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Abstract 

Understanding how gas diffusion electrodes are working is crucial to improve their 

performance and cost efficiency. One key issue is the electrolyte distribution during 

operation. Here, operando synchrotron imaging of the electrolyte distribution in silver-based 

gas diffusion electrodes is presented. For this purpose, a half-cell compartment was 

designed for operando synchrotron imaging of chronoamperometric measurements. For the 

first time the electrolyte distribution could be analyzed in real time (1 s time resolution) 

even in individual pores as small as a few µm. The detailed analyses of dynamic filling 

processes are an important step for understanding and improvement of electrodes.  
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Chlorine is one of the most important base chemicals in the chemical industry. Its production 

is mainly based on the very energy-intensive chlor-alkali electrolysis. The energy demand can 

be reduced up to 30 %1 by introducing the so-called oxygen depolarized cathode technology 

to the state of the art membrane process. By the usage of metallic gas diffusion electrodes 

(GDEs)2 the oxygen reduction reaction (ORR) instead of the hydrogen evolution is catalyzed. 

This is an important step regarding the environmental sustainability and will help to comply 

with future emission limits1, 3-5. Therefore, the development of metallic GDEs, which can be 

used in highly alkaline electrolytes and deliver the required high performance, is an essential 

key topic.  and led to the development of porous silver-based GDEs6-8. Detailed 

microstructural analyses of such GDEs revealed  silver grains, which are surrounded by a 

complex pore network and polytetrafluoroethylene (PTFE), located at the silver-air 

interfaces9. It is expected that the hydrophilic silver grains support the spreading of the 

electrolyte (30 wt.% NaOH) inside the GDE, while the hydrophobic PTFE keeps the pore 

paths free for the gas phase7. The Influence of the microstructure on the electrochemical 

behavior were already analyzed in detail 9-12. To analyze the electrolyte distribution within 

the GDE, Gebhard et al.13 designed a half-cell compartment, which is optimized for 

electrochemical measurements and X-ray radiography. Investigations by Paulisch et al.11 

showed that the electrolyte amount within the GDE is dependent on the overpotential. High 

overpotentials cause fast electrolyte penetration and spreading within the GDE due to 

electro wetting. As these analyses led to integral results only, a more detailed visualization 

of the pore network system during operando measurements is needed to understand the 

electrolyte distribution and motion within the electrode. Therefore, in this study operando 
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electrochemical investigations have been carried out at the synchrotron facility Diamond 

Light Source (DLS), Oxfordshire, United Kingdom.  

The half-cell setup (Fig. 1a) consists of an electrolyte and a gas part. Between both parts the 

GDE is mounted. In this way one side of the electrode is in contact with electrolyte and the 

other with gas. The geometrical surface area and the field of view are 3.14 cm2. The 

electrochemical measurements are not corrected regarding internal resistance. A detailed 

description of the cell design is given by Gebhard et al.13-14 and shown in Fig. 1a. For the 

electrochemical procedure 250 ml of 30.wt % NaOH electrolyte was circulated several times 

in a closed circuit with a flow rate of 33 mL min-1 at room temperature, while the O2 gas flow 

was maintained at 20 mL min-1. The electrochemical potentials were measured against a 

reversible hydrogen electrode (RHE) in a three-electrode setup. The working electrode is the 

GDE which is to be analyzed. Here oxygen and water react together with electrons to form 

hydroxide ions (reduction):  

 O2 + 2H2O + 4e− → 4OH−  Eø = 0.40 V (vs. NHE) 

The chronoamperometry measurements were carried out in steps at 0.2 V, 0.9 V, 0.5 V and 

0.2 V vs. RHE. Each step was measured for 30 min. The production of the GDEs is explained 

in detail in the literature9, 15 (see also supplementary information) . For this investigation a 

300 µm thick GDE with 97 wt.% Ag and 3 wt.% PTFE was used, as this chemical composition 

offers stable performances and has already been thoroughly investigated7, 9, 11, 15. Fig. 1b-c 

show the microstructure of the GDE prepared by focused ion beam (FIB) and detected by 

scanning electron microscopy (SEM). 
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Fig. 1: a) Operando cell for chronoamperometry measurements11 (reproduced with permission from reference 

11. Copyright 2019 Materials, MDPI), b) FIB/SEM, microstructure of the GDE, Ag grains (red arrow) form a 

scaffold with a complex pore system and PTFE (blue arrows) at the silver-air interfaces, c) 3D FIB tomography, 

microstructure of the GDE, Ag grains (grey) with PTFE areas (green) within the pore system.  

The synchrotron operando measurements were performed at the beamline I13-2 at DLS16-17. 

While operando synchrotron imaging measurements on metal-free electrodes were already 

demonstrated by Normile et al.18, this kind of measurement is extremely difficult for massive 

metal electrodes such as the silver GDEs shown here, due to the high attenuation coefficient 

of silver for X-rays. In order to realize these measurements, we used X-ray energies directly 

below the silver X-ray absorption edge to prevent excitation of the corresponding electronic 
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states. In this way a maximum transmission was achieved, while high sensitivity for the 

electrolyte was still ensured. For the measurements pink beam was applied. To shift the 

X-ray energy distribution to energies mainly below the k-edge of silver and also to avoid 

boiling of the electrolyte, foils of Ag (0.035 mm), Pd (0.042 mm), Al (2.12 mm) and Fe 

(0.04 mm) were used as filters. Together with the high intensity of the pink beam acceptable 

signal-to-noise ratios were achieved for measurements at 1 s time resolution and high 

spatial resolution (0.8 µm x 0.8 µm pixel size) at the same time. The gap of the U22 insertion 

device was set to 5 mm. The undulator harmonics were filtered and a horizontal deflecting 

rhodium coated mirror stripe under a deflection angle of 4.3 mrad. The images were taken 

with a pco.edge 5.5 camera in a field of view of 2.1 mm x 1.8 mm. The optical setup 

consisted of a UPlanFL N 4x objective (NA = 0.13) and a 500 µm LuAG:Ce doped scintillator. 

The software Fiji was used for image analysis (ImageJ 1.52p)19. 

 

The correlation between electrochemical performance and electrolyte distribution within 

the GDE is shown in Fig. 2. In this analysis special attention is given to the question how the 

electrolyte distribution is affected by different electrochemical potentials, how fast the 

electrolyte can move inside the pore system of the GDE and in which regions differences of 

the fluctuation behavior are visible. Therefore, the term “temporal fluctuation change” is 

defined here as changes of the electrolyte distribution between two projections. It is the 

temporal derivative of the electrolyte distribution and a measure for the speed with which 

the electrolyte distribution changes20. The temporal fluctuation change map highlights areas 

with strong temporal fluctuations of the electrolyte amount. The temporal fluctuation 

change 𝐹𝐹𝑡𝑡(𝑥𝑥,𝑦𝑦) at a given pixel position (𝑥𝑥,𝑦𝑦) is defined as 
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𝐹𝐹𝑡𝑡 =
1

𝑡𝑡 ∙ 𝑁𝑁
�| 𝑑𝑑𝑘𝑘+1(𝑥𝑥, 𝑦𝑦) − 𝑑𝑑𝑘𝑘(𝑥𝑥,𝑦𝑦)|
𝑁𝑁

𝑘𝑘=1

, 

where N is the total number of images for a chosen time frame, 𝑑𝑑 the local transmission 

length through the electrolyte at a given pixel position (𝑥𝑥,𝑦𝑦) and 𝑡𝑡 the exposure time of 

each image. If the electrolyte distribution does not change, the grey value 𝐹𝐹𝑡𝑡 = 0 (see 

Alrwashdeh et al.20 for more details). 

 

Fig. 2: Operando synchrotron imaging of the electrolyte in the GDE: a) correlation between 

chronoamperometry curves and electrolyte distribution, b) radiography and temporal fluctuation change map 
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(detail enlargement) of the GDE at 0.2 V, Ni mesh (green arrow), pores filled with electrolyte (yellow arrows), c) 

at 0.9 V, droplet formation (red arrows), d) at 0.5 V, e) at 0.2 V. 

To visualize the distribution of the electrolyte within the GDE, the radiographic projections 

were normalized to projections of the filled cell without applied overpotential. Fig. 2a shows 

the current density at different applied potentials in correlation to the temporal fluctuation 

change of the GDE. It shows increasing current densities with increasing applied 

overpotential. Fig. 2b-e show radiographies of the GDE at different applied potentials and 

corresponding temporal fluctuation change maps in detail enlargements. When 0.2 V was 

applied the first time (Fig. 2b), the electrolyte enters into and spreads within the GDE. Large 

pores, located in the middle of the Ni mesh, fill up with electrolyte (yellow arrows). The 

temporal fluctuation change map shows high fluctuation changes in the region of large 

pores. At 0.9 V (Fig. 2c) the fluctuation changes within the GDE are quite low. However, the 

large pores stay filled, which is indicated by the low fluctuation changes in these areas. 

Moreover, Fig. 2c shows droplets formed on the gas side, which occurred at 0.2 V. At 0.5 V 

(Fig. 2d) the fluctuation changes of the GDE are increasing again. When 0.2 V is applied a 

second time (Fig. 2e) the fluctuation changes are further increased.  

 

Fig. 3: a) Image series of a filling process at 0.2 V of a large pore system, white circles indicate the analyzed pore 

system; (white to orange low absorption, violet to black high absorption), b) absorption changes over the time 
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within the visualized pore system (ROI: 24 µm x 24 µm), arrows indicate the moment of exposure for the 

projections shown in a); the bump between position 7 and 8 was caused by beam variation.  

Furthermore, it was possible to image the filling process of individual pores and the 

surrounding pore system at 0.2 V over time. Fig. 3a shows the infiltration of the electrolyte 

into the pore system. For this image series the projections were referred to an image, which 

was taken shortly before the pore system got filled. Thus, only the changes of the electrolyte 

within the time period of filling are visualized. Areas, which are colored in white to orange, 

are those with low absorption, areas in violet to blue are those with high absorption. The 

higher the absorption, the more electrolyte is contained inside the GDE. Fig. 3b shows the 

changes of the absorption within the visualized pore system (region of interest (ROI): 24 µm 

x 24 µm). Due to the application of pink beam a quantification of the electrolyte volume is 

not reliably possible. After approximately 15 min electrolyte reaches the large pore system 

in the middle of the GDE and fills it up within 5 min. During this time complex filling 

processes were observed. The electrolyte spreads into discrete channels. Sometimes pores 

fill and go dry again while filling an adjacent pore and later get filled again. After the pores 

are filled, there are no changes in the overall distribution until the end of the measurement. 

There are paths that are preferably filled by the electrolyte. At the same time, other paths 

do not show changes in the absorption, which is a hint that these paths stay free of 

electrolyte and support the penetration with and spreading of oxygen. 
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Fig. 4: Filling of a pore network with electrolyte at 0.2 V, a) electrolyte distribution between the 700st and the 

1050th second (white to orange low absorption, violet to blue high absorption), b) absorption changes over the 

time indicating the filling process of selected pores (ROI: 4.7 µm x 4.7 µm), c) scheme of the GDE 

microstructure, Ag (white), PTFE (grey), pores (black) with an illustration of the filling process.  

Fig. 4 shows the filling behavior of single pores at 0.2 V. As soon as the overpotential is 

applied, the electrolyte is able to enter the GDE. After 700 s and 830 s the pores in position 1 

and 2 get filled with electrolyte. After the filling process the absorption for both positions is 

decreasing, indicating a declining electrolyte volume within the ROI (4.7 µm x 4.7 µm). This is 

a hint of electrolyte drainage from the large pore into the surrounding pore system. Another 
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possibility is that smaller pores in the transmission line are emptied again. The filling process 

in position 3 starts after 870 s. In this case a drainage effect is not visible. We found similar 

filling times for these three pores: 170 s for pore 1 and 2 and 125 s for pore 3, respectively. 

Pore 1 shows decreasing absorption when pores 2 and 3 get filled. The same behavior can be 

found also for pore 2. This is a hint towards a local rebalancing of the electrolyte 

distribution, i.e. that electrolyte flows off the area of pore 1 and 2 to fill other pores in the 

system. When the flooding of the pores 1 to 3 is completed, pore 4 and 5 get filled within 

45 s and 30 s, respectively. After the filling and the drainage effect the intensity stays 

constant, which means the electrolyte volume is not changing significantly. Fig. 4c shows the 

scheme of the GDE’s microstructure with an illustration of the filling process. The first pore 

gets filled at time I. The electrolyte flows along the yellow arrows through the pore path into 

pore II and afterwards into pore III at time III. 

The question how media are distributed within electrodes is very important for 

understanding how they are working and how to improve their performances. For the first 

time it was possible to analyze the electrolyte distribution within silver-based GDEs in detail 

by synchrotron imaging. The analyses show mainly a continuous flow of the electrolyte 

similar to the observed water distribution in proton exchange membrane fuel cells21-23. 

Regarding the larger pores the obvious assumption is that they act as reservoirs for the 

surrounding pore system. Similar effects were observed in polymer electrolyte membrane 

fuel cells. Alink et al.24 and Haußmann et al.25 show in this context that larger pores have a 

drainage effect on their surrounding area which supports the liquid water transport. 

Furthermore, the flow resistance of large pores is low and the electrolyte can infiltrate 

easily26. Beyond these effects the observation of the stepwise filling of the pore system 

shown in Fig. 3 revealed that the pore channels which get filled stay filled. At the same time 
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the temporal fluctuation change maps in Fig. 2 show the same effect, however, the 

fluctuation changes at 0.5 V and 0.2 V are high, which indicates that the electrolyte quantity 

within the electrode is changing over time. Nevertheless, the electrolyte is always following 

its preferred paths. Paulisch et al.11 observed an increased electrolyte amount within the 

GDE with increasing overpotential. Additionally, in this study was shown that the electrolyte 

distribution within the GDE is changing faster with increasing overpotentials (Fig. 2a). The 

reason for this behavior is the effect of electro wetting. The contact angle between 

electrode and electrolyte decreases with increasing overpotential, which leads to a stronger 

wetting and, therefore, to decreasing resistance against electrolyte penetration, spreading 

and percolation27-28. The detailed analysis of the electrolyte distribution is fundamental for 

developing models which are predicting the media distribution within the GDE during ORR in 

highly alkaline electrolyte, as shown by Franzen et al.29. Until now, all existing models for 

oxygen reduction in silver-based GDEs for ORR assume a static electrolyte distribution. The 

measurements reveal that this might not be the case for all operating conditions12, 29. 

Therefore, improved models which take the dynamic electrolyte movement into account are 

needed. 

In conclusion, it was possible for the first time to measure the electrolyte distribution inside 

individual pores of catalytically active silver GDEs during operation inside a half-cell 

compartment with operando synchrotron X-ray imaging. The measurements of the integral 

fluctuation changes of the electrolyte and the detailed analyses of dynamic filling processes 

of individual pores were possible despite the high attenuation of the GDEs. Clear 

correlations between the electrolyte distribution and the applied overpotentials have been 

revealed. These investigations are an important step for an improved understanding of 

metallic GDEs. 
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