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Overpotential-Controlled Nucleation of Ni Island Arrays on Reconstructed Au(111)
Electrode Surfaces
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In situ scanning tunneling microscopy observations on Ni electrodeposition on reconstructed
Au(111) electrodes are presented, which reveal that Ni nucleation proceeds in three distinct, potential-
dependent steps: place exchange of Ni with Au atoms at the elbows of the herringbone reconstruction
(overpotentialy = 0 mV), nucleation of Ni islands on top of these substitutional Ni atoms=(

80 mV), and nucleation at the step edges of the Au substrate= (100 mV). This allows one to
selectively control the growth via the potential and, in particular, to create nanostructures composed of
regularly spaced Ni islands. [S0031-9007(96)01900-X]

PACS numbers: 68.55.—a, 61.16.Ch, 81.15.Pq

The spontaneous formation of nanostructures by epitaxperformed in modified Watts electrolyté(( >MH;BOs,
ial growth of submonolayer films has raised considerabld0~*M HCI, and 1073M NiSQ;) prepared from supra-
interest [1-10]. A prominent example is metal deposi-pure HBO; and HCI, p.a. grade NiSpand Milli-Q wa-
tion on reconstructed Au(111l), where regular arrays ofer. At the beginning of each experiment the Au sample
admetal islands can be formed by preferential nucleatiowas freshly prepared by flame annealing [15] and then
at uniformly spaced dislocation sites of the reconstructeémmersed into the electrolyte at0.2 V. The potentials
Au surface layer. As revealed by scanning tunneling mi-of sample and tip were controlled potentiostatically ver-
croscopy (STM) studies in ultrahigh vacuum (UHV), Ni sus an AgAgCI (KCI sat.) reference electrode with the
[4-7], Co [8,9] , and Fe [5,10] exhibit this nucleation be- tip potential usually kept 50—100 mV below the sample
havior, while for other metals this preferential nucleationpotential. STM images were obtained in constant current
was not observed [5,6,11]. In contrast to these studies ahode with tunneling currents between 1 and 10 nA and
deposition under UHV conditions the assembly of simi-are presented as top view images with lighter colors cor-
lar nanostructures by electrochemical methods has not ye¢sponding to higher surface areas.
been reported. Here we presémsitu STM observations Prior to the STM measurements, cyclic current-voltage
of the Ni electrodeposition on reconstructed Au(111) eleceurves (voltammograms) of Au(111) in the modified
trodes which demonstrate that depending on the overpdatts electrolyte were recorded in a separate electrochem-
tential n = U — Uwme/me:+ (Ume/me:+ 1S the correspond- ical cell. The onset of nickel deposition manifests itself
ing Nernst potential) distinctly different nucleation behav-as a broad shoulder on the large negative current caused
ior occurs: (a) place exchange with Au atoms at the disby hydrogen evolution and hence Ni deposition cannot
location sites of the reconstructed Au surface, (b) growtltbe assessed from the negative potential sweep. Instead,
of Ni islandson top of the substitutional Ni, and (c) nu- the amount of Ni deposition was estimated by maintain-
cleation of Ni islands at step edges. In particular, (a) andhg a fixed deposition potential for up to 15 min and then
(b) lead to the selective nucleation at regularly arrangedneasuring the charge in the Ni dissolution peak, which is
sites on the Au surface in a narrow potential regime, alshifted to—0.2 V, well above the range of hydrogen evo-
lowing the formation of similar nanostructures as obtainedution. According to these stripping experiments, mea-
under UHV conditions. The activation of qualitatively dif- surable Ni deposition starts at abou0.60 V, i.e., well
ferent nucleation and growth mechanisms with increasindgpelow the NyNi?>* Nernst potential—0.52 V). In par-
overpotential, a phenomenon proposed long ago to explaiticular, no underpotential deposition (UPD) is observed
electrochemical measurements [12], can be rationalized bipr Ni on Au(111). This is in agreement with previous
an energetic preference for the place exchange and diffeelectrochemical and quartz microbalance studies on poly-
ent kinetic barriers for the nucleation at the variamstop  crystalline Au, which also found large overpotentials for
sites. Finally, then situ observation of these distinct nu- Ni deposition [16,17]. The overpotential is rather inde-
cleation steps allows one to unanimously assign prefererpendent of the electrolyte composition with experiments
tial place exchange as the physical origin for preferentiain pure Ni sulfate or Ni nitrate solution resulting in only
nucleation at the dislocation sites, as was recently proposeslightly higher overpotentials [18]. The anodic shift of
based on UHV-STM observations of very low Ni cover- the Ni dissolution peak has been attributed to stabilization
ages on Au(111) and on thermodynamic considerations [7bf the deposit by coadsorbed (or absorbed) hydrogen [19].

A detailed description of the home-built electrochemi-In subsequent potential sweeps the cyclic voltammogram
cal STM used in the experiments and of the experimentak completely reproducible, suggesting that the deposited
procedures is given in Refs. [13,14]. Experiments wereNi does not alter the Au(111) surface significantly.
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In contrast to the results of the electrochemical mearandom arrangement of reconstruction domains resulted
surements, than situ STM experiments demonstrate if the reconstruction was lifted and electrochemically
Ni-induced structural changes in the Au(111) substratéormed again by cycling the potential to values above
at potential well above—0.6 V. This phenomenon is 0.15 V, in agreement with previous results [23,24]. The
demonstrated in the two successively recorded STM imreconstruction was found on Au(111) surface areas free of
ages presented in Fig. 1. Figure 1(a) shows an atomicallji deposits in the entire potential range studied)(7 to
flat terrace of the well prepared Au(111) substrate surfac8.15 V). It is particularly important to note that the turns
at —0.2 V. The surface exhibits a long-range modulationof the reconstruction stripes (“elbows”) in Fig. 1(a) are
pattern of double rows, which is characteristic for thecompletely free of defects.

Au(111) reconstruction and which has been reported in In the following we show the structural changes during
previous UHV [4,20,21] and electrochemical [22,23] STM Ni deposition. At the beginning of Fig. 1(b) (upper edge)
studies. In Fig. 1(a) these double rows form a periodidhe potential was decreased te0.6 V. Apart from a
zigzag (or herringbone) structure with an even larger uniteduced stability of the STM tip due to hydrogen evolution
cell, which indicates a very well prepared surface [4,21]the topography of the reconstructed surface essentially
By immersing freshly annealed samples under potentisdeems to be the same as in Fig. 1(a). On a closer look,
control at potentials=0 V the ordered zigzag pattern could however, changes are observed in the lower half of the
be reproducibly prepared on the Au(111) surface. A morémage at the elbows of the reconstruction, which are
now decorated by small holes of approximately 20 A in
diameter. These holes are only 0.5 A deep, which even if
finite size effects are taken into account is much shallower
than monatomic deep pits in the Au substrate. According
to other STM series these “holes” are rapidly formed at
a well-defined potential, which is within 10 mV of the
Ni/Ni?>* Nernst potential of—0.52 V, and can be seen
from there down to—0.7 V (the most negative potential
where the “bare” Au(11l) surface could be observed)
without noticeable changes in size. Raising the potential
back to —0.3 V, where according to the voltammogram
Ni dissolution commences, the holes slowly disappear,
leaving an undistorted reconstructed Au surface behind,
similar to the one in Fig. 1(a). Since the holes are only
observed in the presence of Ni in the electrolyte, they are
interpreted as Ni atoms which have substituted Au surface
atoms via place exchange (see below). A detailed analysis
shows that the holes are situated at the bulged elbows of the
reconstruction lines denoted by “type-x” in Ref. [4], i.e.,
exactly at the position where the two-dimensional lattice
of the reconstructed Au surface layer exhibits dislocations
[4]. Also, the size of the holes is in good agreement with
the size of the distortion zone around the dislocations as
estimated from UHV observations [4—6].

The substitution of Au atoms by Ni at the elbow sites has
important consequences for the nucleation behavior. This
is shown in the series of STM images in Fig. 2, recorded
in another experiment. All three images were obtained
in approximately the same surface area of an atomically
flat terrace, with a Au step edge in the upper right corner
of Figs. 2(a) and 2(b) [the image in Fig. 2(c) is shifted
by =500 A to the left, as a reference the same island is
marked by an arrow in Figs. 2(b) and 2(c)]. In Fig. 2(a),
which was recorded directly after decreasing the potential
to —0.6 V, the surface topography largely resembles that
in Fig. 1(b), with holes at almost every elbow of the Au

FIG. 1. Two successively recorded STM images of Au(111) ; ; ;
in modified Watts electrolyte showing (a) the reconstructedr ec OnStrUCtISB' 6 0fter kleeplng t?ehpofnt'all\l.foél several
surface at-0.2 V and (b) the formation of holes at the elbows Minutes at—0.6'V, nucleation of the first Niadlayer

of the herringbone reconstruction after a potential change téslands is detected [Fig. 2(b)]. No formation of Ni islands
—0.6 V (900 X 900 A2?). was observed at more positive potentials. This indicates
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FIG. 2. Series of STM images recorded on Au(111) in
modified Watts electrolyte (a) directly after a potential change
from —0.2 to —0.6 V, (b) 3 min at —0.6 V, and (c) 20 min

at —0.6 V showing slow nucleation of Ni islanden top of

the holes(1050 x 1050 A?); the image in (c) is shifted with
respect to (a) and (b) by500 A along thex direction [arrows
mark the same island in (b) and (c)].

that Ni adlayer nucleation requires an overpotentigl
of 80 mV, in good agreement with the eIectrochemicaIFllG- 3-t STN: imag;s of 't°~u((al)%)15)9invmadli;igde\é/ggSAgl)eCtrfgyte
_ i i close to a step edge al : an
holes which were previously formed at e elbows (16, (%) 2LEr keeping the potental for 3 min at)3 V (1150 <
L . . . =550 A?) showing nucleation of Ni islands at step edges.

on topof substitutional Ni atoms). The island height of
1.7 A'is slightly less than the 1.9 A expected for Ni atoms
in Au(111) hollow sites in a hard sphere model, most
likely due to electronic effects; the island diameters range¢he lower terrace side of steps of the Au(111) substrate
between 5 and 30 A. On a freshly annealed Au surfacés observed. The Ni deposit, which can be easily distin-
the elbows and consequently the holes, which provide thguished from the Au step due to its different height, does
nucleation sites, are regularly arranged so that the island®t wet the Au step edge. Instead the nuclei grow as iso-
start to form an ordered pattern. This can be seen ifated, anisotropically shaped islands into the Au terrace (a
Fig. 2(c), recorded after a waiting period of 23 min at thedetailed description of structure and growth of the Ni film
same potential. After this time Ni islands have nucleatedinder these conditions will be given elsewhere [18]). Is-
at about 50% of the elbows of the Au reconstructionland nucleation at the elbovem topof the holes proceeds
corresponding to an island density of abd®? cm 2.  with roughly the same rate as at0.6 V. Since this is
The coverage, however, is less than 0.1 monolayer, henceuch lower than the rate of nucleation at Au step edges
the growth rate is very low. A very small fraction of the the latter mechanism becomes dominant at overpotentials
Ni islands (at this potentiat&=2%) is not located at the of 100 mV.
elbows but forms at arbitrary sites on the Au(111) surface The observed sequence of distinctly different nucle-
(probably due to contamination effects). The resultingation processes at increasing overpotentials (Ni exchange,
topography strongly resembles that observed for UHVadisland nucleation at elbows, adisland nucleation at step
deposited Ni on Au(111) [4—7] with most of the islands edges) can be understood in a simple picture. First, the
arranged along regularly spaced chains with interislandlifference in potential for deposition afilayerislandson
distances in thgl 21] direction of about 73 A and a spacing top the surface and for deposition via place exchange is
between neighboring chains of 140 A. No nucleation atonsidered. Deposition via place exchange is only pos-
step edges is observed-af.6 V, even after an observation sible if substitutional Ni is thermodynamically stable and
time of more than an hour. Hence, the elbows are thé the kinetic barrier for the exchange process is sufficiently
preferential nucleation sites at this potential. low at room temperature. Apparently one or both of these

At about 20 mV higher overpotentials, i.e., gt =  conditions are fulfilled only at the dislocation sites within
100 mV, the nucleation and growth behavior changes conthe Au layer. The low kinetic barrier can qualitatively be
siderably, as exemplified by the STM images in Fig. 3.explained by the specific coordination of Au surface atoms
As in the previously described experiment, the initialin the center of the elbows (see Refs. [4,21]), which favors
Au(111) surface (not shown) had been completely reconexchange at these sites. Likewise, because of the higher
structed, albeit not as well ordered as in Fig. 2(a) due tasurface free energy of Ni than that of Au, incorporation of
a preceding potential cycle. Directly after decreasing theéNi into the Au surface layer will reduce the total free en-
potential to—0.6 V [Fig. 3(a)] holes are visible at the el- ergy of the system with respect to thatwf topNi. In ad-
bows and U-shaped endings, which contain similar disdition, the exchange of Au with the smaller Ni atoms may
locations [21], but no Ni deposit in the form aidlayer help to reduce the inherent stress at these dislocation sites.
islands or at step edges is found. In contrast, 3 min afte€onsequently, the equilibrium potential for deposition via
a further change te-0.63 V [Fig. 3(b)] Ni deposition at place exchange should be more positive than thatrof
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top deposition. This is similar to underpotential deposi-Ni, and finally nucleation at Au steps. This allows the
tion, where an increase in the binding energy between agotential-controlled selection between different nucleation
and substrate metal (relative to the admetal-admetal bon@nd growth mechanism and, in particular, within a narrow
causes a positive shift of the equilibrium potential of thepotential regime the formation of nanostructures via the
first monolayer, except for that in the present case only theelective nucleation at certain, regularly spaced positions
elbow sites are energetically favored. On the other handyf the Au substrate. More general, this demonstrates the
the stronger Ni-Ni bond as compared to Ni-Au [25] shouldpossibility to generate such two-dimensional nanostruc-
shift the onset of Ni depositiomn top of Au surfaces tures in the electrochemical environment and to control
for thermodynamic reasons to potentials negative of théheir growth via the deposition potential.
Nernst potential, in good agreement with the experimen-
tally observed overpotential of 80—100 mV for &lillayer
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