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Abstract Density functional plane-wave calculations have
been carried out for series of Cu,, Ag, and Au, particles
containing up to 146 (Cu, Ag) and 225 (Au) atoms. Full
geometry optimization has been performed for all particles
starting from the structures created by cuts from the bulk.
In line with previous studies, calculated average nearest-
neighbour distances and cohesive energies of the particles
linearly depend on such size-derived parameters as the aver-
age coordination number of metal atoms and the inverse of
the mean particle radius, respectively. Rather accurate linear
extrapolation of the observables under scrutiny to the bulk
values has been achieved. However, we show that the scala-
bility for particles made of various elements of the same d'¥s!
electron configuration differs, e.g. for bond lengths in Au,
species it is noticeably less perfect than that for Cu, and Ag,
ones. Implications of encountered structural peculiarities of
the nanoparticles for their reactivity are outlined.
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1 Introduction

The study of materials at the nanoscale constitutes a rather
new and rapidly growing field with implications in industry
and catalysis [1-3]. Industrial catalysts are often made of
metal particles deposited on some kind of a support [4,5].
Information about how various properties change with size
of the nanoparticles appears to be a very important issue.
This includes, among other parameters, size-evolution of
electronic and geometric structures and, for magnetic sys-
tems, also the evolution of magnetic moments. The ultimate
goal behind the studies of size- and shape-dependent observ-
ables is the possibility to help to fune the reactivity and other
particle parameters in a desired direction. One may think
of designing metal nanoparticles with a special activity and
selectivity towards a given reaction or prepare nanoparticles
with particular electric or magnetic properties, which can be
used as the basis for new devices.

There have been many experimental studies aimed at
unravelling the structure of metal nanoparticles on differ-
ent supports [6—11]. Several computational studies have also
addressed these problems, although in most cases without
directly taking the support into account [4,5,12—18]. A con-
siderable effort has been devoted to predict the most stable
isomers for a given transition metal nanoparticle of a certain
(usually rather small) size; studies of the scalability of prop-
erties with the nanoparticle size are also reported [19-22]. As
far as the shape is concerned, it has been demonstrated that
three-dimensional (3D) metal crystallites cut from metal bulk
by low-index planes are adequate starting models [23-29].
The latter provide a realistic representation of larger metal
nanoparticles present in catalysts and offer some advantages
with respect to the more conventional surface science mod-
els of two-dimensional (2D) extended surfaces, which lack
atoms in a low coordination. In fact, it is well established

@ Springer


http://dx.doi.org/10.1007/s00214-008-0423-x

566

Theor Chem Account (2008) 120:565-573

nowadays that low-coordinated metal atoms of stepped
surfaces often exhibit a superior catalytic activity over those
ofideal regular surfaces (e.g. [30—40] and references therein).
For instance, it has been recently shown that low-coordinated
atoms are crucial for the dissociation of molecular hydrogen
on gold [41].

A realistic and appropriate representation of the nanopar-
ticles involved in supported metal catalysts requires using 3D
models in the regime when the properties are scalable (fol-
low a monotonous trend) with increasing size, so that they
eventually converge to the bulk values. The use of scalable
models allows one to predict properties of larger particles of
a realistic size without carrying out rather demanding cal-
culations for them. However, there are two main problems
when attempting to build models in the scalable regime. On
the one hand, it is not quite clear how large the model particle
under scrutiny needs to be to ensure scalability for a partic-
ular metal. On the other hand, these model particles can be
too large to carry out state-of-the-art density functional (DF)
calculations. Until recently, calculations on moderately large
metal particles required dedicated codes, which efficiently
handle symmetry [42,43]. Lately, it has been suggested to
take advantage of the computational efficiency of codes that
use plane-wave basis sets and translational symmetry. In this
way DF calculations for nanoparticles containing up to ~200
metal atoms have been reported (see e.g., [22]). Moreover,
one can utilize the periodic boundaries to study assembling
of nanoparticles and even to model ordered superstructures
[44].

In spite of the recent progress outlined above, there is
almost no information about the scalable regime for metal
nanoparticles other than Pd [20,21,23] and Au [19,20,22].
In this article we present an exhaustive systematic DF study
of selected observables of nanoparticles of all three coinage
metals and compare them with available results from previ-
ous studies. In particular, we focus on the convergence of
mean interatomic distances and cohesive (binding) energies
of Cu,, Ag, and Au, nanoparticles towards the bulk val-
ues with increasing particle size. We also use this data set
to re-assess precision of LDA (local-density approximation)
and GGA (generalized-gradient approximation) functionals
to quantify structural and energetic parameters of (heavy)
metal systems.

2 Computational details

Density functional plane-wave calculations have been car-
ried out with the help of VASP code [45-47] for three series
of coinage metal particles M,, (M = Cu, Ag, Au), containing
up to 225 atoms. The total energy was computed using either
the LDA(VWN) [48] or the GGA(PW91) [49] exchange-
correlation functionals. The effect of the core electrons on
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the valence electron density was described by the projector
augmented wave (PAW) method [50,51]. The cut-off for the
kinetic energy of the plane-waves has been set to 315eV
throughout, which ensures total energy convergence to bet-
ter than 10~*eV. A Gaussian smearing technique with a
0.2eV width has been applied to enhance convergence but
all energies presented in the following have been obtained
by extrapolating to zero smearing (0K). Smaller smearing
values of 0.05eV were employed to calculate DOS plots
(see Sect. 3.3). Geometry optimization on selected starting
geometries (see below) was carried out using a gradient-
conjugate method until forces on all atoms were less than
0.3eV/nm. Based on our test calculations, negligibly small
spin-polarization effects were ignored throughout, except
for spin-polarized energies of the atomic references. Both
LDA and GGA functionals are considered to allow one a
reasonably accurate description of (heavy) metallic systems
(bulk, surfaces and clusters). In general, energies obtained
at a GGA level are more precise but LDA is able to provide
for such systems better geometries (see e.g. [19]). Therefore,
we also performed calculations, in which the GGA energy
was evaluated at the LDA geometry. Following the standard
notation in molecular calculations, this approach is hereafter
denoted as GGA//LDA. It has already proven to give accu-
rate results for heavy metal systems [23,27 and references
therein].

Single particles have been modelled by placing them into
a large enough supercell, with a minimum vacuum space of
Inm in all directions to avoid interactions between species
in the neighbouring cells. This is a necessary requirement
when using a plane wave basis set, which spans the whole
space with the periodicity imposed by the unit cell chosen.
However, to describe single particles it is sufficient to con-
sider only the I'-point of the reciprocal space. The centre of
each particle has been placed at the unit cell centre. Cutting
compact structures by low-index planes from the fcc metal
bulk provided initial geometries for optimization. We studied
coinage metal species M,, of both octahedral (n = 44, 85 and
146) and cuboctahedral shapes (n = 38, 55, 79, 116, 140,
147,201 and 225; the latter three only for M = Au). Illustra-
tive examples of Au,, nanoparticles are shown in Fig. 1. Note
that geometry optimization always converged to a structure
with the same topology, even though no symmetry constraints
were imposed. It is worth emphasizing that no attempt has
been made to find the most stable isomer for a given particle
nuclearity, because our focus is on the properties scalability
for particles of the same fcc structural motif.

All calculations have been carried out on parallel comput-
ers. Smaller M,, (M = Cu, Ag, Au; n < 80) moieties can be
routinely calculated on a standard Linux cluster. However,
for the larger species a supercomputer is required. In fact,
LDA geometry optimization of the particles containing ~150
atoms typically takes ~4 CPU hours on 64 processors of
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Fig. 1 Sketches of selected Au nanoparticles with octahedral (Auj46)
and cuboctahedral (Aupg;, Augps) structures

the MARENOSTRUM supelrcomputer.1 Therefore, rather time-
consuming calculations for the clusters with 147, 201 and
225 atoms were carried out only for Au, assuming similar
trends for the corresponding Cu and Ag particles.

3 Results and discussion
3.1 Geometric parameters

Interatomic distances in nanoparticles Cu,, Ag, and Au, as
well as the bulk values calculated at LDA and GGA levels
are listed in Table 1 and compared with the experimental
bulk distances [52-54]. Not unexpectedly [19,20], the LDA
distances in all systems under scrutiny are shorter than the
corresponding GGA values. Interestingly, differences of the
average bond lengths d(GGA)-d(LDA) are not only sub-
stantial, ~8—10 pm, but also rather constant across the series
of nanoparticles of different metals. Comparing the calcu-
lated and experimental bulk distances one observes overesti-
mated d(GGA) values, deviations of which from experiment

! For details about the supercomputer architecture see www.bsc.es

increase monotonously from just 2pm for Cu, via 5pm for
Ag to 7pm for Au. The latter overestimation is considerable,
especially if compared to the precision of the d(LDA) value
for Aubulk, exactly matching the experimental distance. The
experimental distance for Ag bulk is just in the middle of the
d(LDA)-d(GGA) interval and only for Cu does the GGA pro-
vide definitely superior accuracy for interatomic distances
in coinage metal particles over the LDA distances. These
results illustrate some practical consequences of the lack of
a sufficiently accurate universal exchange-correlation func-
tional (especially for heavy-element systems), which would
be capable of equally precise description of the whole spec-
trum of observable parameters. We mention in the next sec-
tion another implication of this problem—deficiencies in a
consistent GGA description of the binding energy.

Let us focus on two other useful geometry indicators of the
nanoparticles—minimum, dpin, and maximum, dp,y, inter-
atomic distances (Table 1). The difference Ad = dax — dmin
increases smoothly from Cu, to Au, species of the same
size and for the particles of the same metal with increasing
size. For instance, Ad values for the particles with n = 140
and 146 increase from ~20pm (Cu,) and ~22pm (Ag,)
to ~40pm (Au,); at GGA level Ad(Au,) values reach as
much as 47 pm. This shows that Au,, particles differ signif-
icantly from the Cu, and Ag, analogues with respect to the
dmin/dmax distribution. Substantial size of Ad values, espe-
cially for larger particles considered, implies possibilities for
noticeable alteration of the properties of atoms involved in
the shortest and longest cluster M—M bonds, respectively. In
general, the longest M—M bonds in the coinage metal parti-
cles are found for some of the surface atoms on (111) facets
with some of their subsurface neighbours. It could be inter-
preted as a consequence of the surface stress that pushes
outwards a small part of atoms exposed in the facets, thus
leading to pronounced corrugation of the facets. Reactivity
of such atoms with adsorbed species may well differ from
that of their neighbours on the same facet. This effect should
not be overlooked when comparing reactivity of nanoparticle
facets with that of extended single-crystal surfaces.

In Fig. 2 we illustrate scaling of the average M-M bond
distance d with the cluster size, expressed in terms of the
average coordination number N,y,. The latter is defined as a
sum of the coordination numbers of all n atoms of a particle
divided by n; for metal bulk N,, = 12 (data also included).
Both LDA and GGA values are presented. In line with
previous scalability studies for transition metal particles
[19-21,23], the calculated average bond lengths converge
rather rapidly to the corresponding bulk values, clearly man-
ifesting development of the bulk character along each of the
M,, series. On the other hand, these data reveal that even the
largest nanocrystallite considered here, Ausps with its more
than 60% of surface atoms and N,y value close to 80% of that
for the bulk, is still not very close to the bulk limit, despite
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Table 1 Average nearest-neighbour (d) and minimum/maximum
(dmin/dmax, in parentheses) interatomic distances (in pm) of octahe-
dral and cuboctahedral fcc Cu,, Ag, and Au, particles of increasing

size, characterized by average coordination numbers N,y, calculated
using LDA(VWN) and GGA(PW91) functionals. The calculated and
experimental metal bulk distances are also shown

n Nay Cu, Ag, Au,

LDA GGA LDA GGA LDA GGA
38 7.58 242 (239/251) 250 (247/260) 277 (273/288) 287 (284/298) 281 (273/309) 289 (281/316)
442 7.64 243 (237/250) 251 (245/258) 278 (272/278) 288 (281/299) 280 (267/297) 288 (273/306)
55 7.85 243 (231/249) 251 (238/256) 278 (267/285) 288 (277/295) 280 (266/289) 289 (274/299)
79 8.51 244 (238/252) 252 (246/260) 280 (274/289) 290 (283/300) 283 (272/307) 292 (279/322)
852 8.47 244 (234/251) 252 (242/261) 279 (268/288) 290 (278/300) 282 (268/302) 291 (274/314)
116 8.90 245 (237/252) 253 (244/260) 280 (271/288) 290 (282/297) 284 (268/316) 292 (275/329)
140 9.09 245 (237/257) 253 (244/266) 280 (272/294) 291 (282/306) 284 (272/312) 292 (279/326)
146 9.04 245 (236/255) 253 (244/263) 280 (271/292) 291 (282/304) 284 (268/308) 292 (275/321)
147 8.98 283 (266/300) 291 (274/311)
201 9.43 284 (269/306) 292 (277/317)
225 9.49 284 (272/308) 293 (279/321)
Bulk 12.00 249 258 284 294 288 295

256P 289P 288P

4 Octahedral starting geometry; cuboctahedral one for all other particles. The shape retained in symmetry-unrestricted optimized structures
b Experimental values from Refs. [52-54]
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Fig. 2 Average nearest-neighbour interatomic distances d(M-M) of
coinage metal (M = Cu, Ag, Au) particles M,, and bulk metals as
a function of the average coordination number N,y. Circles and solid
lines results of LDA(VWN) geometry optimization, squares and dashed
lines correspond to GGA(PW91) geometry optimization. Experimental
bulk values are also shown (dotted lines). Computed correlations for

the LDA and GGA d value is only 4 and 2 pm, respectively,
or ~1% shorter than the corresponding bulk value.

One should mention that the correlations of d with Nyy
are linear with a rather high precision, especially for Cu,
and Ag,. They give the values d extrapolated to the bulk
to within 1 pm with respect to those explicitly calculated for
the corresponding metal bulk. Interestingly, dispersion of the
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systems 38 < n < oo(pm): d“(LDA) = 1.50 x Ny + 231.4(R?
0.981), d"(GGA) = 1.70 x Ny + 237.8(R* = 0.996), d*2(LDA)
1.45 x Nay + 266.9(R? = 0.978),d*8(GGA) = 1.42 x Ny
277.5(R? = 0.948),d*"(LDA) = 1.75 x Nu + 267.4(R?
0.940), dA%(GGA) = 1.51 x Ny + 277.9(R? = 0.825)

=41

average distances d over the fitted lines is notably larger for
Au,, systems than for other two coinage metals, in particular,
at the GGA level. This clear manifestation of the worse sca-
lability of interatomic distances for gold moieties with their
size should probably be traced back to its strongly expressed
relativistic character and partly related to its trend to form
more open (planar) structures, compared to copper and silver
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Table 2 Cohesive energy per atom (E., eV) of octahedral and cub-
octahedral fcc Cu,, Ag, and Au, particles of increasing size, n > 38,
characterized by the inverse of the mean particle radius R ~ n~1/3,

calculated using LDA(VWN) and GGA(PW91) functionals. Calculated
and experimental values for the bulk metals are also shown

n n~1/3 Cu, Ag, Au,

LDA GGA GGA//LDA LDA GGA GGA//LDA LDA GGA GGA//LDA
38 0.297 —3.54 —2.75 —-2.71 -2.79 —1.98 —1.93 —3.38 —2.43 —2.38
44b 0.283 —-3.55 —2.76 —2.72 —2.80 —1.99 —1.94 —3.44 —2.48 —2.43
55 0.263 —3.63 —2.82 —2.78 —2.87 —2.05 —2.00 —3.48 —2.51 —2.46
79 0.233 —-3.76 —2.92 —2.87 —2.97 —2.11 —2.06 —3.62 —2.60 —2.55
85P 0.227 —3.76 —-2.92 —2.88 —2.98 —2.11 —2.06 —3.63 —2.61 —2.56
116 0.205 —3.84 —2.98 —2.93 —3.04 —-2.15 —2.10 —3.69 —2.64 —-2.59
140 0.193 —3.91 —3.03 —2.99 -3.10 —2.20 —2.14 —3.76 —2.70 —2.65
146P 0.190 —-3.90 —3.02 —2.98 -3.09 —-2.19 —2.14 —3.76 —2.70 —2.65
147 0.189 —3.72 —2.67 —2.62
201 0.171 —3.83 —2.74 —2.69
225 0.164 —3.84 —2.75 -2.70
Bulk 0.000 —4.54 —3.52 —-3.47 —-3.63 —2.56 —2.49 —4.30 —-3.06 -3.01

—3.50¢ —2.96¢ —3.78¢

2 LDA (GGA) notation means that the same LDA (GGA) functional is used both for geometry optimization and cohesive energy calculation;
GGA//LDA notation specifies GGA energies calculated in a single point fashion for the LDA-optimized geometries

b Octahedral starting geometry; cuboctahedral one for all other particles
¢ Experimental values from Ref. [57]

[55,56]. Such peculiar structural behaviour of Au, particles
also implies that the onset of the scalable (to bulk) regime for
them is postponed to larger sizes compared to congeners of
the other two coinage metals, and, more generally, of other,
less relativistic metals.

Finally, we compare our calculated interatomic distances
with those of previous DF calculations [19,22], which were
performed for smaller Au, particles n < 147. Our aver-
age GGA bond-lengths d(Au—Au) of Au, are very close,
within 1 pm, to the values recently obtained using the same
plane-wave computational technique [22]. However, unclear
why d(Au—Au) = 292 pm has been calculated for Au bulk in
Ref. [22], i.e. exactly equals to that in the four largest clusters
Aujje, Aujgg, Aujse and Aujgz there. Note that our explic-
itly calculated bulk GGA distance d(Au—Au) is 295 pm, in
full agreement with the value derived from our correlations.
Probably, this inconsistency is related to the structure opti-
mization approach of bulk gold, employed in Ref. [22]. Of
special importance for such “relativistic” element as Au is
benchmarking versus data of highly accurate all-electron
scalar relativistic calculations [19]. The latter have been
undertaken with Oj, point-group symmetry and a DF code
using Gaussian basis, similar to the code PARAGaUss [42,
43]. For the largest fcc cluster studied, Auss [19], the LDA
d(Au—Au) value with exactly the same exchange-correla-
tion functional VWN as we used is 279 pm, i.e. only 1pm
shorter than in the present PAW plane-wave calculations.
At GGA level (with a functional distinct from PW91 one

used by us), the scalar relativistic d (Au—Au) = 287 pm [19]
appears also to be in very good agreement with the presently
calculated value of 289 pm having in mind notably different
computational procedures employed. Average Au—Au bond
lengths extrapolated to the bulk are in Ref. [19] even closer
to the corresponding values of this work. Interestingly, both
d(LDA) = 283pm and d(GGA) = 291 pm values for the
Auj47 particle optimized under I, symmetry constraints [19]
match exactly the distances for the cuboctahedral Auj47 par-
ticle (see Table 1).

3.2 Bonding energies

Cohesive (binding) energy per atom, E¢, is another impor-
tant characteristic of nanoparticles. Our results are listed in
Table 2, including calculated and experimental [57] values
for bulk metals. Similarly to the interatomic distances, we
computed and analysed bonding energies for the different
particles at both LDA and GGA levels. In line with obser-
vations that GGA geometric parameters may appreciably
deviate from accurate values, especially for heavy-element
systems (see Sect. 3.1), we also examined performance of a
combined GGA//LDA approach, according to which GGA
energy is computed in a single-point fashion for the geometry
optimized at LDA level. Beyond that one has at GGA//LDA
level the opportunity to work with often more reliable geome-
tries, such GGA//LDA calculations are faster, because instead

@ Springer
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Cu Ag
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Fig. 3 Cohesive energy E. (eV) per atom of coinage metal (M =
Cu, Ag, Au) particles M, and bulk metals as a function of
the inverse of the mean particle radius R~' ~ n~'/3. Circles
and solid lines LDA(VWN) energies, squares and dashed lines
GGA(PWO91) energies. Experimental bulk values are also shown
(dotted lines). Computed correlations for 38 < n < oo: Ef“(LDA) =

of GGA geometry optimization less time-consuming LDA
optimization is performed.

From calculated and experimental bulk values of cohesive
energy (Table 2) a clear trend in the precision of the LDA
and GGA emerges for metals along the group — Cu — Ag
— Au. For Cu bulk E.(GGA) = —3.52eV quantitatively
matches the experimental value of —3.50eV [57], whereas at
LDA the binding is much too strong, —4.54eV. For Ag bulk,
the presently used GGA PWO1 furnishes binding energy of
—2.56eV, which notably, by 0.40eV (14%), underestimates
the experimental energy, —2.96eV [57]. In fact, this rather
low precision of GGA for Ag is of comparable size with that
of LDA, which features overbinding by 0.67 eV. For Au, per-
formance of GGA for the bulk binding energy is even worse,
E.(GGA) = —3.06eV vs. experimental —3.78eV [57], con-
comitantly, E.(LDA) = —4.30eV becomes somewhat closer
to the experiment. These data illustrate that GGA in the form
of one of the most widely used PW91 functional provides
rather approximate description of the binding between heavy-
element atoms, in particular 5d (Au) and, to lesser extend,
4d (Ag) metals. It appears to be a general deficiency of con-
temporary GGA functionals, not just of the PW91 one [27].
Therefore, the more economic and also often more accurate
for geometric parameters combined GGA//LDA description
of the metal binding energies may well be considered advan-
tageous for the metals under scrutiny (Table 2): the devia-
tion of E.(GGA) from the corresponding E.(GGA//LDA)
energy is throughout close to ~0.05eV (~5kJ/mol), which
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02 03 0 01 02 03
n-1/3

—4.548 + 3.446 x n~'3(R? = 0.997), ES*(GGA) = —3.552 +
2.643 x n=13(R? = 0.997), EX2(LDA) = —3.631 + 2.870 x n~'/3
(R2 = 0.998), EA3(GGA) = —2.565 + 1.978 x n~'3(R? =
0.997), EAY(LDA) = —4.332 + 3.114 x n~'3(R> = 0.990),
EXN(GGA) = —3.087 +2.128 x n~'/3(R? = 0.986)

is actually the best “chemical” accuracy that can be presently
reached using DFT methods.

The binding per atom in M,, species is gradually strength-
ening with increasing particle size n, towards the correspond-
ing energy in the bulk (Table 2). However, at variance with
the interatomic distances, the binding energy per atom in
the nanoparticles of the size considered here is still rather far
from the bulk reference, reaching only ~86% (Cui46, Ag|46,
Aujs6) or 90% (Aupos) of the latter; the absolute particle-
bulk energy deviation is quite significant and it ranges from
~0.3eV (Au)to~0.6eV (Cu). E. values of nanoparticles can
be extrapolated to the bulk value as a function of the inverse
of the mean particle radius R, approximated as R~! ~ n~1/3
[19-21,23]. Results of such extrapolations of the LDA and
GGA energies calculated for the whole range of M,, clusters,
n > 38, and including the calculated bulk value are shown
in Fig. 3. Linearity of the fitted LDA and GGA energy corre-
lations for all three series of metal systems is of rather high
accuracy, as manifested by R? values close to 1 (see caption
of Fig. 3). For most of the calculated E values the deviations
from the respective fitted values are just ~0.01eV and only
few outliers in the plots of Fig. 3 exhibit slightly larger devi-
ations, limited to ~0.05eV. The energy correlations for Au,
especially GGA one, are slightly less perfect than those for
Cu and Ag, but the overall differences are much smaller than
we have found for correlations of the interatomic distances
(see Sect. 3.1). Thus, the specific character of relativistic
metal Au with respect to Cu and Ag appears to manifest less
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in the particle energetics than in the size-evolution of their
M-M distances. Due to the still significant “gap” between
the binding energies of computationally tractable moderately
large metal particles and of the bulk, the presently derived
sufficiently accurate correlations E.(n"'/3) should be use-
ful for prediction of the binding strength for those coinage
metal particles, which are still out of the scope of routine DF
calculations.

Comparison of the present E.(GGA) values for Au,, spe-
cies (n < 147) with results of another VASP study [22]
(introduced first as total energies of Au,, per atom, but sub-
sequently compared with the E. energies from Ref. [19])
reveals excellent agreement, with average energy deviations
of ~0.01eV. Only for Auj¢ was the value of —2.59eV [22],
0.05eV higher than E.(GGA) = —2.64 eV that we obtained.
However, if the energies from Ref. [22] are indeed total ener-
gies per atom, they would only fit our energies after a system-
atic offset by 0.15 eV—total spin-polarized PW91 energy of
single Au atom. Interestingly, this offset brings the calculated
total PW91 energy per atom for Au bulk, —3.20eV [22], in
perfect agreement with the corresponding present E. value
—3.06eV (Table 2). Important finding is that our E.(LDA)
values for Au, species (Table 2) in comparison with those
for Ausg, Augg and Auss available from all-electron scalar
relativistic calculations [19] agree basically quantitatively,
with a systematic deviation of only ~0.05¢eV, despite con-
siderable differences in the two computational procedures.
This justifies that even for such relativistic element as Au
the present approximation of relativistic effects at the PAW
VASP level is sufficiently reliable also for description of the
Au—Au bond energies.

3.3 Electronic structure

Finally, we comment on the size dependence of the elec-
tronic structure of nanoparticles and how it approaches that
of the bulk for all three studied coinage metals. We present
and analyse the electronic structure in terms of the density
of states (DOS). Note that the DOS peculiarities are respon-
sible for major differences in the particle reactivity and thus
could have very important implications for catalysis. Another
aspect of even more general interest is how the bulk-like elec-
tronic properties are developed for nanoparticles of a partic-
ular metal when their size is increasing. In other words, the
issue of interest is at which size range the particles start to
behave not as large “molecules” with discrete electronic lev-
els but rather as the smallest pieces of bulk featuring metallic
electronic structure.

First we examined how the band smearing approxima-
tion of VASP (applied to converge electron density) affects
the DOS plots. For that we compared DOS plots for Ag
nanoparticles and bulk computed with the standard smear-
ing of 0.20eV (see Sect. 2) and reduced one of 0.05eV.

The results can be found in the Electronic Supplementary
Material (ESM), in Fig. S1. For the bulk Ag and the largest
particle Agy, the effect of the smearing value is negligible
and minor, respectively. However, for the smallest Agsg
species its molecular character is partially hidden when the
smearing 0.20eV is applied. So, we have chosen to plot all
DOS with the smearing 0.05 eV. Also, characteristic features
of DOS depend on the exchange-correlation functional. We
studied this dependence for Ag, particles and Ag bulk, by
comparing DOS plots, positions of the d-band centre and
numbers of states at the Fermi level calculated using GGA,
GGA//LDA and LDA approaches; the comparison of GGA
vs. GGA//LDA estimates the geometry uncertainty, whereas
the GGA//LDA vs. LDA comparison (done for the same
geometries) reveals a direct effect of the functional. Despite
quantitative differences (see ESM, Fig. S2), trends in the
DOS plots calculated at the GGA level appear to be repre-
sentative. Thus, in the following we only discuss the GGA
results.

In Fig. 4 GGA DOS plots for selected coinage metal nano-
particles M,, of increasing size (n = 38, 79, 140; M =
Cu, Ag, Au) are compared to each other and to the plots
for the bulk metals. Molecular character of all M3g spe-
cies is clearly seen already at the first glance, for instance,
from the quite extended regions of the zero DOS amplitude
at the right-hand side of the energy scale; this is contrary
to the essentially constant DOS values of bulk metals in these
regions. In general, Fig. 4 manifests fast enough evolution of
the DOS towards the bulk with increasing particle size. An
important question is at which size the particles become suf-
ficiently large, so that their DOS parameters monotonously
approach those of the bulk. As an indicator of the DOS evolu-
tion with particle size we have chosen positions of the centre
of valence d-bands, corresponding to the half of the cumu-
lative d-projected density of states integrated till the Fermi
level (see vertical arrows and numbers near them in Fig. 4).
For all M,, species under scrutiny, starting from n = 79, this
indicator goes monotonously with increasing » from the val-
ues for isolated atoms (not shown) down to the bulk values.
On the other hand, the smallest members of the series, Msg
species, do not follow this trend, in agreement with their
above-mentioned molecular character. From this observation
one can conclude that for coinage metal particles the onset
of scalable-to-bulk properties (here, based on evolution of
DOS parameters) requires about 80 atoms, similarly to what
has been found for Pd nanoparticles based on the evolution
of the adsorption properties [23]. Finally, DOS values per
metal atom calculated for M,, species at the Fermi level Eg,
also presented in Fig. 4, provide further evidence for the close
similarity of the electronic structure of M 49 particles and the
bulk M as well as for noticeable differences with the elec-
tronic structure of M3g “molecules”. However, this indicator
of the electronic structure alteration appears to be less reli-
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DOS arb. units

T
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Fig. 4 GGA density of states (DOS) plots for selected coinage metal
nanoparticles M,, of increasing size (n = 38, 79, 140; M = Cu, Ag,
Au; solid lines) compared to the corresponding plot for bulk metal M
(dashed line). Arrows and numbers near them indicate centres of the
valence d-bands. DOS values per atom at the Fermi level E; are also
shown

able and characteristic than the just discussed centre of the
d-band.

4 Summary and conclusion

Results of systematic density functional plane-wave calcu-
lations carried out for series of coinage metal particles
containing up to 146 (Cu, Ag) and 225 (Au) atoms are pre-
sented. Full LDA and GGA geometry optimization has been
performed for all particles starting from octahedral or cub-
octahedral structures created by cuts from the metal bulk.
Performance of the GGA, LDA and GGA//LDA schemes

@ Springer

for the description of geometric and energetic parameters of
the metal nanoparticles as well as trends along the group of
the Periodic Table is critically evaluated. At variance with
3d metal Cu, GGA does not reveal definitely better accuracy
than LDA for heavier 4d metal Ag and, especially, 5d
congener Au. Applicability of the combined GGA//LDA
scheme is corroborated. In line with previous studies (mainly
of Pd and Au nanoparticles), calculated average nearest-
neighbour distances and cohesive energies of the particles
are found to depend linearly on such size-derived parame-
ters as the average coordination number of metal atoms and
the inverse of the mean particle radius, respectively. Rather
accurate linear extrapolation of the observables under scru-
tiny to the bulk values has been achieved. However, the sca-
lability for particles made of various elements of the same
d'%! electron configuration differs, e.g. for bond lengths in
Au,, species it is noticeably less perfect than in case of Cu,
and Ag,,. The correlations established in this work allow one
to quantitatively predict binding energies of coinage metal
nanoparticles filling the gap between the currently computa-
tionally tractable particles of up to 100-200 atoms and larger
ones, parameters of which more closely approach the bulk
ones. Particle electronic structure evolution towards the bulk
with their increasing size has been discussed; we show that in
order for the DOS parameters start to be scalable to those of
the bulk the particles should contain about 80 or more coinage
metal atoms. Implications of detected structural peculiarities
of the nanoparticles for their reactivity are outlined. Espe-
cially important for future applications of the plane-wave
approach is an excellent agreement of the present interatomic
distances and the binding energies of Au,, particles with data
of previous benchmark all-electron scalar relativistic calcula-
tions. Among advantages of the present plane-wave approach
is its applicability in an almost routine fashion and without
symmetry restrictions to realistically mimic crystallites pres-
ent in metal catalysts and their reactivity.
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