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A study of the electrodeposition and electrochemical dissolution of ultrathin Ni Ðlms on Ag(111) electrodes in
Watts electrolyte by in situ scanning tunneling microscopy (STM), electrochemical quartz microbalance
(EQCM), and cyclic voltammetry (CV) is presented. Ni deposition starts at potentials negative of [0.72 V vs.
SCE (i.e., overpotentials g P 160 mV), where an incommensurate, (111)-oriented Ðlm with an in-plane lattice
rotation of 0.5¡ relative to the Ag substrate lattice is formed. The lateral nearest neighbor spacing is as in bulk
Ni (2.49 for a Ðlm thickness P3 ML and expanded for monolayer (2.54 and bilayer (2.52 Ðlms.A� ) A� ) A� )
Depending on the deposition potential, three growth regimes, resulting in di†erent deposit morphologies, are
observed : At low overpotentials (160O g/mV O 200) a smooth Ni Ðlm is formed via a 2D step-Ñow growth
process, commencing at steps of the Ag substrate. At medium overpotentials (200P g/mV P 300) a
transformation from 2D step-Ñow to 3D growth occurs, resulting in the selective formation of Ni multilayer
islands along the Ag steps. At even higher overpotentials (g P 300 mV) 3D islands are formed at the steps and
on the substrate terraces. The size of the Ni multilayer islands is independent of the terrace widths, indicating
that Ni growth proceeds via direct discharge at step sites (““direct depositionÏÏ). The transition from 2D to 3D
growth as well as the change in island shape with overpotential can be rationalized by a di†erent potential
dependence of the various microscopic nucleation and growth processes. The multilayer growth at steps is
attributed to next-layer nucleation at the structural defect induced by the AgÈNi boundary and can be
described quantitatively as a function of deposition time by a simple 2D model. In addition, place-exchange of
Ni with Ag surface atoms and encapsulation of Ni islands by Ag is observed. Dissolution of the
electrodeposited multilayer Ni Ðlms proceeds via step-Ñow etching, with a higher dissolution rate for the Ni
monolayer as compared to higher Ni layers.

1. Introduction
The electrochemical deposition of nickel is an important, well-
established technical process. Although it has been used
mainly for protective coatings on stainless steels and other
materials, new applications for electrochemical Ni deposition
have emerged recently. These applications include steps in the
production of micro-mechanical devices, the manufacturing of
magnetic recording heads, and the deposition of ultra-thin
Ðlms for magnetic sensors. These applications require a better
control of the structure and the morphology of the Ni depos-
its and of the deposition process. Here we report in situ STM
results on the electrodeposition and dissolution of Ni on
Ag(111) as part of an ongoing systematic study of ultra-thin,
epitaxial Ni Ðlms on single-crystalline metal electrodes by our
group.1h8

Previous studies of Ni electrodeposition mainly focused on
the electrochemical behavior and on the micrometre-scale
morphology of Ni deposits on carbon and various metallic
substrates and their dependence on the deposition condi-
tions,9h30 such as temperature and stirring,9 the nature of the
substrate18 and the electrolyte composition.15,19 Regarding
the latter, in particular the role of boric acid as a component
in the widely-utilized Watts electrolyte has been studied,12,26
which is conventionally believed to act as a bu†er in the near-
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surface region and thus prevents the formation of metal
hydroxide precipitates.31,32 On the other hand, it has also
been suggested that it inÑuences the deposition by adsorption
on the surface12,30 or acts as a homogeneous catalyst for Ni
deposition via formation of an intermediate Ni complex.26,27
Furthermore, the e†ect of pH on Ni electrodeposition at low
Ni(II) concentrations19h21 and the e†ects of additives, such as
brighteners28,29 have been investigated. In addition, kinetic
data were obtained by EQCM23,25,33h35 and electrochemical
impedance spectroscopy (EIS)15,20 studies, which revealed a
pronounced dependence of the current efficiency for Ni depo-
sition on the overpotential due to the coevolution of hydrogen
in the deposition regime.

For better insights into the atomic and nanometre-scale
structure as well as into the growth and dissolution processes
the electrodeposition of Ni on Au,1h5,36 Ag6,7,37 and other
substrates8,38,39 has been studied by in situ STM. In particu-
lar, a detailed STM study of the electrodeposition and electro-
chemical dissolution of Ni on reconstructed Au(111) electrode
surfaces in various electrolytes demonstrated the electrochemi-
cal formation of well-deÐned, ultra-thin, epitaxial Ni Ðlms,
revealing a complex nucleation and growth behaviour that
depends strongly on the deposition potential.1h3,5 Formation
of Ni nuclei started below the Ni0/Ni2` equilibrium Nernst
potential via place exchange of Ni with Au atoms at the
elbows of the herringbone reconstruction, followed by nucle-
ation of Ni islands on top of these substitutional Ni atoms at
overpotentials g P 80 mV, and by nucleation at step edges of
the Au substrate at g P 100 mV.1 At submonolayer coverages,
islands with two di†erent growth morphologies were
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observed : compact, triangularly shaped islands and highly
anisotropic, needle-like islands.2 Upon further growth these
islands coalesce to form an almost perfect two-dimensional Ni
monolayer.3 Multilayer growth up to coverages of 7 ML
exhibits a layer-by-layer growth, resulting in very smooth Ni
Ðlms. Complementary EQCM studies found 10È20 times
higher growth rates and di†erent Tafel slopes for the Ni
monolayer as compared to the multilayer, suggesting that on
the Ni deposit the ion discharge reaction is inhibited by
adsorbates.35 Atomic-scale STM observations revealed a hex-
agonal Ni lattice with a lattice spacing of 2.5 similar to theA� ,
(111) orientation in bulk Ni, and with the same orientation as
the Au lattice.3 The order in the highly defective Ðrst layer is
considerably improved by second-layer deposition. Disso-
lution of these Ni Ðlms at potentials positive of the Nernst
potential proceeds via formation of 3D etch pits that reach all
the way down to the Au substrate, followed by lateral growth
of these pits.3 Furthermore, Ni underpotential deposition was
reported in the presence of sulfamate anions ; this was attrib-
uted to the complexation of Ni cations by sulfamates
adsorbed on the surface.36 The signiÐcant di†erences with
respect to vapor-deposited Ni on Au(111) indicate a structure-
decisive role of coadsorbates in the electrochemical environ-
ment.5 Ni deposition on a Au(100) surface shows pronounced
di†erences in the mechanisms of nucleation and submonolayer
growth on the reconstructed and the unreconstructed surfaces
and in the minimal overpotentials required for deposition

mV, mV). The di†erent growth mecha-(grec \ 100 gunrec \ 40
nisms and resulting morphologies were rationalized by the dif-
ferent surface mobility and di†erent mechanisms of strain
release in the Ni deposit, in particular the incorporation of Au
atoms into the Ni deposit in the case of the reconstructed sub-
strate. At multilayer coverages a rough morphology evolves
on reconstructed as well as unreconstructed Au(100). In
summary, Ni deposition on Au(111) and Au(100) is strongly
inÑuenced by the presence of a reconstructed surface on these
substrates, a phenomenon that seems to be unique to Au in
the electrochemical environment. In contrast, much less is
known about Ni electrodeposition on other, unreconstructed
metal surfaces.

Here we report results of a detailed study on the electro-
deposition of ultrathin Ni Ðlms on Ag(111) by in situ STM
and complementary electrochemical and EQCM measure-
ments. The mechanisms of nucleation and growth in the range
of submonolayer coverages up to a few monolayers, the struc-
ture and morphology of the resulting deposit, and the anodic
dissolution of the Ni Ðlms are described. The Ag substrate is
particular interesting for the comparison with Au, since it
exhibits almost identical lattice constants, resulting in a
similar mismatch with the Ni lattice, but is unreconstructed.
On the other hand, considerable electronic di†erences between
Au and Ag exist, resulting in a signiÐcantly lower work func-
tion of Ag(111) and, correspondingly, a more negative poten-
tial of zero charge (pzc) as compared to Au(111)40 as well as a
higher enthalpy of mixing for Ni atoms in Ag than in Au
data.41 As will be shown below, similarities as well as charac-
teristic di†erences to Ni nucleation and growth on Au(111)
exist, which can be rationalized by these structural and elec-
tronic e†ects. In addition, Ni place exchange with Ag surface
atoms and Ni-induced restructuring of the Ag substrate will
be discussed. Several aspects of this work have been reported
before6,7,37 and will be only brieÑy reviewed here.

2. Experimental
The STM experiments were carried out in a home-built STM,
described in detail in ref. 42. The tunneling tips were electro-
chemically etched in 2 M NaOH from a polycrystalline tung-
sten wire and subsequently coated with Apiezon wax. Tip and
sample potential were independently kept under potentiostatic

control, with the tip potential usually 50 to 150 mV more
negative than the sample potential. Saturated calomel (SCE)
or Ag/AgCl (KCl sat.) reference electrodes were used in the
STM and electrochemical experiments, however, all potentials
are reported vs. SCE. The Ag(111) single crystal samples were
oriented, cut to ^0.5¡, and mechanically polished with
diamond paste down to 0.25 lm grain size. Prior to each
experiment the sample was chemically polished using a

mixture as described in ref. 43 and 44 and thenCrO3ÈHCl
immersed under potential control at potentials between [0.1
and [0.2 V vs. SCE. The deposition experiments were per-
formed in a modiÐed Watts electrolyte, 10~3 M NiSO4] 10~2 M M HCl, prepared from suprapureH3BO3 ] 10~4

and HCl, p.a. grade and MilliQ-water. STMH3BO3 NiSO4 ,
images were obtained in constant current mode (tunneling
currents typically between 1 and 10 nA) and are presented as
top view images with brighter colors corresponding to higher
surface areas.

The CVÏs were obtained with a BAS CV-27 potentiostat in
a separate cell on the same Ag(111) electrodes, using a
hanging meniscus conÐguration. To avoid contributions from
oxygen reduction, the cell was purged with nitrogen or argon
(6.0). EQCM measurements were performed with a QCA917
quartz crystal analyzer (Seiko EG&G) coupled with the
potentiostat on thin (B180 ML thick), epitaxial Ag Ðlms, elec-
trodeposited on (111)-oriented Au Ðlms (mosaic spread 2¡ half
width at half maximum) on quartz (9 MHz, AT-cut). The Ag
Ðlms were 120 to 360 ML thick and deposited in the EQCM
cell from 0.05 M M solution at aH2SO4] 5 ] 10~3 AgNO3rate of 0.1 to 0.2 ML s~1, with the thickness of the Ag elec-
trode being monitored in situ using the frequency change of
the EQCM. Under these conditions a Ñat, (presumably
relaxed) pseudomorphic Ag deposit should form in a layer-by-
layer growth process.45 After deposition of the Ag Ðlm the
electrode was disconnected and the electrolyte was replaced
by 0.1 M solution. Subsequently, a potential of 0.02 VH2SO4vs. SCE was applied and the solution was exchangedH2SO4under potential control by modiÐed Watts electrolyte. More
details on the experimental set-up for the EQCM experiments
are given in ref. 35 and 42.

3. Results
3.1. Cyclic voltammetry and EQCM studies

Prior to the STM measurements, the electrodeposition of Ni
on Ag(111) was characterized by cyclic currentÈvoltage curves
(CVs). A typical voltammogram for bare Ag(111) in 10~3 M
HCl is shown in Fig. 1a (dotted curve). The predominant fea-
tures of this voltammogram are (i) the pair of reversible peaks
observed at about 0.03 V vs. SCE (I/I@), which are attributed
to a disorderÈorder phase transition in the adsorbed chloride
layer46h48 and (ii) the large cathodic current negative of [0.6
V vs. SCE caused by hydrogen evolution. In the WattÏs elec-
trolyte, the features in the CVs are modiÐed (Fig. 1a, solid
curve). Sweeping the potential down to [0.68 V, i.e., signiÐ-
cantly negative of the reversible potential for the Ni0/Ni2`
couple as determined from the Nernst equation ([0.56 V vs.
SCE, see arrow in Fig. 1b), does not result in detectable Ni
deposition. Instead, two pairs of reversible peaks near 0.08 (II/
II@) and [0.49 V vs. SCE (III/III@) are observed. Peaks II/II@
are attributed to the same phase transition in the Cl adlayer
as suggested for peaks I/I@, with the changes in peak position,
height, and width being predominantly caused by the lower
concentration of Cl~. The additional peaks III/III@, which are
observed only in Ni2` containing electrolyte, exhibit a peak
potential of [0.49 V vs. SCE, i.e., slightly positive of the Ni0/
Ni2` equilibrium potential, and correspond to a charge of 8
lC cm~2, independent of the potential sweep range (provided
the potential is kept positive of the Ni deposition range). They
are tentatively attributed to a phase transformation of a
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Fig. 1 Cyclic voltammograms (sweep rate 20 mV s~1) of Ag(111) in
(a) 10~3 M HCl (dotted line) and Watts electrolyte (full line) ; (b)
Watts electrolyte after deposition at [0.75 V vs. SCE for 15 min (D1,399 lC), 20 min 445 lC), 30 min 612 lC) and 40 min(D2 , (D3 , (D4 ,
803 lC), (sweep rate 10 mV s~1), in the inset the Ni coverage H,
evaluated from the Ni dissolution charges is plotted (average deposi-
tion rate 0.035 ^ 0.001 ML min~1 indicated by solid line).

surface species involving either a relatively small change in
coverage or small partial charge transfer. A possible explana-
tion could be the formation of an adsorbed Ni-containing
species as a precursor of Ni deposition. The latter was
observed for Ni deposition on Cu(100) in Watts electrolyte,8
for Ni deposition on Au(111) in sulfamate-containing
solution36 as well as suggested in previous electrochemical
studies, where the adsorbed species was thought to involve
chloride49 or hydroxylated nickel complexes.20,21 Direct evi-
dence for the existence of such adsorbates, however, was not
found in our STM studies (see below) nor did we see evidence
for such an adsorption step in the EQCM results (see
below).42

On Ag(111) Ni bulk deposition starts at potentials negative
of [0.72 V vs. SCE, i.e., at an overpotential g of B160 mV.
Due to the large overpotential required for this process, the Ni
electrodeposition current is masked by the current for hydro-
gen evolution and hence, no distinct Ni deposition peak can
be resolved in the CV experiments. The amount of deposited
Ni is therefore inferred from the Ni dissolution current in the
anodic potential scan. As can be seen in the CVs in Fig. 1b,
which were obtained after polarization for di†erent times (15
to 40 min) at [0.75 V vs. SCE (g \ 190 mV), pronounced
nickel dissolution peaks to are observed at potentials(D1 D4)positive of the Ni0/Ni2` Nernst potential, well above the
hydrogen evolution range. The precise peak potential depends
on the amount of deposited Ni and on the scan rate, but the
onset of Ni occurs between [0.5 and [0.4 V vs. SCE. This
behavior resembles closely that of Ni electrodeposition on
Au.3 Electrochemical quartz microbalance measurements (see
below) indicate that virtually no hydrogen is incorporated
into the Ni deposit for this range of overpotentials and elec-
trolytes at pH 4.42 Hence, integration of the dissolution
current allows the direct evaluation of the Ni coverage as a
function of the deposition parameters, assuming a two-
electron transfer and a Ni(111)-like deposit structure. The

inset in Fig. 1b shows the dependence of the coverage H on
the deposition time t. Clearly, H increases linearly with time,
resulting in a deposition rate of B0.035 ML s~1 at [0.79 V
vs. SCE (g \ 190 mV). It is noted that peak II is still present in
the anodic potential scans as a shoulder at the onset of nickel
dissolution for Ni coverages below 1 ML (Fig. 1b, solid line),
but is increasingly reduced (in comparison to the cathodic
scan) for coverages exceeding 1 ML. This strongly suggests
that the corresponding process involves species that are
adsorbed on the Ag surface rather than on the Ni deposit.
Finally, the cyclic voltammogram of the Ni-free Ag electrode
(Fig. 1a) is perfectly reproduced in subsequent potential cycles,
suggesting that the Ag(111) surface is not signiÐcantly altered
by the deposition and stripping of Ni.

In addition to the CVs on Ag(111) single crystals, EQCM
and voltammetric experiments were performed on Ag thin Ðlm
electrodes (Fig. 2). The CV obtained on such a Ðlm in the
Watts electrolyte (Fig. 2a, dashed line) resembles that record-
ed on the Ag(111) single crystal. The weaker pair of peaks at
B0.10 V vs. SCE (I/I@) is most likely related to anion adsorp-
tion, with the reduced current and broadening of these peaks
probably being related to structural imperfections in the Ag
Ðlm. More important, the CV exhibits a pronounced Ni disso-
lution peak at B[0.4 V vs. SCE (D), starting at B[0.5 V vs.
SCE. The more negative potential of the peak maximum as

Fig. 2 (a) Cyclic voltammogram and corresponding EQCM-signal
for an in situ prepared Ag covered quartz crystal in Watts electrolyte
(10 mV s~1),35 see text for details. (b) Current and EQCM transient
after a potential step into the regime of Ni deposition. (c) Ni deposi-
tion rate (circles) and current efficiency (Ðlled squares), obtained from
the linear growth regime of the EQCM transients, as a function of
overpotential.

Phys. Chem. Chem. Phys., 2001, 3, 3351È3363 3353
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compared to the CVs on Ag(111) is attributed to kinetic e†ects
(faster dissolution kinetics), caused by the larger defect density
of the Ag Ðlms (see below). In the parallel recorded frequency
change response (Fig. 2a, solid line) pronounced reversible fre-
quency changes are found between [0.75 and 0.2 V vs. SCE,
which indicate a decrease in mass with decreasing potential,
probably due to desorption of anionic species. At more nega-
tive potentials a sharp decrease in frequency (i.e., increase in
mass) indicates the onset of Ni deposition (for the given
experimental set-up 1 ML of a Ni(111) deposit corresponds to
a frequency change of 27 Hz cm~2 according to the Sauerbrey
equation35). The mass continues to increase even after the
potential is reversed and only at B[0.5 V vs. SCE does dis-
solution commence, in accordance with the CV. Potential-step
experiments indicate that the onset of Ni deposition occurs at
[0.73 V vs. SCE, in good agreement with CV and STM mea-
surements on Ag(111) single crystal samples. An example of
such an experiment, where the potential was stepped to [0.77
V vs. SCE, is shown in Fig. 2b. Obviously, the rate of Ni depo-
sition is initially low, but continuously increases with time,
until a steady state with a constant Ni deposition rate (0.67
ML min~1 in Fig. 2b) is reached after B80 s. This can be
rationalized by the nucleation and growth behavior in this
potential regime, which will be discussed in more detail in
section 4.3. With increasing overpotential the deposition rate
in the regime of constant growth (g O 0.21 V) Ðrst increases
approximately exponentially with a Tafel slope of B58 mV
(Fig. 2c). The saturation at deposition rates P1 ML min~1
can be attributed to di†usion limitation, as shown in detail in
ref. 35. In addition, these measurements indicate, as for Ni
deposition on Au,35 a continuous increase in the Ni deposi-
tion efficiency with increasing overpotential from 17%jNi/jtotalat [0.73 V vs. SCE to 45% at [0.81 V vs. SCE (Fig. 2c).

3.2. STM studies

The microscopic surface structure and the Ni electro-
deposition/dissolution processes were studied in detail by in
situ STM. Two di†erent strategies were employed in these
studies : First, the growth (or dissolution) of Ni was directly
followed by STM observations in the electrodeposition (or
dissolution) regime. This is the preferred approach since it
gives time-resolved data on the nucleation and growth
process. At high overpotentials, however, such measurements
are not possible due to the high rates of Ni deposition and
due to pronounced hydrogen evolution, which destabilizes the
STM tip. Hence, in this regime a second method was used,
where Ni was deposited for deÐned times with the tip with-
drawn (100È200 lm) and where the STM images were record-
ed subsequently in the potential regime between [0.70 and
[0.60 V vs. SCE, i.e., at potentials where the Ni deposit is
stable and neither signiÐcant dissolution nor further growth
occurs (deposition and imaging conditions are noted explicitly
in the Ðgure captions). In addition, experiments with this
method at lower overpotentials veriÐed that under those con-
ditions the Ni deposition process is only slightly a†ected by
the presence of the scanning tip in this potential regime (see
below).

Due to the rather complex Ni nucleation and growth
behavior on Ag(111), the data will be presented in several sub-
sections : First, place exchange processes in the initial stages of
Ni electrodeposition are discussed, followed by a description
of Ni island nucleation and growth in three di†erent over-
potential regimes, and, Ðnally, by observations on the anodic
dissolution of the Ni deposit.

Place exchange during Ni electrodeposition. In situ STM
images of freshly prepared Ag(111) electrodes in Watts electro-
lyte at potentials positive of [0.70 V vs. SCE (Fig. 3a and b)
reveal extended, atomically smooth terraces separated by
monoatomically high steps, which appear frizzy due to rapid

Fig. 3 (a, b) STM images of the bare Ag(111) surface (a) in 10~3 M
HCl at [0.23 V vs. SCE (2020 ] 2020 and (b) in Watts electrolyteA� 2)
at [0.44 V vs. SCE (2800] 2800 (cÈf ) STM images of Ag(111),A� 2).
showing the surface morphology after experiments, where Ni was
deposited from Watts electrolyte at low overpotentials. The images
were recorded at (cÈe) [0.74 V vs. SCE and (f ) [0.73 V vs. SCE for
various deposition times the images were recorded at (cÈe) [0.65tdep ,
V vs. SCE and (f ) [0.73 V vs. SCE. (c) min (1000] 1000tdep \ 3 A� 2) ;
(d) min (1000] 1000 (e) min (1300] 1300tdep \ 7 A� 2) ; tdep \ 7 A� 2) ;
(f ) min (2000] 2000tdep \ 40 A� 2).

kink motion along the step edge. These observations are in
good agreement with previous results obtained on Ag(111) in
sulfuric acid solution.50,51 Upon changing the potential into
the Ni deposition range, small features, which manifest in the
STM images as apparent ““holes ÏÏ, emerge on the Ag terraces.
Examples, recorded after deposition at [0.74 V vs. SCE
(g \ 180 mV), are visible in Fig. 3c and d (marked with
circles). These ““holes ÏÏ have diameters between 20 and 50 aA� ,
surface density of B1012 cm~2, apparent depths of 0.3 to 0.6

and often exhibit small protrusions along their edges. TheyA� ,
are observed only in Ni-containing electrolyte after the poten-
tial was kept in the range of Ni deposition and were not found
on the surface after complete dissolution of the Ni deposit. As
for similar STM observations of Ni on Ag(111) under UHV
conditions52 and Ni on Au(111) in UHV53,54 and an electro-
chemical environment,1,3 these features are assigned to substi-
tutional Ni atoms that have replaced Ag surface atoms via a
place exchange reaction. Since no Ag island formation is
observed on the terraces, the expelled Ag atoms have to be
redeposited at steps. For Ni deposition under UHV
conditions52 Ni islands (on top and substitutional Ni) are, at
room temperature partially and at 600 K completely, covered
by a Ag layer.52 Also in the electrochemical environment a
certain, although smaller, tendency towards Ni encapsulation
is found (see below), which is supposed to be the driving force
for the observed place exchange processes. The di†erences to

3354 Phys. Chem. Chem. Phys., 2001, 3, 3351È3363
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the UHV system may be caused, e.g., by the presence of
adsorbates, such as anions, on the electrode surface.

Ni deposition at low overpotential (160 mV O g O 200 mV).
The initial stages of Ni deposition on Ag(111) at potentials
close to the onset of Ni deposition (g P 160 mV), where the Ni
growth rate is low, are illustrated by the STM images in Fig.
3cÈf. After 3 min of deposition at [0.74 V vs. SCE (Fig. 3c)
only a few Ni islands are observed, which nucleate exclusively
at the lower side of the Ag substrate steps (see black arrows).
This di†ers from deposition under UHV conditions, where
nucleation of Ni islands not only occurs at the Ag steps, but
also on the terraces, either by homogeneous nucleation or by
heterogeneous nucleation on top of substitutional Ni atoms
formed by the place exchange reaction.52 Possible reasons for
the nucleation behavior observed at the electrochemical inter-
face, and in particular for the absence of nucleation on top of
place exchange sites, will be discussed later. With increasing
deposition time, the Ni islands increase in size and number
(Fig. 3d and e). They can be distinguished from the Ag sub-
strate by their characteristic long-range modulation pattern
(see below). Interestingly, the islands do not simply grow
along the Ag steps and onto the terraces, but appear to grow
into the upper terrace, as illustrated by the diamond-shaped
Ni islands in Fig. 3e (see arrows). Furthermore, after deposi-
tion new morphological features appear, such as pits and
““ fjords ÏÏ in the terraces, which are not observed at these
potentials in the absence of Ni2` in the electrolyte. Both
e†ects resemble similar observations for Ni on Ag(111) under
UHV conditions52 and originate from a restructuring of the
Ag substrate steps during Ni growth, leading to partial Ni
island encapsulation, and are discussed in detail in ref. 37.

For longer deposition times a quasi layer-by-layer growth
of the Ni deposit is observed at this potential (Fig. 3f ).
Second-layer Ni islands are formed due to growth of Ðrst-
layer Ni islands on the upper terrace across descending steps,
covering Ni monolayer islands on the lower terrace, or via
nucleation on top of the AgÈNi boundary and at the edges of
Ðrst layer Ni islands (see below). The rates of these processes,
however, are so low that Ni deposition proceeds (at least in
the range of the Ni Ðlm thickness of 3 to 4 layers studied here)
e†ectively via layer-by-layer growth. As a result rather smooth
deposits are formed in this potential regime, as illustrated in
Fig. 4a for a 2 ML Ni deposit, obtained after 15 min deposi-
tion at [0.75 V vs. SCE. The Ni Ðlm is not completely
uniform, but exhibits holes which reach down to the Ag sub-
strate (easily recognizable by the absence of the long-range
pattern, see white arrows) and which are primarily located in
the centers of extended Ag terraces. They are caused by the
almost exclusive formation of Ðrst and higher layer islands at
the Ag steps and the slow lateral growth of Ni islands (see also
next section). The steps of the Ni deposit exhibit straight sec-
tions of up to several hundred in length, which are orientedA�
parallel to the long-range modulation pattern (see also Fig.
10a), i.e., tend to be oriented along the close-packed directions
of the Ni lattice (see below).

High-resolution STM images (Fig. 4b), obtained on the
bilayer island in the center of Fig. 4a, reveal a hexagonal
atomic lattice with a nearest-neighbor spacing of 2.5 i.e.,A� ,
close to that of (111)-oriented bulk Ni. It is superimposed by a
well-ordered long-range modulation, which is slightly rotated
(a \ 5¡ ^ 0.5¡) relative to the atomic Ni lattice. The latter cor-
responds to a pattern, resulting from the lattice mis-moire�
match between the Ag substrate lattice and the Ni adlattice.
The vertical modulation amplitude is rather high for mono-
and bilayer Ðlms (0.6 according to the cross-section in Fig.A�
4c), but decreases with increasing Ðlm thickness (third Ni
layer : B0.4 fourth Ni layer : B0.2 and almost com-A� , A� )
pletely vanishes for thicker deposits ([7 ML). The moire�
lattice spacing K decreases from 21^ 0.5 for Ni monolayersA�

Fig. 4 (a) STM image of a Ni multilayer deposit on Ag(111) depos-
ited for min at [0.75 V vs. SCE (1000] 1000 imagetdep \ 15 A� 2,
recorded at [0.65 V vs. SCE, 2 ML average thickness). (b) Atomic
resolution STM image obtained the Ni bilayer island in the center of
the image in (a), showing the atomic Ni lattice and (c) cross-section
through the maxima of the pattern (indicated by the black linemoire�
in (b)).

to 19.5 ^ 0.5 for bilayer Ni Ðlms and 18^ 0.5 for thickerA� A�
multilayer deposits (average values obtained on di†erent
islands from drift-corrected STM images). The observed di†er-
ences in K are well above the standard deviations for the dis-
tances measured for a given layer thickness. They hence have
to be attributed to a systematic dependence of K on the
number of Ni layers, indicating a Ni lattice expansion with
decreasing Ðlm thickness (see section 4.2). On the larger scale
the pattern is very well ordered and largely free ofmoire�
defects such as domain boundaries (see Fig. 4a). However, a
few dislocations are observed, which result in a long-range
distortion of the hexagonal pattern (see black arrow in Fig.
4a). A more detailed discussion of the Ni lattice structure will
be given in section 4.2.

Ni deposition at medium overpotential (g P 200 mV).
Decreasing the deposition potential by only B40 mV (from
g B 160 mV to g B 200 mV) leads to signiÐcant changes in the
deposit morphology and a crossover from quasi two-
dimensional step Ñow to three-dimensional step decoration
growth. Fig. 5 shows time-resolved STM observations of Ni
deposition at [0.77 V vs. SCE (g \ 210 mV). At this potential
the deposition still proceeds sufficiently slowly to allow in situ
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Fig. 5 STM images from a series of images recorded successively in the same area during Ni deposition on Ag(111) in the Watts electrolyte,
showing the nucleation and growth of Ni multilayer islands at Ag steps (1350] 1350 (a) Initial surface at [0.44 V vs. SCE; (b) minA� 2). tdep \ 2
at [0.77 V vs. SCE (H B 0.07 ML) ; (c) min at [0.77 V vs. SCE (H B 0.46 ML) ; (d) min at [0.77 V vs. SCE (H B 0.76 ML) ; (e)tdep \ 6 tdep \ 8

min at [0.77 V vs. SCE (H B 0.95 ML) ; (f ) min at [0.77 V vs. SCE followed by 1 min at [0.79 V vs. SCE (# B 1.16 ML).tdep \ 15 tdep \ 16

monitoring of the nucleation and growth process. As for low
overpotentials, Ni deposition starts with place exchange on
the terraces and lateral growth of Ni nuclei at the lower
terrace side of the Ag steps (Fig. 5b, indicated by black
arrows). Almost simultaneously, however, second-layer Ni
islands nucleate at the boundary between these Ni monolayer
islands and the upper Ag terrace (white arrows). With increas-
ing deposition time (Fig. 5cÈf ) the Ni islands grow laterally as
well as in height. In a similar process (heterogeneous) nucle-
ation of next-layer Ni islands again occurs, up to the fourth
layer, predominantly at the position of the one-dimensional
NiÈAg boundary (see black arrows in Fig. 5d and e). In addi-
tion, next-layer nuclei are also formed at the edges of the
underlying Ni islands, but to a much smaller extend. The rate
for next-layer (heterogeneous) nucleation is initially high, but
decreases continuously with increasing island height. This is
concluded from the increasing size the top layer can reach
before next-layer nucleation occurs (B50 for second layer,A�
B200 for Ðfth layer), which is a measure for the next-layerA�
nucleation probability due to the constant Ni deposition rate.
A more quantitative description is given in Fig. 6, where the
average height ShT and the aspect ratio SwT/ShT of the Ni
islands, evaluated from the time-resolved STM observations
partly shown in Fig. 5, is plotted as a function of the deposi-
tion time. The values SwT and SwT/ShT are calculated from
the measured average height ShT and the total Ni coverage
per unit step length H@ via :

SwT \
H@
ShT

SwT
ShT

\
H@

ShT2
The observed growth behavior can be rationalized by a simple
model, which is described in detail in section 4.3 and in the
Appendix.

As a consequence of this behavior characteristic deposit
morphologies as shown in Fig. 7 evolve in this overpotential
range. Obviously, Ni is deposited exclusively along the Ag
steps, whereas the inner parts of wider terraces are completely
free of Ni islands. The width and height of the wire-like Ni
deposit is rather uniform, as illustrated by the large-scale
image in Fig. 7a, where the islands are, on average, 8 highA�

and 150 wide. In particular, it is independent of the size ofA�
the adjacent Ag terraces, which can be rationalized only if
material transport from the terraces to the steps is not signiÐ-
cantly limiting for the growth of these islands. On a smaller
scale (Fig. 7b and d) it is clearly discernible that the quasi-1D
deposits along the steps consist of individual, closely-spaced
Ni multilayer islands. The shape of these islands is mesa-like,
i.e., they exhibit a ““ trapezoidal ÏÏ cross-section with steep walls
and a Ñat top (see line scan in Fig. 7c), which strongly di†ers
from that expected for a simple kinetically controlled growth
of multilayer islands. In addition, the STM images again indi-
cate restructuring of the Ag substrate, resulting in the forma-
tion of fjords in the terraces (Fig. 7d, arrows).37

For longer deposition times the Ni multilayer deposit
growth predominantly laterally. As an example, a large scale
image of a B4 ML Ni deposit is shown in Fig. 7e, where the
smaller terraces are completely covered by the Ni multilayer
Ðlm and only the centers of larger terraces still exhibit the
bare Ag substrate (examples marked with arrows). The closed
Ni multilayer Ðlm is apparently relatively smooth and of
rather uniform thickness (B6È8 ML). The Ni coverage in the

Fig. 6 Average Ni island height ShT and island aspect ratio(=)
SwT/ShT as function of time and Ni coverage for deposition at(|)
[0.77 V vs. SCE, evaluated from the series of STM images partly
shown in Fig. 5. In addition, the results of Ðts to a simple kinetic
model of Ni island growth (see text) are shown (solid and dotted
lines).

3356 Phys. Chem. Chem. Phys., 2001, 3, 3351È3363
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Fig. 7 STM images of the multilayer Ni deposit on Ag(111) formed
at medium overpotential in Watts electrolyte and subsequently
recorded at (a) [0.70 V vs. SCE or (bÈe) [0.68 V vs. SCE. (a) tdep \

min at [0.72 V vs. SCE followed by min at [0.77 V vs.20 tdep \ 2
SCE (8500 ] 8500 H \ 1.0 ML) ; (b) min at [0.77 V vs.A� 2, tdep \ 4
SCE (2000 ] 2000 H \ 1.0 ML) ; (c) line scan at the positionA� 2,
marked by the white line in (b) ; (d) min at [0.77 V vs. SCEtdep \ 5
(1200] 1050 H \ 1.0 ML) ; (e) min at [0.78 V vs. SCEA� 2, tdep \ 15
(8000] 8000 H [ 4.0 ML).A� 2,

image in Fig. 7e is higher than that in Fig. 5f, which was
recorded under similar conditions in situ during Ni growth.
This may be related to a lower local step density in the latter
case or, less likely (see below), a slight shielding of Ni di†usion
to the electrode by the scanning tip.

Quantitative evaluations of the coverage H as a function of
deposition time t are presented in Fig. 8 for three deposition
potentials. In all cases an approximately linear dependence is
found. The data at g \ 210 mV (squares) and g \ 170 mV
(circles) were obtained from a series of STM images recorded
in situ during deposition and evaluated by integration of
height and area of the Ni islands. They yield deposition rates
dH/dt of 0.089^ 0.005 ML min~1 and 0.014 ^ 0.001 ML

Fig. 8 Coverage H vs. time plots for overpotentials g \ 210 mV (=),
evaluated from the STM series shown in Fig. 5 (deposition rate
0.089^ 0.005 ML min~1), g \ 170 mV evaluated from a similar(…),
STM series (deposition rate 0.014 ^ 0.001 ML min~1), and g \ 190
mV evaluated from the charges of the Ni dissolution peaks in Fig.(>),
1b (deposition rate : 0.035 ^ 0.001 ML min~1).

min~1, respectively. For comparison, the data shown in Fig.
1b, obtained by cyclic voltammetry on the same Ag(111)
crystal, are reproduced in Fig. 8 (triangles), which give a rate
of 0.035^ 0.001 ML min~1 for g \ 190 mV. Hence, the STM
and electrochemical results are in good agreement, indicating
the absence of strong tip shielding e†ects. A plot of ln(dH/dt)
vs. E suggests a Tafel slope of B50 mV for Ni deposition on
Ag(111), in good agreement with more detailed kinetic
studies.55 A similar analysis for the growth rate of each Ni
layer reveals that at g \ 170 mV the average lateral growth
rates of the Ðrst Ni layer is a factor 11 higher than thatkAg@Niof the second and following layers whereas at g \ 210kNi@Ni ,mV these rates are almost equal This indi-(kAg@Ni/kNi@Ni\ 1.7).
cates a di†erent potential-dependence for Ni layer growth on
the Ni deposit as compared to that on the Ag substrate, which
also will be discussed in section 4.3.

Ni deposition at high overpotential (g P 300 mV). The
growth behavior at overpotentials P300 mV closely resembles
that observed at medium overpotentials, except that for longer
deposition periods, in addition to the preferred nucleation and
growth of 3D islands at the Ag steps, Ni island formation also
occurs in the center of terraces (Fig. 9). Due to the higher
deposition rates, already 10 s deposition at [0.89 V vs. SCE
(g \ 330 mV) results in signiÐcant step decoration (Fig. 9a)
with Ni islands of, on average, 40 width and one or two NiA�
layers height. In the initial stage of deposition only a few iso-
lated islands (marked by arrows) are formed on the Ag ter-
races. After 30 s deposition at this potential (Fig. 9b and c),
resulting in a total Ni coverage of B1 ML, the amount of
islands on the terraces has substantial increased (1.2 ] 1011
cm~1 average density in the center of larger terraces). Possible
nucleation mechanisms, responsible for the formation of these
islands in this potential regime, will be discussed below
(section 4.3). The islands at the steps and on the terraces in
Fig. 9b and c exhibit a mesa-like shape with an almost
““ rectangular ÏÏ cross-section (see also the cross-section shown
in Fig. 9d). The island size distribution of the islands on the
terraces is considerably broader than that of the islands at the
steps, which is attributed to di†erences in the nucleation

Fig. 9 STM images of the multilayer Ni deposit on Ag(111) formed
at high overpotentials in the Watts electrolyte and subsequently
recorded at (a) [0.68 V vs. SCE and (b, c) [0.67 V vs. SCE. (a)

s at [0.89 V vs. SCE (2000] 2000 H \ 0.2 ML), (b, c)tdep \ 10 A� 2,
s at [0.89 V vs. SCE ((b) 8500] 8500 (c) 2000] 2000tdep \ 30 A� 2,

H \ 1.0 ML) ; (d) line scan at the position marked by the whiteA� 2,
line in (c).
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behavior. Whereas for the latter islands a saturation density of
island nuclei is formed at high overpotentials in the Ðrst
seconds of the deposition process (see Fig. 9a), the former
nucleate more progressively, with the larger islands being
formed in the earlier stages of deposition. The average height
ShT and diameter SwT are 15 (corresponding to 7 to 8 NiA�
layers) and 100 for the islands at the steps and 14 and 130A� A�
for the islands on the terraces, respectively, indicating that
although the nucleation rate on the terrace is initially slower,
these islands (on average) grow faster. This can be rationalized
by the signiÐcantly lower island density on the terraces as
compared to that along the steps, which leads to a lower
depletion of the Ni2` ion concentration in front of the elec-
trode surface and, correspondingly, to higher local growth
rates of the islands on the terraces. Furthermore, comparison
with the SwT and ShT values for the islands at the step edges
obtained at medium overpotentials for similar Ni coverages,
reveals a decrease in aspect ratio and an increase in the slope
of the island edges with increasing overpotential.

Ni dissolution. According to the CV and EQCM results in
section 3.1, the dissolution of the Ni deposit commences at
potentials between [0.45 and [0.4 V vs. SCE. The STM
images in Fig. 10 were recorded during an experiment, where
the potential was gradually increased, starting from a deposit
consisting of extended one- or two-layer high Ni islands
(recognizable by the pattern on top). Noticeable Ni dis-moire�
solution commenced between [0.45 (Fig. 10a) and [0.41 V
vs. SCE (Fig. 10b). According to these images, the Ni deposit
dissolves via a step Ñow mechanism, without formation of
etch pits in the Ni layer. During dissolution dents are formed
in the Ni island edges (see arrow in Fig. 10b), leading to con-
siderable roughening of the initially smooth Ni steps during
the dissolution process. At more positive potentials the disso-
lution rate increased, as illustrated by the dissolution of the Ni
bilayer island in the upper half of the images, which is reduced
B50% in size within 6 min (Fig. 10c and d). Under these con-
ditions even the transient formation of small islands in front of
the step edges can be observed (see black arrow in Fig. 10c).
They can be rationalized by a highly non-uniform Ni removal
along the step edges, which causes the separation of more

Fig. 10 STM images from a series of images recorded successively in
the same area during anodic dissolution of the Ni deposit on Ag(111)
in Watts electrolyte (900] 900 (a) [0.45 V vs. SCE,A� 2). tdiss \ 0
min ; (b) [0.41 V vs. SCE, min ; (c) [0.31 V vs. SCE,tdiss \ 18 tdiss \min; (d) [0.31 V vs. SCE, min.28 tdiss\ 34

stable areas from the main island. Interestingly, the disso-
lution of the Ðrst Ni layer is more rapid than that of the
higher layers. This behavior is found at [0.45 V vs. SCE (Fig.
10a and b), where dissolution occurs almost exclusively at the
Ðrst layer, as well as at [0.31 V vs. SCE (Fig. 10c and d, white
arrows). It can be explained by a lower stability of Ni on Ag
as compared to Ni on Ni, which will be discussed in more
detail in section 4.4. As a consequence, dissolution of two-
layer-high Ni islands proceeds by simultaneous removal of
both Ni layers (i.e., the bilayer step is maintained). Finally, as
during Ni deposition, Ni dissolution is accompanied by
restructuring of the Ag substrate. In particular, the ridge
between the two holes in the Ag surface (marked with a black
arrow in Fig. 10d) widens due to the incorporation of Ag
atoms. The origin of this additional material will be addressed
in the Discussion.

4. Discussion

4.1. Deposition overpotential and deposition rates

The three di†erent methods used in this study, in situ STM,
CV and EQCM, all Ðnd the onset of Ni deposition on Ag(111)
at the same overpotential of B160 mV. This overpotential is
signiÐcantly higher than that required for Ni deposition on
Au(111) (80 mV3) although in both cases a (111)-oriented Ni
Ðlm is formed. This indicates that the nucleation of Ni islands
is kinetically more hindered on the Ag(111) substrate, which
can be rationalized by two e†ects : First, the enthalpy of
mixing for Ni atoms in the substrate metal is higher for Ag
(]0.80 eV atom~1) than for Au (]0.13 eV atom~1),41 sug-
gesting that the energetic cost of the Ni/Ag interface is higher
than that of the Ni/Au interface. Second, as also indicated by
the anion desorption in the EQCM data, the potential of zero
charge of Ag(111) ([0.7 V vs. SCE40) is signiÐcantly more
negative than that of Au(111) (0.2 V vs. SCE56) and the depo-
sition of a cationic complex should consequently be retarded
on the former substrate.

The Ni deposition rate was measured by quantitative
analysis of in situ STM data, voltammetric Ni stripping
experiments, and EQCM. According to Fig. 9, a good corre-
lation exists between the STM and the CV experiments for
low coverages and overpotentials. Furthermore, the Tafel
slopes estimated from the STM and CV data in Fig. 8 and the
EQCM data in Fig. 2c are in good agreement. However, there
is poor agreement between the absolute rates obtained by the
two former methods and the EQCM experiments, which yield
approximately seven times higher rates. This di†erence is most
likely caused by the much higher roughness and heterogeneity
of the Ag thin Ðlm samples used in the EQCM experiments as
compared to the Ag(111) single crystal used in the other
experiments.35,42 Since Ni nucleation and growth occur pref-
erentially at Ag steps, the increased roughness of the surface
and the resulting higher step density should cause a corre-
spondingly higher deposition rate. In view of this dependence
on the surface morphology, it seems more meaningful to
measure the deposition kinetics in rates that are normalized
by the Ag step length, which can be easily done for those
obtained from the in situ STM experiments. For the data
shown in Fig. 8, we Ðnd (3.3^ 0.2)] 10~5 ML min~1 A� ~1
and (2.6^ 0.2)] 10~6 ML min~1 at g \ 210 andA� ~1
g \ 170 mV, respectively.

4.2. Structure of the deposited Ni Ðlm

The STM data clearly indicate a hexagonal atomic Ni lattice
with a lattice spacing similar to that in bulk Ni and a well-
deÐned orientation relative to the Ag(111) substrate lattice.
Due to the lattice mismatch between Ni and Ag (nearest-
neighbor spacings correspondingdNi \ 2.49 A� , dAg \ 2.89 A� ,
to 14% misÐt), Ni atoms cannot occupy solely the energeti-

3358 Phys. Chem. Chem. Phys., 2001, 3, 3351È3363

Pu
bl

is
he

d 
on

 2
5 

Ju
ly

 2
00

1.
 D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
17

/0
9/

20
16

 0
3:

55
:1

7.
 

View Article Online

http://dx.doi.org/10.1039/b103354a


cally favored three-fold hollow sites of the substrate, but must
also reside on the less-favorable bridge sites and on-top sites,
resulting in a long-range vertical modulation. Analysis of this

pattern allows a precise determination of the admetalmoire�
lattice structure. From the nearest-neighbor distance K of the

pattern maxima and the angle a between the Ni atomicmoire�
rows and the rows of the maxima the admetal atomicmoire�
spacing and rotation angle X relative to the substratedNilattice are obtained via :57

K\
dAgdNi

JdAg2 ] dNi2 [ 2dAg dNi cos X

a \ X] arcsin
A K
dAg

sin X
B

Using the K and a values obtained from Fig. 4b the rotational
epitaxy angle of the Ni adlatice is evaluated to be
X\ 0.6¡ ^ 0.1¡. For small X and (X\ 1¡ andK/dAg K/dAg \

these equations simplify to (relative error in X is10) dAg ,
\0.1%) :

dNi B
dAg K

dAg ] K

XB
a

1 ] K/dAg
With the Ðrst of these equations the dependence of the Ni
nearest-neighbor spacing on the deposit thickness can be
determined from the di†erent spacings, measured on Nimoire�
islands of di†erent height. For three-layer-high (and higher)
islands the average spacing is 18 ^ 0.5 resulting inmoire� A� ,

which is in good agreement with the bulkdNi\ 2.49 ^ 0.01 A� ,
Ni spacing. In contrast, one- or two-layer-high islands exhibit

spacings K of 21 and 19.5 corresponding to NiÈNimoire� A� ,
distances of 2.54 and 2.52^ 0.01 respectively. TheseA� ,
changes do not correspond to changes in the top Ni layer only
(in that case two incommensurate interfaces, each with its own

spacing would result), but to a uniform change in themoire�
in-plane lattice spacing of the entire Ni Ðlm. The 4% expan-
sion of the Ni monolayer relative to the Ni bulk can be
rationalized by energetic contributions from the Ni/Ag and
possibly the Ni/electrolyte interface, speciÐcally from the
balance between lattice strain and misÐt energy. Deviations
from bulk lattice spacings are also known for other ultra-thin
metal Ðlms with incommensurate lattice structure deposited
under UHV conditions systems58 or electrochemically, e.g.,
for the electrodeposition of Tl on Ag(111)59 and Ag(100).60 In
the latter cases, however, the monolayer was not expanded as
for Ni on Ag(111), but compressed with respect to thicker
Ðlms or the admetal bulk. The di†erent behavior most prob-
ably results predominantly from the di†erent sign of the lattice
misÐt, which is negative for Ni on Ag(111) but(dNi\ dAg)positive for the other systems. By relaxation of the admetal
lattice towards a smaller misÐt with the substrate lattice, the
misÐt energy can be reduced, an e†ect which is most dominant
for monolayer deposits. In addition, energetic di†erences
between these systems might play a role : whereas Tl on
Ag(111) is an underpotential deposition (UPD) system, i.e., the
bonding between the Ag substrate and the Tl adlayer is
stronger than the interaction between Tl adatoms, Ni adatoms
interact less strongly with Ag than with Ni (see section 4.1). As
a consequence, a higher admetal packing density is favored in
the former system, but not in the latter. With increasing thick-
ness the energy contribution due to Ni lattice strain domi-
nates over that of the interface energy and the Ni lattice
relaxes gradually to its bulk value. For Ni on Ag(111) as well
as Tl UPD on Ag59,60 the inÑuence of the Ag/Ni interface on
the lateral spacing e†ectively seem to be limited to the Ðrst
two Ni layers. The lattice modulation in contrast disap-moire�

pears only for island heights exceeding 5 to 6 layers, suggest-
ing a slower relaxation with thickness of this vertical
distortion.

In contrast to the electrochemical environment, where a
pattern is observed already on Ni monolayer islands, Nimoire�

islands deposited on Ag(111) under UHV conditions do not
exhibit a pattern up to the second layer reÑectingmoire�
pseudomorphic growth in the Ðrst two layers. This appears
only in the third layer, with a spacing of B18 A similarA� .52
di†erence exists also for Ni on Au(111), where a patternmoire�
indicating a bulk-like Ni spacing is found on Ni monolayers
formed by electrodeposition,2,3 whereas monolayer islands
deposited from the gas phase grow pseudomorphically.61
Apparently, the presence of the electrolyte stabilizes the
incommensurate Ni(111)-like structure. A possible explanation
for this e†ect is a weakening of the NiÈsubstrate bond due to
adsorption of electrolyte species (anions, water) on the Ni
deposit.2

Despite the similar atomic scale structure, the morphology
of the Ni deposit on Ag(111) and Au(111) di†ers strongly. On
Ag(111) the pattern is very well ordered and almost freemoire�
of defects (e.g., domain boundaries), apart from a few dis-
locations leading to a long-range distortion of the hexagonal
pattern. In contrast, Ni monolayers formed by electrodepo-
sition on Au(111) exhibit a highly defective pattern indi-moire�
cating a high defect density.3,6 The Ðlm thickness in this
system, however, is much more uniform than on Ag(111),
where holes in the Ni deposit reaching down to the substrate
are frequently observed. The lower defect density and the less
uniform thickness of the Ni deposit on Ag(111) can both be
explained by the nucleation and growth behavior on these
surfaces (see below) : whereas Ni nucleation on Ag(111) is
limited largely to the Ag steps, from where the nuclei grow
laterally onto the terraces, nucleation on Au(111) can also
occur within the terraces at elbows of the Au reconstruc-
tion,1,3 resulting in a much higher density of Ni islands (with
usually incoherent lattices due to the incommensurate adlat-
tice structure).

4.3. Ni nucleation and growth

The results described in section 3.2 reveal several remarkable
aspects about the electrochemical growth of Ni on Ag(111) : (i)
the amount of deposited material along the steps is indepen-
dent of the size of the neighboring terraces, indicating that
material transport from the terraces does not contribute sig-
niÐcantly to the island growth ; (ii) a crossover from two-
dimensional to a three-dimensional Ni growth occurs with
increasing overpotential and (iii) the shape of the Ni islands
depends on the overpotential. These aspects as well as the role
of structural defects on the Ni nucleation and growth will be
discussed in this section.

The Ðrst e†ect can be explained by a ““direct depositionÏÏ
mechanism, where Ni2` ions can only be discharged (and sub-
sequently incorporated) at step or kink sites, but not, or at a
much lower rate, at sites on the terraces, due to substantially
di†erent activation barriers for the ion transfer reaction at the
two types of sites. The role of direct transfer in metal deposi-
tion processes was Ðrst recognized by Gerischer, based on
theoretical considerations.62 Noteworthy among the rare
experimental conÐrmations of this mechanism are the optical
microscopy studies of Ag homoepitaxial deposition on
Ag(100) electrodes by Bostanov et al., where the propagation
rate of Ag multilayer steps was found to be independent of the
step height.63 Direct transfer is believed to be a general phe-
nomenon in electrochemical metal deposition and dissolution.
It is commonly assumed, however, that it accounts for only a
fraction of the deposited atoms and that a signiÐcant contri-
bution results from atoms, which are deposited as adatoms on
the terraces.45 Our results, which show an identical amount of
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deposited Ni for steps with adjacent terraces di†ering by a
factor 10 or more, indicate a di†erent scenario for Ni electro-
deposition on Ag(111), with the Ni islands being almost exclu-
sively formed via direct deposition and the deposition via
adatoms being rather small. On the other hand, direct deposi-
tion alone cannot account for the observed Ni place exchange
on the Ag terraces, which indicates that even at low over-
potentials Ni adatom deposition is not completely impossible.
For molecular beam epitaxial growth under UHV conditions
direct deposition is of course not possible. Consequently,
UHV-STM results for Ni on Ag(111) show a clear inÑuence of
the width of the neighboring terraces on the Ni island size.52
The direct transfer mechanism in the electrochemical environ-
ment can hence improve the homogeneity of the deposited
islands on the lm scale and reduce the sensitivity of the island
size on the substrate morphology, an e†ect which may be
useful for the controlled preparation of metal nanostructures.

The crossover from 2D to 3D growth can be rationalized in
a simple kinetic model where the (direct) deposition at various
surface sites is assumed to depend di†erently on the deposi-
tion potential. In this model we consider Ni deposition at
three di†erent surface sitesÈNi step edges on the Ag sub-
strate, Ni step edges on the Ni adlayer, and the defect sites on
top of the Ag/Ni boundary (see Fig. 11a)Èwhich deÐne the
lateral growth rate of the Ðrst Ni layer on Ag thekNi@Ag ,lateral growth rate of the second and higher Ni layers on top
of Ni islands and the rate of next-layer nucleationkNi@Ni , knucl(see below), respectively. The Ni deposition rates (Fig.kNi@Ag11b, solid line) and (Fig. 11b, dashed line) are assumedkNi@Nito exhibit a Tafel behavior, i.e., withkNi@XP exp(aNi@X g)
X\ Ag, Ni, where are the Tafel slopes. Furthermore, weaNi@Xassume that the rate for the (heterogeneous) nucleation of
second- or higher-layer admetal islands required forknucl ,multilayer growth, is negligibly small as compared to atkNi@Agthe onset of Ni deposition, but increases much more rapidly
with overpotential, either due to a larger Tafel slope (Fig. 11b,
dotted line) or due to a completely di†erent potential depen-
dence, e.g., and Ðnally becomesknuclP exp([anucl g~1),45
comparable or even larger than In this case, nucleationkNi@Ag .on top of the NiÈAg boundary is kinetically hindered at low g
(regime I in Fig. 11b), resulting in the predominantly lateral
growth of a Ñat deposit. At higher g (regime II) the next-layer
nucleation rate i.e., the vertical island growth rate,knucl ,

Fig. 11 Schematic illustration of (a) the Ni island geometry and the
elementary nucleation and lateral growth processes, (b) the depen-
dence of the rate of the di†erent processes on overpotential, with

and indicated by solid, dashed, and dotted lines,kNi@Ag , kNi@Ni knuclrespectively, and (c) the structural defect at the NiÈAg boundary
caused by the di†erence in atomic radius between Ni and Ag.

increases and multilayer islands are formed. A similar varia-
tion of the initial (Ðrst layer) island nucleation rate could
explain the increase in Ni island density along the steps with
increasing overpotential.

With the above model the change in the Ni island shape
with overpotential can also be rationalized. The increase in
aspect ratio with g is a direct consequence of the faster
increase of the vertical (i.e., as compared to the lateralknucl)growth rate (i.e., Furthermore, the change from akNi@Ag).““ trapezoidal ÏÏ island cross-section at medium g to an almost
““ rectangular ÏÏ one at high g can be attributed to a di†erent
potential dependence of the Ni growth rate on Ag and(kNi@Ag)on existing Ni islands At low g the lateral growth of(kNi@Ni) :second and higher layer Ni islands on the underlying Ni layer
proceeds rather slowly, i.e., leading to akNi@NiO kNi@Ag ,““ trapezoidal ÏÏ shape. In contrast, at high g (regime III in Fig.
11b) the ““ rectangular ÏÏ island shape indicates a much faster Ni
growth on Ni islands than on the Ag substrate (i.e., kNi@NiAwhere the second and higher layers spread rapidlykNi@Ag),across the entire Ni island. The lateral island size is then
determined by the growth rate of the Ðrst layer. According to
this scenario, the relatively uniform width of the multilayer
islands does not result from an intrinsic limitation (e.g., strain
e†ects) but solely from the growth kinetic.

At low or medium overpotentials nucleation of second Ni
layer islands occurs almost exclusively at the structural defect
given by the NiÈAg boundary. The lattice distortion induced
by this boundary also continues into the second and higher Ni
layer, however, it is gradually removed with increasing island
thickness due to lattice relaxations (Fig. 11c). Consequently,
the probability for heterogeneous nucleation at this position
should continuously decrease with increasing island height,
resulting in a crossover to a more lateral growth. This is in
good agreement with the STM data, which Ðnd this crossover
at a thickness of 5 to 6 layers. Interestingly, the same length
scale was found for the vertical relaxation of the periodic
lattice distortion induced by the AgÈNi lattice mismatch, i.e.,
the pattern (see section 4.2). The observed change ofmoire�
average height and width as a function of deposition time
(Fig. 6) can be quantitatively described by a simple two-
dimensional model, which is presented in the Appendix. Fur-
thermore, this nucleation and growth behavior is also in good
agreement with the EQCM data (Fig. 2b), which show a slow
increase in deposition rate at short deposition times, reÑecting
the nucleation and vertical island growth, and a constant
deposition rate at longer times, where the islands grow pre-
dominantly lateral onto terraces (i.e., via deposition at an
approximately constant number of step sites). Preferential
nucleation at the positions of substrate steps, although less
exclusively, was also reported for the electrodeposition of Cu
on Au(111)64 and Au(100)65 and of Ni on Au(111),3 suggesting
that this is a quite common phenomenon in electrodeposition.
In addition, our STM observations reveal that next-layer Ni
islands occasionally also nucleate at the Ni island edges. This
behavior might be caused by the formation of a NiÈAg
boundary at these edges due to (partial) encapsulation of the
Ni islands by Ag surface atoms. The latter e†ect can be
directly observed in time-resolved series of STM images and is
discussed in detail in ref. 37.

At high overpotentials Ni multilayer islands not only form
along the steps, but also within the terraces of the Ag sub-
strate. This might be attributed simply to homogeneous nucle-
ation or to an alternative mechanism, proposed in an STM
study of Ni deposition on Ag(111) under UHV conditions,
where a very similar morphology was found.52,54 In this study
the formation of islands within the terraces was explained by
two e†ects : At low temperatures the Ni islands apparently
form via homogeneous nucleation, whereas at elevated tem-
peratures heterogeneous nucleation on top of substitutional
Ni atoms within the Ag surface layer was suggested. Since a

3360 Phys. Chem. Chem. Phys., 2001, 3, 3351È3363
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transition temperature between 300 and 400 K was estimated
in that study, a signiÐcant contribution by both of these pro-
cesses is expected at room temperature. Our STM results indi-
cate that, similar as under UHV conditions, substitution of Ag
surface atoms by Ni via a place exchange mechanism also
occurs (at all overpotentials) in the electrochemical environ-
ment. For this reason, it is not unlikely that the formation of
multilayer islands during electrodeposition at high g is (partly)
caused by this heterogeneous nucleation mechanism. At low
or medium overpotentials, in contrast, the stabilization of Ni
island nuclei by substitutional Ni atoms seems to be too small,
e.g., due to a lower Ni adatom density on the terraces.

The complex behavior found in this system, especially the
transition from two-dimensional step-Ñow to selective nucle-
ation and growth of 3D islands at steps to 3D growth at steps
and on terraces with increasing overpotential, can be
employed for the controlled preparation of admetal structures
with well-deÐned nanometer scale morphology. In particular
the magnetic and electronic properties of such nanostructured
Ni/Ag surfaces are of potential interest, since composite
systems of ferromagnetic and nonmagnetic metals with dimen-
sions in the nm range often exhibit unusual behavior, such as
giant magnetoresistance. Compared to previous magnetic
nanostructures,66 Ni electrodeposits on Ag(111) may o†er
various advantages. First, the size of the resulting Ni multi-
layer islands is rather uniform on the lm scale, since the
dimensions of the deposited islands do not depend on the size
of the adjacent terraces and the height of the deposits is rela-
tively uniform due to the ““ self-limiting ÏÏ vertical growth.
Second, the formation of Ni ““nanowires ÏÏ along the steps is
highly selective and can be easily achieved at deposition
potentials between [0.77 and [0.84 V vs. SCE. As found in
recent studies,67 Ni ““nanowires ÏÏ with very deÐned spacing,
i.e., highly anisotropic deposits, can be prepared by deposition
on vicinal Ag surfaces.

4.4. Dissolution mechanism

The anodic dissolution of the Ni deposit on Ag(111) proceeds
via a step-Ñow mechanism, with a non-uniform etch rate along
the Ni island edges. In stark contrast, the dissolution of ultra-
thin Ni Ðlms on Au(111) electrodes proceeds via formation of
multilayer pits (usually reaching down to the Au substrate)
and their subsequent lateral growth,3 despite the identical Ni
lattice structure. We attribute this di†erence to the consider-
ably higher defect density in the Ni deposit on Au(111) as
compared to that on Ag(111) (see section 4.2). Apparently, the
incoherent domain boundaries between the Ni grains can act
as pit nucleation sites. For bulk (oxide free) Ni(111) an inter-
mediate behavior was reported in in situ STM studies of the
dissolution process in sulfuric acid solution :68h71 While in
some studies a step Ñow etching was found at low dissolution
rates,68,71 in other cases, in particular at higher rates, the for-
mation of pits was observed.69h71 In analogy to our obser-
vations on epitaxial Ni(111) Ðlms, formation of pits might also
on bulk Ni(111) be related to the presence of structural
defects. In addition, the STM observations show that the dis-
solution rate for the bottom Ni layer, i.e., the layer at the
Ni/Ag interface, is higher than that of the second and higher
Ni layers. This can be explained by a less favorable NiÈAg
interaction as compared to the interaction between Ni atoms
(see section 4.5).

4.5. Admetal–substrate interaction

The nucleation and growth of Ni islands is accompanied by
signiÐcant changes in the Ag(111) substrate. As shown in ref.
37, these can be rationalized by a partial encapsulation of the
Ni islands via Ag surface atom di†using along the Ag step
edges. In a similar way, the changes in the Ag substrate upon
dissolution of the Ni deposit can be attributed to a release of

the Ag atoms surrounding the Ni islands. The tendency for
encapsulation is in agreement with the observed place
exchange of Ni with Ag surface atoms and was also found for
Ni on Ag(111) under UHV conditions.52 The STM data
strongly indicate, however, that the Ni islands are not com-
pletely encapsulated, but that Ag atoms attach solely along
the island edges. If the top of the islands would be covered by
a Ag layer the pattern amplitude would be independentmoire�
of the island thickness rather than decay with increasing layer
number, as observed experimentally.

The observed tendency towards Ni island encapsulation
indicates a stronger bonding of Ag atoms to the Ni deposit
than to the Ag substrate. On the other hand, a less favorable
NiÈAg interaction as compared to the interaction between Ni
atoms is required to rationalize the EQCM measurements, the
growth behavior at medium and high overpotentials, and the
dissolution behavior. Both conditions can be fulÐlled simulta-
neously only if the bond energies decrease in the order NiÈ
Ni[ NiÈAg[ AgÈAg. Support for this sequence comes from
thermodynamic data, which report a higher crystal lattice
enthalpy (*H298(Ni gas) \ 429.7 kJ mol~1, (*H298(Ag
gas) \ 284.9 kJ mol~1) as well as a higher diatomic bond
energy kJ mol~1, kJ mol~1) for Ni(ENihNi\ 203 EAghAg\ 163
than for Ag.72 Furthermore, a simple estimate of the NiÈAg
interaction energy from the lattice enthalpies and the enthalpy
of mixing (0.8 eV~1 atom~141), where the latter is assumed to
depend only on the bond energy di†erences between nearest
neighbors, gives a value in between those of NiÈNi and
AgÈAg. These trends are in agreement with density functional
calculations, which indicate pronounced segregation of Ni
into Ag(111).73

5. Conclusion
We have presented a comprehensive in situ STM, EQCM, and
electrochemical study of Ni deposition and dissolution on
Ag(111) electrodes, which gives detailed insight into the struc-
ture and morphology of the Ni deposit, the underlying nucle-
ation and growth processes, and the interactions of Ni and Ag
substrate atoms. In summary, the following results were
obtained :

Ni electrodeposition on Ag(111) requires nucleation over-
potentials g P 160 mV, which is signiÐcantly higher than for
Ni deposition on Au(111). This may be related to the higher
energetic cost for the formation of the substrateÈadmetal
interface or the more negative potential of zero charge of Ag.

The Ni deposit exhibits a well-ordered, (111)-oriented,
incommensurate lattice, with the Ni adlayer being slightly
rotated (B0.5¡) with respect to the Ag substrate lattice.
Whereas the in-plane atomic spacing in Ni islands of three or
more layers thickness is close to that of bulk Ni (2.49 anA� ),
expanded lattice is found for monolayer (2.52 and bilayerA� )
(2.54 Ni islands.A� )

With increasing overpotential three di†erent growth
regimes with di†erent deposit morphologies are found : 2D
step-Ñow growth of a smooth Ni Ðlm (160 mV O g O 200 mV),
selective 3D island growth along the Ag steps (200
mVP g P 300 mV), and 3D island growth along the steps and
on the terraces of the Ag substrate (g P 300 mV). The trans-
formation from 2D to 3D growth can be rationalized by a
more rapid increase in the rate of next-layer nucleation (i.e.,
vertical island growth rate) than the lateral island growth rate.
This model can also explain the dependence of the island
shape on the overpotential.

The island dimensions are independent of the local sub-
strate morphology, in particular of the width of the neighbor-
ing Ag terraces, indicating that Ni direct discharge at step
sites plays an important role in Ni deposition.

Based on the observation that next-Ni-layer nucleation pro-
ceeds predominantly at the structural defects induced by the
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NiÈAg boundary in the bottom layer, the growth and shape
evolution of the Ni multilayer islands on top of the Ag steps
can be described quantitatively.

The Ni Ðlm dissolves via a step-Ñow mechanism, with a
non-uniform etch rate along the Ag steps. The dissolution rate
for Ni monolayer islands is higher than that of second and
higher Ni layer islands, which might be explained by a lower
stability of the Ni monolayer caused by the energetically unfa-
vorable Ag/Ni interface.

Ni electrodeposition and dissolution is accompanied by a
substantial rearrangement of the Ag substrate. This can be
attributed to pronounced NiÈAg interactions, such as place
exchange of Ni with Ag surface atoms and partial encapsula-
tion of Ni islands by Ag, as also found for Ni deposition on
Ag(111) under UHV conditions.

In summary, Ni electrodeposition on Ag(111) exhibits a
complex, potential-dependent growth behavior, which may
o†er interesting opportunities for the controlled formation of
nanostructured electrode surfaces.
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Appendix : island growth model
To describe the average height and the aspect ratio of the Ni
multilayer islands on top of the Ag steps as a function of
deposition time (see Fig. 6), we have developed a simple model
where only island growth along the surface-normal direction
and perpendicular to the step (i.e., in the plane shown in Fig.
11a and c) is considered and growth along the step direction is
neglected. In this model we assume that the nucleation of the
next Ni layer, which deÐnes the vertical island growth rate
dh/dt, occurs exclusively at the structural defect in the Ni
surface layer, induced by the AgÈNi boundary in the bottom
layer. The probability for this heterogeneous nucleation
process is assumed to decrease with increasing island height
due to the gradual relaxation of the Ni lattice (see Fig. 11c), as
described in the following.

On top of the AgÈNi boundary, i.e., the former Ag step, the
vertical mismatch of Ag and Ni lattice produces a strain Ðeld
in the deposit which resembles that produced by dislocation
lines in a solid crystal. It can be estimated using continuum
elasticity theory. According to this theory the strain u in the
top Ni layer directly above the AgÈNi boundary decays
inversely proportional to the distance to the topological
defect,74 i.e., with the Ni island thickness h :

u P h~1

We further assume that the adatom binding energy E and the
hopping barrier for surface di†usion (i.e., the relevantEdiffenergy terms for the formation of a critical nucleus of size
i\ 0 and i\ 1, respectively) depend linearly on the lattice
strain u, as recently shown by density functional calculations
for Ag adatoms on strained Ag(111) and Pt(111) substrates :75

E\ E0] Estrain\ E0 ] K@u \ E0 ] KAh~1

Ediff\ Ediff, 0 ] Ediff, strain\ Ediff, 0 ] KÓh~1

with K@ and KA being constants. Assuming a critical nucleus
of size i\ 0,45 the nucleation rate at the defect site is given
by :76h78

l\ l0 exp
A E
kT
B

\ l0 exp
AE0
kT
BAKA

kT
1

h
B

Similar results are obtained for critical nuclei i [ 0, where the
exponent is modiÐed by an energy term resulting from the
di†usion barrier.76h78

On the other hand, the next-layer nucleation rate l is identi-
cal to the vertical island growth rate dh/dt, i.e. :

dh
dt

\ l0 exp
AKA
kT

1

h
B

\ l0 exp
Aa
h
B

; a 4
KA
kT

which can be easily solved as (Ei being the exponential
integral) :

t(h) \
P

l0~1 exp
A
[

a
h
B
dh

\
a
l0

Ch
a

exp
A
[

a
h
B

[ Ei
A
1,

a
h
BD

This relation provides a good Ðt to the experimentally
observed island growth behavior (Fig. 6) for ShT P 3 for an
additional strain-induced energy meVEstrain\ KAh~1 \ 130
h~1 for nucleation on top of an h-layer-thick Ni deposit (solid
line in Fig. 6). With increasing deposit height this additional
energy should asymptotically approach zero, corresponding to
an increasingly homogeneous next-layer nucleation. In con-
trast to the vertical growth rate, the rate of lateral island
growth, is independent of the island thickness, resultingkNi@Ag ,in an increasing aspect ratio SwT/ShT with height. The devi-
ation of the Ðt from the experimental data for ShT \ 3 layers
is not surprising in view of the employed approximation of the
strain by continuum elasticity theory, which should break
down for distances of a few atomic spacings.
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