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Abstract The size and form of metallic nanoparticles
(NPs) significantly affects their adsorptive, chemical, and
catalytic activity. One of the most interesting nanoscale
size effects is the transition from icosahedral to octahedral
forms with growth in the NP size. We compared the sta-
bility of icosahedral, decahedral and cuboctahedral NPs
made from eight metals Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au
using the local optimization of total energy, which was
computed from the tight-binding second moment approxi-
mation and quantum Sutton—Chen potentials. The obtained
results predicted that the icosahedral form would be most
stable for Ni, and least stable for Au. For Rh, and espe-
cially for Ir, a strong dependency of the stability of the
different forms on the NP size was revealed.

Keywords Nanoparticles - Icosahedral - Cuboctahedral -
Energy minimization

1 Introduction

Metallic nanoparticles (NPs) show numerous interesting
chemical properties, including high catalytic activity
(Cuenya 2010). From theoretical and experimental con-
siderations, it is clear that one of the most important factors
influencing the chemical activity is the adsorption of dif-
ferent molecules on the NP surfaces. Recent advances in
computing technologies, ab initio models, and algorithms
have resulted in a deeper understanding of the chemical
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properties of NP faces. Much effort has been devoted to the
investigation of different adsorption sites on different faces
of metal crystals and NPs; for example, quantitative
ab initio evaluations have been made of adsorption
energies, site geometries and vibrational characteristics
(Cuenya 2010; Martin et al. 1995; Han et al. 2008; Jiang et al.
2009; Myshlyavtsev and Stishenko 2010). The distribution
of different active adsorption sites on the NP surface
strongly depends on the NP size and shape, and differs
significantly from the distribution on bulk surfaces. The
size and shape of NPs therefore have significant effects on
their adsorptive, chemical, and catalytic activity.

1.1 Five-fold symmetry quasicrystals
and face-centered cubic crystals

One of the most obvious manifestations of size effects in
metals is the preference for fivefold symmetry (5fs)
structures in small particles, instead of the face centered
cubic (fcc) crystal structure observed in bulk metals. NPs
with 5fs structure have icosahedral or decahedral shapes, or
truncated modifications of these forms. The surface of ideal
icosahedral or decahedral NPs consists only of (111) faces,
which are close-packed, and are more energetically
favorable than other faces. NPs with fcc crystal lattices
have octahedral or truncated octahedral shapes. Ideal
octahedral NPs also have pure (111) surfaces, but they have
a much lower volume to surface area ratio. Truncated
modifications have a better volume to surface ratio, but
also have highly energetic (100) faces. Hence, icosahedral
shapes are more energetically favorable than octahedral
shapes.

However, the fivefold atomic structure cannot be con-
tinued to infinity without distortions or monotonic increa-
ses in the interatomic distances. To understand this
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limitation more intuitively, one can try to build an ideal
decahedron from five ideal tetrahedrons. The dihedral
angle between two faces of a tetrahedron is equal to 70.5°,
so an integer number of tetrahedrons cannot be used to fill
360°. Five tetrahedrons located around one edge have a
7.5° gap. A similar gap appears when one attempts to build
an ideal icosahedron from 20 tetrahedrons. For small NPs,
this gap can be filled with a small distortion, but for large
NPs the elastic strain caused by distortion becomes too
large. That is why for bulk metals and sufficiently large
NPs, an fcc crystal structure which scales to infinity
without distortions is more preferable.

There is therefore a size threshold separating NPs with
preferred 5fs and fcc structures. The transition from ico-
sahedral and decahedral to octahedral forms has been the
subject of numerous experimental and computational
studies.

1.2 Ino’s model

The simplest model describing the 5fs to fcc structural
transition for metallic NPs was proposed by Ino (1969).
According to Ino’s model, an NPs energy is determined by
the following formula:

E=VE. — S1mEi — Si0E100 — VE; — S:E;. (1)

Here, V is the volume, E. is the cohesive energy, Sii;
and S;qo are the total areas of the (111) and (100) faces,
Eq1 and Ejoo are the surface energies, E; is the elastic
strain energy, and S; and E; are the area and energy of the
twin boundary surface. Ino’s model provides a convenient
and simple formula for the estimation of the relative
stability of different NPs shapes and internal structures. It
has been used in several papers, in combination with
different approaches for the determination of its energy
parameters. For example, in Ino’s original paper (Ino
1969), using energy parameters obtained from experiments,
the threshold for the icosahedral to octahedral transition
was estimated to be approximately 10 nm for gold NPs.
Another approach is based on empirical energy potentials.
In other work (Wang et al. 2011), the same threshold was
estimated to be approximately 2 nm, based on the quantum
Sutton—Chen potential.

Ino’s model considers neither energy deviations near
edges or vertices, nor internal lattice irregularities. It also
assumes a linear dependence of the internal strain energy
on the NP volume. It is likely that this approximation might
be too rough for small NPs.

1.3 Empirical potentials and energy minimization

A more realistic approach for the assessment of the shape
stability of NPs is based on an atomic-scale NP model, and
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minimization of the energy Hamiltonian. There are several
empirical energy potentials, which are either pairwise
(Morse, Lennard-Jones) or many-body (embedded atom
method [EAM], Sutton—Chen, quantum Sutton—Chen
[QSC], Rosato-Guillope-Legrand [RGL], tight-binding
second moment approximation [TB-SMA]), and can be
used to model metallic NPs. Pairwise potentials are easier
to use in computations, but the resulting models for pair
interactions describe properties such as elastic constants,
the vacation formation energy, and surface relaxation
poorly (Cleri and Rosato 1993).

Searching for the global energy minima of NPs is a
computationally expensive task. Proof of its NP-hardness
was given by Wille and Vennik (1985), and specified by
Adib (2005). In the Cambridge Cluster Database (Wales
et al. 2012) there are optimized configurations of approx-
imately 300 atoms for many-body potentials (Hunag et al.
2011). Taken into account the recent achievements in this
field (Ferrando et al. 2008, 2009) the feasible size today is
limited at least by 1,000 atoms. It should be noted that
typically, only putative global minima are found, without
any proof that they are really global. In contrast, Ino’s
model predicts the transition threshold to be at approxi-
mately 2-10 nm, or approximately 250-10,000 atoms.
Hence, for an analysis of the transition to be made in an
atomic-scale model, it is necessary to make some
assumptions about the structure of the expected equilib-
rium configuration.

1.4 Exploration of local minima

The set of configurations corresponding to local energy
minima is known from Ino’s model, and other more com-
plicated but still analytic models. Experimental images
(Long et al. 2011; Marks 1994) also give information about
possible metastable forms. The explicit comparison of
several known local minima is computationally much
cheaper than global minimization. Several studies have
been conducted in this manner. In Barreteau et al. (2000),
the relative stability of icosahedral and cuboctahedral Rh
and Pd NPs was examined up to 561 atoms, on several
approximation levels, using a tight-binding model, a spe-
cial tight-binding approximation, and an analytic model. It
was found that the icosahedral form was more stable for Rh
than for Pd. The obtained transition size was between 309
and 561 atoms for Pd, and more than 561 atoms for Rh.
Baletto et al. (2002) investigated the icosahedral, deca-
hedral, and truncated octahedral shapes of Ag, Cu, Au, Pd,
and Pt NPs. Local minimization was performed using
quenched molecular dynamics (molecular dynamics under
a gradual lowering of the temperature) and RGL (Cleri and
Rosato 1993; Rosato et al. 1989) and EAM (Foiles et al.
1986; Voter 1993; Liu et al. 1991) potentials. Baletto et al.
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found that Cu NPs preferred the 5fs structure up to 30,000
atoms, while Au NPs switched to the fcc structure after 600
atoms. They concluded that “the other metals present
intermediate behaviors: silver is much more similar to
copper while palladium and platinum are close to gold”
(Baletto et al. 2002). Also they find that two RGL potential
parameters (exponent index multipliers p and g) define the
transition threshold for the five metals they considered.
Two parameters oy, and 0,, were derived as functions of
p and g. The inverse relation was shown between transition
size of NP and these parameters. Larger ¢4, or ¢, means
smaller size of NP when fcc structure becomes the most
stable.

Wang et al. (2011) investigated local minima near tet-
rahedral, octahedral, icosahedral, decahedral, truncated
octahedral, and truncated decahedral structures for Au and
Ag NPs, using the QSC (Kimura et al. 1998; Aain et al.
1998; Qi et al. 1999) potential. They obtained similar
results: for Au NPs, 5fs structures were more preferable up
to approximately 500 atoms; for Ag NPs, the icosahedral
form was the most stable up to 3,000 atoms, and the
truncated decahedral form was the most stable up to 30,000
atoms, showing that larger Ag NPs preferred the fcc
structure (the octahedral form).

2 Computational details

In this study, we considered NPs formed from eight
metals; Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au. Our aim was to
compare the degree of preference for the 5fs and fcc
structures in these metals. Ni, Rh and Ir were of special
interest, because in TB-SMA potential parameter p for
these metals is greater than 16, whilst for other metals
p belongs to a narrow interval between 10 and 11. Hence
we expected significant difference in 5fs to fcc transition
behaviour.

The aim of this work was to compare qualitatively dif-
ferent metals from the perspective of 5fs to fcc transition.

To avoid the influence of high-energetic low coordi-
nated atoms on NPs surface, we compared only NPs with
complete external atomic shells, i.e. without vacancies, ad
atoms, steps or kinks on their surface. We concentrated
on two shapes with complete shells: icosahedral and
cuboctahedral ones which represents 5fs and fcc structure
correspondingly. Also we considered an intermediate Ino’s
decahedron shape. Ino’s decahedron structure differs from
icosahedral one but still holds 5fs. Similarly to cubocta-
hedron Ino’s decahedron shows both (111) and (100) faces.
All three considered shapes have equal “magic numbers”
for complete shell configurations so we could directly
compare icosahedral, decahedral and cuboctahedral NPs of
the same size without any approximation. Obviously the

considered shapes are not necessarily optimal and there
could be better structures and the transition threshold from
5fs to fce structure can be over- or underestimated. But we
suppose that energies of these shapes are enough repre-
sentative for comparative estimation of properties of dif-
ferent metals.

To compute the total NP energy, we used the TB-SMA
(Cleri and Rosato 1993) and QSC (Kimura et al. 1998; Aain
etal. 1998; Qi etal. 1999) potentials. TB-SMA potential is an
improved parametrisation of RGL (Rosato et al. 1989)
potential with large cut-off radius. Both potentials have been
successfully used for the modeling of different metallic
nanostructures (Wang et al. 2011; Baletto et al. 2002; Rap-
allo et al. 2005; Maranville et al. 2006; Cheng et al. 2007).
TB-SMA parameters were fitted to reproduce values “of the
cohesive energy, lattice parameters (by a constraint on the
atomic volume), and independent elastic constants” (Cleri
and Rosato 1993). QSC parameters were “optimized to
describe lattice parameter, cohesive energy, bulk modulus,
elastic constants, phonon dispersion, vacancy formation
energy, and surface energy” with poorer accuracy for elastic
constants but better accuracy for surface energy. It is known
(Rosato et al. 1989) that for Ir and Rh RGL potential sig-
nificantly underestimate some elastic constants. In TB-SMA
parametrization these problem is partially alleviated by
extension of cut-off radius. Since surface energies are crucial
for estimation of NPs stable forms, we have computed sur-
face energies using TB-SMA and QSC potentials. Obtained
results were very similar—differences were less than 10 %.
Taken into account, that QSC predict surface energies better
than RGL or EAM (Kimura et al. 1998), we suppose that
investigation of metallic NPs (including Ir and Rh ones)
using both of TB-SMA and QSC potentials can give useful
information about these metals.

For each metal, ideal icosahedral, decahedral and
cuboctahedral NPs of sizes from 147 to 10,179 atoms were
built. The NPs were then relaxed. Local energy minimi-
zation was performed using the L-BFGS algorithm
(Nocedal 1980), implemented in Okazaki’s and Nocedal’s
library 1ibLBFGS (2012). Local minimization was exe-
cuted until 107® eV accuracy was reached. The overall
minimization procedure took approximately 30—40 h, using
16 Intel(R) Xeon(R) X5472 3.00 GHz cores.

3 Results and discussion

Examples of minimized NP configurations are shown in
Fig. 1. Let us define AF as the difference between the local
minima of energy per atom corresponding to icosahedral
(E;.,) and cuboctahedral forms (E,,.,), for some metal and
for some NP size. Likewise AE;; defines the difference
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between E,., and the local minima of Ino’s decahedron
(E ) and AE,. defines difference between E,;.;, and E,,;.

AE = Eico - Ecocta (2)
AEid = Eico - Edchv (3)
AEdc = Edch - Ecoct~ (4)

A negative AE value meant that for the particular metal
and particle size, the icosahedral form was more stable than
cuboctahedral one. In Fig. 2, graphs of AE, AE;; and AE,,
are plotted for TB-SMA and QSC potentials. One can see
that all graphs shows similar dependencies. Icosahedral
shape was more stable for small sizes, with increasing NP
size decahedral shape became more preferable, and clear
monotonic growth of AE,. predicted transition to cuboc-
tahedral structure in larger sizes. Hence for all metals
decahedral structure is a transitional state between icosa-
hedral and cuboctahedral forms. AE graphs generally
repeated motifs of AE;; and AE,;. and was used for com-
parison of metals we investigated.

Table 1 gives the boundaries for the transition from
icosahedral to cuboctahedral NP shapes. Considered
potentials have given similar transition sizes for most of the
metals and almost the same order of transition thresholds.
The only exception was Pd—QSC potential gave signifi-
cantly large threshold for this metal than the TB-SMA.

The obtained transition thresholds mostly agreed with
results from the literature (Wang et al. 2011; Barreteau
et al. 2000; Baletto et al. 2002). The 5fs structure in
accordance with (Barreteau et al. 2000) was more stable for
Rh than for Pd, although the transition threshold for Pd was
estimated to be significantly larger (especially using QSC
potential) than that given by Barreteau et al. (2000). Cu
also preferred the 5fs structure, over a wide size range, as
was expected.

Also for all considered metals ¢y, and o,, parameters
were calculated using TB-SMA potential. Our results have
shown that these parameters definitely useful for prior
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prediction of the preferable structure. The smallest values
of 01, and 0,, correspond to Ni and Cu which prefers 5fs
structure in a wide size range. But break of order is pos-
sible for metals with close values of ¢, and g5, as in case
of Rh and Ag. And the largest discrepancy was demon-
strated by Ir—with the largest oy, and o0,, parameters its
transition threshold was significantly larger than thresholds
of Au, Pt and Pd.

Au showed the most pronounced preference for the fcc
crystal structure of all of the metals considered. Pt, Pd,
and Ag lay between Au and Cu, but the AE plots for Pt
and Pd were close to that for Au, while Ag was closer to
Cu.

To estimate the probability of coexistence of NPs with
different structures we considered the sensitivity of AE to
NP size changes. The main idea was that for different
metals the same spread of NP sizes gives different spreads
of energy and therefore different variety of structures. For
quantitative estimation of AE sensitivity an approximated
function was built:

AE =~ Ag(N) = yInN + a. (5)

Here N is the number of atoms in NP, y and o are the
approximation parameters to fit. Parameters were fit using
the least squares method. Quality of approximation was
estimated by linear correlation coefficients and appeared to
be rather good. Fitted parameters and correlation
coefficients are given in Table 2.

In Table 2 the smaller y means the weaker dependency
of AE on the NP size. In particular small y for Au dem-
onstrates the weakest dependency on the NP size. We
believe that this indicated a high probability for the
coexistence of 5fs and fcc structures in ensembles of gold
NPs.

The transition behavior of Ni and Ir NPs has, to the best
of our knowledge, not been studied previously. In this work,
it was found that Ni preferred the 5fs structure even more

Fig. 1 Icosahedral (left), Ino’s decahedral (center) and cuboctahedral (right) Irgg9 NP

@ Springer



Adsorption (2013) 19:795-801

799

0,02 |

0,01

2
w
=]
-0,03 /
—— Pt
Au
-0,04
147 309 561 923 1415 2057 2869 3871 5083 6525 8217 10179
‘0.05 T T T T T T T T T T T
number of atoms
(5]
o
w
a
-0,008 - —&—Pd
—— Ag
0,010 Ir
—+—Pt
Au
0,012 -‘
147 309 561 923 1415 2057 2869 3871 5083 6525 8217 10179
‘0.014 J| T T T T T T T T T T
number of atoms
0,020
0,010
0,000
-0.010—|
0,020
w
=i
0,030
0,040 T
0,050 omlit
I Au
0,060

_0070117 309 561 923 1415 2057 2869 3871 5083 6525 8217 10

number of atoms

79

AEid

AEdc

AE

0,02

0,01

0,01
0,02

0,03

147 309 561 923 1415 2057 2869 3871 5083 6525 8217 10

number of atoms

0,000

-0,002

Ir
——Pt

0,010 Au

_001214? 309 561 923 1415 2057 2869 3871 5083 6525 8217 10

number of atoms

79

0,020

0,010

0,000

0,010

-0,020

0,030

——Pl
Au

0,040 ~‘

-0.0501
147 309 561 923 1415 2057 2869 3871 5083 6525 8217 10

'O.m0 : T T T T T T T L) T T

79

number of atoms

Fig. 2 Dependency of AE, AE;;, AE; (eV) on the NP size. Left column TB-SMA potential, right column quantum Sutton—Chen potential

than Cu, which corresponded to the results shown in the AE
plot. Although in the studied range of NP sizes Ni does not
change the preferable structure, high value of the parameter

v of A approximation relates it to such metals as Ir and Rh.
Ir and Rh showed significantly different behavior from
the other metals studied here. Despite their typical values

for the transition threshold, they showed large y values and
a rapid growth of AE with increasing NP size. These
peculiarities of Rh and, especially, Ir might predict the high
stability of these metals NPs, and a comparatively low

probability for the coexistence of different structures
NPs of the same size.

for
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Table 1 Boundaries for the transition threshold from icosahedral to
cuboctahedral forms

Metals TB-SMA bounds QSC bounds O1n 05,
Lower Upper Lower  Upper

Ni >10179 >10179 10.11  11.37
Cu >10179 >10179 1248  14.04
Rh 5083 6525 8217 10179 17.22 1892
Pd 1415 2057 3871 5083 2033 21.65
Ag 3871 5083 3871 5083 17.15  18.66
Ir 2057 2869 2869 3871 2285 24.57
Pt 923 1415 2057 2869 2125 2243
Au 923 1415 561 923 20.64  21.78

Table 2 Parameters of logarithmic approximation of AE - r> —linear
correlation coefficient

Metals TB-SMA QSC
y o P y o P

Ni 0.0091 —0.0858 0.99 0.0066 —0.0618 0.98
Cu 0.0067 —0.0602 0.97 0.0052 —0.0486 0.98
Rh 0.0131 —0.1122 097 0.0104 —0.0932  0.98
Pd 0.0050 —0.0386 096 0.0065 —0.0553 0.97
Ag 0.0049 —0.0411 0.96 0.0045 —0.0390 0.97
Ir 0.0160 —0.1293 096 0.0124 —-0.1034 0.97
Pt 0.0056 —0.0409 096 0.0076 —0.0604 0.97
Au 0.0030 —0.0212 0.96 0.0036 —0.0250 0.96

4 Conclusion

Gold showed a very small difference in energy between the
icosahedral and cuboctahedral NP forms, which predicted a
higher probability for the coexistence of different forms
compared with other metals. In contrast, the results for Ir
and Rh indicated a sharp transition between the 5fs and fcc
structures, and a low probability for their coexistence. It
was found that Ni showed the strongest preference for the
5fs structure, and was expected to produce the largest
icosahedral NPs compared with the other metals consid-
ered, at the same time logarithmic approximation revealed
strong dependency of preferable structure on NP size.
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