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ABSTRACT: The large surface-to-volume ratio of hollow palladium
nanoparticles (hNPs) offers room to improve their hydrogen storage
capacity as well as their catalytic activity. However, a less explored
possibility is to use, in addition, the internal cavity. Here we explore,
through classical molecular dynamics, the possibility of boring channels
across the hNP wall by collision with solid Pd nanoprojectiles at high
velocities, as well as their resilience to maintain their spherical
geometry. We choose a stable hNP with an inner diameter of 13 nm
and an outer diameter of 15 nm. The projectiles are Pd NPs of 1.5, 2.4,
and 3.0 nm, respectively. We consider collision speeds between 3 and
15 km/s, with an impact parameter between 0 to 7 nm. Four different
regimes, as a function of kinetic energy and impact parameter of the
projectile, are found. For low speeds, the projectile is not able to
penetrate the target and only creates surface craters. For a narrow range of intermediate speeds, the projectile enters the target,
but the hNP shell is able to self-heal, either totally or partially. For large speeds, the projectile penetrates the target without
altering its spherical hollow geometry, but for even larger speeds, the hNP collapses into a solid structure. The specific threshold
speed for each regime depends on the mass and speed of the projectile. In all noncollapsing cases, the results show a linear
relationship between projectile kinetic energy and crater or perforation size. We also studied its behavior when the hNP suffers
successive collisions, finding that it keeps its hollow shape but forms faceted structures, such as nanoframes or hollow
cuboctahedron nanoparticles. All of our results suggest that Pd hNPs, with adequate combinations of external radius and
thickness are very robust, can withstand hypervelocity impacts and that channels can be opened to allow molecules to reach the
internal cavity.

■ INTRODUCTION

Palladium has attracted significant interest for a long time due
to its potential for hydrogen storage and its use in industrial
catalysis processes.1−3 In particular, hollow Pd nanoparticles
(hNP), which have the advantage of low density and a large
surface to volume ratio, have allowed for a significant efficiency
increase of Pd nanostructures used in these endeavors.4−7

These features have in turn motivated interesting experiments
to synthesize Pd hNP of various shapes and sizes.4,8−12 They
range from a few nanometers to microns, depending on the
synthesis protocol that is implemented.
In previous work, we found that the storage capacity

efficiency enhancement relies mainly on the existence of the
hNP cavity and the consequent large specific area.13 However,
most of the action takes place on the outer hNP surface due to
the large energy cost for a molecule to cross from the outer
hNP surface to the cavity, which reduces the usefulness of the
presence of an internal surface. Therefore, gaining easy access
to the interior cavity is the key to increase the efficient usage of

hNPs. Progress has been achieved along these lines, like the
inclusion of nanoporous shells14−17 or dendritic-like hollow
nanoparticles.18 In both cases, the access to the cavity is due to
the synthesis process, but it is of no use for an already
synthesized hNP. A way to overcome this limitation is to open
a hole or channel so that molecules can access the hNP interior.
Precisely this subject is the main concern of this paper.
A natural way to achieve this goal is to bombard the hNP

with a projectile of the proper size and speed to open such a
channel. In fact, materials made of macroscopic hollow spheres
are sometimes used to protect against hypervelocity impacts,
due their ability to efficiently dissipate energy.19,20 An
important question, which we try to answer here, is if under
this bombardment process the stability of the hNP is preserved.
Notice that the energy of the projectile has to be large enough
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for the channel to open, but the collision cannot be too violent
to endanger structural stability.
hNPs are usually perceived as fragile structures, which subject

to a perturbation will collapse into a solid and irregular NP. In
fact, Jiang et al.21 showed, by means of model calculations, that
given certain relations between diameter and thickness, hNPs
can collapse due to cavity-related stress. Moreover, this
dynamic is enhanced by other factors like temperature and
pressure.22 In addition, a shrinkage of the hNP structure at
temperatures below the melting point has been observed,
leading to cavity collapse into a solid NP.23−25 All these facts
seem to provide arguments that point toward the unlikelihood
that it is possible to modify hNP by means of collisions.
However, we show below that there are scenarios in which the
goal to bore channels in a Pd hNP is feasible.
In fact, our interest to explore the possibilities of boring

channels to efficiently load the Pd hNP cavity is based on
known results obtained for the mechanical properties of highly
porous materials, as well as the scarcity of theoretical results on
hNP subject to extreme conditions.26,27 To pursue our
objective, we simulate, by means of classical molecular
dynamics (MD), the collision of hypervelocity nanoprojectiles
(between 3 a 15 km/s) and Pd hNPs. In order to describe a
variety of scenarios, different impact parameters are used, which
allow one to generate a diversity of surface defects due to the
large pressures and temperatures that develop as the projectile
shares part of its energy with the hNP.

■ METHOD

Molecular dynamics is implemented by means of LAMMPS.28

The Pd interatomic interaction potential we adopted is the
Embedded Atom Method,29 with the parameters by Sheng.30

This way, properties like the melting point, liquid phase,31 bulk
modulus, and the electronic density of states for pressures up to
100 GPa32 are properly described. This is an important issue
when simulating ballistic problems because of the large
pressures and temperatures that develop.
On the basis of the hNP stability criteria developed by Jiang

et al.21 and used by us13 for Pd hNPs, we adopted as target a Pd
hNP with an outer diameter of 40a0 (15 nm) and a wall
thickness of 5a0 (2 nm), where a0 = 0.389 nm is the Pd lattice
parameter. As projectiles, Pd NPs 1.5, 2.4, and 3 nm in
diameter, which correspond to 87, 144, 450, and 1061 atoms,
respectively, were used. To ensure stability, and since the initial
configuration is generally far from equilibrium, the hNP were
relaxed at 300 K using the NVT ensemble with the Nose−́
Hoover thermostat, during 400 ps, following previous work on
Au and Pt33 and Pd.21,25 The hNP temperature was calculated
as the average kinetic energy of the atoms, subtracting the
velocity of the hNP center of mass. Moreover, the atoms
ejected as a product of the collision are ignored when carrying
out the statistics. The collision was simulated in the NVE
ensemble and to ensure energy conservation at high velocities
an adaptive time step, with a minimum value of 0.1 fs was
adopted. After the collision, the system evolution is followed
during 0.5 ns to make sure that the structure has not collapsed.
Due to the relatively small energies involved, the electronic
stopping power corresponds to only a small fraction,34 which
we neglect. The impact parameter was varied between 0 (head
on collision) to 17.5a0. In order to obtain sufficient statistics, as
well as representative results, each collision was repeated 20
times, varying the initial velocity distribution of projectile and

target. The defect analysis was carried out using the common
neighbor analysis (CNA), as implemented in OVITO.35

■ RESULTS
We start observing what happens to the hNP after it collides
with a Pd140 projectile with a 10 km/s velocity. Our main
concern is the stability of the hNP; and, if it collapses, to
determine if it is due to the impact or to self-diffusion of the
energy that the hNP does absorb in the process. In Figure 1a,

we illustrate the temporal evolution and notice that, during the
first picoseconds, the hNP shell is irreversibly perforated by the
impact. Also during the first ∼2 ps, a temperature spike
develops, shown in Figure 1b, which quite rapidly reaches a
final equilibrium temperature determined by the projectile
velocity. Since initially the hNPs are far from equilibrium, there
is no well-defined criteria to establish when these structures are
stable after the collision takes place. Furthermore, it is natural
to observe the temperature increase on the basis of the
projectile velocity. Hence, for small solid NPs, a critical point is
to be expected near the NP melting point, which can be
modeled by the T = Tm(1 − c/r) law;36 where Tm correspond
to the material melting point, r is NP radius, and c a constant
that depends on material properties, such as density, surface
energy, etc. However, for hNPs, a first collapse occurs at
temperatures below the NP melting point.21,25 To the best of
our knowledge, the only criterion to characterize the stability of
hNP was proposed by Jiang et al.,21 following either the energy
or temperature fluctuations after long MD simulations. Since
they are performed in the microcanical ensemble, an indication
of the hNP stability can be obtained by monitoring changes in
temperature, or abrupt kinetic energy fluctuations, during the
simulation. By this reason, it is apparent that the temperature
varies only slightly after 40 ps, followed for 500 ps to ensure
that the hNP structure remains stable and that the temperature
does not vary.
The size dependence of the projectile is shown in Figure 2.

The Pd target was impacted with Pd NPs of 87, 144, and 450
atoms. Figure 2a illustrates the temperature dependence, Figure
2b the diameter of the channel that is created, and, Figure 2c

Figure 1. (a) Illustration after the collision between the Pd140(blue)
nanocluster and a Pd hNP (red). (b) Temperature of the hNP as a
function of time.
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the conversion to hcp crystal structure that ensues, all as a
function of the projectile velocity. The temperature increase is
proportional to the square of the velocity and to the mass of the
projectile (i.e., as expected, it is proportional to its kinetic
energy). Figure 2b shows that Pd87 and Pd144 projectiles are not
large enough to induce instabilities in the hNP; however, Pd450
projectile impact raises the temperature above 1400 K and leads
to the collapse of the hNP into a solid NP. Consequently, it is
the melting of the hNP that sets an upper limit to the projectile
mass. Actually, in Figure 2b, the gray dashed lines indicate the
minimum projectile velocity required to obtain a permanent
perforation of the hNP. The penetration velocity for hollow
clusters is significantly larger than the predictions from an often
used continuum model.37 In fact, there are many differences
between continuum and discrete penetration model results, as
discussed by Higginbotham et al.38 The diameter of the channel
that opens increases with projectile size; however, as the
temperature increases this diameter saturates, the structure
shrinks as the hNP cools off, and the hNPs lose their spherical
shape.
As far as the resulting hNP structure is concerned, Figure 2c

shows that all the collisions imply a plastic target
deformation,39,40 where planar defects and twins are generated.
While in solid NPs, no planar defects develop under similar
conditions; in hNPs due to their geometry (that is, the presence
of the cavity), the generation of defects is favored by the large

stress on both the interior and exterior surfaces. In fact, three
regimes are apparent: (i) for low projectile velocities there is a
linear increase, as a function of velocity, of the defect creation;
(ii) when the projectile is capable of perforating the hNP shell,
the defect creation is reduced; and (iii) an increment of hcp is
observed before the hNP collapses into a solid NP. Moreover,
all these planar defects give rise to surface terraces, which may
be of interest in relation to the increase of catalytic activity.41

In all the collision events we simulated, and before the
transition from crater creation to perforation takes place, a
partial surface recovery occurs, as can be seen in Figure 3. It is

noticed that after a collision of a projectile with a velocity of 5.5
km/s 100% of the impacts are followed by self-repair; but, if the
incident velocity is 6 km/s only 15% self-repairs. The same
collision was simulated with the projectile impinging on a flat
Pd film of the same thickness; however, no self-repair
whatsoever did occur, an indication that it is related to intrinsic
hNP properties, most likely related to surface stress due to the
presence of the cavity.
A CNA analysis of the hNP after collision is shown in Figure

3a. It is noticed that a partial local shell amorphization occurs
due to the impact and the subsequent local melting. During the
first picoseconds, isolated bcc and hcp groups are formed,
which give origin to stacking faults and twin boundaries as the
structure starts to recrystallize. At the edges of the hNP
coalesce, they and the damaged region partially self-heals.
Figure 3b zooms into the damaged region, and the kinetic
energy distribution is also illustrated, showing that a uniform
distribution is reached upon recrystallization. In Figure 3c, the
Von Misses stress is illustrated. Before the impact, an average
stress of 12 MPa is present; however, since hNP are far from
equilibrium, a residual stress due to the presence of the cavity is
expected. This is similar to what has been reported for thin Pd
films.42 After the impact, the stress increase beyond 400 MPa
on the impact region and both a plastic deformation and

Figure 2. (a) Temperature, (b) perforation size, and (c) fraction of
hcp as a function of projectile speed, for Pd projectiles of 87, 144, and
450 atoms. The gray dashed lines indicate the onset of shell
perforation.

Figure 3. Cross section of the Pd hNP. (a) CNA analysis for different
times after the collision. (b) Zoom of the perforation, where the color
coding represents the kinetic energy of every atom. (c) Stress
distribution.
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perforation are observed. Finally, after 500 ps, the stress
distribution becomes stable at 18 MPa.
Effects due to the thickness of the hNP on the amount of hcp

defects are displayed in Figure 4. The hcp population always

diminishes as the shell thickness increases; in fact, for
thicknesses >7a0, and for Pd144 and Pd450, the defect presence
is negligible. In all these collisions, the projectile energy is
sufficient to perforate the hNP shell; however, it preserves its
spherical shape and its crystal structure, as illustrated in the
insets of the figure. On the other hand, when a Pd1061 collides
with a 7a0 hNP, it is unable to withstand the impact and suffers
a transition to a solid NP within a few picoseconds. This
collapse is not related to thermal effects but simply to the large
momentum that is transferred in the collision. For larger hNP
thicknesses, a transition to a bowl-like shape takes place, as
already reported by Zhong et al.,43 who studied the transition of
nanospheres to nanorings during reactive etching of SiO2 NPs.
All of the above is limited to central (b = 0) collisions.

However, the resulting damage on the hNP is strongly
dependent on impact parameter b, as illustrated in Figure 5.
The main reason for this dependence is that as b increases, part
of the energy is released by sputtering, instead of contributing
to raise the hNP temperature. Moreover, as can be seen in
Figure 5b, there is a correlation between b and the generation
of hcp, which reaches a minimum for b/R = 0.5. This minimum
occurs at the intersection of two ⟨111⟩ planes, which originate
hcp defects for b/R ≈ 0 and b/R ≈ 1.0, when four ⟨111⟩
intersect, increasing the probability of generating sliding planes
and consequently the possibility of hcp finding regions.
The last issue we explored is the hNP resistance when

subject to consecutive collisions, shown in Figure 6. Each
collision impact point is different from the previous ones and
occurs after the energy acquired by the hNP is dissipated.
When the projectile impinges on a stacking fault or twin, a
reduction of the hcp fraction is observed during the first few
instants after the collision takes place, due to local melting and
subsequent shell perforation. When after the first collisions
shell perforations do occur, the hNP still retains its spherical
shape. However, after approximately the sixth collision the hNP
shrinks, losing its initial form, and adopts a truncated
cuboctahedral highly faceted structure. Moreover, all hcp
atoms illustrated in Figure 6 correspond to planar defects

such as stacking faults or twin boundaries. Since the hNP width
is 2 nm, every planar defect leads to the formation of a surface
step. Therefore, a hNP with a larger hcp population could
present an important number of surface steps that can be used
to increase catalytic activity. After 12 collisions, the Nhcp/Natoms
fraction remains stable at 0.08 and the hNP adopts a shape
similar to the hollow nanoframes44,45 or nanocages46 that have
been synthesized experimentally.

■ CONCLUSIONS
The interest in Pd for hydrogen storage and catalysis is long
dated. Above, we explored the properties and the potential
applications of hNP to improve their performance. To
maximize the efficient use of Pd hNPs, a key issue is to gain
access to the interior cavity. To do so, we investigated the
feasibility of creating channels across their shells, to allow easy
passage of molecules to the inner cavity. This way the surface
available increases significantly.

Figure 4. hNP hcp fraction after collision with Pd144, Pd450, and Pd1061
nanoclusters with a 10 km/s velocity, for several shell thicknesses. The
illustrations on the right show the hNP cross section for 8a0 thickness.
The single point for Pd1061 is included because of the bowl shape it
creates; for thicknesses less than 8a0, the hNP collapses into a solid
nanoparticle. Figure 5. (a) and (b) show the temperature and fraction of hcp,

respectively, as a function of impact parameter. The hNPs were
impinged by Pd144 NPs with a 10 km/s speed.

Figure 6. Evolution of the hNP after successive collisions. After each
collision energy is dissipated, and the temperature set at 300 K. The
atom coloring is hcp (green), fcc (blue), and bcc (red). Atoms with
different coordination were removed from the figure. The arrows point
to the place the projectile impacts. The numbers on top indicate the
number of collisions the hNP has suffered.
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We have shown that by bombardment with Pd NPs of
adequate size and speed, it is feasible to open such channels. To
achieve this objective the projectile has to be large enough for
the channel to open and the collision not too violent so that the
hNP integrity is preserved. While hNPs could be perceived as
fragile and subject to collapse, we showed that there is a range
of energy and wall thicknesses, and ratios of inner and outer
radii values, that allows to bore the channels that are required.
To achieve our goals we simulated, by means of classical
molecular dynamics (MD), the collision of hypervelocity
nanoprojectiles (between 3 a 15 km/s) and Pd hNPs.
Nevertheless, several issues remain open for further study.
We limited our attention to free-standing hNPs; however, the
energy dissipation for supported targets may increase the
allowed energy range. Other sizes, especially large ones, and
other shell-to-diameter ratios may also be able to withstand
collisions.
We start by showing that the hNP remains stable within a

relatively large range of projectile energies. Next we simulate
the dynamics for a variety of projectile sizes and obtain a lower
limit for perforation of the shell and a maximum beyond which
the hNP collapses after impact. The type of defects that are
created in the Pd hNP is explored and shed some light on the
energy transfer dynamics. Depending on the energy deposited
on the hNP, craters or channels are created. Previously the
creation of craters had only been reported as a result of
synthesis.
We also simulated collisions for the whole range of impact

parameters and studied what happens when the target is subject
to successive collisions. In fact, the hNP is able to withstand a
series of consecutive impacts. Moreover, after several projectiles
impact the target, a transition from spherical to faceted is
observed, giving origin to porous structures like nanoframes44

or hollow truncated cube-octahedron nanoparticles with a large
population of planar defects46 but with a lower total potential
energy than the original spherical hNP structure, due to the
partial shrinkage. Since hNPs display a high catalytic perform-
ance, the formation of multiple channels, high facet index
surfaces,47,48 and surface steps could increase even further the
catalytic activity in Pd-based nanostructures.
The Pd hNPs do collapse when: (i) the temperature increase

due to the collision is large enough to generate a self-diffusion
process, as found in the experiment;23,24 (ii) the radius of the
projectile is on the order of the size of the target; in that case
the hNP is destroyed during the first picoseconds after impact.
All of our results suggest that hNPs are resilient under impact

and therefore may be useful in many practical applications, in
analogy to materials built with macroscopic hollow spheres.19,20

In fact, these macroscopic structures are used to protect against
impact, for example in airplane cockpits, since they are able to
dissipate energy efficiently because of their large free volumes
and surfaces which allow them to accommodate defects. At the
same time, this suggests new possibilities: a material made of
hNPs could present similar radiation-resistant properties as
macroscopic metal nanofoams.49−51 Moreover, since they are
so resilient, they may withstand SHI impact, highly charged
ions, or keV single ion irradiation.
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