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SUMMARY

To deploy proton-exchange membrane (PEM) water electrolyzers at a gigawatt scale, the iridium-specific po

wer density must be reduced to below 0.1 mgIr W
− 1. Significant variability in reported performance and dura

bility benchmarks makes it difficult to define clear pathways for technological improvement. Here, we report a 

device-level investigation combining multimodal diagnostics with long-term durability testing across four 

commercial catalysts at loadings from 0.1 to 0.8 mgIr cm− 2. While all catalysts achieve the 0.1 mgIr W
− 2 target, 

this cannot be met at lower heating value-based efficiencies above 75% through catalyst design alone. Dura

bility testing over 500 and 1,000 h shows that degradation rates decrease with extended operation and that 

each catalyst exhibits distinct, loading-dependent behavior. Postmortem characterization confirms progres

sive catalyst crystallization as a primary contributor to kinetic degradation. These findings demonstrate that 

future deployment targets depend far more on reducing cell resistance and ensuring long-term durability 

than on advancing intrinsic catalyst activity.

INTRODUCTION

The increase in demand for metals and minerals is intensifying 

environmental burdens. Rapidly increasing global metal extrac

tion intensifies greenhouse gas emissions and land-use, water, 

and biodiversity impacts.1–4 Clean energy devices are heavily 

dependent on metals mined, shifting resource dependence 

from fossil fuels to critical raw materials (CRMs).5,6 Many decar

bonization strategies focus on producing green hydrogen 

through the use of electrolyzer technologies, either alkaline water 

electrolysis (AWE) or proton-exchange membrane water elec

trolysis (PEMWE), combined with renewable energy.

In PEMWE, platinum-group metals (PGMs) are primarily used, 

which are on a different trajectory in terms of scarcity, costs, and 

average annual global production (456 t a− 1, 2016–2020) than 

many other metals.7 According to the Raw Materials Information 

System (RMIS)8 of the European Commission (EC), South Africa 

is, with 60%, the world’s main primary producer for PGMs, fol

lowed by the Russian Federation (23%). The remaining share is 

distributed among Zimbabwe (6.5%), Canada (4.5%), the USA 

(4.1%), China (0.80%), the EU (0.50%, mainly Finland), and a 

few others. However, in 2021, only 1.7% of global PGM produc

tion was attributed to iridium, as it is a sub-product of platinum 

mining, which is equal to an average global annual production 

(2016–2020) of 7.54 t a− 1.8 The iridium (or PGM) supply chain 

is dominated by a few vertically integrated miners and refiners. 

Global primary PGM supply in 2021 was concentrated, with 

89% originating from four South African producers (Anglo Amer

ican Platinum, Impala Platinum, Sibanye-Stillwater, and 

Northam Platinum), while additional production came from 

Zimbabwe (Zimplats) and Russia (MMC Norilsk Nickel PJSC). 

Iridium-based anode catalysts are hard to replace and are 

currently not replaceable in PEMWE systems.9 A small group 

of global players, including Johnson Matthey (United Kingdom), 

Heraeus (Germany), BASF (Germany), Umicore (Belgium), 

and Tanaka (Japan), dominate the market for fabricated prod

ucts from PGMs with their major refining and catalyst 

manufacturing capabilities. These companies account for 

approximately 85% of the market.7 Some other companies 

providing iridium electrocatalyst are Ames Goldsmith Corpora

tion (USA), 3M (USA), Dongguan SAT Nano Technology Material 

(China), Furuya Metal (Japan), Ishifuku Metal Industry (Japan), 

and CENmat (Germany).

Because there is a wide range of projections for future 

PEMWE capacity, meaning the future market is uncertain, it 

is difficult to estimate the demand for iridium for PEMWE sys

tems. The EC anticipates that PEMWE will account for 

approximately 45% of global electrolyzer deployment by 

2030 (compared to 48% for AWE) and decrease to 30% by 

2050 (while AWE increases to 44%). Similar proportions are 

expected in the European market.10 Clapp et al. modeled ca

pacity requirements based on different International Energy 

Agency (IEA) scenarios (Announced Pledge Scenario [APS] 

and Net Zero Emission [NZE] scenario), estimating a need 
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for 80–220 GW by 2030 and 580–1,130 GW by 2050 by 

assuming a PEMWE market share of 40%. This large discrep

ancy clearly propagates into iridium demand projections. For 

example, the German Mineral Resources Agency (DERA) esti

mated the global demand for iridium in PEMWE systems to 

range from 10 to 34 t a− 1, depending on the chosen socioeco

nomic scenario (SSP2 or SSP4). The EC made similar esti

mates, projecting 9–34 t a− 1 globally and 2–9 t a− 1 for the EU.

Clapp et al.11 considered it both realistic and feasible to allo

cate around 20% of global primary iridium production (ca. 1.5 t 

a− 1) to the PEMWE sector. An essential step toward meeting 

the ambitious deployment targets is implementing effective 

iridium recycling strategies. While the current end-of-life recy

cling rate (EoL-RR) for iridium is between 20% and 30%.12 Clapp 

et al. projected a linear increase in recycling efficiency under in

dustrial application, rising from 70% in 2020 to 100% by 2050.11

Supporting this outlook, Carmo et al.13 claimed in 2019 an RR of 

97% for iridium recovered from EoL catalyst-coated membranes 

(CCMs). The noble characteristics of PGMs generally result in 

high recyclability. For instance, platinum and palladium already 

achieve recovery rates of over 95%.7 However, several interre

lated uncertainties obscure a robust risk assessment and hinder 

the formulation of effective mitigation strategies. These include 

changing ore grades,14,15 environmental and permitting barriers 

to new mines,16–18 shifts in PGM market sectors (e.g., declining 

use in automobiles counterbalances increased demand from 

other sectors),19 and the temporal mismatch between planned 

hydrogen capacity, demand, and installed production capac

ity.20,21 Odenweller et al. found that the absence of a final invest

ment decision (FID) was a key predictor of delays. Projects in the 

pre-FID stage had a zero success rate. However, even projects 

with an FID or under construction rarely met their schedules. 

Only 8% of announcements made in 2022 were delivered on 

time in 2023. Though delayed projects added capacity over 

time, the overall success rate was only 7%, corresponding to 

0.3 GW of the originally announced 4.3 GW. The results differed 

in each region. Asia had above-average success, North America 

had average performance, and Europe had below-average suc

cess. These results highlight the structural implementation gap in 

global green hydrogen deployment.20 Moreover, the evolving 

geopolitical landscape further complicates forecasting.22 Given 

this volatile and limited data foundation, setting clear and 

realistic technology targets remains challenging. Despite the 

complex, technology-specific interactions involved, one cross- 

cutting priority should guide all clean energy technologies: 

material efficiency.1,5,23

Material efficiency is a critical consideration for any system, 

yet it is often overlooked in most scenarios and policy frame

works.1 This is particularly important for PEMWE systems, as 

they rely heavily on iridium. To address this issue, the concept 

of iridium-specific power density (Ir-PD) was introduced as a 

metric to evaluate the feasibility of achieving PEMWE deploy

ment targets in relation to iridium availability.11,24–27 However, 

it is important to note that this metric is not linked to greenhouse 

gas emissions. At this point, Ir-PD must be recognized as a 

standalone priority from a system perspective. The available 

state-of-the-art (SoA) data for the PEMWE system currently ex

hibits significant variability, which can be partly explained by var

iations in the testing framework28–31 and the materials9,32–34

used. According to Clapp et al., the SoA Ir-PD ranges from 

0.34 to 2.0 mgIr W− 1 (equivalent to tIr GW− 1) based on data 

from several governmental and intergovernmental bodies, as 

well as academic sources.11 A detailed explanation of the Ir- 

PD determination is given in the supplemental information. 

Bender et al. also reported this large discrepancy, finding devia

tions of up to 600 mV at 1 A cm− 2 across the literature for the 

same membrane material.28 Therefore, the actual magnitude of 

the required technological progress remains unclear. Consid

ering this uncertainty, several targets were formulated in the 

range of 0.1 to 0.04 mgIr W
− 1.11,24 However, it was also stated 

that iridium dissolution could limit the reduction in iridium loading 

to 0.2 mgIr cm− 2 and 0.1 mgIr W
− 1.11

Iridium dissolution undermines the long-term stability of 

PEMWE systems and remains an obstacle to achieving the 

ambitious durability targets projected for 2030 (3 A cm− 2: 

1.6 μV h− 1 or 0.12% 1,000 h− 1).35–37 Therefore, a fundamental 

understanding of the underlying mechanisms, especially under 

realistic device-level conditions, is of the utmost importance.33

Dissolution that occurs before oxygen evolution begins is pri

marily driven by the formation of unstable oxide or hydroxide in

termediates.38 These intermediates are sensitive to the applied 

electrochemical protocol and can be mitigated by applying pro

tective potentials.39 At oxygen evolution reaction (OER) relevant 

potentials, dissolution is governed by reaction kinetics and 

believed to proceed via intermediates common to the OER 

pathway. This ultimately leads to a steady-state dissolution 

regime.38 Despite its relevance, the mechanistic understanding 

of iridium dissolution remains incomplete, particularly at the de

vice level and in relation to operation.33 Recent studies highlight 

the severity of this phenomenon.40–42 Only 6% of the dissolved 

iridium was detected in the anode outlet stream, while up to 

43% accumulated within the membrane, indicating substantial 

iridium redistribution.43 Iridium particle migration into the mem

brane has been observed across various systems.44,45 Stähler 

et al. reported direct iridium cluster growth leading to filament 

from the anode to the cathode, resulting in an internal short cir

cuit across the membrane.46 This was evidenced by electro

chemical impedance spectroscopy (EIS) and oxygen flow moni

toring in single-cell setups.46 This directed cluster formation is 

most likely the final stage of iridium dissolution, followed by 

migration within the membrane.

The dissolution process is fundamentally driven by the reac

tivity of iridium during the OER. Activation of iridium-based cat

alysts for the OER involves deprotonation reactions that extend 

from the surface into the bulk. This is particularly true for amor

phous and semicrystalline iridium oxides, which could facilitate 

the dissolution of iridium species.47 However, while amorphous 

iridium-based catalysts generally exhibit higher intrinsic reac

tivity, they are often associated with reduced structural stability. 

Conversely, rutile-type iridium oxides are more stable under OER 

conditions, though they have lower catalytic activity.48–50 Activa

tion of iridium-based catalysts involves the reversible formation 

of reactive oxygen species, such as μ2-O, which emerge under 

anodic conditions and persist into the OER regime where μ1-O 

and μ1-OH coexist. Their potential-dependent appearance and 

disappearance reflect dynamic surface restructuring processes 
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that are closely tied to charge accumulation.51 Such surface 

transformations are central to understanding the link between 

activation, charge dynamics, and long-term catalyst stability. 

While such phenomena are fundamental to understanding 

iridium-based catalyst behavior, their direct observation under 

realistic device-level conditions remains challenging. This under

scores the importance of empirically investigating practical 

operating scenarios, especially when iridium loadings are 

reduced. The impact of reduced iridium loadings on Ir-PD and 

durability remains insufficiently explored at the device level.9

In this context, we analyzed four commercially available cata

lysts with loadings ranging from 0.1 to 0.8 mgIr cm− 2 to review 

the SoA and the magnitude of improvement required. We 

extended this analysis with extensive durability testing of the cat

alysts. Iridium loadings of 0.1, 0.2, and 0.8 mgIr cm− 2 underwent 

500 h of stress testing under static and dynamic operation. 

Repeated experiments were conducted to ensure reliability. 

The most promising candidates were then subjected to 

1,000 h of testing. The total measurement time for all the data

sets presented in this work was approximately 20,000 h. Post

mortem analysis, including cross-sectional imaging and 

extended X-ray photoelectron spectroscopy (XPS) characteriza

tion, revealed structural changes within the catalyst layers. 

Based on the observed performance trends, we estimated the 

potential market share that PEMWE could capture by using 

commercially available catalysts alone. This estimate excluded 

concurrent advancements to other key components, such as 

the membrane or the porous transport layer (PTL).

RESULTS AND DISCUSSION

Assessment of the raw materials

The four commercially iridium-based catalysts were selected 

from three different suppliers: H2EL-45IrO-S60 and H2EL-IrO 

(both Heraeus), Elyst Ir75 0480 (Umicore), and Premion (Alfa Ae

sar). The catalyst powders were analyzed by laser diffraction to 

obtain the particle size distribution (PSD) presented in 

Figure S1. All values are provided in Table S1. All reported values 

represent volume-weighted particle sizes. Premion was 

measured twice using the same batch and once using an older 

batch, showing only minor differences between the two mea

surements. The mean particle size of this catalyst was 13.6 ± 

6.3 μm, with a d90 value of 15.4 μm. This indicated that 90% 

of the particles (d90) were smaller than 15.4 μm. The mean par

ticle diameter was observed to be the highest for H2EL-45IrO- 

S60 (14.6 ± 16.7 μm) with a d90 of 37.7 μm, followed by H2EL- 

IrO (13.1 ± 10.5 μm) with a d90 of 29.2 μm. These two samples 

also exhibited the largest interquartile ranges (IQRs; the middle 

50% of the distribution), with values of 17.0 and 11.9 μm, respec

tively. The smallest mean particle size was found for Elyst Ir75 

0480 at 4.8 ± 6.3 μm, with a d90 of 15.4 μm. However, the surface 

areas obtained by nitrogen physisorption were 29 m2 g− 1 for Pre

mion and 28 m2 g− 1 for Elyst Ir75 0480. In contrast, the surface 

areas for the Heraeus catalysts were larger: 103 m2 g− 1 for 

H2EL-45IrO-S60 and 254 m2 g− 1 for H2EL-IrO. The preparation 

of the dispersion formulation included extensive homogenization 

by an ultrasonic horn to break down larger agglomerates. Inter

estingly, the mean agglomerate size obtained after the disper

sion process was 1.71 ± 0.74 μm for Premion, which is very 

similar to the 1.74 ± 0.7 μm obtained for H2EL-45IrO-S60. It 

was not possible to measure the formulated dispersion with 

the same laser diffraction device used for the powders because 

light could not pass through the dark dispersion. Ultrasonic 

spectroscopy requires stable dispersions due to the longer mea

surement time required. On the other hand, the H2EL-IrO formu

lation required different solvent mixtures and dilution than the 

other three catalysts. The resulting dilution caused the solid con

centration to be too low for the ultrasonic spectroscope’s mea

surement range. This underscores that the challenges associ

ated with the catalyst layer do not solely originate from the 

material itself. In-depth analysis related to the dispersion formu

lation is often underexplored or simply not included in many pub

lications. In this study, we assume that the dispersion formula

tion and the methods used cannot reach agglomerate sizes 

below 1.7 μm. Therefore, we acknowledge that determining the 

optimal dispersion for four different catalysts while studying 

technology-related effects is challenging.

Catalyst properties influence not only dispersion formulation 

but also govern electrochemical activity and stability through 

their composition and crystal structure. Energy-dispersive 

X-ray spectroscopy (EDX) coupled with SEM confirmed com

positions within the specified ranges. Iridium loadings were 

calculated using the suppliers’ nominal values. The catalyst 

stoichiometry was analyzed by temperature-programmed 

reduction (TPR). Following Peifer et al., the iridium oxidation 

state was derived for each catalyst.52 For rutile-type IrO2 

(Ir+IV), a theoretical H2 consumption of 8.92 mmol g− 1 is ex

pected, whereas Ir2O3 (Ir+III) corresponds to 6.94 mmol g− 1. 

Within these boundary cases, the average oxidation state of 

Premion was 3.5, with a maximum at 90.6◦C. The determined 

oxidation state of H2EL-45IrO-S60 was 3.1, with a maximum 

at 95.9◦C. These results indicated that both catalysts possess 

highly amorphous characteristics. In contrast, H2EL-IrO 

possessed an oxidation state of 3.9 and a maximum reduction 

temperature of 172.9◦C, characteristic of a more rutile-like 

structure. The commercial Elyst-Ir75-0480 catalyst exhibited 

the highest average oxidation state of 4.0 and a relatively 

broad temperature window (120.9◦C–247.8◦C), also indicating 

a strong rutile-type nature. X-ray diffraction (XRD) patterns 

(Figure 1A) revealed unique structural features of each cata

lyst. Premion showed distinct metallic Ir peaks alongside a 

broad oxide reflection. Elyst Ir75 0480 and H2EL-IrO both ex

hibited broad oxide peaks characteristic of nanostructured 

iridium oxides, with Elyst Ir75 0480 showing slightly sharper 

reflections. H2EL-45IrO-S60 displayed only a single broad ox

ide peak. To clarify crystallinity versus amorphous contribu

tions, XPS analysis was performed. Following Roiron et al., 

the Ir+III/Ir+IV ratio and μ1-O/μ2-O ratio were used to classify 

crystalline versus amorphous catalysts.49 Figure 1B revealed 

the same trend of a more pronounced rutile-type nature: 

Elyst Ir75 0480 > H2EL-IrO > Premion > H2EL-45IrO-S60 as 

observed in the TPR measurements. This trend was also 

consistent with μ1-O/μ2-O ratios (Figure 1C) for three of the 

four catalysts.

From powder analysis, we concluded that H2EL-45IrO-S60 is 

an amorphous iridium oxide on titanium support, Premion 
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consists of an amorphous iridium oxide shell surrounding a 

metallic Ir core, H2EL-IrO is a rutile-type iridium oxide, and Elyst 

Ir75 0480 is a rutile-type iridium oxide on Ti support. Based on 

these assignments, the expected activity trend was H2EL- 

45IrO-S60 > Premion > H2EL-IrO > Elyst Ir75 0480, while the sta

bility trend should follow the inverse order.

Prior to electrochemical testing, pristine catalyst layers were 

analyzed regarding the thickness (Figure 1D) and sheet resis

tance (Figure 1E). The catalyst-layer thickness was determined 

using a modification of a previously published method (details 

are provided in the supplemental information). Each catalyst ex

hibited a distinct thickness-loading relationship. Across all cata

lysts, the maximum difference between the lowest and highest 

layer thicknesses was 7.7 μm at the highest loading. Elyst Ir75 

0480 and Premion had the lowest IQR: 0.1 mgIr cm− 2. The lowest 

absolute IQRs were obtained with lower loadings. However, 

compared to the average for these loadings, the relative IQR 

was greater than 40%. Outlier data points were excluded from 

the final analysis; however, their potential influence on durability 

cannot be entirely ruled out. For H2EL-IrO, thickness deviated 

from linearity at low loadings (<0.1 mgIr cm− 2), indicating insuffi

cient film formation and possible island growth, resulting in 

locally thicker regions. In contrast, Elyst Ir75 0480 exhibited 

the lowest thickness at low loadings and consistently narrow 

IQRs. The absolute standard deviation increased with loading, 

whereas the relative deviation decreased. Linear regression 

yielded R2 > 0.98 for all catalysts except H2EL-IrO, where strong 

scattering at <0.1 mgIr cm− 2 reduced linearity, indicating that the 

PSD was more heterogeneous than for the other catalysts. 

Therefore, the linear fit excluded the lowest-loading data point 

for H2EL-IrO, resulting in an R2 of 0.99.

The slope in Figure 1D reflects thickness sensitivity to 

loading. H2EL-45IrO-S60 showed the steepest slope, reflecting 

its composition and the greater volume required to achieve 

targeted loadings. Effective catalyst-layer density, defined as 

a reciprocal slope, was lowest for H2EL-45IrO-S60 (0.079 

gIr cm− 3), compared with 0.24 gIr cm− 3 for Elyst Ir75 0480 and 

0.27 gIr cm− 3 for Premion. For H2EL-IrO, the effective density 

was 1.01 gIr cm− 3. The non-zero intercept in the linear thick

ness-loading relationship arises from practical limitations in 

catalyst-layer fabrication and thickness determination at very 

low loadings. Residual contributions from ionomer distribution, 

substrate roughness, and coating inhomogeneities become 

increasingly relevant in the sub-micrometer thickness regime. 

Additionally, image resolution and pixel size at the required 

magnification for full catalyst-layer analysis limit the precise 

measurement of extremely thin catalyst layers. Therefore, the 

observed intercept reflects practical measurement and fabrica

tion constraints rather than a theoretical zero-thickness condi

tion. The sheet resistance was determined and correlated with 

both catalyst loading and average layer thickness. A significant 

decrease in sheet resistance with increasing loading or thick

ness was observed for all catalysts except H2EL-IrO. The inho

mogeneous nature of the H2EL-IrO catalyst layer is also re

flected in the wide variation of its sheet resistance values. 

Interestingly, the 0.1 mgIr cm− 2 loading exhibited the highest 

measurement error in sheet resistance for all catalysts except 

H2EL-45IrO-S60. At the highest loading, Elyst Ir75 0480 and 

H2EL-45IrO-S60 showed similar sheet resistance values, 

although Elyst Ir75 0480 showed a steeper increase in resis

tance at lower loadings. The sheet resistance was normalized 

by the corresponding mean catalyst-layer thickness to obtain 

the in-plane electrical resistivity of each catalyst layer, enabling 

a thickness-independent comparison of the intrinsic electronic 

transport properties across catalysts and loadings. The result

ing resistivity values revealed distinct, material-specific 

behavior that was largely independent of iridium loading and 

is shown in Figure S2. Elyst Ir75 0480 exhibited the lowest 

and most consistent resistivity across all loadings, ranging 

from 1.4 to 3.1 mΩ cm. H2EL-45IrO-S60 showed systematically 

higher resistivity values between 6.7 and 9.4 mΩ cm with no 

clear loading dependence, reflecting its highly porous, 

Figure 1. Physicochemical characterization of commercial iridium catalysts and pristine catalyst layers 

Overview of the characterization conducted on the catalyst powders (A–C) and the pristine catalyst layers (D and E). The XRD patterns are shown in (A), where star 

and triangle symbols indicate the peak positions of iridium metal and iridium oxide, respectively. (B) displays the peak ratio of the Ir+III and Ir+IV species, and 

(C) displays the ratio between μ1-O and μ2-O surface oxygen functionalities. In (D), the catalyst-layer thickness obtained from image processing is displayed as a 

function of the respective loading. In (E), the same is presented for the sheet resistance. Error bars represent the standard deviation across independently 

prepared samples.
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titanium-supported character and correspondingly low effective 

catalyst density (see Figure 1D). Premion displayed intermedi

ate, moderately increasing resistivity with loading, ranging 

from 3.6 to 6.7 mΩ cm. H2EL-IrO exhibited the most pro

nounced loading dependence, with resistivity increasing from 

5.0 mΩ cm at 0.1 mgIr cm− 2 to 17 mΩ cm at 0.7 mgIr cm− 2, 

which is attributed to the poor layer uniformity and island growth 

behavior identified in the thickness distribution analysis. Taken 

together, the thickness-normalized resistivity confirms that 

electronic transport properties are governed primarily by cata

lyst structure and morphology rather than by loading and that 

the observed differences in sheet resistance across loadings 

largely reflect variations in layer thickness rather than intrinsic 

material conductivity. Sheet resistance measurements were 

not performed after durability testing because the membrane 

and catalyst-layer structure underwent significant mechanical 

and structural alterations during operation and disassembly. 

Since water acts as a plasticizer for the Nafion membrane,53

postmortem measurements would introduce substantial uncer

tainty and limit direct comparability to pristine-state values.

Performance screening

Initial performance was determined after the conditioning pro

cedure for each catalyst and loading, with at least two repeti

tions. For easier comparison (Figure 2A), the area between the 

polarization curves of the lowest loading (0.1 mgIr cm− 2) and 

the highest loading (ca. 0.7 mgIr cm− 2) was shaded for each 

catalyst. All other curves fell within these limits. The polarization 

curves (Figure 2A) consistently reflected the catalytic activity 

trend identified in the Ir+III/Ir+IV ratio from XPS analysis 

(Figure 1B). At high loadings, the amorphous H2EL-45IrO-S60 

achieved the highest current density with 2.4 ± 0.1 A cm− 2 at 

1.8 V, followed by Premion with 2.1 ± 0.1 A cm− 2. The rutile- 

type H2EL-IrO reached 1.7 ± 0.1 A cm− 2, while Elyst Ir75 0480 

showed the lowest performance with 1.3 ± 0.1 A cm− 2. The cor

responding average loading across all catalysts was 0.65 ± 

0.02 mgIr cm− 2 and equal to 3% variability. Notably, current den

sity losses upon reducing the loading were smaller for Premion 

(− 0.28 A cm− 2 at 1.8 V) and H2EL-45IrO-S60 (− 0.34 A cm− 2) 

but larger for Elyst Ir75 0480 (− 0.43 A cm− 2) and H2EL-IrO 

(− 0.48 A cm− 2) when the loading was reduced by 0.54 ± 

0.03 mgIr cm− 2. Thus, the amorphous catalysts lost ca. 15% of 

performance, while the rutile-type catalysts lost ca. 35%. Two 

general trends were observed when studying the impact of the 

iridium loading reduction. The current density losses increased 

with cell voltage, and increased losses occurred when reducing 

the loading below 0.4 mgIr cm− 2, with an additional threshold 

at <0.3 mgIr cm− 2.

Analyzing the Ir-PD showed that all catalysts could reach the 

targeted 0.1 mgIr W
− 1 at 1.8 V (Figure 2B). However, when using 

Figure 2. Performance screening results and iridium-specific power density of commercial iridium catalysts 

Results of the performance screening are shown in (A), highlighting the performance range as a function of catalyst loading (0.1–0.7 mgIr cm− 2), and in (B), which 

displays the corresponding Ir-specific power density (Ir-PD) at 1.8 V. The visualization in (C) connects key performance metrics, including LHV, current density, and Ir- 

PD, to emphasize the importance of the system’s operational window. HFR-corrected polarization curves for each catalyst and loading level are presented in (D)–(G).
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a thick N115 membrane together with a standard PTL, this target 

was only achieved with a loading of 0.2 mgIr cm− 2 for the amor

phous catalysts and with 0.1 mgIr cm− 2 for the rutile-type cata

lysts. The threshold of 0.05 mgIr W
− 1 was only reached by the 

more amorphous catalyst types when using a loading of 

0.1 mgIr cm− 2. Importantly, Ir-PD decreased linearly with loading 

(R2 > 0.99) for all catalysts. An often overlooked factor is that Ir- 

PD targets are not linked to either stability or cell efficiency. 

Figure 2C reflects this SoA relationship by correlating the Ir-PD 

with the energy efficiency referenced to the lower heating value 

(LHV), plotted as a function of current density and based on the 

complete dataset.

The contour plot, constructed via Delaunay triangulation, high

lights areas with Ir-PD below 0.1 mgIr W
− 1, or the equivalent 0.1 

tIr GW− 1, in blue and between >0.1 and <0.31 mgIr W
− 1 in gray. 

The identified threshold of 0.4 mgIr cm− 2 is marked with a white 

dashed line. It becomes clear that the 0.1 mgIr W
− 1 target cannot 

be met at high efficiency levels >75% by catalyst design alone. 

Achieving such efficiencies with reduced iridium loading will 

require improvements in membranes, PTLs, and cell/stack as

sembly to reduce ohmic loss as much as possible. At lower effi

ciencies (<70%), the Ir-PD target is already close to being 

achieved for all catalysts. At 63% LHV (2 V) and 0.4 mgIr cm− 2, 

all catalysts reached the 0.1 mgIr W
− 1 threshold. This further im

plies that the 2030 DOE and SRIA target of 3 A cm− 2 at 70% LHV 

cannot be met by catalyst design alone. Nonetheless, it is note

worthy that our results show that all commercial catalysts tested 

achieved an Ir-PD of ≤0.12 mgIr W− 1 at 2 V with loadings of 

0.65 ± 0.02 mgIr cm− 2 in their initial stages.

The obtained polarization curves were normalized by high- 

frequency resistance (HFR) correction. This showed clearly 

that the rutile-type catalysts (Elyst Ir75 0480, H2EL-IrO) suf

fered from a higher activation overpotential than the more 

amorphous catalysts (Premion and H2EL-45IrO-S60). At a 

loading of 0.4 mgIr cm− 2 and 1.8 V, the activation overpotential 

was 420 ± 47 mV for both rutile catalysts, while it was 373 ± 

9 mV for H2EL-45IrO-S60 and 386 ± 5 mV for Premion. 

Reducing the loading to 0.1 mgIr cm− 2 increased the activation 

overpotential by 36 mV for Elyst Ir75 0480, 22 mV for H2EL-IrO, 

39 mV for H2EL-45IrO-S60, and 40 mV for Premion. This was 

reflected in the charge-transfer resistance (Rct), or more 

neutral, in the diameter of the Nyquist semicircle. At the device 

level, Rct represents the barrier that the charge must overcome 

to be transferred across the interfaces. Rct is strongly influ

enced by the effective contact area between the PTL and cata

lyst layer. This implies that the quality of the electrical contact 

depends on the thickness homogeneity and on the conductivity 

of the catalyst layer.

The sheet resistance measurements indicate that the anode 

catalyst layer itself represents a significant electronic resistance 

barrier, particularly at low iridium loadings. This suggests that 

electron transport through the catalyst layer can substantially in

fluence local reaction distribution, favoring regions with shorter 

electronic pathways, such as areas directly below PTL contact 

points. With increasing current density, however, the reaction 

zone is additionally influenced by proton transport and mass 

transport limitations, which may increasingly shift active regions 

toward the membrane interface.

Analyzing Rct at 1.45 V (Figure S3A) for the different catalysts 

and loadings revealed an inverse logarithmic relationship be

tween the applied iridium loading and the resulting Rct.

Although Rct increased most strongly for the rutile catalysts 

and remained comparatively lower for the amorphous ones. 

These differences likely arise from a combination of factors, 

including activity differences between rutile-type and amor

phous iridium oxides; variations in coating thickness ranged 

from less than 1 μm to greater than 2.5 μm near the onset of 

the steep Rct increase and increased sheet resistances with 

decreased loading for all catalysts. Thus, the Rct trends likely 

reflect an interplay of iridium dispersity, coating uniformity, sheet 

resistance, and catalyst-layer thickness rather than a single 

dominant effect. Between the two titanium-supported catalysts, 

one order of magnitude difference was observed at 0.4 mgIr 

cm− 2 with 0.49 ± 0.15 mΩ cm2 for H2EL-45IrO-S60 and 5.75 ± 

0.69 mΩ cm2 for Elyst Ir75 0480. At 0.1 mgIr cm− 2, Rct increased 

to 1.71 ± 0.63 and 16.0 ± 2.92 mΩ cm2, respectively. Remark

ably, Rct increased steeply for all catalysts with 0.1 mgIr cm− 2. 

On the other hand, Rct for the amorphous catalysts was not 

affected by increased loading. This indicated that in a typical 

high-loaded CCM, a certain fraction of the catalyst remains 

inactive.

The HFR analysis was more challenging and is presented in 

Figure S3B. The performance screening with repetitions required 

more than 50 single-cell tests, which involved multiple mem

branes, cathode catalyst layers, and PTLs, all contributing to 

HFR variability. Especially at low loadings, PTLs showed visible 

changes after repeated use, which required the exchange of 

components from time to time. On average, HFR across all mea

surements was 123 ± 13.2 mΩ cm2 at 1.45 V. Each catalyst 

showed a distinct HFR behavior with no clear correlation to the 

sheet resistance. H2EL-45IrO-S60 showed a clear HFR increase 

with decreasing iridium loading, while Elyst Ir75 0480 showed an 

increase in HFR with higher loadings. However, the dominant 

contribution to HFR originated from the membrane, which 

obscured a clear assessment of the effect of loading reduction 

and corresponding sheet resistance on HFR.

Durability testing of low loadings

The 500 h durability test was conducted for all catalysts at load

ings of 0.4, 0.2, and 0.1 mgIr cm− 2. In each case, five tests were 

performed simultaneously using an in-house-built multichannel 

test station, with one test always using the Premion catalyst at 

0.8 mgIr cm− 2 as a benchmark. Variability in the dataset origi

nated mainly from the PTL, as each test required a different 

PTL. Furthermore, the durability tests were performed with a 

different temperature control system than the one used for per

formance screening. Performance screening used water inlet 

temperature as the control parameter to ensure the temperature 

difference between the inlet and outlet remained within ±2◦C. In 

contrast, the durability tests were carried out with temperature 

regulation recorded directly at the single-cell endplates. For 

this reason, the durability data are compared only within their 

own dataset and not with the performance screening results. 

To confirm consistency, durability tests were repeated for 

selected candidates. The difference between the averaged 

benchmark measurements recorded during the performance 
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characterization and the beginning of testing (BOT) of the dura

bility testing was 120 mA cm− 2 at 1.8 V. This offset is inherent 

to the two test stations because it was determined using an iden

tical benchmark configuration on both systems.

In each plot of Figure 3, the BOT is indicated, followed by the 

first galvanostatic phase (g1) at 2 A cm− 2 for 100 h. After g1, 

seven 4,500 triangle cycles were performed, after which the 

test ended with another galvanostatic phase (g2) at 2 A cm− 2 

for 100 h. Figures 3A–3D show the current density extracted 

from the polarization curves for each catalyst at a cell voltage 

of 1.55 V as a solid line and at 1.80 V as a dashed line. The sec

ond row (Figures 3E–3H) shows the determined HFR at 1.45 V, 

and the extracted Rct at 1.45 V is shown in the third row 

(Figures 3I–3L).

The Elyst Ir75 0480 (Figures 3A–3E and 3I) catalyst exhibited 

increased current density (+286 ± 174 mA cm− 2 at 

0.4 mgIr cm− 2|1.8 V) after g1. This increase also occurred after 

g2 at the end of testing, though it was less pronounced 

(+32.7 ± 197 mA cm− 2 at 0.4 mgIr cm− 2) than the current density 

recorded after 31,500 cycles. The observed initial performance 

increase in Elyst Ir75 0480 may indicate an activation process 

during early operation. Potentially, less stable amorphous or 

defective surface species arising from catalyst batch impurities 

or structural heterogeneities may be altered or removed during 

initial operation. This could improve catalyst accessibility, inter

facial contact, or charge-transfer properties. A strong decay was 

observed for all loadings of H2EL-IrO. The Premion benchmark 

catalyst, with a loading of 0.8 mgIr cm− 2, improved by 7% over 

time, while the 0.4 mgIr cm− 2 loading improved by 4%. The load

ings of 0.2 and 0.1 mgIr cm− 2 decreased by 10% and 56%, 

respectively. This effect also occurred for lower loadings, 

but not for any of the other catalysts. The amorphous H2EL- 

45IrO-S60 (Figure 3D) exhibited a 9.6% current density loss at 

0.4 mgIr cm− 2 between BOT and g2, whereas the current density 

decreased by 16% at 0.1 mgIr cm− 2.

The determined HFR (Figures 3E–3H) decreased steadily for 

certain catalysts and loadings. The HFR decreased by 8% and 

7% for 0.1 and 0.2 mgIr cm− 2, respectively, during the entire 

test for Elyst Ir75 0480. The HFR also decreased for 0.4 mgIr 

cm− 2 H2EL-45IrO-S60 and Premion loadings ≥ 0.2 mgIr cm− 2. 

Figure 3. Durability testing results for all investigated commercial iridium catalysts and loadings 

Results from the durability testing are shown in (A)–(L): current density is presented in (A–D), high-frequency resistance (HFR) in (E–H), and charge-transfer 

resistance (Rct) in (I–L). The data for each catalyst are displayed according to their TPR/XPS classification, ranging from rutile to more amorphous characteristics: 

Elyst Ir74 0480 in (A, E, and I); H2EL-IrO in (B, F, and J); Premion in (C, G, and K); and H2EL-45IrO-S60 in (D, H, and L). Error bars represent the standard deviation 

across repeated tests of the same catalyst and loading, each conducted with new PTLs and membranes.
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One potential reason is that membrane creep leads to thinner 

membrane compartments, which decreases the HFR. However, 

the HFR increased by more than 10% for 0.1 mgIr cm− 2 loadings 

(H2EL-IrO and Premion). This could be due to an altered inter

face with the PTL or membrane poisoning by dissolution prod

ucts from the PTL or the catalyst itself. Conversely, the 

decreased HFR masks the current density loss at voltages > 1.8 

V, making it appear as an improved overall cell performance at 

higher cell voltages. Recent studies by Hintzen et al. have shown 

that membrane creep, PTL compression, and local contact- 

pressure distributions can significantly influence membrane 

thickness evolution and HFR behavior in PEMWE systems.54

Although SEM cross-sections provided important structural in

sights into catalyst-layer evolution, this study did not pursue 

direct quantification of absolute membrane thickness changes 

from these images. Quantitative membrane creep analysis re

quires a methodology that accounts for strong couplings among 

mechanical, structural, and operational factors, including PTL 

compression, local contact-pressure distributions, membrane 

swelling, flow-field-specific channel-rib geometry, and postmor

tem preparation artifacts. This methodology lies beyond the 

scope of this work.

Therefore, HFR-related changes in this study were interpreted 

cautiously, while HFR-corrected polarization curves and Rct 

analysis were used as the primary metrics to minimize broader 

system-level effects and enable more catalyst-specific evalua

tion. In the kinetic region, stronger catalyst alteration was 

observed, which aligned well with the determined Rct.

The Rct (Figures 3I–3L) increased linearly for all catalysts and 

loadings, except for Elyst Ir75 0480. The observed change indi

cates an alteration either at the catalyst interfaces or within the 

ionomer network. However, the striking linear increase was not 

affected by either galvanostatic or dynamic phases. This implies 

that another ongoing degradation process occurred that is not 

solely dependent on electrochemistry. We consider temperature 

to be an underexplored driving force in the degradation effect 

owing to its correlation with iridium and titanium dissolution. 

Another interesting point is that the rutile Elyst Ir75 0480 behaved 

completely differently. Surprisingly, the galvanostatic phases 

lowered the Rct, which disappeared after dynamic testing. 

Instead, the dynamic phases did not significantly affect the Rct 

during testing. One potential explanation is that during galvano

static operation, kinetics and quasi-equilibria lead to the reorga

nization of defective species in the lattice based on place-ex

change events.38 Progressive catalyst utilization losses may 

contribute to the observed linear Rct increase, as reduced 

active-site accessibility or interfacial degradation directly affects 

kinetic performance. While changes in HFR may partially reflect 

broader structural or contact alterations, the dominant Rct evolu

tion suggests that utilization-related losses are primarily associ

ated with catalyst-layer or ionomer-network degradation rather 

than purely ohmic effects.

Degradation rates were determined to compare the different 

catalysts. In Figure 4, the change in Ir-PD (top row, 

Figures 4A–4D) and the degradation rate (bottom row, 

Figures 4E–4I), extracted from HFR-corrected polarization 

curves, are presented at 1.8 V or approximately 70% LHV. All 

degradation rates were determined by linear fitting of the HFR- 

corrected performance data obtained from the polarization 

curves over the respective evaluation period. Separate fits 

were applied to the complete dataset (BoL to EoL), the dynamic 

stress phase, and the interval between both galvanostatic 

phases to isolate the corresponding operational contributions. 

Accordingly, Figure 4 presents the total evolution rate between 

Figure 4. Degradation rates extracted from HFR-corrected polarization curve data 

In (A)–(D), the change in Ir-PD is displayed, and in (E)–(H), the degradation rate is shown for all catalysts and loadings stress tested for 500 h: the total degradation 

rate (circles), the rate during the dynamic stress phase (triangles), and the rate between both galvanostatic phases (squares).
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BoL and EoL (circles), the rate during the dynamic stress phase 

(triangles), and the rate between both galvanostatic phases 

(squares). The change in the Ir-PD rate can be interpreted as 

catalyst efficiency over time. An increase or decrease indicates 

a gain or loss in material efficiency during operation. The 

maximum observed Ir-PD rate was <70 ngIr Wh− 1, and most cat

alysts and loadings exhibited an increased Ir-PD rate. This sug

gests that catalyst utilization decreased due to dissolution or 

structural changes affecting kinetics. Overall, dynamic testing 

caused more significant alterations than galvanostatic testing. 

Although no universal trend was identified across all catalysts 

and loadings, each system displayed distinct behavior. The 

complex interplay among cell compression, catalyst-layer thick

ness, membrane properties, temperature, hot-zone formation, 

and additional component interactions can cause each specific 

component combination to exhibit distinct degradation behavior 

and corresponding degradation rates, complicating the identifi

cation of universal degradation trends.

The most significant degradation was found for H2EL-IrO, as 

indicated by both variables. Theoretically, this rutile-classified 

catalyst should be more stable than amorphous catalysts. How

ever, lower catalyst-layer quality, suggested by thickness and 

sheet resistance analysis, may explain the discrepancy. This un

derlines the need for further research to better understand cata

lyst integration.

The lowest degradation rates were determined for the rutile 

Elyst Ir75 0480. Interestingly, the highest iridium loading did 

not always result in the lowest degradation rate during dynamic 

testing.

For the 1,000 h durability testing, Elyst Ir75 0480 and H2EL- 

45IrO-S60 were selected as the most promising candidates for 

extended evaluation. The selected loadings included two tests 

at 0.4 mgIr cm− 2 and one at 0.2 mgIr cm− 2 for Elyst Ir75 0480, 

while two tests at 0.2 mgIr cm− 2 were performed for H2EL- 

45IrO-S60 (Figure S3). The 0.4 mgIr cm− 2 condition for H2EL- 

45IrO-S60 was not included in the extended 1,000 h testing 

due to resource constraints, which limits direct loading-resolved 

comparison with Elyst Ir75 0480 at this loading in Figure 5. At 

present, a trade-off appears to exist between a highly active 

but strongly changing amorphous catalyst and a less active yet 

more stable rutile-based catalyst. If titanium-supported cata

lysts prove stable under operating conditions, they may offer a 

Figure 5. Degradation rates extracted from HFR-corrected polarization curve data for Elyst Ir75 0480 and H2EL-45IrO-S60 over 500 and 

1,000 h stress tests 

Shown are the changes in Ir-specific power density (Ir-PD) and degradation rates for total, galvanostatic, and dynamic operating phases across selected catalyst 

loadings, enabling direct comparison of loading-, catalyst-, and operation-dependent durability behavior. The underlying HFR-corrected data are provided in 

Figure S5.
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meaningful improvement over existing single-metal oxide cata

lysts. The 0.2 mgIr cm− 2 loading already appears to be a limiting 

value due to dissolution effects.11 On the other hand, our initial 

performance screening suggested that low loadings of 

0.1 mgIr cm− 2 may no longer be necessary in the future, thanks 

to advancements in other components required to meet the DOE 

target of 3 A cm− 2 at 1.8 V. Observations during the 1,000 h test 

mirrored previous findings. At 1.8 V, the current density 

increased for Elyst Ir75 0480 by 374 and 308 mA cm− 2 for 0.2 

and 0.4 mgIr cm− 2, respectively. In contrast, the current density 

decreased by 161 mA cm− 2 (7%) for H2EL-45IrO-S60 at 0.2 mgIr 

cm− 2. However, in the kinetic region at 1.55 V, the current den

sity loss was ca. 40% for the H2EL-45IrO-S60 and improved 

by more than 20% for the Elyst Ir75 0480. The HFR decreased 

consistently for both catalysts, by approximately 26% on 

average for Elyst Ir75 0480 (Figure S4B) and by 11% for H2EL- 

45IrO-S60 (Figure S4A). This implies ongoing membrane creep 

or thinning. However, the extent of creep may also depend on 

the catalyst layer thickness, which can act as a backing layer if 

sufficiently thick, as observed for H2EL-45Ir-S60. Additionally, 

improvements may have occurred at the PTL-catalyst layer inter

face. However, the Rct increased almost linearly (Figure S4C) for 

H2EL-45IrO-S60, rising from 0.36 to 1.99 Ω cm2, an increase by a 

factor of 5.5. Still, this value remained five times lower than that 

of Elyst Ir75 0480 (Figure S4D) at the same loading (0.2 mgIr 

cm− 2). For Elyst Ir75 0480, Rct decreased by 18%, from 12 to 

10 Ω cm2 (0.2 mgIr cm− 2) and from 10 to 9.6 Ω cm2. Therefore, 

the change in HFR must have another origin and is likely not pre

dominantly affected by the catalyst itself, though this could shift 

when using thinner membranes. Analysis of extracted degrada

tion rates highlighted a clear trend across, as shown in Figure 5. 

Regarding the Ir-PD rate, material efficiency improved, and it 

became clear that only the first dynamic phase led to a declining 

Ir-PD rate for Elyst Ir75 0480. In the 1,000 h durability test, the 

degradation rate for the 0.2 mgIr cm− 2 loading of Elyst Ir75 

0480 shifted from 20 μV h− 1 in the first period to − 5.1 μV h− 1 in 

the second period. For H2EL-45IrO-S60 at 0.2 mgIr cm− 2, the 

degradation rate was reduced by more than half, from 67 to 

28 μV h− 1. A similar trend was observed for the Ir-PD rate. The 

degradation rate determined from the galvanostatic phase also 

showed this trend and was reduced with extended durability 

testing. Analysis of the R2 of the linear fit revealed values > 0.95 

for H2EL-45IrO-S60 in both periods.

For Elyst Ir75 0480, R2 was >0.82 in the first period but drop

ped to <0.2 in the second, possibly indicating a new steady-state 

condition. For H2EL-45IrO-S60, the degradation followed a 

pattern similar to the inverse logarithmic decay behavior 

commonly observed in many degradation processes. This would 

offer an interesting trade-off for future PEMWE systems. Either a 

less active but relatively stable catalyst or a more active but 

strongly changing amorphous catalyst can be chosen. The key 

question is which option causes fewer issues during its transition 

(e.g., leaching of Ti4+ or Ir3+) and whether these effects can be 

mitigated to enable the use of highly active materials. If the 

degradation losses become less pronounced after the initial 

transition, the trade-off may favor catalysts with higher intrinsic 

activity, which become more crystalline during operation.

The hard-to-swallow pill is that research must now prioritize 

these aspects, aligning with the reality that resource-intensive 

testing capabilities will increasingly be occupied by long-term 

studies requiring testing durations of at least 1,000 h in the future. 

Accelerated stress tests currently function more as stress- 

inducing tests, as the data pool remains too limited to yield sta

tistically meaningful results. In the coming decade, research 

should shift its focus toward reliability, the durability of integrated 

materials, and their interactions with other components rather 

than obsessively chasing peak performance metrics.

Postmortem analysis

In this study, SEM coupled with EDX was initially used to analyze 

the catalyst layer surface. In the EDX images in Figure 6, platinum 

is represented by magenta. This makes its presence and disper

sion within the catalyst layer clearly distinguishable from the 

other elements. The magenta contrast highlights regions of 

higher local platinum intensity, revealing particle clusters, de

laminated coatings, and traces on top of the catalyst layer. A 

relatively large amount of platinum was observed on the catalyst 

layer surface after 500 (Figure 6A) and 1,000 (Figure 6B) h. How

ever, the benchmark CCM (Premion, ∼0.8 mgIr cm− 2) showed 

only a few isolated spots with platinum located on top of the 

Figure 6. Platinum delamination from the PTL onto the catalyst layer observed after long-term durability testing 

EDX measurements coupled with SEM analysis showed delamination of the platinum coating from the PTL onto the catalyst layer after 500 (A) and 1,000 (B) h of 

operation.
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catalyst layer. In contrast, reduced iridium loading led to 

increased platinum deposition. Notably, rutile-type catalysts ex

hibited larger platinum accumulations on the surface.

In all cases, platinum was predominantly found in indented 

areas of the PTL. This suggests that dynamic operation affects 

the protective coating of the PTL, which remains stable under 

constant operating conditions. It remains unclear whether the 

coating delaminated from the PTL due to redeposition or 

whether it was delaminated during disassembly. If the latter is 

true, this would imply ongoing interaction between the platinum 

coating and the catalyst layer, increasing adhesion forces to the 

extent that the coating delaminated from the PTL onto the cata

lyst layer. This effect was especially pronounced for H2EL-IrO, 

which also exhibited the lowest catalyst layer quality. Therefore, 

the superacidity of Nafion, together with the membrane creep, 

may catalyze platinum migration from the protective coating to

ward the PTL by attacking exposed titanium oxide sites or plat

inum directly.

The degradation of the catalyst layers was evaluated by 

comparing pristine specimens with postmortem cross-sections 

after 500 and 1,000 h of durability testing. In Figure 7, the thick

ness distributions are presented as violin plots. For each loading, 

the layer thickness was determined before and after durability 

testing. The mean and median values are indicated by solid 

and dashed lines, respectively. Distinct trends in both mean 

thickness and distribution spread were observed, depending 

on catalyst type and loading. In some cases (e.g., H2EL-IrO), 

the difference between mean and median increased, indicating 

a stronger asymmetry in thickness distribution after operation. 

At low loading, Premion layers (Figure 7A) exhibited slight thick

ening, from 0.58 to 0.78 μm for 0.1 mgIr cm− 2 and from 1.05 to 

1.17 μm for 0.2 mgIr cm− 2, along with a noticeable increase in 

standard deviation (from 0.22 to 0.35 μm and from 0.31 to 

0.57 μm, respectively). This suggests moderate structural thick

ening coupled with growing heterogeneity. At intermediate 

loading (0.4 mgIr cm− 2), the mean thickness decreased from 

2.46 to 1.97 μm, while the spread remained relatively constant. 

At high loading (0.8 mgIr cm− 2), the mean increased slightly 

from 3.90 to 4.04 μm, but the distribution broadened consider

ably (standard deviation increased from 0.48 to 1.06 μm, with 

the maximum thickness reaching 7.16 μm). These results under

score Premion’s structural changes, revealing loading-depen

dent degradation pathways: modest thickening at low loading, 

thinning at intermediate loading, and pronounced roughening 

at high loading.

Elyst Ir75 0480 (Figure 7B) showed a two-stage degradation 

pattern. At 0.1 mgIr cm− 2, the mean thickness increased from 

0.45 to 0.68 μm, with a modest rise in distribution spread. At 

0.2 mgIr cm− 2, the pristine layer thickness averaged 0.68 μm, 

increased to 0.96 μm after 500 h, and then slightly decreased 

to 0.88 μm after 1,000 h. The spread remained small after 

500 h but increased after 1,000 h, suggesting growing structural 

heterogeneity over time. A similar trend was observed at 0.4 mgIr 

cm− 2, where the mean rose from 1.44 to 1.71 μm at 500 h, then 

decreased to 1.23 μm at 1,000 h. The standard deviation 

increased steadily at a rate of approximately +0.1 μm per 500 

h. Overall, the catalyst layers based on Elyst Ir75 0480 initially 

thickened, followed by a gradual reduction in mean thickness 

and a broadening of the thickness distribution during extended 

operation. H2EL-45IrO-S60 (Figure 7C) demonstrated the lowest 

change in thickness among all catalysts. At 0.1 mgIr cm− 2, the 

mean thickness decreased only slightly from 1.58 to 1.52 μm, 

and the distribution even narrowed. Using 0.2 mgIr cm− 2, pristine 

layers averaged 2.52 μm and changed only marginally, from 

2.39 μm at 500 h to 2.79 μm at 1,000 h, with consistently narrow 

distributions. At 0.4 mgIr cm− 2, the mean thickness decreased 

minimally from 4.70 to 4.57 μm after 500 h, indicating relatively 

low thickness changes.

H2EL-IrO (Figure 7D) exhibited the least favorable behavior. 

While mean thickness values changed only slightly, from 1.06 

to 1.05 μm at 0.1 mgIr cm− 2, from 0.69 to 0.95 μm at 0.2 mgIr 

cm− 2, and from 0.89 to 0.95 μm at 0.4 mgIr cm− 2, the standard 

deviation was consistently high. Even in the pristine state, the 

spread reached 0.72 μm at 0.1 mgIr cm− 2 and 0.40 μm at 

0.2 mgIr cm− 2, indicating poor initial layer uniformity. After 500 

h, variability remained large or increased further, with wide inter

quartile ranges and maximum values up to 3.46 μm. This persis

tent heterogeneity suggests that the apparent stability in mean 

thickness masks underlying degradation and points to inferior 

layer quality compared to other formulations, most likely explain

ing the higher degradation rates observed during testing.

The overall trend across the dataset is an initial thickening 

within the first 500 h, followed by either a reduction in mean 

thickness or an increase in heterogeneity during extended oper

ation. Premion displayed the greatest instability, with degrada

tion behavior dependent on iridium loading. Elyst Ir75 0480 

Figure 7. Thickness distributions obtained from image analysis for the different catalysts and loadings before and after durability testing. 

Panels show results for (A) Premion, (B) Elyst Ir75 0480, (C) H2EL-IrO, and (D) H2EL-45IrO-S60.
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followed a two-stage progression involving early thickening and 

later thinning, while H2EL-45IrO-S60 remained stable with mini

mal changes. H2EL-IrO, in contrast, exhibited consistently high 

variability and poor layer integrity throughout.

Correlating these results with the findings from durability 

testing reveals that, whatever the catalyst, significant material 

relocation altered the structure of the catalyst layer. Dissolu

tion-reprecipitation processes or agglomeration via Ostwald 

ripening may account for the broader data spread and increasing 

heterogeneity. Notably, each catalyst exhibited distinct, time- 

dependent degradation behavior during stress testing, support

ing the conclusion that the most substantial changes occurred in 

the early phases of operation. This is consistent with degradation 

rate analysis. Furthermore, there may be a loading- or thickness- 

dependent degradation mechanism that remains poorly under

stood. Increased structural heterogeneity and broader thickness 

distributions after operation can additionally shift the arithmetic 

mean toward higher values, even when simultaneous local thin

ning occurs, which may partially contribute to the apparent thick

ening. Additional studies are needed to determine whether thick

ness changes occur locally at the PTL-catalyst layer interface or 

in regions not in contact with the PTL. The influence of the chan

nel-land structure in the flow field and the effects of cell 

compression should also be further investigated.

XPS analysis was used to study the Ir+III/Ir+IV ratio. The oxygen 

spectrum was excluded from further evaluation due to the 

numerous challenges in interpreting and fitting data in the pres

ence of Nafion-related oxygen functionalities. Figure 8 presents 

the Ir+III/Ir+IV ratio for each catalyst and studied loading after 

durability testing. The dashed line represents the Ir+III/Ir+IV ob

tained from powder analysis. In general, all binding energies 

were shifted by approximately +1 eV, regardless of whether plat

inum or iridium was being measured. Detected platinum ap

peared both as metallic and as PtO2. When platinum was present 

in the XPS spectra, it affected the iridium envelope and baseline 

offset, introducing non-quantified uncertainties during fitting. 

All catalysts exhibited lower Ir+III/Ir+IV ratios after testing 

compared to their powder-state reference values, indicating 

that the catalysts crystallized during operation. For H2EL-IrO, 

analysis was not possible due to a low signal-to-noise ratio 

and insufficient spectral intensity. For Premion, no differences 

were observed at loadings ≥ 0.4 mgIr cm− 2. However, at 

loadings < 0.4 mgIr cm− 2, the Ir+III/Ir+IV ratio decreased with 

decreasing iridium loading, indicating increased crystallinity. 

This same trend was also observed for H2EL-45IrO-S60. 

Increased crystallinity, with reduced activity relative to the amor

phous state, may explain the drop in current density in the kinetic 

region, which was consistent with the Rct data. The observed in

crease in crystallinity strongly correlates with the previously dis

cussed linear Rct increase (Figures 3I–3L and S4), particularly for 

the more amorphous catalysts at reduced loadings. This sug

gests that catalyst crystallization and the associated loss of 

intrinsic activity are major contributors to the measured kinetic 

degradation. Crystallinity further increased after 1,000 h of 

testing for H2EL-45IrO-S60 at 0.4 mgIr cm− 2. In contrast, the 

rutile-type Elyst Ir75 0480 showed little to no change before 

and after testing, suggesting it already possessed a sufficient 

crystalline structure.

One question that remains is why higher loadings were not 

similarly affected. We postulate that this may be due to large, 

inactive catalyst compartments located at the catalyst layer sur

face. Depending on the location of the active reaction zone, such 

surface compartments may remain too far from the electrochem

ical reaction zone to experience significant potential, membrane 

acidity, hydrogen crossover, or voltage fluctuations. As a result, 

not all of the catalyst is altered during operation at high loading.

It is important to note that XPS signal intensity is influenced not 

only by the electron penetration depth but also by the area 

excited during measurement. This means the detected signal 

is inherently averaged over both depth and lateral spread, which 

could mask localized changes in catalyst structure.

XPS provided valuable insights that warrant further investiga

tion in future studies. However, progress in this area is closely 

tied to the development of improved measurement procedures 

for analyzing catalyst layers on polymer substrates.55 To address 

these challenges, future efforts should focus on standardizing 

methodologies and establishing robust measurement protocols 

for XPS-based analysis.

Recap and outlook

Reviewing the results of the performance and durability study 

highlights that commercial iridium catalysts are already capable 

of meeting near-future Ir-PD targets when paired with SoA com

ponents. However, considering the DOE target of 3 A cm− 2 at 

Figure 8. Postmortem XPS analysis showed characteristic differences between rutile and amorphous catalysts at various loadings 

Shown for (A) Premion, (B) Elyst Ir75 0480, (C) H2EL-IrO, and (D) H2EL-45IrO-S60.
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1.8 V, it becomes evident that such performance cannot be 

achieved through catalyst design alone. To emphasize this, we 

modeled the impact of a 40% reduction in cell resistance 

compared to the results of this study in Figure 9 (dark shading; 

also see Figure 2C). Currently, Ir-PD targets are defined based 

on catalyst loading relative to power output. However, reducing 

cell resistance, which is of prime importance to reach high cur

rent density, is primarily achieved through improvements in com

ponents other than the catalyst. Achieving the DOE target will 

likely result in Ir-PD values below 0.1 mgIr W
− 1 as long as iridium 

loadings remain below 0.52 mgIr cm− 2. An alternative path to 

meet these Ir-PD values is to sacrifice efficiency in favor of maxi

mizing current density. From this perspective, iridium scarcity 

appears to be less of a performance-limiting factor. In contrast, 

durability presents a greater challenge, as it depends not only on 

stable materials but also on a deep understanding of how oper

ational strategies affect system lifetime. While recent research 

has heavily focused on catalyst design, catalyst integration 

and component interactions remain underexplored yet are 

increasingly critical for industrial-scale deployment.

Focusing solely on iridium performance in terms of Ir-PD also 

allowed us to estimate the technically feasible market share of 

PEMWE electrolyzers, based on the experimental data from 

this study (Figure 9B). Adapting the method proposed by Clapp 

et al. (supplemental information), the maximum technically 

feasible PEMWE market share was calculated as a function of 

the achieved Ir-PD while assuming a global iridium supply of 

1.5 tIr per year allocated to PEMWE. A system energy efficiency 

of 48 kWh kgH2
− 1 was assumed, though this parameter has 

only a minor influence on Ir-PD-based market share estimations. 

We calculated the average and standard deviation of the low- 

emissions hydrogen balance (in Mt H2 equivalent) based on the 

2022–2024 projections for both the APS and NZE scenarios, 

for the years 2030 and 2050.56–58 The lowest Ir-PD values 

achieved in this study were 0.048 mgIr W
− 1 at 2 V (0.091 mgIr 

W− 1 at 1.8 V) for 0.4 mgIr cm− 2 and 0.015 mgIr W− 1 using a 

loading of 0.1 mgIr cm− 2. Figure 9B shows that, from a perfor

mance standpoint, these Ir-PD values support achieving reason

able PEMWE market shares if performance is maintained 

throughout the stack’s lifetime. However, large uncertainties 

persist, particularly concerning future H2 demand and the pace 

of the market ramp-up. These factors significantly influence the 

required iridium resources and may lead to an overestimation 

of pressure on global iridium availability.

The predictions presented are just one focal point within a 

much broader context. Discussing material efficiency is crucial 

in terms of environmental impact but also with respect to the cor

responding costs. The latter is particularly relevant, as iridium re

mains a major cost driver for stacks.59 Encouragingly, the current 

discourse on iridium availability, recyclability, and circularity, 

occurring prior to full market penetration, may ultimately support 

the deployment of PEMWE systems. This should be extended to 

all components and other electrolyzer technologies.

In this study, several commercial catalysts were evaluated for 

their loading-dependent performance and corresponding dura

bility. The most robust catalyst-specific conclusions rest on 

three independent lines of evidence largely insensitive to mem

brane-dominated HFR variability: the continuous evolution of 

Rct extracted from EIS, which directly reflects kinetic degrada

tion at the catalyst layer. Postmortem XPS analysis indepen

dently confirmed progressive crystallization toward a more 

rutile-like structure in the amorphous catalysts, corroborating 

the electrochemical trends. The fundamentally different behavior 

of Elyst Ir75 0480 across both metrics serves as an internal 

Figure 9. Impact of cell resistance reduction and iridium availability on feasible PEMWE deployment 

To shift the perspective in the current discourse on iridium availability and criticality, a 40% reduction in cell resistance was modeled and its impact on Ir-PD 

analyzed (A). Additionally, the technically feasible PEMWE market share was estimated in (B) based on data obtained in this study, under the assumption of 

an annual iridium availability of 1.5 t.
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reference, confirming that the observed trends are catalyst spe

cific rather than artifacts of assembly or test station variability. 

The convergence of these three independent datasets provides 

a robust basis for the conclusions drawn despite the inherent 

variability of device-level testing.

Overall, the results suggest that durability assessment efforts 

should be strengthened, while catalyst development should 

focus on stability, integration, and interfacial interactions rather 

than solely on peak performance. As Ir-PD targets appear attain

able using SoA materials, the research bottleneck shifts toward 

lifetime and operational strategy. The durability testing showed 

that each catalyst and loading combination exhibited distinct 

behavior, and degradation rates decreased with extended 

testing time. This underlines the importance of operational strat

egy, which may be more impactful than novel catalyst design. 

Greater attention must be given to catalyst integration within 

the catalyst layer and to component interactions throughout 

the cell. The discussion around iridium material efficiency 

also contributes to sustainability-by-design principles and 

should be extended to other system components and related 

technologies.

METHODS

Materials and components

We selected four commercially available iridium-based catalysts 

from three different suppliers for this study: H2EL-45IrO-S60 and 

H2EL-IrO (both Heraeus), Elyst Ir75 0480 (Umicore), and Premion 

(Alfa Aesar). For the anode PTL, a titanium felt was used 

(2GDL10–0.35, Bekaert), while for the cathode, a carbon PTL 

(TGP-H-120, Toray) was used. The thickness of both PTL types 

was determined using a custom-built device that measured each 

PTL at four points simultaneously. The anode PTL thickness 

ranged from 355 to 360 μm, while the cathode PTL ranged 

from 360 to 365 μm. Thickness data for both PTL types are 

shown in Figure S7, with the selected range indicated by dashed 

lines.

The thickness of the PTFE gasket was determined using a 

fixed-position thickness gauge (DM 2010, Wolf Messtechnik 

GmbH), with measurements taken at three positions per gasket. 

The anode gasket thickness matched that of the Ti-PTL, consis

tently ranging from 355 to 360 μm, while the cathode gasket 

thickness ranged from 250 to 255 μm.

For the performance screening, the anode PTL was reused, 

while new gaskets and a new carbon PTL were used for each 

test. In contrast, each durability test was conducted using new 

anode and cathode PTLs together with corresponding new gas

kets. The membrane was an N115 Nafion membrane purchased 

from Chemours.

CCM fabrication

Ultrasonic spray coating

Catalyst dispersions were prepared by adding the specified 

catalyst (Premion, H2EL-45IrO-S60, and Elyst Ir75 0480) into a 

100 mL laboratory bottle. Deionized water (Milli-Q, Merck Milli

pore) was added first, followed by n-propanol (Merck), yielding 

a final catalyst concentration of 3.3 mg mL− 1. The dispersion 

was cooled in an ice bath for 5 min prior to the addition of the wa

ter-based Nafion ionomer dispersion (D1021, Ion Power). The 

mixture was then sonicated using an ultrasonic horn (Bandelin, 

Sonopuls HD 2200, amplitude 50%, KE76) while placed in an 

ice bath. A modified recipe was employed for H2EL-IrO. The 

catalyst was first pre-mixed with the Nafion ionomer dispersion 

using a rolling bank to ensure uniform distribution. A 1:9 (v/v) wa

ter/n-propanol mixture was then added. This dispersion was 

subsequently subjected to the same ultrasonic treatment as 

the other formulations. PSDs of the dispersions were character

ized using an acoustic spectrometer (DT-1202, 3P Instruments). 

The catalyst layers were deposited onto a PTFE-coated glass 

silk fabric substrate using an ultrasonic spray-coating system 

(ExactaCoat, Sono-Tek) equipped with an integrated AccuMist 

nozzle operating at 48 kHz. A 25 mL Hamilton precision syringe 

was used to dispense 0.2 mL min− 1 via a Sono-Tek syringe 

pump controlled by the ExactaCoat software. Four catalyst 

layers were sprayed at once. The substrate was placed on a vac

uum plate heated to 90◦C during deposition. Iridium loadings 

were determined gravimetrically using a precision balance 

(AG204, Mettler Toledo). The final catalyst layers exhibited 

iridium loadings between 0.1 and 0.9 mgIr cm− 2.

Doctor-blade-coating process

The cathode catalyst dispersion was prepared by first mixing 

the dry powder with ultrapure water, then adding 2-butanol 

and further mixing. A 15 wt % isopropanol-based ionomer 

dispersion (LQ-1115, Ion Power) was then added. The resulting 

mixture was cooled on ice and homogenized using an ultra

sonic horn (Bandelin, Sonopuls HD 3400, amplitude 20%, 

MS73) for 5 min. The prepared dispersion was applied to the 

decal substrate using a universal film applicator (ZUA2000, 

Zehntner) with a wet film thickness of 55 μm to achieve a plat

inum loading of 0.14 ± 0.03 mgPt cm− 2 and a Nafion content of 

20 wt %. The samples were air-dried for 30 min, then oven- 

dried at 60◦C for 3 h.

Decal process

The CCMs were fabricated by hot pressing the N115 membrane 

between the cathode and anode decals at 150◦C, using a 13 min 

pre-heating phase and 3 min of pressure at 1.9 kN cm− 2.

Single-cell testing

Testing hardware

An in-house cell was used (17.64 cm2) for all tests. The perfor

mance assessment was conducted on a Greenlight E100 while 

the durability tests were performed with a custom-built multi

channel test station.60 The cell was assembled by tightening 

the bolts in two torque steps: first to 4 Nm, then to 8 Nm. Based 

on the material dimensions described above, the cathode PTL 

compression was 110 μm, corresponding to approximately 

31% of its initial thickness.

Water quality was controlled using an ion exchanger, which 

typically produced conductivity values below 0.3 μS cm− 1 at 

the beginning of operation. Its long-term behavior under compa

rable operating conditions is well established. Therefore, signif

icant effects from water impurities are considered unlikely.

Performance assessment

Warm-up and cell-conditioning procedures were performed ac

cording to previously established protocols.28 Performance 

evaluation was conducted using polarization curves with a 
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hold time of 5 min per point, starting at 1.45 V. In the low-voltage 

region (1.45–1.55 V), the potential was increased in 0.01 V steps, 

followed by 0.05 V steps for potentials above 1.55 V. The forward 

scan was terminated at 2.00 V and immediately followed by a 

reverse scan using the same stepwise protocol. This measure

ment cycle was repeated ten times to ensure consistency and 

reproducibility. A protective voltage of 1.2 V was used in all 

idle phases. EIS (Biologic HCP-1005 with 100A booster) was 

performed over the frequency range 10 kHz to 100 mHz at an 

amplitude of 5 mV.

The 500 h durability assessment initially followed the same 

procedure as the performance screening. The durability test 

began with a galvanostatic operation at 2 A cm− 2 for 100 h, fol

lowed by a quite harsh dynamic durability test consisting of a 

loop of 4,500 triangular cycles between 1.45 and 1.99 V at a 

scan rate of 30 mV s− 1. The loop was repeated seven times. 

Then, another galvanostatic operation at a constant current den

sity of 2 A cm− 2 was performed for 100 h. Polarization curves and 

EIS measurements were recorded between each galvanostatic 

phase and loop. The dynamic cycling procedure lasted 320 h 

and included 31,500 total cycles. Together with both galvano

static phases, the durability test takes 520 h, plus additional 

time for performance analysis. This methodology, which is in

tended to be stressful for the catalysts, was adapted from Alia 

et al.61 and the EU harmonized stress-testing protocol.62

Durability 1,000 h testing

The extended durability test was conducted as the 500 h test but 

with longer cycling between the two 100 h galvanostatic phases. 

There were 81,000 total cycles, and the total cycling time was 

810 h, resulting in a total stress test period of 1,010 h.

Data treatment

The forward scan of the tenth polarization curve was used as the 

performance metric. Polarization curve analysis was consis

tently based on the forward scan, with the last ten data points 

at each set point averaged to ensure stable evaluation. Compar

ison of forward and backward scans showed no significant hys

teresis and was used as an additional quality control measure. All 

polarization curve data were corrected for HFR to remove domi

nant membrane- and assembly-related ohmic contributions, 

enabling catalyst-layer-specific performance evaluation. The Ir- 

PD was calculated for all catalysts, loadings, and durability 

phases following the procedure described in the supplemental 

information. Degradation rates were extracted by linear regres

sion of the HFR-corrected performance data at a given LHV 

over three distinct operational intervals: the total test period 

(BoL to EoL), the dynamic cycling phase, and the galvanostatic 

phases.

Physicochemical characterization

The PSD was measured with a Malvern Mastersizer 3000 (laser 

diffraction) with a Hydro SV module (small-volume module). To 

determine the surface area, N2 physisorption on a Gemini VII 

from Micromeritics was performed and evaluated using the 

BET (Brunauer-Emmett-Teller) approach of the related software. 

The XRD patterns were measured using a D8 DISCOVER 

(Bruker) with a Cu Kα source and LYNXEYE_XE_T as a detector. 

TPR measurements of the powders were performed using a Mi

cromeritics AutoChem III with 100 mg of catalyst in 5 vol % H2 in 

Ar (50 sccm, 2.2 mmol min− 1). The sample was loaded into a 

U-shaped quartz reactor and flushed with argon before being 

heated. The temperature increased at a rate of 10◦C min− 1 up 

to 700◦C, and H2 consumption was monitored via a thermal con

ductivity detector. XPS measurements were performed using a 

PHI 5000 VersaProbe II system (ULVAC-PHI, USA) equipped 

with a monochromatic Al Kα X-ray source (hν = 1.486 keV). The 

X-ray settings were 50 W and 15 kV, with a spot size of 

200 μm. For both powder samples and CCMs, survey spectra 

were acquired at a pass energy of 187.5 eV with a step size of 

0.8 eV and a dwell time of 100 ms per step. High-resolution 

spectra were recorded at a pass energy of 23.5 eV, with a step 

size of 0.1 eV and the same dwell time. Quantification was per

formed in atom percent (atom %) with an estimated error of 

≥10% and normalized to a total of 100 atom %. Background 

subtraction was conducted using the Shirley method, and empir

ical relative sensitivity factors were applied. For powder sam

ples, charge correction was applied by referencing the main C 

1s component to 285.0 eV. For CCM samples, the correction 

was performed by setting the CF2 component of the C 1s signal 

to 292.2 eV. Following the procedure outlined by Roiron et al., 

the XPS data were integrated, and the resulting iridium oxidation 

state and oxygen species ratios (Ir3+/Ir4+and μ1-O/μ2-O) were 

used to distinguish between more crystalline and more amor

phous catalysts.49

Cross-sectional analyses of the CCMs were performed with 

the specified SEM. Ten cross-sectional images were used to 

determine the thickness distribution of the pristine catalyst layers 

and after the durability test. The thickness distribution was 

determined using a previously published method that was 

adapted to the specific needs arising from the deformed 

CCM surface. This modified method is described in the 

supplemental information. Outliers in the analysis of catalyst 

layer thickness were identified and excluded using standard in

terquartile range criteria (Q1 − 1.5 IQR and Q3 + 1.5 IQR). No 

outlier removal was applied to the electrochemical datasets. 

The elemental composition of the powders and CCMs was 

analyzed via EDX using a Zeiss Gemini Ultra Plus system. The 

system operated at an accelerating voltage of 20 kV to ensure 

sufficient excitation of characteristic X-ray emissions.

The sheet resistance and the thickness distribution of the cata

lyst layers were determined using a previously published 

method.63 The catalyst-layer sheet resistances were measured 

exclusively for the pristine catalyst layers deposited on the 

N115 membrane. Four-point probe analysis was conducted at 

an optimized compression force of approximately 1,700 N, 

which was determined through repeated measurements and 

statistical analysis. The measurements were taken in a controlled 

climate chamber at 25◦C and 25% relative humidity (RH) using a 

potentiostat (SP-50, Biologic) combined with a custom-built 

relay switching device. The device was validated using commer

cial reference measurements. Linear potential scans were 

applied from 0 to 5 mV at a rate of 0.5 mV s− 1. Sheet resistance 

was determined by linear fitting of the resulting current-voltage 

response. The results were averaged over multiple probe posi

tions to account for local variability. Thickness-normalized resis

tance values were determined using the mean catalyst-layer 

thickness from the thickness analysis.
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Statistical analysis

Data evaluation was conducted using Python-based analytical 

tools, including SciPy, NumPy, Pandas, and Matplotlib for plot

ting. Results presented with error margins or visualized with error 

bars reflect the arithmetic mean accompanied by the standard 

deviation (mean ± SD).

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to the lead 

contact, Nikolai Utsch (n.utsch@fz-juelich.de).

Materials availability

All catalysts and cell components used are commercially available, and no 

new materials were generated within this study.

Data and code availability

• All data underlying the figures reported in this paper are publicly avail

able on Jülich DATA (https://data.fz-juelich.de). Further raw data sup

porting the findings of this study are available from the lead contact

upon reasonable request.

• The image analysis code for catalyst-layer thickness determination will 

be made publicly available on Zenodo (https://doi.org/10.5281/zenodo. 

20706574) upon publication of this work.
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37. Darge, P.L., Röttcher, N.C., Zlatar, M., Mayrhofer, K.J.J., Cherevko, S., 

and Dworschak, D. (2025). Shortening Accelerated Stress Tests: An Iden

tical Charge Approach for Oxygen Evolution Reaction Electrocatalysts. 

ACS Catal. 15, 10336–10346. https://doi.org/10.1021/acscatal.5c01464.
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