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Abstract Electrochemical deposition of Ag and potential-induced structural change of
the deposited Ag layer on a 23 x V3 reconstructed surface of Au(111) electrode were
followed by in situ scanning tunneling microscope (STM). A uniform Ag monolayer was
formed on a reconstructed Au(111) surface in a 50 mM H,SO4 solution at +0.3 V (vs.
Ag/AgCl) after adding a solution containing Ag,SOy4 so that the concentration of Ag’ in the
STM cell became ca. 2 uM. No characteristic height corrugation such as the Au
reconstruction was observed on the surface, indicating that the lifting of the substrate Au
reconstruction occurred by Ag deposition. The formed Ag monolayer was converted to a
net-like shaped Ag nano-pattern of biatomic height when the potential was stepped from +0.3
V to 0.2 V in the solution containing 2 uM Ag". This result indicates that the substrate
Au(111)-(1x 1) surface was converted to the reconstructed surface even in the presence of Ag
adlayer. Quite different structure was observed for Pd deposition on a reconstructed surface of
Au(111) electrode at +0.3 V and the origin for this difference between Ag and Pd deposition

are discussed.
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1. Introduction

Electrochemical deposition of Ag on Au(111) electrode surface is a good model system to
study the morphology of the deposited layer because the interaction and the lattice misfit
between a metal deposit and a substrate is very strong and negligibly small (0.4 %),
respectively [1-16] and has been studied by a wide variety of techniques, including scanning
tunneling microscopy (STM) [1,2,5,8,9,14,16], atomic force microscopy (AFM) [3,4,6],
second harmonic generation (SHG) spectroscopy [13], quartz crystal microbalance (QCM) [7],
X-ray diffraction [11,12] and extended X-ray absorption fine structure (EXAFS) [10]. In
particular underpotential deposition (UPD) of Ag has received special attention and the
structures of adsorbates, both metal and anion, and their dependencies on the potential and
electrolyte composition have been well studied [2-6]. It has been reported that UPD Ag
layer of various coverage up to two monolayer is formed depending on the electrode potential
[14,15]. Reports on the overpotential deposition (OPD) of Ag on a Au(111) surface are,
however, very limited [9, 14]. A layer-by-layer growth was observed at the initial stage of
OPD up to 10 monolayers at low overpotentials [14]. Both for UPD and OPD of Ag, a
Au(111) electrode is generally kept at a potential much more positive than the Ag deposition
potential and then scanned negatively or stepped to a potential more negative than the Ag
deposition potential. Since the initial potential is actually positive enough to lift the
reconstruction of Au(111) surface, Ag deposition usually takes place on a Au(111)-(1x1)
surface.

In our previous paper [17], we reported the first in situ real time monitoring of
potentiostatic electrodeposition of Ag on a 23x+/3 reconstructed Au(111) surface using
electrochemical STM and discussed the effect of the uniformly spaced inhomogeneous sites
of the Au reconstruction on the morphology of the electrodeposited Ag adlayer. A solution
containing Ag" was added into an STM cell filled with H,SOy solution while keeping the
potential of the Au(111) electrode more negative than the potential of reconstruction lifting in
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electrolyte so that the Ag deposition was initiated. It was found that while Ag of biatomic
height was nucleated on a faulted hcp region of the reconstruction and grew preferentially
along the hcp lines (the <11 2> directions), resulting in a line shape at —0.2 V (vs. Ag/AgCl),
monatomic Ag was preferentially deposited in a hcp domain and also formed a line shape at
+0.3 V [17]. These results showed that both substrate surface structure and electrode
potential were important for determining the growth mode and morphology of the Ag adlayer.
In the present study, we investigated further the growth of Ag and Pd adlayer on a
reconstructed surface of Au(111) electrode using in situ STM. The formation of a uniform Ag
monolayer on a Au(111) surface at +0.3 V was confirmed and drastic morphology change of
the Ag adlayer by the potential step from +0.3 V to —0.2 V, leading to the formation of a
complex nanopattern with a net-like shape of biatomic height, was observed. This result
indicates that the substrate Au(111)-(1x 1) surface was converted to the reconstructed surface
even in the presence of Ag adlayer. Quite different structure was observed for Pd deposition
on a reconstructed surface of Au(111) electrode at +0.3 V and the origin for this difference

between Ag and Pd deposition are discussed.

2. Experimental

2.1. Materials. A (111) facet on a single crystal bead of Au, which was prepared by the
Clavilier’s method [18], was used as a substrate for the STM measurements. Electrolyte
solutions were prepared using H,SO4 (Suprapure reagent grade, Wako Pure Chemicals),
Ag>SO4(Reagent grade, Wako Pure Chemicals), K;PdCly (Reagent grade, Wako Pure
Chemicals), and Milli-Q water.

2.2. Electrochemical STM Measurements. In situ electrochemical STM measurements were
carried out using a homemade electrochemical STM cell, which can accommodate the
single-crystal electrode. STM images were recorded in a constant current mode using a
NanoScope E (Digital Instruments). An Au/AuOy and a platinum wire were used as a
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quasi-reference and a counter electrode, respectively. The electrolyte solution was deaerated
by passing purified argon gas for at least 20 min before being introduced into the STM cell.
Electrochemical potentials of the Au(111) substrate (Es) and STM tip (E;) were independently
controlled by a bipotentiostat (Digital Instruments). All potentials were quoted with respect
to Ag/AgCl in the present study. STM tips were mechanically cut Pt/Ir wire (80/20, ¢=0.3
mm) insulated with Apiezon wax. The single crystal electrode was annealed with hydrogen
flame just before each measurement and was mounted to the STM cell after cooling in air.
50 mM H,SO, solution was then introduced into the cell while controlling the electrode

potential at a preset value.

3. Results and Discussion

3.1. Ag deposition on a Reconstructed Au(111) surface

3.1.1. Formation of UPD Monolayer on a Reconstructed Au(111) surface

It is well known that the potential induced reversible lifting and restoration of surface
reconstruction of Au(111) electrode take place around +0.35 V vs. Ag/AgCl in a sulfuric acid
solution [19-23]. Figure 1 (a) shows a typical STM image of Au(111) surface in 50 mM
H,SO,4 electrolyte measured at +0.3 V (vs. Ag/AgCl). A characteristic feature of a
herringbone structure of 23 x /3 reconstructed surface was observed, confirming of the
presence of the reconstructed phase.

Figure 1(b) is an STM image of the Au(111) surface at +0.3 V obtained 24 min after
the addition of 2 ul of 1 mM Ag;SO4 + 50 mM H,SOy4 solution to the STM cell so that the
concentration of Ag+ became ca. 2 uM (ca. 1 uM AgrSO4 + 50 mM H,SOy4 in the STM cell).
We have already studied the deposition process of Ag on a 23 x V3 reconstructed Au(111)
surface at this potential (+0.3 V) in our previous paper [18], and reported that the nucleation
and growth of monatomic Ag took place preferentially in the hep region of the reconstruction,

forming a line shape along the <112 > directions, followed by the much slower growth along
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the perpendicular directions (the <1 10> directions). Fig 1(b) confirmed the previous results.
As shown in Figure 1(c), a very uniform surface without any prominent height
corrugation such as the reconstruction was observed more than 1 h after the Ag" addition.
Since the reversible potential for Ag/Ag” in 2 uM Ag" solution is calculated to be +0.26 V vs.
Ag/AgCl, the electrode potential (+ 0.3 V) was more positive than the reversible potential by
+0.04 V, ie., in UPD region where formation of a uniform monolayer of Ag on a
Au(111)-(1x1) surface is expected [14,15]. The STM image of Fig. 1(c) indicated that the
UPD monolayer of Ag was formed on the Au(111)-(1x1) surface, suggesting that the
deposition of the Ag monolayer lifted the reconstruction of the underlying Au(111) to the
(1x1) structure.
3.1.2. Formation of a Net-like Shaped Nano-pattern of Ag bilayer Induced by Substrate
Surface Restructuring
The structural conversion of the Ag monolayer formed on the Au(111)-(1x1) surface at +0.3 V
upon potential step from +0.3 V to —0.2 V was investigated. In our previous paper, we have
reported that the line shaped Ag deposits of biatomic height on the reconstructed Au(111)
surface at -0.2 V were converted to the monatomic islands by stepping the potential to +0.3 V
while the underlying reconstruction of Au(111) kept unchanged by the potential step [20].
Figure 2 shows the sequentially obtained STM images of the Au(111) surface in ca. 1 pM
Ag>S04+50 mM H,SOy after keeping the potential at -0.3 V for more than 1 h. Figure 2(a)
shows the surface before the potential step. As observed in Fig. 1(c), a very uniform surface
was observed, confirming the formation of monatomic Ag layer on Au(111)-(1x1) surface.
The electrode potential was stepped at the lower part of Figure 2(b). Shortly after the
potential step, Ag islands with a globular or particle shape of biatomic height were formed as
more clearly seen in Figure 2(d), which is a zoomed image of the white rectangular area of
Fig. 2(b). A complex two-dimensional pattern was then developed and, finally, the whole
surface was covered with the net-like pattern as shown in Figure 2 (¢), which was recorded 5
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min 50 s after the potential step. Cross sectional analysis along the line A-B in Fig. 2(c)
revealed that the height of the pattern was 0.47 + 0.02 nm, corresponding to biatomic height of
Ag. The structure of this pattern as clearly shown in Fig. 2(e), which is a zoomed image of
the white rectangular area of Fig. 2(c), is very similar to the one observed at the initial stage
of Ag deposition at -0.2 V [17], suggesting the restoration of the 23x+/3 reconstructed
Au(111) surface. Figure 2(f) is an STM image of different location on the surface obtained
21 min after the potential step. The surface structure is very similar to the one of Fig. 2(c),
showing that the net-like structure was stable and no further Ag deposition took place,
although there existed Ag' ion in the solution and the potential was in OPD region. In our
previous paper, we reported the Ag multilayer deposition at -0.2 V [17]. It must be noted,
however, that while the concentration Ag" in the STM cell was 160 pM for the multilayer
deposition, it was only 2 puM in this case and the rate of OPD should be very small due to the
slow diffusion of Ag" ion.

The schematic model for the potential induced structural conversion of the uniform
Ag monolayer to the net-like pattern of biatomic height upon potential step from +0.3 V to
—0.2 V is shown in Figure 3. The monatomic Ag layer, which was formed on the
Au(111)-(1x1) surface at +0.3 V, was first converted to the Ag islands with a globular or
particle shape of biatomic height immediately after the potential step because biatomic Ag
layer is more favored than monatomic Ag layer at —0.2 V as already suggested in the previous
paper [20]. The islands then grew not uniformly but to form the complex net-like pattern.
The formation of the complex net-like pattern seems to be induced by the reconstruction of
the Au(111) surface to the 23x+/3 structure with herringbone pattern, which is a slow
process. It is interesting to note that the underlying Au(111)-(1x1) was converted to the
reconstructed Au surface by the potential step even in the presence of Ag monolayer because
the adlayer usually stabilizes the (1x 1) surface of the substrate. The partial exposure of the
Au substrate by Ag bilayer formation and small deposition rate of Ag may be the origin of the
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surface restructuring of the substrate Au(111).
3.2. Pd deposition on a Reconstructed Au(111) Surface
Electrochemical deposition of Pd from PdCl,* in acidic solution usually takes place on a
Au(111)-(1x1) surface as is the case of Ag deposition from Ag because the deposition
potential is more positive than +0.35 V. We have already reported that electrodeposition of
Pd from PdCl4* solution on a Au(111)-(1x1) surface proceeded two-dimensionally (2D) with
an epitaxial layer-by-layer growth mode based on in situ STM, QCM and SXS study of Pd
deposition [24-27]. Both overpotential depositions of Pd [24] and Ag [14] result in epitaxial
layer for over 10 ML, showing the deposition behavior of Pd and Ag on Au(111)-(1x1) are
similar. Thus, the comparing of Pd and Ag deposition on a reconstructed Au(111) surface
should be interesting.

Figure 4(a) and (b) show in situ STM images of Au(111) electrode surface at +0.3 V
in 50 mM H,SOy4 solution 65 min and 285 min after adding 20 pl of 1mM K,PdCl; + 50 mM
H,SOs, respectively. The concentration of PdCl42' in the STM cell was ca. 20 uM. As
shown in Fig. 4 (a), preferential nucleation and growth of Pd took place at the bending point
of the double bright lines of the reconstruction, i.e., “elbow site”. More closer inspection of
the image indicates that the growth of Pd tends to occur preferentially at the fcc domain. A
previous study in ultra-high vacuum (UHV) also showed that the Pd islands nucleated at the
“elbow site” of the herringbone structure of the reconstructed Au(111) surface [28].
According to recent calculation, the in-plane nearest-neighbor atomic distance of the Au
reconstruction surface is shorter by 3~7 % in the region of the discommensuration lines
(bridge site) including the elbow sites and by 2% in the hcp region than that in the fcc region,
where the surface atoms are nearly in registry with the bulk lattice (2.86 A) [29]. These
results indicate that the defective regions such as elbow sites are favored as nucleation sites
because the local surface mismatch between Pd and Au in the defective regions is smaller

than that in the other regions.



The heights of the Pd islands in Fig. 4(a) and (b) are in the range of 0.2~0.7 nm,
which correspond to one to three atomic heights of Pd, suggesting three-dimensional (3D)

growth of the Pd layer. This is in contrast to those observed in Fig. 2, where 2D growth of

Ag on a reconstructed Au(111) surface was observed. Since surface tensions of Ag (y,, =1.3

J/m?*) and Pd ( Vpg =2.0 J/m?) are smaller and larger, respectively, than that of Au (y,, =1.5

J/m?), 2D and 3D growth modes are expected for Ag and Pd, respectively [30, 31].

4. Conclusion

A uniform Ag monolayer was confirmed to form on a Au(111) electrode surface in a
50 mM H,SO,4 solution at +0.3 V, where the surface was of the 23><\/§ reconstructed
structure, when a solution containing 1 mM Ag,SO4 and 50 mM H,SO4 was added to the
STM cell so that the concentration of Ag™ was ca. 2 pM followed by keeping more than 30
min. Upon potential step from +0.3 V to -0.2 V, the uniform Ag monolayer formed was
converted first to Ag islands with a globular or particle shape of biatomic height then to a
complex nanopattern with a net-like shape, possibly induced by slow development of 23 x NE)
reconstructed structure on the Au(111) surface at -0.2 V. The present and previous [20]
results indicate that the complex structure of Ag adlayer can be formed on a Au(111) electrode
by controlling the potential and the Ag  concentration precisely. Pd deposition on a
reconstructed Au(111) surface at +0.3 V was found to proceed in 3D growth mode after
preferential nucleation at the elbow sites of the Au reconstruction. The origin of this

difference from Ag deposition mode was discussed.
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Figure captions

Figure 1

In situ STM images (80x 80 nm?) of Au(111) electrode surface at +0.3 V in (a) 50 mM H,SO,
solution. (b) and (c) were obtained 24 min and more than 1 h, respectively, after adding 2 pl
of ImM Ag,SO4 + 50 mM H,SO4 to the STM cell (cell volume, ca. 1 ml). Etjp =035V, lyp =

3.0 nA. The images (a), (b) and (c) observed the different region of the sample surface.

Figure 2

In situ STM image (285x 285 nm?) of the Au(111) electrode obtained in ca. 1 uM Ag;SO4+50
mM H,SO, after keeping the potential at +0.3 V for more than 1 h (a). Potential was stepped
to —0.2 V at the lower part of (b) as indicated by an arrow and (c) was recorded 5 min 50 s
after the potential step. The height profile along the line A-B is also shown in (¢). Zoomed
images (51x243 nm’ ) of the white rectangular areas in (b) and (c) are shown as (d) and (e),
respectively. (f) was recorded 21 min after the potential step (280 x 280 nm?). Eiip=0.35V, lyip

=3.0 nA.

Figure 3
Schematic model for the structural conversion of the uniform monatomic Ag layer to the

net-like biatomic pattern induced by the potential step from +0.3 V to —0.2 V.

Figure 4
In situ STM images of Au(111) electrode surface at +0.3 V in 50 mM H,SO4 (a) 65 min and

(b) 285 min after adding 20 pl of ImM K,PdCls + 50 mM H,SOy4 to the STM cell (volume: ca.

I ml). Eip=0.55V, liip=3.0 nA. Image size (a) 90x 90 nm?, (b) 150 150 nm”.
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Fig. 1 Takakusagi et al.
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Fig. 2 Takakusagi et al
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Fig. 4 Takakusagi et al
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