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ABSTRACT
Single-atom alloys (SAAs) have recently gained considerable attention in the field of heterogeneous catalysis research due to their potential
for novel catalytic properties. While SAAs are often examined in reactions of reductive atmospheres, such as hydrogenation reactions, in the
present work, we change the focus to AgPd SAAs in oxidative environments since Pd has the highest catalytic activity of all metals for oxidative
reactions. Here, we examine how the chemical reactivity of AgPd SAAs differs from its constituent Pd in an oxidative atmosphere. For this
purpose, electronic structure changes in an Ag0.98Pd0.02 SAA foil in 1 mbar of O2 were studied by in situ x-ray photoemission spectroscopy and
compared with the electronic structure of a Pd foil under the same conditions. When heated in an oxidative atmosphere, Pd in Ag0.98Pd0.02
partly oxidizes and forms a metastable PdOx surface oxide. By using a peak area modeling procedure, we conclude that PdOx on Ag0.98Pd0.02
is present as thin, possibly monolayer thick, PdOx islands on the surface. In comparison to the PdO formed on the Pd foil, the PdOx formed
on AgPd is substantially less thermodynamically stable, decomposing at temperatures about 270 ○C lower than the native oxide on Pd. Such
behavior is an interesting property of oxides formed on dilute alloys, which could be potentially utilized in catalytic oxidative reactions such
as methane oxidation.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0045999., s

I. INTRODUCTION

During the past decade, single-atom alloys (SAAs) have gained
attention in heterogeneous catalysis research due to their unique
structures and potential for novel catalytic properties. A recently
published review paper summarizes most of the work done so far
in the field of single-atom alloy catalysis.1 SAAs are intensively dis-
cussed in H2 dissociation,2–4 selective hydrogenation reactions,5–12

and C–H activation.13 In most reported SAA cases, the dilute, active
metal is Pd or Pt substituted into a noble metal host of group 11 (Cu,
Ag, and Au).1–11 This approach has the advantage that only a small
amount of the expensive active metal is used.

Several promising properties of SAAs have been reported, such
as the prevention of coking,13 the spillover of adsorbates to different
active sites,2 and improved catalytic selectivity compared to the bulk

active metal. These positive effects can be explained by the fact that
alloying changes the metal’s properties in terms of ensemble and lig-
and effects. Ensemble effects refer to the change in the coordination
environment of atoms on the surface, while ligand effects refer to
the change in the electronic structure of metals, both of which occur
upon alloying.14

Some ligand effects include the shifting of the metal’s valence
d-states relative to the Fermi level upon alloying, as described by
the d-band model of Hammer and Nørskov.15,16 These effects can be
used to tune adsorbate bonding to optimize the catalytic activity.17–20

Other ligand effects include electronic state localization, whereby
weak metal–metal interaction can give rise to very localized elec-
tronic states, as reported by Greiner et al. in Ag0.995Cu0.005.21 It is
expected that such localized electronic states might result in catalysts
that resemble homogeneous catalyst active sites.22,23
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While these features can be engineered into an alloy via chemi-
cal synthesis, when these catalysts are put into action and exposed to
reactive atmospheres, their initial structures may not be preserved.
For instance, phase segregation via surface oxidation of the more
oxophilic metal is known to occur when such alloys are exposed to
oxidative atmospheres.24–26 Interestingly, when oxides are formed
on SAAs, the low chemical potential of the dilute solute can result in
unique surface-oxide monolayers. For instance, it was reported that
a metastable two-dimensional Cu oxide can form on dilute AgCu
catalysts under oxidative conditions.27 In cases where the chemi-
cal potential of the solute is high enough, bulk oxide phases form
on the surface, such as Cu2O and CuO, in the case of AgCu.28

There is evidence that the two-dimensional Cu oxide on dilute AgCu
may be responsible for the improved selectivity in ethylene epox-
idation compared to pure Ag.27,29 Thus, oxides formed on SAAs
can exhibit unique properties of their own as a consequence of
low solute concentration. It is important to see which ones are
at play under operando conditions to identify structure–property
relationships.

In the present work, we focus on AgPd single-atom alloys under
oxidative conditions using operando photoemission spectroscopy.
Palladium has the highest catalytic activity of all metals for oxida-
tive reactions,30 such as the complete oxidation of hydrocarbons
in automotive exhaust catalysts and the combustion of methane in
gas-powered turbines. Methane is the main component in natural
gas, which can be used as fuel. Since methane has a greenhouse gas
potential ∼33 times higher than that of CO2,31 efficient methane
combustion at low temperatures is therefore crucial to avoid harm-
ful methane emission. Usually, temperatures above 300 ○C are used
for Pd catalysts.32,33

Very important in this reaction is the oxidation state of Pd.
Depending on the O2 partial pressure and the temperature, the Pd
metal can be reversibly converted to PdO, e.g., at 1 atm O2, PdO
decomposes to Pd metal at 877 ○C.34 Furthermore, it was reported
that a Pd5O4 surface oxide forms at room temperature, which is
assumed to be the precursor to PdO formation.35–37 Many research
groups observed an activity hysteresis with Pd catalysts, i.e., differing
methane combustion rates when heating or cooling the catalyst.38–40

Such observations indicate that the Pd–O system is very dynamic,
which is one reason why its catalytic mechanism is still under debate,
and is the focus of ongoing research. For instance, it is uncertain
whether metallic Pd,34,41 PdO,42,43 a coexistence of both,44–46 or a
surface Pd oxide37 is the most active phase in methane combustion.

We begin this study by examining the intrinsic oxidation
behavior of Pd and AgPd by exposing them to a pure O2 atmosphere.
When AgPd is placed in an oxidizing environment, O2-induced Pd
surface segregation is expected, since Pd has a higher oxygen affinity
compared to Ag. In a recent study, van Spronsen et al. found sur-
face segregation of Pd in Pd/Ag(111) in 1 Torr O2 already at 400 K.24

Kitchin et al.47 investigated the surface segregation of an Ag3Pd(111)
alloy in the O2 atmosphere using first-principles atomistic thermo-
dynamics. Thereby, they considered the interplay between surface
segregation energies, oxygen binding energies, and the gas phase
chemical potential, as well as how these properties depend on the
bulk alloy reservoir (Ag—or Pd rich alloy phase). Their results
showed that Pd segregation is favored as the oxygen chemical poten-
tial increases, and at higher temperatures, a higher oxygen pressure
is required to drive Pd surface segregation.47,48 When Pd in the AgPd

alloy is in its metallic state, Ag is preferred at the surface due to
its lower surface energy and lower cohesive energy.49–51 From those
studies, it follows that the structure of an alloy surface depends on
many parameters, such as the catalyst pre-treatment, the temper-
ature, the chemical potential of the reactive atmosphere, and the
composition of the alloy.

In the experiments exhibited here, Ag0.98Pd0.02 and bulk Pd are
heated to temperatures ranging from 70 to 400 ○C in an atmosphere
of 1 mbar O2. We found that Pd in the AgPd alloy oxidizes at sub-
stantially lower temperatures compared to pure palladium and also
decomposes at lower temperatures. In-depth x-ray photoemission
spectroscopy (XPS) analysis and a peak area modeling procedure
suggest that a metastable PdOx phase forms as thin, possibly mono-
layer thick, islands on the AgPd surface. From these observations,
it is clear that the Pd-oxides formed on AgPd are considerably less
stable than those formed on bulk Pd. The reason for this difference
in stability is likely due to the high solubility of Pd in Ag and the
lower surface energy of Ag compared to Pd. This decrease in oxide
stability is expected to influence how catalytically active the alloy’s
surface oxygen species are and could potentially lead to, for example,
methane combustion of the SAA at lower temperatures compared to
pure palladium. We show that the metastable PdOx surface oxide on
AgPd is also present under methane oxidation conditions.

II. EXPERIMENTAL SECTION
A. Synthesis of the Ag0.98Pd0.02 alloy

Quantitative amounts of the Ag (slugs 3 × 3 mm2, 99.99%)
and Pd (granules < 7 mm, 99.95%) purchased from EvoChem were
melted in a light oven with a four time re-melting process for
homogenization. Afterward, the alloy was cold-rolled to a 1.6 mm
thick foil and then annealed for 6 h at 800 ○C for grain size growth.
The foil was cut into smaller pieces and polished, with an incremen-
tally finer grid, down to a 1 μm using diamond suspension. After
additional Ar+ sputtering and annealing (in O2 and H2 atmospheres)
cycles, the grains of the polycrystalline Ag0.98Pd0.02 foil became vis-
ible under the scanning electron microscope. Through annealing in
0.5 mbar O2 at 500 ○C, impurities such as Cu, K, S, Si, and Cl came
to the surface and could then be sputtered off by Ar+ bombardment.
This procedure was repeated several times to clean the sample. The
last step was heating in UHV at 500 ○C for recrystallization.

B. Polycrystalline Pd foil
The 0.1 mm thick Pd foil from Alfa Aesar (99.9%) was cut into

a 5 × 6 mm2 piece and subsequently cleaned by several cycles of Ar+

sputtering and annealing [in 0.5 mbar O2 (see above)] at 700 ○C. The
last step was heating in UHV at 700 ○C for recrystallization.

C. In situ XPS study
For the in situ XPS measurements from which the working

principle is explained elsewhere,52 two different near ambient pres-
sure (NAP) XPS setups were used: (i) a lab source (NAP) XPS using
monochromatic Al Kα (1487 eV) radiation and a Phoibos NAP-
150 hemispherical analyzer from SPECS GmbH and (ii) the (NAP)
XPS setup at the UE56-2_PGM1 beamline at Bessy II, which is also
equipped with a hemispherical analyzer from SPECS. In both setups,
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the samples were heated using an IR laser from the rear, and the
temperature was measured by using a K-type thermocouple fastened
between the sample and a mask, which is used to fix the specimen to
the sample holder.

The heating and cooling ramp of the Ag0.98Pd0.02 alloy in
1 mbar of O2 were performed with the lab source (NAP) XPS. After
Ar+ sputter cleaning, the sample was annealed in 0.5 mbar H2 at
450 ○C for 30 min prior to oxidation in order to reach a steady state
Pd surface concentration. The sample was then cooled to 70 ○C, fol-
lowed by taking reference spectra in vacuum. Afterward, 1 mbar O2
was introduced and the position of the pressure regulating throt-
tle valve was held at a fixed position. This should minimize gas
expansion effects, which leads to increases in the XPS intensity at
elevated temperatures, due to minimized inelastic scattering with the
gas molecules.53 As a consequence, the pressure in the XPS chamber
slightly increases with the increase in temperature. The sample was
heated with a very low heating speed of 0.3 ○C/min from 70 to 400 ○C
(see Fig. 3). After the heating ramp, the sample was cooled in O2 to
70 ○C using the same ramping conditions (see Fig. 4).

To check the reproducibility of the observed behavior, this
whole process was performed twice, but with a faster heating speed

of 1 ○C/min, and also, the pre-treatment was slightly different
(0.5 mbar H2, 400 ○C, for 2 h) (see Fig. 5).

Spectra were measured during the temperature ramps using
“loops,” where each loop consists of a set of XPS spectra (Ag 3d,
Pd 3d, O 1s, Pd 3p3/2, and S 2p). Using this procedure, one obtains a
high temperature resolution. All spectra measured in the same loop
are labeled using the average temperature during that loop, but since
they are not recorded at the same time, the real temperature can
differ by a few degree Celsius.

The drawback of this loop-procedure is that each spec-
trum is measured relatively quickly, and therefore, the spec-
tra are quite noisy, but the signal-to-noise ratio can be very
much improved while retaining the time resolution using prin-
cipal component analysis (PCA). All XPS spectra shown in this
publication are treated with the PCA noise reduction using
CasaXPS 2.3.23.

To compare the oxidation behavior of AgPd with that of bulk
Pd, a Pd foil was also oxidized using the laboratory source XPS. For
this, the Pd foil was pre-treated in the same way as the alloy sam-
ple and afterward heated from 70 to 750 ○C in 1 mbar O2 with a
temperature ramping speed of 0.4 ○C/min.

TABLE I. Summary of the experiments performed for this work—the experiment IDs will be used in the main text. The results of EX4 (SM) and EX5 (SM) are shown in the
supplementary material.

Experiment ID Sample Instrument Oxidation conditions Pre-treatment

Ar+ sputter cleaning,
Heating in 1 mbar O2, reduction in 0.5 mbar

EX1 Pd foil Lab-XPS, Al Kα radiation 70○C–750, 0.4 ○C/min H2 at 450 ○C for 2 h

Heating and cooling in Ar+ sputter cleaning,
1 mbar O2, 70–400 ○C, reduction in 0.5 mbar

EX2 Ag0.98Pd0.02 Lab-XPS, Al Kα radiation 0.3 ○C/min H2 at 450 ○C for 2 h

Heating and cooling in Ar+ sputter cleaning,
1 mbar O2, 70–400 ○C, reduction in 0.5 mbar

EX3 Ag0.98Pd0.02 Lab-XPS, Al Kα radiation 1 ○C/min, several cycles H2 for 2 h

Synchrotron, excitation
energy chosen in a way that
the kinetic energy of Heating in 1 mbar

EX4 (SM) Ag0.98Pd0.02 photoelectrons is 150 eV O2, 100–326 ○C, 1 ○C/min Ar+ sputter cleaning

Heating to 180 ○C,
various O2 pressures
(0.1 mbar, 0.3 mbar, 0.5 mbar,
and 1.0 mbar), 0.7 mbar, stay

EX5 (SM) Ag0.98Pd0.02 Lab-XPS, Al Kα radiation at each pressure for 1 h Ar+ sputter cleaning

Heating in 1 mbar O2:
CH4:N2 (5:1:2),

EX6 Ag0.98Pd0.02 Lab-XPS, Al Kα radiation 70–500 ○C, 1.0 ○C/min Ar+ sputter cleaning

Heating in 1 mbar O2:
CH4:N2 (5:1:2),

EX7 Pd foil Lab-XPS, Al Kα radiation 70–500 ○C, 1.5 ○C/min Ar+ sputter cleaning
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Besides, the electronic structure of the Pd foil and Ag0.98Pd0.02
under methane oxidation conditions was studied. For this study, a
O2 to CH4 ratio of 5:1 was chosen, which is the same reactant ratio
that was previously reported for methane oxidation on Pd(111),
studied by in situ XPS.37

Reference spectra were utilized for peak fitting. The reference
spectra were measured in vacuum, and a Tougaard background
was applied. Additional components that arose during the oxidation
process, for which reference spectra are not available (such as sub-
oxide species), were fit using synthetic line shapes of a Voigt form.
One difficulty when analyzing these spectra is that the O 1s and
Pd 3p3/2 spectra are overlapping. Additionally, O 1s spectra are,
in general, difficult to fit due to the presence of different kinds of
O 1s species at the same time and small binding energy differences.
Therefore, one needs to add constrains on the peak position and
FWHM when fitting O 1s species, but also after doing so, there is
still a high uncertainty associated with the peak fit of O 1s signals.

Table I summarizes the experiments performed in this work,
including the sample type, the instrument used to perform the exper-
iment, the oxidation conditions, and the pre-treatment. In order to
avoid repeating the experiment specifications in the main text, each
experiment is assigned to an experiment ID, which will be used to
refer to a certain experiment. The results and experimental proce-
dure of experiments EX4 and EX5 are discussed in more detail in
the supplementary material.

III. RESULTS AND DISCUSSION
A. In situ oxidation of pure palladium

In this work, the oxidation behavior of the AgPd single-atom
alloy foil is compared with that of a polycrystalline Pd foil. Several

in situ XPS investigations of palladium oxidation have been previ-
ously published. We summarize here the main findings from their
analyses of the core-level spectra. In 2002, Lundgren et al. found, by a
combination of STM, surface XRD, high resolution XPS, and density
functional theory (DFT) calculations, a metastable two-dimensional
Pd5O4 surface oxide species, where the corresponding Pd 3d5/2 emis-
sion line consists of two peaks at 335.5 eV and 336.2 eV with a ratio
of 4:1 on a Pd(111) single crystal.35 The corresponding two O 1s
lines have a ratio of 1:1 and are threefold and fourfold coordinated to
Pd. In situ XPS oxidation studies of Pd(111) reveal that this Pd5O4
surface oxide is the precursor species for the bulk PdO phase.36,54

The XPS signals related to the Pd5O4 species were labeled Pd-ox(I)
and Pd-ox(II) (in the Pd 3d5/2 spectral region), as well as O(I) and
O(II) (in the O 1s spectral region). The same peak labels are used in
this work. In that study, the Pd-ox(II) signal was allowed to shift to
become the bulk PdO species.54 Ketteler et al. tried to experimentally
determine, by in situXPS, the phase diagram of Pd(111) as a function
of the pressure and temperature. Thereby, the high dynamic of the
Pd/O system became evident, since they found chemisorbed oxide
phases, surface oxides, possible sub-surface oxides, and bulk PdO.55

Figure 1 shows the in situ XPS spectra of Pd oxidation from the
present study. The plots show the Pd 3d, Pd 3p3/2, and O 1s spec-
tra of the polycrystalline Pd foil during a heating ramp in 1 mbar of
O2 (EX1). The temperature starts at 160 ○C in this analysis because
below that temperature, carbon contaminations, originating from
hydrocarbons sticking to the side walls of the XPS chamber and
which lead to additional signals56–58 that are not relevant for this
analysis, were present.

In the Pd 3d spectrum, three species could be differentiated: Pd
metal, Pd-ox(I), and Pd-ox(II). Pd-ox(I) and Pd-ox(II) are assigned
to a surface oxide precursor species, whereby, in the fitting proce-
dure, the Pd-ox(II) peak is allowed to shift a bit as it transitions into

FIG. 1. Pd 3d5/2 (a) and Pd 3p3/2, O 1s (b) and (zoomed) O 1s XPS spectra (c) of the Pd foil during heating in 1 mbar O2. The black circles represent the measured points
after PCA noise reduction and background subtraction. Note that the ordinate axis in the spectra is normalized to maximum intensity.
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the bulk PdO species. The binding energy for those core-level species
is consistent with previous reports of Pd oxidation.35,54,55

The O 1s signals overlap with the Pd 3p3/2 signal and the O 1s
gas phase signal [Fig. 1(b)], which makes precise analysis of the oxy-
gen species challenging. Using the Pd 3p3/2 signal from the reduced
state of Pd measured in vacuum as a reference spectrum, we can dif-
ferentiate between the peaks of the metal and the oxide. With the
help of previous O 1s peak models from the published literature, we
distinguish four O 1s species: O(I), O(II), O(III), and O(IV).54,59,60

Before going into the details of the chemical characteristics of
each species, we will have a closer look on how the peak areas change
with temperature. Figure 2 shows line profiles, representing the XPS
peak areas of each species documented here, as a function of time.
We define the “onset oxidation temperature” (OOT) here as the
intercept between the baseline and the line of the steepest slope of
the line profile. In the same manner, the “onset oxide decomposi-
tion temperature” (OODT) is defined. During heating, the OOT is
at around 240 ○C. This is the point where PdO begins to grow on
the surface. The PdO layer becomes at least 4.5 nm (3λ) thick, as
inferred from the fact that no more Pd metal signal could be detected
at 440 ○C. At 590 ○C (OODT), PdO decomposes very rapidly to Pd
metal.

Concurrent with the formation and decomposition of PdO, the
O(II) signal increases and decreases, respectively [Fig. 2(b)]. This
correlation between peak intensities is used to infer that the O(II)
component represents the oxygen species of the PdO phase (i.e.,
lattice oxygen).

In the Pd-ox(II) and O(II) line profile of Fig. 2(b), one can
observe a plateau below 240 ○C. This plateau in intensities of these

features indicates that the O(I), O(III), and Pd-ox(I) species have
already formed [Fig. 2(c)]. In agreement with previous literature
studies, this observation would suggest that, under these condi-
tions, the oxide precursor species has already formed on the sur-
face. The corresponding peak positions of Pd-ox(I) (335.55 eV),
Pd-ox(II) (336.2 eV), O(I) (528.9 eV), and O(II) (529.8 eV) match
well with the 2D Pd5O4 precursor species.35,54 However, in the line
profile [Fig. 2(c)], one can see that the area ratio of Pd-ox(I) to
Pd-ox(II) (below 240 ○C) is substantially different from the previ-
ously reported 4:1 ratio.35 In the present dataset, Pd-ox(II) has even
a higher concentration than Pd-ox(I). We attribute this discrepancy
to the fact that the sample investigated here is poly-crystalline, while
the Pd5O4 surface oxide reported previously was from Pd(111).35

It is expected that different metal surface orientations can form
monolayer-oxides of differing stoichiometries, differing symmetries,
and, consequently, differing XPS peak ratios. Additionally, oxygen
can also adsorb disorderly (e.g., on step edges), which influences
the Pd 3d5/2 peak ratio.54,55 Furthermore, a kinetic XPS study of Pd
oxidation found that the PdO nucleation on Pd(110) proceeded at
∼100 ○C lower temperatures than on Pd(111).59 XPS just provides
an average electronic structure, and therefore, it might be possible
that the Pd oxidation toward PdO may be more progressed on some
grains than on others, which also affects the Pd-ox(I) to Pd-ox(II)
ratio.

As the temperature increases further, the Pd-ox(II) signal shifts
from 336.2 eV to 336.6 eV, and the intensities of the Pd-ox(I) and
Pd metal species decrease. At 410 ○C, only the Pd-ox(II) signal is
present, indicating that a thick film of bulk PdO has formed on the
surface. The O 1s spectrum of the PdO species exhibits two peaks:

FIG. 2. (a) Peak area line profile of all relevant synthetic components as a function of temperature during heating of a polycrystalline Pd foil in 1 mbar O2. (b) Peak area line
profile of the Pd metal, Pd-ox(II), O(II), and O(IV), which shows the main trend of PdO formation and decomposition. (c) Line profile of the less intensive synthetic components
O(I), O(II), O(III), Pd-ox(I), and Pd-ox(II), which represent surface oxide species.
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O(I) at 528.9 eV and the more intense O(II) at 529.8 eV. Depth pro-
filing indicates that O(I) originates from an oxygen-terminated PdO
surface.55 The line profile in Fig. 2 shows that, from the beginning of
the temperature ramp until the point where PdO decomposes, this
O(I) species is present and has a constant peak area. After PdO has
completely decomposed, the O(I) species is no longer present. These
observations are consistent with the interpretation that the O(I)
species is due to an oxygen-terminated surface. The O(II) species,
on the other hand, has the same binding energy as one of the pre-
cursor species; however, it strongly increases when PdO begins to
form, which is consistent with the interpretation that O(II) is from
lattice oxygen in PdO.

In addition to these two oxide-related species, we observe an
O 1s species at 530.9 eV [O(III)]. An oxygen species of this bind-
ing energy on Pd has also been previously reported59,60 and was
attributed to hydroxyl groups.60 Hydroxyl formation is also very
likely in our case, since the sample was pretreated in H2, which can
lead to some PdH formation. The hydrides of PdH may then later
bind to oxygen. The O(III) species also disappears as PdO decom-
poses, around 600 ○C, and during this process, another O 1s species
arises at 529.3 eV [O(IV)]. A species of this binding energy has pre-
viously been suggested to be dissolved oxygen;54 however, impurities
bound to oxygen could also be a candidate for this species.

It should be noted that in the present work, we measured Pd
oxidation with an Al Kα source (1487 eV), which is less surface sen-
sitive than the photon energies used in the cited Pd oxidation studies,
measured with synchrotron radiation. Therefore, we are less sensi-
tive for surface oxide species, leading to very low signal intensities
and consequently to uncertainties and fluctuations in the peak fit.

B. In situ XPS oxidation of AgPd at 1 mbar
For comparison with the oxidation of bulk Pd, we performed

an identical heating ramp, in O2, on an AgPd single-atom alloy.

The behavior of the chemical species on the surface is quite com-
plex, as multiple chemical species are present simultaneously, and
their relative concentrations change dynamically during the tem-
perature ramp. We provide a detailed discussion on identifying
the many peaks observed in the XPS spectra; however, the most
clear and obvious take-away from this investigation is as follows:
When the AgPd SAA is heated in O2, the Pd becomes preferen-
tially oxidized and forms an oxide over-layer, similar to the case
of bulk Pd oxidation; however, the oxide formed on the AgPd
SAA does not form a thick layer, and it thermally decomposes at
a much lower temperature (∼270 ○C lower) than does the oxide
formed on Pd.

Before going into detail about the oxidative properties of
Ag0.98Pd0.02, it is important to mention that we validated the homo-
geneous distribution of Pd in the Ag host by spectroscopic methods
to ensure that the alloy is indeed a SAA (see Fig. S1).61 Figure 3
shows the Pd 3d, O 1s/Pd 3p3/2, and Ag 3d spectra measured during
the heating ramp in 1 mbar O2 (EX2). Figure 4 represents the same
spectral regions during the cooling ramp. Noise reduction using
PCA was performed on these spectra in order to achieve both time
resolution and signal quality. After applying PCA noise reduction
on the cooling data, some sulfur impurities could be detected that
were not present during heating, and because of the low signal-to-
noise ratio of the S 2p signal, there is a high uncertainty associated
with its intensity and line shape. Note that silicon, which is a very
common impurity in Ag, could not be detected during heating and
cooling in O2.

As the temperature increases beyond 100 ○C, an oxidized form
of Pd becomes apparent in the Pd 3d spectrum, with the appearance
of a peak at 336.35 eV (i.e., shifted 1.3 eV to higher binding energy
compared to the metallic Pd peak at 335.05 eV). As the temperature
goes beyond 320 ○C, the Pd oxide thermally decomposes, leaving
behind metallic Pd, as shown in Fig. 3(a). Note that this temperature

FIG. 3. Comparison of XPS spectra of (a) Pd 3d5/2, (b) Pd 3p3/2/O 1s, and (c) Ag 3d5/2 during heating in 1 mbar O2 from 70 to 400 ○C. The black circles represent the measured
points after PCA noise reduction and background subtraction; the gray envelope is the sum of the synthetic compounds. The ordinate axis in the spectra is normalized.
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FIG. 4. Comparison of spectra during cooling in 1 mbar O2. (a) Pd 3d5/2, (b) O 1s and Pd 3p3/2 spectra, (c) Ag 3d5/2 spectra, and (d) S 2p spectra. The black circles represent
the measured points after PCA noise reduction and background subtraction; the gray envelope is the sum of the synthetic compounds. The ordinate values of the spectra
are min-to-max normalized.

is ∼270 ○C lower than the temperature at which PdO decomposed
on bulk Pd.

After decomposition of the oxidized Pd species, the sample
was cooled to room temperature at a constant rate. During cool-
ing, the Pd oxide re-forms, with a hysteresis in formation temper-
ature, whereby the oxide begins to form at a lower temperature than
the temperature at which it decomposed during the heating ramp.
Additionally, the oxide persists after cooling to room temperature in
oxygen [Fig. 4(a)] and remains stable in vacuum.

The hysteresis in oxide stability temperature, during heating
and cooling, can be clearly seen in line profiles in Fig. 5 (EX3), where

the peak area of the Pd metal and Pd oxide is plotted as a func-
tion of temperature. As shown here, Pd begins to oxidize at 70 ○C,
reaches its maximum intensity at 295 ○C, and becomes fully decom-
posed by 375 ○C. During cooling, the oxide begins to re-form at
an OOT of 335 ○C, reaching its maximum intensity at 220 ○C, after
which its intensity remains constant. The Pd oxide signal intensity
during cooling is observed to be higher than that during heating.
When heating the sample for a second time, the Pd oxide OODT
is at 285 ○C, that is, 15 ○C lower than that during the first heating
ramp. The complete decomposition, however, is reached at the same
temperature in both cases [Fig. 5(a)].

FIG. 5. The graphs represent the intensity of the Pd oxide and the Pd metal Pd 3d peak as a function of the temperature during heating and cooling of Ag0.98Pd0.02 in 1 mbar
O2. In panel (a), a second heating was performed directly after the cooling, whereas in panel (b), the reproducibility was tested by performing the same heating and cooling
experiment twice and the sample had the same sputter and reduction pre-treatment in each run.
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In Fig. 5(b), the same pre-treatment and heating and cooling
ramp were repeated. During cooling, the results are very repro-
ducible, as shown by the overlap between the black and blue profiles
in Fig. 5(b). During the second heating, a slightly higher Pd oxide
intensity is measured (green solid line). The main outcome of the
line profiles in Fig. 5 is that the heating and cooling experiment in
oxygen can be well reproduced.

After having discussed how the Pd 3d species change with tem-
perature, we will now have a closer look onto the O 1s species to
see how they correlate with Pd oxide formation. The investigation
of the O 1s species is the most complex of the analyses because of
the many oxygen species present on the surface. In Fig. 3(b), one
can see that we fitted the Pd 3p3/2/O 1s spectrum using six differ-
ent species, which have only slight binding energy differences. The
use of so many peaks is problematic because it means that there is a
high degree of uncertainty in the fitting model. Unfortunately, this
is a fact one must live with in this case because prior knowledge
of Ag and Pd in oxygen tells us that at least five species of oxygen
could form, e.g., oxygen from Ag2O, PdO, and Pd5O4 and from sev-
eral O-adsorbate configurations on Ag and on Pd (as well as oxygen
bound to impurities). Additionally, all the O 1s peaks are overlaid
on top of the Pd 3p3/2 peak, which complicates the analysis even
further.

Depending on the degree of Pd oxide on the surface, the
Pd 3p3/2 peak shifts between 531.8 eV (metallic) and 532.9 eV (mix-
ture of Pd metal and oxide). A differentiation between Pd 3p3/2 metal
and the Pd 3p3/2 oxide component was not possible due to the high
FWHM of the peak and small chemical shift between the two states.

Based on a peak model that remains consistent for all data in
the dataset, we arrive at five different O 1s species (Oμ1, Oμ2, Oμ3,
Oμ4, and Oμ5). It is worth mentioning that in the literature about
Ag–O species, one often distinguishes between “electrophilic” (Oelec)
and “nucleophilic” (Onuc) oxygen species.62,63 The binding energies
of the Oμ1, Oμ2, and Oμ3 species lay in the region of the nucleophilic
O 1s species, and Oμ3 and Oμ4 have binding energies similar to the
electrophilic oxygen species. It is important to note that there are
even more possible oxygen species related to Pd,54 Ag,64 or impu-
rities,64,65 which we possibly could not detect with certainty due
to very little differences in the chemical shift, and a lower surface
sensitivity compared to measurements using synchrotron radiation.

Figure 6 shows the trends in peak area, for all species measured,
as a function of time during the temperature ramp. The line pro-
file in Fig. 6(b) shows that the Oμ2 (528.7 eV) increases when the
Pd oxide forms and disappears after the Pd oxide decomposes. This
correlation suggests that the Oμ2 species is from the Pd oxide. At a
lower binding energy, there is the Oμ1 signal (528.3 eV), which is
still present after the Pd oxide has decomposed. Additionally, a Oμ3
signal at 529.1 eV arises as the Pd oxide decomposes. Furthermore,
there is a relatively intense Oμ4 (530.2 eV) below 120 ○C during
heating.

This Oμ4 (530.2 eV) species at low temperatures can be
assigned to disordered atomically adsorbed oxygen on Ag, as pre-
viously reported.66 The peak area at 530.2 eV is low at temperatures
between 130 and 280 ○C and then increases again at temperatures
greater than 300 ○C. We assume that the peak that forms at temper-
atures greater than 300 ○C is actually a chemically distinct species

FIG. 6. (a) Peak area–line profile of all relevant synthetic components of Ag0.98Pd0.02 as a function of temperature during heating in 1 mbar O2. (b) Temperature–line profile
showing the formation and decomposition of the surface Pd oxide. Oμ2 is plotted with its own y-scale to better see the correlation with Pd oxide. (c) Profile of the O 1s
species, which are related to Ag or impurities.
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from Oμ4. Thus, we introduce a species labeled Oμ5, which has
a very similar binding energy to Oμ4 but represents a different
chemical entity. This interpretation is reasonable, since atomically
adsorbed oxygen on Ag is unstable at temperatures above 300 ○C;
however, the actual transition temperature from Oμ4 to Oμ5 is
uncertain, since these peaks are highly overlapped [Fig. 6(c)].

From the broadening of the Ag 3d5/2 signals [Fig. 3(c)], it is
apparent that Ag oxide species are present on the surface.64 To fit
this line shape, a reference spectrum of Ag 3d in the reduced state
was chosen, and an oxide component was added to the low bind-
ing energy side, which was allowed to shift between 367.6 eV and
367.75 eV. The intensity of the Ag oxide increases until 300 ○C and,
afterward, decreases slightly.

The position of Oμ1 of 528.3 eV is consistent with the
reported binding energy of the common Ag–O reconstruction,
called p(4 × 4)-O reconstruction on a Ag(111) surface (528.1 eV,66

528.3 eV,64 and 528.2–528.5 eV65). Consistent with this interpreta-
tion, we see that both Oμ1 and Ag oxide signals are correlated and
increase together at temperatures below 170 ○C [Fig. 6(c)]. At higher
temperatures, the Oμ5 and Oμ3 species form. These species might
also correlate with the Ag oxide intensity. Additionally, the num-
ber of Pd neighbors influences the broadening of the Ag.24,60 The
coordination number might change as Pd segregates to the surface
to become oxidized. Consequently, a high uncertainty is associated
with the intensity and chemical shift of the Ag oxide component. The
Oμ3 species has a binding energy of 529.1 eV and this is in agree-
ment with an oxide species on a Ag surface called Oα2.64 The origin
of this species is still unknown. It is known that the signal increases
with higher temperatures and is unstable in an inert atmosphere or
vacuum.

At this point of analysis, no clear correlations between the Ag
and Pd oxide and the Oμ5 species at 530.3 eV could be drawn, which
leads to the assumption that it could be an impurity related oxide.
Impurities and foreign atoms such as Pd segregate to the surface of
Ag in an oxidative atmosphere, and thereby, they form nanostruc-
tures or even build layered structures when they wet the oxidized Ag
surface. In this study, it seems that the Pd oxide wets the Ag surface
oxide. Besides Pd 3d and O 1s, a very weak S 2p signal was mea-
sured during cooling [see Fig. 4(d) and the temperature-line profile
in Fig. S2]. On a Ag(111) surface, adsorbed SO4 is supposed to have a
binding energy of 530.2 eV and a SO4 induced reconstruction, called
[(7 × √3)rect] a binding energy of 530.7 eV.65 Hence, we assume
that the Oμ5 species is correlated with the S 2p signal. Since the
lab XPS spectrometer with Al Kα radiation has a very low sulfur
sensitivity, the S 2p signal intensity highly fluctuates, and no clear
temperature trend could be observed.

In order to verify the correlation between the Oμ5 species
and SO4 formation on the surface, similar measurements were per-
formed using synchrotron radiation (EX4), which enables a much
higher surface sensitivity compared to Al Kα radiation, since the
photon energy can be tuned.

The main outcome of the oxidation of Ag0.98Pd0.02 using syn-
chrotron radiation is that a pronounced S 2p peak could be detected
with the increase in temperature, which is linearly correlated with
the formation of the Oμ5 species. Additionally, the valence band
was investigated showing corresponding S 3p and O 2p species. The
binding energies of the S 2p and Oμ5 species verify that indeed, a
SO4 induced reconstruction has formed (see Figs. S3 and S4).

C. Comparison of the Ag0.98Pd0.02 oxidation
with pure palladium

The oxidation behavior of Pd in AgPd and bulk Pd is similar in
the sense that, in both cases, Pd begins in a metallic state and then
forms a Pd-oxide on the surface, followed by thermal decomposi-
tion at higher temperatures. The most striking difference between
the two cases is that the thermal decomposition temperature differs
by ∼270 ○C. That is, the Pd-oxide formed on AgPd decomposes at
a temperature of 270 ○C lower than the oxide formed on Pd. This
difference will be emphasized here with a comparison of the Pd 3d
oxide and metal signals from the two samples (polycrystalline Pd
foil and the AgPd SAA foil), as shown in Fig. 7. It was found that
the Pd oxide on the AgPd alloy decomposes already around 320 ○C,
whereas the PdO oxide formed on bulk Pd decomposes at 590 ○C.

In addition, the onset of Pd oxidation exhibits differences
between AgPd and Pd. On AgPd, the Pd oxide signal begins to
form at a low temperature and slowly but continuously increases
with temperature because this is a kinetic diffusion limited process.
The diffusion is enhanced at higher temperature, and as a conse-
quence, a fast slope of Pd oxide formation is expected when the oxi-
dation is performed at a higher starting temperature (e.g., 300 ○C).
In contrast, on the Pd metal, the precursor species [Pd-ox(I) and
Pd-ox(II)] formed at low temperature, remain stable, and roughly
constant in intensity, and until at ∼240 ○C, there is an abrupt phase
transition from the PdO precursor species to PdO. It seems that at
240 ○C, the reaction barrier for PdO seed formation is overcome, and
afterward, PdO grows gradually in thickness. The PdO decomposes
rapidly around 590 ○C to Pd metal without re-forming the interme-
diate oxide phase.55 The Pd oxide decomposition on AgPd occurs
over a longer temperature range compared to PdO on Pd. The dif-
fusion of Pd into the Ag bulk when the Pd oxide decomposes is
still diffusion limited but is enhanced compared to the oxide for-
mation due to the higher temperature. Note that both samples are

FIG. 7. Comparison of the area ratio profile of the Pd 3d metal and oxide peak of
the Ag0.98Pd0.02 alloy with the polycrystalline Pd foil depending on the temperature
during heating in 1 mbar O2.
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polycrystalline, and therefore, it might be possible that the oxide
formation and decomposition occur on grains with different crys-
tal orientations at different temperatures59 which lead to less sharp
phase transitions than that on single crystals. Additionally, the exact
transition temperatures and their temperature range depend on the
heating rate.

These observations reveal that the AgPd SAA exhibits substan-
tially different behavior in terms of both formation and thermody-
namic stability than that by PdO formed on bulk Pd. One might
therefore expect that it could also have different catalytic properties.

While the trends in oxide formation and decomposition tem-
perature on PdO formed on the Pd metal vs the oxidized Pd formed
on AgPd show clear differences in behavior, we more closely exam-
ined their respective XPS binding energies for further evidence of
differences in the electronic structure. Table II compares the mea-
sured binding energies of the different Ag0.98Pd0.02 XPS species with
the characteristics of the polycrystalline Pd foil. Note that the chem-
ical species in the table are all intermediates, which are present
in the O2 atmosphere and might not be thermodynamic stable
phases.

From the peak positions listed in Table II, we can see that the
Pd 3d5/2 peak position from the metallic state of Pd in AgPd is very
similar to that of the metallic state of bulk Pd. The oxidized form of
Pd on AgPd also has a very similar binding energy to that of PdO
formed on bulk Pd (336.35 eV vs 336.2–336.6 eV, respectively). The
O 1s binding energy of the O-species in the oxide formed on AgPd,
however, is very similar to the surface-terminated species from PdO
(528.7 eV vs 528.9 eV, respectively).

Thus, at first glance, the XPS data do not indicate any strong
differences in electronic structure between the oxide on AgPd and
PdO. However, when one considers core-hole screening effects, the
interpretation changes. Consider that the oxide on AgPd is a very

thin film. This means that when an electron hole is generated dur-
ing photoemission, the hole is screened by the electron density of
the surrounding material. In this case, the surrounding material is a
metal, and screening is very efficient. When a hole is generated in a
bulk oxide, the environment around the hole is an oxide. Oxides typ-
ically have lower free-electron density than metals. Thus, one would
expect weaker core-hole screening in the bulk oxide.

Core-hole screening influences the XPS binding energy. A pho-
toemission event that gives rise to a well-screened hole results in
a peak with a lower binding energy than a photoemission event
(from the same initial state) where the core-hole is poorly screened.
Thus, even though Pd 3d5/2 binding energies from oxidized AgPd
and PdO are very similar, it could be that the Pd centers have sub-
stantially different initial states (i.e., different ground state electronic
structures).

If we assume that core-hole screening is more effective in the
case of oxidized AgPd and less effective in the case of PdO, then the
observation of identical binding energies would imply that the Pd
in oxidized AgPd possesses lower electron density that the Pd sites
in PdO. Unfortunately, without a priori knowledge of the precise
atomic structure of the oxidized AgPd surface, we cannot simulate
the charge density on the atoms to confirm this assumption.

The screening effects from the underlying metal would give rise
to the same effects in the O 1s signals. When we compare O 1s
binding energies of oxidized AgPd (the Oμ2 species) with the cor-
responding species for PdO on Pd [the O(II) species], we note that
the O 1s binding energy on AgPd is 0.9 eV lower in (528.7 eV vs
529.6 eV, respectively). If we again assume that the stronger core-
hole screening in the case of oxide on AgPd shifts the O 1s peak to
lower binding energy, then one could infer that the initial states of
the oxygen species are similar in both cases of oxidized AgPd and
PdO.

TABLE II. XPS binding energies of Ag 3d5/2, Pd 3d5/2, and O 1s of Ag0.98Pd0.02 and a Pd foil during oxidation—the peaks are assigned to their chemical origin by considering
different references.

Sample Conditions Emission line BE (eV) Label Interpretation References

Ag0.98Pd0.02 Heating and Ag 3d5/2 368.18 Ag metal Metal 60 and 64–66
cooling in 1 367.6–367.8 Ag oxide Oxide 60 and 64–66
mbar O2, Pd 3d5/2 335.05 Pd metal Metal 300.3 ○C/min, 336.35 Pd oxide Oxide
Lab-XPS (EX2)

O 1s 528.3 Oμ1 Ag–O reconst. 60 and 64–66
528.7 Oμ2 Surface Pd oxide
529.1 Oμ3 Unknown Ag oxide related species 64
530.2 Oμ4 Atomically adsorbed O 60 and 64
530.3 Oμ5 Adsorbed SO4, SO4 induced reconst. 65

Pd foil Heating and Pd 3d5/2 335.0 Pd metal Metal 35, 36, 54, and 55
cooling in 1 335.55 Pd-ox(I) PdO precursor 35, 36, 54, and 55
mbar O2, 336.2–336.6 Pd-ox(II) PdO precursor and PdO 35, 36, 54, and 55
0.4 ○C/min, O 1s 528.9 O(I) Precursor, surface oxides in PdO 36 and 55Lab-XPS (EX1) 529.8 O(II) Precursor, PdO 36, 54, and 55

530.9 O(III) Hydroxyls 59 and 60
529.3 O(IV) Unknown 54
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In Sec. III D, we investigate in more detail the energetic effect
leading to Pd oxide formation on the AgPd SAA and why the Pd
surface oxide decomposes at lower temperatures compared to PdO
on a Pd foil.

D. Surface segregation of Pd in the AgPd SAA alloy
Based on the XPS peak intensities, we have, until now, assumed

that the Pd oxide formed on AgPd is a very thin film, possibly mono-
layer thick, and similar to oxide monolayers reported for previous
dilute alloy systems.27 To substantiate this belief, we present here
a more detailed analysis of the XPS peak intensities. Through this
analysis, we arrive at a model for the surface morphology, which
suggests that the Pd oxide that formed on AgPd consists of two-
dimensional PdOx islands on top of the Ag oxide, resulting in the
depletion of Pd from the sub-surface regions. Hence, the AgPd
SAA is an excellent precursor for a metastable state, which may
not be possible to produce with other starting compositions, since
the oxidation of conventional alloys would lead to immediate phase
segregation and the formation of Pd nanoparticles.

Figure 8 shows how the total relative intensity of Pd changes
through the oxidation and decomposition process (EX3). When oxi-
dation starts, the metal peak decreases, and the oxide peak increases.
Considering the total Pd signal, one can see that the Pd intensity
raises as Pd becomes oxidized. This finding suggests that Pd sur-
face segregation may be taking place. As the oxide decomposes again
at higher temperatures, the total Pd intensity returns to approxi-
mately the same value as that before oxidation. This observation
proposes that the reduced Pd diffuses back into the Ag interior upon
reduction. During cooling in oxygen, again Pd oxidation and surface
segregation take place.

The presumed surface segregation of Pd, as inferred from the
increase in intensity, can be explained by the higher oxygen affinity

FIG. 8. Pd 3d peak areas of AgPd SAA [Pd 3d metal, Pd 3d oxide, and the sum
of both (total)] as a function of time: (a) during heating and (b) during cooling in 1
mbar O2.

of Pd compared to Ag, leading to adsorbate-induced surface segre-
gation,67 whereas the migration of Pd into the Ag bulk after the Pd
oxide decomposes can be well explained by the more noble nature of
Ag and, therefore, a lower surface energy.49–51

Kitchin et al.47 found by their theoretical investigations of the
Ag3Pd(111) alloy in a “reactive” O2 atmosphere that Pd segrega-
tion is favored by the increase in oxygen chemical potential, which
is achieved by increasing the oxygen partial pressure. This finding
was experimentally verified in the present work (see Fig. S5). Note
that the oxygen chemical potential is inversely related to the tem-
perature, which means that the chemical potential decreases with
the increase in the temperature.47,48 Hence, the PdOx surface oxide
formed on Ag0.98Pd0.02 and PdO formed on bulk Pd decompose at
a certain temperature because the oxygen chemical potential is not
sufficient anymore. The reason why PdOx on AgPd decomposes at
270 ○C lower temperatures compared to PdO on Pd might be the
lower stability of PdOx due to the high solubility of Pd in Ag as well
as the lower surface energy of Ag compared to Pd.68

For better understanding how the Pd oxide layer on the
Ag0.98Pd0.02 surface might look, XPS data were quantified, and a
model for the Pd oxidation in the alloy was developed; thereby, we
assumed that a monolayer thick PdO layer is formed on AgPd.

E. Peak area modeling procedure to estimate
the morphology of the PdOx surface oxide

Let us assume that a homogeneous layer of PdO forms on the
alloy surface during oxidation, as visualized in Fig. 9(a).

If this were the case, then the intensity of Pd in the PdO layer
can be obtained by integrating from the surface z = 0 to d,69,70

IdPdO = I0,PdO[1 − exp(− d
λPdO,PdO × cosα

)], (1)

where I0,PdO is the hypothetical value for an infinitely thick PdO layer
and λPdO,PdO is the effective attenuation length (EAL) of Pd2+3d5/2
electrons through PdO. All EAL values in this work were determined
by the NIST database71 using an incident x-ray angle of 56○.

The formula for the intensity of the Pd 3d5/2 signal from the Pd
atoms buried below the oxide film is69,70

IPd,PdO = I∞,Pd exp(− d
λPd,PdO

), (2)

where I∞,Pd is the peak intensity of Pd 3d5/2 in a homogeneous
Ag0.98Pd0.02 alloy and λPd,PdO is again the effective attenuation length
(EAL) of buried Pd03d5/2 electrons through PdO.

FIG. 9. (a) Schematic of a PdO layer on bulk Ag0.98Pd0.02. (b) Schematic of the
fractional PdO monolayer coverage of the alloy, including a depletion area below
the PdO monolayer, which consists only of Ag atoms.
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The different parameters used to apply Eqs. (1) and (2) are
discussed in the supplementary material and listed in Table S1.

If we assume a uniform coverage of PdO, as shown in Fig. 10(a),
then the calculations from Eq. (1) yield a PdO thickness of 0.022 nm.
Given that this number is less than the atomic diameter of Pd, we
infer that the assumption of uniform film thickness is not valid. A Pd
atom has a diameter of 0.28 nm (covalent diameter). If we assume a
layer thickness of 0.28 nm and assume non-uniform coverage, then
we arrive at a monolayer coverage of 7.7% (Table S2).

If we now take this updated model, assuming a surface coverage
of 7.7%, and use Eq. (2) to calculate the expected metallic Pd 3d peak
intensity (assuming a uniform Pd concentration of 2 at. %), we find
that the true Pd 3d intensity is substantially lower than the calculated
intensity. To explain this discrepancy, we need to add additional
sophistication to the model.

The current model does not consider the fact that the Pd incor-
porated into the PdO film came from diffusion from the underlying
alloy. Thus, the underlying alloy should no longer have the full 2%
Pd concentration that it started with. If we assume that the volume
below the PdO film has been depleted of Pd, we arrive at the model
depicted in Fig. 9(b). The Pd-depleted Ag region of such a model is,
of course, not trivial to calculate but was approached by implement-
ing a finite element 3D model (see Fig. S7 and Tables S2 and S3 of
the supplementary material).

In summary, with the peak intensity modeling procedure, we
conclude that the oxidized surface of the AgPd alloy consists of thin,

FIG. 10. Electronic structure of the Pd 3d5/2 states of the Pd foil and the AgPd SAA
under methane oxidation conditions.

possibly monolayer thick, PdOx islands with Pd-depleted Ag below
and around the islands. Additionally, while we cannot conclusively
identify the electronic structure of the oxide, the similarity in bind-
ing energy and the qualitative similarity in the peak line shape to
PdO suggest that it could be a PdO (Pd2+)-like monolayer. An Agy–
Pdz–Ox oxide is unlikely, as no correlations between Pd 3d5/2 oxide
and Ag 3d5/2 oxide were found.

F. Ag0.98Pd0.02 and Pd foil in methane oxidation
conditions

After we have intensively discussed the electronic structure of
Pd and Ag0.98Pd0.02 in oxidative atmospheres, it is of interest to see
whether such metastable Pd surface oxides are also present in a reac-
tion mixture that would be used for a catalytic reaction. An oxida-
tive reaction of great economical interest is the total combustion of
methane, which is the main component in natural gas and an attrac-
tive energy source.33 Pd was found to be the most active metal of all
elements in the complete oxidation of methane. To make the cat-
alytic methane oxidation as energy efficient as possible, low reaction
temperatures are desired. So far, Pd requires reaction temperatures
above 300 ○C to catalyze the total methane oxidation.32

It has been shown in the past years of heterogeneous catal-
ysis research that mostly metastable surface species are the active
catalytic phases. We therefore examined whether the metastable Pd-
oxide phase of Ag0.98Pd0.02 is also present under methane oxidation
conditions using a reaction mixture of O2:CH4:N2 with a ratio of
5:1:2 (EX6). The measurements reveal that the metastable surface
Pd-oxide does indeed form under methane oxidation conditions
although the oxygen chemical potential has been reduced by mix-
ing O2 with CH4. The surface oxide is the most intense at 300 ○C.
From this observation, we suggest that AgPd SAA catalysts might be
candidates for low temperature methane combustion (≤300 ○C).

The electronic structure of Ag0.98Pd0.02 in methane oxidation
at 300 ○C is compared with the polycrystalline Pd under the same
conditions (Fig. 10). At 300 ○C, the Pd foil is in the transition state
between surface oxide and bulk PdO, and when the temperature is
further increased (430 ○C), bulk PdO has formed (EX7), similar to
that observed in a pure O2 environment.

The results shown here suggest studying the application of
SAAs not only for reductive reactions (e.g., hydrogenation reactions)
but also for oxidative reactions, since oxidative conditions facili-
tate the formation of metastable, active surface oxides, as shown for
the AgCu SAA system in ethylene epoxidation.27 During reactive
studies, it is important to keep in mind that the reaction atmo-
sphere might change the geometric and electronic environment of
the atoms, e.g., adsorbate-induced surface segregation might occur,
which could lead to cluster or island formation on SAAs and thus
to a loss of the initial single-atom alloy character, as is the case for
the AgPd SAA system discussed here. Although in some cases, such
catalyst transformation effects may not be desired, in other cases,
such metastable surface species could participate in the catalytic
performance of single-atom alloys.

IV. CONCLUSION
In this work, an AgPd SAA was studied under oxidative con-

ditions and compared with bulk Pd under similar conditions. We
showed by in situ XPS spectroscopy that in the case of Ag0.98Pd0.02
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SAA, Pd segregates to the surface where it becomes partly oxidized.
Through a peak area modeling procedure, we conclude that thin
possibly monolayer-thick PdOx islands form, with Pd-depleted Ag
below and around the islands. This two-dimensional surface oxide
might be unique for AgPd SAAs since the oxidation of conventional
AgPd alloys would lead to phase segregation and nanoparticle for-
mation. The metastable surface oxide on AgPd decomposes at rela-
tively low temperatures (at 320 ○C in 1 mbar O2), which is 270 ○C less
than the temperature where bulk PdO was observed to decompose.
This low decomposition temperature of the PdOx oxide suggests that
the contact with Ag0.98Pd0.02 influences the oxide’s thermodynamic
stability. Since metastable surface species are often the reactive phase
of heterogeneous catalysts and because Pd is highly active in the total
methane oxidation reaction, we propose that the metastable PdOx
surface oxide on the AgPd SAA could be active in methane oxidation
at low temperatures (≤300 ○C). We observed that the PdOx surface
oxide is indeed present under methane oxidation conditions.

SUPPLEMENTARY MATERIAL

See the supplementary material for spectroscopic validation of
the homogeneous distribution of Pd atoms in the AgPd SAA, fur-
ther information about the in situ oxidation of Ag0.98Pd0.02, e.g., the
correlation between Oμ5 and S 2p, influence of the O2 pressure on
the Pd surface segregation, and in depth information about the peak
area modeling procedure of the PdOx surface oxide.
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