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ABSTRACT 22 

This study presents an innovative operando analysis of lithium-sulfur (Li/S) multilayer pouch 23 

cells, employing a combination of lab-source and synchrotron X-ray imaging to investigate 24 

sulfur crystallite dissolution and lithium dendrite formation. By integrating advanced X-ray 25 

imaging, impedance spectroscopy, and simultaneous monitoring of temperature and pressure, 26 

the research uncovers critical insights into the behavior of active and inactive cell components. 27 

The analysis reveals significant degradation increments, primarily driven by side product 28 

accumulation and the deterioration of lithium microstructures, which contribute to performance 29 

loss over cycling. Additionally, temperature distribution analysis shows a strong correlation 30 

between joule heating, polarization resistance, and the observed endothermic processes during 31 

crystallization. These findings provide a comprehensive understanding of the mechanistic 32 

processes within industrially relevant pouch cells, highlighting opportunities for optimizing 33 

Li/S cell designs and advancing high-energy-density battery systems for commercial 34 

applications. 35 

 36 

Introduction 37 

Lithium-sulfur (Li/S) batteries have shown great promise as an emerging sustainable energy 38 

storage technology. They not only utilize abundant raw materials but also boast a remarkable 39 

theoretical specific energy of approximately 2500 Wh/kg. Prototype cells already achieve up to 40 

500 Wh/kg, almost twice the specific energy of current lithium-ion batteries.1 This high energy 41 

density is a significant advantage for non-stationary electric devices, mainly aerial applications. 42 

Despite these advantages, the Li/S battery chemistry is prone to severe degradation effects. 43 

These include issues like the notorious shuttle effect2, which involves the dissolution of 44 

polysulfides into the electrolyte and their subsequent transportation to the anode, causing 45 

efficiency loss. Additional challenges are the 'dry-out' problem of the electrolyte and the 46 

cyclical increase of inactive sulfur phases due to side reactions, further impeding battery 47 

performance. A comprehensive understanding of these mechanistic processes and degradation 48 

pathways is thus of utmost importance, as it holds the key to devising improved cell concepts 49 

and overcoming these challenges. 50 

Preliminary measurements and investigations at the coin cell level are essential for 51 

understanding novel lithium-sulfur cell concepts and their potential behavior. However, to truly 52 

achieve significant breakthroughs in the commercialization of lithium-sulfur technology, 53 

evaluating these cell chemistries within industrially relevant cell formats is mandatory.3 These 54 



include pouch cells, cylindrical cells, and prismatic cells. These formats better emulate real-55 

world use-case scenarios and reveal the inherent complexities of cell performance at a larger 56 

scale. The processes within these cells are intricate, making it even more challenging to 57 

decipher their exact behavior. Thus, the use of multimodal operando methods becomes vitally 58 

important. These methods allow for simultaneous measurements from multiple perspectives 59 

and provide correlated insights into the mechanistic interplay of processes within the operating 60 

cell. X-ray imaging offers a high penetration through battery materials for visualizing internal 61 

structures and interfaces, including electrodes and separators. Real-time imaging capability 62 

enables monitoring of dynamic processes and changes within the battery during operation. 63 

While Li/S batteries naturally exhibit high energy density, further optimization potential lies in 64 

minimizing the weight of inactive cell components. These include the current collectors and the 65 

electrolyte, which do not directly contribute to energy storage. However, the real impact of such 66 

weight-reducing measures on overall cell performance is yet to be thoroughly investigated. The 67 

challenge here lies in assessing the trade-off between reduced weight and maintained 68 

performance. In this context, X-ray imaging techniques prove to be incredibly valuable.4–7 69 

Sulfur forms macroscopic crystals in the charged state, which can be efficiently imaged with 70 

incoherent laboratory X-ray sources. This allows for a detailed study of the sulfur phase 71 

precipitation to probe the dependence on the current collector design. In addition, the lithium 72 

plating and stripping process, another crucial aspect of Li/S battery operation, can be ideally 73 

studied using phase-contrast X-ray imaging at a coherent synchrotron source.8 This technique 74 

reveals phase boundaries and emphasizes edges while offering enhanced resolution to provide 75 

detailed imaging of fine structures and subtle changes in battery components, such as electrode 76 

wetting and dendrite formation. Thus, the major deposition products on both electrodes have 77 

been characterized, offering a unique view of the working cell's internal processes. 78 

Our study examines pouch cells which comprise an innovative design (Figure 1): A perforated 79 

current collector on the cathode side and free-standing lithium metal anodes. These cells have 80 

an electrolyte-to-sulfur ratio of 5 µL per mg of sulfur, a design aimed at maintaining high energy 81 

density. Using a combination of different operando characterization techniques, including 82 

temperature distribution measurements, force measurements using a sensitive capacitor sensor, 83 

distribution of relaxation times from operando impedance spectroscopy, charge/discharge 84 

cycling analysis, and X-ray imaging, we were able to gain substantial insights into the pouch 85 

cell's behavior. The results provide an extensive picture of how different components and 86 

factors interact within the cell during operation. These findings not only enhance our 87 



understanding of the lithium-sulfur technology at a commercial scale but also help identify 88 

potential opportunities for further optimization of commercially relevant cell formats. 89 

 90 

1. Experimental 91 

1.1. Electrode and Pouch Cell Preparation 92 

The multi-layered pouch cells were provided by Fraunhofer IWS using the following methods: 93 

 94 

Cathode manufacturing 95 

Boenke et al.9 previously reported cathode manufacturing with freestanding CNT Buckypaper, 96 

sulfur, and a perforated current collector. The process was carried out by a sulfur transfer melt 97 

infiltration technique of commercial CNT Buckypaper (1.0 mg/cm², 75M25C, MWCNT 98 

Buckypaper, NTL) at 155 °C for 1 h. The freestanding cathodes with the final dimensions of 99 

46 x 71 mm² were laminated at 90 °C onto the primer-coated perforated aluminum foil (20 µm, 100 

MTI).  101 

The aluminum current collector foils were prepared with a laser cutting system developed at 102 

Fraunhofer IWS. A circular cutting pattern was specifically designed to mimic a hexagonal 103 

honeycomb structure, with each hole having a 9 mm diameter and a 10 mm center-to-center 104 

distance. This method reduced the overall weight of the current collector foil by 80 %. 105 

For the pouch cell assembly, a cathode sulfur loading of 1.2 ± 0.1 mg-S/cm² (53 ± 1 wt % 106 

sulfur) was selected. The total thickness of the cathodes, including the current collector, was 107 

90 ± 5 µm, and the electrode density was 0.60 ± 0.05 g/cm³. Details of the resulting cell 108 

parameters are summarized in the SI Table 1. 109 

 
Figure 1: A) Photo of a 46 x 71 mm type pouch cell. B) Radiography of the electrode stack within the pouch cell. 

C) Photo of the multimodal operando pouch cell setup mounted at the Bessy II BAMline beamline. D) 

Radiography from the laboratory µCT of the full pouch cell within the operando holder. E) Radiography of the 

region around the drilling in the holder with higher magnification and rolling ball background subtraction. F) 

Phase contrast radiographs from the BESSY II BAMline of the main dose and low dose (G) spots. 

 



 110 

Electrolyte 111 

The DME/DOL electrolyte system consisted of 1 M LiTFSI (lithium bis(trifluoromethyl-112 

sulfonyl)imide), 99.95 %, anhydrous, Gotion) and 0.5 M LiNO3 (lithium nitrate, 99.98 %, 113 

anhydrous, Alfa Aesar) in a mixture (1:1, v/v) of DME (1,2-dimethoxy ethane, 99.99 %, 114 

Gotion) and DOL (1,3-dioxolane, 99.99 %, Gotion). LiTFSI and LiNO3 were dried at 120 °C 115 

for 12 h in vacuum. The sulfur-loaded cathodes were vacuum-dried for 12 h at room 116 

temperature and 1 h at 50 °C. All solvents were purified by threefold molecular sieve extraction 117 

(3 Å).  118 

 119 

Pouch cell assembly 120 

Three double-sided cathodes (46 x 71 mm²) were stacked with four pure lithium anodes 121 

(2 x 50 µm Li from CEL China Energy, 50 µm thick, 46 x 71 mm², copper flag) and separated 122 

by a 12 µm thick polyethylene separator foil. The cells were filled with the DME/DOL 123 

electrolyte to achieve an electrolyte/sulfur ratio of 5.0 ± 0.5 µL/mg-S. The cells were sealed 124 

under vacuum into a 111 µm thick pouch foil. The cell holder was an improved version of the 125 

setup developed by Müller et al.10 126 

 127 

1.2. Multimodal Operando Measurements 128 

Our selection of x-ray methods encompasses lithium dendrite detection with phase contrast 129 

imaging and sulfur particle detection by µCT. The quantitative detection of Li2S is not possible 130 

for the required conditions and is an ongoing challenge. XRD methods have been used to 131 

qualitatively confirm its presence as nanoparticles, but amorphous amounts of Li2S may well 132 

elude that method. X-ray spectroscopic methods have been applied to follow the Li2S formation, 133 

but require dedicated experimental design which is poorly suitable for pouch cell analysis.  1 2 134 

 135 

Multimodal setup 136 

The 3D-printed multimodal operando cell holder was specifically designed for the 46 mm x 137 

71 mm electrode pouch cell dimensions (Fig. 1C). Eight negative-temperature-coefficient 138 

(NTC) temperature sensors (44031RC precision thermistor, Measurement Specialties INC.) 139 

have been embedded inside cavities on the front panel to circumvent indentations. The 140 

individual sensor offset was less than 0.5 °C and the measured noise around 0.05 °C. An 141 

additional reference temperature sensor was incorporated at the outer frame to subtract ambient 142 

temperature fluctuations and provide accurate cell temperature readings. A highly sensitive, 143 



capacitive force sensor (15 mm ⌀, 4.5 N, SingleTact) was mounted centrally on the backside of 144 

the pouch cell to monitor the force evolution during cycling (Fig. 1D). The setup was used to 145 

set an initial force on the cell optimized for the most sensitive available sensor (up to 4.5 N). 146 

The force sensor allows the monitoring of the force on the complete pouch cell encompassing 147 

superimposed contributions of anode, cathode and filling medium. For optimal imaging contrast 148 

with the incoherent lab source, the cell holder was crafted from a low-attenuation polymer by 149 

3D printing. Nevertheless, a 5 mm hole (Fig. 1E) was drilled into the back and front holder 150 

frames to avoid their background signal contribution during synchrotron X-ray imaging. Six 151 

adjustable screws and springs held the frames together with the pouch cell between them. The 152 

resulting pressure on the cell ranged around 1 kPa and is intended to monitor the dimensional 153 

change and not introduce compaction, as tested by Schmidt et al. with 0.3 MPa.11  154 

 155 

X-ray imaging 156 

The phase contrast imaging experiments at the BAMline4,12 of Bessy II were conducted using 157 

a monochromatic photon beam energy of 25 keV with the W/Si double multilayer 158 

monochromator offering an energy resolution (ΔE/E) of ~3-4%. Images were recorded with an 159 

Optique-Peter microscope and a PCO.edge 5.5 sCMOS camera using a lens system resulting in 160 

an effective pixel size of 0.72 µm offering a field of view of 1.8×1.5 mm². Sample-detector 161 

distance was set to 400 mm for optimal balance between phase contrast and image blurring. 162 

Considering an estimated effective source size of a few hundred µm ~35 m upstream,12 results 163 

in a blurring and limits the resolution to ~2.5 µm. There is no noticeable further reduction of 164 

the resolution due to the pixel size of 0.7 µm. To verify that monitoring of battery cycling over 165 

a long period of time with hard X-Rays remained non-invasive, two locations were monitored 166 

with different exposure times. The main spot had 15 times longer exposure than the secondary 167 

spot. The main “high-dose” spot showed the same mechanistic behavior as the “low-dose” spot 168 

with minimized radiation exposure, and thus, beam influence can be assumed as absent unless 169 

an unlikely dose-independent exposure impact is present. The examination of the exposed area 170 

in the µCT radiography after the synchrotron experiments did not indicate beam damage either. 171 

The pouch cells were assembled by IWS-Dresden and transferred to HZB on the same day. On 172 

the starting day of the beam-time, a cell was placed in the setup and held at open circuit potential 173 

until the start of cycling. No further preconditioning was applied. 174 

 175 

Image analysis 176 



The system being studied, a multilayer pouch cell, presents significant challenges for detecting 177 

and evaluating electrode-specific morphologies due to the inherent superposition of signals 178 

from the whole cell in transmission radiography images. To extract a simplified image 179 

descriptor, we analyzed the imaging data from the BAMline and µCT X-ray sources using 180 

image normalization and enhancing methods. After conventional image flatfield and darkfield 181 

normalizations and registration, we tracked the development of internal structures over time by 182 

calculating the standard deviation of pixel values across individual X-ray images. Each image 183 

from a given experimental series was standardized by dividing it by the median pixel value of 184 

all images in that series (referred to as Static Median or StatMed). Secondly, we assessed 185 

changes in these structures using a sliding image processing technique, comparing the median 186 

pixel value of a small, central group of images to that of a broader surrounding time series 187 

(referred to as Moving Median or MovMed). The standard deviation of these processed images 188 

provided a measure of the rate of structural changes. The more difference an image contains 189 

compared to the respective median image, the higher the standard deviation value.  190 

In the experiments, we utilized both an incoherent laboratory X-ray source and a coherent 191 

synchrotron source, which allowed us to observe different structures separately. The 192 

synchrotron source is particularly effective at highlighting dendritic lithium structures in the 193 

projected X-ray image due to their strong phase contrast. In a complementary way, sulfur 194 

species absorb X-rays strongly and are more prominently observed with the laboratory source, 195 

where lithium dendrites are barely resolved. 196 

 197 

Cell cycling and further operando measurements 198 

The cell was cycled with a C-rate of C/5 within a voltage window of 1.8 V to 2.8 V. Deploying 199 

a customized impedance spectroscopy script, continuous monitoring of charge transfer 200 

processes was enabled, yielding around 150 EIS spectra in each charge and discharge step. The 201 

applied AC voltage amplitude was maximally 10 mV (rms), and the maximum AC current 202 

amplitude (rms) was C/50. The frequency range spanned from 250 kHz to 250 mHz with ten 203 

points per decade. Resultant EIS spectra were corrected using a drift correction algorithm and 204 

fitted using a distribution of relaxation times model. 205 

During the operando measurements at the BAMline, a Keithley DAQ6510 multimeter 206 

continuously recorded the NTC thermistor and force sensor readings. 207 

 208 



2. Results and Discussion  209 

2.1. Multimodal operando measurement 210 

 211 

 212 

Figure 2 shows all collected correlated results of the multimodal operando measurements. The 213 

timeline is given, and a vertical grid indicates the charge-discharge cycle switches. A SoC 214 



normalized overlay of the data is attached as 215 

 216 

Figure S6. The voltage curve closely resembles the expected ex-situ behavior of reference cells 217 

and the results from9. The voltage during discharge exhibits a first downward sloped plateau, a 218 

local minimum “voltage dip”, and a longer second discharge plateau. The charging voltage 219 

curve starts with an overpotential spike and rises steadily afterward. It exhibits a first long 220 

plateau (to 2.3 V) and a short second plateau until 2.4 V. At the end of each respective charge 221 

and discharge segment, a potentiostatic EIS was recorded. The voltage curve relaxes to OCP 222 

during these few minutes of measurement time. The radiography image pixel standard deviation 223 



(SD, see Figure S3 and sections 2.4 and 2.5 for details) obtained after static median pseudo-224 

flatfield image normalization (StatMedSD) reflects the global relative presence of phase 225 

boundaries. A low StatMedSD means the normalized image is more homogeneous and contains 226 

fewer phase contrast features. High StatMedSD values mean the normalized image is rich in 227 

contrasts, dominated by the multiple and spread phase edges of mossy lithium dendrites and 228 

sulfur crystallites. The superimposed formation of these species can be seen in the different 229 

slope regimes of the StatMedSD curve. The initial jump at the beginning of the first discharge 230 

is caused by the wetting and dissolution of the alpha sulfur crystals. During the first discharge, 231 

the StatMedSD reaches an absolute minimum, where the initial lithium surface stripping and 232 

pitting structure is formed. This structuring is largely maintained during the full experiment 233 

time, and thus, the pseudo-flatfield normalization minimizes its contribution to the resulting 234 

StatMedSD. The pitting spots give rise to preferred lithium deposition regions, likely due to a 235 

weakened passivation layer.8,13 A steady, slow rise is observed during charging, followed by a 236 

steeper rise when the dendritic lithium and sulfur crystallite growth occurs together.14 237 

 238 

The reverse trend is visible for the discharge cycle. The initial low StatMedSD values are not 239 

reached at the end of discharge for the following cycles, which indicates an accumulation of 240 

irreversible structuring and inactive lithium remains, as found by other groups in in-situ and ex-241 

 

Figure 2: Summary of the multimodal operando measurements: A) Left y-axis: Voltage. Right y-axis capacity 

bars. Inset values: Discharge Coulomb efficiency based on the prior charge. B) Left y-axis: Phase contrast 

radiography image standard deviation (SD). This indicates the extent of phase boundaries and represents the 

amount of particles and dendrites. Right y-axis: Pressure sensor readings C) Left y axis: Solution Resistance Rs 

and Polarization resistance Rpol from EIS fitting. Right y-axis: Temperature sensor response deviation from initial 

temperature. D) Distribution of relaxation times (DRT) from EIS fitting.  

 



situ studies with X-ray tomography and SEM 15,16,17,8. As a new feature, a sharper minimum 242 

evolves at the discharged state, and image comparison suggests that almost all lithium dendrites 243 

are stripped at this stage, see Figure 5.  244 

The force readings exhibit increasing maxima at the charged state and fall back to a baseline 245 

force level in the discharged state. The baseline force equals the initial charged pressure level 246 

of the setup. It does not drop during the first discharge, indicating the minimum measurable cell 247 

expansion state. This constant baseline can be explained by the rigidness of the pouch cell body, 248 

especially the sides, which do not allow further compression but can account for buffering of 249 

irreversible processes to some extent. An irreversible accumulation of (gaseous) side products 250 

by electrolyte decomposition could lead to incremental pressure build-up with consecutive 251 

cycles, explaining the rise of the maxima.18–20 Extended cycling might give rise to increasing 252 

expansion minima, as seen by Waluś et al.21 253 

The pressure curve during one cycle behaves monotonously, showing different slope regions 254 

and a lower plateau. The pressure curve initially rises steeply upon charging, and then the slope 255 

declines. During discharge, the pressure drops rapidly and then approaches the lower plateau. 256 

This is expected when the volumetric changes of both electrodes are considered, as the volume 257 

of lithium and sulfur combined is larger than that of the reaction product lithium sulfide. The 258 

often-described 80% volume change of the cathode 22 does not dictate the overall behavior, 259 

which is governed by lithium deposition and stripping.13  260 

Furthermore, the overall force arriving on the force sensor depends not only on the ideal 261 

chemical conversion of the active materials (2 Li + S → Li2S) but also on their distribution and 262 

intermediate phases (solid or dissolved and elemental or compounded). The density of the 263 

electrolyte changes with the formation of various polysulfide species and clustering behavior. 264 

Additionally, anisotropic morphological effects like the push of dendritic growth may not 265 

entirely be disregarded.23,24 Wood et al.13 describe different lithium growth processes that may 266 

explain the steeper force slope at the beginning of charge and discharge. The vertical lithium 267 

growth can push against the separator in compact pouch cells and then turn to lateral and bulk 268 

growth. Similar behavior of lithium dendrites has been reported by Sadd et al.8. Steiger et al.25–
269 

27 describe mossy lithium growth starting from filaments. This mechanism is supported by the 270 

lateral motion of mossy lithium dendrite bushels, which is detectable as the concerted 271 

movement of radiography image patterns obtained near the charged state. See further details in 272 

the discussion of radiography images in section 2. Nevertheless, the shape of force evolution 273 

and the increasing maxima with cycle number are good reasons to apply more sensitive 274 

dilatometry to investigate this crucial property of industrial relevance.22,28,29  275 



The simplest model for cell volume variation is the consideration of solid reaction products 276 

only and a steady linear transformation. This model would result in a triangular volume curve. 277 

A more realistic model would include densities of dissolved polysulfide species and solution 278 

equilibria for sulfur and lithium sulfide. With the combination of computational and 279 

experimental electrolyte density details, a comprehensive mechanistic model should be 280 

reachable to precisely predict the main reactions' expansion and thermal behavior.30,31  281 

The solution resistance (Rs) is a figure of merit that indirectly reflects electrolyte properties 282 

such as viscosity and concentration of polysulfides (PS) and lithium.32,33 The observed Rs 283 

maxima at the transition between the first and second voltage plateaus can be attributed to a 284 

high long-chain PS concentration.34 This causes a rise in viscosity that hampers electrolyte 285 

conductivity. An additional maximum in the discharged state appears after the first charge and 286 

might be correlated to lithium surface SEI resistance after the reaction with polysulfides. The 287 

impedance of relaxation processes can be integrated to merge the resistive contributions to a 288 

polarization resistance (Rpol). Both resistances appear to contribute to coulomb heating.  289 

The temperature is correlated to the ohmic drop contributions of both resistances Rs and Rpol. 290 

Joule heating appears to be the strongest factor determining heat generation. The temperature 291 

curve shows a sharp rise at the beginning and end of the discharge, while cooling is observed 292 

during charging. The first discharge shows a rise and peak of temperature, while no inner 293 

resistance maximum is observed in the first discharged state in contrast to the following 294 

discharge states. This could indicate the contribution of reversible entropic heat effects related 295 

to the thermodynamics of phase transformations (i.e., lattice enthalpy contributions of 296 

crystallization and dissolution processes).31–33 297 

The DRT shows a constant initial period during the OCP phase before the cell cycling, which 298 

indicates a stable unperturbed resting state in the operando setup. Upon the start of the first 299 

discharge, the DRT changes abruptly and exhibits a reproducible periodic pattern for the 300 

consecutive discharge/charge cycles. Three domains of high, medium, and low relaxation time 301 

regimes with different shifts of magnitude and time constant can be identified. The respective 302 

time ranges are low (10-7-10-4 s), mid (10-4-0.32 s), and high (0.32-20.1 s). Low relaxation time 303 

constants belong to fast processes, like electrode surface and double-layer polarization. Medium 304 

time constants typically are present for charge transfer processes, and high time constants 305 

determine diffusion processes.35 The low-τ contribution decreases strongly during the 306 

beginning of the first discharge when the native lithium passivation layer is disrupted due to 307 

pitting and stripping. During charging, the low-τ contribution declines as quickly as the mid-τ 308 



but passes a minimum and reaches another maximum towards the charged state. High-τ shows 309 

maxima near the transition of the plateaus, similar to the Rs and temperature curve maxima. 310 

 311 

2.2. Degradation increment 312 

 313 

Figure 2 clearly illustrates the interdependencies from various cell characteristics through their 314 

time dependent correlation. Conversely, Figure 3 depicts changes of crucial measurement 315 

parameters from one discharge-charge cycle to the next. To achieve this, parameter-time curves 316 

for each discharging and charging step were normalized to the state-of-charge (SoC). This 317 

normalization allows for comparisons between different cycle steps; for instance, values from 318 

the first charge step can be subtracted from those of the second (x-axis range 2.0 - 2.5). Such 319 

comparisons facilitate the detection of any increases or decreases in parameter values over 320 

successive cycles, thereby enabling the identification of SoC-dependent degradation increments. 321 

These increments offer insights into the timing of degradation mechanisms with respect to SoC. 322 

The graph aligns these measurements with the normalized voltage curves displayed at the top. 323 

Following this, the graph lists increments of degradation for various parameters in sequence 324 

from top to bottom: B) capacitance, C) overpotential (Δϕ), D) force (ΔF), E) standard deviation 325 

of radiographic images (ΔSD), F) solution resistance (ΔRS), G) average temperature (ΔT), and 326 

H) the DRT (Δγ). The parameter increase and decrease are additionally highlighted by the 327 

filling colors red and green, respectively. 328 

The relative capacity loss during the second discharge comes with an increase of solution 329 

resistance and charge transfer resistance (black arrow in panel H) and a distinct temperature 330 

rise at the beginning of the second voltage plateau. In the third discharge the capacity has 331 

increased showing a higher active material utilization. The relative temperature shows a reverse 332 

peak at the voltage dip along with a diminished solution resistance (green arrows). Afterwards 333 



the cell converges to an increasingly stable state. An initial wetting and active material 334 

accessing process can explain the overall observations. This is relevant, as it shows the first 335 

“formation cycle” may not bring a cell to a steady cycling state, but additional cell “breathing” 336 

cycles may occur. The relative image standard deviation and relative force keep rising, but with 337 

lower magnitude per cycle. The curve for force increment (ΔF) exhibits a distinct, pulse-like 338 

increase in cell pressure, peaking around the charged state. Notably, the baseline pressure does 339 

not diminish throughout the entire cycling process. Consequently, the absence of incremental 340 

volume increasing processes, like gaseous side product accumulation, are indicated by the 341 

nearly zero force increment in the fully discharged state. Despite lithium sulfide (Li2S) 342 

expanding by approximately 80% in the cathode relative to sulfur (S8), it does not alone 343 

determine the overall pressure within the cell. The stripping and deposition processes occurring 344 

at the lithium metal anode dominate the overall cell's volume change due to the low density of 345 

lithium (Figure S8). This inference is supported by changes in the standard deviation (ΔSD), 346 

which reflects morphological alterations and is particularly responsive to the microstructures 347 

of lithium metal, especially in radiographic images captured in phase contrast mode. The 348 

presence of local minima in ΔSD at the cell's final states (100% SoC & 0% SoC) for the last 349 

four cycles suggests the ongoing formation of new microstructures within the imaged area. 350 

The curve of solution resistance (ΔRS) demonstrates a significant rise during the second 351 

discharge step, peaking concurrently with a voltage drop between the first and second discharge 352 

plateaus. At this precise point, the pouch cell also registers a higher average temperature than 353 

the previous discharge cycle. This increase in temperature can be attributed to a substantial 354 

release of polysulfides at this voltage level, which leads to a higher electrolyte viscosity and 355 

subsequently lowers its ionic conductivity. Concurrently, the charge transfer data shown in the 356 

ΔDRT graph indicates a marked rise in charge transfer in this region (black arrow in panel H).  357 

During the subsequent discharge step, the solution resistance falls again, accompanied by a 358 

decrease in temperature, suggesting a reduction in the concentration of polysulfides in the 359 

electrolyte. This reduction could be due to irreversible reactions involving reactive lithium 360 

microstructures at the anode. The observation supports this theory that the loss of active, 361 

cyclable sulfur results in an overpotential during the third discharge step across both voltage 362 

plateaus (2.0 – 2.5 on the x-axis, red arrows in panel C). 363 

After the initial three cycles, the cell begins to stabilize progressively accompanied by a 364 

noticeable decrease in overpotential towards the end of the discharge step. This drop in 365 

overpotential closely aligns with a gradual shift in charge transfer resistance, particularly 366 

around relaxation times of approximately 0.1 seconds. This ongoing equilibration after cell 367 



formation is particularly significant for industrial applications because it determines the long-368 

term stability of the cell. The charge transfer resistance during this period can be attributed to 369 

two main factors: the reduction in the electrochemically active electrode surface area caused by 370 

lithium sulfide deposition at the cathode36 and the loss of active sulfur inventory at the anode 371 

due to parasitic side reactions. In the anode case, the stripping process is possibly facilitated by 372 

a gradual disruption of the native passivation layer, leading to decreased activation energy. 373 



 374 

 

 

Figure 3: Degradation increment plots obtained by SoC normalization of all charge and discharge steps. The 

parameter values of the same SoC for two consecutive cycles were subtracted from each other to visualize the 

change of parameter values. A: Original voltage curve of the second of both cycles. B: Capacity change per cycle. 

C: Overpotential calculated from two consecutive cycles. D: Difference of the force parameter. E: Difference of 

the SD parameter reflecting morphology changes. F: Difference of the solution resistance. G: Difference of the 

average cell temperature. H: Difference in the charge transfer resistance.  

 



2.3. Spatial temperature distribution 375 

Due to the large surface area of pouch cells, understanding the temperature distribution during 376 

cycling is crucial for industrial applications. This information helps in designing battery 377 

management systems and cooling circuits. Figure 4 displays the average temperature and 378 

voltage data for cycles 3-6. The parameter 𝜕𝑡Δ𝑇̅̅ ̅̅ ̅̅  represents the average rate of temperature 379 

change in the cell (𝑇𝑐𝑒𝑙𝑙) relative to the outside temperature (𝑇𝑂𝑢𝑡), where Δ𝑇 = 𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑂𝑢𝑡. 380 

Notably, the cell tends to heat up during charging phases (A & E) and cool down during 381 

discharging phases (C). Interestingly, the cell often begins to cool just before reaching a fully 382 

charged state (D), a point that coincides with the formation of sulfur crystals, possibly indicating 383 

an endothermic reaction during crystallization. Spatially, the temperature distribution shows 384 

that both cell tabs influence the heating rate, aiding the cell’s cooling and heating. Furthermore, 385 

the maximum and minimum temperature rates are found near the cell’s center due to thermal 386 

insulation. This insulation causes heat to be released slowly to the edges of the cell through 387 

conduction and radiation.  388 

 389 

2.4. Operando phase contrast radiography at the synchrotron 390 

The initial crystallites of alpha sulfur 6 in the pouch cell were observed to be mostly around 10-391 

50 µm in diameter with a few larger ones up to 100 µm, as shown in Figure 5 (pristine). 392 

However, the occurrence of nanosized sulfur deposits on the cathode material, either within 393 

nanopores or as a thin layer on the carbon nanotubes (CNTs), cannot be ruled out. The 394 

distribution of these macroscopic crystallites was uneven and was assessed by examining two 395 

specific areas. During the first cycle, these alpha sulfur crystallites mostly dissolved, as 396 

illustrated in the single image in Figure 5 (discharged). The dissolution starts from the upper 397 

right corner of the image during discharge, following the direction towards the center of the 398 

 

Figure 4: Temperature distribution of the pouch cell. Left upper corner: Averaged voltage (𝜙 , black) and 

temperature rate (𝜕𝑡Δ𝑇̅̅ ̅̅ ̅̅ , red) curve from cycles 3-6. Spatial averaged temperature distribution of the pouch cell 

measured with eight NTC thermistors. 



current collector perforation and the cell center. The supplementary videos 1 and 2 provide 399 

more detail.  400 

In subsequent cycles, dendritic beta sulfur forms, characterized by a more subtle, 401 

microcrystalline, branched or needle-like structure.10,37 These are heavily obscured by the 402 

lithium dendrite phase contrast as seen in Figure 5 (charged). For illustrating the presence of 403 

beta-sulfur an image from the beginning of the second voltage plateau during charging, where 404 

the sulfur crystallites begin to form, has been selected. An image just at the onset of the second 405 

voltage plateau has been subtracted to remove the lithium dendrite pattern. The result (Figure 406 

S7) shows dark needle-like structure patterns of the sulfur crystallites. When the battery is 407 

discharged, lithium pitting corrosion is evident. During charging, shifting high-contrast areas 408 

indicate the formation of mossy lithium. Tracking these changes is challenging due to 409 

overlapping regions across four lithium layers and variations in brightness. In the charged state, 410 

the delicate structures of lithium dendrites develop, with the contrasting sulfur crystallites 411 

barely distinguishable. Detailed examination of these patterns is available in SI videos 3 and 4. 412 

Synchrotron phase contrast radiography revealed two types of wetting effects. Gas layers that 413 

display breathing motions during charge and discharge cycles were identified at phase 414 

boundaries. The SI video 5 shows enhanced visualization of wetting lines and the edges of 415 

lithium pitting in the discharged state, using moving median enhancement and an edge-416 

 

Figure 5: Phase contrast radiographies of cell Z2 at different states of charge. In the pristine state alpha sulfur 

crystals are clearly visible. In the discharged state, the sulfur crystals are dissolved, and the lithium surface is in 

the most stripped state. In the charged state, a high degree of phase contrast regions in the micrometer size is 

caused by the overlap of dendritic mossy lithium deposits and beta sulfur crystallites. 

 



enhancing filter. This treatment also highlights the distinct contrast of the mossy lithium phase 417 

when charged. 418 

The radiography also captures wetting fronts throughout the cycling process, covering the entire 419 

image area. At least two distinct unobstructed gas/liquid phase boundaries were seen, likely 420 

located at flat surfaces such as the outer cell pack and between the separator and lithium anode. 421 

Directional reaction fronts were noted, particularly during the initial dissolution of sulfur 422 

crystallites, influenced by factors such as the cell’s location (center, outer rim), position relative 423 

to internal components (perforations, tabs), and the shape of the cell pack (wrinkles, bends, 424 

excess electrolyte). These kinetic effects can be explored in SI video 1.  425 

The standard deviation (SD) of radiography image pixel values serves as a simple approximate 426 

descriptor for the presence of particles or other features, applicable to both acquisition methods 427 

at BAMline and µCT (see section 2.5). Figure 6 compares the standard deviation extracted 428 

from image pixel statistics from both imaging techniques and demonstrates the effect of median 429 

pseudo-flatfield normalization image-enhancing treatment, with color coding representing 430 

different cycle numbers from blue to red. The normalization by a static flatfield shows Li-431 

dendrite phase contrast and overlaying sulfur crystallite growth for BAMline images, Figure 432 

6A. Both processes contribute most toward the charged state. The contrast minimum in the 433 

discharged state reflects the state of least visible features by the phase contrast technique. The 434 

same method for µCT images shows the strong absorption of sulfur crystallites in the charged 435 

state, Figure 6B. The absorption of lithium sulfide deposits creates a lower and broader 436 

maximum in the discharged state. Apparent pitting of lithium may contribute to this as the 437 

electrolyte filled pits create pixel with higher attenuation. 438 

The moving median pseudo flatfield enhancement (MovMedSD) emphasizes rapid changes and 439 

masks slow gradual changes. Thus, the pronounced phase boundaries of wetting domains 440 

visible in BAMline images for the discharged state give rise to a maximum of the standard 441 

deviation, Figure 6C. The µCT images become more sensitive as well and additional bright 442 

speckles of lithium dendrites contribute to the standard deviation at the transition between the 443 

voltage plateaus, Figure 6D. 444 

 445 



2.5. Follow-up operando µCT radiography after the BAMline experiment. 446 

The micro-computer tomography and radiography (µCT) is sensitive to absorption differences, 447 

which are governed by sulfur and lithium sulfide particles or accumulations, as well as lithium 448 

pitting corrosion. The µCT setup is described by Manke et al.38 449 

The µCT electrochemistry (Figure S2) is very similar to the results obtained at the synchrotron 450 

and is described in the supporting information. 451 

 

Figure 6: Radiography image pixel value standard deviation statistics depending on pseudo-flatfield 

normalization method. A) BAMline and B) µCT images normalized by a static flatfield. C) BAMline and D) µCT 

images standard deviation from moving median pseudo flatfield enhancement (MovMedSD).  

 



 452 

Figure 7 shows magnified radiographs of the pouch cell during cycling in the µCT setup, the 453 

full view images are in Figure S1. The material transformations behave as expected from the 454 

BAMline results. The sulfur species absorption is dominating the µCT contrast. Additional 455 

contribution comes from lithium pitting, which leads to increased attenuation due to an increase 456 

of the electrolyte volume in the X-ray beam path. See SI video 6 and video 7. A clear distinction 457 

between lithium pitting and Li2S formation and accumulation cannot be drawn from the 458 

radiographies alone. The overlapping current collector perforations show no significant impact 459 

on the local cell behavior. The moving median enhancement of the images allows the detection 460 

of lithium depositions (best visible at the beginning of the high voltage plateau) and wetting 461 

lines (visible at the very beginning of the charge). See SI video 8. 462 

 463 



3. Conclusion 464 

This study provides a comprehensive multimodal analysis of lithium-sulfur multilayer pouch 465 

cells, offering significant insights into their charge-discharge behavior and mechanistic 466 

processes. Our investigation of the cathode current collector perforation shows no significant 467 

systematic deviation in reaction behavior between current collector regions and perforation 468 

regions, indicating that local electrolyte volume distribution and electrode inhomogeneity 469 

predominantly influence material deposition kinetics and particle size. 470 

Using synchrotron phase contrast radiography, we identified two distinct wetting effects 471 

characterized by dynamic phase boundaries, or "breathing motions," during charge and 472 

discharge cycles. Multiple gas/liquid phase boundaries, particularly at flat surfaces such as the 473 

outer cell pack and the separator-lithium interface, were observed. Notably, these boundaries 474 

do not hinder the cell's function. However, they indicate that electrolyte migration driven by 475 

internal volume changes could play an underestimated role in the practical operation of pouch 476 

cells. Additionally, directional reaction fronts during sulfur crystallite dissolution suggest a 477 

polysulfide-promoted mechanism. 478 

The force measurements revealed variations up to 2.7 N, indicative of both reversible and 479 

irreversible processes. The observed irreversible pressure build-up is likely due to the 480 

accumulation of side products, while the reversible force behavior is governed by active 481 

material transformations dominated by lithium plating and stripping. The early sharp increase 482 

in force during charging suggests a pushing effect of lithium needles and loops, evolving into 483 

laterally growing mossy lithium as charging progresses. 484 

 

Figure 7: Radiographic images of the pouch cell during cycling in the µCT after experiments at the BAMline. 

A) discharged state B) half charged state C) charged state. 



Temperature evolution and electrolyte resistance are strongly correlated, primarily influenced 485 

by Joule heating, although polarization resistance significantly contributes to the temperature 486 

rise during the discharged state. The endothermic processes identified towards the end of the 487 

charge, which reverse at the beginning of discharge, hint at crystallization lattice enthalpy 488 

effects. These temperature and pressure observations are crucial for identifying potential safety 489 

issues during the early stages of cell development. 490 

In summary, our findings not only enhance the understanding of lithium-sulfur pouch cell 491 

mechanisms but also underscore the importance of multimodal operando techniques in battery 492 

research. Future advances in operando tomography for intermediate-size pouch cells will 493 

facilitate a more detailed comprehension of complex electrode architectures and material 494 

distribution, aiding in designing optimized, high-performance energy storage solutions. 495 

 496 

 497 

Videos in the supplementary information: 498 

Video 1: BAM_Z2_main_StatMed_vs_MovMed 499 

Video 2: BAM_Z2_low_StatMed  500 

Video 3: BAM_Z2_main_zoom 501 

Video 4: BAM_Z2_low_zoom 502 

Video 5: BAM_Z2_main_MovMed_zoom_edgeenhance 503 

Video 6: µCT_Z2_StatMed 504 

Video 7: µCT_Z2_StatMed_zoom 505 

Video 8: µCT_Z2_MovMed 506 

 507 

 508 
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 683 

5.1. Pouch cell details 684 

Table 1. Details of the cathode parameters for the investigated pouch cell.  

Cell  Cathodes 

double 

sided # 

Cathode 

Thickness 

+ Al [µm] 

Cathode 

Thickness 

no Al [µm] 

Loading 

Density 

[g/cm3] 

Sulfur 

content 

[%] 

Sulfur 

loading 

[mg/cm²] 

Sulfur 

mass 

[mg] 

Cell 

capacity 

[mAh]  
3x ds 93 73 0.63 53.87 1.24 242.96 406.23 

 685 

Table 2. Pouch cell parameters and first discharge conditions. 

Cell Electrolyte 

volume (V) 

Electrolyte/Sulfur 

(E/S) ratio 

Areal capacity  

CA = C / A 

1. Discharge 

C-rate 

1. Discharge 

capacity 

1. Discharge 

Sulfur utilization 

Unit µL mL / g(S) mAh/cm2 1/h mAh/g % 

 1140 4.69 12.44 0.50 1058 63 

 686 

Table 3. Absolute capacity values 687 

Half 
cycle # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
C 
[mAh] 256.60 252.20 252.96 258.79 260.46 261.35 263.30 264.88 263.08 266.31 263.85 267.10 263.37 266.91 

 688 

5.2. Force sensor reading conversion 689 

Calibrated SingleTact force sensor reading conversion: 0.5-1.5 V = 0-4.5 N 690 

𝑳𝒐𝒂𝒅 (𝑵) = (𝑨𝒏𝒂𝒍𝒐𝒈 𝑶𝒖𝒕𝒑𝒖𝒕 (𝑽)−𝑩𝒂𝒔𝒆𝒍𝒊𝒏𝒆 𝑶𝒖𝒕𝒑𝒖𝒕(𝑽)) /𝟏 (𝑽) ∗ 𝑺𝒆𝒏𝒔𝒐𝒓 𝑹𝒂𝒕𝒊𝒏𝒈 (𝑵)   691 

A(sensor) = 1.767 cm2; A(electrode) = 32.66 cm2 692 

p(sensor) = F / A(sensor) = x N / 1.767 cm2 693 

p(pouch) = F / A(electrode) = x N / 32.66 cm2 694 

1 N / cm2 = 10 kPa 695 

For x = 4 N → p(sensor) = 22.64 kPa; p(pouch) = 1.22 kPa 696 
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 697 

5.3.  Results overview of the µCT experiment 698 

 699 

Figure S1: Full view µCT images in discharged, half charged, and fully charged state. 700 

 701 

 702 

Figure S2: Operando cell µCT experiment after experiments at BAMline. Electrochemistry and radiography 703 

image statistics analysis. A) and E) Results from electrochemical charge-discharge measurement and operando 704 

EIS fitting: Voltage, solution resistance and DRT. B): Raw images standard deviation and mean of current collector 705 

(CC) and perforation (Perf) regions. C): Ratios of the CC region divided by the Perf region values reduce the 706 
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resulting value fluctuation and indicate some difference, but the relative magnitude is below 1% and less than a 707 

comparison of two different regions that cover both CC and perforation regions. D): Image standard deviations 708 

after image enhancing treatment by division by the median of all images (StatMed) and by division by a moving 709 

median of 31 images (MovMed), which suppresses the impact of slow changes and field-of-view drift. The 710 

similarity of CC and Perf regions is clearly visible from the StatMed plots. The standard deviation of the MovMed 711 

enhanced images shows plots that improve the visibility of changes at the beginning and end of the high-voltage 712 

plateaus. These can be attributed to the onset of sulphur deposition and the full dissolution of the sulphur deposits. 713 

 714 

5.4. Image treatment methods 715 

The moving median normalization appears to lessen the impact of image illumination gradients, 716 

as these are reduced by the resulting temporal and local median pseudo flatfield correction. The 717 

temporally localized changes of morphologic features on the radiographs (including particle 718 

deposition, wetting fronts and pitting corrosion edges) were extracted as one indicator value, 719 

the MovMedSD. This was derived by normalizing each radiograph by a moving median 720 

pseudo-flatfield of 31 images. The resulting curve illustrates rapid changes within one 721 

charge/discharge cycle while slow changes over several cycles are filtered out. Those slow 722 

processes encompass cell position drift, gradual electrolyte migration and decomposition, 723 

corrosion, and shift of static domains. The maxima after the charged state indicate the fastest 724 

change of image contrast happens when the sulfur particles start dissolving. A shoulder after 725 

the polysulfide discharge dip is growing with each cycle and might be related to wetting edges 726 

due to electrolyte redistribution. A maximum around the discharged state is growing likewise 727 

with cycle number. Visual inspection of the radiography videos suggests an increase of lithium 728 

pitting corrosion or related localized lithium sulfide deposition. 729 

Li2S is not visible as resolved species or contrast edges in phase contrast images, as the particle 730 

size is in the range below 1 µm due to the very low solubility. The Li2S deposition may have 731 

an influence on the phase contrast images in an expectedly subtle and blurry fashion, as 732 

unresolved absorption and scattering may give a smeared-out contribution. In the µCT images 733 

a contribution can be discerned, when agglomerations are formed, as the materials attenuation 734 

has a larger impact on the image with this method. As an example, the attenuation of the current 735 

collector foils can be compared for both techniques. For 1, 2 and 3 overlaying layers of current 736 

collector foil, the attenuation in µCT images increases by 0.45 %, 0.81 % and 1.24 %, which is 737 

visible in radiography images. In phase contrast images, the values obtained are -0.05 %, -738 

0.02 %, and -0.03 %, which is well below the count’s standard deviation of 1.05 % and thus no 739 

attenuation contribution of the current collector foils is visible and contribution of Li2S would 740 

be even lower.  741 



 742 

 743 

 744 

Figure S3: A) Operando cell µCT experiment image statistics normalized by SoC. First row SD from raw images. 745 

Second row from StatMedSD images. The moving median image treatment reduces noise and enhances fast 746 

changes and masks slow image changes. The rows 3 and 4 show CC and perforation region results for comparison. 747 

The difference appears negligible. B) Overlay of the voltage and resistance plots of the operando cell experiments 748 

at the BAMline (red) and at the µCT (blue). C) First 10 hours of the voltage curve of the operando cell at the µCT 749 

with a comparison of the image pixel standard deviation of two different image data treatment methods (orange: 750 

static median image normalization, blue: moving median normalization).  751 

 752 

5.5. Discussion of the impact of the current collector perforation pattern: 753 

Selected image area current collector (CC) versus perforation (Perf) pixel statistics were 754 

compared to test for possible differences of material transformation processes. The region-of-755 

interest mask is shown in  756 



 757 

Figure S4. 758 

The untreated data mean and standard deviation alone are too noisy and susceptible to beam 759 

intensity fluctuations and field-of-view drifts and yield ambiguous results see Figure S2 B. 760 

The treated data provide slight periodic behavior expressed at CC regions and division of 761 

perforation area by current collector area values appears to reduce fluctuations, see Figure S2 762 

C and D. Nevertheless, similar behavior in the same order of magnitude is seen when 763 

different perforation regions of the current collector ( 764 

 765 



Figure S4, 766 

 767 

Figure S5 C) are compared.  768 

This suggests that the temporal difference in particle formation kinetics is mainly related to 769 

inhomogeneous local materials distribution and not to the pattern of the current collector. 770 

 771 

 772 



Figure S4: µCT radiography image with the regions of interest mask for current collector (green) and 773 

perforation areas (red). Comparison of two perforation spots' (lu = left under in blue and ro = right over in red in 774 

 775 

Figure S5 C) standard deviation and mean ratios to distinguish causality of current collector influence versus 776 

uncorrelated local differences. The ratio of the ro-spot to the lu-spot and the ratio of the ro-spot to the spot with 777 



current collectors (green in 778 

 779 

Figure S5 C) similar patterns for the SD. For the ratios of the mean values, a difference is observed but it is of a 780 

very low magnitude of +/- 0.1 %. 781 

 782 

µCT perforation and CC comparison 783 

The local counts and standard deviations are very sensitive to fluctuations in source intensity 784 

and illumination gradients. The fluctuations can be compensated by division of different regions, 785 

but the illumination gradient influence is thereby enhanced and creates an apparently systematic 786 

correlation. Here current collector and perforation domains suggest such a systematic 787 

correlation. This may be misleading, which can be shown by comparing two different 788 

perforation regions. A similar apparent systematic difference of mean or standard deviation 789 

ratio is observed. 790 

 791 

Selected region discussion: 792 

BAMline & µCT images have been segmented manually to separate region of interest (ROI) 793 

selections for pixel value statistics comparison for the current collector perforation layout. At 794 



the BAMline the high magnification image can be split in the perforated region (top right) and 795 

three layers of current collector towards the bottom left 796 

(797 

 798 



Figure S5 A). For the less magnified µCT images 799 

(800 

 801 

Figure S5 C) perforation holes are labelled in red. Green triangular shapes map the regions of 802 

overlapping current collector foil sheets. The inner circular drilled window is shown in orange. 803 

Artifact susceptible regions (outer and inner edges, drilling of holder window, cables, sensors, 804 

dead detector pixels) have generously been excluded. 805 



 806 

Figure S5: A) and B) Regions of interest on the phase contrast radiographies with 0 to 3 layers of current collector. 807 

The behavior of the regions standard deviation is qualitatively the same. C) and D) Comparison of different spots 808 

of the µCT measurement with and without current collector. No systematic discrepancies are detectable. 809 

 810 

We compared two perforated spots, one right over (ro) and one to the left under (lu) the 811 

drilled hole in the holder. The particle formation kinetics are indicated by the pixel value SD 812 

and appear not to depend on the current collector. The qualitative similarity of the SD ratio 813 

curves of perforation/cc and perforation ro/lu does not suggest different precipitation kinetics 814 

at cc regions versus cc-free regions ( 815 



 816 

Figure S4). Local cell differences (like thickness, illumination, electrode morphology) appear to 817 

dominate the residual deviations. In the SI videos visual temporal systematic differences are 818 

also only observed locally and are not representative for the full cell area. 819 

 820 



5.6. Multimodal results versus SoC 821 

 

Figure S6: Multimodal results versus state of charge (SoC) of the BAMline measurement. The SoC axes include 

the potentiostatic OCP EIS measurements at the end of each charge/discharge segment. A) Averaged voltage 

curve. B) Radiography image SD from the second cycle. C) Left: Averaged sum of resistances. Right: Averaged 

temperature. D) Left: Averaged solution resistance. Right: Averaged polarization resistance calculated from DRT 

integration. E) Distribution of relaxation times. 

 



Since the curves of voltage, temperature, and resistances are highly reproducible for the last six 822 

cycles, these results can be averaged and plotted versus state of charge for qualitative analysis 823 

(  824 

Figure S6). This approach enhances feature visibility and allows a more detailed correlation.  825 



 826 

Figure S7: Section of a synchrotron radiography image at the second voltage plateau. The sulfur crystallite 827 

visibility was enhanced by subtraction of an image just at the onset of the second voltage plateau. Due to the 828 

similar state of charge, the pattern of the lithium dendrites is selectively suppressed by the subtraction leaving an 829 

improved visibility of the superimposed sulfur needle structures. 830 

 831 

 832 

 833 

Figure S8: Plot showing an example calculation for the solid species volumes contributions. Equivalents based 834 

on 1 mol sulfur have been interpolated linearly to guide the eye, but it is not reflecting the true presence of 835 

intermediate material states for liquid electrolyte systems. Nevertheless, the final lithium volume contribution with 836 

26 mL is larger than the combined sulfur/sulfide contribution (28.56 - 16.36 = 12.2 mL). 837 


