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Polysulfide Speciation and Migration in Catholyte

Lithium—Sulfur Cells

Matthew Sadd,” Marco Agostini,” Shizhao Xiong,” and Aleksandar Matic*®

Semi-liquid catholyte Lithium—Sulfur (Li-S) cells have shown to
be a promising path to realize high energy density energy
storage devices. In general, Li—S cells rely on the conversion of
elemental sulfur to soluble polysulfide species. In the case of
catholyte cells, the active material is added through polysulfide
species dissolved in the electrolyte. Herein, we use operando
Raman spectroscopy to track the speciation and migration of
polysulfides in the catholyte to shed light on the processes
taking place. Combined with ex-situ surface and electrochem-
ical analysis we show that the migration of polysulfides is
central in order to maximize the performance in terms of
capacity (active material utilization) as well as interphase
stability on the Li-metal anode during cycling. More specifically

Introduction

The use of new technologies for energy storage can mitigate
increased greenhouse gas emissions by enabling the electrifica-
tion of the transport sector, as well as stabilising intermittent
renewable electricity sources, such as solar and wind, that rely
on the use of grid storage systems.'"™ Lithium-ion batteries
(LIBs) are already part of this transformation,* however, they
are rapidly reaching their theoretical limit in terms of energy
density. It is now clear that large improvements beyond state-
of-the-art technologies require the implementation of new
battery chemistries and cell configurations. Additionally, the LIB
technology has drawbacks in terms of sustainability, i.e. the use
of high capacity cathodes requiring the application of scarce
and toxic transition metals, e.g. cobalt,”” which also brings high
cost.”

The conversion based Lithium—Sulfur (Li—S) technology has
the potential to overcome many of the limitations of Li-ion
batteries, with a higher theoretical capacity of the active
material (S), 1672 vs. 274 mAhg™' for LiCo0,*® low cost,"”
higher abundancy of raw materials, and a lower environmental
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we show that using a catholyte where the polysulfides have the
dual roles of active material and conducting species, e.g. no
traditional Li-salt (such as LiTFSI) is present, results in a higher
mobility and faster migration of polysulfides. We also reveal
how the formation of long chain polysulfides in the catholyte is
delayed during charge as a result of rapid formation and
migration of shorter chain species, beneficial for reaching
higher capacities. However, the depletion of ionic species
during the last stage of charge, due to the conversion to and
precipitation of elemental sulfur on the cathode support, results
in polarization of the cell before full conversion can be
achieved.

impact."" Despite these clear advantages, and examples of Li—S
outperforming state-of-the-art Li-ion cells,"*'® the full potential
of Li-S cells is still not being realised in practice, with high
energy density (high loading) concepts typically reporting only
60-80% active material utilisation."*'*'*! This shortcoming is
directly linked to the electrochemical conversion mechanism
with dissolution/precipitation reactions taking place during
discharge and charge. The formation of polysulfide species
soluble in the commonly used liquid electrolytes at start of
discharge results in the migration of active material into the
bulk electrolyte driven by the chemical gradient.""'® This can
result in loss of active material due to side reactions at the Li-
metal anode or by too slow back diffusion to the cathode as
the electrochemical reaction proceeds. Thus, tracking polysul-
fide speciation and migration kinetics in the cell is a key to
unravel which processes and parts of the electrochemical
reaction scheme are limiting the capacity of the cell.

Polysulfide speciation and related conversion mechanisms
in Li—S cells using traditional carbon composite cathodes and
liquid electrolytes has been studied with a wide range of
techniques, including X-ray Absorption”” and Diffraction,®'?
UV-vis Spectroscopy,”®*" Electron Paramagnetic Resonance
Spectroscopy™ and Raman Spectroscopy.'®'** These studies
commonly combine the analytical techniques with cyclic
voltammetry or galvanostatic cycling to observe speciation at
different depths or states of discharge and charge. From these
studies, insights into possible reaction pathways have been
proposed for the conversion reaction of sulfur species.””®
Despite the differences in polysulfide species identified along
various pathways, it is commonly accepted that there is a
formation of highly soluble polysulfide species (Li,S,) upon
conversion of elemental sulfur,?**” which can diffuse through-
out the electrolyte volume, from the cathode, through the

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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separator, and all the way to the anode.” Typically longer
chain polysulfides are observed in the electrolyte at the start of
discharge and as the conversion process proceeds shorter
polysulfides will dominate. One can note that apart from the
effect of electrochemical conversion short chain polysulfides
can be formed as a result of disproportionation reactions.””*" In
the final step the discharge end-product Li,S is formed, which
has a low solubility in commonly used liquid electrolytes,®*”
thus typically precipitating on the cathode surface, inhibiting
further conversion reactions by limiting access to the carbon
surface.®™ In addition to being a signature of a specific reaction
pathway the polysulfide speciation in the bulk electrolyte also
provides insights into the kinetics of the system and how
efficient the migration of polysulfides is from and to the
cathode during cycling, which is a key to ensure high active
materials utilization.

To mitigate the migration of active material from the
cathode Li-polysulfides (Li,S,) have been deliberately added to
the electrolyte, forming a catholyte.?¥ This buffers dissolution
of polysulfide species from the cathode,® and it has been
shown to stabilise the Li-metal anode by changing the
composition of the solid electrolyte interphase (SEI).BY In
addition, the polysulfides in the electrolyte can also participate
in the electrochemical reaction,® acting as a liquid electrode,
and thereby increasing the overall capacity of the cell.**”
Several reports have been taking the catholyte concept even
further using a sulfur free highly porous carbon support on the
cathode side and introducing the active material only through
the catholyte, having a semi liquid cell concept, reaching high
loading of active material.*®** The electrochemical mechanism
in catholyte cells is essentially the same as in traditional Li—S
cells but the concept relies on to an even larger degree on
efficient migration of polysulfides in and out of the carbon
cathode side, due to the high solubility in the electrolyte and
the open carbon host structure, during cycling. Recently it has
been shown that the Li,S,, species in the catholyte can also play
the role of a Li-salt, i.e. providing ion conduction, paving the
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way for the removal of fluorine containing salts from Li—S
cells.®>34% |n this type of catholyte the number of charge
carriers will change during cycling and the speciation of
polysulfides in the catholyte will influence both the efficiency of
the conversion reaction but also the overall transport of Li-ions
between the electrodes. Despite there being many examples of
in situ studies for traditional sulfur/carbon composite cathode
Li-S cells, there are only a few studies on catholyte type cells.*")

In this study, we report on an investigation of polysulfide
speciation and migration in catholyte Li—S cells during cycling
using operando Raman Spectroscopy. In particular we compare
the behaviour of catholytes with and without the use of a
traditional Li-salt to reveal how the behaviour changes when
the Li,S,-species in the catholyte act as both a Li-salt and active
material. The operando analysis is complemented by ex situ
cycling and surface analysis of Li-anodes from coin cells after
charge and discharge. We show how the composition of the
catholyte directly promotes selected speciation and migration
of polysulfides and how this can be linked to performance in
terms of specific capacity as well as interphase stability on Li-
metal.

Results and Discussion

Figure 1 reports the physical characterisation of the two
catholytes, with and without the addition of a supporting Li-
salt, used in this study. The base catholyte is formed by the
dissolution of Li and Li,S in the tetraethylene glycol dimethyl
ether (TEGDME) at a composition that corresponds to 5 wt% of
Li,Sg and 0.4 M of LiNO; to provide compatibility and interphase
formation on the Li-metal anode. The conductivity of the base
catholyte is around 107 S/cm and this increases considerably
when a traditional Li-salt is added (here LiTFSI). At the same
time the viscosity of the catholyte increases with the addition
of Li-salt. This behaviour can be rationalised by the two
competing effects of increasing the number of charge carriers
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Figure 1. Physical characterisation of the two catholytes: 5%wt Li,Sg in TEGDME + 0.4 M LiNO; without (blue) and with 0.5 M LiTFSI (orange). a) ionic

conductivity and b) viscosity as function of the temperature.
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and the increased ionic interaction after adding Li-salt. Thus,
even though the conductivity of the catholyte with Li-salt is
higher the mobility of the ions is expected to be lower which
can have an impact on polysulfide migration.

Figure 2 shows the electrochemical characterization. Plat-
ing/stripping experiments were performed in symmetric Li/Li
cells with the two catholytes and shown in Figure 2a. The
results show that the overpotential rapidly stabilises over the
first few cycles for both cells and no significant increase over
750 hours of continuous plating/stripping is observed. This
highlights the compatibility of the catholytes with Li-metal from
the combined effect of the addition of LiNO; in the catholyte

formulation and the presence of polysulfides to form a stable
interface.”***! The cell with the Li,Sg—LiTFSI catholyte has a
lower overpotential, overall lower cell resistance, which can be
traced back to the improved ionic conductivity with the
addition of LiTFSI. Figures 2b and 2c show galvanostatic voltage
profiles from Li—S cells with the two catholytes and a sulfur free
carbon working electrode as support for the electrochemical
reactions, see experimental section in the Supporting Informa-
tion. In the first cycle both cells only show a single step plateau
at ~2V, since the discharge starts with the reduction of long
(nominally Li,Sg) to short chain polysulfides, the sloping profile
between 2.4 and 2V, followed by the conversion of short chain
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Figure 2. Electrochemical characterisation of Li—S cells using catholyte without (blue) and with 0.5 M LiTFSI (orange). a) Li plating/stripping experiment in
symmetric Li/Li cells (0.1 mA/cm?). Voltage profiles from galvanostatic cycling of the 1%, 2™, and 10th cycles of the b) Li,S,—LiTFSI and c) Li,S, catholyte coin
cells (discharge/charge rate C/20). d) XPS spectra at the S 2p core level from Li-metal anodes retrieved from the coin cells. e) Elemental concentrations (at %),
determined from XPS spectra, at the anode surface from Li,Sg and Li,Ss—LiTFSI catholyte cells after charge and discharge.
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polysulfides to Li,S (2 V plateau). In the subsequent cycles the
typical two voltage step profile is observed showing that full
conversion to elemental sulfur, precipitating on the carbon
working electrode, takes place during charge, in agreement
with previous results on Li—S catholyte cells.®®

The cell using the Li,Sg catholyte shows a higher discharge
capacity compared to the cell with the Li,Sg—LiTFSI catholyte
(Figures 2b), i.e., the active material utilisation is higher in the
cell without the traditional Li-salt. To efficiently use the active
material in a catholyte cell, migration of polysulfides from the
anode and the separator to the carbon cathode support is
needed. As the reaction proceeds during discharge, a chemical
gradient is created in the cell as polysulfides are converted to
Li,S and precipitated on the carbon support, driving the
diffusion of polysulfides towards the cathode. As polysulfides
reach the cathode and are reduced to Li,S, which precipitates
on the carbon surface and out of the electrolyte, Furthermore,
the lower ion mobility in the Li,Sg—LiTFSI catholyte will also
slow down the diffusion of polysulfides. Thus, the migration of
polysulfides will be faster in the Li,Sg catholyte leading to a
higher active materials utilisation and increased capacity. Faster
kinetics in the Li,Sg catholyte could influence the Li,S deposition
rate on the carbon electrode which could influence the
morphology/porosity of the deposits. A more open structure
formed at high deposition rates would allow the reaction to
proceed further compared to a dense structure that efficiently
blocks the access to the carbon support and limits further
conversion reactions.””

Since a larger portion of polysulfides react at the carbon
surface when the Li,S; catholyte is used, it is expected that the
concentration of polysulfides at the anode will be lower leading
to less deposition of sulfide species on the Li-metal anode
surface. To confirm this and to determine the composition of
the passivation layer on the Li-metal anode with the two
catholytes, X-ray photoelectron spectroscopy (XPS) was per-
formed on Li-metal anodes retrieved from coin cells after full
discharge and charge. The S2p core level spectra, Figure 2d and
Table S1 (in the Supporting Information), show the sulfur-
related species formed on the Li-metal surface. At the high
binding energies, we find signatures of S—O and SO,—CF,
species on the surface of the anode from the Li,SgLiTFSI
catholyte cell, formed as a result of breakdown of the TFSI-
anion. At lower binding energies signatures of Li,S and S—-S—O
species are found in the spectra from the anodes cycled with
both catholytes as consequence of the presence of Li,S, species
in the catholyte. Comparing the intensity of the peaks in this
region, we can note that the concentration of these species is
larger in the case of the Li,Sg—LiTFSI catholyte being used. In
addition, the intensity of the peaks at higher binding energy
also grows after charge, indicating a continuous breakdown of
the TFSl-anion. Thus, the interphase formed in the presence of
the Li,Sg catholyte is more stable. This is further underlined
when considering the elemental compositions of the interphase
layers on the anode surfaces, Figure 2e. When using the
Li,Sg—LiTFSI catholyte there is an increase in sulfur, fluorine, and
nitrogen concentration between the first discharge and charge,
a consequence of the breakdown of TFSI~ and the deposition of

ChemPhysChem 2022, e202100853 (4 of 8)

Li,S,. In contrast, the cell using the Li,S; catholyte has an
elemental concentration at the anode surface that is the same
after discharge and charge. Viewing the XPS results together
with the plating/stripping data, this confirms that even without
the presence of LiTFSI, the Li,Sg-catholyte has the ability to
build a stable SEIL“ and that the fluctuation in the SEI
composition during cycling, i.e. between charged and dis-
charged states, is reduced.

To gain further insights into the electrochemical mechanism
and polysulfides migration in the catholyte cells, operando
confocal Raman spectroscopy was performed during galvano-
static discharge/charge, using a combined optical and electro-
chemical cell. The cell was designed to be as analogous to a
coin cell, with the same electrode size and the same volume of
catholyte added in the cell. The galvanostatic charge discharge
voltage profiles from the operando cell, Figure S1, are in good
agreement with the coin cell data and the two cells also show
similar specific capacities. In the operando experiment, Raman
spectra are collected from a small volume in the catholyte in
close proximity to the anode surface, Figure 3a. From the
spectra collected after assembling the cell, but before first
discharge, Figure 3b, a strong Raman band is observed around
535cm™' which can be assigned to the S;*— radical
species'®***” and two weaker bands are found at 372 cm™' and
437 cm™' originating from long chain polysulfide species, such
as S¢2~ and Sg2~.1247% Thus, already in the bare catholyte there
is a distribution of polysulfide species as a result of dispropor-
tionation reactions.

To follow the change in speciation close to the anode
Raman spectra were collected continuously during discharge
and charge for cells with the two catholytes. After full discharge
the intensity of signatures related to polysulfides is very low,
Figure S2¢, confirming that a large amount of Li,S, polysulfides
have participated in the electrochemical reaction and been
reduced to insoluble Li,S that is deposited on the carbon
cathode support. The same behaviour is expected during
charge, since the polysulfides should be oxidised to Sg and
elemental sulfur should be deposited on the carbon cathode
support. However, Raman bands corresponding to polysulfides
can still be discerned after full charge, Figure S2d. Thus, total
conversion of Li,S, to Sy does not occur and polysulfide species
remain in the electrolyte which can be due to a lack of
electrolyte conductivity as the polysulfide speciation changes
towards long chain polysulfides reducing the total ion concen-
tration in the catholyte, and thereby the conductivity, leading
to cell polarisation before all polysulfide species can be fully
converted.

Using the Raman spectra to gain further insight, we quantify
the evolution of the strong band related to S;*— species
(535 cm™") during cycling and the weaker bands related to long
chain species S¢2/Sg%” (372 cm-' and 437 cm-").** In Figur-
es 3¢ and d the development of the intensities of the S;*— and
Sg®~ bands (535 cm™' and 372 cm-" respectively) are overlaid on
the voltage profiles during the first cycle. During the first
discharge step, 2.4-2.1V, there is a rapid increase in the band
corresponding to the S;*— species and sharp decrease in the
intensity of the band related to long chain polysulfides. This is

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 3. Raman spectra from the operando cell and polysulfide speciation during discharge and charge. a) Cell configuration for operando Raman
experiments. The spectra are taken in the bulk catholyte close to the Li-metal anode. b) Raman spectra obtained from the Li,S, (blue) and Li,Sg—LiTFSI
(orange) catholytes in the operando cell, band assignment in Table S2. Intensity of the S;*~ Raman band (535 cm™') and long chain polysulfide band
(372 cm™) overlaid on the galvanostatic voltage profiles when cycling with the c) Li,Ss and d) Li,Sg—LiTFSI catholytes.

the region where we expect the conversion of long chain
polysulfides to shorter polysulfides to take place and the
behaviour of the Raman intensities thus confirms this process.
At the start of the voltage plateau at 2.1V the intensity of the
535 cm™' band rapidly drops in the Li,S; catholyte, Figure 3c.
This result is consistent with a mechanism where there is a
rapid migration of polysulfide species to the cathode from the
anode, where the Raman spectra are taken, as Li,S is formed
and precipitated on the cathode support. In the case of the
Li,S¢—TFSI catholyte, the decrease in intensity of the 535 cm™
band is much slower and continues during almost the whole
discharge, Figure 3d, in agreement with a slower migration of
polysulfide species.

At the start of the 1% charge, the concentration of S;*—
increases slowly, but continuously, in the cell with the Li,Sg
catholyte and reaches a maximum at 60% into the charge
process, whereas the concentration of longer chain polysulfides
remains low until the very last part of the charge process,
Figure 3c. To rationalise this behaviour, we can envisage a
reaction path where in the initial stages of charge only short
chain polysulfides are created, up to Li,S, and the longer
species are not formed until later into the charge process. In
fact, the onset of the constant intensity of the S;*— Raman
band coincides with a kink in the voltage profile which could
indicate the formation of S;*~, which can disproportionate to

ChemPhysChem 2022, e202100853 (5 of 8)

form the observed S;*— species. As the concentration of S;*—
species decrease there is again a kink in the voltage profile and
also an increase in the signal corresponding to Sg*~ species. In
the Raman spectra of the Li,Sg—TFSI catholyte, the S;*— Raman
band intensity increases more gradually at the start of charge,
Figure 3d, pointing to a mechanism where conversion is slower.
Furthermore, in the Li,S;—TFSI catholyte the presence of a band
at 372 cm™' is not detected at the end of the 1 charge and the
decrease of the S;*— band intensity is small. This can be
rationalised by the fact that polysulfide mobility is lower due to
the higher viscosity and that the observation of the formed
species on the anode side is delayed.

In Figure 4, the evolution of the Raman band intensities
across multiple cycles is shown. In the Li,S; catholyte, the S;*—
band intensity reaches 90% of the maximum value during the
first discharge. In each subsequent cycle the intensity of this
band remains high, but with a small decrease in each cycle. For
the Li,Sg—LiTFSI catholyte, the S;*— bands intensity reaches
65 % at charge compared to discharge, but then remains rather
stable. This suggests that in the Li,Sg—LiTFSI catholyte sulfur
species are irreversibly consumed in the first cycle, consistent
with the finding of a higher sulfur content of the SEI formed on
the Li-metal anode in the Li,Sg—LiTFSI catholyte system. Such
consumption is observed to be less significant in the Li,Sg
catholyte.

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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In the Li,Sg catholyte the Raman band corresponding to 1% charge and reaches a maximum during the 2.4V plateau of
long chain polysulfides increases during the final stages of the  the 2™ discharge, thus there is a delay in the observation of the
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species at the anode side compared to their formation in the
cathode. In the case of the Li,S—LiTFSI catholyte the maximum
of Sg>~ Raman band occurs little bit later, close to the end of the
first plateau during discharge, in agreement with the previous
discussion on a lower mobility of the polysulfide species. It
should be noted that for both systems only the maxima seen
during the 2.4V plateau are considered as significant for the
S¢>~ Raman as the absolute intensity of this band is rather low.
Increases in intensity at other points during discharge and
charge can be a result of the baselining of data with a
significant fluorescent background.

To gain further insight into the role of polysulfide species
on cell performance, the evolution of the intensity of the S;*—
band intensity and the corresponding voltage profiles are
overlaid and normalised to the charge/discharge times to allow
a direct comparison of the behaviour of the two cells across
multiple cycles (Figures4 c and d). For the Li,Sg catholyte,
(Figure 4c), the S;*— band intensity maximum seen during
discharge for the 2", 3%, and 4" cycles appears at the same
depth of discharge and the intensity increase starts at the same
depth of discharge. However, for the Li,Sg—LiTFSI catholyte, the
intensity maxima are observed progressively earlier in the
discharge. Figure 4d shows the same analysis, but with a
charge/discharge alternance. In Figure 4d, for the Li,S, catholyte
it can be seen that there is a minimum in the S;*— band
intensity as the cell reaches full charge, and this minimum
remains during the 2.4 V plateau in the discharge. However, for
the Li,Sg—LiTFSI catholyte, this minimum is not observed during
charge but only after the 2.4V plateau in the subsequent
discharge. With each subsequent cycle this minimum is
observed closer to the cell's charged state.

This delay in the positions of both the minima and maxima
seen in the Li,Sg—LiTFSI catholyte, and their subsequent shift,
suggests that polysulfide mobility in the electrolyte changes
with each cycle. It must be noted that the Raman spectra were
measured close to the anode, thus the measured intensities of
polysulfide species reflect the concentration of species that
have been converted at the cathode and migrated to the
anode. Thus, the difference in the position of the minima and
maxima of between the two catholytes directly reflects the
migration of polysulfides (Figure 4e). The shift of the maxima
and minima for the Li,Sg—LiTFSI catholyte with each cycle, can
be related to that polysulfide species and the Li-salt in the
catholyte are consumed during cycling, reducing the electrolyte
viscosity, and increasing the mobility of remaining species.

To evaluate the impact of polysulfides migration on long-
term cycling of Li—S cells using catholytes, coin cells with
Li,Sg—LiTFSI and Li,Sg catholytes were cycled and their cycling
performance is shown in Figure S4. The coin cells deliver a
specific capacity of 538 mAhg™' and 559 mAhg™" after 60 cycles
for Li,Sg—LiTFSI and Li,Sg catholytes, respectively. This indicates
that stable cycling of Li—S cell can be realized even with
considerable migration of polysulfides in the catholyte. It
further underlines that a stable SEI on Li, as discussed in
Figure 2, plays a key role on suppressing shuttle effect and
utilization of active mass in Li—S cells with catholyte config-
uration.

ChemPhysChem 2022, e202100853 (7 of 8)

Conclusions

We report an insight into the mechanism and migration of
polysulfides during discharge and charge in catholyte Li—S cells
using operando Raman spectroscopy. We show that using a
catholyte only based on the addition of polysulfides (e.g., no
traditional Li-salt, such as LiTFSI, is present) results in a higher
mobility of polysulfide species and faster migration in the cell,
which is beneficial for active material utilisation. The mecha-
nism behind this behaviour originates from a faster diffusion of
short chain polysulfide species and affects the subsequent
conversion of these species. The removal of a traditional Li-salt
also improves the stability of the SEI formed on the Li-metal
anode.
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ARTICLES

Operando Raman spectroscopy is
conducted to track speciation and
migration of polysulfides in catholyte
Lithium—Sulfur cell. Our results show
that migration of polysulfides is the
key to cell performance in terms of
capacity and stability of Li anode. It is
found that formation of long chain
polysulfides is delayed during charge
because of rapid formation/
migration of shorter chain species.
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