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Abstract

Scaling and Brensted-Evans- Polanyi (BEP) relations have proven immensely powerful in catalysis
theory. The relations provide an understanding of the Sabatier principle in a quantitative fashion,
such that we can calculate the adsorption energy that most optimally compromises between a low
reaction barrier and a not too strong adsorption. Scaling and BEP relations are usually mapped out
for pure metal surfaces and it is not directly clear how they translate to complex alloy surfaces, e.g.
high-entropy alloys (HEAs). The scaling relation between *OH and *OOH is one of the most
studied and best understood. Generally, both *OH and *OOH adsorb on a single surface atom, so
HEAs do not change the established scaling relation, but rather widen the distribution of available
adsorption energies. The situation can be different for reactions at multi-atom surface sites. In the
reaction between O* and *CO to form COa, the species interact with more surface atoms at the
initial state compared to the transition state, so for a given reaction energy, HEAs allow for lower
activation energies than pure metals. The reason is that HEA surfaces can make the transition state

more similar to the initial state, without the need of steps or other geometric features.
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1. Introduction

Scaling and BEP relations have had an immense impact on catalysis theory.! The observation that
adsorption in general is weakened by moving right (from Mn to Cu) and down from 3-d to 5-d
among the late transition metals can be rationalized by the d-band model.>® Since any molecule
binds weaker going right and down in the periodic table, the binding of the different molecules must
all be correlated. It turns out that there often are linear relations between adsorption energies of
different molecules, the so-called scaling relations.”® Scaling and BEP relations relate the energies
for the states along the reaction path to each other. This means that if you want a low barrier for e.g.
dissociation, it requires a stronger adsorption of the atoms, which in turn will be more difficult to
react further to the products. This is a formulation of the Sabatier principle, however, the
formulation becomes quantitative with scaling and BEP relations. We can calculate what adsorption
energy gives the optimal compromise between a low barrier and a not too strong adsorption. A plot
of the activity versus adsorption energy is a Sabatier volcano curve.

HEAs (alloys with five or more randomly situated elements) are interesting catalysts, e.g.
because one can modify their properties by changing their composition.%® Furthermore, the
heterogeneous HEA surfaces are not governed by mean field behaviors and the removal of mean
field approximations in theory development can sometimes provide a deeper understanding of
catalysis. One such case concerns scaling and BEP relations, which are usually mapped out on pure
metal surfaces. This raises the question of whether these relations are directly applicable to alloy
surfaces, especially multi-metallic and HEAs. This is the focus of our paper.

The most shown scaling relation is probably the scaling between *OH and *OOH on metal or
oxide surfaces.” ! This relation is particular good since both intermediates bind via an oxygen atom
and both mostly prefer on top binding on the surface. The *OH and *OOH species are key
intermediates in the electrocatalytic oxygen reduction reaction (ORR) and oxygen evolution

reaction (OER), which are important reactions for the storage, conversion, and utilization of
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renewable electricity. ORR and OER rely heavily on rare materials like Pt and IrO,. However,
alloying the Pt based ORR catalysts with Cu or Ni both cut down on the required amount of Pt and
modifies the *OH and *OOH adsorption energies to improve the activity over that of pure Pt. #%
In Section 2, we use ORR and OER to discuss how we expect scaling relations for catalysis at
single-atom sites to behave on HEAs. We point out that because both *OH and *OOH adsorb on a
single surface atom, HEAs most likely cannot be used to move away from the *OH / *OOH scaling
relation. Instead, the *OH and *OOH adsorption energies are continuously distributed on HEAs,
rather than having discrete values on pure metal surfaces. This in turn makes geometric features
such as step sites less important for ORR and OER on HEAs, since some sites on the flat terraces
will adsorb *OH / *OOH with the same strength as step sites.

BEP relations!*!> are a special case of scaling relations, where the linear scaling is observed
between the energies of the transition states and the final state of a reaction step, rather than
between the adsorption energies of different intermediates. Fast and efficient catalysis is achieved if
the energy required to access the transition state is not much higher than the energy of the initial and
final states. One way to achieve this is with an “early” (or “late”) transition state, where the
structure of the transition state is made to resemble the initial state (or final state). Surface defects,
such as steps or guest atoms, can often accommodate transition state structures that are more similar
to the initial or final states, compared to what is possible on flat defect free terraces.'®!® In Section
3, we study BEP relations for the CO oxidation reaction, which is a key reaction step in the water-
gas shift reaction.!®?° We specifically consider the reaction between O* and *CO to form CO; at
multi-atom surface sites and discuss how HEAs can make the transition state more similar to the
initial state, without the need of steps or similar geometric defects. An important factor is that the
transition state interact with less surface atoms than the initial state, which allows for lower

activation energies for a given reaction energy on HEAs than on pure metal surfaces.
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2. Catalysis at single-atom sites

We first discuss the case where the reaction intermediates primarily adsorb on the same surface
atom. In such reactions, the intermediate adsorption energies mostly depend on the element type of
the surface atom, but the energies are perturbed by the elements in the local surface environment
(ligand effects).?!>* ORR and OER largely fall into this single-atom site category. We will therefore
use ORR (and OER) to highlight how we expect the scaling relations for catalysis at single-atom

sites to behave on HEAs.

2.1 The oxygen reduction and evolution reactions.

ORR can evolve through the transfer of either 2 electrons, resulting in hydrogen peroxide, or 4
electrons, resulting in the formation of water. Among the two, the 4-electron path is energetically
favored from a thermodynamic point of view and is typically assumed to follow the pathway of eq

1-4,%72" also represented in Figure 1a. OER is the reverse pathway, converting H>O to O».

0,(g) + *+H' +e - *OOH (1)
*OOH + H' + e » O* + H,0 )
O*+H" + e — *OH (3)
*OH+H + e - H,0 “4)

The four reaction steps have reaction energies given by eq 5-8, where we use the computational

hydrogen electrode approach to account for the electric potential.?®
— 1 _ {ov}

AGl - G*OOH - G* - GOz(g) - /ZGHZ(g) + ersRHE - _AGl + eUVSRHE (5)
— 1 _ {ov}

AG, = Gox — Gxoon — 72Gh,(g) + €Upspup = —AG, "~ + eUysgpur (6)
— 1 _ {ov}

AGs = Groy — Gox — Y2Gp,(g) + eUysgue = —AGz " + eUyspyr (7
— 1 _ {ov}

AG4 —_ GHZO(I) + G* - G*OH - /ZGHz(g) + eUVSRHE —_ _AG4_ + eU‘USRHE (8)

5

https://doi.org/10.26434/chemrxiv-2024-plfkz-v2 ORCID: https://orcid.org/0000-0001-6943-0752 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-plfkz-v2
https://orcid.org/0000-0001-6943-0752
https://creativecommons.org/licenses/by-nc/4.0/

In eq 5-8, G+ is the free energy of the surface without intermediates, G+oon, Go*, and G+op are the
free energies of the surface with adsorbates, and Gu200), G2, and Gozg) are the free energies of
the molecules. U,sruk is the electric potential of the electrode/electrocatalyst versus the reversible
hydrogen electrode (RHE). Furthermore, we collect the potential independent terms of eq 5-8 into
~AGI'™V}, —AG'Y} | —AG;'Y}, and —~AG4'"}, where the minus signs allow us to discuss positive
energy differences in the following discussion.

The Ox(g) reduction to two H,O molecules releases 4.92 eV at 0 V vs RHE (i.e. AG1{%V} +
AG'™V} + AGV + AG4 'Y =4.92 ¢V), and ORR/OER therefore have an equilibrium potential of
1.23 V vs RHE. However, ORR can only occur at potentials where all reaction steps are downbhill in
energy when going from left to right in Figure 1a. The potential where all reaction steps become
downhill is called the limiting potential for ORR (Uorr) and is given by eq 9.%

Uorr = min(AG1 1%V}, AG2'V}, AG3 VY, AG4 1™V e 9)
Similarly, OER can only occur when all steps are downhill going from right to left in Figure 1a. The
limiting potential for OER is Uogr = max(AG1®V}, AG>'V} AG5'Y), AG4%V)/e.

Importantly, ORR/OER catalysts are subject to a stringent scaling relation between the
adsorbed *OOH and *OH species, which results in AG>"*Y} + AG5'®Y} = 3.2 eV, with an uncertainty
of £0.2 eV.”!* The *OH / *OOH scaling relation is observed to be very universal, which is often
explained by the similarities between the *OH and *OOH species. Both intermediates generally
adsorb on single surface atoms in on-top positions, have total formal charge of -1e, and can form
similar hydrogen bonds. The *OH / *OOH scaling restricts the highest possible limiting potential
for ORR to 0.86 V vs RHE, which is obtained when reaction step 1 and 4 share the energy that is
not included in the 3.2 eV of the scaling relationship (i.e. AG1'?Y) = AG4+'?V) = 0.86 eV < AG>'"V},
AG3'V}). The scaling relation simultaneously restricts the optimal OER limiting potential to 1.60 V,

which is obtained when AG>'?V} = AG3'%V} = 1.60 eV > AG11V} AG41OV,
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The ORR/OER catalysts are also, to a large extend, subject to a scaling relation between *OH
and O*, which specify that the energy required to form H>O from *OH is the same as the energy
required to form *OH from O* (i.e. AG5'?Y} = AG4'%V"). One aspect of this scaling relation is easily
rationalized, since if O* is too unstable, it can undergo the following chemical reaction O* + H>O(1)
— 2*0OH such that both step 3 and step 4 become conversion of *OH to H>O(1). This reaction
mechanism is sometimes assumed for ORR on Pt(111).2° The specific energy of the O* species
cannot improve the limiting potentials for ORR/OER, when the *OH / *OOH scaling is in effect.
However, the O* / *OH scaling does result in catalysts not being bidirectional for ORR and OER
(i.e. catalysts do not catalyze ORR and OER equally well). The optimal ORR catalyst subject to
both *OH / *OOH scaling and O* / *OH scaling has AG1{?V} = AG4V = AG31?V/=0.86 ¢V, and
AG>%} =234 eV, while the optimal OER catalyst has AG' V= AG5 VY = AG4V! = 1.60 eV, and
AG1'®™v} = 0.12 eV (Figure 1b). The optimal catalyst subject to *OH / *OOH scaling, but not O* /
*OH scaling has AG1%Y' = AG4'V} = 0.86 eV and AG>!"V} = AG5V} = 1.60 eV, and is
bidirectional, with 0.37 V overpotential for both ORR and OER. Interestingly, catalysts with
bidirectional properties and overpotentials around 0.37 have been reported in the literature.*® This

shows that O* / *OH scaling can be broken.

Uu=o0ov
a) o D) | e AGIV = AGIM = AGI™ =16 eV, AG{™ =0.12 eV
5 2 e AGIVY = AGIVY = AGIVT = 0.86 eV, AGI™V =234 eV
3
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Figure 1: (a) Free energy diagram for the ORR at U =0 V vs RHE. (b) Free energy diagrams at U =
0.86 and U =1.60 V vs RHE. The optimal ORR catalyst subject to O*/*OH scaling is plotted in
cyan, the optimal OER catalyst subject to O*/*OH scaling is plotted in blue, and the optimal
bidirectional catalyst not subject to O*/*OH scaling is plotted in red. The arrows show pathways

that are active in the indicated directions.

The *OH / *OOH scaling relationship has been observed on both HEAs?! and at steps and
other undercoordinated sites on pure metal surfaces.*? This emphasizes the universality of the
AG'™Y) + AG3%) =3.2 eV £ 0.2 eV scaling relation, and the challenge of lowering the
overpotential below 0.37 V for both ORR and OER.?%*” Oppositely, the O* / *OH scaling relation is
easily broken on HEAs, simply because *OH usually adsorb in on-top positions, while O* adsorb in
threefold hollow sites and therefore interact directly with three surface atoms instead of one.!

If we accept that the *OH / *OOH scaling relation cannot be subverted, then the search for the
most active ORR catalyst becomes a search for surfaces with optimum *OH adsorption energy (i.e.
AG4+%V1=0.86 eV). ORR catalysts with optimum *OH adsorption energy could still have low
activity, if the O* formation step (AG3°"}) is prohibitive, however, that step has to fall outside the
[0.86 eV, 2.34 eV] energy window in order to restrict the ORR activity.

Pt is one of the best performing ORR electrocatalysts,*>** even though the Pt(111) surface
adsorbs *OH 0.1 eV too strongly.*® One strategy is, therefore, to modify Pt(111) just enough that it
adsorbs *OH 0.1 eV weaker. Pt facets with less coordinated atoms than (111) doesn’t improve the
ORR activity, since these surfaces typically are more reactive than Pt(111) and adsorb *OH stranger
instead of weaker.**>” However, Pt surfaces with short (111) terraces separated by monatomic steps

do have increased ORR activity, compared to completely flat Pt(111) surfaces.*®*! The reason may

be that *OH is less solvated by the aqueous electrolyte on short terraces.*? Another successful
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strategy is to alloy Pt with elements that weaken the *OH adsorption energy,** examples are Pt;Ni #
and Pt with Cu in subsurface layers.* This strategies work by placing more reactive metal atoms in
the vicinity of the Pt(111) atoms that adsorb *OH. These adjacent atoms interact strongly with
Pt(111), which in turn weakens the interaction between Pt(111) and *OQH.*#’

In Figure 2, we have illustrated the *OH / *OOH scaling relationship as a line with slope 1
and y-axis intercept at 3.2 eV. As discussed for Pt, one can use structure effects to move up and
down the line. However, changing the surface structure will move the *OH adsorption free energy a
finite amount on the scaling line, so the adjustability is limited. For instance, *OH adsorption free
energies are stabilized by around 0.25 eV at (553) step sites compared to (111) terrace sites, largely
independent of the metal in question.>> HEAs can also be used to move up and down on the line, but
instead of the finite shift expected when changing the surface structure, the heterogeneous nature of
HEA surfaces convert the distinct *OH / *OOH adsorption energies into a continuum of adsorption
energies (ensemble effect).**>° Specifically, each element adsorb *OH close to the value of the pure
metal, but with Gaussian distributed adsorption energies due to the perturbation from the other
elements in the surface. E.g., on the equimolar [rPdPtRhRu (111) surface, each element covers an
*OH adsorption energy range of almost 0.5 eV and the five elements combined covers nearly 1.5
eV. *® This means that a fraction of the HEA surface sites will have the optimum *OH adsorption

energy.
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Figure 2: Scaling relation between the energies of *OOH and *OH intermediates in the case of

ORR, for flat and stepped pure metal surfaces, as well as HEA surfaces.

It might be possible to get an active catalyst by having a small portion of the *OH / *OOH
adsorption sites at the optimal adsorption energy. This is reminiscent of cases where structural
defects in extended surfaces or edges and vertices of nanoparticles account for most of the catalytic
activity, even though they make up a small fraction of the surface sites.’!>* We have already
mentioned that geometric features, like steps or narrow Pt(111) terraces, are a common way to
expand the available adsorption energies of a material. In general, more undercoordinated sites
result in stronger adsorption. However, undercoordinated geometric features are also unstable and
consequently scarcer than higher coordinated surface atoms. Alloys, on the other hand, especially
HEAs, provide a wide adsorption energy distribution*® without the same scarcity issue. Figure 3
illustrates *OH adsorption energy distributions on a hypothetical pure metal with surface defects
(e.g. monoatomic steps) (Figure 3a) and on a hypothetical HEA (Figure 3b). We further overlay the
ORR limiting potential and estimate the catalytic activity with an Arrhenius-like expression, using
the surface site fraction, a temperature of 300K, pre-exponential factor of 1, and a potential of 0.86

V vs RHE. This is similar to the estimated kinetic limited current in [*°]. In the pure metal case, we
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assume the flat surfaces have *OH adsorption at AG4!°Y} = 1.06 eV and monoatomic steps have
*OH adsorption at AG4'°V} = 0.86 eV, and assign them the fractions 1 : 3-1073. With these
assumptions, the monoatomic steps (Figure 3a, left bar) account for most of the activity (87%), even
though they are several orders of magnitude less in number compared to the flat surfaces (right bar).
The rich configurational space of HEA surfaces create continuous *OH adsorption site
distributions shaped as Gaussians.**>° In our hypothetical HEA case, we therefore convert the pure
metal single valued *OH adsorption sites into Gaussian distributions with the same number of sites,
centered at the same *OH adsorption energies, but with standard deviations of 0.05 eV (Figure 3b).
The effect is that less of the monoatomic steps are at the optimal *OH adsorption energy, and the
step sites only account for 27% of the total activity. Oppositely, the terrace sites account for 73% of
the total activity, because fractions of the terrace sites are at or close to the optimal value. The two
hypothetical cases have roughly the same total activity (3.4-1073s™! per pure element site and 3.8-10
357! per HEA site). We note that the relative importance of step sites verses terrace sites depend a lot
on the standard deviation for the Gaussian *OH adsorption energy distributions. The 0.05 eV that
we have chosen, is similar to values reported in the literature ® , but larger values will make step

sites less important.
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Figure 3: (a) *OH adsorption energy distributions for a hypothetical pure metal with terrace sites
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(AG4V} = 1.06 eV) and step sites (AGs'?V' = 0.86 V). (b) *OH adsorption energy distributions for
a hypothetical HEA surface with Gaussian distributed terrace sites (centered at AG4'*V' = 1.06 eV
and with 0.05 eV standard deviation) and step sites (centered at AG4'°V = 0.86 eV and with 0.05 eV
standard deviation). The fraction of terrace versus step sites is 1 : 3-107. The figures also contain a
plot of the limiting potential volcano. The right y-axis represents the number of sites and the color
bar shows the partial contribution from terraces and steps to the total activity. The activity is
calculated with an Arrhenius-like expression, > using the surface site fraction, a temperature of

300K, pre-exponential factor of 1, and a potential of 0.86 V vs RHE.

3. Catalysis at multi-atom sites
The element makeup of HEA surfaces could be more crucial for reactions that involve more than
one surface atom, especially if the intermediates and transition states interact with a varying number

of surface atoms. To illustrate this, we use the CO oxidation reaction (COOR) as an example.

3.1 The CO oxidation reaction.

The COOR between adsorbed *CO and O* (eq 10) on multi-metallic (111) surfaces was studied in
[%].

O* +*CO — COa(g) (10)

The study assumed that eq 10 is the key reaction step in the water gas shift reaction (i.e. CO(g) +
H>0O(g) — CO2(g) + Ha(g)). Figure 4a illustrates the DFT energy landscape for the water gas shift
reaction modeled on Pt(111). The O* species is formed by H>O dissociation and generally prefers to
adsorb at a threefold hollow site, whereas *CO adsorb directly from the gas phase and generally
prefers to sit at an on-top position. We, therefore, (at a minimum) need to keep track of three surface

atoms (4, B, C) to capture O* adsorption, and one adjacent surface atom (D) to capture *CO
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adsorption. Figure 4b illustrate the COOR active site made up of these four surface atoms. Ligand

effects further complicate the picture, but we will ignore these in this section.

—_
QO
~
—_—
O
~—

1.0+

S~
-
:P]
S
2 |
5 00— V00t Eas
e CO(g) + H,0 (g) + 2* § |
AE} *C i |
: CO,+ H,(g) + [\ CO, ()+ Hy(g) + 2%
-1.0 :

Reaction coordinate

Figure 4: (a) DFT energy diagram for the water-gas shift reaction on the Pt(111) surface. E7s is the
energy of the transition state compared to the energy of the products (CO2(g) and Ha(g)). E. is the
activation energy and AE is the reaction energy of the *CO + O* — COx(g) reaction step. (b)
[Mustration of the four adjacent metal atoms directly involved in COOR. The O* atom binds to
atoms 4, B and C, while *CO adsorbs at atom D. Reprinted with permission from ref.> Copyright

2022 American Chemical Society.

The DFT reaction energy (AE) of eq 10 is given by eq 11. We add the “(4,B,C,D)” superscript
to indicate that AE depends on the element makeup of the active site.
AE@ABED) = —0.73ev — (™ + EQ)) (11)
The -0.73 eV is the DFT reaction energy of the full water gas shift reaction, Eo<4#© is the
adsorption energy of O* (formed from H,O(g)) at the 4, B, C surface site, and E+co® is the
adsorption energy of *CO on atom D. The activation energy (£,) of eq 10 also depends on the
(4,B,C,D) element makeup of the active site. However, at the COOR transition state, the O* species
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have moved away from the threefold hollow site to a bridge position between the B, C surface
atoms, while *CO remains at the D surface atom. This means that the activation energy of the
backwards eq 10 reaction (E7s®©P) does not depend on surface atom 4 and is therefore a more
convenient transition state descriptor than EABCED) The AEWBCD) E ABCD) ang FrdBCD) gre
related by eq 12.

EMEOP) = E(FOP) + AEABCD) (12)

Studies of COOR have found that E, scales linearly with AE on pure metals.’”>® However,
HEAs may not be subject to the same limitations.>® We could investigate to what extend HEAs are
subject to scaling based restrictions between AE and E, by calculating COOR on multiple HEA
surface sites in a brute force approach. However, a less accurate, but perhaps more insightful,
approach is to approximate how Exco®™, Eox489 and Ers® P depend on the makeup of the 4, B,
C, D active site. The study,*® therefore, proceeded to estimate Eo+“%9 and E7s® ) as being
linearly dependent on on-top O* and *CO adsorption energies (E+co® is used as an input, since it’s
an on-top adsorption energy that mainly depends on atom D). The Eo+“5© values were
approximated by eq 13, where Eo# w0y, Eo*10p®, Eo*10p©) are O* on-top adsorption energies on the
three atoms making up the hollow site. The -1.26 eV is added, because hollow sites are significantly

more stable than on-top adsorption sites.

(4B,C) 1 ( (4 (B) ©
EP O (B, + Egirop + Egorop) — 1.266V (13)
Similarly, E7s®©P) was approximated by eq 14, which depends on Eox 10p®, Eo*10p'©, and Ex+co™®,

because the transition state has O* adsorbed at a B, C bridge position and *CO adsorbed on atom D.
(B.CD) D (B ©)
EECP~061 - (E*CO + 2 (Egop + Eo*ltop» +1.01eV (14)

Reference [*®] provides additional details regarding the fitting of eq 13 and eq 14 to computed

adsorption and transition state energies.
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The approximations for Eo«4 29 and Ezs®¢P) allow us to explore what AE (eq 11) and E, (eq
12) values are possible. Eox 1,V ranges from 0.88 €V on Ru(111) to 3.88 eV on Au(111), whereas
Exco ranges from -1.70 eV on Ru(111) to around 0 eV on Au(111) and Ag(111). On pure metal (111)
surfaces, the three O* on-top adsorption energies are equal (i.e. Eo* 10p‘D = Eo*10p® = Eo#10p©), and,
in that case, E, falls on a single line (black line in Figure 5), no matter what values of Eo= 0, we
pick in the ranges between Ru(111) and Au(111). Note that since E+co'” and the combined O*

adsorption energy have the same weight in both Eo«4# and Ers®¢P) changing E+co”

still gives
E, values on the black line. Figure 5 includes DFT calculated AE and E, for pure metals (red
circles) from ref [*®], which show that the black scaling line is a decent representation of pure
metals, even though the approximations were made to describe multi-metallic surfaces. The
standard deviation between the predicted and calculated £, and AE values for pure metals are 0.21
eV and 0.24 eV, respectively.

The possible values of AE and E, are much less restricted on HEAs, which we emulate with
adsorption energies in the range between adsorption on Au(111) and on Ru(111), but with Eg= 10, #
E0%10p® # Eox10p©) (gray area in Figure 5). The reason for the lessening of restrictions is that O*
interacts with three atoms (4, B, C) at the initial state, but only two atoms (B, C) at the transition
state. The blue squares in Figure 5 are DFT calculated AE and E, values on multi-metallic surfaces
from ref [°°], and they confirm that the possible values of AE and E, have expanded. Many of the
calculated squares are close to the outer boundary of the gray area, and could be the optimal COOR
active sites achievable on HEAs. Still, the optimal sites on HEA surfaces are far from ideal COOR
catalytic sites (the gray area is not close to the “Ideal” yellow lines), which would be achieved if the
reaction had no barrier (i.e. E, = 0), or no additional barrier beyond an uphill reaction energy (i.e. Eq
=AE).

Finally, we would like to mention two additional considerations about the AE and E, relations

in Figure 5. First, the gray area is very similar in shape to the achievable catalytic sites for N>
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dissociation on AuCoFeMoRu, mapped out with a brute force approach.®® This indicate that the
analysis we have done for COOR is more general, and highlights the potential of adding additional
elements to a catalyst. Secondly, HEAs can lower the activation energy of COOR without the need
for geometric defects, which is otherwise the main way to improve the catalytic activity of pure
metals.%*? This observation is important for HEA catalysis research, as it shows that geometric
effects are less crucial on HEAs, so perhaps geometric effects should receive less focus than other

aspects of HEA catalysis.

A _fpB) _FlO
- F —EO*,IOP—EO*,[O,,

2 0 O*, top
(A) (B) ©
EO*,[OpiEO*,IOp¢EO*,I0p

1.6 m  DFT energies for alloys
DFT energies for pure metals
Ideal

eRu

i 1.2
o
Ly
0.8
0.4
0.0 : : : ‘ ‘
-3 -2 -1 0 1
AE (eV)

Figure 5: Relation between AE and E, estimated by eq 13 and eq 14, respectively, with Eo= 1o,
Eo%10p®, Eo%10p'© € {0.88 eV, 3.88 eV}, and E+co'?) € {-1.70 eV, 0 eV}. We have also plotted AE
and E, from DFT calculations on pure metals (red circles) and alloy (111) surfaces (blue squares),

and the ideal situation, i.e. E, = max(0, AE) (yellow lines). The DFT calculations are from [°].

4. Summary

We have discussed how scaling and BEP relations apply to HEA surface catalysis. In the case of ORR
and OER, literature data indicate that HEAs do not alter the important and restrictive scaling relation
between *OH and *OOH, mainly because both intermediates interact with a single surface metal

atom. The role of HEAs is rather to broaden the distribution of *OH and *OOH adsorption energies.
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This reduces the relevance of geometric defects, which are often relied on to modify adsorption
energies. In CO oxidation, HEAs can make the transition state more similar to the initial state, because
the transition state interacts with less surface atoms than the initial state. This allows for lower
activation energies for a given reaction energy on HEAs than on pure metal surfaces. The ability to
get transition states that are more similar to the initial or final states is again usually associated with
surface defects. We, therefore, surmise that HEAs affect scaling and BEP relations in ways similar to
geometric defects, and are, therefore, less reliant on the presence of geometric defects. Finally, an
important aspect of scaling and BEP relations are the limitations they put on the performance of most
catalytic reactions. These restrictions often make ideal catalysis (catalysis without reaction barriers)
unachievable. It is worth noticing that even the high flexibility of HEAs does not allow for ideal ORR,
OER, or COOR catalysts. This further solidifies that it is likely fundamentally impossible to design

ideal catalysts for these reactions.
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