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Electronic Supplementary Information (ESI)

Preparation of the coin cells

The coin cell casings for the Li/S batteries were purchased from MTI Corporation. As the 
electrolyte, we use 1,3-dioxolane (DOL): dimethoxyethane (DME) (volume ratio 1:1) as 
solvents, 1 M LiTFSI as conductive salt and 0.25 M lithium nitrate (LiNO3) additive.  
Anhydrous DOL and DME were purchased from Sigma-Aldrich and used as obtained. 
LiTFSI and LiNO3 were purchased from Sigma-Aldrich and dried before use. 
The cathode was prepared at the Leibniz-Institut für Polymerforschung Dresden (IPF) 
laboratories. Sulfur was purchased from Sigma-Aldrich, Timcal Super C65 carbon black 
from IMERYS Graphite&Carbon and guar gum binder was purchased from Sigma 
Aldrich. The current collector used was carbon coated aluminum foil, purchased from 
MTI Corporation. We chose guar gum over the generally used PVDF binder, since it 
provides a comparable performance, while requiring water instead of a toxic as solvent. 
The carbon-coated aluminum foil is preferred for its wetting properties. Sulfur and 
carbon black are milled together in a vibrational ball mill with stainless steel balls (two 
hours of milling with a 15 Hz frequency, with a half an hour break after the first hour). 
The mixture is heated at 155°C for 5h under atmospheric pressure and in argon 
atmosphere. It is milled again with an addition of carbon black for enhanced 
conductivity.  Then the binder is added to the powder and a slurry is prepared with 
Millipore water. It is applied on the current collector with the aid of a doctor blade. The 
final mass composition of the cathode is 60% sulfur, 32% carbon and 8% guar gum. The 
cathode is dried in air and additionally dried at 95°C under atmospheric pressure before 
use. 
A 500 µm thick metallic lithium foil, purchased from Alpha Aesar, is used as the anode. 
Lithium is used in large excess to ensure no complete consumption during the operation.  
We use an excessive amount of 100 µl electrolyte solution per cell, whereas the amount 
of sulfur is around 1.5 mg – 3 mg. For dendritic growth suppression1, we use two 
thermoplastic polymer membranes as separators, Celgard 2325 facing towards the 
anode and Freudenberg FS2190 facing towards the cathode. The Celgard 2325 separator 
constitutes a polypropylene membrane with holes, while the Freudenberg FS2190 
separator is a porous fibrous mat.
To investigate the polysulfide formation and transport in two different points of the cell, 
a hole is cut in the steel body of the cell (2 mm diameter) as well as into each the anode 
and cathode (3 mm diameter), respectively, so that polysulfides in front of and behind 
the separators can be detected. Different windows are used for X-ray and Raman 
experiments, HOPG or Kapton foil, respectively. 
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Validation of the cell concept

To evaluate any possible influence of the holes in the electrodes, we investigated the 
electrochemical cycling performance with a galvanostat, with X-ray radiography and 
with cyclic voltammetry. Both cells have a capacity of around 550 mAh/g without 
significant reducing for 3 cycles. The electrochemistry curve of our operando cells shows 
characteristic behavior of Li/S batteries and is very similar to ones without holes in the 
electrodes. This result is confirmed by cyclic voltammetry where the cells were cycled 
four times with a potentiostat, at a scanning rate of 50 µV/s in the domain between 1.5 V 
and 2.8 V vs. Li/Li+.  The results are shown in Figure S2.

 Figure S1: Cyclic voltammetry for the operando cells with hole in cathode (left) and anode 
(right)

For both cell types (aperture in the anode, respectively the cathode), there are the 
typical two cathodic peaks at 2.0 V and 2.3 V and one anodic peak at 2.4 V. For the cell 
with the hole in the cathode, the anodic peak could be seen as a double peak. For both 
cells, a slight drift of the anodic peak to higher potentials is seen, which indicates a 
hampered diffusion.

X-ray radiography measurements were performed for the cell with the hole in the 
cathode by using a tungsten source with a voltage of 100 keV and a current of 100 µA.  
Every 20 seconds an image with a flat panel detector is recorded. The resolution of each 
image is around 10 µm per pixel.  
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Beginning Fully discharged Fully recharged

Figure S2: X-ray Radiography for 3 different states and the cell with a hole in the cathode. 

The radiographic images at the beginning, the first fully discharged and the first fully 
recharged states are shown in Figure S2. The 2 mm hole in the cathode is clearly visible. 
A pulsation during cycling has been detected, but no occurrence of macroscopic 
structures could be identified. That means we have a homogeneous distribution of active 
material and a stable cycling as desired without significant influence due to the 
electrodes holes. 

Initial rechargeddischarged



4

NEXAFS experiments

To enable the transmission of both the excitation and the fluorescence radiation, the 
CR2032 coin cell bodies are modified with a 2 mm diameter hole covered with a 4 µm 
thin highly oriented pyrolytic graphite (HOPG) window. The window is glued with two 
component glue TorrSeal. The cells are assembled with a cell crimper MSK 160-E in an 
argon glove box Labmaster by MBRAUN. The advantage of HOPG over Kapton is its 
electrically conductivity. 
The cells are charged and discharged using a Biologic VSP galvanostat at constant C/10 
discharge current and C/5 charge current between potential limits of 1.6 and 2.8 V 
(galvanostatic cycling with potential limitation, GCPL), i.e., typical values in practical use.  
NEXAFS measurements are performed at the Physikalisch-Technische Bundesanstalt 
(PTB) laboratory at the synchrotron radiation facility BESSY II in Berlin. 
Monochromization of the excitation radiation is realized by means of a four-bounce 
Si(111) crystal monochromator, resulting in an energy resolution of 0.2 eV in the region 
around the S K-edge. All measurements are performed in an ultra-high vacuum (UHV) 
environment of around 2x10-7 mbar due to the used tender X-rays. The (operando) 
batteries are measured directly after 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 XAS experiments, the waiting time prior to the actual experiments 
can take up to 4 hours. NEXAFS measurements are recorded in 0.1 eV energy steps in the 
near-edge region and 0.3 eV steps around the electrolyte resonances. Each operando 
NEXAFS measurement as described above takes around 12 minutes. All NEXAFS 
measurements are done in fluorescence mode with a 22.5° in /22.5° out setup while the 
SDD is perpendicular to the photon beam direction, to ensure an optimal penetration 
and information depth combination. The emitted fluorescence photons are detected 
with a calibrated energy-dispersive silicon drift detector (SDD) for which the efficiency 
and response behavior are known. The measurement chamber contains a calibrated 
photodiode to record the incident photon flux, which is being used as a calibration 
reference for the NEXAFS scans and which allows to normalize for changes in the 
incident flux in the measurement chamber during an energy scan. 

For PS spectrum we use 0.05 mol/L Li2S/S mixtures, prepared with different 
proportions in DOL/DME. The solution was filtered to remove any unreacted solids. 
100 µl were introduced in a coin cell containing just the two separators and no electrode 
to avoid potential self-discharge. The same procedure was performed to obtain the 
electrolyte spectrum. Regarding the electrolyte sample, the conductive salt LiTFSI 
contains two sulfonyl groups, which lead to the main resonances at 2480.1 eV and 
2485.0 eV, corresponding to oxidized S.2 The PS sample contains a mixture of PS due to 
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disproportionation reactions. For all the PS, a white line (main signal) in the energy 
range around 2472.1 eV and a pre-edge at 2470.2 eV have been detected. While the 
white line represents S-S bonds, the pre-edge signal originates from the Li-S metal 
bond.2 Since PS contain reduced S in Li-S bonds, they structurally differ from cathodic S, 
which has only S-S bonds. The intensity ratio of resonance of the Li-S bonds to the one of 
the S-S bond gives us access to the average PS length. This enables a deeper 
understanding of the stepwise convolution from elemental S to Li2S. Previous 
investigations confirm that the PS appear due to disproportionation always 
simultaneously, but in different ratios and cannot be separated.3 Therefore, it is not 
possible to prepare samples of specific PS. Every PS solution always consists of a 
mixture of several PS.

Figure S3: Sulfur K-edge NEXAFS of a polysulfide mixture in DOL/DME solutions as well as 
for electrolyte DOL/DME with LiTFSI salt.
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Quantification of mass deposition with X-ray fluorescence analysis

When performing X-ray fluorescence analysis measurements with calibrated 
instrumentation4,5, well-known excitation radiation6 and knowledge on atomic 
fundamental parameters7, one can determine the mass deposition of a specific 
element.8,9 Therefore, the spectra of our NEXAFS measurements can be used to identify 
the dissolved PS mass deposition by the determination of their S content. 

For the quantification of the mass deposition of an element  the Sherman equation 
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the fluorescence yield and the transition probability. For all these fundamental 
parameters, either tabulated data have been used or dedicated experiments to 
determine in a physically traceable manner the values of selected fundamental 
parameters are performed.  With all the aforementioned information a reference-free 
absolute quantification of the mass deposition is possible.
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Raman Setup and Analysis

The Raman analysis is performed at Leibniz Institute of Polymer Research Dresden. It is 
a powerful method for the analysis of non-polar or slightly polar molecules. The 
experiments are performed with a RAMAN Image System WITec alpha300R instrument 
(RAMAN microscope). An objective with a magnification of 20 is used. A green laser with 
a wavelength of 532 nm and a power output of 5 mW serves for excitation. For operando 
Raman spectroscopy the integration time is 0.5 s, and each spectrum is made up of 200 
accumulations and the window of the operando cell consists of a 15 µm Kapton foil. The 
measurement interval is 150 s. Before the measurement, the microscope is focused on 
the separator – it is confirmed by the optical image and the spectrum characteristic to 
polypropylene. The cell is discharged and charged via an MTI Corporation 8 Channel 
Battery Analyzer. It is discharged at C/10 current and charged at C/5 current, between 
1.6 V and 2.8 V. 

We performed reference measurements for solid sulfur, lithium disulfide, electrolyte 
and separator (see Fig. S4). After subtracting the peak contributions of electrolyte and 
separator, the PS peak identification can be performed. To identify the PS in the 
measured operando spectra, we use wavenumbers for PS in THF, calculated by Hagen et. 
al.10  

species Raman shift/cm-1

S8 218. 472
S3

.- 530
S4

2- 460
S5

- 174. 483
S7

- 201
S5

2- 478
S8

2- 492

Figure S4: Left: Reference measurements of different cell components. Right: Calculated 
Raman shifts10 for PS in THF solvent.
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 The results of the operando Raman measurements of the cell with hole in the anode is 
given in Figure S5.
 

Figure S5: Left: Operando Raman spectra for investigations of PS at the anode side. The 
measurements for which the cells are fully charged are marked green, and the ones for 
which the cells are fully discharged - red. Right: Peak intensities at different frequencies in 
relation to electrochemical evolution (black line)

Only few vibrational frequencies are observed in the cells, the most distinct ones at 
460 cm-1 and 478 cm-1. One can assume that the corresponding entities S4

2- and S5
2- are 

the most stable ones throughout cycling. 
On the anode side, the first discharge is dominated by the PS formed after the cell 
assembling. Still, in the end of the second discharge plateau a certain amount of S4

2- and 
S5

2- is visible and almost entirely disappears at the end of the discharge: they are 
reduced to insoluble S2

2- and S2-, not visible through the hole. When the cell is charged, 
the reaction happens in the other direction, therefore S4

2- and S5
2- intensities rise. The 

reaction from S2- to S4
2- takes place, but only a part of the now soluble PS diffuses back to 

the cathode. The following discharge indicates a decrease of the PS amount for the same 
reason as evocated before – insoluble S2

2- and S2- are formed and deposited at the metal 
surface. A short rise is only observed when the cell is fully discharged. The further 
charging is marked by a lower PS amount – a part of the insoluble monosulfides gets 
unreactive. It must be considered that Raman intensities do not quantitatively represent 
the different PS species and that even though the material and protocol are kept the 
same, there may be differences between two cells due to cell production reproducibility. 

The behavior of S4
2- is in conformity with the literature.11 S5

2- follows a slightly different 
evolution as compared to S4

2-. Although numerous publications claim that the 
disproportionation and dissociation reactions are predominant12–15, the corresponding 
species cannot be identified in our Raman analysis. We therefore can conclude that, in 
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the case of the present system, S8
2- is directly reduced to S4

2-: the long initial chain is 
divided into two equal parts.
The differences between Raman und NEXAFS investigations can be explained by the 
different penetration depths. The Raman measurement is performed within a small 
focus point of 1 µm2 area and at a typical depth of 2 µm close to the separator. The 
NEXAFS technique gives the cumulative result for an area of (0.3x0.4) mm2 and a 
penetration depth of up to 20 µm for organic components such as the electrolyte and the 
separators. It is observed with both techniques that the maximum of PS is present 
between the first and second discharge plateau. For Raman spectroscopy the amount of 
PS slowly increases until the end of the first discharge, while for NEXAFS, the PS amount 
steadily decreases until the end of the discharge, where it reaches a minimum. During 
the first discharge, the amount of formed PS constantly increases. Although the PS 
amount measured by NEXAFS spectroscopy reaches a minimum at the end of the 
discharge, it is at no point decreasing to zero. During the consequent charge, one can 
observe a slow decrease of the PS amount by Raman measurements and an increase, 
with a local maximum shortly before the cell is fully charged by NEXAFS. Indeed, it is 
following the previous observations – the PS return from the anode side, but as soon as 
they reach the cathode and, thereby, the focus point of the Raman beam, they are 
oxidized to insoluble elemental S. In the further cycles, the PS amount increases at the 
beginning of the discharge to slowly decrease until its end showing a smaller local 
maximum during the charging. 
On the anode side, there are clearly similarities between both analytical techniques. The 
Raman curve is noisier than the NEXAFS one, this is caused by the small focus point, the 
addition of different PS species contributions and the interplay of vertical and horizontal 
diffusion of PS. 
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