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Abstract: Molecular dynamics simulations are carried out for describing growth of Pd and PdO
nanoclusters using the ReaxFF force field. The resulting nanocluster structures are successfully
compared to those of nanoclusters experimentally grown in a gas aggregation source. The PdO
structure is quasi-crystalline as revealed by HRTEM analysis for experimental PdO
nanoclusters. The role of the nanocluster temperature in the MD simulated growth is

highlighted.
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1. Introduction.

Nanoparticles (NPs) play a central role in many applications. Among them catalysis represents
certainly a broad field of uses [1]. The open questions are centered on the capability of
producing nanoclusters with well-defined size and shape distributions. Physical Vapor
Deposition (PVD) techniques are now mature synthesis methods able to reach such goals [2].
Among all possible PVD techniques, the magnetron gas aggregation has rapidly become a
widely used technique due to its simplicity and its convenience to allow the growth of a large
kind of metallic and metal-oxide nanoparticles [3-18]. Despite numerous studies on particle
growth, either experimental or theoretical/numerical as reviewed in Ref. 18, very few of them
take into account the reactivity at the molecular level under conditions matching those of
experimental syntheses of NPs.

Molecular Dynamics simulation (MDs) is a very efficient technique for describing atomic and
molecular processes, especially at the nanoscale. It consists in solving the equation of motion
using Newton equations of motion (or Langevin dynamics which includes energy dissipation

through an additional friction term):
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where 7;(t) is the position of the atom i belonging to an assembly of N atoms, at a time t and
with a mass m;, and V is the interaction potential between all atoms. So solving such a set of
equations requires the knowledge of the interaction potentials V and a set of initial conditions,
preferably matching experimental situations

Moreover, recent developments now enable MD to treat molecular reactions allowing a direct
comparison with experiments. This means that bond formation and bond breaking can be
described. A widely used force field for achieving this goal is ReaxFF, which also includes

variable partial charges allowing to study reactivity in ionic systems [19]. Additionally, both



these force fields are including variable partial charges, increasing their interest in studying
reactivity of ionic systems.

Palladium and palladium oxide NPs are of very high interest for catalytic combustion [20,21]
and more recently for the conversion of biomass molecules into hydrogen and added-value
compounds [22-25]. In this context, the present study examines the MDs of the growth of Pd
and PdO NPs in conditions matching those of the Gas Aggregation Source (GAS) setup. The
theoretical structures of Pd and PdO NPs as calculated using MDs are compared with those
determined from high resolution transmission electron microscopy pictures of experimentally
grown PdO using a GAS setup.

2. Methods
The GAS setup (MANTIS Deposition Ltd) was previously fully described in Ref. 6. The

scheme of Fig. 1 represents the working principle of the GAS. Pd atoms are sputtered from a
Pd target (Lesker, 99.99% purity in a condensation chamber filled by a mixture of argon gas at
a pressure of 38 Paand a 100 sscm flow rate, and oxygen gas at a flow rate of 5 sccm. Magnetron
sputtering is ignited by electrical breakdown of the Pd target biased at negative voltage Vp = -
400 V. Growth of Pd and PdO clusters occurs in the condensation chamber and the clusters are
leaving the condensation chamber via an outlet orifice with a diameter of 5 mm towards a
differentially pumped deposition chamber. The nanoclusters are collected onto carbon-coated
Cu grids (300 mesh, SPI) and analyzed on high resolution transmission microscope (HRTEM)
JEM — ARM 200F Cold FEG TEM/STEM operating at 200 kV and equipped with a spherical

aberration (Cs) probe and image correctors (point resolution 0.12 nm in TEM mode).
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Figure 1: Scheme of the working principle of the Gas Aggregation Source setup.

Molecular dynamics simulations of cluster growth are carried out using PdO ReaxFF potentials
[26]. Ar-Pd and Ar-O interactions are described using Moliere potentials [27]. The simulation
box is representative of the GAS conditions. The Pd to Ar, and O to Ar ratios are estimated
using the procedure described by Quesnel et al. [9]. This leads to a simulation box containing
20,000 Ar atoms, 500 Pd atoms and 0 to 1,000 O atoms. The initial temperature of this vapor is
Tgas = 300 K. Initial velocities of atoms are sampled from a Maxwell-Boltzmann distribution at
300 K. Moreover, while all calculations are performed considering a constant number of atoms,
constant volume and constant total energy (NVE) ensemble, while using NVT ensemble
(Temperature of Ar atoms is constant instead of E) for the Ar atoms, mimicking cluster cooling
via Ar collisions on clusters and transport to chamber wall. Atoms are initially randomly located
in a periodic simulation box of 40 x 40 x 40 nm®. These initial values are deduced from the
actual conditions used for the experimental cluster growth processes in the GAS setup, and it is
expected that they allow a relevant comparison with HRTEM observations of real clusters. The
simulations are continued up to a simulated time of 25 ns, corresponding to 1.00x108 time-steps
(the integration time-step is fixed to 0.25 fs, according to Ref. 26). All simulations are carried
out using the LAMMPS software® [28].

3. Results and discussion

L https://lammps.sandia.gov



Fig. 2 displays snapshots of Pd growth at 25 ns elapsed calculation time in the absence (Fig.

2a) and in the presence (Fig. 2b) of oxygen. Ar atoms are not represented for clarity.

Figure 2: Snapshots at 25 ns calculation time for the growth of (a) Pd clusters considering
20,000 Ar atoms (not shown for clarity), 500 Pd atoms and (b) of PdOx considering 20,000 Ar
atoms (not shown for clarity), 500 Pd atoms and 500 O2 molecules (right panel). Pd atoms are
colored green and unreacted O, molecules are colored red.

In the case of the formation of Pd clusters (Fig. 2a), no isolated Pd atoms remains after 25 ns:
all Pd atoms are incorporated in the formed clusters. Four clusters are present, containing 286,
159, 45 and 10 atoms. Indeed, considering the boundary conditions, the two pseudo-clusters
visible close to the bottom of Fig. 2a belong to the same cluster. According to the RDF plot in
Fig. 3, the Pd clusters appear well organized and crystalline. The interatomic distances between
a Pd atom and the four nearest neighbor atoms (NNA) determined from the RDF plot are very
close to the theoretical ones for Pd bulk (Table 1), which confirms the crystalline nature of the

Pd clusters obtained by MD simulations.

Table 1. Interatomic distances between a Pd atom and the four nearest neighbor atoms (NNA)
in Pd clusters determined from the RDF plot (Fig. 3) and theoretical ones in Pd bulk.



Position (A)
1S NNA 2" NNA 39 NNA 40 NNA
Pd Cluster 2.75 4.05 4.70 5.50
Pd Bulk 2.75 3.89 4.76 5.50
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Figure 3: RDF plot of Pd nanoclusters of Fig. 2.

Another important point concerns the Pd vapor-cluster temperature change during the cluster
growth. Fig. 4 displays the change in temperature of the Pd (red curve) and PdOx (black curve)
vapor-cluster for 25 ns of the MD simulations. In the case of Pd clusters, the temperature first
increases during the growth of initial clusters. This temperature is controlled by the Pd sticking
while the Pd dimer, trimer, etc. bond energy is removed by Ar atoms acting as a third body
collision partner. When the clusters reach a sufficient size, they are able to store part of the bond
energy issued from the sticking of an additional Pd atom. A maximum temperature is then
reached when coalescence of atoms leads to clusters sufficiently big to be cooled by the argon

collisions. Further, the cluster temperature decreases down to the argon temperature (300 K in



the present case) while collisions and coalescence of clusters become rare events. Bumps after
15 ns correspond to the coalescences of two clusters. At 25 ns, the remaining Pd nanoclusters

are fully thermalized.
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Figure 4: Pd vapor (red curve) and PdxOy in Pd/O> vapor (black curve) temperatures changes
for the growth of Pd nanoclusters and PdxOy nanoclusters.

When adding O to the Ar sputtering gas, the cluster growth is affected in numerous ways.
When looking at the snapshot in Fig. 2b, Pd clusters are partly oxidized and do not appear well
crystallized after 25 ns simulation time. Moreover 55% of the initial O> molecules are not
inserted in or adsorbed on clusters, and remain at this step as unreacted molecules in the
environmental atmosphere. The comparison of the snapshot for the formation of Pd clusters in
the presence of O> molecules (Fig. 2b) with that for the formation of Pd clusters in the absence
of O2 molecules (Fig. 2a) indicates clearly that the number of clusters is higher in the presence
of O2 molecules than in their absence. Non-negligible amounts of PdOx and Pd>Ox small
molecules can also be seen. This indicates that the clustering process needs more time in the
presence of dioxygen than in its absence. This is confirmed by looking at the change of the

vapor temperature of the PdxOy species (O2 molecules are excluded from the temperature



calculation) in Fig. 4 (black curve). As for the formation of Pd clusters, the temperature first
increases due to the formation of Pd-Pd chemical bonds. This process is followed by a short
decrease of the temperature at a time close to that for pure Pd clusters, indicating that Pd clusters
are not so highly oxidized at this step. At longer times, an increase of temperature is observed,
which is due to the formation of a significant amount of Pd-O bonds. The formation of such
chemical bond releases a higher energy than that for the formation of a Pd-Pd chemical bond,
i.e. about 1.3 eV for O adsorption on Pd and between 0.5 and 1 eV for Pd adsorption on Pd
[26]. Afterwards, the temperature oscillates but does not decrease, despite the 20,000 Ar atoms
thermostating the PdxOy clusters and the remaining O> molecules. These oscillations of
temperature are related to the collision and coalescence of smaller cluster into bigger ones. This
means that longer computation time is necessary to obtain fully thermalized PdxOy clusters. On
the other hand the cluster composition has not yet reached the stable PdO stoichiometric
composition. The larger PdxOy clusters exhibit an O/Pd ratio of 0.25 to 0.3, while smaller
clusters are rather molecules of the form PdOx and Pd>Ox. This is also an indication that the
clustering process is slower for PdxOy than for Pd for which, for the same computation time of
25 ns, no isolated Pd atom, dimers, trimers, etc. remained in the gas phase.

Nevertheless, one of the clusters in Fig. 2b has a nearly stoichiometric composition of Pd2102s.
Fig. 5 depicts the atomic structure of this cluster. It is clearly observable that this cluster exhibits
a nascent typical alternate Pd-O layered structure with the stoichiometry of pure PdO. This
observation indicates that the formation of stoichiometric and crystalline PdO clusters can be

expected for longer simulation times, i.e. when clusters will start to thermalize.



Figure 5: Snapshot of a Pd21023 cluster issued from figure 2. White lines underline the nascent
Pd-O alternate layers. O molecules at the cluster edges are adsorbed molecules.

In order to compare the clusters obtained experimentally in the GAS set up experiments to those
obtained from the MD simulations, which included starting conditions matching the
experimental ones, HRTEM micrographs of a PdO experimental cluster were taken (Fig. 6a).
The zoom in Fig. 6b and the Selected Area Electron Diffraction (SAED) pattern along the [010]
axis (inset of Fig. 6b) reveal that we are in the presence of a PdO cluster. This is confirmed by
the interplanar spacing of 0.266 nm and 0.156 nm and the angle between planes of around 30°
corresponding to the {101} and {103} crystallographic planes of the PdO phase. In the
micrograph it is also possible to observe the presence of 2D crystal defects as stacking faults
and twin boundaries. The zoomed-in portion of the micrograph (Fig. 6b) shows clearly the
position of the Pd atoms (oxygen are light atoms that are not detected) that matches the body
centered tetragonal (bct) structure of PdO as shown in the schematic. The SAED pattern along
the [010] zone axis shows a PdO crystal with a good crystal quality. The presence of oxygen
introduces internal strains that deform the Pd crystal cell, as observed by the increase of the Pd-
Pd interatomic distance (Table 1). Oxygen addition also increases the 2D defects due to the

PdO formation.
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Figure 6: HRTEM micrograph showing (a) an isolated PdO cluster with a size of 7 nm and (b)
Zoom with a draw of the PdO crystal cell. Inset PdO SAED pattern along the [010] zone axis.

Therefore, the structure of the experimentally obtained PdO nanoclusters using the GAS setup
is fully in agreement with that foreseen using MD simulation based on initial conditions
matching those of experimental synthesis. This indicates clearly that MD simulation is a very
powerful method to predict the growth mechanism and structure of metal and metal oxide
nanoparticles.

4. Conclusion

Reactive molecular dynamics simulations are carried out for describing the initial steps of the
formation of Pd and PdO nanoclusters under conditions mimicking those for the growth of
clusters in a magnetron gas aggregation source setup. When the formation of Pd clusters is
carried out in the absence of O, the clustering process is complete at 25 ns simulation time.
When adding oxygen in the sputtering gas clustering process is incomplete and small molecules
such as PdOx and Pd>Ox are numerous; moreover 55% of the O> molecules did not react. This
leads to kinetics of PdOx cluster growth considerably slower than that of Pd cluster growth. Pd
oxide NPs are observed with an O/Pd ratio close to 0.25 — 030. Nevertheless, stoichiometric
PdO nanoclusters are also observed, which exhibit a nascent crystalline structure, while the
cluster temperature of around 2000 K does not allow exhibiting a relaxed crystalline structure.

On the other hand, experimental cluster formation in magnetron gas aggregation source setup



performed under comparable experimental conditions as those used in the simulations leads to
the observation by HRTEM of stoichiometric and crystalline PdO nanoclusters.
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