 3*-
31, UV-Vis spectroscopy has been utilized to determine the chain length of the polysulfide
species that are formed on the cathode and dissolved in the electrolyte. These speciation studies
have found that the longer chain polysulfide species are more soluble in the electrolyte '*>3%-3!,
X-ray absorption and Raman spectroscopy have also been used for similar purposes '!2% 3233,

Due to the spectroscopic evidence, much is known regarding the length of polysulfide species in
the electrolyte. However, there are many questions that have not been answered and many
assumptions have been made. For instance, the molecular nature of the polysulfide shuttle
phenomenon seems to still be unknown. Some work refers to the polysulfide anion becoming
solubilized in the electrolyte and diffusing across the battery to cause the shuttle effect & & 19-34-35,

2



In contrast, other work refers to the polysulfide species in solution as lithiated neutral species *

17.23. 31 This indicates that there is a lack of fundamental understanding of exactly how the
polysulfide behaves in the bulk electrolyte.

Computational studies have reported aspects of Li" ion solvation and the polysulfide shuttle
effect!” 20- 3637 These studies calculated lithium polysulfide solubilities and structures in
different solvents but didn’t explore in depth the structure of the polysulfide anions or the
energetics and thermodynamics of dissociation in solution. Prendergast et. al. explored the
structure and solubility of lithium polysulfides with explicit solvent but they didn’t examine the
dissociation behavior. Persson et. al. also examined the structure of lithium polysulfides in
solution with special focus on cluster formation but did not investigate dissociation dynamics.
Our goal is to explore the behavior and state of long chained polysulfide species in an electrolyte
as an overall neutral charge fully lithiated species and as a free anion using first principles
computational methods. We focus specifically on the dissociation of the lithium polysulfides
since their degree of lithiation in the bulk electrolyte is important for mass transport which is
critical to the polysulfide shuttle phenomenon. Both ab initio molecular dynamics (AIMD) and
free energy quantum chemical calculations are employed to characterize the behavior, structure,
and thermodynamics of the polysulfides (PSs) in solution.With greater fundamental
understanding of one of the most critical problems of the Li-S battery, solutions can be
discovered and approached more easily.

Computational Methods

Ab Initio Molecular Dynamics

The dynamics of the different polysulfide species were investigated with AIMD implemented
with the Vienna 4b Initio Simulation Package (VASP) -, Dynamics were explored with a
NVT ensemble at 300 K. Hydrogen masses were changed to Tritium to allow for 1 fs time step
and the Nose thermostat was used to control temperature oscillations with 0.5 used as the Nose
mass parameter. The electronic calculations were carried out for the dynamics with the projector
augmented wave (PAW) pseudopotentials from the VASP libraries were used to calculate
electron-ion interactions *'**>, and the Perdew-Burke-Ernzerhof generalized gradient
approximation (PBE-GGA) for the exchange-correlation functional **. A plane wave basis set
was used with an energy cutoff of 400 eV and Gaussian smearing with a width of 0.05 eV was
implemented for partial occupancies of wave functions. A 2x2x2 Monkhorst-Pack k point grid

was used for surface Brillouin zone integration ¢,

PS species were placed in the middle of 15 x 10 x 10 A cells that were created with Materials
Studio “*Solvent molecules were packed around the PSs randomly based on the density of the



solvent (0.87 g/cm® for DME and 1.06 g/cm® for DOL) with a built-in amorphous packing tool to
generate a PS surrounded by solvent molecules representing the liquid electrolyte.

Although usually the electrolyte contains a mixture of solvents along with Li-salts and other
additives, in our study the Li-S battery electrolyte was simplified by removing the presence of
Li-salts and by using either pure (DME) or pure (DOL). Therefore, the focus was on the
interactions between just the polysulfide species and the solvent molecules. Three different PS
species were tested: Li2S¢ and two different conformations of Li2Ss. .The Li2Ss conformations
were based on the preferred structure of the polysulfide with and without Li" ions. The Li2Ss
closed structure is slightly preferred in neutral state whereas the Li2Ss linear is preferred in
dianion state because that conformation allows charged ends of the polysulfide to be separated
by a larger distance *. Only long chain PS species were examined since they are known to be
more soluble in the electrolyte versus shorter chains '* 3%3!, Radical sulfur species were not
explored in this work. The structures used to build the AIMD models were optimized in prior
work and are shown in Figure S1 in the supporting information 3.

Before running AIMD on the initial configurations, classical molecular dynamics was used to
quickly relax the overall energy of the system. The universal force field*® was used with a
conjugate gradient algorithm within Material’s Studio built in package *°. Then the AIMD
simulations were carried out for at least 15 ps in order to ensure that equilibrium was reached
and that the structures would represent a solution of the same composition. Bader charge
analysis was used to estimate the partial charges of different atoms in the dynamic simulations *”-
49 Radial distribution functions (RDF) to determine structure of interactions in the liquid

electrolyte were evaluated from the AIMD trajectories using Visual Molecular Dynamics (VMD)
50

Thermodynamics of Polysulfide Solvation

The solvation structures, energetics and thermodynamics were characterized with Gaussian 09
(G09) 3! Free energies were calculated from geometry optimization simulations by computing
electronic, translational, vibrational, and rotational contributions using the equations from
statistical thermodynamics®2. Hybrid PBE exchange correlation functional 3* was used with the
6-311++G(d,p) basis set >*. PS structures were examined with a cluster—continuum model where
the first solvation shell was calculated explicitly while a polarized continuum model (SMD)
was used to represent the rest of the liquid electrolyte. This functional was chosen over B3LYP
and standard PCM since hybrid PBE gave more realistic thermodynamically favored first
solvation shell coordination numbers (Table S2). The cluster—continuum model has been shown
to increase the accuracy of calculations and provide more insight since solvent molecules beyond
the first shell are actually modeled 2% 3. Basis set superposition error (BSSE) was not calculated
for this work since the counterpoise method in Gaussian cannot be used with implicit solvation
methods. Reported BSSE in similar systems was found to be < 3 kcal/mol and will not have a
impact on our results Configurations for these calculations were based on structures observed
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during the AIMD simulations. In these simulations, the behavior of solvent interactions with Li*
and lithium polysulfides were observed. Based on these observations, all possible simple
configurations of the 1* solvation shell we able to be constructed and simulated.

Results and Discussion

The behavior, structure, and state of dissolved PS in the electrolyte will most heavily depend on
the amount of Li" that are coordinating the anionic PS species. Three PS states were examined:
overall neutral species coordinated with two Li" ions, overall -1 charge coordinated with one Li"
ion, and overall -2 charge with no coordinated Li" ions.

Characterization of Li2Ses, Li2Ss Closed, Li,Ss Linear in Simple Electrolyte

Dynamics of Neutral Li> Polysulfide species

The dynamics of the PS species coordinated with two Li" ions were investigated first. Snapshots
of the AIMD simulations after at least 15 ps are shown in Figure 1.

Li,S Li,Sg Closed Li,Sg Linear

DME

DOL

Figure 1: Snapshots taken of Li,PS with DME/DOL systems after at least 15 ps of AIMD simulation time.

Several observations can be drawn from the dynamics of the PS species in solution throughout
the AIMD simulation. One of the most important observations is that the only clear solvent-
solute interactions are between the oxygen atoms from both solvents and the Li* ions from the
PS species. This interaction is well known and expected. Many papers have been published about
how different solvent molecules interact with Li* ions such as ethers and carbonates * ° 14, The
interactions between different atom types within the system can be described and quantified by



radial distribution functions (RDF) between different species as shown in Figure 2 for the Li2Ss
linear molecule. RDFs for the other species are reported in Figure S2.
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Figure 2: A) Li-X, B) Li-S and C) S-X Radial Distribution functions for Li,Sg linear with DME (left) and DOL
(right) after at least 15 PS of AIMD

The RDFs between the PS species and solvents are all very similar with some slight differences.
It is demonstrated by the Li-X RDFs that the Li* ions closely interact with both solvent
molecules. The Li-O first peak is the closest to the Li" ion and the largest, which indicates that
solvent coordination occurs via oxygen interactions with the ion and the peaks from the other
atoms result from the structure of the solvent itself. The Li-O peaks are higher in DME for all
the cases most likely due to the ability of DME to coordinate more than once per molecule since
the solvent molecule can rearrange. DOL cannot rearrange to have both oxygens coordinate with
Li" ions due to its cyclic structure.



The Li-S RDFs are similar but have slight differences due to the polysulfide’s geometry. The
presence of more than one peak and the size of that peak show that the Li" ions are closely bound
to the PS throughout the dynamics. Solvent choice does not seem to affect these interactions
greatly. This leads to the conclusion that the PS is always closely interacting with Li" ions for
these simulations. In this simplified model for the electrolyte no evidence of the spontaneous
formation of a PS anion (1 Li" coordinating) or dianion (no coordinating Li" ions) was observed.

The electronic distribution calculated with Bader partial charge analysis of the neutral Li2Se¢ and
Li2Ss species are shown in Figure S3. The sulfur atoms at the end of each PS have a more
negative charge than the intermediate S atoms in the chain, which are also negatively charged.
The positively charged Li* ions closely interact with the sulfur atoms at the end of the PS species
due their higher negative charge. Based on the charge analysis if the solvent had to coordinate
the sulfur itself, the solvent molecule would solvate via the hydrogen atoms instead of the
oxygen atom °.

The RDFs for S-X for both the S atoms at the end and in the middle of the polysulfide were
investigated to gain more understanding about how the solvent may interact with the sulfur itself.
In all of the simulations, the interactions between the S atoms in the middle of the molecules
with hydrogen and oxygen did not have any noticeable peaks, which indicate that the solvent
molecules were not interacting with the sulfur atoms in any particular order.

In contrast, the RDF for the S-O and S-H interactions for the S atoms at the ends of the PS
molecule do have clear peaks for both oxygen and hydrogen. The peak for hydrogen interactions
is smaller than the peak for oxygen interactions, but the hydrogen peak is closer to the S atom.
The peak from oxygen is due to interactions between the Li" and the end sulfur atoms since the
Li" ion is closely bound to both the sulfur and the solvent molecules. This “transitive”
coordination with the oxygen atoms explains why the peak is relatively strong but farther than
expected for coordination. By this logic, the very small peak for hydrogen is also related to the
Li" ion solvation. The solvent molecule may arrange itself while coordinating with Li" ions so
that some of the hydrogen atoms are interacting with the more negatively charged sulfur atoms at
the end of the PS species.

Thermodynamics of Solvation Structure for Neutral Li> Polysulfides

The dynamics of the PS species in solution provided insight into the molecular processes behind
the PS state and structure. However, it is difficult to understand or interpret the dynamics without
having an even more fundamental understanding of the system. Determining thermodynamically
favorable solvation structures will break down the solvation dynamics into discrete solvation
structures, provide greater fundamental insight, and allow for further calculations on the neutral
Li2 polysulfide species. Thus, additional first principles calculations were used to determine the
energetics, geometries and therefore the thermodynamics of specific first shell solvation
structures.



Before examining the Li2Ss, Li2Ss closed, and Li2Ss linear structures, Li" ion solvation
thermodynamics were studied for DME and DOL as shown in Figure 3. The structures that
correspond to the various intermediate states shown in Figure 3 are in Figure S4 and Figure S5
respectively. Example results are shown for Li* with DME in Table 1. Results for DOL are

shown in Table S3.

Table 1: AG of solvation (kcal/mol) for thermodynamically favored Li" DME structures obtained

from Hybrid PBE/6-311++G(d,p)/SMD . All the structures are shown in Figures S4.

Number of solvent molecules

1 2 3 4
A->B |-953 |[B->C |-1.54 |C->D | 038 D->F |-11.63
A->G|-2247|B-—>E |-2731 | C-->F |-11.25 | F --> J|-5.19
B->G |-1294 |C-—>E |-2576 |J-->1 |-1.70
G-—>E |-1436 | E->F | 1451
G->H|-1391 |[E-->J | 932
E--> H | 046
H->J | 8386
H-->1 |7.16
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Figure 3: Thermodynamically favored solvation structure diagram for Li™ ion with DME and DOL. Each letter
represents a unique geometry of Li* ion with solvent molecules. All the structures are shown in Figures S4 and S5
for DME and DOL respectively. DME molecules were added in either their linear configuration (L) or nonlinear
configuration (NL). Rearrangements (R) between linear and nonlinear DME configuration may also occur. DOL can
only be added in one way. All letters surrounded by green boxes are favored thermodynamically. All letters
highlighted in green are favorable solvent additions or rearrangements.

DOL has less possible solvation structures since it can only coordinate with Li* ions in one way
due to its molecular structure. In contrast, a DME electrolyte has several possible solvation
structures since it can coordinate with Li" ions in more than one way. The final
thermodynamically favored solvation structures found for Li" are H, E, and I for DME and D for
DOL. Thus, if given infinite time to establish equilibrium, a Li" ion in a pure solution of DME
or DOL will eventually reach one of these favored structures for the first solvation shell. The
expected coordination number for DOL is 3 and from 3 to 6 for DME. These numbers are similar
to coordination structures reported for other solvents °’. This analysis provides a starting point
for creating the same type of solvation diagrams for the polysulfide species. Solvation diagrams
with the thermodynamically favored structures identified are shown in Figure 4 for Li2S¢ and
Li2Ss Closed and Figure S6 for Li2Ss Linear in DME. The structures that correspond to
intermediate states shown in these diagrams are displayed in Figure S7, Figure S8 and Figure S9.
Solvation free energies for the thermodynamically favored solvation structures for Li2S¢ DME
are shown in Table 2.

Table 2: AG of solvation (kcal/mol) for thermodynamically favored Li2S¢/DME solvation
structures obtained from Hybrid PBE/6-311++G(d,p)/SMD

# of Solvent Molecules
1 2 3 4 5
A-->B|-368 | B->K |[3.70 | K-->L |-507 |L-->F |12.92 | E-->F | 045
A-->N|-1148 | B->C |-041 | K-->D [0.89 |L-->D |595 |E-->H| 1.0l
B-—>1 |-770 | K-->M | -3.62 | D-—>E | 6.51
B-—>M | 008 [C-->D (499 |D-—>F | 6.96
B-->N |-780 | C-->G |1.60 | D->G |-3.38
N-—>I (010 |C->1 |-729 |G-->F | 1035
N->M|788 |I-->G |890 |G--=>H|10.90
N-->0 |-639 (1-->1J 469 | G-->J | -4.20
I->0 |-649 |J-->H | 15.11

M-->G | 1.12
M-->J | -3.09
0O->J |11.18




Figure 4: Thermodynamically favored solvation structure for Li,Ss, and Li,Ss-closed in DME. Each letter represents
a unique geometry of PS with DME molecules. The numbers on top indicate the total number of DME molecules
involved in solvation structure. All letters surrounded by green boxes are favored thermodynamically. All letters
highlighted in green are favorable solvent additions. Red arrows represent “non-orderly” addition (adding solvent
molecule to the same Li* consecutively). The labels over the arrows refer to order and type of solvent addition as
follows: LI: linear initial (mono-coordinated Li"); NL stands for nonlinear addition (Li* bi-coordinated to the same
molecule). I, S and T stand for initial, secondary and tertiary additions of solvent molecules.

The solvation diagrams increase in complexity compared to just the Li" ion when the Li2PS
species are considered since there are now 2 Li" ions and the structures aren’t exactly same as the
case with just the ion since the S atoms and other solvent molecules create a steric shielding
effect.

Both of the Li2Ss species have thermodynamically favored solvation structures that contain up to
3 DME molecules versus the Li2S¢ molecule only had solvation structures with up to 2 DME
molecules. The Li2Se solvation structures were tighter due to the size of the polysulfide, which is
most likely the reason for less DME coordination.

The same analysis of the solvation structures for the different polysulfide species with DOL are
shown in Figure 5. The structures corresponding to the intermediate states shown in Figure 5 are
found in Figure S10, S11, S12.
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Similar trends are found for the DOL electrolyte compared to the DME electrolyte. The longer
PS species have thermodynamically favored solvation shells with more DOL molecules than the
shorter chained Li2Se.

The solvation diagrams show what possibilities exist for the first solvation shell of Li2Se, Li2Ss
closed and Li2Sg Linear with DME and DOL if given the requirements to establish equilibrium.
In a real Li-S battery operation, any neutral Li2PS species would be expected to follow the
thermodynamically stable configurations when only considering PS and solvent interaction.

Dynamics + Thermodynamics

With a greater fundamental understanding of the polysulfide’s preferred solvation state in the
solution, the AIMD simulations were revisited to compare with the thermodynamic calculations.
Figure 6 demonstrates this analysis for Li2Ss Linear with both DME and DOL. Other PS
coordination over time is shown in Figure S13.
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Figure 6: Overall coordination over 15 ps for AIMD Li,Ss-Linear simulations in solution of: A) DME B) DOL The
letters on each graph correspond to the thermodynamic solvation diagrams shown in Figure S6 and Figure 5-c for
DME and DOL respectively. If a graph has two letters, then the solvation compares more to the Li* solvation and
each letter stands for one of the structures on Figure 3.

There are several interesting observations that can be drawn from these graphs. First, there are
several structures that appeared in the dynamics that were not predicted as thermodynamically
favorable. For instance with the DOL simulations, structures F and G were not favorable (Figure
5) and for DME, structure H was not favored (Figure S6). Another observation for the DME
system is the presence of structures EF and EJ. These structures were not predicted at all by the
calculations for the PS species, but instead come from the calculations that only considered the
Li" ion (a combination of E and F or E and J for the Li* solvation structure). The solvation
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looked more like Li* solvation than Li2PS solvation. Similar trends can be concluded from the
other systems (Figure S13).

The differences between the dynamics simulations and the thermodynamic calculations could
arise from a variety of reasons. Modeling the full electrolyte explicitly could change the first
solvation shell some depending on how much the explicit solvent molecules would have a
different effect than the implicit continuum model. Though the AIMD simulations use more
solvent molecules, the static DFT calculations use a more accurate functional. Another potential
explanation could be that those configurations are just long lived non-equilibrium structures that
could arise in dynamic simulations but, Figure 6 shows that some of the non-thermodynamically
predicted structures are quite long lived. The long lived structures shown in Figure 6 also
demonstrate the dynamic equilibrium that the system has reached. Some changes may still occur
but most structures are longer lived. Note that we do not claim that a global minimum has been
achieved in the simulations. Sometimes systems may get trapped in local minima. However,
considering the simulations results, we suggest that these local minima should be quite frequent.

The most reasonable explanation for the observed differences is that the Li" ions are slightly less
bound or ordered in the dynamics simulations versus the thermodynamic calculations. The
structures of the solvated Li2PS species used in the thermodynamic calculations are quite similar
to the structure of the Li2PS species without solvent. The Li" ions are still tightly bound to the PS
molecules though the more solvent molecules are coordinating the Li" ions the longer the Li*-S
ionic bond is. In the dynamics simulations, the Li" ions are found to still be bound to the
polysulfides but less closely than observed in the thermodynamic analysis. The looser Li* ions
are less sterically shielded than the closer Li* ions and therefore are able to form stable solvation
structures not predicted by the thermodynamic calculations. The thermodynamic analysis could
be modified to attempt to replicate this but, with so many possible initial configurations, that task
would be highly non trivial. The cause of this less bound or ordered state in the AIMD versus the
thermodynamic calculations could be caused by the differences in the methods. The
thermodynamic calculations will find the global lowest free energy state with a given initial
configuration. The AIMD simulations will take the given input and explore the time progression
of the system. Since the initial input is probably not at a low energy configuration, the system
will approach lower energy states as it approaches equilibrium. Perhaps the system moving from
an initial to an equilibrium state will cause this less bounded state.

Overall with a combination of dynamics and thermodynamics, the state of neutral Li2PS species
in a simplified electrolyte was determined. This better fundamental understanding and
knowledge provides a great starting point for further calculations and investigation into the
soluble long chain PS species.

Characterization of Polysulfide anionic species in Simple Electrolyte

Dynamics of LiS, LiS s Closed, LiS s Linear, S6, S°s Closed, and S-s Linear
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As discussed earlier in the AIMD of neutral Liz polysulfide species, no separation of Li" and
polysulfide was observed. Though this dissociation wasn’t observed, the behavior of anionic or
dianionic PSs without Li" ions are of great interest in order to understand the interactions of just
the S atoms with the solvent, instead of the Li" bonded to S atoms with the solvent. The behavior
of anionic PS species in the electrolyte is of great interest because if they are anionic in solution
then the electric field present in the battery will cause an additional transport mechanism to move
negatively charged species to the anode 3% .

AIMD simulations for the LiS%, LiSs Closed, LiSs Linear, Se, S%s Closed, and S?s Linear
species with DME and DOL were set following the same methodology used for the neutral Liz
PS. The only changes made were the removal of 1 or 2 Li" ions and changing the overall charge
of the cell to match. To have electroneutrality in the simulation cell, the VASP algorithm
introduces a background charge of the opposite sign. The introduction of this background charge
can have effects on the geometry of the system do to artifacts created by the correction. However
as we show later, the structure of the anionic polysulfide’s structure from periodic VASP
simulations compared to the non-periodic Gaussian simulation’s structure are similar indicating
significant effects were not observed.

Snapshots of the anionic PS species with one Li* after 15 ps of simulation time are shown in
Figure S14. From the AIMD trajectory analysis, it is found that the single Li" ions in the
monoanions interact with the solvent molecules in the same way as if there were two Li" ions
near the PS. In the cases of LiSs and LiSs closed, the Li" ion changes position to become
centered directly in between the two end sulfur atoms instead of centered above or below. The
solvent molecules also seem to interact with the PS anion in a different configuration than they
would for the Li* ion. Their interaction can be explained by the partial charge analysis for the
single anion species, Figure S15.

The electronic structure of the lithium PSs with overall charge of -1 is very similar to the neutral
species. The charges are almost identical for the LiS7¢ and LiSs closed molecules since they can
share the Li" ion. The charge is more spread out amongst the S atoms on the anionic side for the
LiS s linear molecule.

As described earlier, the solvent molecules should interact with the negatively charged S atoms
differently than if they were interacting with Li* ions. From the AIMD, instead of the oxygen
being the closely coordinating atom, the DME and DOL molecules are arranged such that their
hydrogen atoms face the negatively charged anionic portion of the Li polysulfide. The RDFs for
the LiSs Linear with DME and DOL is displayed in Figure 7. The corresponding RDF’s for other
systems are found in Figure S16.
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Figure 7: RDFs of the LiSs Linear interacting with the solvent; A) Li-X, B) Li-S , C) S-X RDF for DME (top) and
DOL (bottom)

The RDFs look very similar to those for the neutral Liz polysulfide species, but there are several
key differences. The Li-X RDF is practically identical to those in Figure 2. This is expected
since taking away one Li" ion shouldn’t change the nature of Li" ion — ether solvent interactions.
The Li-S RDF also is very similar to the prior analysis for the neutral species because the Li" ion
still remains closely bound to the PS. Just as with the neutral species, the remaining Li* does not
detach from the PS. Ion pair dissociation was not observed in these simulations.

Unlike the previously considered interactions, the S-X RDFs are different between the Li and
Li2PS species. The peak for the S-H interactions with the end sulfur atoms is larger and the Li-O
interactions with end S atoms are smaller. These both can be explained by the fact that on the
anionic end of the molecule, H is coordinating with S instead of O. Therefore, the size of the S-H
peak increases and the size of the S-O peak decreases.
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Snapshots of the dianionic PS species after 15 ps of simulation time are shown in Figure S17. As
identified in the previous case, the solvent molecules adopt configurations so that their hydrogen
molecules can coordinate the sulfur atoms. The similarity can be described by the electronic
structure of the PS species without any Li" ions (Figure S18).

The partial charges of the PS species do not change much with the presence or lack of Li" ions.
The end S atoms for the dianion have similar charge to the end S atom without the Li" of the
monoanion. Since the charge is similar for these atoms, the solvent molecules configuration near
these atoms should be similar for the monoanion and dianion PS species. Though the electronic
distribution stays relatively constant, the conformation of the PS itself does change. Without Li"
ions to interact with the negatively charged polysulfide, the S*s closed molecule looks very
similar to the S*3 linear molecule. This change in conformation is to minimize the repulsive
energy between the highly negatively charged ends of the polysulfide species.

Since the partial charges are similar to the other systems, the solvation occurs in a similar
fashion. The RDF’s for these systems are displayed in Figure 8. Corresponding RDFs for other
PSs can be found in Figure S25.
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Figure 8: S Linear S-X RDF from the interactions with A) DME and B) DOL

As before, there is an actual peak for the end S atoms interactions with hydrogen because of
coordination with the most negatively charged atoms. The peak for the oxygen and end sulfur
atoms interactions is due to the hydrogen coordination and the molecular structure of the solvent.

The solvents interact in two different ways with the PS species. If the PSs exist as ion pairs with
Li" ion then the main interaction is the oxygen atom in the solvent molecule coordinating with
the ion. If the PSs exist as dianions without being bound to any Li* ions then the solvent will
coordinate the end atoms of the PS species with their hydrogen atoms.

Thermodynamics of ion pair dissociation

The dynamics investigated the behavior of the important anionic PS species under the
assumption that the anionic species were present in the electrolyte. From the simulations on

17



neutral Li2 and anionic Li polysulfide species, the ion pair separation into the negatively charged
polysulfide and the positively charged lithium ion was never observed. Therefore, ion pair
dissociation thermodynamic calculations were done based on the stable solvation structures of
neutral PS species previously identified (Figure S19).

If the AGudissociation 1S negative, then the formation of an anionic Li polysulfide will be favored.
The results of the calculation for the dissociation of 1 and 2 Li* ions can be found in Table 3.
Example calculations specific to Li2S¢ with DME are shown in Table 4.

Table 3: Solvation structures that thermodynamically favor ionic dissociation obtained from Hybrid PBE/6-
311++G(d,p)/SMD. Labels of the structures correspond to Figure S7-S12.

Structures that favor Ionic Dissociation

DME 1st Li" ion 2nd Li* ion
Li>Se N/A N/A

Li»Ss Closed M, ] N/A

Li,Sg Linear S,J,Z, T, M,U,AB N/A

DOL

Li>Ss N/A N/A

Li,Ss Closed N/A N/A

Li,Ss Linear N/A N/A

Table 4: Li,S¢ DME ion pair dissociation calculations obtained from Hybrid PBE/6-311++G(d,p)/SMD. Labels of
the structures correpsond to Figure S7.

1st Li*ion

Original AGpissociation Li* Solvation
Structure (kcal/mol) Structure
B 22.42 B

N 17.27 G

C 25.05 B

| 12.11 G

I 26.75 I

0) 20.29 G

2nd Li*ion

B 22.42 A

N 17.27 A

C 25.05 B

I 12.11 B
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26.75 G
20.29 G

Out of all the different systems tested, only the Li2Ss closed and Li2Ss linear configurations with
DME had structures that favored dissociation of a single Li". Of those structures, none of them
thermodynamically favored the dissociation of the 2" Li*. The Li2Ss linear configuration has
more structures that favored dissociation compared to the closed configuration. One reason is
that for the Li2Ss linear molecule, the polysulfide itself is already oriented to minimize any
repulsive interactions from the sulfur with itself. Another reason is that for the linear
conformation more solvent coordination is possible since the Li" ions are less shielded than in
the closed conformation.

The results for the thermodynamics of the Li2PS ion pair dissociation indicate that dissociation is
not favored in the majority of the cases. If this is the case, then the PS would exist as an overall
neutral species with 2 Li" ions bound to the dianionic PS in the electrolyte. The diffusion of the
PS species for the PS shuttle effect would occur via concentration gradient driven mass transfer
without extra effects from the electric field. Another possibility is that the model that was used
for those calculations was too simple.

For the original dissociation calculation model, the only explicit molecules that were included
were those coordinating Li" ions. No solvent molecules were included that were coordinating the
anionic portion of the molecules for the total energy of the products calculation. One way to
increase the complexity of the dissociation thermodynamic calculations would to be to include
the solvent interactions with the sulfur atoms. Before those calculations can be completed, the
thermodynamically favorable solvation structures for the anionic (1 Li") and dianionic (0 Li")
must be known. Figure S20 shows the methodology used which is very similar to the solvation
diagrams discussed earlier for DME and DOL. The structures that were tested are displayed in
Figure S21 and Figure S22. These structures can be compared to those shown in Figures S15 and
S18 which are the corresponding PS anions but from the VASP simulations. As discussed earlier,
the inclusion of a neutralizing background charge is required for periodic simulations to be run
successfully but the introduction of a charge may affect the system. When comparing the
structures of the PS anions between periodic and non-periodic simulations, very few differences
are observed. This indicates that the introduction of the background charge doesn’t change
significantly the structure of the PS and LiPS anions.

The structures for DME and DOL and their positions relative to the polysulfide were based on
structures seen in the AIMD simulations of these same species. Unlike the solvation structure
simulations with the Li*, all of the AG’s were positive (Table S1).
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This means that the most stable structure for the polysulfide by itself would be one with no
solvent molecules. This result is quite interesting since the solvent molecules do interact with the
polysulfides as seen in the dynamics simulations. Single point calculations were done on these
anion solvation structures to calculate the interaction energy between the solvent molecule and
the polysulfide species. All the interaction energies were strongly positive which means that the
interactions were repulsive. The solvent configurations with the hydrogen atoms oriented
towards the polysulfide are less repulsive but still not attractive. The ether solvent molecules do
not want to be too close to the polysulfide, but if they are near each other, the solvent will adopt
a configuration to minimize that unfavorable energy. Since this interaction is repulsive, that
implies that the polysulfide anion is not soluble in the electrolyte. In the past it was proposed that
if the charges in the polysulfide anion rearranged, then solvent molecules would interact with the
polysulfide attractively °. However, this rearrangement was not observed for any of the studied
systems.

Another way to modify the dissociation calculations is the inclusion of electric field effects. It is
known that electric fields will affect the dissociation of ion pairs and have other effects on
chemical systems *°. Electric field effects were not included in the quantum chemical
calculations. But these effects were estimated as discussed below.

This analysis leads to the conclusion that the polysulfide may not be an anion in the bulk
electrolyte solution. This does not mean that the polysulfide species is insoluble. Instead, the
polysulfide is soluble in the electrolyte as an overall neutrally charged polysulfide anion with 2
Li". The solvation of these PS species could be imagined like a “tugboat”. The sulfur atoms of
the polysulfide interact repulsively with the solvent molecules but they interact closely with the
Li" ions. The solvent molecules attractively and strongly interact with the Li" ions. Therefore, the
solvent molecules could pull the Li" ions which would pull the polysulfide in turn. This
interaction provides a potential mechanism that would solvate the polysulfide species.

Thus, the PS shuttle effect wouldn’t occur via anionic polysulfides but instead with neutral
lithiated polysulfide species. The shuttle effect would still occur but the driving force would be
purely concentration gradient instead of a combination of that with a potential gradient driving
force. If the electric field is strong enough, then it might cause the results to favor dissociation of
neutral Li2PS (still would favor LiPS™ over PS? ). Then the potential would have an effect on the
migration of polysulfides. The effect of the electric field on the thermodynamic equilibrium
constant can be estimated with a simple formula from Onsager *°. The formula, parameters and
example calculation are shown in the supporting information. Based on the conservatively
estimated parameters, the electric field causes the AGudissociation to decrease around 1 kcal/mol.
This indicates that the electric field will have some effect on the dissociation but not a large one.

If this model is accurate, then increases in ionic conductivity would lead to potential increases in
the polysulfide shuttle effect. Peled found that when using DOL that has a much higher ionic
conductivity than THF, but also found a decrease in sulfur utilization which could be caused by

20



the shuttle phenomena 26. Increasing concentration of lithium salts has been found to decrease
polysulfide solubility. This phenomenon can be attributed to a decrease in free solvent molecules
as the salt concentration increases. With less free solvent molecules, the ionic conductivity of Li"
can decrease and therefore polysulfide solubility decreases.?® 3% 3% ¢ High lithium salt
concentration can also help with performance issues related to the negative electrode like SEI
formation and dendrite growth restriction .

Characterization of Li>S¢, Li2Ss Closed, Li.Ss Linear in Electrolyte with extra
Li" ions

After studying different polysulfide species in varying degrees of coordination with Li" ions, the
model for the electrolyte was increased in complexity by the inclusion of more Li" ions in the
electrolyte. During Li-S battery operation, the electrolyte is expected to have a higher
concentration of Li" ions that are being moved toward the cathode during discharge have the
potential to interact with the dissolved Li2PS species. AIMD simulations were run for the same
systems as before but also including 1,2, and 3 extra Li" ions. Snapshots of these simulations
after 15 ps are shown in Figure S23.The interactions between the different atomic species in
these simulations should follow the same trends and mechanisms as described earlier. The RDF’s
of the Li-X interactions are displayed in Figure 9 for Li2Ss Linear with DME and DOL solvents.
Corresponding RDFs for other systems can be found in Figure S24.
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Figure 9: Li,Ss Linear with DME with 3 extra Li*

Based on the initial configurations of these simulations, the Li" ions can either be bound to the
polysulfide or free in solution. The Li-S RDF for a free Li* should be peakless since it isn’t
coordinating with the sulfur atoms. On the other hand, a free Li" should have a stronger oxygen
peak since more solvent molecules can fit around it due to lack of shielding by the polysulfide
molecule.

These observations were held to be true with a couple of interesting deviations. Most of the Li"
ions stayed in the same state as their initial configuration, bound or free. However in some of the
cases, the Li" ions are best described as being somewhere in a slightly bound state between those
two states. This can be clearly visualized in the RDFs because the intermediate peaks will be
noticeably in between the RDF peaks for a perfectly free and a perfectly bound Li* ion. This
observation allows for a more loosely defined lithium polysulfide cluster like structure, with
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possibilities of having polysulfide species with more than just two Li" ions interacting. However,
when an extra Li" ion starts coordinating with the neutral Liz polysulfide species, one of the
bound Li" becomes more weakly bound.

These simulations indicate that if free Li" ions are present in the solution; the polysulfide would
closely interact with it especially if the polysulfide exists without being closely bound to any Li"
ions. Since the polysulfide has these interactions, it is possible to imagine that multiple
polysulfides could exist as clusters in solution of multiple Li" and polysulfide anions. This
phenomena has been suggested and possibly observed before *.

Conclusions

The behavior, structure, and state of long chain polysulfide species in Li-S battery electrolyte
were investigated with first principles methods. The behavior and structure of polysulfides with
different levels of Li" coordination (2 Li", 1 Li*, 0 Li") in the presence of DME and DOL were
determined with AIMD and DFT calculations.

The thermodynamically favorable 1% solvation shell for Li" ion in DME and DOL was
determined as well as the stable 1% solvation shell for neutral Li2 polysulfide species. The solvent
molecules interacted almost solely with the Li" ions with little differences between DME and
DOL solvation. Throughout all of the AIMD simulations that were run, ion pair dissociation of
the polysulfide species and Li" ions was never observed. Free energy calculations also
demonstrated that only very few of the thermodynamically stable solvation structures would
favor dissociation. These results indicated that perhaps the dissolved polysulfide taking part in
the shuttle effect may be a neutral species. Simulations with extra Li" indicated that polysulfides
would coordinate with more than just 2 Li" ions creating more complicated structures. Multiple
Li" coordination with polysulfides may give rise to the idea of polysulfide cluster formation with
multiple polysulfides and Li" ions.

Future work will explore more complicated electrolyte models including lithium salts and
additives as well as screening more electrolyte compositions. The effects of the electrified
interface will also be explored due to its great importance in the initiation of the polysulfide
shuttle phenomenon.

Supporting Information: Molecular structures (S1); radial distribution functions (S2-1 and II;
S16-I and II, S24 1, 11, IIT; S25 T and II); Bader charges (S3, S15, S18); solvation structures (S4,
S5, S7 to S12, S21, S22,); thermodynamically favored solvation structures and pathways (S6);
time evolution of coordination number (S13-1 and II); Snapshots from AIMD (S14, S17, S23-I,
IL, III; ); schematic of methodology for dissociation analysis (S19, S20); AG of solvation (Table
S1, S2, S4 to S9); Total energies in solvation models (Table S3); AG of dissociation (Tables S10
to S22); Electric Field effect estimation. This information is available free of charge via the
Internet at http://pubs.acs.org.
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