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ABSTRACT: Hollow nanoparticle structures play a major role in  Yoronol Chystal Random Grain Removal phNP
nanotechnology and nanoscience since their surface to volume -
ratio is significantly larger than that of filled ones. While porous
hollow nanoparticles offer a significant improvement of the
available surface area, there is a lack of theoretical understanding,
and scarce experimental information, on how the porosity controls
or dominates the stability. Here we use classical molecular g

dynamics simulations to shed light on the particular characteristics Qother

and properties of gold porous hollow nanoparticles and how they

differ from the nonporous ones. Adopting gold as a prototype, we show how, as the temperature increases, the porosity introduces
surface stress and minor transitions that lead to various scenarios, from partial shrinkage for small filling factors to abrupt
compression and the loss of spherical shape for large filling. Our work provides new insights into the stability limits of porous hollow
nanoparticles, with important implications for the design and practical use of these enhanced geometries.

B INTRODUCTION these systems.””*™*’ Therefore, many of the experimental
results obtained should be interpreted considering the
properties of these nanoparticles. Recently, classical molecular
dynamics simulations have shown that defect inclusion,
particularly in grain boundary structures, plays a significant
role in the stability of hollow nanoparticles (hNPs).”® To
achieve more realistic scenarios and to determine the
limitations of phNP, we report molecular dynamics simulations
intended to develop an understanding of the unique phNP
characteristics and properties and establish how they differ
from nonporous hNPs. We focus our interest in gold
nanoparticles, on which a simple synthesis method with a
temperature-controlled diameter and pore sizes became
recently available.”*~>”**7*' This contribution constitutes a
generalization of the theoretical work on gold NPs and hNPs,
which using similar techniques has already been pub-
lished.>**"**3* However, to the best our knowledge, this is
the first work on porouslike shells.

The synthesis of porous hollow nanoparticles (phNPs) has
attracted much attention due to the scientific interest they
raised and the many possible applications they make
feasible.' > phNPs are now obtained by several simple and
rapid methods. Wang et al.’ synthesized hollow nanocrystals
through the nanoscale Kirkendall effect. Nguyen-Thi et al.”
engineered porous silica and hollow silica nanoparticles (NPs).
Jayaprakash et al.® obtained hollow porous carbon—sulfur
composites for power lithium sulfur batteries in 2011. Hu et
al” synthesized colloidal porous gold nanoparticles, while
Hakimian et al.'"’ developed a simple and rapid method to
fabricate porous gold nanoparticles.

All of the above opened the way for a whole wealth of
possible new applications.''~"* The large surface to volume
ratio and low density of phNPs are the additional ingredients
that make them superior to solid and perfect hollow
nanoparticles. This geometry presents a challenge for both
basic research and novel applications since they can be used in
many types of reactors, for catalysis, drug delivery, storage B METHODS
devliie?,) and the development of novel lightweight materi-
als.,'*7"?

However, these experimental achievements have not been
accompanied by much theoretical work, which has been
focused only on perfect hollow nanostructures”*~>* rather than
on phNPs, which are the ones prevalent when the various
synthesis methods are implemented. It is worth noticing that
while a porouslike nanostructure has been proposed as an
alternative to improve the performance of hollow NPs, there is
little quantitative experimental characterization available on

In order to shed light on the understanding of the special
characteristics and properties of phNPs, we performed
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Molecular Dynamics simulations® >’ using the LAMMPS
code.”® The embedded-atom method™ potential with the
parametrization developed by Sheng et al.*’ was used to
simulate the Au atom interactions. While several potentials can
be employed to model hollow nanoparticles, the EAM
community has used it to simulate hollow Pt, Ag, Au, and
Pd nanostructures, among many other examples.””>>*%*3*1 =%
In particular, the Sheng et al."” EAM parametrization fits a
variety of physical properties such as lattice dynamics,
mechanical properties, thermal behavior, energetics of
competing crystal structures, defects, deformation paths, liquid
structures, and so forth.

Because of their improved accuracy and wide applicability,
these potentials are most suitable for high-quality atomistic
computer simulation of finite systems, such as the ones we
investigate here.*’

To build the initial phNP, we carved a thick spherical shell
from polycrystalline bulk. This process has four consecutive
steps, which are illustrated in Figure 1 and are described below.

Random Grain Removal
+ Relaxation

Voronoi Crystal

+ Relaxation phNP

Qother

Figure 1. Scheme of the phNP construction: we start with a S nm
average grain size Voronoi polycrystal. Once the sample is relaxed,
grains are removed at random. Finally, a phNP is constructed cutting
two concentric spheres from the porous nanocrystal; the resulting
nanostructure has a 10 nm radius and a thickness of 2.5 nm. The color
coding indicates the crystal structure, according to the common
neighbor analysis algorithm. Green atoms, fcc; red atoms, hcp; white,
other.

1. We construct a polycrystalline Au bulk, with a given
average grain size, using a Voronoi tessellation
algorithm.”*~** The Au polycrystalline bulk consists of
a cell of 28 nm X 28 nm X 28 nm with 355 randomly
oriented grains and an average grain size of 5 nm. As the
resulting polycrystal is probably out of equilibrium, an
exhaustive relaxation of the system is carried out.
Initially, the grain boundaries are very close to each
other; therefore, the atoms with energies larger than 10
eV are removed from the polycrystal. The structure is
then relaxed using the energy-minimization conjugate-
gradient algorithm, along with the box/relax algorithm;
both are implemented in the LAMMPS code. The first
algorithm allows the polycrystal to reach a local
minimum energy. The second one eliminates any excess
pressure introduced during the process. To allow grain
boundaries to freely accommodate and to avoid spurious
high-energy grain boundaries, the temperature is raised
to 2T,,/3 with a barostat at zero pressure, where Ty, is
the bulk melting temperature. This procedure is carried
out during 20—50 ps, and the system is next cooled back
to 10 K. This way, we ensure that the remaining
polycrystal pressure is smaller than 107 GPa.

. To construct the phNP, a given number of grains are
randomly removed from the relaxed polycrystal. As a
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consequence of the porosity, the system could be out of
equilibrium due to internal stresses induced by the large
number of holes; thus, the system is relaxed once again,
with the conjugated gradient and the box/relax
algorithm. Then, to equilibrate the porous polycrystal,
the system temperature is carried to 300 K using a
Nose—Hover thermostat. The temperature is raised
during 0.2 ns, using a 1.0 fs time step. The system is
coupled to a zero pressure barostat to dissipate residual
stresses during grain boundary accommodation.

. Once the system is relaxed, the phNP is constructed by
carving two concentric spheres from the porous
nanocrystal, with an inner and outer radius of 7.5 and
10 nm, respectively. These radii were selected since
previous work has shown that Au hollow nanoparticles
of these sizes (single crystal and polycrystalline) are
thermally stable, which allows us to choose proper radii
and thicknesses™”** above 300 K.

. The resulting porous hollow nanospheres are finally
relaxed using a conjugate gradient algorithm and later
equilibrated by raising the temperature to 300 K during
0.5 ns, with a 1.0 fs time step. The temperature was
controlled with a velocity rescaling algorithm imple-
mented in the LAMMPS code.

We note that the resulting structure corresponds to a phNP
with grain boundary structure and holes, in agreement with the
experimental evidence. The phNP porosity was characterized
by the filling factor ¢, which is defined as

¢=V/V (1)

where V is the volume occupied by the atoms of the phNP and
V, the volume of the phNP with no pores. The volume V was
computed using the construct surface mesh algorithm
implemented in OVITO,"*° with a probe sphere consistent
with the first-neighbor distance of the Au lattice. For a
statistical analysis we performed simulations with SO different
porosity values (by deleting a given number of grains during
the second step of the phNP construction), in the range of ¢ =
0.58 to ¢ = 1.00. Smaller filling factors turned out to be
thermally unstable and therefore are not included.”® Crystalline
structure recognition was performed by means of the common
neighbor analysis algorithm.”'

The thermal stability for the 50 phNP was determined by
raising the system temperature by means of a velocity rescaling
algorithm. The temperature is increased in 20 K intervals
during 400 ps, using a 2.0 fs time step. Averages are calculated
during the last 50 ps for each temperature. The structure
recognition, visualization, and postprocessing were performed
employing the OVITO software.””>°

B RESULTS AND DISCUSSION

The thermal stability of NPs is not affected for temperatures
below several hundred Kelvin. However, for hNPs the scenario
is quite different; the inner cavity introduces surface effects
that make the nanostructure prone to collapse under particular
thermal conditions, limiting their potential applications. For
phNPs the increase in the surface area not only improves the
exceptional surface-to-volume ration of hNPs but also
introduces surface stresses which might compromise the
phNP thermal stability. In Figure 2 we display different
potential energy curves as a function of temperature. At high
temperatures the porosity does not play a significant role in
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Figure 2. (a) Per-atom potential energy U as a function of
temperature for different ¢ values; the abrupt increase at T = 1250
K identifies the melting temperature. (b) Low-temperature region; the
arrows indicate small potential energy drops. (c) Average radius of the
phNP as a function of temperature. (d) Per-atom potential energy as a
temperature function using the IFF potential. The inset in (b) applies
to panels (a), (c), and (d).
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modifying the melting point, where the shift in T,, goes from
1240 K for ¢ = 1.0 to 1220 K for ¢ = 0.58. This reduction is
mainly attributed to the surface area increase due to the large
number of pores, which may lead to enhanced surface
diffusion. The aforementioned analysis does not reveal
significant differences in collapse temperature, apart from the
melting point shift of the phNP. Interestingly, a close
inspection of low-temperature (T < 700) K potential energy
curves (Figure 2b) clearly shows small “jumps” that take place
even below the melting temperature (T,,). Often in NPs the
potential energy grows linearly with T, without fluctuations;
here those jumps are strongly related to structural trans-
formation events of the phNP. As can be observed, the hNP
does not show significant fluctuations for ¢ = 1.0 until T ~ 500
K is reached, a scenario that changes with increasing porosity.
For smaller filling factors those jumps are more frequent as the
temperature increases. Generally the reduction of the potential
energy U is related to a small transition, which alleviates
surface stress. In Figure 2c it is shown that the small steps
correspond to partial shrinkage of the phNP; in fact, a radius
decrease can be observed even for temperatures below room
temperature, as is the case for filling factors ¢ < 0.59. To test if
our results are reliable, we also performed the same simulations
using the interface force field (IFF) potential.”* This force field
is highly optimized for surface and interface energies yielding
an error <3% for the Au surface energy and has been
successfully employed in diverse scenarios.”” >® The thermal
loading curve displayed in Figure 2d shows a similar tendency
with porosity as reported for the Sheng potential.** Also, small
jumps associated with partial shrinkage are observed before the
phNP collapses, suggesting as expected that the partial collapse
is due to thermal effects and not to the choice of the
interatomic potential. The major differences do occur for
melting temperatures where IFF renders a phNP melting larger
than the bulk melting point (vertical dashed line in Figure 2d).
The high melting point of the IFF Au potential has been
reported recently for nanoclusters of a few atoms.”” It is
worthwhile to notice that Sheng et al.*” renders a 25% error on
Au surface energies; however, EAM reproduces reasonably well
the mechanical properties, elastic constants, melting point, and
the generalized stacking fault energies with errors smaller than
a %5 with respect to experimental measurements and DFT
calculations.”™” Since EAM reproduces successfully several
physical quantities with an acceptable error range and has been
widely used in the literature for the modeling of metallic
hollow nanostructures,””****** the following analyses were
performed with the Sheng EAM potential.”

Figure 3 depicts the temperature dependent shrinkage
process for three different porosity values. For ¢p = 1.0 the
conventional hNP shrinks slightly during the first 300 K; this is
consistent with grain boundary accommodation and stress
release due to the nucleation of several partial Shockley
dislocations, which take place to reduce surface tension.””***
For ¢ = 0.78 the structure reaches an intermediate state,
between a thermal resistant structure for ¢ = 1.0 and a highly
porous and unstable structure for ¢p = 0.59. The increase in
porosity enhances surface effects, which often trigger the
healing of small pores at low temperatures. Although these
effects accomplish a size decrease, the phNP readily stabilizes,
and no further modifications take place at temperatures larger
than T = 300 K. For ¢ = 0.59 the scenario is rougher, since the
continuous porous closure does occur in many regions over the
hNP shell, leading to an abrupt compression and the loss of the
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Figure 3. Three representative phNP for several temperatures. Atoms
are colored according to their crystalline structure; green, red, and
white correspond to fcc, hep, and other, respectively.

characteristic spherical shape. In some cases filaments break
away; in other cases, amorphization is observed in the large
pore concentration regions. The continuous filament sintering
has already been observed in phNP synthesized by plasma
etching,”" where the plasma flow is used to tune the filament
size. While those Au phNP are much larger than the ones here
simulated, the underlying mechanism is the same; temperature
enhances surface diffusion, leading to the sintering of phNP
grains. It is interesting to note that pore size is often used as a
route to tune catalytic activity or plasmonic resonance,”>**”°!
While larger porous structures are desirable to obtain better
performance, it is shown here that thermal effects decrease the
pore size and, therefore, the performance for such applications.
In plasmonic resonance, the electronic excitations are coupled
with the lattice to lead to the nanostructure heating. The
introduction of a highly porous structure, for ¢ = 0.6, does lead
to nanoparticles with low cyclic performance, since the loss of
the porouslike structures is expected after several thermal
cycles.

To characterize the impact of porosity on the phNP stability,
several structures were studied as a function of the filling factor
¢. Figure 4 provides results for S0 phNPs studied, for
temperatures up to 700 K, where the dots correspond to the
temperature of the first structural collapse or shrinkage suffered
by the phNP. To classify them we employed the definitions by
Jiang et al.>® which label as stable a hNP that maintains its
spherical geometry, without suffering further modifications;
instead, labeled as half-stable is a hNP which partially collapses
but does maintain its hollow structure. Interestingly, in Figure
4 it is straightforward to notice the large dispersion of the first
temperature collapse of the different phNPs. This result can be
attributed to the random algorithm used to remove grains of
the initial polycrystalline sample. In some cases, two or more
neighboring (or close by) grains could be removed, leading to
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Figure 4. Phase diagram of the stable to half-stable transition as a
function of the filling factor ¢b. The continuous line corresponds to a
quadratic fit of the data given by T = 1330.2 + 2931.5¢%

small filaments or high-energy surfaces, which are prone to
collapse when the temperature is progressively increased.

We observe a progressive increase in the stability threshold
as a function of porosity. As ¢ — 1.0, the collapse temperature
increases quadratically with porosity. It is worth noticing that
hNPs with porosities less than ¢ = 0.8 establish the limit for
room temperature stability, at least for the geometrical
parameters chosen here. For lower ¢ values the phNP simply
collapses, reducing the size and the structure porosity and
leading to a final structure which deviates from those which are
desirable. The collapse temperature increase seems to follow a
quadratic law with porosity. Our explanation is based on the
fact that the surface area increases quadratically with the filling
factor, increasing the surface stress and enabling additional
sites potentially active for the nucleation of partial dislocations.

For the stability we compare the single-atom energy relative
to the polycrystalline NP and the phNP. The excess energy is
defined as the difference between the single-atom potential
energy of a phNP and the single-atom energy of a polycrystal
bulk. The per-atom potential energy of the polycrystalline bulk
is 3.88 eV/atom and was obtained from the relaxed polycrystal
used to construct the phNP. The plot of the excess energy in
Figure Sa shows a linear decrease with the filling factor ¢, while
the non-phNP (¢ = 1.0) shows an excess energy of 0.072 eV/
atom compared to the nanocrystal bulk. As ¢ decreases the
excess energy increases linearly, suggesting that the porous
structure deviates from the ¢ = 1 local minimum. Interestingly,
the single-atom excess energy, between ¢ = 1.0 and ¢ = 0.58, is
not larger than 0.05 eV/atom; this difference can be achieved
by means of thermal effects, for temperatures up to ~500 K.
Consequently, phNP with larger AU are likely to become
unstable when the temperature is increased (see Figure Sb).
The excess energy to ensure a stable structure, at least at room
temperature, is 0.9 eV/atom. Larger values tend to be strongly
sensitive to thermal variations, and even to collapse at
temperatures below those required for practical or industrial
applications.

B CONCLUSIONS

The successful synthesis of hollow nanoparticles has opened
new possibilities for many applications and generated basic
questions about their properties. In particular, the role
displayed by their intrinsic defects, as grain boundaries or
pores, has been scarcely studied yet. Here we report the results
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(b) Excess energy as a function of the temperature of the stable to
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of molecular dynamics simulations of the thermal stability of
gold porous hollow nanoparticles (phNPs). Our results show
that porosity plays a major role in the thermal stability of the
structures we investigated, a variable that, as far as we know,
has not been included in previous modeling of hollow
nanostructures. In particular, porosity considerably reduces
the stable to half-stable transition temperature of phNPs;
therefore, it should be considered when contrasting exper-
imental data (which habitually includes, due to synthesis
methods, phNPs) with theoretical stability predictions almost
always computed for perfect hNPs. In addition, we notice that
all the nanostructures we simulated maintain almost the same
melting point. However, the phNP shrinkage strongly depends
on the temperature and porosity of the nanoparticle. We
attribute this effect to the increase of the surface-to-volume
ratio, which enhances surface effects and leads to phNP partial
collapse, mediated by stacking faults and partial dislocations.
For the nanostructures simulated, we found that a filling factor
of 0.85 yields stable phNPs for temperature higher than 300 K,
a key feature for possible applications. Smaller filling factors
increase the excess energy and consequently the surface
tension, which is responsible for size decrease and/or
shrinkage. Also, partial collapse assisted by pore healing and
radius decrease does appear, even at temperatures of a few
Kelvin. All in all, our study and methodology provide
encouraging results and emphasize the importance of including
defects in theoretical calculations, as well as a scheme to study
other porous hollow nanoparticles and porous nanostructures
in general. Future work may study more complex scenarios,
such as the inclusion of solvents with different pH
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concentrations; they certainly will play a role in the hollow
nanostructure stabilization process. In addition, we expect that
our model can be used to treat more complex nanoparticles,
such as porous nanoboxes, prisms, or starlike nanostructures.
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