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E lectrochemistry will play a vital role in creating sustainable energy ~ From the Contents
solutions in the future, particularly for the conversion and storage of
electrical into chemical energy in electrolysis cells, and the reverse
conversion and utilization of the stored energy in galvanic cells. The
common challenge in both processes is the development of —pref-
erably abundant—nanostructured materials that can catalyze the
electrochemical reactions of interest with a high rate over a sufficiently
long period of time. An overall understanding of the related processes
and mechanisms occurring under the operation conditions is a neces-
sity for the rational design of materials that meet these requirements. A
promising strategy to develop such an understanding is the inves-
tigation of the impact of material properties on reaction activity/
selectivity and on catalyst stability under the conditions of operation,
as well as the application of complementary in situ techniques for the
investigation of catalyst structure and composition.
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1. Introduction

Finding sustainable solutions to the looming energy crisis
on both the small and large scale has become one of the most
urgent challenges on the way to reduce our dependence on
conventional energy sources based on fossil fuels.!) Over the
last few years, several technologies that provide electrical
energy from renewable sources (e.g. solar photovoltaics, wind
power generators etc) have been increasingly implemented.®!
However, the supply of energy from such sources is inter-
mittent, and since the usage of electricity fluctuates inde-
pendently this leads to a continuous mismatch between
supply and demand. Therefore, to provide integrated solu-
tions, such technologies must be coupled with advanced
energy conversion and storage processes.”™ In this frame-
work, electrochemistry plays an essential role, as it allows
transformations between electrical and chemical energy and
vice versa, thereby enabling the storage of energy in the form
of chemical bonds. This is broadly termed electrochemical
energy conversion and storage.’! In particular, when the
supply from renewable sources exceeds the demand, the
electrical energy surplus can be used to carry out nonsponta-
neous electrochemical reactions (in electrolysis cells) and
stored in the more convenient form of chemical energy. At
times when the supply does not meet the demand, the energy
deficit can be covered by converting the previously stored
chemical energy into electrical energy through spontaneous
electrochemical reactions occurring in galvanic cells.

Although rechargeable batteries are already commonly
used for energy conversion for small-scale portable applica-
tions (e.g. in mobile phones, laptops, or even cars) in
commercially available devices, other approaches based on
continuous electrolysis and galvanic reactors for large-scale
applications still require major research efforts to reach this
state. For example, the reduction of carbon dioxide as an
initial reactant to produce either fuels directly (e.g. methanol)
or precursors for the formation of fuels (e.g. synthetic gas)
seems promising for large-scale applications (“methanol
economy”)."l Even though this carbon cycle includes the
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advantage of the easy storage and transportation of a liquid
fuel using the existing infrastructure, there is still a high
demand for fundamental research on the selective reductive
conversion of carbon dioxide with high activity as well as the
reverse oxidation process.*”! Much more interest has so far
been devoted to energy conversion based on the hydrogen
cycle (“hydrogen economy”).'""? In this case, water splitting is
used as the initial reaction, which leads to the evolution of
hydrogen at the cathode [Eq. (1)] and of oxygen at the anode
[Eqg. (2)] of the electrolyzer (the reactions are shown for
acidic media).

4H" +4e" =2H, 1)
2H,0 = 0, +4H" +4¢" (2)

The hydrogen fuel produced can thereafter be oxidized at
the anode [reverse reaction to Eq. (1)] during times of high
demand, while the counter reaction is the reduction of oxygen
that takes place at the cathode [reverse reaction to Eq. (2)] of
a Hy/air fuel cell. It is nowadays well established that the
hydrogen evolution and oxidation reactions proceed at a high
rate, for example, on platinum-based catalysts.'!! The bottle-
neck, particularly in acidic media at low temperature is
actually the development of materials for the catalysis of the
electrochemical oxygen reactions, namely the oxygen evolu-
tion reaction—OER (in electrolyzers) and the oxygen
reduction reaction—ORR (in fuel cells).

Highly dispersed, nanostructured electrocatalysts are
typically used to increase the surface-to-volume ratio and
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thus the electrochemical reaction rates.'?’ However, the
application of such catalysts under the conditions of the
OER and the ORR faces severe challenges related to the
activity, the stability, and the abundance of the materials used.
In this Review, we focus on the recent developments
regarding the understanding of the catalysis of the two crucial
reactions, namely the OER and the ORR, in aqueous media
from a surface electrochemistry point of view, and we describe
the current and future challenges for designing materials that
can be used for large-scale applications and extended opera-
tional times. For the important progress made in the field of
molecular and enzymatic catalysis with regard to the water
splitting and formation reactions, the interested reader is
referred to other extended reviews.[*

2. Fundamental Aspects of the Reactions of Interest
2.1. Thermodynamics

The equilibrium potential for the O,/H,O redox couple is
given by the Nernst equation [Eq. (3)], where a; is the activity
of species i in water. The standard potential for the
equilibrium shown in Equation (2) is E = +1.229V
versus the standard hydrogen electrode (SHE) using the
free energy for the formation of liquid water from oxygen
under standard conditions.'""! Therefore, at 25°C, the equi-
librium potential becomes more negative by 59.2 mV versus
the SHE for a one-unit increase in the pH value, and by
14.8 mV for a tenfold decrease of a,,, which equals the partial
pressure of oxygen. In addition, the ORR and the OER may
involve the formation of hydrogen peroxide as an intermedi-
ate [Egs. (4) and (5)]. The corresponding equilibrium poten-
tials are given by Equations (6) and (7), and the standard
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potentials for Equations (4) and (5) are E? =40.695V

H,0,
and E° = +1.763V versus the SHE, respectlvely [
o _RT a4
EOz/HzO = Eoﬂ,nvo - ﬁl aozé?_{_ (3)
0, +2H* +2¢” = H,0, @)
H,0, + 2H +2¢” = 2H,0 5)
_ fo an,0,
EOZ/HzOz - Eﬂz,!w 2F1 aoza%{‘ (6)
RT i,
Ey,0,/m,0 = Ef:;o:xn:o - ﬁlni‘z (7)

aHZOZaH,
2.2. Reaction Mechanism

The equilibrium in Equation (2) given above is an overall
expression for the complete OER and ORR. However, both
reactions involve several elementary steps, and in particular
four electron-transfer steps, four proton-transfer steps (cou-
pled or decoupled with the electron transfer), and one bond-
breaking (ORR) or bond-forming (OER) step.'®! In this
scenario, one additionally needs to consider that other
processes, such as desorption/adsorption processes as well as
chemical (e.g. disproportionation) reactions may occur and
play an essential role in the product formation.'¥! The above-
mentioned steps always take place in series and lead to certain
intermediates, and their sequence constitutes the reaction
mechanism on a given surface. The elucidation of the
mechanism of both reactions is important for the determi-
nation of rate-limiting steps; however, understanding the
OER and ORR mechanisms is not easy due to the challenges
of unambiguously interpretating kinetic data, identifying
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Scheme 1. Proposed ORR and OER mechanisms.

intermediates in situ (e.g. by spectroscopy), and explicitly

supporting a preferable mechanism by means of electronic

structure calculations when considering solvated systems.*2"!
The proposed ORR and OER mechanisms can be unified

in a single scheme (Scheme 1):

1) The ORR proceeds through a dissociation mechanism
when the O—O bond of oxygen breaks directly upon
adsorption and the formed O™ is reduced successively to
OH™* and to H,0*; reversing this mechanism yields the
recombination mechanism of the OER.

2) The association mechanism for the ORR and the OER
involves the formation of OOH*®, which breaks into 0%
and OH™* (for the ORR) or forms from the recombina-
tion of these species (for the OER).

3) Moreover, the ORR can proceed through the peroxo
mechanism when two electron-transfer steps lead succes-
sively to OOH** and to HOOH®, and the latter then
breaks into OH™*; reversing this mechanism yields the
peroxo mechanism for the OER.

2.3. Adsorption of Oxygenated Species on Transition-Metal
Surfaces

The formation of adsorbed oxygenated species (e.g. O,
OH*, OOH**), originating from the aqueous electrolyte and/
or the reaction itself, is considered as the decisive process for
determining the catalyst performance. Oxidation of the
surface can inhibit the ORR or enhance the OER, and may
be involved in degradation processes, such as dissolution.-??
The adsorption energies of the oxygenated species involved in
the ORR and OER mechanism on transition-metal surfaces
and their oxides are proportional to each other.”*! This
particular scaling relationship stems from a more universal
correlation between the adsorption energies of any adsor-
bates bound similarly to a surface.”?"! The existence of such
a proportionality allows the adsorption energy of only one of
the involved species (e.g. AEs, AEqgy, or AEgqy) to be
considered when trying to determine catalytic trends. More-
over, the adsorption energy of a species on a transition-metal
surface has been correlated to the position of the d-band
center (g,) with respect to the Fermi level () (known as the
d-band center model).””*! According to this model, the
metal-adsorbate (e.g. M—O,,) bond is weaker when the
distance between the Fermi level and the d-band center
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(ep—e&4) is larger. Thus, the d-band center can be used (instead
of the adsorption energy of a species on the surface) as an
activity descriptor. Even though there are some reports that
question if the d-band center alone is enough to describe the
energy of adsorption,**? this model still enables a simplified
correlation, with good accuracy, between the catalytic activity
and the surface electronic properties.

3. Catalysis of the Electrochemical Oxygen
Reduction Reaction (ORR)

3.1. Activity for the ORR
3.1.1. Activity Trends for the ORR

The ORR is limited by either the formation of OOH™®* or
the removal of OH®[) The existing scaling relations
described in Section 2.3 impose a compromise between
a neither too strong nor too weak binding of OOH™* and
OH™® for the optimum ORR activity. This can be visualized
by a volcano-type relationship (Figure 1) with respect to the

0.0

Activity

25 N N " " N N
-3 -2 -1 0 1 2 3 4

AEQ eV

Figure 1. Volcano-type relationship for the ORR activity versus the
oxygen binding energy. Reprinted from Ref. [34] with permission from
the American Chemical Society.

adsorption energy of any oxygenated species, for example, the
0,4 Catalysts located on the left side of the volcano in
Figure 1 bind oxygen too strongly, and thus the reaction is
retarded by desorption of the OH, 4. In contrast, for catalysts
located on the right side of the volcano in Figure 1, the rate-
determining step is the weak adsorption of oxygen as
a reactant. The activity is maximized at the top of the
volcano, and corresponds to a catalyst with a moderate
binding energy of the oxygenated species.”*!! However, the
top of the volcano still does not correspond to a catalyst with
a zero overpotential, because of the limitations that originate
from the scaling relations.”

Of all the pure metals, platinum is the most active as it is
located closest to the top of the volcano.*¥ In the further
discussion on noble metals for the ORR we will focus on Pt-
based materials in acidic solutions, as they represent the most
active and most studied systems.
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3.1.2. Structural Sensitivity of the ORR—Size/Shape Effects

Even though the activation energy for the ORR in both
acidic and alkaline media is about 40 kJmol™' on all single-
crystalline Pt(hkl) surfaces, different activities for the ORR
have been measured. In particular, the activity for the ORR at
+0.9V versus the reversible hydrogen electrode (RHE)
potential in 0.1m HCIO, decreases in the order
110  (42mAcm™) > 111 (1.5mAcm™) > 100
(0.34 mAcm~2).P" Moreover, different trends have been
observed in H,SO, (110 >100>111) and KOH (111 > 110>
100).5"*1 The structure sensitivity of the ORR has been
attributed to the structure-sensitive adsorption of electrolyte
species on Pt(hkl),P*¥ which act as “spectators” that
influence the ORR activity without participating in the
reaction itself. This structural sensitivity has been used to
predict the effect of the particle size on the ORR, namely the
decrease in activity with decreasing particle size, by consid-
ering that the ratio of terrace, edge, corner sites etc, depends
on the geometry of a particle.***’ Following such geometrical
considerations, the distribution of the surface sites changes
rapidly for particles between 1 and 5 nm, thus leading to the
strong adsorption of oxygenated species through an increased
number of low-coordinated sites. This is expected to intro-
duce a strong particle-size effect in this size range.[**** Apart
from some ideal exceptions, where the particle size was
controlled by layer-by-layer growth or by mass-selection of
the platinum particles,**! the experimentally derived trends
in the decreasing activity on reducing the particle size do not
match with the prediction from such models. In particular,
little or no effect of the particle size has been observed with
small (1-5 nm) high-surface-area particles, and the activity
rapidly increases at larger particle sizes, until it reaches that of
bulk platinum (Figure 2).¥1 Moreover, the decreasing
activity trends are the same regardless of the electrolyte
(HCIO,, H,SO,, KOH; Figure2),"® which cannot be
explained by the different activity trends between the Pt(hkl)
surfaces in different electrolytes. Therefore, it seems that
models that consider nanoparticles as ideal geometries with
extended single-crystal facets are not sufficient to describe the
particle-size effect for the more complex real nanoparticulate

! T T T T T T T
2.03‘- % HCIO, ]
X ® H,S0,
' + KOH
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o \
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Figure 2. Area-normalized activity for the ORR versus the electrochem-
ical surface area (ECSA), in three different electrolytes. Reprinted from
Ref. [56] with permission from the American Chemical Society.
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catalysts. This is probably because of effects related to the
non-ideal shape of real catalysts, the mass transport of oxygen
within micropores, the catalyst support, or the interparticle
distance.”!

Nevertheless, various methods that enable the shape-
controlled synthesis of nanostructures have been employed to
prepare materials with a preferred orientation of surface sites,
such as nanocubes, nanorods, and nanowires.**! The shape-
dependent ratio of crystallographic planes introduces differ-
ences in the activity for the ORR on platinum as well as on
other metals."””"°! In particular, by systematically imaging the
ORR rates on various preferentially oriented nanoparticles
by means of scanning electrochemical microscopy (SECM), it
was shown that the ORR activity decreases in the series
hexagonal > tetrahedral/octahedral ~ spherical > cubic
nanoparticles in 0.1M HCIO, solution, while the order changes
to hexagonal > cubic > spherical > tetrahedral/octahedral
nanoparticles in 0.5M H,SO,.[*!

3.1.3. Alloying Pt with Transition Metals

To optimize the activity of Pt for the ORR and come
closer to the top of the volcano (Figure 1), the adsorption
energy for oxygen should be lowered by approximately
0.2 eV.""l This can be achieved by alloying platinum with
certain transition metals, such as Cu, Co, or Ni. These alloying
components induce 1) a “ligand effect”, which originates from
bonding interactions between the active platinum atoms on
the surface and the alloying metal atoms in the second or third
layer, and 2)a “strain effect”, which originates from the
compressed arrangement of platinum atoms on the surface
because of disturbances imposed by the shorter interatomic
distance of the alloying metal atoms that are located under-
neath.? Although it is not straightforward to distinguish
between the relative contribution of the two effects, as they
typically occur in parallel, it is clear that they both result in
a modification of the surface electronic properties of the
platinum and thus in different chemisorption properties.”
On the basis of the d-band center model, the specific alloying
leads to a downward shift of the d-band center with respect to
the Fermi level, and thus to a weakening of the Pt—O
bond.[29,71,73]

The resulting enhanced activity for the ORR has been
demonstrated on bulk Pt alloys, and also for specific
bimetallic surfaces, prepared by different synthesis proce-
dures:

1) the “platinum monolayer” approach,*"" where a plati-
num monolayer is deposited on a non-platinum metal
substrate (e.g. palladium) by galvanic replacement of
a metal (e.g. copper) adlayer that has been obtained by
underpotential deposition;

2) the “platinum skin” approach,” 77! where segregation of
a pure Pt atomic layer on top of an alloying metal-rich
second layer is induced by thermal annealing, and

3) the more recent “near-surface-alloy” approach,
where a metal (e.g. copper) adlayer obtained by under-
potential deposition on platinum is exchanged upon
annealing with the platinum atoms directly beneath,
thereby leading to a thin platinum monolayer on top of

[80-82]
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the second layer that consists mainly of foreign metal
atoms.

Regardless of the preparation method, volcano-type
relationships between the oxygen adsorption energy (or the
d-band center) and the ORR activity for various alloys have
been derived experimentally.[’>">-5

Extensive efforts have been directed over the last few
years towards the preparation of applied bimetallic nano-
structured electrocatalysts with an enhanced activity for the
ORR.**! Nanoparticles based on alloying platinum with
transition metals, approximately in a stoichiometry of Pt;M
(M: Cu, Co, Ni, ....) are generally more active than pure
platinum particles, and the activity follows the same trends as
those established for model surfaces.’**! However, the
activity enhancement on alloy nanoparticles is typically
slightly lower than that on extended surfaces, so it is of
major importance to control the size, shape, and initial alloy
composition of nanoparticles upon synthesis, as they all have
an important impact on the catalyst performance.’*'%!
Hence, the morphology of pure platinum and platinum-
alloy nanoparticles must be about the same when quantifying
the impact of the second metal on the activity for the
ORR.'™' A remarkably high activity for the ORR was
observed on so-called core—shell nanoparticles, formed typ-
ically by nanoparticles with an originally high alloying metal
content, PtM; (Figure 3). Removal of the alloying metal from
the top layers by electrochemical dealloying yields particles
that consist of a Pt-enriched shell of a few layers and a PtM;
core.’*1971% Depending on the size of the particle, the inner
part may consist not only of a single core, but also of multiple,
irregularly shaped cores, which may even exhibit some
porosity with very large particles.'® % As a result of the
excessive leaching of the alloying component from the top
layers in the electrochemical environment, the strain effect
has been used to explain the high activity of such bimetallic
catalysts. It should be noted, however, that it still remains an
open question as to what extent the presence of the alloying
metal atoms several layers under the topmost platinum atoms
can contribute to an increased ORR activity.''!}

3.2. Stability of the Platinum-Based ORR Catalysts

Considering that the prospect for a further significant
enhancement in the ORR activity is probably limited, the
long-term performance of fuel cells has become the most
important challenge that currently needs to be addressed.!'!!
To compete with conventional internal combustion engines,
a fuel cell should maintain at least 90% of its performance
after 5000 h of operation (equivalent to 250000 kilometers),
including thousands of start-up and shut-down events.''* The
lifetime of the fuel cells is limited by several factors, which are
all interrelated and may act synergistically; for a discussion on
the important impact of such factors to the overall fuel-cell
durability the interested reader is referred to previous reviews
on this topic.!"¥ In this Review, we will focus entirely on the
stability of the nanostructured catalyst itself, which can
undergo severe degradation during operation (particularly
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Figure 3. a) Hydrodynamic voltammograms (1600 rpm) for the ORR
on dealloyed PtCu, and pure Pt sputtered thin films, recorded in O,-
saturated 0.1 M HCIO, solution at room temperature (scan rate:

20 mVs™'). The arrows indicate the values of half-wave potentials.

b) Tafel plots for the dealloyed PtCu; and pure Pt films, indicating the
activity enhancement at 4 0.9 Vge. Reprinted from Ref. [108] with
permission from the American Chemical Society.

during fuel-cell start-up and shut-down), which leads to
a decrease in the active surface area and an increase in the
ORR overpotential. The mechanisms described in Section 3.2
and are responsible for the degradation of carbon-supported
Pt-based catalysts, may occur in parallel during operation, as

Figure 4. Comparison of the same catalyst location A) before and

B) after electrochemical treatment (3600 cycles between + 0.4 and
+1.4 Vgue, 1Vs™'). Four degradation mechanisms occurring in parallel
on a commercial Pt/C catalyst are shown: dissolution (blue), support
corrosion (orange), agglomeration (green), and detachment (red).
Reprinted from Ref. [115] with permission from the American Chemical
Society.
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can be visualized (Figure 4) using identical location trans-
mission electron microscopy (IL-TEM).'"! This overlap of
mechanisms highlights the inherent difficulty in understand-
ing and preventing the loss of active surface area that is
observed macroscopically.''®!

3.2.1. Platinum Dissolution

The dissolution of platinum is a fundamental process that
can occur on any (nanoparticulate or extended) platinum
surface. Smaller particles are more susceptible to dissolution
due to their higher surface energy (Gibbs—Thomson
effect).!l"” "8 Individual platinum particles that dissolve
become reduced in size, which has been visualized directly
(Figure 4).1"%1 ' Within a fuel cell, platinum dissolution from
nanoparticle catalysts may result in: 1) removal of platinum
with the water outlet stream,™” 2) redeposition of platinum
on larger particles, that is, Ostwald ripening,'?"*?! and
3) reduction of dissolved platinum with permeated hydrogen
and redeposition within the membrane.'">¥ It is well-
established that Pt dissolution is more pronounced during
potential cycling than under steady-state conditions,?"1>127]
although there has been no consensus on whether platinum
dissolves during the positive- or the negative-going
sweep.[12:127-132] Recently, it was possible to unambiguously
distinguish between an anodic and a cathodic dissolution
process, with the latter being more prominent by far,
particularly through the increase in the upper potential
limit.”!! This confirms previous assumptions that platinum
dissolution is associated with changes in the Pt state (e.g. from
the oxidized to the reduced Pt state or the opposite).¥134
Even though the exact mechanism of the dissolution of
platinum still remains unclear, a certain interrelation between
Pt dissolution and Pt-O site exchange at high potentials and
leading to weakly bound platinum species is likely the cause,
as such species are more susceptible to dissolution.['3>13137]

Further investigations need to be directed to an overall
understanding of the dissolution of other noble metals?*!*l
and their alloys,™! as well as of applied catalysts, which will
inspire extensions of theoretical models and enable the
prediction and prevention of the dissolution of nanoparticle

catalysts in applied systems under various operating con-
ditions [133-134-140-142]

3.2.2. Ostwald Ripening

Following the dissolution of platinum from small particles,
the redeposition of dissolved platinum species on larger
particles may occur as a consequence of the reduction of the
surface energy. During Ostwald ripening, small particles
shrink, while large particles become even larger; therefore, an
overall increase in the average particle size is expected. One
can distinguish between two types of Ostwald ripening: 1) a
3D process, when dissolved species are transported through
the electrolyte prior to reduction and deposition,? and 2) a
2D process when dissolved platinum is transported on to the
carbon support prior to deposition.'”! Direct visualization of
Ostwald ripening occurring in thick catalytic films under
harsh potential cycling conditions was recently achieved.['*]
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3.2.3. Corrosion of the Support

The oxidation of carbon to CO,, which is thermodynami-
cally possible above + 0.207 Vg, is kinetically limited
below + 1.2 Ve depending on the temperature.'*! On the
basis of early gas phase oxidation studies,'* it has been
proposed that the corrosion of high-surface-area carbon is
initiated by the corrosion of disordered carbon sites in the
core of the carbon particles.'! Such degradation, which
occurs at elevated temperatures and leads to a hollow-like or
a shrinked structure, was recently visualized in electrochem-
ical studies."*! At room temperature, severe carbon corrosion
leading to a shrinkage of the support structure and even to
a complete removal of a whole fraction of the aggregate has
been observed under harsh potential conditions (see also
Figure 4).[115_1501

Carbon corrosion has important consequences, as it can
accelerate secondary degradation mechanisms such as
agglomeration and particle detachment,'** while the associ-
ated loss of porosity can severely limit the mass transport of
reactants and thus deteriorate the performance in the
electrochemical reactor.!'*"

A variety of other carbon supports has been developed to
overcome these issues,* such as multiwalled carbon nano-
tubes, 13 graphene, ordered mesoporous or nanoporous
carbons,**1%7 hollow graphitic spheres,'™ activated carbon
nanofibers,"! and carbon aerogels.'®! In some cases, the
durability of the catalyst was superior to conventional nano-
structures; however, a deep understanding of the impact of
the support morphology on retarding individual degradation
mechanisms is still lacking. An alternative strategy to address
the stability issues of carbon-based materials is to use
transition-metal oxides as supports. Typically, so-called Mag-
néli phases (Ti,0,,., on average Ti,O,), but also WO;, NbO,,
TaO,, and TiO, have been employed because of their
remarkable stability under fuel-cell conditions, low cost,
commercial availability, ease of control of the size and
structure, and good dispersion of the catalyst.'*''%] However,
such oxides typically have low electronic conductivity, which
has to be increased by producing oxygen vacancies or
introducing an appropriate dopant. In addition, the use of
unsupported platinum nanostructures has also been inves-
tigated as a way to avoid the contribution of support corrosion
in the overall degradation.®>**" A different, prominent
approach was pioneered by 3M, with the so-called nano-
structured thin-film (NSTF) catalysts, which consist of
platinum sputtered onto oriented arrays of crystalline
organic-pigment whiskers.'*+1%] These catalysts are not only
more active than carbon-supported catalysts, almost matching
the specific activity of extended surfaces, but they are also
significantly more resistant to primary degradation mecha-
nisms.

3.2.4. Agglomeration

The agglomeration of platinum particles leads to particle
growth and thus to decreased utilization of platinum with
respect to its mass. Agglomeration occurs when smaller

particles come in contact and form a larger particle (Figure 4),
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in a reshaping process that is driven by the reduction of the
surface energy.'*) Particles may originally be in contact after
synthesis; in that case they may immediately coalesce,
depending on the potential. Otherwise, contact has to be
established in the following ways prior to coales-
cence:131161%] 1) adjacent particles may approach each
other as a result of the shrinkage of the support following
carbon corrosion (see Section 3.2.3) 2) particles may migrate
over the support and come into contact with other adjacent
particles, which may also show some mobility. The probability
of agglomeration is inversely dependent on the interparticle
distance ;") thus, the probability increases at areas with high
particle density,'"™'®! or in cases of higher platinum con-
tent.l'®)

3.2.5. Particle Detachment

The complete loss of platinum particles that detach from
the support, thereby leading to a decrease in the total number
of particles without introducing a change in the particle size, is
an additional mechanism that has been visualized by electron
microscopy (Figure 4).[11514170-172] particle detachment orig-
inates from a weakening of the particle-support interac-
tion,!'™ and can thus be initiated by corrosion of the
support.'*] For this reason, detachment and agglomeration
are usually observed in parallel, as both can occur after
carbon corrosion,['>14:168.172]

3.2.6. Leaching of Alloying Metal Atoms

The less-noble metal atoms typically suffer from selective
dissolution during operation of the fuel cell, even in already
preleached alloys, which leads to a gradual loss of the
enhancing effect of the alloying metal on the ORR activity
(Figure 5).1%1741%] Depending on the initial composition and
size, the remaining particles can form porous structures or
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Figure 5. Specific and mass activities of the Pt;Cu/C core-shell, Pt;Cu/
C skeleton, and

Pt/C catalyst at the beginning (BoL) and end of life (EoL), namely
before and after 10000 degradation cycles in 0.5m H,SO, in the
potential window indicated in the legend. The activities were measured
at 0.9 Vi in the same electrolyte. The Figure was constructed from
the data published in Table 1 of Ref. [183].
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thicker Pt-enriched shells. Moreover, the dissolved less-noble
metal can cause additional issues for the overall performance
of the fuel cell. The exchange of protonic sites in the ionomer
with metal cations can lead toP®*?*17 1) higher resistance of
the membrane and the catalyst-layer ionomer, 2)lower
oxygen diffusion in the ionomer, and 3) degradation of the
membrane through the formation of peroxo radicals. In
addition, the dissolved metal ions may migrate across the
membrane and deposit on the anode of the fuel cell.''”

In an acidic environment, the dissolution of the non-noble
metal surface atoms (such as Cu, Co, etc) is thermodynami-
cally favorable at potentials to which the ORR catalysts are
exposed, but alloy material in the core underneath a Pt shell is
also susceptible to dissolution. Three mechanisms, which may
occur in parallel, can be considered as possible explanations
of these observations:

1) the diffusion of platinum surface atoms may not allow the
formation of a uniform protective layer of Pt, thus leaving
some alloying metal atoms exposed to the electrolyte,1””)

2) the alloying metal atoms can segregate to the sur-
face,'®") and

3) dissolution of the alloying metal atoms can follow the
dissolution of platinum atoms in the protective shell.*!

In any case, the dissolution of the less-noble metal may
continue, possibly until only platinum atoms remain in the
nanostructure. Of the various platinum alloys that have been
investigated, extended Pt;Y and Pt;Gd surfaces seem to be
the most stable.' 182 However, the preparation of the
corresponding nanoparticles is not straightforward because
the standard potentials for the Y*/Y and the Gd**/Gd redox
couples are very negative.

3.3. Abundance of the Materials Used in ORR Catalysts

If all the platinum produced annually (ca. 200 tyr~")[84
was used for hydrogen/air fuel cells at state-of-the-art
loadings, it would only suffice for approximately 4-5 million
cars per year. As a consequence of the limited availability of
platinum and the related high cost, massive efforts have been
directed toward the synthesis of ORR catalysts based on more
abundant (and cheaper) non-noble materials."** The main
challenge in this case is to design catalysts that will at least
approach the activity of platinum, but at the same time will be
stable for long-term operation under acidic conditions. In
alkaline media, non-noble materials typically exhibit a lower
overpotential for the ORR and better stability compared to
acidic electrolytes."®! A highly inspiring letter to Nature!'™ in
1964 motivated extensive research toward the synthesis of
pyrolyzed transition-metal-containing macrocyclic com-
pounds, such as metal phthalocyanines and metal porphyr-
ins.'""" More than two decades later it was shown that the
complex macrocycles can be replaced by other nitrogen-
containing polymers capable of binding transition metals,'*
thereby highlighting the essential role of the transition-metal
ion coordinated by nitrogen atoms (MeN,C,) in the observed
catalytic activity. Some authors have proposed that the metal
ion does not remain in the active site after the heat treatment,
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but only catalyzes the formation of the active sites consisting
of only nitrogen and carbon during the heat treatment, thus
leading to the so-called “metal-free catalysts” after chemical
leaching."”*'*"! However, there is as yet no undisputed
evidence that the chemical leaching can entirely remove the
metal from the heat-treated catalyst. Instead, it has been
shown that the ORR on Fe/N/C is inhibited by the presence of
iron-complexing cyanide, thus indicating the existence of
a metal-based active site for the ORR.""!

Following the notion that a high density of active MeN,
sites per unit volume is required to create active non-noble
metal catalysts, intensive efforts have been made over the last
few years to develop novel synthesis routes.**>"" In addition,
a lot of work has been carried out to resolve the mechanism of
the ORR on non-noble metal catalysts, as well as the nature of
the active sites.'”2%%212l These studies have led to significant
improvements and breakthroughs in the activity of non-noble
catalysts for the ORR, which can almost approach the
activities obtained on platinum;?**? excellent reviews
have recently been published.?*?¥! In one of the prominent
examples, remarkably high activities (Figure 6) were obtained
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Figure 6. Voltage—current curves in a H,/O, fuel cell using membrane
electrode assemblies (MEAs) with a cathode made of two loadings of
the best nonprecious-metal Fe/N/C catalyst (NPMC) synthesized by
Lefévre et al. Also shown is the comparison with a commercial Gore
PRIMEA 5510 MEA (W. L. Gore & Associates) with 0.4 mg,.cm™2
loading at the cathode. Reprinted from Ref. [200] with permission from
AAAS.

by synthesizing catalysts consisting of nitrogen-coordinated
iron incorporated into microporous carbon.’™ The authors
attributed the observed high catalytic activity to the forma-
tion of a high density of Fe-N, sites within the micropores of
the carbon support. To approach the performance of com-
mercial Pt/C catalysts (0.4 mgp.cm ) in the fuel cell, loadings
in the order of a few mgcm? were required, which results in
a high catalyst layer thickness. This has the consequence that
severe mass-transport limitations on the cathode can occur in
a H,/O, and—even more so—in a Hy/air fuel cell, thereby
leading to drops in performance at high current densities
(Figure 6). Despite the major advances in regard to activity,
the largest challenge, namely the stability of non-noble
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materials at operating temperatures, will have to be addressed
more intensively in the future to render such a material class
viable for applications. The stability issues that the non-noble
materials experience are related to the oxidation of tran-
sition-metal-based active sites by the intermediate H,O,,
oxidation of the carbon support, and exposure of the cathode
to high potentials. An excellent description of these issues for
non-noble materials is provided in a recent review.*”

4. Catalysis of the Electrochemical Oxygen
Evolution Reaction (OER)

4.1. Activity for the OER
4.1.1. Activity Trends for the OER

In contrast to the ORR, the oxygen evolution reaction
always proceeds on oxidized surfaces,”*?”! and is limited
either by the strong adsorption of OOH™* or the weak
adsorption of O**.*' Based on the existing scaling relations
that were described in Section 2.3, the difference in the free
binding energy between O* and OH* was introduced as
a universal catalytic descriptor for the OER to construct
volcano-type plots (Figure 7a).”*! According to the Sabatier
principle, an optimal, moderate binding energy of the OER
intermediates assures the highest catalytic activity.!) The
obtained theoretical activity trends are, in general, consistent
with old experimental investigations, which showed that the
activity toward the OER on rutile-, spinel-, or perovskite-type
oxides follows a volcano-type dependence on the enthalpy
change of the transition from a lower to higher oxide or other
similar activity descriptors.?***???l Thus, a good correlation
between the theoretical and the experimental overpotential
toward the OER was observed (Figure 7b).*! Experimen-
tally, rutile-type RuO, was found to exhibit the highest
activity for the OER (Figure 8).”2*24 Compared to
a theoretical optimum catalyst, the oxygen adsorption on
RuO, is slightly too weak.'¥!

Despite the general aggreement between theory and
experiment, some discrepancies still exist; for example,
according to DFT calculations Co;0, should exhibit a slightly
lower overpotential than even RuO, (Figure 7a).** Such
discrepancies between theory and experiment may derive
from the simplification made when using a single activity
descriptor, and/or from the fact that the model surfaces that
are used for computational predictions do not completely
capture all the characteristics of polycrystalline surfaces, such
as of surface defects and of changes in the surface state
occurring during the reaction.

Since alkaline electrolyzers operate at current densities
that are about 2-3 times lower than that of acidic electro-
lyzers,? we will focus in the next subsections, as for the
ORR, mainly on nanostructured electrocatalysts for the OER
in an acidic environment.

4.1.2. Structural Sensitivity of the OER

To understand the relationship between structure and
activity toward the OER, it would be desirable to distinguish
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Figure 7. a) Theoretical overpotentials for the OER on various oxides,
versus the difference in the free binding energy between O* and OH*.
b) Theoretical overpotential versus the experimental overpotential in
acidic (filled squares) and in alkaline media (empty circles). Reprinted
from Ref. [24] with permission from Wiley.
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Figure 8. Hydrodynamic voltammograms (1600 rpm) recorded on bulk
and nanoparticulate Ru, Ir, and Pt with 6 mVs™' in N,-saturated 0.1m
HCIO, at room temperature. The curves represent the first cycle
recorded. The current was normalized to the number of surface sites
determined from CO-stripping experiments. Reprinted from Ref. [224]
with permission from the American Chemical Society.
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between electronic and geometric effects by analysis of well-
characterized model surfaces, such as single crystals,”*” as for
the ORR. However, the interpretation of single-crystal data
for the case of the OER is not trivial, because the reaction
proceeds on surfaces, which typically undergo reconstruction
upon the formation of surface oxide and evolution of oxygen.
Thus, the observations may not directly reflect the nominal
model structure. However, some structural sensitivity has
been observed, for example, for the case of gold single crystals
in the low current density region close to the onset of the
OER, where the activity increases in the order Au(110) >
Au(111) > Au(100).>"" Interestingly, a comparison of differ-
ent RuO, surfaces revealed that the Tafel slopes for all single-
crystal surfaces is higher than for polycrystalline RuO,.??*2]
This may imply that the activity of the polycrystalline RuO,
toward the OER is not simply an average property of
individual single-crystal components.

The utilization of active nanostructures is also necessary
to obtain high surface areas and a limited content of noble-
metal-based oxides for the OER. In general, the activity
trends for nanoparticulate catalysts are the same as those
observed for bulk materials (Figure 8) and predicted from
theory.”*?1 One of the most intriguing phenomena in the
description of the OER is the influence of the particle size on
the catalytic performance, however, in contrast to the ORR,
there are only a few systematic studies dealing with the effect
of the particle size on the OER. The Tafel slope is
independent of the particle size with small particles, but
above a critical size the Tafel slope increases rapidly with
increasing particle size.””! Moreover, the activity for the
OER decreases with an increase of the size of RuO, particles
in the region from 15 to 45 nm (Figure 9).12*?! This trend was
also confirmed for smaller particles.”*” This dependence of
the activity on the particle size implies that crystal edges,
which are widely present in smaller particles, play an
important role in the catalysis of the OER on RuO, by
being preferential reaction sites for the OER.?¥! Similarly,
the OER activity decreases with the increase in the size of
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Figure 9. Activity (left y-axis) and onset potential (right y-axis) for the
OER versus the diameter of the RuO, particles in 0.1 M HCIO,. The
activity was determined at 4-1.20 V versus SCE in this electrolyte after
normalization to the real surface area. The onset potential is expressed
versus the same reference. The curves are drawn as a guide to the eye.
The Figure was constructed from the data published in Figure 5 of
Ref. [231].
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IrO, particles.™" In contrast, Co-doped RuO, exhibits an
opposite behavior, which indicates that the crystal edges
do not play an important role on the kinetics of the OER in
this case. This may be attributed to a different rate-determin-
ing process for the two materials; in particular, it was
suggested that the OER is controlled by charge transfer on
RuO,, while on Co-doped RuO, the rate-determining step is
the recombination of the oxygen at the electrode surface.”*"
The support has an effect on the catalytic activity of nanosized
particles, which can be attributed to a better utilization of the
active sites and/or to interactions between the catalyst and the
support.'®*»32%] Tn addition, the spatial distribution of the
active sites and prevention of surface segregation is of high
importance for the performance of gas-evolving electro-
des.®" 2 Thus, direct monitoring of the local activity for the
OER at the solid-liquid interface becomes necessary to study
certain nanostructural effects clearly, -4

4.1.3. Importance of the Void Fraction in Nanostructured
Catalysts for the OER

One distinct feature which separates the gas-consuming
ORR and the gas-evolving OER on high-surface-area cata-
lytic layers is that the OER proceeds with an increase in
overpressure across the electrode—electrolyte interface.**”!
This means that reaction sites in the “inner” surface also
become active with an increasing overpotential and means the
reaction “spreads” into the inner catalytic layers.’* This is
opposite to the ORR, where only the outer surface atoms are
active when the reduction becomes diffusion-limited upon
increasing the overpotential. In this sense, it is of major
importance for the OER to also consider the void fraction or
porosity of the catalytic layers during synthesis. A very
promising approach for catalyst design in heterogeneous
catalysis is the preparation of a system with trimodal pore
porosity.?*! Particularly the macro- (pore size >50 nm) and
the mesoporosity play an essential role, as the microporous
fraction (pore size <2 nm) of the total surface is relatively
inaccessible by reactants during electrochemical reactions.
The mass transport of species inside the micropores may be
orders of magnitude lower than in the bulk solution.?*>2#!

Another essential part of the hierarchical architecturing
of catalytic layers for the OER is structuring for the efficient
detachment of gas bubbles. Namely, the availability of active
sites and thus the efficiency of gas evolution strongly depend
on the surface morphology. When the rate of the OER
becomes sufficiently high, the concentration of oxygen at the
solid-liquid interface may overcome the saturation concen-
tration expected from Henry’s law, so that not all the O,
molecules produced can be completely solvated.”*?*! Gas
bubbles start to form and behave like a “sink” for further
dissolved gas.”*! The gas phase at the solid-liquid interface,
however, can block parts of the electroactive surface area,
which causes an inhibition of the macrokinetics of the
electrode (increase in overpotential).”") A minimization of
the gas-bubble detachment radius can significantly increase
the frequency of gas-bubble detachment. A key strategy in
performance optimization is, thus, the introduction of pores,
cracks, and/or channels into the electrode structure, where
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nucleated gas bubbles are limited in growth.”'! Efficient
catalyst morphologies can promote the detachment of small
bubbles with a high frequency, which was confirmed exper-
imentally using SECM.™? The acceleration of gas evolution
was already also shown to be a very promising strategy for
decreasing the overpotential for similar reactions, such as
chlorine evolution 3.2

4.1.4. Mixed Transition-Metal Oxides

Analogous to alloying Pt with transition metals in the case
of the ORR, various mixed metal oxides are commonly
employed instead of pure RuO, or IrO, as catalysts for the
OER. The aim is to 1) tune the intrinsic OER activity,**!]
2) stabilize the catalytic component,®® and 3) reduce the
noble-metal content.™ Increased activities compared to
RuO, can, for example, be achieved with a TiO,/RuO, mixed
oxide.?"! This enhancement was attributed to the promoted
charge transfer from RuO, towards TiO,, which fits into the
general expectation that charge transfer on surfaces that
contain mixtures of two transition metals will occur to the
element with the larger fraction of empty states in its valence
band.”™ Another very promising coating with remarkable
activity and stability is Ta,O5/IrO,,>" where the catalytically
active component IrO, in a tetragonal rutile-type structure is
incorporated into a Ta,Os matrix. In such structures, the
amount of active and expensive Ir can be reduced by the
addition of Pd, Nb, etc, while still maintaining the original
activity.?®2%?l Moreover, an increase in the activity can be
achieved by mixing Ir with Ru.?**?%! The properties of all
these oxide layers depend strongly on the preparation
method.”*! An usual approach to obtain mixed metal oxide
catalysts for the OER is based on the thermal decomposition
of mixtures of solutions of precursor salts.’®) Another
common synthesis route is the sol-gel procedure.’® Regard-
less of which preparation method is followed in the synthesis,
the precursor employed has a pronounced influence on the
physicochemical properties and the performance of the
catalytic layer.”” During the synthesis of mixed-metal
oxides, the effective conversion of the precursor salt, the
crystallization, and the formation of the active rutile phase
depend strongly on the thermal treatment. The proper choice
of synthesis temperature is additionally important to avoid
decomposition of the metastable solid solution into individual
oxides on the surface, and to prevent the formation of an
insulating layer between the support and the catalytic
layer.™ Certainly, to form mixed oxides in the form of
a solid solution, it is important that the parameters of the
crystal lattice match according to Hume-Rothery rules.”*
Furthermore, if the loading of the noble component needs to
be reduced, limitations arising from percolation phenomena
may be introduced. The possibility of obtaining randomly
distributed isolated clusters increases particularly for very low
loading. In that case, the clusters, even though they are
catalytically active, can be electrically disconnected from the
support and, thus, not contribute to the reaction.”*!
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4.2. Stability of the OER Catalysts

Substantial progress has been made over the last few
decades in terms of the synthesis and characterization of
different catalysts for the OER, with the focus typically
placed on enhancing the slow kinetics of the reaction, as
described in Section 4.1.2242282102731 1n contrast, stability
issues, which constitute an essential part of the catalyst
performance, have been investigated to a more limited
extent.’’*2*2 The OER catalysts may undergo severe degra-
dation under the demanding technical conditions of the OER
(Figure 10). In acidic media, oxides with rutile-type structures

Figure 10. Scanning electron microscopy images of an oxygen-evolving
RuO, anode catalyst supported on Ti a) before and b) after electrolysis
for Thin 1 molL™ H,SO, at a current density of 10 kAm™2.

are typically the most promising in terms of long-term
stability, while in alkaline media, perovskite- and spinel-
type oxides were additionally suggested for the OER under
technical conditions.??"%*

One general problem of (electro)catalysis that arises is
finding appropriate stability descriptors, which would help to
understand relationships between structure and stability and
predict the long-term performance of the catalyst.” The
notion introduced by Bockris and Otagawa®!! that the more
active catalysts for the OER will simultaneously suffer from
low resistance toward corrosion is oversimplified, although it
will certainly be very hard to decouple the stability of active
sites from actual turnover per active site. Given the difficulty
of finding appropriate stability descriptors for the wide range
of material classes, different combinatorial approaches can be
followed to study the stability of material libraries.?*2%"

The standard catalysts for the OER are based on so-called
dimensionally stable anodes (DSAs),”™! which consist of
a coating active for the OER deposited on a base metal.?**>]
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DSAs are usually synthezised by co-precipitation of transi-
tion-metal oxides with oxides of titanium or other transition
metals. In contrast to the weak van der Waals interaction
between nanoparticles and a high-surface-area carbon sup-
port on which they are dispersed, the nanostructured catalytic
layers with hierarchical porosity and crystalline structure are
strongly linked with the Ti support through chemical
bonds.”” Therefore, they exhibit not only remarkable
chemical and electrochemical, but also notable mechanical
stability. Detailed information about the DSAs can be found
in an excellent review.””'! Despite their remarkable stability,
DSA: still suffer from certain degradation mechanisms under
the extreme OER conditions.?"*>"]

Alternatively, carbon-supported nanostructures have
been frequently used for the electrocatalysis of the
OER.[28428522.2%5] A5 described in Section 3.2.3, carbon can
already undergo corrosion at sufficiently positive potentials
(above +1.2 V) at room temperature, which makes
carbon rather unsuitable as a support for OER catalysts.
Even the more stable graphitic materials have to be replaced
in cases when OER is only a side reaction, for example during
the evolution of acidic chlorine.””"! Additionally, the utiliza-
tion of unsupported catalysts directly sprayed on the mem-
brane was also reported as a way to improve the catalyst
stability.?$224

4.2.1. Degradation of the Support

During the OER, the electrolyte can penetrate through
the porous coating toward the Ti support, and the oxidation of
water can lead to TiO, growth at the interface between the
metallic support and the catalytic layer. After the nucleation
of the oxide at preferential sites, the oxide grows further
laterally, thereby leading to a decrease in the conductive area
at the support—catalyst interface. To maintain the same
current density when operating under galvanostatic condi-
tions: 1) the electrolyzer voltage increases, thereby leading to
higher energy consumption, and 2) the local current densities
at areas which are not yet covered by TiO, increase, so that
the TiO, growth is also accelerated in these areas until the
entire support—catalyst layer is covered by the insulating TiO,
oxide. Experimental evidence of the appearance of the
passivating oxide layer has been obtained by using various
methods,””*® and detailed explanations about the oxide
growth mechanism are provided elsewhere.”* >l A conduct-
ing and protective intermediate layer between the Ti support
and the catalytic layer can be introduced, for example, to
prevent such a passivation of the support.””]

In the case of impure electrolytes, the degradation of the
support can, however, also be dominated by dissolution of the
base metal.”™ If the electrolyte penetrates through the
porous catalyst coating towards the support (Ti), only a few
ppm of fluoride ions are sufficient to attack the titanium.
Fluoride ions can form various soluble complexes with Ti
through chemical reactions, independent of the polarization
of the electrode. This occurs even when titanium is partially
passivated. Eliminating fluoride ions from the electrolyte in
a membrane reactor remains critical, even though some
approaches, for example, based on using Ca®" or A" as
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complexing agents, have been proposed.””! Besides Ti, the
degradation of other base metals, such as Ta and Sn, is also of
interest; Ta is much more stable towards corrosion, although
it is very sensitive to oxidation at elevated temperatures.’"!

4.2.2. Dissolution of the Catalyst Layer

Efficient electron transfer during the OER on various
oxides is related to redox transitions with standard potentials
in the range of those of the reaction.”**? For example, the
onset for the OER on RuO, coincides with the transition of
the oxide from a lower (e.g. RuO,) to a higher (RuO,)
oxidation state (E° =+ 1.387 Vyye for Ru?*"/Ru*"). Following
this transition, the oxide in the higher oxidation state, which is
an actual intermediate of the OER, will be reduced again to
the initial state by accepting electrons from the oxygen-
containing species of deprotonated water (O*, OH¥*, ...).
Although the activity of RuO, depends on the potential of the
RuO, formation, the stability depends on the solubility of
RuO,.[76:3033M41 Gimilarly, dissolution has been observed
during the OER on IrO,, where soluble IrO*" species are
formed at potentials above + 2.0 Vg™ This potential is,
however, significantly higher than that reached at practical
current densities, so that the dissolved amounts are rather low.
The dissolution of Ir was suggested to occur at potentials as
low as + 1.6 Vyyg, although significant dissolution typically
requires higher potentials.’>¥ The difference in the dis-
solution rates between IrO, and RuQO, is also reflected in
Figure 8, where Ru in the nanoparticulate form loses its
activity and probably implies a complete dissolution of the Ru
nanoparticles even after a single sweep.”?!! Despite simply
considering thermodynamics, the approach described above
indicates that particular redox transitions can indeed provide
hints for the interplay between activity and stability. Never-
theless, as the kinetics and the mechanism of noble metal
oxide dissolution are in general not well understood, more
experimental efforts will be necessary in the future.

4.2.3. Gas Phase—Induced Degradation

The formation of gas bubbles during the OER introduces
different sources for performance loss:

1) The partial blockage of the electrode through bubble
formation leads to a local increase in the actual current
densities in areas which are still accessible, and these local
current densities may be significantly higher than nominal
ones.™ These inhomogeneous conditions can have enor-
mous effects on the stability of the electrode which would
not occur under uniform operation.®” Therefore, the type
of porosity is important for the overall performance in the
long run, as it influences the accessibility of regions of the
nanostructured surface, as described in section 4.1.3.

2) In extreme cases, mechanical rupture of the catalyst
coating may occur as a result of the high pressure of gas
generated inside the pores of the catalytic material.*”!
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4.3- Abundance of the Materials Used in OER Catalysts

Despite the low OER overpotential and decent stability of
RuO, or IrO, under operation conditions, their use as
electrocatalyst materials on a large scale is barely feasible
due to their limited abundance in the Earth’s crust and their
related high cost."®! The limited availability of these materi-
als is a driver for the development of OER catalysts based on
more-abundant, nonprecious elements. However, the stability
of non-noble materials under the OER conditions is partic-
ularly critical in acidic media,”" while their performance in
neutral or alkaline solutions seems to be more promising.
Moreover, materials based on less scarce (PbO,) or abundant
(Fe;0,) elements show large overpotentials for the OER.[*"
The same is true for TiO,, ZrO,, SnO,, Ta,0s, and CeO,,
which can nevertheless be used as the matrix for the
catalytically active component. In contrast, MnO, and the
less-abundant Co;0, seem to have a significant potential to
approach the activity of RuO, or IrQ,.}%!

Several efforts have been made to synthesize various
forms of Co;O, with different, preferential crystallographic
planes to improve the activity and stability.”® A very
interesting attempt to design nanostructured Co-based cata-
lysts for the OER, is the so-called in situ formed catalysts
(Figure 11), which operate in neutral solutions under ambient

Figure 11. In situ formed Co-based catalyst: Current density profile for
bulk electrolysis at +1.29 V (vs. NHE) in 0.1 M phosphate buffer

(pH 7.0) containing 0.5 mm Co®*. SEM images of the electrode surface
taken at indicated time points during the electrodeposition of the
catalyst film. Reprinted from Ref. [311] with permission from the Royal
Society of Chemistry.

conditions.P!*3! The catalytic layer is deposited using

a buffer solution containing Co** ions as a precursor,??
while the nature of the electrolyte anions (e.g. borate,
phosphate) is decisive for nanostructuring on a variety of
substrates with complex geometries and high surface
areas.”*>! In principle, the activity of these catalysts is the
same as that in acidic or alkaline media when the potential is
expressed versus the pH-corrected RHE scale; however, the
problem of the lower conductivity of neutral media has to be
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addressed by using solutions of sufficiently high ionic
strength. Nevertheless, the appealing “self-healing” phenom-
ena of the insitu formed catalysts, where the electrolyte
anions (e.g. phosphate) play a crucial role in recovering the
Co-based (also extended to Ni-based) catalyst,*'**7 could
mitigate the rupture of the catalyst surface, which is unavoid-
able when the oxide itself participates in the OER, thus
assuring long-term operation.

On the other hand, MnO, (formally MnO,) is also
promising considering the rich redox chemistry of Mn and
its much better abundance in the Earth’s crust compared to
Co.P"™ From experimental studies assisted by DFT calcula-
tions,*'™ it has been suggested that nanostructured a-Mn,0O; is
an excellent catalyst for the OER. The catalyst undergoes
phase changes at the surface as a function of the applied
potential. This suggests that a key aspect in understanding the
behavior of Mn oxide catalysts is to understand the surface
reconstruction at the electrochemical interface during the
OER. Even though there is increasing interest in developing
non-noble MnO,-based electrodes,***! much systematic
work is still needed.

Last but not least, a tenfold increase in the OER activity
compared to IrO, was achieved in alkaline media with
a perovskite of the type BagsSrysCo,sFeq,0;_s.%%! The high
activity of this catalyst was predicted by a design approach
that combined a systematic investigation of the OER activity
of various transition-metal oxides with molecular orbital
modeling, and was confirmed by rotating ring-disc electrode
and galvanostatic measurements. Structural changes from
corner- to edge-sharing octahedra, which occurs during water
oxidation for Ba,;Sr,sCo,sFe,,0;_s and some other perov-
skites, have been associated with their impressive activity
toward the OER.P*?! The performance of such materials in the
long term is expected to be of particular importance.??*3%!

5. Outlook and Future Challenges

The large-scale deployment of electrochemical energy
conversion and storage technologies is currently limited by
the severe challenges in the design of efficient catalysts for the
OER and ORR, which directly affect the cost of the devices.
The main deficiencies are related to:

1) the activity of the electrodes, as both oxygen reactions
exhibit significant overpotential even on the most active
catalysts known, thereby resulting in higher energy con-
sumption for water splitting and in lower energy recovery
for the recombination of H, and O,;

2) the stability of the electrodes, as the OER and ORR
catalysts are exposed to harsh conditions that are detri-
mental for the overall long-term performance of the
electrochemical cell;

3) the abundance of the materials used, as the most active
catalysts for the OER and the ORR are based on noble
metals that are, in general, scarce and expensive.

Although specifically designed materials nowadays satisfy
some of these requirements, developing nanostructured

materials for the ORR and OER that address all three

Angew. Chem. Int. Ed. 2014, 53, 102—121

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
imemationalediion . CEIMIE

criteria under real conditions still remains an enormous

challenge.

To advance the field it will thus be essential to identify and
understand the complex fundamental interrelation between
the material properties, the reactions of interest, the emerging
degradation processes, the conditions of operation, and the
real structure and composition of the electrode. Clearly, such
a multidimensional problem can be addressed only with
multidisciplinary approaches that will at least combine
(Scheme 2):

1) materials science, for the controlled synthesis and charac-
terization of the materials that dictate the catalyst
performance;

2) fundamental electrochemistry, for the clear experimental
and theoretical description of the related processes;

3) chemical engineering, for studying the complex effects of
catalysis in structured electrodes and the performance of
large-scale applications.
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Scheme 2. A combined materials science, fundamental electrochemis-
try, and chemical engineering approach is required to address the
issues of activity, stability, and abundance of the nanostructured OER
and ORR electrocatalysts.

Of particular importance will be the further development
and implementation of in situ methods for the investigation
of, for example, the catalyst structure, composition, and
electronic properties at all stages. Breakthrough develop-
ments in one of the above fields could of course make
a tremendous contribution; however, only the concerted
development will provide integrated solutions. Therefore,
a promising strategy to develop and eventually implement
sustainable technologies for the electrochemical conversion,
storage, and utilization of energy relies on the systematic and
joint study of the ORR and OER performance of catalysts
with a reduced content of non-abundant noble materials.
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