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Abstract The interfacial structures of Ag bilayer prepared
by underpotential deposition on Au(111) (Ag(2ML)/Au
(111)) were determined by ex situ scanning tunneling
microscopy and in situ surface X-ray scattering measure-
ments before and after oxidative adsorption and after
reductive desorption of a self-assembled monolayer
(SAM) of hexanethiol (C¢SH) in alkaline ethanol solution.
While no structural change was observed after oxidative
formation of C4SH SAM on the Ag(2ML)/Au(111) in an
ethanol solution containing 20 mM KOH and 0.1 mM
C6sSH, some of the Ag atoms in the bilayer were stripped
when the SAM was reductively desorbed.
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Introduction

Self-assembled monolayers (SAMs) of alkylthiols on gold
have been extensively studied because of their wide range
of applications including sensors and molecular electronic
devices [1-8]. There are many structural studies on
alkylthiol SAMs on gold, especially on Au(111), using
scanning tunneling microscopy (STM) with molecular
resolution [9-20]. STM observation of SAMs on Au(111)
at high coverage revealed that there are many defects in
SAMs such as missing rows and pits. The pits are vacancy
islands of gold atoms, which are well known to be formed
in the very early stage of the self-assembly process [14, 15].
It is, therefore, very important to know how the vacancy
islands are formed for full understanding of the self-
assembly mechanism. At least three possible mechanisms
for vacancy island formation have been proposed: chemical
etching of the gold surface by alkylthiols [10-12],
compression of the surface lattice [20], and injection of
more gold atoms than expected for the reconstruction lifting
of the gold surface [9]. When alkylthiol SAMs are formed
on a silver surface, atomic distance of which is very close
to that of gold, similar pits with mono- and bi-atomic
depths are also observed by STM, although pit size is
slightly smaller than that on Au(111) [21-23]. On the other
hand, only molecular defects without pits are observed
when SAMs are formed on a Ag monolayer prepared by
underpotential deposition (UPD) on Au(111) [24-26]. The
origin of the pit formation is not clear yet and the
information of not only the structural change of the substrate
surface but also the loss of the substrate atom during the
formation and desorption of the SAM is essential to clarify
the origin of the pit.
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Although STM and surface X-ray scattering (SXS) are
very useful to investigate the interfacial structure with an
atomic resolution in situ, they cannot detect the loss of the
surface atoms during these processes as far as homoge-
neous substrates such as Au(111) and Ag(111) are used.
Recently, we reported that a pseudomorphic Ag monolayer
and bilayer were formed on a Au(111) surface by UPD at
50 mV (vs. Ag/Ag") and 10 mV, respectively [27]. We also
found that although the structure of the Ag UPD monolayer
changed in air, the Ag UPD bilayer was very stable even
after exposure to air (Uosaki et al., in preparation). Thus, if
we employ the Ag bilayer prepared by UPD on Au(111),
Ag(2ML)/Au(111), as a substrate for the SAM formation/
desorption, we should be able to detect the loss of Ag
atoms during the formation and desorption of the SAM by
SXS.

In this paper, the interfacial structures of Ag(2ML)/
Au(111) before and after the oxidative adsorption and
reductive desorption of a hexanethiol (C,SH) SAM in an
ethanol solution containing 20 mM KOH and 0.1 mM C4sSH
were investigated by ex situ STM and in situ X-ray
reflectivity measurement, one of the SXS methods. Although
the surface structure did not change during oxidative
formation of the SAM on the Ag(2ML)/Au(111), some of
the Ag atoms in the bilayer were stripped when the SAM
was reductively desorbed.

Experimental

A Au(l11) substrate, which was prepared by vacuum
evaporation of gold onto a fleshly cleaved mica sheet kept
at 300 °C during evaporation, was used as a substrate for ex
sitt STM measurements. This provides the (111) oriented
surface [14, 15, 17].

A Au(111) single crystal disk, which was purchased
from the Surface Preparation Laboratory (The Netherlands),
was used as a substrate for the SXS measurement after
being treated as previously reported [28, 29].

Prior to each measurement, the Au(111) substrate was
flame-annealed using a hydrogen flame and slowly cooled
in air. It was then transferred to an electrochemical cell with
the surface being covered with a drop of pure water to
avoid any surface contamination [27, 29]. Ag bilayers on
Au(111) were prepared by UPD in an electrolyte solution
containing 50 mM H,SO,; (Wako Pure Chemicals) and
1 mM Ag,SO,4 (Wako Pure Chemicals) at 10 mV (vs. Ag/
Ag"). A meniscus configuration was employed in the case
of the Au(111) single crystal disk as previously reported
[27]. After the Ag UPD, the electrodes (Ag(2ML)/Au(111)/
mica for STM study and Ag(2ML)/Au(111) for SXS study)
were washed with Milli-Q water (Yamato, WQ-500) and
with ethanol (Wako Pure Chemicals).
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For the ex situ STM study, CcSH SAM was formed by
dipping the Ag(2ML)/Au(111)/mica into an ethanol solution
containing 50 uM C4SH for 12 h and reductive desorption
of the C,SH SAM/Ag(2ML)/Au(111)/mica was carried out
in a 10 mM KOH aqueous solution.

For the SXS study, the electrode (Ag(2ML)/Au(111))
was transferred to a spectroelectrochemical cell [30]. An
ethanol solution containing 20 mM KOH and 0.1 mM
C¢SH was introduced to the cell while keeping the potential
at —1.4 V (vs. Ag/AgCl). The reflectivity measurement was
carried out at this potential after the electrode surface was
pushed to a 6.0 um thick Mylar (Chemplex, D) window
until the thickness of the solution layer between the
electrode surface and the Mylar window was reduced to
ca. 30 um (thin layer configuration). The measurements
were also carried out in thin layer configuration at 0
and —1.4 V after the potential was scanned to 0 V and then
to —1.4 V with a scan rate of 20 mV s ' with a thick layer
configuration (electrolyte thickness: ca. 5 mm).

Results and discussion

Figure 1 shows ex situ STM image of the Ag(2ML)/Au
(111) surface. Before the SAM formation, atomically flat
surface with a step of mono-atomic height was observed as
shown in Fig. la.

After the formation of the C4SH SAM on the Ag(2ML)/
Au(111) surface, atomically flat surface with several
hollows was observed in the wide range image. Expanded
image (Fig. 1b) shows that the depth of these hollows is ca.
0.1 nm, indicating that these hollows are not vacancy
islands as the depth of the vacancy islands should be
0.24 nm. Schweizer and Kolb reported similar hollows for
ethanethiol SAM formed on a Ag(l111) surface [23].
Ordered bright spots were also observed in Fig. 1b. Spacing
between these bright spots is 0.48+0.03 nm, which is
slightly smaller than those (0.50 nm) generally observed for
the alkylthiol SAMs on Au(111) and Ag(111) surfaces [9—
23]. Many defects of SAM were observed and the number
of the defects is much larger than those generally observed
for alkylthiol SAMs on Au(111) and Ag(111) [9-23],
suggesting that lateral molecular arrangement of the SAM
is not completely matched with the atomic arrangement of
the substrate.

Figure 1c shows ex situ STM image after the reductive
desorption of the C4SH SAM from the Ag(2ML)/Au(111)
surface. The surface became very rough with mono- and bi-
atomic height.

These results show that the substrate surface was
roughened when the SAM was reductively desorbed, but
the STM measurements cannot tell if the surface atoms
were lost to the solution.
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Fig. 1 a Ex situ STM image (100x100 nm?) of the Ag(2ML)/Au image (150x150 nm?) and cross-section image after the reductive
(111) surface. E;,=50 mV, [;;=350 pA. b Ex situ STM image (20% desorption of the C¢SH SAM on the Ag(2ML)/Au(111). E;;,=50 mV,
20 nm?) and cross-section of the Ag(2ML)/Au(111) surface after the 1;,=600 pA

Ce¢SH SAM formation. E;,=300 mV, /;,=30 pA. ¢ Ex situ STM

In order to clarify this point, X-ray reflectivity measure-  calculation based on a specific interfacial model [29, 31]
ments were carried out. Figure 2 shows reflectivity profiles  consisting with three layers on top of the Au(111)-(1x1)
of the Ag(2ML)/Au(111) electrode measured at (a) —1.4 V  substrate in both cases, i.e., Ag/Ag/Au on Au(111)-(1x1) at
before the potential scan, (b) 0 V after the potential scan,  —1.4 V, where SAM is not on the surface, and S/Ag/Ag on
and (c) —1.4 V after the potential cycle. Standard errors of ~ Au(111)-(1x1) at 0 V, where SAM is on the surface. Thus,
the scattered X-ray reflectivity were shown as error bars in ~ atomic form factors for the first, second, and third layers
the figure. Structures along the direction normal to the  were of Au, Ag, and Ag at —1.4 Vand of Ag, Ag, and S at
electrode surface were quantitatively determined from the 0 V. For the SAM layer, only the contribution of sulfur was
least square fitting to the reflectivity data with a kinematical ~ considered in the fitting because the electron density of

Fig. 2 The reflectivity profiles 103
of Ag(2ML)/Au(111) electrode a b c
measured in an ethanol solution
containing 20 mM KOH and
0.1 mM C4SH ata —14 V
before the potential scan, b 0 V 108} 5 B
after the potential scan, and ¢
—1.4 V after the potential cycle
between —1.4 and 0 V. Circles
and solid lines are experimental

data and calculated curves fitted 107} 5

by the least squares method with

kinematical calculation, respec-
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carbon atom is smaller than that of sulfur atom. The
structural parameters obtained by the least square fitting of
the experimental data with a kinematical calculation at
these potentials are listed in Table 1.

At —1.4 V before the potential scan, where the C4SH
SAM cannot be formed [32-35], the best fit data showed
that the Ag UPD bilayer perfectly remained on the Au
(111)-(1x1) surface, showing that the Ag UPD bilayer on
the Au(l11) substrate is very stable, even after being
transferred to the cell under air atmosphere and after
dipping into the alkaline ethanol solution at —1.4 V.

The best fit data at 0 V after the anodic potential scan,
where the C¢SH SAM is oxidatively formed [32-35],
showed a sulfur layer with 1/3 coverage, which is in exact
agreement with previous results [4, 21-23], on the Ag
bilayer with coverages of 1 for both first and second Ag
layers on the Au(111)-(1x 1) surface, suggesting that no pits
were present at the C¢<SH SAM/Ag(2ML)/Au(111). Since
the alkyl chain should also affect the structure parameters,
although it was neglected in the fitting as it is expected to
be small as described above, the distance between the
second Ag and the S layers became larger than the reported
values (ca. 2.6 A) [26, 36, 37] and then the RMS value in
the S layer became much larger.

The best fit data at —1.4 V, after the potential was
scanned back from 0 to —1.4 V so that the C4(SH SAM
should be reductively desorbed [32-35], showed that the
Au(111)-(1x1) substrate was covered with a Ag bilayer as
before the potential scan but with lower coverages of 0.84
and 0.37 ML for the first and second Ag layers, respectively.

Table 1 Structure parameters at —1.4 V before the potential scan, at
0 V after the potential scan, and at —1.4 V after the potential cycle
between —1.4 and 0 V obtained from the analyses of the reflectivity
profiles at the Ag(2ML)/Au(111) electrode surface

Distances® —1.4 V (before 0 V (after the —1.4 V (after the

the potential scan) potential scan) potential cycle)

Distance, zay Ay 2.36£0.01 - 2.36+0.01
Distance, zay-ag 2.35+0.01 2.36+0.03 2.36+0.02
Distance, zag ag 2.36£0.02 2.36+0.03 2.36+0.02
Distance, zag s 2.82+0.13 —
Coverage, pay  1.00+0.01 - 1.00+0.01
Coverage, pag1y 0.99+0.03 1.00+0.01 0.84+0.06
Coverage, pag) 0.99+0.02 0.99+0.02 0.37+0.05
Coverage, ps - 0.34+0.08 -

RMS, o4y 0.085+0.001 - 0.085+0.001
RMS, oag1) 0.12+0.04 0.13+0.04 0.26+0.04
RMS, 0ag2) 0.13+0.04 0.13+0.05 0.25+0.08
RMS, o5 - 1.21+0.16 -

4 Distances of zx,_au, ZAu-Ag> ZAg-Ag and za, g represent atomic layer
distances between the Au substrate and the top Au layer, between the
Au substrate and the Ag layer, between two Ag layers, and between the
Ag and S layers, respectively

@ Springer

This clearly shows that Ag atoms in the bilayer were
partially stripped as a result of the reductive desorption of the
CsSH SAM.

The above results were summarized as follows:

1. When the Ag(2ML)/Au(111) was dipped in an ethanol
solution containing 20 mM KOH and 0.1 mM C4SH
while keeping the potential at —1.4 V, the Ag UPD bilayer
on the Au(111)-(1x1) surface perfectly remained on the
Au(111)-(1x1) surface, as schematically shown in
Fig. 3a.

2. When the potential of the Ag(2ML)/Au(111) was
scanned in positive direction from —1.4 to 0 V in an
ethanol solution containing 20 mM KOH and 0.1 mM
C¢SH, C¢SH SAM was formed on the Ag(2ML)/Au
(111) without pit formation, as schematically shown in
Fig. 3b.

3. At —1.4 V after the potential was scanned to 0 V and
then to —1.4 V, Ag atoms in the bilayer were partially

UPD Ag bilayer
D Au(111)

Oxidative adsorption
of SAM

C,SH SAM

UPD Ag bilayer
Au(111)

Reductive desorption
of SAM

Roughned Ag layer
Au(111)

Fig. 3 Schematic illustration of the interfacial structure of Ag(2ML)/
Au(111) electrode in an ethanol solution containing 20 mM KOH and
0.1 mM C¢SH at a —1.4 V before the potential scan, b 0 V after the
potential scan, and ¢ —1.4 V after the potential cycle between —1.4 and
ov
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stripped as a result of the reductive desorption of the
C¢SH SAM, as schematically shown in Fig. 3c.

These results show that one of the possible reasons for
the vacancy island formation is an etching of silver surface
atoms by alkylthiols, since SAM formation is usually
carried out without potential control, and adsorption and
desorption of the SAMs are taking place at the same time.

Conclusion

Surface structure of Ag bilayer with a (1x1) structure on
Au(111) was not disturbed upon formation of a hexanethiol
SAM in the alkaline ethanol solution but Ag atoms in the
Ag bilayer were partially stripped as a result of the
reductive desorption of the SAM, suggesting that the
etching of the surface atoms is one of the important causes
of the pit, i.e., vacancy island formation.
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