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I     Abstract 

Abstract 
Large-scale hydrogen production using renewable sources is a key factor in achieving global 
decarbonization. To make this a reality, catalysts used for electrolysis need to be highly efficient, 
scalable, and cost-effective. The presented research focuses on the development of novel self-
supported catalysts for electrolysis using sputtering to achieve low loadings and high activity and 
measuring their performance under more realistic conditions using a gas diffusion electrode setup 
(GDE setup), accelerating the development stage.  

In Manuscript I, an inter-lab comparison of the four most relevant GDE setups was used for activity 
benchmarking of commercial fuel cell catalysts using a unified testing protocol. While small 
adjustments need to be accounted for every setup, it is shown that standardized testing procedures 
such as step-galvanostatic activity measurement enable comparable benchmarking results across 
setups as a function of the catalyst layer quality obtained during the preparation. Furthermore, it 
becomes apparent that the boundaries for the analysis and interpretation of the activity results are 
defined by the electrode size and iR-correction accuracy of each system. Ultimately, using this 
approach mirrors the behavior observed in complex systems better as compared to standard 
laboratory techniques. 

The successfully validated benchmarking method is explored in Manuscript II for the development of 
iridium-based catalysts used for oxygen evolution reaction (OER) in electrolysis. The catalysts are 
prepared by direct deposition of Ir and Co on a carbon substrate with an alternated magnetron 
sputtering process resulting in a highly amorphous structure observed by XRD analysis. Following a 
selective leaching process of the Co in acidic media under controlled potential cycling, the catalyst 
develops a self-supported metallic Ir structure with enhanced active area. However, a trace amount 
of Co is retained in the structure, and still detectable by EDX. Then, the highly porous Ir-rich “sponge” 
catalyst undergoes an electrochemical activation process at a controlled oxidation potential to 
achieve a higher activity. Using three starting Co ratios to Ir, an 8-fold OER mass activity improvement, 
compared with a commercial Alfa Aesar IrOx nanoparticle catalyst, was achieved. The mixed metallic 
and oxide structure observed by the ex-situ XAS characterization, in combination with the EDX results, 
suggest a core-shell structure formation associated with a ligand effect and as underlying effects for 
the increased activity. Ultimately, the combined approach of alternated magnetron sputtering and 
activity testing in the GDE setup is demonstrated as a viable option to accelerate research toward 
application stages for OER studies.  

Finally, in Manuscript III, the limitations of the GDE setup and the substrate materials are addressed 
enabling characterization conditions and materials that resemble better realistic electrolysis systems. 
A new version of the test system with an improved electrode assembly and iR-correction accuracy 
finally allows the study of Ti porous transport electrodes (PTEs) and using liquid water as a reactant. 
In contrast with the former setup, combining these two factors allows current densities up to 2 A cm-

2 without mass transport limitations and irreversible substrate corrosion. To validate the new PTE 
setup, we examine the oxygen evolution reaction (OER) performance at room temperature of an IrOx 
catalyst with a 0.250 mgIr cm-2

geo loading sputtered on a porous transport layer (PTL), achieving 
approximately 1.56 VRHE at a given geometric current density of 2 A cm-2. In addition, to demonstrate 
the feasibility of the new setup for OER activity studies, a 20-hour stability test is conducted, 
maintaining a current density of 2 A cm-2 with the previously described IrOx catalyst. The results show 



II   

that the catalyst and the setup exhibit sufficient stability to endure the test, exhibiting only a minimal 
voltage loss of 20 mV between the initial and end-of-life OER activity protocols. In comparison with 
the model IrOx catalyst, the OER potential of Ir-Co catalyst with the same Ir loading reveals a 
significantly improved OER activity over IrOx with comparable stability, as demonstrated in a 5-hour 
stability test. This study further validates the PTE setup as a reliable method for transferring and 
benchmarking the OER performance and stability of Ir-based catalysts produced by magnetron 
sputtering into practical applications. 
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1. Introduction  
1.1 The role of electrolysis at a global scale  
As the global population steadily grows towards an estimated 9 to 11 billion people by 2100 1, the 
energy demand has been increasing significantly. Already in 2021, the worldwide electricity demand 
was recorded at 24.7 petawatt-hours (PWh), and it is projected to rise by at least 5.9 PWh by the end 
of 2030. To put this in perspective, this increase is roughly equivalent to combining the current 
electricity consumption of both the European Union and the United States 2 

However, unlike the previous decade, the progress towards achieving energy goals set for 2030 or 
reaching net-zero emissions by 2050 has been hindered in the last five years. This setback is primarily 
due to a structural energy crisis exacerbated by geopolitical tensions causing supply shortages and a 
global health crisis. The slowdown of the economic system and the fragmented supply chains has led 
to high levels of inflation and instability in stock markets, resulting in a surge in natural gas and crude 
oil prices not seen since the global financial crisis of 2008 3. 

A pivotal factor in overcoming this situation and continuing the efforts to fight the over-arching 
climate crisis lies in the action strategies taken by governments and policymakers. As emphasized in 
a recent report 4, a complete restructuring of the energy system is key to achieving the affordable and 
clean energy goals defined by the Sustainable Development Goal 7 (SDG 7) and the effort to limit 
global temperature rise to 1.5°C. 

While short-term measures like increasing oil and coal-based electricity generation have been 
adopted in many countries to mitigate the immediate effects of the price increase on consumers, an 
urgent need for accelerated development of renewable energy technologies is needed to offer long-
term alternatives to fossil fuel-based energy production.  

Long-term planning encompasses the creation of an electricity network capable of effectively 
substituting the current system's reliance on coal and natural gas to handle increased energy demand 
during peak load situations. This new network concept will need to be adaptable to the intermittent 
production generated by renewable energy sources, where conventional centralized energy 
production can be combined with bidirectional generation and storage at a smaller scale. The rapid 
growth in solar power is poised to elevate it to the top position of renewable energy production in 
terms of total installed power by 2027, closely followed by the development of wind power 5.  

To address the intermittency in energy production from these technologies, storage solutions in the 
form of batteries and alternative fuels will also need considerable upscaling. Currently, the main 
support for the growth of renewables is the increase in installed power from batteries, mainly due to 
their decreased production costs 6. Reported as 27 GW in 2021, at least a 50-fold increase is expected 
by 2050 if current policies are applied. However, this factor more than triplicates if a net-zero scenario 
should be achieved by 2050 2, which increases concerns about resource availability. On the other 
hand, even state-of-the-art battery technologies will experience problems with decreased capacities 
for long-term storage 7.  

To improve this aspect, a further link in the chain of renewables can be added with the incorporation 
of hydrogen and ammonia as storage 8–10.  Hydrogen holds a particular promise as both an alternative 
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to replace and blend with the depleting natural gas supply and as a fundamental building block for 
the transportation sector, the chemical industry, and power generation 11. Since hydrogen production 
can be decentralized, its utilization in stationary applications does not necessitate the immediate 
construction of a new distribution infrastructure. Still, up to 95% of hydrogen currently produced 
globally is produced from fossil sources to cover a global demand of 94 million metric tons (MMT) in 
2022 12, with high associated carbon emissions. 

A positive development of the surge in gas prices in 2021 has been a significant increase in the number 
of large-scale projects focused on generating hydrogen from renewable sources. In Europe, Spain and 
Germany are anticipated to take the lead in these developments aiming to reach an installed 
electrolysis power capacity of 40 GW by the end of 2030 where over 80 terawatt-hours (TWh) of green 
hydrogen will be required to achieve greenhouse gas-neutral steel production by 2050 8. 

Among the four existing technologies capable of producing low-emission hydrogen through 
electrolysis, only two are currently at a commercial stage. These are alkaline water electrolysis (AWE) 
and acidic electrolysis with polymer electrolyte membrane (PEMWEs) 13.  

Alkaline systems have been extensively tested and are currently cheaper on a per-kilowatt basis 14, 
which makes it attractive for reliable hydrogen production at a MW scale where a steady power supply  
can be expected, such as in industrial processes. For instance, the HYBRIT project led by the main 
Swedish companies in the metallurgical and energy sector (SSAB, LKAB, and Vattenfall) aims to replace 
coal with green hydrogen in the steelmaking process, requiring 4.5 MW of installed power in alkaline 
electrolysis with an electric consumption of about 50 kWh kgH2 

-1 , a milestone in the decarbonization 
strategy of carbon-intensive industries 15.  

Nevertheless, intensive research and development efforts towards scalable hydrogen production are 
focused on PEMWEs, as can be observed from the exponential increase in review papers since 2004 
16. This is mainly due to their fast response to load changes in the network, high attainable current 
densities, and the ability to operate at higher temperatures and pressures 8,17,18. As of 2023, a 20 MW 
PEM system developed by Cummings and Air Liquide in 2021 is the largest PEM system ever 
developed, capable of delivering 8.4 tons of H2 daily at 30 bar using renewable electricity with an 
energy efficiency higher than 51 kWh kgH2

-1. Next-generation systems with a 10-fold increase in power 
have already been announced for the coming 5 years 19.  

Eventually, meeting the ambitious global target of producing 530 MMT of hydrogen by 2050 by scaling 
up 550 GW of installed electrolysis power in the net-zero-emissions (NZE) scenario will most likely 
require a combination of both AWE and PEMWE methods 18,20,21.  

Additionally, it will involve advancing the commercialization of other electrolysis technologies such as 
the anion exchange electrolysis (AEMWE) and solid oxide water electrolysis (SOWE), which are moving 
from research into early application stages 22–24. A good example of this is the pioneering GrInHy2.0 
project developed by Salzgitter AG in cooperation with Sunfire GmbH as part of the SALCOS® program 
(Salzgitter Low CO2 Steelmaking) in Germany, where since 2019, 100 tons of hydrogen have been 
produced using SOWE running at 850 °C, reaching up a 39.7 kWh kgH2

-1 energy efficiency by combining 
electrical and heat efficiencies.  
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The primary obstacle to the widespread advancement of PEMWEs and, more broadly, green hydrogen 
production, is the elevated levelized cost of hydrogen (LCOH) in Europe.  Currently, the price of green 
hydrogen in Europe averages over $5 per kilogram, in contrast to the approximately $1.8 per kilogram 
for "grey" sources using steam methane reforming and $2 per kilogram with autothermal reforming 
with CO2 capturing 25.  

The high LCOH of PEMWEs is associated with the use of critical resources in their fabrication increasing 
the capital expenditures (CAPEX), as well as the operation expenses (OPEX) from running the system 
on electricity and water. Since the start of the industrialization of PEMWEs in the 1980s beyond 
military and space applications, the system efficiency and durability have been continuously extended 
to decrease the use of resources in their development. In the last 20 years, the decreased cost of 
electricity production and the increased awareness of the climate goals have helped further the 
development of advanced stack designs and better usage of materials to lower the CAPEX. As a result, 
a yearly reduction of 4.77 +/- 1.88% was projected in 2020 for the CAPEX in PEMWEs, which doubles 
the trend reported for AWE systems even though critical resources are not needed in this technology 
26.  

Still, the next generation of PEMWEs will need to enhance their efficiencies by an additional 10% to 
reach a point where they can provide 80% of the low heating value (LHV), i.e. 41.66 kWh kgH2

-1 energy 
efficiency, for over 50,000 hours while maintaining lower costs 8. Achieving this ambitious goal, with 
a focus on gigawatt-scale production, will require not only cost reductions in the manufacturing of 
metallic cell components like titanium porous transport layers and bipolar plates but also a substantial 
reduction in the use of platinum group metal (PGM) catalysts such as platinum (Pt) and iridium (Ir). 

Iridium is the state-of-the-art catalyst material used at the anode in PEMWEs to increase the efficiency 
of the oxygen evolution reaction (OER) at higher voltages. However, it is extremely scarce, with just 7 
million tons extracted annually. Furthermore, a 4-fold spike increase in price in 2021 further 
constrained the scalability of this technology 27. Currently, commercial PEMWEs employ very high Ir 
loadings of 2.5 mgIr cm-2

geo in the anode to ensure stability. 

As calculated by Gasteiger et al., an Ir-specific power density (Ir-SP) of state-of-the-art PEMWEs is 
close to 0.5 gIr kW-1, and considering a 25% of the annual Ir extraction dedicated for electrolysis only, 
only 20 GW more of installed electrolysis power could be installed by 2030 28. Even though 25% is a 
conservative estimate in 2023, where more than half of Ir is used for electrolysis 29, in the proposed 
example the de-carbonization of the transport sector would not be met even by 2100. Yet, the 
pathway to the NZE scenario demands a 50-fold reduction in the Ir-SP with equivalent or superior 
voltage efficiencies. This factor might be even higher since the selected Ir-SP for this example is lower 
than the average reported values, which range from 0.34 to 2 gIr kW-1 30.   

Future catalyst designs aim to improve the Ir-SP by reducing the catalyst loading while keeping a high 
current density by increasing catalyst utilization. This is achieved by increasing the available area for 
the reaction and ensuring a sufficient catalyst layer quality by methods that are suitable for industrial 
upscaling. However, the optimization process should not stop at maximizing the mass activity of the 
catalyst. Significant performance improvements can also arise from carefully selecting substrates, 
membranes, and current collectors. These choices can help reduce performance losses due to 
inefficient transport of water and gas, as well as lower ohmic resistances by engineering interfaces 
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and electrical connections. Ultimately, to develop a holistic approach to PEWME development it is 
necessary to understand the interplay of its elements and underlying processes.  

1.2 “State of the art” of the studied reactions, catalysts, and experimental setups in 
PEMWEs  
A PEMWE is an electrochemical conversion device that performs the water-splitting reaction upon 
the application of an electrical potential. Typical conversion efficiencies are 60%. The reaction can 
progress more efficiently at elevated temperatures towards 100 °C. A single cell, which is the simplest 
functional unit, incorporates two electrodes separated by an ion-conducting membrane. This 
membrane has the capability to separate the reactions on both electrode surfaces by holding the 
pressure of hydrogen up to several hundred bars, theoretically. However, a trade-off must be 
considered when determining the membrane thickness, as it impacts both ohmic resistances and gas 
permeability. Sandwiching the membrane, the anode and cathode electrodes are designed with a 
porous structure for efficient water and gas distribution to the interface with the membrane, where 
the catalysts are located. The separate reactions at each electrode can be written as follows:  

2𝐻𝐻2𝑂𝑂 → 𝑂𝑂2 +  4 𝐻𝐻+ +  4 𝑒𝑒− 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎0 = 1.23 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅      (1) 
4 𝐻𝐻+ +  4 𝑒𝑒− → 2 𝐻𝐻2 𝑈𝑈𝑐𝑐𝑎𝑎𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎0 = 0.00 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅    (2) 

At the anode site, the OER takes place at the catalyst interface with the membrane, generating oxygen 
gas and protons from water and electrons, see Eq. 1. The protons travel through the membrane driven 
by an external electric field and recombine at the cathode in the hydrogen evolution reaction (HER), 
as described by Eq. 2. In a stack of multiple cells, electrons are transferred through the catalyst to the 
substrate materials and then pass through the bipolar plates to reach the cathode of the next cell, 
which is assembled in series.   

The fast single-step kinetics of the HER on Pt catalysts at the cathode approaches the reversible 
thermodynamic potential. By contrast, on the anode side, the OER involves a challenging multi-step 
reaction pathway characterized by a high kinetic overpotential, which is analogous to the oxygen 
reduction reaction (ORR) in fuel cells 31. Despite recent research efforts to introduce non-noble oxides, 
perovskites, and spinels as catalysts 32–34, iridium oxide is still considered the most effective transition 
metal catalyst to reduce the OER overpotential at high current densities while maintaining stability 
35,36. Hence, it plays a central role in the ongoing fundamental research aimed at uncovering the OER 
reaction mechanisms. 

Currently, there is an agreement on two main OER mechanisms as a function of the crystallinity and 
consequently the number of active sites attained during the catalyst preparation method. On the one 
hand, the OER in crystalline rutile-type IrO2 progresses by the formation of M-O, M-OH, and M-OOH 
adsorbate intermediates in a 4-step process. By contrast, amorphous IrOx has demonstrated a higher 
activity, attributed to the direct transport of oxygen through lattice vacant and a simplified 
intermediate route mediated by electrophilic OI– species 37.  

Although the scaling relationships of the –OH/-OOH OER intermediates and active sites can serve as 
useful descriptors to map the activity of different transition metal oxides, relying only on 
thermodynamic activity trends to find the most optimum catalyst can be misleading as the time-
dependent processes are not described38. It has been frequently reported that catalysts showing 
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excellent OER activities, like ruthenium oxide, tend to undergo extremely rapid dissolution rates at 
the overpotentials required in realistic operation conditions 36,39–41. In this scenario, the catalyst 
stability is limited to a few hours 35,42. The dissolution rates of amorphous iridium oxide also exceed 
those of its crystalline counterpart, but in comparison to ruthenium oxide, a good balance of activity 
and stability can be achieved with this material.  

Even though Ru and Ir oxides have been successfully implemented in alkaline environments showing 
high OER activities with moderate stability 43, high Ru dissolution rates in acidic media are frequently 
reported 44.  Hence, even if higher OER activities are reached with Ru oxides, the lack of stability barely 
justifies the use of PGMs. Instead, the higher stability of IrOx in comparison with more common metals 
and oxides e.g. Co, Ni can be leveraged for cost-effective catalyst design using tailored synthesis 
methods.  

There are two approaches to this, which are closely inter-related: the first consists of creating a core-
shell structure where IrOx forms a nanolayer-thick "skin" that wraps the less noble oxide at the core 
as a result of their surface segregation energy with IrOx 45, preserving it stable inside until the IrOx 
layer is broken. This arrangement effectively disperses the IrOx active phase and can even enhance 
the catalyst's intrinsic activity due to lattice strain 46 or ligand effects of a modified, more electrophilic 
Ir-O bond 47. The second approach to enhancing the OER activity is based on a selective leaching 
process of a sacrificial template of the less noble element. This results in highly porous nanostructures 
of mixed metallic oxides which offer increased ECSA and OER activity, thanks to the formation of 
amorphous IrOx with a high number of vacant oxygen sites (Ir-X). In this restructuring process, a core-
shell structure can be developed to maintain the stability of trace amounts of the non-PGMs 48.  

In summary, catalyst synthesis is a key aspect defining the ultimate performance and lifespan of the 
catalyst. A separate introduction would be required to address a complete review of catalyst synthesis 
procedures. Suffice it to say, that they can be divided into three main categories: solid, solution, and 
vapor-phase synthesis.  

Most of today’s catalyst synthesis processes reported in literature follow solution phase routes, also 
called wet-chemistry, which rely upon the use of molecular Ir precursors in liquid solutions to prepare 
unsupported or supported particles, aiming to optimize the activity and the available 
electrochemically active surface area (ECSA) 37. Adam’s fusion can be highlighted among the most 
common methods to prepare unsupported particles with varying degrees of crystallinity and ECSAs 
depending on the calcination temperature and time. Nevertheless, this method lacks the control over 
the particle size and distribution that can be attained by using stabilizers or surfactants in colloidal 
synthesis. However, the latter is not well suited for industrial production due to the large dependence 
on chemical solvents and multi-step processes even before fixing on support. Hence, only surfactant-
free wet-chemical routes should be considered for upscaling. The fragile nanostructures obtained by 
any of these methods often need to be fixed to support to increment of their stability. Carbon 
supports should be avoided since they are not stable under the high potentials and acidic OER 
environment. Over the last years, the material selection has been narrowed to X-tin oxides, where X 
represents elements such as antimony, iridium, or fluorine. The method chosen to fix the 
nanoparticles on the supports and create inks is mostly influenced by any steps that can affect the 
catalyst structure or the support, as well as the possibility of scaling up the process.  
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Furthermore, the way the electrode is fabricated is essential in determining how effectively supported 
nanoparticles serve as catalysts. This involves two primary procedures: catalyst-coated substrate 
configuration (CCS) or membranes 49 in the catalyst-coated membrane (CCM) configuration. The state 
of the art in the industry is CCM production, where the ink is applied by doctor-blading, decal-transfer, 
spraying, or various printing processes. Each of these methods results in different deposition qualities 
that can affect the catalyst's performance 50. 

While the wet-chemistry routes can be used to create catalyst nanoparticle formulations based on 
surface dealloying or core-shell structures via e.g., galvanic replacement, they are generally multi-step 
processes with a very demanding control of the precursor chemistry. In contrast, direct deposition 
methods of nanostructured thin film (NSTF) catalysts, e.g., via physical vapor deposition (PVD), single 
or multi-metallic electrodes can be manufactured in a single step while maintaining precise control 
over the morphologies, composition, loading, and stoichiometry of the catalyst layer. In particular, 
magnetron sputtering at high deposition rates and tunable deposition conditions allows reproducible 
depositions from a wide selection of target materials under clean vacuum conditions that can be 
readily scaled to the industry. High-performing catalysts for OER created by direct PVD deposition 
have already been reported in recent studies 51–54, including an alternated multi-metallic deposition 
method followed by a selective acid leaching step of the templating element to achieve a highly 
porous, self-supported Ir nanostructure in CCS configurations 55.  

As much of catalyst development primarily concentrates on enhancing the kinetic activity using 
simplified experimental setups aided by theoretical models, a crucial step towards their effective 
integration into larger systems involves the assessment of their stability and degradation pathways.  

The current state-of-the-art laboratory method for benchmarking catalyst activity remains the 
rotating disk electrode (RDE) but is considered too basic for this purpose since it lacks insight into the 
interfaces, catalyst morphologies, or loadings that can be translated into practical and realistic 
applications. Specifically, in the RDE setup, the formation of oxygen bubbles adhering to the electrode 
and artificially creating a deactivation effect can obscure any understanding of actual degradation 
processes 56. Other liquid electrolyte methods include the flow cell setup, which is frequently used to 
measure catalyst degradation by online spectrometry of the dissolved species in accelerated stress 
tests (ASTs). Nevertheless, direct contact with the acidic electrode already increases the dissolution 
rates compared to ASTs performed in full-sized membrane electrode assemblies (MEA) 57,58. In the 
latter, these degradation effects can be explored in the actual reaction interfaces formed between 
the electrode and the membrane, where processing steps such as membrane activation or hot 
pressing can introduce great changes in conductivity and mass transport properties in operation 59. 
However, deriving singular mechanisms at one electrode side can be extremely complex in these 
systems, which on top of being very material and time-intensive, are not available to every research 
group.  Hence, the exceptionally high activities in RDE stages for newly developed catalysts are not 
followed up by MEA results due to notable disparities in testing conditions 60,61. 

To address this development gap between setups, gas diffusion electrode (GDE) half-cell setups have 
emerged in recent years in fuel cell research as a valuable bridging platform for activity benchmarking. 
They offer a blend of the swift screening abilities found in three-electrode setups with a more accurate 
representation of the electrode interfaces interacting with membranes, all while achieving high 
current densities that are comparable to those seen in MEA systems. Additionally, it introduces the 
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possibility of studying the half-reaction either in half-CCM and CCS electrode configurations as well as 
the influence of assembly steps such as hot-pressing in the catalyst activity.  

GDE setups have already been validated in research studies related to the oxygen reduction reaction 
(ORR) in proton exchange membrane fuel cells (PEMFC) 62–64. Furthermore, they have been extended 
to explore the oxidation of small organic compounds such as methanol 65, ethanol 66, formic acid 67 
and CO2 reduction 68,69 using various cell configurations. The introduction of GDEs for OER studies is a 
recent development still scarcely reported 70,71, and it has been closely tied to methods that were 
initially established in the context of the ORR realm for supported catalysts and carbon substrates. In 
this study, the GDE method is further developed for the OER study of self-supported Ir-based catalysts 
produced via PVD. 

1.3 Outline of the thesis 
Firstly, the effectiveness of the GDE method as an electrochemical benchmarking tool is validated by 
comparing its reproducibility in an array of similar setups. Specifically, an examination is conducted 
to gauge its utility in benchmarking the activity of ORR in PEMFCs. The primary research question 
addressed is: “How reproducibly can different GDE half-cell setups assess the ECSA and ORR activity 
of various PEMFC catalysts following a unified measurement protocol?” 

Secondly, an investigation is undertaken into a catalyst development process that combines GDE 
benchmarking with PVD deposition, focusing specifically on Ir-Co catalysts prepared with varying Co/Ir 
ratios. The research question posed is: "How do variations in deposition parameters and processing 
steps for self-supported Ir-Co catalysts impact their electrochemical performance measured by a GDE 
setup?" 

Lastly, a design for the GDE method tailored to assess the OER under realistic operating conditions is 
proposed, allowing for the benchmarking of materials and operation conditions relevant to PEMWEs. 
The central research question addressed is: "How can the GDE method be further enhanced to 
evaluate the performance and stability of self-supported Ir-based catalysts for OER under realistic 
operating conditions and what insights can be gained regarding catalyst degradation from this 
approach?" 
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2. Experimental methodology  
This chapter provides a more detailed explanation and commentary on the primary techniques used 
to generate the outcomes published in the attached manuscripts.  

In the first part, the discussion centers around the preparation of the self-supported catalyst layers 
and the different possibilities presented by the combination of magnetron sputtering with layer 
processing steps. 

Following this, the standard material characterization methods, including SEM-EDX, XPS, XRD, and 
XAS analysis utilized to support the study of material chemistry and morphology changes are 
described and reviewed. Additionally, the author's experience with synchrotron analysis is included, 
along with the opportunities that could be explored further to extract more information at a beamline 
with this material. 

The evolution of the GDE setup for the study of the catalyst-coated substrates from fundamental 
studies to more realistic conditions in the PTE setup is then traced. In this context, a particular focus 
is given to the electrode incorporation into the assembly in each of its stages, the interplay of the 
system elements, and how the setup was used for the electrochemical characterization of the 
electrochemically active surface area (ECSA), OER activity, and stability.  To finalize this part, the 
interpretation of the measurement results and the limitations of the electrochemical setup are 
covered. 

Most of the experimental work presented in this thesis was accomplished within the context of the 
BMBF VIP+ 3DNanoMe project at the Leibniz Institute for Plasma Science and Technology (INP) in 
Greifswald, except for the XAS experiment and analysis included in Manuscript II, which was 
performed at the Swiss Light Source (SLS) at PSI, Switzerland. Additionally, in-situ XAS measurements 
performed at the Diamond Light Source in the UK are also discussed and perspectivized.  

2.1 Synthesis and processing of catalysts  
As described in the Introduction, a bottleneck for upscaling catalyst development is multi-step 
synthesis processes commonly found in ink formulations for supported catalysts. This approach, 
which remains today as the commercial standard, requires 1) the development of optimized ink 
formulations in parallel to 2) suitable deposition methods.  

The inclusion of binders to disperse the particles has a proportional increase in the thickness of the 
catalyst layer. The trend to develop catalyst layers with reduced loadings implies a maximum layer 
thickness of around 1 µm. Currently, it is a technical challenge to find techniques to disperse the ink 
over the surface of the substrate homogeneously to create such a thin layer. Hence, the lack of contact 
sites of the catalyst with the substrate or the membrane can create either electrical conductivity or 
mass transport limitations 17. 

In contrast, plasma-based processes have already been proven as an attractive alternative to perform 
deposition of highly controlled thin films with a uniform morphology and coverage on multiple 
substrates.  In the realm of catalyst production, plasma physical deposition processes such as physical 
vapor deposition (PVD). PVD comprises a group of plasma deposition techniques where chemical 
precursors are not needed. In this approach, a solid material is sublimated in vacuum by the 
application of a strong electric field and then the vapor is condensed into a thin film. 
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In particular, magnetron sputtering (PVD-MS) has opened the possibility to produce nanostructures 
with tunable surface areas both on substrates and membranes allowing us to explore the contact 
interface properties between elements beyond the limitations imposed by traditional catalyst 
nanoparticle processes 72–75. PVD-MS allows for generating layers with the same composition of an 
alloyed target on the substrate and depositing materials that have low or no conductive properties. 
Most importantly, it is also an excellent choice for industrial-scale production, since larger target sizes 
can also be adapted to coat multiple substrates simultaneously minimizing processing time and 
material waste.  

2.1.1 PVD Magnetron Sputtering  
The basic configuration of a magnetron sputtering system involves a vacuum chamber allocating one 
or several electrodes, a substrate for deposition, and most importantly a gas that is ionized to form a 
low-temperature plasma at room temperature. The latter is formed by the application of a high 
electric field from either a direct current (DC) or a radiofrequency (RF) generator between a negatively 
charged electrode (cathode) and the positively charged substrate/chamber (anode). The material to 
be deposited is known as the target and it is situated at the cathode. 

A plasma, which is often referred to as the fourth state of matter, is formed when gas is subjected to 
an intense energy source such as heat or a strong electromagnetic field, causing electrons to detach 
from their atoms and resulting in a mixture of ions, electrons, and neutral species 76,77. Depending on 
the energy states and the temperature achieved by these species it can be divided into high and low-
temperature plasma.  

Low-temperature plasmas cover a temperature range spanning from a few hundred to several 
thousand degrees Celsius. In this state, particles exhibit a broad spectrum of kinetic energies. Upon 
the application of a strong electric field between the substrate and the target, free electrons are 
accelerated to energies of a few electron volts (eV), starting the process of ionizing gas atoms within 
the chamber. Meanwhile, the ionized and neutral species remain at room temperature (RT). 

This ionization process proceeds until the breakdown voltage is reached. The optimal breakdown 
voltage is characteristic for each gas and can be calculated experimentally from Passchen's law by 
manipulating the distance between the target and substrate and adjusting the gas pressure 74,76. At 
this point, the process progresses to a cascade of ionizations and production of free electrons from 
the atoms of the gas until the plasma becomes self-sustaining.  

As the accelerated positively charged ions hit the target, they create more secondary electrons and 
displace atoms transferring their momentum, which produces the sputtering. The ratio between the 
number of emitted atoms to incident ions can be defined as the sputtering yield. The incident ions 
need to be within a certain energy window for the yield to be optimal. Insufficient energy fails to 
generate a collision cascade at the target, while excessive energy leads to ion implantation. 76  

A fundamental aspect that enables PVD-MS to be used in practical applications is the use of magnets 
(magnetrons) at the targets. The perpendicular components of the electric and magnetic effects near 
the targets cause the electrons to change direction parallel to the target as illustrated in Figure 1. The 
increased confinement of the electrons in an area parallel to the target produces a more collimated 
flux of sputtered species and better control over the directionality of the sputtered atoms or ions for 
the formation of specific nanostructures 72,78 The electron-rich region surrounding the target 
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guarantees a fast plasma ignition and stabilization. At the same time, it increases the ionization rate, 
allowing sputtering yields that exceed conventional diode sputtering. This unfolds several advantages; 
the most obvious is the fast production of thicker films or reduced process times.  

2.1.2 Reactor configuration for catalyst deposition.  
The catalyst film in this work was prepared with a linear PVD-MS reactor (Univex 400, Leybold GmbH, 
Germany) equipped with two magnetrons and an ion beam installed in the chamber. The substrates, 
masked to a size of 5 x 5 cm2, were mounted on a holder accessible through a load lock at atmospheric 
pressure. After the quick evacuation of the load lock to a pressure of at least 10−4 Pa, a swiveling arm 
transported the holder into the chamber following a linear trajectory under each of the respective 
magnetrons. For all catalyst deposition processes, the process chamber was evacuated to a pressure 
of 1.7 · 10−5 Pa. The two-chamber design, see Figure 1, allows a convenient and quick transition 
between a load lock and the process chamber with minimal interruption.  
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Figure 1. Linear PVD-MS reactor (above) and schematic of the magnetron sputtering process (below). The example shows a 
metallic deposition of Ir using an Ar plasma in RF mode.  

The magnetrons were equipped with pure metallic Ir (99.95%, MaTecK, Germany) and Co (99.95%, 
Evotec GmbH, Germany) targets with a planar geometry of 177 x 25 × 1.5 mm. The power was 
delivered with radio frequency (RF) generators (Cito 136, COMET) operated at a driving frequency of 
13.56 MHz. Even though a DC configuration is a more economic choice when sputtering conductive 
target materials, using RF provides some special advantages. The sputtered atoms decreased their 
energy in inelastic collisions with the ions in the plasma, reaching the substrate with lower energy 
55,75,79. Additionally, the cooling system employed to refrigerate the magnetrons leads to reduced heat 
generation, enabling extended deposition durations. 

The catalysts produced by PVD-MS for OER in this work can be categorized into two primary groups. 
This classification is based on either the deposition method or the material chemistry. 

From the perspective of the deposition mode, the multi-target configuration can be performed in 
single or alternated sputtering processes. Alternated sputtering introduces additional process 
variables to achieve a certain catalyst loading, namely via different the number of cycles per 
deposition or modifying the ratio between the elements. Combining the deposition of an active and 
more noble metal with a templating element, the catalyst layer can be processed by leaching to 
produce a highly porous structure that is beneficial for catalysis, which is further explained in chapter 
2.1.3. The relationship between the as-deposited Co:Ir ratios and the correlation with their 
electrochemical performance was explored in a series of Ir-Co self-supported catalysts for OER 
featured in Manuscript II.   

Adjusting the gas composition of the plasma controls the catalyst chemistry, for example, to produce 
metallic deposition in pure Ar. In the metallic sputtering configuration of Ir and IrCo, an Ar plasma was 
ignited at a working pressure of 5 Pa and flushed through the individual magnetron sources at a flow 
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rate of 100 sccm. In contrast, a mixture of Ar/O2 was used to create the reactive plasma during the 
reactive sputtering deposition of the IrOx catalysts that were used in Manuscript III.  

Even though the sputtering process with multiple targets and reaction atmospheres offers great 
flexibility, not every parameter combination yields attractive catalysts or efficient processes. For 
example, single depositions of metallic Ir need further processing or activation to form IrOx and 
become active for OER. Inner parts of the Ir layer that are inaccessible to chemical and electrochemical 
activation methods remain metallic. Thus, depositing thicker layers of Ir yields poor catalyst 
utilization.      

In addition, the alternated cycling of the targets and short sputtering times per cycle introduce more 
complex conditions to maintain a constant sputtering yield, which is desirable to reproducibly achieve 
specified catalyst loadings and element ratios in a fixed process.  

Nevertheless, these options were also explored in the early stages to help the understanding and the 
direction of the layer deposition development. 

2.1.3 Synthesis of self-supported catalysts through acid leaching 
The procedure to create self-supported catalysts with high surface area using alternate magnetron 
sputtering followed by a selective acid leaching step has been described in several previous studies of 
ORR catalysts such as Pt-Cu 75, Pt-CoO 80 as well as with Ir-Co catalysts 55 for OER.  

All these studies share a common procedure to create a heterogeneous bimetallic material where a 
sacrificial metal is dissolved in an acid solution, leaving a scaffold of the active metal with a highly 
accessible surface. Unlike the dealloying of bimetallic alloys in homogeneous materials 81,82, the initial 
structure prepared by sputtering is of a heterogeneous and amorphous nature more alike to metallic 
glasses, exhibiting properties that have piqued scientific curiosity for its catalytic applications since 
more than 50 years ago 83. An interesting aspect is that the deposition parameters can be engineered 
to present a particular dealloying behavior by changing the ratio between sputtered elements or the 
number of cycles in the deposition 55,75,80. Furthermore, using an RF deposition configuration produces 
a lower layer density, which allows the leaching agents to reach deeper into the material producing a 
volumetric effect rather than simply displacing the ad-atoms from the surface.  



13     Experimental methodology 

 
 

 
Figure 2. Nanostructure Ir-Co electrode formation by PVD alternated sputtering deposition on a GDL (upper left) followed 
by a selective leaching step (bottom left). During the acid leaching the initial Co-rich microstructure (upper right) is 
transformed into scattered clusters of Ir-rich dendrites, leaving parts of the carbon substrate exposed, in black (bottom 
right).  

When the bimetallic layer meets the acid in the absence of potential-controlled conditions, the 
templating element oxidizes spontaneously in the first few seconds since it is thermodynamically 
unstable in acidic media. For example, in the leaching of a bimetallic Ir-Co layer in perchloric acid 
(HClO4), Co is oxidized to Co2+ and complexed in the water into a hexaaquacobalt (II) ion [Co(H2O)6]2+, 
which gives the solution a characteristic pink hue. Hydrogen is produced in the process, which 
nucleates in the metal cavities and can be observed from the release of bubbles in the solution. The 
combination of the mechanical forces created by the gas leaving the structure, the dissolution of the 
Co-rich domains, and further surface diffusive processes creates the characteristic porous catalyst 
structure seen in the bottom right of Figure 2. 

Aside from the thermodynamic aspects, the leaching is also strongly determined by mass transport 
factors such as the accessibility of the acid to the substrate surfaces. Unfortunately, the determination 
of mass transport factors is not as straightforward as in model homogeneous alloys e.g. AgAu where 
Monte Carlo (MC) simulations have been developed following the spinodal decomposition behavior 
81,84. Thus, a conventional approach is to perform the leaching under controlled conditions such as in 
cyclic voltammetry (CV) electrochemical protocols, and characterize the material morphology and 
chemical composition before and after 85–87. The electrochemical leaching procedure is detailed in the 
chapter 2.4.2.   

Since the GDE setup was limited to small electrode areas up to 1 x 1 cm2 using the conventional top 
parts, a special leaching station was designed to perform leaching in the full 5 x 5 cm2 as-deposited 
areas. Taking advantage of the hydrophobic properties of the GDL, the station was designed with a 
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floating electrode in a pool of HClO4 1 M to ensure a constant electric field distribution between the 
catalyst film and the 5 x 5 cm2 glassy carbon plate in the bottom acting as a cathode. The gas 
atmosphere in the closed chamber was controlled during the leaching by purging the air with a 
continuous Ar flow applied to eliminate the ORR. The catalyst electrode was then contacted from the 
back with a carbon rod connected to a Pt spring, and the reference was positioned in the special 
compartment in the frame of the station in contact with the electrolyte pool.  

This approach was very successful in reproducing the leaching conditions of Ir-Co layers on GDL 
substrates obtained in the GDE cell, as could be seen by comparing the CVs in both systems during a 
deposition.  

 
Figure 3. The electrochemically controlled acid leaching process is shown A) in the GDE cell configuration with an area of 1 
cm². Alternatively, a B) floating electrode configuration for larger 25 cm² areas was proposed and C) designed with the 
possibility to fix the reference and counter electrodes as well as controlling the gas atmosphere. The final design E) shows 
the final version of the leaching station, including the contact rod for the WE, the contact of the CE on the top steel plate, 
the RE notch, and the threaded gas inlet. D) The leaching behavior was comparable in both cells using the same protocol.  

However, due to the hydrophilic nature and much denser Ti PTLs, the floating electrode configuration 
could not be used. Therefore, a chemical leaching process was applied instead, introducing the Ir-Co 
coated PTLs in a beaker with 1 M HClO4 for 30 min at room temperature.  

 

2.2 Physical characterization of the catalysts  
This chapter outlines the most relevant microscopic and spectroscopic techniques used to extract 
information regarding the morphology and chemical properties of catalysts and electrodes.  

When catalysts are exposed to operating conditions, understanding the dynamic behavior of their 
surface and chemical composition becomes a complex challenge. Combining electrochemistry with 
powerful in-situ characterization techniques such as X-ray absorption spectroscopy (XAS) can provide 
a better understanding of how the catalyst is transformed. However, such experiments are often not 
available at a laboratory scale and require careful planning and result interpretation.  
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Nevertheless, the combination of non-destructive techniques such as scanning electron microscopy 
(SEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), or X-ray photoelectron 
spectroscopy (XPS) can also provide valuable information to the everyday scientist about the catalyst 
evolution even in ex-situ conditions if appropriate preparation methods and rigorous analysis are 
used. 

2.2.1 Catalyst morphology  
Scanning Electron Microscopy  
The working principle of Scanning Electron Microscopy (SEM) is analogous to light optical microscopy, 
except that the light source is produced from an emitter that releases a beam of electrons when a 
voltage is applied, which is focused by electromagnetic lenses. Hence, a much higher resolution can 
be obtained with a SEM due to the smaller interaction distance of electrons with matter. The field 
emission gun emitter (FEG) and aberration-correction lenses integrated into the SEM model used in 
this study (JSM 7500F, JEOL) permit to reach a theoretical resolution of less than 2 nm in spot size. At 
this scale, it is possible to resolve the characteristic morphological features of the catalyst layers and 
electrode assemblies.  

The surface topography information in as-deposited and leached samples was collected through the 
secondary electron (SE) in-lens detector using a top-down configuration with the samples mounted 
at a 45° angle. Using a tilted mount gave a better sense of perspective and depth of the thin film 
structures on the GDLs and Ti PTLs substrates. Since both materials are conductive and the catalyst 
layers are free of polymer binders, no special preparation was needed for inspection aside from 
surface cleaning and dehumidification with nitrogen.  

Relevant morphological feature samples extend from the mm to nm scale. At low magnifications (25 
to 1 k), the surface quality and homogeneity of the as-deposited substrates are visible immediately, 
see Figure 4. This includes any cracks in the mm range, which are common in carbon MPLs, as well as 
the topography of fiber or sintered structures in PTLs. Furthermore, the edge quality and deformation 
can be compared in different materials and thicknesses resulting from the sample extraction.  
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Figure 4. Low-magnification SEM micrographs taken at 25 and 500 magnifications (insets) after sample extraction of A) a 
GDL with a microporous layer (Sigracet 29BCE, 325 μm thickness), B) A thin Ti fleece PTL (ANKURO Int. GmbH, 0.3 mm 
thickness), C) a sintered Ti PTL from GKN of 1 mm thickness D) a 1mm-thick Ti PTL with a fiber structure provided by the DLR. 
The scale bar at the bottom of each image corresponds to 1 mm, and 10 µm in the inset.  

Increasing the magnification to 1-10k allows the distinction of the diverse catalyst layer structures 
between the as-deposited and post-leaching states, as well as the resolution of substrate adhesion in 
GDLs and PTLs, see Figure 5. 

Irrespective of their chemistry and deposition parameters in the as-deposited state, a uniform 
cauliflower morphology with micrometer-sized features is observed in all sputtered materials on GDLs 
(Figure 5A-C). On the other hand, the depositions on Ti PTL substrates show morphological differences 
in particular cases. For example, a continuous IrOx deposition on Ti PTLs reveals a uniform sub-
micrometric platelet structure that fully covers the Ti fibers, see Figure 5D. By contrast, the alternate 
deposition of Ir-Co on Ti PTLs, see Figure 5C, exhibits similarities in appearance with the GDLs.   
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Figure 5. SEM top-down at 10 k magnification of as-deposited catalysts with an equal 0.250 mgIr cm-2
geo

 nominal Ir loading. 
A) Ir-Co, B) IrOx, on GDLs, C) Ir-Co, and D) IrOx deposited on PTLs with a fiber structure, see Figure 4B. The scale bar at the 
bottom of each image corresponds to 1 μm.

As described in chapter 2.1.3, the leaching process transforms the structure of the bimetallic Ir-Co 
catalysts dramatically. This is most clearly visible in the depositions onto GDL substrates, where the 
overall layer thickness decreases, and the initial cauliflower structure evolves to clusters of smaller 
dendrites as the material is leached.  

When the magnification is increased to the practical resolution limit of the instrument at 50k, see 
Figure 6., the finer details of the catalyst morphology, including nanoscale porosity, are significantly 
enhanced, and better resolved.  

In terms of layer adhesion to the substrate after leaching, the rougher surface of the GDLs provides 
better anchoring as compared to the smooth untreated Ti fibers in the PTL substrate. Most of the 
catalyst material remained on the GDL and the areas devoid of material are uniformly distributed, see 
Figure 6A and B. Conversely, the catalyst layer on the Ti PTL fibers tends to flake and spall off after 
leaching resulting in the detachment of sizable chunks, see Figures 6C – F.  
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Figure 6. SEM top-down of at 10 k (left column) and 50 k (right column) magnifications for an Ir-Co catalyst with 0.250 mgIr 
cm-2

geo and a Co: Ir ratio of 4 on different substrates and leached under different conditions. In the first row, A) and B) show 
the catalyst morphology on a GDL substrate after electrochemical leaching in 1 M HClO4. The images in the second row, C) 
and D), were obtained after chemical leaching with HNO3 on a Ti PTL fleece substrate. Bottom row images, E) and F), were 
taken after chemical leaching in 1 M HClO4 on a Ti PTL fleece substrate. The scale bar at the bottom of each image in the left 
column (A, C, E) corresponds to 1 mm, and 100 nm in the right column (B, D, F).  

The previous explanations refer to the top-down configuration for ex-situ analysis in previous steps 
to the electrochemical characterization. To observe the thickness of the catalyst layer or the 
interaction between the catalyst and substrate or after hot-pressing the membrane in the half-
electrode assembly, cross-sections were prepared.   

The procedure to obtain cross-sections with the necessary quality was not straightforward. The first 
attempt at a cross-section was performed on a sputtered GDL hot pressed with a membrane using a 
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cryogenic procedure. To obtain the cross-section, the sample was introduced for 15 sec. in a bath of 
liquid nitrogen and then cut with a scalpel. Even though the process was fast, the results were very 
far from being satisfactory, see Figure 7A. The surface quality from the scalpel cut was very rough and 
the catalyst could not be found on the substrate, see Figure B. The sample was also not treated in any 
other way to increase the conductivity, hence, it continued to warp under observation worsening the 
image acquisition. This method was eventually discarded since the limited advantages in preparation 
time did not outweigh the further investment in time to optimize the cutting surface for high-
resolution imaging, especially considering that the stiffer Ti PTLs cannot be cut with the scalpel 
directly. However, this first approximation was very useful in understanding that level of quality was 
necessary for the section and the behavior of the membrane under the microscope.  

Figure 7. SEM cross-section preparations via A) dipping in liquid nitrogen of a hot-pressed GDE sputtered with Ir, resulting in 
delamination.  B) The GDL layer in this configuration could be seen in the gap formed between both parts.  By contrast, C) a 
hot-pressed PTE held by a metallic spring and embedded in epoxy showed a cleaner view of the D) IrOx catalyst layer in 
between the PTL fibers and the membrane, details shown in the inset. The scale bar at the bottom of each image in the left 
column (A, B) corresponds to 1 mm, and 1 µm in the right column (B, D). 

A much more reliable procedure, albeit involving a longer preparation process, was to mount the 
electrode assembly into a two-component metallographic resin and then cut and polish it to reveal 
the interfacial structure, see Figure 7C and D. From the experience with the first attempt, the resin 
face was sputtered with Au to minimize the charging effects of the Nafion membrane. The results 
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obtained were greatly improved, as it was possible to see entire sections of the catalyst layer and its 
thickness with clarity. This technique allowed us to see the improved adhesion after hot-pressing IrOx 
on a PTL in Manuscript III.  

Despite the improvement obtained with this procedure, further effort was put into obtaining a better 
surface preparation using a FIB-SEM (Scios 2 HiVac dual beam FIB/SEM system, Thermo Fisher 
Scientific, Waltham, USA) on a PTL sputtered with an Ir-Co catalyst. In the first attempt with non-
optimized parameters, the FIB instrument was able to produce a very acceptable cut of a single fiber 
in a 200  by 30-micrometer trench without any previous surface preparation, see Figure 8A.  However, 
for further composition analysis, the sample had to be transported to the SEM-EDX instrument, 
suffering damage in the process as one of the sectioned fibers was missing when the same area was 
found again, as seen in Figure 8B. The remaining section surface that was left was difficult to accessible 
by EDX, which led to shadowing effects. These factors, as well as the fact that complexity that would 
be added to cut-through assemblies including membranes, decided against using the FIB-SEM for 
further cross-section preparation.  

 
Figure 8. FIB – SEM cross-section of Ir-Co PTL A) as prepared in the instrument. The fiber in the center of the micrograph in 
A) was lost was lost in the transfer to the B) SEM – EDX instrument.  

2.2.2 Chemical composition 
Energy-Dispersive X-ray Spectroscopy  
The SEM instrument equipped an additional detector (Quantax 200, Bruker) to perform Energy-
Dispersive X-ray Spectroscopy (EDX) to complement chemical composition information to the SE 
micrographs over the same areas.  The chemical information is obtained from the characteristic X-ray 
emission for every element associated with the energy of electrons transitioning between electronic 
shells (K, L, M) in an atom when excited with sufficiently energetic electrons.   

EDX provides the relative composition of several elements at different points, lines, and areas of the 
sample.  The main strength of this technique is the flexibility of analysis of thin films (up to several 
micrometers, depending on the composition) and bulk materials. This is achieved by tuning the 
acceleration voltage of the incoming electrons to generate different X-ray interaction volumes and 
thus giving information about the analysis depth.  
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On the one side, for the top-down characterization of thin films, it is desirable to probe relative 
shallow interaction volumes with low acceleration voltages to obtain information from the film 
without adding too much substrate as background. However, particularly for films containing heavy 
elements such as Ir and Co, the acceleration voltages need to be set high enough to produce 
characteristic x-rays in those elements. 

To strike a practical balance between interaction depth and element sensitivity in the sputtered films 
in this work, an acceleration voltage of 15 keV was selected. This voltage allowed for the identification 
and differentiation of even thin layers measuring less than a micron in thickness, distinguishing them 
from the substrate. Moreover, both the Co Kα line at 6.924 keV and the Ir Lα line at 9.147 keV were 
successfully obtained with a high signal-to-noise ratio; ensuring reliable and clear measurements 
according to the capabilities of the analysis instrument, see Figure 9. 

Since the same acceleration voltage was also employed during micrograph acquisition, it enabled a 
seamless switch between the SE and EDX detectors.  Aside from increasing the probe current to have 
a good acquisition rate, eliminating the extra time in fine refocusing adjustments was very effective 
in decreasing the risk of damage to the analysis area. However, there were certain limitations to this 
balancing act. Despite using an acceleration voltage of 15 keV, it was not feasible to excite the same 
energy lines for both Ir and Co. As a result, the precision for precise element quantification was 
decreased.  

In the unleached layers, the ratios between Ir and Co could be reliably determined through point 
analysis in various areas of the sample, ensuring reproducibility. However, after the leaching process, 
determining consistent ratios became challenging, as reported in Manuscript II. In certain cases, 
particularly on untreated PTL substrates, the trace amounts of the remaining layer were extremely 
challenging to detect, even when using high probe currents, see Figure 9. Consequently, the data were 
interpreted with even greater caution and emphasis on the qualitative analysis.  

Figure 9. SEM-EDX at 5 k magnification of an Ir-Co catalyst with 0.250 mgIr cm-2
geo deposited on a PTL fleece, with a Co: Ir 

ratio of 4, after being leached chemically on 1 M HNO3 and 1 M HClO4. The upper row (A-C) shows the effect of the higher 
acceleration voltage of 15 kV on the A) detected SEM morphology, B) the distribution of the EDX chemical mapping of Ti, Ir, 
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and Co, and C) the visible energy lines and counts acquired. As a comparison, the lower row (D-F) was taken at 5 kV, 
enhancing the D) SEM superficial features, at the cost of a less clear E) EDX mapping and 5 times lower F) count intensity 
and energy line resolution. 

This problem was accentuated even more in the evaluation of cross-sections, where the layers were 
sometimes damaged by the preparation method. In this configuration, EDX was used only to highlight 
the chemical contrast between the sandwiched layers rather than to perform any type of 
quantification, see Figure 10B and D. 

Figure 10. SEM - EDX Cross sections at 15 k magnification of an IrOx catalyst. The SEM micrographs (A and C) show how the 
preparation might have affected the quality of the layer, with A) local spallation and C) membrane bending due to charging. 
Still, a qualitative idea of the element segregation and layer structure can be obtained from the EDX mapping (B and D) of 
the catalyst layer (Ir in dark blue) deposited on a PTL fleece (Ti in light blue) and hot pressed to a membrane (F colored in 
red).   

X-ray Diffraction 
X-ray diffraction (XRD) is a standard technique used in materials science to resolve the crystallographic
structure. As stated in the Introduction, changes in phase crystallinity are closely associated with
catalytic activity and stability 55,72,75,79,88,89.

In Manuscript II, the crystallinity of the Ir-Co catalysts with different Ir to Co ratios on GDLs was 
investigated ex-situ in the as-deposited as well as the after acid-leaching stages with a lab XRD (D8 
Advance Diffractometer, Bruker) equipped with a Cu Kα X-ray source.  
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The samples were extracted from the sputtered GDLs using a round punch of 3 mm in diameter, 
offering a relatively small analysis volume. 

The data acquisition was performed by a laboratory technician using a Bragg-Brentano geometry over 
a 2 Theta range from 30° to 80° the step width of 0.5°, in 5-second steps. Even though a grazing 
incidence configuration (GIXRD) would probably have been more indicated for thin films in this type 
of samples, the amorphous nature of the samples and the increased Ir crystallinity after leaching were 
identifiable. The post-processing for the evaluation of the diffractograms was performed in the TOPAS 
software via Diffract Eva (access to databases ICSD and PDF) and Rietveld refinement, which 
eliminated most of the background noise.  

X-ray Photoelectron Spectroscopy  
In addition to the surface chemical analysis obtained by EDX, X-ray Photoelectron Spectroscopy (XPS) 
plays a crucial role in providing valuable insights into the catalyst's elemental surface composition, 
oxidation states, and chemical bonding by analyzing the photoelectrons emitted upon X-ray 
irradiation from the few nanometers of the material's surface. 

XPS analyses on Ir-Co and IrOx samples sputtered on GDL substrates were performed by a laboratory 
scientist following the same sample preparation procedure described for XRD. The spectrometer 
instrument (Axis Supra, Kratos) equipped a monochromatic AlKα source (1.486 eV) and an X-ray 
power of 150 W for survey and elemental scans, and 225 W for highly resolved measured spectra, 
respectively. Charge neutralization was used for all samples. Survey scan analyses were performed 
with an analysis area of 300 x 700 microns and a pass energy of 160 eV. Core level spectra of all 
identified elements were acquired at a pass energy of 80 eV, and the highly resolved measured peaks 
were collected at a pass energy of 10 eV. For these analyses, the instrument was set to the medium 
magnification lens mode (FOV 2) and by selecting the slot mode providing an analysis area of ~300 
µm.  

Spectra were corrected to the main line of the carbon-1s (adventitious carbon) spectrum, which was 
set to 284.8 eV. Data analysis was performed using CasaXPS (2.3.15) using a Shirley background. Peak 
fits were achieved using Functional Lorentzian (LF) for the 4f-Peaks and Gaussian-Lorentzian (GL) 
lineshapes for the satellites as supposed by Freakley et al. 90  

X-ray Absorption Spectroscopy  
X-ray Absorption Spectroscopy (XAS) is a technique to examine the local coordination and bonding 
state of materials by determining the absorption of X-rays as a function of their energy. The measured 
decrease in X-ray intensity after penetrating a certain distance into the sample correlates with the 
material-specific linear absorption coefficient µ(E) that is determined and analyzed. By measuring 
several absorption edges, the local environment of the different elements contained in the sample 
can be analyzed.  

There are two major regions in the absorption spectra. The first is the X-ray Absorption Near-Edge 
Structure (XANES), which corresponds to a window of about 50 eV from the detection of the ionization 
energy of core electrons in the form of a sharp absorption peak or “edge”. The magnitude of the 
“edge” correlates with the oxidation state, which helps to identify the active species e.g. IrOx involved 
in catalytic reactions. 
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The oscillatory tail past the XANES region up to about 1000 eV corresponds to the Extended X-ray 
Absorption Fine Structure (EXAFS) region. These oscillations are also characteristic of the surrounding 
atoms and their distances from the central atom since varying distances will result in different 
backscattering paths and as a result different wave interaction. Using different fitting models for 
EXAFS interpretation can yield information about the coordination and local structure, which is key to 
distinguishing activity to ligand and strain effects of multi-element catalysts 91,92. In contrast to XPS, 
XAS is a bulk method, i.e., the spectra display the average of each atom in the beam path. 

Ex-situ XAS at the PSI X10DA beamline 
Ex-situ XANES and EXAFS measurements were carried out by Adam Clark at the SuperXAS - X10DA 
beamline of the Swiss Light Source (SLS) at PSI, Switzerland (2.9T superbend source, storage ring 
current of 400 mA) of three series of Ir-Co catalysts sputtered on GDLs with different Co to Ir ratios 
after leaching using the floating-electrode configuration described at the end of chapter 2.1.3.  

These measurements were conducted on three sets of Ir-Co catalysts deposited on GDLs with a 
loading of 0.4 mgIr cm-2

geo
 and 4, 2, and 1 Co to Ir nominal ratios. The catalysts were leached using the 

floating-electrode configuration outlined in chapter 2.1.3. The experimental setup at the beamline 
consisted of a 2.9T superbend source and a storage ring current of 400 mA. 

The leached samples were securely protected using Kapton film and directly mounted into a sample 
holder for the beamline experiments. The incident beam was collimated using a collimating mirror set 
at 2.9 mrad (Rh-coated for Ir LIII), and it was monochromatized in qexafs mode using a liquid nitrogen-
cooled channel-cut Si (111) monochromators 93. The beam size on the sample was 1.5mm x 0.4mm 
(horizontal x vertical). Energy calibration was conducted using a Co reference foil for the Co K-edge 
position and a Pt reference foil for the Ir LIII-edge. XAS detection at the Ir LIII-edge was performed in 
transmission mode using ion chambers with 2 bars of N2. Co K-edge spectra were collected using a 
PIPS detector in quick fluorescence mode 94. 

Rebecca Pittkowski processed the data using ProQEXAFS, which involved calibration, interpolation, 
normalization, and averaging of each sample (with a measurement time of 300 seconds) 95. The 
averaged XAS spectra were further analyzed using the DEMETER software package. The raw spectra 
were aligned to a metal reference foil in terms of energy, corrected for background, and normalized 
based on the edge step. The energy units (eV) were converted to photoelectron wave number (k) 
units (Å−1), and the resulting χ(k) functions of the XAS spectra were weighted with k2 and then Fourier 
transformed to obtain pseudo-radial structure functions. 

The fits to the EXAFS spectra were carried out using ARTEMIS, a component of the DEMETER software 
package based on IFFEFIT 96. Reference XAS spectra of pure metal foils were utilized to estimate the 
amplitude reduction factors. For the Ir LIII-edge data, the fitting was performed in R-space with weights 
of k2 and k3. The Fourier transform was applied within a k-range of 3-15 (Å−1), while the fit window 
was set within an R-range of 1.2-3.0 Å. Similarly, for the Co K-edge data, the fitting was done in R-
space with a weight of k3. The Fourier transform was performed within a k-range of 3-11 (Å−1), and 
the fit window was defined within an R-range of 1.15-3 Å. 

The metal-oxygen scattering path was assumed to have an ideal six-fold (octahedral) coordination, 
while the metal-metal scattering paths were based on a 12-fold coordination. To simplify the fitting 
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process for the Co K-edge EXAFS, the estimated values obtained from the respective fits of the Ir LIII-
edge data were utilized and kept constant for the M-O and Co-Ir scattering paths. 

In-situ XAS at the Diamond B18 beamline 
To obtain more information from the formation of the local structural arrangements of the 
catalytically active iridium as well as the influence of cobalt as a secondary element under operating 
conditions, in-situ XANES and EXAFS were performed using an electrochemical flow cell  configuration 
97 at the Diamond B18 beamline. The measuring team sent to the beamline was formed by Jochen 
Klein and Sonja Blaseio from TU Braunschweig, who performed the XAS measurements; and me, who 
prepared the samples for the in-situ electrochemistry.  

Aside from preparing a new batch of Ir-Co samples in the same way as for the XAS analysis at the PSI, 
a set of as-deposited samples was included. Furthermore, metallic Ir and IrOx samples sputtered with 
a 0.4 mgIr cm-2

geo
 on GDL substrates were provided as references. 

Due to the configuration of the beam monochromators, it was not possible to measure Ir and Co 
together. Hence, X-ray absorption spectra were collected on the Ir LIII-edges of all Ir-Co leached 
samples ex-situ and in situ. Additionally, X-ray absorption spectra were collected of the ex-situ 
samples at the Co K-edge. 

In the first place, ex-situ X-ray absorption spectra were collected at the Ir LIII-edge detectors for both 
the as-deposited and leached Ir-Co samples. 

 
Figure 11. Beamline setup for in-situ XAS in the B18 beamline in Diamond A) Detectors and the cell configuration. Assembly 
of the B) sample embedded in carbon paper with Kapton backing as working electrode, C) cell separating element, and D) 
graphite cathode below the sealed reference electrode chamber. The assembled cell with the tubing for continuous flow of 
electrolytes can be seen in E). 

Using the same beamline configuration, the three leached series with different Ir: Co ratios were 
mounted into the electrochemical flow-cell setup, see Figure 11. The samples were inserted first into 
a GDL backing taped with Kapton from the backside to electrolyte permeation and leakage and then 
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aligned with the analysis window in the center of the cell. To reduce the measurement noise and 
contact problems during the measurement, no membranes were used in the assembly.  

In this setup, the X-ray absorption spectra of the Ir LIII-edge were collected in situ. The samples in the 
series were studied under an open circuit potentially and then under increasing oxidation currents 
(10; 100 and 250 mA/cm²). The chemical states and the local structure were studied with XANES and 
EXAFS respectively.  

After the beam configurations were changed to measure Co, we intended to gather in-situ 
measurements on the same samples on the cobalt K-edge. Unfortunately, due to the constant flushing 
of the electrolyte over the surface of the electrode, the remaining Co content after the previous in-
situ Ir-edge measurements was deemed too low to produce an acceptable signal in a reasonable 
measurement time. Hence, the Co edges could only be measured ex-situ in as-deposited and leached 
samples.  

2.3 The Gas Diffusion Electrode (GDE) setup 
To this day, the most conventional methods to benchmark catalyst activity for PEM fuel cells and 
electrolyzers remain the thin-film rotating disk electrode (TF-RDE), mainly for fundamental studies 98–

101, and the membrane electrode assembly (MEA), which integrates the basic elements of a single-cell 
system. 

Undoubtedly, MEA measurements provide the most comprehensive approach for investigating 
catalyst activity and degradation in PEMWE or PEMFC systems. In this setup, the performance of 
complete electrode assemblies with large electrode areas and thicknesses can be evaluated under 
realistic conditions, while maintaining meticulous control over reaction parameters like temperature, 
pressure, and reactant flow 28,57,102,103. 

On the other hand, breaking down the influence of each element and specifically processes at the 
electrode interfaces from the overall system performance poses a significant challenge, which often 
requires extensive experience to achieve solid benchmarking conditions. Therefore, obtaining the full 
picture is a resource and cost-intensive process, not only in materials and instruments but also in 
human capital and time. Furthermore, to benchmark catalyst activity, RDE measurements can capture 
pure kinetic data.  

Due to its relatively quick operation and cross-comparability, the TF-RDE has succeeded for many 
years in the research community as the preferred laboratory-scale method to extract catalyst activity. 
However, it's widely acknowledged that the idealized conditions found in RDE setups limit the 
comparability to the realistic operational conditions observed at the reaction interface within full 
membrane electrode assembly (MEA) systems. This discrepancy arises primarily due to artifacts 
identified in the measurements, reactant supply, the limited substrate options, and the restriction to 
use low catalyst loadings and current densities 61,69,98,99,104,105. 

Fortunately, the recently introduced gas diffusion electrode (GDE) technique has helped greatly to 
bridge many of these limitations from traditional lab testing to industrial applications. Same as the TF-
RDE, the GDE setup is a three-electrode setup designed for small electrode sizes, which can be easily 
assembled to produce multiple measurements in a short time.  
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However, the GDE permits the assessment of half-reactions by featuring realistic electrode structures 
and higher loadings that result from thicker layers. In this regard, the transfer of the reacting species 
is produced through the pore structure defined by the substrate and the catalyst deposition, 
permitting to study of different characteristic mass transport accurately.  Furthermore, a membrane 
can be hot-pressed on the test electrode creating a triple-phase boundary analogously to MEA 
configurations. These conditions offer a true insight into the mass activities of the catalyst by factoring 
in the electrochemical active area and the specific activity recorded in the reaction surfaces. 

The GDE technique has already been established for ORR conditions for PEMFCs62–64,79 using 
supported catalysts on carbon substrates and also introduced to OER studies 70,71. 

A crucial focus of this work has been to develop and create a novel GDE setup aimed at evaluating 
self-supported catalysts used in water electrolysis under realistic conditions. Combining the GDE 
setup characterization and the PVD-MS catalyst manufacturing approaches allows for making better 
use of the resources by deriving the relationship existing between catalyst design and performance.  

The process of expanding the capabilities of the original setup went beyond simply interpreting the 
electrochemical processes occurring within the system. It also involved comprehending the 
mechanical interactions influenced by the geometry of elements in the cell element and optimizing 
the measurement parameters to attain realistic operation conditions. The continuous setup 
optimization permitted to differentiate between artifacts and noise from valuable information related 
to the physical and chemical processes taking place in the system. 

2.3.1 Self-supported catalyst optimization for OER in the GDE setup.  
The introduction of the GDE setup for PEM electrolysis in acidic media has been only reported in a 
handful of studies 70,71. Furthermore, its application with self-supported catalysts had never been 
explored previously and hence required its own optimization path.  

The starting basic half-cell GDE configuration was first introduced by  Wiberg et al. (2015) 66 featuring 
a lower cell made of stainless steel with a circular flow field extruded Ø 3 mm inside and a Teflon top 
compartment with a single chamber. The reader is referred to Manuscript II for a visual understanding 
of the details of the original cell design and the changes that were introduced in the GDE into the cell 
to accomplish OER studies with in PTL substrates. Although the initial OER investigations on the GDE 
cell using carbon substrates did not require a special cell design, it was necessary to optimize two 
aspects.  

First, the contact assembly was updated with a Ø 20 mm Teflon ring with a Ø 3 mm Ti PTL mesh inset. 
The Teflon washer provided a better sealing than the carbon paper and the PTL mesh improved the 
pressure distribution in all parts of the catalyst and hence guaranteed a stable electrical contact, which 
is especially relevant in an open cell setup where pressure is only applied from one side.  Additionally, 
the inset also served as a guide to provide a reproducible sample positioning at the center of the cell. 
Underneath, a Ø 20 mm GDL without an MPL was used as a spacer to close the cell.  

Second, a new pressing procedure was designed to form the GDE. The conventional cold-pressing 
procedure was not successful in creating a lasting contact between the membrane and the sputtered 
carbon substrates, which unlike the catalyst layers in previous studies did not include any binder in 
their composition. Therefore, the GDE assembly experienced delamination during the measurement 
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leading to poor activities and generally poor reproducibility. Hence, a hot-pressing step was necessary 
to infiltrate the Nafion from the membrane into the catalyst layer and create a much larger contact 
interface that could anchor the assembly together.  

In this procedure, a custom hot-pressing station developed in the laboratory was utilized. This station 
employed a modified soldering iron to generate the necessary heat and featured a small vertical lever 
press equipped with adjustable weights to control pressure levels. To conduct the hot pressing, the 
soldering iron was set to a temperature of 130 °C, with the hot tip's temperature being monitored 
using a type J thermocouple. Before pressing, the GDEs were placed on the hot end of the setup 15 
minutes in advance to ensure a uniform temperature distribution. Following this preheating step, the 
GDEs were subjected to a pressure of 84 bar for 60 seconds. This pressing process aimed to establish 
a strong interfacial contact between the coated substrates and the Nafion 117 membrane (183 µm 
thickness, Fuel Cell Store). The Nafion membrane was activated following the method described by 
Schröder et al. (2021) 70. 

The hot-pressed GDE could then be placed into the cell over the contact assembly and tightened with 
a clamp. Next, the top chamber was filled with 1M HClO4 as the supporting electrolyte, and the RHE 
and Pt wire used as CE were carefully positioned in their respective frits. Notably, the entire assembly 
process for a single test could be accomplished within 15 minutes.  

2.3.2 Setup development 
Initially, the GDE setup was used for OER studies using the same assembly configuration as in ORR 
investigations, where only GDLs and backing materials were utilized. However, there is a fundamental 
difference hindering this concept. In the case of ORR, even under high current densities, the cell 
potential window under normal operation (0.4 < VRHE < 1) does not trigger the degradation of carbon 
material. This absence of degradation is crucial, as carbon degradation could otherwise lead to 
increased permeability electrolyte and flooding issues as it for long been reported in fuel cell start-
up/shut-down situations under hydrogen starvation conditions 106. Indeed, when comparing the OER 
activity of Ir-Co catalysts on carbon substrates in Manuscript II, irreversible carbon degradation 
triggered at > 1.6 VRHE drastically limited the achievable current density range of the measurements. 
Therefore, approaching MEA-like conditions required changing the substrates to Ti PTLs, where the 
native TiO2 oxide formed under acidic conditions offers much better protection against the high OER 
potentials.  

Towards reliable activity measurements  
The adoption of PTL substrates was the starting point of a series of modifications including a tighter, 
carbon-free assembly; newly designed cell elements for an improved iR-correction, and an updated 
water supply system using a peristaltic pump. The collective outcome of these changes resulted in the 
updated experimental setup, referred to as the PTE setup, exemplified in Manuscript III.  

Initially, the adoption of Ti PTL substrates posed challenges in their processing. Unlike the soft GDLs, 
punching through the 0.4 mm Ti sheet caused deformation to the Titanium fibers, see Figure 12A and 
B. On the other hand, processing the material using laser cutting offered better results, see Figure 12C 
and D. However, using the latter method for every sample could question the PTE setup as a lab-scale 
technique for accelerated and economical testing.  
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Figure 12. Confocal microscope images (A, C) and height map contours (B, D) from Ti felt PTL blanks of 3 mm in diameter 
were extracted by two different methods:  hand punching in the upper row, and laser cutting in the bottom row.  

The solution was to increase the punched-out areas from Ø 3 mm to Ø 5 mm.  With a 277% increased 
area, the relationship between edge deformation and flatter, undamaged area in the middle of the 
samples was relatively small.  

The larger electrode area is also signified using high currents, which could create a larger error in the 
measured potential considering the high measured high-frequency resistance (HFR) measured by the 
RHE. A newly designed top-cell made of PEEK addressed this problem with the incorporation of a 
Luggin capillary in a separate chamber ending directly on the membrane. In this way, the HFR 
measurement was reduced by 90% from the previous single-chamber configuration. The choice of 
PEEK over Teflon also prevented the bubbles from forming at the CE to stay at the bottom of the 
aperture creating a massive cell resistance.  

Since the primary focus in Manuscript III was placed on the development of the PTE setup for 
extended current density studies, the catalyst material variables and preparation processes were 
minimized by using a sputtered IrOx catalyst with 0.250 mgIr cm-2

geo on a PTL. Aside from the change 
in substrate materials from GDEs to PTEs, the influence of the hot-pressing method and the reactant 
supply of the high current density were also studied in the new setup.  
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The reactant supply was benchmarked using the parameters used for the former GDE configuration, 
i.e. using humidified O2 gas at 100 sccm, and comparing it to using DI water supplied by a peristaltic
pump (Ismatec Reglo Quick) into the cell at 40 ml min-1 from an open reservoir.

The hot-pressing procedure in this study was performed at a temperature of 125 °C and for one 
minute. At first, the PTEs were hot-pressed with the membrane with a 7 kg weight as described in the 
former study in Manuscript II. As described in Manuscript III, the resulting contact pressure was only 
around 30 bar in the bigger electrode area, which showed low reproducibility and worse activity 
performances.   

Hence, increasing the weight from 7 to 16.7 kg weight was needed to scale the 84-bar pressure to the 
bigger electrode area. The relatively thicker Nafion 117 membrane allowed very high pressures to 
produce a good electrode contact consistently without any pinholes. It should be noted that from the 
literature, the trends in pressure values in CCM configurations tend to be smaller in the range of 30 
to 50 bar, as thinner membranes with lower ohmic resistances offer a better voltage efficiency 28. 

In summary, achieving a larger current density reproducibly without mass-transport limitations in the 
PTE setup was only possible by combining a suitable hot-pressing method and using water as a 
reactant. 

Considerations about stability measurements in the PTE configuration 
While the PTE setup was soon ready to perform reproducible activity measurements, finding the right 
configuration for longer stability measurements at high current densities was not straightforward. 
The main challenge was to maintain good contact with the cell elements during the length of the 
measurement and find an optimal water flow to limit mass transport from bubble evolution at high 
current densities, which produces an unstable voltage signal.  

Initially, it was assumed that mass transport limitations would decrease by increasing the flow until a 
constant stream of oxygen bubbles and water could be observed at the outlet. To observe the effect 
of different water flow rates on the stability of the measured potential was determined. A 10-minute 
run at operational currents of 2 A cm-2 was conducted on an IrOx catalyst deposited on a PTL fleece. 
The water was pumped from an open reservoir inside a double-sleeved glass insulation chamber into 
the cell through 6 mm thick flexible silicone tubing (Tygon R-3603, outer Ø 4.8 mm, wall thickness 1.6 
mm). Three different water feed rates were chosen for the peristaltic pump: the pump was initially 
set at 40 ml min-1, and then two additional values were tested, one set 100% higher and the other set 
50% lower than the initial setting, see Figure 13A.  

Figure 13. Voltage steadiness in the PTL setup at 2 A cm-2 of an IrOx catalyst of 0.250 mgIr cm-2
geo deposited on a PTL fleece. 

A) Influence of flow rate of water and B) Area and type of counter electrode.
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Even though the higher flow rates influenced the ratio of liquid water to bubbles at the outlet, it did 
not greatly influence the potential stability during the activity measurements. The pulsed pump 
operation from the peristaltic mechanism was also not detectable in the voltage signal. 

A further attempt was performed to investigate the origin of the voltage instability and bubble 
evolution as a function of different conditions in the CE chamber, see Figure 13B. In this case, the flow 
rate was fixed to 40 ml min-1, and three CE configurations were explored: a normal Pt wire, a Pt wire 
with a finer coiling and larger area, and finally a Pt GDE hot-pressed in a single step with the membrane 
and anode PTE and contacted from the back with a carbon rod to avoid having electrolyte in the 
chamber. The increased surface area of the Pt showed only a small positive effect on the voltage 
stability. On the other hand, the voltage stability was greatly increased with the Pt-coated GDL 
configuration.  

Since the bubbles were only avoided by eliminating the electrolyte from the experiment, it can be 
deduced that voltage instability is mainly produced due to oxygen bubbles in the electrolyte in the CE 
chamber nucleating over the membrane once the entire electrolyte volume is saturated. However, 
using a Pt-coated GDE as a CE is, in practice, preparing a small MEA with all associated difficulties: 
difficult alignment and hot-pressing preparation, contact issues and sealing problems with the 
reference electrode chamber, possible contamination (illustrated by the larger overpotential in Figure 
13B) and in summary, sacrificing the simple operation and potential for diagnostic from the open 
configuration in the half-cell. 

In the former experiments, it was detected that feeding water into the cell with the peristaltic pump 
increased the pressures between the inlet and outlet over time, pushing the PTE and the assembly 
through the aperture. The separation of the assembly elements resulted in increasingly worse 
electrical contact and decreased cell tightness. Ultimately, the increased pressure produced sudden 
failures due to water and electrolytes flooding the inner cell assembly or snapping off the tubing 
connections, as was the case while using higher flow rates (in blue) in Figure 13A.  
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Figure 14. Improvements in the steadiness of the working electrode potential by changing the pump configuration. A) The 
pressure (represented in blue arrows) is introduced by the water as it is being “pushed” from the pump through the cell. B) 
While the outer membrane parts are tightly formed in the assembly, the upward force from water and the evolving gas can 
deform and detach the membrane from the substrate. Using the C) “push” configuration, the D) voltage steadiness at high 
current densities is resented. On the other hand, E) drawing the water from the reservoir into the cell creates a downward 
force on the membrane, helping bubble removal, and F) increasing the voltage stability. 

A small advancement in maintaining a steady measured potential was achieved by reversing the pump 
configuration, see Figure 14. Instead of pushing water through the cell (Figure 14C), water was drawn 
from the reservoir at the same flow rate (Figure 14E), which helped reduce contact problems by 
creating instead a downward force that compressed all the elements together (Figure 14F). Moreover, 
the negative pressure ensured that the connections between the tubes remained closed while under 
compression. This configuration also allowed us to assess the assembly's tightness by directly 
observing the electrolyte level within the upper cell or the emergence of air bubbles from the outlet 
while the cell was not subject to any load. A quick appearance of air bubbles at the outlet and a rapid 
decline in electrolyte level due to the suction force from the pump evidenced that the cell was untight. 
A further advancement in the steadiness of the measured potential was reached by carefully adjusting 
the probing aperture of the Luggin in the top cell on an area of the membrane that would not deform 
under pressure. 

2.4 Electrochemical Characterization and Characterization Techniques  
All the electrochemical measurements were performed using a potentiostat (ECi-211, Nordic 
Electrochemistry ApS, Denmark).  

Other than the experiments performed in Manuscript I, which were aimed at comparing the ORR 
activity and ECSA across different GDE setup configurations, the rest of the measurements included 
in publications II and III were performed on Ir-based catalysts with OER in focus. In Manuscript II, the 
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development of the metallic Ir-Co catalyst structure connected with the Co: Ir ratio was investigated 
in the GDE setup. Here, specific protocols were designed for the leaching of the Co, activation, ECSA, 
and OER activity determination. With the development of the PTE setup, stability protocols could be 
introduced into this configuration using IrOx, as well as recording the degradation from the loss of OER 
activity and CVs included in Manuscript III.  

2.4.1 Basic operation of the potentiostat 
At the heart of all electrochemical measurements lies the potentiostat. Although more detailed 
explanations can be sourced from various references, it's crucial to grasp several fundamental 
concepts linked to potentiostat instrumentation to effectively configure electrochemical 
measurements and understand the limitations of the instrument. In the terminology used by Nordic 
EC for its potentiostats, these are the current mode, current range, and control speed. 

Physically, the potentiostat records a voltage signal 𝑈𝑈𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎 when the current 𝑖𝑖𝑊𝑊𝑅𝑅  applied travels 
through an internal resistor 𝑅𝑅𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎, see equation 3. The different current modes refer to 
measurement resistors of varying magnitudes which apply independent conversion factors to 
transform current into voltage. In a later stage, the signal can be amplified, which is done by selecting 
the current range. 

𝑈𝑈𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝐴𝐴𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝐴𝐴𝐴𝐴 𝑥𝑥 𝑅𝑅𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑥𝑥 𝑖𝑖𝑊𝑊𝑅𝑅  (3) 

As it is stated in equation 4, the working electrode potential 𝑈𝑈𝑊𝑊𝑅𝑅  in a three-electrode setup is 
obtained by measuring the potential against the reference electrode. The iR-free potential can be 
obtained by subtracting the voltage drop through the solution resistance 𝑅𝑅𝑚𝑚𝑎𝑎𝑠𝑠  from the measured 
potential 𝑈𝑈𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎. This resistance can be recorded continuously with a small AC signal with a 
varying amplitude that is proportional to the current range. Changing the amplitude of the signal 
allows it to be strong enough to be detected, but not so high that it disturbs the applied current during 
the measurement.  

𝑈𝑈𝑊𝑊𝑅𝑅 =  𝑈𝑈𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎 − 𝑖𝑖𝑊𝑊𝑅𝑅 ∗ 𝑅𝑅𝑚𝑚𝑎𝑎𝑠𝑠  (4) 

One should also realize that changing the current mode could affect the 𝑅𝑅𝑚𝑚𝑎𝑎𝑠𝑠   compensation, as the 
𝑈𝑈𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎/𝑖𝑖𝑊𝑊𝑅𝑅  the conversion factor for each resistor might be different. 
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Figure 15. A schematic view of the current coverage scale from the ECi-211 potentiostat. The resistors controlling the current 
modes (CM) are represented in different colors and their current range is symbolized by the straight connectors. The 
saturation gradient represents the loss of measurement signal quality due to signal amplification. 

As seen in Figure 15, the highest quality of the 𝑈𝑈𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎  potential signal is obtained with the 
minimum amplification. However, not all current ranges can be always selected due to the restrictions 
set by the current mode. Hence, it is important to find the correct current mode and current range 
combination for a specific measurement. 

When we need the potentiostat to set a particular 𝑈𝑈𝑊𝑊𝑅𝑅  electrode potential, the current speed 
becomes important. This parameter refers to the agility of the potentiostat to perform the feedback 
loop to approximate the 𝑈𝑈𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎  to 𝑈𝑈𝑊𝑊𝑅𝑅  using a proportional integrative derivative (PID) controller. 
The components respond differently to time, which means that the frequency of the control loop can 
regulate the stability of the system at the cost of less responsiveness to follow the process. In a 
practical sense, a slower control speed is preferred for fast-changing processes, involving perhaps 
bubble evolution in a reaction. Effectively, the potentiostat reacts more sluggishly to the changes in 
the system. On the other hand, a faster control can make the measurement more stable in processes 
where small changes need to be adjusted quickly, such as in the CV using a Luggin capillary with a very 
low 𝑅𝑅𝑚𝑚𝑎𝑎𝑠𝑠.  

Aside from the electrical measurements, the used potentiostat collects and transmits electrical signals 
to other units responsible for controlling the experimental conditions, such as the switch between Ar 
and O2 gas during the measurement process. As the setup evolved, a Pt100 resistor sensor was 
integrated to enable temperature readings in the stainless-steel bottom cell section. Additionally, the 
drivers were upgraded to regulate the speed of a peristaltic pump as part of the measurement 
protocol. 
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2.4.1 Reversible hydrogen electrode (RHE) calibration 
Preparing the RHE was the starting point and the common denominator to all electrochemical 
measurements performed through the three Manuscripts. This choice was made due to its simplicity 
and ease of use.  

The RHE consists of a glass borosilicate capillary with a Pt wire open to one side, which can be easily 
cleaned in an acid bath and boiled in water to strip away any metal and organic contamination. Once 
cleaned, it is prepared by driving the HER in situ with the supporting electrolyte, eliminating the need 
for salt bridges that could otherwise contaminate the electrolyte. Furthermore, the RHE remains pH-
independent during the Oxygen Evolution Reaction (OER) as the pH corresponds to the solution, the 
same electrolyte is used. However, the open configuration could also allow oxygen from the air or 
foreign Co ion contamination from leaching residues to enter the capillary over time and shift its 
potential. The latter problem was solved after placing the RHE in a glass frit in the PTFE mono-
compartment in the GDE setup and was neither detected when the RHE was in a separated 
compartment using the PEEK top in the PTE setup. 

To prevent any false potential reading due to potential shifts, the RHE was prepared in a separate cell 
with a Pt GDE and an H2-saturated electrolyte of the same molar concentration as the test cell, e.g. 1 
M HClO4. Cycling in a small potential window of -0.005 to 0.005 V with a 100 mV s-1 sweep rate, the 
current behaves approximately linearly with the potential, allowing us to find the true VRHE electrode 
potential at the intersection of zero current. The acceptable range for initial RHE values was defined 
as ± 0.003 VRHE. In case of a larger deviation, the RHE was remade, and the calibration procedure was 
repeated to avoid systematic potential deviation errors. A large deviation can happen due to oxygen 
residuals in the gas atmosphere of the RHE. 

2.4.2 Acid leaching of Ir-Co catalysts 
Ir-Co catalysts prepared on GDLs described in Manuscript II were leached electrochemically in the GDE 
and the leaching station in 1 M HClO4. The catalysts were submitted to a CV protocol using HClO4 1M 
reported by Jensen et al. 55. Leaching took place in a humidified Ar atmosphere with a flow rate of 100 
sccm. The leaching process occurred within a potential range of 0.05 to 0.5 VRHE, utilizing a scanning 
rate of 100 mV s-1 for a total of 30 cycles. The final CVs were typically stable. 

The selected potential window and the de-oxygenated atmosphere ensured that Ir remained in a 
metallic state, which is necessary for the quantification of the electrochemically active surface area 
(ECSA) using the hydrogen underpotential deposition (Hupd). After leaching, the electrolyte was 
exchanged into the top compartment to avoid Co contamination of the RHE and CE electrodes.  

2.4.3 ECSA determination of Ir-based OER catalysts 
Before obtaining the Hupd of Ir-Co catalysts in a metallic state, the GDEs were cycled 30 times between 
0.025 to 1.2 VRHE at a scan rate of 100 mV s-1 while purging the cell with humidified Ar to clean the 
surface of any impurities and saturate the atmosphere with Ar to see the Hupd region. It should be 
noted that ECSA characterization by the Hupd method does not apply to sputtered IrOx catalysts as the 
surface is already oxidized. 

The hydrogen underpotential deposition Hupd was quantified from the integrated area in a window of 
0.025 to 0.25 VRHE of the last anodic scan over a linear baseline constructed from two current values 
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measured at larger potentials between 0.4 to 0.5 VRHE in a capacitive-only window as shown by Inaba 
et al. 107  

To determine the electrochemically active surface area (ECSA) of the catalyst, a fixed conversion 
coefficient of 176 µC cm−2, as referenced by Jensen et al. 55, was applied to calculate the ECSA using 
the following formula: 

 𝐸𝐸𝐸𝐸𝐸𝐸𝐴𝐴 [𝐴𝐴2𝑔𝑔−1] =
𝑄𝑄𝐻𝐻𝑚𝑚𝑢𝑢𝑎𝑎

𝐿𝐿𝐼𝐼𝑚𝑚 ×  176 µ𝐸𝐸 𝐴𝐴𝐴𝐴−2 
(5) 

 

The changes in the Hupd area and the double layer capacity before and after OER activity and stability 
measurements provided a better understanding of the catalyst's behavior and performance over 
time. Averaging the charge from the CV area could help to distinguish between activation processes 
and loss of ECSA due to degradation. The degradation of the catalyst would be indicated by a decrease 
in the total charge area in the CV, both in the double layer capacity decreased along with the Hupd. On 
the other hand, a decrease in the Hupd in favor of an increase of the double layer capacity in larger 
potentials of 1 to 1.2 VRHE would suggest an increase in total capacity and an activation process of the 
catalyst.   

2.4.4 Activation protocol  
All sputtered catalysts, especially the Ir-Co catalysts, were susceptible to undergo a structural and 
chemical transformation that led to an enhancement in their OER activity. This process, known as 
activation, involves the development of chemically active phases which are typically Ir oxides and 
hydroxides in a dynamic process. To achieve this, the catalyst must be exposed to controlled oxidation 
conditions where the active phases can be formed avoiding degradation as much as possible in the 
process.  

There are different advantages to performing this under potential or galvanostatic control in the 
potentiostat. Under current control, the current is set between the WE and CE, and the potential is 
recorded between the WE and RE. However, as it was mentioned before in chapter 2.3, the highest 
current densities in GDEs were limited to hundredths of mA cm−2 since the process was limited by 
carbon degradation. This effect was visible in the exponential increase in the overpotential per step 
after reaching a certain potential, where the irreversible degradation process was accelerated. Using  
current control, there is a risk of trespassing the stable potential window of the electrode. 

Potentiostatic protocols are a more conservative choice, as they prevent any corrosion processes 
above the selected potential to be produced.  In turn, any increase in uncompensated resistance leads 
to a diminished amount of current applied to the electrode, limiting the application of the current by 
the most resistive component in the electrode. A further improvement to this method is the 
application of iR-compensated potentials during the measurement, which is a feature made possible 
by the application of AC to in-situ compensate for the iR drop configuration. Only then, the potential 
applied is at all times as close as possible to the real potential at the electrode surface. Hence, the 
activation currents are generally more stable during the process.  

The Activation step used in Manuscript II for Ir-Co catalysts on GDLs was designed after this principle, 
applying 1.70 VRHE for 20 min. in an Ar atmosphere with an iR-compensation set to 95%.  
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2.4.5 OER activity determination 
Aside from characterizing the activation and degradation effects by CV, OER activity measurements 
were recorded using a step galvanostatic protocol in the GDE and the PTE setup. 

The initial parameters in the protocol for the GDE setup studies were transferred from the former 
OER studies in the GDE setup from Schröder et al. 70, such as using humidified gas as a reactant in a 
limited range of current densities. The OER activity protocol in the GDE setup in Manuscript II started 
at 0.25 mA cm-2 and was limited to current densities up to 250 mA cm-2 where mass-transport effects 
were already noticeable. This represents 1 to 1000 A g-1

Ir in terms of mass current density for the three 
Ir-Co series of equal loading (0.25 mgIr cm-2

geo). In this range, a total of 15 data points were collected 
through sequential 5-minute current steps spanning over two different current modes to avoid using 
strong current amplification. The data points were collected in narrower intervals in the initial 
activation range and were progressively spaced as the current densities increased, and the last 30 
seconds were integrated to obtain the potential at every specified current density.  

The introduction of the PTE setup to explore realistic Ti PTL substrates allowed to extend mass 
transport-free OER currents by a factor of 8 up to 2 A cm-2 (8k A g-1

Ir), feeding DI-water from a reservoir 
into the cell at 40 ml min-1. As the focus of the protocol shifted towards larger current densities, 6 
additional current steps were added, and the step length was reduced to 10 s. By choosing a shorter 
step length, a stable signal was achieved despite the rapid bubble evolution at elevated current 
densities. Comparing 10 and 30 s step lengths revealed that integrating the potential over the final 
second of a 10-second step yielded comparable results to the last five seconds of the 30-second step, 
which shows that a steady state could be achieved relatively fast, see Figure 16A.  

 
Figure 16. A.OER potential stability is compared between two different integration ranges for every step in the same 
protocol, with the indicated current modes (CM) used for the respective steps. B. The impedance signal collected in the steps 
at the lower current mode (orange) was more scattered than the ones at high current densities in the higher current mode 
(green).  

In the GDE setup, the Tafel slope was obtained in a reduced interval in the kinetic-dominated region 
from 2.5 to 25 mA cm-2 where mass transport limitations were negligible. The enhancements made in 
the PTE setup in terms of precise iR-correction in combination with the better mass transports 
achieved in the electrodes allowed for Tafel extrapolation up to high current densities.  
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iR – correction  
In both GDE and PTE setups, an AC signal with a frequency of 5 kHz and small amplitudes (max. 10% 
of the applied current) was applied to the DC currents to obtain the HFR throughout the length of this 
step. As discussed by Schmitt et al. (2022) in the context of ORR measurements in GDEs at high current 
densities 108, online-HFR measurement can provide a more accurate post-correction of the measured 
potentials in comparison with doing EIS every step, as the shorter steps minimized the possible 
artifacts like bubble evolution or temperature changes during measurements. However, this method 
delivers an overall value of uncompensated resistance, which in this frequency range is assumed to 
be equal to the HFR, i.e. the pure sum of ohmic contributions. In practice, the quality HFR signal 
collected must be interpreted carefully.  

First, the HFR signal-to-noise ratio collected in the low current region is very low even if high AC 
amplitudes are used and should not be considered absolute. Fortunately, as the currents increase to 
magnitudes where the correction error becomes more relevant, so does the HFR signal-to-noise ratio, 
see Figure 16B.  

Second, as previously mentioned, the recorded impedance recorded at this single frequency is 
assumed to be mostly dominated by uncompensated ohmic resistance contributions.  That is, the sum 
of interfacial resistances from the RE up to the clamping position of the WE, as well as the bulk 
resistance of the membrane, catalyst, and all assembly elements including the cell body. As observed 
by Zheng W. (2023), a post-correction of the uncompensated resistance gives a value close to the 
intrinsic activity of the catalyst 109. However, to make the previous assumption, the phase value of the 
impedance should always be very small, close to zero. Nevertheless, it is not uncommon to observe 
increased phase values during the measurement, corresponding to capacitive contributions that 
increase the overall resistance value and draw overcorrection errors. 

Phase variations in the measured impedance during the protocol might introduce iR post-correction 
errors by including capacitive or inductive contributions. These variations become more evident when 
switching the measured resistor by changing the current mode due to their calibration parameters. 
However, a more significant influence on the stability of the measured impedance lies in the quality 
of the cell assembly and the contact areas. Therefore, it is critical to maintain the cell contact surfaces 
free of any rust or debris, position the inner cell elements in a reproducible manner, and keep a 
constant clamping pressure when tightening the cell parts together.  

2.4.5 Catalyst stability 
Literature shows that the most challenging conditions for maintaining anode catalyst stability in 
PEMWEs occur during continuous high-current density tests for extended duration. 104,110–112  

As introduced in chapter 2.3.2, stability measurements featured in Manuscript III at high current 
densities were first introduced with the PTE setup on an IrOx sputtered catalyst with a 0.25 mgIr cm-

2
geo loading to avoid introducing further material-related experimental variables such as leaching and 

activation. 

The suggested stability protocol involved the application of a constant current density of 2 A cm-2 in a 
20 h continuous operation separated into 4 blocks of 5 hours. Online measurement of the high-
frequency resistance (HFR) was conducted using a 5 kHz AC signal with a 5-mV amplitude. This 
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approach enabled the continuous assessment of cell resistance while causing minimal disruption to 
the measurement process. 

Liquid DI water was recirculated at RT during the measurement pushing it from a reservoir in a 1.5 L 
laboratory flask into the cell at 40 ml min-1 with a peristaltic pump. CVs and the OER activity up to 2 A 
cm-2 were recorded before and after the stability test to assess the performance losses. 

Eventually, this stability protocol on the PTE setup was also demonstrated for Ir-Co catalysts.   
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3. Discussion of the appended manuscripts

In this chapter, the manuscripts in which I was involved are presented. My specific contributions are 
indicated for each manuscript, encompassing activities ranging from conceptualizing, performing, and 
analyzing the experiments to the drafting of the manuscript. 

In the discussion parts, the key findings are summarized and elaborated by incorporating insights from 
discussions in group presentations and conducting an in-depth analysis of experiments. This approach 
aims to offer readers a more comprehensive understanding of the topic at hand. 

The appended manuscripts are presented in the following order: 

Manuscript I consolidates the Gas Diffusion Electrode testing technique concerning its application for 
studying fuel cell catalysts. The technique addresses the need within the electrocatalysis community 
to bridge RDE and MEA measurements and provides transferrable insights at a research laboratory 
scale. In the manuscript an interlaboratory comparison is conducted and best practices are presented. 

Manuscript II focuses on the integration of the Gas Diffusion Electrode technique for water 
electrolysis investigations using cutting-edge catalyst materials. It outlines an accelerated catalyst 
development cycle by combining this benchmarking technique with catalyst production methods 
using physical vapor deposition.  

Manuscript III extends the application of the Gas Diffusion Electrode technique for water electrolysis 
investigations by introducing a Porous Transport Electrode configuration. These studies expand the 
capabilities of our setup to perform investigations of Ir-based catalysts on application-ready substrate 
materials at high current densities.  
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3.1 Manuscript I: 

K. Ehelebe, N. Schmitt, G. Sievers , A.W. Jensen, A. Hrnjić, P. Collantes Jiménez, et al.

Benchmarking Fuel Cell Electrocatalysts Using Gas Diffusion Electrodes: Inter-
lab Comparison and Best Practices.  

ACS Energy Lett. 2022, 7(2):816–26, 

https://doi.org/10.1021/acsenergylett.1c02659 

https://doi.org/10.1021/acsenergylett.1c02659
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3.1.1 Description:  
In recent years, extensive fundamental research has focused on developing catalysts for PEMFCs by 
RDE measurements. These efforts have led to the discovery of several promising catalyst materials. 
However, a notable challenge has emerged when translating these findings into technologically 
relevant conditions; particularly within the context of MEA tests, where noticeably less favorable 
performances have been observed.  

RDE measurements are a fast and cost-efficient way to investigate the intrinsic activity of catalysts. 
MEA tests, on the other hand, are crucial for understanding the complex interactions among various 
components within the catalyst film, such as support and ionomer, as well as cell components such 
as the catalyst film, membrane, and porous transport layer. However, the effort and expenses 
required to set up and carry out MEA tests are considerable, requiring significant amounts of materials 
and time. These resource-intensive factors impede scientific progress. Furthermore, the task of 
comprehending electrode processes is inhibited by the fact that many factors contribute to the 
observed performance. Finally, comparing different MEA studies is hindered by differences in 
electrode processing and the applied operating conditions. 

To facilitate the transition of new materials from their testing in research laboratories to industrial 
applications, it is essential to develop a robust testing platform at the laboratory level that allows the 
performance assessment of catalyst layers that can be as approximate as possible to MEA tests. For 
this purpose, several types of GDE half-cell setups have been introduced in recent years. They are 
intended as a “bridging tool from research to application”, combining a simple operation and cross-
comparability ascribed to the RDE methodology with the more representative environment of full-
scale systems investigated in single-cell MEAs.  

However, to date, there has been a lack of consistency in the reported activity data obtained with the 
various GDE setups due to variations in the experimental protocols. The primary objective of this study 
was to establish a uniform measurement protocol for electrochemical and electrocatalytic 
characterization of materials across different laboratories, akin to previous work concerned with the 
RDE technique 101,113–115. 

In particular, the study aimed to compare the obtained values for ECSA and the ORR activity when 
using different GDE setups, however, the same catalyst layer and experimental protocol. This study 
was conducted with three different GDE half-cell designs with varying geometric areas of the working 
electrode, i.e. GDE-L= 2.01 cm2, GDL-M= 0.385 cm2, and GDE-S= 0.0707 cm2 ² (ø 3 mm). In addition, 
measurements with a modified floating electrode setup (MFE) with a geometric working electrode 
area of 0.0316 cm² (ø 2 mm) were also performed and compared against the other setups.  

3.1.2 Contribution to the work:  
I performed the electrochemical measurements on the commercially available Pt/C (HiSPEC® 4000) 
and PtCo/C (Umicore Elyst) materials prepared at the Helmholtz-Institute Erlangen-Nürnberg (HI-ERN) 
using the GDE setup configuration developed at the University of Copenhagen 64,66, denominated GDE-
S in the study. Initially, I performed ECSA determination for both catalysts using Hupd. I received a 
protocol for the ORR activity determination using a step-galvanostatic control alternated with EIS 
steps for iR post-correction. I modified and optimized this measurement protocol for its application 
in my GDE setup. Aside from recording the ORR activity with the proposed step-galvanostatic 
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protocol, the evolution of the ORR activity under non-steady conditions was studied using cyclic 
voltammetry and amperometry on the Pt/C GDEs (HiSPEC4000). Finally, I contributed to reviewing the 
first draft written by K. Ehelebe along with the rest of the authors.  

The ORR catalysts examined in this study included 1). A commercial Pt/C GDE (40 wt % Pt on Vulcan, 
FuelCellsEtc) 2) A self-sprayed Pt/C GDE (HiSPEC4000, 40 wt % Pt on Vulcan, Johnson Matthey), and 
3) A self-spray-coated PtCo/C GDE (Elyst 0690, 30 wt % PtCo on high surface area carbon, Umicore). 

3.1.3 Most relevant findings:  
The research underscores the significance of maintaining the catalyst layer quality and using a unified 
benchmarking protocol to achieve comparable measurements with different setups. The different 
capabilities of used GDE designs are interpreted based on their respective electrode sizes. 

Catalyst layer quality and GDE reproducibility: 
An initial inter-lab comparison was established using the commercial Pt/C GDE used as a benchmark. 
Even though the ORR-specific activity obtained was in good agreement for all setups and the literature 
values from RDE studies, a trend for lower performance was seen in the setup designs with smaller 
electrode areas. This effect was attributed to a higher representation of catalyst layer defects in 
systems using smaller electrode areas, highlighting the importance of homogeneous catalyst layer 
quality in ORR activity and ECSA measurement reproducibility and independent of the setup 
configuration used.  

The comparison was extended to the self-spray-coated Pt/C GDE (HiSPEC4000) and PtCo/C GDE (Elyst 
0690), both with 3 times lower loading (0.1 Pt cm-2) as compared to the commercial Pt/C GDE. In this 
comparison, the ORR activity and ECSA values measured using Hupd and CO-stripping were compared 
for both catalysts in all cell configurations. The ECSA of Pt/C HiSPEC4000 showed comparable values 
using both techniques on every cell setup, as well as the specific ORR activity. A SEM cross-section 
from this catalyst evidenced a homogeneous layer quality, which affirms the previous statement 
about the cross-comparability of results.  

On the other hand, the ECSA collected by CO-stripping on the PtCo/C Elyst 0690 catalyst was 
consistently higher in every setup compared to using Hupd. The higher ECSA values obtained through 
CO-stripping could indicate that this method captures the active area of catalysts with a greater 
roughness factor with better accuracy, as it was observed for Pt-alloys in RDE 116 and MEA 117 
configurations. Furthermore, the ORR-specific activity was substantially less comparable and showed 
a similar trend as for the commercial Pt/C catalyst, where larger electrode areas resulted in a higher 
performance. The discrepancies of ECSA and ORR activities between the setups observed for the 
PtCo/C Elyst 0690 catalyst were mainly attributed to the layer inhomogeneities due to the increased 
porosity of the high-surface-area carbon support material, as well as a non-optimized spraying 
deposition method.  By using drop-casting instead of spraying for the catalyst preparation, an 
increased comparability of the ORR activities was achieved. Further differences related to activation 
processes in microporous catalysts were also acknowledged, but not explored in the scope of the 
study.   

To finalize the comparison between catalysts, the ORR activity for every catalyst was benchmarked in 
the GDE-L setup configuration. Interestingly, the ORR performance trend of commercial Pt/C> self-
spray-coated Pt/C > PtCo/C at low current densities up to 0.75 Ageo cm-2 was reversed at higher 
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currents, situating self-spray-coated Pt/C > commercial Pt/C > PtCo/C. This can be understood by 
analyzing the influence of mass transport on the observed reaction rate by determining the Tafel 
slope. Ultimately, these results show that GDEs provide a distinct view into the higher current range 
processes mirroring MEA conditions which cannot be extrapolated from RDE measurements. 

The role of the GDE design in the electrochemical measurements 
To achieve true electrode potential measurements, it is crucial to measure the uncompensated 
resistance (Ru) as precisely as possible. This is a setup-dependent variable that is typically scaled with 
the electrode area, where Ru is most affected by measurement artifacts in large electrode areas. It 
was demonstrated that the current densities achieved by scanning the potential over time are limited 
by Ru compensation errors and the difficulty of achieving a steady state even at low scanning rates. 
Scanning the current over time instead, known as chronoamperometry (CA), eliminates the error 
introduced by Ru compensation. Nevertheless, the dynamic nature of CA results in hysteresis between 
cycles that difficult the obtention of a reproducible voltage measurement difficult. Hence, the best 
practice to measure catalyst activity is to use a step-galvanostatic protocol, where the voltage is 
recorded in steady-state conditions. To achieve this, the measurement steps should be long enough 
to achieve the desired steady state, and measurement artifacts should not affect the averaged 
potential. Most importantly, Ru should be measured as precisely as possible to avoid large iR post-
correction errors. 

To correctly represent the ECSA measurements of Pt-alloy catalysts, CO-stripping should be chosen 
over Hupd when possible. In cases where Hupd is used, an integration baseline that follows the double 
layer capacity should be used with carbon supports with high surface area in RDE studies, as well as a 
reduced Ar flow to avoid shifts in the hydrogen reduction peak to more positive potentials, common 
in MEA studies.  

Although all half-cell setups can produce comparable results using the same electrochemical protocol, 
their intrinsic differences from the different electrode areas and how they affect the iR correction 
need to be accounted for in the study design and result interpretation. From my perspective, the 
advantages of the setups with a smaller area are as follows.   

In the first place, fewer catalyst and electrolyte volume is needed, reducing the costs per 
measurement. In turn, the molarity may be increased to raise the conductivity. In this study, the 
electrolyte molarity in the GDE-S setup was doubled to 2 M to reach 2 A cm-2 and obtain comparable 
results to the other GDE setups. On the other hand, a larger molarity could increase the risk of 
contamination, which is not so much of a problem in larger setups.   

Additionally, using smaller currents simplifies the necessary control equipment e.g. for impedance 
spectroscopy, as compared to the comparable current densities in large areas. In particular, the 
measurement control of the iR-drop at large current densities is not so crucial due to the low absolute 
current. To illustrate this, the GDL-L had an iR drop of over 2 V at high current densities whereas the 
GDL-S was only about 1 V. However, a too-small electrode size can restrict the current density range 
due to very high internal resistance. This was the reason why the extremely small electrode size of 
the MFE setup had a restricted current density range of 0.5 A cm-2, in contrast to the 2 A cm-2 attained 
by the other GDE designs. 
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In the third place, less heating and bubbles are produced when using a smaller CE, minimizing 
measurement artifacts. On the other side, the measurement stability at high current densities is 
reduced if the bubbles cover the whole electrode surface, which is a consideration to improve the 
setup design.  

Finally, the smaller electrode areas used in GDEs give a much more sensitive electrochemical insight 
into the inhomogeneities of the catalyst layer as in systems using large areas. However, the smaller 
the electrode size, the larger the number of experiments to understand the average values of 
inhomogeneous catalysts, as well as the effort to maintain a high measurement reproducibility.  
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P. Collantes Jiménez, G. Sievers , A. Quade, V. Brüser, R.K. Pittkowski, M. Arenz.

Gas diffusion electrode activity measurements of iridium-based self-
supported catalysts produced by alternated physical vapor deposition.  

J Power Sources. 2023; 569 (April).  

https://doi.org/10.1016/j.jpowsour.2023.232990  (Open Access) 
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3.2.1 Description 
The scarce supply of Ir necessitates alternative approaches for designing more active catalysts with 
minimal resource usage in water electrolysis. PEMWEs are being explored for energy storage solutions 
and industrial hydrogen demand. As global hydrogen demand is expected to increase significantly, 
electrolysis capacity needs to be expanded.  

In numerous scenarios requiring scalability, elevated current densities, and swift adaptation to 
changing loads, PEMWEs hold the upper hand compared to alkaline electrolyzers. Nonetheless, 
PEMWEs depend on costly PGMs, notably the scarce Pt for the cathode and the even rarer Ir to 
facilitate the OER at the anode.  

Despite the strong efforts to reduce PGM usage by developing PGM-free catalysts with more 
abundant metals, Ir-based catalysts are presently regarded as the standard anode material option in 
commercial PEMWEs. Hence, it is important to consider alternative ways to increase the effective use 
of Ir and reduce its loading. The studied Ir-based catalyst features an enhanced ECSA due to its self-
supported porous nanostructure. This process includes an alternated PVD magnetron sputtering 
procedure, which defines composition and morphology, followed by a selective leaching step to 
create the self-supported structure. 

After demonstrating the viability of this method with Ir-Co catalysts in RDE studies 55, this research 
now shifts its focus to the electrochemical assessment using a GDE setup of three series of Ir-Co 
catalysts with a loading of 0.250 mgIr cm-2

geo
  and different nominal Co: Ir (1,2 and 4) weight ratios. By 

optimizing the deposition parameters, a 10-fold improvement in OER performance was achieved 
compared to a commercial IrOx particle catalyst of a higher loading tested in a comparable GDE setup.  

3.2.2 Contribution to the work  
In this work, I performed the electrochemical measurements and material characterization on three 
series of self-supported Ir-Co catalysts starting with a similar GDE setup configuration for OER studies 
as seen in the study from J. Schröder. G. Sievers performed the bimetallic catalyst deposition.  

The self-supported structure was created in an acid-leaching process using a floating electrode cell 
configuration of my design. Then, I adapted the half-cell assembly to include a hot-pressing step to 
preserve good contact between all elements in the half-cell GDE assemblies, as well as incorporating 
better sealing elements. To measure the OER activity, I adapted the step-galvanostatic protocol 
proposed by J. Schröder and extended the upper limit of the current density range from 150 up to 
1000 mA mgIr

-1. 

 I performed the SEM and EDX characterization and result interpretation in all bimetallic catalysts 
series. I also prepared the samples for the XAS performed at the PSI SuperXAS beamline X10DA. The 
results were measured by A. Clark and interpreted by R. Pittkowski. A. Quade analyzed the samples I 
submitted for XPS analysis. Last, the samples I sent for XRD were measured by A. Albrecht, our lab 
technician.  

I wrote the first draft, and after internal review from G. Sievers, M. Arenz, and R.K. Pittkowski, it was 
approved by all co-authors. 
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3.2.3 Most relevant findings 
This study design highlights the flexibility of the PVD + GDE method combination to fast-track the 
catalyst development process: The GDE cell shows the potential to bridge the gap between research 
and application for next-generation water-splitting catalysts. 

Self-supported catalyst processing 
The Co: Ir ratio detected by EDX in the as-deposited state (Ir28Co72, Ir45Co55, Ir75Co25) followed the same 
trend established in the nominal ratios (4,2,1), albeit not identically. The three series of Ir-Co catalysts 
displayed similar microstructural features and compositional and high homogeneity as observed by 
the SEM – EDX. XRD analysis indicated a highly amorphous catalyst phase structure. 

After acid leaching of the Co in acid media, the morphology and the chemical distribution of Co and Ir 
in the layer were drastically transformed. Newly formed Ir-rich dendritic structures alternated with 
depleted areas on the carbon substrate could be observed by SEM–EDX. However, the morphology of 
these structures was not much alike the  preparations obtained in glassy carbon in a former study by 
Jensen et al. 55. Nonetheless, a slight increase in Ir (111) crystallinity was detected by XRD as reported 
by the latter.  

Even though Co was largely removed by the leaching process, EDX analysis showed Co contents up to 
10 wt. % normalized with Ir. A further look into the local structure of Ir and Co after leaching using ex-
situ XAS revealed a local Ir–Co coordination that followed the EDX data. Additionally, a mixed oxide 
and metallic character was observed, which was also observed by partial Ir oxidation states from the 
XPS analysis. Interpreting this information together with previous studies on Co stability in acidic 
media indicates the formation of a core-shell structure where part of the Co could have remained 
protected by an Ir layer formed during the surface restructuring process.   

Electrochemical characterization in the GDE setup 
The three series of Ir-Co catalysts experienced a positive influence of temperature increase and 
dynamic surface activation due to the oxidation of metallic Ir on catalyst activity. Interestingly, the 
ECSA and OER mass activities scaled with as-deposited Co content, following the sequence Ir28Co72 > 
Ir45Co55 > Ir75Co25 with a top oxygen evolution performance measured in terms of mass activity over 
ten times higher compared to a commercial IrOx nanoparticle catalyst in a similar setup. The same 
ECSA and OER activity trend was observed in the results measured at 30 and 60 °C. 

While the complex mechanisms behind Co content influence and electrochemical performance are 
not fully explained by measurement results., the remaining Co suggests a positive effect on specific 
activity attributed to higher dispersion and ligand effect, supported by Co leaching and the XAS data. 

Ultimately, it was shown that the PVD catalysts could be measured with good reproducibility in the 
GDE setup. This could be attributed to several factors: first, a robust leaching process in the floating 
electrode (FE), which provided a controlled gas atmosphere and electrode potential conditions. In 
second place, is an optimized hot-pressing preparation process to form the GDE. Lastly, a steady 
process control in the catalyst deposition step as well as maintaining a consistent protocol for 
electrochemical characterization.   
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P. Collantes Jiménez, G.K.H. Wiberg, G. Sievers, V. Brüser, M. Arenz.

Bridging the gap between basic research and application: a half-cell setup for 
high current density measurements of Ir-based oxygen evolution reaction 
catalysts on porous transport electrodes.

J. Mater. Chem. A. 2023, 11, 20129-20138

https://doi.org/10.1039/D3TA04136K (Open Access)
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3.3.1 Description:  
Bridging catalyst research and development to applications in PEMWEs requires testing at high 
current densities. While traditional lab techniques such as RDE continue to be used extensively to 
report catalyst activity and stability, this technique has been now proven to have intrinsic limitations 
in representing realistic catalyst morphologies and operating conditions. Hence, the only alternative 
to observe the real performance of the new materials is to perform membrane electrode assembly 
MEA tests. However, this technique presents many challenges for widespread research development. 
First, the data obtained requires a complex analysis to discern the influence of individual electrode 
processes on the overall performance. Additionally, the elevated expenses related to materials, setup 
instrumentation, and extensive optimization limit the accessibility of this technique to many research 
groups. 
 
GDE half-cell setups offer a more accurate representation of individual electrode reactions and have 
been successfully implemented in ORR studies in comparable conditions to MEAs. First attempts to 
investigate the oxygen evolution reaction OER in GDE setups with Ir-based nanoparticle catalysts have 
reported comparable performances in the kinetic region to former RDE studies. Using the GDE setup, 
our previous study demonstrated a 10-fold increase in activity in a novel series of self-supported Ir-
Co catalysts created via PVD in comparison to that of IrOx nanoparticle catalysts measured under 
similar conditions 118. 
 
However, the corrosion and flooding issues at OER potentials brought by using carbon as the substrate 
have previously restricted until now the characterization to low current densities. This work expands 
the GDE setup to technologically relevant operation conditions at current densities of >2 A cm-2

geo by 
introducing small but important changes in the cell configuration to allow accurate and reproducible 
measurement of PVD sputtered catalysts on Ti PTEs using liquid water. The optimized PTE setup was 
used to benchmark the OER activity and stability of self-supported IrOx and Ir-Co catalysts, extracting 
information about catalyst degradation in realistic OER conditions for the first time in this 
configuration. 

3.3.2 Contribution to the work  
I performed the electrochemical activity and stability measurements of the electrode assemblies as 
well as the material characterization using SEM. G. Sievers performed the IrOx and Ir-Co catalyst 
deposition on GDL and Ti PTL substrates. G. Sievers and G.K.H. Wiberg introduced the idea of the 
Luggin capillary ending on the membrane, from which I created a top-cell design used in the PTE setup 
configuration. The activity protocol was extended from our former study in GDE configuration, 
extending the upper limit of the current density range by an order of magnitude from 250 up to 2000 
mA cm-2

geo. I wrote the first draft, and after an internal review from G. Sievers, M. Arenz, and G.K.H 
Wiberg, it was adapted and approved by all co-authors.  

3.3.3 Most relevant findings 
This study proposes a new design of GDE setup, denominated the PTE setup, compatible with realistic 
electrode materials and able to reach realistic operation conditions. This setup fundamentally 
improved the OER activity and stability determination of state-the-art self-supported catalysts.  
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Creating functional OER electrodes 
In the context of the self-supported catalysts embedded in GDEs discussed in Manuscript II, a crucial 
aspect for maintaining assembly stability during measurements was the integration of a hot-pressing 
stage. This procedure effectively countered membrane detachment due to significant bubble 
formation, an issue encountered with the cold-pressed method.  

Despite this, the promising performances reported for these catalysts in the former GDE setup were 
still limited by mass transport limitations due to the corrosion of carbon substrates in OER potentials 
already at current densities of 100 mA cm-2

geo. Consequently, the switch to Ti PTEs in the PTE setup 
became necessary to eliminate carbon degradation sources and fully leverage the potential of self-
supported catalysts. To facilitate the processing of these electrodes and achieve more reproducible 
results, the electrode area was increased, and the hot-pressing procedure was optimized to achieve 
a strong contact.  

Setup enhancements 
As observed in Manuscript I, larger electrode areas require more precise management of 
uncompensated resistance at larger current densities. To tackle this issue in the PTE setup, a new cell 
top was designed featuring a separated chamber for the reference electrode with the Luggin capillary 
directly connected to the membrane. By doing this, the resistance was reduced by 90%, and voltage 
fluctuations due to shifts in electrode positioning were minimized. A second chamber was designated 
to allocate the counter electrode. The upper compartment was constructed using PEEK, a more 
hydrophobic material than Teflon, which was essential to manage the massive bubble formation at 
high current densities and prevent blockages of the electrolyte path to the counter electrode.  

Aside, a key element to achieving higher current densities with optimized PTEs was the addition of 
liquid water as a reactant supply. A rectangular flow field pattern was used in the bottom cell to 
achieve more even water flow and minimize membrane deformation. Transitioning from humidified 
gas to liquid water required some minor assembly modifications using Teflon rings to provide better 
sealing and prevent water leakages. 

Electrochemical characterization in the PTE setup 
A comparison was conducted to evaluate the OER activity between the GDE setup and the PTE setup. 
This was benchmarked against a sputtered IrOx self-supported catalyst on both carbon GDEs and 
titanium PTEs while considering variations in hot-pressing and reactant supply conditions. The results 
indicated that the most favorable OER performance was achieved by combining PTEs with liquid water 
under the optimal hot-pressing parameters, as it was recently reported by Geuß et al. 119. 

For benchmarking purposes, a stability test was conducted on the IrOx material applying a constant 
current of 2 A cm-2

geo for 20 hours at room temperature. Aside from some artifacts found in the 
measurement related to the electrolyte consumption, the catalyst showed remarkable stability. The 
degradation during the measurement was interpreted from the OER activity decrease and the 
flattening of CV features between the beginning and end of the stability test. In comparison, an Ir-Co 
self-supported catalyst had similar stability during the first 5 hours of measurement at the same 
current density, but at harsher temperature conditions.  

The results in this new setup indicate that self-supported Ir-Co catalysts are viable catalysts for further 
development in single cells.  
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4. Conclusions and perspectives
4.1 Conclusions 
This thesis primarily explores two concurrently developed ideas. On one side, it delves into the 
creation and enhancement of self-supported Ir-based OER catalysts created by plasma synthesis. 
Complementary, it focuses on adapting and optimizing the GDE setup as a measurement tool within 
this context, demonstrating its potential as a laboratory method capable of studying the catalyst 
performance and stability under realistic conditions. 

As a frame to this development, the intrinsic capabilities of the GDE setup for catalyst benchmarking 
are compared in different GDE configurations in the context of ORR studies. It is shown that 
reproducible measurements can be obtained across every GDE design despite their intrinsic 
limitations when a unified benchmarking protocol is used. The further use of the GDE setup in OER 
studies focuses on developing Ir-Co self-supported catalysts with adjustable properties through a 
process combining an alternating magnetron-sputtering step of Ir and Co followed by selective Co 
leaching.  This study sparked the development of a new version of the gas diffusion electrode setup, 
denominated the PTE setup. In this optimized version, the OER activity and stability studies of the self-
supported catalysts can be characterized using more realistic electrode materials and operational 
conditions.  

In the first place, an inter-lab comparison of four GDE designs was conducted to evaluate the 
reproducibility of ORR activity and ECSA measurements (Manuscript I). This was explored with three 
types of Pt-based particle catalysts deposited on carbon: a commercial and a self-sprayed Pt/C and a 
self-sprayed Pt-Co alloy. The limitations to cross-comparability are discussed in terms of material 
processing, i.e. achieving a homogeneous catalyst layer quality; and best measurement practices i.e., 
using unified test protocols with the highest possible iR-correction accuracy.  

From the material processing perspective, the commercial Pt/C and self-sprayed Pt/C catalysts 
demonstrated notably similar specific activity in all setups, with the self-sprayed variant exhibiting 
relatively superior layer quality. However, the self-sprayed PtCo/C alloy catalyst exhibited significantly 
more limited measurement reproducibility and cross-comparability. Leaving aside the possible 
activation effects of the nanostructured layer of this catalyst, the origin of this discrepancy was 
determined to be the lower layer quality from the manufacturing process. Indeed, higher 
performance was obtained when using optimized drop-casting deposition parameters.  

Concerning the choice of best measurement practices, a further comparison between Hupd and CO-
stripping as ECSA determination techniques showed that CO-stripping tends to give higher surface 
area estimates. This suggests that CO-stripping could offer a more accurate determination of ECSA in 
catalysts with rougher morphologies. Regarding the protocol for ORR activity determination, it is 
shown that a steady-state protocol with galvanostatic control and iR post-correction is far more stable 
and reproducible across setups as opposed to scanning techniques of the potential or the current. 
Ultimately, the accuracy of the Ru determination in the different designs becomes the crucial step for 
the correct determination of the electrode potential during the measurement, especially at high 
current densities where the error can be in the same order of magnitude as the potential it is 
measured. This correction error is minimized in the GDE setups using smaller electrodes, as the 
absolute currents are scaled accordingly. However, the smaller electrodes provide a larger resistance, 
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which in some cases (i.e., the MFE setup) can limit the achievable performance compared to larger 
designs. Aside, other setup differences must be considered for interpreting results. Smaller setups 
minimize the artifacts introduced by heating and excessive bubble formation and reduce the cost of 
materials and instruments for measuring low currents. However, with these setups, it is paramount 
to control the iR correction and perform multiple measurements to average the effect of catalyst layer 
inhomogeneities. 

Ultimately, this study emphasizes the importance of maintaining quality in catalyst layers and using 
best-practice methods to achieve reliable measurements across various setups, particularly 
considering the effects introduced by their electrode sizes. 

With regard to the development of the Ir-Co catalysts, the evolution of the OER activity and ECSA of 
three series of Ir-based self-supported catalysts produced by PVD was benchmarked in the GDE setup 
(Manuscript II) and compared to a commercial catalyst. After an alternated magnetron sputtering 
process to produce three catalysts series with different Co:Ir ratios, an electrochemically controlled 
Co de-alloying acid leaching treatment was used to selective remove the Co, which has a scaffolding 
effect on the catalyst structure.  

As a result, the nanoporous layer developed a slight increase of the crystallinity and an Ir-rich dendritic 
cluster morphology, which interestingly, differed from the former morphologies observed on glassy 
carbon from earlier studies. This effect could be ascribed to the irregular substrate topography and 
the increased thickness catalyst layer achieved with the 0.250 mgIr cm-2

geo loading. 

Further CV and OER activity measurements revealed a dynamic surface activation process with a 
positive impact on catalyst performance, especially at increased temperatures. In this regard, the 
higher the Co content was initially sputtered in the catalyst, the higher the measured ECSA and OER 
activity. An exceptional 10-fold increase in OER mass activity was reported for the highest Co-
containing series compared to the commercial IrOx-supported catalyst, underlining the potential of 
the plasma processing and GDE development cycle to fast-track catalyst development.  

As it was shown in a previous study with a similar material 55, XPS and EDX analysis showed that Co 
could still be found in trace amounts even after the acid-leaching process. This surprising finding could 
be explained by the formation of an Ir-shell structure protecting the Co remained in the core from 
contact with the acid. Indeed, the correlation between the specific activity and the Ir-Co bonding from 
the XAS coordination data after leaching could indicate that the residual amount of Co might have a 
positive effect on the catalyst activity beyond simply acting as a templating agent to increase the 
catalyst surface area. Nevertheless, a mechanistic explanation to demonstrate this hypothetic ligand 
effect lies outside the purpose of the study.    

Finally, the benchmarking capabilities of the GDE setup were expanded and optimized for its use with 
Ir-based sputtered PTEs, allowing for the first time to obtain kinetic-dominated current densities up 
to 2 A cm-2

geo without diffusion limitations (Manuscript III). As demonstrated with a sputtered IrOx and 
an Ir-Co nanostructured catalyst with low loadings (0.250 mgIr cm-2

geo), the new PTE setup is mature 
for OER and stability measurements at application-relevant conditions, which particularly for the 
nanostructured Ir-Co catalyst have even shown very promising results. This reconfigured setup serves 
as a valuable tool for bridging the gap between laboratory research and industrial settings, potentially 
accelerating the development of self-supported Ir-based catalysts toward more complex systems.  
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The most decisive step toward achieving stable electrodes at OER potentials involved replacing carbon 
with Ti in the electrode preparation process. Due to the stiffness of the Ti fibers within the PTLs, a 
more careful approach was required for sample extraction and the application of hot-pressing 
procedures, as detailed in Manuscript II. By increasing the electrode area to offset the surface 
inhomogeneity after punching and adjusting the pressure accordingly, good contact was still achieved 
between the membrane and the PTEs. 

Subsequently, several enhancements were made to the PTE setup to improve iR-correction and 
incorporate liquid water as a reactant. This modified configuration, featuring an IrOx catalyst on a PTE, 
demonstrated the clear advantages of GDEs. It enabled the achievement of current densities of 2 A 
cm-2 without encountering mass transport issues—a critical context in which to evaluate catalyst 
stability. Indeed, the IrOx catalyst proved itself as a reliable benchmark for stability at 30 °C in a 20-
hour stability measurement at high current density.  

Furthermore, the Ir-Co catalyst exhibited comparable stability at the same current densities and even 
at higher temperatures, as seen in a five-hour stability measurement. Considering the increasing 
popularity of direct-deposition methods for nanostructured catalyst development in PEM electrolysis, 
which are primarily found in academic research contexts, the PTE setup can expedite the 
benchmarking and selection process before standard MEA testing. 

 

4.2 Perspectives 
As it can be deduced from SEM microscopy and CV features, the preparation of the high porosity self-
supported Ir-Co structures with high ECSAs in this study is not achieved without losing a large amount 
of Ir in the acid-leaching process. As seen both in GDL and PTL substrates, large areas are stripped 
away from the coating, which under the aggressive leaching conditions proves to have an insufficient 
adhesion. Hence, it is fundamental to find better ways to improve the layer adhesion to the substrate 
as well as find a reproducible manner to dissolve the templating element in the leaching process 
without damaging the structure.  

To this extent, the use of surface pre-treatments becomes extremely important for catalyst-coated 
substrates. The incorporation of surface roughening steps in an inert atmosphere can help to achieve 
better layer adhesion. Furthermore, the substrate can be functionalized with thin sputtered 
interlayers of high conductivity before the catalyst deposition as shown by Liu et al.53, increasing the 
conductivity and protecting the substrate against oxidation in the few microns away from the anode 
catalyst-membrane interface where the potentials are highest in operation 120. As it has been 
demonstrated in previous work 55,74,88,121, magnetron sputtering provides a perfect environment to 
integrate these processes directly in catalyst manufacturing under very controlled conditions. Earlier 
attempts of this procedure in PTE configurations, which have not been included in this thesis since 
they are being studied within an industrial context, show a very positive evolution in the catalyst 
activity and stability.  

On the other hand, exploring the origin of the activation effects reported for the different series of Ir-
Co catalysts on GDEs poses a significant challenge. While the Ir-Co bond length from the ex-situ XAS 
analysis of the leached samples suggested the influence of a ligand effect between these two 
elements and the formation of a core-shell structure, supported by the specific activity and the EDX, 
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this hypothesis is supported by the previously observed behavior in similar systems and cannot be 
entirely confirmed from the gathered data. Ideally, the in-operando XAS study attempted at the B18 
Diamond beamline would have provided valuable insight into the evolution of the core-shell 
formation in the leached catalysts. However, after this experiment, it could only be affirmed that: 1) 
the mixed contributions of Ir and residual Co to the local coordination after the EXAFS fitting indicate 
the formation of an alloy and that 2) the oxide content detected by XANES increased in the mixed 
metallic structure as a function of the applied oxidative current. The main limitations found were that 
neither the trace Co content that remains in the catalyst layer after leaching nor the carbon substrates 
exhibit sufficient stability under OER conditions to make definite estimations. This problem is 
accentuated by the mechanics of the XAS flow cell design, where the catalyst is continuously exposed 
to electrolyte convection, accelerating its degradation. Even after long analysis times to improve 
measurement quality, it was hard to discern whether cobalt was still present at the high current 
densities related to the oxygen evolution reaction. The reason is that the data could be fitted with 
different structural models both including and excluding cobalt. As cobalt is the minority element after 
acid leaching, the data collected from the Ir LIII-edge alone does not provide conclusive evidence for 
the presence or absence of cobalt in the nanostructured iridium networks under operating conditions. 

There are multiple ways to address this limitation, starting by proposing a XAS study of the evolution 
of the structural features of Ir-Co in operando conditions with surface-treated PTEs, where the catalyst 
layer and substrates could remain stable at higher current densities. Nevertheless, this would require 
further development of the cell configuration for synchrotron studies to guarantee the sealing 
integrity during the experiment. Even then, it would only be possible to measure the absorption in 
fluorescence configuration since the X-ray transmission would be blocked by the high absorption of 
the Ti substrates. Therefore, it would make sense to combine the analysis of the site coordination 
with other microscopy analysis methods such as high-angle annular dark field scanning TEM (HAADF-
STEM) 122,123 and electron energy loss spectroscopy (EELS) 124, which can strengthen the confidence in 
the hypothesis about the formation of core-shell particle formation of the catalyst.  

Time efficiency is also an essential matter at large-scale facilities, which requires careful sample pre-
selection. Concerning this point, the task that was set out in this thesis to find a reliable platform for 
benchmarking the OER activity of the self-supported catalysts was achieved with the development of 
the GDE setup into the PTE configuration. Furthermore, the same system was shown to be compatible 
with stability studies that exceed any of its class. This was however not achieved without limitations, 
which could be overcome by optimizing the sealing system. Mitigating the uneven pressure 
distribution within the central assembly is challenging due to the constraints posed by the open cell 
configuration, even with precise clamp tightening. Moreover, pressure distribution shifts along the 
outer circumference are accentuated by the disparity between the smaller circumference of the cell 
bottom part and the clamp's inner diameter, resulting in pressure variations attributed to the slight 
play between the components. Hence, a sensible step towards stability measurements would be to 
redesign the clamping mechanism. With this improvement, OER faradaic efficiencies and element 
dissolution as stability metrics could be obtained from the outlet stream, which could then be 
represented by a stability number like in Cherevko’s group 104. 

The very recent introduction of more GDE configurations for OER studies, such as the configuration 
used by Geuß et al. in Cherevko’s group 119, together with the urgent lack of standardized protocols 
for OER studies 125 indicates that an inter-lab comparison for GDEs in OER conditions also needs to be 
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established. The validation of GDE setups brings an interesting opportunity for the development of 
ultra-low loading catalysts, which are currently almost exclusively benchmarked in aqueous systems 
such as RDE or flow cell designs before jumping to MEA setups 126,127. The higher resolution of GDE 
configurations on catalyst layer quality due to their electrode size and precise electrode potential 
measurement could help to create faster statistics for catalyst development and integration in larger 
systems.  

Another consideration from the PTE setup to bring conditions closer to MEA development is the ability 
to perform measurements with higher cathode pressures. The ability of the PTE setup to separate 
reaction gases while being able to perform the reaction with small electrode sizes means that this 
system could be safer to operate even at high pressures. A pressurized version of the original GDE 
setup has already been achieved for fuel cell studies and it could serve as an example for the PTE 
setup 128. 

Last, but perhaps most important, is to address the matter of sustainability. Since the development 
of OER catalysts based on critical raw materials takes a central role in this work, it would be essential 
to explore further the possible pathways of catalyst recycling. This is especially important in the 
context of the described manufacturing process of the Ir-rich template through acid leaching. As 
previously discussed, a significant amount of both Co (as a templating element) and Ir is dissolved in 
this operation. While Ir thrifting and reclamation were not covered in this work, it is possible to take 
reference from recent studies that have already incorporated this aspect from the manufacturing 
process 54.  
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Due to hydrogen’s excellent energy density, proton
exchange membrane fuel cells (PEMFCs) are very
promising to power CO2-free long-distance and

heavy-duty transport. However, high loadings of scarce and
expensive Pt group metals (PGMs) are still needed at the
cathode to overcome its sluggish oxygen reduction reaction
(ORR) kinetics. Replacement or reduction of the noble metal
content is obligatory to achieve cost-effective and broadly
implemented fuel cell applications. Tremendous effort has
been made to optimize the intrinsic activity of PGM catalyst
materials mainly by alloying (especially with Co or Ni) or
changing the shape and morphology of nanoparticles.1−3

Additionally, electrocatalysts based on non-PGM materials
have been introduced as Earth-abundant and cheap alter-
natives.3,4 Nevertheless, the extremely promising activities of
all these materials achieved in an ideal rotating disk electrode
(RDE) environment cannot (yet) be transferred to techno-
logically relevant membrane electrode assemblies (MEAs).5−8

The discrepancies between ORR performance measured in
RDE and MEA systems can mainly be ascribed to the different
electrolytes (liquid vs solid)7 and a non-optimal catalyst layer
composition. The latter is a delicate interplay between catalyst,
catalyst support, and ionomer, which significantly affects the
mass transport of ORR educts and products. It therefore holds
huge potential to significantly improve catalyst layer perform-
ance in MEAs.2,9−11 The catalyst layer composition has to be
optimized for each individual catalyst system.12 Yet, the effects
of catalyst layer parameters on the ORR performance cannot
be assessed with the RDE technique due to its limitation to
low current densities and the idealized catalyst layers on a solid
substrate.13 Thus, MEA experiments have to be employed for
catalyst layer optimization. However, such investigations are
time-consuming and expensive (large quantities of catalyst
needed, extended test equipment) and do not allow segregated
investigation of either the cathode or anode catalyst layer.
Furthermore, comparison of different MEA studies can be
challenging due to varying processing and operating con-
ditions.
Therefore, techniques combining the advantages of RDE,

namely simplicity, rapidity, and comparability, with the realistic
operating ranges of MEA are urgently required to retrieve the
potential of catalyst layer optimization.5,14 Gas diffusion
electrode (GDE)15−17 or floating electrode (FE)18−20 half-

cell setups have recently been introduced as such tools to
bridge the existing gap between fundamental and applied fuel
cell catalyst research (see Figure 1).
With these advanced half-cell techniques, it is possible to

evaluate catalyst layer performance at realistic current densities
and potential ranges without systematic mass-transport
limitations. Thereby they open up the possibility to couple
the electrochemical characteristics to advanced external
analytics, such as identical location transmission electron
microscopy (IL-TEM),20−22 small-angle X-ray scattering
(SAXS),23,24 operando X-ray and neutron imaging,25 Fourier-
transform infrared spectroscopy,26 and online mass spectrom-
etry.27,28 Coupling of electrochemical measurements with
these external analytics is extremely challenging in MEA
setups. Hence, GDE half-cell setups enable dedicated insights
into catalyst layer stability and selectivity phenomena under
relevant mass transport conditions.
So far, comparison of activity data from different GDE

setups is still challenging, mainly because different electro-
chemical protocols are used17,29 (see Figure S1). In RDE
research this challenge was met by establishing best practices
for catalyst benchmarking.13,30−34 In the present work,
different commercially available Pt-based catalysts are
compared in four different setups and laboratories to show
that comparable ORR activity testing with GDE half-cell setups
is possible if specific protocols are followed and homogeneous
catalyst layers are used. From this inter-lab comparison, we
propose best practices for catalyst layer benchmarking at
relevant current densities along with advantages and limitations
of the different GDE half-cell designs.

1. Inter-lab Comparison with Pt-Based Gas Diffusion
Electrodes. Four different setups, displayed in Figure 2, have
been used for the inter-lab comparison: (A) the GDE setup
developed at the Helmholtz-Institute Erlangen-Nürnberg
(GDE-L),17 (B) a commercial GDE cell from Gaskatel,
adapted at TU Darmstadt (GDE-M), (C) the GDE half-cell
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developed by the group of Arenz et al.16 at the University of
Copenhagen and Leibniz Institute for Plasma Science and
Technology (GDE-S), and (D) the modified floating electrode
(MFE) setup developed at the National Institute of Chemistry
in Ljubljana.20 The abbreviations for the different GDE cells
were chosen according to their geometric working electrode
area: L = large (Sgeo,L = 2.01 cm2), M = medium (Sgeo,M =
0.385 cm2), and S = small (Sgeo,S = 0.0707 cm2). Further
information about the setups and experimental details can be
retrieved from Table S1.

To evaluate GDEs in terms of their ORR activity, the
following metrics are determined: (i) electrochemically active
surface area (ECSA) via hydrogen desorption and CO-
stripping charge and (ii) polarization curve in O2 via
galvanostatic steps with in situ impedance spectroscopy at
each step (GEIS), as presented in previous works.15,17 The
precise electrochemical protocol can be found in Table S2.
The setups used for this study (except the MFE) have recently
been contrasted in a literature review.29 However, in the
compiled literature, different catalysts, catalyst layer manufac-
turing methods, and electrochemical protocols have been

Figure 1. Comparison of different levels of electrochemical catalyst (layer) evaluation.

Figure 2. Different GDE half-cell setups used for the inter-lab comparison. (A) GDE setup developed at the Helmholtz-Institute Erlangen-
Nürnberg17 (GDE-L). Reprinted with permission from ref 17. Copyright IOP Publishing, 2019. (B) Commercial GDE cell from Gaskatel
adapted at TU Darmstadt (GDE-M). (C) GDE cell developed by the group of Arenz et al.16 used in the University of Copenhagen and
Leibniz Institute for Plasma Science and Technology (GDE-S). (D) Modified floating electrode (MFE) setup developed at the National
Institute of Chemistry in Ljubljana.20
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utilized, complicating a meaningful comparison. Therefore, in
the present inter-lab comparison, we test the same three
commercially available catalysts with all half-cell setups: (a) a
commercial Pt/C GDE (40 wt % Pt on Vulcan, FuelCellsEtc),
(b) a self-spray-coated Pt/C GDE (HiSPEC4000, 40 wt % Pt
on Vulcan, Johnson Matthey), and (c) a self-spray-coated
PtCo/C GDE (Elyst 0690, 30 wt % PtCo on high surface area
carbon, Umicore). The results enable an extensive comparison
of the four different setups and allow us to set a benchmark for
catalyst activity evaluation in GDE half-cells.
1.1. Commercial Pt/C GDEs. As a starting point and a

suitable benchmark for future GDE half-cell designs, the same
commercially available Pt/C GDE as in the previous work
from Pinaud et al.15 was used. The results are displayed in
Figure 3.

First of all, we observe that comparable polarization curves
in O2 up to −2 A cm−2 without systematic mass transport
limitations can be reached in all setups (Figure 3A). Only
exception is the MFE, where current densities are limited to
maximum −0.5 A cm−2. This limitation is consistent also
throughout the following comparisons and will be further
discussed in section 3. In general, the results are also in good
agreement with formerly reported GDE half-cell data from
Pinaud et al.15 using similar commercial samples. All this
suggests that the previously detected differences when
measuring ORR performance in various GDE setups17,29 (see
also Figure S1) are caused not by the differences in GDE half-
cell setup designs but rather by the different electrochemical
protocols and catalysts (or catalyst layers) used in previous
experiments.
Despite generally good comparability, it can be seen that, in

the MFE setup, slightly lower ORR performance is measured.
At the same time, a lower active surface area is determined
(Figure 3B), which explains the lower absolute ORR currents.
The differences in the amount of active Pt sites and absolute

ORR performance can be attributed to the inhomogeneity of
the commercial catalyst layers (Figure 3C and Figure S2).
They exhibit huge cracks in the catalyst layer and the
microporous layer and an uneven catalyst layer thickness in
general. However, when the activity is normalized to the
specific Pt surface area determined via Hupd, the results for all
four setups exhibit very good reproducibility (Figure 3D). This
proves that, with the same electrochemical protocol, similar
absolute ORR performances can be measured in different GDE
half-cell setups. However, for reproducible half-cell testing, it is
very important to use homogeneous catalyst layers and analyze
several repeats and their standard deviation, especially if setups
with small geometric surface areas are used (see section 3 for
further discussion). The catalyst layer quality of the tested
commercial samples is not satisfactory for an adequate
comparison. Therefore, as a next step, self-sprayed Pt/C
GDEs are evaluated in the four different setups.

1.2. Spray-Coated Pt/C GDEs. To extend the comparison,
CO-stripping is measured additionally to determine the
electrochemically active Pt surface area via CO desorption
charge. The results from the four different laboratories are
displayed in Figure 4.
As for the previously tested GDEs, the spray-coated samples

exhibit comparable polarization curves in O2 for all four setups
(see Figure 4A). However, in contrast to commercial samples,
also the cyclic voltammograms (CVs) obtained in Ar
environment are almost identical (see Figure 4B), resulting
in very comparable ECSAs determined via Hupd (Figure 4C).
As previously demonstrated in RDE35,36 and MEA37 experi-
ments, for pure Pt catalysts, CO-stripping experiments result in
similar ECSA values, obtained as the integration of the Hupd

region (average ECSA values between all setups: ECSAHupd
=

46.9 ± 3.4 m2 gPt
−1 ∼ ECSACO = 46.8 ± 2.5 m2 gPt

−1). The
similarities of both the ECSA and polarization curves also lead
to well-comparable ORR performances normalized to specific
Pt surface area.
The demonstrated comparability between the results

obtained in four different laboratories with four different
setups shows again that it is possible to obtain well-comparable
performance data for ORR catalyst layers when the same
electrochemical protocol and homogeneous catalyst layers are
used. The SEM cross sections (Figure 4E and Figure S2) show
that sufficiently homogeneous catalyst layers can be obtained
using ultrasonic spray-coating. To extend the scope of this
work beyond pure Pt/C catalysts solely, additionally a GDE
with a commercial PtCo/C catalyst was spray-coated and
tested.

1.3. Spray-Coated PtCo/C GDEs. The performances
measured in the different setups for the spray-coated PtCo/
C GDEs are compared in Figure 5. Already from the
polarization curves in O2 (Figure 5A), it becomes obvious
that, in this case, comparability between the results from
different setups is limited. It can generally be seen that, in the
GDE half-cell with a bigger geometric surface area (GDE-L,
Sgeo = 2.01 cm2), a significantly better performance can be
measured, compared to the GDE half-cells with smaller
geometric working electrode areas (GDE-M, GDE-S, MFE).
Besides the polarization curves, also the CVs in Ar exhibit
different shapes (Figure S3A). This also leads to different
ECSA values obtained (Figure 5B). By comparing the ECSA
values, however, one fact is consistent: As demonstrated in
RDE35 and MEA37 research, for PtCo-alloys, the ECSA

Figure 3. Interlab comparison of a commercial Pt/C GDE (0.3
mgPt cm

−2, FuelCellsEtc). (A) Polarization curves in O2. Data from
Pinaud et al. extracted from ref 15. (B) CVs in Ar. (C) SEM cross-
sectional image of GDE. (D) Tafel plot of polarization curve
normalized to specific surface area determined via Hupd. Experi-
ments conducted in 1.0 M HClO4 (except GDE-S: 2 M HClO4).
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determined via CO-stripping is significantly higher compared
to the value obtained by Hupd. This emphasizes that, if possible,
CO-stripping should be used for correct determination of the
ECSA of Pt-alloy catalysts.
Nevertheless, the question remains about the origin of the

discrepancies between the results obtained with different
setups. There are three major hypotheses, which are discussed
more in detail in section 2.3 of the SI: The first is poisoning
with leached Co species in the electrolyte, which, however, was
ruled out in further experiments (see Figure S4A). The second
is catalyst layer inhomogeneity. The PtCo/C catalyst is based
on a high surface area carbon support, which exhibits a
substantially larger porosity than the HiSPEC4000, with its
Vulcan carbon support.12 These different carbon supports also
behave differently when an ink is formed for the spray-coating
process.38 For the sake of comparability, the same ink
composition that was previously optimized for the
HiSPEC4000 catalyst was used to spray-coat both the Pt/C

and PtCo/C catalyst layers. The utilization of this non-
optimized ink recipe for the high-surface-area PtCo/C catalyst
apparently resulted in a rather inhomogeneous catalyst layer
(see Figure 5C and Figure S2) and hence the measured
discrepancies in electrochemical performance. To elucidate
this hypothesis further, a drop-casting approach using a PTFE
mask to control the coated area was applied, aiming at catalyst
layers with precise catalyst loading control also for low
geometric surface areas. Using this approach, also small
geometric surface area analogues (here GDE-M) gave
polarization curves in O2 (see Figure 5D) and ECSA values
(see Figure S4C,D) comparable to those obtained with the
large geometric surface area cell design (GDE-L). Additionally,
another small sample from a different part of the formerly
spray-coated GDE sheet (5 × 8 cm) was taken and tested with
GDE-M, also leading to more comparable results (see Figure
5D and Figure S4). This indicates that the spray-coating
process over a large surface area with a non-optimized ink led

Figure 4. Inter-lab comparison of spray-coated Pt/C GDEs (0.1 mgPt cm
−2, HiSPEC4000). Experiments conducted in 1.0 M HClO4 (except

GDE-S: 2 M HClO4). (A) Polarization curves in O2. (B) CVs in Ar. (C) Electrochemically active surface areas determined via Hupd and CO-
stripping. (D) Tafel plot of polarization curves normalized to specific surface area determined via CO-stripping. For panels B, C, and D, the
color code is similar to that in panel A. (E) SEM cross-sectional image of the GDE.

Figure 5. Inter-lab comparison of spray-coated PtCo/C GDEs (0.1 mgPt cm−2, Elyst0690). (A) Polarization curves in O2. (B)
Electrochemically active surface areas (ECSAs) determined via Hupd and CO-stripping. Color code is similar to that in panel A. (C) SEM
cross-sectional image of the GDE. (D) Polarization curves in O2 measured with GDE-L and GDE-M in comparison with distinct sample
preparation methods and different spots of the original sample measured in GDE-M. Experiments conducted in 1.0 M HClO4 (except
GDE-S: 2 M HClO4).

ACS Energy Letters http://pubs.acs.org/journal/aelccp Energy Focus

https://doi.org/10.1021/acsenergylett.1c02659
ACS Energy Lett. 2022, 7, 816−826

819

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02659/suppl_file/nz1c02659_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02659/suppl_file/nz1c02659_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02659/suppl_file/nz1c02659_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02659/suppl_file/nz1c02659_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02659/suppl_file/nz1c02659_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02659?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02659?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02659?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02659?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02659?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02659?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02659?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02659?fig=fig5&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c02659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to significant inhomogeneities in the GDE catalyst layers and
therefore discrepancies in the electrochemical performance.
Finally, also a missing activation procedure39 for the

microporous PtCo/C catalyst might cause differences between
the various setups. Especially microporous catalysts usually
require some sort of pre-activation, as a certain amount of
water, which is produced during the ORR, is needed to enable
proton transport toward the catalyst nanoparticles in the pores.
The various cell designs, with their different geometries
(working electrode area, shape of flow field, etc.), could affect
the optimal activation procedure in various manners. Addi-
tionally, we observed that the duration between catalyst layer
manufacturing and testing might affect ORR performance
measurements. This could be related to an unfavorable drying
of the Nafion in the layer. To elucidate this extremely complex
field exceeds the scope of this work. Therefore, a dedicated
systematic study is required to understand the impact of
catalyst layer (de)activation on comparable benchmarking with
GDE half-cell setups.
In general, we can conclude that, with the similar

electrochemical protocol and using homogeneous catalyst
layers, the absolute performance of ORR catalyst layers can be
evaluated reproducibly, even if different setup designs are used.
This is a significant achievement compared to thin-film RDE
studies, where even several years after the introduction of the
concept,40 significant differences in absolute activity were
obtained although the same cell design was used.13 However,
inhomogeneous catalyst layers can lead to severe discrepancies,
especially when small geometric surface area setups are used.
Lastly, the testing of Pt-alloy and microporous catalysts might
need a further activation procedure, which should be
investigated separately. In the next parts we will first compare
the performance of the different catalysts before we derive
some best practices for comparable GDE half-cell testing and
give an overview over the advantages and limitations of the
different electrochemical half-cell setups.
1.4. Comparison of the Different Catalyst Layers. Once it

was shown that comparable measurements are possible
between different setups, also the ORR performance of the
three tested catalyst layers was to be compared. We must note
that, for the inter-lab comparison, only widely commercially
available catalysts have been chosen to create a benchmark,
which could easily be reproduced by researchers all over the
world. However, all three catalyst systems are fairly different.
The manufacturing process of the commercially obtained
GDEs is unknown. The only parameters which can be derived
from the manufacturer are the loading of 0.3 mgPt cm

−2 and
the catalyst specification (40 wt % Pt on Vulcan). For the self-
sprayed Pt/C reference, a commercial catalyst with similar Pt
content and carbon support was selected (HiSPEC4000,
40 wt % Pt on Vulcan). The ink formulation and ionomer-to-
carbon (I/C) ratio were previously optimized for this catalyst
to obtain optimal ORR performance data.17 Therefore, in
comparison to the commercial GDEs, mainly catalyst layer
parameters (manufacturing method, loading, I/C ratio etc.)
differ.
For the commercial PtCo/C GDEs, catalyst layer parameters

similar to those for the HiSPEC4000 are used. However, also
here various parameters differ from the HiSPEC4000 Pt/C
catalyst (PtCo alloy, Pt density, high surface area carbon
support). High surface area catalyst supports typically require a
higher I/C ratio for optimal ORR performance.12 In addition,
also the metal-to-carbon ratio might influence the optimal I/C

ratio.41 Therefore, the chosen I/C ratio of 0.7 is probably not
optimal for the commercial PtCo/C catalyst powder. Due to all
these differences, an intrinsic comparison between the different
catalyst layers is difficult with the commercially available
catalysts. Nevertheless, some basic derivations can be made
when comparing the ORR performance data in Figure 6. For
the sake of simplicity, only the results from one setup (GDE-L)
are displayed.

The polarization curves in O2 (Figure 6A) reveal that the
commercial Pt/C GDE (LLGDE, black) exhibits the best
performance, with respect to geometric electrode area, in the
low current region, followed by the self-sprayed PtCo/C GDE
(red). This is expected, as the commercial LLGDE has a 3-fold
higher catalyst loading compared to the other samples and
PtCo/C catalysts are known to exhibit higher intrinsic activity
than Pt/C catalysts14 (see also Figure 6B inset). At high
currents, however, the self-sprayed HiSPEC4000 Pt/C catalyst
(blue) outperforms both other GDEs, although it exhibits the
lowest ECSA (Figure 6A inset). This illustrates the importance
of mass-transport limitations through non-optimal catalyst
layers, which can clearly be seen in the Tafel plots (Figure 6B)
as a drop in potential at high current regime. In contrast to the
self-sprayed HiSPEC4000 Pt/C GDE, a clear decay in the
slope can be observed for both the commercial Pt/C GDE and
the spray-coated PtCo/C. The superior performance of the
self-sprayed HiSPEC4000 Pt/C GDE can be explained by an
optimal mass-transport behavior due to the optimized catalyst
layer parameters for the Vulcan carbon support.
The fact that the spray-coated HiSPEC4000 Pt/C GDE

outperforms the commercial GDE, although a significantly
lower loading is used, stresses the importance of catalyst layer

Figure 6. Comparison of the different tested GDEs (GDE-L data).
(A) Polarization curves in O2 and ECSA (inset). (B) Tafel plot of
polarization curves normalized to specific surface area.
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parameters to ORR performance. It can also be seen that data
that could also be gathered with RDE, such as activity at 0.9 V
vs RHE and ECSA (in both, the self-sprayed HiSPEC4000
Pt/C GDEs show the lowest values), do not automatically
allow projections about the performance at higher current
regions. Therefore, GDE half-cell setups can be a very valuable
tool for optimizing catalyst layer parameters in a fast and
straightforward manner, as it was already shown in literature
that they can mimic MEA performance well.15−17

2. Best Practices for Comparable GDE Half-Cell
Testing. In the present work, we demonstrated the feasibility
of obtaining comparable results with very different GDE
setups. However, certain best practices in sample preparation
and the electrochemical protocol need to be considered. They
are summarized in Table 1 and will be discussed below.
2.1. Sample Preparation and Quality Control. To enable

comparable testing, homogeneous catalyst layers are prereq-
uisites that should be controlled using SEM cross-sectional
imaging and/or optical microscopy. Especially for the use of
GDE setups with very small geometric surface areas, optimized
manufacturing procedures might need to be applied. Using
small samples from a catalyst film prepared by vacuum
filtration42 has been shown to lead to reproducible results in
degradation studies.22 Furthermore, analyzing several repeats
using new catalyst films is highly recommended to validate
reproducibility. For future work, it is recommended to
minimize the time between sample preparation and electro-
chemical measurements, as storage in ambient conditions
might affect ORR performance measurements. When measur-
ing Pt-alloy samples, the electrolyte should be exchanged after
cleaning cycles to avoid any cross contamination. Additionally,
it could be beneficial to pre-leach Pt-alloy samples chemically
to avoid uncontrolled leaching of less noble elements, which
could also lead to differences in nanoparticle structures.43

Especially for microporous catalyst supports, specific activation
procedures might be necessary. However, developing suitable
activation procedures for GDE half-cells still requires further
dedicated investigations.
2.2. Electrochemical Protocol. In the following, we discuss

strategies for correct determination of polarization curves in O2
and the ECSA. The differences between the various setups are
not considered here but will be discussed in the following
section. First of all, it has to be stated that, due to the high
reaction rates, the uncompensated resistance between working
and reference electrode introduces the largest uncertainty to
the activity determination. Therefore, a precise iR post-
correction or in situ compensation is crucial for measuring
polarization curves in GDE half-cell setups. In some setups, the

iR drop exceeds 2 V at currents as high as −2 A cm−2 (Figure
7A). Despite this huge iR drop, we show with the present work

that, with galvanostatic steps and impedance spectroscopy at
each step, comparable measurements between different setups
are possible. To make sure that iR correction is done as
accurately as possible, impedance spectroscopy should be
measured at each step, as the uncompensated resistance can
change during measurements (see Figure S5A), probably due
to a local temperature increase or bubble formation in the
electrolyte from the counter electrode reaction. This
fluctuation of uncompensated resistance within measurements

Table 1. Summary of Best Practices for Benchmarking Oxygen Reduction Reaction Catalysts in a Gas Diffusion Electrode
Half-Cell Setup

Best Practices

Sample
preparation

• Homogeneous catalyst layers are prerequisite.
• Minimize time between sample preparation and electrochemical measurements to avoid undesired catalyst layer deactivation.
• For Pt-alloys: Pre-leaching and exchanging electrolyte after cleaning cycles are recommended.
• For microporous catalyst support: Electrochemical activation protocol might be needed to ensure sufficient humidification of pores.

Electrochemical
evaluationa

• ORR polarization curve: Precise iR-correction is crucial. Therefore, galvanostatic steps with impedance spectroscopy to determine
uncompensated resistance (Ru) at each step should be used instead of scanning techniques.

• ECSA: CO-stripping is mandatory for Pt-alloy catalysts and should generally be used if possible. If Hupd is used, the correct determination of
the baseline and the lower potential limit need to be considered. The flow from the back of the GDE should be minimized.

aDetailed recommended electrochemical protocol can be found in Table S2.

Figure 7. Best practice considerations for GDE half-cell measure-
ments. (A) Comparison of polarization curves measured in O2
with galvanostatic steps with and without iR correction. (B)
Comparison of polarization curves in O2 obtained with
galvanostatic steps and cyclic voltammetry (MFE setup,
20 mV s−1). (C) Comparison of polarization curves in O2 obtained
with galvanostatic steps and cyclic amperometry (GDE-S setup,
scan rate 10 mA s−1 = 141 mA cm−2 s−1). All polarization curves
were measured for spray-coated Pt/C GDEs (0.1 mgPt cm−2,
HiSPEC4000). Experiments were conducted in 1.0 M HClO4
(except GDE-S: 2 M HClO4).
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is differently pronounced, depending on the setup used (see
Figure S5B), which will be further discussed in the following
section.
In previous literature, cyclic voltammetry (CV) in O2 has

regularly been used to evaluate catalyst performance also at
higher current densities. Here we show that, using those CV
measurements, no reliable results can be obtained (Figure 7B),
likely due to non-steady-state conditions during cycling and
insufficient iR compensation. Furthermore, the scan rate effect
on ORR, where faster scans exhibit larger activities, has to be
considered,44 especially as iR post-correction leads to current-
dependent scan rates.45 Another scanning technique is cyclic
amperometry. Thereby, a certain current range (not potential)
is scanned. The measured potentials are post-corrected for the
iR drop, with the high-frequency resistance simultaneously
measured at 5 kHz. The results obtained with this technique
are closer to the data measured with galvanostatic steps
compared to the CV results (Figure 7C). However, still
significant differences between subsequent cycles and sta-
tionary measurements can be observed. Therefore, we suggest
using galvanostatic steps with impedance spectroscopy at each
current step to determine reliable performance curves with
GDE half-cells and strongly recommend not using CV for
ORR activity determination at higher current densities. Cyclic
amperometry could be an alternative, but further optimization
and deeper investigations in technique development are still
needed. In general, if scanning techniques are employed, they
should be compared to a polarization curve using steps at least
once to see the systematic error of the measurements.
Also when determining the ECSA, several best practices

should be followed. In general, it has to be stated that the
determination of ECSA via CO-stripping is more reliable
compared to the Hupd method. Therefore, CO-stripping should
be preferred for reliable determination of ECSA for Pt-based
catalyst layers. For testing Pt-alloys it becomes mandatory to
use CO-stripping, as the actual active surface area is drastically
underestimated with the Hupd technique (see Figure 5B) due
to electronic effects, as already known from RDE35 and MEA37

experiments. However, for pure Pt catalysts it is also possible
to determine the ECSA with Hupd. This could be more
convenient as not in all laboratories safe access to CO is
possible.
If Hupd is used for ECSA determination, certain effects

should be considered. First, the choice of baseline for the
integration of the hydrogen desorption charge significantly
affects the ECSA determination via Hupd. Due to high surface
area carbon supports used in catalyst powders, no horizontal
baseline should be applied for the integration, but rather a
slightly tilted baseline following the double layer region or the
shape of the CV with adsorbed CO (see Figure S6) as
discussed in RDE literature.32 Second, the flow from the back
of the GDE should be decreased to a minimum as high Ar
flows shift the onset of hydrogen evolution to more positive
potentials and hence lead to an underestimation of the ECSA
(see Figure S7A). This effect is well known from MEA
literature.46,47 However, a complete reduction of flow is not
possible for all GDE half-cell designs, as undesired ambient air
can enter the cell when the Ar flow is stopped, leading to a
significant shift of the CV toward negative currents in the low
current regime. Lastly, when no or only a low flow is applied,
also the determination of an appropriate lower potential limit
affects the ECSA determination (Figure S7B). If the lower
potential limit is chosen too high, the Hupd region is cut,

leading to an underestimation of ECSA. If lower potential limit
is chosen too low, H2 is produced excessively at low potentials,
generating an H2 oxidation peak on the positive going scan.
This hydrogen oxidation peak overlays with the hydrogen
desorption region, leading to an overestimation of the ECSA.
Therefore, a suitable intermediate lower potential limit should
be chosen. All these considerations show, that reliable ECSA
determination via Hupd in GDE half-cell setups is not trivial.
Hence, if possible we suggest to use CO-stripping as a more
robust method for ECSA determination not only for Pt-alloys
but also for pure Pt catalysts.
One additional comment should be given about the

electrolyte concentration of choice: Pinaud et al.15 investigated
the impact of different electrolyte concentrations on the
measured ORR performance and found that the optimal
electrolyte concentration is an interplay between sufficient
conductivity to allow high current densities and undesired
contamination or perchlorate anion adsorption48 from the
electrolyte. They recommended to choose the lowest electro-
lyte concentration possible to still achieve high current
densities: 1 M HClO4 in their case, which we followed in
the present work. However, with the GDE-S setup utilized in
this study 2 M HClO4 were needed to achieve sufficient
conductivity and to hold the applied potentiostat potential in
an adequate range. The experiments with the different
electrolytes still lead to comparable results. Therefore, we
can conclude that both 1 and 2 M HClO4 can be used as
electrolytes for comparable ORR catalyst testing in GDE half-
cell setups.

3. Advantages and Limitations of the Different GDE
Half-Cell Designs. In the present work, we have compared
different GDE half-cell designs (for details see Table S1) with
similar catalyst layers for the first time. In this section, we
elaborate on the limitations and advantages of each design,
which are summarized in Table 2.
The most obvious difference is the limitation of MFE to

currents below −0.5 A cm−2. Due to high internal resistance
between working, reference, and counter electrodes, higher
currents could not be applied with the utilized setup. However,
in the future, this could be overcome by decreasing the
distance between working and counter as well as working and
reference electrodes. In contrast, when using the GDE-S setup,
difficulties arose at low current densities. This could be in part
due to the chosen activation procedure in combination with
differences in the age of the catalyst layer (time delay between
preparation of the catalyst layer and its measurement). Using
not freshly prepared catalyst layers, the activation procedure
might not have been sufficient for full humidification in the
catalyst layer at low current densities. Further optimization of
the activation procedure would have been needed to fully
resolve this issue. As this was not the main focus of the present
work and would have hampered the comparability between
measurements in the different designs, only current densities
>10 mA cm−2 were measured in the GDE-S setup for this
comparison. Additionally, with the GDE-S setup, 2 M instead
of 1 M HClO4 had to be used, to hold the applied electrode
potential in an adequate range and be able to perform reliable
measurements up to −2 A cm−2.
Besides these limitations, the various designs reveal different

advantages and disadvantages when comparing their perform-
ance. Most of these differences are based on the various
geometric working electrode areas determined by the different
cell designs. With roughly 2 cm2 the GDE-L cell design shows
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the far largest geometric surface area, which is almost
approaching the area used in small MEA testing (5 cm2). In
the other designs significantly smaller geometric surface areas
are used (GDE-M: 0.385 cm2, GDE-S: 0.0707 cm2, and MFE:
0.0316 cm2, see Table S1), which are approximately in the
range of geometric working electrode areas used for RDE
measurements. These smaller geometric working electrode
areas imply several advantages. For such designs, less catalyst
material for electrode preparation is needed, which can be very
beneficial when newly developed catalysts shall be tested at
relevant current densities. Additionally, due to the small areas,
also significantly lower absolute currents have to be applied to
achieve similar current densities. Hence, no extra potentiostat
booster devices are needed, and undesired side effects at high
currents, such as electrolyte heating or excessive formation of
bubbles at the counter electrode (depending on its size), are
less pronounced during measurements at high current
densities. In larger surface area cells, these side effects lead
to relatively large shifts in uncompensated resistance during
the measurements, which significantly affect iR post-correction
(see Figure S8B). In small cells (with smaller absolute
currents), iR post-correction is less sensitive to absolute errors
in determining the uncompensated resistance. Therefore, when
using a design with large geometric surface area, a more
sophisticated determination of the uncompensated resistance is
required. However, when discussing the impact of iR
correction, it also has to be considered that, in the designs
with small geometric working electrode area, the absolute
values for the uncompensated resistance were more than 1
order of magnitude higher compared to those with the higher
area cell (see Figure S8A). Hence, in all GDE half-cell designs
(with exception of MFE), in total a similar iR drop has to be
post-corrected when measuring ORR performance curves (see
Figure 7A, considering that the data from the GDE-S setup was
obtained with 2 M instead of 1 M HClO4).
In short, it can be presumed that, in larger electrode area

cells, the critical factor which determines the accuracy of the
measurement cells is the ability to accurately determine a low
uncompensated resistance. For smaller electrode area cells,
efforts to minimize the cell resistance (by increasing electrolyte
concentration and decreasing distance between electrodes) are
crucial. Regardless of the different effects of the current and the
uncompensated resistance on the performed measurements,
we prove here that comparable ORR testing throughout all
setups is possible when a suitable electrochemical protocol is
chosen.
From the comparison with the inhomogeneous catalyst

layers, another effect of the working electrode size on the GDE
half-cell measurements has become apparent: Commonly used
GDE preparation methods for fuel cell testing are often
developed to fabricate large electrode areas. Yet, inhomogene-
ities in the catalyst layer cannot always be prevented in

research laboratories. Those inhomogeneities affect the
individual performance curves in cell designs with small
geometric working electrode areas. Cell designs with a larger
working electrode area are more robust in this regard, as
inhomogeneities are averaged out. Hence, with such large
working electrode area cells, a single measurement represents a
good overview of the average activity of the electrode sample
fabricated with similar electrode preparation methods as for
MEA testing. For the use of GDE cell designs with small
geometric surface areas, catalyst layer quality control and
repeated measurements of different electrode samples from a
catalyst layer are required. The standard deviation of the
obtained activities then displays inhomogeneities in the
catalyst layer.
When measuring with small electrode area designs, three

more factors should be considered: (i) the relative error
increases when determining the exact catalyst loading of small
samples; (ii) the higher cell resistance leads to a less “sharp”
response of the Hupd features around the lower potential limit
(see Figure 3B and Figure 4B); and (iii) due to the small
electrolyte volume, effective removal of bubbles formed at the
counter electrode needs to be ensured.
Generally, we can state that reliable and comparable

measurements are possible with all tested setups. Due to the
outlined advantages and limitations in the designs, larger or
smaller areas for the working electrode may be chosen based
on the specific goals of the investigations. Designs with a small
working electrode do not require a large amount of catalyst
and in some sense are closer to fundamental RDE measure-
ments, whereas designs with a large working electrode require
more powerful electrochemical equipment and are closer to
MEA measurements. In all cases, it should be kept in mind that
the measurements display the properties of the catalyst layers,
and not necessarily the intrinsic performance of the respective
catalyst. Therefore, on the one hand, adequate catalyst layer
manufacturing is essential for reliable GDE half-cell testing. On
the other hand, exactly this significant impact of the catalyst
layer parameters on the performance can be investigated
explicitly when potentiostat, half-cell design, and electro-
chemical protocol are carefully chosen and tuned.
In summary, we can conclude that both FE and GDE half-

cell setups are promising techniques to investigate the impact
of catalyst layer properties on the ORR performance. The
current inter-lab comparison with three different Pt-based
GDEs revealed that good comparability can be achieved
between different setups and laboratories if two factors are
considered: (i) a similar electrochemical protocol with
galvanostatic steps and iR correction at each step should be
utilized, and (ii) a homogeneous catalyst layer needs to be
fabricated for the wide range of different geometric surface
areas. Non-homogeneous catalyst layers can lead to problems
in comparability of individual measurements, especially when

Table 2. Comparison of the Advantages of Gas Diffusion Electrode Half-Cell Designs with Different Working Electrode Areas

large working electrode area designs small working electrode area designs

Advantages • Robust in testing also non-ideal catalyst layers • Less catalyst material needed
• Less sophisticated potentiostats required: no boosters needed and exact
determination of uncompensated resistance (Ru) not as crucial

Should be
considered

• Sophisticated potentiostats needed for Ru determination
(fluctuation of Ru at elevated currents and current boosters needed)

• Very sensitive to catalyst layer inhomogeneities
• Higher cell resistances might lead to limitations
• Exact determination of catalyst loading of small samples necessary
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very small geometric surface area setups are used. Also, the
testing of Pt-alloy and microporous catalysts might need a
further activation procedure, which should be investigated
separately. The derived best practices from this work set the
basis for efficient and comparable electrochemical evaluation of
catalyst layers in GDE half-cell setups at technologically
relevant current densities, which will be a cornerstone for rapid
catalyst introduction and catalyst layer optimization in the
future. With further developments such as the addition of a
membrane to the catalyst layer or measurements at elevated
temperatures,16 realistic fuel cell conditions can be further
approached. Additionally, the different GDE half-cell designs
can be coupled to external in situ online mass spectrome-
try26,28 or ex situ analytics (such as SAXS23 or IL-TEM21,22),
enabling unique insights into the effect of catalyst layer
properties on stability and selectivity. As the utilization of GDE
half-cell setups is not limited to fuel cell reactions, this will be
of high priority for both understanding the stability of catalysts
in real electrochemical energy conversion devices49 and the
scale-up of electrochemical synthesis reactions.50 Both topics
will be crucial for a transition toward a climate-neutral society.
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1. Experimental Details

1.1 Electrode manufacturing. 

For the first experimental comparison commercial Pt/C GDEs were used (0.3 mgPt cm-2, 40 % 

Pt on Vulcan, FuelCellsEtc). For other experiments, GDEs have been prepared in-house using 

an ultrasonic spray coater (Biofluidix) and commercial Pt/C or PtCo/C catalyst (Pt/C: 

HiSPEC4000, 40 wt% Pt on Vulcan, Johnson Matthey; PtCo/C: Elyst 0690, 30 wt% PtCo on 

Carbon black, Umicore). The ink for the GDE fabrication consisted of a total 1 wt% solids in a 

solvent mixture of 20 wt% isopropylalcohol (IPA) in H2O. The solid fraction was composed of 

70 % catalyst powder and 30 wt% ionomer (Nafion D520; Dupont) resulting in a gravimetric 

ionomer to carbon ratio of about 0.7. The ink was homogenised for 20 min at 60 W and 0 °C 

with an ultrasonic horn (Hielscher). GDE sheets (5 x 8 cm) were fabricated by applying the 

catalyst ink onto a Freudenberg H23C8 gas diffusion media (230 µm thick) with the ultrasonic 

spray coater on a heated stage at 85 °C. The loading was determined by weighing (Sartorius 

Cubis®, 0.001 mg) the samples before and after the catalyst ink spray deposition.  
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1.2 Electrochemical setups 

Table S1. Experimental details for inter-lab comparison. 

 GDE-L GDE-M GDE-S MFE 

Setup GDE half-cell 

introduced in Ref. 1 

Commercial GDE cell 

from Gaskatel 

GDE cell introduced in 

Ref. 2 

Modified Floating 

Electrode setup 

introduced in Ref. 3 

Laboratory Helmholtz-Institute 

Erlangen Nürnberg 

(HIERN) 

TU Darmstadt Leibniz Institute for 

Plasma Science (INP) 

and Technology and 

University of 

Copenhagen 

National Institute of 

Chemistry Ljubljana 

WE geometric 

area 

2.01 cm² (ø 16 mm) Reduced to 0.385 cm2 

(ø 7 mm) with sealing 

(Normal area = 3 cm2) 

0.0707cm² (ø  3 mm) 0.0316 cm² (ø 2 mm) 

CE Ir/Ta Mixed metal 

oxide mesh on Ti 

PtIr wire Pt wire/Pt mesh Pt mesh (GoodFellow 

50 × 50 mm) 

RE Ag/AgCl (Metrohm) RHE (Hydroflex 

Gaskatel) 

RHE (stationary) RHE (HydroFlex, 

Gaskatel) 

Electrolyte 1 M HClO4 (~ 200 ml, 

Suprapure, 70 %, 

Merck) 

1 M HClO4 (25 ml, 

ROTIPURAN®Ultra 

70 %, Carl-Roth) 

2 M HClO4 (4 ml, 

Suprapure, 70 %, 

Merck) 

1 M HClO4 (20 ml, 

ROTIPURAN®Supra, 

70 %, Carl Roth) 

Flow field parallel flow field from 

graphite 

No flow field Stainless steel flow 

field (ø 3 mm, 0.5 mm 

extrusion in cell body) 

No flow field 

Gases Ar, O2, H2 (all 

99.998 %), CO 

(99.997 %; all gases 

Air Liquide)  

CO, O2, H2 (all 

99.999 %, Air 

Liquide), N2 (cold 

evaporated) 

Ar (99.999 %, Air 

Liquide), O2 

(99.999 %, Air 

Liquide), CO 

(99.97 %, Air Liquide) 

Ar, O2 (99,999 %, 

Messer), CO 

(99.997 %, Air 

Liquide) 

 

Potentiostat Biologic VSP-300 with 

2 x 2A-booster 

Ivium Octostat 5000 Nordic 

Electrochemistry  

ECi-211 

Biologic SP-200 
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1.3 Electrochemical protocol 

Table S2. Electrochemical protocol used for evaluation of ORR electrocatalysts. 

Step Electrochemical 

Technique 

Parameters 

0 
RE potential 

determination 

Open circuit potential 

(OCP) 

Gas purge (Flow rate) 

Time 

H2 (250 ml min-1) 

~ 10 min 

1 
Electrochemical 

cleaning 

Cyclic voltammograms 

(CV) 

Gas purge (Flow rate) 

Potential limits 

Scan rate 

Number of cycles 

Ar (300 ml min-1), humidified (1) 

0.05 – 1.2 V vs. RHE 

200 mV s-1 

~ 30 - 50 (until CV is stable) 

2 

ECSA 

determination 

(Hupd) 

CV 

Gas purge (Flow rate) 

Potential limits 

Scan rate 

Number of cycles 

iR-compensation 

Ar (0 ml min-1, if possible), humidified (1) 

0.05 – 1.2 V vs. RHE 

50/100/200 mV s-1 

3 each 

95 % in-situ correction + 5 % post-corr. 

3 Oxide reduction 
Chronoamperometry 

(CA) 

Gas purge (Flow rate) 

Potential  

Time 

Ar (0 ml min-1), humidified (1) 

0.1 V vs. RHE 

5 min 

4 
Polarization 

curve (O2) 

 OCP 
Gas purge (Flow rate) 

Time 

O2 (250 ml min-1), humidified (1) 

10 min 

Galvanostatic steps 

coupled with impedance 

spectroscopy (GEIS) 

Gas purge (Flow rate) 

Current steps (hold 

time) 

EIS frequency range 

EIS amplitude 

iR-compensation 

O2 (250 ml min-1, ambient pressure) 

- 0.05/-0.1 mA cm-2 (90 s),

-0.25/-0.5 mA cm-2 (60 s),

-1/-2.5 mA, -5/-10 mA cm-2 (30 s),

-25/-50/-100/-250 mA cm-2 (5s)

-0.5/-1.0/-1.5/-2.0 A cm-2 (5s)

f= 200 kHz – 10 Hz

10 % of current (min. 5 mA cm-2)

100 % post-correction

5 

ECSA 

determination 

(CO-stripping) 

CA 

Gas purge (Flow rate) 

Potential 

Time 

CO (100 ml min-1) 

0.1 V vs. RHE 

2 min 

Gas purge (Flow rate) 

Potential 

Time 

Ar (500 ml min-1) 

0.1 V vs. RHE 

~20 min, 

CV 

Gas purge (Flow rate) 

Potential limits 

Scan rate 

Number of cycles 

iR-compensation 

Ar (0 ml min-1), humidified (1) 

0.1 – 1.2 V vs. RHE 

200 mV s-1 

3 

95 % in-situ correction + 5 % post-corr. 

(1) In MFE setup non-humidified O2 was used. However, in preliminary experiments we found that humidification does not

affect the measurements at room temperature.

For calculation of the electrochemically active surface area (ECSA) the following constants 

have been used: hydrogen desorption (Hupd, 210 μC cmPt
-2) and CO-stripping charge 
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(420 μC cmPt
-2). All experiments are repeated at least twice and conducted at ambient 

temperature. 

2. Supplementary Data

2.1 Comparison of previously reported GDE half-cell data 

Figure S1. Comparison of different GDE half-cell data previously published. Blue: Low Pt/C loading GDEs, 

Orange: High loading Pt/C GDEs. Significant differences in the measured activities can be observed when 

galvanostatic steps (intense colour points) or scanning techniques (pale coloured lines) are used. Scanning 

techniques result in significantly lower performance measured in relevant potential ranges. However, it has to be 

considered that also different catalyst systems were used, which could also lead to different results. Therefore, a 

systematic comparison is needed. Data reprinted from Inaba et al. 2, Ehelebe et al. 1 and Hrnjic et al. 3 
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2.2 Cross sectional SEM images of tested GDE samples 

Figure S2. SEM cross-sectional images of the tested catalyst layers. To achieve an overview over a wide range of 

the catalyst layer, several SEM images are stringed together. 
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2.3 Discussion about discrepancies obtained testing PtCo/C samples 

Figure S3. Inter-lab comparison of spray coated PtCo/C GDEs (0.1 mgPt cm-2, Elyst0690). A: CVs in Ar, 

B: Tafel-plot normalized to specific surface area determined via CO-stripping. 

Figure S4. Three hypotheses to explain the measured differences for spray coated PtCo/C GDEs (Co 

contamination, catalyst layer quality and activation of microporous layer). A: Effect of Co contamination. 

Consecutive polarization curves in O2 with same electrolyte from cleaning cycles and fresh electrolyte. 

B: Polarization curves in O2 measured with GDE-L and GDE-M in comparison with distinct sample preparation 

methods and different spot of the original sample measured in GDE-M. C: CVs in Ar, respectively. 

D: Electrochemically active surface area determined via Hupd and CO-stripping. 

Significant discrepancies have been observed when comparing the PtCo/C catalysts in different 

laboratories and with different setups. There are three major hypotheses where these 

discrepancies could originate from. Firstly, the discrepancies could be due to poisoning with 
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leached Co species in the electrolyte. During cleaning cycles or leaving the working electrode 

at open circuit potential Co species are leached out of the catalyst. 4 Due to different electrolyte 

volumes of the various setups, also the Co concentration in the electrolyte would be different, 

leading to a different amount of contamination. This hypothesis, however is not very likely as 

a poisoning effect should be most apparent in the very low current regions of the polarization 

curves. Yet, in this region the Tafel-plots with Pt surface area normalized specific current 

densities exhibit quite similar activities (see Figure S3B). Further tests also exhibit no 

significant change in polarization curve, when the electrolyte is exchanged between activation 

cycles and ORR measurements (see Figure S4A). However, despite not being the main reason 

for the discrepancies, for future work it is still recommended to exchange the electrolyte after 

cleaning cycles when measuring Pt-alloy samples to avoid any cross contamination. 

Additionally, it could be beneficial to pre-leach Pt-alloy samples chemically and control the 

electrode potential throughout the whole experiment (also during filling the cell with 

electrolyte) to avoid uncontrolled Co leaching processes, which can also result in differences 

in nanoparticle structures. 5 

Another reason for the discrepancies obtained could be catalyst layer inhomogeneity and 

ageing. As already discussed, a homogeneous catalyst layer is prerequisite for comparable GDE 

testing, especially when designs with very small geometric surface areas are used. SEM cross-

sectional images show that compared to the Pt/C GDEs the PtCo/C samples exhibit larger 

inhomogeneities (see Figure S2). Although there are no visible cracks as in the commercial 

sample, still significant differences in catalyst layer thickness and an increased roughness of 

the catalyst layer surface can be observed. Those differences in catalyst layer quality can be 

ascribed to the structural differences between the commercial PtCo/C catalyst from Umicore 

and the previously tested HiSPEC catalyst, which are discussed in detail in section 1.4 of the 

main text. In the PtCo/C case, a high surface area carbon support is used, which exhibits a 

significantly higher porosity than the HiSPEC4000 with its Vulcan carbon support. 6 The 

different carbon supports also behave differently when an ink is formed for the spray coating 

process. 7 For the sake of comparability, here the same ink composition – which was previously 

optimized for the HiSPEC4000 catalyst – is utilized for spray coating both Pt/C and PtCo/C 

catalyst layer. The utilization of this non-optimized ink recipe for the high-surface area PtCo/C 

catalyst might therefore be the reason for an inhomogeneous catalyst layer and hence the 

measured discrepancies in electrochemical performance. To elucidate this hypothesis further, a 

drop casting approach using a PTFE mask to control the coated area was applied aiming at 
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catalyst layers with precise catalyst loading control also for low geometric surface areas. Using 

this approach, also small geometric surface area analogues (here GDE-M) gave comparable 

polarization curves in O2 compared to with respect to large geometric surface area analogues 

(GDE-L, see Figure S4B). Also the shape of the CVs in Ar environment is more similar to the 

one measured with the GDE-L cell, even exhibiting higher ECSA values (see Figure S4C & D). 

Additionally, another small sample from a different part of the formerly spray coated GDE 

sheet (5 x 8 cm) was taken and tested with GDE-M, also leading to more comparable results 

(see Figure S4B, C & D). This indicates, that the spray coating process over a large surface area 

(5 x 8 cm) with a non-optimized ink led to significant inhomogeneities in the GDE catalyst 

layers and therefore discrepancies in the electrochemical performance.  

Finally, also a missing activation procedure for the microporous PtCo/C catalyst might cause 

differences between the various setups. Especially microporous catalysts usually require some 

sort of pre-activation as a certain amount of water, which is produced during ORR, is needed 

to enable proton transport towards the catalyst nanoparticles in the pores. In a floating electrode 

setup using extremely thin catalyst layers, it was recently shown that ORR performance is 

significantly affected by preceding activation procedure. 8 This effect might even be more 

pronounced in thicker catalyst layers as tested in the half-cell setups here. The different cell 

designs, with their different geometries (geometric surface area, shape of flow field etc.) could 

impact the optimal activation procedure in various manners. For more insights on activation 

mechanisms in catalyst layers, the readers are referred to an extensive recent review. 9 

Additionally, we observed that when catalyst layers are stored in air, performance and 

reproducibility deteriorate. This might be related to an unfavourable drying of the Nafion in the 

layer. Therefore, also the duration between catalyst layer manufacturing and testing might affect 

ORR performance measurements. 
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2.4 Details on best practice procedure 

Figure S5. Importance of determining the uncompensated resistance (Ru) at each current step. A: Nyquist plot for 

different currents in the GDE-L setup. It can be seen, that Ru decreases with increasing current density. B: 

Comparison of Ru changes within one polarization curve measurement. 

Figure S6. Guideline on choosing the correct baseline for ECSA determination via Hupd (data from GDE-L) on 

the example of a Pt/C (A) and PtCo/C (B) GDE. No straight line should be chosen due to the high surface area 

carbon support. The baseline should rather be adjusted to the double laver region. It should be parallel to the CV 

with CO adsorbed on the Pt surface. Due to some undesired O2 in all GDE half-cell setups, it is necessary to shift 

the baseline according to the double layer region. Following this guideline, similar ECSA values as with CO 

stripping can be obtained for Pt/C GDEs. 

Figure S7. Parameters affecting the ECSA determination via Hupd method. A: Impact of the back gas flow on 

Hupd region of Ar CVs. Spray coated Pt/C GDEs (0.4 mgPt cm-2, HiSPEC4000). B: Impact of the lower potential 

limit on Hupd region of CVs obtained in Ar environment without back flow (commercial GDE, 0.3 mgPt cm-2). 

Here an adequate lower potential limit would be around 0.075 V vs. RHE. 
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2.5 Details on the comparison between GDE cell designs 

Figure S8. Impact of the geometric surface area (Sgeo) and the uncompensated resistance (Ru) on the iR-drop. A: 

Comparison of Sgeo (blue) and Ru for the different setups. B: The product of Sgeo and Ru is proportional to the iR-

drop in each cell. It can be seen that the fluctuations of the Ru affect the iR-drop significantly for the bigger area 

cell (GDE-L). Therefore, especially in this cell, correct Ru determination at each step is extremely important. 
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• Accelerated development of oxygen
evolution reaction electrode production
method and testing demonstrated.
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A B S T R A C T

The scarce supply of Ir used to catalyze the sluggish oxygen evolution reaction in acidic water electrolysis calls 
for unconventional approaches to design more active catalysts with minimal resource usage for their commercial 
scaling. Industrial-ready production methods and laboratory scale tests that can reflect the catalyst behaviour 
realistically need to be included in this process. In this work, we benchmarked three series of self-supported Ir–Co 
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diffusion electrode setup. It was seen that after selective acid leaching of the Co, a nanoporous structure with a 
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the initial Co:Ir deposition ratio over ten times higher oxygen evolution mass activities could be reached as 
compared to a commercial, unsupported IrOx nanoparticle catalyst used as a benchmark in the same setup 
configuration. The presented integrative catalyst design and testing strategy will help to facilitate bridging the 
gap between research and application for the early introduction of next-generation catalysts for water splitting.   
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1. Introduction 

Recently, there has been a widespread development of materials and 
techniques to buffer the intermittent renewable energy supply via 
diverse applications such as supercapacitors [1–3] and lithium-ion 
batteries [4,5]. In addition, hydrogen production via proton exchange 
membrane water electrolysis cells (PEMWEs) stands in the focus of 
current academic and industrial research. Aside from energy storage for 
the grid, heat or mobility, PEMWEs can also be a key element in in-
dustrial markets that demand hydrogen, such as the ammonia chemical 
industry, chemical stock synthesis or fuel synthesis (power-to-x) [6]. 
According to the International Energy Agency (IEA), global demand for 
hydrogen was estimated at 87 million metric tonnes (MMT) year in 2020 
and is forecasted to increase by 13 MM T/year until reaching 528 MMT 
in 2050 [7]. To reach a net-zero emission scenario in 2050 without 
further investment in fossil-fuel-based carbon capture, utilization and 
storage (CCUS) an extra 190 MT of hydrogen power produced by water 
electrolysis would be necessary to provide 2000 GW of net capacity. To 
put this development into perspective, by the year 2030 a target for 40 
GW in electrolysis capacity should be reached according to the European 
Green Deal, with an associated cost of EUR 20 to 40 billion without 
accounting for the electricity costs [8]. While commercial alkaline 
electrolyzer systems are currently more economical at a lower price per 
kilowatt [9], PEMWEs have experienced a greater cost reduction due to 
R&D efforts. The interest in PEMWE development stems from their 
ability to provide higher current densities and to work at higher tem-
peratures and pressure as compared to alkaline electrolyzers, which 
makes them a more interesting option for industrial scaling [10]. 
However, their most challenging limitation is the requirement of Plat-
inum Group Metals (PGMs) such as Ir and Pt to improve the slow elec-
trode reaction kinetics under harsh acidic conditions and high 
potentials. In particular, the oxygen evolution reaction (OER) occurs in a 
multi-step reaction that is favoured on the active sites of Ir-based oxide 
catalysts [11]. While Ru-based oxides have shown higher activity than 
IrO2 for the OER, the latter sustains the most balanced equilibrium be-
tween high activity and durability in the acidic environment [12]. Since 
PEMWEs should withstand periods of >50 k operating hours under high 
current densities and transients without showing significant degrada-
tion, the choices are further narrowed. Unfortunately, the supply of Ir 
and Pt is very limited and costly. Just in the first quarter of 2021, the 
price per ton of Iridium increased sharply by four times, which is the 
highest price increase registered in the last 20 years [13]. Hence, to 
upscale the PEMWE production the capital expenditure (CAPEX) cost 
including noble metal cost has to decrease. To establish Ir catalysts as a 
commercially viable and scalable option in PEMWEs, the catalyst 
loading needs to be reduced while maximizing the catalytic activity. For 
maintaining a high catalytic activity with low loadings, the electro-
chemically active surface area (ECSA) should be as high as possible. A 
common strategy to reduce the catalyst loading is to develop alloys with 
synergistic effects that increase the intrinsic activity [14] as is observed 
when combining Ir with Cu, Co, or Ni [15,16] or forming core-shell 
structures [17] that benefit from an Ir-rich surface [18–20]. Another 
approach is to develop completely PGM-free catalysts based on alloys of 
more abundant metals, i.e., Co, Ni, Fe or Mo derived from metal-organic 
frameworks (MOF) [21–24]. However, the most known commercial 
catalysts are still unsupported, Ir-based nanoparticles. Several synthesis 
approaches have been tested to produce nanoparticles with different 
characteristics [25]. It is not possible to support the nanoparticles on 
carbon to increase the surface area, as the carbon degrades. This has the 
disadvantage that the ECSA of Iridium black is small compared to Pt/C 
catalysts used in fuel cell systems [11,26–28]. Recently developed 
self-supported catalyst nanostructured catalysts present a possible so-
lution to this problem since the catalyst is applied on the substrate (e.g., 
a gas diffusion electrode) directly without using binder materials. With 
this approach, it already has been shown that microstructure tuning and 
modulation of the catalysts’ electronic structure with heteroatoms can 

produce highly active and stable catalysts [29–32]. However, multi-step 
processes are often used at the lab scale to synthesize catalyst particles 
and coatings, which can impose limitations in the industrial scaling. On 
the other hand, physical vapour deposition (PVD) is a well-known 
technique in the industry. The plasma process yields homogenous 
composition in the layers and allows flexible operative conditions such 
as the direct deposition of oxides or control of the morphology modi-
fying, e.g., the sputtering angle or chamber pressure [33]. In recent 
studies, PVD has been used to produce highly active self-supported 
catalysts with tunable morphologies using a co-sputtered templating 
metal [11,34,35]. High ECSAs are achieved by selective dissolution of 
the templating metal in an acid-leaching processing step, which creates 
an interconnected network of the active metal. Several publications 
concerning this method report large ECSAs and activities [11,34,35]. On 
the other hand, the high catalyst performance observed with traditional 
academic testing techniques such as the thin-film rotating disk electrode 
(TF-RDE) hardly ever translates to real operation conditions seen on full 
membrane electrode assembly (MEA) systems [36]. The step from lab 
testing to an industrial application is thus very wide. Testing in a liquid 
acidic environment under mass transport limited conditions does not 
describe accurately those of a Membrane-Electrode-Assembly. Further-
more, it has been discussed that the degradation trials on OER could 
have been systematically misinterpreted [37–40]. Due to the method 
limitations, the oxygen evolved during the reaction is trapped close to 
the surface of the catalyst causing early failure during the test, while the 
catalyst features remain unchanged [39]. Gas diffusion electrode (GDE) 
setups have been introduced as a bridging tool as they include realistic 
constraints (real catalyst loadings, membrane layer, gas dif-
fusion/porous transport layers, three-phase boundary) while keeping 
the fast screening capabilities of the TF-RDE and retaining the ability to 
measure the potential drop of the anode in a three-electrode setup. 
While initially designed for oxygen reduction reaction (ORR) studies 
[41–43], an increasing number of publications with GDE setups in 
different configurations also prove its flexibility to explore different 
reactions such as the OER [25]. It is expected that this technique be-
comes a standard in the electrochemical community and is used more 
systematically to develop catalyst layers in a fast and cost-effective 
manner before applying MEA tests [44]. In the present study, we use a 
GDE setup modified to accommodate electrolysis conditions to perform 
an electrochemical characterization of the OER in three series of IrCo 
catalysts produced by PVD with different sputtering Co:Ir ratios. In 
particular, we aim to study the influence of the deposition parameters on 
the reaction performance. To that end, we use morphological and 
chemical characterization techniques (SEM-EDS, XAS, XRD, XPS) to 
follow the development of the catalyst during different steps in the 
material preparation (magnetron sputtering followed by acid leaching). 
The features observed (mesoporosity, chemical distribution, crystal-
linity) are further discussed alongside the electrochemical character-
ization of the ECSA of the catalyst by cyclic voltammetry (CV) and OER 
mass activity. Our findings indicate a direct relationship between the 
deposition parameters and the electrochemical results. Furthermore, 
this study underlines the interesting synergy of the PVD with the GDE 
method to fast-track catalyst film optimization for industrial 
applications. 

2. Experimental section 

2.1. Materials, chemicals, gases 

De-ionized ultrapure water (resistivity >18.2 MΩ cm, total organic 
carbon (TOC) < 5 ppb) from an Aquinity P − 102 system (Membrapure, 
Germany) was used for electrolyte preparation and the cleaning of the 
GDE half-cell. Carbon gas diffusion layers (GDL) with a microporous 
layer (MPL) (Sigracet 29BCE, 325 μm thick, Fuel Cell Store) served as a 
substrate for the sputtering of the catalyst film. A polytetrafluoro-
ethylene (PTFE) disk (Bola, 0.12 mm thickness), a GDL without an MPL 
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(Freudenberg H23, 210 μm thick, Fuel Cell Store), a porous transport 
layer (PTL) (ANKURO Int. GmbH, 0.3 mm thickness, 50% open 
porosity), and a Nafion membrane (Nafion 117, 183 μm thick, Chemo-
urs, Wilmington, DE, USA) were used for the cell assembly (see Fig. 1). 
As a counter electrode (CE) a platinum wire of 0.5 mm diameter 
(99.99%, Junker Edelmetalle GmbH) was used, which was folded 
several times at one side to increase the active surface area. Another Pt 
wire was used to manufacture a hydrogen reference electrode (RE) using 
a borosilicate glass capillary of 40 mm in length and 6 mm in diameter. 
Additionally, self-manufactured borosilicate glass frits (6 mm internal 
diameter, 20 mm length) were used to hold the RE during the electro-
chemical measurements. Perchloric acid (70% HClO4, Suprapur, Merck) 
was used for electrolyte preparation. O2 (99.999%, Air Liquide) and Ar 
(99.999%, Air Liquide) were used for magnetron sputtering, acid 
leaching, and electrochemical measurements. 

2.2. Catalyst synthesis - preparation of the Ir–Co network 

To prepare the self-supported nanoporous catalyst film, a linear 
sputtering magnetron reactor (Univex 400, Leybold GmbH, Germany) 
was used. The process chamber was evacuated to a pressure of 1.7 ⋅ 10− 5 

Pa. The film substrate (GDL) was placed on a holder in a load lock at 
atmospheric pressure and then evacuated to a base pressure of at least 
10− 4 Pa. From there, a swivelling arm allowed the holder to enter the 
process chamber with minimal interruption. During the deposition, an 
Ar plasma was ignited at the magnetron electrode at a working pressure 
of 5 Pa and flushed through the individual magnetron sources at a flow 
rate of 100 sccm. For the IrxCo1-x film deposition, two magnetrons were 
equipped with planar targets of Co (99.95%, Evotec GmbH, Germany) 
and Ir (99.95%, MaTecK, Germany) of 177 x 25 × 1.5 mm located at the 
upper part of the chamber. The RF generators (Cito 136, COMET) 
operated at a driving frequency of 13.56 MHz. Further information 
about the sample preparation process and the reactor configuration can 
be found in the SI. A mask of 5 cm × 5 cm on the substrate holder limited 
the sputtered area during the deposition. The sample was allowed to 
oscillate in a linear trajectory between the two respective magnetrons. 
The sputtering was initiated when the sample reached the position 
below each magnetron. At that point, the sample holder was pro-
grammed to oscillate with an amplitude of 1 mm to increase the ho-
mogeneity of the deposition. The holder reached an acceleration of 100 
mm s− 2 and a maximum linear velocity of 50 mm s− 1. The RF power was 
chosen as 225 W for Co and 50 W for Ir. The alternating sputtering 
process was performed for 500 cycles in all series, modifying the 
deposition time to achieve three different element ratios as seen in 
Table 1. The average deposition time was 4–5 h. Before the 

measurements, a calibration of the sputtering process was performed 
where Ir was sputtered continuously for 20 min on a substrate. The final 
Ir loading was measured by mass gravimetry, and the thickness homo-
geneity was verified using a profilometer (Alpha Step D-600, KLA). 
Assuming a linear dependency of loading with the sputtering time, three 
series were produced with a nominal Ir loading of 0.250 mg cm2 and 
different Co:Ir deposition time ratios. The resulting Co:Ir ratios were 
determined experimentally by EDX on the as-prepared samples 
(Table 1). 

As part of the Ir–Co catalyst film preparation, the samples were 
leached after the deposition in 1 M HClO4 to create a nanoporous self- 
supported Ir structure by selectively dissolving the Co under potential- 
controlled conditions according to the method developed by Sievers 
et al. [11]. The individual steps of the acid leaching procedure are 
summarized in Table 2 and described more in detail within the Result 
and Discussion section. Once the samples were leached, they were 
cleaned in distilled water and left to dry in air before further 
manipulation. 

2.3. Gas diffusion electrode setup 

The GDE was prepared using a Nafion membrane (Nafion 117, 183 
μm thick, Fuel Cell Store) hot pressed to the sputtered gas diffusion layer 
(GDL). In this study, the Nafion membrane was activated as described by 
Schröder et al. [25]. A concentric circular steel punch (BOEHM, Ger-
many) was used to cut small disks from the GDL and the assembly ma-
terial. First, a disk of Ø 3 mm was cut from the sputtered GDL. Using an 
in-house built hot press (Fig. S1) with a modified soldering iron and 6 kg 
steel weights, a Ø 10 mm Nafion membrane was hot pressed on top of 
the catalyst layer at 120 ◦C using 84 kg cm− 2 for 30 s. 

As indicated in Fig. 1, a Ø 20 mm Gas Diffusion Layer (GDL) without 

Fig. 1. GDE half-cell setup used in the study and assembly view of all elements.  

Table 1 
Material parameters during the magnetron sputtering process.  

Series 
By 
element 
wt.% 
(EDX) 

Sputtering 
time (s) 

Number 
of cycles 

Loading 
Ira (mg 
cm− 2) 

Gas 
atmosphere 

Substrate 
type 

Ir28Co72 Ir: 
3 

Co: 
6 

500 0.250 Ar 100% GDL 
29BCE 

Ir45Co55 Ir: 
3 

Co: 
3 

500 0.250 Ar 100% GDL 
29BCE 

Ir75Co25 Ir: 
3 

Co: 
1 

500 0.250 Ar 100% GDL 
29BCE  

a Theoretical loading calculated by mass gravimetry. 
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a microporous layer (MPL) was placed directly over the flow field of the 
stainless-steel bottom cell. On top, a Ø 20 mm Teflon disk with a Ø 3 mm 
center hole was used as a sealant for the liquid and electrical insulator. 
Embedded inside, a Ø 3 mm PTL disk was positioned to allow the gas 
flow to contact the GDE on top and to serve as a current collector. Last, a 
Teflon upper cell was pressed against the assembly and secured tightly 
with a metal clamp. Both the Teflon upper cells and the CE and RE were 
cleaned before every use according to the following protocol. First, they 
were placed overnight in a tank with concentrated HNO3 and concen-
trated H2SO4 solution 1:1 in volume. Afterwards, they were rinsed and 
boiled in distilled water for 1 h in at least 5 cycles. The unused materials 
were kept in a glass vial and boiled always one last time before use. 
Furthermore, the Pt wire was flame annealed every time it was used to 
remove any organic contaminations. After every trial, all the assembly 
components were discarded and replaced with new ones to decrease the 
influence of contaminations. 

2.4. Electrochemical measurements 

All the experiments were conducted with a Potentiostat (ECi-211, 
Nordic Electrochemistry ApS, Denmark). The Potentiostat also 
controlled the gas switching between humidified Ar and O2 during the 
experiments. An overview of the experimental protocol is presented 
below in Table 2. 

The GDE half-cell (Fig. 1) and a glass bubbler were placed inside an 
insulating glass chamber during the measurements (See Fig. S1 in SI). 
Precise temperature control (±0.1 ◦C) was achieved through a constant 
flow of distilled water recirculated in between the double glass walls 
with a water heating system (Lauda RC6 SC). The GDE half-cell was 
placed in the middle of the chamber, supported on an aluminium lab-
oratory jack (Laborboy, Sigma Aldrich) and insulated with a PTFE plate 
in between. Before the start of the measurements, the system was 
allowed to equilibrate at a constant temperature for at least 30 min. All 
the temperature references correspond to the set point defined in the 
water heating system. To prevent any shifts in reference potential due to 
contaminations on the RHE electrode, the RE was protected in a glass frit 
manufactured by an in-house technical glassblower. In addition, the 
RHE electrode was calibrated before each measurement in a separate 
GDE cell against a Pt GDE with the same molarity and electrolyte as the 
testing GDE cell, i.e., 1 M HClO4 electrolyte. The H2 gas was supplied 

through an in-house electrolyzer, connected to the gas flow through 
lines of the GDE cell. The RHE offset was measured by cyclic voltam-
metry in a potential interval between − 0.005 and 0.005 V at 100 mV s− 1 

for 200 cycles. The acceptable range for initial RHE values was defined 
as ± 0.003 VRHE. In case of a larger deviation, the RHE was remade, and 
the calibration procedure was repeated to avoid large iR-correction er-
rors. Before the measurements, Ar was purged through the flow field as a 
conditioning step and cyclic voltammograms were recorded at a scan 
rate of 100 mV s− 1 in a potential range between 0.025 and 1.2 VRHE until 
a stable cyclic voltammogram could be observed (ca. 30 cycles). The 
ECSA of the catalyst (Table 3) was determined by integrating the Hupd 
area in the potential window of 0.025–0.25 VRHE of the last CV acquired 
using a fixed conversion coefficient of 176 μC cm− 2 [11] according to 
the following formula: 

ECSA
[
m2g− 1]=

QHupd

LIr × 176 μC cm− 2 (1) 

The OER activity was determined through a galvanostatic step pro-
tocol with increasing currents based on Schröder et al. [25] and scaled 
accordingly to account for the loading difference. An AC signal (5 kHz, 5 
mV) was applied during the current steps to obtain an online resistance 
measurement between the working and reference electrode (~10 Ω) 
which was used for an iR-correction of the measured potential values. 

3. Results & discussion 

3.1. Catalyst morphology and chemical composition 

The morphology of the unleached catalyst layers, i.e., after the 
deposition process, was characterized using secondary electron imaging 
(SEM), see Fig. 2. As seen in Fig. 2a, b and c, all catalyst series featured a 
similarly packed globular structure. Similar morphologies have been 
previously observed in studies of catalyst films prepared on carbon 
paper substrates using comparable process conditions [33]. The size of 
the globular features was not substantially different between the 
respective series, ranging from 0.1 to 0.9 μm in diameter. However, the 
SEM micrographs indicate further development of nanoporous struc-
tures. That is, the surface of the globules exhibits a certain degree of 
roughness, which is especially distinct for the Co-rich series (Ir28Co72; in 
the following the notation refers to the elemental composition obtained 

Table 2 
Electrochemical protocol for OER activity trials.  

Acid leaching Cyclic Voltammetry (CV) Activation (Potentiostatic) OER (Galvanostatic) Steps 

30 cycles 30 cycles 20 min 30/60 ◦C Step 0 Leaching 
100 sccm Ar 100 sccm Ar 100 sccm Ar 100 sccm O2   

100 ml 1 M HClO4 4 ml 1 M HClO4 4 ml 1 M HClO4 4 ml 1 M HClO4 Step 1 1. CVs (ECSA) 
0.05–0.5 VRHE 0.05–1.2 VRHE 1.7 VRHE 1 - 1000 Ag-1 2. OER 30 ◦C 
100 mVs− 1 100 mVs− 1 Online iR-comp. 5 min/step 3. CVs 
5 kHz, 5 mV AC 5 kHz, 5 mV AC  Post iR correction Step 2 1. CVs  

Post iR correction   2. Act.     
3. CVs     
4. OER 30 ◦C     
5. CVs     

Step 3 1. OER 60 ◦C     
2. CVs  

Table 3 
Relevant electrochemical parameters for the catalyst series included in the study. Error measurements are expressed from the average of three trials per series.  

Series 
By element wt.% 

Tafel slope (mV dec− 1) 
@30–100 Ag–1

Ir 

Mean ECSA (m2g− 1) 
Ageo = 0.0707 cm2 

C = 176 μCcm− 2 

Mass Activity (Ag–1
Ir) Specific Activity (Am− 2) 

Activated 30 ◦C 60 ◦C @1.50 VRHE Activated 30 ◦C @1.46 VRHE 60 ◦C @1.50 VRHE Activated 30 ◦C @1.46 VRHE 60 ◦C 

Ir28Co72 62 49 52.6 ± 4.8 101.5 117.8 1.9 2.2 
Ir45Co55 64 52 33.7 ± 1.9 57.6 91.8 1.7 2.7 
Ir75Co25 68 58 21.4 ± 2.0 44.3 62.7 2.1 2.9 
Alfa Aesar 53 47 – 12.14 10.18 – –  
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by EDX point analysis before the acid leaching), see Fig. 2a as well 
Fig. S2b for a closer look. Finally, yet importantly, EDX top-down 
mapping of different representative areas on the catalyst films, see 
Fig. S3, revealed that in all cases Ir and Co were homogeneously 
distributed across the film. As mentioned before in the Method section, 
Co was removed from the sputtered films in a process that is referred to 
as acid leaching. As the Pourbaix diagrams show for the respective 
catalyst film constituents, metallic Ir is stable under the leaching con-
ditions while Co is oxidized to soluble Co2+ ions and does not form a 
passive film [45,46]. Hence, Co dissolution starts spontaneously when a 
sputtered sample is submerged in a de-aerated 1 M HClO4 aqueous so-
lution [11], giving the solution had a characteristic pink tone. The color 
of this solution has been described extensively as a result of the 
complexation of Co2+ complex in water to form [Co(H2O)6]2+. To 
confirm this, Cl− ions were added to the solution from concentrated HCl 
and the temperature was raised. Both effects shift the equilibrium to 
[CoCl4]2- as a direct consequence of Le Chatelier principle [47], which 
shows a distinct blue color, see Fig. S4. To attain better control of the 
acid leaching process and to minimize Ir oxidation before ECSA deter-
mination of the metallic surface, the samples were submitted to an 
electrochemical cycling protocol (Table 2) between 0.05 VRHE and 0.5 
VRHE with a scan rate of 100 mV s− 1 starting directly after the electrolyte 
was added to the upper cell compartment. The cycling continued until a 
stable CV was achieved. This was typically the case after 30 potential 
cycles. Along this process, the initial Co to Ir ratios were changed 
significantly. In every case, the relative amount of Co decreased to under 
10% in weight according to the EDX. Using XPS for a more 
surface-sensitive analysis of the pre-leached and leached samples, see 
Fig. S5, we observed a trend in the decrease in the Co:Ir ratios after 
leaching following the series, albeit not proportional to the initial ratios 
(see Fig. S6). This discrepancy could perhaps be attributed to the drastic 
change in morphological differences and chemical gradients to form a 
more stable Ir shell with a Co core after the acid leaching [11,47,48]. 
The process of acid leaching has been well described for Pt-based alloys 
for the oxygen reduction reaction. It has been shown by low energy ion 
scattering (LEIS) that the exposition of PtM (M = Fe, Co, Ni, etc.) sur-
faces automatically leads to a full depletion of all non-noble atoms from 
the surface and the formation of “skeleton” or core shell surfaces [48]. In 

the here reported work, sparse colonies of Ir-rich dendritical structures 
were formed of the GDL carbon substrate, which was also left exposed 
over large areas. The development of this porous structure differs sub-
stantially from the preparations on glassy carbon in a former study [11], 
see Fig. S2. The reason for this difference might be the three-dimensional 
structure of the gas diffusion electrode or the hydrophobicity. The 
initially Co-rich sample, Ir28Co72 presents the biggest size of the den-
drites and area of the exposed substrate. Both features appeared to 
decrease together with the Co:Ir ratio when comparing Ir28Co72 with the 
Ir45Co55 and Ir75Co25 series (Fig. 2d, e and f respectively).  

Series 
By element wt.% 

wt.% norm. 

Unleached Leached 

Ir Co Ir Co 

Ir28Co72 27.7 ± 1.9 72.3 ± 1.9 95.0 ± 0.8 5.0 ± 0.8 
Ir45Co55 44.9 ± 0.7 55.1 ± 0.7 96.2 ± 1.5 3.8 ± 1.5 
Ir75Co25 75.3 ± 5.1 24.7 ± 5.1 91.9 ± 0.8 8.1 ± 0.8 

Series 
By element at.% 

at.% norm. 
Unleached Leached 
Ir Co Ir Co 

Ir28Co72 10.5 ± 0.9 89.5 ± 0.9 85.4 ± 2.1 14.6 ± 2.1 
Ir45Co55 19.8 ± 0.7 80.2 ± 0.7 88.6 ± 4.1 11.4 ± 4.1 
Ir75Co25 48.8 ± 6.7 51.3 ± 6.7 77.8 ± 1.9 22.2 ± 1.9  

The element distribution of representative leached areas can be 
found in the EDX mapping of Fig. S3 of the SI. An as-sputtered XRD 
analysis indicated that the elements are found in a heterogeneous film 
with a low degree of crystallinity, as it is normal for sputtered catalysts 
that do not experience a heat treatment [26,49,50]. While the overall 
structure remains amorphous, the shift to lower theta values and nar-
rowing of the Ir (111) Bragg peak after leaching, see Fig. S7, suggests 
that it might experience a slight increase in crystallinity, which has also 
been reported in similar studies [11,34,51]. Since the first studies on 
AuAg nanoporous structure formations via selective leaching, several 
studies have emerged to explain the behaviour of homogeneous bime-
tallic alloys [52–57] as well as the change in electronic properties due to 
the formation of core-shell nanoparticles. However, a former study using 
a similar magnetron-sputtering and acid-leaching process to create a 

Fig. 2. SEM SE top measurements of IrCo catalysts on a carbon substrate taken with a 45◦ angle from the surface, at 15 kV and 10 k magnification. a) to c) correspond 
to the samples before the electrochemical dealloying in HClO4 1 M for 30 cycles between 0.05 and 0.5 VRHE while d) to f) show the surface of the same samples after 
the process. A summary of EDX results normalized for Ir and Co is expressed in weight % (upper table) and atomic % (lower table). The results were obtained at 15 
kV, averaged from 5 spots across the image area. 
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self-supported Pt–CoO network revealed that no alloy was formed in the 
bimetallic deposition or leaching process [35]. A further look into the 
oxidation state and the small range structures of the Ir–Co series was 
conducted by ex-situ X-ray Absorption Spectroscopy (XAS) of the 
leached samples, see Fig. 3 and Figs. S8–10 of the SI. Data were collected 
at both, the Co and Ir edge, however, due to the low Co content the data 
quality is significantly lower for the Co edge than for the Ir edge. 
Therefore, we draw our conclusions mainly from the data obtained from 
the Ir LIII K-edge. The X-ray absorption fine structure (EXAFS) results 
reveal mixed metallic and oxide structures, see Fig. 3. The presence of 
Co–Co1 and Ir–Ir1 coordination indicates that a proportion of Co and Ir 
remains metallic after acid leaching and exposure to air. Furthermore, 
the presence of Ir–Co1 coordination shows a partial alloy character with 
a similar trend as observed in the Co content of the leached samples by 

EDX: Ir75Co25 > Ir28Co72 > Ir45Co55. In addition, Ir–O1 and Co–O1 co-
ordination is seen indicating partial oxidation of the samples. Interest-
ingly, the data from all series indicate a similar Ir–O1 bond length, 
indicating that the Co content has no measurable effect on lattice strain. 

Considering the mixed chemical nature of the material, we describe 
it as IrxCo1-x nanoclusters rather than an IrCo alloy. In this context, the 
self-supported structure is achieved by the dissolution of a sacrificial 
templating metal in a selective acid leaching process under potential 
conditions, coupled with surface restructuring processes in the material 
due to diffusive forces. In an earlier study from the same authors con-
cerning the leaching behaviour of co-sputtered noble and non-noble 
metals in a Pt–Cu system, a mechanism of acid leaching process lead-
ing to self-supported nanostructured catalysts was already discussed 
[34]. As the non-noble metal dissolves in acid, hydrogen gas evolution 

Fig. 3. Fourier transformed magnitudes of the k2 weighted extended X-ray absorption fine structure (EXAFS) data of the leached IrXCoY samples, shown for the a) Ir 
LIII-edge and the b) Co K-edge.
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starts spontaneously. Some of the gas can be trapped in interior cavities 
and mechanically push the material around to nucleate pores. At the 
same time, the catalyst-rich areas undergo a surface diffusion process 
due to the electrochemical and mechanical forces, which promote the 
redeposition of catalysts in neighbouring regions. The structures created 
in such a process depend on the irregularities of the morphology and 
porosity at the surface. Surface diffusion of catalyst particles is evi-
denced by an Ir enrichment and depletion of Co over the surface 
observed in the EDX maps (Fig. S3) and reinforced by the XPS results 
(Fig. S6). This process would be in agreement with the different mor-
phologies observed in the series between the as-deposited and leached 
state for the different EDX Co:Ir ratios and the different initial distri-
butions of Ir and Co-rich areas. A previous study of a very similar Ir–Co 
catalyst already demonstrated that Co dissolves from all areas in contact 
with the acid solution leaving a percolated Ir network with the same 
domain size as the initial deposition [11], which corresponds well with 
the results presented here. 

3.2. GDE electrochemical characterization and activity measurements 

After sputtering and acid leaching, each series of the catalyst layers 
was assembled into the GDE setup for electrochemical testing. The aim 

of the electrochemical testing was twofold: first, the electrochemically 
active surface area (ECSA) of the leached Ir was determined. This was 
achieved by determining the Hupd area in cyclic voltammetry [58]. The 
leaching conditions were designed to dissolve the Co while preserving Ir 
in metallic state, as IrO2 does not display any Hupd area. We assume that 
after leaching any oxidized Ir surface would be reduced and that there is 
a direct relationship between metallic Ir surface before activation and 
ECSA after activation. The second aim was to activate the catalyst layer 
and determine its activity for the OER. 

The electrochemical characterization is exemplified in Fig. 4a which 
depicts the CV and OER activity of a leached Ir-rich (Ir28Co72) nano-
structured IrCo film. It is seen that after leaching, the CV displays a 
pronounced Hupd area indicative of metallic Ir, allowing a straight- 
forward ECSA determination of 52.6 ± 4.8 m2g-1, Fig. 4a. After 
recording the CV, the gas was switched, and oxygen was flushed through 
the cell at 1 sccm for 20 min to guarantee a saturated oxygen atmo-
sphere. The OER activity was determined before and after activation and 
benchmarked to published data from a commercial IrO2 black powder 
(Alfa Aesar) [25]. It is worth mentioning that the commercial sample 
was prepared with a different loading (1 mg cm− 2) than the samples in 
this study. However, it is still considered to be a useful reference since 
the OER activities were measured using the same protocol and setup 

Fig. 4. Average of three cyclic voltammograms in Ar atmosphere measured at 30 ◦C, 100 mVs− 1 in 1 M HClO4 for the a) Ir28Co72, d) Ir45Co55 and g) Ir75Co25 series 
with a common iridium loading of 250 μg/cm2 before leaching (Table 1). iR-corrected OER mass activity in 100% humidified oxygen at 30 ◦C measured over the last 
10 s of each 300-s current step from the commercial sample and b) Ir28Co72, e) Ir45Co55 and h) Ir75Co25 series in as-prepared (filled symbols) and activated (hollow 
symbols) states. iR-corrected OER mass activity in 100% humidified oxygen at 60 ◦C measured over the last 10 s of each 300-s current step for the commercial sample 
and c) Ir28Co72, f) Ir45Co55 and i) Ir75Co25 series. Each individual data point and error bars represents respectively the average and standard deviation of three 
different sample measurements. 
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configuration. The first set of OER activities revealed that the catalyst 
surface was not yet completely activated into IrOx. Yet, the OER over-
potential in this state was around 40 mV lower as compared to the 
benchmark. Recording another set of CVs in Ar atmosphere after the first 
OER measurements confirmed that remainders of metallic Ir were pre-
sent from a decreased but still discernible Hupd area. In addition to the 
reduced Hupd area, the double-layer capacity was increased (Fig. S11b). 
To complete the oxidation of the metallic Ir, a potentiostatic activation 
step was applied at 1.70 VRHE for 20 min in O2 atmosphere (Fig. S12), 
after which a second set of OER activities was recorded. The fact that the 
overpotential was reduced by an additional 10 mV as compared to 
before activation indicates the further formation of the active IrO2 
phase. Nevertheless, recording another set of CVs in Ar atmosphere in 
step 2.3 of the protocol (Table 2) shows that a complete, irreversible 
oxidation of the surface has not yet been achieved and still some Hupd 
area is visible (Fig. S11c). Despite the incomplete activation, the OER 
mass activity at 1.50 VRHE was 101.5 Ag–1

Ir, roughly eight times higher 
than that of the commercial benchmark catalyst Table 3). In the third 
and last step of the protocol the temperature was increased from 30 to 
60 ◦C and OER activity was determined for one last time (Fig. 4c). The 
raise in temperature leads to a clear decrease in overpotential of ca. 40 
mV even at the lowest (20 Ag–1

Ir) current densities (Fig. S13). At this 
temperature, an OER activity of 117.8 Ag–1

Ir was determined at 1.46 
VRHE. Interestingly, in addition to a temperature-induced kinetic acti-
vation, the raise in temperature leads to an additional activation via 
further oxidation. This can be seen by the fact that the relative OER mass 
activity increases to a threefold value. In comparison, the benchmark 
catalyst is mostly oxidized in its initial state. A further description of the 
contributions to the decreased overpotential due to temperature and 
activation contributions can be found in the SI. In addition to the acti-
vation, it is seen that with the temperature rise the Tafel slope decreased 
slightly from 62 to 49 mV dec− 1. This is a small, but still, significant 
change, which can be explained by the temperature dependency of each 
rate constant for every step of the reaction according to Arrhenius’ 
equation [59]. The electrochemical response of the Ir45Co55 series pre-
sented in Fig. 4d–f shows a similar development as the former discussed 
Co-rich series. From the initial CVs after acid leaching the measured 
Hupd region after acid leaching was determined to be 33.7 ± 1.9 m2g-1. A 
possible explanation for the decreased surface area could be a smaller 
size of the features formed after the Co leaching (Fig. 2e) and less in-
ternal porosity. Since the measured surface area at the initial step 
(Fig. S11a) was only around half of the Co-rich series (Fig. 2a), the oxide 
formation after the activation in Step 2.3 (Table 2) also rendered a 
smaller oxide capacitive layer (Fig. S11d). However, at this point the 
Ir45Co55 samples still presented a comparable Hupd area to the Ir28Co72 
series, indicating that the sample was not completely oxidized. Never-
theless, the overpotential still decreased by about 10 mV after activation 
as in the case of the Co-rich samples due to the oxidation of the metallic 
surface (Fig. 4e). As a result, the activity measured after activation at 
30 ◦C and 1.50 VRHE increased to 57.6 Ag–1

Ir, four times greater than the 
value of the commercial sample (Table 3). Still, it was approximately 
two times lower than the Ir-rich (Ir28Co72) samples under the same 
conditions. OER activity measured at 60 ◦C was nearly doubled from the 
previous step, i.e., 91.8 Ag–1

Ir at 1.46 VRHE. The sharp activity increase 
reinforces the hypothesis that the samples only experience full activa-
tion during the protocol at high temperatures. Even at the start of this 
step the overpotential already decreased by 45 mV compared to the 
activity recorded after activation (Fig. S13). Since the reversible 
reduction in the overpotential due to temperature increase is approxi-
mately 25 mV, the further decrease supports the argument of a dynamic 
activation process. Additionally, the Tafel slope also decreased from 64 
to 52 mV dec− 1 between the activation and high-temperature OER 
respectively. The Ir-rich Ir75Co25 series exhibited the lowest values for 
the surface area and activity throughout the OER measurements. After 
acid leaching, the ECSA was determined to be 21.4 ± 2.0 m2g-1, see 
Table 3. This is in good agreement with the observed top-down 

morphology from the leached sample at the SEM (Fig. 2f), which 
featured the smallest clusters in all three series. The reduction in over-
potential after activation was also minimal, i.e., ca. 3 mV (Fig. S13). The 
OER activity after activation at 30 ◦C was 44.3 Ag–1

Ir at 1.50 VRHE, which 
is approximately 30 mV lower than that of the commercial benchmark 
under the same conditions. As also observed for the other IrCo series, the 
mass activity improved at 60 ◦C, reaching 62.7 Ag–1

Ir at 1.46 VRHE as 
compared to the 10.14 Ag–1

Ir of the commercial benchmark. Interest-
ingly, even though the mass activity results were at the lowest of the 
series in absolute numbers, a similar reduction in overpotential at high 
temperatures was observed as compared to Ir45Co55. (Fig. S13). The 
Tafel slope was the highest of the series and only decreased from 68 to 
58 mV dec− 1 between activation and high-temperature OER respec-
tively, which was the smallest change in all series (see Table 3). Along 
the series, the ECSA, the Tafel and the mass activity followed the trend 
defined by the initial as-deposited Co content Ir28Co72 > Ir45Co55 >

Ir75Co25. When combined with the catalyst morphology, this trend 
strongly suggests that a high initial Co content increases the catalyst 
utilization by increasing the ECSA in a dynamic process as the catalyst is 
activated. On the other hand, the specific activity was found to correlate 
with the XAS results and the Co content after leaching from the EDX 
results, which hints at a positive influence from the remaining Co in the 
structure. A summary of the main electrochemical results can be found 
in Table 3 below. 

Some additional factors need to be considered together with the 
electrochemical results. As mentioned in the methods section, the 
deposition time for the magnetron targets was defined between 1 s and 
6 s for Co and kept constant at 3 s for Ir in each cycle. The Ir loading 
calibration was performed in a continuous deposition of 1200 s. In a 
preliminary test, it was confirmed for Ir that the loading for the 
continuous deposition matched the loading for the cycled deposition by 
mass gravimetry. However, when measuring the expected ratios by EDX 
they were found to be different from the nominal. While EDX is a ver-
satile tool to determine the spatial resolution of the thin catalyst layer 
and the element distribution on the substrate, it is known that absolute 
quantification using automatic standardless EDX profiles is generally 
poor [60]. We found that using 15 kV for the analysis was a compromise 
between good surface sensitivity and exciting the higher energy lines for 
better elemental analysis (Co Kα = 6.924 keV, Ir Lα = 9.147 keV) to 
maximize the number of counts. However, in the acid-leaching process, 
the catalyst loading is further reduced which leads to larger errors in the 
elemental quantification. Hence, we assumed the initial loading was 
unchanged for the electrochemical mass activity results, while it is likely 
that both the surface area and the mass activity might be larger than 
what was measured. The quantification of the changes in the Ir loading 
during electrochemical measurements is not trivial. Unlike other PGM 
catalysts (Pt, Pd), iridium is known to fully dissolve only in extremely 
aggressive conditions requiring high temperatures, pressures, and strong 
acids [61,62]. Therefore, the preparation of the samples for conven-
tional ex-situ techniques such as Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) that relies on the analysis of the dissolved spe-
cies is non-standard and complex. However, in recent years, some ap-
proaches have been taken to quantify the Ir loading or loss during the 
electrochemical measurements. One of the most relevant methods is the 
Scanning Flow Cell (SFC) coupled with an ICP-MS system, which allows 
to perform time-resolved measurements of the material loss during an 
electrochemical protocol. Unfortunately, it also does not provide infor-
mation about the remaining catalyst in the deposited layer [63]. 
Furthermore, there is not yet a compatible design to combine the 
high-current capabilities of the GDE method with the access to analytics 
of the SFC ICP-MS. Additionally, most techniques have been optimized 
so far for the study of supported catalysts with Ir nanoparticles which are 
known to present higher degradation rates compared to self-supported 
catalysts [11,34,35]. Since the purpose of this study was to assess the 
performance of different Ir-based catalysts under the same conditions 
and using a comparative approach, a quantitative study of the Ir loading 
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loss or the formation of transient species was not performed. In addition, 
speculations about specific activity changes in correlation to XAS data 
were made with data measured at 30 ◦C in combination with the ECSA 
measurement in metallic state by Hupd. However, the increase in the 
double layer capacity of the CVs due to the oxidation to IrOx after the 
OER at higher temperatures (see Fig. 2f) would have resulted in different 
surface areas and thus different specific activities. Therefore the specific 
activity reported at 60 ◦C has to be taken with caution. Other in-situ 
methods such as the mercury underpotential deposition could have 
also been considered [64]. However, this was not possible, as the 
membrane would need to be removed to avoid poisoning, impeding 
further electrochemistry. For the same reason, most material charac-
terization methods in this study have been limited to the after-leaching 
state. Further insight into the dynamic catalyst activation at high tem-
peratures and its link to the morphology may be achieved with in-op-
erando XAS methods as soon as they are developed. Nevertheless, these 
limitations were considered as boundary conditions to help the discus-
sion and understanding of our results. 

4. Conclusion 

In this study, we applied the GDE method to perform activity mea-
surements of PVD-produced catalysts for the OER. First, three series of 
Ir–Co catalysts with equal 250 μg/cm2 Ir loading were sputtered on 
carbon substrate using different Co:Ir weight ratios (Ir28Co72, Ir45Co55 
Ir75Co25). To create a self-supported nanoporous structure with 
increased ECSA, Co was removed in an acid-leaching step. This is 
rendering a distinct dendritical surface morphology with Ir-rich clusters 
and slight changes in crystallinity. During the process, a mixed metallic 
and oxide structure with local Ir–Co coordination is formed. A higher 
initial Co content leads to larger surface areas after leaching, out-
performing the OER activity of a commercial IrOx catalyst benchmarked 
at 30 ◦C and 60 ◦C. Overall, the performance followed the Co:Ir series 
Ir28Co72 > Ir45Co55 > Ir75Co25 > IrOx, where the best-performing 
catalyst at 60 ◦C reached more than a tenth-fold increase in mass ac-
tivity over the commercial sample. The performance increase as 
compared to the benchmark catalyst, accounting for loading and prep-
aration differences, can be due to higher dispersion in addition to a 
ligand effect. The latter is supported by the specific activity trend cor-
relation with the remaining Co after acid leaching and XAS coordination 
data. A strain effect, by comparison, was not supported by the XAS data. 
The temperature increase and dynamic surface activation due to 
oxidation of metallic Ir, both observed by CV and the OER activity, had a 
positive influence on the catalyst activity. The authors acknowledge that 
the complex mechanisms behind the influence of the Co content and the 
electrochemical performance may not be fully explained from the 
measurement results, but also remain beyond the scope of this study. On 
the other hand, it was demonstrated that the flexible and reproducible 
characteristics achievable from the nanostructured PVD-produced cat-
alysts in combination with the three-electrode GDE setup can reveal 
further insights into the electrode evolution under more realistic con-
ditions than traditional methods such as RDE, helping to fast-track OER 
catalyst experimental research. 
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Sample preparation 

The most prominent feature of the catalyst manufacturing to testing pathway proposed in this study 

is its flexibility and industrial-readiness. The process is characterized by a series of repetitive steps, 

which could easily be scaled and automatized. Figure S1 below depicts a composite of images that 

illustrate the details of this process. The process starts at the PVD reactor (Figure S1a), which can 

be described geometrically by three operating modules: two chambers and one swiveling arm to 

transport the samples between them. The smaller chamber is the load lock, which is accessible 

through a circular aperture to mount the samples on the swiveling arm. A turbopump evacuates this 

chamber in less than 2 minutes to a pressure of 1e-3 mbar, which help to maintain a constant 

pressure of 1e-6 mbar in the process chamber.  The latter is situated within the gray enclosure. It 



hubs one ion beam and other three magnetron sources, where the targets can be installed in custom 

geometries. In this case, rectangular targets were installed with their long side in a perpendicular 

position to the axis of the swiveling arm, which travels under them (Figure S1b). The chamber 

interior is also visible through a circular opening equipped with a radiation-resistant blinder. It is 

also possible to access this chamber for example to maintain or switch the targets. After one 

deposition, the sample is collected from the load lock and brought to the self-designed acid leaching 

station (Figure S1c). The Teflon chamber has a 55 x 55 mm opening with a carbon plate “floor” 

that serves as counter electrode which ideally creates a constant electric field. The catalyst film is 

positioned facing down in a pool of 1 M HClO4 electrolyte, closed and connected electrically with 

a carbon rod. By introducing Ar and controlling the potential in this floating 3-electrode half-cell 

setup, it is possible to create the conditions for the Co dissolution in acid electrolyte without 

oxidizing the Ir.  A great part of the success of testing the GDE depends on the assembly 

configuration and hot-pressing conditions. It was necessary to design a simple setup to produce 

half membrane-electrode assemblies in a reproducible manner. After several approaches and 

iterations in this process, it was deemed that a modified soldering iron coupled with a small arbor-

type press was sufficient for the purpose (Figure S1d). The temperature control was performed 

through a thermocouple connected to the middle of the hot iron piece, which achieved a stable 

temperature (+/- 2 °C) after approximately 15 min. After a catalyst disk was punched out of the 

acid-leached film and placed on the hot iron surface, the membrane would be situated directly on 

top (Figure S1e) and the pressure would be applied by adding manually a series of weights to the 

top. At this point, the GDE assembly would be ready to be mounted into the cell (Figure S1f), as it 

is depicted in Figure 1. The electrolyte would be added, the RHE made and the connections 

checked.  Finally, already at the test bench (Figure S1g), the cell would be connected to the gas 

lines and placed in the glass enclosure seen behind the cell in the image. 



Figure S1. Material manufacturing to testing process described graphically a) PVD alternate magnetron sputtering b) 
Acid leaching of the Co in a self-designed three-electrode floating cell in a controlled gas atmosphere. c) Hot-pressing 

of the catalyst with the membrane to create the GDE at 84 bar and 125 °C for 30 s. D) Test bench with the Potentiostat 

(upper part), the GDE half-cell (lower section) and the isolated double glass cell, behind the GDE setup 

Electrochemical analysis. 

Electrochemical characterization 

The development of the oxidation states of the catalyst series was observed by CV. After the Co 

acid leaching under non-oxidizing conditions (0.05 – 0.5 VRHE), Ir was still found in metallic state 

(Figure S2a). As proposed by Jensen et al. [1], the Hupd area was used to quantify the ECSA. In 

theory, this measured surface would be approximate to the available area where IrOx could be 

formed in a further Activation step (Figure S3). Surprisingly, despite the Activation procedure and 

the several OER steps, the Hupd revealed persisting Ir metal features through the protocol (Figure 

S2a-f). On the other hand, the double layer capacity increased steadily, especially in the higher 

potential window. Our hypothesis is that the electrochemically formed oxide is porous, which 

leaves more internal layers of Ir exposed leading to a very slowly oxidation process progress under 

the conditions studied. As new active areas are created during the process, the initial calculated 

ECSA has to be interpreted carefully. 



 

Figure S2. CVs obtained for one of the samples of each series from the different steps along the electrochemical 

protocol referred in Table 2: a) After cell assembly b) After the first OER at 30 °C c) Before activation d) After 

Activation e) After the second OER at 30 °C f) After the OER at 60 °C 

 

 

 

 

 

 

 

 

Figure S3. Activation step in Ar atmosphere at 1.70 V vs RHE for 20 min. with iR-compensation set to 95%. a) 

iR-corrected voltage applied on three samples from the Ir28Co72 series. b) Current response. 
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The dynamic oxidation process described before as well as the raise in temperature directly 

influenced the measured OER activity (Figure S4) by reducing the overpotential, increasing the 

ECSA and the kinetic transfer of species respectively. This improvement was situated in between 

0 - 20 mV for the OER trials at 30 °C, before and after the activation, where only the oxidation part 

could have taken effect. Despite the large error bars, it is possible to see a trend for larger decreases 

in the overpotential towards the high current densities. This trend was further increased when 

comparing the decrease between the OER at 30 °C and 60°C. In this case, both the temperature and 

the surface oxidation contributed simultaneously to this effect. The equation below, formulated by 

Parthasarathy et al. [2] for the oxygen reversible potential can be used to determine the expected 

increase in activity in relation to the temperature change.  
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Figure S4. Reduction of the overpotential in each series during the OER activity measurements compared between 

different stages of the electrochemical protocol. The lower group of data series with hollow symbols describes the 

increase in overpotential between the first run of the OER at 30 °C and the one after activation. The upper group, with 

filled symbols, compares the decrease between OER after the activation step and at 60 °C. The green line has been 

plotted for reference of the reversible OER potential due to the temperature increase. 



 𝐸𝑟𝑒𝑣, 𝑇 =  −
𝛥𝐺0

𝑛𝐹
 =

295600 +  33.5 𝑇𝑙𝑛(𝑇) −  388.4 𝑇

𝑛𝐹
 (2) 

Where 𝑛 = 2 transferred electrons, and 𝐹 represents the Faraday constant. It can be also written 

as: 

 𝛥𝐸𝑟𝑒𝑣, 𝑇 =
 33.5 [𝑇2 ln(𝑇2) − 𝑇2 ln(𝑇2)] −  388.4 (𝑇2 − 𝑇1)

𝑛𝐹
 (2) 

 

Accordingly, an increase in temperature from 30 ° to 60 °C would decrease the oxygen reversible 

potential by ~25 mV. The expected decrease of the overpotential due to temperature (ErevDT) is 

constant and consistently lower than the overall contribution, which we attributed to the samples 

experiencing a further activation during the protocol as an increased oxide capacity and sharp 

decrease of metallic features was also observed by CVs after the OER run at high temperature, see 

Figure S2f. 

Composition and chemical analysis 

The phase crystallinity of the as-prepared and acid-leached IrCo catalyst was investigated with a 

Bruker D8 Advance Diffractometer, equipped with a Cu Kα X-ray source. The measurements were 

performed in Bragg-Brentano geometry over a 2 Theta range from 30° to 80°, step width 0.5° and 

5 s per step. TOPAS software was used for the evaluation of the diffractograms via Diffract Eva 

(access to databases ICSD and PDF) and Rietveld refinement. 
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Figure S5. XRD results from the IrCo series, as-sputtered (black line) and acid leached (red line) for a)Ir28Co72 , 

b)Ir45Co55  and c)Ir75Co25 series. 

XPS analyses were performed with a Kratos Axis Supra spectrometer using a monochromatic AlKα 

source (1.486 eV) at a pressure of 6.8 10³ Pa and an X-ray power of 150 W for survey and elemental 

scans, and 225 W for highly resolved measured spectra, respectively. Charge neutralization was 

used for all samples. Survey scan analyses were performed with an analysis area of 300 x 700 

microns and a pass energy of 160 eV. Core level spectra of all identified elements were acquired 

at a pass energy of 80 eV, and the highly resolved measured peaks were collected at a pass energy 

of 10 eV. For these analyses, the instrument was set to the medium magnification lens mode (FOV 

2) and by selecting the slot mode providing an analysis area of ~300 µm. Spectra were corrected

to the main line of the carbon-1s (adventitious carbon) spectrum, which was set to 284.8 eV. Data 

analysis was performed using CasaXPS (2.3.15) using a Shirley background. Peak fits were 



achieved using Functional Lorentzian (LF) for the 4f-Peaks and Gaussian-Lorentzian (GL) 

lineshapes for the satellites as supposed by Freakley et al. [3] 

 

Figure S6. Sample strip fixed to a double-side carbon tape of the XPS sample holder. All samples had a disk geometry 

of 3 mm in diameter and less than 1 mm in height. From left to right: a) IrOx reference (sputtered IrOx with 250 

ug/cm²), b) acid-leached Ir28Co72 , c) acid-leached Ir45Co55 , d) acid-leached Ir75Co25, e) unleached Ir28Co72 , f) 

unleached Ir45Co55 , g) unleached  Ir75Co25  

 

Figure S7. a) 4f peak fitting of sample Ir28Co72 b) Change in the Co:Ir ratios before and after acid leaching through the 

IrCo series 

SEM-EDX measurements were performed with a JSM-7500F instrument (JEOL), equipped with a 

cold FEG suitable for high-resolution imaging up to 1 M magnification in a range of 0.1 – 30 kV 

and with a lateral resolution of 1 nm. The samples were mounted at a 45° angle to enhance the 3D 

visualization of the surface morphology, and inspected at 15 kV. The in-lens SE mode was used to 

obtain the micrographs between 10k – 100k magnifications. For the EDX spot chemical analysis, 



5 positions separated several microns apart were selected, and averaged. The spectra was quantified 

for Ir and Co lines in automatic mode within the BRUKER software, correcting for the sample 

tilting of 45°. The chemical distribution was gathered by mapping of Ir, Co and substrate elements 

such as C and O in areas of 50 by 75 microns. Figure S7a illustrates the decrease in the Co 3p peak 

after leaching and the increased signal from the metallic Ir0
5/2 and 7/2. IrOx and IrO2 found in the 

unleached state could have been formed from the exposure to air, since it is still found also in the 

same proportion after leaching (mind the count intensity scale).  

 

Figure S8. Detailed SEM micrographs of differences in post-leached porous morphology of IrCo sputtered on a) glassy 

carbon and b) GDL 



Figure S9. EDX images of the chemical distribution across the surface in the IrCo series before the acid leaching a) to 

c) and after d) to f). A miniature image from the same area captured using the in-lens detector is presented a visual aid

and reference to the morphology.

Ex-situ XANES and EXAFS measurements were carried out at the SuperXAS - X10DA beamline 

of the Swiss Light Source (SLS) at PSI, Switzerland (2.9T superbend source, storage ring current 

of 400 mA) via a send in service. The leached samples were protected with Kapton-film and 

directly mounted to a sample holder. The incident beam was collimated by a collimating mirror at 

2.9 mrad (Rh-coated for Ir LIII) and monochromatized with a liquid nitrogen cooled channel-cut 

Si(111) monochromator in qexafs mode[4]. The beam size on the sample was 1.5mm x 0.4 mm 

(hxv). Energy calibration was performed with a Co reference foil to the Co K-edge position and 

with a Pt reference foil to the Ir LIII-edge. Ion chambers with 2 bar of N2 were used for XAS 

detection in transmission mode at the Ir LIII-edge. Co K-edge spectra were collected in quick 

fluorescence mode with a PIPS detector[5]. The data were processed using ProQEXAFS for 

calibration, interpolation, normalisation and averaging (300 s of measurement on each 

sample)[6].The averaged XAS spectra were analyzed by using the DEMETER software package. 

The raw spectra were energy aligned to a metal reference foil, background corrected and 

normalized by the edge step. After conversion of the energy units (eV) into photoelectron wave 

number k units (Å−1), the resulting χ(k) functions of the XAS spectra were weighted with k2 and 



then Fourier transformed to obtain pseudo-radial structure functions. The fits to the EXAFS spectra 

were performed in ARTEMIS of the DEMETER software package based on IFFEFIT [7]. XAS 

spectra of the pure metal foils were used as references to estimate the amplitude reduction factors 

(S02). The Ir LIII-edge data were fitted in R-space, with fitting weights of k2 and k3. The k-range 

for the Fourier transform was from 3-15 Å-1 with a fit window in an R-range of 1.2-3.0 Å. The Co 

K-edge data were fitted in R-space, with a fitting weight of k3. The k-range for the Fourier 

transform was from 3-11 Å-1 with a fit window in an R-range of 1.15-3 Å. The metal-oxygen 

scattering path has an ideal six-fold (octahedral) coordination, while the metal-metal scattering 

paths are based on a 12-fold coordination. To reduce the number of variables used in the fits of the 

Co K-edge EXAFS, the estimated values from the respective fits of the Ir L III-edge data were used 

and kept constant for the M-O and Co-Ir scattering paths.  

 

Figure S10. Ir LIII-edge Fourier Transform (FT) magnitudes of the k2-weighted extended X-ray absorption fine 

structure (EXAFS) data (right) and the imaginary part (left) of the FT for the leached Ir75Co25 sample. 

The k-range for the Fourier-transformed spectra at the Ir LIII K-edge was from 3 to 14 Å-1, while the R-range for the 

fit was from 1.2 to 3.0 Å 

 



Figure S11. Co K-edge Fourier Transform (FT) magnitudes of the k2-weighted extended X-ray absorption 

fine structure (EXAFS) data (right) and the imaginary part (left) of the FT for the leached Ir75Co25 sample 

The k-range for the Fourier-transformed spectra at the Co K-edge was from 3 to 11 Å-1, while the R-range for the fit 

was from 1.15 to 3.0 Å 

Figure S12. X-ray absorption near edge structure (XANES) of the leached IrxCoy samples, measured at the Ir LIII-edge 
(left) and the Co K-edge (right). The samples are very similar in oxidation state and mostly metallic, with a small oxide 

contribution. The metallic character increases with increasing Ir-content of the as-prepared sample series.  



References 

[1] A. W. Jensen et al., “Self-supported nanostructured iridium-based networks as highly active 

electrocatalysts for oxygen evolution in acidic media,” J Mater Chem A Mater, vol. 8, no. 

3, pp. 1066–1071, 2020, doi: 10.1039/c9ta12796h. 

[2] A. Parthasarathy, S. Srinivasan, A. J. Appleby, and C. R. Martin, “Temperature Dependence 

of the Electrode Kinetics of Oxygen Reduction at the Platinum/Nafion® Interface—A 

Microelectrode Investigation,” J Electrochem Soc, vol. 139, no. 9, pp. 2530–2537, Sep. 

1992, doi: 10.1149/1.2221258/XML. 

[3] S. J. Freakley, J. Ruiz-Esquius, and D. J. Morgan, “The X-ray photoelectron spectra of Ir, 

IrO2 and IrCl3 revisited,” Surface and Interface Analysis, vol. 49, no. 8, pp. 794–799, Aug. 

2017, doi: 10.1002/SIA.6225. 

[4] O. Müller, M. Nachtegaal, J. Just, D. Lützenkirchen-Hecht, and R. Frahm, “Quick-EXAFS 

setup at the SuperXAS beamline for in situ X-ray absorption spectroscopy with 10 ms time 

resolution,” urn:issn:1600-5775, vol. 23, no. 1, pp. 260–266, Jan. 2016, doi: 

10.1107/S1600577515018007. 

[5] A. H. Clark et al., “Fluorescence-detected quick-scanning X-ray absorption spectroscopy,” 

urn:issn:1600-5775, vol. 27, no. 3, pp. 681–688, Apr. 2020, doi: 

10.1107/S1600577520002350. 

[6] A. H. Clark, J. Imbao, R. Frahm, and M. Nachtegaal, “ProQEXAFS: a highly optimized 

parallelized rapid processing software for QEXAFS data,” urn:issn:1600-5775, vol. 27, no. 

2, pp. 551–557, Feb. 2020, doi: 10.1107/S1600577519017053. 

[7] B. Ravel and M. Newville, “ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-

ray absorption spectroscopy using IFEFFIT,” urn:issn:0909-0495, vol. 12, no. 4, pp. 537–

541, Jun. 2005, doi: 10.1107/S0909049505012719. 

  



Appended manuscripts 

7.3 Manuscript III: 

P. Collantes Jiménez, G.K.H. Wiberg, G. Sievers, V. Brüser, M. Arenz.

Bridging the gap between basic research and application: a half-cell setup for 
high current density measurements of Ir-based oxygen evolution reaction 
catalysts on porous transport electrodes.

The published paper is reproduced from J. Mater. Chem. A. 2023, 11, 20129-20138 with permission 
from the Royal Society of Chemistry.  

J. Mater. Chem. A. 2023, 11, 20129-20138

https://doi.org/10.1039/D3TA04136K (Open Access)

https://doi.org/10.1039/D3TA04136K


Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 6

/2
3/

20
24

 1
0:

34
:2

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Bridging the gap
aLeibniz Institute for Plasma Science and

17489, Greifswald, Germany. E-mail: siev

unibe.ch
bDepartment of Chemistry, Biochemistry an

Bern, Freiestrasse 3, CH-3012 Bern, Switzer

† Electronic supplementary informa
https://doi.org/10.1039/d3ta04136k

Cite this: J. Mater. Chem. A, 2023, 11,
20129

Received 13th July 2023
Accepted 6th September 2023

DOI: 10.1039/d3ta04136k

rsc.li/materials-a

This journal is © The Royal Society o
between basic research and
application: a half-cell setup for high current
density measurements of Ir-based oxygen
evolution reaction catalysts on porous transport
electrodes†

Pablo Collantes Jiménez, a Gustav K. H. Wiberg, b Gustav W. Sievers, a

Volker Brüsera and Matthias Arenz *b

Electrochemical benchmarking in three-electrode setups at a laboratory scale can greatly accelerate the

development of catalysts for the oxygen evolution reaction in proton exchange membrane water

electrolyzers. However, current systems such as the rotating disk electrode suffer from measurement

artifacts, low current densities, and limited extrinsic validity. In this study, we introduce a novel three-

electrode setup referred to as the PTE setup, specifically designed to investigate OER catalysts on

realistic porous transport electrodes (PTEs) used in the anode side of water electrolyzers at high current

densities. We evaluated the effectiveness of the PTE setup using self-supported iridium oxide (IrOx) and

Ir–Co catalysts produced via physical vapor deposition on a porous Ti porous transport layer (PTL) and

pressed to a Nafion membrane. Our results demonstrate that the PTE setup is capable of measuring the

activity and stability of self-supported catalysts creating conditions found in the anode cell compartment

of a single-cell electrolyzer at current densities up to 2 A cmgeo
−2. This setup represents a promising

alternative to traditional benchmarking techniques, offering a practical and efficient approach for

evaluating catalyst performance in relevant electrochemical environments.
1. Introduction

Optimizing efficiency and reducing the consumption of critical
raw materials in electrocatalysts is of paramount importance to
achieve a signicant increase in hydrogen production.1,2 Hence,
bridging catalyst research into their application is of prime
interest. With respect to proton exchange membrane water
electrolyzers (PEMWEs), for their large-scale commercializa-
tion, testing oxygen evolution reaction (OER) catalysts at high
current densities is essential. Such testing should not be limited
to activity measurements but also needs to include accelerated
stress tests. To date, most activity and degradation studies start
with half-cell studies in rotating disk electrodes which are later
veried in membrane electrode assembly techniques, which
effectively work as single cells.3–12 In this regard, the gap
between model studies and application is large. In single-cell
Technology, Felix-Hausdorff-Strasse 2,

ers@inp-greifswald.de; matthias.arenz@

d Pharmaceutical Sciences, University of

land

tion (ESI) available. See DOI:

f Chemistry 2023
tests, focusing on the anode catalyst degradation behavior can
be challenging due to the overlapping effects with other cell
elements. At the very least, full-scale trials are material and
time-intensive processes, which rely on a series of instruments
and stack engineering not available to every research group. On
the other hand, while the rotating disk electrode technique is
very useful for fundamental studies of intrinsic catalyst activi-
ties, it falls short of representing relevant electrode morphol-
ogies and their mass transport behavior under realistic
operating conditions.7,9,13,14 Furthermore, the lack of mass
transport in liquid electrolyte compared to membrane assem-
blies limits the achievable current densities to less than 100 mA
cmgeo

−2.15 For accelerated stress test studies and catalyst
dissolution rate measurements, ow cells are the state-of-the-
art laboratory setups for online spectrometry such as in-
coupled spectroscopy studies.16,17 However, the direct contact
of the electrolyte with the catalyst surface also leads to
a substantial overestimation of the catalyst dissolution rates as
compared to accelerated stress tests in membrane electrode
assemblies18 Hence, stability data obtained from aqueous
systems have to be interpreted carefully. Alternatively, the
recently developed gas diffusion electrode (GDE) half-cell setup
offers a more accurate physical representation of the individual
electrode reactions due to its three-electrode conguration
J. Mater. Chem. A, 2023, 11, 20129–20138 | 20129
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while preserving the fast screening and exibility that is desired
for laboratory techniques. In particular, a key feature of the GDE
setup is the ability to perform realistic electrode preparation
processes, which unlike in rotating disk electrode measure-
ments, permits the study of the triple phase boundary of cata-
lyst layers. By hot-pressing the coated substrate with a proton
exchange membrane, the catalyst performance can be studied
at high-current densities without limitations in gas solubility
and bubble formation in liquid electrolyte.6 While the GDE
technique has been featured primarily in ORR studies using
carbon gas diffusion layers,19–22 recent efforts have beenmade to
allow their application in OER studies for Ir-supported catalysts
to match previous rotating disk electrode studies.23,24 However,
the high positive potentials required for the OER accelerate
carbon corrosion,25 which can lead to ooding due to changes
in the gas diffusion layer hydrophobicity. Under these condi-
tions, the current is unevenly distributed, resulting in early
failure due to emerging “hot spots” in the membrane causing
uneven swelling and detachment from the catalyst. For this
reason, catalyst formulations based on carbon-supported Ir
nanoparticles typically struggle with early corrosion onsets
resulting in catalyst agglomeration26,27 and loss of surface area.

On the other hand, an increased OER activity up to 10-fold
higher compared to commercial catalysts has already been ob-
tained in the former GDE setup for a new type of Ir-based self-
supported catalysts with a large electrochemical surface area.
This is obtained by a combined alternated magnetron sputter-
ing and acid leaching step, eliminating the need for carbon in
their composition and potentially increasing their stability.28

Even though these catalysts demonstrated higher activity, their
performance and stability measurements were initially limited
due to the constraints of the GDE setup, particularly when
working with carbon-based Gas Diffusion Layer (GDL)
substrates. Consequently, it became essential to improve the
measurement technique to perform catalyst stability measure-
ments using Porous Transport Electrodes (PTEs) using the more
chemically robust titanium (Ti) porous transport layer (PTL)
substrates.

In this work, we develop the GDE setup to enable testing at
industrially relevant electrolysis conditions. To this end, we
optimized the electrode assembly on Ti PTLs with a magnetron-
sputtered IrOx catalyst with an 0.250 mgIr cmgeo

−2 loading to
minimize the inuence of material-related processing steps
needed for the Ir–Co catalysts. Following the rst positive
results in the cell conguration achieving current densities >2 A
cmgeo

−2 in an OER current-step protocol, we conducted a 20 h
steady-state stability protocol at room temperature. The
beginning-of-life and end-of-life OER activity and stability
measurements, completed with cyclic voltammetry data,
suggest that the new method can be used to extract meaningful
information about the catalyst stability and perform degrada-
tion studies. Furthermore, the OER activity and stability of the
Ir–Co self-supported catalyst sputtered on a Ti PTL with the
same Ir loading and a nominal Co : Ir ratio of 4 was bench-
marked and compared to the standard IrOx in the new PTE
setup. Ultimately, this study showcases the possibilities of this
technique to the new generations of self-supported catalysts
20130 | J. Mater. Chem. A, 2023, 11, 20129–20138
and the high exibility to adapt the setup to specic conditions
by performing minor changes in its conguration.29
2. Experimental
2.1 Materials, chemicals, gases

De-ionized (DI) ultrapure water (resistivity >18.2 MU cm, total
organic carbon (TOC) < 5 ppb) from an Aquinity P-102 system
(Membrapure, Germany) was used for electrolyte preparation,
the cleaning of the upper cell parts and reactant in the PTE
setup. Carbon gas diffusion layers with a microporous layer
(Sigracet 29BC, 325 mm thick, Fuel Cell Store) served as
a substrate for the sputtering of the catalyst lm for the GDE
preparation. Conversely, a Ti porous transport layer (PTL)
(ANKURO Int. GmbH, 0.3 mm thickness, 50% open porosity)
was used to create the PTEs. Polytetrauoroethylene (PTFE)
disks (Bola, 0.12 and 0.25 mm thicknesses), a gas diffusion layer
without a microporous layer (Freudenberg H23, 210 mm thick,
Fuel Cell Store), uncoated PTLs and Naon membrane (Naon
117, 183 mm thick, Chemours, Wilmington, DE, USA) were used
for the cell assembly in GDE (Fig. S1†) and PTE (Fig. S2†)
congurations. As a counter electrode, a platinum wire of
0.5 mm diameter (99.99%, Junker Edelmetalle GmbH) was
used, which was folded several times at one side to increase the
active surface area. Perchloric acid (70% HClO4, Suprapur,
Merck) was used for electrolyte preparation. O2 (99.999%, Air
Liquide) and Ar (99.999%, Air Liquide) were used for magnetron
sputtering, acid leaching, and electrochemical measurements.
2.2 Catalyst synthesis and electrode preparation

To prepare the self-supported IrOx catalyst lm on the carbon
gas diffusion layer substrates and Ti PTL substrates, a linear
sputtering magnetron reactor (Univex 400, Leybold GmbH,
Germany) was used. The process chamber was evacuated to
a pressure of 1.7 × 10−5 Pa. The substrate was rst cleaned in
acetone and isopropanol, and placed on a holder in a load lock
at atmospheric pressure. Then, the chamber was evacuated to
a base pressure of at least 10−4 Pa. From there, a swiveling arm
allowed the holder to enter the process chamber with minimal
interruption. To create the plasma during the deposition, an Ar
and O2 mixture with a 2 : 3 ratio was ignited at the magnetron
electrode at a working pressure of 5 Pa and ushed through the
individual magnetron sources at a ow rate of 100 sccm. For the
IrOx deposition, a magnetron was equipped with a planar target
of Ir (99.95%, MaTecK, Germany) of 177 × 25 × 1.5 mm located
at the upper part of the chamber. The RF generator (Cito 136,
COMET) operated at a driving frequency of 13.56 MHz. A mask
of a 5 cm × 5 cm window on the substrate holder limited the
sputtered area during the deposition. The RF power was 158 W
for the Ir source. The sputtering process was performed in
a continuous deposition during 748 s until the desired Ir
loading of 0.250 mg cmgeo

−2 was reached. The Ir–Co catalyst
was prepared with the same Ir loading and a nominal Co : Ir
ratio of 4 as described by Collantes et al.,28 except a Ti PTL
substrate was used instead of a carbon gas diffusion layer.
Following the deposition, the Ir–Co electrode was leached
This journal is © The Royal Society of Chemistry 2023
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Table 1 Electrochemical protocol used for OER and stability determination of the IrOx catalyst in GDE and PTE setup, indicating differences in
bold

Step Electrochemical technique Parameters

Reference electrode calibration
(both setups)

Open circuit potential (OCP) Gas purge (ow rate) H2 (250 ml min−1)
Time ∼5 min

Electrochemical cleaning (both
setups)

Cyclic voltammograms (CV) Gas purge (ow rate) Ar (100 ml min−1), humidied
Potential limits 0.05–1.2 VRHE

Scan rate 100 mV s−1

Number of cycles ∼30 (until CV is stable)
OER activity Galvanostatic steps coupled with

online high-frequency resistance
determination

Reactant supply GDE setup: Ar (100 ml min−1),
humidied, PTE setup: H2O (40
ml min−1)

Current steps (hold in s) 1–2000 mA cmgeo
−2, 10 s per step,

integrated potential over the last s
per step (30 s per step for IrCo,
integrated potential over the last
10 s per step)

iR-correction 5 kHz, variable amplitude (100%
post-correction)

Stability trial (PTE setup) Galvanostatic steps coupled with
online high-frequency resistance
determination

Current steps (18 000 s hold) ∼2 A cmgeo
−2, 4 block sequence

iR-correction 5 kHz, 5 mV (100% post-correction)
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chemically in 1 M HClO4 for 30 min and then cleaned with DI
water to wash any acid before pressing with the membrane. The
hot-pressed procedure and assemblies for the respective GDEs
and PTEs are described in detail in the ESI, see Fig. S1 and S2.†
2.3 Electrochemical measurements

All the experiments were conducted with a Potentiostat (ECi-
211, Nordic Electrochemistry ApS, Denmark). An overview of
the experimental protocol is presented below in Table 1.

The OER activity was determined through a quasi-steady
state galvanostatic step protocol with increasing currents
based on Schröder et al.23 and scaled accordingly to account for
the loading difference. An AC signal (5000 Hz, amplitude 1–5%
of applied current) was applied during the current steps to
obtain an online high-frequency resistance (HFR) measurement
between the working and reference electrode, which was used
for an iR-correction of the measured potential values.
Fig. 1 Influence of hot pressing on the observed potential of a metallic
Ir sputtered catalyst layer with a 1 mg cmgeo

−2 loading measured in the
GDE setup. The test was conducted in a galvanostatic step protocol
with current densities increasing from 1, 2.5, 5, 10, 30, 45, 60, 80, 100,
150 to 200 mA cmgeo

−2 in steps of 5 minutes per current density. The
measurements were performed at room temperature. The black line
corresponds to a cold-pressed sample, exhibiting contact problems
beyond 30 mA cmgeo

−2. A hot-pressed sample, in the red line, ach-
ieved an extended current density range without showing contact
problems. The inset shows a cross-section of the inner cell assembly
with details of the hot pressing process.
3. Results and discussion
3.1 Setup development: from GDE to PTE

The GDE half-cell setup described by Schröder et al.23 consti-
tuted a good starting point to work with carbon gas diffusion
layer substrates, which were initially pressed at room temper-
ature, i.e., cold-pressed. The introduction of the hot-pressing
step was a key element to stabilize the membrane assembly at
higher current densities and avoid detachment due to bubble
formation,30 see Fig. 1.

While the hot pressing of the GDE was an important element
in extending the kinetic-dominated potential region, mass
transport limitations were still present at current densities
greater than 100 mA cmgeo

−2.28 There were further limitations
due to the setup conguration, as it was previously reported by
This journal is © The Royal Society of Chemistry 2023
Wiberg et al.29 that the position of the reference electrode and
the counter electrode in the single chamber design could vary
during the measurements, therefore leading to substantial
differences in the iR correction especially at high current
densities.
J. Mater. Chem. A, 2023, 11, 20129–20138 | 20131
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Fig. 2 Schematics of the design evolution from the GDE setup (left) to the PTE setup (center) and a detail of the cross-section of the top cell
(right) showing the position of the Luggin capillary to the reference electrode (RE) compartment, the position of the working electrode (WE) and
the independent chamber for the counter electrode (CE).
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At the same time, given the small area of the working elec-
trode (WE), the edge imperfections and inhomogeneities led to
a larger spread in the obtained results. High current densities
lead to intense bubble formation at the CE, which is easily stuck
in the PTFE upper cell due to its aerophilic nature.31,32 This can
lead to a blocking of the 3 B mm aperture of the PTFE cell
rendering the covered areas inactive and leading to very high
local currents in the adjacent areas or even a complete loss of
potential control at the WE. All these effects can cause
pronounced degradation effects.

Based on these observations, a new top cell was designed to
test Ti PTLs. PEEK was used instead of PTFE since its compar-
atively lower hydrophobicity reduced the bubble adhesion. The
single chamber design of the cell top part was also substituted
by two independent electrolyte compartments. The main
compartment cantered over the assembly was reserved for the
CE. Adjacent to this, another chamber was designed for the
reference electrode with a Luggin capillary. At rst, the Luggin
capillary ended directly over the aperture of the main
compartment, but it was experimentally observed that with the
two reservoirs of electrolyte in contact, the iR was not less than
4–5 Ohm even at low current densities where no excessive
bubble formation that could affect the Luggin capillary channel
is expected. Most importantly, altering the position of the
counter electrode affected the measured iR drop. Since there
should not be an electric eld inside the Luggin capillary (no
current through the RE), these observed variations can be
attributed to a distorted electric eld due to the non-ideal
geometry of the working and counter electrode. Hence, in the
nal version of the cell, a Luggin capillary with an independent
electrolyte reservoir was designed to directly probe the
membrane. With this design, the iR drop was minimized to 0.1–
0.3 Ohm and remained independent of the counter electrode
position as long as the electrolyte was not transferred between
the two chambers.

The contact assembly also had to be redesigned to accom-
modate the thicker (0.3 mm) Ti PTL, which was increased to
5mm in diameter to offset the edge imperfections caused by the
20132 | J. Mater. Chem. A, 2023, 11, 20129–20138
sample extraction process. Furthermore, a liquid water feed by
a peristaltic pump replaced the humidied gas, and the carbon
gas diffusion layer backing was discarded, thus eliminating all
sources of carbon degradation. Instead, two Teon disks were
used to ensure tight sealing. To achieve a more even water ow
and to minimize the plastic deformation of the membrane
through the top cell apertures due to the upward pressure from
the water supply and gas evolution, a bottom cell with a rect-
angular ow eld pattern was used. The combination of all
these improvements on the former GDE setup resulted in the
PTE setup displayed in Fig. 2.
3.2 Parametric study in the PTE setup

A comparative series of OER activity measurements was per-
formed in the PTE setup using carbon gas diffusion electrodes
(GDEs) and Ti porous transport electrodes (PTEs) with an IrOx

catalyst with 0.250 mgIr cmgeo
−2, see Fig. 3A. Aer deposition,

a homogeneous catalyst layer was found even on the highly
porous Ti PTL bers, see the cross-section in Fig. 3B and C.
Using IrOx as a benchmark allowed us to concentrate the
characterization efforts on evaluating the impact of substrate
type, reactant supply, and hot-pressing congurations. This
approach eliminates the requirement for additional processing
steps such as acid leaching or activation necessary for Ir–Co
catalysts.

Considering the data series hot pressed at 84 bar (red) in
Fig. 3A, using liquid water in GDE assemblies (lled red circles)
resulted in a slightly poorer performance already at low current
densities as compared to the GDEs supplied with humidied
gas (hollow red circles), indicating ooding problems.

The latter was still better than PTE assemblies under the
same conditions (hollow red triangles), which could be expected
from the larger pore structure at the surface in the PTEs, not
optimized to maximize the number of active sites. Regardless,
the trend in all series was to experience very high with very
noticeable aer 100 mA cmgeo

−2 due to diffusion limitations
from the humidied gas together with the instability of carbon
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Influence of the configuration of the substrate (GDEs vs. PTEs), the supply of reactant (humidified O2 vs. liquid water), and the hot-
pressing (36 vs. 84 bar) in the OER activity of a sputtered IrOx 0.250 mg cmgeo

−2 catalyst measured in the PTE setup. The best setup, substrate,
and reactant supply combination produced an OER activity of ∼1.57 VRHE at 2 A cmgeo

−2. (B) Cross-section micrograph obtained by scanning
electronmicroscopy of the PTE before OER showing a homogeneous IrOx layer thickness. (C) A wider view of the cross-section of the electrode
where the interfaces in contact with the fibers and membrane, internal porosity as well as membrane thickness are visible.
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degradation particularly in the GDE assemblies. On the other
hand, a radically different behavior was observed when
combining PTEs with liquid water, reaching current densities
up to 2 A cmgeo

−2 (lled red triangles) at 1.55 VRHE. This is
a noticeable improvement as compared to the previous study
designs, where the current was limited to around one order in
magnitude lower values.23 Next, the inuence of the pressure
applied during hot pressing of the PTEs over the OER activity
was studied as several studies have reported that high pressures
applied to the stiff Ti PTL bers can accelerate pinhole forma-
tion in the membrane and reduce the catalyst efficiency due to
gas crossover or cause short circuits.33,34 This was a relevant
concern in the context of this study where a larger weight was
needed to maintain the pressure conditions with 5 B mm
samples. Hence, the OER performance using liquid water was
measured for another three PTEs hot-pressed at a lower pres-
sure of 7 kgf (∼36 bar) and compared to the nominal 16.6 kgf
(∼84 bar). The low-pressure settings (lled black triangles)
circles consistently lead to increased overpotentials already at
relatively low current densities and large concomitant Tafel
Table 2 Summary of the influence of different study parameters in the T
0.250 mg cmgeo

−2 catalyst sputtered both on carbon gas diffusion layer

Setup
conguration Substrate type Reactant type

Hot pr
pressu

GDE setupa Carbon GDL Humidied gas (O2) 84
PTE setup Carbon GDL Humidied gas (O2) 84

Liquid water (40 ml min−1) 84
Ti PTL Humidied gas (O2) 84

Liquid water (40 ml min−1) 84
36

a Represented in Fig. S2 in the ESI, section “Setup reproducibility”.

This journal is © The Royal Society of Chemistry 2023
slopes (80–100 mV dec−1) when going to medium current
densities and beyond, see Fig. 3A. In contrast, the PTEs hot-
pressed at 84 bar (lled red triangles), exhibited substantially
improved and more reproducible activity results to the point
where the error bars are barely visible over the averaged data.
Within this series of measurements, a Tafel slope of 37 mV
dec−1 was calculated in the 10–50 mA cmgeo

−2 region, see Table
2. Interestingly, with iR correction, a linear Tafel of 42 mV dec−1

could still be extracted when increasing the upper tting
threshold to 2 A cmgeo

−2 currents, indicating minor or no
diffusion limitations. In summary, the GDE setup shows no
substantial differences between the use of humidied gas and
water for either substrate, while in the PTE setup, the current
density using humidied gas or low pressing conditions
remains low. Hence, it can be concluded from these experi-
ments that the only way to enable high current densities is by
using PTEs with liquid water in the high hot-pressure setting in
combination with the PTE setup. A summary of the relevant
electrochemical ndings can be seen in Table 2.
afel behavior and OER current density measured at 1.55 VRHE of an IrOx

s (GDLs) and Ti porous transport layers (PTLs)

essing
re (bar)

Tafel slope@10–50 mA cmgeo
−2

(mV dec−1)
Current density
(mA cmgeo

−2)@1.55 VRHE

70 21.4
57 36.5
68 20.6
67 27.0
37 758.7
93 50.8

J. Mater. Chem. A, 2023, 11, 20129–20138 | 20133
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3.3 Stability tests

Aer successfully reaching high current densities without
noticeable mass transfer limitations in the polarization curves
performed in the PTE setup, a longer stability test was designed
to resemble operation conditions seen in membrane electrode
assemblies. Previous studies report that the most demanding
conditions for anode catalyst stability are met at continuous
high-current density tests with an extended duration.5,8,15,35

Using the IrOx catalyst as a benchmark for the proposed
protocol, a constant current density of 2 A cmgeo

−2 was applied
for 20 h, separated into 4 sequenced blocks of 5 h. The HFR was
measured online using an AC signal at 5 kHz and 5 mV
amplitude, which allowed the continuous measurement of the
cell resistance while minimally disturbing the measurement.
During the rst ve hours of the stability measurement, the iR-
free electrode potential, represented in black in Fig. 4A,
remained stable with only local uctuations during the condi-
tioning in the rst hour as well as an upward jump at the end of
the period. Small disturbances in the range of a few tenths
of mV were always present due to temporary gas bubble
formation at the Pt CE. The readout time of the protocol macro
in the Potentiostat produced a 1 or 2 second-long OCP period
between the blocks where the activity of the catalyst was
recovered in a downward jump, an effect also seen in
membrane electrode assembly congurations.35,36 The HFR, see
Fig. 4B, was initially very low at approx. 100 mOhm, and only
experienced a slight increase up to approx. 150 mOhm during
the rst 5 hour period. In later blocks, high potential intervals
appeared during short times.

These interferences, which are also visible in the HFR
resistance measurement, correspond to temporary blockages of
the Luggin capillary. Even though the blocked reference elec-
trode prevented the direct interpretation of the degradation
from the potential trend, the measurement remained valid as
Fig. 4 (A) Stability measured at room temperature on the PTE setup of a
the inset in the graph shows the stability of the 0.250 mgIr cmgeo

−2 Ir–C
examination of measurement signals to determine the origin of the high
HFR-free voltage (right axis) vs. time. The dotted line indicates the comp
axis) vs. time.

20134 | J. Mater. Chem. A, 2023, 11, 20129–20138
the current was still applied continuously, see the right axis in
Fig. 4A.

As the measurement progressed, the cell resistance plotted
in black in Fig. 4C showed a steep increase during the
measurement until a cell potential of 10 V was reached. A
further inspection of the cell chambers aer the test revealed
that the main chamber was almost fully empty of electrolyte.
During the measurement, the fast evolution of H2 bubbles on
the Pt wire at the counter electrode could have caused the
electrolyte to evaporate faster, lowering the area in contact with
the electrode and continuously increasing the cell resistance. In
the last 5 hour period, the 10 V compliance voltage of the
Potentiostat was reached altering the correct recording of the
HFR-free voltage data, see the red dotted line in Fig. 4B. Aer
the test, the cell was relled with electrolyte and the reversible
hydrogen electrode was remade to eliminate any offsets.

In the next step, the stability of an Ir–Co catalyst sputtered on
a Ti PTL substrate was compared to that of the IrOx in a short 5
hour measurement stability measurement at 2 A cm−2 and 60 °
C, see inset in Fig. 4A. The graph shows a reduced number of
data points for a more clear comparison. Aside from an ex-
pected decrease of ca. 25 mV in the reversible electrode poten-
tial from the temperature difference, the further reduction
would support the effects of an activation process observed in
this type of catalyst.28 Notably, it was also possible to record
a stable potential with this material even at 60 °C where a lower
stability could have been expected in comparison to the IrOx

benchmark measured at RT. The catalyst degradation produced
in the stability measurement was assessed by performing cyclic
voltammetry and OER activity measurements in beginning-of-
life and end-of-life states, see Fig. 5.

For the IrOx catalyst, the degradation can be interpreted
from the decrease (6 mV dec−1) in the Tafel slope between
beginning-of-life and end-of-life OER activity, see Fig. 5A.
Additionally, two 30 minute potential intervals from the
0.250 mgIr cmgeo
−2 IrOx catalyst sputtered on Ti PTL. For comparison,

o catalyst measured at 60 °C in a 5 h period. (B and C) Show a cross-
potential regions during the stability IrOx catalyst. (B) HFR (left axis) and
liance voltage limit. (C) Cell resistance (left axis) and cell potential (right

This journal is © The Royal Society of Chemistry 2023
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beginning and end of the stability measurement, see Fig. 4A,
were integrated and plotted in hollow symbols together with the
OER data in Fig. 5A. These recorded potentials closely match
the trend of the OER protocol, showing that the stability
measurements in the PTE setup are also capable of displaying
the real performance of the catalyst in artifact-free data inter-
vals. Furthermore, comparing the cyclic voltammogram
features before and aer the stability test, see Fig. 5C, the
decrease in the double layer capacity strongly suggests a loss of
surface area from the catalyst degradation process during the
stability, which could have also been a contributing factor to the
gradual increase in HFR during the stability measurement.

Despite the larger surface area of the Ir–Co catalyst in
comparison to IrOx, as seen in the cyclic voltammogram
features in Fig. 5D, an analogous reduction in double-layer
capacity was observed between beginning-of-life and end-of-
life states following the stability test. While the Ir–Co catalyst
did experience a Tafel slope reduction of 13 mV dec−1 between
the beginning-of-life and end-of-life states, along with
a decrease in activity at high current densities, it surprisingly
exhibited an enhancement in its OER activity within the low
current density range, as depicted in Fig. 5B. An explanation for
this behavior could be the kinetic activation process of the
microporous catalyst layer, which exhibits a mixed metallic and
oxide nature.28,37,38 This interpretation is further supported by

Fig. 5 OER activity and cyclic voltammetry recorded before (black) and after (red) the stability test for the IrOx (A and C) and IrCo (B and D) self-
supported catalysts. TheOER step protocol, in filled symbols, was performed at room temperature for the IrOx, and at 60 °C for the IrCo. In (A) the
hollow symbols show 30 min of integrated measurements from the beginning (black) and end (red) of the stability test, see areas marked in
Fig. 4A. In (C) and (D), the cyclic voltammograms were recorded at 100 mV s−1 between 0.05–1.2 VRHE before the beginning-of-life (BoL) and
after the end-of-life (EoL) OER activity measurements.

Table 3 Summary of OER activity in the beginning-of-life (BoL) and end-of-life (EoL) states of the IrOx and Ir–Co catalyst in the PTE setup from
the galvanostatic steps and integrated 30 minute intervals from the stability test of the IrOx (indicated in black rectangles in Fig. 4A)

Measurement state Data source

Tafel slope (mV dec−1) Potential (VRHE@2 A cmgeo
−2)

IrOx Ir–Co IrOx Ir–Co

BoL Step OER 39 27 1.57 1.47
2 A cmgeo

−2 stability (30 min) — — 1.56 —
EoL Step OER 45 36 1.59 1.48

2 A cmgeo
−2 stability (30 min) — — 1.59 —

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 20129–20138 | 20135

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 6

/2
3/

20
24

 1
0:

34
:2

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta04136k


the cyclic voltammogram features, see Fig. 5D, where distinct
Hupd regions indicate remaining metallic Ir while the large
capacitances are found in higher potentials suggesting the
formation of oxides. Most interestingly, the remarkable
performances observed using the self-supported catalyst prep-
aration on PTEs have also been recently reported using a similar
method in a membrane electrode assembly conguration.39 The
main electrochemical results are summarized in Table 3 below.

4. Conclusions

With this study, we have demonstrated the possibility of
measuring OER potentials at relevant current densities >2 A
cm−2 and temperatures with an improved conguration of the
original GDE three-electrode half-cell that extends the range of
application to conditions found in membrane electrode
assemblies. By combining the PTE setup with PVD-based cata-
lyst production, we demonstrate that it is possible to simplify
and fast-track catalyst research closer to the industry standards
at a lab scale. Although the results of the stability test should
not necessarily provide a quantitative measure of catalyst
degradation, they show the potential of the PTE setup to
perform electrochemical tests under realistic high-current
density conditions. Comparing the behavior of a IrOx to a Ir–
Co catalyst, the importance of employing measurement setups
capable of attaining relevant current densities becomes partic-
ularly evident when considering the nonlinear evolution of the
OER activity in nanostructured bimetallic catalysts.19 Further
development of the PTE setup in combination with parallel
developments of this cell design29 will unlock further capabil-
ities such as pressurized and high-temperature measurements
and coupling with online spectrometric analytics (ICP-MS, OES)
to make quantitative degradation studies possible.

Author contributions
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P. Collantes Jiménez, P. Kaiser, M. Geuß, Y. P. Ku,
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Supporting information 

Bridging the gap between basic research and application: A half-cell setup for 

high current density measurements of Ir-based oxygen evolution reaction 

catalysts on porous transport electrodes. 

Pablo Collantes Jiménez 1, Gustav K.H. Wiberg 2, Gustav W. Sievers 1, Volker Brüser 1, Matthias 

Arenz 2 

1 Leibniz Institute for Plasma Science and Technology, Felix-Hausdorff-Strasse 2, 17489 

Greifswald, Germany 

2 Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, CH-3012 Bern, 

Switzerland 

* Corresponding authors: sievers@inp-greifswald.de , matthias.arenz@unibe.ch 

Hot pressing and cell assembly in the GDE and PTE setup configurations 

Our laboratory-developed hot pressing station was constructed using a modified soldering iron 

installed in a small vertical lever press, see Figure S1A. The unit was set to a temperature of 130 

°C, as measured with a type J thermocouple inserted in the hot tip. The sample was positioned on 

the hot end for 15 min before pressing to adjust it to the target temperature. In this study, the Nafion 

membrane (Nafion 117, 183 µm thick, Fuel Cell Store) was activated before pressing as described 

by Schröder et al. [1]. Then, the samples were pressed at 84 bar for 60 s. to achieve good interfacial 

contact between the coated substrates and the membrane 
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In the GDE setup configuration, see Figure S1B, the GDEs were prepared as described by Collantes 

et al. [2].  In this compartment, the CE and RE shared the same pool of electrolyte (HClO4) and 

were separated only by independent porous glass frits, see Figure S1C. In the GDE setup 

measurements, the reactant was supplied through a humidified gas bubbler (Ar/O2) and set to a 

constant flow rate of 100 sccm, see Figure S1D. The assembly details of the GDE setup appear 

below in Figure S1E.  

 

Figure S1. Snapshots of the sample manufacturing process and inner assembly of the GDE setup. A. Hot pressing 

procedure.  B. Tightening of the top cell part after inserting the cell assembly. C. Electrodes connected and ready to 

test. D. Water bubbler for humidified gas. E. Schematic of the cell parts and the assembly used for GDL substrates.   

  



 

Figure S2: Schematic of the PTE cell setup and assembly used for Ti PTL substrates. 

In the PTE setup, a disk of Ø 5 mm was punched from the sputtered Ti PTL - the PTE - and hot 

pressed with a Ø 16 mm Nafion membrane at 130 °C for 60 s. The resulting half-cell assembly, 

see Figure S2, was immediately immersed in DI water for one minute to rehydrate the membrane 

and avoid detachment due to differential strain in the interface with the substrate, and then dried 

before assembly. For the assembly, Ø 20 mm disks with concentric holes were punched using a 

concentric circular steel punch (BOEHM, Germany) from a 0.25 mm and 0.50 mm Teflon sheet 

respectively, and also from a  Ø 5 mm PTL blank. The thinner Teflon disk was positioned directly 

over the flow field, with the PTL blank as an inset. Then, the half-cell assembly was dried lightly 

on a lab tissue (Rotizell, Roth) and sandwiched with the thicker Teflon disk. The latter disk also 

featured a small eccentric Ø 1.5 mm hole centered 5 mm aside from the main aperture to 

communicate the tip of the Luggin capillary in the RE chamber directly to the membrane. After 

mounting the PTE and the contact assembly into the lower stainless steel cell, the PEEK part was 

carefully positioned on top, ensuring an unobstructed path for the Luggin capillary to the 

membrane. The two parts were manually clamped, and water tightness was checked filling the 

Luggin the capillary while checking that the main chamber was dry. 



Setup reproducibility: 

Starting from a sputtered IrOx 0.250 mg cm-2
geo catalyst deposition on a carbon substrate, two GDE 

catalyst assemblies were hot pressed at 84 bar and the OER activity was measured using humidified 

oxygen gas in the GDE setup (hollow black circles) and the PTE setup (hollow red circles), see 

Figure S3. The assembly measured in the PTE setup showed an improvement of 15 mA cm-2 geo 

measured at 1.55 VRHE and consistently larger improvements at higher potentials over the GDE 

setup, which indicates a better iR correction from the Luggin capillary design ending on the 

membrane. Additionally, the lower Tafel slopes up to higher current densities show that more 

favorable mass transport conditions are achieved in the PTE setup, see Table 2. However, it is also 

seen that both setups exhibit limitations at 100 mA cm-2
geo, which as it was mentioned earlier 

indicates the degradation onset in carbon substrates operating with potentials exceeding 1.6 VRHE.  

 

Figure S3. A. Influence of the setup configuration (GDE vs PTE) in the OER activity of a sputtered IrOx 0.250 mg 

cm-2
geo catalyst measured in punched samples of 5 mm in diameter on GDL substrates. B. Schematic figure of the 

assembly and experimental conditions in both setup configurations. 



References 

[1] J. Schröder, V.A. Mints, A. Bornet, E. Berner, M. Fathi Tovini, J. Quinson, G.K.H. Wiberg, 

F. Bizzotto, H.A. El-Sayed, M. Arenz, M.F. Tovini, J. Quinson, G.K.H. Wiberg, F. Bizzotto, 

H.A. El-Sayed, M. Arenz, Supporting Information - The Gas Diffusion Electrode Setup as 

Straightforward Testing Device for Proton Exchange Membrane Water Electrolyzer 

Catalysts, JACS Au. 1 (2021) 247–251. https://doi.org/10.1021/jacsau.1c00015. 

[2] P. Collantes Jiménez, G. Sievers, A. Quade, V. Brüser, R.K. Pittkowski, M. Arenz, Gas 

diffusion electrode activity measurements of iridium-based self-supported catalysts 

produced by alternated physical vapour deposition, J Power Sources. 569 (2023). 

https://doi.org/10.1016/j.jpowsour.2023.232990. 

  



Declaration of consent

on the basis of Article 18 of the PromR Phil.-nat. 19

Name/First Name:

Registration Number:

Study program:

Bachelor     Master      Dissertation    

Title of the thesis:

Supervisor: 

I declare herewith that this thesis is my own work and that I have not used any sources other than 

those stated. I have indicated the adoption of quotations as well as thoughts taken from other authors 

as such in the thesis. I am aware that the Senate pursuant to Article 36 paragraph 1 litera r of the 

University Act of September 5th, 1996 and Article 69 of the University Statute of June 7th, 2011 is 

authorized to revoke the doctoral degree awarded on the basis of this thesis. 

For the purposes of evaluation and verification of compliance with the declaration of originality and the 

regulations governing plagiarism, I hereby grant the University of Bern the right to process my 

personal data and to perform the acts of use this requires, in particular, to reproduce the written thesis 

and to store it permanently in a database, and to use said database, or to make said database 

available, to enable comparison with theses submitted by others.

Signature

Place/Date


	1
	PhD_PCJ_Final_1st page
	PhD_PCJ_Fina.pdf
	PhD_PCJ_Final
	Abstract
	List of Publications
	List of Abbreviations
	List of Contents
	1. Introduction
	1.1 The role of electrolysis at a global scale

	PhD_PCJ_Final
	1.2 “State of the art” of the studied reactions, catalysts, and experimental setups in PEMWEs
	1.3 Outline of the thesis
	2. Experimental methodology
	2.1 Synthesis and processing of catalysts
	2.1.1 PVD Magnetron Sputtering
	2.1.2 Reactor configuration for catalyst deposition.


	PhD_PCJ_Final
	2.1.3 Synthesis of self-supported catalysts through acid leaching
	2.2 Physical characterization of the catalysts
	2.2.1 Catalyst morphology
	Scanning Electron Microscopy

	2.2.2 Chemical composition
	Energy-Dispersive X-ray Spectroscopy
	X-ray Diffraction
	X-ray Photoelectron Spectroscopy
	X-ray Absorption Spectroscopy
	Ex-situ XAS at the PSI X10DA beamline
	In-situ XAS at the Diamond B18 beamline



	2.3 The Gas Diffusion Electrode (GDE) setup
	2.3.1 Self-supported catalyst optimization for OER in the GDE setup.
	2.3.2 Setup development
	Towards reliable activity measurements
	Considerations about stability measurements in the PTE configuration


	2.4 Electrochemical Characterization and Characterization Techniques
	2.4.1 Basic operation of the potentiostat
	2.4.1 Reversible hydrogen electrode (RHE) calibration
	2.4.2 Acid leaching of Ir-Co catalysts
	2.4.3 ECSA determination of Ir-based OER catalysts
	2.4.4 Activation protocol
	2.4.5 OER activity determination
	iR – correction

	2.4.5 Catalyst stability

	3. Discussion of the appended manuscripts
	PhD_PCJ_Final
	3.1 Manuscript I:
	3.1.1 Description:
	3.1.2 Contribution to the work:

	PhD_PCJ_Final
	Manuscrip I (1).pdf

	3.1.3 Most relevant findings:
	Catalyst layer quality and GDE reproducibility:
	The role of the GDE design in the electrochemical measurements

	3.2 Manuscript II:
	3.2.1 Description
	3.2.2 Contribution to the work
	3.2.3 Most relevant findings
	Self-supported catalyst processing
	Electrochemical characterization in the GDE setup


	3.3 Manuscript III:
	3.3.1 Description:
	3.3.2 Contribution to the work
	3.3.3 Most relevant findings
	Creating functional OER electrodes
	Setup enhancements
	Electrochemical characterization in the PTE setup


	4. Conclusions and perspectives
	4.1 Conclusions
	4.2 Perspectives

	5. Acknowledgment
	6. Bibliography
	7. Appended manuscripts
	7.1 Manuscript I:

	PhD_PCJ_Final
	PhD_PCJ_Final
	SI_I (1).pdf
	PhD_PCJ_Final
	Manuscript II (1).pdf
	SI_II (1).pdf

	7.2 Manuscript II:
	PhD_PCJ_Final
	PhD_PCJ_Final
	PhD_PCJ_Final
	Manuscrip III (1).pdf

	7.3 Manuscript III:
	PhD_PCJ_Final
	SI_III (1).pdf

	PhD_PCJ_Final
	Declaration of consent.pdf
	Erklärung
	gemäss Art. 28 Abs. 2 RSL 05


	Untitled

