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State-of-the-art proton exchange membrane (PEM) 
electrolysers employ iridium-based catalysts to 
facilitate oxygen evolution at the anode. To enable 
scale-up of the technology to the terawatt level, 
further improvements in the iridium utilisation are 
needed, without incurring additional overpotential 
losses or reducing the device lifetime. The research 
community has only recently started to attempt 
systematic benchmarking of catalyst stability. 
Short term electrochemical methods alone are 
insufficient to predict catalyst degradation; they 

can both underestimate and overestimate catalyst 
durability. Complementary techniques, such as 
inductively coupled plasma-mass spectrometry 
(ICP-MS), are required to provide more reliable 
assessment of the amount of catalyst lost through 
dissolution. In Part I, we critically review the state 
of the art in probing degradation of iridium-based 
oxide catalysts. 

1. Introduction

Hydrogen currently represents one of our 
most crucial chemical feedstocks with global 
annual production in excess of 90–120 million 
tonnes (1, 2), which is predicted to increase to 
over 660 million tonnes by 2050 (1). Its current 
principal use is in the synthesis of ammonia-
based fertilisers via the Haber Bosch process. 
In principle, hydrogen can also be used as a 
replacement energy vector for fossil fuels, either 
electrochemically through the use of fuel cells to 
power vehicles, or via combustion of hydrogen, for 
example, in aircraft propulsion (3); for industrial 
processes such as steel production (4); and to help 
decarbonise heating of the home (5), such as the 
blending of hydrogen into the current gas network 
currently being trialled in the UK (6). Currently, 
92–96% of the world’s hydrogen is generated 
through non-renewable methods such as steam 
methane reforming (1, 7, 8), which utilises fossil 
fuels as a feedstock. In order to meet net zero 
targets, methods for the generation of terawatt 
levels of green hydrogen are required (9). 
Green hydrogen describes hydrogen that is 

produced without the use of fossil fuels by 
electrochemical splitting of water, utilising renewable 
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energy sources such as wind, solar and hydroelectric 
to provide the energy required. Currently, less than 
8% of global hydrogen production comes from 
electrolysis, primarily alkaline electrolysis (7). 
Proton exchange membrane water electrolysers 
(PEMWEs) show great promise for generation of 
green hydrogen due to their high efficiency at high 
current density and fast start-up and shutdown 
capability (10), which make PEMWEs ideal for 
use alongside intermittent renewable energy 
sources. In addition, much of the knowledge and 
best practice established for PEM fuel cells can be 
translated to PEMWE technologies which can help 
accelerate their technological development (11). 
However, there is still room for further optimisation 
of system components specifically for PEMWE 
applications, including catalyst, membrane and 
catalyst layer deposition (12).
A large amount of research into PEMWE devices 

has focused on investigation of the anode catalyst, 
which is used to overcome the sluggish kinetics 
of the oxygen evolution reaction (OER). The 
most commonly studied catalysts are thermally 
prepared (13) IrOx and RuOx. The latter oxides 
are significantly less stable under typical PEMWE 
anode operating conditions (14–16), so this review 
focuses primarily on IrOx. Iridium is one of the 
rarest elements found in the Earth’s crust with 
annual production rarely exceeding 10 tonnes 
per year and industrial demand estimated to be 
around 7 tonnes in 2022 (17, 18). It is obtained 
as a byproduct of platinum mining and as such has 
a very inelastic supply (9), as iridium production 
can only be significantly increased by increasing 
platinum production which is unlikely to be 
increased solely based on iridium demand. The 
scarcity of iridium poses a significant, although not 
insurmountable, challenge for the terawatt level 
implementation of this technology (9) as at current 
loadings (2 mgIr cm–2), 1 tonne of iridium would 
generate approximately 2 GW of PEM electrolyser 
capacity. Bernt et al., estimated than in order to 
achieve terawatt (TWH2) level PEMWE capacity, 
a reduction in loading of iridium in the anode 
catalyst or improvement of iridium utilisation 
by around 40 times (target: 0.05 mgIr cm–2) is 
required, without compromising the performance 
or stability (19–21). While Clapp et al. (18) used 
industrial and academic iridium utilisation targets 
to model a realistic development profile towards 
0.04 mgIr W–1 in 2050, which corresponds to a lower 
loading limit of 0.10 mgIr cm–2. They concluded 
that if these targets were achieved it would allow 
1.3 TWH2 capacity using only 20% of the annual 

global primary iridium supply with a closed-loop 
iridium recycling program.
Current PEMWE systems are expected to 

provide >60,000 h of continuous operation (7). 
Assessing the performance and stability of anode 
catalysts represents a key challenge towards the 
improvement and scalability of PEMWE systems. 
Recently, more attention has been dedicated to 
identifying the limitations of testing anode catalyst 
lifetimes, the various artifacts that can occur during 
aqueous model testing and the experimental 
differences from real systems (22–25). The aim of 
this review is to outline the major artifacts that have 
impeded or continue to impede OER degradation 
testing, to present the different factors that affect 
catalyst degradation and how these relate to full 
cell testing, and to provide comments on some 
best practices for stability studies in general.

1.1 Comparison of Operating 
Conditions in Aqueous Model 
Systems and Full Cell Testing

The conditions the catalyst will be exposed to 
during constant operation, start-up, and shutdown 
in an electrolyser system are important when 
establishing criteria to benchmark potential new 
candidates for further OER testing. However, it 
is not usually practical to test a catalyst in a real 
electrolyser, where its performance is convoluted 
with that of other components. A test setup is often 
used in which the performance of the catalyst can be 
studied specifically and conveniently. Establishing 
the difference between the test setup and real 
application, and the effects that these differences 
will have on results is key to determining what is 
and isn’t practical when trying to replicate PEMWE 
catalyst performance in smaller scale testing. Test 
systems lie on a spectrum from most fundamental 
to the most similar to the real system. The test 
system best approximating the ‘real system’ that 
will be analysed is the PEMWE catalyst-coated 
membrane (CCM) in a single cell membrane 
electrode assembly (MEA) setup (Figure 1(a)). 
A stack of these MEAs with associated water and 
power systems will form the basis of an operational 
system (Figure 1(b)). 
Aqueous model systems (AMS) (22, 26) are cells 

that typically only investigate a single electrode 
material, usually the anode catalyst, and are 
used to simulate operation of that material in a 
simplified setup. The most common of these is the 
study of thin films of catalyst on a rotating disc 
electrode (RDE), Figure 1(c), where mechanical 
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cavitation helps with mass transport, for removal 
of formed oxygen bubbles. Alternately, scanning 
flow cells (SFCs), Figure 1(d) utilise a constant 
flow of liquid electrolyte allowing for constant 
sampling of the electrolyte with complementary 
techniques such as ICP-MS (27). A comparison 
of OER catalytic stability calculated from online 
SFCs showed that the calculated lifetime of 
the catalyst was often considerably less than 
that seen in a MEA, often by several orders of 
magnitude (28) for the same catalyst. This 
indicates that acidic aqueous setups such as 
SFC and RDE represent a considerably harsher 
environment, accelerating catalyst dissolution 
relative to real world conditions (see Section 3.3 
for more details).
The primary physical differences are catalyst loading 

(RDE: 0.020 mgIr cm–2 vs. MEA: 2 mgIr cm–2), 
temperature (RDE: room temperature vs. MEA: 
60–80°C) and chemical environment (RDE: 0.1 M 
HClO4 at pH 1.2 vs. MEA: deionised water (pH 7.0 
with no dissolved ions, contact with air drops pH 
due to dissolved CO2 from air turning it slightly 
acidic >pH 6)) and protons in perfluorosulfonic 
acid (PFSA) membrane. Further discussion on 
challenges of pH measurements in MEA systems 

are given in Section 3.3. Research has shown that 
cathode catalyst loading of MEAs can be reduced 
by up to an order of magnitude with no significant 
negative effect on performance (19); however, 
typical RDE model systems will still have a much 
lower geometric loading than the MEA. The method 
by which the catalyst layer is deposited also 
differs (29). For RDE this is typically done via drop 
casting while MEA CCM are usually prepared by a 
method of spray coating, k-bar/Meyer rod coating 
or decal transfer which utilises one of the previously 
mentioned techniques to create a layer onto 
polytetrafluoroethylene (PTFE) and transferring 
onto a membrane. Drop casting allows for accurate 
low mass loading to be obtained, although typically 
at the cost of layer homogeneity which can be a 
factor resulting in lack of reproducibility between 
samples of the same loading (30). Spray coating, 
which can be utilised for layer preparation of any 
system, typically is used for CCM preparation 
allowing for layers to be prepared with good layer 
homogeneity, although resolving the loading can 
be more challenging especially on low loading 
small surface area samples. A comparison between 
the conditions typically encountered in each type of 
test can be seen in Table I.

Fig. 1. Schematic of various operational systems: (a) diagram of PEMWE MEA; (b) simplified schematic of 
PEMWE stack consisting of multiple MEA cells and AMS; (c) RDE; (d) SFC, to illustrate some of the major 
differences in both reactant/product flow and electrode interface
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1.2 PEMWE Catalyst Degradation 
Mechanisms

In a working PEMWE there are multiple effects 
that can lead to degradation of the catalyst 
performance. These include: passivation of the 
porous transport layer (PTL) which increases 
the contact resistance (39–41); poisoning of the 
anode or cathode catalyst which reduces activity 
or available surface area (38, 42); particle 
growth and restructuring (43); layer cracking; 
and catalyst detachment and dissolution (38). 
A simplified schematic of these processes can 
be seen in Figure 2. While understanding and 
mitigating against all these types of degradation 
is important for PEMWE development, the focus 
of this review is anode catalyst degradation 
and testing in AMS, so the primary degradation 
mechanisms of interest are dissolution and 
detachment.
While the mechanism for IrOx catalyst dissolution 

under oxygen evolution conditions is still 
debated (44–46), catalyst loss in conventional 
RDE experiments, or any other method that 
utilises nanoparticle-based catalysts, can be 
split into several different pathways. The first 

is electrochemical dissolution where oxidation 
of IrOx directly or indirectly results in the loss of 
iridium ions into aqueous solution. The second 
method is mechanical detachment or erosion of the 
nanoparticles from the electrode surface, which 
can be exacerbated by oxygen bubble formation 
at high current densities (24). Detachment can be 
a particular problem for RDE systems as unlike a 
PEMWE MEA, which has an optimised gas diffusion 
layer (GDL) to aid in the transport of the oxygen 
generated, the RDE is a flat planar surface. The 
use of PFSA ionomer such as Nafion® in the layer 
mitigates some of this detachment by acting 
as a binder, adhering the nanoparticle catalyst 
to the surface. Detachment in a MEA setup can 
occur in the form of layer cracking and loss of 
electrochemical contact. While detachment may be 
resolved by layer optimisation, the primary catalyst 
loss mechanism that cannot be easily mitigated 
is iridium dissolution. Unlike in an RDE or flow 
cell, where dissolved material is quickly carried 
away from the surface by the bulk electrolyte, 
dissolution in an MEA results either in redeposition 
on the anode catalyst, which should not result in 
activity loss, or deposition in the membrane or at 
the cathode catalyst (38). 

Table I  Comparison of Typical Operating Conditions in Aqueous Model Testing and Full Cell 
Testing

Typical conditions AMS, RDE PEMWE system, MEA
Operational 
current density 10 mA cm–2 2 A cm–2 @ 1.9 V (2022 DoE) (31); 3 A 

cm–2 @ 1.8 V (2030 DoE)

Operational 
potentials 

1.2–1.7 V (2.0 V) (operation at higher 
potential limited by O2 bubble formation) 

Approx. <2 V cell voltage @ 2 A cm–2, 1.6–
1.65 V (32, 33) (accounting for iR drop)

Catalyst loading 
type Deposited layer CCM loading (7, 34)

Anode loading IrOx: 0.01–0.1 mgIr cm–2 IrOx: 2 mgIr cm–2

Cathode loading Pt/carbon counter Pt/C: 0.3–0.5 mgPt cm–2

Catalyst deposition 
method Drop casting Spray coating/decal coating/bar coating

Electrolyte 0.1 M HClO4/0.05 M H2SO4 (Type 1 ultra-
pure water)

PFSA membrane (i.e. Nafion®) with Type 1 
ultra-pure water

Conditioning gas Air/sat. Ar/sat. N2 Anode sat. O2 generated from operation

Pressure Ambient pressure (1 bar) ≤30 bar

Acidic 
environment 1.2 pH (0.1 M HClO4)/0.05 M H2SO4

pH measurement difficult but can 
be assumed to be in strongly acidic 
environment

Temperature 
standard 
(possible)

RT (operation at 60–80°C possible with 
limitations)

60–80°C (RT measurements possible but 
not typically done due to significantly lower 
performance)

Electrode setup
Three electrodes: working-anode catalyst 
(IrOx), counter-cathode (Pt mesh), 
reference

Two electrodes measure overall cell voltage 
(reference electrode possible but not 
commonly used (33))

Test duration 0.5–48 h (35, 36) 100–4000 h (37, 38); expected lifetime: 
7–10 years; >60,000 h operation (7)
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1.2.1 A Quick Primer on the Types of 
Iridium Oxide

When comparing iridium-based electrocatalysts, 
it is important to consider the different types 
of IrOx and the effect the structure has on both 
its physical and electrochemical properties. 
Typically, iridium-based oxides are split into two 
major types: crystalline, typically characterised 
by a rutile IrO2 phase; and amorphous, which 
usually has a more disordered higher surface 
area structure. The categorisation into crystalline 
and amorphous is made more complex when 
discussing iridium nanoparticle catalysts, which 
will often be composed of IrOx units having either 
long or short-range order, with varying activity 
and stability. These two forms are not the only 
types, but they represent the most studied in the 
literature. Other forms of iridium-based catalysts 
include: molecular (47–49), perovskite (50, 51), 
hollandite (52) and pyrochlores (53–56). The 
other type worthy of mention is metallic iridium, 
sometimes referred to as iridium black, although 
the catalyst will undergo oxidation during operation 
at OER potentials to form a surface oxide and 
would generally be considered to be amorphous, in 
practice a variety of factors can affect the surface 
oxide layer that form (36).
Thermally prepared IrOx are generally more stable 

than electrochemically prepared IrOx nanoparticle 

catalysts toward the OER (13), with the difference 
being attributed to a more complete oxidation of 
the iridium to the more stable rutile IrO2 form. 
Increasing crystallinity is shown to result in greater 
stability of the catalyst with respect to dissolution 
but tends to reduce activity (57, 58). Work by 
Abbott et al. (59) demonstrated that increasing the 
annealing temperature, used to synthesise a series 
of IrOx nanoparticle catalysts, results in increasing 
crystallinity, determined by X-ray diffraction 
(XRD) and transmission electron microscopy 
(TEM) analysis. The catalysts annealed at higher 
temperature resulted in the formation of rod-
shaped nanoparticles with an increased proportion 
of the 110 surface, alongside reduced Brunauer-
Emmett-Teller (BET) surface area and a decreased 
intrinsic activity. In addition to this, the samples 
obtained from a lower annealing temperature 
were demonstrated to have iridium in a mix of 
the 3+ and 4+ oxidation states at 1 VRHE that 
convert to the higher oxidation states on anodic 
polarisation (59, 60). Overall, the trend indicates 
hydrous IrOx as being some of the more active 
but least stable catalysts and rutile IrO2 as lower 
activity but most stable catalysts as demonstrated 
by Geiger et al. in Figure 3 (28).
The fundamental reasons that crystalline OER 

catalysts are more stable than their amorphous 
counterparts is an area of ongoing research (28, 
58, 61–63). Many of these studies employ 
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Fig. 2. Schematic showing different 
types of catalyst performance 
degradation including: (a) simplified 
schematic of iridium dissolution (for 
more detailed predicted mechanism 
see Figure 4); (b) particle 
detachment; (c) gas blinding or 
microporous layer blockage typically 
observed to a greater extent in low 
mass transport systems such as 
RDE; (d) layer cracking of deposited 
catalyst layer more generally seen 
in CCM testing due to the thicker 
nature of the catalyst layer 
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isotope-labelling experiments, which indicate that 
the propensity to incorporate oxygen from the 
electrocatalyst into the oxygen evolved is, like 
activity, higher for less crystalline catalysts, though 
the importance of this correlation is debated (58). 
The electrochemically accessible surface area 
is higher for less crystalline materials (59, 64), 
but this cannot be the sole explanation because 
it would predict that dissolution rate and oxygen 
evolution rate are proportional across materials at 
a given potential, which is not the case (28, 58). 
A full discussion of these works is out of the scope 
of the present article, but future insights into 
the interplay of electrocatalytic and dissolution 
mechanisms would be useful for the wider OER 
research community.
This trend of the more active catalyst being less 

stable led to a proposed ‘universal correlation’ 
between activity and corrosion susceptibility 
of OER catalysts and various thermodynamic 
explanations for this correlation (65). While an 
inverse relation between activity and stability is 
seen in some nanoparticle studies (59), particularly 
with the increasing crystallinity with temperature 
of synthesis, it is not universal when looking at 
the relative stability of specifically orientated RuO2 
single crystal surfaces (66). Work by Roy et al. 
showed there was no correlation between the most 
active and most stable RuO2 surface orientation, 
and that higher dissolution rates may be a result 
of less stable defect sites (66). Whilst the effects 
of specific crystal orientation of IrO2 have been 
investigated for activity (67–69), there are limited 
studies that investigate stability of different IrO2 
crystallographic orientations (68). Work by Scohy 
et al. indicate that there is a convergence in activity 
and stability between IrO2 catalyst surfaces with 

different initial crystallographic orientation (hkl) 
after a period of conditioning and operation (68). 
Indicating that tuning of the operational surface 
is of greater importance than the initial surface 
state. Further systematic studies on different 
crystallographic orientations of IrO2 such as those 
that have been conducted on RuO2 (66) could prove 
valuable in confirming the most beneficial surfaces 
both for activity and stability during operation to 
help inform future nanoparticle catalyst design. 

1.2.2 Mechanism of Iridium 
Dissolution

Recently, the focus of the electrocatalysis 
community has been shifting from activity to 
stability in fundamental studies of the OER (70). 
Computational approaches have mostly relied 
on thermodynamics. The electrochemical 
reactions included in the Pourbaix diagram for 
iridium (71) are:

Ir ⇌ Ir3+ + 3e– 
 E =  1.156 V + 0.0197log (Ir3+) V (i)

 Ir3+ +2H2O ⇌ IrO2 + 4H+ + e– 
 E = 0.233 V – 0.2364pH – 0.0591log (Ir3+) V (ii)

 IrO2 + 2H2O ⇌ IrO4
2– + 4H+ + 2e– 

 E = 2.057 V – 0.1182pH + 0.0295log (IrO4
2–) V  (iii)

An estimate of the stability with respect to these 
reactions, which can be extended to ternary oxides, 
is the Gibbs Pourbaix decomposition reaction, 
which has been proposed as a metric on which to 
screen for novel OER catalysts (72).
Experimentally, mechanistic studies of 

dissolution have been based on comparing ICP-MS 
measurements of iridium dissolved in the electrolyte 
with activity measured by electrochemistry, 
often coupled with mass spectrometry and 
isotope labelling (15, 28, 46, 58, 73). Kasian et 
al. proposed a mechanistic picture combining 
dissolution pathways with the oxygen evolution 
catalytic cycle, shown in Figure 4. This includes the 
three reactions covered by Pourbaix: dissolution of 
iridium as Ir3+ (Equation (i) above) with IrO2 to 
Ir3+ (Equation (ii), via IrO2OH and oxygen release 
as O2) and IrO2 to IrO4

2– (Equation (iii), via IrO3). 
The view is based on experimental evidence for 
two pathways with distinct potential dependence: 
one is proposed to occur at lower overpotential 
via HIrO2 and another at higher overpotential via 
IrO3. The high overpotential pathway proceeds 
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via the formation of IrO3 intermediate, which can 
be in a gaseous form as qualitatively detected by 
differential electrochemical mass spectrometry 
(DEMS) (46). 
Consistent with these proposed mechanisms, a 

recent kinetics-based computational study (74) 
indicated that iridium dissolution from IrO2 (110) 
can proceed via oxidation of oxo adsorbed 
sites (IrO3) to IrO4

2–. Later works utilising chip 
electrochemical mass spectrometry (EC-MS) 
confirmed links between lattice oxygen release 
and dissolution in IrOx and RuOx, also previously 
observed (15) results that a large portion of 
dissolution occurs during the ramp-up period (58). 
Much more work remains to be done to understand 
the mechanisms and descriptors of dissolution to 
enable design of more stable OER catalysts. 

1.3 Definitions of Stability 

A stable PEMWE oxygen evolution catalyst should 
withstand the acidic environment, temperature and 
applied potential without a loss in anode catalyst 
activation overpotential. Accurate determination 
of these parameters is essential for conducting 
testing of catalyst stability outside of operational 
systems. The local potential experienced at the 
catalyst surface is approximately ≥ 1.6–1.65 VRHE 
after accounting for ohmic (iR) drop (32, 33) in 
MEA testing. A commercial electrolyser system is 

expected to last at least 7–10 years (7, 75), but 
testing on this timescale is usually not practical, 
especially when testing new catalysts. In this case, 
accelerated test methods that predict catalyst 
lifetime under operational conditions are required. 
Techniques used to evaluate stability are tabulated 
in Table II, and metrics providing quantitative 
definitions of stability measurable by these 
techniques are tabulated in Table III.
ICP-MS techniques have been used to benchmark 

different catalysts by comparing their stability 
number (S-number) a proposed metric (28) 
derived from the ratio of oxygen production 
rate (determined from the current) to iridium 
dissolution rate (detected by ICP-MS). Table IV 
shows a comparison of the stability and activity of 
different OER catalysts via the S-number metric: 
it indicates that the higher surface area rutile type 
IrOx catalysts demonstrate the highest ratio of 
oxygen evolved to dissolved iridium, indicating 
their suitability for further testing at the MEA level.

2. Overview of Stability Studies

2.1 Aqueous Model Systems 

Most reports of stability of oxygen evolution catalysts 
rely entirely upon the use of electrochemical tests 
for predicting catalyst lifetime. A common version 
of this technique is constant operation in an AMS at 
a given current density (for example, 10 mA cm–2) 
with measurement of the change in overpotential 
over the course of 0.5–48 h (97–101). This constant 
current operation is seemingly comparable to the 
operation of a real hydrogen producing electrolyser, 
when loading is scaled (~100 times reduction in 
loading 2 mg cm–2 vs. 10–20 µg cm–2 and ~100 
times reduction in current density 1–2 A cm–2 vs. 
10 mA cm–2). However, there have always been 
issues with assessing stability through constant 
current experiments in model setups. Firstly, the 
time frame is insignificant in comparison to the 
lifetime of an electrolyser (0.5–48 h vs. 5+ years). 
Secondly, when conducted for periods in the region 
of 24 h a large shift in overpotential can occur (84). 
The increase potential can be due to several 
different factors (116) which are split into catalyst 
degradation (catalyst passivation, detachment, 
agglomeration and dissolution) and experimental 
artifacts (gas blinding of the catalyst surface 
and support passivation). Overall, this makes it 
difficult to resolve any degradation process that is 
occurring by use of electrochemical measurements 
alone. Finally, there is a question about whether 
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Table II Overview of Techniques for Assessing Catalyst Stability
Technique Description Advantages Limitations Ref.
Electrochemical setup

Membrane electrode 
assembly (MEA) (76)

Typically consists of 
a CCM sandwiched 
between GDL with a flow 
field on either side

More comparable to 
real systems because 
it utilises a CCM; high 
current density operation 
>1 A cm–2

Increasing cell 
complexity; can be 
difficult to deconvolute 
anode catalyst 
performance from 
other cell processes/
losses; typically, 
higher loading and 
larger quantity of 
material required per 
test

(22, 32, 
36, 38, 
77–79)

Rotating disk 
electrode (RDE) (80)

Planar electrode (disc 
insert) that is rotated 
resulting in laminar flow 
to the electrode surface, 
primarily used in an 
aqueous three-electrode 
setup

Commonly available 
method; can operate 
with low catalyst loading

Reproducibility issues 
due to drop casting 
catalyst layers on 
disc inserts; O2 gas 
blinding issues; not 
representative of MEA 
operation

(24, 35, 
81)

Rotating ring 
disk electrode 
(RRDE) (80)

The same setup as a 
RDE with the addition 
of a second working 
electrode in the form of 
a ring around the disc 
allowing for monitoring 
of products formed at 
the primary working 
electrode via observed 
electrochemistry

Capable of monitoring 
products generated 
at the main working 
electrode if they can be 
monitored through an 
electrochemical process 
(for example redeposition 
of a dissolved metal ion)

Existing issues 
with RDE; added 
complexity and 
requirements 
(bipotentiostat, 
2 channels); ring 
measurements can 
only distinguish to 
approx. 1% Faradaic 
efficiency; does not 
specifically identify the 
species 

(82, 83)

Modified rotating 
disk electrode 
(MRDE) (84)

Recently proposed setup 
utilising RDE structure 
and aqueous cell but 
incorporating small CCM 
working and counter 
electrode section

Possible to obtain very 
high current density 
i.e. 3 A cm–2; uses CCM 
that is comparable to 
commercial setup 

Early stage 
of utilisation; 
manufacture of CCM 
is required, increasing 
sample complexity

(84, 85)

Scanning flow cell 
(SFC) (27)

Stationary working 
electrode with a flow of 
electrolyte across the 
working electrode with 
the counter electrode 
placed slightly upstream 
and reference electrode 
slightly downstream

Can more easily be 
coupled with online 
detection techniques 
such as ICP-MS due 
to constant flow of 
electrolyte

Complex setup; small 
timescales; stationary 
electrode typically 
with no GDL limiting 
upper potential and 
catalyst loading

(16, 
86–88)

Gas diffusion 
electrode 
(GDE): floating 
electrode (89), GDE 
setup (90, 91) 

Working electrode 
incorporates some more 
advanced methods of 
GDL allowing for flow of 
reaction product gases 
away from the electrode

High mass transport 
utilised previously 
for ORR studies (89). 
Preliminary studies 
indicate this could be 
transferable to OER for 
increased removal of O2

Early stages of 
optimisation for use 
with OER; stationary 
electrode (no 
mechanical bubble 
removal either 
through rotation or 
flow) 

Complementary Techniques

Inductively coupled 
plasma-mass 
spectrometry (ICP-
MS) 

Detection of dissolved/
solution catalyst 
species (Ir, Ru etc.) 
in electrolyte using 
quadrupole mass 
spectrometry to obtain 
quantified dissolution 
rate

Very high sensitivity 
especially to elements 
like Ir which are not 
commonly occurring; 
typical lower detection 
limit ~0.1 ppb; online 
capability with SFC

Sensitive technique 
requires high degree 
of maintenance 
to ensure reliable 
operation and 
measurements; high 
operational costs

(35, 92); 
SFC; (16, 
86–88)
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Table II Continued
Technique Description Advantages Limitations Ref.
Complementary Techniques (Continued)

Electrochemical 
quartz crystal 
microbalance 
(EQCM) (93)

Highly sensitive mass 
balance functions as the 
working electrode in an 
aqueous three-electrode 
setup allowing for 
monitoring of mass loss

Capable of observing 
all mass loss including 
detachment and 
dissolution; In situ 
technique allows for 
tracking alongside 
electrochemistry

Can’t distinguish 
between mass loss 
from detachment and 
dissolution; Mass gain 
is also possible due to 
oxide formation can 
complicate study

(92, 94)

Electrochemical 
mass spectrometry 
(EC-MS): DEMS, 
OLEMS (27), and 
chip EC-MS (95)

While process varies 
between different 
techniques all involve 
connecting an 
electrochemical cell 
to some form of mass 
spectrometer to monitor 
primarily gas phase 
reaction/dissolution 
products (O2, IrO3 etc.)

Has been used to detect 
intermediate species 
of some dissolution 
processes (46); can 
utilise labelled oxygen for 
fundamental studies (58)

Limited time 
response; typically, 
only semi-quantitative 
(with the exception of 
chip EC-MS (95)) 

(46, 61)

Identical location 
transmission 
electron microscopy  
(IL-TEM)

High magnification 
electron microscopy 
imaging of the same 
region of catalyst that 
is measured before 
and after testing to 
observe degradation 
and shape change in the 
nanoparticles

Can directly observe 
changes in morphology 
of individual and groups 
of particles with cycling 
and operation

Catalyst support often 
required to disperse 
particles, instability 
of support results 
in large amount of 
degradation as a 
result of support 
degradation; specific 
TEM substrate 
required to enable 
identical location 
observations

 (60, 96)

Table III Overview of Stability Metrics 

Metric Equation Measured
Scale 
(AMS/
MEA)

Advantages Limitations Ref.

Constant current, 
change in voltage 
over time (97)

U (t1)–U 
(t0)

Chronopotentiometry 
(2 h, 24 h) @10 
mA cm–2; typical 
loading: 0.01–0.1 
mg cm–2

AMS/
MEA

Simple; can 
be combined 
with ex situ 
characterisation 
techniques 

Gas blinding of surface 
leads to eventual 
cascading increase 
in potential (may be 
mitigated by GDE); 
does not provide 
information on origin 
of instability; loading 
and layer dependant

(97–
101)

Constant 
potential, change 
in current over 
time

I (t1)/I 
(t0)

Chronoamperometry 
(0.5–48 hr) @1.6–
1.8 V (1.65 VRHE)

AMS/
MEA

Simple; potential 
control ensures the 
same driving force 
for electrochemical 
dissolution 
allowing for easier 
observation of 
intrinsic stability 
of a catalyst; 
can be combined 
with ex situ 
characterisation 
techniques 

Gas blinding of 
surface leads to slow 
degradation of cell 
performance; does not 
provide information on 
origin of instability 
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Table III Continued

Metric Equation Measured
Scale 
(AMS/
MEA)

Advantages Limitations Ref.

Accelerated 
stress testing 
(AST)/potential 
cycling, 
performance 
before and after 
cycling

Imax (cycle 
n)/Imax 
(cycle 1)

Current density 
via CV, CA and CP 
before and after 
either repeated CV 
or stepping potential 
into a region where 
there is OER (>1.5–
1.65 VRHE) and a 
region below (<1.2–
1.4 VRHE)

AMS/
MEA

Short in 
comparison to long 
term (1000 h+) 
testing; capable of 
simulating repeated 
on/off cycles; 
demonstrated 
as being more 
stressful on 
some Ir-based 
catalysts; more 
representative of 
real-life operation 
with intermittent 
power supply

Needs to be 
coupled with other 
performance testing, 
e.g. constant current/
potential before and 
after cycling

AMS: 
(35, 
96, 
102, 
103); 
MEA: 
(22, 
35, 
37, 
43, 
104)

Faradaic 
efficiency  
(105)

JO2/Jtotal

Measuring the 
proportion of 
current density 
that goes toward 
oxygen evolution or 
dissolution

AMS

Can screen catalysts 
that have large 
proportion of 
current density 
going to non OER 
processes; mass 
spectrometry 
techniques could 
more accurately 
determine O2 output 
at low current 
densities (58, 95)

Limited to stability 
studies of catalysts 
that are considered 
quite unstable (i.e. 
Ru based oxides) as 
Faradaic efficiency of 
stable catalyst to OER 
would be too close to 
100% to observe any 
difference

Stability  
number 
(S-number) 
(28)

nO2/ndiss 

Utilises constant 
current/potential 
measurement coupled 
with dissolution 
measurement; 
S-number = evolved 
oxygen (calculated 
from the current)/
dissolved Ir (calculated 
from ICP-MS)

AMS/
MEA

Can be utilised 
for both shorter 
and longer term 
measurements; 
independent of 
loading and the 
amount of active 
sites or surface 
area 

Reliability of 
measurement is 
ultimately determined 
by dissolved Ir that is 
detected via ICP-MS 

(28, 
58, 
106, 
107)

Electrochemical 
surface area 
(ESCA) loss 
(108)

d (log 
(SA))/dt

Double layer 
capacitance/
capacitive area 
(108); absorption 
capacitance (EIS) 
(109)

AMS

Can be conducted 
alongside 
electrochemical 
testing in the 
same setup and 
conditions

High degree of 
uncertainty around 
techniques used for 
ECSA measurements 
of metal oxides; 
surface area can 
change for a 
variety of reasons 
including dissolution, 
detachment and 
catalyst restructuring

Dissolution rate 
(27)

d (ndiss)/
dt

Dissolution rate over 
a given time period 
at a specific current 
density or potential 
using ex situ/in situ 
ICP-MS

AMS/
MEA

Can monitor 
amount of Ir 
dissolved and 
monitor change 
with time to 
see effects of 
cycling/start-stop 
sequences

Online ICP-MS 
measurements 
required for short 
term experiments not 
widely available

Mass loss (92) d (m)/dt

Change in mass 
as measured with 
techniques such as 
EQCM

AMS

Direct observation 
of all changes, both 
detachment and 
dissolution

Mass loss can come from 
a variety of processes 
not all as relevant for 
catalyst stability studies 
(92); mass can also 
increase due to oxide 
formation etc.
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Table IV S-Number (Steady State /Transient) of Various Iridium-Based Catalystsa 

Catalyst
Ir (Ru) stability Lattice O2 stability

Conditions Ref.
Steady state Transient Steady 

state Transient

Unsupported

Ir0.5Ti0.5Ox 1.50 × 106 – – – 0.1 M HClO4, 5 min, 
1 mA cm−2 (110)

Ir0.7Ru0.3O2 b
1.00 × 106 
(Ir); 1.00 × 
105 (Ru)

– – – 0.1 M HClO4, 1 min, 
1 mA cm−2

(111, 
112)

IrO2 9.20 × 105 – – – 0.1 M HClO4, 10 min, 
1 mA cm−2 (110) 

Porous IrOx, 450°C 3.21 × 105 – – – 0.05 M H2SO4, 10 mA 
cm–2, 80°C (106)

IrOx Alfa Aesar 2.17 × 105 – – – 0.1 M HClO4, 1.7 VRHE, 
GC substrate (107)

Ir0.7Sn0.3Ox

1.60 × 105 
(Ir); 5.00 × 
104 (Sn)

– – – 0.1 M HClO4, 5 min, 1 mA 
cm−2

(112, 
113)

H3.6IrO43.7H2O 
(Sr2IrO4)

1.50 × 105 – – – 0.1 M HClO4, 1 mA cm–2, 
60 mins (114)

H3.5IrO4 1.30 × 105 – – – 0.1 M HClO4, 1 mA cm–2, 
60 mins (114)

IrO2 Sigma Aldrich 1.09 × 105 – – – 0.1 M HClO4, 10 mA 
cm–2, 180 mins (102)

Ir metal 1.00 × 105 – – – 0.1 M HClO4, 5 min, 
1 mA cm−2 (110)

SrCo0.9Ir0.1O3–δ 8.05 × 104 9 × 102 – –
0.1 M HClO4, 10 mA 
cm–2, steady state 180 
mins, transient <60 mins

(102)

SrIrO3, thin film 8.00 × 104 – – – 0.1 M HClO4, 10 min, 
1 mA cm−2 (110)

Porous IrOx, 500°C 6.99 × 104 – – – 0.05 M H2SO4, 10 mA 
cm–2, 80°C (106)

IrO2 sputtered, 
400°C 5.61 × 104 3.31 × 104 1.95 × 

104 1.55 × 104
0.1 M HClO4, 0.5 mA 
cm–2, steady state 30 
min, transient <2min

(58)

Ir metal 5.23 × 104 6.6 × 103 – –
0.1 M HClO4, 10 mA 
cm–2, steady state 180 
mins, transient <60 mins

(102)

IrO2 comm. 5.12 × 104 – – – 0.05 M H2SO4, 10 mA 
cm–2, 80°C (106)

IrOx, amorphous 5.00 × 104 – – – 0.1 M HClO4, 5 min, 
1 mA cm−2 (110)

IrO2 comm., 450°C 4.18 × 104 – – – 0.05 M H2SO4, 10 mA 
cm–2, 80°C (106)

6H-SrIrO3 2.23 × 104 – – – 0.1 M HClO4, 1 mA cm–2, 
60 mins (114)

IrOx sputtered, 
25°C 1.51 × 104 1.2 × 103 1.07 × 

104 4.1 × 103
0.1 M HClO4, 0.5 mA 
cm–2, steady state 30 
min, transient <2min

(58)

IrOx/Ir 9.1 × 103 7 × 102 3.5 × 103 8 × 102
0.1 M HClO4, 0.5 mA 
cm–2, steady state 30 
min, transient <2min

(58)

Porous IrOx–800°C 3.0 × 103 – – – 0.05 M H2SO4, 10 mA 
cm–2, 80°C (106)

IrOx.yH2O, E-chem 
cycled 2.0 × 103 2.5 × 102 2.4 × 103 5 × 102

0.1 M HClO4, 0.5 mA 
cm–2, steady state 30 
min, transient <2 min

(58)
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Table IV Continued

Catalyst
Ir (Ru) stability Lattice O2 stability

Conditions Ref.
Steady state Transient Steady 

state Transient

Unsupported (Continued)
Sr2Ir0.5Fe0.5O4 2.0 × 103 – – – 0.1 M HClO4, 1 mA cm–2 (115)

IrO2 comm., 800°C 1.6 × 103 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

Porous IrOx, 400°C 3 × 102 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

RuO2 sputter 
deposited 120 90 9.0 × 103 1.41 × 104

0.1 M HClO4, 0.5 mA cm–2, 
steady state 30 min, 
transient <2 min

(58)

RuOx/Ru, E-chem 
oxidised 120 50 5.9 × 103 1.6 × 103

0.1 M HClO4,  
0.5 mA cm–2, steady 
state 30 min,  
transient <2 min

(58)

RuOx/Ru foam 100 7 2.25 × 
104 1.4 × 103

0.1 M HClO4, 0.5 mA cm–2,  
steady state 30 min, 
transient <2 min

(58)

RuOx sputter 
deposited 90 12 2.2 × 103 7 × 102

0.1 M HClO4,  
0.5 mA cm–2, steady state 
30 min, transient <2min

(58)

RuOx/Ru E-chem 
oxidised after AST – 55 – 1.5 × 103

0.1 M HClO4,  
0.5 mA cm–2, 
transient <2min

(58)

Supported

IrOx/IrO2 comm. 5.97 × 104 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

IrOx/TaTO-5-AG 3.51 × 104 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

IrOx/TaTO-2.5-AG 2.51 × 104 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

IrOx/C, 450°C 2.46 × 104 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

IrO2@TiO2 NPs 1.00 × 104 – – – 0.1 M HClO4, 5 min, 
100 mA mg−1 (110)

IrOx/ATO-10-NFs 5.80 × 103 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

IrOx/C 3.9 × 103 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

Ir/C comm. 3.4 × 103 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

IrOx/ATO-10-AG 3.3 × 103 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

IrOx/TaTO-18-AG 2.4 × 103 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

IrOx/C, 600°C 9 × 102 – – – 0.05 M H2SO4,  
10 mA cm–2, 80°C (106)

MEA comparison, Alfa Aesar IrOx 

MEA deionised 
water 4.52 × 107 – – –

Deionised water, 
120 mins, 2 A cm–2, 
~55–60°C

(22)

MEA 0.1 M H2SO4 4.94 × 105 – – – 0.1 M H2SO4, 120 mins, 
2 A cm–2, ~55–60°C (22)

Aqueous model 
system (AMS) 6.00 × 104 – – – 0.1 M H2SO4 (22)

aS-number ratio of activity to Ir dissolved given to closest 100, can be assumed to be conducted at room temperature unless otherwise 
stated. Transient time period varies between studies (see conditions)
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the overall anode catalyst trends observed in 
AMS studies are the same as those observed in 
MEA studies, as while activity studies typical show 
similar trends between the two systems (117, 118) 
some discrepancy has been observed in stability 
trends (36), see Figure 5.

2.1.1 Accelerated Stress Testing

As an alternative to constant current experiments, 
that can be hampered by rapid overpotential 
increases due to surface site blockage (25) or 
in the absence of high sensitivity online ICP-MS, 
accelerated stress testing (AST) can serve as 
another method by which to benchmark candidate 
OER catalysts. Potential cycling, such as that 
experienced during start-up and shutdown, has 
been shown with some catalysts to cause greater 
degradation than during constant operation (87). 
As a result, AST often takes the form of repeated 
potential cycling (triangle wave) or stepping 
between an overpotential (square wave) where 
there is activity (>1.6 VRHE) and one where 
there is not (<1.3 VRHE) in order to degrade the 
catalysts in conditions that could be equated to the 
operational region in a practical system such as 
in an electrolyser, where the ability to shut down 
and start up in a speedy manner is considered an 
advantageous trait. Extended cycling is not a new 
technique, with various iterations having been used 
previously to demonstrate the stability of catalysts 
outside of OER. The application of the technique 
can vary quite drastically: from 100–1000 cycles 
that demonstrate only short term cycle stability; 

to more robust accelerated degradation studies of 
10,000 cycles (102), 15,000 cycles (103), 30,000 
cycles (35) and 50,000 cycles (96) that vary in 
upper and lower potential limits alongside coupling 
with dissolution measurements. 
A comprehensive empirical study using AST 

in a RDE AMS conducted by Alia et al. (35) 
investigated several test parameters such as 
upper potential cycle limit and hold vs. cycling as 
well as comparisons of low loading MEA in order 
to suggest initial best practices for OER catalyst 
testing. The findings indicated that there are 
limited ways to increase dissolution, with the 
upper potential limit demonstrating increasing, but 
limited, effect on dissolution of IrOx catalysts. This 
is consistent with other results which show that 
after a higher initial dissolution rate there is limited 
effect of increasing the upper potential limit on 
overall dissolution (15), unless significantly higher 
potentials than would be expected (>1.8 VRHE) in 
a operational PEMWE system are applied (35). The 
difference between potential holds and cycling is 
also of interest with Alia et al. indicating that there 
was limited difference, or even a slight increased 
degradation from the extended hold operation, 
where extended holds were conducted at various 
potentials for 13.5 h and cycling consisted of 30k 
cycles between 1.4 V and various upper limits with 
a varying scan rate to last for the same period 
of time. This contradicts the results shown in 
short timescale measurements that dissolution is 
highly dependent on the ramp up/down cycle as 
opposed to constant operation for iridium-based 
catalysts (15, 58) as well as the more generally 

Fig. 5. (a) Degradation of current performance for several commercially available catalysts in a RDE system 
@ 1.55 V vs. RHE; (b) degradation of current performance of the same commercially available catalysts in a 
MEA cell square wave cycling between 1.45 V and 2 V holding for 30 s at each point. Data replotted from S. 
Alia et al. (36)
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held theory that potential cycling is a method for 
accelerating catalyst degradation (103). 
There are several possible explanations for 

the discrepancy between the work of Alia et al. 
and others (103): (i) there is increased catalyst 
loss initially of particularly unstable parts of the 
catalyst (58); (ii) gas blinding of the catalyst layer 
prevents catalyst dissolution (24, 25, 85, 119); 
(iii) the ramp up/down dissolution increase is more 
dependent on what potential region of operation 
is used, specifically the lower potential limit (120), 
with the potential in the Alia et al. work not dropping 
below 1.4 VRHE. While the idea that some catalysts 
might exhibit high initial dissolution before the 
rate slows down it is still worth considering from 
a screening perspective, it is likely that the lower 
potential limit is playing a greater role. In other 
works, both AST and short-term measurements are 
typically conducted over the broader 0.6–1.7 VRHE 
range vs. 1.4 VRHE to various upper potential limits 
conducted by Alia et al. By going significantly below 
1.4 VRHE there is the possibility of considerable 
change in the oxide catalyst via reduction which 
could aid in increased dissolution especially during 
repeated cycling experiments. 
Irrespective of the cause of increased degradation, 

further investigation building on existing 
protocols would help not only with determining 
optimal conditions for screening but also will 
add understanding to the significantly reduced 
dissolution relative to activity over operation 
lifetime as seen in MEA studies (22). Questions 
also remain about the time dependency of 
performance testing, especially with CCM testing, 
with results from Papakonstantinou et al. (121) 
showing that catalyst changes from cyclic 
voltammetry (CV) (0.5–1.4 V) conducted after 
7 mins and 18 h hold at 0.315 A cm–2. Other 

research has noted that it can take up to 1000 h 
for CCM performance to stabilise (37). Indicating 
that it is possible that transient cycling may not 
be able to capture this reformatting phenomenon 
and instead be observing a less stable transient 
catalyst state.

2.1.2 Surface Blockage

El-Sayed et al. (25) observed a large increase in 
overpotential due to loss of catalyst surface area 
during constant current operation utilising a RDE 
setup and determined that it was not due to loss of 
catalyst through dissolution, but instead through 
gas blinding. This is where parts of the catalyst 
surface are blocked by oxygen trapped in the 
porous layer or particle pores. This leads to loss of 
the contact of most of the catalyst surface area with 
the electrolyte. When conducting constant current 
experiments a slow increase in voltage is observed 
until a cascading effect results in the overpotential 
increasing rapidly after a certain amount of time. 
An increased potential is applied to a smaller area 
increasing the dissolution that occurs as seen in 
Figure 6(b)–6(d). The overpotential continues 
to increase until it reaches a plateau, which is at 
the same potential as the baseline measurement 
of OER on a gold-only disc as seen in Figure 6(e), 
indicating that no active catalyst remains after 
this point either due to dissolution, detachment 
or blockage. The time length for rapid increase 
from experiment start is inversely proportional 
to the current density applied, further indicating 
that oxygen blocking the surface is the primary 
contributing factor.
The source of the overpotential increase 

was further identified by studies in a RDE 
setup that also utilised an ultrasonic horn, see 
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(e)
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Fig. 6. (a) Deposited IrOx catalyst layers on an Au disc insert; (b) IrOx on Au plateau @ 20 h; (c) IrOx on Au 
plateau @ 3 h; (d) IrOx on Au plateau @ 0.45 h; (e) blank Au disc insert baseline reading. Reproduced from 
El-Sayed et al. (25), under CC-BY 4.0 license
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Figure 7(a) and 7(b) to displace bubbles, 
showing that under constant potential the 
current density remained at its initial high value 
compared to the decrease that is seen under 
normal operation (24). Hartig-Weiss et al. (24) 
observed the same phenomenon during potential 
cycling studies (25). Ultimately, an ultrasonic 
probe is not a practical solution for aqueous 
model testing, as the mechanical force arising 
from cavitation can be sufficient to dislodge the 
catalyst adhered to the electrode substrate. 
In addition, constant current operation is not the 

most severe mode of operation for many investigated 
catalysts, with start-up typically leading to a 
greater amount of dissolution (32, 103), although 
this increased dissolution may not be universal for 
all IrOx based catalysts. 
Work by Trogisch et al., showed that catalyst 

dissolution was independent of catalyst loading 
across a range of different loading samples of 
the same catalyst (100–400 µg cm–2) during CV-
AST (200 cycles between 1.3–1.9 VRHE) procedures 
but had a linear correlation when cycling outside 
of the OER region (0.05–1.4 VRHE) (119). This was 
attributed to evolved gas shielding a comparable 
amount of the surface between different catalyst 
loading resulting in only a small thickness of 
the catalyst layer being exposed to dissolution 
conditions. Conversely, when cycling outside of the 
OER region all of the catalyst should be accessible 
and shows a linear dependence of iridium 
dissolution on catalyst loading. Although it should 
be noted that both oxygen saturated electrolyte 
was used alongside high loading, by aqueous 
model standards, as noted by authors which also 
contribute to increased proportion of catalyst being 
shielded from dissolution conditions.

2.1.3 Regeneration of Activity 

Another electrochemical artefact that has been 
observed is the regeneration of activity after 
cycling or operation in the oxygen evolution region 
>1.4 VRHE without dropping below 1 VRHE and then 
cycling in region below 1 VRHE (122, 123) or leaving 
the catalyst for 30 min in flowing argon under 
open circuit voltage (OCV) (85, 124). Petzoldt et 
al. investigated this feature utilising the modified 
RDE technique to distinguish between reversible 
and irreversible catalyst degradation (85). Zheng 
et al. demonstrated this on IrTaOx where the 
catalyst on a gold substrate was held at 1.5 VRHE 
for five minutes resulting in a dramatic activity 
reduction followed by full regeneration after 
cycling to 0.9 VRHE (125). 
There are several possible explanations for this 

observed regeneration. The first is that it is simply 
another effect of gas blinding and that cycling to 
lower potential reduces the oxygen concentration 
in these regions, allowing re-wetting of blocked 
catalyst surfaces. The modified RDE technique 
should overcome many of the issues relating 
to this type of surface blockage performance 
degradation, allowing for the high current density 
it observes (85). However, it is also possible that 
gas blinding is still an artifact that can occur in full 
cell testing of CCMs. Another explanation focuses 
around the effect of further oxidation of either 
the substrate gold (125) or catalyst. Zheng et al. 
attribute this to oxidation of the gold substrate on 
which the catalyst is supported. Another possible 
explanation is a reversible transformation in the 
catalyst itself (121, 124), such as conversion to an 
inactive or less active phase or segregation of the 
active component from the surface into the bulk. 
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Papakonstantinou et al. (123), monitored mass 
changes that correspond with the cathodic cycle 
after a period of OER, see Figure 8. This change 
in mass during the cathodic cycle is cited as 
physical evidence, alongside the electrochemical 
regeneration of activity, for the reformatting 
(amorphisation) of the catalyst. Specifically, this 
is thought to be due to catalyst layer rehydration 
and reprotonation during reduction as the layer is 
dehydrated and deprotonated during operation at 
OER. This reformatting accompanies an increase 
in instability expected from more amorphous 
catalysts as noted by the authors.
The overall effect of this artifact, as highlighted by 

Petzoldt et al., is that stability tests that cycle across 
the higher and lower potential regions (below 0.8–1 V) 
are more favourable for catalyst comparisons due 
to generating a greater amount of irreversible 
degradation (85). However, during operation in a 
real electrolyser system, dropping below 1 VRHE, 
while possible during start-up and shutdown, would 
happen rarely. Ultimately, the regenerative effect 
is still not well understood and further studies are 
required to identify the exact reason behind it and to 
what extent it translates into full cell testing. 

2.2 Stability Studies of CCMs

Electrochemical studies of MEA systems usually 
utilise a combination of CV (126), impedance 
spectroscopy (127) and polarisation curves (128) 
for activity measurement and longer periods of 
constant current or cycling for AST measurements. 
The most common studies of MEA level systems are 

often constant current operation over a period of 
100–4000 h. While this may seem a relatively long 
time period, it still only represents a small fraction of 
the expected operational lifetime (>60,000+ h) (7). 
Just like AMS, AST is used to probe stability at the 
MEA level as it is not practical to test at this time 
frame on a large scale, outside of monitoring of 
commercial units. Instead, accelerated testing is 
conducted either utilising load cycling or reduced 
catalyst loading (or a combination) in order to 
simulate increased stress on either a single cell 
or stack (multiple MEA cells in one unit). One of 
the key limitations of full cell studies is knowing 
whether the changes observed are a result of 
anode catalyst degradation or other cell features, 
such as increasing contact resistance. While looking 
at general cell performance losses can provide 
valuable insight into the performance of different 
layers, decoupling some of the effects is essential. 

2.2.1 Intermittent Operation of CCMs 

Just like in aqueous model testing, intermittent 
operation is often used to accelerate the 
degradation of catalysts in full cell studies. Effects 
of intermittent operation have been investigated 
through cycling a MEA cell at different current 
densities and then allowing it to rest at OCV. In 
a study by Weiß et al., conducted for 700 cycles 
between 3 A cm–2, 0.1 A cm–2 and OCV, the initial 
10 cycles showed an increase in performance 
attributed to the formation of surface layer of 
amorphous IrOx due to H2 crossover reducing 
the surface IrO2 to iridium metal during the OCV 
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stage and subsequent oxidising cycles forming the 
less stable but more active amorphous IrOx (32). 
Over the course of the 700 cycles the performance 
decreased due to increasing high frequency 
resistance. This was attributed to both passivation 
of the titanium PTL, as observed in other studies, 
as well as decreased conductivity of the amorphous 
hydrous IrOx versus the crystalline IrO2 (76). When 
the OCV was replaced with a 1.3 V hold negligible 
degradation was observed over the course of 500 
cycles, indicating that the change to OCV was 
responsible for degradation and that in operational 
systems this should try to mitigate against going 
to OCV where possible. Rakousky et al. (41) also 
reported increasing cell resistance over operation 
(approximately a 194 µVh–1 average degradation 
across 1000 h of operation with a titanium PTL). 
In follow up experiments where a platinum-coated 
titanium PTL was used instead the degradation was 
reduced significantly to 12 µVh–1. Utilisation of a 
platinum-coated titanium PTL is common practice 
to prevent increasing contact resistance, allowing 
for a greater focus on degradation at the anode 
catalyst layer. Significant dissolution or crossover 
of the platinum in the platinum-coated PTL was 
not observed in studies utilising X-ray energy 
dispersive spectroscopy (XEDS) (38). Work by 
Anastasiia et al. investigated the effect of changing 
the lower voltage limit during AST testing on CCM 
with the cycling conducted between 2.2 V and 
various lower limits (120). Only cycling to 1.4 V cell 
voltage resulted in performance decay of 1 mV h–1 
at 1 A cm–2 with 1.5 V resulting in an improving 
performance of –0.22 mV h–1 at 1 A cm–2. This 
was ascribed to the lower potential limit resulting 
in degradation of cathode catalyst due to current 
reversal, a factor that typically does not occur in 
three electrode systems. 

2.2.2 Effect of Iridium Oxidation 
State on Performance and Durability 

The effect of iridium oxidation state, particularly 
during exposure to repeated reducing and oxidising 
conditions, can introduce additional factors that 
increase catalyst dissolution during intermittent 
operation versus dissolution from constant 
operation. Both in intermittent operation and in 
studies of different IrOx based catalysts (129), the 
oxidation state is shown to have a significant effect 
on both the initial performance and how it changes 
over the first 1000 h of operation. Siracusano et al. 
studied Ir0 (iridium black) and IrO2 (0.34 mgIr cm–2 
@ 1 A cm–2) for a 1000 h endurance test, observing 

the Ir0 having a significantly higher initial potential, 
1.85–1.9 V, vs. 1.65 V of the IrO2 catalyst. In addition 
to the initial performance difference the change 
during operation is different, with the iridium black 
seeing a higher initial change of performance of 
–72 µV h–1 before the rate stabilises at –26 µV h–1 
and the IrO2 seeing an initial rate of change in 
performance of 24 µV h–1 before stabilising at 
12 µV h–1. The better performance of the IrO2 vs. 
iridium metal, is the reverse of the trend often 
observed in aqueous model testing (16, 35). The 
reverse is attributed to the higher oxidation state 
and the formation of a hydroxylated surface during 
operation that has higher performance, noted as 
an effect that has been observed repeatedly in the 
literature (16, 130, 131). Conversely, the iridium 
black undergoes improvement of activity over 
time likely due to oxidation of the surface iridium 
to the more active (59) hydrous oxide layer with 
higher oxidation state Ir3+/Ir4+ observed in X-ray 
photoelectron spectroscopy (XPS) both before and 
after electrochemical testing.

2.2.3 Loading and Layer Effects

Currently, the loading of commercial PEMWE MEAs 
is around ~2 mgIr cm–2, the required amount to 
maintain performance over lifetime (7, 34). Constant 
current studies by Rozain et al. looked at a series 
of IrO2 MEAs that only differ by anode IrO2 loading, 
ranging from 0.1–2.6 mg cm–2. The MEA prepared 
with an anode loading at or above 0.5 mg cm–2 
showed no dependence of cell voltage on loading 
during constant current measurements (132). 
Below 0.5 mg cm–2 increasing contact resistance 
is observed, likely due to problems with layer 
homogeneity and continuity. This difference has 
a greater relevance for both accelerated testing, 
when often lower loadings (≤0.3 mgIr cm–2) are 
used to enhance degradation to make it easier to 
observe and quantify over shorter time periods, and 
for PEMWE technology as it is generally estimated 
that a reduction in catalyst loading of over an order 
of magnitude is required to achieve long term 
commercial viability of the technology. In order 
to mitigate against this low loading effect it was 
shown that for low anode loadings (<0.5 mg cm–2) 
the addition of micro-sized titanium particles (IrO2/
Ti 50 wt% IrO2) could improve the performance 
and stability of cells (78). This was attributed to 
the titanium particles improving electron transfer 
between the current collector and the catalyst 
and resulted in both a smaller Ohmic resistance 
of 230 mΩ cm2 @ 0.12 mg cm–2 for IrO2/Ti, vs. 
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350 mΩ cm2 @ 0.1 mg cm–2 for pure IrO2. The 
ohmic resistance was also stabilised, not increasing 
significantly over 1500 h of operation. Solutions like 
this that maintain the conductivity of the layer will 
be increasingly important going to thinner (lower 
loading) layers (37).

2.3 Complementary Techniques

Due to experimental artifacts, electrochemical tests 
on their own are insufficient when investigating 
stability of PEMWE catalysts, especially in regions 
where dissolution can occur. As mentioned, IrOx 
represents some of the most stable catalysts, and 
this represents a challenge when trying to quantify 
catalyst losses due to the small quantities being 
dissolved often resulting in only parts per billion 
changes to the iridium content of the electrolyte 
solutions (92, 112).
Two common complementary techniques 

used for investigating OER catalyst mass loss 
were investigated by Frydendal et al. (92): the 
electrochemical quartz crystal microbalance 
(EQCM) (93) and ICP-MS. Together they can be 
used to distinguish the two primary sources of 
mass loss, detachment and dissolution (92). EQCM 
monitors all mass changes at the electrode, which 
covers both iridium lost through nanoparticle 
detachment and that from dissolution and oxide 
growth/losses. ICP-MS on the other hand can 
only detect dissolved iridium ions, meaning that 
any metallic iridium arising from nanoparticle 
detachment is not detected. For other metals, a 
common technique in ICP-MS is to use strong acid 
to dissolve any solid metal entrained in the solution, 
such as detached nanoparticles. However, iridium 
has exceptional stability in acidic environments, 
with some forms not even undergoing dissolution in 
aqua regia (133). It is also worth pointing out that 
some more modern ICP-MS instruments have the 
capability of detecting and analysing nanoparticle 
size; this is typically only for particles greater than 
10 nm (134).
Detachment may be of less importance to 

the investigation of catalyst stability than 
dissolution (92), as while electro-flaking can 
occur in MEAs, the process is likely to be very 
different to that of RDE studies in which the 
catalyst is adhered to a solid planar surface 
using a PFSA layer. ICP-MS is often used as the 
primary technique for the investigation of catalyst 
dissolution (25, 86, 88, 92). Coupled with the low 
detection limit in the parts per billion region (92), 
with more modern machines being able to detect 

iridium to the parts per trillion level, this makes it 
one of the few techniques suitable for quantitative 
analysis of dissolved catalyst material. 
Investigation of catalyst stability can be 

taken further with the use of operando ICP-
MS (13, 27, 112). Work by Geiger et al. combined 
the use of a SFC and ICP-MS to investigate the 
catalyst degradation mechanism and benchmark 
stability of OER catalysts using near real time 
measurements of iridium dissolution (28). By 
utilising high sensitivity techniques such as online 
ICP-MS coupled with a SFC, it is possible to look at 
OER catalyst dissolution over relatively short periods 
of time, typically ranging from several minutes to 
several hours (112). Over short time periods these 
investigations have demonstrated that for many 
types of iridium-based catalysts there is a large 
amount of dissolution during the initial application of 
current/potential in the OER region, before dropping 
to a lower level of dissolution at higher potentials. 
This is particularly relevant for metallic iridium (87) 
and hydrothermally prepared iridium oxide (88), 
which both exhibit this initial increased dissolution 
rate at lower overpotentials. These results have 
been confirmed by taking electrolyte samples from 
a stagnant EC-MS cell as well, indicating that they 
are not an artifact of the electrolyte flow (58). 
The instability of hydrothermally prepared iridium 
oxides and metallic iridium is often explained by the 
presence of a greater proportion of lower oxidation 
state iridium (Ir, IrIII), since thermally prepared 
anhydrous IrOx, which have a much lower presence 
of lower oxidation state species (predominantly 
IrIV

 in the form IrO2) are much more stable but do 
not exhibit as high activity (13, 59). Although it is 
also argued that other factors also effect stability 
such as: (i) distortion in the IrO6 geometry (54); 
(ii) lattice strain (135); and (iii) the presence 
of short-range order interconnected hollandite 
clusters (136). One of the general conclusions both 
from these results (28) but also from other stability 
testing (29) is that, while it is possible to measure 
catalyst dissolution rates very accurately, this is only 
suitable for identifying trends between catalysts and 
is not capable of determining the lifetime in a real 
system, often underestimating lifetime by orders of 
magnitude (22). 
Further studies utilising online SFC ICP-MS have 

investigated the effect of a range of parameters 
on the S-number using a baseline 10 µg cm–2 
loading of IrOx (Figure 9). Little effect of loading 
(10–250 µg cm–2) or flow rate (66–740 µl min–1) 
on the S-number was observed. The effect of 
Nafion® content on iridium content in solution was 
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hypothesised to be a result of reduced mobility of 
dissolved iridium in Nafion®; at higher content the 
greater localised iridium content makes dissolution 
less favourable. This hypothesis requires further 
experimental evidence regarding the effect of 
larger localised iridium content impeding dissolved 
iridium movement versus the increased volume of 
Nafion® acting as an iridium sink, thus preventing a 
greater amount of iridium from being detected. This 
phenomenon is especially important to take into 
account when considering that increasing the Irx+ 
content of the electrolyte artificially, by the inclusion 
of dissolved iridium, had no noticeable effect on 
the recorded dissolution rate (Figure 9(d)). 
The rotating ring disc electrode (RRDE) is 

another model system technique that has been 
used to explore performance and stability of 
OER catalysts (82, 83, 105). This differs from 
conventional RDE by effectively having a second 
working electrode which can, via a secondary 
reaction, be used to probe the products formed 
from the main catalyst layer, albeit proportionally 
with a given collection efficiency. This has been 
applied to ruthenium-based catalysts using two 
different approaches; firstly, for the determination 
of faradaic efficiency toward oxygen generation via 
reduction of evolved oxygen at a platinum ring held 
at standard oxygen reduction conditions ~0.6 VRHE. 
The second approach involves the collection 
of dissolved species at the ring by holding the 
potential (@0.9 VRHE for dissolved Ru4+

 ) (105) and 
monitoring the current obtained, which corresponds 
to the deposition of the metal. The work by 
Danilovic et al. did compare the faradaic efficiency 

difference between polycrystalline ruthenium 
and iridium, finding a 10% and 1% efficiency 
toward dissolution of the different elements, 
respectively (105). As ruthenium-based catalysts 
are often orders of magnitude less stable (15) than 
IrOx it is unlikely that this technique could be used 
for the detection of dissolved iridium, especially 
for the more stable thermally prepared oxides. 
However, validation of the ability of the RRDE to 
determine faradaic efficiency with EC-MS (95) could 
be useful in confirming whether it can distinguish 
evolved oxygen. Alternatively, EC-MS (125) 
could be used on its own for screening candidate 
catalyst materials to ensure high faradaic efficiency 
(>99%) toward the OER of novel electrocatalysts 
that might have high current contributions from 
other processes (137, 138).
Ex situ characterisation techniques can also 

complement AST, for example identical location 
transmission electron microscopy (IL-TEM) and 
XPS coupled with AST up to 50,000 cycles between 
1.2 VRHE and 1.6 VRHE. The studies conducted by 
Claudel et al. (96) of potential cycling on IrOx based 
catalysts supported on Vulcan® XC72 carbon and 
antimony-doped tin oxide (ATO) highlighted that 
dissolution of nanoparticles was particularly likely in 
the conditioning phase of the test, which consisted 
of 100 cycles between 0.05 VRHE and 1.4 VRHE, with 
this dissolution likely due to the increased instability 
of lower oxidation state iridium (0, 3+) undergoing 
reduction and oxidation. From the longer period 
of cycling it was inferred that instability of the 
support led to the majority of catalyst losses, 
especially for the carbon-supported catalysts due 
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to oxidation of carbon. Alongside carbon supports, 
which are predictably unstable, metal oxide-based 
supports were also demonstrated to be unstable 
over cycling, showing that for stability studies of 
supported nanoparticles, even on state-of-the-
art OER supports (139), the support itself might 
function as the limiting factor of the stability of 
the catalyst (96) due to instability of the support 
typically from leaching of the dopant (106, 140). 
Ensuring that the support demonstrates comparable 
or greater stability to dissolution as the catalyst 
will be key in utilising the increased performance 
available from the greater catalyst dispersion that 
supports provide.

2.4 Post-Mortem Characterisation

In MEA testing, measuring dissolved iridium in 
feed out water to quantify catalyst dissolution 
rates is challenging due to the varying nature of 
the water systems, recirculation, water crossover 
(from anode to cathode side) and the preference 
for dissolved iridium to also migrate into the 
membrane (38) or redeposit on any metal in 
the water recirculation loop (22). Post-mortem 
characterisation of the MEA is carried out to assess 
the degradation of the anode and cathode catalysts 
from long term and accelerated degradation testing. 
Often variants of ex situ analysis include scanning 
electron microscopy (SEM) combined with energy 
dispersive X-ray (EDX) spectroscopy, and/or 
electron energy loss spectroscopy (EELS) in order 

to look at the elemental composition across the 
MEA to determine the extent of catalyst dissolution 
across the membrane as well as degradation of the 
membrane itself (41), which can result in increased 
gas crossover. Techniques such as X-ray scattering 
can also be used to investigate catalyst structure 
changes (43).
A study by Yu et al. monitored iridium and platinum 

dissolution into the membrane after 4000 h of 
operation of a CCM with low anode catalyst loading 
of 0.3 mgIr cm–2, utilising SEM, STEM and EDX to 
determine distribution of the catalyst across the 
MEA (38). Figure 10 shows the distribution across 
the MEA with 30% remaining at the anode while 
another 10% redeposits in an IrOx band at the 
anode membrane interface that still maintains its 
catalytic activity; however, 18% was found to cross 
and redeposit in the membrane and a further 42% 
was found to cross the membrane and deposit on the 
cathode side as metallic iridium. Iridium-platinum 
particles form in the membrane due to hydrogen 
reducing the dissolved metal ions causing them 
to plate out during periods of interruption. While 
these results are likely an exaggeration of current 
stability performance because of low loading, they 
do illustrate the driving force for the dissolved 
iridium to cross the membrane (travelling to the 
cathode) in an operational system. They could also 
illustrate a failure mechanism as metal redepositing 
in the membrane will increase the ohmic resistance, 
reduce the mechanical integrity in the membrane, 
and potentially increase gas crossover (141).
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Just as ex situ TEM can be used for AMS (96, 142) it 
can also be conducted post-mortem on CCM (143). 
This allows for a more detailed look at how the 
catalyst or membrane is being affected, with the 
ability to investigate individual nanoparticles 
while sacrificing the scale of SEM. Typically these 
would be used in conjunction, with SEM providing 
resolution across the entire CCM and at interfacial 
regions and TEM being used at specific points to 
investigate catalyst particle change. 
Part II (144) will highlight considerations and best 

practices for the investigation of activity and stability 
of oxygen evolution catalysts via short term testing.
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