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ABSTRACT: The safe widespread application of hydrogen-based
fuels requires sensors that are long-term stable, inexpensive,
hydrogen-specific, and have a short response time. In this regard,
optical sensing based on nanostructured Pd alloys has shown great
potential, but challenges remain, including understanding and
controlling the surface composition under operation conditions.
While the latter is crucial for long-term functionality and stability, it
is experimentally very challenging to obtain accurate atomic-scale
information. Here, we therefore scrutinize the behavior of two
particularly relevant surface alloys, {111} AuPd and {111} CuPd,
in H environments ranging from vacuum to fully covered surfaces.
To this end, we employ a combination of alloy cluster expansions
trained using density functional theory calculations, Monte Carlo
simulations, and thermodynamic analysis to obtain the H coverage as well as the layer-by-layer composition of the near-surface
region as a function of H partial pressure, temperature, and bulk composition. To overcome the symmetry reduction implicit to
surface systems, we exploit local symmetries, which enables us to achieve accurate and reliable models at a low computational cost.
In the case of AuPd, Au segregates to the surface in vacuum while Pd segregates to the surface at 100% H coverage, and the
transition between these regimes occurs over a narrow H pressure interval. In the case of CuPd, on the other hand, the H coverage
varies much more gradually with H pressure and is coupled to a nonmonotonic variation of the Cu concentration in the topmost
surface layer. While there is a pronounced Cu depletion both at 0 and 100% H coverage, Cu enrichment is observed at 50% coverage
at Cu bulk concentrations up to at least 10%, providing a nontrivial explanation for an apparent discrepancy between experiment and
calculations that was observed previously. At the same time, layer 2 continuously shifts from Cu enrichment to Cu depletion with
increasing H coverage. The results demonstrate the rich behavior that can result from the coupling of metal−metal and metal−
hydrogen interactions at surfaces, even in apparently simple but concentrated systems. Moreover, they underline the advantages of
simulations that account for temperature and pressure effects as well as models that can accurately capture the interactions over a
wide composition range.

■ INTRODUCTION
Given the urgent need to replace fossil fuels in the transport
sector, hydrogen has emerged as a candidate fuel. Due to the
high gravimetric energy density and the possibility to produce
hydrogen gas from naturally abundant and green sources,1

hydrogen fuel cells have recently gained attention in the field of
heavy-duty vehicles such as trucks,2 buses,3 and trains4 where
weight and material abundance might be an issue for other
green technologies such as battery electric vehicles. There are,
however, a number of issues related to production,1,5

storage,1,6 and safety7 that need to be solved before hydrogen
fuel cell vehicles can be deployed at a large scale. The present
work is related to the safety aspect and specifically the need for
reliable hydrogen sensors to enable safe handling of potential
hydrogen leaks. A promising hydrogen (H) sensor technology
is based on the localized surface plasmon resonance (LSPR)
response of palladium (Pd) nanoparticles (NPs).8−11 Essen-
tially, the plasmonic response of a Pd NP red-shifts with

hydrogen uptake, which can be monitored to probe the
hydrogen content in the environment. There is, however, a
need for further optimization of such systems.12 Pure Pd
sensors suffer from hysteresis between the H absorption and
desorption half-cycles13 and carbon monoxide (CO) poison-
ing.14 These effects directly limit the reliability and stability of
LSPR-based H sensors. Fortunately, a promising solution
exists, namely, alloying Pd with other metals: The observed
hysteresis is caused by the first-order phase transition between
Pd and Pd:H, which can be suppressed by alloying with gold
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(Au),15 resulting in hysteresis-free sensors.12−14 CO poisoning
is attributed to CO molecules binding to the surface, blocking
potential H adsorption sites. The CO binding energy is known
to be sensitive to the surface composition,16−18 and alloying
with copper (Cu) has been found to inhibit CO poisoning.12,14

Recent efforts show that alloying with both Au and Cu can
solve both issues simultaneously,19 bringing forward AuCuPd
NPs as a candidate for next-generation H sensors.
The improvements offered by alloying Pd NPs with other

metals demonstrate how increasing the degrees of freedom in a
system introduces greater tunability. Multicomponent systems
are, however, subject to issues related to chemical ordering
and/or surface segregation. The surface composition is of
utmost importance for the suggested devices, since H2 uptake/
release requires the surface to catalyze H2 dissociation and also
LSPR is intrinsically a surface phenomenon. Understanding the
segregation behavior in different atmospheres is thus crucial to
obtain sensors that are not only functional but also sustain
long-term operation. Surface segregation in binary systems has
been studied extensively with experimental and computational
methods for the past decades, in particular under vacuum
conditions, and it is known that adsorbates can have a
substantial impact on the segregation behavior.17,20−23

Generally, it is found that Au segregates to the surface relative
to Pd in vacuum24−30 and that Pd segregates to the surface
relative to Au and Cu in a hydrogen environment.29 There is
less of a consensus regarding CuPd in vacuum, and different
segregation behaviors have been suggested.25,26,29,31−35

This background provides motivation for the present work,
in which we study the surface segregation of Pd alloyed with
Au or Cu as a function of H partial pressure, using atomic-scale
simulations. We study the entire concentration range for AuPd
but limit our study of CuPd to structures with at least 50% Pd,
which is sufficient for comparison with the intended
experimental work14,19 and is also indicated by the presence
of the body-centered cubic phase in the CuPd phase diagram
at 50%.36 Alloys are challenging to model due to their large
configuration spaces. Ideally, one would use ab initio methods
such as density functional theory (DFT) to evaluate energies,
but it is practically impossible to sample the configuration
space using such methods due to the computational expense.
There are a few ways to tackle this problem, such as studying a
relatively small number of selected configurations using
DFT17,37,38 or using a model Hamiltonian based on some
generalized model24,29,32 or machine learning.28,39 In this work,
we use cluster expansion (CE) models to map out the energy
as a function of the atomic configuration, which is a convenient
way of bridging the gap between ab initio level accuracy and
the computational efficiency needed to sample the vast
configuration space. Constructing a CE for surfaces is
significantly more challenging compared to bulk due to the
large number of symmetrically inequivalent sites. In this work,
we present an approach of introducing local symmetries to
mitigate this issue and drastically reduce the number of
parameters in the CE. Additional challenges arise when
introducing adsorbates, which can be handled at different
levels of complexity. A rather simple approach is to construct a
CE of the system in vacuum to generate configurations of
interest and study adsorption on these.40 Another option is to
implicitly introduce adsorbates in the CE by constructing
models for a particular adsorbate coverage and set up the
training set accordingly. The most general option is to
explicitly include the adsorbate sites in the CE which allows

for variable coverage.41,42 This is the approach chosen in the
present work, which also allows us to access the chemical
potential of H during Monte Carlo (MC) sampling and relate
it to the H partial pressure. The connection between partial
pressure and surface coverage and/or segregation is often not
included in theoretical studies, but is important for accurate
comparison to experimental studies. The remainder of this
paper is organized as follows. First, we introduce the
computational methods used in this work including the CE
formalism, DFT calculations, and thermodynamic modeling via
MC simulations. Second, we present our results by first
assessing the accuracy and reliability of our CE models and
then analyzing the obtained H coverage and surface
segregation behavior. We provide quantitative predictions for
the variation of the surface composition with temperature,
partial pressure, and bulk composition. Specifically, we find
that for Pd-rich systems at room temperature, the surface is
fully H-covered at H partial pressures below 1 mbar. In
addition, Pd always segregates to the surface in H-rich
environments while Au dominates the surface in vacuum.
Finally, we discuss the implications of our results and place
them in relation to previous studies.

■ METHODOLOGY
We use atomic-scale simulations to study surface segregation
for the AuPd and CuPd systems from complete vacuum to
100% H coverage. For AuPd, the entire concentration range is
covered, while for CuPd, we focus on structures with up to
50% Cu, since the intended applications are typically Pd-rich
NPs.14,19 We model surface slabs in the energetically most
favorable {111}-direction24,43 rather than nanoparticles. This
can be motivated by the fact that the systems suggested are
typically on the 100 nm-scale19 where bulk and surface sites are
in the majority over edge and corner sites. For the H
adsorbates, we only consider the energetically favorable face-
centered cubic (FCC) adsorption site,44 and we do not include
H subsurface or bulk sites. We thus define 100% H coverage as
one monolayer of H in FCC surface sites which is equal to one
H atom per surface metal atom.

Cluster Expansions. In the CE formalism, any function f
of the atomic configuration σ of a crystalline structure can be
expressed as45

∑σ σ= Π
α

α αf f( ) ( )
(1)

where the sum is over all atomic clusters α, Πα are orthogonal
basis functions spanning the configuration space,46 and fα are
the energetic contributions from each cluster. A cluster is
defined as a set of k lattice sites (singlets, pairs, triplets, etc.)
and can be classified by its order k and radius r, which is the
average distance between cluster sites and the geometric center
of mass of the cluster.
All symmetrically equivalent clusters belong to the same

orbit. As a result of symmetry, eq 1 can be reduced to a sum
over all orbits, where each orbit is represented by one of its
clusters α and the basis functions are averaged over all clusters
α′ in the orbit

∑σ σ= + ⟨Π ⟩
α

α α α′f J m J( ) ( )0
(2)

Here, mα is the multiplicity of clusters in the orbit represented
by α and the effective cluster interactions (ECIs) Jα have been
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introduced. In the present work, the ICET package47 has been
used to construct CEs.
In practice, the summation in eq 2 has to be truncated both

with respect to expansion order and cluster size, commonly
using cutoff radii. In this work, pairs and triplets are included
up to cutoffs of 2.0a0 and 1.25a0, respectively, where a0 is the
lattice parameter. This choice was made after careful analysis of
a large range of cutoffs and results in models with high
accuracy and predictive power (Figure S10). To avoid
overfitting, we further tune the hyperparameters of the
regression algorithm to minimize the Bayesian information
criterion (BIC) score which reduced the number of parameters
by half. A detailed description of the training procedure can be
found in Note S1, Supporting Information.
Since the objective is to study surface segregation, CEs are

constructed for 10-layer FCC surface slabs with {111} surfaces
and FCC adsorption sites. The CEs are constructed with two
sublattices: one for the alloy, which can be occupied by the
metal atoms (Au and Pd or Cu and Pd), and one for
adsorption site, which can be occupied by a H atom or a
vacancy.
Introducing Local Symmetries. In surface slabs, each

atomic layer represents a symmetrically inequivalent atomic
site, in contrast to bulk FCC structures where there is only one
inequivalent site. This means that the number of orbits quickly
grows with the number of layers, since for example nearest
neighbor (NN) pairs between sites A−A and sites A−B are
symmetrically distinct. One approach to mitigate this issue is to
only include certain regions in the CE, for example only the
near-surface region,48 and keep the remainder of the material
in a fixed configuration. If the orbits in question are far from
the surface, however, interactions are expected to converge to
the interactions in a bulk material where for example all NN
pairs are equal. This understanding can be used to substantially
reduce the complexity of a CE model and the number of
distinct ECIs.
One possibility is to implement this prior knowledge of the

system under study via a Bayesian approach, imposing
correlations between ECIs via suitable priors.49 In the present
work, we employ a more direct approach, exploiting local
symmetries to merge similar orbits based on the following
principles (Figure 1)

1. Define which sites are to be considered as bulk sites
• Singlets: sites in layer 4 and inward
• Pairs: sites in layer 3 and inward
• Triplets: sites in layer 2 and inward

2. Identify all orbits with the same order and radius
3. Merge orbits with at least one bulk site

The number of bulk sites increases with orbit order to obtain
a smooth transition from surface to bulk. This approach, which
has been implemented in the ICET package, allows us to
drastically reduce the number of ECIs. For instance, the
number of ECIs is reduced from 267 to 97 for a binary 10-layer
slab with the selected cutoffs. As a result, the number of
reference calculations can be greatly reduced, the construction
of CEs is simplified and their sampling sped up.
We have found that this simple approach results in models

that are less prone to overfitting, produce accurate segregation
energy predictions, and maintain low cross-validated (CV)-
root mean square errors (RMSEs) (Figure S9). As an added
benefit, structures with any number of layers can be included in
training and similarly the resulting CE can be applied to

structures with any number of layers. One can also imagine
future extensions where the training data consists of a mix of
bulk, surface, and possibly even nanoparticle structures to build
multidimensional CEs.

Training Data Generation. Training data sets consisting of
mixing energies for different atomic configurations are needed
for training CEs. In this work, total energies Etot are obtained
using DFT calculations (see Computational Details) and
converted into mixing energies Emix according to

=
− − −

+
E

E n E n E n E
n n

mix
tot

Pd Pd
tot

M M
tot

H H
tot

Pd M (3)

where M = Au or Cu, nX is the number of atoms of species X,
EX
tot is the total DFT energy per atom obtained from a 10-layer

slab in vacuum for the metals and for H, and EH
tot is the

difference in energy for a 10-layer Pd slab with and without a
H atom adsorbed.
The predictive ability of a CE is sensitive to the selection of

atomic configurations included in the training set, and
predictions for configurations that are not well represented
by the training set will generally be less reliable. For the most
part, we have chosen an approach where structures are
generated iteratively by constructing a cluster vector (with
elements mα⟨Πα′(σ)⟩ from eq 2) orthogonal to prior cluster
vectors, similar to the approach in ref 50. The space of cluster
vectors, however, cannot be completely orthogonal due to
correlations between orbits. In addition, we impose the
following constraints on the cell dimension and concentration.
The cell dimension is randomly selected (with uniform
distribution) from the set of supercells with up to three
atoms in each direction parallel to the surface. The alloy
concentration is randomly selected from a triangular
distribution with maximum at 50%. The orthogonal cluster
vector is then matched to the closest structure satisfying the

Figure 1. Schematic illustration of the merging of orbits of a
crystalline surface slab with 10 layers and periodic boundary
conditions in the surface plane. For the alloy lattice, there are three
distinct surface singlets (1−3) and one bulk singlet (B), as indicated
by the numbers. The arrows are examples of pair and triplet orbits
that are merged, with each color representing one orbit. Note that
merged pairs can include sites in layer 3 and merged triplets can
include sites in layers 2 and 3. Adsorption sites are not affected by the
merging.
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constraints, using ICET functionality. This process was carried
out for 0% H coverage, 100% H coverage, and variable H
coverage separately, resulting in an overrepresentation of the
first two categories.
In addition to this approach, we included data sets consisting

of random configurations as well as low-energy structures
found by simulated annealing (SA) using intermediate CE
models (Thermodynamic Modeling). Furthermore, we in-
cluded configurations used for calculating segregation energies
in the dilute limit and adsorption energies (Model Con-
struction). This procedure was established by extensive testing
as well as trial and error. A detailed description of the data sets
used is provided in Table S1.
Computational Details. Reference DFT calculations were

carried out using the projector augmented method51,52 as
implemented in VASP.53,54 The van der Waals density
functional method55,56 with consistent exchange,57 which has
been shown to be very well suited for transition metals,58 was
employed to represent the exchange-correlation potential. The
atomic positions were relaxed until residual forces were less
than 10 meV/Å. The cell metric was kept fixed at a lattice
parameter obtained by interpolating results from previous DFT
calculations of bulk systems, where both the atomic positions
and the cell metric were relaxed, using the same computational
parameters. A vacuum region of 20 Å was introduced along the
direction of the surface normal to minimize interactions
between periodic images. For all calculations, the plane-wave
cutoff energy was set to 400 eV. During relaxations the
Brillouin zone was sampled with a k-point density of 0.2 Å−1

and first-order Methfessel−Paxton smearing with a width of
0.1 eV. Final energy calculations were carried out for the
relaxed structures with a k-point density of 0.1 Å−1 and the
tetrahedron method with Blöchl corrections using a smearing
width of 0.05 eV.
Thermodynamic Modeling. In the present work, the CE

models were sampled via MC simulations using the
MCHAMMER package47 for two purposes. First, to extend
the training data set by carrying out SA where the temperature
was lowered exponentially from 800 to 100 K and the final
configuration was added to the training set. Second, isothermal
simulations were carried out to obtain average configurations
at various temperatures, H chemical potentials, and alloy
concentrations to study surface segregation and H coverage.
The MC simulation was run in the canonical or semi-grand
canonical (SGC) ensemble. In the canonical ensemble, each
trial step consists of interchanging the species of two sites59

such that the total concentration remains constant. The change
in the thermodynamic potential, which enters the Metropolis
criterion, is then ΔΦ = ΔEmix. In the SGC ensemble, the
chemical potential difference Δμ between the allowed species
at a specific site is controlled, and each trial step consists of
swapping the occupancy at one site.60 The change in
thermodynamic potential is then ΔΦ = ΔEmix ± Δμ. The
MCHAMMER package handles CEs with multiple sublattices
by, in each trial step, randomly selecting one of the sublattices
(with equal probability in the present work) and executing a
trial step. This approach corresponds to a system in full
equilibrium, where the alloy has time to rearrange its atomic
configuration upon a change in H pressure. For the segregation
studies at a certain H coverage, we used the canonical
ensemble for the entire system. For the studies of H coverage
and segregation, we used the canonical ensemble for the alloy
lattice and the SGC ensemble for the H lattice, which gives us

access to the H chemical potential and, in extension, the H
partial pressure. We thus treat the metal sublattice as a closed
system (appropriate given the kinetics of this system). The
adsorbate lattice, on the other hand, is handled as an open
system, which accounts for the fact that the adsorbate can
readily exchange H atoms with the H2 reservoir in the
atmosphere.15

Chemical Potential to Partial Pressure Conversion. To
convert the H chemical potential to partial pressure, we rely on
previous work by Rahm et al.15 on the bulk Pd:H system. The
H chemical potential μH2

(T, pH2
) is related to the H partial

pressure pH2
via

μ μ= ° +
°

T p T k T
p

p
( , ) ( ) lnH H H B

H

H
2 2 2

2

2 (4)

where μH2
° (T) is the temperature-dependent chemical potential

of H2 at a reference pressure pH2
° . In ref 15, μH2

° (T) is
determined by fitting the observed chemical potential at the
phase transition between Pd and Pd:H to the experimentally
measured partial pressure at the phase transition, which results
in the following relation

i
k
jjjjj

y
{
zzzzz

μ
=

+ Δ
p

P T
k T

exp
2 ( )

H
H

B
2

where μH = (1/2)μH2
is the chemical potential of adsorbed H

and ΔP(T) is a result of the fit. It should be noted that this
conversion is based on the ideal gas assumption, which fails at
very high pressures.15

To apply this conversion to our problem, we need to correct
for the differences in mixing energy definition. The chemical
potential is derived from the free energy

μ = ∂
∂

= ∂ −
∂

F
n

E TS
n

( )
H

H

tot

H

The relation between the total energy Etot and the CE mixing
energy Emix is given by eq 3, where the metal terms disappear
due to the derivative with respect to nH. We find that the
correction for μH is the difference between the H contribution
in the mixing energy calculation, EH

tot in eq 3, and define

= − = −E E E 0.4042 eVcorr H,slab
tot

H,bulk
tot

Finally, we obtain the conversion relation between H chemical
potential and partial pressure

i
k
jjjjj

y
{
zzzzz

μ
=

̃ + + Δ
p

E P T
k T

exp
2 2 ( )

H
H corr

B
2 (5)

where μ̃H is the H chemical potential specified during MC
simulations of our CEs in the SGC ensemble. We note that the
chemical potential to pressure conversion is sensitive to small
changes of parameters,15 as a result of which the pressure
values presented below need to be considered as estimates.

■ RESULTS
Model Construction. CEs were constructed for the

AuPd:H and CuPd:H systems with FCC adsorption sites.
The models yield CV-RMSEs of 2.6 and 2.7 meV/atom,
respectively, which is small compared to the energy interval
studied (Table 1 and Figure S4). The models display very
good agreement with the reference data over the entire range
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of concentrations studied for both AuPd:H (Figure 2a) and
CuPd:H (Figure 2b) as well as with adsorption energy

calculations for selected configurations (Figure 3). Regression
hyperparameters were tuned to minimize BIC, which reduced
the number of features from 98 to 35 and 39, respectively. The
ECIs decrease with cluster radius for the final models (Figure
S6), indicating that the cutoffs are sufficiently large.
To further assess the models, we consider segregation

energies, which were calculated for 2 × 2 × 10 slabs consisting
of one type A atom and a majority of type B atoms by moving
the A atom between the layers. The segregation energy for A in

B at layer x is then the energy difference induced by moving
the A atom from the middle of the slab to layer x

= −E n E E( )x x
seg

A in
mix

A in bulk
mix

where n is the number of atoms (excluding H), EA in x
mix is the

mixing energy when A is in layer x and EA in bulk
mix is the mixing

energy when A is in the middle of the slab, with mixing
energies as defined in eq 3.
The segregation energies from the CEs are in good

agreement with the DFT calculations (Figure 4). The case of

one Pd in Cu is excluded since the training set for CuPd:H
only includes structures with at least 50% Pd. Segregation
energies provide information about the segregation behavior in
the dilute limit. The results suggest for the AuPd system to
display surface depletion of Pd in vacuum and enrichment in
the presence of adsorbed H (Figure 4a,b). For the CuPd
system in vacuum, we expect a slight depletion of Cu at the
surface, followed by an enrichment in the second layer (Figure
4c). In the presence of adsorbed H, we expect depletion of Cu
at the surface and subsurface.

Environment Dependence of Segregation and
Adsorption. While the segregation energies in the dilute
limits indicate segregation preferences in vacuum and H-rich
environments, in practice one is commonly interested in
compositions in the percent range in an environment
characterized by H partial pressure and temperature. Here,
we access this concentrated region at variable H chemical
potential using MC simulations in the canonical (alloy
sublattice) and SGC (H sublattice) ensembles based on CE
models, which also enables us to handle the effect of
temperature. As outlined in the Chemical Potential to Partial
Pressure Conversion section, the H chemical potential can be
converted to H partial pressure, which allows us to study the H
coverage and layer-by-layer composition of AuPd and CuPd
alloys as a function of H partial pressure and temperature.
We begin with the simpler case of H coverage on pure Pd by

studying the average site occupancy of the adsorbate sites
obtained during MC simulations at varying H chemical
potential. We then continue with the alloy systems based on
MC simulations at varying chemical potentials of both H and
the alloying element where the average site occupancy of the
adsorbate as well as each layer of the surface slab is recorded.
We define layers 4 and 5 as the bulk region and the bulk
concentration is defined as the average over this region. Layers

Table 1. CV-RMSE, Coefficient of Determination (R2),
Number of Structures in the Training Set, and Number of
Features of the CEs

number of

system CV-RMSE (meV/atom) R2 structures features

AuPd:H 2.6 1.00 651 35
CuPd:H 2.7 0.99 283 39

Figure 2. Comparison of mixing energies as calculated by DFT and as
predicted by CEs for all structures in the training set for AuPd:H (a)
and CuPd:H (b). The structures are colored according to their H
coverage. The CE predictions agree well with the DFT calculations
regardless of H coverage.

Figure 3. Comparison of adsorption energies as calculated by DFT
and as predicted by the AuPd:H CE for five Pd75/Au25 configurations
(see also Figure S3). The color indicates the chemical composition of
the three atoms below the H site. The CE predictions agree well with
the DFT calculations.

Figure 4. Segregation energies for (a, b) AuPd and (c) CuPd in the
dilute limit in vacuum (blue) and at 100% H coverage (orange) from
DFT and CE calculations. The segregation energies from CEs are in
good agreement with the DFT calculations.
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1−3 are defined as the near-surface region and each layer is
studied independently, focusing on the surface (layer 1) and
subsurface (layer 2). The behavior of layer 3 is commonly
almost identical to the bulk and therefore not discussed in
further detail.
H on Pure Pd. In contrast to Cu and Au, adsorption of H on

Pd is energetically rather favorable (Figure S2) meaning that
we expect H adsorption on Pd to occur at low pressures
(compared to ambient conditions). Here, we present results
from MC simulations of pure Pd at varying H chemical
potential based on the AuPd:H CE. Note that predictions for
Pd:H agree between the AuPd:H and CuPd:H CEs (Figure
S5). Our simulations show that the H coverage on Pd changes
from 0 to 100% over a chemical potential interval of about 0.5
eV at 300 K, which widens slightly with increasing temperature
(Figure 5a). At 300 K, this corresponds to full coverage already

at 10−7 bar H partial pressure (Figure 5b). Increasing the
temperature pushes the transition in H coverage to higher
pressures. As a result, we find that at 600 K the H coverage
varies in the mbar to bar range, which is common in
experiments.
H−Au Interplay. When Pd is alloyed with Au, the H

coverage varies over a much narrower H chemical potential
interval than in the case of pure Pd (Figure 6a), exhibiting a
step-like behavior. This is reasonable considering the facts that
the AuPd system favors strong segregation of Au to the surface
in vacuum and that H adsorption is unfavorable on Au
(Figures 3 and S2). Even at very low Au bulk concentrations,
Au atoms at the surface are able to block H from the surface up
to considerably higher H chemical potentials compared to Pd.
As a result, the H coverage switch is highly correlated with the
Au surface concentration (Figure 6b). In the regions
corresponding to 0 or 100% H coverage, the surface
composition varies only gradually with bulk composition (as
discussed in more detail in the Surface Segregation at Specific
H Coverages section).
Upon conversion of the H chemical potential to H partial

pressure, one observes that the transitions in H coverage
(Figure 7a−d) and surface composition (Figure 7e−h) occur
over a relatively narrow pressure range (see also Figure 8a)
compared to pure Pd and the H partial pressure at which the
transition occurs, varies with Au bulk concentration and
temperature over several orders of magnitude. In the Pd-rich

end, the transition occurs at very low pressure for low
temperatures and at 300 K, the surface is completely covered at
10−9 bar. At higher temperatures, higher pressures are required
to fully cover the surface and at 600 K the corresponding value
is approximately 10−1 bar.
In Figure 7, we also show the pressure at which the

concentration of H is expected to reach 1 and 5%, respectively,
based on previous work on the AuPd:H bulk system.15 Our
models do not take into account H absorption to the
subsurface and bulk of the alloy and as a consequence, they
are not valid for pressures at and above which H sorption into
the bulk occurs. The bulk absorption lines thus indicate an
approximate validity limit of our models. Crucially, though
since this limit is always firmly above the region in which the
transition in H coverage and surface composition takes place.
Specifically, we observe that for AuPd, the surface is always
fully H-covered (Figure 7a−d) and predominantly composed
of Pd before the H uptake exceeds 1% (Figure 7e−h).

H−Cu Interplay. When Pd is alloyed with Cu, the H
coverage varies over a relatively wide H chemical potential
interval similar to pure Pd (Figure 9a). This is qualitatively
expected considering that the Cu surface concentration is
rather low throughout the studied configuration space such
that alloying should have a less significant impact on H
coverage (compared to AuPd), and in addition, H adsorption
on Cu is favorable (Figure S2, in contrast to Au).
We observe nontrivial correlations between H partial

pressure and bulk composition in the first and second alloy
layers (Figure 9b,c). Counterintuitively, it appears as if
adsorption to the surface has a greater impact on the
subsurface layer than the surface. Up to 30% Cu bulk
concentration, we can distinguish three regions. First, at 0%
H coverage (essentially in vacuum), there is no Cu at the
surface but a pronounced Cu enrichment in layer 2. Then, at
about 50% H coverage, we have a significant amount of Cu at
the surface (even a slight excess in the dilute Cu limit) and a
less pronounced Cu enrichment in layer 2. Finally, at 100% H
coverage, there is essentially no Cu in either surface or
subsurface. Above 30% Cu bulk concentration, we observe
similar but slightly shifted trends.

Figure 5. H coverage (adsorption isotherms) over pure Pd as a
function of (a) H chemical potential and (b) H partial pressure at
different temperatures. At 300 K, the surface is fully covered already
around 10−7 bar, while at higher temperatures, the coverage varies
over the pressure range typically relevant for experiments. The shift
from (a) to (b) is the direct result of eq 4.

Figure 6. (a) H coverage and (b) Au surface content as a function of
H chemical potential and Au bulk concentration at 300 K obtained by
MC simulation. The H coverage switches from 0 to 100% over a very
narrow chemical potential interval, which shifts upward with
increasing Au content. Simultaneously, the surface composition
switches from Au-dominant to Pd-dominant.
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After converting the H chemical potential to pressure, we
find that in the Pd-rich end, the surface is mostly H-covered
already at 10−6 bar at room temperature (Figure 10a). The H
coverage varies over a wide pressure range, similarly to pure Pd
(Figure 8b). The pressure needed for full coverage increases
with Cu content and temperature, and at 600 K has risen to
approximately 1 bar (Figure 10a−d). The dashed lines in
Figure 10 indicate 1 and 5% H uptake in the bulk Pd.15

Similarly to the case of AuPd (Figure 7), they are included
here to indicate the threshold above which the subsurface and
bulk sites are being occupied and hence the limit of the
application range of the CEs developed here. We do not have
access to a corresponding CE for CuPd:H in bulk and
therefore the respective pressures are only indicated in the
pure Pd limit. Since it is, however, experimentally known that
the hydrogenation pressure increases with Cu content,14 one

can expect the actual pressures to curve upward toward higher
values with increasing Cu content.
Even at the lowest H pressures considered here (10−12 bar)

the H coverage is nonzero at 300 K (Figure 10a,e,i). At the
same time, there is a slight Cu enrichment at the surface, which
becomes maximal at around 50% H coverage (see also the
Surface Segregation at Specific H Coverages section). In
contrast, there is a Cu depletion both under vacuum
conditions (leading to 0% H coverage) and at higher H
pressures (leading to 100% coverage).
The unusual nonmonotonic variation of the surface

composition with partial pressure and its correlation with H
coverage are also present at higher temperatures (Figure 10f−
h,j−l). With increasing temperature the pressure that yields a
50% H coverage and a maximum in the Cu excess shifts up,
leading to a nose-like feature in surface composition maps
(Figure 10e−h).
At all temperatures, the composition of the topmost surface

layer is to some extent correlated with layer 2 (Figure 10j−l),
for which one observes at low H pressures a Cu enrichment
relative to the bulk that turns into a Cu depletion at high
pressures. This behavior is described in more detail in the next
section.

Surface Segregation at Specific H Coverages. Given
the results presented in the two previous sections, it is
indicated to study the surface segregation at specific H
coverage more closely. This also provides a more direct link to
earlier studies that considered the behavior in the dilute limits
of 0 and 100% coverage. For AuPd:H, we only consider 0 and
100% H coverage since the transition occurs over a narrow
pressure interval. For CuPd:H, we also consider 50% H
coverage, since the transition takes place over a wide pressure
interval, exhibiting a nonmonotonic segregation behavior with
respect to H coverage (Figures 9 and 10). We present the
segregation in terms of layer concentration in the near-surface

Figure 7. (a−d) H coverage and (e−h) Au surface content as a function of H partial pressure and Au bulk concentration at different temperatures
(as indicated by the column labels) obtained by MC simulation. The dashed lines show the pressure at which the H bulk concentration reaches 1
and 5%, respectively, according to ref 15. They thus indicate the approximate upper validity limit of our models, which do not include H in
subsurface or bulk sites.

Figure 8. H coverage as a function of H partial pressure at 500 K for
several bulk concentrations of (a) Au and (b) Cu. The adsorption
isotherms are significantly steeper for AuPd compared to pure Pd and
CuPd.
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region (layers 1−3) as a function of bulk concentration (layers
4 and 5).
For the AuPd system at 0% coverage, we observe a very

strong enrichment of Au at the surface (Figure 11a). At 300 K,
Pd does not enter the surface until the bulk Pd concentration is
above approximately 50% and at increased Pd content, the
surface Pd concentration plateaus at approximately 25%. In the
second layer, there is a slight Pd excess in the middle of the
concentration range (Figure 11c) followed by a slight
depletion in the third layer (Figure 11e). This oscillatory
behavior is a recurring feature found throughout our studies. In
the dilute Au limit, however, the Pd depletion extends
throughout the near-surface region.
At 100% H coverage, AuPd displays the opposite segregation

behavior with a strong enrichment of Pd at the surface (Figure
11b) and Au does not enter the surface until approximately
75% Au bulk concentration. There is a plateau at 33% Au
indicating the presence of an ordered surface phase. In the
second layer, we observe a depletion of Pd in both dilute limits,
inducing an oscillating concentration profile (Figure 11d). In
the intermediate composition range, however, the segregation
does not extend to layer 2 and the concentration is comparable
to the bulk. The layer 3 composition deviates only slightly from

the bulk throughout the concentration range considered here
(Figure 11f).
For the CuPd system at 300 K (Figure 12), the segregation

profiles generally have more step-like features compared to
AuPd (Figure 11), indicating a tendency to order as the system
strives to remain at specific surface concentrations. Here, we
do not scrutinize these ordering patterns more closely but
focus on the general thermodynamic behavior.
At 0% H coverage, we observe Pd enrichment in the

topmost surface layer (Figure 12a) followed by a pronounced
Cu enrichment in layer 2 (Figure 12d) and a slight Pd excess in
layer 3 (Figure 12g). The composition thus oscillates between
layers 1−3, as suggested by the CuPd segregation energies in
the dilute limit (Figure 4c).
At 50% H coverage, the amount of Cu at the surface

increases notably compared to the 0% H coverage limit and
there is even a slight Cu excess in the Pd-rich limit at 300 K
(Figure 12b). The segregation in layer 2 (Figure 12e) is
significantly less extreme compared to the 0 and 100% H
coverage cases (Figure 12d,f), with almost no segregation at
higher temperatures and a plateau at approximately 25% Cu at
300 K. The concentration in layer 3 is close to the bulk
concentration with a weak ordering tendency at 300 K (Figure
12h).
Finally, at 100% H coverage, the CuPd system presents a

strong Pd enrichment in the topmost surface layer (Figure
12c) followed by a slightly weaker Pd excess in layer 2 (Figure
12f), in contrast to the otherwise common oscillatory trend.
There are no strong segregation tendencies in the third layer
(Figure 12i).
Generally, higher temperatures lead to less extreme

segregation behavior. At lower temperatures, on the other
hand, we observe ordering tendencies in several systems, which
lead to step-like features in the variation of the layer
concentration with bulk composition (see, e.g., Figure
12a,b,d,e). The strength of the ordering is a result of the
competition between energy (which favors ordering) and
entropy (which favors disordering).

■ DISCUSSION

The variation of surface composition with environmental
conditions is crucial for the functionality of materials in, e.g.,
sensing, catalysis, and energy conversion. Accordingly, there
has been a sizable number of studies, both experimental and
computational, that aim to provide much needed insight into
this coupling, in particular with respect to the role of hydrogen.
As a result of the size of the parameter space, which includes,
e.g., temperature, gas pressure, and bulk composition, as well as
limitations of both experimental and computational ap-
proaches, the interplay of these factors remains, however,
incompletely understood. Experimentally, it is for example
difficult to resolve the composition of the surface with layer-by-
layer resolution under reactive conditions and for a larger
number of samples. On the computational side, limitations
include the availability of models that can truthfully represent
the interactions between the alloy components as well as the
interactions involving hydrogen over a wide range of alloy
compositions and H pressures. Here, to overcome these
challenges, we therefore combined atomistic MC simulations,
CE models that accurately reproduce DFT data as well as
thermodynamic analyses to provide a comprehensive descrip-
tion of the surface composition of AuPd and CuPd alloys. This

Figure 9. (a) H coverage, (b) Cu surface concentration, and (c) Cu
subsurface concentration as a function of H chemical potential and
Cu bulk concentration. The composition of the first and second alloy
layers is intricately correlated to the H coverage. The latter changes
over a relatively wide chemical potential interval, which is weakly
dependent on the Cu bulk concentration.
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allowed us to reveal the coupling between partial pressure, H
coverage as well as surface and bulk composition.
Our analysis shows that the H coverage on pure Pd changes

gradually over a rather wide range of pressures (Figure 5b).
Since it is experimentally difficult to access this information,
measurements are approximate and limited to very low
temperatures and pressures.61 Previous studies assumed, for
example, that Pd is fully H-covered at 1 bar with a weak
temperature dependence at least up to approximately 500 K.62

This is fully consistent with our results (Figure 5b), which
moreover suggest that at this pressure the H coverage remains
above 80% even up to 700 K. Our results are also consistent
with observations that at a very low pressure (approximately
10−9 bar), Pd is fully H-covered at an extremely low
temperature (37 K),61 partly covered at 300 K,63 and almost
completely free of adsorbed H at 600 K.63 It should
nonetheless be noted that the conversion from chemical
potential to pressure via eq 5 is sensitive to changes in the
fitted parameters, which needs to be kept in mind when
comparing our calculations with experiment.
In contrast to pure Pd, in AuPd alloys, the H coverage

changes from 0 to 100% over a very narrow pressure range
already for very small Au bulk concentrations (Figure 8). This
behavior is coupled to pronounced differences in segregation
behavior between 0 and 100% H coverage. While in the

absence of H adsorbates (lower H pressure) Au readily
segregates to the surface, exactly the opposite behavior is
observed in the presence of H adsorbates (higher H pressure),
which is in good agreement with previous experimental and
theoretical work.24−30 Hydrogen can thus be thought of as
inducing a miscibility gap for the topmost surface layer, even
though the AuPd system is fully miscible in the bulk down to
ambient temperatures. The pressure at which the transition
occurs shifts upward with increasing temperature, which is a
direct result of the relation between H chemical potential and
H pressure expressed by eq 4. Furthermore, the transition
pressure is weakly dependent on Au concentration up to about
40% Au beyond which it rises sharply with composition
(Figure 7). The latter composition dependence is reminiscent
of the variation of the dielectric function in this alloy system,
which can be traced to the gradual filling of the d-band with
increasing Au content and the resulting shift of the Fermi
energy.64 This underlying mechanism is likely to also play a
role in the present case.
The general trends in the above-described behavior are

already evident from the segregation energies in the dilute limit
(Figure 4a,b). Partly as a consequence, segregation behavior
and H coverage for the {111} AuPd surfaces can be predicted
semiquantitatively using a rather simple thermodynamic model
based on such information that uses bulk composition and H

Figure 10. (a−d) H coverage, (e−h) Cu surface concentration, and (i−l) Cu subsurface concentration as a function of H partial pressure and Cu
bulk concentration at various temperatures (as indicated by the column labels) obtained by MC simulation. The dashed lines show the pressure at
which the H bulk concentration reaches 1 and 5% in pure Pd, respectively; see ref 15. Note that the hydrogenation pressure increases with Cu
content14 which means that the dashed lines should curve upward if we had access to the corresponding CE representation of bulk CuPd:H.
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coverage as thermodynamic variables.29 The present approach
allows us, however, to treat the H pressure (instead of the H
coverage) as the externally controlled thermodynamic variable.
This accounts for the fact that a surface in contact with a gas
reservoir can be considered as a combination of a closed
system (the metal sublattice) and an open system (the
hydrogen-vacancy sublattice), which in the present work is
handled by sampling the two sublattices in canonical and SGC
ensembles, respectively. This also allows us to observe the
ordering tendencies that are apparent from the plateaus in the
layer-by-layer concentration profiles (Figure 11) but do not
reveal themselves from simpler thermodynamic models.
In the CuPd system, the variation of H coverage with H

pressure is much more gradual than in the AuPd system
(Figure 10). The transition occurs over a wide pressure interval
similar to pure Pd, except for a shift to higher partial pressures
(Figure 8b). At 0 and 100% H coverage, there is a pronounced
depletion of Cu in the topmost layer. In contrast, at around
50% H coverage one observes a slight Cu enrichment that
extends to a Cu bulk concentration of about 10% (Figure 12b).
The Cu concentration in the second layer continuously
decreases with H concentration, leading to a transition from

strong Cu enrichment at 0% H coverage (Figure 12d) to a
pronounced depletion at 100% H coverage (Figure 12f). This
results in oscillatory concentration profiles between the layers
at 0% (Figure 12a,d,g) and to some extent at 50% H coverage
(Figure 12b,e,h), but not at 100% H coverage (Figure 12c,f,i).
The rather intricate coupling in the case of CuPd between H
coverage and the composition of both layers 1 and 2 is
remarkable and highlights the complexity that can arise even in
rather simple but concentrated multicomponent systems.
Our results for the H-rich limit are in accordance with

previous experimental65 and theoretical29 work. As noted
earlier,25 there appears, however, to be a discrepancy between
primarily experimental and theoretical studies (including the
present) of CuPd in vacuum. Several experimental studies
report Pd enrichment in the surface region (approximately six
atomic layers) and Cu enrichment in the topmost surface
layer(s).33−35 Computational studies, however, report a slight
Pd enrichment in the topmost surface layer,26 at least for low
Cu concentrations.29,32 It has been suggested that this
discrepancy is due to the oscillatory segregation energy
profile,25 which, as we have shown here, leads to concentration

Figure 11. Layer-by-layer concentration in the near-surface region of
AuPd as a function of the bulk concentration at 0% (left column) and
100% (right column) H coverage. The first row (a, b) displays the
concentration of the topmost surface layer, the second row (c, d)
layer 2, and the third row (e, f) layer 3. One observes pronounced
segregation of Au to the surface in (a) the absence of H and of Pd in
(b) the presence of H. The extent of the segregation diminishes
quickly away from the surface and generally follows an oscillatory
pattern with an excess being followed by a depletion in the next layer.

Figure 12. Layer-by-layer concentration in the near-surface region of
CuPd compared to bulk at 0% (left column), 50% (middle column),
and 100% (right column) H coverage. The first row (a−c) displays
the concentration of the topmost surface layer, the second row (d−f)
layer 2, and the third row (g−i) layer 3. Pd generally segregates to the
surface, but the tendency does not vary monotonously with H
coverage. Layer 2 also displays pronounced segregation tendencies,
with a strong Cu excess in vacuum and a strong Pd excess at 100% H
coverage. The oscillatory pattern between the layers (observed for
AuPd in Figure 11) is present in vacuum and to some extent at 50% H
coverage.
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oscillations between layers 1 and 2. The interplay between H
coverage and surface composition described above provides an
alternative explanation. Previous computational studies con-
sidered the segregation behavior either at 0 or 100% coverage
for which the segregation energy of Cu in the topmost layer of
a Pd{111} surface is positive, leading to Cu depletion (Figure
4c). As noted above, on the Pd-rich side the Cu concentration
in the topmost layer is, however, largest at 50% H coverage
(Figure 10), leading to Cu enrichment in both layers 1 and 2
up to a Cu bulk concentration of about 10% (Figure 12b,e).
Furthermore, as a result of the gradual variation of H coverage
with H pressure (Figure 8b), 0% H coverage should only be
attainable at extremely small pressures (≲1 × 10−10 bar; Figure
8b), while at typical synthesis or operating conditions the H
coverage most likely falls in the intermediate region closer to
50% (Figure 10b−d). The experimentally observed Cu
enrichment could thus be the result of the nontrivial surface
composition dependence on H coverage. We still note that
other factors can be involved, including uncertainties in our
models, experimental conditions, surface defects, and orienta-
tion.
The sensitivity of H coverage to both temperature and H

pressure as well as its coupling to the Cu composition in the
first two surface layers revealed here demonstrates that great
care must be taken when interpreting experiments and
calculations and extrapolating from ambient to operating
conditions. In this regard, the role of the surface orientation
deserves further investigation as adsorption and segregation
have been previously observed to be sensitive to surface
orientation.29 It should also be insightful to apply the present
approach to ternary surfaces such as AuCuPd, which could
exhibit an even more intricate behavior.

■ CONCLUSIONS
In this study, we have analyzed the surface composition and
segregation at AuPd and CuPd{111} surfaces as a function of
H pressure, temperature, and bulk composition. To this end,
we constructed CEs based on DFT calculations that we
subsequently sampled by MC simulations. To deal with the
large number of parameters in the CEs, we exploited local
symmetries and physical intuition to merge orbits and thereby
reduced the number of ECIs substantially. The resulting CEs
provide reliable and accurate representations of the relevant
energy landscape and can also be more efficiently sampled
thanks to the lower number of ECIs.
Using this approach, we have found that the topmost layer

of AuPd{111} surfaces switches from Au to Pd excess going
from H-poor to H-rich conditions. This transition is very sharp
as a function of H pressure, while it is weakly dependent on Au
bulk concentration up to about 40% before rising sharply. The
CuPd{111} surface exhibits a rather different behavior,
exhibiting a more gradual variation of the H coverage with
H pressure and Cu content. Remarkably, the Cu concentration
in the topmost surface layer varies nonmonotonically with H
coverage, exhibiting a maximum around 50% coverage. The
latter even translates into a surface Cu enrichment up to a bulk
Cu concentration of about 10%, providing a possible rationale
for a previously noted discrepancy between calculations and
experiments for this system.
Both systems, but in particular, the case of CuPd,

demonstrate the rich behavior that can result from the
interplay of metal−metal and metal−hydrogen interactions at
surfaces, even in apparently simple systems. The results

thereby also demonstrate the advantages of the concerted
approach employed here that combines atomistic MC
simulations based on lattice Hamiltonians trained against
first-principles calculations with thermodynamic analysis.
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