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Abstract In this article, we propose a novel mechanism for
the atomic-level processes that lead to oxide formation and
eventually Pt dissolution at an oxidized Pt(111) surface. The
mechanism involves a Pt extraction step followed by the sub-
stitution of chemisorbed oxygen to the subsurface. The energy
diagrams of these processes have been generated using densi-
ty functional theory and were analyzed to determine the crit-
ical coverages of chemisorbed oxygen for the Pt extraction
and Oads substitution steps. The Pt extraction process depends
on two essential conditions: (1) the local coordination of a Pt
surface atom by three chemisorbed oxygen atoms at nearest-
neighboring fcc adsorption sites; (2) the interaction of the
buckled Pt atom with surface water molecules. Results are
discussed in terms of surface charging effects caused by oxy-
gen coverage, surface strain effects, as well the contribution
from electronic interaction effects. The utility of the proposed
mechanism for the understanding of Pt stability at bimetallic
surfaces will be demonstrated by evaluating the energy dia-
gram of a CuML/Pt(111) near-surface alloy.

Keywords DFT . Pt electrocatalysis . Place-exchange
mechanism . Pt oxide growth . Pt stability

Introduction

Understanding the mechanisms of noble metal dissolution un-
der electrochemical conditions is a subject of unfading interest
in corrosion science as well as energy and environmental sci-
ence [1–3]. A crucial step in the comprehension of metal dis-
solution is to understand surface oxidation, a topic that has
captivated interest for decades [4]. Experimental studies have
found the formation of subsurface oxygen on oxidized transi-
tion metal surfaces [5–8]; yet, so far no coherent theoretical
picture of the atomistic mechanism underlying these processes
has emerged [4].

Platinum is the electrocatalytic material of choice in porous
electrodes of electrochemical energy technologies such as
low-temperature polymer electrolyte fuel cells (PEFC) and
electrolysis cells [9]. However, it is known that typical opera-
tional conditions such as high temperature, high potential, low
pH and, in particular, extensive potential cycling lead to un-
acceptable rates of Pt dissolution [10–12]. The kinetics of Pt
dissolution in turn is correlated with loss of catalyst material,
transformation of porous composite structure, decrease of ac-
tive surface area, change in wettability of pore walls, decline
of electrochemical performance, and ultimately the lifetime
reduction of the device [13].

In spite of tremendous efforts in both experiment and the-
ory focusing on understanding degradation issues and improv-
ing catalyst stability [14–16], the understanding of materials
properties that control Pt stability and mechanisms involved in
catalyst dissolution remains a controversial topic [17, 18].
Especially, the comprehension of the elementary surface pro-
cesses involved is still elusive.

Pt dissolutionmay proceed through both electrochemical and
chemical pathways [19, 20]. In a recent detailed experimental
study, Furuya et al. [12] examined the influence of electrolyte
composition and pH on Pt dissolution. Analysis of potential
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versus pH diagrams (Pourbaix diagrams) suggests that the anion
naturehasnegligible impactonPtdissolution; thepHon theother
hand exerts a significant impact on the dissolution kinetics [12].

The works of Topalov et al. [10], Xing et al. [21], as well as
Rinaldo et al. [22] revealed a staggering enhancement in Pt
dissolution rate by a factor ∼2000 during voltage cycling in
accelerated stress tests when the upper potential limit of the
voltage cycle was increased above 1.2 VRHE. It was found
consistently in these independent studies that the reduction
of Pt oxide during the reduction part of the voltage cycle is
responsible for the hugely increased rate of Pt dissolution. In
addition, based on the in-situ electrochemical scanning tunnel-
ing microscopy (STM) observation, Wakisaka et al. [23] have
found that the irreversible morphological changes at Pt(111)
occur predominantly during the reduction phase of oxide. The
underlying process is sensitive to the formation of the so-
called asα-oxide phase [24] that forms as a surface layer upon
ramping up the potential to values above ∼1.1 VRHE [11].

On the other hand, there is also a much smaller amount of
Pt dissolution that is found in potential hold experiments at
potentials below 1.1 VRHE. The rate of this process does not
depend directly on the electrode potential, but it is affected by
the amount of surface oxide, which in turn determines the
surface excess energy or surface tension of Pt nanoparticles
as well as the rate constant of dissolution [19, 20].

Analysis of the cyclic voltammetry (CV) data of polycrys-
talline Pt in 0.5 M aqueous H2SO4, correlated with electro-
chemical quartz-crystal nanobalance data revealed that the
onset potential of surface oxidation lies at E≈0.85 VRHE [5].
The adsorbed surface species at Pt that is formed by water
oxidation is usually identified as chemisorbed oxygen (Oads

at 0.85<E<1.10 VRHE), which forms up to half of a mono-
layer (ML) coverage [5]. As the potential increases, further
discharge of water molecules forms additional Oads that is
susceptible to undergoing interfacial exchange with Pt surface
atoms; this so-called place-exchange is a basic process in-
volved in irreversible oxide growth [17, 25–27]. In situ X-
ray scattering [28], as well as STM studies under ultrahigh
vacuum conditions [29] confirmed the existence of interfacial
place-exchange at Pt(111). The formation of subsurface oxy-
gen has also been observed in experiments on other oxidized
transition metal surfaces [6–8].

Modeling studies have been performed to rationalize the
kinetics of the various stages of Pt oxide formation, growth
and reduction, as well, its correlation to Pt dissolution at ex-
tended surfaces and in nanoparticle systems [3, 18–22, 30,
31]. A recent kinetic model of Rinaldo et al. provides a com-
prehensive picture of surface electrochemical processes dur-
ing oxide formation and reduction at Pt(111) in the voltage
range of 0.65–1.15 VRHE [31]. Density functional theory
(DFT), molecular dynamics (MD), and ab initioMD have also
been employed to study involved reaction mechanisms at at-
omistic scales [32–37].

Fantauzzi et al. [32] have performed reactive force field
(ReaxFF) MD calculations to determine the surface energies
for structures with up to one monolayer of oxygen on Pt(111).
Their results reveal four stable surface phases corresponding to
pure adsorbate, low-coverage and high-coverage buckled, and
subsurface-oxygen structures, respectively. They have found
that stable phases of Pt(111) with oxygen coverage beyond
0.56 ML contain subsurface oxygen [32]. The work of Gu and
Balbuena [36] suggests that the tetra-I site is the energetically
preferred site for adsorption of atomic oxygen in the subsurface
of Pt(111). However, the large activation barrier of ∼2.5 eV for
the transfer of surface oxygen to this site seemed to render this
place-exchange a highly unlikely event [36].

In an earlier work, Hawkins et al. [34] had used DFT to
study the buckling of Pt atoms at oxygenated Pt(111) surfaces
in vacuum conditions. They obtained minimum energy path-
ways (MEPs) for the processes of Oads atom diffusing from
the surface fcc site to the Pt buckled hcp site, followed by
diffusion to the subsurface tetra-I site at the coverages of
0.25, 0.5, and 0.5625 ML. In their work, it was found that Pt
buckling by ∼1.7 Å is energetically favorable at oxygen cov-
erage of 0.5625 ML, but not at 0.50 or 0.25 ML O. However,
as mentioned in their article, the MEP for higher Oads cover-
ages was not found due to the convergence failure of nudged
elastic band calculations at 0.75 and 1.0 ML [34]. In addition,
the possible role of surface water molecules in this process
was not explored.

Considering that the formation of subsurface oxygen at
high coverages has also been seen experimentally on other
oxidized transition metal surfaces [6–8], we strive to find a
universal mechanism of metal atom extraction at an oxidized
Pt(111) surface and subsequent transfer of an adsorbed surface
oxygen atom to the subsurface. We will discuss that the Pt
extraction process depends on two essential conditions: (1)
local coordination of Pt by three chemisorbed oxygen atoms
in neighboring fcc adsorption sites; (2) the interaction of the
buckled Pt surface atom with surface water molecules. From a
geometrical point of view, the first condition is fulfilled above
0.50 ML O at Pt(111). Substitution of Oads into the vacancy
created by the extracted Pt atom becomes energetically favor-
able above 0.75 ML O, as next nearest neighbor hollow fcc
sites around the Pt atom start to be occupied. We will demon-
strate that the extracted state is energetically more stable than
the buckled state proposed in [34].

Computational Methods

All electronic structure calculations were carried out with the
periodic DFT package VASP [38]. The ionic cores were rep-
resented by projected augmented waves [39]. The Kohn-
Sham one-electron wave functions were expanded in a plane
wave basis set up to an energy cutoff of 400 eV. Exchange-
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correlation effects were incorporated within the generalized
gradient approximation (GGA), using the exchange-
correlation functional by Perdew, Burke, and Ernzerhof
(PBE) [40]. This functional consistently describes the proper-
ties of water at metal surfaces [41, 42]. Geometry optimization
studies were terminated when all forces on ions were less than
0.05 eV Å−1. Minimum energy structures were determined
using Monkhorst-Pack k‐point sampling grids with
3×3×1 k points [43].

The surface was modeled by a super-cell containing a four-
layer slab of Pt(111) and a 2√3×2√3-R30° water layer with
hexagonal structure on one side of the slab. Our model includ-
ed 48 Pt atoms per slab and 8 water molecules in the unit cell.
Repeated slabs were separated by a vacuum region of 15 Å. In
all geometry optimizations, the two bottom layers of the slab
were fixed, while the two top layers together with adsorbates
and the water layer were allowed to relax. A standard dipole
correction scheme [44], implemented in VASP, compensated
the unphysical interaction between opposite surfaces that cor-
respond to neighboring images across the vacuum region of
the periodically repeated slab.

To account for the orientation of water molecules at the
interface, we evaluated two mixed-phase water structures with
(1) three H-up and one H-down as well as four flat-lying water
molecules and (2) three H-down and one H-up as well as four
flat-lying water molecules (structures were shown in SI). We
note that the preferred orientation of water molecules depends
on electrode potential, oxygen adsorption state, and total sur-
face charge density; the positively (or negatively) charged
surface stabilizes the H-up (or H-down) structures [45, 46].
In this article, we compare minimum energy pathways of the
extraction mechanism for the two interfacial water structures
with fixed orientation.

Results and Discussion

Mechanism of Pt atom extraction at oxidized (111) sur-
faces We were interested in generating the energy diagram
of the following sequence of elementary surface processes:
(1) extraction of a Pt surface atom along the surface normal
(Z-coordinate) and (2) transfer of an adsorbed oxygen atom
into the vacant site left by the Pt atom. For this purpose, we
utilized the constrained optimization method [47–50]. In this
technique, the Z variable of the transferring atomic nucleus is
constrained in defined steps, between values corresponding to
the fully optimized initial and final states. At each of the Z
values, a full geometry optimization is performed for all other
degrees of the freedom. This method allows the molecules to
rotate and translate subject to the above constraint. Using this
procedure, we chose equal increments of Z for the Pt atom in
the Pt extraction step, i.e., between the fully optimized struc-
tures with Pt atom in the initial lattice position and in the

extracted state by two water molecules. Thereafter, we trans-
lated the Oads atom in equal steps to also create the trajectory
along Z for the Oads substitution step. This method is efficient
and reliable under the premise that the Z-coordinate represents
a suitable reaction coordinate.

Figure 1 illustrates the proposed mechanism of Pt atom
extraction and Oads substitution into the sublayer. In the buck-
ling step, the threefold Oads-coordinated Pt (labeled as Pt45) is
initially lifted by ∼1.7 Å from the original lattice position to
assume an energetically more favorable position above the
surface. Formation of this intermediate state, referred to as
buckled hcp in [34], is accompanied by a lateral move of
one of the neighboring oxygen atoms (labeled as O1) from
its initial fcc position to the hcp site. Thereafter, two surface
water molecules facilitate the complete extraction of Pt atom,
with an overall displacement of ∼2.6 Å from the initial lattice
position, to reach an energetically more stable state. Following
Pt extraction by ∼2.6 Å, one of the neighboring oxygen atoms,
which was not bonded to the detached Pt atom (shown as O6
in Fig. 1), substitutes into the subsurface filling the tetra-I site
underneath the hcp site. The energetics of these processes is
sensitive to the Oads coverage as will be discussed.

Figure 2a, b shows the energy diagrams of the processes
illustrated in Fig. 1 as a function of Oads coverage and for the
two opposite orientations of water layer. Comparing the ener-
gy diagrams, it is clear that the impact of Oads coverage on the
MEP is dominant, while the water orientation plays a minor
role. By increasing the coverage above 0.5 ML O, geometri-
cally threefold Oads coordinated local Pt sites start to form,
which as will be shown, is the decisive local criterion for the
Pt extraction; above this critical coverage, concerted se-
quences of Pt extraction and Oads substitution at the threefold
coordinated Pt site leads to an energetically more favorable
place-exchanged state. It should be noted that our unit cell size
only allows us to change the coverage with an increment of
8.33 %; thus, simulations with larger unit cell sizes would
unequivocally show this effect for any coverage above
0.5 ML O. The activation barrier energies for the Pt buckling
step (withΔZ ∼1.7 Å) were found to be∼0.37 eV for 0.58ML
O, and ∼0.50 eV for 0.75 and 1.0 ML O. For this step, the
value of Pt displacement is in very good agreement with STM
images under ultrahigh vacuum conditions showing ‘protru-
sions’ interpreted as buckled Pt atoms with an apparent height
of 1.7 Å [29].

Following the buckling step (withΔZ ∼1.7 Å), the Pt atom
is completely extracted from the surface and lifted by ∼2.6 Å
relative to its initial position at the surface in order to relax into
even more stable state which corresponds to the second min-
imum in Fig. 2. For the extraction step, two flat-lying surface
water molecules are necessary to be involved in the process of
forming a chemical complex of [PtO2(H2O)2] at the interface.
Notably, we did not find a stable state with only one water
molecule involved in the extraction process. The 3D charge
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density difference isosurfaces for the [PtO2(H2O)2] are shown
in Fig. 3, illustrating the electropositive (blue) and electroneg-
ative (yellow) zones that occurs between the oxygen atoms of
twowater molecules (shown as O7 and O15) and the extracted
Pt, as well as the extracted Pt and two neighboring
chemisorbed oxygen atoms (shown as O1 and O14).

In the final step, the neighboring oxygen atom that was not
bonded to the extracted Pt (shown as O6 in Figs. 1 and 3)
transfers to the subsurface to become adsorbed on the tetra-I
site underneath the hcp site. This final step is also sensitive to
the oxygen coverage and is only energetically favorable at
coverages above 0.75 ML O, as the second nearest neighbor
hollow fcc sites around the Pt atom start to be occupied with

Oads (also see Fig. 5 for clarification). This finding is in agree-
ment with the results presented in [32]. The reaction energies
corresponding to Fig. 2 and Pt displacement from surface for
all the studied systems are provided in Table 1.

We further explored the effect of Pt coordination with one
and two chemisorbed oxygen at lower coverages on the buck-
ling and extraction processes. Figure 4a shows the energy di-
agrams of Pt displacement at θO=0.42 ML O (where Pt sur-
face atom is coordinated with one Oads) and at θO=0.50MLO
(as Pt surface atom is coordinated with two Oads, also see
Fig. 5), in comparison with that for triply coordinated Pt (at
θO=0.58 ML O). As indicated, the formation of threefold
Oads-coordinated Pt atom is a critical condition for the Pt atom

Fig. 2 Minimum energy pathways for Pt extraction and Oads substitution at coverages above 0.50 ML O, and for two opposite orientations of water
layer: a three H-up and one H-down, b three H-down and one H-up

Fig. 1 Illustration of the
mechanism of Pt extraction and
Oads substitution at oxygen-
covered Pt(111); gray, red, blue,
white, and green colors show
atoms of Pt, chemisorbed oxygen,
oxygen in water layer, hydrogen,
and the local Pt site involved in
this mechanism, respectively.
Active atoms are labeled with
numbers: Pt45 is the extraction
site; O1, O6, and O14 are the
chemisorbed oxygen atoms at fcc
sites around Pt45; O1 is the
diffused chemisorbed oxygen
atom in the buckling step; O6 is
the transferred oxygen atom in the
Oads substitution step; O7 and
O15 are the oxygen atoms in
water molecules involved in the
extraction step (color figure
online)
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extraction at Pt(111), while Pt detachment from surface is en-
ergetically unfavorable for lower coordination with Oads.

Interestingly, the role of surface water molecules is indis-
pensable to stabilize the extracted Pt atom and provide a min-
imum energy pathway for Oads substitution. In Fig. 4b, the
mechanism is evaluated in the absence of a water layer. In this
case, although the Pt buckling step remains energetically via-
ble at θO>0.50 ML, the extraction step is prohibited without
water molecules, i.e., there is no stable state for the Pt extrac-
tion; moreover, without surface water molecules Oads substi-
tution involves a large activation barrier of ∼1 eV, which ren-
ders the substitution step unlikely.

Surface Charging Effects at Oxygen-Covered Pt(111) We
discuss results in the context of surface charging behavior at
oxidized Pt(111) slightly below and above the critical cover-
age of 0.50ML. Figure 5a–e illustrates the most stable oxygen
surface atom configurations for Oads coverages, ranging from
0.42 to 1.0 ML. As θO increases in this range, the calculated
average Bader charge [51] per atom of the surface Pt layer

grows from 0.27 e0 per atom to 0.67 e0 per atom (see Table
S1 in SI), where e0 is the elementary charge.

As discussed, for θO>0.50 ML, local Pt sites appear (shown
as Pt45 in Fig. 5) that are coordinated by chemisorbed oxygen
atoms in each adjacent three-fold hollow fcc site. This state of
high local Oads coordination induces electronic charge depletion
at triply coordinated Pt surface atoms that exceeds ∼0.7 e0. The
magnitude of the electronic charge depletion is larger for triply
coordinated Pt as compared to doubly (0.49 e0/Pt) or singly
(0.26 e0/Pt) coordinated Pt (see Table S1 in SI).

Plots in Fig. 5f–j show isosurfaces of the charge density
difference, defined as

Δρ ¼ ρtotal−ρslab−ρads ; ð1Þ
where ρtotal is the charge density of the total system; ρslab and
ρads are separately calculated charge density for the bare slab and
adsorbed oxygen atoms fixed in their positions in the overall
system, respectively. The isosurfaces in Fig. 5f–j illustrate the
charge transfer that has occurred between Pt surface and
chemisorbed oxygen atoms. Electronegative zones (yellow) are
created by electron transfer from Pt atoms to chemisorbed oxy-
gen atoms, which lead to the electropositive zones at surface Pt
atoms (blue). As shown, as the Pt site is coordinated with three
oxygen atoms for coverages above 0.50 ML, it becomes more
electropositive inducing a larger local polarization at the site.

To rationalize the local driving force for the Pt extraction
process, we estimated the z-component of the local dipole
moment at Pt45. The simulated slab is asymmetric with a
chemisorbed oxygen adlayer formed only at one side. This
asymmetry causes a redistribution of charge between the two
slab surfaces. The net amount of the total surface charge can be
determined after application of the dipole correction to elimi-
nate the electric field between periodic images of the slab. We
determined the total surface charge, Q, induced by this correc-
tion for the Oads-free backside of the simulated slab. For elec-
troneutrality, an equal but opposite total amount of charge, −Q,
must be deposited at the Oads-side of the slab. For simplicity,

Fig. 3 The 3D charge density difference isosurfaces of Pt45, extracted by
two water molecules at 1.0 ML O coverage; blue shows negative
isosurfaces (charge depletion zones); yellow shows positive isosurfaces
(charge accumulation zones); the isosurfaces value is taken as 0.002 e per
Å−3 (color figure online)

Table 1 Reaction energies of the steps of Pt buckling, Pt extraction, and Oads substitution (in eV) for various oxygen coverages and water orientations

Pt buckling Pt extraction Oads-substitution

Coverage ΔG (eV) ΔG† (eV) ΔZ (Å) ΔG (eV) ΔG† (eV) ΔZ (Å) ΔG (eV) ΔG† (eV) ΔGtotal (eV)

0.5833 ML O-water H↑ −0.51 0.38 1.36 0.12 0.38 2.45 0.48 0.79 0.09

0.5833 ML O-water H↓ −0.70 0.36 1.77 −0.12 0.32 2.49 1.08 1.26 0.26

0.7500 ML O-water H↑ −0.65 0.55 1.67 −0.75 0.07 2.49 0.15 0.85 −1.24
0.7500 ML O-water H↓ −1.11 0.48 1.77 −0.35 0.42 2.60 0.04 0.82 −1.41
1.0000 ML O-water H↑ −2.05 0.54 1.79 −0.31 0.60 2.69 −0.78 0.70 −3.14
1.0000 ML O-water H↓ −2.08 0.50 1.78 −0.26 0.69 2.68 −0.87 0.67 −3.21

Pt atom displacement values (ΔZ in Å) are relative to its initial position at surface

Reaction energies, ΔG, and barriers, ΔG† , of the steps of Pt buckling, Pt extraction, and Oads substitution (in eV) for various oxygen coverages and
water orientations
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we assume that this total charge is distributed in equal amounts
over the surface Pt atoms at the oxygen-side of the slab, cor-
responding to a value of –Q/n per surface atom, where n=12 is
the number of surface Pt atoms per unit cell. We are interested
in the local dipole moment induced by chemisorbed oxygen at
the Pt45 site. We determine the Bader charge [51] for this atom
relative to the corresponding uncharged atom, qPt45, and ob-
tain the induced Oads-dipole charge as δq=qPt45+Q/n. As for
the dipole length we use the distance dz along z from the center
of Pt45 to the plane of the adsorbed oxygen atoms coordinated
to this site. The dipole moment is calculated as μ45=δq×dz.
Using the samemethod, we calculated the local dipole moment
between the extracted Pt site and two involved surface water
molecules after completion of the Pt extraction and Oads sub-
stitution steps, in order to estimate the net dipole moment for
these states (see Table S1 in SI). Values of μ45 are shown in
Table 2 for the different oxygen coverages considered.

The calculated dipole moments are consistent with values
reported in [17]. Upon coordination of Pt45 with three Oads, a
strong local dipole moment (>3.5 D) directed toward the surface
occurs, which destabilizes Pt45 and leads to its extraction from
the surface. As a result of Pt extraction and O substitution, the
local dipole moment, μ45, drops to much smaller values (∼0.1
D) and eventually changes orientation at high oxygen coverage
of 1.0 ML, thereby stabilizing the surface at the site at which Pt
extraction and Oads substitution have occurred.

Furthermore, we generated the planar average of the in-
duced charge density along the surface normal for various
oxygen coverages, shown in Fig. 6a. The plots were obtained
by calculating the difference between the total plane-averaged
charge density of the interfacial system and separately obtain-
ed charge densities of the Pt slab and the adsorbates (defined
asΔλ ) as a function of z. The adsorption of oxygen induces a
large polarization at the interface with the dipole moment

Fig. 4 a Comparison between the minimum energy pathways for Pt extraction at coverages below and above 0.50 ML O. b Comparison between the
minimum energy pathways for Pt extraction and Oads substitution with and without water layer at 0.58 ML O

Fig. 5 a–e Top views of the most stable O surface atom configurations
for coverage of a 0.42 ML, b 0.50 ML, c 0.58 ML, d 0.75 ML and e
1.0 ML; gray and red colors are used to represent Pt and Oads,
respectively. Green shows the local Pt atom, labeled as Pt45, which
participates in the mechanism of extraction; f–j the corresponding top

views of the charge density difference isosurfaces. Blue shows negative
isosurfaces (charge depletion zones); yellow shows positive isosurfaces
(charge accumulation zones); the isosurfaces value is taken as 0.002 e per
Å−3 (color figure online)

350 Electrocatalysis (2016) 7:345–354



directed towards the surface. However, as shown in Fig. 6b, Pt
extraction and Oads substitution steps modify the surface di-
pole moment, which, as discussed, results in obtaining an
energetically more stable state.

The surface potential energy is a function of the charge
density distribution, which varies with θO. We calculated the
work function of the surface, Φ, which is the energy required
to bring an electron from inside of the slab to the vacuum.Φ is
calculated as the difference between the potential energy of an
electron in the middle of the vacuum and in the middle of the
Pt slab. Figure 6c shows Φ as a function of oxygen coverage
for the 2 ×2 Pt(111) reference systems; the work function
increases with increasing θO due to the positive charge carried
on the surface layer of Pt atoms.

Coverage by oxygen also affects the surface strain as well
the electronic interactions. We studied the effect of coverage
on the lateral strain using a 2×2 Pt(111) system. For this aim,
structural optimizations of the slab for varying unit cell pa-
rameter were carried out in order to find the energy profiles as
a function of the lateral strain. As shown in Fig. 7, results
suggest that for coverage >0.50 ML surface contraction is
favored, with a maximum of ∼3 % at 1.0 ML, but below
<0.50 ML O lateral expansion is favored. This result is also
in agreement with the recent DFT study by Li et al. [52].

Table 2 Values of estimated net
z-component of the local dipole
moment at the extraction site
(Pt45) for various coverages,
indicating the direction towards
(↓) or away from the surface (↑)

0.4167 ML
O

0.50 ML
O

0.5833 ML
O

0.75 ML
O

1.00 ML
O

μ45 (D) for reference system 1.15 ↓ 2.09 ↓ 3.54 ↓ 3.60 ↓ 4.05 ↓

μ45 (D) for Pt extracted system – – 0.16 ↓ 0.26 ↓ 0.38 ↓

μ45 (D) for O substituted system – – 0.10 ↓ 0.14 ↓ 0.08 ↑

Fig. 6 Comparison between the planar average of the induced charge
density along the surface normal for a Pt(111) with oxygen coverages
above 0.50 ML; and b Pt(111) with surface coverage of 1.0 ML O and
that for the Oads substituted system. c Calculated work function as a
function of surface oxygen coverage for a 2 × 2 Pt(111) system

Fig. 7 Percent surface strain caused by oxygen coverage at Pt(111). The
energy profile is relative to the slab optimized in its bulk lattice constant.
Coverage above 0.5 ML O results in surface contraction and coverage
below 0.5 ML O leads to surface expansion
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To understand the effect of oxygen coverage on the
electronic interactions, we utilized the d-band model
proposed by Hammer and Nørskov [53]. In this model,
an upshift in the average energy of the d-states relative
to the Fermi level, so-called as the d-band center, re-
sults in a stronger interaction between surface atoms
and adsorbates. We first calculated the binding energy
of oxygen as a function of coverage for a 2 × 2 Pt(111)
slab system using the following equation:

ΔE ¼ EslabþnO−Eslab−
n

2
EO2 ; ð2Þ

where n is the number of oxygen atoms in the unit cell,
and EO2 was considered as 5.87 eV [54]. As shown in
Fig. 8a, increasing the oxygen coverage lowers the
strength of the interaction of oxygen with the surface
and results in decreasing the binding energy. Figure 8b
shows the d-projected density of states (DOS) of surface
Pt atoms as a function of coverage for a 2 × 2 Pt(111)
system. The d-band is narrower and higher in energy
for clean surface and as the coverage increases the d-
band center shifts down to more negative values.

Consistently, as shown in Fig. 8c, downshift in the d-
band center with coverage lowers the strength of inter-
action of oxygen with the surface.

Furthermore, we examined the proposed mechanism of Pt
extraction for a CuML/Pt(111) near-surface alloy system. In
this model system, a monolayer of Cu atoms was considered
in the subsurface of the Pt(111) slab. Figure 9 compares the
energy diagrams for the Pt extraction and Oads substitution
processes on CuML/Pt(111) with that of Pt(111) at
θO=0.58 ML. For this coverage, the extraction energy for
CuML/Pt(111) was found to be −0.17 eV while that for
Pt(111) was obtained as −0.82 eV. In addition, the activation
barrier for the buckling step at CuML/Pt(111) was obtained as
0.63 eV which is larger as compared to 0.36 eV for Pt(111).
Results suggest that the extraction is both kinetically and en-
ergetically less favored for CuML/Pt(111) system. Indeed, a
recent study has reported the noticeable enhancement in the
Pt stability of CuML/Pt(111) [55]. In the future, we will con-
tinue this study to obtain a relation between the extraction
energy and segregation energy for near-surface alloys with a
range of different metals in the sublayer, in order to unravel
systematic trend in the stability of these systems.

Fig. 8 a Calculated binding energy of oxygen for varying coverages at Pt(111). b d-band projected density of states of surface Pt atoms for varying
oxygen coverages at Pt(111). c Variations in the binding energy of oxygen as a function of the d-band center of Pt surface atoms
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Conclusions

We proposed a new mechanism of Pt extraction and Oads

substitution that depends on stringent local selection criteria:
(i) the destabilization of surface Pt atoms by the formation of
chemisorbed Oads in three adjacent fcc adsorption sites and (ii)
the presence of surface water molecules to stabilize the ex-
tracted Pt. Results suggest that the extraction mechanism is
favored above 0.5 ML O, where the first criteria is fulfilled.
Oads substitution to the vacancy left by the extracted Pt, on the
other hand, is energetically favorable above 0.75MLO, as the
next fcc nearest neighbors of the Pt site start to be occupied by
oxygen. We discussed that the strong induced local dipole
moment is the main driving force for Pt extraction; in addition,
the role of surface water molecules is essential to stabilize the
extracted Pt atom and provide a minimum energy path for the
Oads substitution. Moreover, we studied the effect of oxygen
coverage on surface strain and electronic interactions. Increase
in the coverage above 0.5 MLO results in surface contraction,
while for coverages below 0.5 ML O surface expansion is
favored. Increase in the coverage also shifts the d-band center
down and leads to lowering the binding energy of oxygen.
Furthermore, we generated the energy diagram of Pt extrac-
tion and Oads substitution mechanism for the CuML/Pt(111)
system. As compared to Pt(111), it was found that the Pt
extraction from surface is both kinetically and energetically
less favored for this system suggesting the stronger interaction
between Pt surface atom and Cu subsurface atoms.

The approach of anionic species from the solution
could fulfill a similar role as interfacial water dipoles
in enabling the Pt extraction process. We expect that
the proposed re-interpretation of interfacial place-
exchange as a local process will make it possible to
extend the proposed mechanism to different Pt surface
structures, ordered or disordered, toward understanding

the mechanisms of Pt dissolution and predicting the
stability of various surface structures.
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