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Cluster expansion-accelerated exploration of the
surface structure properties of a PdPtAg ternary
alloy for the oxygen reduction reaction across the
compositional space

Minghao Hua,? Shuo Li,¢ Xuelei Tian,*® Xiaohang Lin 2 *° and Guoxiang Li*®

A cluster expansion (CE) model was constructed for the ternary alloy Pd/Pt/Ag surface based on density
functional theory (DFT) calculations, and Monte Carlo (MC) simulations based on CE were then performed
to investigate the surface segregation and atomic ordering on the ternary alloy surfaces at finite
temperatures. Results indicated that the local chemical environment of the ternary alloy surface strongly
depended on its bulk composition and varied significantly as a function of temperature, producing
a significant impact on the catalytic performance. Analysis of depth-resolved composition indicated that
even at high temperatures, the dopant metal (Pd or Pt) remained energetically favorable in the bulk, while
Ag tended to segregate to the outermost layer to form an enriched layer. DFT calculations indicated that
this segregation behavior was driven by the different surface energies between the metals. The Pd
concentration exhibited a peak in the second layer and increased with decreasing temperature. Atom
ensemble analysis demonstrated that the doped atoms formed a finite number of distinct configurations,
with the monomers being the most prevalent surface species. Although surface segregation reduced the
number of surface-doped elements, the enrichment of Ag on the surface layer increased the number of
unique catalytic active sites on the surface, and the concentration of doped atoms increased by

rsc.li/rsc-advances

1. Introduction

Alloy materials have a wide range of chemical reaction appli-
cations in catalysis due to their multifunctional properties."*
The surface composition and corresponding bulk concentration
of the alloys usually exhibit certain differences, and phenomena
such as surface segregation, reconstruction and ordering may
occur. These phenomena can significantly affect the surface
structure of alloys and their performance in multiphase and
electrochemical processes.** Specifically, the catalytic activity
and selectivity depend on the surface concentration and
distribution of the reactive atoms. Many studies focus on
specific alloy compositions, such as particular element ratios or
chemical ordering, such as intermetallic and core-shell struc-
tures. These experimental and theoretical studies, addressing
the phenomenon of surface segregation, have used techniques
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approximately 10% compared with the binary alloy (Pd/Ag or Pt/Ag).

such as X-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES), low energy electron and diffraction (LEED)
to measure the specific surface concentration of alloys.**®
Conventional high-throughput experimental and computa-
tional approaches require an extensive amount of time and
resources to effectively explore such expansive design spaces.’
With the limitations of experimental methods and the devel-
opment of computational resources, there is a growing need for
theoretical studies of surface segregation. Most of the theoret-
ical researches are based on statistical thermodynamics,
constant bond energy models, and molecular dynamics and are
combined with some simulation methods such as Monte Carlo
(MC), but they usually exhibit low accuracy.'*** To obtain higher
accuracy, density functional theory (DFT) is also employed to
calculate the energies of stable alloy configurations but is
usually limited to small-scale systems. Furthermore, most
theoretical studies focus on bimetallic alloys, with limited work
addressing ternary alloys using empirical potentials.”***
Although many studies have explored ternary alloys in various
contexts, experimental and theoretical studies that explicitly
address surface segregation and atomic-scale ordering have
predominantly focused on binary systems. Detailed investiga-
tions of these phenomena in ternary alloy surfaces remain
comparatively limited.>*®*” To fully understand the key factors
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that influence surface segregation, comprehensive research on
the alloy composition space is necessary, but such studies are
relatively scarce and mostly focus on a specific alloy
composition.*®

The oxygen reduction reaction (ORR) is a critical process in
fuel cells and metal-air batteries. Platinum (Pt) is the most
active and durable material among ORR catalysts.'*"** The slow
kinetics of ORR necessitate the use of catalysts containing large
amounts of Pt-group noble metals to accelerate the reaction.
The high cost and scarcity of Pt have driven extensive research
efforts to minimize its use.”” Therefore, designing ORR catalysts
with higher activity and lower cost has been a long-standing
focus of both academia and industry.”® In this context, multi-
component alloys are particularly promising because their key
properties (such as ensemble effect and ligand effect) cannot be
replicated in binary alloys. Ternary (and higher order) alloy
systems also exhibit significant functional application value as
catalyst materials.>* Many DFT-based theoretical calculations
have driven significant progress in screening efficient alloy
catalysts.”>?® Given the limitations revealed by the computa-
tional screening of binary alloys, comprehensive studies of the
surface chemical ordering distribution in multi-component
systems and its impact on catalytic performance are crucial.*®

The complex interactions in ternary systems make it
important to study across the entire compositional space rather
than just using a few discrete compositions. Machine learning
has emerged as a powerful tool in atomic simulations by
enabling efficient surrogate models trained on DFT data.
Machine learning models can be trained on DFT-calculated
database atomic configurations, and properly trained machine
learning models achieve greater computational efficiency than
DFT while maintaining comparable accuracy under certain
conditions.**?**** Although there are many studies of its use for
bimetallic alloys, it has relatively few applications in studies for
ternary or multi-component systems such as high-entropy
alloys. The machine learning training sets remain constrained
in scale, requiring structure datasets of significantly larger
orders of magnitude. Recent machine learning studies on
ternary and multivariate surface structures have used more than
10 000 bulk structures and 4000 surface structures for training,
which remains computationally expensive for the rapid
screening of multi-component alloy systems.** Based on the
screening of PdAg and PtAg alloys with better single atom alloy
(SAA) formation capability in previous studies,*® in this work,
we investigated the Pd/Pt/Ag(111) ternary alloy surfaces with
DFT accuracy. We fitted the cluster expansion (CE) with a low-
cost training dataset (266 surface structures), and subse-
quently explored the Pd/Pt/Ag(111) ternary alloy surfaces across
different temperatures and compositional space using MC
simulation, aiming to find a superior SAA catalyst to the above
bimetallic alloy. The combination of CE + MC promotes
a deeper understanding of the structural changes in ternary or
multi-component alloy surfaces, significantly reducing compu-
tational costs compared to DFT calculations and machine
learning models. This provides a feasible method for revealing
the characteristic geometric configurations and unique atomic
combinations of active sites in multi-component alloy catalysts.
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2. Computational methods
2.1 First-principles calculations

All DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP).*” The projector-augmented wave
(PAW) method was employed to describe the interactions
between electrons and ions, and the revised Perdew-Burke-
Ernzerhof (RPBE) exchange-correlation functional was used to
account for electronic interactions.*®** The plane-wave cutoff
energy was set to 500 eV.*° All structures were fully relaxed until
the energy and force reached the convergence thresholds of 1 x
107° eV and 0.02 eV A, respectively. For structural optimiza-
tions of bulk structures, a I'-centered k-point mesh of 25 x 25 x
25 was adopted. The calculated bulk lattice constant of Ag was
4.21 A, which is in excellent agreement with the experimental
value of 4.09 A and previously reported theoretical values.**

All surface models were constructed as six-layer slabs of the
(111) surface of a face centered cubic (fcc) lattice. To address the
complexity of the computational model, the bottom three
atomic layers were composed of pure Ag to represent the bulk
and were fixed at the corresponding bulk Ag lattice positions.
Each site in the other layers can be occupied by one of Pd/Pt/Ag
to simulate surface alloys. During the CE fitting process,
randomly occupied atomic configurations were generated using
the mmaps and gensqs codes in ATAT.** Furthermore, all
structures with different compositions were fully relaxed during
the calculations. A vacuum region of 20 A was added along the z-
direction to eliminate interactions between periodic images.
Surface calculations were performed with dipole correction
(IDIPOL = 3) in the direction of the surface normal to achieve
faster convergence of the total energy with increasing vacuum
thickness and to correct for the electrostatic potential within
the vacuum region.* For surface structure optimization in the
CE training dataset, a I'-centered k-points mesh was used for
the Brillouin zone integrations. The k-points per reciprocal
atom (KPPRA) value of 2000 was used with k-points set to 1 in
the z-direction. The k-point grids were then determined auto-
matically for different alloy configurations by KPPRA and the
number of atoms.**

The segregation energy (AFE.), which characterizes the
preference of dopant atoms to reside on the surface or in the
bulk of the alloy, is defined as follows:

AEseg = Etot,bulk - Elot,surf (1)

Here, Eio pulk is the total DFT energy when the dopant atom is
embedded in the third layer of the surface model, and Eo¢ gurr iS
the total energy when the dopant atom resides on the surface
layer. A negative value of AE,., indicates a preference for the
bulk, whereas a positive value suggests a preference for the

surface layer.***

2.2 Cluster expansion (CE) and Monte Carlo (MC)
simulations

DFT is a well-established technique that is extensively employed
to investigate the structures and energies of various materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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However, determining the configurations of multimetallic
alloys involves hundreds or even thousands of atoms, rendering
the direct application of DFT both computationally prohibitive
and impractical.*® The cluster expansion method, based on the
Ising model, is widely used to calculate the Hamiltonians of
different atomic arrangements on a parent lattice.*>** In this
framework, the system's energy is characterized by the energy
corresponding to any atomic distribution on the lattice. The
occupation of each spin over the lattice sites of a structure
represents configuration ¢. The formalism of CE parameterizes
the total energy of a structure as a linear combination of
interactions between different clusters (eqn (2)).

E(0) =Y mul] o (2)

L
lea

E(0) is the total energy of the system with configuration o,
« denotes a particular cluster, m, is the cluster multiplicity, J, is
the effective cluster interaction (ECI) of that cluster, and (---) is the
cluster correlation function.*” The energies of the generated
configurations by DFT calculations are collected and fitted to CE
models. Although these models are performed on a rigid lattice,
atomic relaxations are effectively accounted for in the effective
cluster interactions by incorporating relaxed configurations
during the fitting process.**' To predict the near-surface atomic
segregation and arrangement of the ternary alloy, CE training was
performed on Pd/Pt/Ag(111) surfaces. As shown in Fig. 1, all Pd/Pt/
Ag(111) surfaces were constructed as six-layer 2 x 2 fec(111)
supercells. In these models, the atomic species in the top three
layers could vary randomly, covering concentrations from 0% to
100% to comprehensively sample the entire compositional space.
The CE method requires a training dataset of energies for distinct
atomic configurations obtained from DFT calculations. Structure
generation and CE fitting calculations were conducted using the
mmaps code from the Alloy Theoretic Automated Toolkit
(ATAT).”> By sequentially increasing the number of configurations
and atomic clusters considered, the final database comprised 266
symmetry-inequivalent surface structures.

(b) (‘ Pd/Pt/Ag

{ : ) Ag
20 A vacuum

bulk region

Fig. 1 Surface model used for fitting the cluster expansions and MC
simulations. (a) Side view and (b) top view of a 2 x 2 (111) unit cell. The
top four surface layers were allowed to be replaced by Pd, Pt or Ag in
the surface CE calculations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The predictive capability of the truncated CE model was
assessed by the leave-one-out cross-validation (LOOCV) score,

defined as:
1 N2
LOOCV = | NZ(E — E<,->) (3)

where N; is the number of structures. For structure i, E; is the
DFT calculated energy and Em is the fitted energy predicted by
the cluster expansion model built with E; excluded from the
training set.*

Relative to the DFT calculations, the final CE model achieved
a LOOCYV error of 0.0039 eV, indicating excellent fitting and
predictive performance. The ECIs did not change significantly
even if more structures from DFT calculations were added.
Under these conditions, the cluster expansion energies can be
considered highly accurate for calculating or predicting the
energy of any given alloy configuration.

To investigate long-range ordering and minimize size effects,
each layer of the supercells used in MC simulations contained
40 x 40 atoms, with the dimension along the surface normal set
to be equal to that of the surface model illustrated in Fig. 1. MC
simulations were performed on the surfaces of 36 different bulk
compositions in total as shown in Fig. 2. The atomic ratios re-
ported in the text refer only to the proportion of variable atomic
sites; sites with fixed species were excluded from the statistical
analysis.

Simulated annealing was carried out using canonical
ensemble MC simulations (based on the converged CE), in
order to identify the most stable configurations. During the
simulations, the number of atoms, cell volume, and tempera-
ture (NVT) were kept constant. The atomic ratios appearing in
the text were only the relative ratios of active sites, while sites
with constant species are neglected in the statistics. For each
composition (Fig. 2), five independent Monte Carlo annealing
runs were started from different random initial configurations
to reduce dependence on the initial state and to increase the
chance of finding the lowest-energy configuration. The lowest
energy configuration found among the five runs was taken as
the putative ground state. In each simulation, the initial

Fig. 2 Bulk concentrations for the MC simulation (red dots).

RSC Adv, 2025, 15, 36103-36115 | 36105


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05089h

Open Access Article. Published on 30 September 2025. Downloaded on 1/20/2026 6:17:55 AM.

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

(cc)

View Article Online

RSC Advances Paper
Fit residuals
a) 4 b .
@) Pair (b) 0.08 ~ 0.009
% Triplet P
.
0.04 4 e —0.006
20 e
o’ 0.003
o 0.
~ . 0.00
z ¥ s v
£ I of
Al Rt el Sttt & o/ 0.000
8] P
2 ¥ o5 —0.04 1 5
X Y 0.003
*x Pl
201 ~0.08 @”
g 4 0.006
P
-0.124 .~ CV score = 0.0039 eV
-40 T T T T T T T T T = 0.009
0 10 Trip 10 20 —0.12 —0.08 —0.04 0.00 0.04 0.08
Cluster diameter (A) E;DFT (eV)

Fig. 3 Cluster expansion results for the Pd/Pt/Ag ternary alloy system. (a) Variation of the clusters and the corresponding ECIs versus the
interaction distance. (b) Predicted energies using the CE approach versus energies obtained using DFT calculations for the Pd/Pt/Ag ternary
system, which show the predictive power of the fitted cluster expansion models. The dashed line (y = x) indicates the case when the results of the
two methods are exactly equal, and the closer the point is to the dashed line, the smaller is the error between the two methods. The different
color mappings represent the differential values between DFT energies and CE predicted energies.

configurations were generated at 7 = 100000 K to ensure
a random distribution of elements at the outset. The simula-
tions were carried out from a high temperature (3000 K), and
gradually decreased to a low temperature (50 K) with a temper-
ature step of 50 K. To ensure adequate sampling of the phase
space corresponding to the distribution of alloying elements,
multiple MC simulations were conducted on the different initial
structures within the canonical ensemble. Equilibrium was
reached once the standard deviation of the energy during each
MC calculation was less than 1 x 107 eV. All MC calculations
were performed using memc2 in ATAT.”

3. Result and discussion
3.1 Validation of the CE models

A total of 266 configurations was generated for the Pd/Pt/Ag ternary
alloy surfaces, with the atomic composition of each of the top three
layers varying within the range [0, 1]. The final CE model was ob-
tained through examination of the convergence of the LOOCV
score. Typically, the LOOCV score decreases with increasing cluster
diameter, and then either increases or remains nearly constant
beyond a certain diameter as shown in Fig. 3a, indicating that
further inclusion of larger atomic clusters does not improve the
predictive capability of the CE model. In the case of Pd/Pt/Ag
surfaces, pair clusters play a more significant role. However, their
contributions diminish when the diameter exceeds the second
nearest neighbor. Short-range three-body clusters are sufficient to
reduce the LOOCYV score to a very low value of 0.0039 eV, demon-
strating excellent accuracy and convergence of the CE fitting.
Fig. 3b shows a comparison between the formation energies fitted
by CE and those calculated by DFT, indicating good agreement
between the two approaches. These results clearly demonstrate the
accuracy of the CE method in describing the configuration-
dependent surface energies in these ternary alloy systems.

3.2 Tendency of surface segregation

Previous studies on alloy surface segregation have typically
relied on comparing the energetic preference of dopant atoms

36106 | RSC Adv, 2025, 15, 36103-36T15

for occupying the top surface layer versus remaining in the
bulk.**** Using the developed CE model, we investigated the
surface segregation behavior of Pd/Pt/Ag(111) ternary alloys via
MC simulations at various temperatures, thereby providing
more comprehensive information on the surface segregation
over a wide compositional range under finite temperature
conditions.

Fig. 4 presents MC simulation results at three representative
temperatures (2000 K, 1200 K, and 400 K) for 36 bulk concen-
trations. The excess concentration of element i is defined as the
difference AC; = Cgurf,i — Chbulk,is Where Cqyre,; is the concentra-
tion of element i in the first layer and Cpyx; is the concentration
of element i in the active site region (top three layers). There-
fore, positive values indicate surface enrichment (i.e., an excess
at the surface concentration compared to the bulk), while
negative values represent surface depletion. The simulation
results demonstrate that, except for the region near the PdPt
binary alloy (where Pd segregates to the surface), Pd generally
prefers to reside in the bulk at most other compositions, with its
surface concentration lower than that in the bulk. For Pt,
surface depletion is observed at all bulk concentrations,
particularly near the PtAg region. In contrast, Ag consistently
segregates to the surface at all bulk concentrations, resulting in
strong surface enrichment. These segregation trends show
partial consistency with the results previously obtained for
binary alloys.3*3%%

As shown in Fig. 4a, even at the high temperature of 2000 K,
surface segregation still occurs. For instance, at the bulk
composition of PdyPt4,Ags0, the surface Pt concentration in the
first layer at 2000 K is only 20.89%, which is 19.11% lower than
its 40% value in the bulk concentration, while the Ag surface
concentration is enriched by 22.51% compared to its bulk
concentration. The surface composition result is consistent
with previously reported trends in pure metal (111) surface
energies: Ag(111) exhibits the most stable surface energy
(0.25 eV per atom on average), followed by Pd(111) at 0.48 €V,
with the least stable being Pt(111) at 0.56 eV.** Compared to the
binary alloy simulations in a previous study, the degree of Ag

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 MC simulation results for surfaces with 36 bulk concentrations at (a) 2000 K, (b) 1200 K, (c) 400 K. These plots show the excess surface
composition of the first layer compared to the bulk composition for Pd, Pt, and Ag.

enrichment in the first surface layer is reduced. For binary PtAg
and PdAg alloys with 50% Ag in the bulk concentration, the Ag
concentration in the first surface layer at 1200 K approaches
90%.% In contrast, Fig. 4b shows that for all ternary alloys with
50% Ag bulk concentration, the excess segregation of Ag on the
surface is about 30%, corresponding to roughly 80% Ag
concentration in the first layer. This indicates that the incor-
poration of two active metals, Pd and Pt, into the Ag matrix
reduces the enrichment of Ag in the surface layer of the ternary
alloy, resulting in a higher proportion of active atoms at the
surface. At 400 K, Pd segregates to the surface at the bulk
composition close to the PdPt binary alloy, with a maximum
enrichment of about 10%. Furthermore, as shown in Fig. 4c,
lowering the temperature from 2000 K to 300 K intensifies the
segregation trends for all elements: for example, the enrich-
ment of the excess concentration of Ag increases from 20% to
40%. The Pd/Pt/Ag ternary alloy surface displays a complex

© 2025 The Author(s). Published by the Royal Society of Chemistry

composition relationship, in which the moderate reduction of
Ag enrichment leads to an increased number of unique active
sites on the first layer.

To reduce costs and enhance the utilization of noble metals,
we aim to reduce the content of noble metals in the catalyst
while maximizing the number of active atomic sites on the
surface. Consequently, our analysis focuses on ternary alloy
surfaces with Ag bulk concentrations in the range of 50-70%.
Alloys containing 80% and less than 50% Ag were excluded
from consideration due to the insufficient number of active
atoms on their surfaces. Detailed statistical results (Fig. S1-S4)
for these alloy surfaces are provided in the SI.

Fig. 5 illustrates the statistical results of each element
concentration variation in the first and second surface layers for
nine selected (50-70% Ag bulk concentration) ternary alloy
surfaces as functions of temperature. Even at the high
temperature of 2000 K, strong segregation persists in the first

RSC Adv, 2025, 15, 36103-36115 | 36107
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surface layer, while the elemental concentrations in the second
layer (represented by hollow circles in different colors in the
figure) are close to those in the corresponding bulk composi-
tions. At temperatures around 1200 K, the concentrations of
each element in the second layer still remain close to the bulk
values, deviating only at lower temperatures below 800 K. This
behavior differs from that observed in the PdAg and PtAg binary
alloys, where enrichment of the dopant element in the second
surface layer commences at 1200 K. At 300 K and 50% Ag bulk
composition, the second layer of the (111) surfaces in both
binary alloys shows a dopant enrichment degree of 20-25%.>*%
In contrast, for the PdPtAg ternary alloys, both the extent and
onset temperature of Pd enrichment in the second layer are
reduced significantly, with deviations from bulk composition
only becoming apparent below 800 K. Interestingly, the
behavior of Pt in the second layer is fully reversed in the ternary

36108 | RSC Adv, 2025, 15, 36103-36115

alloy: starting from temperatures below 1200 K, the concentra-
tion of Pt in the second layer decreases and falls below the bulk
value. The reduced segregation of dopant elements in the
second layer may be attributed to the averaging effect of inter-
actions among the three different atomic species, which
weakens the attraction of the Ag-rich first surface layer to the
dopant atoms in the subsurface layer.

The trends in the elemental distribution within the first
surface layer remain stable across varying bulk compositions.
As the temperature decreases from 2000 K to 300 K, the Ag
enrichment in the first layer gradually intensifies, resulting in
an almost pure Ag surface layer at 300 K, with Pd and Pt
concentrations in the first layer concomitantly declining as the
temperature drops. The compositional evolution of dopant
elements in the second layer is consistent throughout the
cooling process: Pd enrichment increases while Pt decreases

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with decreasing temperature. However, the degree of enrich-
ment for a given element shows unconventional changes as
a function of the bulk composition. Typically, an increase in the
bulk Pd content would be expected to enhance the Pd enrich-
ment in the second layer. Yet, at 300 K, where segregation is the
most pronounced (Fig. 5d-i), the degree of Pd enrichment in the
second layer for all these compositions is around 10%, with
Fig. 5a and c showing Pd enrichment values close to 15%.
Notably, for the Pd,,Pt;,Ags, alloy (Fig. 5b), Pd enrichment in
the second layer is 22.65% above its bulk concentration, much
higher than the 9.55% observed for the Pd,,Pt;0Ags, alloy. Such
intriguing surface behaviors across compositional ranges at
different temperatures are challenging to capture or predict
using DFT-based methods, which underscores the advantages
and necessity of our CE + MC simulations.

To quantitatively evaluate the segregation tendency of Pd, Pt,
and Ag, the segregation energy of each binary pair was calcu-
lated by considering each elemental pair in equilibrium within
the structure.*®*® According to eqn (1), a positive segregation
energy indicates a thermodynamic tendency for the dopant
atom to segregate to the surface, favoring the formation of the
SAA structure. Conversely, a negative segregation energy indi-
cates a tendency for immersion of the dopant atom into the host
metal matrix. Calculation of segregation energies requires two
separate (111) surface computations for each binary alloy: first,
with a single dopant atom in the outermost surface layer, cor-
responding to a SAA structure, and second, with the dopant
atom placed in the third layer to simulate the bulk environment
within the host metal (Fig. 6a). It should be noted that these
calculations provide information about the thermodynamic
stability of the various structures, but neglect entropic and
kinetic effects. Six distinct (111) surface structures were
computed, with the results summarized in Fig. 6b. We find that
segregation energies are negative when Ag acts as a host, while
they are positive when Ag is the dopant. For Pd/Pt(111) and Pt/

© 2025 The Author(s). Published by the Royal Society of Chemistry

Pd(111), the computed segregation energies are small and
negative, —0.04 eV and —0.09 eV, respectively, consistent with
the similar surface energies of Pd and Pt atoms on (111)
surfaces. In Ag-based alloys, both Pd and Pt dopants have
similar segregation energies (close to —0.26 eV), indicating
a strong tendency to reside in the bulk and similar levels of
segregation. The calculated segregation trends are consistent
with those from the CE + MC simulations; however, the MC
results for Pd and Pt show differing degrees of segregation for
these dopant atoms. This suggests that, for a realistic descrip-
tion of alloy surface segregation at finite temperatures, it is
essential to include entropic effects.

3.3 Distribution of the tendency of the atomic ensembles for
surface segregation

Next, we analyzed the average numbers of monomers, dimers,
and multimers of dopant elements in the first surface layer for
the different alloy systems shown in Fig. 5. The corresponding
statistical results are presented in Fig. 7, with additional data
for other bulk concentrations (Fig. S5-S7) provided in the SI (on
the surfaces of alloys containing 10% Ag, only multimers are
observed, with no monomers or dimers present). Within the
range of bulk concentrations and temperatures considered in
Fig. 7, the quantity of monomers is significantly higher—by as
much as three to four times—than that of dimers and multi-
mers. As the temperature decreases, both dimer and multimer
numbers show a declining trend, which is related to the
reduced surface concentration of dopant elements at lower
temperatures. This indicates that, even in ternary alloys, the
PdPtAg systems retain some of the trends observed in binary
alloys and maintain a considerable capacity for SAA formation.
However, the trend in the number of surface monomers is
different. For PdAg alloys, both the number of surface mono-
mers and the surface Pd concentration exhibit a monotonic
decrease with decreasing temperature.® In contrast, as seen in
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Fig. 7, ternary alloys display distinct characteristics in the
interplay between the monomer number, bulk composition,
and temperature.

Specifically, when the Ag bulk concentration is 50% (Fig. 7a-
d), the number of monomers initially increases and then
decreases with decreasing temperature. Interestingly, regard-
less of the elemental ratios, the monomer number peaks for
these four alloy compositions all occur around 800 K, with the
maxima (~120) observed in Pd3,PtyAgse and Pd,oPt,,Ags0. For
Ag bulk concentrations of 60% and 70%, the number of
monomers decreases with decreasing temperature, similar to
the trend in binary alloys. However, for some compositions
(Fig. 7f-h), the monomer number exhibits a plateau between
2000 K and 1200 K, with a pronounced decrease only below 1200
K. Regardless of the specific composition, the maximum
monomer number in Fig. 7e-i is about 100. The temperature at
which the monomer number peaks varies with the composition

36110 | RSC Adv, 2025, 15, 36103-36115

is as follows: Pd;oPt;pAgeo and Pd,oPt;0Ag;, show maxima at
2000 K, while Pd,oPtyoAgeo, PdsoPtioAgso, and Pd;oPtypAgyo
reach their peak values in the range of 1200-1600 K. These
results suggest that although the total surface concentration of
dopant elements in the first layer monotonically decreases with
decreasing temperature (as shown in Fig. 5), the number of
surface monomers is jointly influenced by both elemental ratios
and temperature, resulting in distinct variation characteristics.
Due to the influence of inter-element interactions, the distri-
bution patterns of atomic ensembles observed in binary alloys
do not fully translate to ternary alloys.

To investigate the distribution characteristics of atomic
ensembles in the surface layer, we selected the surface struc-
tures with the highest number of monomers for each Ag bulk
concentration (50%, 60%, 70%) for further analysis. Fig. S8
displays structural snapshots of the first surface layer of the
Pd,oPt;0Ag50 System at various temperatures. At 2000 K, a large

© 2025 The Author(s). Published by the Royal Society of Chemistry
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number of dopant atoms remain on the surface, resulting in
higher numbers of dimers and multimers, with a significant
presence of Pt atoms. At 1200 K and 800 K, abundant monomers
are observed on the surface, while the number of multimers
decreases from 34 to 9, indicating a notable effect of tempera-
ture on the aggregation of dopant elements. When the
temperature drops to 300 K, no multimers are present on the
surface, and Pt atoms have completely disappeared. As the
temperature decreases, the initially high abundance of Pd and
Pt atoms on the surface in Fig. S8a is gradually reduced, until
only Pd atoms remain in Fig. S8d. This is related to the relatively
high instability of the Pt(111) surface energy. The distribution
trends are similar in Pd;oPt;oAgso (Fig. S9) and Pd,,Pt;0Agy¢
(Fig. S10). With increasing Ag bulk concentration, the number
of surface monomers at 300 K sharply decreases, by up to
a factor of 16. Due to the overall reduction in the number of

© 2025 The Author(s). Published by the Royal Society of Chemistry

the first layer by MC simulations for different bulk concentrations: (a)
PdioPtsoAdeo. (f) Pd20Pta0Ageo. (9) PdsoPtioAgso. (h) PdioPtaoAgse, and (i)

dopant atoms, the quantities of dimers and multimers at all
temperatures are lower than those observed for the 50% Ag bulk
concentration. Similar to the binary alloy case, the distribution
of atomic ensembles of different sizes shows disordered char-
acteristics, and no ordered surface structures are observed.
Unlike binary alloys, the Pd/Pt/Ag ternary alloys feature two
dopant elements, Pd and Pt. As previously shown, these two
dopants exhibit different tendencies for surface segregation;
therefore, we performed a statistical analysis of the Pd and Pt
proportions in the different atomic ensembles formed on the
surface. Fig. 8 presents the elemental proportions in surface
monomer ensembles for Ag bulk concentrations ranging from
50% to 70%. Statistical results for other compositions (Fig. S13-
$16) are provided in the SI. As shown in Fig. 8a, when the bulk
concentration of Pt far exceeds that of Pd, the proportion of Pt
among monomers at high temperature is close to its bulk

RSC Adv, 2025, 15, 36103-36115 | 36111
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Pd1oPt20Ag70, and (i) Pd>oPtioAgyo. The gray bars in the figures represent
this condition.

fraction. Conversely, when the Pt content is lower than that of
Pd, the proportion of Pt in surface monomers is much lower
than the bulk Pt content even at high temperature. For example,
in Fig. 8c, where the bulk ratio is Pd : Pt = 3: 2, the monomer
ratio at high temperature is about 4 : 1. For all surfaces, the Pt
proportion in monomers decreases as the temperature
decreases. Similar to the changing trend in the total number of
monomers shown in Fig. 7, the elemental proportions among
monomers remain relatively constant between 2000 K and 1200
K, but decrease sharply for Pt below 800 K. Consistent with the
atomic structural images in Fig. S10, at 300 K, only Pd atoms
remain as monomers on the surface except for Pd;yPt,oAgso.
We also performed a statistical analysis of the proportions of
dimer configurations on the surfaces of systems with Ag bulk
concentrations from 50% to 70%, as illustrated in Fig. 9. It can
be seen that the number of different dimer types is closely

36112 | RSC Adv, 2025, 15, 36103-36115

the absence of dimers formed by dopant elements in the first layer under

related to the bulk composition of the dopant elements. In
Fig. 9a, for Pd,,Pt,0Ags0, the proportion of Pt-Pt dimers exceeds
50% at 2000-1200 K, but drops below 20% at temperatures
below 400 K. For the Pd,Pt;0Ags, surface (Fig. 9d), Pd-Pd
dimers overwhelmingly dominate at all temperatures, and Pt-Pt
dimers account for at most 3.3% (at 2000 K), dropping to less
than 1% below 1200 K. Although the bulk Pt content is low,
a certain fraction of Pd-Pt dimers persists until the temperature
drops to 450 K, at which point they are completely absent. A
similar trend is observed in the Pd;Pt;0Agso and Pd,Pt;,Ag70
alloys. For the Pd,,Pt;oAgs, surface in Fig. 9f, Pd-Pt dimers
constitute the majority in the 2000-1200 K interval, followed by
Pd-Pd dimers. As the temperature further decreases, the
surface Pt atoms become fewer, leading to a decrease in the
fractions of both Pt-Pt and Pd-Pt dimers. Even at 600 K, Pd-Pt
dimers still represent 27.8% of the total. Except for Fig. 9a, Pd-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pd dimers account for more than 50% of dimers on all other
surfaces below 600 K, and reach as high as 90-100% below 400
K. This is primarily due to the dramatic loss of Pt atoms from
the surface at low temperatures. Overall, Pd and Pt dopants
show a certain degree of mutual attraction on the Ag-hosted
surface, resulting in a non-negligible proportion of Pd-Pt
dimers. However, this heteroatomic attraction is limited,
leaving a majority of Pd-Pd dimers and a minority of Pt-Pt
dimers on the surface. The presence of Pt on the surface is
another crucial factor affecting the distribution of different
dimer species. Such large-scale surface segregation and atomic
aggregation information is unattainable using only DFT calcu-
lations; in contrast, the CE + MC approach allows for global or
even exhaustive searches of the alloy surface phase space as
a function of both composition and temperature, enabling the
prediction of the surface atomic structure.

4. Conclusion

In this study, we constructed cluster expansion (CE) models for
the Pd/Pt/Ag(111) ternary alloy surfaces based on DFT calcula-
tions, and utilized these models to perform Monte Carlo (MC)
simulations in order to investigate surface segregation and
atomic ordering at finite temperatures. The results reveal that
the local chemical environment at the alloy surface strongly
depends on the bulk composition and exhibits considerable
fluctuations with changing temperature, which may have
significant implications for the catalytic performance of alloy
surfaces. Composition analysis of atomic layers at different
depths indicates that, even at high temperatures, the dopant
metals (Pd or Pt) tend to remain in the bulk, while Ag prefer-
entially forms an enriched layer at the topmost surface. DFT
calculations demonstrate that this segregation behavior origi-
nates from differences in the surface energies of the pure
metals. The concentration of Pd peaks in the subsurface layer
and increases as the temperature decreases. Unlike the
consistent trend between the surface monomer number and the
peak temperature observed for binary alloy surfaces, the PdPtAg
ternary alloy surface displays a more complex, diversified rela-
tionship. Although surface segregation leads to a reduction in
the number of dopant atoms at the surface, the enrichment of
Ag increases the number of unique catalytically active sites on
the surface, and the concentration of dopant atoms on the
topmost layer is approximately 10% higher than that in binary
SAAs. The results suggest that surface segregation at finite
temperatures and the resulting changes in the surface atomic
structure must be fully considered in catalyst composition
optimization and surface design. The combination of CE and
MC thus facilitates an in-depth understanding of the structural
evolution at ternary or multicomponent alloy surfaces,
providing a feasible approach to reveal the characteristic
geometric configurations and unique atomic ensemble active
sites of multicomponent single-atom alloy catalysts.
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