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ABSTRACT: Electrocatalytic properties of materials are
governed by the electronic structure, stability, and reactivity
of the surface layer which is exposed to the electrolyte. Over
the years, different strategies have been developed to tailor
electrocatalyst surfaces but also to reduce the cost of these
materials, which is the bottleneck for any practical application.
When a very thin metallic layer, intended to serve as an
electrocatalyst, is placed over a substrate, its configuration is
influenced by the structure of the substrate due to lattice
mismatch, while the electronic structure is affected due to the
strain and the electronic effects of the support. This results in
altered bonding within the electrocatalyst layer and the
modification of its electronic properties when compared to the

pure phase. In this contribution, we address the possibilities of theoretical prediction of surface properties of atomically thin
electrocatalyst films formed over different substrates, focusing on the metal side of the electrified interface. While all these
properties can be calculated quite easily using modern computational techniques (but used with care), most often based on
density functional theory, we also address an attractive, fast screening possibility to estimate the properties of monometallic and
multimetallic overlayers using small sets of calculations on model systems. We discuss how lattice mismatch between a substrate
and an overlayer can be used to predict the properties of electrocatalytic films, limitations of such approach, and a possibility of
deploying of large databases which enable rapid prescreening of different support/overlayer systems for various electrocatalytic

applications.
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Bl INTRODUCTION

With increasing global energy demands, sustainability cannot
be achieved by relying on fossil fuel reserves. This implies the
need of harvesting alternative renewable primary energy
sources, their storage, and conversion on demand. Electro-
chemistry, which by colloquial definition deals with inter-
conversion of chemical to electrical energy and vice versa,
turned out to be a natural choice to solve this problem." While
most of the electrochemical applications are directed to energy
storage applications, it must be stressed that the power of
electrons as reactants has been recognized. Electrochemical
reactions can be extremely selective, scalable, and easy to
control by means of the electrode potential.” Hence, the
“electrification” of industrial catalytic processes seems as a
natural path in the evolution of the existing catalytic
technologies.

Various types of batteries satisfy most of the current energy
conversion and storage requirements, but their extensive use
leads to a number of problems, caused by the ample mining of
scarce, toxic, or critical elements, resulting in growing prices
and frequently raised questions of sustainability of such
solutions. On the other hand, fuel cells, which most generally
speaking convert chemical energy of a fuel (hydrogen, alcohols,
sodium borohydride, and so 0n)3_6 to electrical energy,
provide an alternative to Dbatteries for both mobile and
stationary applications. Unfortunately, most of the fuel cell
catalysts are based on platinum, which is also a critical element
with very high market price. However, one should look at the
same problem from the perspective of the underlying



mechanisms of energy conversion in batteries and fuel cells.
Battery operation involves phase transition of bulk electrode
material which, in an ideal scenario, is completely converted to
another phase during battery charge/discharge.7 This
guaranties a well-defined change in Gibbs free energy (AG)
for the reaction taking place, setting the operational voltage,
while ensuring a flat discharge plateau. In contrast, electro-
catalytic reactions in fuel cells take place at the catalyst/solvent
interface. This comparatively small region dictates the
performance of the entire system in the most fundamental
way. Basic thermodynamics states that for a given reaction
taking place in a fuel cell system, AG is determined by
temperature, concentration, and pressure of reactants. Hence,
if a fuel cell operates under stationary conditions, the voltage
output should be rather constant. The fact that the interface is
responsible for the operation of (electro)catalyst has important
implications for understanding and tuning its properties.” "
However, it also gives a great opportunity to develop this area
into an amazing playground with numerous approaches to
overcome the scarcity of the best elemental electrocatalytic
materials. It is rather natural that a vast number of surface
science methods is applied to describe the properties of
different systems intended to serve as electrocatalysts.
Nevertheless, the complexity of heterogeneous systems in
general hinders the application of these methods to their full
potential.'" The use of model systems such as single crystals,
films, or particles on different supports simplifies the problem
to a certain extent and allows gathering crucial information
regarding the interface state. Theoretical methods in (electro)-
catalysis, mostly based on density functional theory (DFT)
coupled to the computational hydrogen electrode, CHE, have
proven their pivotal role in the understanding and develop-
ment of novel catalytic materials. The ability to calculate
adsorption properties, reaction pathways, and activation
energies for surface chemical reactions with the accuracy
close to the experimental'>"* one is of great importance for
shifting the electrocatalyts search approach from trial-and-error
to rational design. This is further supplemented by finding
general relationships and universality in heterogeneous
catalysis'*™'® and by the power of modern computational
facilities which allow relatively quick screening of a large
number of potentially new (electro)catalytic systems.17
Going back to the problems of scarcity and the price of
noble metals used in electrocatalysts, the fact that the interface
is responsible for the materials performance implies that the
underlying bulk material is much less important, unless it
significantly affects the chemical properties of the surface layer.
Hence, a number of thin film (TFC) and core—shell catalysts
(CSC) have been developed. This was motivated by the idea
of substituting the expensive bulk of a noble catalyst with
cheaper materials, assuming that such replacement does not
affect the surface properties. Both TFC and CSC are formed in
such a way that coating or shell is grown over a support or
core. Coating/shell has the catalytic function and consists of
either a single catalytically active metal or a multimetal phase.
Formation of multimetallic catalyst layer can boost the catalytic
performance, compared to the monometallic ones.'®" There
are many strategies devoted to the synthesis of thin catalyst
layers over foreign substrates.”””>> However, the question is
whether it is possible to predict the properties of TFC and
CSC and tune them so that the maximal catalytic performance
for a given reaction is achieved, remain. The compositions of
support (core) and overlayer (shell) are pivotal in determining

the properties of the catalyst and the ways in which they
interact are worth exploring. In TFC (or CSC), the underlying
support can affect the surface composition and the electronic
structure of the coating (shell). There are two possible sources
of the influence of the support: (1) due to the chemical
environment (ligand effect) or (2) due to the lattice mismatch
(geometric strain effect). Elastic deformation has lon§ been
recognized as a tool for modifying surface reactivity.””** Tt
should be noted that outside the elastic regime, different types
of relaxation may happen.25 Understanding how different
properties of thin catalyst film change with its thickness and
the ability to predict such properties are of great importance
for practical applications and is the focus of the present
perspective.

B ELECTROCATALYSIS vs HETEROGENEOUS
CATALYSIS

In the previous section, an important property of electro-
chemical systems was outlined, their complexity. Hence, it is
important to understand the difference between electrocatalyst
and heterogeneous catalyst. While electrocatalysts can be
considered as a class of heterogeneous catalysts, the existence
of electronic/ionic conductor interface (i.e., electrode) makes
the situation much more complicated. Due to the presence of
the electrified interface, species in the electrolyte strongly
adsorb on the electronic conductor surface. These include
(solvated) ions, solvent molecules, electroactive species, and
reaction intermediates. As a result of charge separation at the
electrode, an electrical double layer (EDL) is formed,
irrespective of the presence of the electroactive species. The
thickness of EDL depends on the concentration of the ionic
species from the electrolyte side (through the ionic strength of
the solution), and for concentrated electrolytic solution
(always used in electrochemical measurements), it is of the
order of 107° m. Considering that the electric potential drop
goes from electronic conductor surface through the EDL and
assuming it is only 1 V, we come up with the electric field of
the order of 10° V. m™". This is an extremely strong electric
field which is rather difficult to achieve in a laboratory. Another
characteristic of (almost all) electrocatalytic processes is that
they proceed in highly corrosive environments, either highly
acidic or highly alkaline. This can have a strong influence on
the stability of electrocatalytic materials, additionally limiting
the range of potential electrocatalysts. Besides these “static”
parameters, one must not forget that the electrode potential is
the main driving force for the desired electrocatalytic reaction,
but it also drives parallel surface processes. These can affect the
rate of the desired reaction in many ways. Taking platinum as
an example, there are distinct surface processes including
hydrogen adsorption/desorption (at potentials close to 0 V vs
reversible hydrogen electrode, RHE) and platinum surface
oxidation at potential above 0.6—0.8 V vs RHE. The later
process is known to hinder both hydrogen oxidation reaction
(HOR) at very h';h overpotentials and also oxygen reduction
reaction (ORR),* as will be explained later on. Hence, one
can say that an electrocatalyst surface is restless and that
electrocatalytic process cannot and must not be considered
separately from the inherent surface process taking place on
the electrocatalyst surface. Finally, realistic electrocatalysts are
heterogeneous, usually in the form of nanoparticles deposited
over a properly chosen support which in some cases can
contribute catalytic activity and catalyst stability. Here mass
transfer limitations can play an equally important role as



intrinsic catalytic activity. Bearing all in mind, in contrast to
other heterogeneous catalysts, there are many additional
factors in need of considering when developing new electro-
catalytic materials. This also presents a great challenge for
modeling approaches which will be addressed in the next
section.

B METHODOLOGICAL APPROACHES IN
DEVELOPING NEW ELECTROCATALYST

Considering the complexity of electrified interfaces, there is a
great challenge to take all the relevant parameters into the
consideration. However, modeling can be seen as a tool for
navigating a complex multiparametric space and identifying the
main factors responsible for catalytic activity. The question
remains: how to choose the correct activity descriptors.'”"?
For example, in the hydrogen evolution reaction (HER) there
is a link between HER exchange current density and metal-
hydride formation energies.27 Hence, a plausible strategy in the
search for new electrocatalytic materials is screening through
numbers of possible candidates using a quantity which is
determined outside an electrochemical system. In this case,
there is no need to worry about all the “complications” when
switching from heterogeneous catalyst to electrocatalyst,
mentioned in the previous section. The main tool in this
quest is, unambiguously, DFT in one of its many
implementations, local density approximation (LDA?®),
generalized gradient approximation (GGA,” the most widely
used approach), many other like meta-GGA and hybrid-GGA,
and so on.*’

However, if electrocatalytic material is to be properly
modeled from first-principles, one has to consider (i) electrode
potential, (ii) presence of the electrolyte, (iii) pH effects, and
(iv) inherent surface processes of an electrocatalyst (i.e., those
independent of the presence of the electroactive species). In
order to include the mentioned effects, one has to step back
from modeling well-defined surfaces of bare metal slabs and go
into building more complex models. This brings us to the first-
principles electrochemistry (FPEC*"?), an exciting and
quickly developing field. Within FPEC, the main task is to
link metal phase potential (¢™) as the main driving factor for
electrocatalytic reaction, charging the EDL, driving “inherent”
surface process on the electrocatalyst, and solvent effects
(either explicitly or implicitly) with electrocatalyst perform-
ance. For this task, DFT methods still remain at the core,
providing atomic-level understanding of the electrocatalytic
process. Within FPEC, DFT is the main quantum chemical
method to capture self-consistent coupling between ¢ and
the properties depending on it,** but it is often complemented
by classical molecular dynamics (MD) or Monte Carlo (MC)
simulations and double layer theories of different complex-
ity.>*~*% There are many approaches of FPEC, as summarized
in Figure 1, and their full overview is a task for itself,
particularly considering the perspective nature of this
contribution. However, we recommend two review papers of
Eikerlin% and co-workers which address this subject in
detail.>**® Nevertheless, we shall mention the most widely
used approach called computational hydrogen electrode
(CHE),””™*° which strictly speaking is not the FPEC
scheme.”® Within CHE, the potential scale is linked to a
thermodynamic reference (equilibrium hydrogen electrode),
and there is a coupling of electron and proton transfer*’ so that
there is a term —eU added to the reaction enthalpy, which is
calculated self-consistently. In this approach U is the potential
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Figure 1. Schematic of the electrode—electrolyte interface, showing
the electrode region, electrolyte region, and boundary region in-
between. Simulation methodologies for different regions are indicated
at the lower edge. Different flavors of first-principles approaches to
study the electrochemical interface are indicated along the bottom
rail. For details see ref 36. In the figure, we identified the main focus
of this perspective. Adapted from ref 36 with permission Copyright
2018 from Elsevier.

relative to the reference electrode. This approach has proven
its suitability in analyzing mechanisms and pathways of
electrocatalytic reactions in fuel cells, batteries, electrolyzers,
fuel production, and CO, reduction. Colloquially speaking, it
treats every electrocatalyst as a heterogeneous catalyst and
introduces potential scale using the counter electrode in
equilibrium. Hence, accuracy of CHE is linked to the accuracy
of the computational scheme used to evaluate reaction
enthalpies, which is, as a rule, DFT. We can see the main
strength of this method in comparative analysis of different
materials, for which we can make a strong parallel with
electrochemical practice. In electrocatalysis, different materials
are most frequently evaluated in such a way that measured
currents are compared at a given electrode potential. In this
case, the term added to the reaction enthalpies which contains
electrode potential, for different electrocatalytic materials
simply shift the enthalpy by a constant factor and does not
change the order of catalytic activities. Hence, in order to
capture the trends with modeling in most cases, it is sufficient
to treat an electrocatalyst as a heterogeneous catalyst and
possibly consider the solvent effect implicitly, taking into
account stabilization of adsorbed reactive species and
intermediates due to the solvation/hydration.41 In fact, there
are cases where the way of including solvation does little to
influence the activity descriptors*** and the inclusion of a few
explicit solvent molecules is enough to capture the correct
behavior of the system.** One of the most challenging
situations to tackle in simulating an electrochemical system
with a typical DFT approach is when reaction intermediates at
zero overpotential are not stable on the catalyst surface.
However, catalysts exhibiting this trait tend to be out-
performed by the ones which do not.** Finally, we have to
notice that, in spite the rapidly growing field of FPEC, in the
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Figure 2. (Upper panel) geometry setups for the systems used in presented KMC simulations. As going from parts A to H, the coverage of the
support by the catalyst is increasing. The case when there is no C on the support results with no H, production, while the case when the surface
coverage by C is 1 represents the case of a massive catalyst. (Lower panels) total H, production rate and the spillover contribution to the total H,
production for different spillover rates. Reproduced from ref 47. Reproduced by permission of the PCCP Owner Societies. Copyright 2017.

existing literature electrocatalysts are dominantly treated as with DFT calculations for barrier height and prefactor
heterogeneous catalysts (i.e.,, electrochemical reactions are estimates. *°°
considered at the solid/vacuum interface). Besides DFT, in many of its formulations, Monte Carlo

While we have outlined the main focus of the present work,
we must mention that DFT, while most frequently used in
modeling of electrocatalytic materials, has limitations which do
not allow it to go to certain temporal and spatial domains.
Besides its intrinsic complexity, electrified interfaces, in
principle, span over distances which cannot be treated

modeling, and their combinations, there are other computa-
tional approaches which are used to understand the behavior
of electrocatalysts, but we do not aim to provide their overview
here. Instead, considering complexity of the electrified interface
and the current state in the literature, we focus here on the

routinely using DFT. This relates both to the direction properties of electrocatalytic materials as seen from the metal
perpendicular to the electrified interface (electrolyte side) and side using electronic structure methods (Figure 2, blue box). In
in lateral dimension, if a more realistic situation of supported particular, we provide perspective on the understanding of the
catalyst is to be considered. In this case, Monte Carlo methods properties of the thin film electrocatalysts and core—shell

can be applied either to sample the solvent side of the
electrified interface®® or can be used to investigate catalyst
performance using a preassumed microkinetic model. The later
approach can provide atomic-level information on the catalytic
process at time and space domains similar to those in the
experiment.”® There are many approaches to Monte Carlo

electrocatalysts considering the differences between the
support (core) and the overlayer (shell) as the function of
number of layers in the overlayer (shell). We note that the field
of TEC/CSC is vast, and electrocatalysis is only a small part of
possible application of TFCs and CSCs. Also, in studying

simulations, and as an example, we mention kinetic Monte TFCs and CSCs, there is a number of important aspects,
Carlo (KMC) modeling of supported hydrogen evolution starting from synthesis, physical and chemical characterization,
catalysts where the focus was on the contribution of the and finally testing their performances for real life applications.
catalyst support on the hydrogen production via spillover We do not aim to provide a detailed overview of all these

contribution.***” While in this particular case the emphasis

was on the analysis of the effects of different rates of
elementary processes on the catalyst performance and the
catalyst/support interplay (Figure 2), we note that reproduc-
tion of experimental data requires intimate knowledge of the
rates of the elementary process. The rates can be obtained experimental and theoretical findings related to the interplay
from experiment,48 or, again, calculated ab initio. In the latter between the support (core) and overlayer (shell) in electro-
case, this usually means transition state theory in combination catalytic systems.

aspects and refer possible readers to specialized reviews on
these topics.”>*" In order to make this perspective acceptable
to both experimentalists and theoreticians, we aim to provide a
joint picture drawn by some of the most important



B CAPTURING TRENDS WITH THEORY

In reality, catalysts typically come in the form of nanoparticles.
Even rather small nanoparticles (for example, a 4 nm Pt
nanocatalyst for oxygen reduction reaction) consisted of
several thousands of atoms. In situations when classical or
parametrized force fields are not sufficient to properly describe
the system, as in the case of metals, this number of atoms is
rather challenging even for the most powerful supercomputers.
Studies where entire nanoparticles are treated explicitly are
very rare.”> % Instead, it is common to investigate parts of the
catalyst (nanoparticle) surface to observe the effects of
coordination, local chemical environment, and other factors.
Given that the sample of the surface is large enough, some
basic properties of electrocatalyst can be captured. Here we
shall address the electronic structure, surface segregation
processes, and dissolution of the surface layer, which are crucial
for the electrocatalyst performance.

Electronic Structure and Adsorption Trends. Theoreti-
cal electronic structure methods such as DFT provide detailed
information regarding the electronic structure of solid surfaces.
However, the problem of finding a link between the details of
the electronic structure and the reactivity of solids remains.
Hammer and Nerskov formulated a concept, known as the d-
band model, which describes adsorption trends on transition
metal surfaces using the position of the metal’s d-band.>>*°
This model provides a simple connection between the
electronic structure and the reactivity of transition metal
surfaces as well as their alloys and overlayers. The key
parameter determining the adsorption strength, namely, the
energy of the d-band center (E;y,,4), can be obtained both
experimentally (from spectroscopic methods) and by theoreti-
cal calculations.”’ According to the d-band model, the
interaction of an adsorbate with metal can be thought of as
a two-step process. First, the electronic state of the adsorbate
widens due to its interaction with the metal’s wide, half-filled s-
states (which holds true for all transition metals). Next, the so-
widened adsorbate state interacts with metal’s narrow d-state,
giving rise to bonding and antibonding states. Their relative
occupancies, determined by the positions of the adsorbate state
and the metal’s d-states, dictate the strength of the overall
interaction.”® In general, the d-band model shows that the
adsorption of many simple adsorbates is stronger when the d-
band center is closer to the Fermi level. As the d-band center
and adsorption energies of reactants and reaction intermediates
are connected mutually and can be identified as activity
descriptors,'”"® the understanding of the electronic structure
enables prediction of surface reactivity and electrocatalytic
activity. Typically, d-band center is calculated as the first
moment of the d-band. The d-band model is largely discussed
in the current literature, and further improvements are
suggested.””*’ Through the identification of (electro)catalytic
descriptors'>'**” and increased understanding of different
ways to tune the electronic structure of the surface, it became
possible to rapidly analyze vast number of novel systems
(realistic and hypothetical) leading to the development of
various screening schemes for identification of new electro-
catalysts.”’ Most of the existing studies rely on the modeling of
extended surfaces at the solid/vacuum interface, under the
assumption that the presence of solvent and the electric field at
the interface in an electrochemical system do not affect
conclusions regarding the activity (trends). These assumptions
are contained in the framework of already mentioned CHE

where solvent is not treated explicitly, while it also does not
consider the effects of the electrode potential on bond
strengths, adsorbate formation, and solvent polarization.”® As
formulated and presented for the case of oxygen reduction
reaction,”” CHE is in line with (single) descriptor approach
which is the consequence of scaling of adsorption energies of
reaction intermediates. However, the main trends are being
properly described using such approach, even without detailed
kinetic modeling (Figure 3).
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Figure 3. Free-energy diagram for oxygen reduction at the
equilibrium potential U, = 1.23 V over Pt, Au, and Ni. Adapted
with permission from ref 37. Copyright 2004 American Chemical
Society.

Although neglecting the solvent and electrode potential
seems to be an extreme simplification, the results obtained
through these screening studies show that the main physics
and chemistry of electrocatalytic interface are actually captured
by theory at the solid/vacuum interface. As an example, we
mention the study of Xin et al.®' who developed a scheme that
connects the geometric structure and local chemical environ-
ment of active Pt sites to the local chemical reactivity toward
electrochemical oxygen reduction reaction (Figure 4).
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Figure 4. Model prediction of OH binding energies on Pt monolayer
alloy surfaces with varying subsurface ligand (1 ML) and lattice strain
(—10% to 5% expansion). Marked regions depict the alloy systems
with desired catalytic properties (+0.1 eV weaker OH binding than
pure Pt). Inserts show different mechanisms by which the OH
adsorption energy changes. Reprinted with permission from ref 61.
Copyright 2012 American Chemical Society.
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The introduction of diluted heteroatoms to the metal surface
(sometimes called single atom catalystéz) affects the atoms of
both metals. Here the heteroatom is present in a much lower
amount and substantially more affected. This is reflected in the
shape of its d-band and can in some cases lead to the
heteroatom a%pearing as it was isolated due to the weak
interactions.>** Discussing the oxidation states of (appa-
rently) isolated atoms, particularly in solids, is challenging.®®
Weak interactions are, however, likely to lead to compromised
stability followed by segregation or dissolution.

Surface Segregation Processes. As the surface electronic
structure of a surface dictates its reactivity and activity,
different factors affecting the electronic structure must be
considered. In multicomponent systems, surface composition
can differ from the bulk composition due to surface segregation
processes. In other words, surface layer(s) can be enriched by
one of the components of the system. A seminal work by
Ruban et al.°*®” demonstrated the power of theoretical tools
for the estimation of segregation trends in alloys, providing a
simple rule of thumb (with certain exceptions) saying that the
alloy component which has the lowest surface energy will
segregate toward the surface of the alloy (Figure S). When the
available databases of surface energies of metals®*®” are
combined, segregation trends in multicomponent systems
can be derived.

In the mentioned work, the surface segregation energies
(Eseg) were calculated as the difference between the effective
chemical potential of the impurity in bulk and in the given
surface layer of a given bimetallic system. Some simplified
schemes to calculate E,, have been offered over time. For
example, the work by Ma and Balbuena has suggested that E,
can be calculated as the total energy difference between the

segregated and nonsegregated surface, either at the solid/
vacuum interface or under some adsorption conditions.”””"
The latter is of particular importance for electrochemical
systems, and we note that the results presented in Figure 5 are
related to the solid/vacuum interface. Under electrochemical
conditions, adsorption at the solid/electrolyte interface can
affect the equilibrium between the surface and subsurface
layers and affect the segregation trends. We note that this
question is not addressed in detail, but the methodology
generally exists and the understanding of the segregation
process at the solid/vacuum interface presents the first step to
be made. Namely, it was shown that the segregation under
adsorption conditions is linked to segregation under vacuum
conditions and the surface—adsorbate binding strength.”' As
electrode potential affects the adsorption processes on the
electrode, the necessary step would be to also link electrode
potential to surface segregation processes under electro-
chemical conditions.

Dissolution of Electrocatalysts. The catalyst stability
under operating conditions was always considered as extremely
important, but it appears that just recently scientific
community paid more attention to solving this problem.”””*
While there are many catalyst degradation mechanisms,
dissolution is the most intensively investigated one, largely
stimulated by the development of in situ techniques for
monitoring catalyst dissolution.”*”*> Considering the complex-
ity of an electrochemical interface and the number of factors
which can affect the dissolution process (such as the
electrolyte, presence of ligands and so on), the calculation of
accurate dissolution potentials/energies can be somewhat
difficult. However, the situation can be simplified, if one
assumes that the energy required to remove an atom from the



surface layer of the catalyst is directly related to the dissolution
potential/ energy.76 For example, if one composes a galvanic
cell with a given electrocatalyst as one electrode and the bulk
electrode of the element whose dissolution is considered
(Figure 6), the electromotive force is determined by the

My /WC(0001)

Figure 6. Galvanic cell considered for the evaluation of the
dissolution potential of monolayer catalyst over the WC substrate.
Adapted from ref 77. Copyright 2013 Hydrogen Energy Publications,
LLC. Published by Elsevier Ltd. All rights reserved.

difference between the binding energy of a given elements in
the catalyst layer and the cohesive energy of the pure
element.”” Knowing the experimental value of the dissolution
potential of the pure phase, one can estimate the dissolution
potential for the thin film catalyst. Going further from
thermodynamics, it is important to note that DFT modeling
was used to provide mechanistic insights into dissolution of
electrocatalysts, and a significant amount of work has been
done for the case of Pt.”*”” More details about modeling
kinetics of Pt dissolution, for which statistical framework is
used, can be found in recent review of Eslamibidgoli et al?
In the forthcoming text we shall briefly overview some
results regarding the application of thin catalyst films over
extended polycrystalline and single crystal surfaces and core—
shell nanoparticles focusing on the fuel cell electrocatalysis.

B THIN ELECTROCATALYST FILMS ON DIFFERENT
SUBSTRATES

Metallic Layers on Metallic Substrates. Metals most
interesting for electrocatalysis are located close to Pt in the
periodic table of elements. These include Pt, Pd, Ru, Rh, Ir, Nj,
and coinage metals. Except for Ru, which grows in a hexagonal
lattice, these metals possess the face-centered cubic lattice.
Hence, the deposition of these metals on each other should
mainly results in an epitaxial growth. Due to lattice mismatch
between the substrate and the overlayer, however, some
surface strain appears, either compressive or tensile. It is well
accepted that tensile strain shifts E;,,q toward higher energies
while compressive strain causes down-shift of the d-band
center. This is intimately connected with reactivity and activity
changes, as can be expected on the basis of the d-band center
model.

The formation of atomically thin overlayers on well-defined
metallic surfaces can be achieved electrochemically, and some
of the first reports regarding electrocatalyst production come
from the group of Radoslav Adzic, who used galvanic
displacement technique to deposit monolayers of platinum

group metals on metallic substrates, either single crystals or
nanoparticles.”"~** These studies were mainly directed toward
the development of novel oxygen reduction reaction (ORR)
catalysts. The authors did observe that in some cases the
monolayers are not perfect but rather disordered.*” However,
they pointed out that was not actually a drawback in terms of
the electrocatalytic activity. Even in the first reported studies it
became clear that the surface reactivity of Pt monolayers is
greatly affected by the underlying substrate, while the increased
ORR activity was followed by hindered OH adsorption
observed in cyclic voltammetry measurements. Considering
the series of Pt monolayers on different substrates,® combined
experimental and theoretical work showed that the electronic
structure of a Pt monolayer is affected by the underlying
substrate and that there is a volcano-type relationship between
the Ej,nq of Pt atoms located in the catalyst surface layer and
the catalytic activity. It is important to notice that in theoretical
studies, catalytic overlayers are almost always perfect, epitaxial
layers over foreign substrate. This diverges from reality to a
certain gsoint as there are always some defects in realistic
systems.

There is another series of papers focusing on Pt alloys with
the 3d series of transition metals, showing enhanced ORR
activity for certain Pt;M systems (M = Ni, Co and other 3d
elements). The study was initiated on supported nano-
particles,”* ™ but it clearly indicated that the formation of a
Pt-enriched surface (formation of “Pt-skin”) over the Pt-M
core is beneficial for increased ORR activity. When this
research was shifted toward extended polycrystalline surfa-
ces””" and well-defined single crystal surfaces®” and combined
with theoretical DFT calculations, the links between the d-
band center or oxygen adsorption energy, on one side, and the
catalytic activity, on the other, appeared (Figure 7).

Due to dissolution of the alloying element from the surface
layers of the Pt;M surface layer is formed of pure Pt. This layer
is being compressed over the substrate, resulting with small but
crucial down-shift of the d-band center, which in turn results
with hindered formation of OH,4, on the surface. As a
consequence, the surface of the catalyst is less covered by
spectating species, resulting in increased ORR activity. It is
important to note that on the single crystal surface change of
the composition is observed only in the first two layers.*” The
first surface layer was found to be consistent only of Pt, while
the second surface layer was enriched in Ni in comparison to
bulk. This suggests that small changes of the composition
affects only the topmost layers of the catalyst boost
performance to a great extent. Moreover, this study of
Stamenkovic et al. is an excellent example of how
segregation-driven composition changes in surface layers affect
the electronic structure and the activity of electrocatalysts. An
idea of formation of a Pt-skin over lattice-contracted Pt-based
alloys was widely accepted and utilized to produce numerous
electrocatalysts with controlled surface composition, such as
Pt—Cu with controlled surface composition,”’”"*> Pt—Y and
Pt—Sc ORR electrocatalysts,13 and others. However, we also
must observe that in this activity rate, stability issues were paid
very little attention and they started to be addressed in a
systematic manner in the past decade.”

Similar strategies were also employed in the development of
hydrogen evolution (HER) catalysts. However, in an acidic
electrolyte, hydrogen electrode reactions are much faster than
oxygen electrode reactions,” their activity improvements do
not present a great challenge from a practical point of view,
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Figure 7. Relationships between the catalytic properties and
electronic structure of Pt;M alloys. (a,b,) Relationships between
experimentally measured specific activity for the ORR on Pt;M
surfaces in 0.1 M HCIO, at 333 K versus the d-band center position
for the Pt-skin (a) and Pt-skeleton (b) surfaces. Part b shows the d-
band center values established in UHV, which may deviate in the
electrochemical environment due to dissolution of non-Pt atoms.
Reprinted from ref 88. Copyright 2007, Springer Nature.

and it also not motivated to a great extent, when compared to
the case of ORR. It is interesting to mention that the changes
of the strain in catalyst films have unambiguously been
confirmed and separated from ligand effect when concerned
with HER activity.” Experiments performed upon the
application of elastic strain to thin catalyst films have shown
that strain tunes reactivity in a controllable fashion consistent
with the qualitative predictions of the HER volcano plot and
the d-band theory (Figure 8). For example, the activities of Ni
and Pt, which are located on the strong bonding HER volcano
branch, were accelerated by compression, while the activity of
Cu, located on the weak bonding volcano branch, was
accelerated by tension.

It is important to note that in the case of hydrogen electrode
reactions, the hydrogen binding energy was frequently taken as
an activity descriptor, in the spirit of HER activity volcano
established by Trassati,”” and in some cases it turned out to be
a better measure of activity than the d-band center.”

Metallic Layers on Nonmetallic Substrates. While
there are many examples of the atomically thin electrocatalyst
films on metallic substrates, there are significantly fewer
examples of thin film electrocatalysts over nonmetallic
substrates. It is, however, possible to find adequate substrates
on which epitaxial growth of overlayer is possible, like in the
case of the (111) surface of SrTiO,”” where strain is found to
be an effective tool to tune ORR catalytic activity. Another
example is tungsten carbide (WC) which has a hexagonal
lattice, and it is possible to grow layers of electrocatalytically
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Figure 8. (a) Illustration of the loading history on the PMMA
(poly(methyl methacrylate)) substrates, showing progressively
increasing compressive and tensile strains. The Pt films deposited
on PMMA inherit the substrate strains. (b) Representative CVs
obtained at strains of —0.4%, 0%, and 0.4%, where negative values are
compressive and positive values are tensile. (c) Magnified view of part
b in the HER region showing only the reduction sweep at five
different strain values. Note the systematic shift in the CV curves with
strain. Adapted from ref 95. Copyright 2016, John Wiley and Sons.

relevant metals over densely packed WC(0001). In fact, the
interest to WC in the field of (electro)catalysis dates back to
the first reports of Pt-like behavior of WC.” As the electronic
structure of WC is similar to that of platinum, a small ligand
effect was assumed suggesting this material as perfect support
for thin Pt layers in new generation of electrocatalysts. As WC
easily oxidizes, most of the reports was focused on HER” """
and reported either similar or improved HER activity or Pt
(mono)layer catalysts deposited onto WC. However, the
rigorous activity measurement ruled out the influence of WC
on the intrinsic HER activity of Pt@WC catalyst in
comparison to pure Pt.'”” Due to the hexagonal lattice of
WC, theoretical analysis of many transition metal overlayers on
it is rather a routine task. Therefore, some hypotheses
regarding the effects of substrate can be easily tested. First,
the electronic structure of densely packed WC(0001) (both
W- and C-terminated) is far from that of densely packed
Pt(111).'%* Next, due to the difference in the lattice constants,
Pt (as well as Pd and other “interesting” metals) are subjected
to tensile strain, when epitaxially grown on wc(0001).'*
Based on the existence of tensile strain one would expect
pronounced destabilization of the Pt d-band and increased
reactivity, followed by a decrease in HER activity. This is,
however, not the case due to the extreme ligand effect of WC
substrate. Nevertheless, this effect is quickly smoothed out,



already for the second Pt or Pd layer, leaving only the strain
influencing the electronic structure of the very surface (Figure
9). The dramatic electronic effect of WC was observed for
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Figure 9. Individual contributions of the ligand and the strain effect
on the E .4 shifts of WC-supported Pt (a) and Pd (b) overlayers.
Adapted from ref 103. Copyright 2013 Hydrogen Energy
Publications, LLC. Published by Elsevier Ltd. All rights reserved.

other monolayers of transition metals (including Cu, Ru, Rh,
Ag, Ir, Ay, in addition to Pt and Pd) always leading to the
downshift of the metal d-band.”” In addition, WC substrate
was also found to affect the reactivity and segregation trends in
Pd;Au alloy thin films on WC(0001) due to the lattice
mismatch and strong interactions with Pt and Au.'**

B HOW FAR IS THE BULK?

With clear experimental evidence regarding the effects of the
composition of the surface layers on the electrocatalytic
performance,89 the question is how thin/thick the catalyst films
(or shells) actually need to be? A clear border between the
bulk and surface is rather hard to pin down, and several studies
have demonstrated that many properties of a solid are close to
those of the bulk already three layers below the surface.'” In
contrast to experiment, theoretical approaches make such
analysis possible. It has recently been shown that the effects of
a substrate on the electronic structure, surface segregation
processes, and dissolution are c7{uickly lost as the thickness of
the catalyst overlayer increases.”® In the mentioned study, the
series of Pd;M and Pt;M (M = Cu, Ag, Au) alloys thin films
(from mono- to trilayer) on different substrates (close-packed
surfaces of Pd, Ag, Pt, Au, and WC) were investigated and the
electronic structure, segregation, and dissolution energies were
evaluated. The obtained set of results for the overlayers of
different thickness was then compared with the results
obtained from pure strained alloys. The latter set of data was
not explicitly calculated but rather estimated from the strain
dependence of a given quantity for pure strained alloys. By
comparison of explicitly calculated and estimated data, it was
concluded that the most important surface properties of alloy
overlayers are not influenced by the substrate already for

trilayers (Figure 10). In other words, for trilayers, surface
properties and consequently electrocatalytic activity are
governed solely by geometric factors due to the lattice
mismatch between the substrate and the catalyst overlayer.

Based on the results presented in Figure 10, one can see that
some properties actually approach the ones of pure strained
alloys very quickly, like E;p,.q (Figure 10C). While the
monolayers are under significant influence of the chemical
properties of the substrate, the bilayers already “feel” the
substrate to a much lesser extent. As expected, the situation is
more complicated in the case of segregation energies, where a
significant effect of the substrate exists for bilayers. This is of
course understandable, as the segregation energy is affected by
the difference in the interactions of the substrate with the
element, which segregates to the surface and the elements,
which goes to the subsurface layer.

This provides a large simplification regarding the prediction
of electrocatalytic behavior of various thin film electrocatalysts
(three or more atomic layers) as a large number of relevant
quantities can be estimated on the basis of the lattice mismatch
between the substrate and catalyst layer, taking into
consideration only the strained or compressed catalyst layer.
Moreover, as it has been shown, one could also establish a
database for different electrocatalysts focusing on the strain
dependence of different properties which are of interest for the
electrocatalytic performance. For example, knowing the strain
dependence of E;y,,q4 segregation and dissolution energies,
one can estimate these properties for any strained electro-
catalyst surface, assuming that the surface structure of the layer
deposited on a substrate is the same as for the pure strained
material. In this way, the lattice mismatch between the
substrate and the catalyst layer (surface strain) becomes the
main factor governing surface properties. In this context, the
results of Coli¢ and Bandarenka'® should be mentioned. The
authors have summarized available literature data on the
properties of dealloyed Pt-X ORR electrocatalysts, from single
crystals and polycrystalline materials to nanoparticles, whose
surface consisted of several layers thick Pt shells. Taking into
account only the strain, the authors have suggested that the
radius of the solute metal can be used as a simple
semiempirical descriptor, statistically connected to the
resulting lattice strain. This led to a double volcano curve
connecting ORR activity with the radius of solvent atoms.
While alloying Pt with elements having a smaller atomic radius
than Pt leads to the expected compressive strain in a Pt-rich
surface layer and increase of ORR activity (maximum reached
for Cu), the dissolution of elements with large atomic radii
results in the formation of a distinct Pt skin whose structure is
not epitaxial to the corresponding alloy core.'”” Hence, instead
of expected tensile strain (as the lattice constant of Pt-X is in
this case larger than that of Pt), the result is again a
compressive strain which results with yet another maximum of
catalytic activity (reached for Pt-Y).'%

B EXTENDED SURFACE vs NANOPARTICLE

Extended model surfaces are crucial for the fundamental
understanding of main factors governing electrocatalytic
properties. However, to be relevant for the real world
applications, one needs to develop nanocatalysts. Moreover,
theoretical calculations are, as a rule, performed on extended
surfaces, as most of the widely employed DFT codes use
periodic boundary conditions (VASP,'**'% QuantumE-
SPRESSO,"'® and other codes). So, the question is whether
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Figure 10. (A) Correlation of the calculated surface segregation energies for the supported bi- and trilayers and the segregation energies predicted

on the basis of the strain dependence of E,

of pure A;B(111) surfaces. The gray line represents the E

«wg(predicted) = E,(calculated) dependence

(R*(trilayers) = 0.94). (B) Calculated dissolution energies for the supported bi- and trilayers correlated to the dissolution energies predicted on the
basis of the strain dependence for the case of Eg of pure A;B(111) surfaces. The gray line represents the Eg(predicted) = Eg(calculated)
dependence (R*(trilayers) = 0.96). (C) Calculated d-band centers for the supported bi- and trilayers correlated to the d-band centers predicted on
the basis of the strain dependence of E;y,,q of pure A;B(111) surfaces. The gray line represents the E;y,,4(predicted) = Ejp,n4(calculated)
dependence (R*(trilayers) = 0.998).”° Reproduced from ref 76 by permission of the PCCP Owner Societies. Copyright 2018.

it is safe to transfer the theoretical results obtained from
periodic DFT calculations to design of nanoparticles?

The work on Pt;Ni single crystals®” has offered a very simple
recipe how to make superior nanostructured ORR electro-
catalysts: create a nanocatalyst with electronic and morpho-
logical properties that mimic those of the Pt;Ni(111) surface.
Surface segregation processes in the nanoparticle would result
in compressive strain of the Pt skin, weaken OH, 4, formation,
and enhance the surface availability for ORR. However, the
exposed facets of a nanoparticle have to end somewhere, and
the question is whether edges could compromise the activity
and stability of the nanoparticles. A series of papers on shape-
selected Pd nanoparticles with a controllable number of Pt
layers show that the results regarding activity trends obtained
by periodic DFT calculations can be transferred to nano-
particles as well.""'~""* The results regarding the cubic Pd
nanoparticles (core) with a controllable number of Pt layers in
the shell show a volcano-type dependence of the activity on the
number of Pt layers deposited in the shell, which also agrees
with the results of DFT calculations almost quantitatively.'"'
Also, it can be observed that for the particles containing six
layers of Pt the activity is very close to that of pure Pt

nanocubes. In the light of the presented results regarding the
effect of strain and the thickness of the overlayer/shell, it can
be speculated that only a small compressive strain remained
operative for thick Pt shells, affecting reactivity in a predictable
manner: small compression of Pt lattice increases ORR activity.
However, the situation with nanoparticles can be much more
complicated in some cases. For example, the work of the same
group on palladium—platinum core—shell icosahedra shows
that the lateral confinement imposed by twin boundaries
allows only for vertical relaxation in the shell that results in
corrugated platinum overlayers under compressive strain.'"’
Nevertheless, taking these experimentally observed structural
changes into ta heoretical model, it was possible to reproduce
the activity trends. One might ask how far from a defect in the
nanoparticle the surface does not feel it anymore. The results
of Drazic et al.""* on twin boundaries in Cu;Pt nanoparticles
show that composition and lattice changes (i.e., strain) around
twin boundaries are attenuated after several atomic layers
(three to five) away from the boundary in the lateral direction.
This is comparable with the results regarding the effects of the
support on the overlayer, showing that the overlayer with three
atomic layers feels the substrate to a very low extent. The



mentioned results show that screening studies performed for
extended surfaces, which are almost always perfectly flat,
should be transferred to nanoparticles with care. However, the
answer to the question presented at the beginning of this
section is, generally, yes.

B SUMMARY AND OUTLOOK

In order to provide some final remarks we shall consider first
pseudomorphic electrocatalyst layers on foreign substrates.

(i) Monolayered electrocatalysts: Monolayers are under
strong influence of the support/core. They are subjected
to both strain, which depends on the lattice mismatch
between the electrocatalyst and the support/core, and
ligand effect. Both effects determine the final electronic
structure and the electrocatalytic performance. In
monolayers there is no segregation. Possible mixing of
the electrocatalytic layer with support/core (partial
surface alloying) might not be desirable as a completely
new surface is obtained in that case. Dissolution of the
monolayer depends on the adhesion to the support/
core. If the adhesion energy is greater than the cohesive
energy of bulk catalyst (which is also important for the
monolayer formation), it is expected that dissolution will
take place at higher potentials compared to pure catalyst.
There is a lot of reliable s;rstematic data on monolayers
dating even 20 years back®” which can be used to predict
and understand the properties of monolayer electro-
catalysts.

(ii) Bilayer electrocatalysts: Bilayers feel support/core to a
much lower extent compared to monolayers. While the
strain is the same as in monolayers, its relative
contribution to the final electronic structure of a bilayer
is much more pronounced than in monolayers. In
multimetallic bilayers, surface segregation processes are
under strong influence of support/core and depend on
the interactionsbetween the support/core and the
elements present in the bilayer. Segregation trends can
be altered when compared to that when the support/
core is not present. Dissolution of bilayers can be under
the influence of the support/core although the surface
layer is not in direct contact with it. This effect strongly
depends on the nature of substrate/core and takes place
both at the solid/vacuum interface and under adsorption
conditions on the electrocatalyst surface.

(iii) Trilayers and thicker electrocatalyst layers: In trilayers,
the electronic effect of the support/core is basically lost
and the only effect of the strain is due to lattice
mismatch between the layer and the support. By
controlling the strain, one can easily tune surface
reactivity and catalytic activity. In multicomponent
systems, surface segregation processes take place like
in pure strained electrocatalysts. There is a possibility to
tune segregation trends by strain engineering, but it
appears that there is no general rule for the effect of
strain on the segregation valid for a sufficiently large
number of systems.”® As there are some general
guidelines regarding the surface segregation in al-
loys,®*®” the question is whether it would be possible
to apply the same logic on strained surfaces, if the strain
dependence of surface energies of clean metallic surfaces
is known. DFT calculations suggest’® that the
dissolution of the surface layer of the electrocatalyst is

unaffected by the substrate/core, but it is affected by
strain. Hence, the use of trilayer catalysts allows one to
fully employ the effects of surface strain on the
electrocatalytic performance. However, there is not
much space to play with, as after five atomic layers the
effects of strain also starts to fade.'"”

In the case of nonpseudomorphic catalyst layers, like in
some dealloyed surfaces or nanoparticles, it is still possible to
consider strain as a driving force which determines the
electrocatalytic activity, assuming that the catalyst layer is thick
enough. However, it might be more instructive to turn to local
architectures and coordination of active sites,”®""'°'1 which
provide adequate electronic structure to boost electrocatalytic
activity. Taking Pt-based ORR catalysts as an example, the final
result regarding the catalytic activity is the same as for the case
of compressive strain, a slight reduction of the surface
reactivity which weakens Pt—OH,4, bonds and increases the
availability of active sites for ORR. In this sense, it might be
more appropriate to consider the lengths of local Pt—Pt bonds
as a measure of strain, following shortlisted guidelines for
design of ORR catalysts provided by Xin et al.:°" (1) creating
alloys where the surface Pt—Pt bonds are contracted, (2)
coordinating Pt surface sites with 3d metals, (3) coordinating
Pt surface sites with more electronegative metals (such as Au).

Finally, we have seen that there is much to be learned from
the “bottom-up” approach'” of catalyst design, and that DFT
provides insights unmatched by any other experimental
technique. Still a completely different “top-down” perspective
is to be had. As the traditional approach provides ways of
lowering the computational cost’® and the community moves
away from the practice of keeping the raw computational
output exclusive to the authors, the pace of data accumulation
could rise to levels too fast to be handled manually. This opens
a new opportunity for developing the field, harvesting the vast
amounts of data by employing data-mining and machine
learning techniques.””"'”""® That being said, when employing
such methods it is true that more data is always better, but not
every data is “good data.” The raw output, total energies, of
DFT calculations have little value, as only their linear
combinations correspond to physical properties that are of
interest for catalysis and even slight differences in the
computational setup vastly influence the raw output number.
That is why extensive care needs to be taken in finding a way
of sharing the output (geometries, electronic structure data,
energies) while not losing the input information (computa-
tional setup), as without the latter, the value of the former is
significantly decreased. In spite the complexity of electrified
interfaces, which at this moment cannot be fully implemented
in theoretical models, these data can be considered as a
foundation for building up more complex models and
application of other approaches, many of them relying on
the input from DFT. Fast and effective means of sharing the
data among the community can be accomplished by employing
of specialized databases''”'*” ensuring maximal benefit from
the time and energy (counting processor hours and human
hours) invested in modeling and computing (electro)catalytic
systems. Simple geometrical patterns have been related to
(electro)catalytic activity,''® and the search for more complex
patterns involving geometric, thermodynamic, electronic data
(etc.) unlocks the search for hidden behaviors difficult to catch
with other methodologies.
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