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Abstract: Platinum (Pt) and palladium (Pd) are crucial in hydrogen energy technologies,
especially in fuel cells, due to their high catalytic activity and chemical stability. Pt-Pd
nanoparticles, produced through various methods, enhance catalytic performance based
on their size, shape, and composition. These nanocatalysts excel in direct methanol fuel
cells (DMFCs) and direct ethanol fuel cells (DEFCs) by promoting alcohol oxidation and
reducing CO poisoning. Pt-Pd catalysts are also being explored for their oxygen reduction
reaction (ORR) on the cathodic side of fuel cells, showing higher activity and stability than
pure platinum. Molecular dynamics (MD) simulations have been conducted to understand
the structural and surface energy effects of PdPt nanoparticles, revealing phase separation
and chemical ordering, which are critical for optimizing these catalysts. Pd migration
to the surface layer in Pt-Pd alloys minimizes the overall potential energy through the
formation of Pd surface monolayers and Pt-Pd bonds, leading to a lower surface energy for
intermediate compositions compared to that of the pure elements. The potential energy,
calculated from MD simulations, increases with a decreasing particle size due to surface
creation, indicating higher reactivity for smaller particles. A general contraction of the
average distance to the nearest neighbour atoms was determined for the top surface layers
within the nanoparticles. This research highlights the significant impact of Pd segregation
on the structural and surface energy properties of Pt-Pd nanoparticles. The formation of
Pd monolayers and the resulting core-shell structures influence the catalytic activity and
stability of these nanoparticles, with smaller particles exhibiting higher surface energy
and reactivity. These findings provide insights into the design and optimization of Pt-Pd
nanocatalysts for various applications.
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1. Introduction

Platinum and palladium are among the catalytic materials most applied in different
hydrogen energy technologies, particularly in fuel cells for chemical energy conversion to
electricity [1-10]. Both metals have high catalytic activity [10] and high chemical stability,
with a consequent resistance to corrosion phenomena [11]. In heterogeneous catalysis,
a larger surface area is essential for obtaining higher reaction conversion while using a
minimum catalyst amount, and this can be achieved using nanoparticles. Nanoparticles
can be produced by different methods, from physical to chemical synthesis [12], and the
correspondent catalytic activity depends on the size, shape, structure, composition, and
substrate, along with other effects occurring during catalytic action such as poisoning,
particle modification, and dissolution.
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In fuel cells, Pt-Pd-alloyed nanocatalysts have been showing good performance at the
anodic side of direct methanol fuel cells (DMFCs) and direct ethanol fuel cells (DEFCs)
by promoting alcohol oxidation and decreasing the CO adsorption, which causes catalyst
poisoning [4,13-15]. For example, Antolini notes that the presence of palladium up to
33% lessens the probability of having three atomic platinum sites close enough to promote
the formation of strongly bound intermediary compounds, and this feature changes the
kinetics of the reaction and decreases the poisoning effect [4]. Yang et al. reported data for
the MOR (methanol oxidation reaction) from a Pt-Pd porous nanocatalyst and explained
that the higher activity might be related to an increase in the plane ratio 1(111)/1((200)
when exposed to the electrolyte, compared with a commercial platinum catalyst and
standards [13]. This feature is in agreement with a recently reported theoretical study
demonstrating that the PtPd(111) planes are better able to promote OH absorption, which
is a fundamental intermediary stage necessary for methanol oxidation and the removal
of absorbed CO [14]. On the other hand, Zhang et al. studied the methanol oxidation
activity in a series of catalysts, from a low to high content in palladium, and found that
the highest value was obtained for the catalyst Pt;5Pd7s These catalyst nanoparticles have
a particle diameter size of around 2.3 nm and are agglomerated in nanoporous clusters
with a diameter between 50 and 100 nm, with preferential growth of the (111) planes. The
catalysts were prepared by a chemical reduction method followed by impregnation in
carbon particles and showed a sawtooth-like structure characterized by a high number of
twinning boundaries [15]. Another relevant effect promoted by palladium is tolerance to
methanol and ethanol crossover from the anodic to the cathodic side, which is a harmful
feature that affects the performance of DMFCs or DEFCs [16,17].

The Pt-Pd nanocatalysts have also been examined for their ability to replace the
platinum catalysts for the ORR (oxygen reduction reaction) in the cathodic side of fuel
cells [16-21]. Li et al. reported that a catalyst with a Pt3Pd; /C composition has higher
oxygen reduction activity than a platinum catalyst prepared through the same synthesis
method and with a similar metal content [18]. However, the more reported effect of
replacing part of the platinum metal content with palladium is the increase in stability, and
this is reflected in a lower decrease in the electrochemical active surface area and better
energy performance in long-term durability tests [18-20]. Most of the reported studies on
Pt-Pd catalysts are about catalysts synthesized at room temperature with nanoparticles
with low Miller index planes, where the Pt(111) plane is prominent, followed at a much
lower extent by Pt(200), Pt(220), and Pt(311). However, it is also well known that higher
index planes promote higher catalytic activity due to a higher density of atomic steps,
ledges, and kinks, which are preferential sites for chemical bond breaking [22-25].

More recent reports include studies of more sophisticated carbon substrates such as
multi-walled carbon nanotubes, carbon nanofibers, porous carbon substrates or reduced
graphene oxide [26-30], and in situ fuel cell tests [31], which evidence the relevance of
these catalysts.

In order to understand the structure and the surface energy effects of Pd-Pt nanoparti-
cle catalysts, several Pd-Pt nanoparticles with three different compositions and sizes were
simulated using molecular dynamics (MD). Molecular dynamics is a simulation technique
for computing the equilibrium and transport properties of a classical many-body system,
where each atom is assumed as a point mass, and the atomic motion is based on Newton’s
equations. To describe the interactions in the Pt-Pd alloy, an embedded atom method (EAM)
potential was used. This type of potential is extensively used for metals [32]. This type of
potential is non-pairwise in the sense that it is based on concepts from density functional
theory, which stipulate, in general, that the energy of a solid is a unique function of the
electron density and thus correlates well with more precise bonding methods.
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The LAMMPS software [33] from Sandia Labs is extensively used to perform MD
simulations in materials using an EAM potential, as well as simulate X-ray diffraction
patterns from atomistic simulation results [34]. The accessed phase diagram for Pt-Pd [35]
indicates phase separation into two face-centred cubic (fcc) structures below 770 °C. Several
attempts have been made to simulate the structure of PdPt [36-39] using EAM. In ref [37],
the possibility of ordered structures was considered; recently, more accurate methods [39]
have identified chemical ordering in the form of Pd channels in Pt, which were detected
experimentally [40]. The structure and composition of the top layers of Pt-Pd nanoparticles
are critical for optimizing these catalysts. Simulations using a range of particle sizes and
compositions elucidate the segregation and relaxation mechanisms acting at the surface.

2. Experimental Details

The simulation of nanoparticles of several Pt-Pd alloys was launched with a face-
centred cubic (fcc) lattice and three particle sizes, consisting of 43, 63 and 82 unit cells,
constituted by 256, 864, and 2048 atoms, respectively. These sets were simulated using
canonical ensemble (NVT) with a timestep of 1 femtosecond and non-periodic and shrink-
wrapped boundary conditions in three dimensions. In Table 1, the compositions used are
presented. A canonical ensemble with 4000 atoms (10 fcc cells) and periodic boundary
conditions in all directions was used to simulate the potential energy of the respective bulk
alloys. Additionally, for the simulation of surface properties in flat surfaces, we used the
canonical ensemble (NVT) and non-periodic and with shrink-wrapped boundary conditions
in one dimension, while in the other two directions, periodic boundary conditions were
used, simulating an infinite flat surface. The OVITO software (version 3.10.6) was used for
processing results [41].

Table 1. Atomic percentage of each element in the particles.

Designation  Pd100 Pt19Pd81  Pt50Pd50  Pt86Pd14 Pt100
Pt (at.%) 0 19 50 86 100
Pd (at.%) 100 81 50 14 0

The software LAMMPS (version of 17 April 2024) of Sandia Labs [42,43] was used
for (a) molecular dynamics (MD) and (b) simulated X-ray diffraction of MD-simulated
materials. In order to simulate an equilibrium structure, the typical sequence of MD
simulation involved several steps of energy minimization of the initial configuration at
2000 K for 1 x 10° time steps, cooling to the final simulation temperature, 300 K, for a
period of 6 x 10° time steps and energy minimization at a constant temperature of 300 K for
an additional period of 6 x 10° time steps. Starting the simulation from a high temperature
ensured enough atomic mobility for the development of equilibrium structures so that
the present simulations are representative of alloy structures obtained experimentally
after annealing.

The EAM potential for Pt-Pd was retrieved from NIST [44] referring to the original
work of Zhou [45]. The same procedure, using the same data set for the simulation of a
binary alloy, was previously reported in the literature [46,47].

3. Results

The external shape of the nanoparticles is approximately spherical, as shown in
Figure 1. However, the particles with a higher content of Pd tend to present a faceted
surface with compact planes at the top, whereas the alloy with high Pt content shows a
much smoother surface corresponding to high index crystalline planes.
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Figure 1. Equilibrium external shape of the nanoparticles, Pt, red; Pd, blue.

The cross-section of particles is depicted in Figure 2. It can be seen that there is
an enrichment in Pd of the outermost layer of the particles for the complete range of
compositions and dimensions.

- Pt19Pd81 Pt50Pd50 Pt86Pd14
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Figure 2. Cross-section through the centre of the nanoparticles. Pt, red; Pd, blue.

The MD simulation results in the formation of a Pd monolayer up to 50%Pd com-
position and a clear enrichment in Pd even in the high Pt alloy (Pt86Pd14) are shown in
Figures 1 and 2.
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The radial distribution of elements in the larger particles (with 2048 atoms) can be
seen in Figure 3 and evidences the segregation of Pd to the surface for all compositions.
For Pt19Pd81 and Pt50Pd50, a Pd monolayer is formed at the surface, whereas underneath
this monolayer, a Pt-rich layer is present, conversely corresponding to a Pd-depleted zone.
For the high Pt composition (Pt86Pd14), the Pd content is almost exclusively concentrated
near the surface of the nanoparticle.

100% _/v —
80%
60%
]
o — Pt19Pd81
>
40% Pt50Pd50
— Pt86Pd14
20%
0%
0 0.5 1 15 2 25
r(nm)

Figure 3. Radial distribution of elements in particles with 2048 atoms.

The surface segregation of Pd is a size-independent feature in the Pt-Pd alloys. A flat
surface simulation involving 32,000 atoms of a Pt50Pd50 alloy again shows this feature, as
shown in Figure 4.

100%
90%
80%
70%

60%

% Pd

50%
40%
30%
20%
10%

0%

0.0 0.5 1.0 15 2.0 25 3.0 35 4.0

distance (nm)

(b)

Figure 4. (a) Equilibrium free surface of Pt50Pd50 alloy; Pt, red; Pd, blue; (b) composition versus

distance evidencing surface segregation of Pd.

The internal structure of the nanoparticles, after removal of the top surface layer, is
shown in Figure 5. This structure characterization was obtained in the OVITO software
using the “common neighbour analysis” modification and eliminating the top atomic layer.
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Figure 5. Internal crystal structure of the nanoparticles; green—fcc; red—hcp; blue—bcc.

The internal crystal structure of the nanoparticles is predominantly of the fcc type,
with grains separated by planer defects, as shown in Figure 5. The exception is the
smallest of the nanoparticles with the highest Pt concentration; in this case, the structure is
highly disordered.

The simulated X-ray diffraction patterns for the Pd-rich alloy particles (Pt19Pd81) that
are well crystalized throughout the entire size range are shown in Figure 6. The peaks
correspond to those of Pd, albeit very broad, especially for the smallest particles, as is
typical for nanoparticles.

(111)
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Figure 6. Simulated X-ray diffraction patterns using Cu radiation for Pt19Pd81 alloy particles together
with typical diffraction positions and intensities for pure Pd.
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The change in potential energy owing to the creation of surfaces is

AEP = Epsurface - prulk

where Epguface is Obtained from a simulation with non-periodic and shrink-wrapped
boundaries in three directions (sss), and Epy,k is obtained from periodic boundaries in
three directions (ppp, representing the bulk material properties). In the case of the flat
surface simulation, pps boundaries were used. In Figure 7, MD simulations with canonical
ensembles (NVT) versus composition and size are depicted. A clear increment of potential
energy with diminishing size of the particles is obtained for all compositions. This indicates
the smaller particles are in a higher energy state and therefore are more reactive. A similar
trend is depicted in Figure 8 relative to the surface energy of the nanoparticles. The surface
area was calculated assuming a spherical particle, and for its radius, an average over the
three-simulation axis was considered. The cohesive energy of platinum is larger than that
of palladium; therefore, a continuous increase in the potential energy per atom or in the
surface energy would be expected for the various compositions ranging from pure Pd to
pure Pt. In contrast, the potential energy values (Figure 7) and the surface energy (Figure 8)
are proximately constant up to 50% platinum composition, reflecting the formation of a
continuous layer of Pd at the surface of the particles up to that composition, imparting
to the material properties similar those of pure Pd. It should also be noted that while the
high Pt content alloy (Pt86Pd14) has a very disordered structure, especially for the smallest
nanoparticles, as shown in Figure 5, both pure Pt and Pd particles in the whole size range
have a fully crystalline fcc structure.

w

A Ep/fatom (eV)

Figure 7. Potential energy gain versus bulk alloy for the different compositions and sizes obtained
from the MD simulation.
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Figure 8. Surface energy versus composition and size obtained from the MD simulations.

The simulation results were further analyzed in terms of the average distance to first
near neighbour atoms, <dNN>, within selected sets of atoms:

n
(dNN) =1/n ) dNN; dNN < 0.3 nm
i=1
The limit of 3 was set considering the dNN of both Pt and Pd fcc structures
(0.27748-0.27511 nm, respectively) to capture only the nearest neighbour bonds typical
of the fcc structure.
Five sets of atoms were considered:

1-<dNN> within the first atomic layer (top) of the surface;
1,2-<dNN> between the first and second atomic layers;
2-<dNN> within the second atomic layer from the surface;
2,3-<dNN> between the second and atomic layers;
3-<dNN> within the third atomic layer from the surface.

Extraction of the individual layers was performed with the OVITO software using the
modification “polyhedral template matching”. The results obtained for the variation in
the average dNN in the five sets considered relative to those of the perfect fcc lattice <dL>
are shown in Figure 9a for the particle simulations with 2048 atoms (sss boundaries) and
Figure 9b for the flat surface simulation with 4000 atoms (pps boundaries). The variation in
the average dNN, generally a contraction, is normalized to those of the perfect fcc lattice
<dL> of the alloy. For the alloys, the Vegard law, i.e., a linear combination of the lattice
parameters of the pure elements, is assumed.
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Figure 9. Variation in the average dNN in the five sets considered relative to those of the perfect fcc
lattice: (a) simulations of spherical particles with 2048 atoms and (b) simulation with 4000 atoms and
flat surface.

4. Discussion

Most of the electrocatalysts are usually obtained in a variety of carbon supports and by
electroreduction processes requiring surfactants and capping agents to control nanoparticle
growth and shape, which have a direct influence on the catalytic activity. These chemical
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methods can be tailored for forming core—shell structures, which might have similarities to
the structures obtained in this work. Furthermore, heat treatments to minimize possible
chemical contaminations from the reduction processes are often necessary, and that can
change the initial nanoparticle structures [48,49], achieving more thermodynamic stable
structures similar to those reported in this research. The predicted evolution of core—shell
Pd@Pt structures on heating to high temperature is complete Pt-Pd alloying and intense Pd
migration to the surface after melting [50].

A report on Pt-Pd alloys using similar atomistic methods to those of present research
predicts surface segregation of Pd, which diminishes with the nanoparticle size and with
increasing temperature [47]. Similar results were obtained with Monte Carlo Simula-
tion [51]. The Pd segregation was also detected experimentally in Pt-Pd alloys [52]. A
density functional theory (DFT) study of Pt-Pd nanoparticles has shown that the stability
of the nanoparticles is strongly associated with surface contraction [53]. This ab initio
simulation procedure is more precise than the use of AEM potentials and gives realistic
indications of the outcome in this system. In the present research, the contraction between
the first and second atomic layers <d; ,>/<dL> versus composition in Figure 9a correlates
well with the variation in surface energy versus composition, Figure 8. The surface energy
is roughly proportional to the number of nearest neighbours, which are removed when the
surface is created [54].

All the nanoparticles show segregation of palladium atoms to the surface, and conse-
quently, the corresponding core is enriched in platinum atoms (Figures 1-3). This feature
promotes the formation of a core-shell structure, which is clearly visible for the Pd50Pt50
particles, where a complete surface monolayer of palladium atoms is formed. The main
factors affecting the surface segregation in bimetallic nanoparticles are related to the rel-
ative bond strengths of the metal components (A-A, B-B, and A-B), the surface energy,
atomic size (Wigner—Seitz radius), and charge/electronic effects for extra-small particle
sizes (number of atoms less than 50) [47,55,56]. For the Pd-Pt nanoparticles, the segregation
of palladium to the surface is mainly associated with the higher cohesive energy of platinum
and lower surface energy of palladium [47,55,560] since the atomic radii are similar [55].
The data of the particle surface energies calculated in this work show an increase in this
parameter with the increase of platinum content and a decrease in particle size (Figure 8).
Since palladium is segregated to the surface layers, the lower energy is associated with the
predominant presence of this element at the surface. For the same composition, the FCC
lattice parameter also calculated in this research for the particle with 864 and 2048 atoms
decreases directly with the particle size, which is according to the tendency reported for
the FCC lattice nanoparticles [57-59].

The surface energy (Jm~2) is generally inversely related to the atomic density of the
crystal surface planes: denser surfaces show lower surface energies because it is necessary
to break fewer bonds between the dense planes. As a rule, surfaces of higher energy
have higher catalytic activity [60]. The most common crystalline planes of platinum and
palladium have surface energies around 1-2 Jm~2 [61,62], whereas the data obtained in this
work are slightly higher, in the range of 1.8-2.9 Jm 2, which is associated with the nano
size of the particles.

Another interesting feature observed, especially in the Pt19Pd81 particles, independent
of the particle size, is a second intermediary layer enriched in platinum atoms immediately
below the surface layer (Figures 2 and 4). This effect seems to have a tendency to form a
three-shell onion-like structure (A-B-A) and has been found on various bimetallic nanoal-
loys such as PdAg or PdAu (Pd = B element), but also in PtPd clusters (Pt = B element,)
where this specific configuration contributes to the particle stabilization [63-65].
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The distorted fcc structure, as for the smaller size particles of Pt86Pd14 in Figure 5, is
also a relevant outcome since the electrocatalysis activity is directly related to the strain
and electronic structure of the surface atoms [66-68]. The electrocatalysts with strain-
rich surfaces (SREs) promote changes in the adsorption (desorption) and in the splitting
ability of the chemical species (H;, O,, OH™ or H,O) involved in the reactions, which
can contribute to an increase in the global chemical conversion rates. This feature is more
evident in bimetallic catalysts with complex nanostructures (core—shell, nanocages, etc.) [69].
However, crystalline defects, such as vacancies, dislocations or voids, can also promote
strain changes and increase the catalytic performance [67].

The characteristics of the potentials used in the simulation are decisive for the final
simulation result. Therefore, it was obtained from the NIST database [44] that the variation
in potential energy vs. interatomic spacing, r, for an fcc structure, was generated based on
the ideal atomic positions without relaxing the system. The plots of potential energy vs.
interatomic spacing for the Three possible interactions are shown in Figure 10.

0.2 0.3 04 0.5 06
0

Pd-Pd

i
|
)
)
|
|
\
\
\
\
\
\

= ===Pt-Pd

Ep (eV/atom)

Pt-Pt

r(nm)

Figure 10. Potential energy versus interatomic position for ideal fcc structure without relaxation.

The minimum in the curves of Figure 10, corresponding to the lowest possible energy
and to the respective equilibrium distance of the first near neighbour (NN), are slightly
different depending on the type of bond. The equilibrium Pt-Pd bond has a shorter
NN length than those of either Pt-Pt or Pd-Pd, hence enabling the accommodation of
surface contraction.

The effect of increased surface curvature as the particles became smaller is very clear,
from Figures 8 and 9. The smaller nanoparticles have higher surface energy values for
the whole composition range. Similar molecular dynamics studies of Au and Fe indicate
conversely that surface energy decreases with the increasing of nanoparticle size, with
results comparable to the experimental values [70,71]. The increase in surface energy for
smaller nanoparticles is attributed to the larger fraction of the surface, namely edge and
corner atoms, where there are more under-coordinated atoms and therefore, higher surface
energy [71]. With the EAM interatomic potential, it has been identified the effect of surface
contraction in nanoparticles, i.e., smaller NN distances especially between the first and
second layers near the surface. The Pd migration to the surface layer in Pt-Pd alloys enables
minimizing the overall potential energy of the ensemble through the formation of top Pd
monolayers and Pt-Pd bonds accommodating smaller <d; »> distances. In alloys with very
low content of Pd, this is not possible and <d; »> distances much smaller than the minimum
of the Ep vs. r (Figure 10), a maximum contraction of about 2% in <dj »> is seen in Figure 9a)
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for pure Pt. This contraction imposed on the Pt-Pt bonds of atoms close to the surface leads
to higher surface energy values. In contrast, the formation of a Pd surface monolayer for
the Pt50Pd50 composition, Figure 2 and the ensuing accommodation in <d; > through the
Pt-Pd bond gives rise to minima in Figure 9 for the Pt50Pd50 composition. Similarly, the
surface energy determined for intermediate compositions, Figure 8, is smaller than that of
the pure terminal elements.

The nanoparticle structures obtained in this work for the compositions Pt19Pd81 and
Pt50Pd50 show a complete layer of palladium formed at the surface, which corresponds
to a core shell structure: PtPd@Pd. Core-shell structures (Pt@Pd) have been obtained ex-
perimentally and show good results for methanol oxidation reaction (MOR) in acid media
(anode side) [72]. Experimental evidence of Pd segregation in Pt-Pd nanoparticles has been
detected after exposure at high temperatures (processing or annealing at 488-573 K) [73,74].
Using Ambient Pressure XPS (APXPS) associated with a synchrotron, it was possible to
obtain non-destructive depth profiles of composition in Pt50Pd50 bimetallic nanoparticles
with a diameter of 15 nm, synthesized using colloidal chemistry methods. These nanoparti-
cles have a core-shell structure with the shell significantly Pd-rich, 84%Pd at a depth of
0.7 nm, converging to the average composition, to 52%Pd, 1.6 nm below the surface [73].
Nanoparticles with 5 nm in diameter of Pt70Pd30 were subjected to thermal treatment
at 300 °C and subsequently to XPS measurements. The results indicate that a core—shell
structure with a Pd-enriched shell and a Pt-rich core is formed [74].

The structure of the particles for the composition Pt86Pd14, where both metals are
present at the nanoparticle surface, might have application for ORR in PEMFCs (cathodic
side, acid media), since the palladium increases activity and long-term stability, as it
was found by Li et al. for an alloy composition close to that of the present research:
(Pt3Pd/C) [18].

5. Conclusions

Molecular dynamics simulations representative of equilibrium structures show the
formation of a Pd surface monolayer or significant Pd enrichment in Pt-Pd alloys. Pd is
present in the outermost layer of Pt-Pd nanoparticles across all compositions and sizes.
Pt-Pd nanoparticles are approximately spherical, with higher Pd content alloys showing
faceted low-index plane surfaces. The radial distribution data confirm Pd segregation
to the surface for all compositions, with a Pd monolayer forming at the surface and a
Pt-rich layer beneath it. Simulated X-ray diffraction patterns for Pd-rich alloy particles
show broad peaks typical of nanoparticles, indicating higher reactivity for smaller particles.
The Pd migration to the surface layer in Pt-Pd alloys minimizes the overall potential
energy through the formation of Pd surface monolayers and Pt-Pd bonds, leading to lower
surface energy for intermediate compositions compared to that of pure elements. The
contraction between the first and second atomic layers at the surface is the main driver
of the variation in surface energy versus composition. The surface energy values and
predicted structures are consistent with those reported in the literature, validating the
present simulation framework.

Pd segregation significantly impacts the structural and surface energy properties of
Pt-Pd nanoparticles, influencing catalytic activity and stability. The results of this work are
a relevant contribution to the future design of Pd-Pt nanocatalysts regarding the particle
size, palladium content, structure, surface segregation of elements and surface energy,
which have been considered key factors for catalytic activity.
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