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X-ray absorption spectroscopy (XAS) is used for capturing the reaction mechanisms at the molecular level
via the determination of local electronic configurations inside Li—S batteries. In this paper, a comprehensive
investigation of the S K-edge X-ray absorption near-edge structure (XANES) of a series of stoichiometric
lithium polysulfide solids was performed, assuming that these polysulfide solids are formed during the
battery cycling process. The results based on density functional theory show that the pre-edge peak in the
S K-edge XANES spectra is not a common feature in the solid phase in contrast to the case of pristine
polysulfide molecules where the pre-edge peak constitutes a unique signature when dissolved in liquid
electrolytes. A general redshift in the S K-edge XANES peak is found when a Li vacancy is introduced in

Received 19th May 2021, these lithium polysulfide solids. Furthermore, the first peak positions of the S K-edge XANES spectra of the

Accepted 22nd August 2021 lithium polysulfide solids appear within a small range (2471-2473 eV) overlapping with the white line of the
a-Sg bulk (~2472 eV). Therefore, the results suggest that the use of additional characterization methods

might be necessary for accurately identifying the elusive solid phase lithium polysulfides in Li—S batteries
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1. Introduction

The need for renewable energy sources alternative to fossil fuels
has become urgent due to the increasing environmental pressure.
To reduce greenhouse gas emissions, full electric vehicles (EVs)
powered by Li-ion batteries (LIBs) are becoming an important
alternative to the traditional internal combustion engine vehicles.
However, a higher energy density battery is still needed to extend
the cruising range of EVs at a lower cost. The Li-S battery system
is an attractive candidate to substitute LIBs because of its ultra-
high theoretical specific energy (2500 W h kg™ '), which is a few
times higher than that of the current LIBs."* A major obstacle
that prevents the commercialization of Li-S batteries is the
“shuttle effect”, a phenomenon associated with the high solubility
of intermediate discharge products (polysulfides) in liquid elec-
trolytes which will reduce the active sulfur and corrode the
lithium metal.>” Several attempts have been made to suppress
the shuttle effect. One effective way is trapping intermediate
polysulfides to confine them within the electrodes with which
only Li* can diffuse through the boundary, such as microporous
structures® ™ and polymer coatings.”** The spatial confinement
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instead of relying only on S K-edge XANES spectroscopy.

may lead to the formation of solid phase discharge products, and
various stoichiometric ratios of Li and S (Li,S,) will vary succes-
sively from elemental sulfur to intermediate polysulfides and
subsequently to the final product Li,S when the battery is
discharged continuously. A recent experimental study demon-
strated a quasi-solid state sulfur conversion during the Li-S
battery discharging process, which also indicates the presence
of solid phase lithium polysulfide intermediates."

To understand these elusive intermediate species, sulfur K-edge
X-ray absorption near edge structure (XANES) is a promising
characterization technique to probe the sulfur element’s local
chemical environment/oxidation state, which has been widely used
for performing a comprehensive study of the reaction mechanism
inside Li-S batteries.”'*'*™"” However, interpreting the S K-edge
XANES results is quite problematic due to a great variety of
metastable polysulfide intermediates and the lack of XANES
spectral reference fingerprints, especially in solid phase lithium
polysulfides. In contrast to the lithium polysulfide molecules
dissolved in liquid electrolytes, single crystalline phase Li,S, are
barely synthesized experimentally due to the thermodynamically
meta-stable’® and complex properties of these lithium-sulfur com-
pounds. Experimentally, mixtures with a specific stoichiometric
ratio of lithium sulfide and sulfur have been used to establish the
standards of Li,S,.'">"® The pre-edge peak around 2470 eV of the
S K-edge XANES spectrum is considered as the signal of linear S,>~
dianion formation.'*'®'® To aid the XANES spectra in experiments,
first-principles-based calculations have been performed for a single
polysulfide (Li,S,) molecule dissolved in tetraglyme (TEDME)
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electrolyte by Pascal et al®® The pre-edge and main peaks are
assigned to the terminal and internal S atoms of the linear
polysulfide dianions, respectively. Compared to polysulfide mole-
cules in liquid electrolytes, fewer studies have focused on the solid
phase of lithium polysulfides due to their low stability under
ambient conditions. Recently, an experimental XANES study sug-
gested that the solvation of polysulfides can be well suppressed
by the combination of an alucone-coated C-S cathode and a
carbonate-based electrolyte.” A solid phase transition mechanism
from sulfur directly to Li,S was proposed as evidenced by the
absence of the pre-edge peak of polysulfides in the spectra.” Since
there is a lack of a systematic study of XANES spectra for a wide
range of solid phase stoichiometric lithium polysulfides, the above
interpretation appears to be somewhat ambiguous.

In this paper, we have investigated the XANES spectra of
lithium polysulfide crystalline structures ranging from Li,S, to
Li,Sg. The predicted structures are thermodynamically stable
and are metallic or semiconducting with a small band gap
compared to that of the insulating Li,S.'® Besides, the unique
molecular signatures of S, chains in the solid phase polysul-
fides are well preserved, analogous to conventional molecular
solids. In contrast to the XANES spectra of pristine polysulfide
(Sy>7) molecules in solution, the iconic pre-edge peak in the
S K-edge XANES spectra of S, is predicted to be absent in
solids. Due to the significant effect of a Li vacancy on the
XANES spectra, the results show that the local coordination of
sulfur species is an important factor in dictating the XANES
characteristics of lithium polysulfides.

2. Computational method

The search for low-energy crystalline structures of lithium
polysulfides (Li,S,, x = 3-8) was performed with the CALYPSO
code using the particle swarm optimization methodology.>"**
The validity of this methodology for finding stable or meta-
stable structures has been confirmed in a variety of systems,
including the Li-S system.>*”>* The structures totaling around
~900 consisting of two Li,S, formula units were searched
separately for each Li,S, stoichiometry. The underlying geome-
try optimization and electronic property calculations were
carried out in the framework of density functional theory
(DFT) using the VASP code.***” The projector augmented wave
(PAW) method®® was applied using generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional.”® Grimme’s D2 method®° was
applied to represent van der Waals interactions.*'** Through-
out this work, an energy cutoff of 500 eV and the Monkhorst-
Pack K-point meshes with the spacing values of 0.5 A~ and
0.2 A7 in the reciprocal space were used for geometry optimi-
zation and static calculation, respectively. During the geometry
optimization, the residual force on each atom was less than
0.01 eV A™*, while the convergence criterion of total energy for
the static calculation was set to be 107 eV.

Theoretical calculations for X-ray absorption spectra (XAS)
were performed within the excited-state core hole (XCH)
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approach® with the modified sulfur pseudopotential with a
core hole at the 1s level using the Quantum-ESPRESSO (QE)
package.**** To obtain the wave function of the excited system,
a self-consistent field (SCF) calculation on lithium polysulfides
was carried out using the PWscf code®” within the QE package.
Subsequently, the XANES spectra were computed via a contin-
ued fraction approach using the XSpectra code.***” The struc-
tural configurations of lithium polysulfides were obtained
at the same level of theory using VASP. Furthermore, the
energy alignment scheme proposed by Prendergast et al. was
adopted,”®*®*° which allows the comparison of the DFT results
with the experimental XAS results. Following this scheme, we
apply the energy shift that was obtained by matching the
calculated and experimental XAS spectra of an isolated S,
molecule® to the S K-edge XANES spectra of lithium polysul-
fides. The validity of this approach has previously been
confirmed,"*"® including examples of elemental sulfur and
crystalline Li,S.*!

3. Results and discussion

In the following, three low-energy structural configurations
consisting of diverse sulfur chain (clusters) species for each
Li,S, (x = 2-8) (labeled as str-1, str-2, and str-3) in a crystal cell
are chosen in the discussion instead of an exhaustive study of
all possible configurations. It is to be noted that these poly-
sulfides’ solid phases were found to be metastable based on the
formation energy convex hull relative to that of Li,S under
ambient conditions.'® For each low-energy crystalline structure,
we found that the Li,S, stoichiometry, in general, does not
guarantee the presence of equivalent sulfur chains (S,) or
polysulfide (Li,S,) species in the predicted structural configu-
ration. In other words, various sulfur chains or polysulfide
species can be present in any pre-determined chemical stoi-
chiometry of the crystalline solid as a local minimum during
the search for low-energy crystalline structures of lithium
polysulfides in DFT calculations. This unique trend is found
to be drastically different compared to pristine stoichiometric
lithium polysulfide molecules. For example, the lowest energy
Li,S4-1 structural configuration prefers the presence of S; and
S; chains over the uniform S, chains in the lattice. A similar
trend was also observed in the molecular dynamics simulations
of Li-S nanoparticles.*” From our recent findings,"® the studied
lithium polysulfides are only 22-127 meV per atom unfavorable
compared to the stable o-sulfur and lithium sulfide. This
energy range is comparable to those of many metastable solids
in Inorganic Crystal Structure Database (ICSD),** indicating
that the lithium polysulfide solids may possibly be synthesized
experimentally. However, the similarity in cohesive energy
values also indicates that these lithium polysulfide solid phases
may co-exist or in an amorphous phase® in experiments.

The projected electronic density of states (PDOS) (Fig. S1,
ESIt) shows that the electronic states are solely attributed to
sulfur 3p orbitals near the Fermi level. On the other hand, the
analysis of Bader’s charges found that the terminal sulfur (St)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Projected charge distribution of the valence band maximum (VBM) and the conduction band minimum (CBM) of (a) Li»S4-1 and (b) Li,Ss-3 solids
and the HOMO and LUMO of the pristine sulfur chain dianions ((a) S32~ & S5~ and (b) $4°~ & Sg27).

atoms possess higher charges than the internal sulfur bridge
(Sg) atoms in a linear sulfur chain (e.g., S3/Ss in Li,S4-1, S4/Se in
Li,Ss-3 and Sg in Li,Sg-1), and therefore they are likely to form a
S,>~ dianion, which is analogous to the recently reported
lithium polysulfide molecule that is dissolved in a liquid
electrolyte®® (see Tables S1 and S2, ESIY).

To highlight the unique features of sulfur chains in the
lithium polysulfide solids, we now plot the projected charge
density associated with the valence and conduction bands and
compare it with the molecular orbitals of the corresponding
isolated polysulfide dianions (S,>”).** For the sake of brevity,
only structures Li,S,-1 and Li,S;s-3 are discussed as they consist
of S3/Ss and S,/Se chains. The unique charge distributions of
Li,S4-1 and Li,S5-3 can be clearly observed in Fig. 1. We found
that the iso-surface of Li,S,;-1 exhibits very similar features to
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of the isolated molecular
dianion (S,>”) counterpart. For example, the projected charge
density at the highest occupied valence band (Fig. 1a-top) of
Li,S,-1 is similar to those at the HOMOs of both pristine S;>~
and S;> molecules, whereas the value at the lowest unoccupied
conduction band (Fig. la-bottom) is similar to that at the
LUMO of the pristine S5>~ molecule. For the Li,S,-1 solid, this
similarity suggests that the HOMOs of the constituent S;*>~ and
S5~ species are associated with the same energy level near the
Fermi level. On the other hand, the LUMO of S;*>~ is higher
than that of S;>~ in orbital energy. Later, we show that this
unique feature is reflected in its XANES spectrum. Meanwhile,
for the Li,Ss-3 structure (Fig. 1b), the non-degenerate HOMO

© 2021 The Author(s). Published by the Royal Society of Chemistry

and degenerate LUMO levels are associated with the S, and S¢
chains. In both cases (i.e., Li,S,-1 and Li,Ss-3), the similarity in
the electronic charge density of crystalline polysulfides to that
of the polysulfide dianions suggests that the unique orbital
characteristics of molecular polysulfides are generally well-
preserved in the solid phase. This intriguing finding implies
that the lithium polysulfide solids are more like molecular
crystals, rather than ionic crystals, and therefore the van der
Waals interaction terms governing the stability of these com-
pounds have also been highlighted recently.*'***!

As highlighted in the previous discussion, the individual
molecular features of S,>~ anions are generally well preserved
in the lithium polysulfide solids. Thus, a comparative study of
the XANES spectra relative to the dissolved lithium polysulfide
molecules is important. In the case of the dissolved polysulfide
molecules, the pre-edge XANES peak of S,”>~ has been attrib-
uted to different XANES peak positions from the terminal and
internal S atoms in a polysulfide chain.?® In the present case of
lithium polysulfide solids, despite having similar charge
features in both terminal and internal S atoms, no distinguish-
able pre-edge XANES peak around 2470 eV (ie., S K-edge) is
predicted, except the case of Li,Se-1 (Fig. 2). For this crystalline
structure (LiySe-1), this configuration is unique and only S,
dimers are present in crystalline lattices, in which the nearest
two parallel S, dimers are merely separated by 2.67 A. This
small distance induces the molecular orbital split between
Tapxt and msp * of a sulfur dimer which represents the final
states for the S 1s electron excitation. From our analysis, the
pre-edge feature of S K-edge in XANES spectra for Li,Se-1

Mater. Adv., 2021, 2, 6403-6410 | 6405
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Fig. 2 Calculated XANES spectra of Li,S, (x = 2-8) solids. (a) The first peak positions for all the Li,S, structures” XANES spectra. The yellow region
represents the energy range of 2471-2473 eV. The XANES spectrum for each structure with a stoichiometry of (b) Li,S,, (c) Li>Ss, (d) LizS4, (e) Li>Ss,
(f) Li>Se, (9) Li>S7, and (h) Li>Sg. The solid triangles indicate the first peak positions for each spectrum.

(Fig. 2f) is attributed to this molecular orbital split as shown in
Fig. S2 in the ESL¥

We note that the absence of the pre-edge XANES peak was
reported in carbonate-based electrolyte Li-S batteries and was
attributed to the insolubility or low solubility of polysulfides in
carbonate-based electrolytes.”*> In our opinion, the lack of
distinguishable pre-edge XANES characteristics of polysulfide
chains is due to the distinctive bonding environment of the
polysulfide molecules in the solid phase. Instead of being
solvated by organic molecules in liquid electrolytes, polysul-
fides in the solid phase are exposed to more substantive
intermolecular interactions with the surrounding sulfur atoms
including Li-ions due to the periodicity of the crystalline solid.

6406 | Mater. Adv, 2021, 2, 6403-6410

Considering that there exist several inequivalent S atoms in
most of the lithium polysulfide structures, an exhaustive dis-
cussion on their XAS spectra could be made easier by focusing
on the first adsorption peak position of the S K-edge in XANES
spectra. Fig. 2 displays the predicted XANES spectra for each
stoichiometric lithium polysulfide solids from Li,S, to Li,Sg.
Unlike the pristine polysulfide molecules that dissolve in ether-
based electrolytes,*® we found that the signature feature of the
pre-edge peak is missing in the polysulfide solids. The analysis
of the XANES spectra of individual atoms in the same chains
found no specific differences between the terminal and the
bridge S atoms (Fig. S3, ESIf). The first S K-edge peaks of
these Li,S, (x = 2-8) solids are located within a proximity of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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~2471 eV-2473 eV (Fig. 2a), and overlaps with the first peak of
a-Sg at 2472 eV, but are clearly distinguishable from those of the
S>~ ionic species of Li,$ solids that are located around 2473 eV
and 2475 eV.*® Therefore, in contrast to the individual polysulfide
molecules which dissolved in ether-based electrolytes,'®"” the
results for polysulfide solids suggest that a distinction between
polysulfide solids and the sulfur bulk solely based on the first
adsorption peak position of the S K-edge in XANES spectra can be
ambiguous or less conclusive.

We now focus on the analysis of XANES spectra obtained for
the representative Li,S,-1 and Li,Ss-3 configurations consisting
of a range of sulfur chains from S; to Se in the crystal lattice. For
Li,S4-1, the XANES main peak located at ~2473.0 eV is mainly
dominated by the contribution of the S; chain. For the S;
component, the associated peak is located slightly higher at
~2473.2 eV with a much lower intensity (Fig. 3a). Interestingly,
this is consistent with the projected electronic density of states,
which highlights the dominant contribution of S5 to forming
the conduction bands (Fig. S6, ESIT). For Li,Ss-3, the XANES
main peak is located at ~2472.1 eV. However, in contrast to
Li,S4-1, the XANES main peak of Li,Ss-3 is found to be equally
contributed by S, and S¢ chains (Fig. 3b). This equivalency is
reflected in the degenerate lowest unoccupied bands that are
attributed to both S, and S¢ chains (Fig. 1b), providing the S 3p
electronic states for the S 1s electron excitation. As expected,
the electronic density of states affirms the contributions of both
S, and Se chains in composing the lower conduction bands
(Fig. $6, ESIT).

Next, we determine the characteristic features of XANES
spectra of non-stoichiometric Li, S, (y = 0.5, 1, and 1.5) solids
which are particularly relevant to the delithiation process
during the charging process of the Li-S battery. Considering
the representative Li,S,-1 and Li,Ss-1 structural configurations,

(a)

(b)

L L
2480 2490

Energy (eV)
Calculated XANES spectra of (a) Li»S4-1 and (b) Li»Ss-3 configurations.

1
2470 2500

Fig. 3
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one, two, or three Li vacancies were created in the crystal lattice
which leads to Li; 5S4, Li;S4, Lig 5S4, and Li;Sg structural con-
figurations as shown in Fig. 4a and c. Subsequently, the
optimized non-stoichiometric configurations were used to
determine their XANES spectra as shown in Fig. 4b and d.

As shown in Fig. 4 (Fig. S4, ESIt), a Li vacancy (i.e., Li; 5S4) in
the stoichiometric Li,S, induces an energy redshift of 1.0 eV in
the XANES K-edge peak which can be attributed to the lowering
of the Fermi level through a missing Li atom in the unit cell.
This is followed by the second Li vacancy (ie., Li;S;) and
induction of a pre-edge-like feature in the S K-edge XANES
spectra. For the non-stoichiometric Li;S,, the XANES peak is
associated with the total charge imbalance between S; (0.44 e™)
and S5 (1.29 e”) chains in the crystalline lattice due to the
presence of Li vacancies. As shown in Fig. S5 (ESIY), the S; unit
is lowered ~1.2 eV relative to that associated with an S5 unit,
and this induces a pre-edge-like feature (Fig. 4b). More Li
vacancies (i.e., 3 Li vacancies, Li, 5S,) further lowered the energy
level of the pre-edge peak and caused a redshift (green line) as
shown in Fig. 4b. Therefore, one can conclude that the pre-edge
feature in the S K-edge spectra can be associated with the peak
divergence for different S chains in the stoichiometric Li,S,
solids which is induced by the presence of Li vacancies (e.g.,
Li,S,-1) during the delithiation process. As noted, the origin of
this pre-edge feature in polysulfide solids is quite different
from that attributed to the S-terminal species found in the
polysulfide molecules*® dissolved in liquid electrolytes.

In contrast to Li,S;-1, the effect of Li vacancy-induced
changes in the S K-edge spectra of Li,Sg-1 is found to be less
significant during the delithiation process, which may be due
to a smaller Li/S ratio in its unit cell. For example, the redshift
of the XANES peak is only ~0.75 eV and is found to be
independent or insensitive to the position of the Li vacancy
(Fig. 4c and d) in the non-stoichiometric Li;Sg. Interestingly,
the removal of two Li atoms from a Li,Sg chain (Fig. 4c)
facilitates the formation of an Sg ring in an equilibrium
configuration, thereby confirming the fact that opening/closing
of the Sg ring is a reversal reaction®® depending on the lithia-
tion/delithiation process in the Li-S battery system.

4. Summary

In this paper, the XANES spectra of a series of lithium polysulfide
solids ranging from Li,S, to Li,Sg were calculated. The results
based on DFT calculations show distinctive molecular features
suggesting the lithium polysulfide solids to be more like mole-
cular solids. Analyses of the molecular orbitals, DOS near the
Fermi level, and Bader charge distribution facilitate the assign-
ment of the first peaks of the S K-edge spectra in polysulfide
solids. In contrast to the pristine lithium polysulfide molecules
dissolved in liquid electrolytes, the pre-edge peak is not found to
be the common feature among the stoichiometric polysulfide
solids, although the non-stoichiometric solids may exhibit the
pre-edge feature in the S K-edge XANES spectra through the
presence of the Li vacancy. Compared to stoichiometric lithium

Mater. Adv., 2021, 2, 6403-6410 | 6407
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Fig. 4 (a) The structures of Li»S4-1 with/without vacancies and (b) their calculated XANES spectra. (c) The structures of Li,Sg-1 with/without vacancies

and (d) their calculated XANES spectra.

polysulfide solids, the redshift of the XANES peaks is commonly
found in non-stochiometric solids when a Li vacancy is intro-
duced. For these polysulfide solids, the first peak positions of the
S K-edge XANES spectra are located within a small range of
2471-2473 eV which strongly overlaps with that of the a-Sg bulk
at ~2472 eV but it was found to be different from that of the $>~
species in Li,S which is located at ~2473-2475 eV. Overall, it is,
therefore, essential to use complementary materials characteriza-
tion techniques such as IR spectroscopy, Raman spectroscopy, or
a “multi-modal” approach, in addition to XANES spectroscopy,
to fully characterize the presence of polysulfides in the Li-S
battery system.
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