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Developing highly active alloy
catalysts that surpass the per-
formance of platinum group
metals in the oxygen reduction
reaction (ORR) is critical in
electrocatalysis. Gold-based sin-
gle-atom alloy (AuSAA) clus-
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ters are gaining recognition as promising alternatives due to their potential for high activity.

However, enhancing its activity of AuSAA clusters remains challenging due to limited in-

sights into its actual active site in alkaline environments. Herein, we studied a variety of

AussM; SAA cluster catalysts and revealed the operando formed MO,(OH), complex acts as

the crucial active site for catalyzing the ORR under the basic solution condition. The ob-

served volcano plot indicates that Aus4Coq, Aus4Cuy, and AusgRuq clusters can be the opti-

mal AusgsM; SAA cluster catalysts for the ORR. Our findings offer new insights into the actu-

al active sites of AuSAA cluster catalysts, which will inform rational catalyst design in experi-

mental settings.

Key words: Density functional theory, Single-atom alloy cluster, Oxygen reduction reaction,

Gold cluster, Molecular dynamic simulation

I. INTRODUCTION

The oxygen reduction reaction (ORR) represents a
pivotal electrochemical process, particularly critical in
the cathodes of fuel cells and metal-air batteries. Effec-
tive catalysis of the ORR is essential for boosting the ef-
ficiency and reducing the operational costs of these
green energy solutions [1-10]. This reaction primarily
reduces oxygen molecules into water or hydroxide ions,
depending on the environmental conditions [11]. Histor-

ically, platinum and its alloys have set the standard for
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ORR catalysts due to their unmatched catalytic perfor-
mance and robust stability [12—17]. However, the sub-
stantial cost and limited availability of platinum have
spurred a significant shift towards exploring alternative
materials [18—23]. This drive aims to discover new cata-
lysts that maintain or surpass the efficacy of platinum
while mitigating its economic and logistical drawbacks.
Strategies to improve the ORR performance of cata-
lysts involve engineering nanostructures in multimetal-
lic alloys to enhance their activity and stability by ad-
justing electronic and geometric structures and leverag-
ing synergistic effects of catalysts [21, 24—32]. Diminish-
ing the size of catalyst particles to the scale of clusters
presents another promising approach. Cluster catalysts
featuring dispersed atomic configurations hold great
promise for advancing catalytic processes across vari-
ous industries including ORR [33-37]. The clusters, of-
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ten comprising a small number of atoms, exhibit unique
reactivity and selectivity due to their high surface-to-
volume ratio and well-defined structures [34]. Gold met-
al has been explored as a potential alternative to expen-
sive catalysts for the ORR in alkaline environments
compared to Pt-based catalysts. Several gold and gold
nanoalloys, including AuAg [38], AuPtCo [39], and
AuPtPd [40] nanoalloys, have been investigated for
their efficient electrocatalytic performance in facilitat-
ing the ORR in alkaline fuel cells and batteries. Espe-
cially, gold-silver alloy nanoclusters composed of
AujAgo; single-atom alloys supported on activated car-
bon have exhibited exceptional ORR activity in alka-
line solutions [41]. However, ORR mechanisms and ac-
tive sites in Au-based SAA catalysts remain poorly un-
derstood, posing significant challenges to their rational
design. Clarifying these mechanisms and active sites is
essential to predict and engineer Au-based catalysts
that outperform traditional Pt catalysts in activity,
thereby advancing ORR catalyst technology.

In the present work, extensive multiple theoretical
modeling approach was conducted to reveal the active
site of Au single atom alloy (AuSAA) [42—47] clusters in
the ORR under aqueous alkaline conditions. Using the
Aus4Co1 SAA cluster catalyst as a case study, we inte-
grated ab initio molecular dynamics (AIMD) simula-
tions with ab initio thermodynamic analysis to exam-
ine the dynamic behavior of Co atoms. We observed
that Cop atom could migrate from the subsurface to the
surface of the Au cluster under the influence of atomic
oxygen intermediates, leading to the formation of
Co0102(OH)2 complex structures. This remarkable find-
ing can be applied across a range of Ausq4M; cluster sys-
tems, including metals like Co, Ni, Fe, Ru, Rh, Pd, Pt,
Au, Cu, Zn, and Ir. We have developed a volcano plot
for the ORR that showcases the activity of the
M;0,(OH), complex, with these results being substan-
tiated by experimental data. This indicates that the
M;0,(OH), complex, formed during operational condi-
tions, is the actual active site for the ORR. Our analy-
sis suggests that the Aus4Coq, AussCuy, and AusgRuy
clusters are among the most effective Au-based SAA
cluster catalysts for this reaction. The presence of sta-
ble M;0,(OH), complexes in these SAA catalysts un-
der ORR conditions demonstrates that intricate sur-
face chemistry plays a significant role, thus redefining
our understanding of the catalytic behavior of conven-
tional metallic SAA models.
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Il. DFT CALCULATIONS

Spin-polarized density functional theory (DFT) cal-
culations were conducted by using the Vienna ab initio
simulation package (VASP) code [48, 49]. We used pro-
jector augmented wave (PAW) potentials [50] and uti-
lized the Perdew—Burke-Ernzerhof (PBE) functionals
[51]. During the cluster calculations, we placed the 55-
atom Au clusters in a vacuum box with cell dimensions
of 16.34 A x16.34 A x16.34 A. The octahedral Agss clus-
ters generally exhibit (111)-like surfaces. The Brillouin
zone was sampled with a 1x1x1 Monkhorst—Pack k-
point. The energy cut-off for the plane wave basis set
was set at 350 eV during structure optimization, and
the geometry optimization was considered complete
when the forces on each atom were less than 0.05 eV/A
with a convergence threshold of 1074 eV.

We first calculated the number of O atoms that
could adsorb on the single-atom alloy using the follow-
ing equation:

n
Gads_O = GAu54CoOn - §G02 - GAu54CO (1)

where Gag. o0, and Gag ,co are the calculated
Gibbs free energies of Ags4Co0,, and Ags4Co, respec-
tively. G, is the Gibbs free energy of the gaseous Oq
molecule. The Gibbs free energy of gaseous Og molecule
is calculated wusing the formula G(O2(g)) =
2x(G(H20(1))-G(Ha(g)))+4.92 eV. Here, G(H20(l))
and G(Ha(g)) are the Gibbs free energies of a water
molecule in the liquid phase and a hydrogen molecule in
the gas phase, respectively. Additionally, the absorbed
O* atom can react with water to produce absorbed hy-
droxyl groups (AussCoO;+yHoO—Aus4C00,—,(OH),
+yOH"), calculated as follows:

G = GAuz4C00,_, (0H), T Y¥GoH — YGH,0 — GAugsCo0,

(2)

where Gay;,00,_, (0H), a0d GAus,co0, are the calcu-
lated Gibbs free energies of the Aus4CoO,—,(OH), and
Aus4Co0y species, respectively. Gp,o and Gop are the
Gibbs free energies of HoO and OH ™ in solution, respec-
tively.

Ab initio molecular dynamics (AIMD) simulations
[562] were performed to reveal the dynamic structural
evolution of a dump atom in the Ag cluster with differ-
ent adsorbates (H2O, Og, OH, O). These simulations
were carried out in the canonical ensemble (NVT) at
900 K with a time step of 0.5 fs.
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ll. RESULTS AND DISCUSSION 20
1.5
Before we reveal the ORR activity of Au alloy clus- 109
ter, we have to determine its real structure and active E gg
site under reaction condition. We initially performed W05
the thermodynamic analysis on the ‘“‘magic-numbered” 1.04
Aus4Coq cluster, comprising 55 atoms with density -1.51
-2.0

functional theory (DFT) calculations. This specific clus-
ter size was selected due to its diameter, approximately
1.1 nm, which is akin to those frequently synthesized in
experimental settings [53—57]. Theoretical models have
established that for gold nanoparticles smaller than
1nm, an icosahedral structure with exposed Au(111)
facets is the most stable configuration [58, 59]. Accord-
ingly, we utilize this configuration for our 55-atom Au
cluster. We found the free energy of the structure where
Co located at the cluster is 0.98 eV higher than that
with Co inside the cluster. Our findings indicated that,
in comparison to being positioned on the cluster surface,
a single cobalt atom shows a preference for localization
within the core of the Aus4Co; cluster. Consequently,
there is a dearth of Co atoms on the surface of the
Aus4Coq cluster in a vacuum. Given that the principal
kinetic energy barrier for the ORR on Au catalysts in-
volves the initial endothermic reduction of O9, result-
ing in the formation of an adsorbed OOH* intermedi-
ate and the final OH* desorption energy, our investiga-
tion concentrated on examining the interactions of Og*,
O*, and OH* on the Aus4Cop cluster. Our results
demonstrated that the intermediate O* could adsorb
slightly exothermically on the surface of the AussCoq
cluster, with an energy level of —0.53 eV with referred to
O2 molecule in the gas phase, indicating that oxygen
atoms can position themselves near the cluster surface.
Conversely, the other intermediates, Oo* and OH¥*,
tend to remain distant from the Au cluster due to their
weak adsorption strengths, with energy levels of
—0.05 eV and 1.53 eV, respectively (FIG. 1).

The adsorption energies of the intermediates O9*,
O*, and OH* on the Aus4Coq cluster, with the cobalt
atom positioned on the surface, were also evaluated.
These oxygen-containing species may trigger the re-
structuring of Aus4Co due to the strongly negative ad-
sorption energies of O9* and O* at the cobalt site
(-1.21 eV and —1.51 eV, respectively), suggesting a
strong affinity for oxygen species to bind to the surface
at the Co site. As a result, the robust attachment of Og*
and O* to the cobalt atom can thermodynamically
drive the migration of cobalt atoms from the interior to
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FIG. 1 Calculated adsorption energies of O*/05* and
OH* species at the surface Au site and Co site of the
Aus4Co; cluster with respect to gaseous Oz and OH* in so-
lution, respectively. The cohesive energy between Co and
Au in the Aus4Co; cluster was also calculated based on
the equation Auss+Coi(bulk)—>AussCoi+Aug(bulk). All
energies are in eV.

)

0ns 21 ns 30 ns

FIG. 2 Snapshot of the neural network potential MD sim-
ulation depicting O* adsorption on the Aus4Co; cluster to
investigate the dynamic reconstruction of alloy cluster for
30 ns at 400 K. The yellow, blue, and red spheres are Au,
Co, O atoms, respectively.

the surface of the Aus4Co; cluster. However, the bind-
ing energy of OH* at the cobalt site (Eox=-0.06 eV) is
insufficient to offset the energy required for the Co
atom to migrate from the core to the surface of the
AusyCoq cluster.

At an elevated temperature of 400 K, machine learn-
ing-accelerated molecular dynamics (MD) simulation
were performed to elucidate the propensity for Co mi-
gration from the core to the surface of the Aus4Co; clus-
ter, driven by the robust binding interactions of Og*
and O* with the Co atom. The choice of 400 K was
strategically made to expedite the MD simulation pro-
cess. We found there is a rapid migration of the Co
atom from the core of the cluster to its surface within 30
ns, as illustrated in FIG. 2. This phenomenon can be as-
cribed to the low coordination number of gold atoms
within the SAA Aus4Coq cluster, which enhances atom-
ic mobility, thereby enabling subsurface cobalt atoms to
migrate to the surface for O* adsorption. This migra-
tion facilitates the formation of more thermodynamical-
ly stable Aus4Co010, complexes.

Our calculation shows endothermic Gibbs free ener-

gy for the adsorption of OOH* intermediates on
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Au(111), making it less active to the ORR (Table S3 in
Supplementary materials, SM). Given the pronounced
binding affinity between the Co atom and oxygen-con-
taining species, there is a heightened probability for ad-
ditional O* and/or OH* molecules to adsorb at the Co
site upon its migration from the cluster’s core to its sur-
face. To further elucidate this phenomenon, we con-
ducted an advanced ab initio thermodynamic analysis
to quantify the number of O* atoms (z) or OH* species
(y) contributing to the formation of Aus4Co10,(OH),
clusters under operational ORR conditions, employing
the following equation:

Aus4Coq + (% + %) O9 + yH9O +ye~ —
AugyCoy Ox(OH)y +yOH™ (3)

The number of O containing species that Co site can
hold is finite, because the binding strength of each oxy-
gen species is gradually weakened, as the number of
oxygen atoms increased, depicted in FIG. 3. This led to
the attachment of O* and/or OH* molecules to the Co
atom site during the formation of Co;0,(OH), com-
plexes. If the AG value of O species adsorption is above
zero, we believe no more oxygen could adsorb on the Co
site. Notably, we observed that at most four oxygen
atoms can absorb on the Co atom (Co104) before the
change in Gibbs free energy for further oxygen species
adsorption became positive. Though the Gibbs free en-
ergy of the addition of the fourth oxygen is negative, the
space around Co site is already saturated. Steric effect
would prevent the adsorption of the fifth oxygen. *O is
not the only adsorbate on Co site, it worths noting that
the adsorbed O* molecules reacted with water, result-
ing in the exothermic generation of adsorbed OH*
species. Our findings indicate adsorbed O* atom could
transform into adsorbed OH* and finally form the most
stable Co102(OH)2 configuration under operational
ORR conditions (as illustrated in FIG. 3 and Table S2
(SM)). Auz4C010,(OH), cluster exhibits a nearly neu-
tral Gibbs formation energy over bulk Au and Co by
0.06 eV due to the strong interactions between Co and
O/OH intermediates, which demonstrate the high sta-
bility of Aus4Co10,(OH), cluster under operando con-
dition.

In this study, we focused on the ORR activity over
the Aus4Co102(OH)39 cluster, finding that the inclusion
of implicit water introduces negligible changes of less
than 0.13 eV to the ORR energy landscape. This mini-
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FIG. 3 Phase diagram of Co010,(OH), complexes ob-
tained by ab initio thermal dynamic analysis. The purple
line represents the Gibbs energy of different numbers of
oxygen residing on the Aus4Co cluster surface to form
Aus4Co0; complex. The green line represents the Gibbs
energy of different numbers of HO to react with
Aus4Co0O; complex to form AussCoOy4 (OH),.

mal impact justifies our approach to wusing the
Aug4Co0102(0OH)y cluster to explore intrinsic catalytic
behaviors. The solvent effect is neglected in the present
work. To understand the ORR mechanism and the asso-
ciated scaling relationships, it is essential to delve into
the interplay between the adsorption energies of reac-
tion intermediates and the catalytic activity of the sur-
face. The ORR generally proceeds via a series of proton-
coupled electron transfer steps, typically involving in-
termediates such as OOH*, O*, and OH*. The perfor-
mance of an ORR catalyst is significantly influenced by
its ability to balance the adsorption energies of these in-
termediates [11, 60]. A comprehensive investigation of
the ORR mechanism was undertaken for the most sta-
ble Co102(OH)2 complexes in an alkaline solution, as il-
lustrated in FIG. 4 and FIG. 5. We meticulously calcu-
lated the ORR potential energy surfaces on Pt(111),
Au(111), and CoO(111) surfaces as references were cho-
sen due to their prevalent application in ORR research.
At an electrode potential of 0.80 V versus the reversible
hydrogen electrode (RHE), the Gibbs free energy
change for the formation of the OOH* intermediate
(AGoon) on Pt(111) is 0.23 eV, signifying an endother-
mic reaction. Concurrently, the Gibbs free energy
change for the desorption of OH* (AGop) is —0.26 €V,
indicating a spontaneous process. These values suggest
that Pt(111) maintains an optimal balance, as neither
the formation nor the desorption processes are overly
favoured, which is crucial for high ORR activity (see
FIG. 5 and Table S3 (SM)). On the Au(111) surface, the
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AUg,C0,0,(OH)OOH  Aug,Co,04(OH)  Aus,Co,0,(OH), Aus,Co,0,0H

FIG. 4 Configurations of ORR intermediates of
AugsCo104(OH), complexes. The yellow, blue, red and
white spheres are Au, Co, O and H atoms, respectively.
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FIG. 5 Potential energy diagram for the ORR over the
Aus4Co0102(0OH)2, Au(111), Pt(111) and CoO(111) sur-
faces, the color is green, purple, blue, red, respectively.

reduced ORR activity compared to the Pt(111) surface
is primarily due to the higher formation energy of the
OOH* intermediates. The formation energy of OOH*
on Au(111) is 1.04 eV more positive than on Pt(111)
(see Table S3 (SM)). This significant increase in energy
indicates that OOH* intermediates are less stable on
Au(111), making it less favorable for the initial steps of
the ORR. Consequently, the weaker binding of OOH*
intermediates results in a lower overall catalytic activi-
ty for the ORR on the Au(111). In contrast, the
CoO(111) surface displays markedly inferior ORR ac-
tivity compared to Pt(111), which can be attributed to
the excessively strong adsorption of OH* intermediates,
with a AGog value of —2.14 eV. This strong adsorption
indicates that OH* intermediates bind too tightly to
the CoO(111) surface, effectively blocking the reactive
sites and preventing the further progression of the
ORR. Unlike Au(111) and CoO(111), the Co102(OH)2
complex exhibits moderate binding energies for these
intermediates. The Co10O2(OH)y complex’s ability to
strike this balance sets it apart, making it a more effec-
tive catalyst for the ORR compared to both the
Au(111) and CoO(111) surfaces (FIG. 5 and Table S3
(SM)).

The limiting potential UL, of ORR reaction is calcu-
lated based on the free energy of each step of ORR. The
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UL value signifies the requisite external voltage for each
reaction step to proceed spontaneously, serving as a piv-
otal criterion for evaluating catalyst reactivity. The U,
of the Co0;02(OH)y complex was determined to be
0.58 ¢V, which exceeds that of Au(111) (measured at
—0.24 eV) and CoO(111) (measured at —1.34 eV), as
well as Pt(111) (measured at 0.57 eV). Consequently,
the Co;O2(OH)y complex demonstrated superior ORR
activity in comparison to the Pt(111), Au(111), and
CoO(111) surfaces. Therefore, the AussCo; cluster
emerges as a promising catalyst for facilitating the ORR
under alkaline conditions, primarily attributed to the
presence and exceptional reactivity of the CojO2(OH)s
complex.

Since we have observed the dynamic formation of
complex like active site on Aus4Coq cluster, we have to
check the active site of other Au-based alloy cluster be-
fore we predict their ORR activity. To determine
whether the generation of Co;O2(OH)2 under ORR. con-
ditions is an isolated phenomenon or a universal princi-
ple applicable to other metals, we extended our investi-
gation to the stability of nine additional AussM; clus-
ters, where M represents various metals including Fe,
Ni, Ru, Rh, Pd, Pt, Au, Cu, Zn, and Ir, under ORR con-
ditions. First-principles thermodynamic analysis indi-
cates that the strong adsorption of O* species at the M
site (with FEo values ranging from —0.13 eV to —2.82 eV,
see Table S4 (SM)) could drive the migration of the My
site from the core to the surface thermodynamically. In
this study, we did not consider the dynamics of clusters
and their impact on the ORR, which occurs at the
M;0,(OH), complexes within the icosahedral structure.
The determination of the number of O* and OH*
groups in the operationally generated M;0O,(OH), com-
plexes was carried out using the same methodology em-
ployed for Co1jO2(OH)s, as previously discussed (refer
to Tables S4,S5 and FIGs. S2,53 in SM). This compre-
hensive analysis underscores the potential universality
of the observed phenomenon, where the presence of
strongly adsorbed O* species at the metal sites within
these clusters facilitates the formation of stable
M;0,(OH), complexes, thereby enhancing ORR activi-
ty across a diverse range of metals.

The volcano plot, a well-recognized concept in the
domain of ORR activity and oxygen adsorption
strength (Eqp+), highlights the importance of an ideal
catalyst—where the adsorption strength of key interme-
diates strikes a precise balance, neither too weak nor too

© 2024 Chinese Physical Society
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FIG. 6 Volcano plot of the U, of the AussM;0,(OH),
complexes formed under operational ORR conditions
(M=Co, Ni, Fe, Cu, Ru, Rh, Zn, Pt, Pd, and Ir).

0.6 rRh Pt

1.8 15 -1.2 -09 0.6 -0.3 0.0 0.3
Eon(eV)
FIG. 7 Volcano plot of the Ui, of the metallic Pt(111)
surface and AusgM; cluster, where a single M atom is lo-

cated on the surface of the cluster (M=Co, Ni, Fe, Cu, Ru,
Rh, Zn, Pt, and Pd).

strong. Intriguingly, similar to what has been observed
on a pristine metal surface, we observed a similar vol-
cano plot for both the AusM;0,(OH), complexes
(FIG. 6) and metallic AussM; clusters (FIG. 7), where
the ORR activity altered according to the OH* adsorp-
tion energy (Eopn*) [60]. Metals characterized by weak
interactions with OH* are situated on the left flank of
the volcano plot, whereas those with robust interac-
tions occupy the right flank. The summit of the volcano
plot signifies the highest ORR activity, indicating that
an ideal ORR catalyst should exhibit moderate binding
energy with OH*. This equilibrium in OH* binding
strength, located at the apex of the Egp* volcano plot,
epitomizes a highly effective ORR catalyst. Such a bal-
ance ensures that the catalyst does not bind OH* too
weakly, which would hinder the reaction, nor too
strongly, which would saturate active sites and impede
further reaction progression. Achieving this optimal

binding energy is paramount for maximizing catalytic
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efficiency and enhancing performance in the ORR.

It is noteworthy that the ORR activity exhibits sig-
nificant variability across different Aus4M; clusters, un-
derscoring the critical role of single-atom doping in
modulating catalytic activity for the ORR. Among
these complexes, the Coj02(OH)2 complex demon-
strates the highest ORR activity, with an U, value
reaching 0.58 V. The superior activity of the
Co102(OH)2 complex, surpassing that of the Pt(111)
surface, suggests that Aus4Coy clusters could potential-
ly supplant platinum catalysts for ORR reactions in al-
kaline environments. Additionally, the AussRh;(OH)3
and Aus4Cuij(OH)2 complexes exhibit Up values
(0.56 V and 0.59 V, respectively) comparable to that of
platinum, indicating their high ORR activity. Con-
versely, the AussPt1(OH)4 and AussPd;(OH)4 clusters
show lower ORR activity, with Up, values approximat-
ing 0.20 V, primarily due to the stronger adsorption of
OH* intermediates on these clusters, which hinders the
reaction. Furthermore, the AusyZni(OH)2 cluster also
displays low ORR activity, with a U, value of 0.42 V,
attributed to its weak adsorption of OH*, resulting in a
higher energy barrier for the formation of the basic
OOH* intermediate. In summary, Aus4Coi, AusqRhj,
and AusgCuy clusters are theoretically predicted to be
highly active ORR alloy catalysts, owing to their opti-
mal binding energies and superior performance metrics,
making them promising candidates for future catalytic
applications in alkaline environments.

Previous investigations have predominantly em-
ployed pure metallic alloy clusters to simulate catalysts
under real-world reaction conditions. However, signifi-
cant discrepancies in catalytic behavior emerge when
comparing the volcano plots of the AussM;0,(OH),
and Ags4M; models. These conventional metallic alloy
models often fall short in accurately predicting the
ORR activity observed experimentally. For instance,
the metallic Aus4Co; cluster exhibits a strongly nega-
tive OH* adsorption energy (Eop*=-1.26 eV) (see Ta-
ble S7 (SM)), leading to markedly reduced ORR activi-
ty with a U, of —0.46 V (see Table S8 (SM)). In stark
contrast, when configured as an Aus4Co102(OH)2 clus-
ter, Co102(OH)2 demonstrates significantly enhanced
ORR activity, with an OH* desorption energy close to
0eV (Ur,=0.58 V). This pronounced disparity under-
scores the necessity of determining the true catalytic
configuration under operational conditions by juxtapos-
ing calculated ORR activities with empirical results.

© 2024 Chinese Physical Society
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We predict Aus4Co102(OH)2, AusgRhi(OH)3 and
AusyCui(OH)o SAA clusters as promising ORR cata-
lysts. Numerous experimental investigations have iden-
tified AuCo alloy clusters as exemplary ORR catalysts
[39]. Recent studies have highlighted the efficacy of car-
bon-supported bimetallic AuCo alloy electrocatalysts,
which exhibit a specific activity 5% higher than that of
Au/C at 0.85 V vs. RHE [61]. This improvement in ac-
tivity underscores the potential of bimetallic systems in
electrocatalytic applications. Moreover, AuCu alloys
have also garnered attention as viable candidates for
the ORR [62, 63], demonstrating their superior catalyt-
ic performance. Additionally, oxidized AuRh nanoparti-
cles have shown remarkable ORR activity, outperform-
ing pure Rh by a factor of five [64]. The consistent
agreement between experimental results and theoreti-
cal predictions confirms that the Rh10,(OH), complex-
es are likely the active sites in these Au-based alloy clus-
ters during ORR, highlighting their crucial role in en-
hancing the catalytic efficiency. Notably, experimental
observations are consistent with the behavior predicted
by the Aus4M;0,(OH), model under reaction condi-
tions, which cannot be adequately elucidated by the
conventional metallic AusgM; model alone. This in-
sight accentuates the critical importance of the
Aus4M;0,4(OH), complex in forecasting the catalytic
performance of alloy clusters for the ORR. Our findings
contribute to a deeper understanding of the signifi-
cance of these complexes formed under operational
ORR conditions, indictating the catalytic behavior of
alloy catalysts during the ORR process.

To expound the significant contrast in ORR activity
Auz4Co102(0OH)2

Aus4Coq cluster, we conducted an in-depth electronic

between the complex and the
analysis to unravel the superior activity of the
Aus4C0102(OH)2 complex relative to the metallic
AusyCoyp cluster. Crystal orbital Hamilton population
(COHP) analysis indicates a greater number of bond-
ing orbitals between Co and O* in OH* are occupied on
the AusyCoq surface compared to the Aus4Co102(OH),
complex. This results in a reduced integrated COHP
(ICOHP) for the Co-O bond in the AussCo1O2(OH)
complex, as shown in FIG. S4 (SM). Consequently,
OH* displays a moderate affinity for adsorption on the
Aus4C0102(OH)2 complex, contrasting with the higher
binding strength observed on the metallic AusqCo1 clus-
ter. The increased binding on the metallic AussCoq
leads to a reduced ORR activity due to the poisoning ef-
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fect on the cluster, where the strong adsorption of OH*
intermediates blocks active sites and hinders the reac-
tion. Our research underscores the importance of con-
sidering the in situ formation of structures to accurate-
ly identify the active sites for the ORR. Understanding
these dynamic transformations is crucial for optimizing
catalyst design and enhancing catalytic performance,
particularly in complex alloy systems where the active
configurations may evolve under operational conditions.

IV. CONCLUSION

First-principles calculations confirm that the
Aus4M;0,(OH), complex is the key active site for driv-
ing the ORR in gold-based single-atom alloy cluster cat-
alysts. This finding is substantiated by a volcano plot
corresponding to the M;0,(OH), complex, which con-
curs with experimental data and highlights the short-
comings of traditional models that fail to accurately
identify the metallic Au-based SAA clusters. Particular-
ly, the plot indicates the high activity of Aus4Coy,
AusgRhy, and Aus4Cu; as alloy cluster catalysts. This
research emphasizes the importance of applying theo-
retical modeling, taking into account the specific reac-
tion conditions, to accurately identify the true active
sites. These insights enhance our comprehension of the
structures and mechanisms of the AusM;0,(OH),
clusters in ORR environments, providing crucial infor-
mation for the design of more effective catalysts across

various catalytic applications.

Supplementary materials: Detailed calculation method-
ology, calculated energetics, calculated configurations,

and electronic structure analysis are shown.
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