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Abstract We review our recent work that employs a
series of computational techniques including density
functional theory, ab initio molecular dynamics, and clas-
sical molecular dynamics to investigate changes in the
structure and electronic properties of Pt-based alloy cata-
lysts under oxygen reduction reaction conditions in acid
medium. We show density-functional theory-based corre-
lations between surface segregation and the oxidation state
of the subsurface atoms, and their effects on metal disso-
lution. Since the onset of Pt dissolution coincides with that
of surface oxidation, surface reconstruction phenomena is
evaluated using ab initio and classical molecular dynamics
at increasing degrees of oxidation on extended surfaces and
nanoparticles, including the effects of water and an acidic
solution. Significant reconstruction and compositional
changes are observed as the surface is modified by the
presence of adsorbates and electrolyte components. Finally
we discuss the consequences of dealloying and suggest an
explanation for the enhanced activity observed experi-
mentally in the resultant nanoporous structures.
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1 Introduction

Due to its role in electrochemical energy conversion
devices, especially for transportation applications, the
electrocatalytic reduction of oxygen remains one of the
most outstanding challenges in electrochemical science and
technology. Despite many efforts, clear understanding of
the complex reaction mechanisms and achieving the goal
of a highly active and stable catalyst material for the
oxygen reduction reaction (ORR) at the acid conditions of
low temperature proton exchange membrane fuel cells
(PEMFCs) have not been fully achieved [1, 2]. In order to
meet the targets for automotive use, further developments
are required to improve the efficiency of the fuel cell
materials, including the durability and activity of the
electrocatalyst which facilitates the ORR in the cell cath-
ode [3, 4]. Pure platinum has repeatedly been found the
best catalyst for the ORR in acid medium; however, it is
expensive and scarce, hindering the commercial imple-
mentation of fuel cells in automobiles. Therefore, many
scientific efforts are focused in designing cheaper, more
active and durable electrocatalysts than pure Pt [5].
Density functional theory (DFT) is nowadays widely
used as a tool to predict the trends of catalytic activity,
stability and design of catalytic and electrocatalytic mate-
rials [6-11]. DFT calculations have been found extremely
useful for determination of suitable indicators of ORR
electrocatalyst activity [6]. Such indicators include binding
energies of the main reaction intermediates: O, OH, and
OOH based on the correlation found between the oxygen
reduction currents and the oxygen adsorption strengths, and
due to the role of OH as a blocking species for the ORR
[12-15]. Other studies have focused on elucidating reaction
mechanisms using a variety of approaches from cluster
models [16-21] to slab surfaces [15, 22-30]. Under the
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electrochemical environment, the main changes induced by
the electrode potential are manifested as surface and
adsorbates polarization, and due to the presence of the
solvent, the so-called electrochemical double layer which
modifies the reaction conditions [31]. Several years ago,
we introduced one of the first attempts to characterize such
electrochemical environment [22, 23]. Our approach was
very simple: surface polarization is induced by adding an
excess electron to the surface and observing the evolution
of the sequence of elementary ORR reactions under these
conditions wusing ab initio Car-Parrinello molecular
dynamics simulations, with the simulation cell remaining
neutral by the introduction of a background charge [22].
We then repeated such simulations introducing a hydrated
proton and an excess electron on the surface and again
following the sequence of events with the polarized surface
[23]. A more effective and less-expensive approach for
introducing the effect of the electrode potential was pre-
sented by Norskov et al. [15]. In their methodology the
reaction free energies are evaluated on the basis of
adsorption energies of reactants and products, and then
corrected by a term which represents the electrode energy
at a given electrochemical potential. Such term modifies
the potential energy surface for the electron transfer reac-
tions. The results were very useful to explain trends of
different ORR catalytic surfaces. In other approaches the
variation of the electrode potential is represented by a
variable number of electrons [32] adding complexity to the
numerical calculations. However, comparison with the
simpler method of Norskov and coworkers [33] shows
negligible differences for the reactions tested.

Typical ORR catalysts are nanoparticles supported on a
conductive medium (generally carbon). Therefore other
questions arise such as what is the role of particle size and
shape on the catalytic activity [34, 35], and for the DFT
modelers what is the best approach to modeling the surface
[36]. Modeling nanoparticles as those typically used as
ORR electrocatalysts could be done representing the sur-
face with a cluster or a slab. The question of the transition
from molecular to bulk behavior has been recently
addressed [37, 38]. It was concluded that the typical
extended surface representation should work well for par-
ticle sizes of about 2.5 nm or larger, provided the effects of
temperature and pressure are taking into account in the
modeling [37]. Another factor is surface composition: Pt-
based alloys have been studied for a long time aiming to
substitute the platinum surface with a cheaper composite
material with similar activity [4]. The main problems
associated with this approach are based on the constant
evolution of the surface due to surface segregation effects
on alloys [39-45] which result in different surface com-
positions and metal dissolution reactions taking place in
acid medium. For the prediction of stability of the surface

electrocatalytic material, DFT calculations may be used to
calculate the electrochemical potential shift (AU, in V)
corresponding to the onset of Pt dissolution relative to that
on Pt (111) surface which is used to predict the relative
stability of the Pt surface atoms, in vacuum and under
oxygen, for the reaction Pt — Pt 4 2¢~ in acid medium
[46-48].

Pt-skin surfaces consisting of a monolayer deposited
over a substrate (single or mixed metal) are a popular
electrocatalyst concept that is having a considerable impact
on PEMFC catalysis due to the activity improvement
observed in these materials in comparison with pure Pt [12,
49-54]. The reason of the activity improvement of Pt skin
systems is related to the substantial geometric and elec-
tronic modification induced by the substrate on the physical
properties of the monolayer [26, 55]. These effects include
the chemical interaction between substrate and surface
elements and the stress induced by the lattice constant
mismatch between both regions. The topic has been the
subject of numerous experimental and theoretical studies
[11, 26, 43, 53-55]. However, the catalytic activity is not
useful if the lifetime of the catalyst is very short. Therefore
the stability of the ORR electrocatalytic material during its
performance is of fundamental importance since the fea-
sibility of a catalyst would only be firmly assessed by the
combination of activity and durability properties. In this
paper, we review our work related to the evolution of core—
shell electrocatalysts under reaction conditions using a
multiscale modeling approach involving DFT calculations
as well as ab initio and classical molecular dynamics
simulations. We start with a discussion based on DFT
calculations about surface segregation effects and their
relation to the stability of the catalyst surface atoms against
dissolution, focusing on core—shell structures with a top
platinum monolayer. Then, we refer to the degradation of
the catalyst under acid medium as a function of the extent
of surface oxidation, on the basis of DFT, ab initio, and
classical MD simulations. We finalize by introducing a
DFT model for describing reactivity for adsorbates con-
fined within metal pores emulating the structure of the
catalyst after dealloying.

2 Surface Segregation and Stability of Core—Shell Alloy
Catalysts

It was mentioned in the Introduction that DFT analyses has
yielded useful indicators of catalytic activity. In a similar
way, we may expect specific properties of the core—shell
system to be useful in anticipating stability behavior
against dissolution. For example, the atomic size of a given
core element, as well as its surface energy and cohesive
energy are known to be correlated with its surface
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segregation energy [42]. More importantly, under ORR
conditions, several oxygenated intermediates will be
deposited on the surface, and even migrate to the subsur-
face of the catalytic particle [56—58]. The presence of these
species are driving forces that facilitate surface segregation
and induce the first significant changes on the catalytic
surface [59]. Therefore the oxophilicity of the core element
is crucial. For example, in Pt/Co alloys the stabilization
energy when one Pt atom is substituted by one Co atom in
vacuum is —0.68 eV and becomes —2.34 eV under
0.25 mL of O adsorbed on the surface [60].

With respect to the stability of Pt surface atoms of the
skin-surface systems relative to pure Pt (111), our DFT
analysis has shown [60] that core—shell structures with pure
substrates of Ir, Au, Rh, Pd, and Ag make the Pt surface
atoms more stable on the skin-surface systems than pure Pt
(111) surfaces, in vacuum and under 0.25 mL of O
adsorbed on the surface, whereas Co, Ni and Cu make the
Pt surface less stable against dissolution. In addition, these
elements have a large tendency to dissolve in acid medium,;
their standard reduction potentials with respect to the
hydrogen electrode are more negative than that for Pt
(1.18 V): —0.28 V for Co, —0.257 V for Ni, and 0.342 V
for Cu [61], as shown by previous experimental and DFT
studies [48].

Thus, based on the calculated indicators of electrocata-
lyst stability, none of the 3d-metals (Co, Ni and Cu) would
be good substrates or cores since they tend to segregate to
the surface and modify its structure, and the Pt skins on
these substrates tend to dissolve more than pure Pt [60]. In
contrast, the 4 and 5d substrates could stabilize the Pt skin
surface against dissolution in vacuum and under O adsor-
bed. However, only Ir and Pd substrates do not segregate to
the surface in vacuum and under 0.25 mL O adsorbed on
the surface. Therefore, based on this preliminary analysis,
Ir and Pd substrates would be potentially good candidates
as core for the Pt skin-surface systems. It is noted that
further studies may be needed to investigate the effect of
larger oxygen concentrations on the surface, since as
shown in the next sections these conditions may be deter-
minant for the posterior evolution of the catalyst.

From the analysis of activity and stability properties, it
may be inferred that combining certain 3-d elements with a
relatively stable core such as Pd or Ir may provide a suc-
cessful alloy combination [60]. Stability indicators of Pt/
Pd;X systems, with X = Co, Fe, Cr, V, Ti, Ir, Re are
shown in Fig. la, b for the surfaces under vacuum and
under 0.25 mL of O, respectively. The calculated segre-
gation energies of the substrate atoms to the surface are
graphed as a function of the electronic charge of the atom
X in the subsurface. The total electronic charge of an atom
was calculated using Bader charge analysis [62, 63]. This
analysis defines an atom based on the electronic charge
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Fig. 1 a Segregation energy of X (blue diamonds), and segregation
energy of Pd (red diamonds for X belonging to period 4 and green
diamonds for X belonging to period 6 of the periodic table) from the
core to the surface of clean core—shell Pt/Pd;X alloys, in vacuum.
b Segregation energy of X (green diamonds for X belonging to period
4 and purple diamonds for X belonging to period 6 of the periodic
table), and segregation energy of Pd (red squares for X belonging to
period 4 and blue squares for X belonging to period 6 of the periodic
table) from the core to the surface of core—shell Pt/Pd3X alloys
covered by 0.25 mL of O. Adapted from [60]; reproduced with
permission of the PCCP owner societies

density using zero flux surfaces to divide atoms; the total
electronic charge of an atom is approximately the charge
enclosed within the Bader volume defined by zero flux
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surfaces. Note that positive segregation energies indicate
destabilization of the system when a given atom migrates
to the surface, this is called antisegregation. In contrast,
negative segregation energies signal a more stable system
after segregation of that species to the surface. Under
vacuum, the anti-segregation of X toward the surface
increases with the degree of atom X oxidation in the sub-
surface (positive energies in Fig. 1). Instead, Pd has a slight
tendency to segregate to the surface (negative energies in
Fig. 1) that also increases with the degree of oxidation of X
in the subsurface.

The results in Fig. 1 are organized with respect to X
location in the periodic table: period 6 for Ir and Re, and
period 4 for the other elements. In both cases the less
positively charged Pd atoms tend to segregate to the sur-
face and X atoms tend to remain in the substrate. The
positive X atoms establish an attractive electronic inter-
action with Pt surface atoms which have slightly negative
charges; this polarization between the monolayer surface
and the substrate layer has been discussed by other
researchers based on theoretical and experimental evidence
[64, 65]. Under 0.25 mL O adsorbed on the surface
(Fig. 1b), Pd segregation trend is similar than in vacuum,
however there is a strong segregation of Ir, Cr, V, Ti, and
Re, and weaker for Co and Fe. Although Iridium’s cohe-
sive properties induce stability of pure Ir substrates such
properties may be modified after alloying if Ir atoms may
be located in a different atomic environment where their
strong antisegregation properties are lost.

A consequence of these substrate segregation results is
that the O and OH binding energies are different because of
the presence of the segregated atoms on the surface. For
example, O binding energies calculated on PtPtPd and
PtPtX fcc hollow sites are stronger when Pd atoms are in
the surface, but still relatively weak compared to those on
pure Pt (111). On the other hand, O binding energies
strongly increase under segregation of X, especially in the
presence of elements with strong affinity for oxygen, fol-
lowing the order Co < Fe <Ir < Cr < Ti < V < Re. As it
will be shown later, the oxygen affinity of substrate ele-
ments is not only important to predict the substrate stability
but also to design new conceptual structures for better
electrocatalysts.

The calculated electrochemical potential shift for the
dissolution of Pt surface atoms is presented in Fig. 2. The
trends shown reveal a clear correlation between the stability
of the Pt atoms against dissolution and the degree of
oxidation of the atom X in the subsurface, which support
early conclusions about the strong attractive electronic
interaction established between the Pt monolayer and the
subsurface alloy layer. The calculated binding energies per
Pt atom of the monolayer to the substrate increase according
to:Ir(—1.29 eV) < Co(—1.33 eV) < Fe (—1.36 eV) < Re
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Fig. 2 Electrochemical potential shift for the dissolution of Pt atoms
from the surface of the alloys, on clean surfaces (blue symbols) and on
surfaces covered with 0.25 mL of O (red symbols), versus the charge
of the atom X in the subsurface of the alloy. Adapted from [60];
reproduced with permission of the PCCP Owner Societies

(=153 eV) < V(=154 eV) <Ti (—156 eV) < Cr (=191 eV).
With the exception of Cr the order correlates with the sta-
bility values of Pt atoms against dissolution in vacuum and
under O presented in Fig. 2 [60]. In summary, the presence
of arelatively small concentration of X elements in the Pd;X
substrate enhances the stability of Pt surface atoms on the
skin-surface systems against dissolution, in agreement with
previous XPS binding energy shifts [65] and theoretical
analysis [64]. We emphasize that the stability described by
Fig. 2 refers to the hypothetical case where the core is stable.
However, as suggested by Fig. 1b the trend of these ele-
ments is to segregate to the surface under 0.25 mL of O.
Moreover, any X element that segregates from the core to the
surface will dissolve in acid medium following the trend
given by their experimental redox potentials [61]. Thus, all
elements in our study would dissolve at more negative
potentials than pure Pt (1.18 V).

The reason of this substrate instability is its strong
oxygen affinity that favors surface segregation. A possible
solution is to introduce a new structural concept, where the
substrate atoms are already oxidized, therefore removing
the reason of their segregation to the surface. As an
example, we recently discussed a new class of core—shell
materials composed of a platinum monolayer over a com-
posite core where an extra element has been added to the
core in order to avoid surface segregation of the core
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transition metals [66]. More specifically, the system con-
sists of a shell/anchor layer/core structure. The anchor layer
in the catalyst is a region that aims to prevent surface
segregation of the core metal alloy atoms and their con-
sequent metal dissolution in acid medium. The enhanced
substrate stability arises from the use of carbon in the
interstitial sites of a thin film (only 2 layers) located in the
subsurface that anchors the substrate layers in their posi-
tions, impeding their segregation to the surface in vacuum
and under O adsorbed while keeping their beneficial
properties that favor ORR activity on the top platinum
monolayer. The studied systems were: Pt/Fe—C/Ir, Pt/Ni—C/
Ir, Pt/Co—C/Ir and Pd/Fe—C/Ir [67]. The main advantages of
the proposed materials include O adsorption energies
weaker than those on pure Pt surfaces that in general,
increase with the number of interstitial carbon atoms in the
system. Such increase of the O adsorption energies is due
to the expansion of the subsurface lattice in presence of C
which affects the Pt—Pt surface distances. However, even in
the case of complete filling of the interstitial sites, the O
adsorption energies are still weaker than those on pure Pt.
In summary, the presence of interstitial C atoms in the
anchor region of the composite material results in inter-
mediate adsorption energies thus favoring ORR activity [7,
13]. In addition, segregation of the substrate atoms to the
surface under 0.25 mL of O was found to decrease as the
number of interstitial C atoms in the anchor region
increases. The highest antisegregation energy values were
found for the 2:1 metal to carbon ratio. Such behavior can
be explained by the oxidant effect of interstitial C on the
substrate atoms that significantly reduces their driving
force for segregation toward the surface. DFT calculations
on these Pt-skin surfaces yielded high stability against
dissolution of the Pt surface atoms. We note that the con-
cept has not yet been tested experimentally. Even though
the presence of the carbide thin film in the proposed
structures may be a challenge for state-of-the-art fabrica-
tion techniques, advances in atomic and thin film deposi-
tion may make this type of materials feasible in the near
future.

3 Catalyst Evolution During Reaction

From the above discussion it may be concluded that the key
obstacle for active Pt-based alloy ORR electrocatalysts
having reasonably long lifetimes in acid medium is related
to the constant evolution of the catalytic surface caused by
metal dissolution which is poorly understood in spite of the
numerous world-wide research efforts. From the theore-
tical/computational viewpoint, a multi-scale approach
should definitely need to be introduced to achieve an
improved understanding. Here we summarize our recent
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efforts and point out our views on the remaining out-
standing challenges.

The dissolution of Pt and other transition metal ions has
been observed under highly acidic and oxidizing cathodic
environment during PEMFC operation [1, 4, 68]. The
dissolved metal cation may be reduced and agglomerate
with other metal particles increasing the catalyst particle
size or it may migrate through the electrolyte phase to other
fuel cell regions [69]. Thus, the study of the catalyst deg-
radation is of primary importance since it impacts the
performance of the entire system. The causes and mecha-
nisms of catalyst degradation in the electrodes and metal
migration to other fuel cell regions are not fully under-
stood. In the case of pure Pt, experimental results have
revealed the existence of a correlation between the degree
of surface oxidation and the amount of Pt dissolution [59].
Moreover, the “place exchange” mechanism [70, 71] is
often used to explain surface changes associated with the
development of a surface oxidation film. During such place
exchange it is assumed that adsorbed O atoms may migrate
into the subsurface, exchanging locations with Pt atoms,
giving place to an irreversible surface roughening called
buckling. In this work, buckling is defined as the difference
in the z coordinate of a surface atom and that corre-
sponding to the plane of the surface. Buckling of Pt atoms
has been revealed by DFT calculations at increasing O
coverage [56-58, 72, 73] and by experimental results
[72, 74].

Figure 3 shows that buckling is directly related to the
Pt—O coordination number. When a Pt atom is coordinated
to more than two O atoms (such as Pt atoms, labeled #59
and #63 in Fig. 3) significant buckling is detected, as
shown in Table 1.

On the other hand, in a relatively crowded surface as
shown in Fig. 4, where there are two oxygenated species O
and OH each one with a coverage of 0.33 mL, the maxi-
mum buckling found was of 0.29 A and the maximum
charge on a Pt atom was 0.5 e. Note from Fig. 4 that in this
case the adsorbate distribution is very symmetric and there
is no Pt atom coordinated to more than two oxygenated
species.

Buckling is enhanced by oxygen absorption into the
subsurface but also by the presence of other species on the
surface, for example hydronium ions, or cations and anions
from the acid medium [74, 75]. Results from ab initio MD
simulations[73] indicate that chloride ions play an impor-
tant role as additional oxidant agents inducing further
increases in buckling effects and oxidation of Pt atoms
located in its proximity with respect to other surface atoms.
A sequence of events visualized in Fig. 5 illustrates
buckling of a Pt atom induced by adsorption of chloride
and OH species which are stabilized by the water mole-
cules on the top layer. Hydronium ions decompose into OH
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Fig. 3 DFT calculated structures of oxygen adsorption on Pt (111)
surfaces at several O coverages. a 0.75 mL of O adsorbed on the
surface; the three atoms highlighted in green are the ones added to
increase the coverage from 0.5625 to 0.75 mL. (b, ¢) Two different

configurations with total coverage of 0.8125 mL of O (0.75 mL on
surface and 0.0625 mL in subsurface). The subsurface O is located in
a tetra I site. Buckling and surface reconstruction is visualized in top
(top images) and side views (botfom images)

Table 1 Buckling (in 13\) and charge (in e) of topmost atoms of Pt (111) obtained from DFT calculations

Atom ID  0.5625 mL oxygen (not shown) 0.75 mL oxygen (Fig. 4a) 0.8125 mL oxygen (Fig. 4b) 0.8125 mL oxygen (Fig. 4c)
Charge () Buckling (A) Charge (¢) Buckling (A) Charge (¢)  Buckling (A)  Charge (¢)  Buckling (A)

49 0.45 0.02 0.65 0.29 0.66 0.36 1.08 1.73

50 0.21 —0.08 0.44 —0.06 0.43 —0.05 0.46 —0.03

51 0.46 0.11 0.47 0.12 0.48 0.13 0.50 0.07

52 0.22 —0.09 0.21 —0.10 0.21 —0.08 0.47 0.10

53 0.44 0.02 0.58 0.24 0.56 0.27 0.32 —0.11

54 0.20 —0.10 0.25 —0.17 0.24 —0.17 0.23 —0.08

55 0.49 0.09 0.48 0.02 0.47 0.03 0.47 —0.01

56 0.18 0.02 0.22 —0.07 0.23 —0.05 0.43 —0.03

57 0.49 0.09 0.49 0.02 0.47 0.03 0.51 0.13

58 0.22 —0.09 0.24 —0.09 0.23 —0.08 0.23 —0.08

59 0.76 1.35 1.13 1.92 1.16 2.11 111 1.76

60 0.39 —0.12 0.40 0.01 0.70 0.38 0.43 0.00

61 0.45 0.11 0.47 0.13 0.47 0.12 0.46 —0.02

62 0.18 0.02 0.22 —0.08 0.23 —0.05 0.40 0.01

63 0.76 1.35 1.13 1.92 1.16 2.11 1.04 1.88

64 0.26 0.02 0.23 —0.13 0.29 —0.07 0.48 0.10

The atom ID corresponds to Fig. 3 and the maximum values of buckling and charge are indicated in bold

and H species, and reforming of HCI molecules is observed
(Fig. 5a). In Fig. 5b, a chloride ion is displaced by an OH
species. The effect of the hydroxyl formed after proton
transfer is similar to that with chloride ion, but the mag-
nitudes of induced buckling and charge transfer are much
smaller. These observations are in agreement with experi-
mental results of the enhancement of Pt dissolution when a
small amount of HCI is added to an acid medium [76]. The
simulations suggested that additional acidic water would be

needed to remove the oxidized Pt complexed with other
species from the surface.

To further investigate the onset of surface oxidation and
its effects on surface structure and composition in much
longer time scales than those allowed by ab initio MD
simulations, we employed classical MD simulations on
pure Pt and Pt alloys, on extended surfaces [77, 78] and on
supported nanoparticles [79]. The approach is based on
DFT results that suggest that the top three layers of the
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Fig. 4 DFT calculated buckling effects on a surface covered by 0.33 mL of O, 0.33 mL of OH, and 0.3 mL of H,O. Red spheres are O atoms,

blue ones are H atoms, and grey spheres are Pt atoms

Fig. 5 Ab initio MD results of a
0.5625 mL of O adsorbed on Pt
(111) in presence of three
hydronium and three chloride
ions and eight water molecules
at 350 K. a, b are snapshots
taken at 0.8 and 1 ps
respectively. Adapted from Ref
[73] with permission

surface are those that experience the largest structural and
electronic changes during oxidation. Thus, the DFT cal-
culated (positive) electrostatic charges on the atoms of the
top surface and first subsurface layer are incorporated into
the force field that employs a combination of Lennard-
Jones and Coulombic terms. Average values of the surface
and subsurface charges obtained from DFT were used in
the MD simulations. Oxygen molecules were assumed to
be already dissociated and the resultant oxygen atoms carry
a negative electrostatic charge; the magnitude of the
charges on the adsorbate and on the metal correlate with
the surface oxidation state, with the total system being
electrically neutral. Such oxygen anions interact readily
with the charged top surface layers, thus showing adsorp-
tion and absorption of O atoms. Solvent effects were
incorporated using the modified central force (CF-1) water
model [80-82] that allows water dissociation. The model
represents water as a molten salt of HY and O~ species
which combine to form water while allowing the formation
of H3;0 and OH species. These species are present on the
catalyst surface as a result of cathodic and anodic elec-
trochemical reactions that may include water dissociation;
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however in the simulation they are produced mostly
through water dissociation on the surface which becomes
more favorable under oxidation conditions. However,
hydronium ions from water dissociation are also able to
interact with the adsorbed O anions forming OH species
capturing at least in part the chemistry of the system. HCI-
like molecules were added to the system to represent an
acidic environment (pH = 3). The net result is the
enhancement of water dissociation under these acidic
conditions [77]. The overall aim of these simulations was
to detect structural changes on the catalytic surface and
dynamics and redistribution of adsorbates (including O,
OH, H,0, H30) under a highly oxidizing environment. The
simulated systems were Pt (111) and Pt/PtCo/Pt;Co (111)
both in slab geometries and as nanoparticles of an
approximate diameter of 4 nm, supported on a graphite
substrate. The particular atomic distribution of the alloy
used in the initial configuration (Pt/PtCo/Pt3;Co) was
adopted on the basis of DFT calculations indicating that
this is the most stable configuration of clean Pt;Co alloys;
[83] the result was also reproduced with the chosen force
field [78].
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Figure 6 illustrates significant changes in the surface
morphology due to adsorption of increasing amounts of
atomic oxygen. At the lowest O coverage (0.5 mL), O
atoms are mostly occupying their preferred hollow sites.

a b
Fig. 6 Results from classical MD simulations for O adsorption on Pt

(111) slabs at increasing levels of surface oxidation: a 0.5 mL of O;
b 0.6 mL of O; ¢ 0.75 mL of O; d 0.85 mL of O and water. Solvent

Fig. 7 Snapshots of Pt/PtCo/
Pt3Co (111) surface simulated
as a slab under 0.85 mL oxygen
and water without acid
molecules (a) and at pH = 3
(b) after 500 ps. The water
molecules are not shown in the
second row of images. Color
key: platinum—grey, cobalt—
purple, oxygen—red, cation—
yellow, OH—green, H,O—blue
and white, H;O—orange and
purple, anion—cyan.
Reproduced from [77]; with
permission of the PCCP Owner
Societies

Water not shown

However, as the O concentration increases, visible surface
buckling and reconstruction takes place due to migration of
O atoms into subsurface interstitial sites. In the case of the
studied alloys, such reconstruction is mainly caused by

c d

molecules are not shown for clarity. Reprinted with permission from
[78]. Copyright 2011, American Chemical Society

lons near to OH

Water not shown
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a b

Fig. 8 Snapshots of the C-supported Pt nanoparticle: a under vac-
uum, b—e: at 0.5, 0.6, 0.75, and 0.85 mL of oxygen and water, taken at
the end of the simulation using the CF1 model and under pH = 3.
Color key: platinum—grey, oxygen—red, cation—yellow, OH—

segregation of the non-noble Co atoms towards the surface,
leaving vacancies in the subsurface that are readily occu-
pied by Pt atoms; thus surface composition changes to a
Co-enriched surface distribution. Some of the most
important effects are shown in Fig. 7. The oxygenated
species (O and OH) show a strong preference for surface
Co and in lesser degree for Pt. Water molecules are
observed to agglomerate near OH species forming
H-bonding. The phenomena resembles that found experi-
mentally and theoretically on Pd surface oxides [84, 85]
where water tends to bond to low-coordinated metal atoms.

The presence of acid molecules causes further water
dissociation and therefore more OH and water agglomer-
ations on the surface. Additional simulations were per-
formed using similar approach on a nanoparticle of
approximate diameter of 4 nm supported on a model
graphite substrate. Figures 8, 9, 10 display snapshots
illustrating aspects of the particle degradation due to the
oxidation effect. The initial configuration of a pure Pt
nanoparticle (2,123 atoms) in Fig. 8a shows typical (111)
and (100) facets of a cubo-octahedral cluster. As O and OH
are adsorbed on the surface (Fig. 8b—e), the nanoparticle
shape becomes more rounded and the facets are gradually
lost. The particle changes shape and an enhanced wetting
of the substrate is detected as the degree of oxidation

@ Springer

c d e

green, HyO—blue and white, H;O0—orange and purple, anion—cyan,
carbon—orange. Reprinted with permission from [79]. Copyright
2011, American Chemical Society

increases. The solvation effect causes the formation of
small islands of water on the surface, as discussed in
relation to the slab surface in Fig. 7.

Similar observations can be done with respect to the
evolution of the alloy nanoparticle as shown in Fig. 9. Note
that in the initial configuration the nanoparticle exhibits a
Pt-skin surface (Fig. 9a), which is gradually changed by
migration of Co atoms from the subsurface. Migration of O
atoms into subsurface sites is clearly observed in Fig. 9d.

The MD simulations were also used to emulate the
effect of cycling: reduction followed by oxidation stages as
in a cyclic voltammogram. The reduction effect was
obtained by gradually reducing the charges on the surface
atoms and on the adsorbates, emulating the effect of the
electrochemical potential on the surface and adsorbates. At
the end of ten cycles, there was a clear loss of electro-
chemical surface area, and detachment of surface atoms
was also observed [79]. The degradation of the catalytic
surface is in excellent agreement with recent experimental
observations [68].

In summary, these MD simulations are able to capture
some of the important features of the oxidation-driven
catalyst degradation, such as buckling, surface restructur-
ing, atomic redistribution, and atomic detachment. How-
ever, as the non-noble metals are dissolved in the
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a b

Fig. 9 a Snapshots of the C-supported Pt/PtCo/Pt3Co nanoparticle
under vacuum and b under 0.6 mL of oxygen and water taken at the
end of the simulation using the CFl model and under pH = 3.
¢ Schematic indicating cut of the nanoparticle showing only the shell
region. d Snapshots of regions within the C-supported Pt/PtCo/Pt;Co
nanoparticle under 0.6 mL of oxygen and water taken at the end of

electrolyte phase, the dealloying process in acid medium
have been reported to give rise to hollow structures [48,
86-89] with significantly enhanced activity. Moreover,
different nanoporous structures defined as “spongy” [90]
or “hollow” [68] have been detected using different deal-
loying protocols. Simulating the development of such
porous structures would require the use of a different
method, such as Kinetic Monte Carlo [91]. In addition,
DFT may be used to investigate the effect of metal porosity
on the catalytic activity. Regarding this point, although not
much is known regarding the catalytic structure of a metal
porous matrix, it is worth to mention that significant
changes in the catalytic effects have been detected when
molecules are confined within surfaces separated by
nanometer distances [92-94]. This effect is a consequence
of the geometric and electronic changes given in the
reaction environment. In the next section we briefly sum-
marize our results and discuss them in the context of ORR
reactivity.

c d

the simulation using the CF1 model and under pH = 3. Only the
adsorbates and charged metal atoms are shown. Color key: plati-
num—grey, cobalt—purple, oxygen—red, cation—yellow, OH—
green, HyO—Dblue and white, H3O—orange and purple, anion—
cyan, carbon—orange. Reprinted with permission from [79]. Copy-
right 2011, American Chemical Society

4 Metallic Porous Structures and the Confinement
Effect on Reactivity

The proximity of two transition-metal surfaces separated
by a gap of molecular dimensions gives rise to strong
interactions that could be potentially useful for enhanced
reactivity in catalysis, separations, and sensing processes
[95, 96]. Depending on the nature of the interacting sur-
faces, confined adsorbates may be strongly adsorbed, dis-
sociated, or reacted with other species [97]. Separation of
mixed gases or liquids could be obtained by appropriately
tuning the composition of the alloy surfaces and the gap
geometry [98]. Furthermore, the importance of local
atomic disorder on reactivity has been pointed out based on
X-Ray absorption spectroscopy experiments [99]. Recently
we have studied the activity improvement on the dissoci-
ation of molecular oxygen confined between Pt surfaces
separated by a short distance. We found that at certain Pt
surface—surface separation, the dissociation of molecular
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Fig. 10 Spontaneous molecular oxygen dissociation occurs in skin-
surfaces (X/Pt, X = Pd, Cu, Ir, Ni, Fe, Co, Re, Ti) as the surface—
surface separation H is decreased, as evidenced by the sudden change
in OO bond length, except on Au/Pt and Ag/Pt where there is O-O
elongation without complete dissociation. Taken from Ref. [101],
reproduced with permission of the PCCP Owner Societies
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Fig. 11 Electronic structure changes in the surface valence bands
illustrated by the variation of the surface d-band center as a function
of surface—surface separation. For the case of Co/Pt and Pd/Pt
surfaces at short surface—surface separations the d-band center is
closer to the Fermi level leading to a higher surface activity. Taken
from Ref. [101] reproduced with permission of the PCCP Owner
Societies

oxygen is spontaneous [100]. We also studied interactions
of X/Pt skin surfaces where X is a monolayer of a 3, 4, or
5d metal. In this case, the effect of the separation distance
between X/Pt surfaces was analyzed in relation to the
dissociation of molecular oxygen and water (Fig. 10). It
was found that the electronic structure of skin surfaces
under confinement changes with respect to that of a single
surface, becoming more active for catalysis [101]. Changes
in the electronic structure of the confined skin surfaces can
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Fig. 12 Energy pathway for the dissociation of the chemisorbed O,
molecule on the Pt (111) surface, for surface = surface separations
H=47and 15 A. Reprinted with permission from [104]. Copyright
2011, American Chemical Society

be detected on other physical properties such as magnetic
moments [102]. The influence of the overlayer metal nature
on these phenomena offers the possibility to design specific
materials for targeted catalytic applications by manipula-
tion of control variables, such as the surface—surface sep-
aration between the skin surfaces but also the composition
of the composite system [101]. For example, the interaction
between Ti/Pt surfaces separated by a small gap in the
order of 0.4-0.8 nm facilitates the creation of a gas of
electrons in the gap between surfaces inducing the forma-
tion of an ethylene radical that readily reacts with another
ethylene radical and starts polymerization without the need
of an initiator [103].

Evidently, significant electronic changes take place on
the composite systems, as indicated by the changes in the
d-band center of the surface atoms as a function of the
surface—surface separation shown in Fig. 11.

The results shown in Fig. 10 correspond to the sponta-
neous dissociation of the O, molecule initially located with
its OO bond perpendicular with respect to the surface
planes [101]. In that case, each of the O atoms receives
electrons from each of the interacting surfaces, with the
electrons in the gap further contributing to a barrierless
dissociation. On the other hand, if the initial position of the
0O, molecule is closer to one of the surfaces, adsorption is
most favorable on bridge position, and the dissociation
takes place on one of the surfaces. However, as the two
surfaces become closer to each other, the barrier for dis-
sociation reduces significantly, as shown in Fig. 12, where
the calculated barriers are 0.37 and 0.57 eV for surface—
surface separations of 4.7 and 15 A respectively [104]. The
reduced activation barrier for the 4.7 A surface-surface
separation is induced by the electronic and geometric
confinement effect on the reaction pathway. The geome-
tries of the adsorbates along the initial, intermediates, and
final states, are shown in Fig. 13, corresponding to the
energies of Fig. 12.
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Fig. 13 Geometries of initial state (0), intermediate states (/—4), and final state (5) for a surface—surface separation H = 4.7 A. The numbers
0-5 correspond to the states displayed in Fig. 12. Reprinted with permission from [104]. Copyright 2011, American Chemical Society

Table 2 Bond lengths between

the O atoms, and from the O Image number

Bond length (A)

atoms to the closest surface Pt H=15A H=47A
atoms
0-0 POl Pt-02 0-0 Pt-O1 P02
0 1.35 2.05 2.05 1.40 2.03 2.03
1 1.37 2.08 2.03 1.40 2.07 2.06
2 1.91 2.03 1.89 1.81 2.06 1.95
3 2.94 2.06 1.84 3.07 2.06 1.91
4 272 2.01 1.92 2.92 2.04 1.93
Image numbers and atom labels 5 2.80 2.03 2.03 2.80 2.04 2.04

correspond to Fig. 12

The geometrical parameters (bond lengths and bond
distances) between adsorbates and from the adsorbates to
the surface are listed in Table 2. Note that the longer value
of the surface—surface separation distance (15 A) repre-
sents the limit of only one surface interacting with the
molecule. Figure 12 illustrates that in the confined state
(H=4.7 A), there is an initial barrier for the formation of
a chemisorbed state with elongated OO distance (state 1),
with a possible transition state geometry displayed in state
2 (Fig. 13) where the OO distance is already longer than
those of the dissociation precursors (Table 2). The next
step is a minimum in energy (state 3); the molecule is
totally dissociated but the atoms are not yet in their optimal
positions. Thus, the geometry evolves to a new transition
state (state 4) and finally to a state of minimal energy (state
5) where the two O atoms occupy hollow sites.

This simple example illustrates the potential effect of
confinement on the ORR. Many other intermediate steps

such as coupled proton and electron transfers to the oxy-
genated species could be equally affected by such geo-
metric and electronic confinement, as suggested by the
recent work of Erlebacher and coworkers [105], where a
nanoporous structure obtained after dealloying and filled
by an ionic liquid yields a significant activity improvement
in the ORR. In our example, the two interacting surfaces
represent the geometry of a slit pore, which could be
induced by dealloying effects leading into porous struc-
tures. In agreement with the findings of Erlebacher et al. we
suggest that confinement-induced electronic effects present
in such structures should be the source of the enhanced
reactivity. Since several other recent reports have also
indicated improved ORR activities and stabilities after
dealloying [86, 88], it is clear that more work is needed in
order to assess the origins of such activity and stability.
Coarse grained Kinetic Monte Carlo methods [91] where
prefactors and activation barriers of the main events are
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obtained with DFT and classical molecular dynamics
simulations, may help to identify details about the catalytic
structures after the dealloying process. Once such struc-
tures are elucidated, DFT models can be used to determine
the causes of the enhanced activity and to guide catalytic
treatments or suggest new designs.

5 Summary

A combination of enhanced activity and sustained dura-
bility is required for the success of Pt-based alloys as
efficient ORR electrocatalysts. Such alloys are primarily
designed using cheap non-noble metals in the core to
reduce the amount of Pt utilized and the overall cost of the
catalyst, while keeping and sometimes enhancing the ORR
catalytic activity. However, the strong oxygen affinity of
the non-noble atoms (Co, Ni, Fe, and others) facilitates
their migration to the surface where they become easily
dissolved in acid medium. Moreover, the catalyst surface
and its overall structure result significantly modified
especially at conditions where oxidation starts to take
place, due to surface restructuring mainly caused by oxy-
gen migration into the subsurface and non-noble metals
migrating towards the surface and detaching in acid med-
ium. These changes are especially important in nanoparti-
cles where nanoporous structures may arise as a
consequence of dealloying. It is interesting that such metal
nanoporous structures are found to be significantly stable
and active. We suggest that the origin of such enhanced
activity may be related to the presence of void spaces
where molecules could be exposed to electronic changes
induced by interacting metal surfaces separated by short
distances resulting in a net reactivity benefit.
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