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Abstract

Binary alloys of transition metals are promising catalytic materials for the cathodic
oxygen-reduction reaction (ORR) of polymer-electrolyte-membrane fuel cells (PEMFCs).
However, a lack of understanding of the factors that affect the ORR's catalytic performance
hampers the catalytic applications of binary alloys. To obtain further knowledge of binary
alloys for efficient ORR, we investigate the activity of monolayer AuxPt1-x alloy surfaces
supported on Pt(111), considering from random distribution until phase-segregated surface
atoms. Using the *OH adsorption energy as a descriptor, we found that the activity of
monolayer binary alloy surfaces depends on the distribution of the surface atoms within
surfaces with segregated Pt and Au domains showing higher activity. The adsorption energy
of *OH increases with the fraction of Au near the adsorption site and decreases with the𝑛
fraction of Au outside the heptamer. The energy increase due to is related to a tensile𝑝 𝑛
strain, while the decrease with the increase of is due to a long-range surface strain effect𝑝
on the Pt-Pt and Pt-Au bonds, improving the activity of the available Pt adsorption sites. Due
to the weak *OH adsorption energy on Au sites, an Au overall percentage considerably
above the Pt percentage starts to reduce surface activity because of the reduction of the
number of very active Pt sites.
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Introduction

Polymer-electrolyte-membrane fuel cells (PEMFCs) are potential power sources to
reduce fossil fuel consumption, and applications may include portable technologies and
transportation.1 In PEMFCs cathode, the oxygen reduction reaction (ORR) is a limiting step
that takes place through the formation of *O, *OH, and *OOH intermediates during the
formation of water from the half-cell reduction of O2 molecules (O2 + 4H+ + 4e- → 2H2O).2,3

Various mono-metallic catalysts have been considered to improve the efficiency of ORR to
resolve the sluggish cathodic kinetics.4–6 The most common commercial catalyst for ORR is
Pt/C, which facilitates the four-electron mechanism of ORR at high potential with a low
energy barrier.7 However, the high loading of Pt increases the catalyst cost and requires the
design of cheaper catalysts with enhanced stability and activity under operando conditions.8

Consequently, further research at the atomic level is needed to design catalysts for the ORR
that overreach the mainstream carbon-supported Pt catalyst (Pt/C).
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To reduce the Pt loading, the spotlight has been on developing alternative catalysts
with minimal or no Pt content through Pt alloying with more abundant or less expensive
elements, and much progress has been made in this aspect.8–16 In particular, Pt-Au alloys
have potential use as catalysts for ORR. The enhanced performance of the Pt-Au core-shell
electrocatalyst has been attributed to the shortened Pt-Pt bond lengths of the surface
induced by the core.17,18 Various types of Pt-Au alloys, such as platinum-gold monolayer,
core-shell structures, and nanocomposite, have shown that gold can improve the stability of
the catalyst.13,19–21 Towards the ORR, adding Au clusters to the Pt nanocatalysts has also
demonstrated a practical approach to stabilizing Pt nanoparticle catalysts by avoiding Pt
dissolution.22,23

Regarding the Pt and Au surfaces, different behaviors exist concerning the
adsorption energy of ORR intermediates. For instance, the Pt(111) surface binds the *OH
intermediate stronger than the optimal catalyst, and the Au(111) surface binds it too
weakly.3,24 The weak adsorption energy of ORR intermediates on the Au surface has been
attributed to a repulsive coupling between the ORR adsorbates and the d orbitals of Au.25

When mixing those metals, although Pt-Au solid solution has been identified for
nanocatalysts depending on the applied methodology, the phase diagram miscibility gap
between Pt and Au indicates higher odds of phase separation, making obtaining the solid
bulk solution challenging.26–28 Previous research reveals the surface Au and Pt segregation
tendency,29–31 and the likelihood of finding Au at the surface/near-surface than in the deep
layers.32–36 And more recently, a long-range surface strain on gold was discovered on
stepped Pt surfaces,21 which suggests that despite Au nobility towards participating in the
ORR kinetics, their significantly larger lattice parameter could make the Pt sites better
catalytic sites than the bare Pt(111), analogous to the observed for the AgxPt1-x/Pt(111)
surfaces.12 Consequently, further investigating Pt-Au alloys on the surface/near-surface
could provide crucial information for designing new catalysts.

Here, the focus is to provide a better understanding of the effects of a monolayer
Pt-Au alloying on Pt(111) substrate. To achieve this, we conducted a comprehensive
theoretical investigation of the ORR activity trends of monolayer binary AuxPt1-x/Pt(111)
surfaces, where the amount of gold in the topmost surface was increased from 0 to 100%.
Using the *OH adsorption energy as a descriptor, we predicted the activity of extended
surfaces from 0 to 89% of Au composition. Those surfaces align with the counting of the fcc
trimers as determined by early experimental scanning tunneling microscopy (STM),30 which
suggests a slight phase-segregation likelihood of Pt and Au at the surface. To predict the
activities, noting that the distribution of Au and Pt surface atoms might affect the catalytic
performance of monolayer AuxPt1-x/Pt(111) surfaces, we also considered different surface
atoms arrangements, i.e., random distribution and well-defined Au-rich and Pt-rich domains.

We found the activity performance of monolayer binary alloy surfaces is directly
influenced by the different arrangements of surface atoms, which, the competitive interplay
between long-range surface strain and tensile strain plays a pivotal role in determining the
activity contribution of varying adsorption sites. Since the same surface composition can
represent a myriad of surface atom distributions, these results indicate that controlling the
distribution of surface atoms is crucial to ensure the reproducibility of a catalyst's
performance. Avoiding generalized conclusions based on a single observation can provide
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robust information for designing new catalysts with improved performance and lifespan.
Henceforth, our results are presented and discussed in detail.

Methodology

Aiming for a better understanding of the atomistic effects behind the monolayer
AuxPt1-x/Pt(111) surfaces, using version 22.8.0 of GPAW37, we carried out density-functional
theory (DFT) calculations of the *OH binding on different AuxPt1-x/Pt(111) surfaces by
considering 4x4x4 and 5x5x4 slabs, by increasing the amount of Au from 0% to 100%. We
thought the adsorption of *OH on on-top sites of Pt and Au with different neighboring atoms,
i.e., the Pt(AuyPt6-y) and Au(AuyPt6-y) (0 ≤ ≤ 6). The interaction between the valence𝑦
electrons and the ion cores was described by the projector-augmented wave (PAW)38

method, as implemented in GPAW. The DFT calculations were performed considering the
plane-augmented wave method (PAW)38 and the atomic-scale environment (ASE).39 The
exchange-correlation interactions were treated within the RPBE40 functional.

The AuxPt1-x/Pt(111) surfaces were modeled using a periodic slab approach with
4x4x4 and 5x5x4 sizes, ensuring sufficient vacuum space of 10 Å along the z-axis to avoid
spurious interactions. We employed the same convergence criterion for all the surface
calculations, i.e., Brillouin zone integrations were carried out using a Monkhorst-Pack grid of
4x4x1 k-points mesh. To mimic the slab's bulk-like Pt(111) substrate behavior and reduce the
computational cost, the two bottom layers of the slab were fixed at their Pt bulk positions. In
contrast, the remaining top layers were allowed to relax until the forces on the atoms were
equal to or less than 0.1 eV Å-1. An energy cutoff of 400 eV was used for the plane-wave
basis set.

To predict the ORR activity, we utilized the universal scaling relation, which
establishes a linear relationship between the adsorption energies of *OH and *OOH
intermediates. This relationship is defined as + 3.2 eV.41 42 43. This scaling∆𝐸

*𝑂𝑂𝐻
 =  ∆𝐸

*𝑂𝐻

relation is advantageous because both *OH and *OOH intermediates adsorb on top sites,
indicating that a single ORR descriptor (either the *OH or *OOH binding energy) can predict
the ORR activity of both heterometallic and monometallic surfaces.44,45 Conversely, since *O
intermediates adsorb on fcc sites, the *O/*OH scaling relation does not apply to
heterometallic surfaces. Therefore, instead of using the *O adsorption energy as a
descriptor,46 we employed the *OH binding energy to predict the ORR activity of
AuxPt1-x/Pt(111) surfaces. As we did in our previous work,12 the ORR activity was calculated
using the following equation:

𝑗
𝑘

𝑖

 =  𝐴𝑒
− △𝐸

𝑖
−△𝐸

𝑜𝑝𝑡| | + 0.86𝑒𝑉 − 𝑒𝑈( )
𝐾

𝐵
𝑇

,

Where stands for the applied potential, T is the room temperature, is the *OH𝑒𝑈 △𝐸
𝑖

adsorption energy, and is 0.1 eV, which corresponds to the difference in the binding△𝐸
𝑜𝑝𝑡

energy of the ideal catalyst and Pt.47 A is a constant, which the value of 0.5 u.a was
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considered. This approach leverages the consistency and reliability of the *OH binding
energy as a predictive descriptor for ORR activity in the studied surfaces.

Results and Discussion

In considering the *OH adsorption energy as a descriptor for the ORR on
AuxPt1-x/Pt(111) surfaces, there exists a large variety of configurations for each gold as
on-top sites as well as Pt as on-top sites. However, the performance of each site depends on
how strongly the *OH interacts with the surface, i.e., as stated by the Sabatier principle, the
interaction cannot be too strong nor too weak.48 In particular, in considering the optimal
adsorption of *OH in 0.1 eV,2 the Au sites are irrelevant ORR catalytic on-top sites because
the *OH adsorption energy is too weak on Au ( > 0.6 eV, see Fig S1). On the other hand,
the *OH adsorption energy on on-top Pt sites is closer to the optimal, within most of the *OH
adsorption on Pt(AuyPt6-y) heptamers in the 0.0 - 0.1 eV range, where (AuyPt6-y)

represents the six nearest surface atoms to the Pt adsorption site.(0 ≤  𝑦 ≤  6)
Consequently, as observed for the monolayer AgxPt1-x/Pt(111) surfaces,12 only the Pt sites
can speed up the cathodic ORR rates. The energy difference of similar heptamers is
unrelated to ensemble effects since all the *OH intermediate adsorb on on-top Pt sites.
Nevertheless, once the *OH/Pt(AuyPt6-y) sites have all the potential to improve the ORR
performance of AuxPt1-x/Pt(111) surfaces compared to that of Pt(111), then we further
investigated what physical-chemistry effects make them comparable with Pt(111).

Figure 1. a) The *OH adsorption energy distribution on on-top Pt sites of AuxPt1-x/Pt(111) surfaces as a function
of the fraction of Au atoms in the ring (AuyPt6-y) ( ) neighboring the Pt adsorption site, i.e.,𝑛 0 ≤  𝑦 ≤ 6
Pt(AuyPt6-y) . b) The *OH binding energy as a function of and the fraction of Au outside(0 ≤  𝑛 =  𝑦/6 ≤ 1) 𝑛 𝑝
the heptamer. The plot on the left illustrates three surfaces in which geodesic curves approach the strongest (𝑧

𝑏

plane), average ( surface), and weakest ( surface) *OH adsorption energy for each . In an𝑧
𝑚

𝑧
𝑡

 (𝑝, 𝑛)
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electronvolt ( ) unit, the equations are and𝑒𝑉 𝑧
𝑏
 =  0. 09𝑝 − 0. 04𝑛, 𝑧

𝑚
=  − 0. 10 𝑝² + 0. 19𝑝 − 0. 04𝑛,

. c) Projection of the *OH adsorption energy in the plane, which reveals𝑧
𝑡

=  −  0. 17𝑝² + 0. 26𝑝 − 0. 04𝑛² 𝑝𝑛

the activity of Pt adsorption sites mostly approaches the optimal as decreases and increases.𝑛 𝑝

The geodesic curves of the surfaces depicted in Figure 1 were considered to predict
the activity of the binary surfaces by evaluating the weakest *OH adsorption energy ( ), the𝑧

𝑡
 

strongest *OH adsorption energy ( ), and, since the *OH adsorption energy ranges in the 𝑧
𝑏

interval of , we also considered an average *OH adsorption energy𝑧
𝑡
 ≤  ∆𝐸

*𝑂𝐻
 ≤  𝑧

𝑏
 

described by surface. Considering this energy range, we can obtain different∆𝐸
*𝑂𝐻

=  𝑧
𝑚

continuous functions for each Pt(AuyPt6-y) heptamer. This approach∆𝐸
*𝑂𝐻

(0 ≤  𝑦 ≤ 6)

helps overcome the limitation of calculating a myriad of combinatory possibilities for the
Au/Pt distributions at the surface. The *OH adsorption energy relies solely on only two
variables: the fraction of Au outside and the fraction of Au inside the heptamer. For the𝑝 𝑛
clean Pt(111) reference, all Pt(Pt6) heptamers are equivalents, i.e., within the reference *OH
adsorption energy of 0.00 eV. However, the left panel of Figure 1b shows that the *OH
adsorption energy on on-top Pt of Pt(Pt6) heptamers ranges between 0.00 eV and eV.0. 09
in the inhomogeneous surfaces due to changes in the fraction of Au outside the heptamer.𝑝

It is well-known that H2O2 formation is favored at very negative potentials through the
two-electron mechanism,49–52 while the four-electron mechanism towards the formation of
H2O is favored at a more positive potential (low overpotentials).3 Here, we are interested in
exploring the activity of binary surfaces toward the four-electron mechanisms, the reason
why we focus on the low overpotential regions, and by considering the *OH adsorption
energy , and of the Pt active sites as a descriptor to predict the activity of extended(𝑧

𝑏
,  𝑧

𝑚
𝑧

𝑡
)

AuxPt1-x/Pt(111) surfaces. As shown in Figure 2a, we considered extended surfaces with
compositions from 0 - 89% of Au and within different distributions of Au and Pt surface
atoms, i.e., random distribution (I), slight phase separation (II), and with more well-defined
Au-rich and Pt-rich domains (III).

It should be mentioned that the surfaces shown in Figure 2a (II) up to 51% of Au
(highlighted inside a blue rectangle) exhibit an excellent agreement with the experimental
counting of the fcc Au3, Au2Pt, AuPt2, and Au3 trimers, as determined by atomic-scale
resolution scanning tunneling microscopy (STM) analysis.30 These STM-based
AuxPt1-x/Pt(111) surfaces were obtained with our previous model based on an adjustable
cutoff radius.12 The model's ability to accurately reproduce the experimental STM atomic
distribution has also been evidenced in our previous work on AgxPt1-x/Pt(111) surfaces.12

Also, it is used to generate random, partial phase-separation, and complete
phase-segregation distributions of the atoms by adjusting the cutoff radius.
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Figure 2 a) (I) Random distribution, no-phase separation (II) Slight phase-separation AuxPt1-x/Pt(111) surface
configurations, which surfaces highlighted in the blue area are in line with STM analysis, e.g., for the
Au0.51Pt0.49/Pt(111) surface the Au and Pt exactly satisfy the experimental fcc Au3, Au2Pt, AuPt2, and Au3 trimers
counting of 28%, 23%, 23%, and 28%, respectively.30 See the support information for additional details about the
trimer countings of the AuxPt1-x/Pt(111) surfaces. (III) Phase-segregated AuxPt1-x/Pt(111) representative surface
configurations. The Pt atoms are represented in dark grey, while the Au atoms are in yellow in the 10x10 surface
atoms. b) Polarization curves of (I), (II), and (III) surfaces by considering and *OH adsorption energy as𝑧

𝑏
𝑧

𝑚
, 𝑧

𝑡
 

a descriptor.

Figure 2b shows the simulated polarization curves for the three representative sets of
random (I), slight phase-separation (II), and phase-segregated extended AuxPt1-x/Pt(111)
surfaces (III). The values of as descriptors for the *OH adsorption energy show that the𝑧

𝑏

activity of binary alloy surfaces with Pt loading higher than 20% is considerably better or
comparable to Pt(111), where the activity of each Pt(AuyPt6-y) heptamer(0 ≤  𝑛 = 𝑦/6 ≤ 1)
is improved compared to Pt(Pt6) of Pt(111) when is higher than . Increasing𝑝 ~ 0. 45𝑛 𝑛
requires a larger fraction of Au outside the heptamer to provide the same activity as𝑝
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Pt(111). It is also observed for the weak *OH adsorption energies described by and , for𝑧
𝑚

𝑧
𝑡

what the net effect of -terms is making the *OH adsorption energy weaker,𝑝 ( 0 < 𝑝 ≤ 1)
while the net effect of -terms is making the *OH adsorption energy stronger.𝑛 (0 < 𝑛 ≤ 1)

A general observation consists of enhancing the binary surface activity compared to
Pt(111) as the Au and Pt distributions move towards more defined Pt and Au separations,
i.e., independent of the descriptor (column trends of Figure 2b), the binary surface activity
improves in the sequence I →II → III of the surface atoms arrangement. The opposite
behavior between and explains why the activity of surfaces increases in the sequence of𝑝 𝑛
I →II → III, i.e., moving towards this sequence, the number of Pt(AuyPt6-y) heptamers with
few Au atoms increase (reducing the overall effect of ), and the fraction p increase, which𝑛 
contributes for weaker *OH adsorption. Since the bottom AuxPt1-x/Pt(111) surfaces are all Pt
sites, this underscores the pivotal role of surface atom arrangements in the activity, i.e., in
addition to the well-known surface composition effect,53,54 different distributions of surface
atoms imply significant changes in the catalytic performance for identical surface
composition. Yet, the atom distributions have also been shown to affect catalysts with
different architectures, e.g., Pt-skin and Pt-skeleton catalysts with alloyed subsurface were
found to have different catalytic properties of pure polycrystalline Pt because of the different
arrangements of the subsurface atoms.55 As a consequence, for the reproducibility of
catalyst performance, in addition to the control of the catalyst shape-size-composition
triad,56–61 these results reflect the need to overcome the challenge of controlling the
arrangements of the atoms in alloyed catalyst, engaging further research in this area.

Based on experimental cyclic voltammograms, binary AuxPt1-x/Pt(111) surface alloy
polarization curves have similarities with Pt(111) for the amount of Au until 24%; increasing
the content of Gold (above 51%) is observed the activity decrease.30 These observations
align with our simulated polarization curves of experimental-based surfaces predicted with 𝑧

𝑏

(highlighted in blue in Figure 2a). However, we not only find nearly Pt(111) activity until 24%
of Au but also surface with an amount of Au as high as 72%. A considerable increase in Au
decreases the activity (see Figure S3). Based on that, it is worth noting that some Pt sites
may be unavailable under real conditions, affecting the simulated trends, as the simulations
consider all Pt sites active to adsorb *OH and no ORR-interfering phenomena. Even though
surface Au atoms can decrease Pt dissolution,22,62,63 since surfaces with more than 50% Au
have few Pt sites available, the unavailability of some Pt sites of Au-rich AuxPt1-x/Pt(111)
surfaces can significantly reduce their activity.

Since this opposite behavior of Au outside and inside the heptamer determines the
activity of the binary surface, we analyzed it in more detail. The architecture of the
AuxPt1-x/Pt(111) surfaces is such that the Pt(111) substrate determines the overall lattice
parameter of the unit cell.30 Consequently, as confirmed for AgxPt1-x/Pt(111) surfaces,12 the
self-induced long-range surface strain of Pt-Pt(Au) bonds on the surface monolayer might
affect the *OH adsorption energy on AuxPt1-x/Pt(111). This is due to the Au and Pt lattice
parameters mismatch, respectively, 4.065 Å and 3.912 Å.64 To confirm the strain effect in the
AuxPt1-x/Pt(111) surfaces, the *OH binding energy on different Pt(AuyPt6-y) heptamers are
plotted in the left panel of Figure 2 (a) as a function of the variation of the area of the Pt
adsorption site relative to Pt(111). It is observed a weakening of the *OH adsorption energy
within the area contraction, which is related to the increase of Au outside the heptamer,
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which confirms a long-range compressive strain yielded by Au, causing the Pt-Pt and Pt-Au
bonds to be shortened. This can be straightforwardly observed from the area decrease of
Pt(Pt6) of Pt(Au6) heptamers, in which the central atoms form only Pt-Pt and Pt-Au bonds
with their following neighboring atoms. In line with our findings, a long-range strain field was
demonstrated to be caused by Au deposition or surface defects.21

Figure 2. a) The *OH adsorption energy is shown as a function of the area compression of the adsorption site
considering i) the original slabs (up panel) and ii) the heptamer features of original slabs fixed (same atom’s
position and composition) within replacing all the Au outside from the heptamer with Pt. The area corresponds to
the hexagon with vertices in the middle distance between the Pt adsorption site and the six neighboring (AuyPt6-y)
( ) atoms. b) The area compression satisfies the plane equation: . For0 ≤  𝑦 ≤  6 ∆𝐴 =  − 0. 30𝑝 +  0. 20𝑛
simplicity, c) following the vertical lines along the direction of the red arrow, compared to the Pt(Pt6) with similar
Au surface composition and atomic distribution, all other Pt(AuyPt6-y) ( ) heptamers face a gradation area𝑦 >  0
expansion (tensile strain) due to the increase of Au. In contrast, in the direction of the green arrow, all heptamers
suffer a self-induced long-range strain due to increased Au on the surface. d) Representation of the surfaces
along the filled vertical lines of Figure 2(a) with their respective *OH adsorption energy relative to Pt(111). The
first and last rows show none and maximal self-induced long-range surface strain effects on the heptamers; the
middle row is in between.

Again, we simulated all the binary surface calculations to get additional evidence of
the strain effect in the *OH adsorption energy. We now fix the heptamers' atomic positions
and compositional features while replacing all the Au atoms apart from the heptamer with Pt.
Keeping the position of the atoms fixed, we keep the longe-range compressive strain field
induced by the farthest Au atoms. The results are plotted in Figure 2(b). The strained
heptamers have similar *OH adsorption energy trends as the binary surface without
replacing Au apart from the heptamer, i.e., despite structural-electronic contributions apart
from the heptamer existing, they are not higher in magnitude than the effects that come from
the strained heptamers.
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Figure 2c reveals a correlation between the adsorption site's hexagonal area and the
fraction p of Au outside the heptamer, i.e., the area decreases almost perfectly linearly with
increasing Au content apart from the heptamer, the Pt-Pt and Pt-Au of all Pt(AuyPt6-y)
heptamers are larger for 0% of Au and suffer the highest compression when 100% of
surface atoms apart from the heptamer is Au ( ). Conversely, the∆𝐴 =  − 0. 30𝑝 +  0. 20𝑛
increase of Au inside the heptamer increases the tensile strain. The effect of tensile strain
can be observed when the structural composition apart from the heptamer is the same, and
the heptamer Au composition is increased from Pt(Pt6) → Pt(Ag6). This is shown in Figure
2(c) through the vertical lines, in which each line represents surfaces differentiating only in
the Au content in the heptamer. At this point, we can name the opposite p and n effects. The
long-range surface strain is behind the weakening of the binding energy with the increasing
fraction p of Au outside the heptamer, while n is doing the opposite; it is a tensile strain
making the *OH binding energy stronger.

To illustrate the effect of the comprehensive and tensile strain, we highlight the
surfaces corresponding to the filled vertical lines of Figure 2(c) in Figure 2(d). Each column
evidences the long-range compressive surface strain on the heptamer, which weakens the
*OH binding energy by increasing the Au content. Along each row, since the surface
composition apart of the heptamer is similar, the significant role in the *OH adsorption
energy arises mainly from the heptamer change, where the net physical-chemistry effect
results in a tensile strain, which is behind the slight decrease of *OH adsorption energy when
increasing the Au content in the heptamer. Consequently, the heptamers richer in Au, i.e.,
Pt(AuyPt6-y) y > 3, suffer more internal effects. Undoubtedly, the tensile strain is weaker in
magnitude compared to the long-range compressive strain, with this later making the *OH
adsorption energy on Pt(Ag6) approach the optimal value of 0.1 eV when 100% of Au apart
of the heptamer are Au.

Increasing the Au neighbors, an area expansion around the Pt adsorption site exists
because, on average, the Pt-Au bonds range between the Pt-Pt bonds of Pt(111) (2.766 Å)
and the Au-Au bonds of Au(111) (2.874 Å).64 However, this feature is not the only source of
the tensile strain observed with increased Au around the adsorption. This can be shown by
the difference in the area occupied by the Pt adsorption site in the Pt(AuyPt6-y) heptamers
with and without the *OH adsorbed. As shown in Figure 3a, there exists an upshift of the
Pt(AuyPt6-y) heptamers area for the *OH/Pt(AuyPt6-y), which are all higher than the respective
heptamer with no adsorbates (see Figure 3b). These results suggest an increase of tensile
strain yielded by stronger interactions of the electronic states of *OH and the d states of
Pt/Au elements. Increasing Au increases the hybridization of *OH orbitals and the d-states of
Pt and Au, making the adsorbing stronger. However, since tensile and compressive strains
compete for a restricted surface area, the increase of Au outside the heptamer will force the
compression of the heptamer area.
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Figure 3. a) Area of the Pt(AuyPt6-y) heptamer in the absence of the *OH adsorbates highlighted from green to
red according to the number of Au atoms around the Pt adsorption site. The respective heptamer area (as shown
in Figure 2c) is represented again without color distinction to illustrate the upshift of the adsorption site
environment due to the OH adsorption. The values are all given to the *OH/Pt(Pt6) of the Pt(111) surface. b) The
area gain due to the *OH adsorption is positive and ranges between 0.05 to 0.15Å2.

For Pt(MyPt6-y) heptamers, where M is a metal with a larger lattice parameter than Pt,
the magnitude of competitive behavior of tensile and compressive strain can differ from the
PtAu systems, e.g., for Pt(AgyPt6-y) the net short-range tensile strain makes the *OH binding
energy so strong that all Pt(AgyPt6-y) with y > 2 are all inactive sites for ORR, where the *OH
adsorbs too strong avoiding further ORR steps.12 For comparison, the *OH adsorption
energy distribution on Pt(AgyPt6-y) is shown in Figure S4. Overall, the tensile strain
strengthens the *OH binding energy on Pt, while the long-range compressive strain does the
opposite.

Conclusions

This work provides valuable insights into the oxygen reduction reaction (ORR)
activity of extended surfaces by considering the *OH intermediate adsorption energy as a
descriptor, which was expressed as a function of two variables, i.e., the fraction n of Au
inside the heptamer and the fraction p of Au outside the heptamer. Increasing the fraction p
of Au outside the heptamer significantly weakens the *OH adsorption energy, while
increasing the number of Au inside the heptamer has the opposite effect. Related to the
increase of Au outside the heptamer, we identified a long-range surface strain induced by
Au, which plays a crucial role in improving the activity of Pt sites by inducing the Pt-Pt bonds
to be shorter than on the Pt(111) surface. The competitive interplay between long-range
compressive and tensile surface strains is pivotal in determining the activity contribution of
varying adsorption sites. Due to the strain, increasing gold can improve the activity of Au-rich
surfaces until it matches or surpasses that of the Pt(111) surface.

Moreover, the ORR performance of monolayer binary alloy surfaces is directly
influenced by the different arrangements of surface atoms (e.g., if the surface atoms are
randomly distributed or forming Pt-rich and Au-rich domains) because those parameters
affect the counting of relevant Pt active sites. These results imply that controlling the surface
composition is crucial to ensure the reproducibility of a catalyst's performance. Avoiding

https://doi.org/10.26434/chemrxiv-2024-j9g93 ORCID: https://orcid.org/0000-0003-3966-8908 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://www.zotero.org/google-docs/?LV71fY
https://doi.org/10.26434/chemrxiv-2024-j9g93
https://orcid.org/0000-0003-3966-8908
https://creativecommons.org/licenses/by-nc-nd/4.0/


making general conclusions based on a single surface configuration is also essential to
provide reliable information for designing new catalysts with improved performance and
lifespan.
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