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n degradation in lithium–sulfur
batteries during cycling – quantitative and high
time-resolution operando X-ray absorption study
for dissolved polysulfides probed at both electrode
sides†

Claudia Zech, *a Philipp Hönicke, a Yves Kayser, a Sebastian Risse, b

Olga Grätz,c Manfred Stamm c and Burkhard Beckhoffa

The development of operando characterization techniques on realistic batteries is essential for an advanced

mechanistic understanding in battery chemistry and, therefore, contributes to their further performance

improvement. This manuscript presents operando Near-Edge X-ray Absorption Spectroscopy (NEXAFS)

traceable to the SI units (SI is the abbreviation for the International System of Units) during multiple

charge–discharge cycles on both electrodes of lithium–sulfur (Li/S) coin cells which enables an absolute

quantification of dissolved polysulfides with no need for calibration samples or reference material. We

could reveal that during the charging process, polysulfide (PS) movement from the negative to the

positive electrode is inhibited. This leads to a steady increase of dissolved polysulfides at the anode side

and, therefore, is one of the key points for capacity fading. We quantitatively track the polysulfides

dissolved in the electrolyte and correlate for the first time their evolution with the capacity fading of the

cell. We analyze the appearance of PS during cell operation at the cathode and anode side to

characterize the transport mechanisms of the polysulfide shuttle phenomena and to reveal quantitative

information about their evolution at different states of charge and states of health. Our cell design

suppresses the contribution of cathodic sulfur, which is mandatory for reference-sample-free

quantification in X-ray spectrometry and allows us to use only slightly modified standard coin cell batteries.
1 Introduction

Smart grids, renewable energy sources, mobile devices, and
electro-mobility are the main driving factors for the increasing
demand in rechargeable batteries with improved energy density
and life cycle. High energy density accumulators are especially
crucial for mobile storage applications. Since lithium-ion
batteries (LIB) may be close to reaching their best possible
performance regarding practical energy density, research in
new battery materials is in high demand.1 Furthermore, the
transition metal compounds used in LIBs as electrode materials
are toxic, relatively scarce, and a limiting factor when consid-
ering achievable energy density. Highly promising alternatives
bbestr. 2-12, 10587 Berlin, Germany.
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to LIBs are lithium–air and Li/S batteries. A cell built using light
metallic lithium as anode and sulfur as cathodic active material
has a theoretical energy density of up to 2500 W h kg�1,1 which
is signicantly higher than that of LIBs. Besides, S is inexpen-
sive (100 USD t�1 in comparison to 30.000 USD t�1 for Co or
9.000 USD t�1 for Ni), environment-friendly and abundant.
However, a stable energy density of only about one-fourth of the
theoretical limit has been reached until now.2 Also, the
observed capacity fading during cycling makes the performance
insufficient for industrial applications. The requirement for
batteries for electric vehicles is a stable life cycle of at least 1000
cycles. Nevertheless, the high theoretical energy density of the
Li/S cells makes it a promising system for more detailed
investigations of the internal fading processes, to understand
and possibly improve them.

Electrochemical methods, such as galvanostatic cycling
(GCPL) or cyclic voltammetry (CV), allow for the monitoring the
performance and the capacity fading. Still, these methods do
not provide deep insight into the underlying mechanisms that
are not coupled by an electrochemical charge transfer. The
mechanistic understanding of the functioning of a battery, and
especially of the polysulde (PS) shuttle, requires a more
J. Mater. Chem. A, 2021, 9, 10231–10239 | 10231
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Fig. 1 Modified CR2032 coin cells for operando NEXAFS measure-
ments to investigate dissolved PS in the near of the cathode (left) and
the anode (right). When analyzing through the aperture, the signal
from cathodic S is avoided and only PS dissolved in the electrolyte are
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reliable correlation with the underlying physical and chemical
processes. Spectroscopic techniques like UV-vis,3 Raman4 and
FTIR5,6 are valuable tools that give insights into the reaction
mechanisms of Li/S in operation. However, a quantication of
PS species is experimentally challenging. Therefore, we employ
SI traceable (SI is the abbreviation for the International System
of Units) operando Near Edge X-ray Absorption Fine Structure
(NEXAFS) analysis at the sulfur K-edge in this work to quanti-
tatively investigate the PS formation in coin cell batteries.

NEXAFS is a contactless method that allows for the investi-
gation of the unoccupied electronic density of states and the
identication of the chemical species of an element. NEXAFS
investigations can be applied to solid, liquid, gaseous, crystal-
line and amorphous structures7 for investigations of elemental
masses in the low picogram or ppb (parts per billion) range.
Furthermore, since it is an X-ray based technique larger sample
volumes than electron microscopies can be investigated.8–11 Our
approach allows probing the dissolved PS within the electrolyte
for different states of charge (SOC) and states of health (SOH).
This study investigates the anode and the cathode side over
several consecutive charging cycles. In contrast to previous
NEXAFS investigations of Li/S batteries,2,7,12–22 we perform
operando NEXAFSmeasurements duringmultiple charging and
discharging cycles using calibrated instrumentation23,24 and
well-known excitation radiation.25 This, in addition to the exact
knowledge of atomic X-ray fundamental parameters,26 allows
a reference sample-free quantifying the mass deposition of S in
dissolved PS so that it is possible to overcome the lack of
reference samples for aged battery cells. This novel approach
provides an insight into the amount of inaccessible cathodic S
and the average length of the PS.

The mechanism of the Li/S system is the conversion of
cathodic S to lithium monosulde (Li2S). In short, the main
reasons for the Li/S cell fading are the non-conductive nature of
S and Li2S, the considerable volume variation of the cathode
during charging and discharging, the dendritic lithium growth
at the anode and the polysulde shuttle.27,28 Indeed, during
discharge, cathodic S is reduced to Li2S, and during charge, the
process reverses. This conversion proceeds progressively with
the formation of intermediates.2,12,29 When the insoluble
cathodic S reacts with the lithium ions during discharge,
soluble lithium polysuldes Li2Sx (2 # x # 8) form. Simulta-
neously with the stepwise reduction and oxidation of the PS,
disproportionation reactions take place. The solubility of these
intermediates is partially wanted since it opens access to the
entire S in the cathode.30 However, issues arise when the dis-
solved PS diffuse out of the cathode and are no longer electri-
cally connected to the carbon host matrix and, therefore, can no
longer contribute to the cell capacity. PS can even pass through
the separator and reach the anode, where a reduction to short-
chain PS can occur. A fraction of these PS partially migrates
back to the cathode, followed by electrochemical oxidation.
This circulation is called the PS shuttle.1 However, if the PS at
the anode are reduced to the insoluble Li2S, an insulating layer
is formed hindering the lithium-ion exchange, which results in
capacity fading and intensies dendritic growth. Therefore,
10232 | J. Mater. Chem. A, 2021, 9, 10231–10239
understanding and overcoming this PS shuttle effect is of prime
importance.
2 Material and methods

To stay as close as possible to realistic batteries and cycling
conditions, we use standard CR-2032 coin cell bodies for the Li/
S batteries and moderate (dis-)charge currents ($C/10) to
investigate relevant cell processes. To investigate exclusively the
PS dissolved in the electrolyte, a central hole (2 mm in diameter)
was cut into the steel body of the CR2032 cell housing and into
the respective electrode (3 mm in diameter), depending on the
electrode side under investigation, see Fig. 1 and 2. The window
material to cover the aperture in the housing for the NEXAFS
experiment was a 4 mm thin, highly oriented pyrolytic graphite
(HOPG) lm. Our approach allows the investigation of the dis-
solved PS while avoiding contributions from PS in the cathode
as well as from cathodic sulfur. Several advantages over
previous studies are offered: rst, there is no need to modify the
cathode composition, for example, to reduce the initial sulfur
active material content for a decreased self-absorption effect in
the NEXAFS studies as in the work of Pang et al.31 Second, only
by eliminating contributions of cathodic sulfur in the
measurement, a reference-free quantication approach can be
applied. The reason is that PS and elemental sulfur have
a resonance at the same energy of 2472.0 eV in NEXAFS spectra
because both molecules contain sulfur–sulfur bindings. The
quantication with the fundamental parameter method is
explained in the ESI† in more detail.

In contrast to the works by Cuisinier et al.,14 Gorlin et al.15

and Dominko et al.,21 who used non-sulfurous salts, we
employed the standard and most promising salt for Li/S
batteries, lithium bis(triuoromethanesulfonyl)imide (LiTFSI),
as conductive salt in 1,3-dioxolane and 1,2-dimethoxyethane
(DOL/DME). This chemical composition of the electrolyte yields
detected, which is essential for quantitative analysis.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Extended schematic side view of the operando cells to depict the probing volume for NEXAFS measurements. (1) Stainless steel coin cell
body (commercial CR2032 type) with a hole of 2 mm diameter (2) window consisting of 4 mm HOPG material manually glued in the cell body
enables high transmittance as well as working in UHV environment, (3) positive electrode composed of 15 mmaluminum foil as a current collector
and 50 mm active material (sulfur, carbon black, binder) with a probing hole (4) hole in the investigated electrode with a diameter of 3 mm and
filled with electrolyte, (5) probing volume for detecting the PS depending on the beam dimensions and the electrolyte components. (6) Incident
photons, (7) fluorescence photos, (8) separators consisting of 125 mm Freudenberg FS2190 separator facing the cathode side and a 25 mm
Celgard 2325 separator facing the anode side. (9) Anode of 500 mm metallic lithium.
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additional resonances of oxidized sulfur in the XAFS spectra,
which is addressed by a more complex data processing. In
addition, our experimental approach enables direct access not
only to the PS formation but also to transport process from two
different locations inside the cell. While most previous studies
concentrate on the initial formation of PS, we investigated the
formation as well as the evolution over the rst three charge–
discharge cycles for both electrodes, which is important to study
the PS shuttle effect.

The probing volume for detecting the PS depends on the
beam dimensions and the electrolyte components. For the used
electrolyte as described above, the penetration depth for
photons with energies around 2.74 keV is up to 30 mm. The
beam dimensions are 300 mm � 325 mm for an incident angle 4
of 22.5�. An extended schematic side view of the measurement
geometry is shown in Fig. 2.

The NEXAFS experiments were carried out at the four-crystal
monochromator (FCM) beamline32 in the laboratory of the
Physikalisch-Technische Bundesanstalt (PTB)25 at the synchro-
tron radiation facility BESSY II in Berlin. All measurements were
performed in an ultra-high vacuum (UHV) chamber23 at a pres-
sure of around 2� 10�7 mbar due to the tender X-rays used. The
operando cells are measured directly aer assembling to keep
calendar aging and self-discharge effects as low as possible.
Considering the transfer to UHV and adjusting the cell position
for the NEXAFS measurements, the waiting time before the
actual experiment was less than 4 hours. All NEXAFS measure-
ments are performed in uorescence mode. A calibrated energy-
dispersive silicon dri detector (SDD) counted the emitted
uorescence photons,33 and a calibrated photodiode recorded
the incident photon ux, serving as a calibration reference for
the NEXAFS investigations.
This journal is © The Royal Society of Chemistry 2021
3 Results and discussion

We investigated the electrochemical cycling performance of the
operando cells with a galvanostatic charge/discharge, with X-ray
radiography (Fig. S2†) and with cyclic voltammetry (Fig. S1†) to
evaluate any possible inuence of the holes in the electrodes on
the cell performance. The results are shown in detail in the
ESI.† Compared with cells with non-modied electrodes, the
operando cell performance does not suffer from the hole.

NEXAFS spectra from studies investigated directly the
cathode suffer under self-absorption effects due to high
cathodic sulfur content, so that quantitative operando analysis
is not appropriate. Performing sulfur K-edge NEXAFS with our
operando cells shown in Fig. 1, the spectra only contain
contributions from the sulfur in dissolved PS as well as sulfur
from the electrolyte salt. In that case of low self-absorption,
a NEXAFS spectrum can be considered as the weighted sum
of the individual components. Reference spectra for dissolved
PS and the conductive salt are shown separately in Fig. S4.†

Each operando NEXAFS measurement takes around 12
minutes while the cell is continuously cycled at 0.1C discharge
current and 0.2C charge current between potential limits of
1.6 V and 2.8 V for the rst three cycles. In total, about 85 single
NEXAFS spectra were recorded over a period of 20 hours for
each electrode side. The spectra shown in Fig. 3 are normalized
to the incident radiant power, SDD efficiency, and the solid
angle of detection.

Both cells contain resonances P1 and P2 from PS and E1 and
E2 from the conductive salt LiTFSI. The main signal E1 at
2480 eV originates from the sulfonyl group of LiTFSI in the
electrolyte salt. For all the PS, a white line (primary signal P2) in
the energy range around 2472.1 eV and a pre-edge at 2470.2 eV
J. Mater. Chem. A, 2021, 9, 10231–10239 | 10233
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Fig. 3 Sulfur K-edge NEXAFS measurements for the first three discharge/charge cycles at the cathode (left) and anode side (right). The green
curves are the NEXAFS measurements at the beginning of the discharge. The red curves represent the NEXAFS scans when the cell passes the
fully discharged state.
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(P1) are detected. While the white line represents S–S bonds, the
pre-edge signal originates from the Li–S metal bonds.2 Even
before the beginning of cycling, the presence of PS, caused by
the self-discharge mechanism,13 is clearly visible. For the anode
side and especially for subsequent cycles, the spectra are noisier
than for the cathode side. The lithiation and delithiation could
lead to an effective decrease of the anodes' hole diameter, which
causes scattering effects due to the light lithium atoms and with
that more noise in the spectra.

During cycling, two additional resonances R1 and R2 at
2476.2 eV and 2477.7 eV are detected. We assign them to side
reactions, electrolyte decomposition and radiation damage,
where functional groups with different S species can be formed.

Furthermore, the radical S3
�, which would show a resonance

at 2468.5 eV, was not observed on the cathode nor on the anode
side. This is in agreement with the NEXAFS studies of Cuisinier
et al.34 but in contrast to the work of Wang et al.,35 where the
radical for this type of electrolyte was detected with electron
paramagnetic resonance (EPR) analysis. This may indicate that
the radical could only occur inside the cathode or directly at the
cathode surface.
3.1 Quantication

The peak areas of the resonances P1 and P2 are proportional to
the amount of sulfur in dissolved PS. Therefore, a spectral
deconvolution of each NEXAFS spectrum is performed by using
Voigt functions for the resonances and a step function for the K-
absorption edge.

For a reference-free quantication of the PS mass deposition
we use the detected uorescence signal at an incident photon
energy of 2475 eV, since there is nearly no ne structure from PS
and the contribution from S in the electrolyte or decomposed
electrolyte (resonances R1 and R2 in Fig. 3) is low. The partial
photo ionization cross-section36 for the S–K edge at 2475 eV, as
well as the uorescence yield and the relevant mass attenuation
coefficients, are taken from the X-raylib37 database. Further
details, including the Sherman equation used for quantica-
tion, can be found in the ESI.†
10234 | J. Mater. Chem. A, 2021, 9, 10231–10239
The formation of PS takes place at the surface of the positive
electrode, but the detection volume is in the middle of the
electrode hole (see Fig. 2). The movement of dissolved PS is a 3-
dimensional Brownian movement, and the diffusion coefficient
is

D ¼ hx2i
6� t

with x as distance and t as time.38 For the used electrolyte
diffusion coefficient for PS have been determined with molec-
ular dynamics simulations to 2 � 10�10 m2 s�1 (averaged over
all soluble PS). With the known diffusion coefficient and the
dimensions of the probing volume the minimal time needed for
the PS to travel from the cathode into the probing volume can
be calculated. In the case of the cell with the hole in the cathode,
PS need at least 31 minutes to reach the middle of the probing
hole (1.5 mm traveling distance). In contrast, for the cell
investigating the anode side, there is no hole in the cathode so
that the PS can go perpendicular through the cell. They would
reach the probing volume (600 mm away) aer 5 minutes of
diffusion time in the electrolyte plus the additional diffusion
time needed to pass through the separators depending on their
porosity and tortuosity. The determined mass deposition cor-
rected for the diffusion time of PS in the electrolyte as well as for
the HOPG window attenuation of the incident and uorescence
radiation is shown in Fig. 4. The uncertainties for the sulfur
mass deposition values are around 11% since the used funda-
mental parameters for sulfur have uncertainties between 2 and
5% for the mass attenuation coefficient and 5 to 10% for the
uorescence yield.39 Moreover, up to 1% of cathodic sulfur can
be dissolved in the electrolyte, which gives additional intensity
for resonance P2 and thus lead to an overestimation of PS.

Additionally, and in conjunction with an estimation of the
information depth from which the detected S uorescence
originates, the quantied PS mass deposition can be converted
into an absolute mass of PS inside a given volume of electrolyte.
To estimate the percentage of initial cathodic sulfur converted
in dissolved PS, the inhomogeneities of the different PS in the
electrolyte are disregarded in the rst approximation. With the
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Direct comparison of the absolutemass deposition (blue curve) of S in dissolved PS for the cathode side (left) and anode side (right) for the
first three full cycles. The electrochemical performance is shown in black. To compare the cells with different amounts of initial sulfur loading, the
percentage of lost cathodic sulfur is determined (3rd y-axis). For the anode side, PS quantification starts after one hour of discharge at first due to
beam instabilities. Highlighted is the turning point at 2.35 V in the recharge process that results in a PS concentration gradient.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

1/
18

/2
02

1 
12

:2
0:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
known initial cathodic S loadings (determined by weighing) of
2.9 mg for the cell with a hole in the cathode and 1.75mg for the
cell with a hole in the anode, this yields that about 25% and
21% of the cathodic S is dissolved as PS even before starting the
cycling of the cells used in the experiment. That corresponds to
a concentration of 0.44 mol l�1. The different S mass loadings
for the two cells originate from the manual fabrication with
knife-edge technique. Performance variations caused by
different amounts of cathodic sulfur could be prevented by
using mechanized process technology to generate electrodes
with optimized reproducibility of S content. In contrast to the
mass deposition, the determined fraction of lost cathodic sulfur
(displayed as the third y-axis in Fig. 4) has to be seen only as
a rough estimation because of the aforementioned
approximations.

The two cells are shown here to have a nominal specic
discharge capacity of 530 mA h g�1 and 570 mA h g�1 (hole in
the cathode and hole in the anode) for the rst cycle. Although
the initial capacities are not pretty high, the capacity was stable
over the three investigation cycles, indicating a well-working
battery system with minor fading. CV and X-ray radiography
measurements support this nding, see ESI† (“validation of the
cell concept”). While, for the anode side, a steady increase of the
average PS signal with cyclic uctuations is detected, the
amount at the cathode side is only slightly increased aer the
rst three cycles. In consequence, there is a gradient between
the electrodes aer three cycles andmore PS diffuse towards the
anode side.

For the rst discharge, at both cell sides, the dissolved PS
mass deposition decreases until the cell is fully discharged. In
this phase, the formation of insoluble Li2S starts inside the
cathode or at the anode surface. Note that the electrode surface
itself is not probed due to the hole in the electrodes. The
minima of the dissolved PS mass deposition occur when the
cells are fully discharged as expected.

During the rst recharge, a strong increase in the amount of
S in PS is visible for both electrode sides. Aer approximately
half the recharge, a turning point at 2.35 V is reached for the
This journal is © The Royal Society of Chemistry 2021
cathode side, and the PS intensity starts to decrease. A local
minimum is reached, when the cell is fully recharged according
to the formed cathodic S. In contrast to that, for the recharge at
the anode side, just a reduction of the slope is detected. That
can be explained by a signicant movement of PS from the
cathode to the anode side during the recharge process due to
a sudden increase in concentration gradient between both
electrode compartments. During the charging process in Li/S
system, lithium ions move from the positive to the negative
electrode, which hampers the movement of polysuldes from
the anode to the cathode (because it is the opposite direction)
and thus leads to an accumulation at the anode side. Due to the
lithium metal electrode's potential during charge, there is no
electrochemical oxidation in the electrolyte near the anode
possible. However, at the same time, the oxidation of poly-
suldes occurs at the cathode. This creates a concentration
gradient and leads to the diffusion of only a fraction of PS back
into the electrolyte near the cathode. Hence, the actual forma-
tion of the PS is not the main problem, but the concentration
driven PS movement to the anode side, which happens during
that described recharge process, which is detected for all three
cycles.

For the second discharge, there is an increase until the
second discharge plateau at 2.1 V is reached. This means that,
until 2.1 V, elemental S reacts to form soluble PS, and, at the
second plateau, the formation of insoluble Li2S starts and leads
to the decrease of dissolved PS. This is in agreement with
observations in ref. 8 and 30.

The increase over time indicates that more and more dis-
solved PS are present in the electrolyte at the anode side, which
do not diffuse back to the cathode and form S and, conse-
quently, an increasing amount of cathodic active material is
lost.
3.2 Average polysulde length

In addition to the quantitative information presented, the
evolution of the ratio of the two PS resonances (P1 and P2 in
J. Mater. Chem. A, 2021, 9, 10231–10239 | 10235
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Fig. 5 Ratio of P1/P2 (red) to gain information about the average PS chain lengths for the cathode side (left) and for the anode side (right). The
black curve indicates the electrochemical behavior. Highlighted is the turning point, where longer PS react to shorter PS and elemental S.
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Fig. 3) provides information about the average PS chain length.
Since long-chained PS have more S–S bonds than short-chained
ones, the ratio of Li–S (resonance P1) to S–S (resonance P2)
signals indicates the average PS length. In Fig. 5, the P1/P2
intensity ratio is plotted as a function of the cycling time
together with the electrochemical behavior.

For the cathode side, a linear decrease of the average chain
length is detected during discharge until approximately half of
the second discharge plateau is reached, at which point the rate
decreases. The PS are the shortest right before the cell is fully
discharged, which agrees well with expectations and theory.30

When the cell is recharged, the chain length constantly
increases until halfway into recharge, where a dip to shorter PS
is observed. This dip correlates with the voltage change during
recharge and cannot be clearly observed on the anode side. It
may be caused by the onset of the sulfur crystal nucleation and
growth process. Longer PS disproportionate into short-chain PS
and precipitated S8 (e.g., 2Li2S8 / 2Li2S4 + S8). The phase
transition (PS to S8) would be in agreement with the dip in the
galvanostatic cycling curve. Operando X-ray radiography studies
show the precipitation of b-sulfur crystals at this state of
charge.40 Also, operando XRD studies found the formation of
crystalline sulfur at this characteristic point of the voltage
curve.41,42 The gradual increase in long-chain PS at the anode
side substantiates the fading mechanism discussed above. The
sudden formation of long-chain PS at the cathode side during
charge and the accompanying concentration driven migration
of these PS through the separator leads to a stepwise accumu-
lation of long-chain PS at the anode side. Unfortunately, these
PS are the most vulnerable species towards unwanted side
reactions with the metallic lithium anode.

Additionally, it could be explained that during recharge,
longer PS, which are the best soluble in the electrolyte, travel to
the anode side and cause an effective shorter chain length at the
cathode side. This agrees with the observation that this local
maximum is not seen on the anode side, where a constant
reaction to longer chains is detected. Both processes can lead to
the effective accumulation of PS on the anode side which has
been observed (Fig. 4).

Furthermore, we performed Raman analysis43 (vibrational
spectroscopy) to identify the different PS species on the anode
10236 | J. Mater. Chem. A, 2021, 9, 10231–10239
side through their ngerprint spectrum (see ESI Fig. S4 and S5†)
to validate our NEXAFS results. Raman spectroscopy allows for
the identication of chemical species by their vibration spec-
trum and is particularly suitable for non-polar, covalent mole-
cules. Because of these characteristics, the Raman method is
also well suited for operando investigations of Li/S cells.43–47 Our
presented operando cell is suitable for Raman spectroscopy just
by substituting the window material (Kapton instead of HOPG).
Although the techniques have different penetration depth, aer
PS formation during rst discharge, similar periodic behavior
for PS in NEXAFS and Raman measurements is detected. The
advantage of vibrational spectroscopy is the access to the indi-
vidual PS. We detected, that aer formation during the rst
discharge, Li2S4 is the main PS for the rst three cycles.

4 Conclusion

With our cell design for dissolved PS and operando sulfur
NEXAFS, we have gained for the rst time a direct and operando
comparison of the absolute amount of dissolved PS with the
electrochemical performance of the cell. We proved that the
amount of dissolved PS is related to the cells' capacity. We
observed initial cathodic S present in dissolved polysuldes of
21% and 25% for the two operando cells. Our studies are in
agreement with the results of Diao et al.48 who used ex situ
Inductively Coupled Plasma-Optical Emission Spectrometry
(ICP-OES) to determine S in dissolved PS. They observed a 20%
cathodic sulfur loss for the discharged state, which is the same
magnitude that our results have shown. For the charged state,
they detected 45% of dissolved S which is much larger than our
results which may be explained by their electrode washing and
dilution processes. Our approach using calibrated instrumen-
tation and fundamental parameter leads to a quantication
with no need for a calibration sample with known
concentrations.

With the investigation over the rst three full cycles in
combination with the high time resolution of only 12 min per
NEXAFS and spatial resolution, we got access to the different
behavior of PS for the cathode and the anode side. While PS are
formed with the start of the discharging process of the cell (or
even earlier due to self-discharging), we conclude that the main
This journal is © The Royal Society of Chemistry 2021
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issue for an increasing PS concentration in the electrolyte is the
recharging process at 2.35 V. We clearly observed that PS do not
diffuse back completely to the cathode side, so that their
amount at the anode side increases steadily. With investiga-
tions of the average PS chain length the reasons for this
behavior can be seen either as a reaction of longer PS with Li2S
to shorter PS and elemental S or the different dissolving prop-
erties for the various PS. In addition, the diffusion of poly-
suldes from the anode to the cathode side during charge is
hampered caused by the lithium current in the opposite direc-
tion. To address this problem and to improve Li/S batteries, the
application of a retarding agent or a sparingly solvating solvent
could decrease this effect.

Further, we would like to emphasize that the presented
quantitative NEXAFS based technique for operando character-
ization of processes in batteries does not require major changes
to the battery structure but can be performed on realistic coin
cell batteries. In addition, the used operando techniques enable
the investigation of separator materials regarding PS retention.
In perspective, the presented methodology can be readily
applied to other types of battery materials, e.g., LIBs. It can thus
serve as a novel toolset for advanced operando correlation and
degradation studies over multiple charging cycles to provide
insights for a deeper understanding of mechanisms in current
and future battery materials.
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