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Abstract

Motivated by our experimental research related to silver nanoparticles with various morphologies, we have
employed quantum-mechanical calculations to provide our experiments with theoretical insight. We have
computed properties of a 181-atom decahedral silver nanoparticle and two types of internal extended defects,
¥5(210) grain boundaries (GBs) and quadruple junctions (QJs) of these GBs. We have employed a supercell
approach with periodic boundary conditions. Regarding the thermodynamic stability of the decahedral
nanoparticle, its energy is higher than that of a defect-free face-centered cubic (fcc) Ag by 0.34 eV/atom. As
far as the ©5(210) GB is concerned, its energy amounts to 0.7 J/m? and we predict that the studied GBs would
locally expand the volume of the lattice. Importantly, the system with GBs is found rather close to the limit of
mechanical stability. In particular, the computed value of the shear-related elastic constant Ces is as low as 9.4
GPa with the zero/negative value representing a mechanically unstable system. We thus predict that the
>»5(210) GBs may be prone to failure due to specific shearing deformation modes. The studied GBs have also
the value of Poisson’s ratio for some loading directions close to zero. Next, we compare our results related
solely to ¥5(210) GBs with those of a system where multiple intersecting 5(210) GBs form a network of
guadruple junctions. The value of the critical elastic constant Ces is higher in this case, 13 GPa, and the
mechanical stability is, therefore, better in the system with QJs.
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1. INTRODUCTION

The dependence of the biological activity of nanoparticles on their morphology is well known, see, e.g., Ref.
[1]. The key aspect is the number of {111} surface facets that exhibit the highest atomic density as well as the
highest electronic charge density [2]. The nanoparticles containing the highest number of {111} facets are
formed with decahedral or icosahedral shapes, described as 5 or 20 tetrahedra joined by twin boundaries.
Because the tetrahedra do not fill the space completely, grain boundaries or elastic strains are required to
complete the nanopatrticle shape [3]. The nanoparticle morphologies described above are known as multiply-
twinned nanoparticles (MTPs) with fivefold symmetry axes. Our experimental research focused on the method
of synthesis and morphological analysis. We used the spark erosion method described in Berkowitz et al. [4]
to prepare silver nanoparticles. Morphological analyzes were performed using a JEM2100F transmission
electron microscope. We received various nanoparticle morphologies (Figure 1), including typical fivefold
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MTPs. Inspired by these results, we performed quantum mechanical calculations to evaluate the stability of
nanoparticle morphology containing quadruple junctions (QJs).

First, we have determined the internal atomic structure and the energy of a 181-atom decahedral nanoparticle
of silver. Second, we have used the calculations to characterize the properties of other internal extended
defects, in particular, the £5(210) GBs as well as their quadruple junctions (QJs), building upon the expertise
related to our previous work [5].

Figure 1 Transmission electron microscopy (TEM) images of Ag nanoparticles illustrating their morphologies
(a), especially fivefold MTPs (b)

2. COMPUTATIONAL METHODOLOGY

When modeling decahedral silver nanoparticles as well as GBs and their junctions, we have employed a
supercell approach. The decahedral nanoparticle is shown in Figure 2. It contains 181 Ag atoms and it was
surrounded by a vacuum within a bigger supercell so as to eliminate spurious interaction between an individual
nanoparticle and its periodic images in the neighboring cells generated by the periodic boundary conditions.
The nanoparticle contains both internal grain boundaries and their fivefold-symmetry junction. Further,
supercells modeling 25(210) grain boundaries as well as their quadruple junctions (QJs) are shown in
Figure 3. The application of periodic boundary conditions in the case of these supercells results in two GBs
per supercell visualized in Figure 3a and eight GBs together with four QJs per 180-atom supercell in
Figure 3b.
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Figure 2 Schematic visualizations of our 181-atom computational model of a decahedral Ag nanopatrticle (a)
together with its side-view (b). The nanoparticle contains grain boundaries (GBs), see red dashed lines, and
junctions (see J letters) of GBs indicated by blue circles in part (a) and a blue dashed line in part (b).
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Figure 3 Schematic figures of 64-atom computational supercell modeling £5(210) grain boundary (GB) (a)
and a 180-atom supercell utilized in our calculations of quadruple junctions (QJ) of 25(210) GBs (b). The GB
planes are shown as red dashed lines while the regions of quadruple junctions are indicated by blue circles.

Our quantum-mechanical calculations were performed employing the Vienna Ab initio Simulation Package
(VASP) [6,7] within the framework of density functional theory [8,9] using projector-augmented-wave (PAW)
pseudopotentials [10,11]. The exchange and correlation energy were treated in the generalized gradient
approximation (GGA) as parametrized by Perdew, Burke and Erhzerhof (PBE’'96) [12]. The plane-wave energy
cut-off was equal to 450 eV and different Monkhorst-Pack k-point meshes were used for sampling the Brillouin
zone in the reciprocal space. In particular, the 3x3x4 k-point mesh was applied in the case of the supercell
with the lattice parameters 33.8 A x 32.6 A x 24.5 A containing the 181-atom decahedral nanoparticle. When
computing the £5(210) GB, a 6x2x14 k-point mesh was utilized and 2x2x12 k-points were used for 180-atom
supercell modeling QJs of £5(210) GBs. Lastly, we applied a 14x14x14 k-point mesh for calculations of a
defect-free face-centered cubic (fcc) elemental silver modeled by a cubic-shape 4-atom cell.

3. RESULTS

The 181-atom decahedral nanoparticle has an internally distorted atomic structure as seen in Figure 2. Its
energy is higher than that of a defect-free fcc Ag by 0.34 eV/atom. This increase in the energy is caused by
the occurrence of a number of extended defects that define the nanoparticle, in particular different surfaces,
internal grain boundaries and their central junction, as well as elastic strain field, and further mutual interactions
of these defects. It is rather difficult to decompose the energy increase into these individual components.
Instead, we use our calculations to assess properties of selected extended defects, X5(210) grain boundaries
and their junctions, in order to test their thermodynamic and mechanical stability. We start with £5(210) GBs
that we model with the help of the 64-atom supercell shown in Figure 3a. In order to compute the energy
increase due to the studied GBs, we evaluate the GB interface energy. In order to do so, we determine the
difference between the energy of 64-atom supercell and that of 64 atoms of the defect-free fcc Ag. The GB
interface energy is then equal to this difference divided by twice the area of the GB interface (because there
are two GBs per supercell in Figure 3a). The £5(210) GB interface energy amounts to 0.7 J/m? (or 0.04 eV/A?).
Regarding the structure, the £5(210) GB expands locally the volume of the lattice by 2.4 %.
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Figure 4 Calculated anisotropic elastic properties of 64-atom computational supercell modeling the ~5(210)
grain boundary visualized in the form of directional dependences of Young’s modulus (a), linear compre ssi-
bility (b), maximum and minimum values of shear modulus (c) and maximum and minimum values of
Poisson’s ratio (d). For details see Ref. [13] related to the ELATE software (http://progs.coudert.name/elate).

Next we determine elastic properties of crystalline systems containing the £5(210) GBs using the stress-strain
method [14]. The elastic properties are characterized by the following set of elastic constants C11 = 119 GPa,
C12 =61 GPa, C13 = 79 GPa, C22 = 119 GPa, Cz3 = 77 GPa, Cs3 = 102 GPa, Ca4 = 23 GPa, Css = 39 GPa and
Ces = 9.4 GPa. The elasticity is visualized in Figure 4. The Young’s modulus is very strongly anisotropic, see
Figure 4a, with the minimum and maximum values equal to 29 and 93 GPa, respectively. In contrast, the
directional dependence of the linear compressibility, see Figure 4b, is very close to a spherical shape with the
minimum and maximum values equal to 3.81 and 3.94 TPal, respectively, i.e. it is nearly isotropic. It is worth
noting that systems with a cubic symmetry exhibit perfectly isotropic linear elasticity due to their high symmetry.
It is quite interesting that the linear compressibility of the supercell with GBs is so close to the isotropic
directional dependence despite of a very low symmetry of its internal configuration of atoms (see Figure 3a).
Regarding shear deformations, the maximum and minimum values of shear modulus for different shear
directions (for details see Ref. [13]) are shown in Figure 4c. The highest and lowest value out of those for all
directions, 39 and 9.4 GPa, respectively, are equal to the values of Css and Ces, respectively. If the lowest one
would reach zero, the system would become mechanically unstable [15], and the value of Css is close to this
limit. Regarding the maximum and minimum values of Poisson‘s ratio for different directions shown in
Figure 4d, the absolute lowest and highest values are equal to 0.001 and 0.855, respectively, with the former
remarkably close to zero.
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Figure 5 Computed anisotropic elastic properties of 180-atom computational supercell modeling a quadruple
junction of four 25(210) grain boundaries visualized in the form of directional dependences of Young’s
modulus (a), linear compressibility (b), maximum and minimum values of shear modulus (c) and maximum
and minimum values of Poisson’s ratio (d). The figures were obtained using the ELATE software [13].

Regarding the system with quadruple junctions of 25(210) GBs, its energy is higher than that of a defect-free
fcc Ag by 0.06 eV/atom. It is, unfortunately, difficult to decompose this energy increase into those due to QJs
and GBs because it is unclear where exactly the regions associated with GBs and QJs start and finish, see
Figure 3b. Therefore, it is not possible to evaluate the corresponding energy contributions. The elastic
properties of the system with QJs are characterized by elastic constants C11 =118 GPa, C12 =56 GPa, C13 =
72 GPa, C22 = 118 GPa, C23 = 74 GPa, C33 = 103 GPa, Ca4 = 30 GPa, Css = 30 GPa and Ces = 13 GPa. They
are visualized in Figure 5. When comparing the elasticity of £5(210) GB in Figure 4 with that of QJ in Figure 5
it is obvious that the Young’s modulus, see Figure 5a, is less anisotropic. Its minimum and maximum value
equals to 38 and 81 GPa, respectively. In contrast, the linear compressibility of the studied QJs is more
anisotropic, see Figure 5b, than that of £5(210) GB, see Figure 4b, and the minimum and maximum values
amount to 3.86 and 4.19 TPa™l, respectively. Most of the values of the above listed elastic constants for a
system with QJs are very similar to those that we obtained for the system containing solely GBs but the value
of the shear-related parameters, see also Figures 4c and 5c, are different. In particular, the value of Ces is
higher (equal to 13 GPa) in the case of the supercell with QJs when compared with the supercell with GBs
(Css = 9.4 GPa). It means that the elasticity of the supercell with QJs is further from the limit of the mechanical
instability (when Css would be zero or negative). Regarding the minimum and maximum value of Poisson‘s
ratio (see Figure 5d), the lowest and highest values are equal to 0.050 and 0.699, respectively. As far as the
structure is concerned, the studied system with QJs expands the lattice volume by 3.8 %.
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4, CONCLUSION

We have performed a series of quantum-mechanical calculations complementing our experimental research
focused on silver nanoparticles with various morphologies. In particular, we have computed properties of a
181-atom decahedral silver nanoparticle and two types of internal extended defects, 25(210) grain boundaries
(GBs) and quadruple junctions (QJs) of these GBs. As far as the thermodynamic stability of the decahedral
nanoparticle is concerned, its energy is higher than the energy of a defect-free elemental Ag by 0.34 eV/atom.
Regarding the properties of the £5(210) GB, its computed energy is equal to 0.7 J/m? and we also predict that
the volume of the lattice would be locally expanded due these GBs. Importantly, the system with GBs is
predicted to be rather close to the limit of mechanical instability. Specifically, the computed value of the elastic
constant Ces, that is related to shear deformations, is as low as 9.4 GPa (with the zero or negative values
representing a mechanically unstable system). We thus predict that the £5(210) GBs may be prone to a failure
due to specific shearing deformation modes. The £5(210) GBs have also the lowest values of Poisson'’s ratio
close to zero for some loading directions. Interestingly, when comparing our results related to solely £5(210)
GBs with those of a system where multiple intersecting £5(210) GBs form a network of quadruple junctions,
the properties are significantly different. The value of the critical elastic constant Cses is higher, 13 GPa, in the
system with QJs and its mechanical stability is therefore better. Also the lowest value of Poisson’s ratio is not
close to zero in the system containing QJs.
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