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Graphical abstract 

 
 

Abstract 

The dynamic restructuring of bimetallic catalysts plays a crucial role in their catalytic 
activity and selectivity. In particular, catalyst pretreatment with species such as carbon monoxide 
and oxygen has been shown to be an effective strategy for tuning the surface composition and 
morphology. Mechanistic and kinetic understanding of such restructuring are fundamental to the 
chemistry and engineering of surface active sites but have remained challenging due to the large 
structural, chemical, and temporal degrees of freedom. Here, we combine time-resolved 
temperature-programmed infrared reflection absorption spectroscopy, ab initio thermodynamics, 
and machine-learning molecular dynamics to uncover previously unidentified timescale and 
kinetic parameters of in situ restructuring in Pd/Au(111), a highly relevant model system for dilute 
Pd-in-Au nanoparticle catalysts. The key innovation lies in utilizing CO not only as a chemically 
sensitive probe of surface Pd, but also as an agent that induces restructuring of the surface. Upon 
annealing in vacuum, as-deposited Pd islands became encapsulated by Au and partially dissolved 
into the subsurface, leaving behind isolated Pd monomers on the surface. Subsequent exposure to 
0.1 mbar CO enabled Pd monomers to repopulate the surface up to 373 K, above which complete 
Pd dissolution occurred by 473 K, with apparent activation energies of 0.14 and 0.48 eV, 
respectively. These restructuring processes occurred over the span of ~1000 s at a given 
temperature. Such a minute-timescale dynamics not only elucidates the fluxional nature of alloy 
catalysts but also presents an opportunity to fine-tune the surface at moderate temperature and 
pressure conditions. 
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1. Introduction 

Bimetallic catalysts are employed in many chemical transformations, including selective 
hydrogenation,1,2 reforming,3,4 coupling,5 and oxidation reactions,6 because of their enhanced 
catalytic performance compared to their monometallic counterparts.7 In particular, PdAu alloy 
catalysts have garnered much attention and research due to their effectiveness in catalyzing a 
variety of reactions, such as CO oxidation,6 hydrogen peroxide synthesis,8,9 cyclomerization of 
acetylene to benzene,10 and ethanol electrooxidation.11,12 In dilute alloys, catalytic activity and 
selectivity are governed by the geometry of the active sites, i.e. atomic ensembles of the active 
metal. Combined experimental characterizations and first-principles modeling have played a key 
role in establishing optimal ensembles for a given reaction.13,14 In Au hosts, for example, hydrogen 
turnover remains optimal in the presence of Pd monomers and dimers,15 whereas the selectivity 
behavior of e.g. ethanol dehydrogenation shifts as a function of the Pd ensemble distribution.16 As 
such, a fundamental understanding of alloy surface structures at the atomic level lies central to 
rational catalyst design efforts across theory and experiment.16–18 

Alloy surfaces are inherently dynamic at reaction temperatures of interest. Compared to 
the originally synthesized state, the surface composition and morphology can change dramatically 
upon annealing,19 pretreatments,20 or during the reaction itself.21–24 In the case of dilute Pd in Au, 
it is catalytically desirable to maintain active Pd on the surface of relatively inert Au. However, 
because Pd has a higher surface free energy than Au (Pd = 2.05 J/m2; Au = 1.63 J/m2),25 Pd 
thermodynamically prefers to dissolve into Au under reducing conditions. Using scanning 
tunneling microscopy (STM), a previous study of 1 at.% Pd deposited on Au(111) demonstrated 
that the distribution of Pd ensembles can be tuned by careful control of the deposition 
temperature.17 Specifically, a mixture of Pd islands and smaller Pd ensembles were obtained upon 
deposition at ~300 K, and Pd dissolved into the bulk of Au upon annealing at 450 K. 

Segregation of Pd back to the surface has been observed at moderate temperatures in the 
presence of strongly bound adsorbates such as CO and O.20 Here, preferential adsorption of these 
species on Pd sites allows Pd to be stabilized on the surface and lowers the overall surface free 
energy.21 In particular, CO-induced reverse segregation has also been reported in related bimetallic 
systems, such as Pd/Au(111),26 Au/Pd(100),27 and AuPt nanoparticles.28 Using diffuse reflectance 
infrared Fourier transform spectroscopy (DRIFTS) and first-principles based Monte Carlo 
simulations, a recent study of single-atom alloy PdAu/SiO2 demonstrated that CO partial pressure 
and temperature can be used to control the catalyst selectivity by reversibly tuning the Pd ensemble 
distribution.16 Such restructuring phenomena can be understood in terms of four competing 
thermodynamic factors within the quasi-chemical approximation: elemental differences of the 
constituent metals (surface energy, strain energy, alloying energy)29 and the adsorption energy of 
chemical species.30 

However, mechanistic and kinetic studies of surface restructuring remain scarce and 
challenging due to the large underlying configurational space and timescale that need to be 
explored.19,31–37 In this regard, single-crystal model systems offer a promising platform for 
accurate and controlled investigation of bimetallic surfaces, especially for dilute alloys where host 
metal atoms can be substituted systematically by dopant atoms.31,33,37–43 Moreover, CO acts as an 
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effective probe molecule to detect the presence of surface ensembles due to its preferential binding 
to the active metal (such as Pd) over the more inert host metal (such as Au),19,20 provided that the 
temperature is low enough to limit thermal mobility and prevent any restructuring induced by CO 
itself.44–46 CO adsorption on Pd sites has been studied extensively,47 and the binding sites can be 
differentiated through CO vibrational frequencies from infrared spectroscopy. 

In this work, we uncover the kinetic parameters and the timescale of CO-induced 
restructuring in dilute Pd-in-Au catalysts using single-crystal model systems. Extraction of both 
structural and dynamical information was enabled by combining time-resolved temperature-
programmed infrared reflection absorption spectroscopy (IRRAS), ab initio thermodynamics, and 
machine-learning molecular dynamics (MD) simulations. Varying amounts of Pd were deposited 
on Au(111) and annealed, using CO adsorption at low temperature to probe the surface. Then, 
elevated pressure of CO was introduced and the temperature was increased in steps, each time 
monitoring the CO signal to track the surface Pd content. As such, CO was utilized both as a 
chemically sensitive surface probe and as an agent to induce the restructuring of the surface. 

Our surface science investigation reveals the highly dynamic nature of the PdAu surface 
as a function of the Pd coverage, CO pressure, temperature, and time. At low Pd coverage, the 
surface mostly consisted of isolated Pd atoms after short annealing at 473 K. MD simulations 
revealed the atomic mechanisms by which Pd islands became encapsulated by Au and dissolved 
into the subsurface, leaving behind surface Pd monomers. From temperature-programmed IRRAS, 
exposure to 0.1 mbar of CO resulted in an increased surface concentration of Pd monomers up to 
373 K. Above this temperature, the fraction of Pd monomers with adsorbed CO decreases and Pd 
starts dissolving into the sublayers, completing the process by 473 K. The CO-induced segregation 
and the dissolution after CO desorption exhibited apparent activation energies of 0.14 and 0.48 eV, 
respectively. These restructuring processes occurred over the span of ~1000 s at a given 
temperature. Such minute-timescale dynamics at moderate temperature and pressure conditions 
highlight a potential avenue to fine-tune the compositions of catalytic surfaces. 

Our approach combining time-resolved experiments, simulations, and theoretical modeling 
can be applied to study the dynamical behavior of complex bimetallic catalysts under reaction 
conditions of interest. While this work focuses on the effect of CO on Pd-in-Au alloys, our results 
provide the foundation for a general approach to understanding the precise mechanisms by which 
adsorbate species present during chemical reactions induce restructuring of multi-metallic systems, 
which is of relevance to a multitude of catalytic processes, including coupling, oxidation, 
dehalogenation, reforming, etc. 
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2. Experimental section 

 

2.1. Material preparation 

PdAu alloys with various Pd coverages (in ML = monolayer) were prepared using single-
crystal Au(111) as a substrate. The Au single crystal was first cleaned by cycles of Ar+ sputtering 
(2×10-5 mbar; 1.1 keV) with sequential annealing in ultrahigh vacuum (UHV) (5 min at 923 K, 
followed by 20 min at 673 K) until no contamination was found with X-ray photoelectron 
spectroscopy (XPS) measurements. Then, Pd was deposited onto the cleaned Au(111) from a Pd 
rod using an e-beam heating evaporator (SPECS EBE-4) at a constant flux of 10 nA at room 
temperature. The deposition was conducted in a preparation chamber (base pressure 1×10-9 mbar) 
connected to XPS and IRRAS chambers within the same instrument. Prior to each IR measurement, 
we conducted 10-min evaporation followed by XPS measurements to calibrate the rate of Pd 
deposition. The measured areas under XPS (Pd 3p3/2 and Au 4f7/2 for Pd and Au, respectively) were 
corrected specifically to Pd (dopant) on Au (host), with the assumption that all Pd atoms remain 
on the surface right after deposition. More details can be found in a previous work where Pd 
coverage on Ag was calibrated by a similar method.20 

 

2.2. X-ray photoelectron spectroscopy (XPS) 

XPS experiments were performed using a system equipped with a SPECS PHOIBOS NAP 
150 hemispherical analyzer, described elsewhere.48 For Pd coverage calibration, the peak areas of 
Pd 3p and Au 4f states were obtained by applying a Shirley background to the region of interest. 

 

2.3. Infrared reflection absorption spectroscopy (IRRAS) 

IRRAS experiments were carried out in a chamber with a base pressure of < 1×10-8 mbar. 
Gas doses are reported in Langmuir, defined as 1 L = 1×10-6 Torr·s. The sample temperature was 
measured using a thermocouple (type K) attached next to the sample, spot-welded on the sample 
plate. The sample can be heated up to 800 K using a lamp heater located below the sample plate 
or cooled down to ~100 K with constant liquid nitrogen flowing through the sample stage. Peak 
areas were integrated using Origin software by applying a straight line as background. 

To understand the Pd ensembles present in our model system and investigate the effect of 
annealing on surface evolution, the sample was heated to various temperatures starting at 373 K 
with steps of 50 K, and held for only a few seconds at each annealing step. To minimize the CO-
induced reconstruction, the sample was rapidly cooled down to 165 K after each annealing step 
and IR spectra were measured after a dosage of 100 L CO at this temperature (165 K).  

Temperature-programmed IRRAS was conducted after the sample was annealed at 473 K 
for 10 min in vacuum and cooled down to 313 K. After introducing a constant pressure of CO, the 
surface was heated in steps of 10 K until the CO signal was lost. At each temperature, multiple 
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spectra were measured in intervals of 220 s to extract the kinetic parameters of surface 
restructuring in the presence of CO, assuming a first-order reaction in which the rate depends on 
the concentration of surface Pd atoms. 

To prevent contamination from volatile metal carbonyl species,49 a heated carbonyl trap 
was placed before the valve that was used to leak CO into the chamber. No Ni was observed (the 
most common contaminant), as confirmed by the lack of peak typically located at 2050 cm-1 
corresponding to CO stretching vibration. 

 

2.4. Density functional theory (DFT) 

DFT calculations50 were performed using plane-wave basis sets51 as implemented in the 
Vienna Ab Initio Simulation Package (VASP).52 All structures were optimized via ionic relaxation, 
with the total energy and forces converged to 10-6 eV and 0.02 eV/Å, respectively. A four-layer 
slab model of a 3×3 unit cell of Au(111) was used. The bottom two layers were fixed at bulk 
positions to mimic bulk properties. The Brilllouin zone was sampled using a 7×7×1 Monkhorst-
Pack k-point grid.53 The Perdew-Burke-Ernzerhof (PBE) parametrization54 of the generalized 
gradient approximation (GGA) of the exchange-correlation functional was employed, along with 
the dDsC dispersion correction55–57 to account for van der Waals interaction. 

PBE functional is known to overestimate the adsorption strength of CO as it misjudges the 
HOMO-LUMO gap of the molecule.58 To overcome this limitation, the correction scheme of 
Mason et al.59 was employed by constructing a scaling relation between CO adsorption energies 
and the single-triplet excitation energies of gas-phase CO, using five different pseudopotentials. 
Different cutoff energies for plane-wave basis sets were used depending on the softness of the 
pseudopotentials (~1.2 times the ENMAX specified in the pseudopotentials). The corrected 
adsorption energies were obtained by extrapolating to the accurate configuration-interaction value 
of the excitation energies (6.095 eV).60 

 The calculations of Gibbs free energies include thermal effects, zero-point energies, and 
entropic contributions (translational, rotational, and vibrational degrees of freedom were taken into 
account for gaseous CO; only vibrational contributions were considered for the surface species). 
The Gibbs free energy of adsorption is defined as the change in free energy from an isolated slab 
and n gaseous CO molecules to a combined system of n CO molecules adsorbed on the slab: 

𝐺!"# = 𝐺$𝑛CO(!"#)/PdAu(111)0 − 𝐺[PdAu(111)] − 𝑛𝐺$CO(&)0. 

CO adsorption isotherm was obtained using the Langmuir adsorption equation: 

𝜃'( =
𝐾)*𝑃'(

1 + 𝐾)*𝑃'(
, 

where Keq is the equilibrium constant for CO adsorption and PCO is the CO pressure. Keq was 
calculated as: 
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𝐾)* = 𝑒
+∆-!"#

$

.%/ , 

where ∆𝐺!"#0  is the free energy of adsorption under standard conditions, kB is the Boltzmann’s 
constant, and T is the temperature. 

 

2.5. Machine-learning molecular dynamics (MD) 

 A Gaussian process (GP) model of the Pd/Au potential energy surface was trained on 
atomic forces from DFT.19 To generate the training data, we performed ab initio molecular 
dynamics (AIMD) simulation using the PBE functional and the same set-up as described above. 
The total energy was converged to 10-5 eV at each timestep. PBE provides Au lattice constant of 
4.16 Å, within <0.1 Å of the experimental benchmark of 4.08 Å.61 A three-layer slab model of a 
7×7 unit cell of Au(111) was employed with a hexagonal Pd19 cluster deposited on the top. The 
Brillouin zone was sampled using a Γ-centered 3×3×1 k-point grid. A velocity-Verlet integrator 
with a time step of 𝛿𝑡 = 5.0 fs was used to evolve the equations of motion for 15 ps within the 
canonical (NVT) ensemble. To ensure that diverse atomic environments are encountered, all atoms 
were mobile with the temperature set at 1100 K (bulk Au melting point = 1337 K)62 via Nosé-
Hoover thermostat (40 𝛿𝑡 = 0.2 ps coupling).63,64 

 The training data were selected using an active learning protocol as implemented in the 
“GP from AIMD” (GPFA) module of the Fast Learning of Atomistic Rare Events (FLARE) 
library.65 The two- and three-body multielement kernel is used as the covariance function, with 7.0 
and 4.5 Å cutoff for the two- three-body interactions, respectively. The AIMD frames were 
presented sequentially to the GP, each time predicting all atomic force components. If the 
predictive standard deviation of any force component exceeded the current noise parameter, the 
highest uncertainty atomic environment and its force components were added to the training set 
and the hyperparameters were reoptimized. The final hyperparameters and force field accuracy are 
described in Sec. 4, SI. 

 To produce a fast tabulated force field, the two- and three-body mean predictions were 
mapped onto cubic spline models.66 The two-body mean function, a one-dimensional function of 
the interatomic distance, was mapped with 64 control points. The three-body mean function, a 
three-dimensional function of the interatomic distances of triplets of atoms, was mapped with a 
uniform 10×10×10 grid of control points. The resulting potential was implemented as the MGP 
(mapped Gaussian process) pair style in the Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS).67 

 MD simulations were performed using a four-layer slab model of a 21×21 unit cell of 
Au(111) with a hexagonal Pd91 island deposited on the top. The bottommost layer was immobilized 
to prevent it from acting as a surface. All simulations consist of 1 ns equilibration within the 
isothermal-isobaric (NPT) ensemble, followed by production within the canonical (NVT) 
ensemble. Pressure and temperature were enforced on the system with a Nosé-Hoover barostat 
(1000 𝛿𝑡 = 5 ps coupling) and thermostat (100 𝛿𝑡 = 0.5 ps coupling), respectively.63,64,68 
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3. Results and discussion 

 

Figure 1. (a) IR spectra of low-temperature  (165 K) CO adsorption to probe the presence of surface Pd on 0.1 ML 
Pd/Au(111) at varying stages of annealing. CO exposures were 100 L (1 Langmuir = 1×10-6 Torr·s) at 165 K. Upon 
Pd deposition at room temperature (black), the sample underwent sequential flash annealing in vacuum, starting at 
373 K (red) and increasing in temperature until the CO signal was lost at 623 K (gold). As-deposited sample exhibited 
CO adsorption mainly at Pd atop sites (2088 cm-1) as well as contiguous Pd sites (1976, 1932 cm-1), followed by 
undercoordinated Au sites (2121 cm-1). Upon annealing, Pd sites decreased in intensity, leaving behind only Pd atop 
sites by 573 K. (b) Machine-learning MD simulation showing the evolution of a monolayer Pd91 island on Au(111) at 
600 K over 1.5 µs (see video here). A metastable structure was found after the system reached a quasi-equilibrium in 
~2 𝜇s: the island became encapsulated by surface Au atoms and partially dissolved into the subsurface, leaving behind 
isolated Pd monomers and surface vacancy pits. 

 

3.1. Pd dissolves into Au and disperses upon annealing 

0.1 ML of Pd was first evaporated onto a clean single-crystal Au(111) at room temperature. 
Upon Pd deposition, the presence of surface Pd on Au(111) was probed by taking IRRAS spectra 
after cooling down to 165 K and dosing 100 L of CO. By dosing CO at this temperature, 
restructuring induced by CO is minimized.44–46 Due to the preferential binding of CO to Pd over 
Au, CO vibrational frequencies from IRRAS allow differentiation of the binding sites on Pd 
ensembles.47 The spectrum taken for the as-prepared sample (Fig. 1a; black) indicates the presence 
of extended Pd ensembles on the surface. The broad peaks located at lower frequencies correspond 
to CO adsorption at contiguous Pd sites (~1976 cm-1)69 and multifold sites (~1930 cm-1),70 
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consistent with Pd islands which were shown to form even at a lower Pd coverage of 0.01 ML in 
a previous STM study.20 In addition, two sharp peaks were found at 2088 and 2120 cm-1, which 
are assigned to CO adsorption at Pd atop sites and undercoordinated Au, respectively. The lower 
one is consistent with our computed value of 2062 cm-1 from DFT for CO adsorbed on an isolated 
Pd atom embedded in the surface layer of Au(111). The Pd atop sites consist of Pd monomers 
(surrounded by Au) as well as Pd atoms in larger ensembles and islands, both of which were 
observed previously upon room temperature deposition.20 On the other hand, the assignment for 
the highest frequency peak is based on previous studies showing CO adsorption at ~2125 cm-1 on 
Au(111) after Ar+ sputtering, which creates under-coordinated sites.71,72 This frequency is higher 
than that of CO adsorption on Pd atop sites (2102 cm-1 on Pd(111)). To verify this, we carried out 
a control experiment with single-crystal Au(111), for which a peak was observed at 2125 cm-1 
only after Ar+ sputtering (Fig. S1; blue) and not seen on the flat Au(111) surface (Fig. S1; black). 

At higher temperatures, Pd has sufficient thermal energy to dissolve into Au and lower the 
overall surface free energy. Due to the elemental surface energy differential (Pd = 2.05 J/m2; Au 
= 1.63 J/m2),25 Pd thermodynamically prefers to remain dispersed in the subsurface of Au under 
reducing conditions.2 After Pd deposition, the sample underwent sequential flash annealing in 
vacuum, starting at 373 K and increasing in temperature (Fig. 1a; red to gold). At each temperature, 
the sample was held for a few seconds followed by immediate cooling down to 165 K. The IR 
spectra were measured at this temperature under UHV after dosing 100 L of CO. The overall CO 
signal decreased upon annealing and disappeared completely by 623 K, consistent with the 
dissolution of the Pd islands observed in a previous STM study upon annealing at 450 K.20 
Specifically, the IR bands at 1976 and 1932 cm-1 disappeared by 573 K, and the peak at 2088 cm-

1 was reduced by more than half. Annealing decreased and eventually eliminated above 523 K the 
contiguous Pd sites (1976 cm-1), which is attributed to the Pd-Au place exchange initiated at the 
rim of the islands as observed in our simulation discussed below, leaving behind mostly Pd 
monomers. Concomitantly, the peak assigned to undercoordinated Au sites (2125 cm-1) gained 
intensity. Similar trends were also observed at higher Pd coverages (see Sec. 2, SI). 

The atomic-level restructuring mechanisms underlying the annealing process were 
uncovered through machine-learning MD simulations. A mapped Gaussian process model of the 
Pd/Au potential energy surface was constructed using a recently developed active learning 
algorithm,65,66 enabling large-scale and long-timescale simulations at first-principles accuracy (see 
Sec. 4, SI for details). Similar to our previous study of Pd/Ag(111),19 as-deposited Pd island 
evolved into an immediate metastable structure in 1.5 µs at 600 K (Fig. 1b). While this timescale 
is long for simulations, it is still several orders of magnitude shorter than the experimentally 
accessible ones. As such, the simulations were carried out at higher temperatures to be able to 
observe processes seen experimentally in the minute-timescale. Upon becoming encapsulated by 
surface Au atoms, the island partially dissolved into the subsurface, leaving behind Pd monomers 
and surface vacancy pits. The restructuring is driven by Pd-Au place exchange events that occur 
primarily at the edges of the island. Such exchange mechanisms have been shown to be facile at 
edges and corners, as opposed to flat terraces.19,37 The resulting Au atoms around the edges and 
pits are examples of the undercoordinated sites that correspond to the IR peak at 2121 cm-1, which 
slightly increases in intensity up to 523 K (Fig. 1a; black to green). We note that the observed 
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structure is metastable, and Pd will likely continue to dissolve layer-by-layer over a much longer 
timescale on the order of minutes, as was observed in a previous kinetic Monte Carlo study of 
Pd/Cu segregation over 900 s at 500 K.32 

 

 

Figure 2. Room-temperature CO adsorption on 0.38 ML Pd deposited on Au(111), after annealing at 473 K for 10 
min in vacuum. (a) IR spectra measured at 300 K over 1100 s (black to purple) under constant CO pressure of 3×10-7 
mbar. Only CO adsorption at Pd atop sites (2072 cm-1) was observed. (b) The corresponding peak area vs. time; each 
data point is an average of 1000 scans in 220 s. The first peak area is nonzero because CO saturation occurred much 
faster than our time resolution of 220 s per spectrum. (c) IR spectra measured at 300 K under CO pressure varied 
sequentially (black to green) after initial equilibration at 3×10-7 mbar. (d) The corresponding peak area vs. CO pressure; 
the initial value (𝑡 = 0	s) at 3×10-7 mbar is included as a reference. 
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3.2. CO-induced segregation of Pd back to the surface 

 In addition to functioning as a probe molecule, CO can affect the surface restructuring at 
non-cryogenic temperatures, by providing a thermodynamic driving force that enables Pd to be 
stabilized on the surface.20 To determine the feasibility and a representative timescale of such a 
process, we first investigated the effect of exposure to a constant pressure of CO at room 
temperature. This was done using a surface with initial coverage of 0.38 ML Pd/Au(111) after it 
was annealed at 473 K for 10 minutes. The surface was exposed to 3×10-7 mbar of CO at 300 K 
and monitored by sequential IRRAS measurements during a period of 1100 s. CO adsorption 
occurred only on Pd monomers (Fig. 2a; 2072 cm-1), and the corresponding peak area increased 
over time from 0.0100 to 0.0155 and started plateauing after 880 s (Fig. 2b). These observations 
indicate that CO actively increases the surface concentration of Pd monomers within the time span 
of ~1000 s at room temperature. 

  After further equilibrating for 1 hr at 3×10-7 mbar (Fig. 2c; black), the peak area reached 
the maximum of 0.0169 from the initial value of 0.010 (Fig. 2d). Then, the pressure was varied 
sequentially at room temperature while measuring consecutive IR spectra until no change in peak 
area was observed. Overall, higher CO pressure resulted in a larger peak area. E.g., the peak area 
increased to 0.0220 upon increasing the pressure to 1×10-6 mbar (held for ~ 900 s, with the last 
spectrum taken under this pressure shown in Fig. 2c; red). This increase is attributed to not only 
an increased concentration of surface Pd monomers, but most likely to higher coverage of CO 
(normalized to the number of surface Pd monomers), given that CO adsorption is a reversible 
process at room temperature. Upon pumping down the CO from the system, all CO desorbed 
immediately, as shown by the loss of all IR signals (Fig. 2c; blue). Figure S7b shows the calculated 
coverage of CO (per surface Pd atom, based on DFT results) as a function of pressure from 10-8 to 
10-2 mbar. A significant variation in CO coverage can be seen in the 10-8 to 10-5 mbar range (from 
~0.1 to ~1), establishing that a significant contribution to the change in CO peak area with pressure 
comes from the change in CO coverage in this pressure range. For comparison, experimental points 
from Figure 2d are overlayed in Figure S7b. 

Upon reintroducing 3×10-7 mbar of CO right after the evacuation, CO immediately 
saturated the same Pd monomer sites (Fig. 2c; green; 2073 cm-1). Moreover, the peak area was 
recovered to 0.0165, close to the pre-evacuation value of 0.0169 (Fig. 2d). Given the previously 
observed long timescale of ~1000 s for the CO-induced migration of additional Pd atoms to the 
surface (Fig. 2b), the rapid saturation of CO suggests that the surface Pd atoms had persisted on 
the surface or in the near-surface region during the short period of time the sample remained in 
UHV. Further increasing the pressure to 1×10-5 mbar resulted in an increased peak area beyond 
0.030 (After holding the pressure for ~ 900 s, Fig. 2c; purple), which is likely the result of a 
combination of additional Pd segregating to the surface, but mainly a CO coverage effect, based 
on what is shown in Figure S7b and discussed above. 
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Figure 3. Temperature-programmed IRRAS under constant CO pressure of 0.1 mbar for the annealed 0.1 ML 
Pd/Au(111). (a) The IR spectra exhibited CO adsorption at Pd atop sites (2080 cm-1), with intensity changing as a 
function of temperature. (b) The peak area change over 1320 s, shown for the case of 313 K. Each data point is an 
average of 1000 scans in 220 s. (c) Evolution of the peak area as a function of temperature, increasing from 313 K to 
463 K in steps of 10 K and intervals of 1500 s. The black square corresponds to the first spectrum at each temperature, 
while the red circles correspond to a spectrum taken 1320 s later. The peak area is corrected using the DFT-computed 
CO adsorption isotherm (blue curve;). Pd segregated to the surface up to 373 K (dashed vertical line), temperature 
above which dissolution prevailed until complete CO desorption at 473 K. (d) Phase diagram computed from ab initio 
thermodynamics for two phases: CO adsorption on Pd monomer (dark yellow) and subsurface Pd with no adsorption 
(light yellow). At the experimental CO pressure of 1×10-4 bar (0.1 mbar), the thermodynamic transition is predicted 
at 320 K (blue solid line). In the intermediate kinetically controlled regime (bounded by the red dashed line), CO 
desorption is endergonic and Pd can remain kinetically trapped on the surface. Above 459 K (blue dashed line), CO 
desorption becomes exergonic, and Pd dissolution is favored. 
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3.3. Dynamic surface restructuring under CO 

Time-resolved temperature-programmed IRRAS experiments were conducted to 
systematically investigate the dynamics and kinetics of surface segregation as a function of 
temperature. After annealing at 473 K for 10 min in vacuum, 0.1 ML Pd/Au(111) was exposed to 
a constant CO pressure of 0.1 mbar, and the temperature was increased from 313 to 473 K in steps 
of 10 K. At each temperature, six spectra were measured in steps of 220 s to monitor the dynamical 
change of the surface over the total span of 1320 s. Across all temperatures, CO adsorption 
occurred only on Pd monomers, and the peak area varied as a function of temperature (Fig. 3a; 
2080 cm-1). CO exposure did not result in any aggregation of Pd monomers into larger ensembles, 
as concluded from the absence of the IR band at ~1900 cm-1 for contiguous Pd sites. 

The surface concentration of Pd monomers exhibited complex behavior as a function of 
both temperature and time. In terms of temperature, the corresponding peak area increased up to 
373 K and started decreasing beyond 373 K (Fig. 3c). At each temperature, the rate of change of 
the peak area diminishes in the span of ~1000 s (e.g. Fig. 3b for the case of 313 K), consistent with 
the timescale observed on the annealed 0.38 ML Pd/Au(111) (Fig. 2b). This transient behavior is 
indicated by the two temperature profiles corresponding to the initial and the final spectra (Fig. 3c; 
black to red, respectively). Specifically, Pd segregated to the surface up to 373 K, above which 
dissolution prevailed until complete CO desorption at 473 K. In the range of 313-373 K, the 
thermal mobility is just enough to enable Pd atoms to revisit the surface without dissolving further 
into the bulk, while allowing CO to adsorb and stabilize the resurfacing Pd atoms. Above 373 K, 
the peak area decreases with time, indicating Pd dissolution even under the presence of CO. At 
473 K, Pd dissolves completely. These measurements shed light on the dynamical evolution of the 
surface on the timescale of minutes across the relevant temperature range. 

 A much longer timescale was required for segregation back to the surface once the Pd 
atoms became dispersed into the deeper subsurface. This is illustrated by the data presented in Fig. 
S4, corresponding to a similar experiment as described above but including a heating and cooling 
cycle. After complete dissolution at 473 K, surface Pd monomers could be only partially recovered 
upon cooling under CO, demonstrating a clear hysteresis of the restructuring process. A faster 
cooling rate was applied by measuring only one spectrum per temperature in the cooling phase, as 
compared to two in the heating phase (1.8 K/min in the cooling phase compared to 1.1 K/min in 
the heating phase). Only a fraction of Pd atoms was recovered, ending with a much lower peak 
area of ~0.005 at 313 K compared to ~0.013 at the start of the experiment (Fig. S4). In contrast, 
no recovery was observed when a slower cooling rate was applied, in steps of 20 K and measuring 
four spectra per temperature (Fig. S5a) (1.2 K/min in the heating phase and 1.2 K/min in the 
cooling phase). The peak area remained zero throughout the cooling phase, even after waiting for 
1 hr at 313 K (Fig. S5b). A modest recovery was possible at a higher temperature of 353 K, but 
only after waiting for a much longer period of 10 hrs (Fig. S6b). These observations highlight the 
sensitivity of the restructuring dynamics to the extent of Pd dissolution into the bulk of Au. 

The complete CO desorption at 473 K is attributed to the complete dissolution of Pd, rather 
than the limited CO adsorption at this temperature. While both could be plausible explanations for 
what we observed experimentally, we should still be able to see CO adsorption as we cool down 
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if CO desorption was the cause of the loss of signal. As seen in our room-temperature IRRAS 
measurements at varying CO pressures (Fig. 2c-d), immediate saturation of CO molecules would 
be expected if Pd remains on the surface, which was not observed during the rapid cooling phases 
performed after reaching 473 K (Fig. S5b and S6b). As such, the absence of CO signal here within 
the established timescale of ~1000 s indicates the absence of surface Pd monomers. We note that 
the surface concentration of Pd monomers deduced from the CO signal is likely underestimated at 
higher temperatures where the saturation coverage of CO on Pd becomes lower. To further 
investigate this issue, we performed a calculation of the CO adsorption isotherm based on DFT 
energies (Fig. S7 and Fig. 3c; blue) assuming a fixed surface Pd concentration across all 
temperatures considered. CO coverage on Pd (defined as the fractional occupation (Pd*-CO)/Pd*) 
decreases with increasing temperature. In particular, less than 90% of available Pd* atoms are 
occupied by CO molecules at 423 K and above (Indicated by the asterisk symbol in Fig. S7). To 
disentangle the effect of CO desorption from Pd dissolution, our measured peak areas (Fig. 3c; 
black and red) were corrected by dividing them by the computed coverage values (values at 
corresponding temperatures in Fig. S7). By doing so, the complete dissolution of Pd can be 
established at 463 K and above. 

The thermodynamic factors governing the CO-induced segregation of Pd monomers can 
be understood through the phase diagram computed from DFT calculations (Fig. 3d). At the 
experimental CO pressure of 0.1 mbar, a thermodynamic transition is predicted at 320 K, from CO 
adsorbed on surface Pd monomers to subsurface Pd monomers with desorbed CO, consistent with 
the temperature-programmed IRRAS profile. Below 320 K, CO adsorption is capable of stabilizing 
the Pd monomer on the surface (dark yellow region). At higher temperatures, however, CO 
adsorption on surface Pd monomers is no longer thermodynamically favored due to the more 
significant entropic cost arising from the loss of translational and rotational degrees of freedom of 
the gas-phase CO, combined with the energetic preference of Pd to become dispersed in the 
subsurface in the absence of CO (light yellow region). 

Although thermodynamics dictates the competition between CO adsorption and Pd 
dissolution, kinetic factors governing interlayer Pd mobility enable CO-bound Pd monomers to 
persist on the surface above 320 K. Indeed, if Pd is constrained to remain on the surface, complete 
CO desorption would only occur at 459 K (Fig. 3d; blue dashed line). Note that in the adsorption 
isotherm of fig 3c, the desorption temperature corresponds to a coverage of 0.5. In the experiment, 
although Pd dissolution initiated above 363 K, the IR peak areas corresponding to CO adsorption 
on Pd monomers remained nonzero up to 473 K (Fig. 3c). Such a scenario is explained through an 
intermediate kinetically controlled regime, lying between 320 and 459 K at 0.1 mbar in the 
computed phase diagram (bounded by the red dashed line in Fig. 3d). Below 459 K, the migration 
of CO-bound Pd atom into the subsurface can occur through two different pathways: (a) an 
endergonic CO desorption, followed by an exergonic Pd dissolution, or (b) an endergonic Pd 
migration, followed by CO diffusion onto Au and subsequent exergonic desorption. Above 459 K, 
CO desorption from surface Pd is computed to be exergonic and fast, which would enable complete 
Pd dissolution, consistent with the observed loss of all CO signals from the IRRAS experiments. 
The small difference in the computed thermodynamic transition temperature (320 K) and the 
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experimentally observed value (~360 K) is attributed to the limited accuracy of the calculated free 
energies. 

 

 
Figure 4. The Arrhenius plot of Pd dissolution observed in the temperature range of 313-453 K under constant CO 
pressure of 0.1 mbar for the annealed 0.1 ML Pd/Au(111). The apparent activation energies are 0.14 ± 0.02	eV for 
Pd segregation to the surface below 373 K, and 0.48 ± 0.07	eV for Pd dissolution above 373 K. The pre-exponential 
factors are exp(−1.06 ± 0.68) and exp(4.41 ± 2.09)	s&', respectively. 

 

 The rate of change of the surface Pd monomer concentration from our temperature-
programmed IRRAS data enables the determination of the kinetic parameters associated with the 
surface restructuring processes. The rate constants were calculated assuming a first-order reaction 
in which the rate depends linearly on the surface concentration of Pd monomers. The Arrhenius 
expression of the rate constant is given by 

𝑘 = 𝜈	exp E−
𝐸!
𝑘1𝑇
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where 𝐸! is the apparent activation energy of the process in question, and 𝜈 is the pre-exponential 
factor containing the entropy of activation, 𝑆!, based on the Eyring equation: 

𝜈 =
𝑘1𝑇
ℎ 	exp E

𝑆!
𝑘1
H. 

The Arrhenius analysis reveals how the segregation of Pd monomers to the surface 
becomes energetically downhill in the presence of CO (Fig. 4). The apparent activation energies 
were obtained as 0.14 ± 0.02	eV for Pd segregation to the surface below 373 K; and 0.48 ±
0.07	eV for Pd dissolution above 373 K. These barriers can be understood in terms of the Bell-
Evans-Polanyi (BEP) principle73,74 using our DFT-computed segregation energy, defined as the 
change in energy as a Pd atom (Pd1) migrates from the subsurface to the surface layer of Au(111), 
with the concomitant migration of surface-bound CO from Au to the Pd atom:16  

𝐸#)& = 𝐸RCO(!"#)
2"( /Pd3

(#456)/Au(111)S − 𝐸RCO(!"#)
74 /Pd3

(#48)/Au(111)S. 

In the absence of CO, the segregation is endothermic by +0.31 eV, consistent with the higher 
surface energy of Pd than Au. In contrast, when a CO molecule adsorbs and stabilizes the Pd atom 
on the surface, the segregation becomes exothermic by –0.46 eV, which means that the reverse 
process of Pd dissolution is now endothermic by +0.46 eV. Comparing these two reaction energies, 
the BEP principle suggests that the energetically downhill process of CO-induced segregation 
(𝐸#)& = −0.46	eV ) would correspond to a lower energy barrier (measured 0.14 ± 0.02	eV ). 
Conversely, the energetically uphill process of Pd dissolution in the presence of surface-bound CO 
(𝐸"9# = +0.46	eV) would correspond to a higher energy barrier (measured 0.48 ± 0.07	eV). 

The pre-exponential factors are also consistent with the nature of the restructuring 
processes. Specifically, the negative argument of the prefactor exp(−1.06 ± 0.68) for reverse 
segregation indicates a negative change in the configurational entropy, which is expected based on 
the lower degrees of freedom present on the surface compared to the subsurface. The reverse 
scenario holds for Pd dissolution where the configurational entropy increases, as seen in the 
positive argument of the prefactor exp(4.41 ± 2.09). The small magnitude of the prefactors is 
largely attributed to the entropy cost associated with CO adsorption in the presence of adsorbed 
CO. 

 

4. Conclusions 

Bimetallic catalysts are utilized in many industrially important reactions, and catalyst 
pretreatment with species such as CO has been shown to be a promising strategy of engineering 
their catalytic performance through dynamic restructuring of the alloy surfaces. However, 
mechanistic and kinetic studies of such restructuring have remained challenging due to the long 
timescale and large structural and chemical degrees of freedom that need to be explored. In this 
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work, we systematically map out the thermodynamics, kinetics, and dynamics of surface 
restructuring in situ by employing time-resolved experimental techniques with surface and 
chemical sensitivity, as well as first-principles-based modeling and simulations. Our 
multidisciplinary surface science approach has uncovered previously unknown timescale and 
kinetic parameters of restructuring in PdAu(111) induced by CO, which translates to an in situ 
control of the active sites in dilute Pd-in-Au nanoparticle catalysts. 

Machine-learning molecular dynamics simulations revealed the atomic mechanisms by 
which as-deposited Pd islands became encapsulated with Au and partially dissolved into the 
subsurface upon annealing in vacuum. At low Pd coverage, isolated Pd monomers dominated the 
surface, as observed from infrared reflection absorption spectroscopy (IRRAS) using CO as a low-
temperature probe molecule. Subsequent exposure to constant CO pressure at room temperature 
confirmed the active role of CO in segregating Pd back to the surface. Time-resolved temperature-
programmed IRRAS experiments further elucidated the underlying dynamics and kinetics. Under 
0.1 mbar CO, Pd monomers segregated to the surface up to 373 K, the temperature above which 
complete Pd dissolution occurred by 473 K, with apparent activation energies of 0.14 and 0.48 eV, 
respectively. These restructuring processes occurred over the span of ~1000 s at a given 
temperature and are consistent with the phase diagram computed from ab initio thermodynamics. 
Such a minute-timescale dynamics highlight the possibility of catalytic processes proceeding on 
fluxional surfaces75–78 (provided that the system is below a limiting temperature above which Pd 
dissolution becomes irreversible), as well as an opportunity to fine-tune the surface composition 
at moderate temperature and pressure conditions.16,20 The coupling between surface restructuring 
dynamics and catalytic transformation of reactants hence appear as an important fundamental 
aspect of bimetallic catalysts. 

 

Additional information 

The Supporting Information is available in the online version of the paper. 

 CO adsorption on pure Au(111); CO adsorption at higher Pd coverages; additional 
temperature-programmed IRRAS data; details of machine-learning MD simulation 
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