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a b s t r a c t

A thermodynamic analysis is performed on electrochemical metal deposition in the cavity of a foreign
substrate. In particular, the deposition of Cu and Ag in nanometer-sized holes on Au(1 1 1) is studied by
means of off-lattice atomistic Grand Canonical Monte Carlo simulations, using embedded atom method
eywords:
lectrochemical nanostructuring
onte Carlo simulations

avity filling

potentials. The present simulation conditions emulate experiments of electrochemical metal deposition
in nanocavities, as performed in the literature. Depending on the system, remarkable differences are
found in the way in which the defects are decorated, as well as in their energetics. When the interaction
of the adsorbate atoms with the substrate is less favorable than the bulk interaction of the adsorbate,
clusters are found that grow stepwise over the level of the surface. In the opposite case, the filling of the
cavity occurs stepwise, without the occurrence of cluster growth above the surface level. The results of

good
the simulations present a

. Introduction

Thanks to the advent of different scanning probe microscopy
SPM) techniques, the perspective of matter manipulation at the
tomic scale has become a reality in the last two decades. This is also
rue in electrochemistry, where the control of the potential differ-
nce applied to the electrochemical interface may provide control
n the chemical potential of species adsorbed at this interface. A
tatus report on this topic has been given by Kolb and Simeone
ecently [1], and related theoretical aspects have been discussed
y Luque and Leiva [2] and in recent reviews [3,4]. Generally speak-
ng, the large variety of electrochemical nanostructuring techniques

ay involve different ways of transferring matter from a SPM tip
o a surface generating its decoration, the generation of defects on
he surface of a substrate, or both. Pioneering work in the latter
irection was undertaken by Li et al. [5]. These authors managed
o create an Ag nanostructure on a graphite basal plane surface by
he following procedure: They deposited first Ag at underpotentials
n the Pt STM tip. Then, a double potential pulse was used to cre-

te a pit on the surface of graphite, and subsequently dissolve the
g from the tip that deposited selectively into the newly created
avity. Further research on defect nanostructuring was undertaken
y Xia et al. [6], who managed to create defects on a Au(1 1 1) sur-

∗ Corresponding author. Tel.: +54 351 4344972; fax: +54 351 4344972.
E-mail address: eleiva@fcq.unc.edu.ar (E.P.M. Leiva).
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013-4686/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2008.12.013
qualitative agreement with experimental results from the literature.
© 2008 Elsevier Ltd. All rights reserved.

face by the application of ultrashort (10 ns) voltage pulses to the tip
of an electrochemical STM arrangement. The electrochemical cell
composed of the tip and the sample within nanometer distance
was small enough that the double layers may be polarized within
nanoseconds. This lead to local confinement of the reactions and to
the formation of nanostructures, so that for every pulse applied just
one hole is created directly under the tip. The holes generated in this
way were then filled with Cu by an accurate potentiostatic control.
Some relevant findings of these experiments were as follows:

• It is possible to generate holes on the surface of the substrate
through the application of very short negative voltage pulses to
the STM tip. This procedure succeeds only using highly concen-
trated electrolytes.

• If the potential applied to the substrate is controlled carefully, it
is possible to confine the deposition of Cu from the solution to the
volume inside the hole. This is so because metal deposition on the
(1 × 1) Cu structure outside the hole is disfavored with respect to
metal deposition on the hole, where the lattice parameter of Cu
should be close to that of the bulk metal.

• Cluster growth above the surface level of the substrate was found
to be layer by layer. This is due to the lower binding energy of the
atoms at the border of the hole. For each layer growing over the

surface level, an extra free energy cost must be paid to generate
this border.

• The size of the deposit depends on the size of the hole and not
on polarization time, denoting a certain balance between electro-
chemical energy and the surface energy of the cluster.

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:eleiva@fcq.unc.edu.ar
dx.doi.org/10.1016/j.electacta.2008.12.013
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This technique has been also employed by Solomun and Kautek
7] to study the filling of cavities on Au(1 1 1) by Bi and Ag. In this
ork, the behavior of Bi was contrasted with that of Ag. While the
oles are filled at underpotentials in the first case, the Au holes are
nly filled by Ag during the layer-by-layer growth of Ag at overpo-
entials.

It is the aim of the present work to develop a thermodynamic
ramework to analyze nanocavity decoration and to perform com-
uter simulation for two systems where the interactions lead to
wo distinct behaviors: on one side, to the growth of a clus-
er over the surface level when the interaction of the deposited
toms prevails over the interaction with the substrate. On the
ther side, to the filling of the nanocavity without the occur-
ence of cluster growth when the interaction of the adsorbates
ith the substrate is stronger that the interaction between adsor-

ate atoms. While the approximate nature of the interaction
otentials employed allows only for a qualitative description of
his process, the physical picture coming out of the present

odeling promises to be useful its future understanding and con-
rol.

. Thermodynamic considerations

In order to analyze the thermodynamic aspects of the deposition
f a metal in a nanocavity of a foreign substrate, it is useful to draw
thermodynamic cycle as shown in Fig. 1.

A similar analysis has been performed to consider the thermo-
ynamics of underpotential deposition (upd) [8]. We show there
hypothetical working (w) electrode made of the metal S, with
cavity in which atoms of type M have been deposited. The

otential of this electrode is measured with respect to a refer-
nce electrode (r) made of the metal M immersed in the same
olution containing ions of the type M+z. The counter electrode
s not shown in the figure. On the other hand, the reference
lectrode could have such a large area so as to serve itself as

counter electrode. A piece of metal M2 has been attached
o the end of both w and r electrodes. In our first analysis
e assume that the potential difference measured corresponds

o an equilibrium state at which no current flows in the sys-
em.

Since equilibrium has been established, the ion cores M+z of the
eposit in the cavity are in equilibrium with the ion cores in the

ulk metal of the electrode r. Thus, the free energy change for the
ransfer of a M+z ion from the cavity to the bulk metal, say�GT, must
e equal to zero. An alternative pathway for the same ion is shown

n Fig. 1 involving the corresponding free energy changes, say�Gi.

ig. 1. Scheme of part of an electrochemical cell with a working electrode with a
ecorated nanocavity and a reference electrode made of the same metal M being
eposited.
Acta 54 (2009) 3011–3019

These can be summarized in the following set of equations:

�G1 = −�M/S, �G2 = I+z, �G3 = −ze˚M2 ,

�G4 = ze(�M −�S), �G5 = ze˚M2 ,

�G6 = −I+z, �G7 = �M (1)

where e represents the elemental charge, �M/S is the chemical
potential of the M type atoms in the nanocavity, I+z is the energy
required to remove z electrons from the atom M, M and S are the
outer potentials of the w and the r electrodes, respectively, ˚M2 is
the work function of metal M2 and �M is the chemical potential of
the M type atoms in bulk M.

Similarly to the case of the upd problem, the equality:

�GT =
7∑
i=1

�Gi = 0 (2)

leads to the equality:

� = (�S −�M) = �M −�M/S
ze

(3)

where � is the potential difference measured between the w and
the r electrodes. If �> 0 for some type of atomic arrangement of the
M atoms on the S surface, we are in the presence of the so-called
underpotential deposition phenomenon. That is, adsorbate atoms
may occur a potential that are positive with respect to the under-
potential deposition phenomenon. On the other hand, if �< 0, this
means that the atomic arrangement with the chemical potential
�M/S is less stable than the bulk metal and could only be observed
at overpotentials, constituting a metastable state. We come to this
point in the discussion below.

There is however an important difference with respect to the
upd problem that must be discussed if theoretical calculations of �
are sought.

Let us consider the upd case first. In this case, � defines the so-
called underpotential shift �upd, a measure for the stability of the
adatoms in the monolayer with respect to the bulk. In order to dis-
cuss in energetic terms, let us neglect for the moment entropic and
volume effects, considering the case T = 0 and p = 0. This is not a
severe approximation for the present condensed phase systems,
as we have discussed previously [9], where entropic and volume
changes were found to deliver a very small contribution to the
underpotential shift. In this limit �upd can be calculated from the
binding energy of the adatoms in the monolayer and the bulk bind-
ing energy of the metal uMbind:

�upd ≈ uMbind − ((UM+S − US)/NM)

ze
= uMbind − (UM/S/NM)

ze
(4)

where UM+S is the energy of the adatoms + substrate system and US
is the energy of the naked substrate. In the second equality, we have
defined the quantity UM+S = (UM+S − US) to have more compact nota-
tion. Note that we have replaced the differential quantity �M/S by
(UM/S/NM). In fact, neglecting entropic effects �M/S would be given
by

�M/S ≈
(
∂UM/S

∂NM

)
P,T

(5)

If we model the upd monolayer as an infinite system, UM+S can be
considered to be an extensive quantity:
UM/S = NMuM/S (6)

where uM/S is the binding energy per atom (UM/S/NM), a quantity
that in principle is independent from the system size due to the
absence of border effects.
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Thus, differentiation of Eq. (6) yields:

∂UM/S

∂NM

)
P,T

= uM/S = UM/S

NM
(7)

he physical meaning of Eq. (7) is that if we assembled a mono-
ayer atom by atom we would obtain most of the time the same
nergy as the binding energy of an adatom in the monolayer. This
s analogous to the considerations that are made concerning the dis-
ssemblement of a bulk metal removing atoms in a kink position
10].

In the case of a nanostructure, the binding energy is no longer
n extensive quantity like the proposal in Eq. (6), and an equation
ike that given in (4) can no longer be employed. However, for a
anostructure, Eq. (3) still holds, and the correct approximation to
would be

= �M − ((UM/S − TSM/S + pVM/S − ε)/NM)
ze

(8)

here SM/S is the entropy of the adatoms in the nanostructure,
M/S is the corresponding volume and ε is the so-called subdivi-
ion potential [11]. It is a kind of system chemical potential, and
t corresponds to the change of the energy of the thermodynamic
nsemble when a system is added to it. While it is negligible for
acroscopic systems it becomes a finite positive quantity for a sys-

em with an interface as those considered in the present work. Thus,
ven in the limit T → 0, p → 0 we have:

→ �M − (UM/S/NM) + (ε/NM)
ze

(9)

o that in addition to the binding energy per atom an extra contri-
ution must be taken into account.

Note that in the derivation of Eq. (3) no current flow through
n external circuit was considered. In fact, in step 3 the electrons
f the adatom were brought back to the w electrode and only the
ransfer of an ion was taken into account. For this reason, the free
nergy G of the system was employed as equilibrium criterion, since
o exchange of matter was assumed between the system (cell plus
lectrodes) and its environment. In other words, we have consid-
red what we usually denominate an N, P, T system. An alternative
erivation, that is useful for the further discussion given below, can
e made taking into account electron exchange between the sys-
em and the environment. Let us now assume that the w and r
lectrodes are connected to two infinite electronic reservoirs with
lectrochemical potentials �̃w

e and �̃r
e, respectively, thus providing

Volta potential difference �S −�M = (�̃r
e − �̃w

e /e) (the contacts
re made of the same material M2 so that the chemical part of
he electrochemical potential is the same). These reservoirs may
emove electrons from (inject into) the system keeping � S −�M

onstant. With these boundary conditions, the proper thermody-
amic function to study the system is the Legendre transform:

˜ = G − Nw
e �̃

w
e − Nr

e�̃
r
e (10)

here Nw
e and Nr

e are the number of electrons in the w and the r
lectrodes, respectively. In thermodynamic terms, this defines a �̃r

e,
˜ w
e , P, T system. Since we are considering the filling of a nanocavity

nanosystem), the contributions to the thermodynamic functions
ill in turn be divided into two parts. One due to the contribution

f the nanostructure itself, called “nano”, and another one due to
he rest of the macroscopic system, that we will label with the term
macro”. Besides the deposited atoms, we include as a part of the

anostructure those substrate atoms affected by the presence of
he deposit (via electronic, stress effects, etc.). The usefulness of
his division will become obvious below. Thus, we have

= Gnano + Gmacro (11)
Acta 54 (2009) 3011–3019 3013

The macro term contains contribution from r and the w electrodes,
that we will denote with Gr

macro and Gw
macro, respectively, while the

term Gnano corresponds exclusively to the w electrode. Thus, we
have

G = Gnano + Gr
macro + Gw

macro (12)

Using standard thermodynamics (see for example Ref. [12]) the
term Gr

macro can be written as

Gr
macro = Ur

macro + pV r
macro − TSr

macro (13)

where Ur
macro is given by

Ur
macro = TSr

macro − PV r
macro + Nr

e�̃
r
e + Nr

M�̃
r
M (14)

where Nr
M is the number of M core ions in the r electrode and �̃r

M
is their corresponding electrochemical potential. Thus, adding (14)
to (13) results in:

Gr
macro = Nr

e�̃
r
e + Nr

M�̃
r
M (15)

The term Gw
macro can be in turn written as

Gw
macro = Uw

macro + PVw
macro − TSw

macro (16)

where now Uw
macro is given by

Uw
macro = TSw

macro − PVw
macro + Nw

e,macro�̃
w
e + Nw

S �̃
w
S (17)

Here, Nw
e,macro is the number of electrons in the w electrode not

belonging to the nanostructure, that added to the number of elec-
trons belonging to the nanostructure, say, Nw

e,nano, yields the total
number of electrons in the w electrode:

Nw
e = Nw

e,macro + Nw
e,nano (18)

Nw
S is the number of S core ions in the w electrode and �̃w

S is the
corresponding electrochemical potential.

Adding (17) to (16) results in:

Gw
macro = Nw

e,macro�̃
w
e + Nw

S �̃
w
S (19)

note that an analog of Eqs. (15) and (19) cannot be written for Gnano,
since Eqs. (14) and (17) rely on the fact that the energy is a first-
order homogeneous function of the entropy, the volume and the
number of constituent particles, something that is no longer valid
for a nanostructure, because of edge effects. The Legendre transform
(10) can be now written using (15), (19) and (12) to replace in (10)

G̃ = Gnano + Nw
S �̃

w
S + Nr

M�̃
r
M + (Nw

e,macro − Nw
e )�̃w

e = Gnano + Nw
S �̃

w
S

+Nr
M�̃

r
M − Nw

e,nano�̃
w
e (20)

where we have used Eq. (17) to obtain the second equality. In the
latter equation, the electrochemical potential of the core M ions,
�̃r
M , can be replaced in terms of the chemical potential of the atoms

of type M,�M, and the electrochemical potential of the electrons in
the r electrode taking into account that:

�M = �̃r
M + z�̃r

e (21)

so that (20) turns into:

G̃ = Gnano + Nw
S �̃

w
S + Nr

M�M − zNr
M�̃

r
e − Nw

e,nano�̃
w
e (22)

Let us now consider the transfer of NM atoms of type M from the
r to the w electrode generating a nanostructure. The change of the
transform (20) can be written as
�G̃ =�Gnano +�Nr
M�M − z�Nr

M�̃
r
e −�Nw

e,nano�̃
w
e (23)

where we have assumed that the substrate S is a bulk piece of metal,
so that the electrochemical potential of their core ions, �̃w

S , remains
unchanged upon formation of the nanostructure.
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Fig. 3. Scheme of the excess of free energy as function of the number of deposited
atoms for the case of metal growth in a nanocavity. It is assumed that the interaction
ig. 2. Scheme of the excess of free energy of a metal cluster as function of the
umber of atoms at two different overpotentials.

Since we will assume that neutral atoms are transferred, we
ave that �Nr

M = −NM , �Nr
e = −zNM and �Nw

e,nano = zNM so that
he change in the transform G̃ will be given by

G̃ =�Gnano − NM�M + zNM(�̃r
e − �̃w

e ) (24)

here �Gnano is the free energy change of the system, given
y �Gnano =�Unano + p�Vnano − T�Snano and the term (�̃r

e − �̃w
e )

efines the potential difference between the w and r electrode
(� S −�M), as long as a piece of the same metal M2 is attached
t the ends of both electrodes. As pointed out above, since the r
lectrode is made of the same material M being deposited on S, we
ill denote (� S −�M) as an overpotential �.

If a single M atom is transferred between r and s (NM = 1),�Gnano

orresponds to the chemical potential of the M atoms on S,�M/S and
e get:

G̃ = �M/S −�M + ze� (25)

he equilibrium condition�G̃ = 0 leads as before to Eq. (3).
This second procedure employed to derive the relationship

etween free energy and potential difference may be easily applied
o calculate the free energy change related to the transfer of the N
datoms building the nanostructure from the w to the r electrode at
constant potential difference. In this case, the free energy change

elated to cluster formation at a constant overpotential � will be
iven by

G(N) = [(GM/S − GS) − NM�M] + Nze� (26)

here GM/S is the free energy of the nanostructure and it closest
nvironment and GS is the free energy of this environment previous
o the formation of the nanostructure.

Eq. (26) is the one currently used to analyze cluster formation.
he quantity in parenthesis, [(GM/S − GS) − NM�M] is an excess of
ree energy, say˚(N), that in the case of a cluster on a surface of its
ame nature (say a Cu cluster on a Cu surface) is always positive. This
s no longer the case for nanostructures in defects. To understand
his, we must remember that ˚(N) is connected to the occurrence
f interface boundaries. In the case of a growing isolated cluster on
surface of its same nature, cluster growth is accompanied by the
ncrease of its boundaries with an empty environment, with the
oncomitant increase of ˚(N). Being ˚(N) a monotonic growing
unction of N, the function in Eq. (26) is only employed when �< 0
o find critical nucleus sizes. The situation is depicted qualitatively
n Fig. 2, where�G(N) is plotted.
of the deposited atoms with the concave substrate is stronger than the interaction
of the adsorbate atoms among themselves. It is also assumed that further wetting
of the flat substrate is less favorable than the interaction between adatoms, so that
cluster growth occurs.

However, in the case of nanostructures ˚(N) may be negative
in those cases where the interaction with the substrate is more
suitable than the interactions between the atoms of the deposit.
Thus, in these cases an analysis of Eq. (26) will also make sense for
�> 0.

Let us consider first the hypothetical case where the atoms in
the nanocavity interact with the substrate more strongly than with
each other. At low coverages, we can assume that the atoms behave
independently and the energy excess can be written as

˚(N) ≈ −�excN (27)

where �exc is a positive quantity representing the absolute value of
the excess of binding energy per atom.

If we insert the latter equation into Eq. (26) we get:

�G(N) ≈ ˚(N) + Nze� = (ze�− �exc)N (28)

Thus, depending on the sign of the terms in the parenthesis this
function predicts a linear increase or decrease of �G(N). If the
overpotential is such that �> (�exc/ze), it predicts that all the M-
type atoms should disappear from the surface. On the other hand,
if �< (�exc/ze), further atom deposition is predicted. The latter
situation will of course change for some N, since Eq. (27) is an
approximation valid only at low coverage degrees, but the main
point we want to stress is that nanocavity decoration can in princi-
ple be analyzed via (26) with positive overpotentials. The situation
for metal growth in a nanocavity where the interaction of the adsor-
bate with the concave substrate is stronger than the interaction of
the adsorbate with itself, is illustrated qualitatively in Fig. 3. It is
also assumed that further wetting of the flat substrate is less favor-
able than the interaction between adatoms, so that cluster growth
takes place as found in experiments [6].

3. Computer simulations

In order to investigate by means of computer simulations how
the holes generated by the potential pulses described in Sec-
tion 1 are decorated by foreign adatoms, an atomistic model was
employed.

The interaction between the particles of the system was cal-
culated according to the Embedded Atom Method (EAM). In the

case of the decoration of nanoholes on Au(1 1 1), the parameteriza-
tion was that of Barrera et al. [13]. This reproduces adequately the
(1 × 1) structure of the Cu monolayer (upd) on Au(1 1 1) observed
experimentally [14]. In the case of the deposition of Ag on Au(1 1 1),
the potential employed was that of Foiles et al. [15]. We will show
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stable in the monolayer.
Table 1 shows �uM/S values for adatoms in a monolayer for

the two metal systems analyzed in the present work, using EAM
potentials in different simulation methods, as can be found in the
literature [9,17]. The second and the fourth columns correspond to

Table 1
Excess of binding energy�uM/S and binding energies UM/S for adatoms in a monolayer
for the systems considered in the present work. The cohesive energies of Cu and Ag
are ubulk

Cu = −3.54 eV and ubulk
Ag = −2.85 eV, respectively.

M/S a M/S b M/S a M/S b
ig. 4. Cavity filling on Au(1 1 1) with different adsorbates. (a) Shows the height o
hemical potential. (b) Shows the cavity height and the decoration of a Au(1 1 1) cav

hat this potential reproduces a number of important features of
he experimental system, like the formation of mono and bi layers
revious to the deposition of the bulk metal.

A set of simulations were accomplished by means of a Grand
anonical Monte Carlo method [5]. In this approach, the chemical
otential � of the adsorbate atoms (Cu or Ag), the volume of the
imulation box V and the temperature T were fixed as parameters.

ith this setup, we attempt to simulate electrochemical deposition
onditions, where the chemical potential of the deposited atoms are
aried by changing the electrochemical potential of the electrons
n the working electrode. The energy of the system and the number
f adsorbate atoms fluctuated according to the different types of
vents allowed:

1) Particle displacement (Cu, Ag or Au), using as acceptance ratio:

Wi→j = min(1, exp(−	ij/kT)) (29)

where 	ij is the change of potential energy related to the con-
figuration change i → j.

2) Insertion of an adsorbate atom. A particle is inserted in the sim-
ulation box at a random position and the new configuration is
accepted according to

WN→N+1 = min
(

1,
V


3(N + 1)
exp((�−�vN+1,N)/kT)

)
(30)

V is the volume that can be accessed by the particles created,

 =

√
(h2/2�mkT) is the de Broglie thermal wavelength and

�	N+1,N =	N+1 –	N is the potential energy difference related to
the creation attempt of a particle.

3) Removal of an adsorbate atom. An adsorbate atom chosen at ran-
dom is removed from the system and the new configuration is
accepted according to

WN→N−1 = min

(
1,

3N

V
exp((−�−�vN−1,N)/kT)

)
(31)

with�	N−1,N =	N−1 –	N.

The surface of the substrate was represented by a six atomic
ayers thick slab, four of which were mobile. The remaining two
ere fixed to the bulk atomic positions. The remaining dimensions
f the system were Lx = 49.96 Å and Ly = 57.69 Å. Periodic boundary
onditions were applied in the x–y direction. The hole was 22 Å
ide, with a depth of three atomic layers. Other comparative studies

onsidered 33 Å and 40 Å wide holes.
avity and the decoration of a Au(1 1 1) cavity with Cu atoms as a function of their
ith Ag atoms as a function of their chemical potential.

The systems considered were the filling of a cavity on a Au(1 1 1)
surface by Cu and Ag atoms respectively, with the results shown
in Fig. 4. The height of the defect is given there as a function of
the chemical potential, along with some snapshots showing some
sample configurations of the simulations. In the early stages of the
simulation, both systems present a decoration of the cavity that
starts at the highly coordinated sites. This will be discussed in more
detail below.

The first system is similar to one considered previously [16],
and is revisited here in order to make a straightforward compari-
son with the Ag/Au(1 1 1) system. Important differences are evident
between both systems in the way in which defects are decorated,
as well as in the corresponding energetics. To gain a proper under-
standing of the processes found upon the filling of the nanocavity, it
is interesting to analyze first how is the interaction of the deposited
metal monolayer with the substrate in comparison with the inter-
action of the same metal in the bulk. A measure for the stability
of an adlayer relative to the bulk metal can be obtained in terms
of the excess of binding energy per adatom of the adatoms in the
monolayer�uM/S, that can be defined as

�uM/S = UM/S

NM
− ubulk

M (32)

where UM/S is the binding energy of the adatoms in the monolayer
defined above (see Eq. (4)) andUbulk

M is the binding energy of bulk M
atoms. Since UM/S and Ubulk

M are usually defined as the energy of the
atoms in the solid system minus the energy of the free atoms, they
are negative quantities. Thus, a negative value of �uM/S indicates
that the atoms are more stable in the monolayer than in its own
bulk metal lattice, while a positive value indicates that they are less
System �u (eV) �u (eV) U /N (eV) U /N (eV)

Cu/Au(1 1 1) 0.23 0.14 −3.22 −3.35
Ag/Au(1 1 1) −0.10 −0.11 −2.87 −2.92

a Lattice dynamics, six lattice planes relaxation, according to Oviedo et al. [9].
b Off-Lattice Monte Carlo simulation, according to Rojas [17].
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attice dynamics simulations, where the positions of the six sur-
ace lattice planes are relaxed, but a 1 × 1 structure is assumed
or the adlayer [9]. The third and the fifth columns correspond to
ff-lattice Monte Carlo (MC) simulations, where atoms may take
rbitrary positions in space [17]. These results should be the most
ccurate ones. For Ag/Au(1 1 1) the results are practically the same
or all the simulation methods employed, pointing out that the Ag

onolayer on Au(1 1 1) should be more stable than bulk Ag. This is
n rule with the experimental fact that Ag presents underpotential
eposition on Au(1 1 1) [18]. On the other hand, for the Cu/Au(1 1 1)
ystem, always positive values are obtained, indicating that the Cu
onolayer on Au(1 1 1) should be less stable than bulk Cu. This is in

ule with first principle predictions [19,20], but in contrast with
he experimental observation of Cu on Au(1 1 1). The reason for
his apparent contradiction can be explained by the determining
ole played by anions in the Cu upd phenomenon, as found exper-
mentally [21,22] and discussed in previous theoretical work [20].
rom the third and the fourth rows in Table 1, it is evident that the
ff-lattice MC results yield the less positive results, denoting that
n additional stabilization is allowed by the off-lattice simulations
ith respect to the imposition of a 1 × 1 structure. In fact, these sim-
lations show that the Cu overlayer becomes more compact than
he 1 × 1 structure, with the concomitant decrease in its binding
nergy.

In summary, from the previous discussion it can be stated that
he Cu atoms interact with each other more strongly than with the
u(1 1 1) surface, while the opposite is true for the Ag atoms. Thus,
ccording to the knowledge than we have from metal growth [23],
e expect a “Volmer-Weber growth” in the first case, with the for-
ation of clusters, and a “Frank-van der Merwe” or layer-by-layer

rowth in the second, since the misfit between Ag and Au atoms
s practically negligible. Going back to Fig. 4, we see that the two
ystems analyzed behave as expected.

It must be taken into account that besides the differences in
he energetics of both systems, there is also an important crys-
allographic difference, since while the Cu/Au system presents a
egative misfit, in the Ag/Au system the misfit is negligible. The
ize difference between the substrate and adsorbate in the first
f these systems allows that the adsorbate atoms present a high
oordination with those of the substrate, with smaller steric hin-
rances at the deposition process. On the other hand, in the system
g/Au the atomic sizes are similar, the coordination of Ag atoms
ith the substrate is smaller, so that in the deposition process it

s not expected that the Ag atoms would have a high coordination
ith the Au atoms unless an Ag atom displaces or replaces an Au

tom.
Turning now to the particular features observed for each system,

n the Cu/Au(1 1 1) system we find that after the decoration of the
ottom of the cavity, the cavity is filled at once in the vicinity of
he bulk Cu binding energy, which is −3.61 eV for the present EAM
otentials. A canonical simulation of Cu deposition on Cu surfaces
erformed by Rojas [17] yielded an average value of −3.581 eV for
he Cu binding energy at 300 K.

Fig. 5 shows the number of deposited Cu atoms as a function of
he chemical potential of the Cu atoms.

A number of arrest and shoulders is observed in the curve, indi-
ating that some structures are particularly stable as deposition
roceeds. In order to visualize different stages of hole decoration,
umbered arrows denote points in the plot that correspond to snap-
hots of the simulation shown in Fig. 5a. The point labeled with
corresponds to the decoration of the border of the bottom part
f the cavity. Point 2 indicates the situation where the bottom of
he cavity is covered by a Cu layer. Point 3 corresponds to the
lling of the cavity up to the surface level. Points 4 and 5 indi-
ate the formation of the first and second layer over the surface
evel.
Fig. 5. (a) Number of deposited Cu atoms as a function of the chemical potential for
decoration of a nanocavity on a Au(1 1 1) surface. (b) Snapshots of the simulation
showing the different stages of hole decoration, corresponding to the numbers of
part (a).

It is also interesting to analyze the average binding energy per
atom of our GCMC simulations:

uM/S = UM/S − US
N

(33)

as a function of the chemical potential, as shown in Fig. 6. When
the decoration of the cavity starts, the high coordination of the
deposited Cu atoms yields structures that are energetically more
stable than the bulk Cu deposit. The binding energy per atom then
increases, with a subsequent decrease in the region where the cav-
ity becomes filled (point 3). At this point, uM/S = −3.57 ± 0.01 eV, in
good agreement with the results of Rojas in a canonical simula-
tion [17] (−3.581 eV). Two steps are later evident, corresponding to
points 4 and 5, when one or two layers are formed above the level
of the surface.

The phenomenon of Cu electrodeposition in a Au(1 1 1) nanocav-
ity is particularly suited to perform an analysis of cluster growth as
discussed in Section 2. Returning to Eq. (26):
�G(N) = ˚+ Nze� (34)

This equation tells us that once the excess quantity ˚ = (GM/S −
GS) − NGM

bind is known, the relative stability of different structures
at different overpotentials could be analyzed from its extrema. The



N.B. Luque et al. / Electrochimica Acta 54 (2009) 3011–3019 3017

F
t

q
o
t
t

˚

w
b
b
e
c
b
�
a
a
T
t
C
i
u
4
(
o

F
A
d

Fig. 8. Number of deposited Ag atoms as a function of the chemical potential for
ig. 6. Average binding energy per atom as a function of the chemical potential for
he simulation of Cu deposition in a Au(1 1 1) nanocavity.

uality of this prediction may then be contrasted with the results
f the simulations that are thermodynamically “exact”, in the sense
hat they contain both energetic and entropic contributions. The
erm˚may be written as

=�UM/S − T�SM/S (35)

here �UM/S = N�uM/S = (UM/S − US) − NUbulk
M is the excess of

inding energy of the metal on the substrate S with respect to the
ulk binding energy of the metal M and�SM/S is the corresponding
xcess of entropy. As we stated above, the bulk binding energy is
lose to −3.581 eV. Both quantities are a function of N, the num-
er of atoms in the nanostructure. Since the entropic contribution
SM/S is not known, ˚ cannot be calculated exactly, so that we

pproximate this quantity by �UM/S. Thus, what we can construct
re not�G(N) but�UM+S + Nze� vs. N curves, as presented in Fig. 7.
hese curves are shown for the deposition of the Cu adatoms in
he Au(1 1 1) nanocavity in Fig. 7 at �= 0 and other overpotentials.
omparison of these curves with the results of the Grand Canon-
cal simulation presented in Fig. 5 show that this analysis slightly
nderestimates the effect of overpotential. In fact, the results of
a and 5 clearly show that an excess chemical potential of 0.04 eV
��= 0.04 eV) is enough to make the cluster grow up to the first
verlayer (state 4). However, it is apparent from Fig. 7 that at a

ig. 7. Excess energy vs. number of adatoms for the adsorption of Cu atoms in a
u(1 1 1) nanocavity at different overpotentials �. The number close to the curves
enote the value of ze� in eV, with z = 2, and e the electronic charge.
decoration of a nanocavity on a Au(1 1 1) surface. (b) Snapshots of the simulation
showing the different stages of hole decoration, corresponding to the numbers
of part (a). The chemical potentials were 1 −�Ag = −3.155 eV, 2 −�Ag = −3.12 eV,
3 −�Ag = −3.03 eV, 4 −�Ag = −3.00 eV, 5 −�Ag = −2.87 eV.

value of ze� of −0.04 V with respect to bulk deposition, the most
stable structure is that of the filled nanocavity (state 3). Similarly,
the curve for ze�= −0.10 eV in Fig. 7 shows a local minimum around
N ≈ 220, which corresponds to the formation of the first overlayer
(snapshot 4 in Fig. 5). However, all GCMC simulations performed
at an excess chemical potential of 0.10 eV lead to the growth of the
bulk Cu deposit. In other words, although the purely energetic anal-
ysis yields the correct qualitative picture concerning the sequential
formation of the structures 3, 4 and 5, it underestimates the effect
of the application of an overpotential.

4. Ag/Au(1 1 1) system

The number of Ag atoms in the system as a function of the chem-
ical potential of Ag atoms, �Ag, is shown in Fig. 8. A number of
steps become evident, which are characteristic for the occurrence
of different surface structures. Some typical points of the simula-
tion were selected, whose snapshots are shown in Fig. 8. Point 1
corresponds to a situation where the decoration takes places along
steps, yielding 1-d structures. Point 2 corresponds to the formation
of a first overlayer at the bottom of the cavity. Point 3 corresponds
to the formation of a second overlayer at the bottom of the cav-
ity. Point 4 corresponds to a point where the cavity has been filled,
along with the formation of an Ag monolayer on the Au(1 1 1) sur-

face. Point 5 corresponds to the formation of a second monolayer
on the Au(1 1 1) surface.

The occurrence of a fraction of an Ag monolayer at the bottom
of the cavity on Au(1 1 1) in point 2 (�Ag = −3.125 eV) is a unique
feature of a nanosystem. That is, a finite deposit of Ag is obtained, at
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in Fig. 10.
The global histogram, shown in full line in Fig. 10, presents four

peaks.
Seven partial histograms where constructed, where each region

was chosen according to the following phenomena taking place:

Fig. 10. Energy histograms for Cu deposition inside a Au(1 1 1) cavity. The
thick full line shows the global histogram, while the remaining ones show
the partial contributions in different ranges. (— — —) Wall decoration of
the defect (−3.7 eV <�Cu < −3.64 eV); (· · · · · · · ·) decoration of the bottom
of the defect (−3.635 eV <�Cu < −3.610 eV); (–·–·–) filling of the defect
(−3.605 eV <�Cu < −3.600 eV); (–··–··–··) first layer on the defect over the Au
surface. (−3.595 eV <�Cu < −3.570 eV); (– – – –) second layer on the defect over the
he simulation of Ag deposition in a Au(1 1 1) nanocavity.

hemical potentials where the Ag monolayer is unstable, it appears
et at −3.015 eV. Thus, the existence of the nanocavity allows a shift
f −0.11 eV in the chemical potential at which an Ag layer occurs on
he surface.

The binding energy per Ag atom is shown as a function of �Ag
n Fig. 9. As in the case of the cavity filled with Cu, the binding
nergy of the first Ag atoms decorating the cavity lay well below
he bulk binding energy of the metal (Ubulk

Ag = −2.85 eV). How-
ver, in this case the excess energy is considerably larger, reaching
alues as large as −0.35 eV. It is interesting to analyze this infor-
ation in the light of some previous calculations for the binding

nergy of an Ag monolayer on Au(1 1 1), as reported in Table 1.
e presented there results of lattice dynamics [9] and Monte Carlo

anonical simulations. The latter results should be the most com-
arable with the present ones, since they were obtained allowing
or relaxation of the whole substrate. Since the results of Table 1
ere obtained for a monolayer, they should be compared with the

nergies of the structures occurring between�Ag = −3.0151 eV and
Ag = −2.875 eV, where an Ag overlayer occurs on the metal surface.

e obtained in this region an average value of
(
UM/S − US

)
/N =

2.9211 ± 0.0004 eV, in good agreement with Rojas [17]. Going
ack to the nanostructure originated at point 2 of Fig. 8, an aver-
ge between �Ag = −3.090 eV and �Ag = −3.035 eV yields a binding

nergy of
(
UM/S − US

)
/N = −3.058 ± 0.002 eV. That is, the binding

nergy per Ag atom in the nanocavity shows an excess of −0.14 eV
ith respect to the Ag monolayer. Comparison of this value with the

hift of chemical potential of −0.11 eV suggests that the reason for
he additional stability of the Ag layer in the nanocavity is mainly
nergetic.

Concerning the formation of the Ag monolayer, in the present
imulations it is found to be stable between �Ag = −3.015 and
Ag = −2.875 eV, previous to the formation of the second Ag mono-

ayer. This result would suggest in a first analysis that the monolayer
s −0.14 eV more stable than the bilayer. However, the analysis of the
ata in Fig. 9 shows an energy difference of ca. −0.06 eV between
oth structures in favor of the monolayer. Since the entropic sta-
us of the monolayer is not very different from that of the bilayer,
nother explanation must be sought for the delayed formation of
he monolayer. Analogously to 3-d nucleation and growth phenom-
na, the formation of the bilayer on the top of a perfect monolayer
nvolves the formation of a critical nucleus, with the concomitant

verpotential. In the 2-d case, the critical nucleus size Ncrit can
e shown to be related to the overpotential |�| according to the
Acta 54 (2009) 3011–3019

equation [23]:

Ncrit = b˝�2

(ze|�|)2
(36)

where b is a geometrical factor relating the perimeter of the nucleus
to its area (b =� for a circular cluster, b = 4 for a square cluster,
b = 3.46. . . for an hexagonal one),˝ is the atomic area, and � is the
specific edge energy. For the present system,˝= 7.24 Å2/atom and
� can be estimated from the step formation energy of Ag islands on
Ag(1 1 1), yielding � = 0.0809 eV/Å, so that for an excess of chemical
potential ��= ze|�| = 0.08 eV in Eq. (36) we get Ncrit = 23–30. This
estimation indicates that an important fluctuation in the number
of particles of the system is required in order to overcome the free
energy barrier required for the growth of the second Ag overlayer
on the surface.

5. Energy distribution

In a Grand Canonical simulation both the number of particles N
and the energy of the system U fluctuate. Thus, it is illustrative to
analyze the distribution of energy per particle uM/S along the simu-
lation, since this gives an idea of the energy of the species involved
at each stage of the simulation. With this purpose, histograms were
constructed with the frequencies fu with which a given value of
uM/S was observed. Two types of histograms were constructed. A
first type, that we will call global histograms, where constructed
by sampling the whole simulation between the upper and lower
values of chemical potential, say �up and �low. One of these his-
tograms is shown in Fig. 10 for Cu deposition in Au(1 1 1) cavities as
a full line. The others were partial histograms, where the sampling
was made in a restricted region of chemical potential where a par-
ticular decoration of the cavity was found. These are also reported
Au surface (−3.565 eV <�Cu < −3.550 eV); (. . .. . .. . .) third layer on the defect over
the Au surface (−3.545 eV <�Cu < −3.535 eV); (——) fourth layer on the defect over
the Au surface (�Cu < −3.530 eV).
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Fig. 11. Energy histograms for Ag deposition inside a Au(1 1 1) cavity. The grey
full line shows the global histogram, while the remaining ones show the par-
tial contributions in different �Ag ranges. ( ) Wall decoration of the defect
(−3.35 eV <�Cu < −3.12 eV); ( ) formation of the first Ag layer covering the bot-
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[

[

om of the cavity (−3.155 eV <�Ag < −3.01 eV); ( ) formation of the first Ag layer
overing the bottom of the cavity (−3.005 eV <�Ag < −2.985 eV); ( ) formation
f the first Ag monolayer outside the cavity (−2.98 eV <�Ag < −2.87 eV); (- - -) forma-
ion of the second Ag monolayer outside the cavity (−2.865 eV <�Ag < −2.855 eV).

Wall decoration of the defect. From �Cu = −3.7 eV to
�Cu = −3.64 eV.
Decoration of the bottom of the defect. From �Cu = −3.635 eV to
�Cu = 3.610 eV.
Filling of the defect. From �Cu = −3.605 eV to �Cu = −3.600 eV.
First layer on the defect over the Au surface. From �Cu = −3.595
to �Cu = −3.57 eV.
Second layer on the defect over the Au surface. From�Cu = −3.565
to �Cu = −3.550 eV.
Third layer on the defect over the Au surface. �Cu = −3.545 eV to
�Cu = −3.535 eV.
Fourth layer on the defect over the Au surface. Just at
�Cu = −3.530 eV.

On the other hand, the histograms for Ag deposition inside the
u(1 1 1) cavity presented a much more well defined structure, as
hown in Fig. 11.

The global histogram presents four well defined peaks (at
Ag = −3.06 eV, −2.92 eV, −2.87 eV and −2.84 eV), while partial his-

ograms were constructed on the basis of five regions, depending
n the characteristics of the deposit:

Decoration of the walls of the cavity. From �Ag = −3.35 to
�Ag = −3.12 eV.
Formation of the first Ag layer covering the bottom of the cavity.
From �Ag = −3.115 to �Ag = −3.01 eV.
Formation of the second Ag layer covering the bottom of the cav-
ity. From �Ag = −3.005 to �Ag = −2.985 eV.
Formation of the first Ag monolayer outside the cavity. From
�Ag = −2.98 to �Ag = −2.87 eV.
Formation of the second Ag monolayer outside the cavity. From
�Ag = −2.865 to �Ag = −2.855 eV.

The most remarkable difference between the two systems

onsidered here is the sharp peak observed in the case of
he Ag/Au(1 1 1) system, corresponding to the formation of the

onolayer. This is a clear indication for the formation of a
ew phase, where the binding energy should have exactly one
alue.

[
[
[
[
[
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The general conclusion that can be drawn from the histogram
analysis performed for the two systems considered here is that the
different nanofeatures of defect decoration are reflected in the dif-
ferent contributions to the histograms. A more extensive statistical
sampling of the different systems is desirable to gain more detailed
information on them, and will be undertaken in the future with
more powerful computational tools.

6. Conclusions

We have developed a thermodynamic framework for the anal-
ysis of electrochemical nanocavity decoration that leads to a
qualitative understanding of the processes taking place in terms
of the interactions of the metals involved in this process.

We then studied comparatively the decoration of nanocavities
on Au(1 1 1) by Cu and Ag atoms using Grand Canonical Monte
Carlo simulations. Depending on the interaction between the adsor-
bate and the substrate as compared with the adsorbate–adsorbate
interactions, the deposit may grow defining a cluster over the
surface level (Cu/Au(1 1 1)) or heal the damage on the surface
with the subsequent formation of a monolayer(Ag/Au(1 1 1)). In
the former case, Cu deposition remains confined to the defects
generated on the surface, since the formation of clusters on
the Au(1 1 1) is disfavored. On the contrary, Ag deposition on
the flat Au(1 1 1) surface occurs after the filling of the nanocav-
ity.
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