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In order to extend catalysis theory to complex alloys and multiple adsorbates, we have to face that the number of possible
surface site-adsorbate combinations gets too large to calculate. We, instead, define rules for adsorption-adsorbate

interactions, specifically; blocking rules in terms of disallowed local adsorbate-adsorbate configurations. We then conduct

simple simulations to investigate how different rules entails certain outcomes. For PdAg intermetallic and PdAg solid

solutions, we find that the presence of Ag atoms hinders O* species from covering the whole (111) surface, which is the case

for unary Pd(111), and instead allow for adsorbed *OH species. We predict that the adsorbed *OH species improves the

oxygen reduction reaction activity, because they have adsorption energies at the top of the activity volcano. Experiments

can use our results to distinguish between the different possible PdAg(111) alloy surface manifestations, and to better

understand adsorbate coverage on complex alloys. Lastly, we use our approach on Agy,lri¢PdsoPtisRu,s high-entropy alloys,

but find that the choice of adsorption-adsorbate interaction rules affects the oxygen reduction in less distinguishable ways

compared to the binary PdAg alloys.

1. Introduction

Adsorption on surfaces is relevant in many contexts and central
to the theory of heterogeneous catalysis. Langmuir started the
surface science approach to adsorption by using a set of basic
“rules” i.e. assumptions.! The rules are: equilibrium exists
between the adsorbed and desorbed state of the molecule; all
the adsorption sites on the surface are the same, adsorption is
limited to one monolayer (ML); and there is no adsorbate-
adsorbate interaction. These rules directly give rise to the
Langmuir isotherm for adsorption — an analytical expression
that describes surface coverage (Figure 1a).

The last rule regarding the non-interacting adsorbates is
known to be violated on real catalyst surfaces. Actually, the
Langmuir rules imply that there is an infinite repulsion between
molecules on the same site and no interaction at all between
molecules on neighbouring sites. The simplest way of including
adsorbate-adsorbate interactions is the Frumkin adsorption
model for surface coverage wherein the interaction between
adsorbed molecules is approximated by a mean-field linear
term, which only depends on the average coverage and not the
local adsorbate configuration on the surface (Figure 1a). A
related version of Frumkin isotherm, the Temkin isotherm,
could be deployed for surfaces with heterogeneous adsorption
energies. However, the result is similar to the Frumkin isotherm,
as the binding energy is assumed to increase linearly, thus
implicitly mimicking the effect of the mean-field interaction

aCenter for High Entropy Alloy Catalysis (CHEAC), Department of Chemistry,
University of Copenhagen, Universitetsparken 5, 2100 Copenhagen, Denmark.
“jan.rossmeisl@chem.ku.dk

term. Figure 1a shows how the inclusion of the interaction term
results in a delayed coverage response to the applied potential,
which weakens the adsorption energy and correspondingly
impacts the catalytic activity and selectivity. Additionally, the
inclusion of an interaction term means that the coverage of
adsorbed molecules must be solved iteratively, thus, the model
loses the simplicity of the Langmuir isotherm, even in the
simplest approximation of adsorbate-adsorbate interactions.

In electrocatalysis on uniform surfaces, isotherms
resembling those of the Langmuir and Frumkin models are
observed, e.g., for underpotential deposition of hydrogen on
Pt(100) and Pt(111), respectively.? The Langmuir isotherm also
describes *OH adsorption on Pt(111), and the Frumkin isotherm
describes intermediates related to oxygen evolution on Ir-
oxide.34

All the interactions, i.e.,
nearest neighbour, second nearest neighbour and so on, can be
calculated and implemented in Monte-Carlo simulations. It is
complicated and far from trivial to conduct these simulations,
but this will certainly see increased use in the future, especially
for studying dynamics. Such simulations can provide accurate
answers to specific questions, but it is difficult to get chemical
intuition from the results. Another commonly employed
technique to study the effect of coverage is cyclic
voltammograms (CVs). As CVs are both achievable
experimentally and theoretically, this methodology presents a
helpful way of comparing results across different approaches.>
When the number of different adsorbates increases, it becomes
even more complicated, and if the surface is heterogeneous, as
for high-entropy alloys (HEA), it becomes practically impossible.
Thus, understanding the adsorbate-adsorbate interaction on

local adsorbate-adsorbate
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HEAs represents a frontier in the atomic scale modelling of
catalysis.
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Figure 1 a) Coverage, 6, as function of potential, U, (or_qhemical potential). The Langmuir
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Examples of local *OH-O*, *OH-*OH, and O*-O* adsorption configurations that could be
disallowed by the blocking rules.

Our approach is pragmatic; we cannot exhaust the different
possible interactions on a HEA surface with density functional
theory (DFT) simulations. This limitation arises from the
inherent complexity of HEAs, where a single on-top site exhibits
510 distinct permutations when accounting for the nearest
neighbouring atoms. Therefore, we define a set of rules for
adsorption, just as Langmuir did. We then conduct simple
simulations to investigate the consequences and predictions of
these rules and compare with experiments (if such are
available). In most cases, there are no experiments to compare
with, but we can still investigate how different rules entails
certain outcomes.

For the simple case with only one type of site and one type
of intermediate, we can use the Frumkin or Langmuir isotherms
directly. However, it is known that spectators can block active
sites and reduce the number of sites that participate in
catalysis.®® So, if spectators and other intermediates are
adsorbing, we have to model how adsorbates block other
adsorbates from accessing nearby surface sites. As it is not
feasible to use DFT directly on a large surface or calculate all
possibilities, we start by estimating the adsorption energies on
the different types of sites for the different possible (non-
interacting) intermediates. We define this as the gross
distribution for non-interacting adsorption of each
intermediate. This distribution suggests that each surface atom

2| J. Name., 2012, 00, 1-3

could bind to more than one intermediate, which is deemed
unphysical. At this point, we must postulate rules for how to fill
View Article Online

the surface with adsorbates. DOI: 10.1039/D5FDO008OK

We assume that there can be only one intermediate per site,
thus the intermediates with the strongest adsorption will block
sites for weaker adsorbing intermediates. More specifically, we
define blocking rules in terms of disallowed local adsorbate
configurations. Examples of such rules could be to disallow
adsorbed *OH and O* that share a surface atom, three
adsorbed *OH on adjacent surface atoms, or two adsorbed O*
that that share a surface atom (Figure 1b). Furthermore,
imagine a surface with different types of sites; we can fill the
surface from the strongest binding sites, which might then block
associated sites for weaker adsorbing intermediates. Even if this
seems reasonable, these are rules that we are imposing, and
other rules could be imagined.® The resulting distribution after
filling the surface according to the imposed rules, we name the
net distribution. The net distribution determines what sites are
accessible for catalysis.

The catalytic activity of a surface is the activity of each site
summed over all the sites. Catalysis is a complex phenomenon,
and catalytic performance cannot be reduced to a simple easily
calculated quantity. Consequently, we make use of descriptors
known to correlate with catalytic performance. Adsorption
energies have proven to be the most predictive descriptor in
catalysis.’® Adsorption energies fit well with the Sabatier
Principle, which states that the optimal catalyst strikes a
balance between binding reactants strongly enough to facilitate
their transformation and releasing products efficiently. In
recent decades, the advent of DFT simulations has enabled the
development of a quantitative theory for catalytic activity based
on these principles.!* The resulting catalytic activity is often
represented as a Volcano curve, which establishes a
relationship between a descriptor (the adsorption energy, &, of
a reaction intermediate) and catalytic activity. Given a specific
value for the descriptor, the Volcano curve, A(€), predicts the
corresponding activity.

The activity in the descriptor approach is:
Activity « f D(e)A(e)de

D is the net distribution of adsorption energies, € is the
adsorption energy descriptor, and A is the activity as a function
of the adsorption energies or the Volcano curve. On a uniform
surface all sites have the same adsorption energy, &y, and D(¢g)
is then a delta function and the activity becomes A(gy) times
the number of sites. On surfaces with sites of different
adsorption energies, D(g) can take any shape, however, the
area under the distribution corresponds to the total number of
occupied sites. Thus, the integral over adsorption energy
captures the catalytic contributions from all occupied sites.

In this paper, we investigate a special case where adsorbate-
adsorbate interactions and alloying can unlock highly active

This journal is © The Royal Society of Chemistry 20xx
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sites for catalyzing the oxygen reduction reaction that are
otherwise inaccessible on the pure element surface. We look at
Pd and Ag as unary metals, an intermetallic, and a solid solution
of the two. We have limited the analysis to alloys constituted of
Pd and Ag, as these are reported to outperform both of their
associated pure metal alloys in terms of activity, of which Pd
performs decently, while Ag performs poorly.1? Additionally,
the chosen alloy polymorphs display unique adlayer patterns
due to their structural order (unary and intermetallics) or
structural disorder (solid solution), making them ideal surfaces
for our analysis. While neither the intermetallic nor the solid
solution qualifies as a HEA, from a simulation standpoint, they
exhibit a phenomenon also observed on HEA surfaces, where
we initially identified it.13

In the last part, we extend our analysis to the (111) surface
of an AgulrigPd3gPti4sRus HEA. Opposite to the PdAg
intermetallic and PdAg solid solution, the simulated potential
dependent ORR currents from the HEA are rather featureless,
and applying different blocking rules only scales the resulting
curves. This actually makes PdAg alloys a better experimental
choice for studying how adsorbate coverage on complex alloy
surfaces influences the (electro)catalytic activity.

2. Computational details

Throughout this work we have utilized a graph convolutional
neural network as a regression model. The regression model is
developed in line with the methodology fully elucidated in
earlier works.** Briefly, the regression model is based on DFT
calculated *OH and O* adsorption energies at on-top sites and
face-centered cubic (FCC) hollow sites, respectively, on FCC
structured HEA (111) surfaces comprised of Ag, Ir, Pd, Pt, and
Ru. It should be noted that all DFT calculations are performed
on adsorbates in isolation, which results in the regression model
predicting exclusively non-interacting adsorption energies. The
regression model is employed to predict *OH and O* adsorption
energies on simulated 96x96x3 atom sized slabs, either as unary
alloys, intermetallics, or solid solutions. These extended slabs
form the foundation for the presented analyses.

The DFT calculations, used for training, testing, and
validation,*>16 were performed with the revised Perdew-Burke-
Ernzerhof  (RPBE) exchange-correlation  functional as
implemented in the GPAW code version 1.5.1.27771° The
wavefunctions were expanded in plane wave basis sets with an
energy cutoff of 400 eV and the Brillouin zones were sampled
with 4x4x1 k-point Monkhorst-Pack grids.?21 The structures
were set up and manipulated using the atomic simulations
environment version 3.17.0 (ASE).2223 The Ag-Ir-Pd-Pt-Ru alloys
were simulated as 3x3x5 atom-sized slabs with periodic
boundary conditions and 20 A of vacuum in the z-direction. The
applied FCC lattice parameter of the slab was taken as the
weighted mean of the top-layer constituent elements
calculated FCC lattice constants in line with Vegard’s Law.242>
The two bottommost layers of the slabs were held fixed to
emulate bulk properties and only the remaining layers were

This journal is © The Royal Society of Chemistry 20xx
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allowed to relax until the maximum force on any atom was
within a threshold of 0.1 eV/A.

The *OH and O* adsorption Hsploellag\g%{gg&%gg e
multimetallic alloys were obtained by reference to Pt(111) using
the following assumptions:

Assumption 1): The *OH adsorption free energy on Pt(111)
is AGEtOH = 0.76 eV. This is an observation from blank Pt(111)
cyclic voltammograms (CV) in water.?® This adsorption energy
also fits the observation that Pt(111) adsorbs *OH 0.1 eV
stronger than the optimum of the ORR activity volcano.?’” The
optimum of the ORR volcano is fixed by the *OH/*OOH scaling
relation, AGO%tOH = AGO%tH +3.2 eV, and the formation free
energy of two water molecules of -4.92 eV to AG} 01-[ =
(492—-32)eV/2=0.86¢eV described in detail
elsewhere.?82°

Assumption 2): On Pt(111), the O* and *OH adsorption free
energies display a perfect scaling relation, i.e. AGR: o = 2AGYE ~OH-
This can be inferred from the same CVs in water and from
simulations of the free energy contributions of *OH and O* on
Pt(111).30

Assumption 3): Entropic contributions to the DFT energies
to obtain free energies are the same as on Pt(111), i.e. the
differences between free energies and DFT energies are
assumed to be identical:

Aglig’g_AGP i = AEYgY — AERG, and AGY:
Eg-™ — AERE.

The above assumptions allow the computation of *OH and O*
adsorption free energies as

alloy AG(P)E —A

alloy _ alloy
AG oy = AE o — AER L + AGRS

_ (Ealloy Ealloy) _ (EEE)H _ EP[) + 0.76 eV
Galloy A Ealloy — AEPt + AGEE

—( Ealloy E™ov) — (EPY — EP) 4+ 0.76 eV

As the potential, U, is increased, the surface is filled with *OH and
O*. The free energy for OX|dat|ve adsorption of OH and O are AGil(l)og
) = AG%OOI.}[’ —eU and AGa oy(U) = AGYY _2eU. Hence, the
competition between *OH and O* for sites, at any potential, can be
determined by comparing AG aIon with /ZAGalloy In an anodic
potential sweep, adsorbates f||| the surface sites from lowest to
highest adsorption energies. For convenience in the following, we
define the following *OH and O* adsorption free energies relative to

*OH on Pt(111):

AAGgY = Ao — AGThy
AAGH ™= HAGH ™ — AGRSy = AGH ™ — hAGH:

The *OH and O* binding energies were obtained on all unique
sites of ~300 unique Ag-Ir-Pd-Pt-Ru slabs totaling ~5000 unique
adsorption energies, which constituted the training, validation, and
test data for the regression model in an 80-10-10 split, respectively.
The data was converted to graph-type features using the geometry
tools incorporated in ASE to define the adjacency of atoms within a
cutoff-radii determined by the constituent elements’ covalent radii.
The regression model itself was constructed within the pyTorch

J. Name., 2013, 00, 1-3 | 3
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framework with an architecture of 3 convolutional layers of 18
dimensions and Relu as activation function.3! Each training epoch
used the AdamW optimizer (betas = (0.9,0.999), eps = 10-8,
weight_decay =0.01), the mean squared error (MSE) as loss function,
a learning rate of 1-10-3, and a batch size of 64.32 The rolling mean (¢
10 epochs) of the validation error was compared with that of the
earlier epochs excluding the last 100, and if the rolling mean
validation error had not decreased 1% compared to the prior errors,
early stopping was invoked. The model weights which gave rise to
the lowest validation error were then chosen for the trained model.

3. Results and discussion

Our goal is to predict the ORR activity of different PdAg(111)
alloy surface manifestations. We estimate ORR activity by using
the stability of adsorbed *OH / O* species relative to *OH
adsorption free energy on Pt(111) and assert that the highest
ORR activity is achieved when the *OH / O* adsorption energy
fulfills AAG g0 = 0.1eV. This follows the approach
described in earlier works.*®* The main obstacle is that the net
distribution of adsorption energies, rather than the less
complex gross distribution, determines the ORR activity.

3.1 Gross *OH / O* adsorption energy distributions on different
PdAg(111) alloy surfaces.

The non-interacting gross *OH / O* adsorption energy
distributions on different manifestations of PdAg alloy surfaces
are depicted in Figure 2.33 The first considered possibility is that
the surface is unary Pd(111) or Ag(111), for instance, brought
about by surface segregation or element specific dissolution.34-
38 The gross *OH / O* adsorption energy distributions are
distinguished by sharp peaks, where the *OH adsorption energy
on Pd(111) is very close to the optimum value (AAGE%H = 0.09
eV). However, as will be discussed later, these sites are
unavailable due to the strong O* adsorption (AAGP(} =—0.02
eV) which fully cover the Pd(111) surface. On Ag(111), the
coinciding *OH and O* adsorption energies are weak compared
to adsorption on Pd(111) and do not contribute to the overall
ORR activity in an appreciable amount until a large
overpotential is reached.

The second possibility is that the Ag and Pd atoms sit in an
ordered pattern at the surface, referred to as an intermetallic.
Here, we study the (111) surface cut of a layered bulk PdAg alloy
that exposes alternating rows of Pd and Ag atoms (Figure 2b).
The bulk layered PdAg alloy is predicted to be stable by
Materials Project, however, experiments suggest that PdAg
does not form ordered phases at 25°C and above.3940
Nevertheless, the intermetallic is included, as it showcases the
ideal case of adlayer formation and the ligand effect coming
together. The intermetallic surface has two distinct on-top
adsorption sites on Pd and Ag atoms, respectively, and two
distinct FCC hollow adsorption sites consisting of two Pd atom
and one Ag atom or one Pd atom and two Ag atoms. The
adsorption energy distribution still consists of sharp peaks,
however, the peaks can be shifted from the unary metal

4| J. Name., 2012, 00, 1-3
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Figure 2. Gross *OH / O* adsorption energy distributions and illustration of the
atomic configurations at the surface for a) unary Pd(111) or Ag(111), b)
intermetallic PdAg(111), and c) equimolar solid solution PdAg(111). In a) and b) it
is indicated which O binding energy correspond to which metal.

adsorption energies. For instance, the most stable O*
adsorption energy is destabilized slightly compared to O* on
unary Pd(111), because the O* atom interact with two reactive
Pd atoms and one inert Ag atom instead of three Pd atoms.
Oppositely, *OH adsorbed on-top the Pd atom has unaltered
adsorption energy compared to unary Pd(111) and is now

slightly more stable than O*.

The third possibility is that the Pd and Ag elements are
randomly distributed in the surface, resulting in what is referred
to as a solid solution (Figure 2c). This is the situation predicted
by most phase diagrams for bulk Pd,Agu alloys.*¥%3 The
adsorption energy distributions are broadened around the
unary metal adsorption energies due to ligand effects, while the

This journal is © The Royal Society of Chemistry 20xx
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distributions can be shifted in the cases where the element
composition of the surface differ from that of the bulk due to
strain effects (which is not included in our model).#4%¢  We
note that the PdAg surfaces depicted in Figure 2 are idealized
cases and that the surface could exist in a state in between
those illustrated in Figure 2. For instance, the surface could be
enriched in one element without the other being fully absent,
or there could be short range local order in an otherwise
disordered surface.*%>0

3.2 Blocking rules for O* and *OH.

After having obtained adsorption energies for every possible
site on the different PdAg alloy surface manifestations, we need
to consider to what extent adsorption of one species blocks
adsorption of other species at the neighbouring surface sites.
Ideally, we would recalculate the adsorption energies at the
neighbouring surface sites after every adsorption event, but the
regression model does not account for repulsion between
species, while DFT calculations quickly become untenable for
alloys with many different surface site combinations.

Instead, we define two sets of adsorbate-specific blocking
rules for O* and *OH, and subsequently examine how the
different sets of rules affect the final ORR activity estimate.
Specifically, we use an iterative procedure: we begin by placing
the most stable species on the surface, then sequentially add
the next most stable species that are not excluded by the
blocking rules imposed by the previously placed species.

The first set of rules, originally defined in 13, is referred to as
mutual blocking. Mutual blocking stipulates that O* can only
adsorb in FCC hollow sites, and when it does, it blocks on-top
*OH adsorption on the three surface atoms that makes up the
hollow site. Similarly, *OH adsorbing at on-top positions blocks
the three nearest FCC hollow sites. Finally, an adsorbate blocks
further adsorption on the same binding site. Figure 3 explains
how the rules are used to place adsorbates on a PdAg solid
solution surface.

The surface atomic configuration is depicted in Figure 3a,
and in the following figures, we overlay the adsorption energies
from the regression model as a heat map. The most stable
species is an O*, which is placed in Figure 3b, and blocks three
on-top *OH sites (marked by crosses). Next, the most stable
species, that is not blocked, is an *OH (Figure 3c), which, in turn,
blocks three FCC hollow sites (marked by crosses). This iterative
process can be continued, where the next adsorbate is another
*OH (Figure 3d), until all sites are blocked (Figure 3e).
Importantly, this set of rules does not leave uncoordinated
surface atoms and allows for 1 ML coverage of O* or *OH.

The second set of rules, denoted extended blocking, retains
the rules from mutual blocking, but adds that an O* species
blocks the nearest six FCC sites (diamonds in Figure 3b). This
limits the O* coverage to 1/3 ML, which is often predicted to be
the highest possible O* coverage at conditions relevant to
ORR.3152 |t also avoids unphysical coverages, where bulk metal
oxidation becomes more energetically favourable than surface
O* adsorption. Extended blocking further adds that two
adjacent *OH species block the two shared on-top neighbour

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 Illustration of how to fill the solid solution surface shown in a) using blocking
rules. b) The most stable species (an O*) is placed first and blocks three on-top *OH
sites in mutual blocking (marked by crosses) and an additional six FCC hollow sites in
extended blocking (marked by diamonds). c) The next most stable species (an *OH that
has not been blocked) in turn blocks three FCC hollow sites (marked by crosses) in both
set of rules. d) The next most stable species (another *OH) blocks additional FCC hollow
sites in both set of rules, while the combination of two adjacent *OH species blocks the
two shared on-top neighbour sites in extended blocking. This process continues until
the there are no unblocked sites left, resulting in the coverage e) for mutual blocking
and f) for extended blocking. The colour scheme overlaid in b)-d) depicts the GNN
predicted adsorption energy of each site, with the dark red regions indicating strong
binding sites (more negative adsorption energy) and the blue regions indicating weak
binding sites (more positive adsorption energy).

sites (diamonds in Figure 3d), which we do to promote
hexagonal patterns of *OH species with up to 2/3 ML coverage.
Experimental cyclic voltammetry suggest that Pt(111) forms a
surface adlayer with between 0.35 and 0.45 ML coverage of
*0OH.>3-36 This adlayer is often envisioned as a hexagonal pattern
of alternating *OH species (1/3 ML) and H,O species (1/3 ML)
connected by hydrogen bonds, causing a very stable adsorbate
configuration.>’—3°

Together, the rules also ensure that the maximum coverage
of O* (1/3 ML) and of *OH (2/3 ML) yields an equally oxidized
surface and therefore that their relative stability is potential
independent. This improves on mutual blocking, where we
might predict one monolayer of *OH at high potential, even

J. Name., 2013, 00, 1-3 | 5
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Figure 4 Coverage of adsorbed species using extended blocking rules for Pd(111) (top row) and Pd(111) with a single Ag atom (bottom row). The presence of *OH
species in Pd(111) with a single Ag atom improves the ORR activity by one order of magnitude.

though we know that the more oxidized one monolayer of O*
becomes more stable at high potentials. Finally, the O*-O*
repulsion and the *OH-*OH interaction are small or unchanged
at or below these coverages.®®%2 The weak interactions also
mean that it is probably not necessary to include a Frumkin
term. The full surface coverage after applying the extended
blocking rules (Figure 3f) has some important differences to that
from the mutual blocking rules (Figure 3e), namely that the
surface contains empty sites that do not support adsorbates
and therefore do not provide ORR activity. There is also
significantly more intermixing of *OH and O* and fewer
domains dominated by one species. Finally, hexagonal *OH
patterns are visible in the bottom-left part of the surface,
whereas the bottom-right part of the surface shows that *OH
also sits in line patterns.

Before discussing the net *OH / O* adsorption energy
distributions for the different PdAg(111) alloy surface
manifestations, we want to emphasize, in detail, how the
blocking rules affect catalytic activity. Applying the extended
blocking rules to unary Pd(111) result in an ordered O*
adsorption pattern with 1/3 ML coverage (Figure 4, top row).
The O* species have low ORR activity, because AAG is -0.02
eV rather than the optimal +0.1 eV. In contrast, if the Pd(111)
surface contains a single Ag atom, the ordered O* pattern is
interrupted and the extended blocking rules add two *OH
species instead of an O* species (Figure 4, bottom row). The AA
G4y is 0.09 eV, so the two *OH species have one order of
magnitude higher ORR activity than the combined O* species.

3.3 Net *OH / O* adsorption energy distributions on different
PdAg(111) alloy surfaces.

We now apply the blocking rules in order to figure out which
species are absorbed on the surface with which adsorption

6 | J. Name., 2012, 00, 1-3

energies, i.e. the net *OH / O* adsorption energy distributions.
We start with the mutual blocking rules for unary Pd(111) and
Ag(111) (Figure 5a). The O* species are most stable in both
cases, and, due to the absence of O*-O* blocking, they can
cover the whole surface. The net distribution therefore solely
consists of O* species and the coverage, as a function of
reactant chemical potential, is obtained by applying the
Langmuir isotherm or the Frumkin adsorption model. The
difference between net and gross distribution is therefore the
absence of *OH adsorption energies in the net distribution.
Applying the extending blocking rules for unary Pd(111) or
Ag(111), cap the total coverage of O* at 1/3 ML (Figure 5b), but
the adsorption energy of the O* species is unaltered.

Obtaining the net distribution on the intermetallic PdAg
surface is also quite simple. Here, *OH on-top adsorption on Pd
is the most stable species, and with both mutual blocking rules
(Figure 5c) and extended blocking rules (Figure 5d), every Pd
atom has an adsorbed *OH. The only difference between the
two set of rules is whether *OH can adsorb on Ag sites, these
are, however, much less reactive compared to Pd sites and not
active for ORR until a large overpotential is reached.

The net *OH / O* adsorption energy distributions for the
solid solution surface are more interesting, because, unlike
unary Pd(111) and intermetallic, they have both O* and *OH
species at the optimal adsorption energies for ORR. With the
mutual blocking rules (Figure 5e), there is a dip in O* species at
the optimal AAGRE ~0.1 eV, but this is compensated by a large
presence of *OH species within the same energy range. With
extended blocking (Figure 5f) these trends are further enhanced
and the surface now has a majority of *OH species, of which
many are located at the optimal energy for ORR.

3.4 ORR activity of different PdAg(111) alloy surface
manifestations.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Left column shows gross (grey background) and net (full colour) *OH / O* adsorption energy distributions and illustration of the adsorbate coverage when the adsorbates
are blocking according to the mutual blocking rules for a) unary Pd(111) or Ag(111), c) intermetallic PdAg(111), and e) equimolar solid solution PdAg(111). Right column shows

gross (grey background) and net (full colour) *OH / O* adsorption energy distributions and illustration of the adsorbate coverage when the adsorbates are blocking in accordance
with the extended blocking scheme for b) unary Pd(111) or Ag(111), d) intermetallic PdAg(111), and f) equimolar solid solution PdAg(111).

We now convert the net *OH / O* adsorption energy
distribution to the ORR activity at U = 0.86 V vs RHE. We follow
the approach of 13 and estimate the kinetic limited current from
each surface site, jy,, as:

. —|AAG&0H o+—0.1eV|-0.86eV+elU
Jk; = exp
i kgT

Furthermore, we cap the maximum current from each surface
site to a diffusion-limited current (jp) and obtain the total
current per number of sites (j;;) divided by the diffusion limit:

N

N
. . 1 1 _12 1
]tot/]D_jD_N ' i l—ﬁ . ]_D
i —+ T —+1
Jk; Jp Jk;

This journal is © The Royal Society of Chemistry 20xx

We note that imposing a diffusion-limit at each site is a choice
we make, and that we could instead have imposed a diffusion-
limit on the total current. At U =0.86 V vs. RHE, optimal sites for
ORR have the maximum ji, current equal to 1. If we also set jj
equal to 1, ji/jp has a maximum value of %, and a lower value
reflects how far a given surface is from the optimum.

In the first case, we assume that the only Pd(111) or Ag(111)
surfaces exist on Pd,Ag(1 alloys and that the amount of each
surface correspond to the bulk composition. On Pd(111), AAGSQ
is almost 0 eV. This means that Pd(111) has similar limiting
potential as Pt(111) (at 0.74 and 0.76 V vs RHE, respectively),
and very similar ORR activity, which is also observed
experimentally.®3 It also means that the Pd(111) activity is low
at 0.86 V vs RHE, with mutual blocking giving 3 times higher
activity than extended blocking, because the O* coverage is 1
monolayer with mutual blocking and 1/3 with extended

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fd00089k

Open Access Article. Published on 10 July 2025. Downloaded on 9/29/2025 2:19:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Faraday Discussions
a) b) ©)
02| —w— Activity - Mutual blocking o] o
—+— Activity - Extended blocking View Article Online
DOI: 10.1039/D5FD0O0089K
ol o2 o2
e 2o aod|
3 3 e
- o] N o] h o]
o o 0%
4_____/———‘
ol * 001 od1

0% 0% 0% 02 ob 0P 0 ol of o2 4P
PdxAg]_x [at. %]

o® o o o2 oX 0% o° ol o® o? 4P
PdxAg]x [at. %]

o® o o2 o® oX 0% 0° ol o® P 4P
PdxAg].-x [at. %]

Figure 6 Predicted ORR activity at U = 0.86 V vs. RHE for a) unary surfaces, b) intermetallic, and c) solid solution as a function Pd content in the alloy.

blocking. Still, Ag(111) has no discernible ORR activity, so the
ORR activity increases linearly with Pd molar fraction (Figure
6a).

In the second case, we also include the PdAg intermetallic
(111) surface, such that at x = 0.5, there is only the PdAg
intermetallic surface, while at x > 0.5, both the intermetallic and
Pd(111) surfaces exist, and at x < 0.5, both the intermetallic and
Ag(111) surfaces exist. This situation would occur, if the only
stable structures in the convex hull were Pd(111), the PdAg
intermetallic, and Ag(111). The intermetallic has close to
optimal *OH adsorption energies with *OH coverage up to 0.5
monolayer, so the predicted activity of 0.21 (both for mutual
blocking and extended blocking) is many times better than
Pd(111) at U =0.86 V vs. RHE (Figure 6b). The activity reduction,
from the 0.5 optimum to 0.21, is mainly due to half the surface
being inert Ag atoms. The activity falls off linearly away from x
= 0.5 and towards both Ag(111) and Pd(111).

In the last case, we consider solid solutions, where the
surface composition is equal to the bulk composition. The
advantage of a solid solution is that some sites have the optimal
adsorption energy for ORR, while the drawback is that these
sites are fewer in numbers compared to PdAg intermetallic. This
means that the ORR activity is high over a large range of
composition space, but also that it is never as high as the PdAg
intermetallic. Another feature is that the solid solution can have
abrupt changes in the limits of unary metals, as seen at x—>1.
This is also seen in modelling of CO, hydrogenation to CO on
CuAg solid solution (111) surfaces.®*

In Figure 5, it is worth noticing that the relative activities are
very similar irrespectively of whether we apply mutual blocking
or extended blocking rules. This is comforting, since we like our
conclusions to be robust no matter our exact choice of rules. It
means that the unoccupied sites with the extended blocking
rules are not significantly different to the occupied sites; it
mostly just means that we have less sites than with mutual
blocking. Likewise, we imagine that the analysis would also yield
similar results, if we allowed for O* adsorption in the HCP
hollow sites, since these sites adsorb O* similarly to the FCC
hollow sites. It also indicates that the surface structures, we end
up with, does not have to look exactly like the experimentally

8| J. Name., 2012, 00, 1-3

realized surfaces to make good models for the activity. The
largest discrepancy between mutual blocking and extended
blocking is at the x = 1 limit, so this seems a good experimental
test case, to improve our understanding of how adsorbate-
adsorbate blocking influences catalysis.

The last part in the PdAg alloy analysis is to qualify if the
rules we have imposed are resulting in predictions and
consequences, Wwhich are consistent with experimental
observations. Our main findings are 1) On unary Pd(111), O* is
adsorbing at a lower potential than *OH. 2) *OH on top of Pd
would be active for ORR, however, the surface is covered with
O* leaving no room for adsorption on the active site. 3) By
alloying with Ag, the oxygen coordinated directly with Ag is
destabilized, and in some cases *OH on top Pd becomes the
We

*CO stripping and oxidation on Pd and Pt

most stable which increases the activity. have earlier
investigated
experimentally in 3. The observations are that on the Pt and Pd
blank CV in water, the oxidation happens around the same
potential, which is consistent with *OH adsorption on Pt and O*
adsorption on Pd. The CO stripping becomes possible at
potentials where *OH can adsorb on the CO covered surface.
After the initial CO stripping, CO oxidation continues due to
adsorption of additional CO from the solution. On Pt, it stops at
the potential where *OH adsorption no longer is possible, as
measured with the blank CV. On Pd it stops at a potential 0.1 V
higher than the oxidation on the blank CV and there is a small
region with negative current after the CO oxidation has stopped
and at higher potentials than the oxidation on the blank CV,
consistent with a reduction of oxygen on the surface of Pd. Our
interpretation is that only *OH can oxidize *CO and on Pd, O* is
more stable than *OH, which requires a 0.1 V higher potential.
An adsorption 0.1 eV weaker than Pt is known to be optimal for
oxygen
improved ORR activity in alkaline electrolyte compared to Pd.1?

reduction. Experiments with PdAg have shown
For this to be consistent with calculated adsorption energies we
attribute this increased activity to *OH on Pd sites. These two
experimental studies are indicating that the effect described
here are real and important for catalytic activity.

Itis interesting to note that nobody has described this when

studying uniform surfaces, it is a phenomenon we first
encountered in the simulations on HEA surfaces, as these

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Agi4lri6PdsoPti4Ru, HEA (111) surface a) gross *OH / O* adsorption energy distributions and net *OH / O* adsorption energy distributions obtained with b)

mutual blocking or c) extended blocking rules. Potential dependent ORR current of the PdAg intermetallic, the equimolar PdAg solid solution, and the
Agi4lr16Pd3oPti4RU,6 HEA given that either d) the gross distributions, e) mutual blocking net distributions, or f) extended blocking net distributions determine the

ORR activity.

complex and heterogeneous surfaces forced us to think of
adsorbate-adsorbate interactions and gross and net
distributions of adsorption energies. We have now several
examples where the HEA surfaces reveal fundamental effects in
adsorption, which have been overlooked for decades because
we mostly have investigated uniform surfaces.

3.5 Net distributions and ORR activity for Agyslr;gPdsoPt;4Ruz6 high-
entropy alloy.

In the last section, we extend the net distribution and ORR
activity analysis to a AgyslrigPdsgPt14RuU>¢ HEA (111) surface and
to the full potential range relevant for ORR rather than just 0.86
V vs. RHE. We note that the AgylrigPdsoPti4sRuUs HEA
composition is arbitrarily chosen, and we therefore focus on
aspects that we believe are more generally valid for HEA
catalysts.

The gross *OH and O* adsorption energy distributions for
the AgialrigPdsoPti1sRUy6 (111) surface (Figure 7a) show that the
most stable species are *OH species and that much of the
distributions are situated at AAGa*lg?{’/o* of -0.25 eV or below.
The latter lowers the ratio of sites with AAGa*lgg/o* =~0.1eV
and negatively impacts the overall ORR activity, however, the
ratio of optimal sites could be increased by adjusting the HEA
composition.®®

The net *OH and O* adsorption energy distributions are
shown in Figure 7b for mutual blocking and in Figure 7c for
extended blocking. The distributions show that *OH, to a large

This journal is © The Royal Society of Chemistry 20xx

Please do not

extent, outcompetes O* species on the surface, even though
*OH species only seem to be slightly more favoured than O*
species in the gross distributions. We also see that the net *OH
distribution from extended blocking is significantly reduced at
higher adsorption energies compared to mutual blocking, so it
seems that the adsorption sites below AAG%}}%/O* =—0.25¢eV,
are more damaging to the ORR activity when extended blocking
rules apply.

Lastly, we estimate the current of the PdAg intermetallic,
the equimolar PdAg solid solution, and the Agi4lrigPdsgPti4Ru,e
HEA, for the full potential range relevant for ORR, given that
either the gross distributions (Figure 7d), mutual blocking net
distributions (Figure 7e), or extended blocking net distributions
(Figure 7f) determine the ORR activity. The ORR activity is
lowest for the AgislrigPdsoPti4Ruys HEA, no matter what rules
apply. This shows that if we already have an active bimetallic
alloy, changing to a HEA will generally just dilute the number of
active sites. The gross distributions contain both one monolayer
of *OH and one monolayer of O* so the combined current
reaches j;/jp = 2, which is unphysical. Interestingly, both the
PdAg intermetallic and the PdAg solid solution currents contain
features that differ between the different applied rules, e.g. the
presence (mutual blocking) or absence (extended blocking) of a
secondary uptake in the PdAg intermetallic current at 0.5 V vs.
RHE related to the presence of absence of *OH on the Ag atoms
in the surface. Experiments could validate certain rules based

J. Name., 2013, 00, 1-3 | 9
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on such features. Oppositely, except for a scaling factor, the
current from Agi4lrigPd3oPtisRuUys has the same features,
everywhere in the potential range, independent of the applied
rules. This makes it difficult to validate specific rules by
experiments, but it also means that there is little reason to
construct net distributions, since the gross distributions are
likely adequate descriptors for the ORR current. This latter
finding is in line with previous findings from our group.®”

Conclusions

Including the adsorbate-adsorbate interaction is a frontier in
modelling adsorption and catalysis on complex surfaces. It
seems impossible to include it in a straightforward manner;
therefore, we need to assume some rules for the adsorbate-
adsorbate interaction very alike the rules in a Langmuir
isotherm. We impose two slightly different sets of rules
resulting in different representation of the covered surface, but
yielding very similar trends in activity. We identify that the
adsorbate-adsorbate interaction can affect the activity
positively by allowing for adsorption on-top Pd atoms, which on
a unary Pd surface would be blocked by O* adsorption in the
FCC hollow site. There are experimental indications that this can
be a real effect important for catalysis. This is one of a few
phenomena, we have found by investigating HEA surfaces. In
this study, it is very easy to challenge the assumptions,
however, we see that as a strength compared to having the
assumptions enter in a less explicit manner in the models.
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Data availability

All DFT data for this article are from earlier published work. [C.
M. Clausen, M. L. S. Nielsen, J. K. Pedersen and J. Rossmeisl,
High Entropy Alloys & Materials, 2023, 1, 120-133.] The scripts
needed to construct the machine learning regression model are
freely accesible at our Github repository:
https://github.com/catalyticmaterials/CHEAT. @ The  scripts
necessary for reproduce the results and figures presented
herein is available at:
https://erda.ku.dk/archives/ad4aaf5f6badf4aada8daebcd1896b
dde/published-archive.html.
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