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ABSTRACT: The existence of polycrystalline shells has been widely reported in the
synthesis of hollow nanoparticles; however, the exact role displayed by the grain
boundaries on the stability has been scarcely studied. By including them, in this work, we
study for the first time the contribution of the polycrystalline structure in the stability of
this unique kind of nanostructures, addressing at the same time, a more realistic modeling
of hollow nanoparticles. The role of the polycrystalline structure was studied in gold
hollow nanoparticles using molecular dynamics simulations for a wide range of shell
thickness and grain sizes. One of the main findings is that the shell thickness necessary for transition from a spherical to a shrunk
structure is related to the grain size reduction. The results suggest that to achieve larger hollow nanoparticles, less defective shells are
necessary, with single-crystal shells establishing an upper limit in the size that a structure can attain. The cavity shrinkage in a
polycrystalline HNP is due to a complex combination of grain diffusion, rotations, dislocation emission, and twining, all of them
activated from the grain boundary regions. Our findings suggest that the polycrystalline structure is a crucial parameter to control
and improve the stability of the hollow nanoparticles.

■ INTRODUCTION
Since the synthesis of the first hollow nanoparticle (hNP), the
development in the field has been massive. Fueled by the
remarkable performance in areas such as catalysis,1 plas-
monics,2 sensing,3 and energy storage,4,5 among others,6

studies have traced several synthesis routes in order to control
the hNP size, thickness, and shape.7−11 In fact, hNPs can be
synthesized from metals, oxides, ceramics, or even from
polymers, with sizes ranging from few to hundred nanome-
ters.12−16 Furthermore, the importance of maximizing the hNP
size while decreasing the shell thickness is an alternative not
only to produce lower cost and lightweight devices but also to
improve their performance for storage, diffusion, or other
surface-activated processes.15,17,18

Unlike conventional non-hNPs, the cavity of hNPs
introduces surface effects that compromise their structural
stability. In practice, it could be possible that some
combination of radius and thickness was not potentially
synthesizable, or in its defect, highly unstable, and therefore,
with poor performance for practical applications. While
structural characterizations are often conducted by trans-
mission electron microscopy or X-ray diffraction techniques,19

the dominant atomistic mechanisms involved in the stability of
hNPs are still challenging to identify. Complementary,
molecular dynamics (MD) simulations offer valuable informa-
tion about the forces and atomistic-scale mechanisms that
govern the hNP stability.20−24 The first contribution employ-
ing MD simulations was made by Jiang et al.24 in Au hNPs;
their work highlight that an Au hNP with a relatively large
diameter in comparison with their thickness tends to be
unstable or collapse even at room conditions. Lately,

Akbarzadeh et al.25,26 discuss the role of dominant surface
effects, while Reyes et al.23 note that metallic hNPs with lower
stacking fault (SF) energy are prone to the structural collapse.
To the best of our knowledge, all the available atomistic

studies of thermal and mechanical stability15,20,26−30 consider
single-crystal hNPs, something difficult to obtain under
realistic experimental conditions. In fact, for single-crystal
hNPs, the failure is triggered by the slips of preferential planes
due to surface stresses,23,24 in the absence of other plasticity
sources, and the stability of pristine samples can be idealized.
During the synthesis of hNPs, techniques such as calcina-
tion,11,31 Kirkendall effect,7,32 or laser ablations,33,34 tend to
produce channels and fractures on the hNP shell during the
template removal. Therefore, once the hNP is synthesized, it is
expected to have irregularities as polycrystalline domains or
porous shells.1,2,7,35−40 Notwithstanding, none of these factors
have been discussed as a potential collapse mechanism.
We note that to obtain ultrathin hNPs, several methods and

post-synthesis techniques have been conducted.15,17,18,41 The
minimum shell thicknesses reported by experiments38−40 are
often larger than those reported from MD simulations24,28,29 of
single-crystal hNPs; however, MD predicts thickness of a few
lattice parameters, with a well-defined failure mechanism.23
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The major differences would be on the preexistence of defects,
which are commonly observed during the synthesis process.
Although experiments can be less invasive with the templates,
the limit of the thickness that a hNP can attain is limited by
mechanical effects, which could strongly affect the presence of
polycrystalline domains.32,42

Thus, the investigation presented here is focused on the
study of structural stability of hNPs with defects, in particular,
in hNPs with polycrystalline shells as a more realistic approach
to the modeling of hNPs. Among all possible materials to study
the stability of hNPs, we chose gold because of experimental
evidence showing its grain boundary structure,2,36−40 and the
available atomistic simulations that study the hNP with single-
crystal shells.24 We performed MD simulations over a wide
range of size, shell thickness, and different grain boundary
densities, in order to understand how a defective structure limit
the stability and performance of hNPs under different
scenarios.

■ METHODS
In order to analyze the structural stability of polycrystalline Au
hNPs, we performed MD simulations using the LAMMPS
code.43 The interatomic interaction between Au atoms is
modeled using the embedded atom method (EAM)
potential,44 with the parameters by Sheng et al.45 MD
simulations, along with the EAM potential has been
successfully applied to various systems, reproducing exper-
imental and density functional theory calculations of elastic
constants,46 formation energies,47 SF, and twin energies,48

among other properties. All these parameters constitute
relevant information for the study of Au hNPs.
Each hNP, with a desired radius and thickness (t), was made

by carving up a polycrystalline Au sample, with a specific
average grain size (d), which is controlled through a Voronoi
tessellation algorithm.49,50 To avoid high energy grain
boundaries or atom overlapping, we removed from the sample
all the atoms with energies higher than 50 eV, principally from
the grain boundary interface; then, we relaxed the polycrystal
by using a conjugate gradient method coupled with a box
relaxation algorithm. Also, to allow grain boundary re-
accommodation, and to circumvent spurious effects due to
high energy grain boundaries, we annealed the sample at a
temperature of T = 2Tm/3, where Tm is the Au melting point.
The system temperature is controlled using a Nose−Hoover
algorithm coupled to a zero pressure barostat during 20 ps.
Finally, we cooled the sample during 0.2 ns at 300 K, which
leads to a polycrystal with residual stress49 as low as 10−5 GPa.
It is worth noting that usually, MD simulations employ a

relaxation time of 0.2 ns for surfaces and nanoparticles;
nevertheless, because the nanostructures we are analyzing
present particular details in their geometry, it could be
necessary to perform longer time relaxations. Hence, the
structures are carried out at 300 K following a 1.0 ns
temperature ramp, as was discussed previously by Reyes et al.23

Thus, in the hope of ensuring an equilibrium condition, we
maintained the simulation at 300 K, for 200 ns, hopping also
that these long-time dynamics capture the grain boundary
activity. The surface shrinkage was computed % A = 100 × (Af
− Ai)/Ai, where Af is the total hNP surface considering both
inner and outer surfaces after a 200 ns dynamic and Ai is the
surface before the hNP relaxation.
The atomic shear strain of the i-atom (ηi) was computed

from the Von Mises shear invariant as follows

η η η η
η η η η η η

= + + +
− + − + −( ) ( ) ( )

6i yz xy xz
yy xx zz yy zz xx2 2 2

2 2 2

(1)

where subscripts correspond to the components of the strain
tensor. The local shear strain51,52 was originally proposed for
viscoelastic or amorphous like solids. However, in crystalline
materials, it has been shown to be a good descriptor.
The structure recognition, visualization, and postprocessing

were performed employing the OVITO software.53,54 Dis-
location recognition was performed with the DXA algorithm,
also implemented in the OVITO code.54 A more detailed
description of the crystalline structure was obtained with the
Crystal Analysis Tool (CAT).54 This code is a group of
algorithms that, by means of several defect-recognition
methods, create a unique signature for a particular group of
atoms, and then the patterns are matched with the CAT
database using graph maps.

■ RESULTS AND DISCUSSION
To address the stability of hNPs, Jiang et al.24 proposed to
follow the behavior of potential energy curves. The way that
the curve drops helps to describe the failure modes
qualitatively, classifying the systems as unstable if the hNP
collapse in a conventional NP; stable if the hNP maintains its
original structure; and half-stable if the nanostructure collapse
but keeps its hollow structure. We note that a single-crystal
hNP with constant potential energy is consistent with the fact
that the hNP retains its initial structure without the nucleation
of further defects. However, in hNPs with polycrystalline
structures, the behavior is quite different; because of the
preexistence of defects, the potential energy curves suffer
several drops but not necessarily related to compaction or
collapse of the whole nanostructure. Therefore, we consider a
structure as stable if it can maintain its spherical shape,
admitting a partial shrinkage not higher than a few surface
steps, more strictly a surface variation not higher than 1%.
Figure 1a shows two representative cases of stable and half-
stable systems (see also Figure S1). As it is observed, the stable
ones are characterized not only by the grain boundary
structure but also for some isolated SF, which are the
consequence of the polycrystalline relaxation; this behavior is
evidenced in Figure 1b for the case t = 5 nm. During the first
40 ns, the hNP maintains its size but allow the grain boundary
accommodation and surface reconstruction. On the other
hand, in the half-stable system (t = 2 nm), the curve suffers
several partial drops until 80 ns. Those events are related to the
hNP shrinkage and sphericity loss, triggered by an intense
grain boundary activity.
To explore how shell defects control the structural stability,

we studied hNPs with different grain sizes. Figure 2a classify
the stable to half-stable transition for several grain sizes and
thicknesses. In all cases, we set the hNP diameter at 20 nm.
From the figure, it is evident that stable to half-stable threshold
do occur for smaller thickness values, with critical cases at t =
1.5 nm for crystalline and t = 2.0 nm for a grain size of d = 12
nm. We remark that both cases show slight differences; for
instance, small dislocations embryos or defective hexagonal
close-packed (hcp) planes are observed in d = 12 nm; we
attributed them to the preexistence of defects during the
polycrystal relaxation. In all the polycrystalline cases, there is
evidence of reconstruction or SF propagation even if they are
stable systems, as is shown in Figure 2b,c. This is expected
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because the grain boundary structure acts as a barrier for
atomic slipping planes. On the other hand, it is remarkable that
the stable single-crystal configurations do not present evidence
of any defective atoms. However, the onset of the stable to
half-stable transition shows the generation of SF in single-
crystal spheres, which are a more invasive process as the slips
travel almost freely along the whole structure.
For smaller d values, Figure 2 shows that thicker shells are

required to stabilize hNPs, suggesting that highly defective
shells are prone to collapse even at room temperatures. Even
though our study is focused on room temperature conditions,
higher temperatures can increase the grain boundary diffusion
processes. Figure S2 shows that an increase of only 100 K can
shift the transition from stable to half-stable, being more
sensitive to collapse the hNP with higher grain boundary
densities. To understand how the polycrystalline shell affects
the structural stability, we can note that the grain boundary
structure is often a route of hardening for polycrystalline
systems.55,56 However, at smaller grain sizes (d ≤ 10 nm), the
grain boundary acts as stress accumulation sites, favoring
dislocations, and the fault mechanism associated. We note that
our results are quite different from those observed in the
literature.24,28,29 For single-crystal Au hNPs, it is noticed that a
shell thickness of a few lattice parameters is necessary to
stabilize hNPs. In experiments, the obtained thicknesses of Au
hNPs are far from those sizes,38,57,58 suggesting that the
preexistence of defects or grain boundaries might introduce an
alternative mechanism for hNP instability and collapse. In this
case, a shell softening is a direct consequence of a small grain
size structure. To observe those mechanisms, Figure 3 displays
shear strain maps of hNPs with different grain sizes; the figure
establishes a comparison of initial and final configurations after
a 200 ns dynamic. Although the hNP does not collapse, it is
rather evident that the strain is localized in the grain boundary
structure. For d = 12 nm, the shear is mainly localized in

thinner fringes in the grain boundary zone. However, for d = 6
and d = 8 nm, these fringes transform into wider regions of
highly localized shear strain. Besides, close to triple grain
junctions, several amorphization zones are found.
The influence of grain size in shear is illustrated in Figure 4.

In a relaxed polycrystalline bulk, almost no shear must be
expected; however, the histograms reveal Gaussian distribu-
tions with similar centroids at strains near to 0.025. These
shifts are attributed to the stress imposed by the cavity. We
note that the centroids are similar for all structures, suggesting
that this is a consequence of geometry instead of shell
composition (pristine or polycrystalline). On the other hand,
the most shear atoms on distributions tails are quite different.
The histograms showed a significative increase of atoms with
the high strain; in fact, the larger the grain size, the fast the
decrease in the number of most shear atoms. The inverse
relation between distribution tails and the grain boundary is
consistent with that illustrated in strain maps.

Figure 1. (a) Stable and half-stable representation of a hNP. The
green and red atoms correspond to fcc and hcp crystalline structures,
respectively. Atoms with non traditional close-packed structures are
depicted in white. These atoms are used as a reference to illustrate the
grain boundary region, and the inner and outer surfaces of the hNP.
Both figures correspond to a cross-section of 1 nm thickness. (b)
Potential energy for two different shell thicknesses (t), with 20 nm
diameter, and a grain size of 10 nm. The potential energy is in
arbitrary units.

Figure 2. (a) Role of the grain size on the stability of a hNP of 20 nm
diameter. Results are presented for different wall thickness t. Red and
blue circles correspond to stable and half-stable configurations,
respectively. The character ∞ corresponds to the crystalline case. (b)
Surface area variation after a 300 K dynamic of 200.0 ns. Inset shows a
zoom of the stable and half-stable region (gray). (c) SF formation as a
thickness function is illustrated.
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In single-crystal hNPs, the absence of defects implies that
collapse or shrinkage starts from both inner or outer
surfaces21−23,27,42 mediated by slips of preferential planes
that travel along with the whole structure. On polycrystalline
case, as the grain boundary can act as a barrier for dislocation
emitted from surfaces, the dominant mechanism for
deformation or stress release can be found at the grain
boundaries. Figure 5a shows the role displayed by grain
boundary during the shrinkage of a hNP. Pointed in Figure 5a-
ii by a blue arrow, the annihilation of the grain boundary
region between two neighboring grains is shown; the same
region is illustrated in Figure 5b employing a cross-section of
the hNP. Both figures show that the grain boundary region is
wholly reconstructed during the hNP dynamic. An outer view
is illustrated in Figure 5c, where the color map highlights the
rotation angle during the grain boundary accommodation. We
note that sintering leads not only to the stress release but also
the loss of sphericity and the compaction of the hNP. On the
other hand, a similar grain boundary sintering is depicted by
the black arrow; however, in that case, the grain boundary
reconstruction is dominated by dislocation activity (see Figure
S3), in particular, by Shockley partial dislocations and the
subsequent twining formation Figure 5a-iii. In Figure 5a-iv, the

magnitude of the atomic displacements with respect to the
initial configuration is shown; interestingly, twinning regions
highlights as the most active zone for hNP compaction, with
displacement fields greater than 1 nm.
Polycrystalline bulks employed in our simulations were

extensively relaxed, ensuring the absence of grain boundary
activity before the hNPs were created. Thus, the grain
boundary mediated collapse seems to be driven as a
consequence of the hNP geometry. In our case, the presence
of cavity introduces the additional degree of freedom for grain
boundary diffusion and accommodation, triggering the
compaction or partial shrinkage of the hNP. Interestingly,
this statement is in good agreement with experimental
evidence,7,9,59 which commonly shows a size decrease or
irregular shapes once the template core is removed during the
hNP synthesis.

■ CONCLUSIONS
The stability of polycrystalline Au hNPs was investigated
through MD simulations. While shell thickness and radius are
commonly referenced as the relevant parameters to character-
ize hNPs,15,20,22,24,26−30 the presented simulations allow us to
conclude that the grain boundary structure also plays a
dominant role in their structural stability. In particular, it was
found an inverse dependence on the stable/half-stable
transition with the grain size reduction. This behavior is
attributed to the increase in potential failure sources at the
grain boundaries, which are triggered by the stress introduced
by the hollow design.
In contrast with theoretical reports studying the stable to

half-stable threshold of single-crystal hNPs,15,20,24,30 our results
suggest that to achieve larger sizes, fewer defective shells are
necessary. Additionally, we found that single-crystal hNPs are
more stable in comparison with all the grain sizes studied here.
Based on the MD evidence, it is noticed that single-crystal hNP
half-stable transition is often attributed to surface effects

Figure 3. Shear strain of a hNP with 2 nm thickness and radius of 10
nm. Every snapshot represents the configuration before and after
relaxation (200.0 ns).

Figure 4. Shear strain histograms of a hNP with 10 nm radius and
thickness of 5 nm. The shear strain was computed after 200 ns
dynamics. Each curve was generated from a hNP with a different grain
size. The black curve represents the single-crystal hNP case.

Figure 5. (a) Cross-section of a 1 nm thickness hNP. Atoms are
colored by its local crystalline structure following a CNA analysis, (iv)
displacement vectors relative to initial configuration. (b) Grain
boundary region after the hNP relaxation (1 nm). The circle shows a
region with grain coalescence after a 200 ns dynamic. (c) Angle
variation of a hNP with respect to the initial configuration.
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mediated by partial dislocations.23,27 Interestingly, grain
boundaries are often thought of as a strengthening mechanism
in polycrystalline materials.32,42 However, in hNPs, collapse
could be introduced by grain sliding or by partial dislocations
taking place from grain boundaries. In this aspect, polycrystal-
line structures are potential dislocation sources, increasing the
probability of a partial collapse.
Our analysis shows how hNP compaction is dominated by a

combination of grain diffusion, rotation, dislocation emission,
and twining. These mechanisms are in good agreement with
experimental evidence of the partial shrinkage after the hNP
synthesis,7,9,40,59 where size decrease or further shape
modifications with respect to their templates could be a
consequence of grain boundary activity driven by core
removal.15,60−62 Usually, experiments show the initial and the
final picture of the synthesis processes, but where the resulting
defects come from is still not understood. Atomistic
simulations not only help us to show the mechanism but
also to shed light on why those defects are generated. This is a
relevant issue because knowing the exact mechanism that
triggers the failures could help to improve experiments in order
to achieve larger and thinner hNPs. In this way, grain boundary
engineering or grain boundary doping has been shown as an
alternative to modify grain boundary diffusion63,64 or grain
boundary strengthening;65,66 both factors could be a
determinant to delay or diminish grain boundary-assisted
collapse.
While our contribution is focused on the role of polycrystal-

line domains, future works might look for larger channels or
porous shells as the obtained by the Kirkendall effect or
calcination technique.59,67,68 In addition, temperature effects
consistent with experimental conditions deserve to be
included.30 Finally, although our study considers Au systems,
we expect that the techniques and qualitative results presented
here can be extended to other polycrystalline materials.
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(20) Valencia, F. J.; Gonzaĺez, R. I.; Tramontina, D.; Rogan, J.;
Valdivia, J. A.; Kiwi, M.; Bringa, E. M. Hydrogen Storage in Palladium
Hollow Nanoparticles. J. Phys. Chem. C 2016, 120, 23836−23841.
(21) Yang, L.; Bian, J. J.; Zhang, H.; Niu, X. R.; Wang, G. F. Size-
dependent deformation mechanisms in hollow silicon nanoparticles.
AIP Adv. 2015, 5, 077162.
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