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Relative edge energy in the stability of transition
metal nanoclusters of different motifs+

X.J. Zhao,? X. L. Xue,® Z. X. Guo® and S. F. Li*?

When a structure is reduced to a nanometer scale, the proportion of the lowly-coordinated edge atoms
increases significantly, which can play a crucial role in determining both their geometric and electronic
properties, as demonstrated by the recently established generalized Wulff construction principle [S. F. Li,
et al., Phys. Rev. Lett., 2013, 111, 115501]. Consequently, it is of great interest to clarify quantitatively the
role of the edge atoms that dominate the motifs of these nanostructures. In principle, establishing an
effective method valid for determining the absolute value of the surface energy and particularly the edge
energy for a given nanostructure is expected to resolve such a problem. However, hitherto, it is difficult to
obtain the absolute edge energy of transition metal clusters, particularly when their sizes approach the
nanometer regime. In this paper, taking Ru nanoclusters as a prototypical example, our first-principles
calculations introduce the concept of relative edge energy (REE), reflecting the net edge atom effect over
the surface (facet) atom effect, which is fairly powerful to quasi-quantitatively estimate the critical size at
which the crossover occurs between different configurations of a given motif, such as from an icosahe-
dron to an fcc nanocrystal. By contrast, the bulk effect should be re-considered to rationalize the power
of the REE in predicting the relative stability of larger nanostructures between different motifs, such as
fcc-like and hcp-like nanocrystals.

Introduction

For a given elemental bulk crystal, the surfaces with different
indices usually display contrasting electronic, magnetic, cata-
lytic, optical, and mechanical properties, due to the symmetry
breaking and the resulting different local surface structures
and electronic states."* Correspondingly, the physical and
chemical properties of some low-dimensional systems, such as
nanoclusters or nanoparticles, are often very different from
their bulk counterparts.>® On the one hand, this difference is
due to the large surface-to-volume ratio of a given nanocluster
with the lowly-coordinated surface atoms exhibiting high activi-
ties and distinct properties; on the other hand, it is due to the
quantum size effect which is endowed with many practical
applications.”® Among these nanoclusters or nanoparticles,
transition metal (TM) systems have gained particular attention
because of their exotic catalysis potential in contrast to their
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bulk phases.”* For example, gold is well known as a noble

metal due to its highly inert properties; however, gold nano-
clusters possess intriguing catalytic activities,""'> partially due
to their surface structures and quantum size effect, as men-
tioned before. Another example is Ru; Ru nanoclusters were
reported to show enhanced chemical activity toward H,O split-
ting relative to their bulk counterpart, Ru(0001) surface.'*"*
Here, we emphasize that with further reduction of the
cluster size, the atoms on the edges constructed by the inter-
section of the adjacent mini-facets become increasingly impor-
tant in determining the physical and chemical properties of a
given polyhedral cluster."”° On the one hand, the fraction of
the edge atoms considerably increases, on the other hand, the
coordination numbers of the edge atoms are further reduced;
both result in d-type dangling bonds and extra chemical activi-
ties, compared with the facet atoms.*"** Recently, we identi-
fied that the classic Wulff construction principle (CWCP)
should be generalized to emphasize the edge atom effect to
identify both the geometric structure and the magic number
of TM nanoclusters,”™** as also strongly supported by experi-
ments.”® Edge atoms have also been found to play a critically
important role in catalysis.'®*****> For example, N, dis-
sociation on the Ru(0001) surface is totally dominated by the
step edges where the measured adsorption rate is at least nine
orders of magnitude higher than that on the terraces at
500 K.>* For water-gas-shift catalysis, it is identified that those
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metallic corner atoms located on the intersection of adjacent
step edges of gold clusters act as the dominant active com-
ponents.*® In addition, in Jaramillo’s work,”” it is shown that the
electrocatalytic activity measurements for hydrogen evolution cor-
relate linearly with the number of edge sites of MoS, particles.

Consequently, it is of great interest to identify quantitatively
or quasi-quantitatively the role of edge atoms in the configur-
ation and hence the properties of a given TM nanostructure.
In principle, establishing an effective method of determining
the accurate value of the edge energy for a given nanostructure
is expected to resolve such a problem. However, up to date, it
is still intractable to quantitatively obtain the absolute edge
energies of a given nanostructure in the framework of first-
principles calculations, though the surface properties and
surface energies”®! of various crystals have been extensively
studied and can be accurately determined. Only limited work
has been done to estimate quantitatively the edge energy of
nanoclusters. For example, by using an empirical potential
and continuum approach,?* simulations reveal negligible edge
energy for some noble TM nanoclusters. In this paper, first of
all, choosing a Rus;s cluster as a prototypical example, we ident-
ify that the previously proposed continuum method® is
inadequate for calculating the edge energy of a given TM par-
ticle, when the size approaches the nanometer regime, due to
the discontinuity of the energy density originating from the
localized d-type dangling bonds on the edges. Thus, we estab-
lish a concept of REE reflecting the net edge atom effect over
the surface (facet) atom to estimate the critical size at which a
crossover occurs between different configurations of a given
motif (such as fec-like). Furthermore, to rationalize the predic-
tive power of the REE in determining the stabilities of different
larger nanocluster motifs, such as fcc-like relative to hcp-like
nanocrystals, the bulk effect of the nanocluster core should
also be invoked.

Methods

The calculations were carried out in the framework of density
functional theory®® within the spin-polarized generalized gra-
dient approximation (GGA)** as implemented in the VASP
code.* The interaction of the valence electrons with the ionic
core is described with the projector augmented wave (PAW)*®
method. The atomic positions of a cluster are fully optimized
in a big simple cubic supercell, to ensure that the cluster-
cluster distance between the nearest neighboring periodic
images is larger than 13 A and the coupling between the clus-
ters of neighboring images is negligible. The convergence cri-
terion of the electronic loop is adopted up to 107> eV and the
force convergence less than 0.01 €V per A per atom. In our cal-
culations, similar to our previous investigations,*"** we have
made necessary routine numerical checks on the reliability of
the calculation methods, including the supercell size, the
energy cutoff, the accuracy of the detailed electron-ion inter-
action potential and exchange-correlation functional, etc. To
obtain the ground state configurations of the TM clusters, we
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have considered many initial candidate configurations manually
constructed or computationally generated via high-temperature
first-principles molecular dynamics simulations. We have also
carried out selective checks on the optimized structures using
the particle swarm optimization (CALYPSO) code.?”®

Results and discussion

Examination of the continuum approach in estimating the
edge energy

In this subsection, we first briefly introduce the continuum
approach proposed by Hamilton®® in estimating the edge
energy for a polyhedral cluster. In this method, the shape of a
given polyhedral cluster, such as an icosahedron (1;,), perceived
widely as the most stable structural candidate based on the
CWCP, is represented by intersecting flat surfaces forming
straight edges consisting of N atoms, as presented in the
inserted geometric model in Fig. 1. Given this assumption, the
total energies of polyhedral cluster series, whose stacking form
is independent on the edge length, can be written in the form:

Erotal =AI* + BI> + Cl+D (1)

where [ is the edge length and A, B, C and D are coefficients
related to the bulk, surface, edge, and vertex energy, respect-
ively. Here, we emphasize that the problem in defining the
edge energy is actually related to the problem of defining the
exact position of the Gibbs dividing surface, and consequently
the exact length of the intersection of two adjacent dividing
surfaces.’® One may estimate that the edge length should lie
within the following range:

(n—1)d <1 < nd (2)

where d is the nearest-neighboring atom distance. However,
for a single component system, the common choice of the
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Fig. 1 Calculated total energy of I,-Ruy clusters (N = 13, 55, 147, 309,
561) as a function of the edge length for four different definitions of (.
The curve labeled “l ~ (n — 0.5)d" corresponds to the value obtained
using eqn (3) in the text.
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dividing surface is the equimolar surface,* which leads to a
precise definition of / for an I, motif:

r-te 2ol 5

One can get that [ ~ (n — 0.5)d.

Then, taking Ruy clusters (N = 13, 55, 147...) as typical
examples, we demonstrate that although the edge length can
be precisely defined as introduced, this continuum approach
is still not applicable for estimating the edge energy of nano-
clusters in the framework of first-principles calculations. To
address this point, we first calculated the total energies (Erotal)
of a series of I-Ruy clusters with N = 13, 55, 147, 309, 561,
then we plot the Ery, as a function of [, as represented by the
curve labeled “I ~ (n — 0.5)d” in Fig. 1. According to the conti-
nuum approach, by fitting the calculated data of Ep as
expressed in eqn (1) and Fig. 1, one can get the bulk, surface,
edge, and the vertex (corner) energies, which relate directly to
the coefficients A, B, C and D, respectively, as shown in
Table 1. Unfortunately, though we can obtain a negative value
for the coefficient A and positive values for both B and C, the
last term D has a totally wrong sign: D = —4.529 eV! For further
comparison, we have also considered other three choices for
the definition of the edge length /, namely, (n — 1)d, (n — 0.5)d,
and nd, and plotted the Erq curves as a function of [ with
these new definitions. It is found that all these three new defi-
nitions result in similar values for the coefficient A to the case
with precisely defined edge length, however, none of those can
consistently yield reasonable signs for all the four coefficients,
A, B, C, and D. Thus we can conclude that the previously estab-
lished continuum approach is invalid to determine correctly
the edge energy of a given polyhedral TM cluster, at least in
the nanometer size range investigated.

We now discuss in more detail the underlying mechanism
why the continuum approach is insufficient to estimate the
edge energy of the present Ruy nanoclusters. In principle, the
continuum theory stresses the gradual quantitative transitions
of a variation without abrupt changes or discontinuities.
Therefore, in Hamilton’s continuum approach®” of calculating
the edge energy, the energy density is essentially supposed to
be close to a constant within the whole “cluster domain” envel-
oped by the dividing surface, because the empirical potential
intrinsically cannot provide such important information
reflecting the abrupt changes in the electronic structures on
different local sites, such as on the edges as compared to the
inner sites or facet sites. Particularly, on the edge sites, the
atoms are more lowly-coordinated than those of the inner or

Table 1 Coefficients of four fitting equations in Fig. 1

A B c D
~n - 0.5)d —1.454 1.209 3.094 —4.529
=(n—1)d -1.522 -4.917 —5.904 -3.983
=(n - 0.5)d —1.522 1.261 —0.957 —1.227
=nd -1.522 7.439 -12.728 6.146

12836 | Nanoscale, 2016, 8, 12834-12842

View Article Online

Nanoscale

- 45— e
< B D an Inner
% 3.0
8
<
2)
= 1S
o
@)

0.0 L

25 20 -15 EEp(eV) 05 00 0.5
0.02
0.01
0.00.

Fig. 2 Density of states (DOS) and the corresponding charge distri-
bution of the Russ Iy, structure of the two energy windows both in deep
energy level (I) and the near fermi surface region (). The legends of
“Edge” and “Inner” correspond to the local DOS projected on the edge
and the inner atoms, respectively.

the facet atoms, therefore the edge atoms possess significantly
different bonding features and stabilities as compared to the
latter.

The above statements are further supported by the detailed
local electronic structure analysis. As a typical example, the
electronic charge density (see the lower panel) projected onto
the high-symmetry plane bisecting the I;-Russ cluster in two
representative energy windows (see the upper panel) are pre-
sented in Fig. 2. Significantly, on the edge sites of the I;,-Russ,
the electronic charge density shows strong features of direc-
tional d-type dangling bonds (Fig. 2(II)) around the Fermi
level, particularly compared to the charge density in the
similar energy window far below the Fermi level, see Fig. 2(I).
Such high electronic density of states of the edge atoms by the
Fermi level (Fig. 2) results in considerable energy increases
(see also ref. 21) and contrast edge properties, which cannot
be accounted for by a continuum approach, and thus is the
main reason why the above continuum approach is invalid to
estimate the edge energy.

Relative edge energy

Given the identified issues above, we aim to propose a new
concept of REE based on the analysis of the energetics of the
optimized low-energy structures obtained by substantial DFT
simulations, as will be discussed later.

Panel (I) of Fig. 3 displays six representative low-energy Russ
structures optimized from various initial configurations (some
of these configurations were also reported previously in ref.
21). These structures can be grouped into three types of motif,
fec-like (structures (a), (b), and (d)), I (f), and the others hep-
like ((c) and (e)) configurations. Due to their similar geome-

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Geometric structures and relative energies of three representative FCCCEF, I, (olive color faced), and two representative HCPCF (blue color
faced) low energy configurations of (I) Russ, (Il) Rui47, and (Ill) Ruszgg. For all the three cases, the I, configurations are taken as the energy references,

i.e., AE = E(TMp) — E(TMy(IW)) (N = 55, 147, 309).

tries, we present the fcc-like and I;, structures in the same
color, and show the hcp-like by differently colored polyhedra,
respectively. The three low-symmetry structures in Fig. 3(I-a),
(-b) and (-d) are found to be much lower in energy than the
high-symmetry I, (see structure (f)), by 3.120, 2.691, and
1.479 eV, respectively. As reported in our previous paper,”" these
three stable structures can be optimized from an fcc crystal frag-
ment (FCCCF). For more details on the geometric structures,
thermal dynamic and kinetic stabilities, see ESI, S1.}

To assess the importance of the edge atom effect in deter-
mining the relative stability of the above structures within a
given motif, we qualitatively separate the total energy of a
given polyhedral cluster of size N into three terms:

Etotal = Epulk + Esurf + EEdge (4)
where Ep, represents the leading-order, bulk contribution to
the cluster energy from N atoms, Egyr and Eggge are the total
surface and edge energies needed to create the mini-facets on
the clusters and the edges defined by the intersections of adja-
cent facets, respectively. For simplicity, the vertex atoms of a
cluster are counted as edge atoms. Within these definitions,
the first term is definitely negative, while the other two terms
are always positive. As a zeroth-order approximation, we have
Egux ® —Ney, representing the total energy of N atoms inside
an infinite bulk crystal of chemical potential e,. At this level of
accuracy, the first term is identical for all the four polyhedra
highlighted in olive, as shown in Fig. 3(I-a), (-b), (-d) and (-f).

We can now estimate Es.¢ by the total surface area times
the energy per unit area, and Egqg. by the total edge length
times the energy per unit length. Additionally, the total surface
area and total edge length of these four representative struc-
tures can be expressed as Ngur X § and Nggge X 4, respectively.
Here, Ny and Nggge denote the total numbers of triangularly

This journal is © The Royal Society of Chemistry 2016

shaped mini-facets defined by the three adjacent atoms on the
surfaces and the total numbers of the atomic bonds defined
on the edges,”" respectively. Correspondingly, the average area
6 per triangularly shaped mini-facet and the average length
A per atomic bond on the edges can be taken as constants due
to their negligible fluctuation (within ~2%) between different
structures. First, as indicated in Fig. 4(b), each of the three
more stable FCCCF structures in panel (I) of Fig. 3 possess a
larger total surface area (Ngy) than the I, structure. Further-
more, the I, structure contains 20 fcc(111) mini-facets, while
the mini-facets on the three new cluster structures are either
also fec(111)-like, or are bec(100)-like with higher energy per
unit area, showing that each new structure corresponds to a
higher Eg,,r than the I, structure.

Based on these analyses, we must attribute the overall
energy reductions associated with the three FCCCF structures
to the dramatic reductions in the third term, Egqge. Indeed, as
shown in Fig. 4(d), we find that each of the three FCCCF struc-
tures has a significantly reduced total edge length (Npqg) as
compared to the I;, structure. We also observe a close corre-
spondence between the total energies shown in Fig. 4(a) and
the total edge lengths in Fig. 4(d), while such a correspon-
dence is absent between Fig. 4(a) and (b) or (c), confirming
that the edge atom effect is the dominant factor in determin-
ing both the energetic stability and the geometric structure of
these nanoclusters.”*

Because we have convincingly identified that the total
energy differences (AE) of these structures are dominated by
the edge atom effects, the observation of the close correspon-
dence between the variation of the quantitative values of the
total energies and the difference of the total edge length (AL)
of these structures provides us with a good opportunity to esti-
mate the average edge energy. Namely, the average edge energy
per unit length (Ecqe) can be semi-quantitatively obtained in

Nanoscale, 2016, 8, 12834-12842 | 12837
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Fig. 4 Relative energies and atomic arrangements of four Russ low energy structures with configurations 1, 2, 3, and 4 corresponding to the struc-
tures shown in Fig. 3(l-a), (-b), (-d), and (-f), respectively. The relative energies are measured from that of the /,, structure, given by AE = E(TMyp) —

E(TMp(In)).

the lowest boundary approximation as AE/AL. For example,
taking the I, structure as a reference, the E.qg. of the FCCCF
nanocluster series can be specifically defined as:

5 _ AE_ E(FCCCF) — E(y)
8¢ AL~ L(FCCCF) — L(I)

AL
_ E(FCCCF) — E(I,) _ E(FCCCF) — E(I,) (5)
B NiR; — N>R,

N N,
D Ri— )R
i=1 j=1

where £ and L are the total energy and total edge length of
different structures, respectively. More specifically, N; (R;) (i = 1,
2) represents the total number (average bond length) of the
nearest neighboring bonds on the edges, and the subscript index
1 (2) denotes the FCCCF (I,) structure, respectively. Here, we
must emphasize that according to such a definition, the actual
value of the edge energy is underestimated since part of the edge
energy has been balanced by the surface energy increase, there-
fore, we should endow a concept of relative (or net) edge energy
to AE/AL. As discussed, on the edges, the d-type dangling bonds
result in high DOS by the Fermi level and hence lead to extra
instability. Therefore, the smaller the REE, the more stable the
cluster, which endows the REE as a good descriptor to analyze
the relative stabilities of different structures. Furthermore, to
reduce the random choice of AE/AL, the relative energies (AE) of
ten low-energy FCCCF structures and their corresponding edge
length difference (AL) are statistically shown in Fig. 5(a). Corre-
spondingly, based on a linear fitting, one can see that the
minimum value of average edge energy per unit length is close
to the slope of the fitting line, ~50 meV A™", which is signifi-
cantly larger than the value of 12.2 meV A™" obtained by the con-
tinuum approach®” in the framework of empirical potential
calculations performed using the LAMMPS code.*

Note that I}, is a highly strained structure with a volumetric
strain contribution to the energy that is not taken into account

12838 | Nanoscale, 2016, 8, 12834-12842

in —Ne,. This strain energy is mainly due to the strong com-
pression of the central part of the structure.**™** To check this
strain effect in the validity of the proposed approach in calcu-
lating the REE, we perform additional calculations on the
I-Rus, nanocluster, obtained by the removal of the central
atom from the respective I;-Russ. Correspondingly, the Rus,
nanoclusters are now used to estimate the REE with the elim-
ination of the contribution of the strain effect. As presented in
Fig. 5(a), for both Rus; and Russ, by comparing with other
representative low-lying FCCCF isomers, we can obtain a clear
linear relationship between the relative energy and the total
edge length, reassuring again the validity of the present com-
parative approach to calculate the REE. Specifically, for Rus,,
the values of the REE per unit length is estimated to be
around 48 meV A™' (Fig. 5(a)), which is slightly smaller than
that of 50 meV A™* obtained for Russ without considering the
strain effect. This is as expected, as the release of the volu-
metric strain in the structural reference (I;-Rus,) increases the
energy contribution from the bulk and hence reduces the REE
of other structures.

The validity of the present approach in other TM systems

Here, we emphasize that the comparative method established
here is also applicable to other TM nanoclusters. Taking other
elements of Tc, Rh, and Pd nearby Ru in the periodic table as
examples, we also calculated their average REE obtained by the
present approach. As shown in Fig. 5(b), using the same
method as introduced for Rus, and Russ, we can readily obtain
the REE of Rhs, and Rhg;s, i.e., 18 and 15 meV A™", respectively.
Similarly, we have also obtained the REE for Tcs5 (9 meV A™")
and Pdss (5 meV A™") as summarized in Fig. 5(c). From this
figure, it is noted that clusters consisting of elements in the
middle of the periodic table (such as Ru) possess larger
average edge energy, which is due to a relatively large number

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Relative edge energy (REE). The least square fitting of the REEs
of (a) ten (three) fcc-like configurations and the [, cluster as a function
of the total edge length for Russ (Rusy) clusters. The olive circled penta-
cles correspond to the low-energy structures of Russ presented in Fig. 3
(I-a), (-b), (-d) and (-f), and other low-energy isomers of Russ and Rus,
are provided in ESI, S1 and S2,1 respectively; (b) four fcc-like configur-
ations and the /,, cluster as a function of the total edge length for Rhsy
and Rhss clusters. (c) Comparison between the REEs obtained by the
present comparative method based on first-principles calculations and
that by the empirical potential approach for Ru and other prototypical
TM elements.

of effective d dangling bonds, compared with both the earlier
and the later cases. Correspondingly, we predict that both the
earliest and the latest TM elements in the periodic table
possess the smallest edge energy, compared with the central
ones, such as Ru. The main reason is that the edge atom has
no unsaturated d bond - as there is only one d electron per
atom for the earliest elements, e.g. in an I,-Yss cluster; and the
d orbitals are far below the Fermi levels and fully occupied for
the later elements, e.g. in an I-Agss cluster.”’ Note again that
the average edge energy per unit length obtained by this com-
parative approach is based on the lowest boundary approxi-
mation. Therefore, more accurately, the edge energy should be
even higher than the lowest boundary values presented in
Fig. 5. Correspondingly, we also state that although the pre-
viously established continuum approach®* is principally
insufficient to determine the edge energy for TM nano-
structures with strong directional bonds on the edges, the
edge energy obtained by such an approach should be close to

This journal is © The Royal Society of Chemistry 2016
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the values of the REEs obtained by the present approach with
the lowest boundary approximation for both the earliest and
the latest TM nanoclusters which possess a negligible number
of d-type dangling bonds on the edges.

Size effect on the REE

With the successful estimation of the REE of a given nano-
cluster motif, we now focus on the size effect on the estab-
lished REE. As discussed above, the REE obtained by the
comparative approach is based on the lowest boundary esti-
mation on the balancing part of the surface energy. Particu-
larly, with the increase of cluster size N, the ratio of the edge
atoms relative to the total atom number N definitely decreases,
more specifically, from 76% through 49% to 33% for Russ
through Ru,4; to Ruzge in the close-shelled I, series, respect-
ively. Note again that, the relative edge energies are based on
comparing the energy difference between configurations
within a given structural motif, such as an fcc-like one, there-
fore, the configuration difference in the core of these nano-
structures can be neglected. According to this analysis, the
relative edge energy balanced by the surface effect would
decrease to zero (and then become negative) when the cluster
size N increases up to a critical number because of the dra-
matically increased number of surface or facet atoms, though
in reality the absolute value of the edge energy may gradually
converge to a given constant when the cluster sizes increase
continuously. Consequently, the critical size beyond which the
structure stability transition occurs in FCCCF structures domi-
nated by the GWCP and the I;, by the CWCP can be estimated:
when the relative edge energy is close to zero.

To examine this argument further, we perform substantial
additional first-principles calculations on the energetics of
larger clusters, namely Ru,4; and Ruszge nanoclusters; for the
detailed geometric structures, see ESI, S3.7 Similarly, as shown
in Fig. 6(a), by linear fitting of the data of AE/AL, we can esti-
mate that the minimum value of the average relative edge
energy per unit length is close to 27 meV A, which is already
reduced to about half of that calculated from Russ, mainly due
to the reduction of the ratio of the edge atoms relative to the
surface or facet atoms. Here, we note again that the strain
effect is also further checked for the Ruy,e cluster series in
Fig. 6(a) by using the same method as previously discussed for
the case of Rus,.

Next, we further investigate the most stable geometric can-
didates for an even larger Rusgo cluster. In panel (III) of Fig. 3,
the six lowest energy structures are presented, including two
HCPCEF, I, and three FCCCF configurations. Interestingly, the
HCPCF motif now is much more stable than the FCCCF struc-
tures. In addition, for Rujgg, the highly symmetric Mackey I,
(Fig. 3(IlI-c)) is more stable than the FCCCF configurations
preferred by relatively smaller nanoclusters of Russ and Ruyy;
based on GWCP. Particularly, the most stable FCCCF eight-
layered structure presented in Fig. 3(III-d) is 1.419 eV less
stable, and the seven-layered configurations in (e) and (f)
possess a much higher energy, by 2.571 and 4.208 eV, respect-
ively. On the other hand, the HCPCF motif possesses much

Nanoscale, 2016, 8, 12834-12842 | 12839
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Fig. 6 The least squares fitting of the relative energies as a function of
the total edge length of (a) three FCCCF and the [, cluster for both
Ruise and Ruysy cluster series; (b) three FCCCF configurations and the
Ih-Rusgg clusters. For both Rui47 and Ruzgg, the numbers of inner atoms
in clusters (Njnner) represented by the triangles (in red) versus relative
energy are also shown. The geometry configurations of Ruj47 and Ruszgg
are shown in Fig. 3(ll) and (1), respectively.

lower energy than the FCCCF one. For example, structure (a)
and (b) are 6.320 and 3.922 eV lower in energy than the highly
symmetric I, configuration as shown in (c). Taking these
FCCCF configurations again as a typical example, we demon-
strate that the relative edge energy obtained by fitting the data
of AE/AL in our comparative approach is now negative,
—51 meV A™'. The contrasting signs of the relative edge ener-
gies of Ruyy; and Ruzge within the fce-like motif indicate a
structural change of the Ru nanoclusters between size 147 and
309, as directly supported by the calculated stability reversion
between FCCCF and HCPCF.

Note that to make the above size effect on the REE convin-
cingly statistically valid, we also considered another two sizes
for Ruy nanoclusters, i.e., N = 101 and 231. At these two sizes,
highly symmetric I, configurations cannot be formed,
however, other low-energy perfect polyhedrons can be
obtained, as detailed in the ESI, S4 and S5.f In these two
cases, the obtained REEs are 37 meV A™' for Ruyy and
—36 meV A™! for Ruys, respectively, which locate almost
exactly in the fitted linear relationship obtained by Ruy with
N =54, 55,146, 147 and 309.
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Relative edge energy in stability inversion between FCCCF and
I, stacking forms

Motivated by the above results and discussion, we can now
quasi-quantitatively estimate the critical size (N.) at which the
crossover occurs between different stacking forms of the fcc-
like Ruy nanocluster motif. Namely, the N. for FCCCF con-
figurations and I, can be obtained by identifying the zero
point of the REE via extrapolating or interpolating the relative
edge energies of some Ruy nanoclusters with representative
sizes, such as N = 54, 55, 101, 146, 147, 231, and 309. As
shown in Fig. 7, the N, for the change-over between the FCCCF
configuration dominated by the GWCP and the I;, configur-
ation based on CWCP is around N, ~ 190. Note that due to the
approximation and somewhat random uncertainties in select-
ing the data of AE/AL, the accurate critical size N, may also lie
in a size window around 190. However, the highly consistent
results between theoretical prediction and DFT calculations
confirm convincingly that the introduction of the concept of
REE can quantitatively or quasi-quantitatively identify the
accurate size regime wherein the edge atom effect is critically
important in determining the stacking sequence of the
nanoclusters.

Here, we note again that the evolution of the sign of the
relative edge energy in Fig. 7 is due to two factors: on the one
hand, due to the gradually reduced edge atom effect because
of the reduced ratio of the edge atom to the atoms on the
facets and core; on the other hand, due to the structural
changes in the cluster cores of different FCCCF configurations,
as implied by the different number of inner atoms shown in
Fig. 6(b); for more detailed discussion, see ESI, S6.7

Bulk effect vs. edge atom effect in different larger nanocluster
motifs

We examine the synergistic and competitive effect of the bulk,
surface and edge atom effects in determining the most stable

This journal is © The Royal Society of Chemistry 2016
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structural motif for a given nanocluster with a relatively large
size. Definitely, to correctly predict the geometric configur-
ation of a given nanocluster, particularly when its size is
already large enough to form a nanocrystal, the bulk effect in
eqn (4) will dominate the stability of different motifs, and
qualitatively, the importance of the bulk, surface, and edge
atom effects can be identified to be in the following order:
bulk > surface > edge. More specifically, taking Ru once again
as a typical example, we compare the relative stabilities of the
fcc-like and hcep-like Ru nanocrystals. With a similar pro-
cedure, we obtained many low energy structures of hcp-like
Ru nanoclusters with configurations like hcp crystal fragments
(HCPCEF). In Fig. 8(a), we compare the total energies of these
nanoclusters (with size N = 55, 147, 309, and 561) between
three stacking motifs, i.e., I, FCCCF and HCPCF. Significantly,
the bulk effect in the core of Ru nanoclusters consisting of
several hundred atoms already plays a critical role in determin-
ing their stability. More specifically, with the size increase,

This journal is © The Royal Society of Chemistry 2016
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FCCCF structures become more and more unstable as com-
pared to the close-packed I, configuration, by contrast, the
HCPCF motifs exhibit dramatically stable feature as compared
to both I;, and FCCCF ones, due to the bulk effect of the hep
Ru crystal. Particularly, in these HCPCF nanocrystals, the
nearest neighboring bond length between Ru atoms is smaller
than those calculated in the FCCCF and I, configurations,
Fig. 8(b), reflecting an enhanced s-d hybridization and
binding energy in HCPCF.>"**** Finally, we note again that
overall the shorter the total edge length (the smaller the
number of the edge atoms) of these HCPCF isomers, the lower
the total energy, confirming the above analysis on the relative
importance of the bulk and edge atom effects.*"*

Conclusions

In summary, taking Ruy nanoclusters as typical examples, the
present first-principles investigations establish an effective
method by the introduction of the concept of REE to identify
the edge atom effect in determining the relative stability of
different stacking motifs. In contrast to the absolute value of
the edge energy, which is difficult to calculate in the present
framework of DFT calculations, conceptually, we define the
REE as the effect of edge atoms relative to the surface or facet
atoms. Then, we can definitely assess the critical size for stabi-
lity changes between FCCCF and I;, configurations by identify-
ing the “zero point” of the REE of a given nanocluster.
However, with the nanocluster sizes increasing to consist of
several hundred atoms, the bulk effect in the cluster core must
be invoked to rationalize the importance of the edge atom
effect.

Overall, we have provided further quantitatively/semi-quan-
titative analysis of relative edge atom effects on the structures
and stabilities of nanoclusters of transition metals. Such ana-
lyses are of great significance for nanocatalyst design and for
the discovery of effective nanostructures in chemical/photo-
chemical catalysis, nanomagnetism, electronic/photonic clus-
ters, quantum dots and related subject areas.
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