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Abstract Low-temperature fuel cells are one of the most promising systems for the
transformation of fuels in an efficient, silent, and environmentally friendly manner.
The requirements for the electrocatalyst are essentially three: the highest possible
catalytic activity and the longest life cycle at the lowest cost. Sometimes, we can
obtain one at expenses of the other. In this chapter, we review the simulation
methods used in our group to study the degradation of catalysts for fuel cell
applications: Density functional theory (DFT), classical molecular dynamics
(CMD), Ab initio molecular dynamics (AIMD), and kinetic Monte Carlo (KMC).
In the first part, we employ DFT, AIMD, and CMD to address the importance of the
oxygen concentration on the surface of the catalysts and its influence on the
“buckling” of Pt atoms and the role of the subsurface atoms. Then we analyze the
temporal evolution of shape and composition of Pt/Ni nanoalloys by KMC simu-
lations at various overall compositions and applied voltages. Finally, using DFT we
study the effect that the presence of oxygen in the subsurface has on the buckling of
Pt skin/PtCo structures by varying the oxygen coverage factor. The different
methods and time scales used for the simulations permit us to fathom the factors
governing the stability of electrocatalysts for fuel cells applications.

1 Introduction

In the last centuries, fossil fuels have helped mankind to obtain increasing levels of
comfort and wellness. Unfortunately, the use of fossil fuels has also caused detri-
mental effects on the environmental global conditions. Now it is widely accepted
that the global warming and climate change are caused directly by human activity,
specially owed to CO, emissions generated by energy and transportation demands.
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Despite many actions proposed by international organisms in the reduction of
greenhouse gases, and promotion of conscious usage of the automobile, the CO,
and CO emissions are continuously increasing to values that may lead to
unthinkable consequences [1]. Renewable energies are promising alternatives to the
use of fossil fuels: solar, wind, and sea are practically infinite and free energy
sources if we find a cheap way to convert, storage, and transmit them. Solar energy,
wind, and hydropower cannot be widely used without converting into electricity or
chemical energy carriers. The favored chemical energy carriers are hydrogen and
methanol because of their “easy” generation, respectively, from water and carbon
dioxide, both lead to a drastic CO, reduction compared to the fossil-based concepts
[2]. Low-temperature fuel cells (Polymer electrolyte fuel cells, PEFC) represent an
environmentally friendly technology and are attracting considerable interest as a
means of producing electricity by direct electrochemical conversion of
hydrogen/methanol and oxygen into water and carbon monoxide.

There are, however, severe shortcomings on the present technologies, which
need to be overcome to make low-temperature fuel cells economically attractive.
One of the most important problems is related to the low rate of the cathodic
reaction, the oxygen reduction reaction (ORR). Platinum has been widely used for
this reaction, but due to kinetic limitations the cathodic overpotential losses amount
to 0.3-0.4 V under typical PEFC operating conditions. Improvements have been
made, especially by alloying or modifying the composition of the cathodic
nanoparticle. The improvement in the ORR electrocatalysts of Pt-alloys has been
ascribed to different structural changes caused by lattice mismatch producing
decreased Pt—Pt distances and electronic or ligand effects in which a different
environment causes the modification of the density of states responsible of the
coupling with the oxygen molecule. Pt/Co and Pt/Ni catalysts in different structural
configurations and proportions of its components have been proposed to be among
the most active materials able to overcome the large energy barrier for the elec-
trochemical reduction of molecular oxygen [3-7].

Tremendous improvements in power density and cost reduction of polymer
electrolyte fuel cells have been achieved over the last two decades, which have
brought PEFC systems close to the benchmarks that are critical for commercial-
ization [8]; however, several other problems have arose, and these issues are mostly
related to the time evolution of the electrode materials. Electrode durability is now
one of the main shortcomings limiting the large-scale development and commer-
cialization of this zero-emission power technology. The change in the microstructure
is related to degradation/corrosion of the catalytic layers components: carbon and
platinum-based nanopatrticles, but also corrosion of other components is possible:
membrane degradation and corrosion of the bipolar plates. It is widely reported that
the electrochemical and microstructural properties of Pt and Pt-alloy electrodes
evolve during the membrane electrode assembly (MEA) operation and in typical
three electrode probes [9—11]. Degradation of the membrane has been related to
radical attack coming from hydrogen peroxide produced in the two-electron oxygen
reduction [12]; this is detrimental because it ultimately results in membrane pin-hole
formation, which is the main cause of cell failure. The resultant structure after
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catalysts and substrate degradation eventually leads to the formation of cracks and in
consequence to the separation of membrane and catalytic layer with final conse-
quences such as increase in total resistance, decrease of cell voltage, increase of mass
transport issues, decrease of the initially optimized 3D structures, etc.; all these
phenomena drive unacceptable performance losses over time and eventually cell
failure [13]. In this work, we focus on the degradation problems originated in the
structure and composition of the catalytic material, particularly in the alloyed cat-
alysts where the inclusion of a second or third alloying metal causes different
durability properties than those of pure Platinum.

For nanoalloys in spite of the great deal of efforts set on the synthesis, it is very
likely that the synthesized compounds appear very promising regarding size dis-
tributions, and other desirable features, once in the electrochemical media of fuel
cells their structure changes rapidly; so different experimental and theoretical tools
are used to evaluate the temporal evolution of the catalysts. Several mechanisms
have been proposed to determine the instability of Pt nanoparticles (and alloys) in
low-temperature fuel cells [14, 15]. The various proposed mechanisms are depicted
in Fig. 1: (a) and (b) include the formation of ionic species that are then reduced and
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Fig. 1 Main mechanisms for Pt degradation in PEMFC environment. Reprinted with permission
from Ref. [15]. a Growth via modified ostwald ripening. b Coalescence via crystal migration.
¢ Detachment from carbon support. d Dissolution and precipitation in the ion conductor.
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deposited in a larger nanoparticle, or they are reduced by the anodic hydrogen
crossover in the membrane. The (b) and (c) mechanisms depend on the mobility of
the nanoparticle which is directly related to the substrate—nanoparticle interaction,
and to the substrate corrosion. The dissolution of metallic species is modified by the
presence of an alloyed element that is more likely to be oxidized than platinum, but
also is possible that the alloyed element provokes that the Pt in the surface changes
its thermodynamic and kinetic tendency to be detached from the surface. In our
research group, we have taken several routes to analyze the stability of metallic
nanoparticles in PEFC environments. (1) Using the DFT approach, we investigate
the substrate—nanoparticle interaction and its connection with reactivity [16, 17];
(2) Using kinetic Monte Carlo (KMC) techniques, we describe the main processes
that are likely to occur in the electrochemical environment such as dissolution and
diffusion of the alloy components, reaching simulation times in the order of days; in
comparison with simulations of nanoseconds (CMD) or a few picoseconds (AIMD);
(3) In a possible structure obtained by the KMC method, we use DFT to analyze the
effect that the oxygen atoms in the subsurface have on the adsorbed atoms on the
surface. In the two following sections, these approaches are addressed in more detail.

2 Time Evolution by Molecular Dynamics and DFT
Simulations

Because of the strong coupling between different physicochemical phenomena,
interpretation of the experimental observations is difficult, and analysis through
mathematical modeling  becomes crucial in order to  establish
microstructure-performance relationships, elucidate MEA degradation and failure
mechanism, and, in the end, help to improve both PEFC electrochemical perfor-
mance and durability [18]. Different mathematical methods are available to study
specific time scales and properties of the system, i.e., the mathematical model
includes the description of specific particles and processes occurring. Classical
molecular dynamics (CMD) methods use the laws of classical physics to predict the
structures and properties of molecules and molecular assemblies. Using this
method, we have been able to study the oxidation of Pt(111) and PtCo alloys, using
a canonical ensemble NVT (constant number of particles, volume, and tempera-
ture), at different oxygen coverage values using Lennard—Jones potentials for the
Pt—Pt and Co—Co interactions with parameters fitted to Sutton—Chen potential
energy. By assigning negative charges to adsorbed oxygen and positive charges to
the Pt atoms in the two topmost layers, we simulated the environment found in a
PEFC catalytic system at different electrochemical conditions. The atomic charges
used for the simulation were directly obtained by DFT simulations (Bader Charges
after optimization). After 900 ps, it was found that oxygen and water produce
changes in the structure and local composition of the near-surface layers which may
affect the activity and stability of the catalyst. Such changes are strongly dependent
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Fig. 2 Molecular dynamics snapshots of the Pt (a and ¢) and Pt/PtCo/PtCo; (b and d) under
different oxygen coverage conditions and electric charge in oxygen. Adapted from Ref. [19].
Reproduced by permission of the PCCP Owner Societies

on the amount of adsorbed oxygen which enhances the segregation of cobalt to the
topmost layer. In Fig. 2 (modified from reference [19]), it is possible to observe
differences in the topmost layer in a fcc Pt(111) and Pt/PtCo/Pt;Co at the same
conditions of charge and oxygen coverage. It is observed that the separation of the
topmost layer from the surface is higher in the alloyed PtCo system than in Pt. In
the pure Pt system, the simulation leads to an almost planar structure (Fig. 2a) in
comparison to the Pt/PtCo/Pt3Co system where buckling of atoms is found and is
enhanced by augmenting the oxygen coverage. These simulations also were able to
confirm the experimental results of oxygen in the subsurface layers [20, 21] and the
presence of more bonds Co—O than Pt-O; at oxygen coverage of 0.5 and 0.6 ML,
most of the oxygen atoms remain adsorbed on the surface and Co—O bond is only
twice more frequent than Pt—O bond. However, for 0.85 of oxygen coverage most
of the oxygen atoms are absorbed deeply into the subsurface and the Co—O bonds
are three times more frequent than Pt—O bonds.

The absorption of oxygen into the subsurface in pure metals and alloys has been
identified as one of the first stages of the catalyst corrosion [22]. In a series of
studies using electronic structure methods, analysis of the thermodynamic and
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kinetic characteristics of oxygen adsorption and absorption were reported [23-25].
A mechanism for oxygen absorption was found where O migrates from fcc to hep
sites with an energy barrier of 0.63 eV. The transition state geometry is with O in
bridge position; then O diffuses into subsurface fcc site with a barrier energy of
2.22 eV and a reverse barrier of 0.7 eV (Fig. 3a). The reverse barrier changes as a
function of coverage from 0.7 eV for 0.25 ML to almost zero for 0.11 ML, indi-
cating that subsurface absorption is allowed by higher surface oxygen coverage. It
was also reported that the absorption barriers in Pt-alloys are different than those
found in pure platinum. For example, the absorption barrier in Ptlr is the highest,
almost 1 eV higher than in Pt, but in the PtCo alloy, the barrier is only a half of that
in pure Pt (Fig. 3b). According to this study, a series of alloys were proposed with Ir
as a third alloying component with the highest barriers for oxygen absorption, being
an accomplished example of computational design of materials providing guideli-
nes in order to enhance the stability [25].
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Fig. 3 Energetic barriers for the absorption of oxygen in a pure Pt fcc and b several PtM alloys
where M is a transition metal, adapted from [23-25] (Pt barriers are the same in a and b).
Reprinted with permission from J. Phys. Chem. C., 2007, 111, 9877-9883. Copyright 2007
American Chemical Society; J. Phys. Chem. C, 2007, 111, 17,388-17,396. Copyright 2007
American Chemical Society; J. Phys. Chem. C, 2008, 112, 5057-5065. Copyright 2008 American
Chemical Society
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3 Time Evolution of PtM Alloys by KMC Methods

Monte Carlo refers to a broad class of algorithms that solve numerical problems
through the use of random numbers [26]. A specific coarse-grained Monte Carlo
method is that intended for systems evolving dynamically from state to state
referred as KMC and widely used for surface reactions, electrochemical systems,
and growth processes [27-31]. The dynamical evolution of a system can be studied
by molecular dynamics in which one propagates the classical equations of motion
forward in time. To do so, one requires suitable interatomic and intermolecular
potentials and a set of boundary conditions. The behavior of the system emerges
naturally, requiring no intuition or additional input from the user; therefore, the
accuracy of the result depends on the parameterization of the atomic forces.
A serious limitation is that accurate integration requires time steps short enough to
resolve the atomic vibrations. Consequently, the total simulation time in general is
limited to much less than one microsecond, usually in the order of tens of
nanoseconds. However, the KMC method exploits the fact that the system evolves
through diffusive jumps from one state to another, rather than following the
vibrational trajectory; consequently, KMC can reach vastly longer scales [32].
Assuming that we know what the possible microscopic events are, we can use
transition state theory (TST) to compute the rate constant for each event. Thus,
using high-quality TST rates for all possible events, KMC simulations can, in
principle, be made as representative of the real process as the results from MD
simulations.

Recently, we have reported a KMC algorithm that is able to reproduce the
experimental dealloying of Pt-based nanoparticles typically used as oxygen
reduction reaction catalyst; the details of the simulation can be found in the original
publication [33]. Here, we present a brief introduction to the parameters and
reactions used in the original paper. A 3D nanoparticle with metallic structure and
lattice parameters optimized using DFT simulations for pure metals and alloys
surrounded by a layer of electrolyte is used as starting point. Then each species
occupying a site may participate in two reactions: diffusion and dissolution, both
described by the Arrhenius equation. The activation energy for the Arrhenius
equation includes a bonding energy that depends on (1) the coordination of the
atoms and the bonding energy, which was calculated by DFT simulations, and
(2) the electric potential of the system by a modification of the Butler—Volmer
equation [33] taking into account the transfer factor (having a value of 0.5 for
dissolution and O for diffusion) and the standard potential for the dissolution of the
different metallic atoms. The bonding parameters between Pt and electrolyte were
tuned through KMC simulations using the surface diffusion coefficient obtained
from experiments and are kept independent of potential.

Using the KMC algorithm, it was possible to study the synthesis of hollow
nanoparticles resulting from removal of the alloy core through dealloying using the
Kinkerdall effect [34], and the synthesis of porous nanoparticles by selective
dealloying of the less noble component. The importance of hollow and porous
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nanoparticles resides on their specific area; the specific mass activity is twice higher
for the hollow nanoparticles in comparison to the single core—shell structures. For
the formation of hollow nanoparticles in a range of particle diameters between 5
and 8 nm, it was found that an applied potential of 12 V is necessary to enhance the
diffusion of core species. This is because the core atoms are strongly bonded to their
neighbors and these atoms must follow a high-energy path by exchanging positions
directly with other metal atoms. In order to have a lower diffusion barrier, the
presence of vacancies creates a low-resistance path facilitating the migration of the
non-noble metal atoms to the surface where they dissolve. Figure 4 illustrates the
required applied voltage for the formation of porous and hollow nanoparticles,
which has been discussed previously for nanoparticles with diameter smaller than
15 nm [35]. It is possible to observe ranges of potential in which the structure of the
nanoparticle changes drastically, lower potentials lead to core—shell structures,
intermediate values to porous, and very high potentials to hollow nanoparticles.

The size of the nanoparticles normally used in fuel cells is ~5 nm. For this
reason, we next are interested in the evolution of nanoparticles of this size and
potential ranges common to fuel cell conditions 0-1.2 V and with the presence of
oxygen. The nature and concentration of species present on the surface of the
nanoparticles are functions of the applied potential. Many species can be interacting
such as OH, O, O,, H,0, and H,0, in different concentrations and their influence
can greatly affect the evolution of the nanoparticle. However, inclusion of all these
factors makes the simulation much more complex. Thus, at this stage we focus on
the influence of oxygen at two potentials 0.9 V with 20 % of oxygen on the surface
and 1.2 V with 80 % of oxygen on the surface and 20 % of oxygen in the subsurface
[36, 37].

A 5-nm-diameter nanoparticle Nig 75Pt 25 initially with a random configuration
was analyzed by the KMC algorithm. The initial configuration and those after 10°
and 10° s are depicted in Fig. 5. The applied potential is 0.9 V NHE (Normal
hydrogen electrode) and oxygen is allowed to interact with the surface forming a

Fig. 4 Structures formed in 0.7 I o
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Fig. 5 Evolution of the random alloy as function of time at 0.9 V and 20 % of oxygen coverage.
Top snapshots (Blue, gray, and red spheres are Ni, Pt, and oxygen, respectively). Botfom radial
atomic distribution. a Initial random configuration, b 10° s, and ¢ 10° s (Color figure online)

constant coverage on fcc sites. We emphasize that this alloy has a high Ni per-
centage at a low potential, in comparison to the potential used for the formation of
hollow nanoparticles. The initial random configuration snapshot (Fig. 5a) shows a
high concentration of Ni atoms on the surface. After 10° s, many Ni atoms dissolve
and Pt atoms tend to occupy surface positions, after 10° s all the atoms in the
surface are Pt and after having reached this configuration, only slight changes are
observed. As a consequence of the dissolution of Ni atoms, the nanoparticle gets
smaller, the initial radius was 2.5 nm, and at the end of the simulation the
nanoparticle has a 2.2-nm radius. These results are in agreement with the previously
reported conclusions that at potentials below 7 V the nanoparticle acquires a core—
shell configuration. However, in this case the potential is very low and after ~24 h
the final configuration shows a total rearrangement of the structure with all the Pt
atoms covering the nanoparticle.

The main reason to have a Pt shell with a Pt/Ni core is the dissolution of Ni
atoms, rather than diffusion of Pt atoms to the surface. The Niy 75Pt( »5 nanoparticle
experiences dissolution of 10 % of the Ni atoms at the very beginning of the
simulation and continues all over until the Pt shell is formed. On the other hand, the
fraction of Pt atoms that are being dissolved seems to be almost constant (Fig. 6). In
order to analyze the influence of different proportions of the alloy constituents, we
simulated the Nig osPtg9s and Nig,5Pty 75 alloys at the same conditions. Figure 6
illustrates that the alloy with 25 % of Ni has almost the same behavior than that
with 5 % Ni at short time periods but it reaches faster a constant Ni composition.



46 G. Ramos-Sanchez et al.

(a) (b)
14 _— ] 1 1

w (]
E 0.9 | e § oo
= ——25%Ni " —S%Ni
: 0.8 \\__ﬁ 7ERN : 0.8 — -l
S e N E 75% Ni
T o7 € 07
d 8
' 'S

0.6 0.6

o 2.10% 4.10° 610° 8104 10° 0 2.10° 4.10% 6-10% 810 10°
time /s time /s

()

Fig. 6 Fraction of the atoms a Ni and b Pt as function of time in nanoparticles with different
compositions. Snapshots of the final configuration (10° s) of the alloys with ¢ 25 % Ni and
d5 % Ni

The alloy with 5 % loses only a few percent of surface Ni atoms, and then it
acquires a more stable configuration that contains a full monolayer of Pt atoms on
the surface. The same occurs with the alloy with 25 % Ni. The final configurations
for the alloys with 25 and 5 % of Ni are depicted in Fig. 6¢c and d, respectively;
these configurations are attained at 10° s in comparison with the alloy with 75 % Ni
that requires 10° s to achieve the same configuration.

Next, we are interested in the evolution of the same nanoparticle as a function of
time at different potentials. The applied potential affects the systems in many ways;
it could provide a driving force for the electrochemical dissolution of one of the
alloy components or both. It also affects the velocity at which the surface reactions
occur (oxygen reduction on the cathode and hydrogen oxidation on the anode of a
fuel cell), so it is directly related to the concentration of the surface species. It has
been found by both theoretical and experimental techniques that the concentrations
of oxygen on the surface and in the subsurface are functions of the potential;
therefore, simulations of the nanoparticle at different potentials should include the
correct representation of the oxygen concentration. We chose two potentials:
(1) 0.9 V at which there is no subsurface oxygen and the concentration of oxygen is
22 % on the hollow fcc sites and (2) 1.2 V at which the concentration of oxygen on
the surface is 90 % and the subsurface concentration is 34 %. The adsorption only
was allowed on hollow fcc sites on the surface and absorption was allowed in
octahedral sites of the subsurface. Figure 7 depicts the time evolution of a
nanoparticle with the same diameter (5 nm) at different initial Pt:Ni ratios and at
different electrochemical potentials.



Multi-scale Simulation Study ... 47

)

—_—
)
p
=3
—

0.95

0.9 | — e s

ceeees QSN PLLIV

——gENPtOgY

085 s JERPLLIV

Fraction of Pt atoms

— 7% PLOSV

Total number of Pt atoms

0.8

2000 +

] 2-10% 4-10% 6-10% 8-10% 10¢ o 2:.10% 4:10° 610° 8:10° 100
time /s time /s

Fig. 7 Time evolution of the platinum atoms in a 5-nm alloy Pt-Ni with the percentage of Pt and
potential applied indicated in the legend. a Fraction of Pt atoms (with respect to the initial number
of Pt atoms) in the nanoparticle, and b total number of Pt atoms in the nanoparticle

The nanoparticle composed of 100 % of Pt at 1.2 V presents the lowest disso-
lution of Pt atoms. At the very beginning of the simulation (0-1 x 10° s), the
nanoparticles with 75 and 95 % of platinum at 0.9 V show lesser dissolution of Pt
atoms, which is related to the preferential dissolution of the Ni atoms. After this
time, the pure platinum nanoparticle attains a stable configuration and the number
and fraction of Pt atoms is kept almost constant, even at times as higher as
1 x 10® s; the nanoparticle fraction of atoms does not change less than 8 %. The
total number of atoms and the fraction of atoms as functions of potential follow two
different trends. At times lower than 2 x 10° s, the nanoparticles at 0.9 V inde-
pendently of their composition lose a smaller amount of Pt atoms, which is directly
related to a higher driving force for dissolution of Ni atoms and consequently higher
dissolution. However, after 2 x 10° s the system follows the opposite trend, with
nanoparticles under a lower potential showing a higher dissolution of Pt atoms. This
effect occurs despite of the lower applied potential and that at 1 x 10° s at 0.9 V
(Fig. 6c, d) the nanoparticle surfaces are composed practically only by Pt atoms.
Therefore, at 0.9 V the dissolution of Pt is enhanced by the presence of Ni in the
second layer. However, at 1.2 V the higher oxygen concentration allows the for-
mation of an oxide layer that inhibits the dissolution of Pt atoms, but the alloyed
nanoparticle presents higher dissolution of Pt atoms than the nanoparticle composed
of 100 % of platinum. In general, the dissolution of Pt atoms is enhanced by the
presence of an alloying component (Fig. 8).

The fraction of dissolved Ni atoms is higher in comparison to the Pt atoms; at the
same elapsed time, the dissolution of Ni atoms reaches values as high as 50 % of
the total number of atoms. At the very beginning of the simulation, i.e., when the
nanoparticle is allowed to interact with the electrochemical media, more than the
20 % of the Ni is dissolved at 0.9 V; when the nanoparticle is at 1.2 V, only the
10 % of the atoms are lost. The same scenario is observed at higher potentials:
the oxygen atoms form an oxide layer that prevents the dissolution of the Ni atoms.
As can be observed in Fig. 9, the high O concentration is responsible for the
formation of an oxide layer that avoids the detachment of both Pt and Ni atoms.
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Fig. 8 Time evolution of Ni atoms on the PtNi nanoparticles with the composition and at the
potentials indicated in the legend. a Fraction of Ni atoms (with respect to the initial number of Ni
atoms) as a function of time and b total number of Ni atoms as a function of time

Fig. 9 Snapshot of a Pty 9sNig s at 1.2 V after 1 x 10° s of KMC simulation. Gray, blue, red, and
purple spheres represent platinum, nickel, oxygen on the surface, and oxygen in the subsurface,
respectively. a Structure showing oxygen on the surface, b surface oxygen is not shown to better
visualize the surface and subsurface composition (Color figure online)

Note that more Ni atoms are observed on the surface in contrast with Fig. 6, where
most of the atoms on the surface are platinum.

The results here obtained have important implications: (1) The formation of a
metallic alloy in order to enhance the ORR kinetics causes enhanced degradation
owed to the dissolution of the less noble alloyed metal but also to the enhanced
dissolution of Pt in comparison to the pure nanoparticle. (2) The formation of an
oxide layer at 1.2 V avoids the degradation of the nanoparticle; however, the usual
range of operation of this nanoparticles is 0.6—-1.0 V which imply that dissolution of
the components in this range is expected. (3) The subsurface concentration of
oxygen has been kept constant, and it is essential for improved results to investigate
the mobility and effect that these atoms may have on the detachment of Pt and
alloyed metals. And (5) Of special importance is the analysis of dynamic potential,
i.e., what would be the effect of potential steps or potential sweep on the stability of
the nanoparticles. This will be reported elsewhere.
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4 Degradation of PtCo Skin

In the previous section, the position and charge of oxygen in the subsurface was
kept constant; however, those changes should be analyzed along with the effect on
the structure of the surface. Thus, in this section the evolution of a Pt/PtCo skin
system is analyzed using DFT after the absorption of oxygen in the subsurface. The
system used for the simulations consists of a 2 x 2 fcc slab containing five layers
separated by a 12 A vacuum. The three first layers were allowed to relax, while the
last two are kept fixed. The first layer has only Pt atoms, the second only Co atoms,
and from the third to fifth a 1:1 composition. This system is the one previously
reported by our group as the most stable obtained by DFT simulations, as well as
confirmed by the KMC simulated experiments [38]. We have analyzed the influ-
ence of the O coverage factor on the stability of the PtCo system. We probed first
the adsorption energy of oxygen either in the surface or in the subsurface for the
formation of a 0.25 ML. In previous studies, it was found that the preferential sites
for oxygen adsorption are the three-coordinated ones over atop and bridge sites
[39-41]. In this work, we use the fcc and hcp sites for oxygen adsorption on the
surface and the sub-fcc, sub-hcp, and sub-tet, all of them are depicted in Fig. 10. In
the hcp site, the oxygen is above a Co atom in the second layer; in the fcc site, on
the other hand, the oxygen is in line with a Pt atom in the third layer. The hcp-sub
and fcc-sub sites are the counterparts of the hcp and fec sites on the surface, the
hcp-sub site is in a tetrahedral hollow, and the fcc-sub site is in an octahedral
hollow. The tet-sub site is also in a tetrahedral hollow but in this case the interaction
is with three cobalt atoms in the second layer and one platinum atom in the first
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Fig. 10 a Slab model. Sites for oxygen adsorption: b hcp, ¢ fcc; and for oxygen absorption in the
subsurface: d hcp-sub, e tet-sub, and f fcc-sub. Blue, gray, and red spheres represent Co, Pt, and O
atoms, respectively (Color figure online)
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Table 1 Energetic and some geometrical values of O adsorption on the surface and absorption in
the subsurface sites

hep fcc hep-sub tet-sub fcc-sub
E.q/eV RPBE -2.38 -2.57 +0.12 -1.99 —1.156
PBE [43] —2.94 -3.15
Pd@Co (PWI1) [44] -2.5
Distance/A | Pt-O 2.12 2.10 1.98 2.11 2.68
Pt-O [43] 2.1 2.1
Co-O 1.80 1.86 1.82

layer, while in the hcp the interaction is with one cobalt atom in the second layer
and three Pt atoms in the first layer. The adsorption energy is reported in Table 1,
compared with results from other publications.

The adsorption energy calculated for the formation of 0.25 ML with the RPBE
[42] exchange correlation functional is weaker in comparison with the PBE func-
tional; however, the same trends are obtained with both exchange correlation
functionals. The O adsorption energy in the surface is higher than the absorption in
the subsurface, and interestingly the absorption in the hcp-sub site presents positive
adsorption energy. The most stable site for adsorption on the surface is the fcc with
very similar values for the hcp site, and the most stable site for the absorption in the
subsurface is the tet-sub site. In any of the subsurface sites in the subsurface, the O
atom has a tendency to stay closer to the Co than to the Pt atoms.

It is interesting to analyze what are the physical consequences of the oxygen
adsorption on each interaction site. We focus on the vertical displacement of the
surface atoms (buckling) and the charge of the atoms. The vertical displacement is
defined as the difference in the position of the atom in the vertical direction before
and after the interaction with oxygen and is directly related to the capacity of the
atoms in the surface to remain bonded to the surface (negative or null displacement)
or tendency to escape from the surface (positive displacement). The charge of the
metallic atom is also related to the oxidation state of the atom, and a positive charge
indicates that the atom is in a more oxidized state.

O adsorption, either in fcc or hep sites, promotes a slightly positive buckling of
Pt atoms; however, in comparison to the buckling induced by O in the subsurface it
is almost negligible. Previously, we have stated that the O atoms in the subsurface
have the tendency to occupy positions closer to Co atoms, and in this sense we
expected that it would have more influence on Co than on Pt atoms. In the hcp-sub
site, we found that all the Pt atoms suffered positive buckling, especially the atoms
directly interacting with oxygen; on the other hand, the Co atom directly interacting
with oxygen suffers negative displacements, while the other Co atoms present
slightly positive buckling. Similar behavior is observed in the fcc-sub site where all
the Pt atoms experienced positive displacement in the same magnitude than in the
hcp-sub site. The Co atoms directly interacting with O do not change their positions
but the one that is not directly interacting suffers a positive displacement of the
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Fig. 11 Vertical displacement and Bader charge of surface and subsurface atoms. Red bars
represent Pt atoms directly interacting with oxygen; black bars represent Pt atoms not in direct
contact with oxygen. Blue bars represent Co atoms directly interacting with oxygen; green bars
represent Co atoms not directly in contact with oxygen (Color figure online)

same magnitude than those of the Pt atoms. Interacting in the tet-sub site, the Pt
atom directly above the oxygen in the subsurface presents the highest vertical
positive displacement, but also the other Pt atoms not directly interacting with
oxygen, whereas the Co atom that is not in contact with oxygen suffers a positive
vertical displacement (Fig. 11).

In the surface of the clean PtCo skin, the Co atoms have positive charge (about
+0.3 e/atom), while the Pt atoms in the deepest layers have negative values (—0.4
e/atom); however, the Pt atoms at the surface have a lesser negative value around
—0.22 e/atom. After O adsorption if the change on the charge of platinum atoms is
greater than 0.22, the atom changes to a slightly oxidized state. Most of the different
O positions either in the surface or subsurface lead to at least one Pt atom in an
oxidized state. Although expected, it is worth to mention that when O is on the
surface the Pt atoms directly interact with it, and become oxidized, while the no
interacting atom remains with partial negative charge. In the hcp-sub site, all the Pt
atoms have a more drastic change in charge becoming more oxidized, while the Co
and Pt atoms not in contact with oxygen gain electronic charge. In the tet-sub site,
only the Pt atom directly interacting with oxygen lose electronic charge; however,
all the other Pt or Co atoms also lose charge but do not acquire partial positive
charge. Finally, in the fcc-sub site Pt and Co atoms directly interacting with oxygen
lose electron densitys; this site is where the Co atoms lose the highest charge density,
which already was positive. Summarizing, the interaction with oxygen leads to a
positive charge in the Pt atoms, and the Co atoms are also affected but in a lesser
degree even if the oxygen is in the subsurface and closer to the Co than to the Pt
atoms; however, the charge of Co atoms was already even more positive than those
of any Pt atom. Energetically, the least favorable site on the subsurface is the
hcp-sub site in which the Pt atoms are highly oxidized and the Co atoms gain
charge, and the most stable is the tet-sub site with one Pt atom bearing high positive
charge and a large positive vertical displacement.

After considering the consequences of the O adsorption on the surface and
absorption in the subsurface, we want to analyze what is the influence of O in the
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tet-sub fcc-sub hcp-sub

Fig. 12 Sites for adsorption of the four atoms on the surface, the column labels indicate the O site
in the subsurface, and the row labels the position for O on the surface. The numbers indicate the
order, which were allowed to adsorb; 1 =0.25 ML, 2=05ML, 3=0.75 ML, 4 =1 ML

subsurface in both the adsorption energy of oxygen on the surface from 0.25 to
1 ML and the changes in vertical displacement and charge of the atoms.

Previous calculations performed by our group have shown that the energetic
barrier for the absorption of oxygen is lower in the case of PtCo alloys (1.39 eV) in
comparison to pure platinum (2.22); but also the energetic barrier for the reverse
process is lower in PtCo (0.23 eV) than in Pt (0.7 eV) [25]. In order to allow the
absorbed oxygen to desorb, the positions of the oxygen atoms on the surface
(Fig. 12) were kept the farthest away from the absorbed oxygen atom during the
process of completing the full coverage. In none of our simulations, the absorbed
oxygen was desorbed from the subsurface, but the oxygen atom on the position
with the lowest energy (hcp-sub) moved to the highest one (tet-sub), as in the case
of the absorption in the hcp-sub site with adsorption in the hep site. In this site, for
all coverage values the oxygen in the subsurface changed to the tet-sub site. In all
other combinations, the absorbed oxygen does not move from its original position
as shown in Fig. 13, which illustrates the structural evolution of the slab as a
function of the coverage, for every location of O in the subsurface and O adsorbed
on the surface on the fcc sites. For comparison, we show the structural evolution of
the system without oxygen in the subsurface as the oxygen coverage on the surface
is changed.

The evolution of the system as a function of the surface oxygen coverage
without oxygen in the subsurface is relatively simple. There are no major changes,
and only at 0.75 ML the structure shows buckling but not as extreme as when the
oxygen has been absorbed. For the system with oxygen located in the tet-sub
position of the subsurface, the Pt atom above O is observed to protrude slightly
above the surface. The vertical displacement is enhanced as the coverage augments,
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Fig. 13 Snapshots of the optimized structures at different oxygen coverage values with oxygen in
the subsurface (2nd, 3rd, and 4th row) and without oxygen on the subsurface (1st row). Gray, blue,
and red spheres represent platinum, cobalt, and oxygen atoms, respectively (Color figure online)

not for all the atoms but only for that atom originally located above the O; even if
the Pt—O has been broken and the oxygen remains close to the Co atoms, the Pt
atom continuously moves away from the surface. The final vertical displacement of
the Pt atom with O on the surface at the fcc positions is 2.77 A and with oxygen in
hep positions is 3.19 A. All other atoms including Co and O remained in their same
sites. Similar behavior is observed when O is in the fcc-sub site; at 1 ML coverage,
one of the Pt atoms is bonded to the absorbed oxygen and another is detached from
the surface, and the final vertical displacement of the Pt atom is 3.21 A. The
scenario changes when O is in the hcp-sub site. In that case, the O atom in the
subsurface keeps linked to three Pt atoms. Surface detachment is observed even for
very low O coverage factors but for all atoms in the same magnitude and no
detachment is observed at full coverage; the three atoms moved from their original
position but only 0.8 A which is a minimum displacement in comparison to those
induced by O in the fcc-sub and tet-sub sites.

In the charge analysis reported above, it was found that the Pt atom located
directly above of the subsurface tet-sub oxygen has a net positive Bader charge,
while the other Pt atoms in the first layer (atoms 1-4) retain their negative charge
(water blue symbols in Fig. 14 left), and the Pt atoms in the third, fourth, and fifth
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Fig. 14 Bader charges of all slab atoms as functions of the O coverage on the surface. Left O in
the subsurface in tet-sub site; Right O in the subsurface in hcp-sub position. Atom label: 1-10 Pt;
11-20 is the Co and 21 is the O in the subsurface. Symbols represent Bader charges for every
coverage having O atoms on the surface in fcc sites (closed symbols) and hcp sites (open symbols)

layers (atoms 6—10) retain their negative charge. The Co atoms, on the other hand,
have a positive charge; the most positive corresponds to those in the second layer
(atoms 11-14). All the Pt atoms in the first layer (1-4) increase their charge as the
coverage augments; however, the Pt atom directly above the subsurface O is the one
that increases its charge more rapidly, despite the fact that the O atoms added to
augment the O coverage are placed the farthest away from this atom. The highest
value reached is close to +1.5 and this atom becomes separated from the surface by
more than 3 A, clearly suggesting that this atom is ready to dissolve in the elec-
trolyte or move to sites where it is able to receive electrons. The Co atoms in the
second layer interestingly do not change their charge value neither their positions.
During absorption of the O atom in the subsurface, the Co atoms do not change
their charge value; therefore, in all the study the Co atoms are slightly affected by
the subsurface atom and by the changes in the coverage.

The changes in the system charges with hcp-sub O are different. The three Pt
atoms bonded to the subsurface O augment their charge value roughly in the same
magnitude as the coverage increases; the maximum charge value reached in this site
is lesser than +1 for all the atoms. The Co atoms in the second layer have lesser
positive charges in comparison to the tet-sub site. In all the systems with subsurface
O, the charges and positions of atoms in the second layer and deeper remain
unaffected. In the system without subsurface O, the situation is totally different: the
maximum charge reached by the Pt atoms in the fully oxygenated surface is +0.38
and that of the Co atoms is +0.3. We then can state that once O is in the subsurface
despite the low barrier for desorption, the atom remains in the subsurface, and it
eventually will lead to the detachment of the Pt atom directly above it. By keeping
lower oxygen coverage, lesser than 0.5 ML, one ensures that the vertical dis-
placement of the atom and its charge attains values similar to the system without
subsurface O.
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The adsorption energy was calculated as follows:
Ew = Eqan-o — (Eqab — Eo) (1)

where E,q is the adsorption energy, E,p is the energy of the clean system, Eg.p.0 1S
the energy of the system with oxygen adsorbed either on the surface or in the
subsurface, and Eqy is the energy of the free oxygen atom. For subsequent
adsorption steps, i.e., to augment the coverage, the reference energy (Eq.p) iS
changed by the energy of the slab with a lesser oxygen atom and calculated in the
same manner. For example, to calculate the E,q4 for 0.75 ML, we use
E.q0.75mL = Eo7smL — (Eo.som. — Eo). The relative energy is calculated as follows:

Erel = Egab-no — (Egap — nEo) (2)

where E. is the energy relative to the clean surface, Eg.pn0 1S the slab with n
oxygen atoms either in the subsurface or on the surface, and nEy is n times the
energy of the free oxygen.

At zero coverage, the adsorption energy on the surface is stronger than the
absorption in the subsurface; however, once O is in the subsurface the relative
energy of the system with subsurface O is higher than that of the system without
oxygen absorbed. Therefore, there is a thermodynamic driving force for one of the
oxygen atoms on the surface to go to the subsurface; however, as previously
mentioned the barrier for the atom to move to the subsurface is high at low cov-
erage, and at high coverage the system stabilizes subsurface atomic oxygen from
energetic and kinetic point of view [24]. The binding energy of the system with
subsurface O is higher when the atom is in the tet-sub site at 0.25 ML, but at 0.5 and
0.75 ML the fcc-sub site has the highest binding energy, and at 1 ML they have the
same binding energy; however, both the tet-sub and fcc-sub sites have similar
values. The hcp site yields the weakest binding energy and in fact the site easily
changes to tet-sub or fcc-sub site. In the full coverage situation, the hcp site without
subsurface O yields stronger binding than the hcp-sub site indicating that this
system has low probability to subsist changing either from the hcp-sub to fcc-sub
site or desorbing the oxygen from the subsurface. The analysis of the total energy of
systems with and without subsurface O could lead to misleading conclusions as the
number of atoms is different in each system; however, if the relative energy of the
system without subsurface O (red lines in Fig. 15) is moved 0.25 ML to the left, the
same conclusions are reached: the system with subsurface O is more stable than the
one without it.

The adsorption energy has been used as a descriptor of the catalytic activity, and
most of the studies for the ORR on metallic surfaces have been tested in a 0.25 ML
system [45], including that higher coverage is risky owed that the van der Waals
interactions will play a more important role between adjacent molecules. Anyway
the different values will give an idea of the changes in catalytic activity. The
hcp-sub site is the system with the lowest binding energy. At all coverage situa-
tions, the binding energy in this site is the weakest one and possibly this situation
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Fig. 15 Energetic values for oxygen adsorption as function of O coverage in fcc sites (closed
symbols) and hcp sites (open symbols) with subsurface O in the positions indicated in the legend
(legend is the same for both graphs) and without subsurface O (red symbols). Lines are drawn as
guide for the eye. (Equations are explained in the main text). The legend indicates the oxygen in
the subsurface. Two lines are drawn with the same color, one for the adsorption of oxygen in the
fce sites (closed symbols) and in the hcp sites (open symbols) (Color figure online)

never takes place. The binding energy is very similar in the tet-sub site to the
situation without subsurface O. The binding energy in the systems without sub-
surface O tends to diminish as the coverage is increased, as expected due to higher
interactions between adjacent molecules. The binding energy even reaches positive
values at the full coverage system in the fcc sites. In the hcp site, the behavior is
different because the surface O changes from hcp to top or bridge positions. In the
systems with subsurface O, as one of the metal atoms moves away from the surface,
the interactions between O atoms are weaker and in consequence the adsorption
energy maintains the same values.

5 Concluding Remarks

A multi-scale modeling approach shows new insights regarding oxidation effects on
alloy surfaces and nanoparticles. Combined DFT—classical MD simulations illustrate
the time evolution of the catalyst surface as the oxygen coverage increases. The
observed buckling is in agreement with previous DFT results where we investigated
the adsorption and absorption of oxygen in alloy surfaces. Kinetic Monte Carlo
simulations are used to determine the effect of an alloy on Pt dissolution under an
electrochemical potential corresponding to the onset of surface oxidation. It is found
that before the surface oxidation starts, first the dissolution of the non-noble metal
takes place, and it is followed by the formation of a Pt shell on the surface of the
nanoparticle. However, after the onset of surface oxidation, the oxidation film
passivates the surface and stops metal dissolution; further research should be done
on the effect of this passivating film on the catalytic activity. Finally, DFT calcu-
lations are utilized to understand the O-induced degradation of Pt—Co alloys at
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various coverage values. When there is no oxygen in the subsurface, structural
changes are observed only at high surface coverage (>0.75 ML of O). In contrast,
significant structural changes are detected when O is in the subsurface. Although
buckling and surface reconstruction are observed for O absorbed in any of the
subsurface sites, the most dramatic correspond to O absorbed in tet-sub and hcp-sub
sites. The Co atoms in the second layer interestingly do not change their charge value
or their positions. During absorption of the O atom in the subsurface, the Co atoms
do not change their charge value; therefore, in all the study the Co atoms are slightly
affected by the subsurface atom and by the changes in the coverage. It should be
interesting to determine the mechanism for the Co atoms to move from the sub-
surface where they interact strongly with oxygen to the surface for their further
dissolution.
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