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ABSTRACT: This review will investigate the impact of electrochemical
characterization method design choices on intrinsic catalyst activity
measurements by predominantly using the oxygen reduction reaction
(ORR) on supported catalysts as a model reaction. The wider use of
hydrogen for transportation or electrical grid stabilization requires
improvements in proton exchange membrane fuel cell (PEMFC)
performance. One of the areas for improvement is the (ORR) catalyst
efficiency and durability. Research and development of the traditional
platinum-based catalysts have commonly been performed using rotating
disk electrodes (RDE), rotating ring disk electrodes (RRDE), and
membrane electrode assemblies (MEAs). However, the mass transport conditions of RDE and RRDE limit their usefulness in
characterizing supported catalysts at high current densities, and MEA characterizations can be complex, lengthy, and costly.
Ultramicroelectrode with a catalyst-filled cavity addresses some of these problems, but with limited success. Due to the properties
discussed in this review, the recent floating electrode (FE) and the gas diffusion electrode (GDE) methods offer additional
capabilities in the electrochemical characterization process. With the FE technique, the intrinsic activity of catalysts for ORR can be
investigated, leading to a better understanding of the ORR mechanism through more reliable experimental data from application-
relevant high-mass transport conditions. The GDEs are helpful bridging tools between RDE and MEA experiments, simplifying the
fuel cell and electrolyzer manufacturing and operating optimization process.
KEYWORDS: Oxygen Reduction Reaction, Rotating Disk Electrode, Floating Electrode, Gas Diffusion Electrode,
Membrane Electrode Assembly, Ultramicroelectrode

1. INTRODUCTION
Electrolyzers and fuel cells can be used to stabilize the
intermittency of the renewable energy-based electricity grid.
Hydrogen can be produced with electrolyzers when there is
too much renewable electricity production and turned back to
electricity using fuel cells when needed.1 Additionally,
hydrogen fuel cells can be used to power vehicles, off-grid
locations, or hospitals in case of power failure without emitting
any dangerous emissions. One promising technology for the
mentioned uses is the proton exchange membrane (PEM) fuel
cell (FC) technology.1

Increasing the efficiency and lifetime of PEMFC has been a
perennial problem.2 The two reactions in the PEMFC are the
hydrogen oxidation reaction (HOR) (eq 1) and the oxygen
reduction reaction (ORR) (eq 2). The reverse reactions�
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER)�occur in the PEM electrolyzers which are
one of the promising options for producing green hydrogen
from water and renewable electricity. Catalysts, usually based
on platinum group metals (PGMs), are used to reduce the
overpotential and thus increase the efficiency of the reactions
occurring in the PEMFC and electrolyzers.

V ° =+ EHOR/HER: H 2e 2H 0.000 V2 (1)

V+ + ° =+ EORR/OER: O 4H 4e 2H O 1.229 V2 2
(2)

For a typical hydrogen-powered vehicle, Toyota Mirai, the
PEMFC anode, where the HOR takes place, requires 0.05
mg cm−2 of platinum, and the cathode, where the ORR occurs,
must have 0.315 mg cm−2 of platinum with a total amount of
22−36 g of platinum per vehicle.2,3 Thus, much effort is
invested in reducing or removing the platinum and other PGM
content. Non-PGM catalysts are in the development stage but
have yet to reach the targets for broad commercialization.2

The PGM loading for electrolyzers is even higher. However,
as with PEMFC, the hydrogen side in the PEM electrolyzer is
less of a problem. The cathode, where the HER takes place,
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commonly uses about 1.0 mg cm−2 of platinum-based
catalysts.4 On the other hand, the OER on the anode requires
around 2.0 mg cm−2 of iridium- or ruthenium-based oxide as a
catalyst due to the highly oxidative environment.4 Moreover,
noble metal coatings are sometimes used on the PEM
electrolyzer bipolar plates, which further increases the overall
PGM mass in a stack.5

In a fuel cell or electrolyzer, the catalyst is not the only factor
affecting the cell performance. Taking PEMFC as an example,
as will be done in the rest of this review, one can see that the
performance is broadly determined by the ORR kinetics, anode
contribution, cathode mass transport, cathode ohmic drop, and
membrane resistance (Figure 1a).6 These listed factors are
determined by the different cell layers and their interfaces.
However, to research and develop better fuel cells and
electrolyzers, a systematic approach should be taken to
understand and improve one component and one interface
at a time, starting with the catalyst. Different electrochemical
characterization methods should be used to determine the
influence of a chosen variable on electrochemical performance.
In five sections, this review will highlight the central design

principles and unintended consequences of the main electro-
chemical characterization methods for investigating supported
ORR catalysts (as opposed to single crystal or electrodeposited
systems). The bulk of the review uses ORR on supported
PGM catalysts as a case study from which to draw comparisons
due to the availability of data.

By the end, the reader should be able to better understand
the reasons behind

• the complexity and necessity of using the membrane
electrode assembly (MEA) (Figure 1a),

• the mass transport challenges of the rotating disk
electrode (RDE) technique (Figure 1b) and ultra-
microelectrode with a cavity (UMEC),

• the mass transport benefits, condition limitations, and
unique intrinsic activity findings of the floating electrode
(FE) method (Figure 1c),

• and significance of the iR drop when using the gas
diffusion electrode (GDE) setups (Figure 1d).

1.1. Descriptions of Characterization Methods. The
five main supported catalyst electrochemical characterization
methods included and characterized in this work are the
ultramicroelectrode (UME) (Figure 2), RDE (Figure 3), FE
(Figure 4), GDE (Figure 5), and MEA methods (Figure 3).
UMEs are a popular choice for fundamental electrochemical

characterization.11,12 They use a micrometer-scale conductive
wire inside an insulating shroud. The tip can be shaped to a
desired geometry depending on the goals of the experiments.13

The small-size electrode allows for higher geometric current
density with small absolute currents due to the higher flux
caused by the hemispherical diffusion of reactants to the
surface. Thus, after an initial short time period, mass transport
of reactants becomes time-invariant and steady-state con-
ditions are achieved. This contrasts with large planar electrodes

Figure 1. Illustrative schematics of common oxygen reduction reaction (ORR) iE curves of (a) membrane electrode assembly (MEA) showing
contributions from ORR kinetics calculated using the Koutecky-́Levich (K-L) model, anode kinetics and mass transport as anode contribution,
cathode mass transport including flooding, cathode ohmic drop, and membrane resistance;6 (b) rotating disk electrode (RDE) comparing a
common measured iE curve and ORR kinetics estimation using the K-L model with an inset showing the same RDE graph in a different scale and
with axis flipped; (c) floating electrode (FE) with a small iR correction component due to small absolute currents;7 and (d) gas diffusion electrode
(GDE) with a minimum and maximum iR correction due to different setups.8 The proton exchange membrane fuel cell operational range of around
0.6−0.8 V vs RHE9,10 is indicated with a blue dotted line.
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where the diffusion of reactants to the surface is linear, and
mass transport of reactants to the electrode constantly
decreases with time. Additionally, low absolute currents reduce
the potential drop in the solution phase. Popular examples

include using gold, platinum or mercury as the electrode
material.12

The size of the UME can be taken to an extreme by using
nanoparticles deposited onto a single carbon fiber15 or even for
investigating single submicrometer-sized catalyst particles
electrodeposited onto carbon fiber substrates with effective
electroactive radii of only a few nanometers.16

However, investigating separately synthesized catalyst
powders requires modifying the UME and creating a cavity
for the powder.14,17,18 A UME with a cavity (UMEC) can use
powders to investigate supported catalysts such as platinum
nanoparticles on carbon. It can be filled by using the electrode
as a mortar in a pestle with a small quantity of catalyst material.
A version of UMEC by Guilminot et al.14 (Figure 2) consists
of a platinum wire as a contact and a substrate with a diameter
of 50 μm and a cavity diameter of 35 μm.14 One of the central
challenges with UME using nanoparticles is the accurate
determination of loading because it is impossible to weigh such
small amounts of catalysts.
An additional benefit of the UME for investigating

nanoparticles is its use for scanning electrochemical micros-
copy or scanning electrochemical cell microscopy.19 These
methods can characterize single particles of catalysts on a
conductive substrate.19 This topic was recently reviewed by Li
et al.19

The RDE (Figure 3) and the closely related rotating ring
disk electrode (RRDE) are two of the most influential and
well-established techniques for the electrochemical character-
ization of catalysts.20−23 Initially designed for model systems of
flat and smooth metals or glassy carbon, they’ve been adopted
for supported catalyst research. To investigate intrinsic activity
and mechanisms, the ionomer and catalyst layers must be thin
to reduce interlayer transport effects.24,25 Extensive reports
outline optimal preparation and characterization protocols for
this thin-film RDE (TF-RDE).14,26,27 Some articles argue that a
well-optimized RDE testing protocol can adequately determine
the activity trends seen in the MEA measurements even when
the absolute values differ.28,29 Fundamentally, however, the
catalyst conditions, such as the oxide coverage, in the RDE
experiments and real operation are too different to make
reliable deductions about the activity at the FC relevant
potential range solely based on the RDE measurements
(Figure 1b). Thus, due to its simplicity and reproducibility,
using the RDE can be a useful prescreening tool for supported
catalysts, but should be complemented with other electro-
chemical characterization setups.

Figure 2. Schematic of an ultramicroelectrode with a cavity.
Reproduced with permission.14 Copyright 2007, Elsevier.

Figure 3. Schematics of the rotating disk electrode and the membrane
electrode assembly with two construction pathways of depositing the
catalyst layer (CL) on the proton exchange membrane (PEM) to
make a catalyst coated membrane (CCM) or depositing the CL on a
gas diffusion layer (GDL) to produce a gas diffusion electrode
(GDE). Adapted with permission.28 Copyright 2022, Springer Nature.

Figure 4. Schematic of the floating electrode setup. Reprinted with
permission.33 Copyright 2020, American Chemical Society.

Figure 5. Schematic of a gas diffusion electrode characterization
method. Reproduced with permission.42 Copyright 2008, Royal
Society of Chemistry.
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Although the other hydrodynamic methods, such as the wall
jet electrode30 and the channel flow electrode31 techniques,
offer some unique benefits, the issues they face�mass
transport and coating uniformity�are similar to those of the
RDE. While these methods will not be covered explicitly in this
review, the insights from this review could further aid in
developing these systems.
The FE technique (Figure 4) is an alternative to the

hydrodynamic methods.32 The FE utilizes a thin, porous
polycarbonate track-etch (PCTE) membrane. On one side, the
membrane is coated with gold for current collection and a
vacuum-filtered catalyst (VFC) layer with a catalyst loading
between 0.16 and 10 μgPt cm−2.32 The diameter of the catalyst
spot is 1−2 mm but could be modified with a different VFC
filter mask. The other side and the pores are coated with a thin
layer of gas-permeable hydrophobic fluoropolymer to make the
electrode float without being flooded. The reactant gas directly
accesses the catalyst through the hydrophobic pores. Diffusion
rates of reactants and products are much higher in the gas
phase than in liquid, which is a considerable benefit over
electrodes submerged in the electrolyte.32

The FE allows characterization over a broader range of
potentials and achieves current densities 3 orders of magnitude
higher than RDE using the same loading and type of
catalyst.32,33 Since its development in its current form,32 the
FE technique has been optimized, compared to RDE and MEA
experiments, and used to model HOR, HER, and ORR in
acidic conditions.29,33−36 However, interlab standardization
and comparisons of results are yet to be done for the broader
adoption of FE.
The MEA method is another widely used standard

electrochemical characterization method (Figure 3). It is a
single cell of a fuel cell or electrolyzer stack and, as such, can
measure the actual performance of a catalyst in operating
conditions. Generally, a proton- or hydroxide-conducting
polymer electrolyte membrane is sandwiched between an
anode and cathode catalyst layers. The membrane must be
electrically insulating to avoid a short circuit of electrodes.
These catalyst layers consist of a catalyst, an electrically
conductive catalyst support and an ion-conducting polymer
called ionomer. After the catalyst layer, there is an electrically
conductive gas diffusion layer (GDL) onto which a hydro-
phobic microporous layer (MPL) is deposited. The MPL
removes water generated at the catalyst layer during fuel cell
operation and ensures good gas accessibility. If the catalyst
layer is spray-coated onto the membrane, it is called a catalyst-

coated membrane. However, the catalyst-MPL-GDL sandwich
is collectively called a GDE.28,37 Due to its layered structure
with many parts, MEA experiment components and measure-
ment conditions for fundamental studies must be optimized for
each catalyst. To measure the electrode potentials separately,
research is still ongoing on incorporating a reference electrode
(RE) into the MEA setup.38−41

The GDE as a characterization method (Figure 5) could be
described as miniaturized half-cell MEAs with or without a
membrane. Several GDE techniques have been published in
the last two decades, including those by Chen et al.,43 Inaba et
al.,42,44,45 Pinaud et al.,46 Ehelebe et al.,8,9,47 Hrnjic et al.,48,49

and Schmitt et al. using a cell developed by a company called
Gaskatel.50,51 The GDE methods use a GDL with a thin
catalyst layer at a gas-ionomer-catalyst interface and benefit
from using less catalyst than a normal MEA. The oxidation and
reduction reactions can also be investigated separately due to a
half-cell three-electrode setup. These methods were recently
reviewed by Loukrakpam et al.52 and compared in a
collaborative article by Ehelebe et al.8

The central difference between the five reported GDE
methods is the electrode geometric area, which ranges from
0.07 to 2 cm2. This also results in somewhat different
geometries and constructions while the underlying principle
of using half of an MEA setup remains the same. A recent
study by Nösberger et al.53 made significant improvements to
catalyst layer optimization to make the GDE methods more
reliable for measuring intrinsic activity and as an intermediate
step between RDE and MEA experiments.

2. COMPARISON OF METHODS: CRITICAL
DIFFERENCES
2.1. Mass Transport. To investigate the intrinsic activity

and the reaction mechanisms, variables influencing the
measurable parameters�such as mass transport conditions,
iR drop value, temperature, pressure, humidity, pH, loading,
and cleanliness�must be considered. In Table 1 the
differences in the electrochemical characterization method
conditions are summarized. When assessing the reaction
kinetics on the catalysts, particular attention should be paid
to species’ mass transport to and from the catalyst layer.
With a reaction occurring on an electrode in an electrolyte

solution during, for example, a cyclic voltammetry measure-
ment, the concentration of reactants and products will change
near the electrode surface. This will create a dynamic
concentration gradient of reactive species on the electrode

Table 1. Comparison of Electrochemical Characterization Method Representative Conditions within Different Methodsa

Method UMEC FE RDE GDE MEA

Temperature/°C ≤60 ≤60 ≤60 ≤150 ≤95
Pressure/bar 1 1 1 1−4 1−4
Relative humidity/% NA 100 NA ≤100 ≤100
pH 1−14 1−10 1−14 1−14 NA
Catalyst loading/μgPt cm−2 800 0.5−10 4−20 5−100 5−100
Electrode area/cm2 0.0000096 0.008−0.0314 0.0314−0.196 0.07−2 4−100
Currentb/A 10−7 0.002 0.0002 0.175 10
Ohmic resistance/Ω 10 5 20 2 0.0125
iR drop/V 10−6 0.01 0.004 0.35 0.125
Current density/A cm−2

Geo 0.01 0.2 0.006 2.5 2.5
aUltramicroelectrode with a cavity (UMEC), floating electrode (FE), rotating disk electrode (RDE), gas diffusion electrode (GDE), and membrane
electrode assembly (MEA). bIn our calculations, we used the lowest electrode area for current calculation and assumed a catalyst activity under
operating conditions of 5 × 105 A g−1

Pt and that mass transport conditions limit UMEC and RDE maximum current.
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surface and a changing concentration profile from the bulk
electrolyte to the electrode. Unless expressly addressed, this
issue will prevent a steady state condition from forming.
However, a steady state, where the current is independent of
time, must be achieved to maintain a constant mass transport
term and investigate the charge transfer kinetics. The steady-
state condition means there is a fixed diffusion profile between
the catalyst surface and the bulk of the electrolyte with little to
no change in the concentration profile in long time scales. The
latter can be achieved by, for instance, controlling the diffusion
layer thickness between the bulk electrolyte and the catalyst
layer in the RDE measurement.
One way to deal with this is to make the ratio of electrolyte

volume to electrode surface area as large as possible. By having
a very small electrode�at least one dimension smaller than a
diffusion layer, usually defined to be around 25 μm12�and low
currents, a defined hemispherical diffusion gradient will form
quickly. Achieving a steady state this way is the principle
behind the UME.
UMEs are used to investigate various reactions on smooth

electrodes.11 To investigate catalyst materials other than what
the electrode itself is made of, a UME with a cavity (UMEC)
can be used. Guilminot et al. argued that by assuming the
catalyst was entirely flooded and applying a classical macro-
homogeneous model, the corrected ORR current densities
measured with UMEC were comparable to TF-RDE results,
like those illustrated in Figure 1b, while removing the need to
make a catalyst suspension and providing lower uncertainty.14

However, the mass transport limitations remain as the limiting
current density is about 9.6 mA cm−2 for the ORR.14 Due to
the thicker catalyst layer of the UMEC, the estimated mass
activity is about a third of a conventional RDE at 0.017 and
0.048 mA μg−1, respectively.14 The application-relevant mass
activity starts at around 2 mA μg−1 (Figure 1a).
Additionally, UMEs are used to study mass transport

conditions in proton exchange membranes.54−58 Such setups
can be used to determine the diffusion coefficients and
solubilities of gases and calculate the exchange current density
and Tafel slope values for reactions. A review by Petrovick et
al.59 concludes that the analytical mass transport models
developed for UME with a large volume of bulk electrolyte
should be replaced with numerical solutions when UME is
used in contact with a relatively thin membrane.
Instead of making the electrode smaller, hydrodynamic

methods are also used to achieve a steady state. Rotating the
RDE and RRDE in a controlled manner creates a predictable
convection that replenishes the reactants and removes the
products in the electrolyte near the electrode surface. This
creates a well-defined thin layer of stationary electrolyte near
the electrode surface, called a Nernstian diffusion layer, where
thickness is controlled by the rotation speed of the electrode.12

This is directly related to the limiting current density if the
mass transfer step is the rate-limiting process.12

The simplicity of the models is the most significant benefit
of the RDE and RRDE methods. Models, like the Koutecky-́
Levich model, are used after the measurements to separate the
mass-transport effect and the kinetic activity (Figure 1b).35,60

However, the error value of the kinetic current density
increases with the increasing contribution of mass transport
effects to the measured current. The reliable region of
advanced ORR models, such as the double trap model by
Wang et al.60 with Pt-based catalysts, can be extended only to
about 0.8 V vs reversible hydrogen electrode (RHE), after

which it diverges from the experimental data.35 This is further
discussed in Section 3.
The desire to extract more information from the RDE and

RRDE measurements than possible leads to the misuse of
these techniques.61 The models are based on flat and smooth
electrodes, meaning the macroscopically rough (nonflat and
nonuniform) catalyst layers can cause additional complications.
In catalyst layers composed of high-surface-area particles, the
mass transport within the catalyst layer differs from the mass
transport in the electrolyte phase near the electrode surface,
complicating the analysis.42 An ionomer layer coating the
catalyst particles can also limit species’ mass transport to and
from the catalyst surface (Figure 6b). Therefore, some

protocols recommend removing the ionomer from the catalyst
suspension and making an ionomer-free TF-RDE.25 The
catalyst layer can also more easily cause nonlaminar flow or be
removed by centrifugal forces. Thus, the rotating speeds are
often limited to about 1600 rpm. This contrasts with smooth,
flat RDE rotating speeds of up to 10,000 rpm (Figure 6b).12

RDE and RRDE are suitable for characterization at
potentials down to about 0.8 V vs RHE for ORR on PGM-
based catalysts. Thus, RDE can quickly filter out insufficiently
active catalysts that already show low performance at low ORR
overpotentials. However, these results cannot be translated to
the fuel-cell-relevant potential range of about 0.6−0.8 V vs
RHE32 as the conditions will be radically different, and the
activity might not scale uniformly in a logarithmic scale as
predicted by Tafel slopes plotted at low overpotentials.62 The
mass transport limiting current densities of the RDE method in
0.1 M HClO4 at 1600 rpm are around 6 and 3 mA cm−2 for the
ORR22 and HOR,63 respectively. Regardless, RDE measure-
ment results in the small reliable current density region are
sometimes extrapolated to 2 orders of magnitude higher
current densities with overparametrised models.29,34,35

The RRDE can give interesting information about the
desorbed ORR intermediates and products at the mass
transport limited potentials. The ring in RRDE is mainly
used to measure the hydrogen peroxide production at the disk
working electrode (WE). Production of hydrogen peroxide, a
two-electron process, is a competing process to four-electron
ORR to water (eq 2). This can be used to make deductions
about the ORR mechanism in the catalyst layer. While the
usefulness of RRDE for investigating platinum catalysts for
ORR is limited due to low H2O2 production on platinum
catalysts, analyzing non-PGM catalysts for ORR or other
reactions can provide valuable information. It must be noted
that the H2O2 production can be influenced by the reactant
concentration in addition to the reaction mechanisms.

Figure 6. A comparison of the oxygen concentration gradient
between (a) gas-accessible methods and (b) methods using dissolved
gases. Reproduced under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) license. Copyright 2015,
The Electrochemical Society.22
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RDE studies are conducted to counteract the low gas mass
transport (diffusion) in the stationary electrolyte compared to
mass transport in the stirred electrolyte. However, the
enhancement of mass transport via rotating the electrode
cannot overcome the inherent limitation of using dissolved
gases because the oxygen diffusion coefficient at 20 °C is 1.9 ×
10−5 cm2 s−1 in aqueous 0.1 M HClO4 solution

64 and 0.2 cm2

s−1 in nitrogen.32,65 Methods with the catalyst particles at the
gas | electrolyte interface (Figures 4 and 5) circumvent that
issue by reducing the length of the diffusion pathway through
the electrolyte to a couple of nanometers of electrolyte or
ionomer coating the catalyst. This means that the mass
transport of gaseous reactants mainly occurs in the gas phase,
and although the diffusion in the ionomer is slow, the layer is
thin enough not to limit the current density (Figure 6).22 This
makes characterization at relevant potentials and current
densities more applicable to actual PEMFC conditions where
the mass transport also happens mainly in the gas phase.
The FE is one such method where the species’ transport

occurs in the gas phase (Figure 4). The convection of the bulk
gas phase�caused by the gas inlet�occurs until the pores of
the PCTE substrate. From there to the catalyst, the transport is
mainly governed by diffusion. The mass transport rate of
reactants through the PCTE pores is high enough not to limit
the reaction rate (Figure 1c). This means that modeling mass
transport can be avoided, and analyzing intrinsic activity is
trivial, i.e. the measured current density is equal to ORR kinetic
current density.
Zalitis et al.32 tested whether the mass transport of oxygen

affects the measured current density by changing the oxygen
carrier gas from nitrogen to helium (Figure 7). The oxygen

diffusion coefficient in helium is 0.7 cm2 s−1 at 20 °C
compared to 0.2 cm2 s−1 in nitrogen.65 If ORR was limited by
oxygen gas transport to the catalyst layer, the current density
should have increased when changing the carrier gas from
nitrogen to helium.66 However, no change in current densities
was observed. Therefore, the oxygen transport to catalyst sites
is not a limiting factor in the FE setup.32

FE high mass transport conditions allow the study of ORR at
high overpotentials, and it was reported that the commercial
60% Pt/C catalyst (Alfa Aesar, HiSPEC 9100) showed equal
or higher mass activity than in state-of-the-art MEA values
given in literature after correcting for the higher oxygen partial
pressure in FE (101 kPa) but not correcting for the lower
temperature in the FE (25 °C) compared to the MEA tests (80
°C).32 Because catalyst activity increases with temperature,
based on the FE data, the potential activity of the catalyst is
not achieved in the MEA.
At higher specific current densities, measured within 0.38 to

0.6 V vs RHE, the iE curve follows a relatively linear line
(Figure 7), which can suggest the existence of some iR or mass
transport effects.32 However, the scan was curved between 0.6
and 0.8 V vs RHE (Figure 7) and thus is mainly kinetically
controlled in this region of potentials. Therefore, in contrast
with other characterization methods, by removing the mass
transport effects that mask the catalyst activity at high current
densities, the electrodes can be reliably characterized using FE
at a relevant potential to the fuel cell industry of around 0.65 V
vs RHE.32

To further validate the high mass transport conditions for
FE, Zalitis et al.67 compared the kinetics of ORR at different
catalyst loadings at 0.90 V (potential commonly used to report
ORR activity in RDE measurements) and 0.65 V vs RHE
(PEMFC relevant potential). For HOR kinetics, they
compared current densities at 0.01 V vs RHE (potential
commonly used to report HOR activity in RDE measure-
ments) and the peak at lower potential (potential with the
highest current density) (Section 3.1). If there were any
diffusion barriers, increasing the loading from submonolayer
(0.72 μgPt cm−2) to multilayer (10.15 μgPt cm−2) thickness
would decrease the catalyst’s specific activities. However, the
authors found that the catalyst’s apparent activity remained
around 100 mA cm−2

Pt for ORR and 600 mA cm−2
Pt for HOR.

Thus, they concluded that diffusion barriers did not limit
measured activity. A model calculation, with the assumption
that the thin Nafion layer behaves like bulk Nafion, showed
that the diffusion limitation, which scales with a specific Pt
catalyst area, would occur at 3.74 A cmPt

−2 for the ORR and
1.15 A cmPt

−2 for the HOR. As mentioned above, the FE-
measured ORR current density is at least an order of
magnitude lower, and the HOR peak current density is half
as low, which means that the ionomer layer is not affecting the
measured catalyst activity.67 There have been simulations
questioning this assumption and suggesting that a denser layer
of ionomer forms on the surface of the catalyst.68 Thus, while a
thin layer of an appropriate Nafion ionomer was not seen to
influence the oxygen transport compared to no ionomer,33 the
next generation of catalysts could benefit from using highly
oxygen-permeable ionomers (HOPIs).68

To make the FE more closely resemble MEA conditions, the
catalyst can be deposited onto a GDL instead of a PCTE
substrate. Such bridging methods between RDE and MEA are
known as GDEs. The transport of gases will be mainly in the
gaseous phase through the GDL and MPL until the catalyst
layer (Figure 3). The thickness of these layers can influence the
mass transport conditions. The GDE can have a multi-
micrometer thick catalyst layer, a 50 μm thick MPL supported
by a 170 μm GDL (Figure 5).33,50 The considerable thickness
of the GDL and MPL can play a significant role in mass
transport (Figure 8).69 In comparison, the PCTE substrate
thickness that gas must pass through in the FE is only 12 μm.33

Figure 7. Oxygen reduction reaction with the floating electrode in a
pure oxygen environment (solid black line) and in mixed O2−N2
(dash-dotted blue line) and O2−He (short dash green line)
conditions. The rotating disk electrode (RDE) at 10,000 rpm
limitation of 14 mA cm−2

Geo is shown with a dashed red line. The
inset shows the hysteresis due to OHads adsorption by highlighting the
ORR activity at 0.9 V vs RHE. Reprinted with permission.32

Copyright 2013, Royal Society of Chemistry.
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Unlike with MEA, the GDE method only investigates one-
half-reaction at a time and has a better control of the variables.
Compared to the FE, the GDE can use the same materials as
will be used in the application later on. This way, optimizing
the GDE components−the catalyst layer, GDL, and MPL −
one electrode at a time can aid in a more systematic fuel cell or
electrolyzer optimization.
In some GDE setups, a membrane can be added between

the liquid electrolyte and the catalyst layer.52 However, in this
configuration, the solid electrolyte (PEM) is always completely
hydrated due to contact with a liquid electrolyte in the cell
compartment. This contrasts on one side with the MEA, which
can have various levels of membrane hydration and on the
other side with the FE, which does not have a membrane and
is fully hydrated.
A fundamental difference between all other methods

described here and the MEA is that in the MEA and in the
actual PEMFC system, there is no bulk liquid electrolyte phase.
Instead, there is a solid electrolyte, a proton-conducting
membrane. Using a more realistic characterization method
with a membrane instead of a liquid electrolyte might add
necessary information to the guiding principles of catalyst layer
design.
By adding a solid electrolyte to the GDE, constant water

production from the ORR can flood the electrode, as is also
the case with the MEA setup. Due to proton access, high water
content can improve proton conductivity and catalyst
utilization. Still, at the same time, it can cause the gas channels
to flood and close between bulk gas and active sites, which
severely hinders gaseous reactant mass transport.2,51

The FE setup mitigates intercatalyst layer water accumu-
lation by coating the catalyst agglomerates with a thin layer of
hydrophobic Teflon AF.33 This makes it possible to assess the
maximum possible catalyst activity that could be achieved in a
PEMFC.7,32,33 However, the ionomer influences the measure-
ment conditions even in the FE, as found by comparing
catalyst layers with no ionomer and with different ionomers in
the catalyst suspension.33 A recent paper using a GDE setup in
conjunction with O2 transport resistance and CO-displacement
measurements confirms that it is vital to balance oxygen mass
transport, which decreases with a higher ionomer to carbon (I/
C) ratio and proton transport, which increases with a higher
I/C.70 This is likely the case for all methods that use ionomer
in the catalyst layer, which must thus be carefully considered.
2.2. iR Drop. The fundamental studies aim to measure the

potential difference across the electrochemical interface and

eliminate, minimize, and compensate for unwanted effects
influencing the measurement. In addition to mass transport,
another aspect affecting the catalyst activity measurement is
the electrolyte and electrode resistance. The iR drop is the
product of the total current (i) and the uncompensated
resistance (Ru) between the WE and RE. The Ru can be
measured using electrochemical impedance spectroscopy
(EIS), the current interrupt method, small potential steps, or
even using the potentiostat positive feedback loop.12,71

The ideal electrochemical characterization method for
intrinsic catalyst activity determination would have as low an
iR drop as possible. If i and R values are known, most of the iR
compensation (80−90%) would then be done using the
potentiostat, which corrects for iR drop during the measure-
ment.12 Overcompensation can result in instability of the
potentiostat (electrode potential oscillations), which can
destroy (or “cook”) the electrode due to short but extreme
potentials and current densities.12 Thus, some of the
compensation (10−20%) should be done during data analysis.
If all of the compensation is done after the measurement,
instead of dynamic or positive compensation, then oscillation
is not a problem, but the scan rate will no longer be constant.
Scan rate affects the electrode state (e.g., coverage of Pt
electrode with oxide layer) and mass transport conditions.12

In order to reduce the required correction, and hence avoid
the possibility of introducing errors, it is desirable to operate at
low currents. This also means that the primary potential
distribution at the electrode/electrolyte interface is as uniform
as possible,72 leading to uniform current distribution. Low iR
drop limits local heating effects due to Joule heating. Low i in
iR drop can be achieved by reducing the electrode area and the
catalyst loading to a level where the total current would be as
low as possible, yet measurable, with the available potentiostat
while retaining the accuracy of current measurement and
ensuring reproducible electrode preparation. In addition to
reducing the i component of the iR drop, small electrode areas
and thin catalyst layers prevent a phenomenon where there is a
significant difference in overpotential for different catalyst
particles far apart from each other laterally or longitudinally in
the catalyst layer. Experimentally, the inhomogeneity of the
experienced overpotential for large and thick electrodes can
cause the reduction of the resolution of fine structure in the
voltammetry measurement, as exemplified in Section 3 of this
review, where the fine structure of the iE curves in the FE and
GDE measurements is compared.
The Ru can be minimized by a highly conductive electrolyte

and by positioning the Luggin capillary close to the WE, where
the short distance between the electrode and the Luggin tip
means that the iR drop is smaller. However, the Luggin
capillary must not be positioned so close that shielding effects
are introduced. The shielding effects occur when something
near the electrode, such as a Luggin capillary, causes a change
in the primary potential distribution near the working
electrode coincident with the Luggin capillary and a partial
blockage of the mass transport path in the solution.73 The
optimal distance and position with regard to the WE depends
on the method used and the aims of the experiment.74,75

With the RDE technique, the tip of the Luggin capillary is
positioned next to the RDE on the same plane as the RDE tip
to reduce shielding effects disrupting the electrolyte flow
directly under the RDE tip. For methods such as the FE and
GDE, the Luggin capillary can be positioned closer to the
electrode in the solution phase because the main mass

Figure 8. Effects of the gas diffusion layer (GDL), the catalyst layer
(CL), and ionomer on the gas transport resistance in the polymer
electrolyte membrane electrode and a representative series-circuit
model. Reprinted with permission.69 Copyright 2023, Elsevier.
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transport of reactants occurs on the other side of the electrode
in the gas phase. A reference electrode can also contact the
working electrode using the membrane.76 This might, however,
require a more rigorous analysis, which should not be
ignored.77

Electrolyte conductivity can be increased by higher temper-
atures, but not without complications, including faster
electrolyte evaporation and the resulting change in electrolyte
concentration. Higher electrolyte concentration also increases
its conductivity, but this comes at the cost of higher ionic
strength, which can have adverse effects. A 30−40% decrease
in ORR specific activity was observed when increasing the
HClO4 electrolyte concentration from 0.1 to 1 M in an RDE
experiment.7

The necessity for iR drop correction increases with
increasing i, with UME not needing any compensation and
the significance increasing in order of methods RDE, FE, MEA,
and GDE, as exemplified in Figure 1 and noted in Table 1
below.
However, most MEA measurements are done without

compensation because the aim is to compare the results to a
real system where potential compensation will not occur either.
The same can be argued for some GDE experiments that aim
to replicate the MEA conditions.
2.3. Other Variables. Aside from measuring the relation-

ship between potential and current, controlling other variables
can increase the reliability of the measurements and give extra
information about the reaction mechanisms on the catalyst.
Such variables include the temperature, pressure, humidity, pH
of the electrolyte, catalyst loading, and the electrode area
(Table 1).
2.3.1. Temperature and Pressure. The rate of reactions in

electrochemical processes is highly dependent on temper-
ature�an increase in temperature results in faster reaction
kinetics. Additionally, temperature changes can affect the
electrolyte solution’s conductivity and viscosity. All of which
can influence the measurements. Pressure can also influence
the equilibrium concentration in the solution and the
equilibrium potential of the reaction being measured.
Although some unique configurations have been proposed,

the typical upper limit of temperature and pressure of UME,
RDE, and FE is usually about 60 °C and 1 bar.36,59,78,79 The
main issues involve electrolyte evaporation and precise control
of temperature. For some GDE setups, higher temperatures
and pressures are possible, and fuel cell-relevant conditions can
be achieved.76,80 However, deconvoluting the effects of
temperature, pressure, and humidity on GDL, MPL, and the
catalyst layer (ionomer and catalyst) is challenging in GDE and
MEA setups.
All in all, to investigate the intrinsic activity of a catalyst, it is

essential to carefully control and monitor the temperature and
pressure during electrochemical characterization to ensure
accurate and reliable results. Once the intrinsic activity is
known, GDE and MEA should be used to optimize the
operating conditions for the developed catalyst.
2.3.2. Humidity. In UME and RDE, the electrode is

submerged in an electrolyte, which means the catalyst layer is
flooded and has good conductivity. Changing the humidity
conditions in UME and RDE is impossible. In the case of the
FE and GDE, assuming that the relative humidity is in
equilibrium with the water pressure over the acid, the
proximity of the gas-accessible catalyst layer to the electrolyte
causes the relative humidity to change very little from close to

100%. However, the humidification of the gases can start to
play a role with thicker catalyst layers of GDE.45

High humidity can cause water management problems for
fuel cells.7 Thus, as the actual application of the developed
catalysts can have less than 100% relative humidity,37 it is vital
to measure the activity response to lower humidity levels later
in the PEMFC catalyst development process. Therefore,
optimizing the humidity conditions using the MEA method
without a liquid electrolyte is necessary before application.

2.3.3. pH. The pH can impact the rate and mechanism of
the reaction. Whether a method can be used to investigate
reactions in environments with different pH depends mainly
on the materials used in the setup. While glass cells are suitable
for strong acid electrolytes, in bases, impurities can be leached
out from the glass into the electrolyte, which affects
electrochemistry. However, fluoropolymers such as polytetra-
fluoroethylene (PTFE) cells, which resist concentrated strong
bases and acids, can be used. On the other hand, PTFE cells
are not transparent, which means that the setup and visual
monitoring of gas evolution and other processes is
complicated.
The FE uses a porous PCTE membrane as its WE substrate.

Although polycarbonate is stable in low pH, its resistance to
high pH is poor. This limits the FE applicability to acidic or
only slightly alkaline environments until a suitable alternative
substrate is found. GDE methods, on the other hand, have
been used with both acidic and alkaline electrolytes because
they can use the same materials as the respective fuel cells.
Although it does not mean there cannot be a degradation of
the components at extreme pH, the performance measure-
ments will resemble the real systems, where the same processes
can, in such cases, occur as well.
High current densities and high catalyst loadings can make

the pH effects even more problematic due to the local
production or consumption of protons, which could lead to a
marked change in local pH. Additionally, the difference in
proton concentration can cause a significant unaccounted
geometric flux of the electrolyte due to the movement of
protons or hydroxide ions.
At the intermediate pH, buffer solutions are required to

counteract significant pH changes in the electrolyte solution at
the electrode if high current density methods are used.81 The
selection of such buffers must be carefully considered, as many
can interact with the electrocatalysts.82

pH control is important in all methods with a liquid
electrolyte. On the other hand, due to the absence of a liquid
electrolyte in real fuel cells, the discussion is more focused on
potential, current density, temperature, and pressure effects on
performance, as these are the main levers of control. However,
some efforts have been made toward a direct pH measurement
in the MEA.83 This can become more valuable in the
upcoming years as alternatives to fluoropolymers, such as
Nafion, are investigated.

2.3.4. Catalyst Loading. The deposition method and
related benefits and downsides depend on the electrode size
and loading. While UMEC, FE and RDE have relatively small
electrode areas, GDE method electrode sizes can range from
0.07 to 2 cm2, which start to resemble the MEA electrode
sizes8 (Table 1). While MEAs in real fuel cells are typically
several hundred square centimeters in geometric area, the test
systems may be as small as 4 cm2. There are inherent benefits
to using both large and small electrodes and loadings.
Electrode’s large size and high loadings can improve catalyst
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layer homogeneity and make the true catalyst loading more
accurate and easily determinable. Additionally, large laboratory
electrodes, such as the spray-coated 2.01 cm2 electrode by
Ehelebe et al.,8,9 can use the same manufacturing methods as
applied for commercial fuel cells and electrolyzers. Using the
same coating method makes the GDE performance more
comparable to those of commercial cells.8 This means coating
optimization could also be done on GDEs one electrode at a
time rather than using the more complicated MEAs. The effect
of different conditions in GDE and MEA outlined in previous
sections should still be considered.
With large electrodes and high loadings, the local potentials

and reactant concentration can differ at different locations and
through the thickness of the electrodes, leading to nonuniform
conditions at the catalyst surface. This could be why the iE
curve’s fine structure in the activity measurements has not been
reported using the GDE methods. Additionally, a larger
geometric current caused by a higher loading leads to more
significant iR drops, local heating effects and the possibility of
reactant starvation, which can result in mass transport effects.
GDEs are designed to mimic MEAs, and therefore, the

typical 100 μgPt cm−2 loading spray-coated onto their substrate
is equal to MEA loadings. However, reducing the loading is
possible. For MEA, the most recent methods have tested a
uniform 5 μgPt cm−2 layer on each side, totalling 10 μgPt cm−2,
comparable to a standard RDE measurement.7 The VFC
technique for GDE and MEA could also create more uniform,
low-loading catalyst layers.22,33,42 The question remains
whether it is desirable to investigate low-loading GDE and
MEA when the real PEMFCs use 100 μgPt cm−2 loadings and
above. To avoid losses in the spray-coating setup tubes and
nozzle, which can add up to even a gram of catalyst, vacuum
deposition was tested for MEA catalyst layer manufacturing,
where the researchers deposited the usual 100 μgPt cm−2

loading onto a GDE but only used 30 mg of catalyst
material.84 Recently, inspired by the FE technique, ultralow
loading (5.2−7.1 μgPt cm−2) catalyst-coated membranes were
produced using the PCTE and VFC.85

Low loadings are better for determining the catalyst’s
intrinsic activity as the mass transport within the catalyst layer
has a lesser effect. Additionally, the need for a smaller amount
of catalyst can be useful in early stage catalyst research.
Theoretically, the UMEC setup requires the smallest total
amount of catalyst (0.0075 μgPt) per experiment,14 but in
reality, more must be used during the filling process. It must be
noted, however, that the cavity has a height of 29 μm, which
makes the catalyst layer an order of magnitude thicker than a
TF-RDE catalyst layer (approximately 2 μm).14 RDE catalyst
layers are usually made using drop casting. This process has
been extensively optimized to provide uniform layers for
loadings down to 4 μgPt cm−2.86 More commonly, the RDE
experiments are done using a loading of around 10−20 μgPt
cm−2 to ensure layer uniformity.
The most recent application of the FE used about 0.5 μgPt

cm−2 of 10 wt % Pt catalyst.87 Typically, 1 μgPt cm−2 or higher
loadings are used with a 2 mm diameter catalyst spot size. The
FE method uses a flat gold-coated PCTE substrate with
precisely formed pores, allowing for uniform catalyst coating
even at the smallest loadings using the self-leveling VFC
deposition technique.32 It must be kept in mind that the
equilibrium coverage of contaminants on the catalyst surface is
obtained fastest with small amounts of catalyst and electrolyte
(and contaminant) convection. Thus, the cleanliness levels

should be as high for the FE with ultralow catalyst loadings as
for the RDE with electrolyte convection.
Low loading makes reproducing electrodes and determining

the precise loading much more difficult, as even a tiny
deviation in loading can result in a significant change in current
density measurement.87 To determine the actual loading of the
catalyst on the low-loading technique’s electrode, the electrode
can be digested in aqua regia, and the metal concentrations
measured using the inductively coupled plasma mass
spectrometry (ICP-MS).34 Alternatively, electrochemically
active surface area (ECSA) values can be used to back-
calculate the catalyst loading if the actual ECSA values of the
catalyst are known.32 Most commonly, the ECSA is
determined by the hydrogen underpotential deposition
(HUPD) or CO-stripping method. It has even been suggested
to consider copper underpotential deposition (Cuupd) for
ECSA analysis and loading determination in some cases when
alloys such as PtRu are used.88,89

Early stage characterization with very low amounts of
catalysts is generally more straightforward with UME, RDE,
and FE methods. Still, with new advanced coating methods,
the catalyst loading could be reduced so that any preferred
method can be used. However, later-stage characterization of
layers with higher loadings would be preferable to give valuable
insights into application-focused catalyst layer characteristics.
2.4. Cleanliness. Different cleanliness standards should be

applied depending on the experiment’s goal. The intrinsic
activity and mechanism investigations require much lower
levels of impurities than methods assessing the realistic
activities that use GDLs and membranes.
The lower the catalyst loading, the more problematic the

impurities are, as the critical coverage of contaminants is
achieved faster, even with low levels of contaminants.32 This
means the standard is to clean the glass or fluoropolymer cells
using highly oxidizing solutions (e.g., a mixture of concentrated
sulfuric acid and hydrogen peroxide). Optimal protocols for
cleaning and testing the cleanliness of the cells are available for
RDE22 and FE.33

Even after cleaning the cell, impurities from the electrode
can remain in the catalyst layer due to the components like
isopropanol, Nafion and the catalyst itself. As the electrode
cannot be washed with an acid, complete removal of impurities
is difficult. Drying the electrode in a vacuum oven can
eliminate most of the solvent and other volatile organic matter,
but some likely remain. Oxidizing the remaining organic
impurities is one of the aims of the break-in procedure.22,33

Such pretreatment protocols have been developed for RDE,22

FE,33 GDE,42 and MEA37 methods. However, the break-in
cleaning effect can be short-lived if contaminants are desorbed
from the catalyst surface to the bulk electrolyte and later
readsorb. This is especially problematic for low-loading and
hydrodynamic methods, where electrochemical cleaning must
be done throughout the experiment to keep the electrode
surface clean.
Clean high-concentration acids, such as double-distilled

acids, are necessary to keep the levels of impurities down in the
electrolyte when high-concentration electrolytes are used to
improve conductivity and reduce the ohmic potential drop. On
the other hand, double-distilled acids are expensive, and high
concentrations of clean acids still cause higher anion, such as
sulfate, adsorption on the catalysts, which decreases the
catalyst activity.90 Therefore, it is recommended that
cleanliness, conductivity, and anion adsorption be considered
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before the experiment. In the FE experiments, where about
100 mL of electrolyte is used, the initial 4 M HClO4
electrolytes32,62 were replaced with 1 M HClO4 electrolytes
in later reports.33,34

2.5. Reporting Catalyst Activities. Activity can be
reported with regard to the ECSA, catalyst mass, or electrode
geometric area (Table 2). Focusing on increasing the

geometric activity is an essential aspect of fuel cell production
when the catalyst material has already been optimized.
However, as the geometric activity can usually be increased
by having more catalyst material, it is of little use in the search
for better catalysts. Reporting the activity as specific activity
(SA) is the most appropriate when the experiments have
focused on tuning the catalyst composition or surface
structure�from monocrystal to geometrically complex alloys.
The turnover frequency is a closely related alternative to SA,
but it could cause some confusion because different units are
used.91 The central idea is to relate the physical character-
ization of the catalyst surface to the electrochemically
measured catalyst activity.
Mass activity (MA) is associated with the ability to produce

as many of the developed active catalyst sites per unit of
catalyst mass as possible. This is a crucial factor in
commercialization, where the mass of the catalyst determines
the cost. While the reduction in particle size is the easiest way
to increase the MA, a platinum catalyst can exhibit the so-
called “particle size effect” when the SA decreases with a
decrease in particle size.92

Based on that, we outline a generalized technical approach
from catalyst synthesis to commercialization:

a) Maximization of the SA of the catalyst at the application-
relevant potentials by optimizing the composition and
surface structure using the FE.

b) Maximization of the MA by increasing the specific
surface area with the same composition and surface
structure using the GDE.

c) Optimization of the catalyst loading to produce the
required geometric activity using the MEA.

It is important to note that the way the activity is measured
and calculated also plays a significant role in the comparability
of the results. If the activities are reported as specific activities
but one experiment is done with cyclic voltammetry with 20
mV s−1 and the other with 200 mV s−1, then a direct
comparison of the results must be done very carefully.93 Even
more difficult is to compare results from different types of
activity measurements, such as cyclic voltammetry and
galvanostatic steps.8 Even small aspects, such as the potential
range and scan direction, can influence the activity due to
different surface conditions of the catalyst.22 This can be visible
from the measurements as hysteresis.22

SA calculation requires the knowledge of ECSA. Because
HUPD and CO-stripping ECSA values can differ,33 the SA can
also change accordingly. The reason for differences in ECSA
values could be varying adsorption strength of species such as
hydrogen, CO, and electrolyte or ionomer anions. A
philosophical question arises as to whether it is appropriate
to use the available ECSA (measured with HUPD) or total
ECSA (measured with CO-stripping), which includes a degree
of blocked sites for specific activity calculation. It is an open
question of how to measure the available active catalyst surface
area as a function of potential. Commonly, this can only be
estimated through activity measurements.35,62 To summarize,
it is vital to meticulously report and pay attention to the
experiment conditions when comparing electrochemical
measurements.

3. CATALYST INTRINSIC ACTIVITY FINDINGS FROM
FE EXPERIMENTS
3.1. Platinum iE Curve Fine Structure. A good

resolution fine structure in iE curves can give valuable insight
into the reaction mechanism.32 The HOR fine structure has
been a topic of discussion for many articles, which have
suggested different reasons for it.32 Further research on the fine
structure could lead to better understanding and design
principles for catalysts. In the FE experiments, thanks to very
low loadings (0.5−2 μgPt cm−2) and low catalyst layer
resistance, a good resolution of the ORR iE curve fine
structure, similar to what was found earlier in HOR
investigations, was present in the ORR high overpotential
region (Figure 9).32 The iE curve peaks were assigned to facets
and edges of the Pt particles, with facets dominating the ORR
at about 0.24 V and edges at about 0.1 V vs RHE. The low
coordination sites are likely only active toward ORR at low
potentials and drop off at above 0.3 V vs RHE due to the
adsorption of oxides or anions, which block the catalyst surface
and thus decrease the activity.32 Additionally, increasing the
size of the nanoparticles increases the ratio of facets to edges,
corresponding to a truncated octahedron geometry, which
changes the ratio of the iE curve peak heights. Below the
potential of this edge site’s active peak at 0.1 V vs RHE, the
ORR rapidly decreases due to hydrogen adsorption on the
catalyst, blocking the sites for ORR but remaining active
toward HER.62,94

3.2. Intrinsic Oxygen Reduction Reaction Activity and
Blocked Surfaces. Models, such as the Koutecky-́Levich

Table 2. Aspects to Consider When Choosing a Type of
Activity Reporting

Type of Activity Aspects to Consider

Specific Activity (A cm−2
Pt)

or Turnover Frequency
(electron site−1 s−1)

• It is the intrinsic catalytic activity of the catalyst
material.

• Focus on catalyst composition and surface
structure.

• Accurate determination of ECSA is the priority.
• Accurate loading determination is less critical.

Mass Activity (A g−1
Pt) • It is the ability to produce high ECSA per unit of

mass of catalyst material while retaining the
specific activity.

• Focus on increasing the specific surface area with
the same composition structure, e.g. by increasing
the dispersion of the catalyst.

• Directly relates to the cost of the required catalyst
to produce a given performance.

• Accurate determination of loading is the priority.

Geometric Activity
(A cm−2

Geo)
• It is the total performance of the produced
electrode.

• Focus on determining the optimal catalyst
loading of the electrode.

• Does not aid as much in the search for better
catalysts.

• Relates to the total area of the electrode and the
optimal loading needed to produce a given power
output.

• Accurate determination and uniformity of loading
are the priorities.

ACS Catalysis pubs.acs.org/acscatalysis Review

https://doi.org/10.1021/acscatal.4c03271
ACS Catal. 2024, 14, 11949−11966

11958

pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c03271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


model95,96 or the double trap model by Wang et al.,60 are used
to calculate the kinetic activity of catalysts from RDE
measurements in the mixed kinetics region.12 Therefore, the
intrinsic ORR activity of Pt-based catalysts can be estimated by
modeling the RDE experimental data. Efforts have been made
to include fewer assumptions in the kinetic models, for
example, without assuming which step is rate-determining like
was done when developing the double trap model.60 However,
as was observed by Markiewicz et al.,35 the kinetic currents
calculated with a double trap model, even after scaling, as per
Wang et al.,97 deviate from high mass transport FE ORR
experimental data at RDE-inaccessible potential range (Figure
10). Markiewicz et al.35 then modified the double trap model
by including the formation of OOHad intermediates, resulting
in a model that shows good agreement with FE experimental
data even at large overpotentials. Additionally, the model
includes the fewest parameters possible to reduce over-
parameterization.35

From the modified double trap model, the coverage of
different adsorbates in a wide potential range can be derived,
which can then be used to calculate the free site proportion.
The FE was used to compare the influence of different sizes of
Pt and PtCo particles on ORR.62 Then, the modified double
trap model was used with the addition of considering two
different catalytic sites.62 In addition to facets regarded as the
central active sites in the previous model, edge sides were now
included due to their unique activity at very low potentials
(Figure 9c). The model by Markiewicz et al.35 was upgraded to
include the changing oxygen binding energies of Pt nano-
particles, which can occur with changing ratios of edge and

facet sites or catalyst composition. Applying the developed
model to the measured data, it was found that about half of the
PtCo catalyst was blocked by adsorbates. Thus, if the
adsorbate-free surface area of PtCo catalysts could be
increased, the activity could be doubled. Zalitis et al.62

concluded that the measurements in the operational potential

Figure 9. (a) A comparison of the floating electrode and the rotating disc electrode (RDE) for measuring hydrogen oxidation reaction activity with
iE fine structure visible between 0.1 and 0.5 V vs RHE. Reprinted with permission.32 Copyright 2013, Royal Society of Chemistry. (b) The oxygen
reduction reaction-specific activity on different size Pt/C nanoparticle catalysts as measured by the floating electrode with iE fine structure visible
between 0.05 and 0.3 V vs RHE. Reprinted with permission.62 Copyright 2020, American Chemical Society. (c) A schematic of a truncated
octahedron platinum particle and the fraction of different facets to surface sites with regards to particle size. Reproduced under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0) license. Copyright 2017, Royal Society of Chemistry.94

Figure 10. Experimental results of the floating electrode for the
oxygen reduction reaction (ORR) by Markiewicz et al.35 are
compared to the ORR kinetic current density calculated using the
double trap model by Wang et al.60 (solid line) and the scaled double
trap model by Wang et al.97 (dashed line). The potential region where
the rotating disk electrode (RDE) can adequately assess the ORR
kinetics is shaded. Inset compares the difference between the FE
experimental data and the scaled double trap model as a function of
specific activity. Reproduced under the terms of the Creative
Commons Attribution 4.0 International (CC BY 4.0) license.
Copyright 2015, Elsevier.35
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range (0.62−0.76 V vs RHE62) cannot be reliably replaced
with extrapolation as the adsorption strength and coverage of
the adsorbates and intermediates can change according to
appropriate adsorption isotherms.12

3.3. MEA vs GDE vs FE. While the full potential range can
be investigated in the MEA measurements, the complexity of
the setup makes the analysis of the intrinsic catalyst activity
very difficult, if not impossible. In MEA studies, the ORR
activity measured by RDE for the commercial catalyst is rarely
achieved. Furthermore, the gap widens with novel catalysts.98

One reason for the gap in activity measurements between RDE
and MEA setups could be due to oxide coverage on the catalyst
surface.7 It might be that the novel catalyst is not as
significantly more active toward ORR but that less of the
surface is deactivated with oxides at RDE measurement
potentials. At FC-relevant potentials, the new catalyst might
underperform because the baseline catalyst is also oxide-free.
This can be seen from an FE measurement comparison
between Pt and PtCo ORR catalysts, where the activity gap of
the two catalysts decreases at low potentials.62 The only way to
differentiate between the effects of oxide coverage and the
intrinsic activity of a catalyst is to measure its activity at a wide
range of potentials and use appropriate models to estimate the
available ECSA.35 The ability to make very low-loading MEAs
may make it easier to investigate intrinsic catalyst activities,85

although there are still some confounding issues, such as
hydrogen crossover affecting the performance of very low-
loading systems.
GDE can replicate the MEA results well but with lower

catalyst amounts and better control of the variables (Figure
11). This means that conditions can be tuned to achieve better
performances compared to MEA. Solid electrolyte effects can
be more clearly investigated because GDEs work with and
without a membrane. All these aspects make GDEs valuable
tools to use before MEA optimization. However, while
achieving comparable specific current densities to MEA
measurements, the results achieved with the GDE setup have
not shown the two separate peaks in the ORR iE curve fine
structure area (0.05−0.30 V vs RHE) seen in the FE
experiments (Figure 11b).
Jackson et al.7 compared three commercial platinum

catalysts using FE and MEA techniques with loadings of
2.4−3.8 μgPt cm−2 and 400 μgPt cm−2, respectively (Figure 12).
They showed that the activity of commercial catalysts
measured with FE at room temperature and pressure is higher
than what MEAs achieve at 80 °C and 150 kPa. They
envisaged that current densities up to 16 A cm−2 at 0.65 V vs
RHE could be achieved when the optimization improves for
the MEAs with a catalyst loading of 400 μgPt cm−2.7 Most
importantly, there is not a clear rate-determining step and both

Figure 11. (a) Gas diffusion electrode (GDE) oxygen reduction reaction activity measurements compared to membrane electrode assembly
(MEA) results, and (b) GDE activity comparison at different conditions. Reproduced with permission.42 Copyright 2008, Royal Society of
Chemistry.

Figure 12. Oxygen reduction reaction activity comparison with the floating electrode and membrane electrode assembly at 0.80 V (a) and 0.65 V
(b) vs RHE. Adapted with permission.7 Copyright 2022, American Chemical Society.
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catalyst activity and MEA optimization contribute to the
overall performance of the fuel cell. This means the FE can be
used to develop catalyst materials with higher intrinsic
activities and to set a performance target at the fuel cell’s
relevant potential range. Then, GDEs and MEAs can be used
to optimize the fuel cell layers and conditions to achieve the set
target.

4. WIDER SCOPE AND FUTURE PROSPECTS
Although the applications of the FE and different GDE
methods have been discussed,99 and some articles have briefly
included one or the other in their experiments, a systematic
experimental study should be done analyzing the comparability
of results from the different methods. This could give a clearer
understanding of where each method excels and pave the way
for future improvements in FE and GDE optimization or aid in
developing the next generation of electrochemical character-
ization methods. Such experiments could include replicating
the comparison of oxygen mass transport in nitrogen and
helium in the different GDE setups32 and validating how well
the GDE and MEA optimization results, e.g. catalyst layer
composition and deposition method, match. For FE,
interlaboratory testing, including the experimental protocols
outlined by Ehelebe et al.,8 should be done and measured
catalyst activities compared to the GDE methods.
In addition to ORR, FE and GDE have been used to

investigate the HOR,34,79,94 HER,79,94 OER,49,100−103 CO
reduction,104−106 CO2 reduction,102,107−111 methanol and
ethanol oxidation reactions,80 and even to study reaction
kinetics in metal-air-batteries.112 Each of these reactions either
uses a gaseous reactant or produces gases during the reaction,
and thus, good mass transport conditions for gases can be
beneficial for the investigations. FE and GDE methods should
be used more extensively to gain valuable insights into these
reaction mechanisms that cannot be obtained with the RDE or
RRDE methods. Reducing nitrogen oxides (N2O, NO and
NO2)�greenhouse gases113 and pollutants114�or even the
conversion of nitrogen gas to ammonia (NH3) can also be an
avenue for research with the FE and GDE methods.
As the potential for better design principles for non-PGM

catalysts is even higher than for PGM catalysts, their
development using the new FE and GDE methods should
also be a priority. This has been done for some GDEs,115 but
FEs are currently limited to systems with a pH below 10. An
alkaline-resistant FE setup should be built to increase the pH
values where it can be used. An alkaline FE could be used to
investigate non-PGM catalysts such as peat-derived carbon
doped with iron for anion exchange membrane ORR
catalysts.116 Another exciting avenue for gas-accessible electro-
chemical characterization methods could be to use alternative
electrolytes like aprotic organic electrolytes.117 Possibilities
also include using organic solvents (for direct ethanol fuel cell
catalyst development) or ionic liquids (for carbon dioxide
reduction reaction118).
EIS, a powerful tool that uses alternative current

perturbations to get information about impedance at different
frequencies, should also be used more extensively in FE and
GDE setups.119,120 EIS can give valuable information about the
reaction mechanism, local reaction conditions and differences
between the methods. The GDE experiments can and should
already be used to examine the impact of GDLs and
membranes and to aid in optimizing variables before MEA
testing. Additionally, accelerated stress tests (ASTs) in GDEs

could be valuable alternatives to such tests in the MEAs,44,121

but their limitations should be kept in mind.122 For example,
drawing conclusions from degradation experiments might be
difficult as the liquid electrolyte can flood the GDL of the
GDE, which is not an issue in an MEA.103 The FE has no
liquid ingress with time, but the materials used in the FE and
MEA are quite different. Thus, further research with MEA,
GDE, and FE should be done to assess how the GDE and FE
methods should be used for degradation tests and what
benefits they bring over using an MEA setup in the first place.
If membranes could be incorporated into the FE setup, it

could also be used to investigate the membrane effects on the
reaction kinetics. Eventually, when the FE is used more
extensively to measure the intrinsic activity most closely
resembling mass-transport-free conditions, that data can be the
base for creating more accurate computational models. As the
apparent activity is influenced by components in the system,
such as the GDL, MPL, and membrane, developing kinetic
models based on the GDE experiments is more complex.
However, machine learning algorithms could potentially be
used for that application without the need to understand or
separate the effects of the components from the resulting
activity.
Future research should also make use of the various tandem

methods developed for both FE and GDE in areas such as
photoelectrochemistry123,124 and spectroelectrochemis-
try.102,125 While significant modifications must be made to
the setups if in situ NMR126 or EPR127 spectroscopy is of
interest, other tandem methods have already been reported.
The gas-accessible membrane electrode (GAME) developed
by Zhang et al.109 used a modified FE and a UME to achieve
RRDE-like product probing capabilities and integrated an
online electrochemical mass spectrometer (OLEMS) to
measure the carbon dioxide electrochemical reduction reaction
product gases with less than a seven-second delay.109,110 They
also suggested incorporating a Fourier-transform infrared
(FTIR) or Raman spectrometry to probe the changes on the
electrode surface in situ during the electrochemical experi-
ment.109 In the future, FE with UME could be a helpful tool to
investigate HER, which happens as an undesirable side-
reaction during the electroplating of electroactive metals like
zinc or cobalt.128

A GDE method by Hrnjic ́ et al.48 used a catalyst-coated
transmission electron microscope (TEM) gold grid with a
GDL on top. This means the catalyst can be investigated at the
same location before and after the experiment in an identical-
location TEM (IL-TEM) “spot the difference” game, used
previously with a modified RDE setup.129 The IL-TEM
method was helpful for the analysis of processes during
degradation.130,131 Incorporating IL-TEM has been suggested
for other GDE methods as well.44 Degradation was also
studied with small-angle X-ray scattering (SAXS)132 and Bele
et al.49 added the possibility of identical location scanning
electron microscopy (IL-SEM), X-ray photoelectron spectros-
copy, and Raman spectroscopy. On the other hand, Sherwin et
al.102 and Gebhard et al.133 developed a setup for in-operando
synchrotron X-ray and neutron imaging. Most GDE methods
could also use in situ gas exhaust characterization methods
such as differential electrochemical mass spectrometry
(DEMS)9,117 or conduct electrolyte characterization with
ICP-MS.47,121 A special GDE was built to perform
membrane-less flow electrolyzer mass spectrometry
(FEMS).106 However, it must be kept in mind that the
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incorporated characterization methods are only reliable for the
specific measurement conditions, and extrapolation to other
conditions must be done carefully. In summary, the FE and
GDE can and have been easily paired with analytical
techniques to investigate the gas phase, electrolyte, and catalyst
before, during, and after the experiment.

5. CONCLUSION
PEMFC ORR catalysts’ activity and durability must be
improved for broader commercialization. Doing so systemati-
cally requires a better understanding of the reaction
mechanism on the catalyst. The developed catalysts should
then undergo streamlined screening and optimization with
increasing granularity.
Each characterization method has unique benefits, down-

sides, and a place in the catalyst research. UME is best for
fundamental studies of defined metallic surfaces. While UMEC
can investigate catalyst powders, the thick catalyst layer has
non-uniform catalyst utilization, thus underestimating the
catalyst activity. The RDE is the most used and understood
method, and its simplicity makes it the best screening tool for
electrochemical catalysts. The RRDE is similarly accessible and
standardized with the addition of being able to measure some
reaction products, which can lead to mechanistic insight.
However, both can only be used to characterize catalysts at low
overpotentials, and extrapolation of reaction rates (and
mechanism) to mass transport limited current densities must
be avoided.
The FE, with its unparalleled mass transport conditions, can

give a unique insight into the intrinsic activity of the catalysts
at a wide range of potentials and current densities and shed
light on ORR and HER mechanisms in high mass transport
conditions, which cannot be achieved with other methods,
paving the way to designing better PEMFC catalysts.
Additionally, the adsorbate coverage model can provide
valuable information about the catalyst surface. However,
aside from the high mass transport, the carefully designed FE
measurement conditions do not mirror those in the fuel cell,
where the effects of the catalyst layer, membrane, GDL, and
higher temperatures and pressures make achieving the intrinsic
activity of the catalyst unlikely. On the other hand,
incorporating the membrane and GDL, such as in the GDE
and MEA methods, will mask the intrinsic activity with the
effects of different components. Nevertheless, the GDE is a
remarkable bridging tool that can streamline the catalyst
commercialization from the development level to the stack
level by creating PEMFC-like conditions with less effort than a
conventional MEA. Thus, by having reasonable control of
components and conditions, their effects on MEA performance
could be investigated. The possibility of using a GDE with and
without a membrane makes it a unique tool for assessing the
impact of membranes on novel catalysts. Ultimately, the MEA
is still an irreplaceable tool for characterizing catalysts in actual
working conditions. Regardless of what the previous character-
ization methods claim, the results in the MEA are the closest to
the performance achieved in the application.
Thus, incorporating a range of characterization methods into

the electrocatalyst development process is encouraged. The
availability of materials and instructions means that the entry
bar for these advanced methods is low. When the high mass
transport methods become commonplace, more correct
models of reactions will follow, using kinetic data not hidden
in the mass transport resistances or extrapolated using

unrealistic assumptions. However, this will only be the case
if both possibilities and limitations of the methods are
understood. If properly applied, these new methods and
models will pave the way towards development of catalyst
materials that quickly make the transition into real devices.

■ AUTHOR INFORMATION
Corresponding Author

Anthony Kucernak − Department of Chemistry, Imperial
College London, W12 7TA London, United Kingdom;
orcid.org/0000-0002-5790-9683; Email: anthony@

imperial.ac.uk

Authors
Karl-Ander Kasuk − Institute of Chemistry, University of

Tartu, 50411 Tartu, Estonia; orcid.org/0000-0002-
1858-912X

Jaak Nerut − Institute of Chemistry, University of Tartu,
50411 Tartu, Estonia; orcid.org/0000-0001-9153-4478

Vitali Grozovski − Institute of Chemistry, University of Tartu,
50411 Tartu, Estonia

Enn Lust − Institute of Chemistry, University of Tartu, 50411
Tartu, Estonia

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.4c03271

Author Contributions
Conceptualization, K.A., J.N., V.G., and A.K. Writing�
Original Draft, K.A. Writing�Review and Editing, K.A., J.N.,
V.G., E.L., and A.K. Visualization, K.A. Funding Acquisition,
J.N., E.L., and A.K.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are thankful that this work was supported by the
Estonian Research Council (Proof-of-Concept Grant
EAG273), University of Tartu (Experimental Development
Grant Novel Catalysts for Alkaline Electrolyser Electrodes
Based on Nickel Foam), the Estonian Ministry of Education
and Research (Center of Excellence TK210) and by the
project “Increasing the knowledge intensity of Ida-Viru
entrepreneurship” co-funded by the European Union
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