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ABSTRACT: Working with non-noble electrocatalysts poses significant experimental
challenges to unambiguously evaluate their intrinsic activity and characterize their
working state and possible structural and compositional changes before, during, and
after activity testing. Despite the vast number of studies on non-noble catalysts, these
issues are still not addressed sufficiently—hindering significant progress in the field.
In this Perspective, we present pitfalls and challenges when working with non-noble-
metal-based electrocatalysts from catalyst synthesis, over electrochemical testing, to
post-reaction characterization, and suggest potential solutions to overcome these
difficulties. We believe that reliable measurements of the intrinsic activity of non-
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noble-metal-based electrocatalysts will greatly enhance our understanding of
electrocatalysis in general and is a prerequisite for developing more active and selective electrocatalysts.

ith declining prices of renewable electricity, electro-
Wchemical conversion of electricity to valuable

products (Power-to-X) is gaining increasing
attention as a sustainable route for production of fuels and
chemicals. The generation of green hydrogen is so far the most
developed technology, but also other processes such as
electrochemical conversion of carbon dioxide and generation
of hydrogen peroxide are growing in scale."”” With increasing
industrialization of these processes, the focus of research is
shifting from finding active catalysts as proof-of-concept to
optimization of the technology with respect to lifetime and
cost. Thereby, catalyst stability is of central importance to
properly address both challenges.” While catalyst degradation
phenomena are widely studied in the case of noble metals in
polymer electrolyte membrane fuel cells (PEMFCs) and
electrolyzers, catalyst stability is often neglected in the search
for earth-abundant, low-cost catalyst alternatives.*”® However,
especially when non-noble metals are studied, the stability of
the catalyst during the various stages from synthesis to post-
reaction characterization is of utmost importance to
unambiguously evaluate the intrinsic properties of the material.
In this Perspective, we highlight key challenges present when
working with these materials in aqueous electrolytes and
recommend strategies to guide future work.

© 2023 The Authors. Published by
American Chemical Society
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B COMPOUNDS AND ALLOYS WITH NON-NOBLE
METALS ARE PRONE TO DECOMPOSITION AND
SEGREGATION IN AIR

The field of electrocatalysis has greatly advanced through the
development of tailored materials via elaborate synthesis
protocols.”~” Thereby, the chemical composition as well as
the surface morphology have been tuned using a rational
design of catalysts approach. The synthesized materials are
routinely characterized intensively with bulk or near-surface
characterization methods like X-ray diffraction (XRD) or X-ray
photoelectron spectroscopy (XPS). While this focus on bulk or
near-surface material characterization has some importance,
since properties such as crystallinity can substantially influence
the catalyst performance, significant caveats exist.'’ First, only
very few studies acknowledge the importance of the catalyst
conductivity as an important bulk material property to be
measured systematically and reported.'’ This shortcoming of
many fundamental studies makes a proper assessment for
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Figure 1. Illustration of catalyst oxidation during transportation in air (top row), which leads to oxide being exposed as the surface during
electrochemistry. Application of a protection layer (bottom row) can prevent oxidation of the catalyst during transportation in air, and this

layer can be dissolved during immersion into the electrolyte.

subsequent tests in membrane electrode assemblies signifi-
cantly harder. Second, heterogeneous catalysis takes place in
most cases only on the surface of the catalyst, making the
surface atomic structure and composition among the most
crucial characteristics of the catalyst. Unfortunately, the surface
of the catalyst is only rarely studied in depth experimentally.
This caveat becomes exacerbated when working with catalysts
containing earth-abundant, low-cost metals. These elements
have a high oxophilicity, which makes them prone to surface
oxidation if they are exposed to air—leading to decomposition
of the synthesized compounds and dealloying in bi- and
multimetallic materials via phase segregation of the more
reactive component.'” In both cases, the catalyst will be
covered by at least one monolayer (1 ML) of oxide, changing
the composition/stoichiometry of the surface and sometimes
several layers below (Figure 1). Since it is this surface oxide
that is initially exposed to the electrolyte in the electrochemical
cell, it is important to apply surface-sensitive characterization
techniques such as angle-resolved XPS or low-energy ion
spectroscopy (LEIS) to properly characterize the catalyst
surface after air exposure. We especially encourage more
frequent use of LEIS since it is sensitive to the topmost surface
layer and has a very high resolution at low atomic masses.
However, when working with LEIS, it should be considered
that the resolution of LEIS decreases with increasing elemental
mass. To a certain extent this limitation can be counteracted by
using a heavier noble gas such as argon or xenon instead of the
most frequently used helium gas.

To unambiguously test the synthesized
material, it is necessary to protect the
catalyst from segregation and decom-
position in air.

While it has been shown that, for oxidation reactions, an
oxidized catalyst can be beneficial—e.g., displaying a higher
stability number in case of IrO,—the situation is less clear for
reduction processes. It is usually just assumed that the catalyst
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resembles the synthesized structure under working conditions
despite being oxidized in air."’ However, direct experimental
evidence for this assumption is rare, and even if the catalyst
reduces fully under working conditions, it does not necessarily
reflect the desired material, as it is possible that a skin of metal
is formed from the reduced oxide. While this reduced oxide
can potentially offer a very different atomic arrangement
compared to the pristine metal, which can lead to a change in
activity, care should be taken as such complex surface
structures are difficult to characterize properly, and distinguish-
ing an intrinsic increase in activity from a surface area increase
can be challenging. To unambiguously test the synthesized
material, it is therefore necessary to protect the catalyst from
segregation and decomposition in air. The formation of surface
oxides through air exposure can be prevented either by
performing the electrochemical experiment in a cell that is
directly connected to an ultrahigh vacuum synthesis chamber
or by protecting the catalyst from oxidation. It should be also
noted that the oxidation process can be slowed down by
performing the measurement in a glovebox with a reduced
oxygen partial pressure. However, handling of a catalyst
material in a glovebox still results in the immediate coverage of
the catalyst with oxygen. At an oxygen concentration of 1 ppm
in the glovebox, we expect approximately 270 MLs of oxygen
hitting the surface per second: 1 ppm of oxygen corresponds to
10~ mbar at atmospheric pressure. This pressure can be
inserted in the areal impingement rate equation,

2= 2|
m

where p is the pressure in Pa, m is the mass of an oxygen
molecule (5.3 X 1072 kg), kg is the Boltzmann constant (1.38
X 107* J/K), and T is the temperature (300 K). Assuming an
atom density of 10'° atoms cm™?, we end up with
approximately 270 MLs/s. Many metals need only 1 ML of
oxygen to be completely covered with oxygen, and an exposure
to 1000s of MLs in a time period of seconds can lead to
oxidation into deep layers. Thus, we consider handling of a
catalyst material in a glovebox as insufficient protection. Since

m
2mkgT
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performing electrochemical experiments in cells connected to
an ultrahigh vacaum chamber (where the oxygen and water
levels are substantially below 1 ML/h) is not trivial and is
difficult to interface with product analysis techniques, it is
desired to develop alternative strategies. One possibility is
coating the catalyst with a protective film, as will be discussed
in detail by us in an upcoming publication. The protective film
forms a passivation layer, which hinders any oxidation and
prevents segregation and decomposition of the catalyst. Upon
immersion of the catalyst into the electrolyte under potential
control, a potential is chosen where the protection layer can be
dissolved while the catalyst remains stable, enabling testing of
the desired material, see Figure 1. While the presented method
works well for synthesized structures in vacuum chambers via,
e.g.,, sputter deposition, we believe that an implementation of
such a strategy into wet chemical synthesis will be crucial to
fully utilize the rich potential of wet chemical synthesis.
Inspiration could thereby come from the photovoltaics
community, where TiO,, Al,O; or CdS protection layers
have been successfully established."*~"> Future research should
further explore these possibilities and systematically investigate
the impact of protection layers on the catalyst performance.

B NON-NOBLE METALS AND THEIR COMPOUNDS
ARE PRONE TO DISSOLUTION AND OXIDATION
UPON IMMERSION INTO THE ELECTROLYTE

Besides the stability in air, the catalyst stability upon
immersion into the electrolyte must also be considered to
evaluate the intrinsic properties of the material. Non-noble
metals are prone to corrosion at open-circuit voltage (OCV)
upon uncontrolled immersion into the electrolyte,'™"" see
Figure 2, and redeposition upon subsequent negative

potentials.
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Figure 2. Illustration of catalyst dissolution during uncontrolled
immersion of the catalyst into the electrolyte (left). Illustration of
catalyst immersion under potential control to avoid dissolution

(right).

This becomes especially important when working with
nanoparticles at low loadings, where a complete dissolution of
the catalyst can happen within seconds.'® However, also thin-
film catalysts or powders can irreversibly change during
immersion into the electrolyte, as dissolution can lead to
morphological changes of the catalyst. Additionally, water is
also a sufficiently strong oxidation agent to oxidize transition
metals—even if deaerated—leading to decomposition of
compounds and segregation of alloys. These effects lead to
ill-defined and irreproducible catalyst morphologies and
compositions. To ensure that the synthesized material is
preserved, immersion under potential control is crucial for
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fundamental studies, see Figure 2.'*° Additionally, in-depth
knowledge on the potential stability windows of the individual
compounds is necessary. Calculated Pourbaix diagrams can
serve as valuable guidance. However, when working with
Pourbaix diagrams, it must be considered that 1) Pourbaix
diagrams only give insight on the thermodynamic stability of
the compound and 2) Pourbaix diagrams are calculated at a
certain concentration of ions in solution. This concentration is
usually 107° M. Considering an average surface atom density of
10'® atoms cm™?, a geometric surface area of 0.2 cm?® (typical
geometric area of a rotating disk electrode), and an electrolyte
volume of 100 mL, 60 MLs have to dissolve in order to have an
ion concentration of 107° M. A dissolution of this magnitude
can lead to substantial changes in the catalyst structure. If
Pourbaix diagrams are used to argue for catalyst stability, they
should therefore be calculated at the background concentration
of the respective ions in solution. Additionally, these
considerations also show that the used electrolyte volume
influences the measured catalyst stability and should be
considered. Nevertheless, we stress that catalyst stability can
only be determined when thermodynamic and kinetic stability
is also considered and corrosion measurements are performed
with, e.g., (on-line) inductively coupled plasma mass
spectrometry (ICP-MS).”'~**

B CATALYSTS CAN DISSOLVE DURING REACTION:
THE STABILITY NUMBER SHOULD BE USED AS A
METRIC OF CATALYST PERFORMANCE BEYOND
THE OXYGEN EVOLUTION REACTION

Catalyst stability is of central importance not only during
immersion into the electrolyte but also in the course of the
reaction, see Figure 310172
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Figure 3. Illustration of catalyst dissolution under reaction
conditions.

This has been long recognized for the oxygen evolution
reaction, where the stability number has been introduced as a
more holistic metric for catalyst performance compared to
activity alone.'” An on-line corrosion measurement and on-line
monitoring of the produced oxygen is especially important
when working with non-noble metals, since a corrosion current
could otherwise easily be mislabeled as a catalytic activity.”®
While it is positive that this metric is finding wide acceptance
in oxygen evolution, it is encouraged to also use the stability
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Figure 4. Illustration of the cell disassembly process after reaction. The middle panel shows that the non-noble catalyst will start to corrode
once potential control is lost, and the catalyst will additionally oxidize in air when the sample is transported to the ex situ characterization

(right panel).

number for other reactions. This encouragement goes beyond
oxidative reactions (where an application of the stability
number might seem more intuitive) and should also be
considered for non-noble metals and their compounds for
reductive reactions. For example, it has been shown that some
non-noble-metal compounds dissolve significantly during
hydrogen evolution in acidic media."” This catalyst corrosion
is not evident from performing an electrochemical measure-
ment alone; i.e., simply recording the current or potential is
insufficient to assess the performance of an electrocatalyst. We
encourage that corrosion measurements with, e.g, ICP-MS
should be performed regularly for a more holistic catalyst
performance evaluation.

It should be additionally pointed out that, from an economic
perspective, it still remains to be seen if a behind-the-meter
operation of electrolyzers (directly coupled to a renewable
energy source with intermittent operation) or a grid
connection (higher amount of full load hours but grid fees
have to be paid) is advantageous. Despite this uncertainty,
most electrochemical experiments are still performed under
steady-state conditions, and intermittent catalyst testing with
startup and shutdown is rare. To fully assess the performance
of an electrocatalyst, it should therefore also be investigated to
what extent a catalyst degrades during variable load and
electrolyzer shutdown phases.””

B EX SITU ANALYSIS OF NON-NOBLE METALS AND
COMPOUNDS IS HINDERED BY CATALYST
INSTABILITIES DURING CELL DISASSEMBLY

Insights into structural changes of electrocatalysts are

frequently obtained by ex situ, post-mortem analysis using

electron microscopy, XRD, or XPS. While for noble metals
such an analysis can give valuable insights, care should be taken
when working with non-noble metals. During cell disassembly,
the working electrode potential will drift to OCV, and catalyst
corrosion or catalyst oxidation cannot be ruled out, see Figure
4.

It is highly desirable to further develop
electrochemical probes to characterize
the catalyst structure in situ in addition
to in situ and in operando diffraction,
spectroscopy, and microscopy.
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It is therefore highly desirable to characterize the catalyst
structure in situ and in operando. This can be done via in situ
and in operando diffraction, spectroscopy, or microscopy, and
remarkable insights into changes in catalyst structure have
been elucidated.”®*” However, such experiments are usually
performed at specialized facilities, such as synchrotrons, and
with customized cells. This hinders a routine investigation of
catalyst restructuring or agglomeration, and the customized
synchrotron cells can additionally frequently not be easily
coupled to product detection, hindering a direct correlation of
catalyst restructuring to changes in the product distribution. It
is therefore also highly desirable to investigate changes in the
catalyst structure in situ with electrochemical techniques. This
can be done by performing cyclic voltammetry in the so-called
fingerprint region of the respective catalyst.”’ > The finger-
print region is a potential window in which characteristic
adsorption and desorption features are observed that can be
assigned to specific facets of the catalyst. However, catalysts do
not always show characteristic features in a cyclic voltammo-
gram, and it is therefore desirable to find alternative
electrochemical probes.”> One approach is the application of
underpotential deposition. Thereby, a monolayer of a metal
with a lower work function is deposited on a metal with a
higher work function.”® This technique has been regularly
applied under acidic conditions and recently also expanded to
alkaline environments to investigate Au and Cu electrodes.”**
Through the work function dependence of the technique, it is
sensitive to the surface atomic structure of the catalyst—since
different crystal facets have different work functions—which
results in characteristic deposition peaks. Additionally, through
integration of the deposition charge, the surface area of the
catalyst can be characterized. So far, the possibilities of
electrochemical catalyst characterization methods have been
underappreciated. It is encouraged to further explore electro-
chemical characterization, since these methods have the
potential of being sensitive to the surface atomic structure—
which is difficult to achieve with in situ spectroscopy—and
they can probe the whole electrochemically active surface area
of complex electrocatalysts—in contrast to in situ scanning
probe microscopy techniques, which are usually limited to
small areas on flat model catalysts. Further, if other in situ
measurements are planned, electrochemical characterization
techniques can be of great help as a first step to have a better
understanding of the catalyst under reaction conditions, which
likely leads to better designed experiments at, e.g., the
beamline where time is limited.
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In summary, we presented potential pitfalls and mitigation
solutions when working with non-noble electrocatalysts. We
highlight that significant attention should be paid to the surface
atomic structure and its changes from catalyst synthesis,
exposure to air, to immersion into electrolyte, during reaction,
and post characterization.
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