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ABSTRACT: With the increasing strategies aimed at repressing shuttle
problems in the lithium—sulfur battery, dissolved contents of polysulfides
are significantly reduced. Except for solid-state Li,S, and Li,S, aggregated
phases of polysulfides remain unexplored, especially in well confined
cathode material systems. Here, we report a series of nanosize polysulfide
clusters and solid phases from an atomic perspective. The calculated phase
diagram and formation energy evolution process demonstrate their
stabilities and cohesive tendency. It is interesting to find that Li,Ss can
stay in the solid state and contains short S; chains, further leading to the
unique stability and dense structure. Simulated electronic properties
indicate reduced band gaps when polysulfides are aggregated, especially for
solid phase Li,Ss with a band gap as low as 0.47 eV. Their dissolution
behavior and conversion process are also investigated, which provides a
more realistic model and gives further suggestions on the future design of
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he lithium—sulfur (Li—S) battery, based on the multistep

reversible reactions between the lithium metal anode and
the sulfur cathode, has emerged as one of the most promising
candidates due to its high specific energy density of 2600 Wh/
kg.' However, the application of the Li—S battery is still
hampered by several obstacles, including the insulating nature
of the reactants, shuttle problems, capacity attenuation,
depletion of electrolytes, and growth of the lithium
dendrites.”> One of the most important attributes is the
soluble high-order polysulfides, which will inevitably lead to
the notorious shuttle problem and impair its long-term
electrochemical performance. Therefore, various cathode
materials with novel nanosize architectures have been
designed,” focusing on preventing polysulfides from dis-
solution from the aspects of both physical and chemical
confinement, for instance, the core—shell design of transition
metal sulfides (TMSs).”” Furthermore, special electrolyte
systems with decreased polysulfide solubility have also been
reported.” Such strategies will effectively suppress the shuttle
problem, as verified from both the significantly reduced
dissolved polysulfide contents and the discoloration of the
polysulfide solution.”
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Therefore, under the above-mentioned various strategies,
polysulfides will be mainly confined in the cathode rather than
dissolving into electrolytes. However, a new question arises:
the realistic phases of polysulfides in the optimized cathode
material system have not been identified and have rarely been
considered in previous studies. It can be predicted that the
confined cathode system will benefit the interaction among
higher-order polysulfides themselves, further resulting in
aggregated phases. Traditional approaches treat polysulfides
as small molecules,”' whose thermodynamic properties and
dissolution behaviors have been identified. The catalytic
conversion of polysulfides is also modeled as the trans-
formation of molecular species, while dominant polysulfides
are actually restricted in cathodes and exist in complex
phases.'' Nevertheless, systematic research on possible phases
of aggregated polysulfides, including nanosize clusters and
solid phases, is still lacking. As a result, theoretical under-
standing of the rational states of lithiated products and their
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Figure 1. a. Atomic configurations of solid phases of Li,S,, Li,S,, Li,S¢, and Li,Sg. b. Phase diagram of polysulfide solid phases. c. Formation energy
evolution profile of different polysulfide phases. d. Simulated phonon spectra and partial density of states of @ phase Li,Sq.

transition process during charge/discharge cycling remains
unclear.

In the present work, we systematically elaborated nanosize
polysulfide clusters and solid phases from an atomic
perspective. Compared to traditional polysulfide molecules,
the atomic configurations of polysulfide dimers, tetramers, and
solid phases were theoretically clarified. Phase diagrams, energy
evolution profiles, and phonon spectra demonstrate their
stability and cohesive tendencies. It is found that solid-state
Li,Se is the stable phase that only contains a short S; chain
pattern, being different from the traditional view and endowing
it with unique stability. The electronic structure was further
analyzed, and we found the reduced band gap of polysulfide
solid phases, especially for Li,S¢ with a band gap as low as 0.47
eV. We further explored their dissolution behavior from both
thermodynamics and kinetics, which suggests an impeded
dynamic dissolution process of Li,S¢ due to a large energy
barrier. Based on these simulations, we have reexamined the
multistep polysulfide conversion processes and clarified the
voltage profile detected in experiments.

B COMPUTATIONAL METHODS

First-principles calculations were performed using the Vienna
ab initio simulation package (VASP)'>" in the framework of

density functional theory (DFT) with projector augmented
wave (PAW) pseudopotentials.''> The Perdew—Burke—
Ernzerhof (PBE) functional was adopted to describe the
exchange-correlation function based on the generalized
gradient approximation (GGA)."® Structure prediction was
performed on Crystal Structure Analysis by Particle Swarm
Optimization (CALYPSO),'” to obtain the geometric
structures of polysulfide clusters and solid phases. For large
polysulfide clusters, we have searched (Li,S), (x =2, 4, 6, 8),
(Li,S,), (n =2, 3, 4, 6; x = 2, 4), and the dimers of higher-
order Li,Sg. Since Li,S is inclined to form large clusters and
further be transformed into solid phase, we have simulated the
Li,S clusters up to octamers, while the largest cluster size about
other polysulfides (Li,S,, n =2, 3, 4, 6) is up to tetramers. Due
to the high solubility of Li,Sg, only dimers containing 20 atoms
are simulated for simplicity. A detailed description of
computational methods is shown in the Supporting Informa-
tion.

B RESULTS AND DISCUSSION

I. Geometric Structures and Stability. The atomic
configurations of the discovered nanosize polysulfide clusters
are presented in Figures S1—S6. For a series of Li,S clusters, it
is found that they generally contain discrete S anions separated
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Figure 2. a. ELF, spatial charge distribution of valence band maximum (VBM) and conduction band minimum (CBM) for -Li, S, with iso-surface
value set to 0.700, 0.002, and 0.002 e/A3, respectively. b. E| u/E, evolution profile. c. Calculated band structure of f-Li,S¢ based on HSE scheme. d.

COHP analysis for S—S bonds in the S; chain of $-Li,S,.

by Li ions, similar to the solid bulk phase. For other higher-
order polysulfide clusters, a longer sulfur chain appears, whose
chain length is consistent with their stoichiometry. Based on
the Bader charge analysis, it is revealed that only terminal
sulfur in the sulfur chain will acquire considerable electrons
from lithium, similar to the case of molecules (Figures S1—S6).
Next, for solid phases, the crystalline structures for Li,S,, Li,S;,
Li,S,, Li,Ss, Li,Se, and Li,Sg are all determined based on
similar methods, which have not been systematically clarified
yet according to the best of our knowledge. Figure 1a presents
the atomic configurations of solid phases of Li,S,, Li,S,, Li,Sq,
and Li,Sg, while others are shown in Figure S7, whose lattice
parameters, atomic positions, and space groups are collected in
Tables S1—S9. Generally, higher-order polysulfides exhibit Li—
S networks while S—S chains exist between neighboring planes
and further connect with them. Simulated Bader charge in such
a geometry shows that transferred charge from lithium to sulfur
concentrates on the Li—S plane, and the covalent S chain
barely receives electrons from lithium (Figures S4—S6). It is
worth noting that, among higher-order solid state polysulfides,
only Li,Ss possesses short S; chains rather than long Sy chains
in the traditional view, endowing it with the highest-density
~1.92 g/cm® (Figure S8) and unique dynamic and electronic
properties, as shown in the following text.
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To identify stable solid phases, we calculated the formation
energies for various Li—S species and plotted the phase
diagram. As shown in Figure 1b, Li,S sits in the bottom of the
convex hull, with the Li,Sg and Li,S4 phases being the stable
intermediates. There is also a metastable phase of Li,S4 with
~4 meV above the hull, and the stable and metastable solid
phases of Li,S¢ are denoted as @ and f phases in the following
text. Such a trend of the calculated convex hull is the same
when applying different vdW methods (Figure S9). Other solid
phases, Li,S,, Li,S;, Li,S,, Li,Ss, and Li,S,, are thermodynami-
cally unfavorable However, Li,S, and Li,S, locate very closely
to the convex hull, approximately ~10 meV and ~5 meV
above. Therefore, Li,S, and Li,S,, as metastable intermediates,
are also likely to form during discharge, and this may be the
primary reason that many experiments can observe these
phases. Thus, during the following discussions, we will mainly
concentrate on stable phases as Li,S, Li,Ss, and Li,Sg, and
metastable phases as Li,S, and Li,S,.

The formation energy evolution was further plotted in
Figure lc to show the evolution process from molecules and
nanosize clusters to solid phases and from higher-order to
lower-order polysulfides. First, for polysulfide molecules, the
stability significantly decreases from Li,S, to Li,S, while higher-
order species have similar formation energies. On the other

hand, polysulfide tetramers and solid phases exhibit the
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Figure 3. a. Evolution of lithium chemical potential for dissolved polysulfide molecules in different electrolytes and polysulfide solid phases. b.
Atomic configuration of Li,S¢/DOL and Li,Sg/DOL interface after 20 ps and 10 ps AIMD simulation. Calculated energy evolution profile for the
dissolution process on ¢ (001) and d (100) slabs of solid state Li,Sg, and corresponding initial and final atomic configurations are presented in the

inset.

opposite trend: the absolute value of formation energy and
thus stability gradually increase when evolving from Li,Sg to
Li,S. From the energy evolution profile, we can clarify
polysulfides into three categories. The first one contains Li,S
and Li,S,, whose molecular phases are highly unstable, and
stability will be greatly improved when forming nanosize
clusters and solid phases. The second one refers to Li,S, and
Li,Ss, where the formation energy difference between
molecular phases and solid phases is around 0.4 eV per
atom, denoting a moderate cohesive tendency. The third
category only includes Li,Sg which exhibits the similar
formation energy for molecules, nanosize clusters, and solid
phases. Furthermore, solid state Li,Sg, having a porous
structure formed by long Sg chains, is more like a molecular
crystal, which will be easily dissociated into electrolytes
(section III).

To demonstrate their dynamical stabilities, phonon spectra
were simulated, shown in Figure 1d (« phase Li,S¢) and Figure
S10 (other solid phases). All solid phases lack imaginary modes
and possess robust dynamical stability. Partial densities of
states (PDOS) were further calculated to analyze the
characteristics of Li—S and S—S bonds. For the PDOS of a
phase Li,S4 in Figure 1d, S—S bond vibration appears at the
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lower frequency region (0—5 THz), and Li—S bond vibration
modes range from S to 10 THz, being consistent with previous
studies."® Such a distribution is a general feature for other solid
phases, reflecting the similar bonding types in Li—S species.
However, for solid phases of Li,Ss with the unique S; chain,
additional states about the stretching mode of the S; unit
appear at around 15 THz, yielding the highest vibration
frequency.

II. Electronic Properties. Beside their thermodynamic and
dynamic stabilities, we further unraveled their electronic
properties, and the electronic localization function (ELF)
was first analyzed and presented in Figure 2a and Section SIV.
With f-Li,S¢ taken as a typical example, Figure 2a shows that
electrons mainly localize around sulfur atoms with the electron
localization level around 0.7, reflecting the covalent bond
nature. The LUMO—HOMO energy intervals (E_ ) for
molecules/clusters and band gaps (E,) for solid phases are
further simulated. It is interesting to find that gaps of Li,S will
be enlarged when going from molecules, through nanosize
clusters, and finally to solid phases (Figure 2b). For Li,S, (n =
2,4, 6, 8), the evolution trend is the opposite, where band gaps
are reduced when polysulfides are aggregated, especially for a

DOI: 10.1021/acs.nanolett.9b03297
Nano Lett. 2019, 19, 7487-7493


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03297/suppl_file/nl9b03297_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03297/suppl_file/nl9b03297_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03297/suppl_file/nl9b03297_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b03297

Nano Letters

and f phases of Li,S4 with band gaps as low as 0.70 and 0.47
eV based on the HSE06 scheme.

Charge density spatial distributions for HOMO/LUMO/
CBM/VBM states are presented in Figure 2a (f-Li,Ss) and
Section SIV, exhibiting two kinds of charge spatial distribution
depending on the existence of sulfur chain. For (Li,S), (x = 1,
2, 4, 8), HOMO states are contributed from discrete p orbitals
of sulfur due to the lack of a sulfur chain, while LUMO states
mainly concentrate on lithium atoms with delocalized feature.
For sulfur-chain-containing systems, HOMO/VBM and
LUMO/CBM are dominantly distributed on different parts
of the S chain (Figure 2a and S12—S19). For instance, in solid
phases, VBM states concentrate on the Li—S interconnected
plane, and CBM states belong to the interplanar sulfur chain.
Therefore, charge transfer from VBM to CBM in these solid
phases is spatially separated, leading to poor conductivity
accordingly. In contrast, edge states for the two solid phases of
Li,S¢ are quite different due to their unique S; chain pattern.
For f phase Li,S;, both CBM and VBM exhibit the
characteristics of anti-z bonds, which are composed of p,
states of sulfur perpendicular to the (100) Li—S plane (Figure
2a). The a phase has a similar but less remarkable distribution
feature (Figure S16). Crystal Occupation Hamilton Population
(COHP) evaluation was performed to investigate the S—S$
bonds of the S; chain in -Li,Ss. As shown in Figure 2d, it can
be observed that such symmetric S; chains will result in two
close antibonding states around the Fermi level for both S,-S,
and S,—S; bonds, leading to the smallest band gap of 0.47 eV
accordingly.

lll. Dissolution Behaviors: Thermodynamics and
Kinetics. After identifying their geometric and electronic
properties, dissolution behavior was further explored. Here, we
have mainly considered polysulfide—dimethoxyethane
(DME)"?/dioxolane (DOL)*° systems, which are most
commonly adopted in experiments. Dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) solvents with high
donor number and dielectric constant™" are also investigated to
demonstrate the reasonability of our model. To compare the
stability of dissolved molecules, nanosize clusters, and solid
polysulfides, lithium chemical potential is applied. More
detailed descriptions are shown in the Supporting Information.

The evolution of lithium chemical potential at different
lithiation stages is presented in Figure 3a. For polysulfide
molecules, we have tested DME/DOL/DMF/DMSOQO electro-
lyte systems, exhibiting two kinds of evolution processes. For
the DME/DOL system, polysulfide molecules Li,S, (n > 4)
are more stable than the solid intermediates since the
formation of the Li—O bond greatly deforms their atomic
structure. For Li,S, and Li,S, dissolved molecules still possess
higher energy than their solid phases, consistent with the phase
transition during lithiation stages. On the other hand, for
DMF/DMSO systems, the enhanced dielectric constant
increases the solubility of polysulfides, particularly for Li,Ss.
Furthermore, solid state Li,S, can also be slightly soluble in
DMSO, in accordance with the detected solubility of Li,S, in
DMSO.”* Next, compared to molecular phases, the lithium
chemical potential of polysulfide nanosize clusters falls into the
intermediate region between corresponding bulk phases and
molecules, as expected (Figure S20). Generally, for the three
categories of polysulfides as mentioned in section II, different
dissolution behaviors are exhibited: (1) solid phases Li,S and
Li,S, are more stable than dissolved molecules and clusters;
(2) Li,S, and Li,S4 have moderate thermodynamic dissolution
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tendency; (3) Li,Sg possesses high solubility since dissolved
dimers and molecules of Li,Sg have similar y;; that is much
lower than solid phases. The above classification is also
suggested by the solubility detected in experiments: for Li,Sq,
the solubility in DOL/DME is only around 1 M/L, while Li,S,
is more insoluble than Li,Sg; both are far below the value ~6
M/L for Li,S¢.**

Except for thermodynamic simulations, we further explored
their kinetic behaviors. Here, the ab initio molecular dynamics
(AIMD) simulation was applied to investigate the interfaces
formed by DOL solvents and two kinds of typical
intermediates as solid state Li,S4 and Li,Sg. Snapshots of the
AIMD simulations after 20 ps are shown in the left panel of
Figure 3b. It indicates the deformed surface of the Li,S¢ slab,
while the whole atomic structure still holds together without
observing the dynamic dissolution process. Similar to Li,S, the
dynamic behavior for the (001) slab of Li,Sg was also studied.
Figure 3b shows the atomic configuration of the Li,Sg/DOL
electrolyte interface after 10 ps. It can be clearly seen that the
thin Li—S plane is deformed severely along with the
dissociation of the long Sg chain. Furthermore, the kinetic
behavior for the polysulfides/DME interface is also explored
(Figure S21), which exhibits the same behaviors as that in
DOL, further verifying the similar thermodynamic and kinetic
polysulfide dissolution behaviors for polysulfides in both DME
and DOL solvents.”® Therefore, AIMD simulation demon-
strates that the dissolution of Li,Sg can easily happen, while for
aggregated Li,S¢, it may possess a certain stability against
dissolution. To quantitatively describe the dissolution
impedance, the climbing image-nudged elastic band (CI-
NEB) methods were further applied for the polysulfides/DOL
interface. The energy evolution profiles for the dissolution
process are shown in Figure 3c and d for (001) and (100) slabs
of Li,S¢ respectively. Results indicate that the dissolution
energy barrier is 0.91 and 1.04 eV for (001) and (100) surfaces,
which is a sizable value and illustrates the observations during
AIMD simulation. To conclude, thermodynamic calculation
about the lithium chemical potential verifies the observed
solubility of polysulfides in experiments. However, kinetic
simulations reveal that the dissolution of solid state Li,S4 in
DOL/DME electrolyte will be impeded by a sizable energy
barrier, while solid state Li,Sg is highly unstable against
dissolution.

IV. Polysulfide Conversion: Voltage Profile for
Discharge/Charge. Based on the dissolution process, we
can thus describe the voltage evolution in a confined cathode
system. Since Li,Sg exhibits considerable dissolution tendency
and strong molecular features, it is treated as dissolved
molecules, and Li,S, and Li,S are considered as solid phases.
On the other hand, the second category, Li,S4 and Li,S,, has a
sizable dissolution energy barrier and moderate cohesive
tendency, and the formation of solid phases will be further
enhanced in the optimized cathode system. Therefore, they are
modeled as solid phases confined in cathode materials.

The phase transition for the charge/discharge process can be
illustrated as Figure 4a while the corresponding voltage
evolution profile is presented in Figure 4b and Table 1. The
discharge process can go on in the following pathway: (1)
soluble Li,S is formed in the first plateau with voltage 2.49 V.
(2) Li,Sg is transformed to aggregated solid state Li,S¢ and
Li,S, along with the formation of Li,S, and Li,S. This region
corresponds to the transitional stage with voltages ranging
from 2.29 to 2.10 V. It is worth noting that dissolved Li,Sg
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tends to dissociate into higher-order polysulfides (Li,Ss and
Li,S,) and Li,S, and Li,S at the same time, as this is more
thermodynamically favorable than only forming Li,S, and Li,Sq
species. Experimental observation that Li,S appears at the
initial stage of the second plateau further verifies our
approach.” Due to the conversion from the dissolved
molecular structure into confined solid phases, the voltage in
this stage is relatively lower, thus reproducin§ the dip in the
voltage profile observed in the experiments.”*° (3) Confined
solid phases (Li,Ss and Li,S,) are further converted to Li,S,
and the final discharge product Li,S with voltage ~2.37 V.
Solid phase conversion in this stage would be sluggish and
induce overpotentials, so the calculated value is higher than
that in the experiments. For the charge process, the differences
occur in region II, where liquid—solid transformation happens.
As shown in Figure 4a and Table 1, the flat voltage plateau was
maintained since solid state Li,Sq was involved in the
electrochemical process and is responsible for the voltage in
this region. Then, spontaneous dissolution happens, producing
dissolved reactants in region I, while for discharging, the solid
state Li,Sg phase is missed and the electrochemical deposition
of dissolved species induces the voltage dip. Therefore, the
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Table 1. Discharge and Charge Processes of Li—S Batteries
when Polysulfides Are Confined in the Optimized Cathode
System”

region reaction phases voltage/V
I Sg + 2Li — Li,Sg* Dissolved 2.49
molecules

I Discharge Li,Sq
LipSg* + 2Li — Li,Sq + LiyS, 2.10
Li,Sg* + 4Li — LiS¢ + 2LiyS 224
Li,Sg* + 4Li — Li,S, + 2Li,S, 221
Li,Sg* + 8Li — Li,S, + 4Li,S 2.29
Charge Confined Solid

Phases

Li,Sg + 2Li,S — LisSg + 4Li  Li,Se LirS, 2.42
Li,S¢ + Li,S, — LipSg + 2Li 2.47
Li,S, + 4Li,S — Li,S + 8Li 2.39
LiS, + 2Li,S, — Li,Sg + 4Li 2.40

I LiSe + 2Li — LiS, + Li,S, 233
Li,S¢ + 4Li — Li,S, + 2Li,S 2.35
Li,S¢ + 4Li — 3Li,S, Solid Phases 2.36
Li,S¢ + 10Li — 6LiS Li,S,, Li,S 2.37
Li,S, + 2Li — 2Li,S, 2.39
Li,S, + 6Li — 4Li,S 2.38
Li,S, + 2Li — 2Li,S 2.37

“Li,Sg* denotes dissolved states while Li,Sg represents solid phases.

characteristics on the two plateaus of discharge and one flat
plateau of charge can be clarified from a thorough theoretical
perspective.

Finally, we will give some further suggestions on the future
design of Li—S batteries. First, the dissolution process will lead
to the different characteristics of discharge and charge, and
further impair the long-term cycling performance. A successful
repression of dissolution will ameliorate the dip in discharge
and further produce the flat voltage profile, as demonstrated by
Nazar et al. in experiments.” Such modification on the voltage
dip of the discharge voltage profile can be used to evaluate the
effectiveness of prevention on polysulfide dissolution. Second,
to guide operando experiments for detecting polysulfides in a
confined cathode system, Raman spectra were further
calculated and shown in section SVI. Third, we have taken
graphene as a typical example and calculated the binding
energies toward Li,S molecules, dimers, tetramers, octamers,
and slabs of solid phase, which verifies that the aggregated
phase would be more stable and reasonable when considering
polysulfides/loading material interactions (section SVII).
Therefore, the further exploration of polysulfide conversion
among aggregated phases will serve as theoretical guidance for
future cathode material design in the Li—S battery.

B CONCLUSION

In conclusion, we have systematically identified polysulfide
clusters and solid phases, whose geometric structure, stability,
and electronic properties are elaborated. Phase diagram and
formation energy evolution reveal stable solid phases as Li,Sg
and Li,S4 and metastable phases as Li,S, and Li,S,, which all
possess excellent dynamical stabilities. Electronic structures
indicate that aggregated polysulfide clusters and solid phases
have reduced band gaps, which is most remarkable for -Li,S4
with a band gap as low as 0.47 eV. Furthermore, we have
simulated the dissolution process and found that Li,Sg4
possesses a sizable dissolution energy barrier although it
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tends to dissolve thermodynamically. Under the confined
cathode material system, we have finally proposed the
corresponding lithiation/delithiation process based on multi-
step conversions among polysulfide solid phases, being
consistent with experiments. This work not only elaborates
various polysulfide species, but also illustrates their dissolution
behavior and multistep conversions, shedding light on
understanding complex reactions in the Li—S battery.
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