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Figure S1. a) A series of ex-situ XANES spectra of a S8/C composite electrode with DOL-DME electrolyte 
containing 1 M LiClO4 and 0.5 M LiNO3, demonstrating spectral changes due to beam-induced oxidation of sulfur 
(indicated by black arrows; time between each measurement was ~9 min); reference spectra of Li2SO4 powder 
(dotted black line) and S8 (solid black line) are shown for comparison; b) After adjusting beamline parameters, 
radiation damage does not increase with each scan and all spectra exhibit signature of S8 (S8 is shown as a solid 
black line for comparison). 
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Figure S2. Normalized operando sulfur K-edge XANES spectra demonstrating the presence of S3
- intermediate in 

the 2.3-3.9 e-/S8 region of the DMAC cell a) and a lack of S3
- intermediate in the DOL-DME cell b) in the same 

discharge region. 
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Abstract 

The Lithium-Sulfur (Li-S) battery chemistry has attracted huge interest in the last decade due 
to its outstanding theoretical gravimetric energy density compared to state of the art Lithium-
Ion battery technology. However, practically achieved energy density is still far below the 
theoretical value, even in small lab-scale batteries. The problems seen in lab-scale batteries will 
inevitably increase during scale-up to large application-format cells, as the electrolyte to active 
material ratio will need to be reduced in these cells in order to achieve high gravimetric energy 
density on cell level basis. Our study shows the unique possibility of X-ray fluorescence 
mapping to visualize the spatial distribution of active material inside operating Li-S batteries 
in all cell components (working electrode, separator and counter electrode). Through a 
combination of operando fluorescence mapping and X-ray absorption spectroscopy we show 
that, unless self-discharge is efficiently prevented, the active material can completely dissolve 
and distribute throughout the cell stack within a timeframe of 2 h, causing poor capacity 
retention. Through an introduction of a polysulfide diffusion barrier between the working and 
counter electrodes, we actively suppress these processes and therefore establish a tool with 
which the sealed working electrode compartment can be examined in more detail, enabling 
sophisticated studies for future optimization of the working electrode processes. 

  



Introduction

Lithium-sulfur (Li-S) batteries are considered post Lithium-Ion (Li-
technology due to their outstanding gravimetric capacity (Qtheo = 1672 mAh/gS;
Ptheo = 2500 Wh/kgS), competitive volumetric energy density and low cost of the working 
electrode active material (AM).1 However, the poor electronic conductivity of the solid 
electrode products (S8 and Li2S) poses a major problem, especially for high-loaded electrodes 
that are required for commercial Li-S batteries.2 Many studies have demonstrated that this issue 
can be circumvented by using different carbon-based host materials on which the AM is 
deposited in thin layers, thereby reducing the overpotential while, at the same time, maintaining
sufficiently fast electrochemistry, comparable to state of the art Li-Ion batteries.1, 3-5

In contrast to Li-Ion batteries, where the charge/discharge reaction involves 
intercalation/deintercalation of Li-ions into a solid working electrode, the Li-S battery relies 
on the electrochemical conversion of sulfur to polysulfides (Sx

2-) and vice-versa. Ideally, the 
intermediates and final products of this conversion reaction would be confined within the 
cathode electrode, analogous to the Li-Ion battery (cf. Fig. 1). In reality, however, S8 as well 
as Sx

2- are soluble in the ether-based electrolytes that are used in Li-S cells and hence, these 
species are expected to be distributed throughout the entire cell. This solution step does not 

Discharge process w/ cross-talk

Fig. 1: Scheme of discharging processes of a Li-S battery. While the optimum discharge process with confinement 
of the reaction in the working electrode is not possible without a surface film, the apparent discharge process 
leads to active material loss and polysulfide shuttling. The illustrated cross-talk is a main focus of this study. The 
use of a polysulfide repelling membrane could be a compromise to confine the reaction to the working electrode 
compartment in a feasible manner. This set-up allows sophisticated studies on the working compartment in 
respect to electrolyte or catalyst influence.



 
 

only lead to AM loss at the commonly used lithium metal anode, but also triggers self-discharge 
phenomena that cause a shuttle reaction during charging of the cell.6 One approach toward 
reducing AM loss and decreasing the shuttle current has been to stabilize the cathode using 
complex hosts consisting of carbon, metal-oxides or metal-sulfides.5, 7-10 Although significant 
progress has been made, the use of such hosts remains impractical in large application-format 
batteries due to the resulting low areal capacity, expensive preparation and the fact that they 
are difficult to be scaled-up to mass production.1 Another way to suppress the parasitic side 
reactions caused by the soluble species is to incorporate an anion-repelling membrane. The 
membrane maintains high Li+ conductivity, while preventing the diffusion of polysulfides to 
the anode due to electrostatic repulsion whereas the transport of dissolved, uncharged S8 is 
decelerated by the lower diffusivity inside the membrane.11-14  Additional alternative strategies 
that have been suggested to mitigate these dissolution-induced detrimental effects include 
catalysts 5, 7-10, 15-18 and surface coatings19-22 to prevent dissolution of a major part of the active 
material as well as using electrolyte additives23 to passivate the lithium metal anode. Lithium 
nitrate (LiNO3) has been found to effectively suppress the shuttle process and is therefore 
considered a standard component of Li-S electrolytes.1, 15, 24-28 The electrolyte solvent of state-
of-the-art Li-S batteries typically consists of a mixture of 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME; 1:1, v:v), and the performance of Li-S batteries has been 
demonstrated to be largely dependent on the added electrolyte volume,15, 29, 30 which in turn 
strongly affects the energy density of a Li-S cell.31 Hence, a compromise has to be found 
between large electrolyte volumes, which are not suitable for large-scale applications due to a 
substantial decrease of the gravimetric energy density, and low electrolyte content, which 
inevitably leads to poor electrochemical performance because kinetics in the solid phase are 
too slow to allow cycling at reasonable rates.32 

Despite considerable research efforts on the cell chemistry of the Li-S battery, relatively little 
is still known about the exact mechanisms of the charge and discharge reaction, the role of the 
electrodes, electrolyte and the interplay of the latter. This lack of understanding stems from the 
fact that detailed insights into the reaction mechanism requires knowledge about the nature and 
chemistry of intermediates that are participating in the electrochemical conversion of S8 to Li2S 
and vice-versa. The polysulfide species are highly sensitive towards exposure to air and 
moisture and, additionally, the composition of polysulfide species, i.e. their chain length, 
depends on complex equilibria in solution.33, 34 Hence, mechanistic investigations must be 
performed inside an operating Li-S cell to ensure that relevant species are observed. X-ray 
absorption spectroscopy (XAS) is a particularly well-suited technique for operando 
experiments due to the large penetration depth of high-energy X-rays and the wealth of 
information that is contained in the X-ray absorption near-edge structure (XANES), allowing 
for differentiation of S8, Sx

2- and Li2S and, at the same time, estimation of the overall sulfur 
concentration in the liquid and solid phase.35, 36 Thus, combining electrochemical operation 
with XANES spectroscopy, the interconversion between S8 and Li2S can be investigated, which 
is assumed to involve a series of electrochemical and chemical reactions. While 
electrochemical processes occur exclusively at the interface between the electrically connected 
solid fraction of the electrodes and the electrolyte, e.g. within the porous cathode electrode, 
chemical reactions can take place at this interface as well as in the liquid electrolyte, which is 



 
 

not only contained in the separator but is also present inside the porous structure of the cathode. 
Thus, deconvolution of these processes requires a spatially resolved experiment where the 
electrodes and separator can be investigated individually. Spatial resolution is obtained in 
special cells where a cross-section of the electrode-separator stack is made accessible to micro 
focused, high-energy X-rays, a capability that was first introduced by our group.35 In addition 
to state-of-the-art electrochemical performance, operando investigations fundamentally 
require the spectroscopic measurements to be short compared to the timescale of the 
electrochemical procedure, since it is very well known that intermediates involved in Li-S 
chemistry are highly dependent on the cell voltage and thus, the state of charge/discharge. 
Recently, Miller et al.37 adapted our unique spectro-electrochemical cell35 to demonstrate X 
ray fluorescence (XRF) mapping on an operating Li-S battery, unfortunately without ensuring 
representative electrochemistry38 and sufficient time resolution, making the results 
questionnable.37  

While previous publications have obtained spatially resolved information on the working 
electrode and the electrolyte region,36, 39, 40 studies on the lithium metal electrode and its solid 
electrolyte interphase (SEI) in operando cells are nearly impossible due to the very limited 
thickness of the SEI on the lithium metal anode and thus, very small contribution of the signal 
originating from the SEI to the overall spectrum. Alternatively to the Li metal anode, the 
graphite anode (Qtheo = 372 mAh/gC6), well known from conventional Li-Ion batteries, can be 
incorporated into Li-S cells, if exfoliation can be mitigated.41 The use of graphite, a porous 
negative electrode, leads to a multifold increase of the total surface area of the solid electrolyte 
interphase (SEI) and thus to an increase in the contribution of SEI to the spectrum. 

In this study, we first use a Li-S cell comprising a S8/carbon composite cathode and a porous 
graphite anode to establish XRF mapping for operando imaging of the sulfur distribution inside 
the battery. By carefully tuning the energy of the incoming X-rays, we are able to differentiate 
between different types of sulfur species in XRF maps, supported by state-of-the-art operando 
XANES measurements.35, 36, 42-44 We then incorporate a polysulfide diffusion barrier and use 
the established XRF mapping technique to characterize species in the cathode electrode and 
the cathode electrolyte regions of a Li-S cell. The described spectroscopic characterization 
using XRF mapping and XANES in combination with a cell having a sealed working electrode 
compartment can be further extended to investigation of the effect of catalysts,5, 7, 15-18 surface 
coatings19-22 and electrolyte on the inherent dissolution problems in Li-S batteries in absence 
of self-discharge and/or shuttle phenomena. 

Experimental Section 

a. Battery preparation 

The working electrode active material was prepared by wet impregnation of Vulcan carbon 
(XC-72, Tanaka KikinzokuKogyo) with a 1 M solution of sodium thiosulfate (Na2S2O3 ·5 H2O, 
99.5%, Sigma-Aldrich) as a precursor which was chemically reduced to elemental sulfur under 
ultrasonic treatment in the presence of 1 M HNO3 (ACS reagent, Sigma-Aldrich). The 
composite was washed three times with double-distilled water and filtered off. After drying 



 
 

over silica gel in a sealed glass oven (Büchi, Switzerland) at 80 °C for 72 h, the sulfur content 
was determined to be 68 %wt by thermogravimetric analysis.35, 45 

Electrode sheets were prepared by suspending the composite (75 %wt), additional Vulcan 
carbon (15 %wt) and polyvinylidene difluoride (PVdF HSV900, Kynar, 10 %wt) in N-Methyl-
pyrrolidinone (NMP, 99.5%, anhydrous, Sigma-Aldrich) for 20 minutes at 1000 rpm in a 
planetary mixer (THINKY, USA). The ink was spread onto an aluminum foil serving as current 
collector (50 µm, 99.9 %, GoodFellow, USA) using a 4-edge blade at 120 µm gap size. A 
corresponding areal capacity of 1.3 ± 0.1 mAh/cm² was obtained (Qtheo = 1672 mAh/gS, 
0.78 mgS/cm²) at a dry film thickness of  60 µm. Electrodes were punched to squares of 1 cm2 
and dried at 60 °C for 12 h under static vacuum in a sealed glass oven (Büchi, Switzerland). 

For the full-cell experiments, graphite counter electrodes were prepared by mixing commercial 
graphite powder (SLP30, Timcal, Japan, 90 %wt) with PVdF (HSV900, Kynar, 10 %wt) in NMP 
(99.5%, anhydrous, Sigma-Aldrich) for 20 minutes at 2000 rpm in a planetary mixer 
(THINKY, USA). The ink was spread onto a copper foil as current collector (11 µm, 99.99%, 
MTI, USA) using a 4-edge blade at 150 µm gap size. With a dry film thickness of 80 µm, an 
areal capacity of 1.6 ± 0.1 mAh/cm² (Qtheo = 372 mAh/gC6, 4.30 mgC6/cm²) was thus obtained. 
Electrodes of 1 cm2 were dried at 120 °C for 12 h under dynamic vacuum in a glass oven 
(Büchi, Switzerland). 

The electrolyte for all studies consisted of 1 M lithium perchlorate (LiClO4, battery grade, 
BASF) and 0.5 M lithium nitrate (LiNO3, 99.999% trace metal basis, AlfaAesar) dissolved in 
a mixture of 1,3-dioxolane (DOL, anhydrous, 99.8%, Sigma- Aldrich) and 
1,2-dimethoxyethane (DME, anhydrous, 99.8%, Sigma-Aldrich) (1:1 vol:vol). Prior to use, all 
salts were dried under dynamic vacuum for 72 h at 150 °C in a glass oven (Büchi, Switzerland) 
and all solvents were dried over Zeolites (Sylobead MS 564C, 3 Å, Grace Division) for a 
minimum of 72 h. The water content of the electrolyte was determined by Karl-Fischer-titration 
to be <15 ppm. Usage of the less common LiClO4 salt was chosen because the sulfonyl group 
in the quasi-standard electrolyte salt (bis(trifluoromethanesulfonyl) imide lithium, LiTFSI) 
contributes a large signal in the XAS spectrum and would thus mask signals arising from the 
cell chemistry. 

Electrochemical measurements were performed in an operando cell developed in our 
laboratory.35, 36, 46 All cell parts were dried for several hours at 70 °C before transfer into an 
argon-filled glovebox (MBraun; <1 ppm O2 and H2O) for cell assembly. Half-cells vs lithium 
metal were built using pristine lithium metal foil (450 µm, 99.9 %, Rockwood Lithium, USA) 
and two glass-fiber (GF) separators (11 x 13.5 mm, dried 3 d at 300 °C under dynamic vacuum 
in a glass oven; 250 µm Glass microfiber filter 691, VWR, Germany) filled with 30 µl of 
electrolyte 80 µlelectrolyte/mgS) for operando studies and 50 µlelectrolyte per 
separator for cycling ex-situ over several cycles (cf. Fig. S1).  

In one set of experiments, the working electrode compartment was sealed against the counter-
electrode compartment using a lithiated Nafion HP® membrane (20.3 µm, DuPont, France) 
which was laminated between the GF separators by hot-pressing before cutting them to the 



 
 

final size, providing a clear edge for operando measurements. The ion-exchange process was 
executed as follows: After boiling the membrane for 3 h in 1 M HNO3 (ACS reagent, Sigma-
Aldrich) and washing it with double-distilled water until a pH of 7 was reached, the membrane 
was immersed in a saturated LiOH (98%, Sigma-Aldrich) solution and boiled for 8 h in a 
polypropylene beaker to allow full ion-exchange. After rinsing again until a pH of 7 was 
reached, the membranes were dried overnight at room temperature. 

In the first set of experiments, graphite was used as counter electrode, whereas a stable SEI 
during preformation allows reversible cycling in ether-based electrolytes (cf. Fig. S1). 
Moreover, the graphite electrode needs to be pre-charged before being used with a sulfur 
working electrode for a S8/LiC6 cell. This pre-lithiation was done in a half cell vs a lithium 
metal electrode using 100 µl of electrolyte per electrode, containing 20 mM of the VC additive, 
and was achieved by cycling twice between 0.01 V and 1 V at 0.1 C, followed by a final 
lithiation with a constant-voltage (CV) phase at 0.01 V for 2 h. Afterwards, the graphite 
electrodes were harvested and excess electrolyte was removed under dynamic vacuum for 30 
minutes. 

S8/LiC6 cells were assembled similar to S8/Li cells, incorporating a lithium metal reference 
electrode (area 2 x 2 mm) into the operando cell to allow monitoring of both electrode 
potentials.46 

The OCV time between assembly of the cell and start of the electrochemical procedure was set 
to a minimum and  < 1 h in all experiments (with exception of the self-discharge experiments). 
Operando cells were cycled at a C-rate of 0.2 C between 1.9 V and 3.0 V vs Li/Li+ using a Bio-
Logic potentiostat (VSP 300, SAS, France). 

b. Operando Sulfur K-edge XAS and XRF measurements 

Spatially resolved operando sulfur K-edge XAS and XRF measurements were performed at 
the 14-3 beamline of the Stanford Radiation Synchrotron Laboratory (SSRL, SLAC National 
Laboratory, Menlo Park, USA). The details of the beamline set-up have been reported 
previously.36 Briefly, spatial resolution was achieved using Kirkpatrick-Baez (KB) mirror 
system, which focused the beam into a rectangular spot of 15 µm by 200 µm. The exact 
position of the cell with respect to the beam was controlled by a Newport sample stage with 
submicron accuracy. Characterization was performed under helium gas at ambient pressure, 
using a Vortex silicon drift detector (Hitachi) with Xspress3 pulse processing electronics 
(Quantum Detectors). A 8 µm Kapton® foil metallized with 100 nm aluminum layer (Multek, 
USA) served as an X-ray window. To account for possible changes in the incoming X-ray 
beam, all collected absorption and fluorescence spectra were divided by I0, which was 
measured using an ion chamber positioned near the exit of the beam.  

While in the XAS measurement the energy of the incoming beam is swept over the energy 
range of interest (2460-2536 eV), XRF measurements are executed by fixing the energy of the 
incident X-rays and rastering the irradiated spot across a defined area by moving the sample 
stage. Thus, the overall fluorescence emitted at every spot of the sample is measured. By 
defining the region of interest (ROI) on the detector, elemental specific mapping can be 



 
 

achieved. The major fraction of the  and  line was integrated for all elements of interest 
by setting the corresponding ROI on the detector. During operando measurements, the sulfur 
ROI was probed and set to  2220-2470 eV. For alignment purposes, the aluminum and silicon 
maps were of interest as well. As the K-edge of both elements is significantly lower than that 
of sulfur, their distribution throughout the cell stack can be monitored simultaneously using the 
same incoming X-ray energy by simply defining additional regions of interest. The aluminum 
and silicon ROI were set to  1360-1600 eV and 1650-1900 eV respectively. Even though 
aluminized Kapton® is used as X-ray window, these 100 nm still allow most of the X-rays to 
penetrate through the window which makes aluminum mapping inside the cell possible. 

The geometric resolution of XRF measurements was set to 20 x 20 µm (by step-size) as all cell 
components are thick enough to be monitored by this pixel size and the measurement time was 
therewith low enough to allow capacity resolved information. The dwell time per pixel was set 
to 50 ms. Operando XRF and XAS measurements were performed in alternation with each 
XRF map lasting  7 minutes per radiation energy. For XRF maps, the incident X-ray energy 
was changed to different values corresponding to specific features in the XAS spectra of the 
Li-S battery components. As shown in the references in the supplementary information, the 
X-ray absorption near edge structure (XANES) is sufficient for speciation of the sulfur active 
material. We therefore only focus on the edge-near XAS features without further analysis of 
the whole EXAFS region. 

  



Results and discussion

a. Establishing X-ray Fluorescence Mapping

The electrochemical and spectroscopic performance of our operando cell is well established. 
Detailed schemes of the cell as well as the incorporation of a small-area lithium metal reference 
electrode are reported in our previous publications.35, 36, 46 The cell and its components are 
shown schematically in Fig. 2. The photograph (left panel) displays the interior components,
visible through a 2 mm aperture in the front plate. In a spatially resolved experiment, it is 
extremely important to be able to locate these components inside the cell to align the XRF 
maps and define analysis locations. In order to facilitate these experiments, the dimensions of 
the electrodes and separator were chosen to be much larger than the X-ray beam (absolute and 
relative sizes of the electrodes and separator are shown in the schematic in Fig. 2). Since the
aperture in the front plate is covered with an aluminized Kapton® foil during the experiments 
in order to seal the cell compartment against air and moisture, optical alignment based on a 
microscope image is impossible. Conveniently, however, the K absorption edges of Al 
(1559 eV, used as current collector on the working electrode side) and Si (1839 eV, used in the 
glass-fiber separator) are below the energy of the sulfur K-edge (2472 eV) and hence, at an
incident X-ray energy above the whiteline of sulfur (e.g. Ex-ray = 2500 eV), the fluorescence 

spectrum contains contributions of all these elements (denoted as ). Thus, 

we can use the sum signal of sulfur ( ), aluminum ( ) and silicon ( ) to 

obtain a high-resolution X-ray image of the cell.

GF separator + 
electrolyte

SS cube

SS cube

LiC6 CE

S8 WE
Al

Fig. 2: Set-up of the operando cell and spatial resolution benchmark for XRF mapping of a full-cell (S8 vs pre-
lithiated graphite). Left: front view of our operando XAS cell without the aluminized Kapton® X-ray window so 
that the GF of the stack is clearly visible in the 2 mm aperture. Center: schematic of the stack inside the cell, 
zoomed into the window region. Right: Benchmark of the spatial resolution for X-ray fluorescence mapping (Ex-

ray = 2500 eV) with a spot size of 20 x 20 µm (image threshold based on counts: bright areas represent high counts, 
i.e. higher concentration, and vice-versa). Choosing an appropriate ROI (see experimental part) enables distinction 
of individual cell components: sulf
hence, only the working electrode is observed in the map), the aluminum current collector and the glass fiber 
separator identified by the silicon signal. Maps of all these elements were acquired before each operando
experiment to ensure proper alignment.  



 
 

This concept is illustrated in Fig. 2 for a Li-S cell containing an S8/C composite working 
electrode, two glass-fiber separators and a lithiated graphite (LiC6) counter electrode (details 
regarding the preparation of LiC6 electrodes are given in the SI, cf. Fig S1). Obviously, the 
XRF maps of sulfur (blue), aluminum (red) and silicon (green)
assembling the cell, show excellent agreement with the expected dimensions (cf. Fig. 2). The 
region ascribed to the sulfur electrode, determined from the XRF map, corresponds to 
60 - 100 µm  µm). There are two possible reasons 
for this discrepancy. Either the dissolution of sulfur from the electrode is faster than expected, 
or the edge of the electrode is not entirely perpendicular to the window. Nevertheless, it is 
worth noting that the active material is still almost entirely contained within the S8/C electrode. 
The aluminum map (red) readily identifies the current collector, indicating that the electrode is 
in direct contact with the window. Interestingly, the current collector also appears larger 
(70 µm vs nominally 50 µm) and there is a small overlap between the aluminum and sulfur 
region. This overlap might be another indication that the electrode is not aligned perfectly 
perpendicular to the window or exhibits a minor structural inhomogeneity that leads to 
broadening of the aluminum and sulfur signal. Alternatively, the restricted spot size resolution 
could also explain the overlap and broadening of both regions. Finally, the silicon map (green) 
is of great importance, because it is the only means for locating the LiC6 electrode (carbon and 
lithium have XAS signals at much lower energies, which are not accessible with this cell). The 
overall intensity of the silicon signal is rather low due to the high porosity (i.e. low bulk density) 
of the separator but defines a distinct region adjacent to the sulfur electrode, extending 

500 µm towards the LiC6 electrode, which agrees well with the expected total thickness of 
two compressed GF separators (400  500 µm). Based on this information, we define the 
interface of the LiC6 electrode and the electrolyte at the location where the silicon signal 
decreases back to zero. 

In order to perform X-ray fluorescence (XRF) mapping, it is imperative to determine 
characteristic spectral features associated with different sulfur species. While exact speciation 
is highly challenging, distinguishing between elemental sulfur (S8), polysulfides (Sx

2-) and 
lithium sulfide (Li2S) is possible. The spectrum of S8 is characterized by a main peak at 
2472 eV; however, Sx

2- and Li2S have contributions at the same energy. Polysulfides exhibit 
two distinct peaks at 2472 eV and 2470.5 eV with a flat background at 2475.5 eV. At this 
energy, the spectrum of S8 has a concave shape, whereas the spectrum of Li2S is convex. Thus, 
changes of the absorption at 2475.5 eV indicate the transition between these three species. 
These peculiarities are described in more detail in Fig S2. Finally, the height of the absorption 
edge, measured at an energy well above the edge region (e.g. 2500 eV), is proportional to the 
total concentration of all sulfur species. 

b. Sulfur Distribution and Speciation Mapping 

The self-discharge poses a major problem for the application of Li-S batteries. While the 
solubility of S8 in ether-based electrolytes is limited, high concentrations of polysulfides have 
been achieved.33 In this section, we will establish XRF mapping as a technique to image the 
distribution of sulfur within a Li-S cell, using a porous LiC6 anode. The used porous LiC6 anode 
shows an electrochemical performance comparable to lithium metal (cf. Fig. S1) but exhibits a 



much larger surface area than the latter. The larger surface area is beneficial for the XAS 
experiment, during extended rest periods as well as during cycling, because it increases the 
contribution of SEI to the spectrum and thus, allows insights into mechanisms involved in the 
reaction between the active material and the anode. To facilitate the visualization of small 
lateral changes of sulfur concentrations, we present the XRF maps as contour plots, rather than 
as individual pixels (cf. Fig. 2). These maps are shown in Fig. 3 for the as-assembled cell (panel 
a, 12 minutes after adding the electrolyte) and the same cell after a 2 h rest period at the open-
circuit voltage (OCV) (panel b). Clearly, during the OCV period, most of the active material 
has dissolved from the electrode and has relocated within the cell to reach an almost 
homogeneous distribution of sulfur, including the porous structure of the graphite anode
(Fig. 3b). The higher surface area of the LiC6 counter electrode in comparison to lithium metal 
is expected to quantitatively affect the active material loss, self-discharge and shuttle 
phenomena. Qualitative conclusions, on the other hand, are considered meaningful in light of
the similarities in cycling performance without OCV period (cf. Fig. S1).

Fig. 3: Self-discharge phenomenon in a LiC6/S8 cell. A scheme according to Fig. 2 b) is added to the left top to 
guide the eye in the maps. a) Overall sulfur distribution in the cell after 12 minutes of OCV, and b) 2 h of OCV 
with the positions, which are attributed to the WE, electrolyte region and CE respectively, based on the mapping 
executed in Fig. 2. c) XANES spectra (non-normalized) recorded at selected locations in the cell (depicted as 
symbols in panel b) after 12 min (dashed lines) and 2 h of OCV (solid lines): the sulfur concentration in the WE 
(blue, triangle) decreases strongly whereas it increases in the electrolyte (orange, square) and in the counter 
electrode (brown, circle). Self-discharge of dissolved S8 at the counter electrode leads to formation of polysulfides
everywhere inside the cell, evidenced by the arising feature at 2470.5 eV.

c)



 
 

The XRF maps are complemented with XANES spectra recorded in the S8/C working- and 
LiC6 counter electrode as well as in the electrolyte region (cf. Fig. 3c). After assembly (dashed 
lines), sulfur is only observed at appreciable concentration in the XANES spectrum of working 
electrode (blue triangle), which is in good agreement with the XRF map (compare blue vs 
orange dotted lines in Fig. 3 c). Moreover, this spectrum evidences the exclusive presence of 
S8. However, after resting for 2 hours (solid lines), the sulfur concentrations in the XANES 
spectra, represented by the height of the absorption edge, are comparable in all locations, with 
a slightly higher concentration in the working electrode, in line with the XRF map in Fig. 3b). 
XANES spectra recorded in all locations after a 2 h OCV period are dominated by Sx

2- features, 
as evidenced by the strong peak at 2470.5 eV and the loss of the concave shape at 2475.5 eV 
(cf. Fig. 3c). At OCV, these polysulfides can only form via a chemical reaction of dissolved S8 
at the lithiated graphite electrode, causing de-lithiation and thus, discharge of the LiC6 anode 
to a similar extent as the cathode. This is reflected in the OCV of the graphite electrode, which 
rises from initially 88 mV to 96 mV vs Li/Li+ and, since the graphite intercalation profile is 
step-like (cf Fig. S1), already small changes in potential indicate a significant decrease in state 
of charge. The extent of self-discharge can be quantified either by harvesting the anode after 
the OCV period and determining the residual capacitance or by leaving the cell assembled and 
cycling the full cell, assuming that any capacitance lost on the cathode due to the OCV period 
is accompanied by similar removal of active lithium from the anode due to the chemical 
reaction with the dissolved sulfur or, for long OCV periods, long-chain polysulfides. The 
charge transfer of the anode is therefore of high importance for the self-discharge of sulfur 
batteries, just as the dissolution of sulfur from the cathode. 

In summary, the direct comparison of the sulfur concentration extracted from the XRF maps 
and the edge-height measured in the XANES spectra at three selected locations demonstrates 
that fluorescence mapping is an excellent and representative technique to determine the overall 
concentration distribution of a certain element in-situ, but does not yield any information 
regarding the chemical species. 

After the 2 h OCV period, the cell was discharged at 0.2 C down to 1.9 V vs Li/Li+. The 
corresponding voltage profile of the S8 working and LiC6 counter electrode as well as operando 
XRF maps of the overall sulfur distribution at different states of discharge are shown in Fig. 4. 
The discharge curve shows the typical profile of a Li-S cell, except that the overall discharge 
capacity of 625 mAh/g is far below the theoretical capacity of 1672 mAh/g and even 

200 mAh/g lower than in a cell that is immediately discharged, i.e. without a 2 h rest period 
before cycling (cf. Fig. S1). This decrease in capacity is induced by the self-discharge of the 
cell and the associated parasitic current amounts to a C-rate of 0.06 h-1 whereas, as mentioned 
earlier, this quantity is expected to be dependent on the counter electrode used. Due to this 
parasitic current, the first, short plateau above 2.2 V vs Li/Li+ is absent. This plateau has been 
identified to correspond to the conversion of elemental S8 to polysulfides6, 9, 26, 34, 42 and its 
disappearance is consistent with the dominating polysulfide features observed in the XANES 
spectra (Fig. 3c). The XRF maps reveal that, after 2 h at OCV, the sulfur active material is 
almost completely dissolved and distributed throughout the entire cell stack (Fig. 4 a). During 
the first 250 mAh/g of the discharge (panel b), the sulfur concentration remains unchanged.  



Only at the very end of discharge, accumulation of the sulfur signal is observed, but to 
comparable extents in the working and counter electrode (Fig. 4d). In the discharged cell, there 
is still a significant amount of sulfur present in the electrolyte. As stated above, these XRF 
maps represent the total concentration of sulfur without any information on its chemical state. 
In order to distinguish between different sulfur species, we revisit the distinct features of the S 
K-edge XANES spectra outlined in Fig. S2 of the SI. We analyze the shape of the XANES 

spectra at 2475.5 eV, : a significantly higher fluorescence signal at an incident X-ray 

energy of 2500 eV, compared to that at 2475.5 eV, is assigned to S8, whereas a higher 
fluorescence signal at 2475.5 eV compared to 2500 eV is attributed to Li2S. In XRF maps, this 
can be easily visualized by defining the reduced fluorescence, , as the difference in the 
fluorescence at 2500 eV and 2475.5 eV:

(1)

Consequently, is attributed to Li2S, is assigned to S8 and 
represents a mixed region and/or Sx

2-, because the reference spectrum of Sx
2- exhibits no distinct 

feature at 2475.5 eV. It should be noted, that the chemical reaction of S8 with Li2S is expected 
to be sufficiently fast (high concentrations of polysulfides are even achieved by simply mixing 
and stirring in electrolyte solutions, e.g. Fan et al. 33) and hence, a regime where S8 and Li2S 

Fig. 4: Operando XRF mapping of a full cell (S8 vs lithiated graphite), discharged at 0.2 C to 1.9 V vs Li/Li+. 
Fluorescence maps 200 mAh/gS8. Panels a)-d) show the maps for an excitation energy of 
2500 eV at the points indicated with pink stars in the potential profile shown in panel e). Panel e) shows the 
corresponding potential profile for the working electrode (red) and the counter electrode (blue) measured vs a 
small-area lithium metal reference electrode. Panel f) shows the reduced fluorescence map (see experimental part)
of the discharged cell.



 
 

co-exist is unlikely; therefore, we consider  to indicate the presence of Sx
2-. At this 

point it needs to be emphasized that our analysis presented here yields purely qualitative 
information regarding different species. The high concentrations of sulfur in the cell induce 
strong self absorption due to which the fluorescence signal is severely distorted (compare, for 
example, the dashed blue line in Fig. 3c to the undistorted spectrum of 0.1 wt% S in Gorlin et 
al.35 and hence, a deconvolution of these spectra is impossible without knowing their 
composition (i.e., the chain length of Sx

2) a priori. Any quantitative interpretation is thus 
misleading and inaccurate. Since XANES and the XRF maps shown here are based on exactly 
the same physical principle, the implications of self absorption are exactly the same and must 
also be considered in XRF mapping. Just as for XANES analysis, the fitting of XRF maps 
recorded at different energies to quantitatively evaluate the portions of S8, Li2S and Sx

2- is not 
possible due to the unknown chain length of Sx

2- and even more due to strong self-absorption 
for high sulfur concentrations as expected in an operating Li-S battery. An analysis as done by 
Miller et al.37 is therefore not seen to be meaningful. The concept of reduced fluorescence on 
the other hand is only based on principle differences ( ) and is 
therefore a purely qualitative speciation. 
In the XRF map of the discharged cell (Fig. 4f), Li2S is shown in blue, S8 in red and Sx

2- in 
white (according to the definition of Fred). The reduced fluorescence map clearly shows that 
Li2S is the main species in both electrodes, whereas the electrolyte region is dominated by Sx

2-

. It is important to mention that there is no distinct region in which unreacted solid S8 is 
observed, which is in stark contrast to other studies. Hence, regions of insulated S8 are unlikely 
to be responsible for the low discharge capacity which contradicts  the findings of Cuisinier et 
al.42 

To further validate the concept of reduced fluorescence in XRF maps for sulfur state imaging, 
complementary operando XANES spectra were recorded (cf. Fig. 5). The normalized spectra 
recorded in the working electrode (Fig. 5b) clearly show evidence of complete conversion of 
S8 to Li2S, as already reported in the literature.35, 42 The fact that already the initial spectrum in 
the working electrode during the discharge shows a tiny but distinct Li2S signal (indicated by 
the convex shape at 2475.5 eV) is attributed to the chemical reaction occurring in the cell 
during OCV. Not only the solution species seem to be partially reduced by the counter 
electrode, but some polysulfides already seem to be deposited in the working electrode. At the 
end of discharge, a small feature at 2470.5 eV remains, which is associated with residual 
polysulfides in the electrolyte that is present within the pores of the electrode. The electrolyte 
itself hardly undergoes any change in speciation and remains dominated by polysulfides 
throughout the entire discharge process. Finally, XANES spectra of the counter electrode were 
only recorded at the beginning and at the end of discharge. It is easily observed that the overall 
shape of the normalized XANES spectra shifts towards the distinct features of Li2S, but no 
pure Li2S is observed. The presence of sulfates (SO4

2-) and sulfites (SO3
2-)1, 23, 26 as major 

components can easily be ruled out, because both of these species are characterized by distinct 
features at energies higher than 2500 eV, which are not present in the counter electrode spectra 
(cf. Fig. S2). Despite the overall shape being different, the presence of thiosulfates (S2O3

2-)47 
cannot be completely ruled out because its main peaks are well within the energy range of the 
broad features observed in the discharged counter electrode.  



Fig. 5: Normalized operando XANES spectra of 
the first discharge at 0.2 C of S8 vs lithiated 
graphite. Spectra are upshifted for clarity. a) 
Potential profile for the first discharge as in Fig. 4. 
The red line represents the working electrode 
potential profile, the blue line the counter electrode 
potential profile measured vs a lithium metal 
reference. The triangles show the time at which 
XANES are measured on the working electrode
(b), the circles correspond to the counter electrode
(d). The squares indicate the capacity at which 
XANES spectra are recorded in the electrolyte 
region (c) as defined in Fig. 3.



 
 

Even though exact speciation of sulfur on the graphite and in the SEI is not possible, we can 
gain further insights by comparison with ex-situ samples. One cell with a lithiated graphite 
electrode prepared in the same way (cf. SI) was cycled ex-situ vs S8 in an electrolyte without 
LiNO3 (i.e., only using 1 M LiClO4 in DOL-DME as electrolyte). After cycling, the graphite 
electrode was harvested in an Ar-filled glovebox and placed, unwashed, inside our 
spectroscopic cell, which, in this case, served as an inert sample holder. In the absence of 
LiNO3, pure Li2S is formed on the negative electrode as evidenced by the XANES spectrum in 
Fig. 5 d) 3 . The formation of pure Li2S on the anode leads to an 
infinite shuttle current during charge, because the chemical reaction of Sx

2- with Li2S leads to 
continuous decomposition of the SEI , while the electrochemical reduction of Sx

2- leads to 
reformation of a solid Li2S layer. The preformed SEI on the negative electrode itself cannot 
prevent these reactions, because the potential drop over the SEI, comprised of standard solvents 
and additives, will not rise above the reductive stability of Sx

2-. Hence, the chemical reaction 
of reduced LiNO3 with polysulfides  in combination with solvent reduction products  is 
believed to form an additional layer on the SEI that limits the chemical reactivity of other 
polysulfides to form Li2S and, therefore, limits the shuttle current.  

With this example of S8 discharged vs prelithiated graphite, we have established X-ray 
fluorescence mapping for operando Li-S experiments. When the maps are recorded at an 
incident X-ray energy of 2500 eV, they yield reliable information regarding the elemental 

distribution of all sulfur species across the cell, i.e. . Furthermore, combining these 

maps with the maps recorded with an X-ray energy of 2475.5 eV, it is possible to construct 
reduced fluorescence maps, which allow qualitative interpretation of sulfur species. We have 
investigated the self-discharge processes occurring in Li-S cells and, through a combination of 
XRF maps as well as operando and ex-situ XANES spectra, we were able to show that self-
discharge leads to formation of an SEI at the anode that is mainly composed of Li2S with 
possible traces of thiosulfates, whereas the latter is likely caused by the simultaneous reduction 
of LiNO3, the electrolyte solvent(s) and sulfur species. In the following, we will apply this 
method for a systematic study on the reversibility of the S8 working electrode half-cell reaction 
in a two-compartment cell. 

c. Half-cell case study on isolated WE processes: S8 vs Li with diffusion barrier 

In order to be able to selectively investigate the discharge processes in a Li-S cell, we have 
introduced a Sx

2- diffusion barrier into our operando cell by laminating a 21 µm thick lithiated 
Nafion® membrane between the two glass-fiber separators, as shown schematically in Fig. 6. 
In contrast to the previous section, where we imaged the entire cell, we exclusively focus on 
the working electrode compartment in this part (S8 electrode, adjacent separator and the 
diffusion barrier). Again, the working electrode is easily identified in the total sulfur 

fluorescence map ( ). Due to the OCV time of, in this case, more than 30 minutes 

between cell assembly and measurement, parts of the sulfur active material have already 
dissolved. Moreover, due to its perfluoro-sulfonic acid groups (cf. XANES spectra in Fig. 6 e), 
the lithiated Nafion® membrane is detectable by S K-edge XRF and gives rise to a significant 
signal that does not only proof the direct contact of the membrane with the window, but also 



depicts the lower boundary of the electrolyte region, which, again, happens to be located at the 
position expected from the dimensions of the materials.

In addition to the map of , representing the distribution of all sulfur species, and of 

, used to distinguish between S8 and Li2S, we recorded a third one at 

Ex-ray = 2470.5 eV ( ), at which energy Sx
2- exhibits a unique feature in the XANES 

spectrum (cf. Fig. 6 and Fig. S3). The map in Fig. S3 (Supporting Information) falsely suggests 
the presence of Sx

2- (only) within the cathode of a fully charged cell, at a concentration similar 
to the total amount of sulfur present. Since the OCV time was minimized and an additional
diffusion barrier was used, which prevents the chemical reduction of dissolved sulfur at the 
lithium anode, polysulfides are not expected to be present anywhere in the cell. Reconsideration 
of the XANES spectra leads to the conclusion that this signal is an artefact and arises solely 
due to the fact that the polysulfide feature is located on the rising pre-edge of the sulfur 
spectrum and hence, a large S8 signal is falsely attributed to polysulfides. It is therefore not 

membrane

GF separator + 
electrolyte

SS cube

Li-CE+SS cube

S8 WE
Al

GF separator + 
electrolyte

Fig. 6: Set-up and OCV X-ray fluorescence maps of the concealed working electrode compartment of the Li/S8

cell. a) Scheme of the set-up with the lithiated Nafion® membrane as diffusion barrier. b) Fluorescence map 
recorded with a radiation energy of 2500 eV showing the distribution of all sulfur species. c) Fluorescence map 
recorded with a radiation energy of 2475.5 eV. d) Reduced fluorescence map showing the overall presence of 
elemental sulfur only. The dashed-dotted lines in the maps show the boundaries of the working 
electrode/electrolyte region. e) Normalized XANES spectra of the Li-S battery active species and the lithiated 
Nafion® membrane in the assembled cell (upshifted for clarity).



 
 

possible to monitor the distribution of polysulfides using X-ray fluorescence mapping at the 
energy of the first edge of the polysulfide XANES, as recently used in the fitting algorithm 
reported by Miller et al.37 Hence, as discussed earlier, maps recorded at 2500 eV, combined 
with reduced fluorescence maps, is a more unambiguous strategy to distinguish between S8, 
Li2S and Sx

2-.  

Revisiting the OCV map (cf. Fig. 6), the region with high sulfur content shows a reduced 
fluorescence of  and is thus due to the presence of S8. In the electrolyte region, 
however,  seems to suggest the presence of Sx

2- species, according to the definition of 
Fred above. However, that this is not the case because the overall sulfur concentration in the 
electrolyte is negligible. Instead, the reduced fluorescence always needs to be compared with 
the XRF maps at 2500 eV because there are two situations under which the condition  

in Eq. 1 is satisfied: either  and  are similar or both are zero. Moreover, due 

to the shape of the XANES spectrum of the Nafion® membrane shown in Fig. 6e, the 
corresponding region has a reduced fluorescence of  even though no elemental sulfur 
needs to be present. Thus, the value of Fred in this region will remain constant throughout the 
operando experiments.  

After the OCV maps, the cell was discharged and charged at a rate of 0.2 C between 1.9 and 
3 V vs Li/Li+. Fig. 7 shows the potential profile as well as the evolution of sulfur distribution 
in the cell during cycling, together with the reduced fluorescence. A scheme according to Fig. 
6 a) is added to the left to guide the eye in the maps. During the discharge (cf. Fig. 7b g), the 
AM is confined and homogeneously distributed within the working electrode compartment, 
proving that the membrane is successfully preventing diffusion of polysulfides to the Li metal 
anode. Towards the end of discharge, starting at 440 mAh/g (point d), the concentration of 
sulfur species in the electrolyte decreases whereas the concentration in the working electrode 
increases. The reduced fluorescence throughout the discharge reveals that initially, during the 
high-voltage plateau, the electrolyte species are dominated by elemental sulfur and/or long 
chain polysulfides (panel b), whereas at later points, the electrolyte region is dominated by 
polysulfides with a chain 2S4  (switch from red to white 
color-code). As the bare ratio of uncharged to charged sulfur atoms of a polysulfide chain 
cannot be obtained due to self-absorption,36, 48 the reduced fluorescence shall only give a 
qualitative assessment of chain-length that is believed to be represented by the difference in 
XANES feature at 2475.5 eV, as explained below (Fig. 8d). Initially, during the first 

 mAh/g of discharge (Fig. 7b), the strong S8 signal in the working electrode decreases and, 
as soon as 300 mAh/g into the discharge (panel c) is reached and coinciding with the onset of 
the lower voltage plateau in the potential profile, Li2S is first formed inside the electrode and 
increases throughout the discharge to the very end. Overall, the XRF maps show that this 
process appears to be inhomogeneous and thus, XANES spectra recorded at only a small spot 
within the electrode might differ in terms of the onset of Li2S formation as major solid fraction 
in the electrode. Ultimately, since processes in Li-S cells are known to be inhomogeneous, 
XRF mapping is crucial for investigating reactions occurring during operation of the cell 
because it allows to probe a large area in short time with sufficient lateral resolution. 



Fig. 7: Operando XRF mapping of S8, cycled vs lithium, using a lithiated Nafion HP® membrane as diffusion 
barrier between cathode and anode. A scheme according to Fig. 6 a) is added to the left to guide the eye in the 
maps. a) OCV map as shown in Fig. 8 combining the fluorescence recorded at 2500 eV and the reduced 
fluorescence. b)-g) distribution of AM throughout the cell in arbitrary units and rough speciation based on the 
reduced fluorescence for the discharge process at 0.2 C, every 150 mAh/g. h)-m) fluorescence taken at 2500 eV 
and reduced fluorescence for the AM distribution and speciation taken every 150 mAh/g throughout the charge 
at 0.2 C. n) potential profile of the cell with pink stars representing the maps recorded during discharge and blue 
stars during charge. The letter indicates the panel of the corresponding map. Note that the diffusion barrier is 
dominated by the sulfate feature as shown in the XANES in Fig. 8 and hence, the color of this region is expected 
to remain constant throughout cycling.



The sulfur distribution during the charging process is comparable to that during the discharge 
(Fig. 7h m). mAh/g of the charge, a major fraction of the AM dissolves 
and is distributed throughout the cell, before returning into the working electrode at the end of 
charge. The diffusion barrier still retains the electrolyte species in the working electrode
compartment, indicated by a low signal in the counter electrode compartment below the Nafion 
HP® membrane. The reduced fluorescence shows the pronounced Li2S signal decreasing and, 
as soon as 350 mAh/g of the charge is reached (point j), it has disappeared. The formation of 
S8, on the other hand, is not observed until a later point of the charge, when the potential starts 
to rise above 2.5 V.

a) b)

c) d)

f)e)

Fig. 8: Operando XANES spectra of S8 vs Li cell with diffusion barrier cycled at 0.2 C between 1.9 and 3 V. a) 
Potential profile with marks indicating the time of operando spectra in the electrode (triangles) and electrolyte in
the working electrode compartment (squares) with the geometric spot shown in Fig. 7 a). b) Benchmark of barrier 
tightness by comparing AM content in electrolyte at begin and end of the first discharge showing only a slight 
increase of the sulfur content in the anode compartment. Normalized operando XANES of the working electrode 
and electrolyte at different depth of discharge (c d) and charge (e f). The corresponding non-normalized spectra 
are shown in the supplementary information (cf. Fig. S4).



 
 

To further substantiate the analysis of the discharge and charge species in Li-S cells by 
operando X-ray fluorescence mapping, we recorded operando XANES spectra in the same 
cell, in between the XRF maps, at various states of charge/discharge (cf. Fig 8). The geometric 
locations of these spots are shown in Fig. 7 a). Fig. 8 b) combines the XANES spectra recorded 
in the separator region of the working and counter electrode compartment at the beginning and 
end of discharge. While the concentration in the working electrode compartment (solid lines) 
increases significantly throughout the discharge, the counter electrode compartment 
concentration (dashed lines) increases only slightly and, as expected (cf. XRF maps in Fig. 7), 
is significantly lower than in the working electrode compartment. A certain non-zero 
concentration of sulfur below the diffusion barrier is expected, because the lithiated Nafion 
HP® membrane is made of a cation exchange polymer, and thus contains immobilized anionic 
functional groups which effectively prevent anions from the electrolyte (i.e. Sx

2-) from 
permeating. Dissolved sulfur, in turn, is charge neutral and hence, able to cross through the 
membrane. However, since the transport channels in the membrane have a small diameter 
compared to the size of the S8 species, the transport is significantly delayed but still occurs 
within the time frame of an operando experiment. Moreover, the membrane is laminated 
between two GF separators and was cut to get a clean edge that can be monitored in the 
operando cell. Hence, there is one edge where the electrolyte solution could circumvent the 
barrier and diffuse into the counter electrode compartment. This edge is facing the Kapton® 
window so that the location analyzed by the X-ray beam might have a lower diffusion barrier 
compared to the rest of the cell. Nevertheless, the membrane effectively prevents cross-talk 
between the electrodes and thus enables analysis of species in the working electrode electrolyte 
compartment. 

The XANES spectra at various depths of discharge confirm that S8 is indeed the only species 
initially present in the electrode (cf. Fig. 8c). During discharge, S8 is converted to Sx

2- with 
gradually shorter chain length, evidenced by the growing edge at 2470.5 eV. At a depth of 
discharge between 200 and 400 mAh/g, Li2S features are first observed in the XANES spectra 

 mAh/g, at which point only a decrease of the Sx
2- signal, 

arising from the electrolyte contained within the pores of the electrode, is observed until the 
end of discharge. These aspects are consistent with the information from the XRF maps. It is, 
however, important to mention that these spectra are recorded at one single location and thus 
may differ from other locations due to inhomogeneity (see discussion above). Moreover, 
complete confinement of sulfur within the working electrode (solid and liquid phase) is 
observed before and after the discharge, whereas it is mostly dissolved in the beginning of the 
discharge (cf. non-normalized XANES spectra in Fig. S4 of SI). This observation is consistent 
with the spectra recorded in the electrolyte (cf. Fig. 8d), where an increase in sulfur 
concentration  mAh/g into the discharge. After that, the concentration 

 mAh/g, which is in 
complete agreement with the XRF maps. In contrast to a cell in which diffusion of sulfur to the 
counter electrode is unrestricted (cf. Fig. 5c), the first spectrum in the electrolyte shows a very 
low concentration of pure S8 and in addition, no Sx

2- species are present because parasitic side 
reactions at the anode are suppressed. Throughout the discharge, the feature at 2470.5 eV 
undergoes several changes. It initially increases, indicating conversion of S8 to short chain 



 
 

polysulfides, and later decreases, indicating conversion of polysulfides to solid products such 
as Li2S. At the very end of the process, the feature at 2470.5 eV continues to persist, indicating 
that even at the end of the discharge, polysulfides remain as the dominating species in the 
electrolyte. More interestingly, the convex shape at 2475.5 eV also evolves in the electrolyte 
throughout discharge. As Li2S is insoluble in the ether-based electrolyte, this change is a hint 
towards changing chain-length of the polysulfides present in the electrolyte throughout cycling 
or precipitation of solid polysulfides in the separator (Li2S2 and Li2S). In order to investigate 
this aspect in more detail, we harvested the separator of a completely discharged cell, washed 
it with electrolyte and recorded another XANES spectrum (cf. Fig. S5). Interestingly, sulfur 
features in this spectrum are completely absent, which makes the latter explanation unlikely. 
The processes during operation of the cell do not need to be in thermodynamic equilibrium, so 
that comparison of different polysulfide references with operando spectra are not expected to 
explain this feature quantitatively.  

Upon subsequent recharge, already the 3rd spectrum recorded in the working electrode (Fig. 8e; 
300 mAh/g into the charge) shows the transition of Li2S to Sx

2- and/or S8, which is in perfect 
agreement with the reduced fluorescence map in Fig. 7j. The convex shape at 2475.5 eV is 
decreasing throughout the charge until a spectrum of almost pure S8 with minor polysulfide 
contributions is obtained at the end. Again, the Sx

2- peak first increases, before decreasing 
again. The same trend is reflected in the spectra recorded in the separator, where also the 
convex shape at 2475.5 eV decreases again due to chain-lengthening of polysulfides and/or 
increased concentration of elemental S8 in the separator (cf. Fig. 8f). Finally, non-normalized 
spectra reveal an increasing concentration of sulfur until the potential rises above 2.5 V, which 
is consistent with the XRF maps in Fig. 7h-m (cf. Fig. S4). After normalization (Fig. 8 g), the 
rising and falling feature at 2470.5 eV is observed, as in the discharging process.  

By introducing an anion-repelling membrane between the working electrode and the counter 
electrode, we could prove the reversibility of the S8/Li2S interconversion process. We observed 
complete confinement of the active material within the electrode of the discharged cell while 
the full cell with LiC6 counter electrode shown in the earlier paragraph, exhibited an extremely 
high concentration of polysulfides in the electrolyte after discharge, leading to poor utilization 
of sulfur. This difference shows that the chemical equilibria of solid and solution sulfur species 
are dominated by the counter electrode. While commonly used lithium metal anodes form new 
surface area with every cycle, the graphite electrode surface area (despite being significantly 
higher than that of a pristine lithium metal anode) stays nearly constant which allows the 
chemical equilibria to establish, rather than depleting the active material in the electrolyte by 
continuous reduction of polysulfides at the anode surface. Furthermore, we have revealed that 
more complex processes, apart from active material loss at the anode and in the electrolyte, 
influence the specific capacity of a Li-S battery system. Introducing a diffusion barrier for 
polysulfides, we observed complete confinement of the active material within the working 
electrode at the end of discharge and charge and yet obtained a capacity far below the 
theoretical one.49 Any polysulfide that might have deposited in the separator would be able to 
take part in further chemical reactions as washing of the separator with excess of pure 
electrolyte lead to vanishing of the sulfur signal. Either no true precipitation takes place (e.g. 



 
 

the polysulfides are still dissolved in the electrolyte contained in the separator pores) or these 
deposits are caused by oversaturation of the electrolyte solution with polysulfides. In either 
case, the active material within the separator would still be able to participate in the 
electrochemical process at the end of discharge when the concentration of polysulfides in the 
separator decreases. After all, the low achieved capacity cannot be explained by active material 
loss on the anode (prevented to large extent by the diffusion barrier, cf. Fig. 7), in the electrolyte 
(no insoluble sulfur species are present at the end of discharge, cf. Fig. S5) or by residual, 
isolated S8 in the working electrode (cf. Fig. 8). This leads to the conclusion, that Li2S is not 
the sole reduction product of S8. The partial presence of Li2S2 in the electrode cannot be 
excluded by XAS and could explain the missing capacity when Li2S is expected as final 
reduction product. 

Conclusion 

In this work, we have established X-ray fluorescence mapping for operando characterization 
of Li-S batteries through a combination of operando X-ray fluorescence maps and spatially-
resolved X-ray absorption near-edge spectroscopy. First, we have successfully imaged the 
concentration distribution of sulfur species over a large area across the cell, and then we have 
demonstrated that differentiation of important species during operation of Li-S cells is possible 
by combining XRF maps obtained at different X-ray energies. While the characteristic feature 
of polysulfides cannot be used as an unambiguous indicator for these species due to overlap 
with elemental S8, the distinct difference in spectral shape observed at an energy of 2475.5 eV, 
in combination with the information of the overall sulfur concentration gained by mapping with 
a radiation energy of 2500 eV, allows distinguishing between S8 and Li2S and, to some extent, 
the presence of polysulfides. The spatial information obtained from XRF maps, combined with 
sophisticated speciation based on XANES spectra, yields extremely valuable information. 
Applying this method to investigate the self-discharge process of a Li-S cell, we were able to 
show that the rapidly dissolved S8 reacts at the anode to produce Li2S and possibly thiosulfate 
whereas a 2h rest period was sufficient for a major portion of the active material to be 
distributed throughout the cell stack. Furthermore, through the introduction of an anion-
repelling membrane to restrict the transport of active material to the anode, we were able to 
monitor the distribution of sulfur species in the cathode and catholyte during operation of the 
battery whereas confinement of the active material within the working electrode was observed 
at the end of charge and discharge. Our work demonstrates how characterization of the lithium-
sulfur battery system using operando X-ray fluorescence mapping can contribute to the 
understanding of active material distribution during battery operation. Further application of 
the method can enable systematic improvement of cathode materials by isolating the working 
electrode and investigating the effect of catalysts, electrolyte additives and protective films. 
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1. Graphite counter electrode preformation 

In full-cell experiments, graphite was used as counter electrode. However, graphite is known to 
exfoliate in ether-based electrolytes that are commonly used in lithium-sulfur batteries. Vinyl 
ethylene carbonate (VEC, battery grade, BASF), Glutaric anhydride (GA, 98%, AlfaAesar), 
vinylene carbonate (VC, battery grade, BASF) and propane sultone (PS, 98%, Sigma-Aldrich) 
were examined as possible SEI forming agents and for the operando studies.As discussed later VC 
was selected due to its superior performance. Moreover, the graphite electrode needs to be pre-
charged before being used with a sulfur working electrode. This pre-lithiation was done in a half 
cell vs a lithium metal electrode using 100 µl of electrolyte per electrode, containing 20 mM of the 
VC additive, and was achieved by cycling twice between 0.01 V and 1 V at 0.1 C, followed by a 
final lithiation during a constant-voltage (CV) phase at 0.01 V for 2 h. Afterwards, the graphite 
electrodes were harvested and excess electrolyte was removed under dynamic vacuum for 30 
minutes. 

Fig. S1 a) shows the pre-formation of the graphite electrode in the standard electrolyte of 1 M 
LiClO4 + 0.5 M LiNO3 in DOL-DME with 20 mM of different additives. A standard graphite 
potential profile recorded in a carbonate-based Li-Ion battery electrolyte (LP57, 1 M LiPF6 in 
EC:EMC (3:7), battery grade, BASF) is added for comparison. As can readily be seen in Fig. S1, 
the addition of GA and VEC does not prevent co-intercalation of solvent reduction products during 
the first intercalation cycle (large over-charge), which leads to the total loss of 
intercalation/deintercalation activity of the graphite electrode due to exfoliation similar to the base 
case without additive plotted in dashed grey lines. In contrast to that, the addition of VC or PS 
allows reversible cycling of the graphite electrode in ether-based electrolytes similar to the 
performance in standard Li-Ion battery electrolytes plotted in dashed black lines. Due to the sulfur 
present in the PS, VC was chosen for operando studies.*

Fig. S1 b) shows the cycling performance of S8 cathodes vs either pristine lithium metal or a 
graphite electrode, pre-lithiated in an electrolyte containing 20 mM of VC. Cycling was executed 
in the base electrolyte of 1 M LiClO4 + 0.5 M LiNO3 in DOL-DME. In case of the full-cell, the 
potential is controlled by the lithium metal reference. As can readily be seen, the cycling 
performance is not dependent on the choice of anode. The capacity decay as well as the coulombic 
efficiency are the same which is further confirmed by the potential profiles of the working 
electrode shown in the upper part of panel c) for the 1st (solid line) and 20th cycle (dashed line). 
Cycling was executed in the operando cell set-up with closed front plate to diminish water and air 
intrusion through the aluminized Kapton window over prolonged cycling. As the electrolyte is 

                                                           
* It shall be mentioned that neither VC nor PS are able to form a stable SEI on the graphite electrode 
in the absence of LiNO3. This is believed to be caused by the inability of LiClO4 to form a stable 
inorganic SEI layer in ether-based electrolytes whereas the additive of VC has been found to only 
form the outer, organic part of the SEI. LiNO3 is still needed to form the inorganic part of the SEI 
in ether-based electrolytes. 



 
 

hardly contained in the separator and excess of electrolyte was given into the cell, the fast capacity 
decay is expected.1 As both cells, either cycled vs lithium metal or preformed graphite, show the 
same behavior, it is presumed that most of the side reactions attributed to the counter electrode as 
AM loss and polysulfide shuttling should occur in a comparable manner. The use of graphite as a 
porous counter electrode for the operando X-ray absorption and fluorescence mapping 
experiments is therefore seen to be meaningful. 

  

Fig. S1: Cycling data of S8 (1.3 mAh/cm²) vs graphite (1.6 mAh/cm²) cells. Cycling was done in the operando 
cell with a sealed front plate using 2 GF separators and 100 µl of electrolyte at 0.1 C. a) Pre-formation profiles 
of graphite anodes cycled at 0.1 C between 0.01-1.0 V vs lithium metal in 1 M LiClO4 + 0.5 M LiNO3 in DOL-
DME electrolyte with different SEI forming additives. A graphite electrode cycled in a common Li-Ion 
electrolyte (LP57) is plotted for comparison in dashed black lines. b) cycling stability and coulombic efficiency 
of S8 cathodes cycled vs graphite anodes, pre-formed and pre-lithiated in the base electrolyte containing 20 mM 
VC (green triangles), and pristine lithium metal (black squares) showing the average capacity and standard 
deviation of 3 individual cells each. c) potential profiles for the 1st (solid line) and 20th charge/discharge cycle 
(dashed line) for half-cells using a lithium metal anode (black) and full-cells with a graphite anode (orange). In 
case of the full-cell, a lithium metal reference electrode allows deconvolution of the half-cell potentials (green 
line in lower panel shows the graphite counter electrode potential). 



 
 

2. XANES reference spectra  

Several standards were prepared as followed: commercial S8 (99.98%, Sigma-Aldrich), Li2SO4 
(99.99%, Sigma-Aldrich), Na2S2O3 (99.99%, Sigma-Aldrich) and Na2SO3 (99.99%, Sigma-
Aldrich) were mixed with graphite (1 %wt S in SLP30) and pressed to a pellet. The reference for 
Li2S was taken from a Li2S electrode prepared as reported in earlier studies.2 Stoichiometric 
amounts of S8 and Li2S were dissolved in the electrolyte solution resulting in a reference solution 
of 5 mMS 2S4  (20 mM of total sulfur). All samples were measured in the operando cell set-up.  

For interpretation of the operando data, several references were recorded as shown in Fig. S2. 
Panel a) shows the species Li2S, S8, and Li2S4 as a representative polysulfide expected to form 
during Li-S cycling whereas panel b) shows the substances NaS2O3, Na2SO3, and Li2SO4 that have 
been published to form on the negative electrode out of polysulfide depletion.3, 4 The figure 
highlights the features in the XANES spectra, which are subsequently used to distinguish between 
the types of sulfur species. S8 standard has only one peak at 2472 eV and a distinct concave feature 
at 2475.5 eV. Li2S has two peaks, with one peak centered at 2473 eV and the other at 2476 eV, 
and can be identified by a convex shape at 2475.5 eV. Li2S4 standard has a spectrum that is similar 
to the spectrum of S8, but with an additional pre-edge peak at 2470-2471 eV. One may note the 
loss of the concave feature at 2475.5 eV for the polysulfide standard. Although, in theory, it may 
be possible to distinguish between various polysulfide species by comparing the ratio between the 
two features at 2470 eV and 2472 eV, which correspond to terminal and internal sulfur atoms,5 
such analysis is complicated by the fact that sulfur also has a feature corresponding to an internal 
atom at 2472 eV and by the possible effects of self-absorption, which cannot be avoided at sulfur 
concentrations above 30 mMS.2 Therefore, in our study, we do not perform quantitative principle 
component analysis, but use the three discussed features of S8, Li2S, and Sx

2- to qualitatively 
analyze the obtained spectra. 

Fig. S2: Normalized XANES spectra of reference compounds. a) Normalized reference data of active sulfur 
compounds during Li-S cycling. The charged product S8 only shows one major feature at 2472 eV and a distinct 
concave shape at 2475.5 eV. All polysulfide species share the same pre-peak at 2470.5 eV and the main peak at 
2472 eV. The discharge product Li2S has 2 distinct peaks at 2472 and 2475.5 eV. The 3 vertical lines indicate the 
energies at which X-ray fluorescence maps were recorded. While an incoming energy of 2500 eV results in all sulfur 
species to be measured, tuning of the energy to energies with specific features in the XANES region allows estimation 
of the distribution of a certain sulfur species (see main text for detail and discussion). b) Normalized reference data of 
possible reduction products of polysulfides  S2O3

2-, SO3
2-, SO4

2-  after reaction at the anode. 



 
 

The distinct features of Li2SO4 (broad peak around 2498 eV), Na2S2O3 (main peak at 2480 eV) 
and Na2SO3 (feature at 2522 eV) shown in Fig. S2 b) are used to identify the sulfur-containing 
products on the negative electrode. 

 

3. XRF mapping at 2470.5 eV incident X-ray energy 

  

Fig. S3: XRF map in OCV phase of S8 vs Li cell with concealed working electrode, recorded with an incident X-ray 
energy of 2470.5 eV. Working electrode electrolyte region is enclosed by dashed-dotted lines. As shown by XANES 
analysis (cf. Fig. 8 of main text), no polysulfides are present. The signal at 2470.5 eV in the XRF map is caused by 
the large concentration of elemental S8 present, making analysis of polysulfide distribution not possible to be executed 
by mapping with an incident energy corresponding to the polysulfide feature at 2470.5 eV. 



4. Relative Concentrations based on XANES of concealed working-electrode operando 
measurement

d)c)

a) b)

Fig. S4: Non-normalized Operando XANES spectra of S8 vs Li cell with diffusion barrier cycled at 0.2 C between 1.9 
and 3 V. Evolution of XANES spectra in the working-electrode (a) and electrolyte region (b) during the first discharge.
c) and d) correspond to the spectra recorded in the working electrode and electrolyte region of the adjacent charge, 
respectively. In comparison to the operando XRF maps shown in Fig. 7 of the main text, the concentration can be 
nicely extracted from the XRF maps. Precise speciation based on normalized XANES spectra can be found in Fig. 8
of the main text.



 
 

5. AM residuals in separator 

 

 

  

Fig. S5: Non-normalized XANES spectra of separator harvested at the end of discharge from S8 vs LiC6 full-cell 
unwashed (blue) and washed with 3 ml of electrolyte (green) showing that no active material depletion inside the 
separator occurs. 
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I. Materials 

Pt/CVulcan (5 wt.%, ref. TEC10V05E, Tanaka), Ir/CVulcan (20 wt.%, ref. P40A200, Premetek) and 

Pd/CVulcan (10 wt.%, ref. P30A100, Premetek) were used. 

 

II. Electrochemical active surface area (ECSA) measurement 

TEM observations of the catalysts were performed with a Jeol 2010 TEM operated at an accelerating 

voltage of 200 kV. Samples of TEM images for each catalyst are displayed from Figure S1 to Figure 

S3. Particle size distributions of the catalysts were reconstructed by measuring the diameter of at least 

200 individual particles with the software ImageJ® from TEM images obtained at high magnifications, 

× 200 000 (Figure S4). For each particle size distribution the number-averaged diameter ( ) and the 

surface-averaged diameter ( ) were determined1:  
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li stands for the number of particles having a diameter (di). The number-averaged diameter ( ) is the 

mean mathematical diameter and the surface-averaged diameter ( ) the diameter reported to the 

average surface area of the particle. The surface-averaged diameter is the most relevant parameter in 
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electrocatalysis. This diameter is worth 2.6 nm, 3.9 nm and 2.9 nm for the Pt/C, Ir/C and Pd/C 

catalysts, respectively. The surface-averaged diameter can be converted in an electrochemical active 

surface area (ECSATEM, see Table 1 of the main manuscript) using the density ( ) of each element: 

                        Eq. S3 

It yields to ECSATEM values of 110, 68 and 173 m2 g-1
metal for the Pt/C, Ir/C and Pd/C, respectively. 

ECSA values could be used by the reader to turn all surface normalized exchange current densities 

into mass normalized ones (for technical applications, exchange current densities reported in  

mA mg-1
metal are important). 

 

 

Figure S1. TEM image of the 5 wt.% Pt/C catalyst taken at 200 k magnification. The scale bar 

represents 20 nm.  

20 nm Pt/C 
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Figure S2. TEM image of the 10 wt.% Pd/C catalyst taken at 200 k magnification. The scale bar 

represents 20 nm.  

 

Figure S3. TEM image of the 20 wt.% Ir/C catalyst taken at 200 k magnification. The scale bar 

represents 20 nm.  

 

 

20 nm 

20 nm 

Pd/C 

Ir/C 
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Figure S4. Particle size distribution of the A) 5 wt.% Pt/C, B) 10 wt.% Pd/C and C) 20 wt.% Ir/C 

catalysts, derived by counting at least 200 particles on TEM images taken at 200 k magnification. 

To confirm the ECSA values found by TEM, this parameter was also measured using the H-UPD 

coulometry from the rotating disk electrode technique. The charges associated to the H-UPD process 

in acidic electrolytes (averaged over the adsorption and the desorption process, see the 

voltammograms reported in Figure 3) were turned into electrochemical active surface areas,  

ECSAH-UPD, by using the reference charge densities (210 C cm-2 for Pt, 205 C cm-2 for Pd2 and 

198 C cm-2 for Ir3). The ECSAH-UPD values are 120 ± 20 m2 g-1
Pt for the Pt/C catalyst,  

105 ± 20 m2 g-1
Pd for the Pd/C catalyst and 59 ± 9 m2 g-1

Ir for the Ir/C catalyst. These values are in 

reasonable agreement with the ones determined by TEM (110, 173, and 68 m2 g-1
metal

 for the Pt/C, 

Pd/C, and Ir/C, respectively). 

 

III. PEMFC measurements 

5 cm2 MEAs were prepared by the decal transfer method. The working electrode loadings, deduced 

from the weights of the decals before and after hot-pressing, were roughly estimated to be 3, 8, and 

16 metal cm-2
geo for the Pt/C, Ir/C, and Pd/C catalysts, respectively. The counter/reference electrode 

was made of a 50 wt.% Pt/C catalyst (0.3 mgPt cm-2
geo using TEC10V50E, Tanaka). The membrane 

was a Nafion XL® with a 30 µm thickness. All other parameters are identical to those reported by 

Neyerlin and co-workers.4 HOR/HER kinetics were recorded with the anode inlet flushed with 200 

nccm fully humidified H2 and the anode outlet connected to the cathode inlet. Additionally, 

voltammograms were recorded at 100 mV s-1 with the working electrode/cathode flushed with 5 nccm 

humidified N2 and the reference-counter electrode/anode flushed with 50 nccm humidified diluted 5% 

H2 in N2. 

 

 

d dd
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IV. RDE measurements 

A PTFE jacketed cell was used in a three electrode configuration (Pt as counter and Ag/AgCl as 

reference electrodes). The electrolyte solution was freshly prepared with NaOH H2O (99.9995 %, 

Fluka) and ultrapure water. All potentials were converted into and are reported versus the reversible 

hydrogen electrode (RHE) scale. The catalyst loadings on the polished 0.196 cm2 glassy carbon disk 

Pt cm-2
geo metal cm-2

geo for the Pd/C and Ir/C catalysts (adjusted 

t of an ink). After electrochemical cleaning at 100 mV s-1 under argon at 

293 K between 0.05 and 1.00 VRHE until steady state voltammograms were obtained, the cell was 

heated to 313 K and purged with H2 (6.0; Westfalen AG) for 15 min. 

There are two important parameters to consider when preparing a rotating disk electrode: the metal 

and the carbon loading. In the case of the carbon loading, although it does not play direct a role on the 

HOR/HER kinetics, its loading determines the electrode layer thickness. Working with thick electrode 

films could induce severe mass transport issues which could in turn hinder the determination of some 

kinetic parameters. In this study, we aimed at comparing the same materials in H2-pump/PEMFC and 

RDE, and the choice of the materials have been done according to the principle of the H2-

pump/PEMFC method (see Neyerlin et al.4, who pointed out the importance of using low metal 

loadings on carbon). Therefore, with these low weight ratios of metal onto carbon, only small metal 

loading were used in this study in order not to have carbon loadings higher than 50 C cm-2
geo. Having 

this in mind, Pt/C Ir/C and Pd/C electrodes were then prepared with similar metal loadings with 

reasonably small carbon loadings. The low metal loading combined with the lower HOR/HER activity 

of iridium and its early onset of oxide formation is the reason why the diffusion limited current density 

was not reached for the Ir/C catalyst shown in Fig. 1B. 

V. HOR polarization curves 

Same conditions (T=313 K, H2-saturated atmosphere and ambient pressure) were used in PEMFC and 

RDE. Polarization curves were recorded by sweeping the potential of the working electrode at 

10 mV s-1 for RDE measurements (2 mV s-1 for PEMFC measurements) between -0.1 and +1.0 VRHE at 

1600 rpm (rotation per minute). 5 cycles were recorded and data were obtained from the last, negative 

going scan. Potentials were corrected for ohmic losses, measured by impedance spectroscopy before 

and after each polarization curve (RHFR  2   for RDE 

measurements). Extraction of the kinetic currents from RDE measurements is detailed below. For 

surface area normalization in RDE, since the loadings are well defined and owing to the less well 

defined  H-UPD features in base, cm2
metal were determined from the loading and the H-UPD areas 

measured in 0.1 M HClO4 (Pt/C and Pd/C) or 0.05 M H2SO4 (Ir/C). For surface area normalization in 

PEMFC, since the very low working electrode loadings are difficult to determine by weight 



S6 
 

measurements (<1 mgcatalyst on a 5 cm2 electrode), the cm2
metal was determined from the well-defined 

H-UPD process measured in PEMFC (reported in Fig. S5). 

 

VI. Extraction of the exchange current densities (i0) 

For RDE measurements, kinetic currents ( ) were extracted from the raw polarization plots by 

considering the limited current densities ( ) and current (i) achieved at 1600 rotation per minute: 

                        Eq. S4 

At this point, only kinetic currents up to 80 % of  were considered.5 For surface area normalization 

(from A cm-2
geo to A cm-2

metal) in RDE, since the electrode loadings are well defined and owing to the 

less well defined  H-UPD features in base, cm2
metal were determined from the loading and the H-UPD 

areas measured in 0.1 M HClO4 (Pt/C and Pd/C) or 0.05 M H2SO4 (Ir/C). For surface area 

normalization in PEMFC, since the working electrode loading are difficult to determine by weight 

measurements (<1 mgcatalyst on a 5 cm2 electrode), the cm2
metal was determined from the well-defined 

H-UPD (see the CV reported in Fig. S5). 

PEMFC and RDE polarization curves were then fitted to a Butler-Volmer regime (described in the 

manuscript; see gray lines in the upper part of Fig. 2): 

                       Eq. S5 

Exchange current densities ( ) are reported in Table S1-S3. Additionally, the micro-polarization 

regions, from -10 mV to +10 mV, were also fitted with the following equation and the corresponding 

exchange current densities are also reported in Table S1-S3: 

                             Eq. S6 
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Figure S5. Cyclic voltammograms recorded in 5 cm2 active area PEMFC for the Pt/C (in black line), 

the Pd/C (in blue line) and the Ir/C (in red line) catalysts at 100 mV s-1, room temperature, and 

ambient gas pressure. The loadings of the working electrode were 3, 16, and 8 metal cm-2 for the Pt/C, 

Pd/C, and Ir/C catalysts, respectively. Surface normalization was performed using the H-UPD 

coulometry, and a charge density of ca. 210 C cm-2 for Pt/C, 205 C cm-2 for Pd2, and 198 C cm-2 for 

Ir/C3. The working electrode/cathode was flushed with 5 nccm humidified N2. The reference-counter 

electrode/anode was flushed with 50 nccm humidified 5% H2 in N2 (in order to reduce the  

H2-crossover). 

E vs

E vs

E vs
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Table S1. HOR/HER exchange current densities ( ) measured in PEMFC and 0.1 M NaOH 

electrolyte setup at 313 K and pH2  100 kPaabs determined from a fit of the Butler-Volmer equation 

(Eq. 6) and the micropolarization equation (Eq. 7) for the Pt/C catalyst. Values are reported for a series 

of three measurements in 0.1 M NaOH electrolyte solution and two measurements in PEMFC. For 

each media, the Butler-Volmer and micropolarization extracted exchange current densities are 

averaged into one unique value. The error bar is the standard deviation between all these values. Best 

fits of the Butler- -values of 0.52 ± 0.06 in PEMFC and 

0.38 ± 0.08 in RDE. In the work of Sheng et al.6, the HOR/HER kinetics were fitted with a fixed value 

of  = 0.5 in the Butler Volmer equation, although it can be seen in the figures shown by Sheng et al 

that the HOR branches were less steep than the fits, suggesting slightly lower  parameters for the 

HOR branch, as are found in the present study. 

catalyst media, fitting method [mA cm-2
metal] 

  #1 #2 #3 average 

Pt/C 

0.1M NaOH, Butler-Volmer 1.5 1.2 1.1 
1.0±0.1 

0.1M NaOH, micropolarization 0.9 0.8 0.8 
PEMFC, Butler-Volmer 249 162 --- 

216±50 
PEMFC, micropolarization 269 185  --- 

 

 

Table S2. HOR/HER exchange current densities ( ) measured in PEMFC and 0.1 M NaOH 

electrolyte setup at 313 K and pH2  100 kPaabs determined from a fit of the Butler-Volmer equation 

(Eq. 6) and the micropolarization equation (Eq. 7) for the Pd/C catalyst. Values are reported for a 

series of three measurements in 0.1 M NaOH electrolyte solution and two measurements in PEMFC. 

For each media, the Butler-Volmer and micropolarization extracted exchange current densities are 

averaged into one unique value. The error bar is the standard deviation between all these values. Best 

fits of the Butler-Volmer -values of 0.35 ± 0.1 in PEMFC and 

0.43 ± 0.07 in RDE. 

catalyst media, fitting method [mA cm-2
metal] 

  #1 #2 #3 average 

Pd/C 

0.1M NaOH, Butler-Volmer 0.06 0.04 0.07 
0.06±0.02 

0.1M NaOH, micropolarization 0.08 0.04 0.09 
PEMFC, Butler-Volmer 6.4 3.2 --- 

5.2±1.2 
PEMFC, micropolarization 6.0 5.2 --- 
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Table S3. HOR/HER exchange current densities ( ) measured in PEMFC and 0.1 M NaOH 

electrolyte setup at 313 K and pH2  100 kPaabs determined from a fit of the Butler-Volmer equation 

(Eq. 6) and the micropolarization equation (Eq. 7) for the Ir/C catalyst. Values are reported for a series 

of three measurements in 0.1 M NaOH electrolyte solution and two measurements in PEMFC. For 

each media, the Butler-Volmer and micropolarization extracted exchange current densities are 

averaged into one unique value. The error bar is the standard deviation between all these values. Best 

fits of the Butler-Volmer -values of 0.51 ± 0.01 in PEMFC and 

0.48 ± 0.02 in RDE. 

catalyst media, fitting method [mA cm-2
metal] 

  #1 #2 #3 average 

Ir/C 

0.1M NaOH, Butler-Volmer 0.29 0.52 0.27 
0.37±0.12 

0.1M NaOH, micropolarization 0.31 0.54 0.30 
PEMFC, Butler-Volmer 35 53 --- 

45±8 
PEMFC, micropolarization 39 54 --- 
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Conversion of kinetic exchange current density to turn-over frequency (TOF)

The turn-over frequency (TOF) is generally defined as the moles of reactant, n(H2), being converted 
per moles of active sites, n(as): 

 (1) 

To express the intrinsic exchange current density, i0 in mA/ , as TOF, it is necessary to convert 
current in mA to a specific molar consumption/production rate of H2 per s

F, and 2 e- per H2, as well as  to moles of active sites, , lattice 

parameter  in units of , and assuming (100) plane, as shown below: 

 (2) 

 
(3) 

 
(4) 

In our calculation, we have considered the (100) plane because this assumption is the accepted 
conventional standard in electrochemistry for platinum group metal catalysts.1 

For Pt, which has a lattice parameter of 3.9231 Å,2 one would multiply i0 in units of mA/cm²metal with a 
factor of 2.4 to obtain the corresponding TOF. For Pd, due to the slightly lower lattice constant of 
a = 3.89019,3  

 



 

Figure S1: a) Photograph of the experimental setup at beamline BM30B/FAME at the European Synchrotron Radiation 
Research facility (ESRF) in Grenoble, France showing the cell in the center of the picture. The cell is fed with humidified 
gases from a portable fuel cell test system (Fuel Cell Technologies, Inc.) placed adjacent to the optics table to the left (not 
shown); the X-ray beam is entering the cell from the right and fluorescent photons are detected by the fluorescence detector 
in the background. b) Schematic of the experimental setup illustrating the details of the spectroscopic measurements. The 
beam is focused by the Si(220) double-crystal monochromator and passes a detector where the initial intensity I0 is measured. 
Afterwards, the X-ray beam irradiates the sample, mounted in the operando cell described in the main text (cf. also Fig. 1 
there), after which the transmitted beam passes a metallic Pd foil which is used as an internal reference for energy calibration. 
The fluorescent photons emitted by the sample are detected using a 30-element Ge detector, positioned at an angle of 90° 
with respect to the incident beam. Note: While the picture in a shows the cell in transmission geometry, during the 
measurement, it is rotated at a 45° angle with respect to the beam axis as indicated in b. 

Materials 

Electrochemical measurements were done in a fuel cell configuration using an 
80 wt.% Pd/CVulcan catalyst (P40A800, Premetek) as working electrode while a Pt/CVulcan served 
as a counter/reference electrode (46.7 wt.%, TEC10V50E, Tanaka Kikinzoku Kogyo). 

Preparation of membrane electrode assembly (MEA) and setup 

MEAs with an active area of 5 cm²geo were used for all experiments. For electrode 
preparation, a suspension of the catalyst of choice in acetone (Chromasolv® Plus, Sigma-
Aldrich) was prepared, to which a solution of a low equivalent-weight (EW) ionomer (20.1 wt. 
%, ionomer to catalyst carbon ratio = 0.6/1) and 5 mm ZrO2 grinding media were added and 
mixed over 24 h using a roller mixer. This slurry was then spread onto a decal material (70 µm 



thick PTFE-coated fiberglass, Fiberflon®) using the Mayer-rod technique. The CCMs were 
then prepared by hot-pressing the anode and cathode decals onto a proton exchange membrane 
(specific materials will be reported in the respective sub-sections below) for 5 min at 155 °C 

 bar. The loading of the electrodes was determined from the weight of the decals 

before and after hot-pressing (0.39 ± 0.01 mgPt/cm²geo for the Pt/C counter/reference electrodes). 
The particle size of the 80 wt.% Pd/CVulcan catalyst in the prepared MEA was measured using 
XRD (Fig. S2) and TEM (Fig. S3a). The resulting particle size from XRD is 11.6 nm, obtained 
from the broadening of the reflections using the Scherrer equation, while the particle size 

distribution from TEM indicated nanoparticles with a surface-averaged diameter of 11.5 nm, 
as seen in Figure S3. 

The working electrode compositions for the H2/N2 and H2/H2 fuel cell experiments will 
be given in the sections below. During assembly of the fuel cell, g  µm 
thickness, Sigracet GDL 25 BC, SGL Carbon) were placed on both electrodes and 
incompressible PTFE-coated fiberglass gaskets were added on both sides with the thickness 

 %. This assembly was then mounted 

between two custom-built single-serpentine flow fields in a 5 cm²geo fuel cell hardware (Fuel 
Cell Technologies, Inc.) as illustrated in Fig. 1c in the main article. The gas flow, cell 
temperature, gas humidification and pressure parameters were controlled by a customized 
portable fuel cell test system (Fuel Cell Technologies, Inc.). All electrochemical measurements 
were performed with a VSP-300 multi-channel potentiostat equipped with a 20 A booster 
board (Biologic SAS). 

 

 

Figure S2: X-ray diffraction (XRD) pattern of the Pd/C catalyst collected over 12 h with a Stadi MP diffractometer (STOE, 
Germany). The diffractometer is equipped with a one-dimensional silicon strip detector (Mythen 1K, Dectris, Switzerland) 

1) radiation (0.7093 Å, 50 kV, 40 mA). The diffractogram was identified as pure face-
centered cubic (fcc) Pd and the reflections were indexed using the ICDD database.3 The volume-averaged particle size dv was 
evaluated using the Scherrer equation (inset in fig. S5) -ray source (0.7093 Å), B 
corresponds to the full width at half maximum (FWHM) of the (111), (200), (220), (311) and (222) reflections3 and their 
c  = 0.9 was assumed for spherical particles. 



 

 
Figure S3: a) TEM image of the Pd/C catalyst recorded at a magnification of 60k. b) Particle size distribution 
obtained by hand-counting 470 individual particles. The number-averaged diameter, dn, is obtained as statistical 
mean value of the individual particle sizes, whereas the surface-averaged diameter, ds, and volume-averaged 
diameter, dv, were derived from the individual particle sizes according to the method reported by Durst et al.4 The 
surface-averaged diameter is the most comparable quantity to electrochemistry and indicates an electrochemically 
active surface area (ECSA) of 43 m²/g (for equation see Durst et al.4). 
 

H2/N2 measurements 

In these experiments the 80 wt.% Pd/CVulcan catalyst was used as working electrode with 

a loading of 1.48 ± 0.11 mgPd/cm²MEA. The counter/reference Pt/C electrode was flushed with 
50 nccm of fully-humidified H2 while the working Pd/C electrode was continuously purged 
with 5 nccm of dry N2. A Nafion®  µm thick; NM-212, Quintech) was used 
in order to minimize gas crossover, especially from H2 in the counter/reference electrode 
compartment. At each temperature, the back-pressure on the counter/reference electrode was 
adjusted to keep a constant H2 pressure of 1 bar to provide a stable reference potential. All fuel 
cell data in this manuscript are reported versus the counter/reference electrode, which, under 
these conditions, constitutes a reversible hydrogen electrode (RHE), and is denoted as 
V vs. RHE or VRHE. The back-pressure on the working electrode was always set to the same 
pressure as the back-pressure of the counter/reference electrode in order to reduce the 
hydrogen cross-over current and avoid a water drag through the membrane due to the pressure 
gradient, which could ultimately lead to the working electrode drying out. Prior to each fuel 
cell experiment, the cell was conditioned at 40 °C and ambient pressure. 

It is known that Pd dissolution is severe when cycling to high anodic potentials, due to 
repeated formation and dissolution of surface (hydr-)oxygenated species.5,6 Hence, the 
electrochemical cycling procedure was designed to avoid extensive loss of electrochemically 
active surface area (ECSA). 

For each MEA, three CVs were recorded at 40 °C by scanning the potential between 
0.07 - 1.00 VRHE with a scan rate of 50 mV/s. Then, the potential of the Pd cathode was ramped 
up to 1.15 VRHE for 2 min, and 2 CVs were recorded between 0.07 - 1.15 VRHE in order to 
electrochemically clean the surface of the catalyst. Afterwards, three CVs were recorded again 
between 0.07 - 1.00 VRHE at 50 mV/s and 20 mV/s, respectively, in order to evaluate the initial 
electrochemically active surface area (ECSA). ECSA was obtained by integrating the hydrogen 

desorption process and assuming QH-upd = 212 µC/cm²Pd.
1 Typical values for the ECSA of these 

MEAs were 29 ± 1 m²Pd/gPd. Additionally, integration of the surface oxide/hydroxide reduction 



peak under assumption of Qoxide = 175 µC/cm²Pd (instead of the theoretical value of 

Qoxide = 424 µC/cm²Pd
1 (oxide reduction is a two-electron process, hence Qoxide = 2·QH-upd) due to 

incomplete monolayer formation up to the inversion potential of 1 V)7 was also performed. 

The resulting valules of 28 ± 3 m²Pd/gPd were comparable to that of ECSA calculated from the 
hydrogen desorption process.  

Following the initial characterization and conditioning of each MEA, the cell 
temperature was increased to the operating temperature at which the isotherms were recorded. 
During the warm-up, the potential was continuously held at 0.45 VRHE in order to keep the 
catalyst in a hydride- and oxide-free state. Two CVs were initially recorded between 
0.07 - 1.00 VRHE at 50 mV/s to evaluate the electrochemical state of the MEA before the actual 
isotherm experiments were done. Then, a linear scan was performed to the potential where the 
EXAFS spectra were taken and three consecutive potentiostatic impedance spectra (PEIS) 
were recorded, applying a 10 mV voltage perturbation with a frequency between 200 kHz and 
1 Hz. From these spectra, the high-frequency resistance (HFR) was obtained and subsequently 
used to perform an online iR-compensation to 85% using EC-Lab software provided by the 
instrument manufacturer. This procedure was necessary to avoid a significant discrepancy 
between the applied and the true potential (this problem is addressed in detail in the discussion 
section). Before presenting electrochemical data, it was post-corrected to account for the 
remaining 15 % of the ohmic drop. 

To obtain operando EXAFS spectra, the potential was scanned from the open-circuit 
voltage (OCV) to the respective potential of hydrogen absorption, (applying the iR-
compensation), and held at that potential for 1 h. Following the 1 h hold period, the potential 
was increased to 0.5 VRHE at 50 mV/s to measure the oxidative charge related to the hydride 
desorption process, and another subsequent CV was recorded. This procedure was repeated for 
8 - 10 different potentials, between 0 and 90 mVRHE, to map the hydride isotherm, and one 
additional point was added at 500 mVRHE as a reference for hydride-free Pd. Finally, after all 
EXAFS measurements at one temperature were completed, an additional CV was recorded at 
50 mV/s between 0.07 - 1.00 VRHE before the cell was returned to 40 °C to obtain the final 
ECSA from CVs. This entire procedure is summarized below and was applied for 5 
temperatures between 20 °C and 100 °C, using a fresh MEA for each temperature condition. 
 

1. Initial CV at 40 °C 
1.1. 0.07-1.0VRHE at 50 mV/s, 3 cycles 

2. Cleaning procedure: 
2.1. Linear scan to 1.15 VRHE 
2.2. E = 1.15 VRHE for t = 2 min 
2.3. 2 CVs 0.07-1.15 VRHE 

3. ECSA determination 
3.1. 3 CVs: 0.07-1.0 VRHE at 50 mV/s 
3.2. 3 CVs: 0.07-1.0 VRHE at 20 mV/s 

4. Set E = 0.45 VRHE and set working temperature (20  100 °C) 
5. Isotherms 

5.1. After set temperature is reached, record 2 CVs 0.07-1.0 VRHE at 50 mV/s 
5.2. CV: 0-1.0 VRHE at 50 mV/s, 1 CV 
5.3. Hold E = x VRHE  for t =1 h (0   90 mVRHE) 
5.4. CV: 0-0.5 VRHE, 50 mV/s, 2 cycles (start at hold potential and go up to 0.5 VRHE etc.) 
5.5. CV: 0.07-0.5 VRHE, 50 mV/s, 2 cycles 

6. Go back to 40 °C while holding E = 0.45 V 
7. Repeat steps 1-3 



H2-pump (H2/H2) measurements

To be able to apply an overpotential to the Pd-based working electrodes in a H2 
atmosphere, measurements in the so-called H2-pump configuration, as originally introduced by 
Neyerlin et al., were performed.8 To rigorously follow the specific design criteria for 
estimating HOR kinetic losses from H2-pump experiments, the loading of the working 

electrodes was adjusted to 0.25 ± 0.05 mgPd/cm²MEA using the 80 wt.% Pd/C catalyst (estimated 
thickness of 1.75 ± 0.35 µm). A thin membrane  15 µm low equivalent weight (EW) 
membrane  was used in order to decrease the overall cell resistance: the HFR was reduced by 

2/N2 experiments (gas crossover through this thin membrane 
can be neglected because both electrode compartments contained pure H2). The test procedure 
was essentially analogous to the one outlined above, where conditioning and characterization 
of each individual MEA was done at 40°C and the actual H2-pump measurement at 80 °C. For 
the HOR experiments, 500 nccm of fully humidified H2 were fed to the inlet of the counter 
electrode side of the cell in order to avoid concentration gradients on the working electrode. 
The counter electrode outlet stream was then connected to the inlet of the working electrode, 
effectively creating a bypass. A backpressure of 50 kPag (equivalent to the saturation vapor 
pressure of water at a dew point of 80 °C) was applied to maintain a constant H2 pressure of 
1 bar. Electrochemical U-I curves were then recorded at a scan rate of 50 mV/s. Operando 
EXAFS spectra were recorded in a similar way outlined above. First, the HFR was measured 
and used to online compensate for 85 % of the voltage loss, which was of much greater 

importance in these experiments because currents up to near 1 A/cm²MEA were reached, 

corresponding to a voltage loss of ca. 75 mV, assuming a typical HFR value of 75 cm²MEA. 
Then, the electrode was polarized at 6 different potentials for 1 h each, while two XAS spectra 
were recorded. 

 
Figure S4: a) Fast Fourier-transforms (FFT) of the EXAFS data shown in Fig. 3 of the main text. Solid green lines 
represent the magnitude, solid blue lines the real part and solid orange lines the imaginary part of the FFT at 90 mV 
(panel a) and at 15 mV (panel b), respectively. Fits for each line are shown as dotted lines in the respective color.  
 
  



Table S1: Fitting results of a first-shell fit of EXAFS spectra obtained at the indicated potential. Fits were performed with the 
FEFF software package. 

20°C  CV mode 

E RPd-Pd E0 2 
N_Pd 

R-
Factor 

x in Pd-Hx 
mVRH

E 
 eV 10-3 2 from CVs from EXAFS 

500 2.741 ± 0.005 4.3 ± 0.7 5.8 ± 0.9 9.9 ± 1.1 0.004 --- --- 
90 2.744 ± 0.006 4.4 ± 0.8 5.9 ± 0.9 10.0 ± 1.1 0.004 0.077 ±  0.017 ± 0.005 

75 2.745 ± 0.006 3.7 ± 0.8 6.0 ± 1.0 10.2 ± 1.2 0.004 0.084 ±  0.022 ± 0.005 
60 2.747 ± 0.007 4.0 ± 0.9 6.3 ± 1.1 10.0 ± 1.3 0.005 0.105 ±  0.033 ± 0.011 
55 2.749 ± 0.006 4.2 ± 0.7 6.3 ± 0.9 9.7 ± 1.0 0.004 0.135 ±  0.044 ± 0.006 

52 2.802 ± 0.006 4.3 ± 0.7 9.2 ± 1.0 10.2 ± 1.1 0.003 0.361 ±  0.367 ± 0.006 
50 2.825 ± 0.007 4.1 ± 0.8 8.1 ± 1.2 10.3 ± 1.3 0.003 0.476 ±  0.529 ± 0.014 
31 2.830 ± 0.005 4.3 ± 0.6 8.0 ± 0.8 10.0 ± 0.9 0.003 0.574 ±  0.567 ± 0.001 

12 2.834 ± 0.007 4.2 ± 0.8 8.0 ± 1.1 10.3 ± 1.2 0.003 0.610 ±  0.597 ± 0.014 

40 °C  CV mode 

E RPd-Pd E0 
2 

N_Pd R-Factor 
x in Pd-Hx 

mVRHE  eV 10-3 2 from CVs from EXAFS 
500 2.741 ± 0.003 4.2 ± 0.3 6.2 ± 0.4 9.9 ± 0.5 0.005 --- --- 
90 2.746 ± 0.002 4.4 ± 0.4 6.3 ± 0.3 9.7 ± 0.4 0.004 0.079 ±  0.028 ± 0.006 
60 2.747 ± 0.002 4.4 ± 0.4 6.7 ± 0.3 10.3 ± 0.5 0.002 0.098 ±  0.037 ± 0.006 
45 2.753 ± 0.002 4.2 ± 0.3 7.1 ± 0.3 10.1 ± 0.4 0.002 0.197 ±  0.067 ± 0.006 
42 2.816 ± 0.003 4.5 ± 0.4 8.5 ± 0.4 10.1 ± 0.6 0.002 0.441 ±  0.465 ± 0.001 
40 2.821 ± 0.003 4.4 ± 0.4 8.8 ± 0.4 10.8 ± 0.6 0.002 0.472 ±  0.498 ± 0.001 
35 2.824 ± 0.003 4.6 ± 0.4 8.2 ± 0.4 10.3 ± 0.6 0.003 0.521 ±  0.527 ± 0.001 
30 2.827 ± 0.004 4.5 ± 0.6 8.4 ± 0.5 10.2 ± 0.8 0.004 0.546 ±  0.549 ± 0.007 
16 2.829 ± 0.003 4.7 ± 0.5 8.5 ± 0.5 10.5 ± 0.7 0.002 0.592 ±  0.565 ± 0.001 

60 °C  CV mode 

E RPd-Pd E0 
2 

N_Pd R-Factor 
x in Pd-Hx 

mVRHE  eV 10-3 2 from CVs from EXAFS 
500 2.739 ± 0.003 3.6 ± 0.4 6.7 ± 0.5 10.1 ± 0.6 0.005 --- --- 
90 2.745 ± 0.002 4.4 ± 0.4 7.0 ± 0.3 10.2 ± 0.5 0.001 0.065 ±  0.035 ± 0.003 
60 2.746 ± 0.002 4.3 ± 0.4 7.0 ± 0.3 9.7 ± 0.5 0.002 0.084 ±  0.038 ± 0.003 
40 2.750 ± 0.002 4.1 ± 0.4 7.2 ± 0.3 9.7 ± 0.5 0.003 0.143 ±  0.063 ± 0.003 
35 2.754 ± 0.002 4.1 ± 0.4 7.5 ± 0.3 9.8 ± 0.5 0.002 0.193 ±  0.085 ± 0.003 
33 2.772 ± 0.003 3.8 ± 0.5 9.1 ± 0.5 10.2 ± 0.7 0.006 0.326 ±  0.189 ± 0.005 
30 2.822 ± 0.003 4.6 ± 0.4 9.1 ± 0.4 10.4 ± 0.6 0.002 0.496 ±  0.524 ± 0.005 
21 2.825 ± 0.003 4.6 ± 0.4 8.9 ± 0.4 10.3 ± 0.6 0.003 0.523 ±  0.549 ± 0.005 
11 2.825 ± 0.003 4.3 ± 0.5 8.8 ± 0.5 10.3 ± 0.7 0.003 0.565 ±  0.545 ± 0.006 

80 °C  CV mode 

E RPd-Pd E0 
2 

N_Pd R-Factor 
x in Pd-Hx 

mVRHE  eV 10-3 2 from CVs from EXAFS 
500 2.739 ± 0.002 3.9 ± 0.2 7.0 ± 0.3 9.6 ± 0.3 0.003 --- --- 
90 2.744 ± 0.002 4.3 ± 0.4 7.3 ± 0.3 10.2 ± 0.5 0.002 0.054 ±  0.029 ± 0.003 
60 2.745 ± 0.003 4.4 ± 0.6 7.3 ± 0.5 10.1 ± 0.8 0.002 0.073 ±  0.037 ± 0.005 
30 2.750 ± 0.004 4.2 ± 0.7 7.6 ± 0.6 9.9 ± 0.9 0.004 0.133 ±  0.060 ± 0.006 
27 2.756 ± 0.002 4.2 ± 0.3 7.9 ± 0.3 9.6 ± 0.4 0.002 0.206 ±  0.098 ± 0.003 
25 2.785 ± 0.004 4.2 ± 0.5 9.9 ± 0.5 10.5 ± 0.8 0.007 0.331 ±  0.273 ± 0.006 
23 2.815 ± 0.003 4.1 ± 0.5 9.6 ± 0.5 10.4 ± 0.7 0.003 0.420 ±  0.469 ± 0.006 
21 2.817 ± 0.003 4.2 ± 0.5 9.4 ± 0.4 10.3 ± 0.7 0.004 0.464 ±  0.489 ± 0.005 
16 2.823 ± 0.003 4.5 ± 0.4 9.4 ± 0.4 10.4 ± 0.6 0.004 0.512 ±  0.531 ± 0.005 
12 2.825 ± 0.003 4.5 ± 0.5 9.4 ± 0.5 10.0 ± 0.6 0.004 0.545 ±  0.547 ± 0.006 
3 2.827 ± 0.006 4.4 ± 0.9 9.0 ± 0.9 10.4 ± 1.3 0.003 0.496 ±  0.562 ± 0.011 



100 °C  CV mode 

E RPd-Pd E0 
2 

N_Pd R-Factor 
x in Pd-Hx 

mVRHE  eV 10-3 2 from CVs from EXAFS 
500 2.741 ± 0.003 3.5 ± 0.4 7.0 ± 0.5 10.0 ± 0.6 0.006 --- --- 
90 2.742 ± 0.002 4.7 ± 0.4 7.0 ± 0.3 9.9 ± 0.5 0.002 0.048 ±  0.003 ± 0.003 
60 2.742 ± 0.002 4.3 ± 0.3 7.4 ± 0.3 10.1 ± 0.4 0.002 0.065 ±  0.007 ± 0.002 
30 2.744 ± 0.002 4.9 ± 0.4 7.3 ± 0.3 9.5 ± 0.5 0.003 0.110 ±  0.018 ± 0.003 
21 2.747 ± 0.002 5.0 ± 0.4 7.5 ± 0.3 9.7 ± 0.5 0.003 0.136 ±  0.035 ± 0.003 
16 2.748 ± 0.003 4.2 ± 0.4 7.8 ± 0.4 9.7 ± 0.6 0.002 0.222 ±  0.037 ± 0.004 
13 2.784 ± 0.003 3.7 ± 0.5 10.0 ± 0.5 10.1 ± 0.7 0.003 0.351 ±  0.251 ± 0.005 
12 2.809 ± 0.003 4.2 ± 0.5 10.0 ± 0.5 10.1 ± 0.7 0.004 0.385 ±  0.412 ± 0.006 
7 2.819 ± 0.004 4.1 ± 0.6 9.8 ± 0.6 10.2 ± 0.8 0.004 0.455 ±  0.486 ± 0.007 
3 2.820 ± 0.004 3.9 ± 0.6 9.8 ± 0.6 10.3 ± 0.8 0.004 0.465 ±  0.489 ± 0.007 

 

80 °C H2-pump 

Ecatalyst RPd-Pd E0 
2 

N_Pd R-Factor 
x in Pd-Hx 

mVRHE  eV 10-3 2 from CVs from EXAFS 
72 2.836 ± 0.006 4.4 ± 0.7 8.2 ± 1.0 9.5 ± 1.0 0.010 --- 0.631 ± 0.012 
51 2.829 ± 0.010 3.4 ± 1.1 9.9 ± 1.6 10.6 ± 1.7 0.009 --- 0.576 ± 0.019 
33 2.834 ± 0.017 3.6 ± 1.8 9.8 ± 2.7 10.4 ± 2.9 0.009 --- 0.615 ± 0.033 
25 2.833 ± 0.007 4.0 ± 0.7 9.8 ± 1.0 10.6 ± 1.1 0.007 --- 0.607 ± 0.013 
16 2.830 ± 0.010 4.1 ± 1.0 10.1 ± 1.5 10.6 ± 1.6 0.012 --- 0.584 ± 0.019 
0 2.831 ± 0.012 3.7 ± 1.2 9.5 ± 1.8 10.3 ± 1.9 0.007 --- 0.591 ± 0.023 

 

 
Figure S5: Palladium nearest-neighbor distance in the 80 wt.% Pd/C catalyst as a function of the hydrogen partial pressure 
near the catalyst surface at the respective temperature, derived from the measured electrode potential in the CV mode via 
eq. 7 in the main text (data from Fig. 4b). 

Determination of HOR/HER kinetic parameters 

Exchange current density (i0 in A/cm²metal) is the activity parameter that uniquely 
describes the HOR/HER rate of reaction at the equilibrium potential and a specific 
temperature. It is typically evaluated using the Butler-Volmer equation: 



  (5) 

a c correspond to the anodic and cathodic transfer coefficients associated with the 

HOR and HER, respectively,  represents the overpotential in Volts, R is the universal gas 
constant (R = 8.3145 J/(mol*K)), T is the absolute temperature in Kelvin (T = 353 K) and F is 

 = 96485 A*s/mol). Fitting the above equation to the experimental data 
(solid green line in Fig. S6 represents experimental data, dashed blue line represents the 
Butler-Volmer fit) in the overpotential region ± 50 mV yields an exchange current density 

value of i0
HOR/HER = 0.38 A/cm²MEA. Considering the loading of the MEA used here 

(0.2 mgPd/cm²MEA) and the ECSA (29 m²Pd/gPd), the exchange current density translates into a 

specific activity of i0
HOR/HER = 7.6 mA/cm²Pd. This result is consistent with the activity reported 

by Durst et al. of 11.8 ± 3.8 mA/cm²Pd for a 3 nm 10 wt.% Pd/C catalyst.4 The anodic 
( a = c = 0.48) transfer coefficients for the HOR and HER, respectively, 
were fitted without restricting their sum to unity. 
 

 

Figure S6: Kinetic HOR/HER current density on Pd/C recorded in a PEMFC at 353 K during operando experiments using a 
scan rate of 50 mV/s (green line). Fully-humidified H2 was supplied at 1 barabs to both electrodes. Dashed blue line represents 
the fit of the Butler-Volmer equation to the experimental data using a free sum of anodic and cathodic transfer coefficients. 
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