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A model for underpotential deposition in the presence of anions

M. C. Giménez,"® A. J. Ramirez-Pastor," and E. P. M. Leiva®

Departamento de Fisica, INFAP, Facultad de Ciencias Fisico-Matemdticas y Naturales,

Universidad Nacional de San Luis, CONICET, Chacabuco 917, 5700 San Luis, Argentina

2Departamento de Matemdtica y Fisica, Facultad de Ciencias Quimicas, Universidad Nacional de Cordoba,

5000 Cordoba, Argentina

(Received 17 February 2010; accepted 19 April 2010; published online 13 May 2010)

A simple model to study the effect of on top coadsorption of anions in underpotential deposition is
formulated. It considers a lattice-gas model with pair potential interactions between nearest
neighbors. As test system, the electrodeposition of silver on gold is studied by means of grand
canonical Monte Carlo simulations. The influence of anions on the adsorption isotherms is analyzed.
It is found that as the interaction between silver atoms and anions increases, the monolayer adsorbs
at more negative chemical potentials. For large interactions between silver atoms and anions, a
expanded structure occurs for the silver monolayer. © 2010 American Institute of Physics.

[doi:10.1063/1.3427585]

I. INTRODUCTION

The study of the adsorption of particles on surfaces is
important from the point of view of surface science and due
to its potential applications in nanotechnology and catalysis.
From the electrochemical point of view, it is of great interest
to study the electrodeposition of a metal onto a single crys-
talline surface of a foreign metal."™ When this occurs at
potentials more positive than those predicted from the Nernst
equation, the process is denominated underpotential deposi-
tion (UPD)."*" In the case of voltammetric profiles, UPD
processes are evident by the occurrence of one or more cur-
rent peaks, which can be related to the existence of different
structures (phases) covering the surface of the substrate.

One of the open questions in electrochemistry is the fact
that theoretical models and computer simulations predict first
order phase transitions for the electrodeposition of one metal
on the surface of another metal.®’ Nevertheless, in the ex-
perimental voltamograms, the observed peaks are generally
wide and not sharp. Another experimental observation that is
not well explained by theory is the existence of different
commensurate structures for the same adsorbate/substrate
couple, like those occurring in the case of Ag adsorption on
Au(111) studies. In this particular system, in situ techniques
such as atomic force microscopy,lo scanning tunneling
microscopy,“f13 and others (see review'*) have allowed the
study of a wide range of structures. All these studies report
the existence of a compact p(1X 1) structure at potentials
very close to the bulk silver deposition and a series of more
open structures at higher potentials up to 0.60 V more posi-
tive than the bulk deposition. Similar findings were made in
the case of the deposition of Ag on Au(lOO),12 where also
relatively open structures occur at high underpotentials. It
must be pointed out that the existence of two-dimensional
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structures with a lattice parameter larger than that of the
substrate is rather unexpected in the case of Ag/Au(hkl) sys-
tems since the lattice misfit of the atoms involved is practi-
cally negligible. These superlattice structures, commensurate
with the substrate but with overlayerstructures larger than the
(1X1) structure, are usually denominated expanded
structures.” First principles calculations have shown that
none of the expanded structures found in Au(111) should be
thermodynamically more stable than the Ag(1 X 1)/Au(111)
phase,15 a fact that is challenged by their electrochemical
stability. To explain this contradiction, it has been proposed
in Ref. 15 that anion coadsorption, promoted by the shift of
the potential of zero charge upon adatom formation, could be
aiding the occurrence of the expanded UPD layers. A similar
explanation has been proposed before by Sanchez and
Leiva'® to explain the occurrence of UPD in the case of the
Cu/Au(111), which is a system where the binding energy of
Cu on Au(111) is considerably lower than the bulk binding
energy of Cu. Concerning the case of the system Cu/Au(111)
in sulfuric acid solutions, system-specific models have been
developed that successfully describe the voltammetric be-
havior by means of a lattice model simulation'” or the appli-
cation of statistical mechanics tools.'® In both cases, the in-
teraction parameters involved were fitted for this specific
system.

In the present work, rather than attempting to simulate
an UPD system in the presence of a specific anion type, we
will use metal-anion and anion-anion interactions as param-
eters. We use this approach in order to understand some es-
sential features of the physics involved in the coadsorption
processes. In this regard, the aim of the present model is not
to present a detailed description of reality, but rather to show
that taking into account only some essential features of the
system, some experimental facts can be explained. More im-
portant, the magnitudes of the parameters used in the work
describing metal-metal interactions correspond to values that
are physically sound and not artificially fitted to a given
system.

© 2010 American Institute of Physics
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Concerning the atoms of the adsorbate and the substrate,
we consider interaction parameters that are typical for the
Ag/Au(100) system. It is important to emphasize that these
parameters were not obtained to fit the properties of the elec-
trochemical system, but were derived from calculations per-
formed with realistic (many body) interatomic potentials.

The outline of the paper is as follows. In Sec. II we
describe the lattice-gas model along with the simulation
scheme. In Sec. III we present the results. Finally, the general
conclusions are given in Sec. IV.

II. MODEL AND SIMULATION METHOD
A. Lattice model

Lattice models for computer simulations are very useful
in studies of adsorption on surfaces because they allow deal-
ing with a large number of particles at a relatively low com-
putational cost.'”? For this reason, we will use this approach
to tackle the study of the present problem.

The system Ag/Au(100) has been largely studied, both
experimentally'2‘13’21‘22 and theoretically.g’z‘%’24 As stated
above, it is well known that the crystallographic misfit be-
tween the involved atoms is not important for this system.
Thus, it is a good approximation to assume that the adatoms
adsorb on defined discrete sites on the surface, given by the
positions of the substrate atoms. Two epitaxial square lattices
with periodical boundary conditions are used in the present
approach. The first monolayer can be occupied by silver at-
oms and it is in contact with the gold surface. The second
one can be occupied by anions and they can interact among
them and with the silver atoms that are localized in the first
monolayer.

According to this picture, the interaction of the anions
with the bare substrate is neglected. Experimental results
show in fact that in many cases anion adsorption on the
substrate is small or negligible in the potential range where
the UPD layer is formed. For example, Fig. 3(b) of the
manuscript by Shi et al.® shows that a 0 mV versus saturated
calomel electrode (SCE) sulfate and chloride adsorption on
Au(111) are negligible, and moderate for Br™. The same fig-
ure shows that anion adsorption (of all types) is strongly
enhanced by the presence of adatoms, a fact that is born by
the physics in our model.

The simulations are performed in the grand canonical
ensemble for the two components. This means that the num-
ber of adsorbate atoms as well as the number or anions can
fluctuate. Each lattice point in the first monolayer represents
an adsorption site for an adsorbate atom and each lattice
point in the second monolayer represents a site for anion
adsorption just on top of the site of an adsorbate atom.

B. Energy calculations

The energy E of the system is calculated within the clas-
sical lattice-gas model with pair potential interactions be-
tween nearest neighbors, but, in the present case, we take
into account two epitaxially superimposed lattices.

If we denote metal atoms as type 1 species and anions as
type 2 species, the different interactions involved are the
following.
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* Adsorbate-surface (attractive) interactions: E,qs,
e adsorbate-adsorbate (attractive) interactions: J,,
e adsorbate-anion (attractive) interactions: J,, and

e anion-anion (repulsive) interactions: J,,.

Based on our previous work,”® where we approximated
many body potentials by means of effective pairwise
interactions, we have considered here E, 4=-2.58 eV and
J11=—0.28 eV, which are parameters suited to describe the
Ag/Au(100) system.

The values of J,, and J,, were taken as parameters that
can be varied. In order to estimate the order of magnitude for
J1,, we can consider the Coulombic attraction between two
point charges,

J,~ 20 (1)

4mey 1

As a first estimation, we can take Q,=~1 (for the Ag*
cation), Q,=—1 (for the anion) and r=~1 nm. This gives an
interaction energy of J,=~—1.4 eV. On the other hand, if we
consider Q,=0.1 (for the Ag cation, taking into account a
partial charge transfer) and r=~0.3 A (for a more realistic
distance), we obtain J,=~-0.5 eV.

This simple analysis points to give an order of magni-
tude expected for this constant. However, both constants (J;,
and J,,) are taken as parameters that can take any value and
this paper explores the implications of different possible val-
ues.

If we label with cm,, the occupation state of site « in the
first monolayer and with ca, the occupation state of site « in
the second monolayer (just above the « site in the first mono-
layer), we can write the Hamiltonian as follows:

E= 2 Eadsgcma,l + E Jl 1 5cma,l 5cmB,1
a (a.8)

102t > J220c4 20 (2)

+2"]25cm a2
a <a,ﬁ>

where the symbol & represents the Kronecker delta and the
notation {a, B) denotes a sum taking account of all pairs of
nearest neighbors.

This Hamiltonian is proposed on the basis of experimen-
tal evidence found by Shi et al. o Figure 3 of this manuscript
shows that at 0 mV versus SCE sulfate and chloride adsorp-
tion on Au(111) are negligible, and moderate for Br~. The
same figure shows that anion adsorption (of all types) is
strongly enhanced by the presence of adatoms, a fact that is
born by the physics in our model. The present model could
be straightforwardly generalized to consider anion adsorp-
tion on the substrate using a three-state model (Ag, anion, or
empty) for layer 1, coupled to a two-state model (anion or
empty) for layer 2.

C. Grand canonical Monte Carlo simulation

Two superimposed square lattices of M =L X L adsorp-
tion sites with periodical boundary conditions are used here
to represent the first monolayer, just above the gold surface
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(to be occupied by silver atoms) and the second monolayer,
just above the silver monolayer (to be occupied by anions).

The simulations are performed in the grand canonical
ensemble, that is, for fixed values of temperature and chemi-
cal potentials (w; for silver atoms and u, for anions) the
number of particles of both species can fluctuate. In the
present work, we have considered the temperature fixed as
T=300 K and the chemical potential for anions arbitrarily
fixed as w,=0 in most of the cases and u,=-0.327 eV
(a more realistic value) in some cases in order to compare the
effect of this chemical potential.

We have calculated adsorption isotherms, that is, cover-
age degree (6, for the fraction of sites of the first monolayer
occupied by silver atoms and 6,;,, for the fraction of sites of
the second monolayer occupied by anions) as a function of
the chemical potential u,.

In most cases, we have considered as initial state for
each chemical potential, the final state of the previous chemi-
cal potential, running from more negative through more posi-
tive values of w;. The chemical potential was increased in
0.01 eV steps in regions where 65, changes appreciably and
in 0.05 eV steps otherwise.

The simulation consists in performing (for each value of
M) a certain number of Monte Carlo steps (MCS) in order to
equilibrate the system and then another set of MCS in order
to obtain the average values of 65, and 6,0, Each MCS
implies the realization of 2 X M trials. Each trial consists on
the random selection of one of the two monolayers, with
equal probability, and then, the random selection of one lat-
tice site.

If the first monolayer was selected, there are two possi-
bilities.

(a) If the site is empty (occupation 0), the creation of an
adsorbate atom is attempted (yielding occupation 1). In
this case we set ANy =1 and AN, =0, were Ny, is
the number of silver atoms and N,;,, is the number of
anions present.

(b) If the site is occupied by an adsorbate atom (occupation
1), its desorption is attempted (occupation 0). In this
case we set AN,=—1 and AN,i,,=0.

If the second monolayer was selected, there are two pos-
sibilities.

(a) If the site is empty (occupation 0), the creation of an
anion is attempted (yielding occupation 2). In this case,
we have AN,,=0 and AN, pn=1.

(b) If the site is occupied by an anion (occupation 2), its

elimination is attempted (occupation 0). In this case we
have AN,,=0 and AN ;ipn=~1.

In all the cases, the change is accepted with probability

AE - /-LIANAg - /“LZANanion
kyT

. )

P =minj 1,exp| —

where AFE represents the difference between the energies of
the final and initial states and kg is the Boltzmann constant.
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FIG. 1. Adsorption isotherms for Jj,=—1.0 eV and four values of J,,, as
indicated. Each graphic contains the coverage degree of adatoms 6, (full
lines, closed circles) and the coverage degree of anions 6,,;,, (dashed lines,
full diamonds) for each case as a function of the chemical potential of silver.
The chemical potential for anions is considered as p,,;,,=0.0 eV. The
point-broken line denotes 6, for the case J;,=J,,=0.0 eV. For each chemi-
cal potential the initial state corresponds to the final state of the previous
chemical potential.

lll. RESULTS AND DISCUSSION

The simulations were performed considering two adja-
cent square lattices of size 100X 100. Adsorption isotherms
were calculated as the mean value of 6, and G0, as a
function of the chemical potential of Ag (u,). For each value
of wy, we have performed M; MCS in order to equilibrate
the system and M, MCS for the calculation of the average
values. The values of M, and M, were 10° for the zones of
interest (near the jumps of the isotherms) and 103 for the rest
of the isotherm.

Figure 1 shows four adsorption isotherms for Ji,
—1.0 eV and w,=0 eV. We illustrate there the cases J,,
0.0, 0.1, 1.0, and 2.0 eV. Together with the isotherms of ﬁAg
and 6,00, We show also the isotherm (6,,) for the case J,
=J,,=0.0 eV (which is equivalent to the absence of anions),
in order to illustrate the effect of the anions. We can see that
due to the influence of the anions, the jump in 6y, is shifted
toward more negative chemical potentials. In all these cases,
the transition between 6,,=0 and 65,=1 remains abrupt.

For J»=0 eV, that is, for negligible interactions be-
tween anions, €y, changes from 0.5 (when 6,,=0) to 1
(when 6@4,=1). In the region previous to Ag adsorption,
Onnion=0.5 because u,=0.0 eV. In fact, 6,,,,=0.5, corre-
sponds to the value expected for a Langmuir isotherm (with-
out lateral interactions between anions) with E,4,=0 eV (ab-
sence of silver atoms). Under these conditions, the anions are
distributed at random.

When J,,>0 eV, in the absence of silver atoms, we
have a coverage degree of 6,,;,,,=~0.22. This coverage degree
corresponds to the equilibrium value for u,=0.0 eV, adsorp-
tion energy O (for the anions, in the absence of silver atoms)
and repulsive interactions between anions (see Ref. 28). In
fact, in this reference the authors have studied the adsorption
isotherms for different repulsive interactions between ad-
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FIG. 2. Adsorption isotherms for J,,=1.0 eV and four values of J,, as
indicated. Each graphic contains the coverage degree of adatoms 6, (full
lines, closed circles) and the coverage degree of anions 6, (dashed lines,
no symbol) for each case as a function of the chemical potential of silver.
The chemical potential for anions is considered as p,,,=0 eV. For each
chemical potential, the initial state correspond to the final state of the pre-
vious chemical potential.

sorbed particles, and found the asymptotic value of 6,
~(.226 at u,=0.0 eV for infinite repulsion between adsor-
bates. The same value can also be obtained via analytical
calculations in the framework of the quasichemical
approximation.19 In this approach, which provides excellent
results in the range of low concentrations (0= 6<<1/4), the
analytical expression of the adsorption isotherm for a square
lattice gas of interacting particles can be written as"

(b—1+20)]21—0
(b+1-20)] 6

where b=1\1-46(1—6)(1—¢*7) and w is the nearest-
neighbor interaction energy that corresponds to repulsive (at-
tractive) interaction for w>0 (w<0). Then, solving Eq. (4)
for u=0 and w—o0, we obtain #=0.22. In our case the
repulsions are not infinite but already important enough to be
close to the limiting value.

When 6,,=1, we find 6,,i,,=1 for low values of J,, and
Onion=0.5 for high values of J,,. This situation corresponds
to chessboardlike structures, typical of adsorption isotherms
with repulsive interactions. The isotherms for J,,=1 and 2
eV present a jump in 6, at a more positive w; value than the
cases with small J,,. The general trend will be illustrated
later. It must also be noticed that in all the cases correspond-
ing to Jj,=—1.0 eV, there is an abrupt jump between 6,
=0 and O,,=1.

In order to analyze the effect of the chemical potential of
anions, some simulations have been made with u,
=-0.327 eV (not shown here). We have found that the quali-
tative behavior is very similar to the case with u,=0.0 eV,
except that, for the areas with 6,,=0, 6,40, is also equal to 0.

Figure 2 shows four adsorption isotherms for Jj,
=1.0 eV, for the case of u,=0 eV. We illustrate the cases
J1,=-0.5, —1.0, —1.4, and —2.0 eV. We can see that as J,
increases, the chemical potential for the sudden increase in

: (4)

e(/.L—Zw)/kBT — |:
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FIG. 3. Tllustration of a portion of the system for the situation corresponding
10 Opg= Opnion=0.5. Such structures are found in the cases with J,,=1.0 eV
and high values of |Jj,|. Light gray spheres in the underlying lattice: gold
atoms. Gray spheres on hollow sites: silver atoms. Dark gray spheres:
anions.

04, that we shall denote with gy, shifts toward more nega-
tive values. This is an indication that the presence of anions
favors the adsorption of silver.

For low values of J;,, we find an abrupt jump between
0,;=0 and 6,,=1, as expected for first order phase transi-
tions. However, for higher values of J;,, we find that the
jump becomes smoother and we have the appearance of an
intermediate region, with 65,= 0,4, =0.5. This region corre-
sponds to the situation illustrated in Fig. 3 for a 10X 10
surface. We can see that the chessboard configuration of the
anions, due to the repulsive lateral interactions between
them, induces the same structure for the underlying mono-
layer of silver atoms. These results show that this simple
model can explain the appearance of expanded structures, as
observed experimentally for several UPD systems.

The regions with 6,=1 and 6,,,=0.5 presents the
structure shown in Fig. 4 for a 10X 10 surface. In these
regions, the silver monolayer is complete and the anions are
arranged in a chessboardlike structure. In the following, we
consider the dependence of i .., With Ji, and J,,.

FIG. 4. Illustration of a portion of the system for the situation corresponding
to Op,=1 and 6, =0.5. Such structures are found in the cases with J,,
=1.0 eV. Light gray spheres in the underlying lattice: gold atoms. Gray
spheres on hollow sites: silver atoms. Dark gray spheres: anions.
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Ag adatoms on the surface, as a function of J,, for several values of J,,, as
indicated in the figure. The chemical potential for anions is considered as
/"aninnzo'o eV.

Figure 5 shows the variation of u.,., With J,, for several
values of J;,. We can see that for low absolute values of the
attractive interaction Jp, Moo 1S almost independent of J,
and similar to the value found for Ag adsorption in the ab-
sence of anions. On the other hand, for high values of J;,, we
see that w..., increases initially with J,,, but approximately
from J,,=0.5 eV on, it remains almost constant. That means
that for large enough anion-anion interactions, we can con-
sider that the isotherms do not depend on that parameter.
However, for weak anion-anion interactions, the value of
Meoex DECOMES more negative, indicating that the adsorption
of the silver monolayer is more favorable.

Figure 6 shows the variation of w,.., with —J;, for sev-
eral values of J,,. We can see that as |/J,,| increases, fcoex
becomes more negative. This fact shows that stronger inter-
actions between silver atoms and anions favor the monolayer
adsorption and the observation of UPD. The i o.x—J2, cor-
relation becomes almost linear for J,,—0, so that under
these conditions the shift in the UPD peak could be used as
a direct measure of the adatom-ion interactions.

Figure 7 shows adsorption isotherms (coverage degree
of silver atoms as a function of the chemical potential) for
the case of J,,=0.4 eV and several values of J;,. The behav-
ior of the isotherms is the same for all values of J,,
=0.4 eV. In these cases, for |le|2 1.3 eV, it can be ob-

-2 \ \

@@ ',-00¢eV
2.5 Bl J,=0.1eV |
o ),=10ev

Critical Ag chemical potential / eV

FIG. 6. Plots of the threshold chemical potential u.,., as a function of J;,
for several values of J,,, as indicated in the figure. The chemical potential
for anions is considered as f,i0,=0.0 eV.
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FIG. 7. Adsorption isotherms for J,,=0.4 eV and several values of J,,, as
indicated. The coverage degree of the Ag atoms, 6,,, is plotted as a function
of their chemical potential. The chemical potential for anions is considered
as Mion=0.0 eV. For each chemical potential the initial state corresponds
to the final state of the previous chemical potential.

served the appearance of a plateau at ,,=0.5. It corresponds
to the formation of a expanded structure as shown in Fig. 4.
Thus, we can define the values of J,, and J;, for which an
expanded structure is expected. In the zone of J,,<0.4 eV
we found a more complex behavior due to the similarities in
the values of J,, and J, (|/,;|=0.28 eV). This region will be
analyzed in detail in a future work.

IV. CONCLUSIONS

In the present work, we have proposed a general simu-
lation scheme in terms of a lattice model to consider the
change of the electrochemical stability of adatoms upon in-
teraction with anionic species that may coadsorb from the
solution. The model aims to describe the situation where the
anions are adsorbed on top of the metal atoms when being
deposited. The physical picture underlying this assumption is
that a partial charge transfer from the adatom to the surface
may enhance anion adsorption. Simulations of adsorption
isotherms were performed for a system where the metal-
metal interactions should represent the Ag/Au(100) system,
considering different metal-anion and anion-anion interac-
tions. As the interaction between adatoms and anions in-
creases, the monolayer adsorbs at more negative chemical
potentials. The extent of this shift correspond to a few hun-
dreds of millivolts in the electrochemical scale, thus deliver-
ing the correct order of magnitude for this effect. When the
interactions between the adatoms and the anions is relatively
large, expanded structures are found, in qualitative agree-
ment with experimental results.

In order to come to a closer agreement with experimen-
tal results, we can incorporate several modifications to the
present model in the future. For instance, it is desirable to
extend the present model to consider non-nearest neighbor
interactions, which may be especially important in the case
of the electrostatic anion-anion interactions. Adsorption of
anions on the substrate surface can also be considered.
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