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Li-S batteries are promising energy storage technology for the future, however there two major problems remained which need to be
solved before successful commercialization. Capacity fading due to polysulfide shuttle and corrosion of lithium metal are directly
connected with the type and quantity of electrolyte used in the cells. Several recent works show dependence of the electrochemical
behavior of Li-S batteries on type of the electrolyte. In this work we compare and discuss a discharge mechanism of sulfur conversion
in three different electrolytes based on measurements with sulfur K-edge XAS. The sulfur conversion mechanism in the ether based
electrolytes, the most studied type of solvents in the Li-S batteries, which are enabling high solubility of polysulfides are compared
with the fluorinated ether based electrolytes with a reduced polysulfide solubility and in carbonate based electrolytes with the sulfur
confined into a ultramicroporous carbon. In all three cases the sulfur reduction proceeds through polysulfide intermediate phases
with a difference on the type polysulfides detected at different steps of discharge.
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Electrification of road transport has increased the pressure on ma-
terials’ scientists to improve performance of the current Li-ion batter-
ies and to develop new advanced high energy battery technologies.'
Among several post lithium-ion technologies, the lithium sulfur (Li-S)
batteries are recognized as the most promising for commercialization
in the near future. A combination of lithium and sulfur in the electro-
chemical cell corresponds to the theoretical energy density of 2600
Wh/kg, while the maximum practically accessible energy density is
predicted to be close to 600 Wh/kg.>® This is much higher compared
to Li-ion batteries and besides that, sulfur is inexpensive and naturally
abundant. Nevertheless, problems related to the solubility of polysul-
fides in the electrolyte and the related redox shuttle phenomena cause
short cycle life, potential safety problems, poor cycling efficiency,
and relative fast self-discharge. Additional problems of Li-S batter-
ies are very low electronic conductivity of the both end members in
the discharge and charge process (i.e. sulfur and Li,S) and extensive
corrosion of the metal lithium anode.

Different directions how to improve Li-S battery cycle life have
been explored, like synthesis of the optimized porous host matrices
with active sites for polysulfide anchoring,** design and optimiza-
tion of separators which can effectively suppress polysulfide cross
communication between electrodes®’ and protection of lithium by
artificial SEI® or by additives.” While most of the research was per-
formed in the binary mixture of solvents using alkyl ethers (glymes)
and heterocyclic acetyl (dioxolane), less attention has been paid to
the development of new electrolytes for Li-S batteries.'” Reasons for
that are nested in the requirements which should be fulfilled in the
development of new formulations. First of all, electrolytes used in the
electrochemical cells must have good ionic conductivity and electro-
chemical stability in a wide potential window. It is desired that they
are non-toxic and environmentally friendly, non-reactive with active
species, non-corrosive with cell housing and they should enable the
sufficient dissolution of the supporting salt.

“E-mail: Robert.Dominko @ki.si

Electrolytes used in Li-S batteries typically enable the dissolution
of polysulfides which act as redox mediator species in the conversion
reaction and significantly improve the kinetics of the electrochem-
ical reaction. With that, solubility of sulfur and polysulfides has a
direct influence on the discharge mechanism due to differences in
dissolution and solvation of polysulfides. It is well accepted that the
electrochemical mechanism of sulfur reduction in Li-S batteries is a
stepwise process where a different equilibrium states between sulfur,
polysulfides and Li,S exists.!! In general, the discharge mechanism
can be described by using two to three equilibrium states i.e. equi-
librium between sulfur and long chain polysulfides dissolved into the
electrolyte, equilibrium between long and short chain polysulfides and
equilibrium between polysulfides and precipitated Li,S (or even non-
soluble Li,S,)."> The potential of the high voltage plateau, typically
found in the starting part of the electrochemical curve, is controlled
by the dissolution of sulfur into the electrolyte. Thus, one can expect
that the equilibrium potential during high voltage plateau will vary
depends on the type of electrolyte used in the electrochemical char-
acterization. The low voltage plateau corresponds to the formation of
non-soluble Li,S, which starts to precipitates when the solubility of
Li,S is exceeded. The understanding of the sulfur conversion mech-
anism is crucial to further improve electrochemical behavior of Li-S
batteries.

Numerous analytical techniques have been applied for the charac-
terization of Li-S batteries in order to better understand the mecha-
nism of sulfur conversion within the Li-S battery. Different groups'>-'?
showed that operando XRD can be used as an excellent tool to char-
acterize the formation and consumption of a crystalline active species
for instance Li,S and different allotropes of sulfur. Early studies were
not concentrated on the detection of polysulfides, since they were con-
sidered as amorphous species detected in the background of the XRD
spectra. Recently, J. Conder et al.'® showed the direct observation of
lithium polysulfides adsorbed on the surface of a glass fiber separa-
tor in the Li-S battery during operation by means of operando X-ray
diffraction (XRD). Although synchrotron XRD enables detection of
polysulfides,'®!” much better understanding can be obtained by using
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sulfur K-edge X-ray absorption spectroscopy (XAS). With a differ-
ence to XRD, XAS is sensitive to coordination of the selected atom
and can differentiate between different local coordination and oxi-
dation states. This technique is currently used by several groups'®-2°
and it provides the most comprehensive picture of reaction mech-
anism(s) inside the battery since it can precisely differentiate sul-
fur species in the cathode during discharge and charge process. In
most of the reported works, analysis of the near edge structure of the
X-ray absorption spectrum (XANES) is used for discussion of the
mechanism and only a few papers discuss also extended X-ray ab-
sorption fine structure (EXAFS) part of the XAS spectra. The reason
for that are sulfate groups in the salt (i.e. LiTFSI) or in the solvent
(i.e. sulfonyl functional groups) composing the electrolyte. Neverthe-
less, different sulfur compounds (sulfur, polysulfides, sulfur radicals,
Li,S, molecules with C-S bonds, sulfite, and sulfate) formed in the
electrochemical cell can be identified by characteristic energy posi-
tion of the sulfur edge and pre-edge resonances in the range between
2468 eV for sulfur radicals®' to 2478 eV for sulfate’? (corresponding
to sulfur with the highest oxidation state). As a reference database
for polysulfides, different stoichiometric mixtures between sulfur and
lithium were synthesized and measured by XAS and ’Li NMR."
Measured spectra of sodium and lithium polysulfides represent a ref-
erence database that can be used for analysis of spectra obtained
during battery operation. All intermediate states of polysulfides can
be identified by the ratio between the pre-peak at 2470.2 eV (char-
acteristic pre-peak for polysulfides) and the sulfur peak at 2472 eV
typical of elemental sulfur, since the relative intensity of the pre-peak
is proportional to the relative amount of Li in Li,S,. Experimen-
tal results'® show that obtained spectra can be in general described
with a contribution from the long chain polysulfides (Li,Sy with y
> 6) where the intensity of pre-peak is relatively weak compared to
sulfur peak and with mid- to short chain polysulfides (Li,S, with y
< 4), where the ratio between pre-peak and sulfur peak is smaller
but still not equal to that expected for Li,S,. Early theoretical work
predicted slight variations in the position of the lithium polysulfide
pre-edge peak in the adsorption spectra.”’ By using Resonant Inelas-
tic X-ray Scattering (RIXS) no shifts were observed for the set of
reference samples, neither within operando measurement.?* Never-
theless, information gathered from operando XAS measurements can
serve as a reliable indicator of changes within the Li-S battery upon
operation.

Other types of spectroscopic analytical techniques are predomi-
nantly based on higher wavelengths such as Raman spectroscopy,”
infrared spectroscopy®® and UV-Vis spectroscopy.”’-?® The latter has
demonstrated to be a useful technique for qualitative and quantitative
detection of polysulfides in the separator (detection of polysulfides
which diffuse/migrate out from the cathode composite). In several of
our works?>?7?8 we highlighted the sensitivity of the UV-VIS ana-
lytical technique, showing that it offers hints about the polysulfide
formation mechanism which occurs in the bulk of the cathode. How-
ever, this spectroscopic tool for the study of polysulfide mechanism
is based on the prediction that polysulfides are soluble into the elec-
trolyte. Besides that, typically a high ratio between electrolyte and
sulfur is used in the experiment. This technique is less powerful in the
current trends where electrolytes with a reduced solubility of poly-
sulfides are predicted to be a key for successful commercialization
of Li-S batteries. Similarly, reduced applicability of UV-Vis spec-
troscopy is also in the carbonate based electrolytes where sulfur has
to be confined in narrow (nanometer size) pores, well passivated on
the surface to protect direct reaction between carbonate solvents and
polysulfides.

In this contribution we discuss Li-S battery mechanisms in dif-
ferent electrolyte systems by means of XAS. The cases of sulfur
reduction in ether based electrolytes enabling high solubility of poly-
sulfides, in fluorinated ether based electrolytes with a reduced poly-
sulfide solubility and in carbonate based electrolytes with the sul-
fur confined into a ultramicroporous carbon to avoid the polysulfide
solubility are discussed based on measurements with sulfur K-edge
XAS.

A5015

Experimental

X-ray absorption spectra were recorded at the sulfur K-edge in
fluorescence-detection mode at the XAFS beamline of synchrotron
Elettra (Basovizza, Trieste).?> A Si (111) double crystal monochro-
mator was used with a resolution of about 0.4 eV at 2.5 keV. Higher-
order harmonics were effectively eliminated by using a double flat
silica mirror placed at a grazing angle of 8 mrad. The intensity of
the monochromatic X-ray beam before the sample was measured by
a 30 cm-long ionization chamber detector, filled with a mixture of
30 mbar of N, and 1970 mbar of He. The fluorescence signal was
detected with a SDD detector. The spectra were measured within the
interval of —150 to 730 eV relative to the S K-edge (2472 eV). In
the XANES region, equidistant energy steps of 0.2 eV were used,
whereas for the higher energy region, equidistant k steps of 0.03 A~
were adopted, with an integration time of 5 s per point, resulting
in the total time for one spectrum of 65 min. The experimental set-
up of the beamline for the operando XAS experiments is described
in details elsewhere.>® The first spectrum was measured on the as-
prepared battery, and a series of 27 following spectra were collected
in operando mode during battery discharge at C/30 rate. The exact
energy calibration was established with an absorption measurement
on the native sulfur, where the maximum of the pre-edge peak was
set to 2472.0 eV.!? In order to limit self-absorption effects in sulfur
K-edge XANES spectra, the cathode was prepared in the initial state
with a relatively low amount of sulfur. The setup of the measure-
ment, cell and battery configuration were same as in our previous
operando Li-S battery study, presented in more detail in the Support-
ing Information of the paper.'> The analysis of the XANES spec-
tra was performed with the IFEFFIT program package ATHENA.*!
No self-absorption correction was applied to the measured XAS
spectra, because the composition of the cathode (ratio between sul-
fur, lithium, electrolyte, and CB) could not be determined precisely
enough.

The electrodes for the operando XAS measurements were pre-
pared by mixing the carbon sulfur composite with conductive additive
and binder as explained in detail in our previous publications.'*!
operando XANES measurements were performed in the two elec-
trode set up with as prepared cathode and lithium metal (Aldrich)
which were separated by glass fiber separator wetted with different
types of electrolytes. Sulfur conversion in the mesoporous carbon was
studied in the 1 M LiTDI TEGDME:DOL!? electrolyte and in the
1 M LiTFSI TTFE:DOL (1,2-(1,1,2,2-tetrafluoroethoxy)ethane and
1,3-dioxolane)* electrolyte. Carbonate based electrolyte (1 M LiPFg
in EC:DMC) were used in the combination with the ultramicroporous
carbon. Galvanostatic cycling was performed in a modified Swagelok
cell with thin beryllium window.'? Cell were discharged at a current
density of C/30 (55.7 mA g!) to 1.5 V by using Biologic SP 200
galvanostat/potentiostat.

Results and Discussion

Sulfur reduction proceeds through disproportionation reactions of
different polysulfide species which can be in the solid state form or
dissolved in the electrolyte. Understanding their formation and con-
version to Li,S requires studies under real-time conditions since with
that we can avoid the artefacts from post treatment and we can get
insight to the real working mechanism(s).!” XAS provides details on
oxidation state (XANES part of the spectrum) and atomic distribu-
tion (EXAFS part of the spectrum). Contributions of different sulfur
compounds in the cathode (sulfur, Li-polysulfides with different chain
lengths, Li,S) in the XANES spectra can be identified by character-
istic energy positions and shape of the sulfur absorption edge and
pre-edge resonances.'? The energy position of the pre-edge resonance
in elemental sulfur is at 2472 eV. Lithium polysulfides, containing a
reduced form of sulfur with oxidation state S>-, can be identified by
a characteristic pre-peak at 2470.2 eV together with a sulfur peak at
2472 eV. The XANES spectrum of crystalline Li,S exhibits the first
maximum at sulfur absorption edge at 2473 eV. An additional spectral
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Figure 1. Sulfur K-edge XANES spectra of sulfur compounds present in the
Li-S battery: sulfur, Li>Sy polysulfides (long and short chains), and lithium
sulfide Li>S. The two polysulfides spectra, (Li>Sy — long chains, and Li>Sy
— short chains) are representative spectra for a mixture of long chains poly-
sulfides, and a mixture of short chains polysulfides, respectively. The vertical
dotted lines at 2470.2 and 2472.0 eV mark characteristic pre-peaks in the Li, S,
and sulfur reference spectra.

signature was described in the literature®' with pre-edge resonances
at 2468 eV, corresponding to S;*~ radical. Using a combination of
spectral components shown in Figure 1 one can describe mechanism
of sulfur conversion in different electrolytes by using a linear com-
bination analysis (LCA). Some other contributions can be identified
like formation of radicals,?' formation of H,S or C-S bond due to
nucleophilic reaction of polysulfides with solvent molecules.

Mechanism in the ether based electrolytes.—Alkyl ethers and
heterocyclic acetyl represent a family of solvents stable towards poly-
sulfides and with different polysulfide solubilities. This family of
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solvents is frequently applied in the battery research and it offers high
conversion of sulfur into Li,S due to soluble intermediate species.
The solubility of polysulfides depends on the type of solvents as well
as on the concentrations of salt(s) and additives.> It is well ac-
cepted that polysulfides act as redox mediator species improving rate
capability of Li-S batteries. Improved sulfur conversion is related to
the solubility of sulfur in the heterocyclic acetal.* However, high
solubility of polysulfides leads to polysulfide shuttle phenomena due
to diffusion/migration of polysulfides out from the cathode compos-
ite. Additionally, soluble polysulfides increase the viscosity of the
electrolyte and reduce the lithium mobility in the electrolyte. More
recently, fluorinated ether solvents showed improved Li-S battery be-
havior with more stable capacity retention.*=* This is attributed to
the reduced solubility of polysulfides which also enables Li-S bat-
tery cycling with reduced amount of electrolyte (<5uL/mgs) since
the physicochemical properties of the electrolyte are stable during
cycling.

Atthis step the open question is how different polysulfide solubility
influences the reaction mechanism of sulfur conversion. We studied
those mechanisms by different analytical techniques; however, in this
work we will focus on the differences observed by using sulfur K-
edge XAS. The mechanism of sulfur conversion in the mixture of
alkyl ethers and heterocyclic acetyl (solvent mixture of TEGDME
and DOL) was studied in the presence of 1 M LiTDI salt and such
a system enabled us to measure and analyze complete XAS spec-
tra (XANES and EXAFS part).!? All sulfur K-edge XANES spectra
measured in operando mode can be thoroughly described as a lin-
ear combination of three components (sulfur, polysulfides and Li,S).
Two different rates of sulfur conversion into polysulfides were de-
tected in the starting part of the electrochemical reduction, which
can be correlated to the different voltage plateaus observed in the
electrochemical curve (Figure 2a). At the beginning of the reduction
process, during the high voltage plateau, we observed fast consump-
tion of elemental sulfur and increase of polysulfide concentration.
The conversion rate of sulfur changed once the potential started to de-
crease from high voltage plateau towards to the low voltage plateau.
The maximum ratio of polysulfides within the cathode composite
was detected at the beginning of the low voltage plateau, where
precipitation of Li,S starts. During the low voltage plateau, three
phases coexist, with slow reduction of the remaining elemental sul-
fur and with linear increase of Li,S quantity accompanied by the
linear decrease of polysulfides quantity. At the end of the reduc-
tion process sulfur is completely consumed and we observed ap-
proximately 70% of Li,S in co-existence with polysulfides. Interest-
ingly, all operando spectra could be fitted with only one polysulfide
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Figure 2. a) Electrochemical curve obtained during discharge in the 1 M LiTDI TEGDME:DOL electrolyte and the relative amounts of three sulfur compounds
(sulfur, polysulfides and Li>S) determined with a linear combination fit of XANES spectra; b) variation of the average S coordination number during the first
discharge as determined by analysis of the EXAFS part of spectra measured in the 1 M LiTDI TEGDME:DOL electrolyte. Reprinted with permission from Ref.
12. Copyright (2015) American Chemical Society.
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Figure 3. In operando sulfur K-edge XANES spectra measured on as pre-
pared Li-S battery with sulfur infiltrated ultramicroporous carbon within
1 M LiPFg EC:DEC electrolyte at discharge C/30.

standard that suggests presence of an equilibrium state of polysulfides
within the electrochemical cell.

A sulfur-free electrolyte enabled the possibility to study the trans-
formation of the local environment of sulfur by quantitative EXAFS
analysis. It was performed for the S-S first coordination shell and the
variation of the average coordination number of S-S component is
shown in Figure 2b. A detailed explanations of the procedures used
for EXAFS analysis are given in our previous work.'? The variation
of the average coordination number of S-S component shows grad-
ual decrease of coordination number during high voltage plateau. At
the end of the high voltage plateau, the average coordination num-
ber is decreased from 2 to 1.6(2) which corresponds to the average
coordination number typical of S¢?>~. At the beginning of the low
voltage plateau, a steeper decrease of average coordination number
is observed with a rapid decrease to values between S;>~ and S,%".
EXAFS analysis has confirmed the gradual shortening of polysulfide
chain length as the average coordination number of the S-S component
decreases during the discharge process.

Sulfur and polysulfide solubility in the fluorinated based ethers are
several orders of magnitude lower compared to linear glymes.*> That
can be explained by different potential of the high voltage plateau
typically found at 2.2 V versus lithium reference and not at 2.4 V
as observed in the electrolyte solutions with linear glymes. Nev-
ertheless, a detailed analysis of Li-S battery discharge mechanism
in 1 M LiTFSI TTFE:DOL electrolyte by using S K-edge XANES
shows co-existence of polysulfides with elemental sulfur through en-
tire discharge process.?? Precipitation of Li,S starts at the beginning
of the low voltage plateau and this equilibrium is not influenced by
choice of electrolyte.?? In the LCF analysis of the operando XANES
spectra measured on batteries with ether electrolyte used, only a sin-
gle reference polysulfide spectrum was sufficient to describe poly-
sulfide contribution during the entire process of discharge. That is
pointing out on the existence of equilibrium of different polysulfides
during the reduction process. This equilibrium depends on the dif-
ferent parameters and for each working system, reference spectra for
polysulfides needs to be extracted out from in the operando XANES
spectra.
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Figure 4. Electrochemical curve obtained during discharging at a current rate
of C/30 and the relative amount of the four sulfur compounds (sulfur, long
and short chains Li>Sy, and Li>S) during discharge, determined with a linear
combination fit of S K-edge XANES spectra measured at different operando
states of the battery using four reference XANES profiles (sulfur, Li,Sy with
long and with short chains, and Li,S).

Mechanism in the carbonate solvent based electrolytes.—Ul-
tramicroporous carbons with a pore diameter smaller than 0.7 nm
gained considerable interest as host matrix for sulfur in Li-S batteries
since such sulfur confinement shows excellent electrochemical stabil-
ity even in the carbonate based solvents.**! It is well accepted that
soluble polysulfides react with the carbonate based electrolytes via a
nucleophilic addition or substitution reactions*? leading to extensive
degradation of electrolyte. In this work ultramicroporous carbon de-
rived from coconut shell containing predominately micropores with
a diameter of 0.5 nm has been used as host matrix for sulfur. In a
previous work some of us proved excellent electrochemical proper-
ties in the 1 M LiPFg EC:DMC electrolyte. Cycling stability over
400 cycles was demonstrated with excellent Coulombic efficiency.
That was possible due to the effective separation of sulfur confined
in ultramicropores and due to formation of SEI on the surface of co-
conut shell derived carbon in the first cycle. A short plateau in the
first cycle close to 2.4 V corresponds to the formation of SEI on the
surface of carbon/sulfur composite which effectively separate elec-
trolyte and carbon sulfur composite. Once a protective SEI is formed
it enables lithium diffusion and prevents diffusion of polysulfides into
the electrolyte; consequently no soluble polysulfides can be detected
during cycling. The confined sulfur without a direct contact with the
electrolyte shows a different reduction mechanism compared to that
observed in ether based solvents, where the starting reduction poten-
tial depends on the sulfur solubility. In the previous work®® where a
detailed analysis performed by ex situ XPS sputter profiling on elec-
trodes removed from batteries stopped at different states of charge
showed the direct conversion of sulfur to Li,S,/Li,S. In this work
we evaluate the reduction mechanism by operando sulfur K-edge
XAS. operando XANES spectra measured during battery discharge
are shown in Figure 3. Principle component analysis (PCA)*! of the
whole set of spectra shows that a linear combination of four different
components is required to completely describe each XANES spec-
trum in the series. Components with a physical meaning are sulfur,
long and short chain Li-polysulfides Li,Sy and lithium sulfide Li,S
(Figure 4). The reference Li,S XANES spectrum was obtained in our
previous operando Li-S battery study,'? while the remaining three ref-
erence XANES profiles are extracted directly from the set of operando
XANES spectra of this battery. The elemental sulfur XANES
spectrum is obtained from the spectrum of the as-prepared bat-
tery, which contained only elemental sulfur. No difference was
observed between bulk sulfur and sulfur infiltrated into the
ultramicropores of carbon derived from coconut shells. The two Li-
polysulfides spectra, (Li,S, — long chain, and Li,S, — short chain) are
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Figure 5. Sulfur K-edge XANES spectra of a Li—S battery measured in operando in two intermediate states during discharge: a) 556 min and b) 1371 min. Dots:
experiment; dashed magenta line: best fit with linear combination four reference XANES profiles (sulfur, long chain polysulfides, short chain polysulfides, and

Li,S), plotted below.

representative spectra for a mixture of long chain polysulfides (Sg?~,
S6%7), and a mixture of short chain polysulfides (S42~, S,>7), respec-
tively. All operando XANES spectra measured in other intermediate
states of the battery during discharge can be completely described
as linear combination of these four reference spectra. The quality of
the linear combination fits (LCF) is demonstrated in Figure 5. In this
way the evolution of the relative amounts of the sulfur species (sulfur,
two different types of Li-polysulfides Li,Sy, and lithium sulfide Li,S)
in the cathode during discharge are determined with high precision,
with an uncertainty below 1% for all components. In contrast to our
previous work,'>!? two different polysulfide standards are needed in
LCEF analysis, as indicated by PCA analysis, to completely describe
XANES spectra of all intermediate states of the battery. That points
out a different mechanism of sulfur reduction in the ultramicropores.

End of discharge at 1.5 V contains 29% of Li,S, while the num-
ber of reacted Li suggests almost complete conversion of sulfur to
Li,S. This difference is due to the irreversible consumption of Li
for the formation of a protective SEI film on the surface of the
ultramicroporous carbon. Efficient SEI formation is required to pre-
vent formation of H,S due to the presence of HF in the electrolytes
with LiPFg salt. Formation of SEI can be associated to charge con-
sumed during plateau close to 2.4 V, namely XANES spectra during
this period of charge are almost unchanged. Once when voltage drops
to 1.9 V vs. lithium reference a fast increase of long chain-Li,S, was
observed. A composition of Li; »7S represents a verge, where contri-
bution from long chain-Li, S, starts to decrease accompanying with a
formation of short chain-Li,S, and Li,S. After this point, the relative
amount of Li,S is linearly increasing and it reaches 29% at the end of
the discharge. Increase of short chain-Li,S, polysulfides is not linear
which points out potential shortening of polysulfides, however the
end of discharge composition of the electrode is a mixture between
LizS (29%) and Li,S; (71%) as it was already suggested by XPS.*
This final composition determined from the XAS measurements was
expected also from the charge consumed during the reduction, where
a monotonous voltage drop from 1.9 to 1.5 V mainly corresponds to
the reduction of sulfur to Li,S and Li,S, and only very minor part to
additional passivation. A more complete conversion to Li,S is proba-
bly hindered by space confinement within the pores with a dimension
less than 0.7 nm.

Mechanistic changes influenced by different electrolytes.—XAS
measurements confirmed the presence of polysulfides in all three stud-
ied electrolytes with some differences. Sulfur reduction proceeds in all
three electrolytes through polysulfide intermediates with a difference
that sulfur almost completely disappears in the first part of discharge
in the 1 M LiTDI TEGDME:DOL electrolyte. On the contrary, in
electrolytes characterized by a sparing solubility for polysulfides or in
carbonate based electrolytes, only part of the sulfur is converted into

polysulfides during high voltage plateau, the rest being continuously
consumed by the end of discharge. Differences in the reaction mech-
anism in the first part of the reduction process are therefore strictly
related to the solubility of sulfur and polysulfides in the electrolyte:
with higher solubility, we observed faster sulfur conversion into poly-
sulfides. Interestingly also higher solubility of sulfur and polysulfides
determines the potential of the high voltage plateau, which is at 2.4
V in the TEGDME:DOL electrolyte and at 2.2 V in TTFE:DOL elec-
trolyte, where solubility of sulfur and polysulfides is a few orders of
magnitude lower. In carbonate based electrolytes due to the effective
separation of sulfur confined in ultramicropores and due to protec-
tive nature of SEI, there is no solubility of sulfur and polysulfides
in the electrolyte and the high voltage plateau is absent in the elec-
trochemical reduction curve. Nevertheless, independent on whether
the electrolyte composition enables the presence of soluble polysul-
fides or not, the Li-S battery discharge mechanism proceeds through
polysulfides, which can be in the solid state form or dissolved. A
conversion process of the polysulfides from long chain to short chain
is observed in all tested electrolytes, even though in ether based elec-
trolytes we were not able to clearly distinguish between different chain
lengths. That was made possible by using ultramicroporous carbon,
where the clear presence of long chain polysulfides at the beginning
of discharge was observed, followed by the presence of short chain
polysulfides (most likely Li,S, composition) in the second part of the
discharge process. The equilibrium potential of Li,S formation is at
similar voltage in both ether based electrolytes used in this study while
in the confined space, Li,S formation starts at much lower voltage.
That can be attributed to the limited space for volumetric changes that
are required for formation of Li,S. The latter is also the most probable
reason for relative low ratio of Li,S formed at the end of discharge
compared to end of discharge in the TEGDME:DOL electrolyte.

Slight difference in the sulfur conversion mechanism between three
investigated electrolytes can be used for better understanding of ad-
vantages and drawbacks of each electrolyte. Mixture of alkyl ethers
and heterocyclic acetyl (TEGDME and DOL) enables high solubility
of sulfur and polysulfides. That influences physical properties of elec-
trolyte (i.e. viscosity, lithium mobility . ..) and consequently higher
amounts of electrolyte are required to achieve high capacity and long
cycle life, but electrolyte quantity higher then 3 mL per 1 g of sulfur
is not acceptable for commercial purposes.

Sulfur and polysulfide solubility in the sparingly soluble solvents
(i.e. fluorinated ethers) is for several orders of magnitude lower com-
pared to glymes, what allows decrease of electrolyte quantity and low
solubility of polysulfides still has a function of redox mediators. The
weakest point of using fluorinated ethers is increased resistance film
on lithium surface, but due to the possibility of having working Li-S
battery with very low amount of electrolyte this type of electrolyte is
of particular interest for commercially available cells.
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Carbonate solvents are known as much better passivation agents
for lithium compared to ethers and since sulfur infiltrated ultra mi-
croporous carbons can be used in the combination carbonate based
electrolyte, this direction offers new unexplored field of Li-S batteries.
Major difficulties are lower voltage due to difference in the mecha-
nism and lower capacity due to volumetric constrains inside pores,
while benefits of that should be taken from Li-ion battery technology.

Conclusions

In the ether based electrolytes the sulfur conversion and formation
of polysulfides occurs predominantly during the high voltage plateau.
The maximum ratio of polysulfides is detected at the beginning of
the low voltage plateau, where the precipitation of Li,S begins. The
high voltage potential in the ether based electrolytes is determined
by the solubility of sulfur and polysulfides. During the low voltage
plateau a coexistence of three different oxidation states of sulfur is
typically found, while the potential of low voltage plateau depends
on the equilibrium between polysulfides and Li,S. End of discharge,
sulfur is converted to polysulfides which are in the coexistence with
Li,S as a major product of sulfur conversion. The fluorinated based
electrolytes enable much lower solubility of sulfur and polysulfides
in the electrolyte, the mechanism of sulfur conversion is not affected
by decreased solubility. Although solubility of polysulfides is several
orders of magnitude lower, polysulfides equilibrium with elemental
sulfur is dominating high voltage plateau and similar as in the ether
based electrolytes, the precipitation of Li,S starts with a low voltage
plateau.

Reversible sulfur reduction into Li, S in the carbonate based elec-
trolytes is possible only with confinement of sulfur within the ultra
micropores. Nevertheless the conversion of sulfur proceeds through
polysulfides, however a clear distinction between long chain polysul-
fides at the beginning of discharge and short chain polysulfides at the
end of discharge have been observed. The end discharge product is a
mixture of Li,S, and Li,S in the ratio 2:1. This is different compared
to ether based electrolytes where a predominant end discharge phase
is Li,S in coexistence with mixture of different polysulfides.
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