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ABSTRACT A new method for the study of the molecular
dynamics of electrochemical systems is presented, which ex-
plicitly contains the electrode potential. It is based on a com-
bination of ordinary molecular dynamics, stochastic dynamics,
and a grand-canonical ensemble. The method is tested for the
deposition of silver on Au(111), and is found to represent the
potential dependence of this process well. Application to the
deposition of nickel on Au(111) reveals extensive surface alloy-
ing, while during the deposition of nickel on Pt(111) an atomic
exchange between the two metals occurs only at step edges.

PACS 82.45.Qr; 71.15.Pd; 07.05.Tp

1 Introduction

The deposition of metal ions on an electrode sur-
face is a fundamental process of electrochemistry. Before the
advent of local probe techniques, the growth mechanism and
the structure of the metal deposits could only be investigated
by comparing current transients with the predictions of sim-
ple models. The information that could be gained in this way
was limited, often uncertain, and in particular very little could
be learned about the surface structure. With the advent of the
scanning tunneling microscope (STM) and related methods
the situation has improved substantially, and the structure of
metal electrodes can now be imaged with atomic resolution.
While these techniques have greatly improved our knowledge
of the surface structure, they give only the location, but not
the chemical nature of the imaged atom. This is particularly
problematic in the case of the deposition of metal ions on a for-
eign metal substrate, where surface alloying may occur. In
addition, the time resolution of the STM is low, and only pro-
cesses which take place on the time scale of about one second,
or a little longer, can be followed in real time, so that the dy-
namics of the surface can be investigated only in exceptional
circumstances.

Much of the experimentally inaccessible information can
in principle be obtained from computer simulations with large
ensembles, provided the interaction potentials are sufficiently
accurate. In this respect recent works employing embedded
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atom potentials have been quite encouraging. In particular,
molecular dynamics simulations for the generation of metal
clusters with the tip of an STM have explained the forma-
tion and the stability of the clusters [1, 2], and kinetic Monte
Carlo simulations have permitted insight into the deposition
of metals both at under- and overpotentials [3,4]. For a de-
tailed understanding of the kinetics of the deposition, molecu-
lar dynamics (MD) is the method of choice. Since the number
of particles varies during the process, these simulations must
be performed in a grand-canonical ensemble. However, the
available variants of MD do not allow for a key factor: the
electrode potential, which determines the free energy of the
reaction, its rate, and even its direction — whether metal de-
position or dissolution takes place. In addition, it would be
desirable for the simulations to account for the presence of
a depletion or accumulation layer in front of the electrode. In
a recent publication [5] we have presented a new simulation
method which achieves these goals, and reported on first ap-
plications to particular systems. In this work, we shall review
this method, show how the electrode potential affects the rate
and the structure of deposits and present some new results for
systems that display surface alloying.

2 Simulation method

In order to make this paper self-contained, and to
address a different audience, we briefly review our simulation
method. The basic set-up of our simulation cell representing
an electrochemical half cell is shown in Fig. 1; it consists of
three principal parts. The bottom part, labelled A, contains six
layers of metal atoms arranged in an fcc lattice containing 400
atoms per layer; the three bottom layers are kept fixed, the
others are mobile and obey ordinary deterministic molecular
dynamics. The interaction between these metal atoms are cal-
culated from the embedded atom method [6]; the details have
been given in our previous publication [5].

From the electrolyte solution, only the metal ions are mod-
eled explicitly as particles contained in the regions B and C. In
region C, which in the simulations reported here has a thick-
ness of 12 A, the concentration of the particles is kept constant
by adding or removing particles, as required. In contrast, the
region B, of height L =24 A, contains a variable number of
particles and can thus represent a depletion layer for metal
deposition. The particles in the solution do not interact with
each other. Instead, they experience a constant background
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FIGURE 1 Schematic representation of the simulation box

potential x which, as we shall explain below, determines the
effective electrode potential.

The solvent is represented indirectly as a thermal bath
which induces stochastic motion in these regions. Thus, the
particles in the solution obey Langevin dynamics according
to:

dv
dt

where y is the friction constant and Fr represents the ran-
dom force acting on each particle. The friction constant y and
the random force Fy are related by the fluctuation—dissipation
theorem. The Brownian dynamics were implemented by Er-
mak’s algorithm [7].

The critical part is the interface between the regions A
and B, where metal deposition or dissolution takes place. This
was handled in the following way: at each time step the in-
teraction potential V; of each particle i in region B with the
metal surface is calculated from the embedded atom method
and compared with the background potential u. If V; < pu,
the particle is deposited onto the surface. This means that the
particle switches from Brownian to deterministic dynamics,
keeping its velocity. The particle is then in the attractive part of
the potential, so that backscattering is unlikely. Conversely, if
asurface particle of metal M reaches the crossing point, where
its potential energy equals the background potential u, it is
dissolved and starts to obey Brownian dynamics.

By changing the background potential 1 we change the
driving force for metal deposition; raising p increases the
driving force. Let g be the value at which deposition and dis-
solution are in equilibrium. Then the overpotential 5 for the
deposition is given by: u — ug = —zeon, where z is the va-
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lency of the metal ion in the solution. Note that by convention
a negative overpotential favors deposition. The equilibrium
value u = 0 can be obtained from the condition that the kink
sites of the electrode, whose energy is known within the em-
bedded atom method, are in equilibrium with the solution;
the entropy part of the free energy can be calculated from
classical mechanics, and depends on the concentration of the
particles in region C. In order to avoid misunderstandings as-
sociated with the electrochemical convention, we shall not
specify overpotentials, but the background potential © with
respect to (g, which is thus set to zero. Positive values of u
denote a driving force for deposition.

In the simulations reported the time step was set to 0.5 fs;
in terms of this unit, the friction coefficient was set to y = 20.
The latter value was chosen such that the system is well ther-
malized, but not greatly slowed down by the friction.

3 Simulation results

We have applied our simulation method to a fair
number of systems. Here we report first on the deposition of
silver on Au(111). This process has been well investigated ex-
perimentally, and we have used this to check on the accuracy
of our scale of electrode potential. We then proceed to present
results for two systems which display surface alloying, viz.
the deposition of nickel on Au(111) and Pt(111), but which
differ in interesting details.

3.1 Deposition of silver on Au(111)

The deposition of silver on Au(111) has been well
investigated experimentally, and we have therefore chosen it
as a model system to investigate the potential dependence of
the simulations. Deposition has been investigated both on flat
surfaces (terraces) and on surfaces with an island. Silver and
gold have almost the same lattice constants, so that there is
no mismatch, and silver can be deposited on gold with little
surface strain.

Ag on Au(111) is one of the systems which show a phe-
nomenon known as underpotential deposition: up to a mono-
layer of Ag can be deposited at electrode potentials a little
higher (remember the sign convention) than the deposition
potential for silver on silver, indicating that at the surface the
interaction of silver with gold is a little stronger than that of
silver with itself. There have been a fair number of experi-
mental studies of this process [8—13], which agree on the
overall picture, but differ in details such as the onset poten-
tials for the various deposition processes. They all agree that
the deposition starts with the decoration of islands and steps
at a potential of several hundred of mV below the equilib-
rium potential for bulk deposition. A monolayer is deposited
at u = —20 meV, and at potentials above the equilibrium po-
tential deposition occurs layer by layer, showing the familiar
nucleation and growth phenomena.

In our simulations we observe the decoration of gold is-
lands perimeters starting from u = —246 meV (see Fig. 2).
This deposition stops when all gold edges accessible from
kink sites have been filled. At & = 64 meV monolayers of
silver are formed starting from the steps. The same phe-
nomenon has been observed experimentally but at the slightly
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H=-246 meV

FIGURE 2  Snapshots of silver deposition at an island on Au(111)

lower value corresponding to u = —20meV already men-
tioned above. This discrepancy could either indicate a slight
inaccuracy of our embedded atom potential, or a stabilization
of the silver monolayer by anion adsorption, a phenomenon
that often occurs. Our onset potential is also somewhat
higher than the value of u = —17 mV predicted by Sanchez
and Leiva [14] from ab initio calculations, or the value of
u = —50mV obtained by Oviedo et al. [15] using a slightly
different version of the embedded atom potentials.

Within the timescale of our simulations deposition on flat
terraces started at u = 264 meV; the delayed onset reflects the
nucleation overpotential. This can be clearly seen from the
corresponding curve in Fig. 3, which shows the number of
deposited particles as a function of time. At short times, the
number of deposited particles fluctuates around a critical clus-
ter size of about 5—-6 atoms. At higher potentials, nucleation is
no longer observed, and the transients rise throughout. After
the first layer has been completed, we observe layer by layer
growth, in line with the experimental observations.

AgAulll (flat)
60 I I

50+

401

30+

Adsorbed atoms [N]

20+

10~

u=264 meV

0L | | |
0 2000 4000 6000

Time [ps]

FIGURE 3 Ag on Au(l11) at 7 =300 K. Number of atoms N vs. time ¢
at two different potentials. The total number of places for Ag atoms on the
surface is 196

|
8000 10000

387

In summary: our simulations for the deposition of silver
on Au(111) show that our method works, and that the poten-
tial has an expected influence on the deposition rate. There
may be a slight uncertainty in the potential scale, which could
be caused by an inaccuracy of the interaction potential em-
ployed, or by the influence of anions on the experimental
results.

3.2 Deposition of Nion Au(111) and Pt(111)

Alloy formation during the deposition is of par-
ticular interest, because it is often suspected, but difficult to
detect experimentally. Therefore we have examined the de-
position of Ni on Au(111), where vacuum experiments have
shown an exchange of the Ni atoms with the surface atoms of
gold [16]. Subsequent deposition occurs with a layer by layer
growth. Electrochemical deposition of Nion Au(111) at over-
potentials ;1o between 80 and 100 mV shows a nucleation and
growth pattern very similar to that observed in ultra high vac-
uum (UHV) experiments [17].

Our simulations were performed in the diffusion-limited
regime, in which all of the atoms that arrive at the surface are
deposited, and none are dissolved. Figure 4 shows the final
state after an amount equivalent to four Ni monolayers have
been deposited. Ni and Au exchange very rapidly, and so Ni
penetrates into the first few layers. In particular, the second
layer consists almost totally of Ni atoms, while the top layer is
rich in gold. Ni has a higher surface tension than gold, so that
energy is gained if the nickel atoms are buried.

The high catalytic selectivity that Ni-Pt alloys have for
certain reactions [18] make the Ni/Pt(111) system an inter-
esting candidate for investigations. There are a fair number of
electrochemical studies for this system, but they are mostly
aimed at industrial conditions, and often use chloride elec-
trolytes which are complicated by coadsorption [19]. In add-
ition, nickel deposition is often accompanied by the parallel
evolution of hydrogen; this could be avoided by using alkaline
solutions [20], but there the purity of the solution poses a prac-
tical problem. Thus, a systematic investigation of the nature of
the deposit, in particular, if alloy formation occurs, has not yet
been undertaken, but is possible in principle. Our simulation
therefore has predictive values.

We can compare our results with the final state of Ni de-
position on platinum in the vacuum. Indeed, since alloy for-
mation is governed by the interaction of the Ni atom with the
substrate after the deposition, we may expect the final state to
be quite similar for Ni deposition from solution and in UHV.

Gambardella et al. [21] have shown that Ni deposition on
Pt(111) surfaces in UHV gives rise to the formation of stable
metal alloys. They reported a favorable exchange of Ni atoms
at step sites. Ni and Pt are known to form a continuous series
of solid solutions in the bulk [22]. First principle calculations
also show that Pt(111) has a surface energy lower than that
of Ni(111) [23], and that Ni adatoms tend to diffuse into bulk
Pt[24].

We have performed simulations on a Pt(111) surface with
monoatomic steps called (open) and (closed) which have been
generated by cutting a Pt(111) surface in the [100] and [110]
directions respectively. In the case of closed steps the first
stage of the Ni deposition starts by arrival of adatoms to the
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FIGURE 4 Ni deposition on Au(111) with surface defects. (a) atomic dens-
ity profile relative to the Au(111) interplanar distance, and (b) typical atomic
configuration after deposition of Ni on Au(111)

flat surface and subsequent diffusion to the step edge. No ex-
change mechanism has been observed during the early stages.
After the monoatomic steps are fully covered, Ni also starts
to grow at the flat terraces. After completion of the first Ni
overlayer about 9% of Pt atoms corresponding to step edges
have been exchanged. In the case of more open steps depo-
sition of Ni begins at step edges as well as at flat terraces.
A very fast exchange diffusion mechanism is observed at the
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FIGURE 5 Ni deposition on Pt(111) with an open step edge. The Ni atoms
have been drawn much smaller in order to improve the clarity
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early stages, mainly at the steps. No mixing or exchange diffu-
sion occurs at the flat terraces. The high coordination number
that the open steps present could be one explanation for the
differences found. After completion of four overlayers of Ni
on Pt(111), exchange diffusion can be observed more clearly
specifically at the step edges (Fig. 5). Very good agreement
with experimental observations can therefore be noticed for
the present system, indicating very fast diffusion mechanisms
to form alloyed steps.

4 Conclusions

The main new feature of our method is the inclu-
sion of the electrode potential into molecular dynamics simu-
lations. Judging from our first application, this seems to work
well. In particular, the results for the deposition of Ag on
Au(111) clearly show the decisive effect of the potential on
the deposition rate, the formation of critical nuclei, and the
structure of the deposit. The simulation for nickel deposition
on Au(111) and Pt(111) clearly show the formation of a sur-
face alloy in the former, and place exchange at edges in the
latter case. At the present stage we have not included anions in
the simulations. It is well known that in some cases the coad-
sorption of anions and metal cations leads to the formation
of structures that resemble two-dimensional salts, and which
form at potentials well below the deposition potential for the
bulk metal. In principle, the inclusion of anions into our model
should not present a major difficulty; one just needs reliable
interaction potentials of the anions with the two metals in-
volved, which could be obtained from ab initio calculations.

In our method, the solvent is only represented as a heat
bath. Although an explicit inclusion of the solvent at a mo-
lecular level is possible, it would not yield any useful results.
The ions in the solution would form solvation sheaths, which
they would have to shed at least partially in order to be de-
posited. The required energy of activation is so high that no
deposition could be observed during typical simulation times.
This is a principle limitation of our method. As an alternative,
kinetic Monte Carlo could be used, which yields, however,
fewer details about the system dynamics.
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