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Soluble lithium polysulfide intermediates dissolve and shuttle during the process of charge/discharge,

leading to the rapid capacity decline of a Li–S battery. Density functional theory (DFT) computation is

used to research the thermodynamic behavior of the polysulfides. The computation indicates that the

stable molecular structures tend to be in a ring shape. This is helpful for cathode modification at

a molecular level to fix the polysulfides.
With a growing demand from sophisticated functions in
portable digital products to application in electric vehicles,
a high energy storage system has become a necessity in our daily
lives.1–4 Compared with conventional lithium-ion batteries, the
Li–S battery exhibits a higher energy density of 2600 W h kg�1;
the cathode of the Li–S battery enjoys a high theoretical specic
capacity of 1672 mA h g�1,5,6 which is much higher that of the
lithium ion battery, which is generally less than 300 mA h g�1.
So, the Li–S battery has attracted more and more attention as
a promising next generation energy storage system.7–13 In
addition, the larger resource reserve of sulfur on the earth and
the lower cost of sulfur provide strong market competitiveness.
However, many challenges are still facing the Li–S battery
technology. The rst problem is the electrical insulation of
sulfur;14 the second and the main problem for the Li–S battery
cathode is the dissolution and shuttle behavior of polysulde.
Soluble lithium polysulde intermediates (Li2Sx, 2 < x < 8)
dissolve in organic electrolyte and shuttle from the cathode to
the anode, leading to rapid capacity decline and low columbic
efficiency.15,16 The poor electron conductivity of sulfur has been
greatly improved by coupling high conductive materials such as
multiwalled carbon nanotubes and graphene oxide. The disso-
lution and shuttle of polysuldes need to be studied further.

As for the dissolution of polysuldes in the Li–S battery,
much work has been done to modify the (S) cathode.12,17–22
ence and Engineering, School of Material

of Technology, Beijing 100081, China.

ic Vehicles in Beijing, Beijing, 100081,

(ESI) available: Distances of all S–S
mization. The distances and binding
ium ions in DOL and DME solvation.
timization for Li2S6 in DOL and DME.
larized continuum model of DOL and
s free energy of Li+ solvation. The

lithium polysuldes. See DOI:

hemistry 2017
Zhang et al. have proposed a unique strategy by building
a cooperative interface between the S cathode and a separator to
suppress the polysulde shuttle and enhance the reaction
kinetics with LDH@NG separators.23 They also have designed
a polar hybrid host material of TiC nanoparticles, which is
grown within a porous graphene framework to localize the
mobile polysulde intermediates by chemisorption.24 In addi-
tion, chemical modication using N or O dopants has been
proved to signicantly enhance the interaction between the
carbon hosts and the polysulde guests, thereby effectively
preventing the shuttle of polysuldes.25 Furthermore, research
on electrolytes is also important to understand the mechanism
of polysulde dissolution and reaction.26 An in situ 7Li NMR
technique has been used to probe the transient polysulde
redox reactions involving charged free radicals as intermediate
species.27 A cation permselective membrane has been intro-
duced to improve the stability and coulombic efficiency of
lithium–sulfur batteries by conning the polysuldes on the
cathode side.28 Different kinds of solvent structures have been
investigated by changing the ratio of ether/alkyl moieties to vary
the solubility of lithium polysulde.29 The chemical reactivity of
polysuldes with carbonate-based electrolytes has been inves-
tigated, and it is found that the polysuldes react with
carbonate-based electrolytes via a nucleophilic addition or
substitution reaction, leading to a sudden capacity fading of
lithium–sulfur cells.30 First principles calculation has been
carried out on the energetic and electronic properties of Li2S2,
showing that Li2S2 is subject to spontaneous disproportion-
ation.31 Synchrotron high-energy X-ray diffraction analysis and
in situ transmission electron microscopy have been used to
characterize dry powder deposits from lithium polysulde
solution and the lithium diffusion to sulfur.32 DFT calculations
have revealed that Li2S8 accepts electrons more readily than S8
and Li2S6, so that it is thermodynamically and kinetically
unstable.33 A solvent-in-salt electrolyte has been used in a Li–S
cell, which can inhibit dissolution of polysulde.9 The salt
decomposition, solvation effects, interactions among
RSC Adv., 2017, 7, 33373–33377 | 33373
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Fig. 1 The solvation structure of lithium polysulfides (Li2Sx, 1 # x # 8,
a–h) in DOL solvent; the lithium polysulfide geometries are sur-
rounded by six DOLmolecules. Dark gray, white, red, yellow and violet
spheres denote C, H, O, S and Li atoms/ions, respectively.
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intermediate products and other species have been investigated
by density functional theory and ab initio molecular dynamics
simulations.34 The theoretical predictions and experimental
observations have also conrmed that DOL prefers to react with
Li metal and release C2H4 gas, while the DME molecule has
good stability.35 Although research on polysuldes from the
point of view of the electrolyte has been given attention, the
stable three-dimensional molecular structures of polysuldes in
solution are rarely involved. In particular, the three-
dimensional molecular structures of polysuldes could
provide guidance for the modication of the cathode at
a molecular level to x polysuldes. In addition, the polysulde
degradation mechanism is still controversial, and this is
a complex problem. Although some polysulde mechanisms
have been proposed,36–39 none of them could completely explain
the reaction mechanism of the Li–S battery. The reaction
contains complicated disproportionation. No single technique
is capable of identifying and quantifying the polysulde
species.40 Fundamental thermodynamics steady state research
could also analyze the polysulde degradation mechanism, and
the S–S bond breaking of polysuldes also needs to be further
investigated to understand the distribution and transformation
of polysuldes and to suppress the shuttle effect by researching
the binding energies of S–S bonds. Oleg Borodin et al. have
researched the solvation in carbonate esters by different kinds
of quantum chemistry calculation and simulation.41–46 Lithium
polysuldes in ether solvation should be further researched.

In this work, the DFT method is used to systematically
research lithium polysulde and its possible degradation in the
Li–S battery. The stable three-dimensional molecular structure,
solvation energy and the dissociation of polysuldes are studied
in DOL and DME, respectively. The detailed calculations and
analysis will be reported in this work.

Quantum chemical calculations were completed through the
density functional theory (DFT) method with Becke's three
parameters (B3) exchange functional along with the Lee–Yang–
Parr (LYP) nonlocal correlation functional (B3LYP). All the
structural optimizations were treated at B3LYP/6-31+G(d,p)
level. In order to make zero-point energy (ZPE) corrections,
frequency analyses are made with the corresponding basis sets.
All the single point energy calculations were performed at
B3LYP/6-311++G(3df,3dp) level for more accurate calculation.
The outer solvation shells were also considered by using
polarized continuum models (PCM). The outer shells solvent
effects were completed by geometry optimization at C-PCM-
B3LYP/6-31+G(d,p) in DOL solvent (dielectric constant of 7.1)
and DME solvent (dielectric constant of 7.2), respectively. In
addition, counterpoise corrections were employed to minimize
the “Basis Set Superposition Error” (BSSE) when calculating
binding energies. All of the DFT calculations were performed
with the Gaussian 09 program package.47

Ionic association interactions are typically classied as
either solvent-separated ion pair (SSIP), contact ion pair (CIP),
or aggregate (AGG) coordination, depending upon whether the
anions form coordinate bonds with zero, one, or more than one
Li+ cations, respectively.41–44 In order to study the dissolution
and dissociation of the lithium polysuldes, the CIP model is
33374 | RSC Adv., 2017, 7, 33373–33377
employed to optimize the stable three-dimensional molecular
structures of lithium polysuldes in solution (Li2Sx, 1 # x # 8)
by the DFT method. Fig. 1 shows the molecular structure of
lithium polysuldes (Li2Sx, 1 # x # 8) in DOL. Six DOL mole-
cules around one of the polysuldes are employed to simulate
the solvation in all the quantum chemistry optimizations.

Fig. 1(a–f) show the solvated structures of Li2S, Li2S2, Li2S3,
Li2S4, Li2S5, Li2S6, Li2S7 and Li2S8 in DOL, respectively. From the
gure, it can clearly be seen that the short chain lithium poly-
suldes (Li2Sx, 1 # x # 3) have a linear sawtooth structure, but
for the long chain lithium polysuldes (Li2Sx, 4 # x # 8), the
solvated structures tend to be rings. In a previous study, many of
the long chain polysuldes were regarded as linear chains. Our
calculated results demonstrate that the stable long chain poly-
suldes have a cyclic structure, which is helpful for recognizing
the polysuldes at a molecular level, which could better guide
the modication of the cathode to suppress the shuttle of the
polysuldes. Video 1† shows the process of structural optimi-
zation for Li2S6 which is surrounded by six DOL molecules (see
ESI Video 1†). It can clearly be seen that at the beginning of the
optimization the structure of Li2S6 is linear sawtooth, but as the
optimization proceeds, the structure of Li2S6 gradually shrinks
to a cyclic structure. In addition, the outer solvation shells of
DOL are also considered by using PCM, and the optimized
result also demonstrates that the stable structure of Li2S6 is
cyclic under solvation conditions, and the implicit solvent has
a negligible effect on the structure of lithium polysulde (see
Fig. S1†). LiTFSI is also introduced into the solvation structure,
which indicates that the structure of polysulde is also cyclic
with the existence of LiTFSI (see Fig. S2†). The theoretical
calculations demonstrate that a cyclic structure for long chain
lithium polysuldes (Li2Sx, 4# x# 8) is more stable in the DOL
solvent. In addition, it can clearly be seen that there is no
evident interaction between DOL and Sn groups; the DOL
combines more easily with a Li atom. Therefore, it should be the
case that the polar O atoms in the DOL combine with the Li
atom in lithium polysuldes forming complexes in the
This journal is © The Royal Society of Chemistry 2017
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dissolution process. And the Li–S bond is elongated, leading to
the stronger negative electricity of the Sn groups, which accel-
erates the destruction of crystal structure for lithium poly-
suldes, owing to the two like electric charges of the Sn groups
repelling each other. Therefore, the dissolution of lithium pol-
ysuldes should be ascribed to the solvation of the Li+ group
when using a DOL solvent. It is also indicated that one Li+

combines with at most four DOL and three DME by DG calcu-
lation (see Fig. S3†). The dissolution of lithium polysuldes is in
accord with the dissociation of lithium polysuldes.

Furthermore, the solvation of lithium polysuldes in DME
was investigated. Four DME molecules are employed to
surround the lithium polysuldes. This is similar to the solva-
tion structures in DOL solvent; the short chains of lithium
polysuldes (Li2Sx, 1 # x # 3) have a linear sawtooth structure,
but the long chains of lithium polysuldes (Li2Sx, 4 # x # 8)
have a cyclic structure in DME solvent (see Fig. 2). Video 2† also
shows the optimization process of Li2S6 in DME solvent (see ESI
Video 2†). From the video, it can be clearly seen that the linear
sawtooth structure of Li2S6 gradually transforms to the ring
structure in the optimization process. Fig. S4† also shows the
optimized structure of Li2S6 in the outer solvation shells of DME
by using PCM, and the cyclic structure is clearly shown.
Therefore, the calculation results suggest that the cyclic struc-
ture for the long chain lithium polysuldes is more stable in
both DOL and DME solvents. The difference for the solvation
structure of lithium polysuldes in DME is that the lithium ions
tend to locate on themiddle of the Sn group at both ends, but for
Fig. 2 The solvation structure of polysulfide (Li2Sx, 1 # x # 8, a–h) in
DME solvent; the polysulfide geometries are surrounded by four DME
molecules. Dark grey, white, red, yellow and violet spheres denote C,
H, O, S and Li atoms/ions, respectively.

This journal is © The Royal Society of Chemistry 2017
the DOL solvent, the lithium ions locate on the respective ends
of the Sn group.

Moreover, the binding energies of all S–S bonds in lithium
polysuldes in both DOL and DME solvent were analysed aer
optimization. The binding energies of S–S bonds are calculated
by splitting all the lithium polysuldes at every S–S bond.
Table 1 exhibits the S–S binding energies in DOL solvent. The
binding energies of S1–S2, S2–S3 and S3–S4 for Li2S4 are 1.989,
1.465 and 1.986, respectively. The results suggest that the S2–S3

may be previously broken to form two S2. The binding energies
of S1–S2, S2–S3, S3–S4 and S4–S5 for Li2S5 are 2.225, 1.472, 1.36
and 2.304 eV, respectively. This indicates that the S2–S3 or S3–S4

bonds may break to S2 and S3. Perla B. Balbuena48 et al.'s
calculation also indicates that S5 later decomposes into S3 + S2
and S3 into S2 + S. In addition, the binding energies of S1–S2, S2–
S3, S3–S4, S4–S5 and S5–S6 bonds for Li2S6 are 2.344, 1.487, 1.242,
1.647 and 2.238 eV, indicating that S3–S4 might be broken into
two S3. Similarly, the S3–S4 bondmay undergo bond rupture and
form S3 and S4 radicals in Li2S7. For the Li2S8, the S

3–S4 or S5–S6

bond may be broken into S3 and S5 radicals.
Table 2 shows the binding energies of S–S bonds in lithium

polysuldes aer optimization in DME solvent. The binding
energy of the S2–S3 for the Li2S4 is 2.109 eV, which is less than
that of the S1–S2 (2.435 eV) and S3–S4 (2.435 eV), indicating that
the two S2 radicals may be formed more easily. For the Li2S5, S3
and S2 formation may occur. The binding energy of the S3–S4

bond (3.151 eV) is the minimum for Li2S6, indicating that two S3
may be formed by breaking the S3–S4 bond. For the Li2S7, S3 and
S4 may be obtained easily. Similarly, for the Li2S8, S

3–S4 (3.441
eV) or S5–S6 (3.44 eV) may be broken to S3 and S5. Ab initio
molecular dynamics simulation also suggests that the PS chain
Table 1 Binding energies of all S–S bonds in polysulfides after opti-
mization in DOL solvent. The energy unit is eV

DOL S1–S2 S2–S3 S3–S4 S4–S5 S5–S6 S6–S7 S7–S8

Li2S2 3.319 — — — — — —
Li2S3 2.018 2.127 — — — — —
Li2S4 1.989 1.465 1.986 — — — —
Li2S5 2.225 1.472 1.36 2.304 — — —
Li2S6 2.344 1.487 1.242 1.647 2.238 — —
Li2S7 2.321 1.663 1.407 1.527 1.62 2.309 —
Li2S8 2.37 1.689 1.262 1.829 1.319 1.769 2.303

Table 2 Binding energies of all S–S bonds in polysulfide ions after
optimization in DME solvent. The energy unit is eV

DME S1–S2 S2–S3 S3–S4 S4–S5 S5–S6 S6–S7 S7–S8

Li2S2 3.561 — — — — — —
Li2S3 2.861 2.745 — — — — —
Li2S4 2.435 2.109 2.435 — — — —
Li2S5 3.914 3.348 2.865 4.103 — — —
Li2S6 4.079 3.457 3.151 3.457 4.079 — —
Li2S7 3.985 3.609 3.162 3.468 3.415 4.148 —
Li2S8 4.135 3.676 3.441 3.817 3.44 3.677 4.135

RSC Adv., 2017, 7, 33373–33377 | 33375
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of Li2S8 reacts with two Li atoms and, in most cases, it was
observed to break into Li2S3 and Li2S5.49

The Raman spectra of lithium polysuldes in a DOL solva-
tion structure were also calculated. Fig. S5† shows the Raman
spectra of Li2Sn (2 # n # 8), which clearly show that polysulde
species generally stay in the wavenumber region of 150–550
cm�1, which is in accord with previous studies.50–54 In addition,
characteristic polysulde Raman position lines can be found in
the area between 400 and 500 cm�1 (S–S stretch vibration) and
below 250 cm�1 (bending and torsional modes).51
Conclusions

The lithium polysulde reaction mechanism is crucial for the
high energy density Li–S battery. DFT calculations suggest that
the stable molecular structure for short chain lithium poly-
suldes (Li2Sx, 1 # x # 3) is linear sawtooth, but the stable
molecule structure for long chain lithium polysuldes (Li2Sx, 4
# x# 8) tends to a ring in both DOL and DME solvents, which is
important for cathode modication at a molecular level to x
the polysuldes. In addition, S2 and S, two S2, S3 and S2, two S3,
S3 and S4, and S3 and S5 may be formed by the decomposition of
Li2S3, Li2S4, Li2S5, Li2S6, Li2S7, and Li2S8, respectively in both
DOL and DME solvation. Furthermore, the mechanism of
lithium polysulde decomposition is complicated, and more
combinational work of calculation and experiment is needed to
clarify it completely. In addition, further investigations with
SSIP and AGGmodels are needed to understand the solvation of
lithium polysuldes.
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