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Abstract: PtPd nanoparticles are among the most widely studied nanoscale systems, mainly because
of their applications as catalysts in chemical reactions. In this work, a combined experimental-
theoretical study is presented about the dependence of growth shape of PtPd alloy nanocrystals on
their composition. The particles are grown in the gas phase and characterized by STEM-HRTEM.
PtPd nanoalloys present a bimodal size distribution. The size of the larger population can be tuned
between 3.8 ± 0.4 and 14.1 ± 2.0 nm by controlling the deposition parameters. A strong dependence
of the particle shape on the composition is found: Pd-rich nanocrystals present more rounded
shapes whereas Pt-rich ones exhibit sharp tips. Molecular dynamics simulations and excess energy
calculations show that the growth structures are out of equilibrium. The growth simulations are
able to follow the growth shape evolution and growth pathways at the atomic level, reproducing the
structures in good agreement with the experimental results. Finally the optical absorption properties
are calculated for PtPd nanoalloys of the same shapes and sizes grown in our experiments.

Keywords: nanoalloy; PtPd; molecular dynamics; nanocrystals; growth

1. Introduction

Binary metallic clusters and nanoparticles (BNPs, also known as nanoalloys) [1–5]
have received increasing attention in recent years due to their applications in various fields,
among which catalysis is traditionally the most important. Further applications are found in
plasmonics, data storage and biomedicine [6]. In addition to the size-dependent properties
of elemental nanoparticles, nanoalloys present composition-dependent properties. On one
hand, this makes nanoalloys more versatile than elemental nanoparticles for specific
and tailored applications. On the other hand, this further degree of freedom increases
the complexity of the energy landscapes compared to elemental nanoparticles so that
the control of nanoalloy shapes in their formation process may be more challenging.
For this reason, detailed studies of the formation processes of nanoalloys are extremely
important. Specifically, the study of growth processes in very clean environments, such
as the gas phase [7], is essential to unravel the dominant pathways leading to the growth
of nanoparticles of different shapes. These studies often take advantage of combined
experiment-simulation efforts [8–20].

The investigation of the formation mechanisms of BNPs is therefore a key step in
view of producing nanoparticles with the desired properties for applications [1,21–23].
In particular, chemical reactions usually occur at the nanoparticle surfaces, so that they are
strongly influenced by the morphology of the surface itself, which may comprise different
types of facets, edges, and defects.
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In this work, we study the growth of PtPd nanoalloys of different compositions. PtPd
nanoparticles are among the most widely studied nanoscale systems, mainly because of
their applications as catalysts in chemical reactions. Their activity is superior to that of the
corresponding elemental Pt and Pd nanoparticles in many reactions [24–29].

Our PtPd nanoalloys are grown in the gas phase and their structures are analyzed by
HAADF/STEM, this being a well established technique for characterizing PtPd nanoal-
loys [30,31]. In Ref. [8], we focused on the analysis of their chemical ordering, showing
that the gas-phase growth leads to the formation of structures with a peculiar type of
non-equilibrium patterns, in which the core of the nanoparticle contains both metals, while
the shell is strongly enriched in the majority element (PtPd@Pt and PtPd@Pd chemical
ordering, for Pt-rich and Pd-rich nanoalloys, respectively). Here, we focus on the anal-
ysis of the geometric shapes of PtPd nanoalloys, specifically addressing the problem of
the dependence of the shape on composition. As we will show in the following, even
if both Pt-rich and Pd-rich compositions lead to the formation of nanocrystals (i.e., of
crystalline fragments of the bulk lattice), the nanocrystal shapes differ in the two cases. In
order to understand the growth pathways of these nanocrystals, we perform molecular
dynamics (MD) simulations. By means of MD simulations, the growth shape evolution
and growth pathways can be followed at the atomic level. Unlike Monte Carlo growth
simulations, which always assume some sort of approximated coarse-grained kinetics, MD
simulations reproduces physically correct trajectories of the atoms. Finally we calculate
the optical properties of Pd-rich PtPd nanoparticles of the same shape and size grown in
our experiments.

2. Results and Discussion
2.1. Bimodal Distribution

Let us consider first a distribution of PtPd NPs, grown in a Pt-rich atomic vapor
(Pt0.7Pd0.3). At low magnification, we can observe that the NPs grown in these conditions
present a bimodal size distribution, with two well separated nanoparticle populations.
A histogram of the size distribution reveals that the larger population has an average size
4.2 nm ± 0.4 nm and the smaller one of 1.7 ± 0.4 nm (see Figure 1).

At higher magnification (Figure 1c,d), we can see that the nanoalloys of both popula-
tions have crystalline structurew, with well defined truncated octahedral shapes in the
larger population. We note that the presence of sub-2 nm nanoparticles has been reported
in pure Ag and Pt samples grown by a magnetron-sputtering source. They were believed to
originate from a charging effect of the clusters [32,33]. Similar features were also observed
in PtPd systems grown by a chemical synthesis approach [34]. However, in this last case,
the sub-2 nm NPs decorated the surface of larger NPs with diameters of ∼20 nm. We
finally note that the relative percentage of the two populations depends on the pressure in
the deposition chamber (PDC). By increasing this pressure, we observe a reduction in the%
sub–2 nm NPs, which become roughly zero when PDC is higher than 8 × 10−3 mbar.
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Figure 1. Bimodal distribution of PtPd NPs. (a) Low-magnification Cs-corrected STEM-HAADF
image showing several NPs. (b) Histogram showing the size distribution of the NPs. (c,d) Specimens
representing the two populations.

2.2. Controlling the Size Distribution of Ptpd Nps

Magnetron sputtering enables the control the size of the NPs by varying the sputtering
conditions. Larger particles are generally obtained by increasing the powers applied to the
targets, which increases the sputtering yield. Particle size can be controlled by varying the
residence time of the NPs in the aggregation zone (AZ) where the clusters collides forming
larger NPs. This can be achieved by mechanically varying the length of the AZ, and tuning
the difference of between the pressure in the source (PS) and in deposition chamber. The
former way to control the size has been widely characterized in the literature for several
mono- and bimetallic systems [35]. For instance, Pratonep et al. [36] found a shift in the
size distribution of Ag clusters of about 20% towards larger masses when the AZ length
was increased by 2–3 cm. On the other hand, the effects of tuning the pressure difference
have been poorly characterized. Intuitively, an increase in PDC at constant PS decreases the
overall difference of pressure between the two regions, and hence the acceleration of the
NPs towards the deposition chamber. In this way, the nanoparticles have more time for
growing, so that their average size increases. Here, we combined both these approaches to
tune the size distribution in a wider range of values.

In Figure 2, we summarize the effects of increasing the PDC from 6.5 × 10−4 to
8 × 10−2 mbar keeping PS and other sputtering parameters constant. We tested this effect
for two different LAZ: 45 and 125 mm, the minimum length to have a stable plasma and
the maximum one.

We observed that increasing both PDC and LAZ causes an increase in the NP size.
Particularly, at LAZ = 45 mm, the size distributions peaked at 3.8, 5.6, 6.9, 7.9 nm for
depositions grown at a PDC of 6 × 10−4, 1 × 10−3, 1 × 10−2 and 8 × 10−2, respectively.
Increasing LAZ to 125 mm those values rise to 5.2, 7.1, 10.3 and 14.1 nm, i.e., with an
increment between 27% and 49% .

Other observations can be made considering the same data set as a function of PDC.
We observe that rising PDC from 10−4 to 10−1 mbar causes an overall increase in the particle
size of 82% for the populations grown at LAZ = 45 mm and of 98% for distributions grown
at LAZ = 125 mm. This indicates that the effect of increasing the residence time of the
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particles in the AZ by reducing the difference of pressure between source and deposition
chamber has a remarkably bigger effect on the size distribution than just increasing the
length of AZ. We also note that an increase in PDC also causes an overall decrease in the
deposition rate of 30%, in agreement with the formation of larger NPs.

Figure 2. Evolution of the NPs size in function of the PDC at two different LAZ.

2.3. Composition vs. Facets

Two distributions of PtPd NPs are shown in Figure 3. The first was grown in an 80%
Pd-rich atmosphere (top row) and the second was grown in a 70% Pt-rich one (bottom row).
These compositions result in (PtPd)@Pd and (PtPd)@Pt core-shell NPs, respectively [8].
In addition to giving two different chemical orderings, these compositions lead to the
formation of particles with different shapes.

Figure 3. Cs-corrected STEM-HAADF images of PtPd NPs grown in a Pd-rich atmosphere (Pd0.8Pt0.2)
(top row) and in a Pd-rich one (Pt0.7Pd0.3) (bottom row). (a,b) low magnification images (c–f) high
magnification images with scale bar—5 nm.
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By comparing the two distributions, we can see that the particles grown in a Pd-rich
environment are quasi-spherical, while the ones grown in a Pt-rich atmosphere show more
evident sharp edges and tips. At higher magnification, we can notice that both Pd-rich
and Pt-rich nanoparticles tend to be octahedral, with some degree of truncation. These
nanoalloys are therefore nanocrystals, i.e., fragments of the bulk fcc lattice. The high-
maginification images confirm that more rounded shapes are formed in Pd-rich nanoalloys,
whereas sharper edges and tips tips are generally found in Pt-rich nanoalloys.

Further examples of particles grown in the Pt-rich atmosphere are shown in Figure 1.
We can notice that the particles generally show a rectangular base with quite sharp tips.
Several examples of particles grown in Pd-rich environment can be found in references [8,9].

2.4. Simulation Results

The experimental data of the previous section reveal that the most common PtPd
nanoalloy structures belong to the octahedral motif. The octahedra always present some
degree of truncation, and in general, the shapes of Pd-rich nanoalloys are more rounded
than those of Pt-rich nanoalloys, which often show quite sharp tips. Truncated octahedra
with rectangular base were also observed. In order to rationalize these findings, we
performed MD simulations of nanoalloy growth. These simulations started from a regular
truncated octahedron of 586 atoms with 50–50% compositions and intermixed chemical
ordering. This structure is representative of the equilibrium configurations of relatively
small nanoparticles of diameters in the range of 2–3 nm, and its composition reflects that of
nanoalloys in the early stages of growth, for both Pt-rich and Pd-rich nanoalloys, as shown
in Ref. [8]. On top of this seed, we deposited either Pd atoms or Pt atoms to reach sizes up to
2100 atoms. This is to simulate the later stages of growth, in which the metal vapour is even
more enriched in the majority element, because the minority element is almost completely
consumed in the early part of the growth [8,14]. Atoms are deposited by placing them
initially at random on a sphere, whose radius is larger than the maximum radius of the
growing cluster by 0.5 nm, with initial velocity directed towards the cluster. The deposition
rate is of 1 atom every ns. Simulations temperatures are of 600, 700, 800 and 900 K. For each
temperature, four independent simulations were run.

In Figure 4, we show some typical truncated octahedral structures grown in our
simulations. While the structures in Figure 4a,b keep the square symmetry of the initial
seed of 586 atoms to some extent, the structures in Figure 4c,d show a transition towards
more elongated shapes with rectangular bases. In these structures, the octahedral tips are
sharper than in the initial regular truncated octahedron, especially for the Pt-rich case. Both
the formation of rectangular shapes and the sharpening of the tips hint at the presence
of non-equilibrium effects in the growth of these nanoalloys. This will be discussed in
the following.

Growth sequences at T = 700 and 800 K for Pt and Pd deposition are shown in
Figure 5a,b. These sequences are representative of the typical growth behavior. We note
that while the Pd-rich nanoalloy still maintains an appreciable degree of vertex truncation
during its evolution, the Pt-rich nanoalloy quickly formed an almost perfect octahedron
with quite sharp tips.

The degree of truncation of these growing nanoalloys was quantified with the aid
of the data in Figure 6, where we report the number No f of terrace atoms on open facets
(mostly (100) facets) at different stages of the growth and for all simulation temperatures.
No f is a measure of the degree of tip truncation, because a deeper truncation forms a larger
(100) facet. The results of Figure 6 show that No f is consistently much larger in nanoalloys
grown by Pd deposition than in those formed by Pt deposition, for all temperatures
and sizes.

In summary, the results of the growth simulations are in good agreement with our
experimental observations, for what concerns different aspects such as the growth within
the octahedral motif, the formation of sharper tips in Pt-rich samples and the possible
growth of elongated shapes with rectangular base. These aspects also indicate that kinetic



Catalysts 2021, 11, 718 6 of 13

trapping effects are likely to be important. In order to discuss this point, we calculate the
excess energy Eexc of octahedral and truncated octahedral Pt and Pd nanocrystals (see
Figure 7). For a nanoparticle with N atoms, Eexc is defined as [37]

Eexc(N) =
E(N) + Nεcoh

N2/3 , (1)

where E(N) is the binding energy of the nanoparticle (which is negative), while εcoh is the
cohesive energy per atom in the bulk solid (defined as positive). The results reported in
Figure 7 correspond to nanoparticles of diameters between 3.5 and 9.5 nm.

Figure 4. Representative growth structures of size 1500. (a,b) Structures obtained in growth simula-
tions at 800 K for Pt and Pd deposition, respectively. (c,d) Elongated structures obtained in growth
simulations at 900 K for Pt and Pd deposition, respectively. Each structure is shown from two per-
spectives. Here and in the following, Pt and Pd atoms are represented in gray and blue, respectively.

Figure 5. Growth sequences for (a) Pt and (b) Pd deposition. The simulations are run at 700 and 800 K, respectively.
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Figure 6. Number of atoms on open facets in the growth simulations at different temperatures and
sizes. Results were obtained by averaging over four independent simulations.

From the results in Figure 7 it turns out that the lowest-energy structures are the trun-
cated octahedra with square base. Specifically, for Pd nanocrystals the optimal truncation is
that corresponding to the regular truncated octahedron, in which all (111) facets are regular
hexagons. This structure is obtained from a complete octahedron with edge of nl atoms by
eliminating ncut atomic planes at each vertex, with [38]

ncut =
nl − 1

3
. (2)
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In Pt nanocrystals, the optimal truncation is less deep—by one atomic layer. For both
metals, Eexc increases if the base of the octahedron is made rectangular. Complete octahedra
are quite high in energy. These results clearly confirm that the nanocrystal shapes obtained
in the growth experiments and simulation originate to a great extent from kinetic effects.

Figure 7. Excess energies (see Equation (1)) of pure (a) Pd and (b) Pt nanocrystals of different shapes
((c)—regular octahedron, (d)—regular truncated octahedron and (e)—truncated octahedron with
rectangular base), where εcoh is equal to 3.91127 eV for Pd and 5.82801 eV for Pt.

The growth mechanism of the octahedral tips is the same discussed in the simulations
of Ref. [39]. In the gas-phase growth, atoms randomly land on the growing nanocrystals
from all directions. The formation of regular shapes with flat facets indicate that these
atoms are mobile on the nanocrystal surface. In particular, atoms can very quickly diffuse
on the large (111) facets and easily cross the borders between (111) facets, and from (111)
to (100) facets. On the contrary, the reverse border crossing from (100) to (111) facets is
much more difficult, because adsorption energy is much higher on (100) facets. This leads
to an accumulation of atoms on (100) facets where the octahedral tips grow. This kinetic
effect is stronger in Pt than in Pd due to the larger difference in adsorption energies of
the former, which induces a very high energy barrier for the (100)→(111) border crossing.
In addition, the excess energy calculations indicate that also at equilibrium Pd nanocrystals
would present slightly deeper truncations.

3. Optical Simulations of (Ptpd)@Pd Nanocrystals

It has been established that the plasmon resonance of Pd and Pt nanoparticles resides
in the ultraviolet range of the optical spectrum, which can be red shifted by increasing the
particle size [40]. An optical activity in the UV part of the optical spectrum is interesting,
for example, in photocatalysis, in which platinum has a prominent role. The truncated
octahedral shape will also delicately affect the optical (plasmonic) response of the PtPd
core Pd shell particles [41]. Below we present the results of classical simulations of the
absorption spectre. In fact, the sizes of our nanocrystals are sufficiently large to exclude
strong quantum mechanical effects on the plasmonic behavior.

In Figure 8a, the optical absorption spectra in the PtPd core and in the Pd shell
are shown independently for the investigated sizes. It is clear that most of the optical
absorption occurs in the range of 200–350 nm. Lower wavelengths than 200 nm were not
considered as they are not interesting for practical applications due to constraints on the



Catalysts 2021, 11, 718 9 of 13

optical setup in case of far ultraviolet light. From the simulations, it appears that most of
the optical absorption occurs at the Pd shell, with an order of magnitude difference with
respect to the core. Furthermore, the shell shields optical absorption in the core, as can
be seen from the 3 nm core particles in which the thick shell results in much less optical
absorption in the core as compared with particles with thin shells.

In Figure 8b,c, the optical absorption cross sections thorough the middle of the particle
are shown in the xy and xz planes. As x-polarized light is used in the FDTD simulations,
the sharp edges in the x-direction exhibit the strongest optical absorption due to local field
enhancement [42].

Figure 8. (a) Optical absorption in PtPd core Pd shell truncated octahedron nanoparticles as obtained by FDTD simulations.
(b) Cross sections at wavelength 238 nm in xy plane for the truncated octahedron with core 3 nm and outer shell 7 nm.
(c) Cross sections at wavelength 238 nm in xz plane for the truncated octahedron with core 3 nm and outer shell 7 nm.

4. Materials and Methods
4.1. Experimental Methods

PtPd nanoparticles were synthesized by inert gas aggregation-sputtering deposition
(Nanogen-Trio source, Mantis Deposition Ltd, UK). This technique is based on the conden-
sation of an atomic vapor produced by DC simultaneous magnetron-sputtering of targets.

The Nanogen-Trio source [43,44] employed three separate circular 1′′ targets mounted
on the same linear translator within one region of inert gas aggregation, called aggregation
zone. The sputtering current applied to the different targets can be adjusted separately,
thereby providing control over the mole fraction of metals incorporated into the nanoparti-
cles. Here, the sputtering currents applied to the targets were adjusted to create either a
Pd-rich atomic vapor (Pd0.8Pt0.2) or a Pt-rich one (Pt0.7Pd0.3). The powers applied to the
targets were obtained by applying a power of PPt = 8 W and PPt = 24 W for the Pd-rich
distribution, and PPt = 23 W and PPt = 8 W for the Pt-rich one.

The composition of the atomic vapor was estimated by dividing the power applied
to the target by the cohesion energy of the specific element (Ec,Pd = 3.89 eV/atom and
Ec,Pt = 5.84 eV/atom). The composition of individual nanoparticles was also assessed by
performing quantitative analysis of the EDX maps.

The length of the aggregation zone (AZ) can be mechanically varied in the range
35–125 mm by linear translation of the magnetron gun and multitarget holder.

The deposition chamber had a backing pressure of PDC ∼ 10−8 mbar, which increased
to ∼10−4 mbar in standard operating conditions. This value can be further increased to
∼10−1 mbar by flowing a controlled amount of Ar in the deposition chamber. This does not
significantly affect the absolute value of the pressure measured inside the AZ. Specifically, this
value fluctuated between 2.0 × 10−1 and 2.2 × 10−1 mbar during the experiments.

The difference of pressure caused nanoparticle extraction and acceleration from the
aggregation zone to the deposition chamber, where they soft landed onto substrates held
at ground potential.

To unravel the features of the PtPd distribution, the nanoparticles were deposited
directly on amorphous carbon coated TEM grids to yield random arrays of binary nanopar-
ticles. The deposition time was varied so to have very low density of particles in the
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samples used for characterising the structure of the nanoparticles. In these samples, the
depositions lasted 180 s to avoid coalescence phenomena due to overlapping of the nanopar-
ticles on the grid. The interparticle distances were at least 10 times their diameter. Larger
densities of nanoparticles were deposited onto the samples that were used for evaluating
the composition of the PtPd distribution. In this case, the depositions lasted at least 5 min.

The average composition, size and morphology of the nanoparticles were examined us-
ing aberration-corrected scanning transmission electron microscopy (Cs-corrected-STEM),
JEOL JEM-ARM 200F. Scanning transmission electron microscopy combined with X-ray
energy-dispersive spectroscopy (STEM–EDX) was also used to study elemental mapping
for the respective elements.

4.2. Model and Simulation Methods

PtPd nanoparticles were modelled by means of an atomistic force field derived within
the second-moment approximation to the tight-binding model [45,46]. Form and parame-
ters of the force field can be found in Refs. [8,47]. This model has been favorably tested
against ab initio results [48] and growth experiments [8,9].

Nanoparticle growth was simulated by MD simulations. In these simulations, atoms
were deposited one by one on a preformed seed (a truncated octahedron of 586 atoms)
from random directions. In the MD simulations, the equations of motion were solved by
the velocity Verlet algorithm with a time step of 5 fs. Temperature was kept constant by an
Andersen thermostat, whose collision frequency was chosen to ensure good thermalization
with a negligible perturbation of the dynamics [39].

4.3. Optical Simulation Methods

The finite difference time domain (FDTD) simulations were conducted using com-
mercial software (Lumerical Solutions Inc., Vancouver, BC, Canada) and provided the
optical absorption in the metal nanoparticles. FDTD simulations solved the Maxwell
equations time resolved in three dimension, in which a light pulse was directed through
the simulation region, which was illuminated by a total-field scattered-field (TFSF) source.
The refractive indices used in the simulations for the PtPd core were taken from the
literature for Pt and Pd in a 50/50 alloy and for the Pd shell from Palik [49]. The simu-
lations used a 900 × 900 × 900 nm3 simulation box, with Perfectly Matched Layer (PML)
boundaries of 12 layers. The mesh box size on and around the particle varied between
0.07 × 0.07 × 0.07 nm3 and 0.3 × 0.3 × 0.3 nm3 depending on the particle size. A con-
vergence test on the smallest particle confirmed the accuracy of the chosen mesh size.
The measured diameter of the particle and the core were taken as the maximal span of the
simulated particle base plane.

5. Conclusions

In this paper, we studied the growth of PtPd nanoalloys. Both Pt-rich and Pd-rich
compositions were considered, leading to the formation of (PtPd)@Pt and (PtPd)@Pd
chemical orderings, respectively. The grown samples presented a bimodal distribution,
with two nanoparticle populations corresponding to small clusters (below 2 nm diameter)
and larger nanoparticles with diameters of several nanometers. By varying the growth
conditions, it was observed that the small-size population tended to disappear when the
experimental parameters were adjusted to produce a slower growth process. Slower growth
also increased the average diameter of the nanoparticles in the large-size population. These
results demonstrated that the size distribution of PtPd nanoparticles grown in the gas
phase can be controlled to a good extent.

The analysis of the nanoparticles of the larger population showed that the growth of
PtPd nanoalloys takes place within the octahedral motif, which corresponds to fcc crys-
talline structures, namely, nanocrystals. These octahedra always present some degree of
vertex truncation, which is different depending on the composition. In fact, while quite
sharp vertices were observed in Pt-rich nanocrystals, the shapes of Pd-rich nanocrystals
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were more rounded, corresponding to deeper truncations. These findings were rational-
ized with the aid of molecular dynamics simulations of the growth. In these simulations,
either Pt or Pd atoms were deposited on a preformed mixed seed. The simulations pro-
duced sharper octahedral shapes in Pt deposition than in Pd deposition, which is in good
agreement with the experimental results. In fact, the Pd-rich nanocrystals presented more
rounded shapes, with larger (100) facets than in the Pt-rich nanocrystals. The calculation
of the excess energies of Pt and Pd nanocrystals showed that octahedra with sharp tips
are out-of-equilibrium structures in both cases, and that the optimal truncation would be
only slightly deeper for Pd nanocrystals. Therefore, the formation of sharper tips in Pt-rich
growth was mainly attributed the stronger kinetic trapping effects in these nanocrystals,
due to the slower atom diffusion between different facets on Pt-rich surfaces than on
Pd-rich ones.

Finally, the optical absorption spectra were calculated for (PtPd)@Pd truncated octa-
hedral nanocrystals of sizes in the range of experimental ones. The calculations showed
that optical absorption is mainly in the range of 200–350 nm, and that the Pd shell is much
more effective in absorbing radiation than the PtPd core.
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