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Observation of Electrochemical Dissolution of Au(111)
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Abstract: Monatomic steps with a height of 0.25 nm on ultraflat
Au(111) surfaces during electrochemical dissolution can be seen
for the first time by a laser confocal microscope combined with a
differential interference contrast microscope (LCM-DIM). Atomic
force microscopy images were acquired in the same area in order
to confirm that the step lines observed by LCM-DIM are mostly
monatomic steps with the height of 0.25 nm. Successively
recorded LCM-DIM images indicated that the anodic dissolution
of Au(111) takes place only at step edges in solutions containing
chloride anions at potentials near the onset of anodic current.

Scanning probe microscopic techniques such as scanning tun-
neling microscopy (STM) and atomic force microscopy (AFM)
make it possible to monitor, under reaction conditions, a wide
variety of electrode processes such as the adsorption of inorganic
and organic species, the reconstruction of electrode surfaces, and
the dissolution and deposition of metals and semiconductors.*™*
However, there are severa limitations in these scanning probe
techniques. For example, probes such as the tunneling tip in STM
and the cantilever in AFM measurements may interfere with
electrochemical processes. Several papers pointed out that the
scanning movement of the tip in STM might disturb the concentra-
tion distribution of the solute in the vicinity of the electrode surface,
affecting the crystal growth kinetics.>® Similar unfavorable effects
have aso been found in the evaluation of crystal growth of organic
materials in solution.” The other limitation in STM and AFM is
the relatively small observable scan areas, typicaly only a few
tenths of a micrometer square. This limitation makes it difficult to
understand the overall aspect of electrochemical reactions taking
place in the entire area of a rea electrode surface. Furthermore,
typica long acquisition times more than several minutes also make
it difficult to follow relatively fast reactions taking place on
electrode surfaces, although video-rate in situ STM has been
recently developed by Magnussen's group.®°

It has long been desired to develop an optica microscopy
technique that gives atomic-scale information for the evaluation of
electrochemical reactions in order to overcome these problems.
Among several new types of optical microscopes employed to
observe elemental steps on solid surfaces and the subsurface
structure of living cells,*°~* alaser confocal microscope combined
with a differential interference contrast microscope (LCM-DIM)
has been recently demonstrated to be capable of resolving mono-
molecular steps on single crystals of biological materials, even in
solution.”*>® Although Sazaki’ s group reported for the first time
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that the elementary growth steps (5.6 nm in height) on the {110}
surfaces of atetragonal lysozyme crystal in agqueous solutions can
be seen relatively easily by LCM-DIM,*® the resolution in the
z-direction must be increased by an order of magnitude for the
purpose of observing monatomic steps on Au(111) surfaces, because
the height of monatomic steps of metals commonly of interest is
usualy less than 0.3 nm. In our recent paper, we showed that
monatomic steps on Pd(111) (0.23 nmin height) and Au(111) (0.25
nm in height) can be clearly seen by our LCM-DIM in air and
even in solutions.*”

In the present paper, we reved that the anodic dissolution process
of Au(111) in solutions containing chloride anions can be directly
observed over alarge area (more than 100 x 100 um?) by LCM-
DIM. It is clearly shown that the anodic dissolution takes place
only at step edges at potentials near the onset of anodic current.

Our system is constructed by attaching a confocal system
(FV300, Olympus) to an inverted optical microscope (1X70,
Olympus), equipped with a Nomarski prism introduced into the
optical path and a partialy coherent superluminescent diode
(Amonics Ltd., model ASLD68-050-B-FA: 680 nm) to eliminate
interference fringes, which is basically the same as that reported
by Sazaki’s group,”*® athough several improvements have been
made in the present study. Note that the acquisition time of each
image of LCM-DIM is typically a few seconds. A more detailed
experimental setup isincluded in the Supporting Information. AFM
images of Au(111) surfaces were obtained by using a PicoSPM
5500 (Agilent Corp.).

During sample preparation, it is necessary to prepare a very flat
Au(111) surface, having terrace widths greater than several
micrometers, because the lateral resolution of the LCM-DIM
method is limited to the range of 0.2—0.3 um by the wavelength
of the monitoring light, as in conventional optical microscopy.*’
Spherical single-crystal beads of gold were obtained by melting
the end of a Au wire (99.999% purity, 0.8 mm diameter) in a
H,/O, flame as described previously.*®2° A photograph of the
single-crystal bead in full scale is included as Figure 1 in the
Supporting Information.

In the present study, the Au single-crystal beads were further
annealed in an electromagnetic furnace (HOTSHOTS5, Ambrell Ltd.)
in a temperature range of 600—800 °C under purified argon
atmosphere to obtain the ultraflat surface. This annealing method
is superior to that used to obtain evaporated Au films on mica
frequently used for STM studies,?>?? because the terrace widths
on these films were normally smaller than the terrace widths
observed on the Au(111) facet.

Figure 1A shows a typical AFM image acquired on an area of
1 x 1 um? on anormal Au(111) facet on the single-crystal bead,
which was prepared by the conventional H,/O, flame procedure.*®
The surface was composed of an atomicaly flat terrace-step
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Figure 1. AFM images on norma Au(111) (A) and ultraflat Au(111) (B)
surfaces. Line profiles shown in (A”) and (B’) indicate cross sections along
the lines shown in (A) and (B), respectively. The images were obtained in
4.3 (A) and 12 min (B).
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Figure 2. LCM-DIM image (A) of atypica ultraflat Au(111) surface in
air with a scan area of 70 x 70 um?. The cross-section profile (B) reveals
the signal intensity along the line in (A). A side model of the surface
structure along the line is presented in (B’). The image was obtained in
24s.

structure with monatomic steps with a height of 0.25 nm, as shown
by the line profile along the line in Figure 1A, while the widths of
atomically flat terraces were in the range of 50—500 nm. However,
the atomically flat terraces were not wide enough for observation
by the LCM-DIM method, because of the limitation of the lateral
resolution of the LCM-DIM method.

On the other hand, Figure 1B shows a typical AFM image for
annealed ultraflat Au(111) facets acquired on a scan area of 10 x
10 um?. It can be seen that the terrace widths of the annealed
Au(111) facets are surprising larger than those of the normal
Au(111) facets before annealing as shown in Figure 1A. Terrace
widths in the directions indicated by arrows a and b are 2—5 and
>10 um, respectively, as shown in Figure 1B. Note that the well-
defined steps were found to be all monatomic, as shown by aline
profile in Figure 1B.

After characterization of the surface morphology by AFM, we
subjected the same ultraflat Au(111) surface to an examination by
LCM-DIM. A typica image obtained by LCM-DIM is shown in
Figure 2A, in which the observed area was as large as 70 x 70
wum?. The acquisition time was very short (2.4 s) compared with
those of the AFM images shown in Figure 1. It is remarkable that
regularly aligned step lines are clearly discerned. According to the
result shown in Figure 1B, these step lines must be monatomic
steps on Au(111). The output of signd intensity of LCM-DIM aong
the direction of the S—S’ line in Figure 2A is shown in Figure 2B.
The downward and upward atomic steps appear as dark and bright
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Figure 3. Comparison of LCM-DIM image (A) on ultraflat Au(111) and
AFM image (B) of the area marked by the square of 10 x 10 um?in (A).
A line profile along the line S—S' is shown in (B"). LCM-DIM and AFM
images were obtained in 2.4 s and 8.5 min, respectively.

lines, respectively. The signal intensity in LCM-DIM decreases at
the downward steps, as seen in the cross-section profile in Figure
2B. A side model surface structure along the S—S’ line of Au(111)
isillustrated in Figure 2B’. The terrace width along the direction a
is about 2—5 um, consistent with the AFM result shown in Figure
1B, whereas the width in direction b extends more than 70 um.

To confirm that the step lines observed by LCM-DIM are mostly
monatomic steps, AFM images of the same area were acquired and
compared each other. Figure 3A shows an LCM-DIM image
acquired with an ultraflat sample prepared for a longer annealing
time. It is seen that terraces observed by LCM-DIM were as wide
as several tens of micrometers, suggesting that annealing conditions
are crucial in the preparation of ultraflat Au(111). An AFM image
of the area defined by the square mark of 10 x 10 um? in LCM-
DIM image of Figure 3A was obtained within 1 h, as shown in
Figure 3B. In this defined area, the shape of step lines is almost
identical in both LCM-DIM and AFM images. Note that all step
lines in the AFM image shown in Figure 3B are monatomic in
height. A line profile along the S—S' linein Figure 3B is shown in
Figure 3B’. These results confirm that the step lines observed by
LCM-DIM shown in Figure 3A are mostly monatomic steps; thus,
it is concluded that LCM-DIM can resolve monatomic steps on a
Au(111) surface. Furthermore, it is shown that a composite AFM
image constructed from nine AFM images has the same shape of
step lines observed by LCM-DIM (see Figure 3 in the Supporting
Information).

It is well-recognized that the evaluation of electrochemical
reactions such as dissolution and deposition of metals is an
important subject in electrochemistry from both fundamental and
practical viewpoints.>*~2° For example, anodic dissolution processes
of Cu,?® Au,**?” and Pd®® have been investigated using in situ
STM, revealing the electrode processes at atomic level under the
reaction conditions.

The results described above prompted us to investigate electro-
chemical reactions taking place on solid surfaces with atomic step
resolution by using the LCM-DIM method. In this study, the anodic
dissolution of Au was investigated in an acid solution containing
chloride ions. Figure 4A shows cyclic voltammograms (CVs) of a
Au(111) electrode in 0.1 M HCIO, in the absence (black line) and
in the presence of 3 mM HCI (red line). In 0.1 M HCIO, containing
no chloride ions, the two main oxidation peaks observed at 1.35
and 1.55 V vs RHE correspond to the oxidation of the first layer
of Au(111), according to the following reactions.**2°
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Au+ H,0— AUOH + H" + & ()

AUOH — AU'O + H' + e 2

The cathodic peak at ca. 1.15 V is due to the reduction of the
Au oxide (Au"O). The anodic dissolution of Au does not occur in
0.1 M HCIO, in the potential range of Figure 4A. These results
are consistent with those of previous studies.**° On the other hand,
in the presence of chloride anions, the anodic current arising at ca.
1.3 V is due to the anodic dissolution of Au, according to the
following reaction:*27:%0

Au+ 4ClI” — [AU"Cl]” + 3e” ©)

A characteristic terrace-step structure in 3 mM HCl and 0.1 M
HCIO, can be seen by LCM-DIM at potentials lessthan 1.2 V, as
shown in Figure 4B. Almost identical images were consistently
observed when the electrode potential was kept at a value more
negative than 1.2 V. However, when the electrode potential was
set at a value close to the onset of the anodic dissolution, it was
found that all step lines were retracted toward the inner part of
each terrace, suggesting that the anodic dissolution took place at
step edges. Figure 4C,D shows time-dependent LCM-DIM images
of the anodic dissolution process of the Au(111) surface. In addition
to the series of monatomic steps, severa pits with a monatomic
depth can also be seen on terraces, which are marked by yellow
arrows in Figure 4B. The three pits seen in the corresponding
enlarged image in Figure 4B’ increased in size gradually due to
the dissolution, and finally these pits combined together to form a
new large pit, as shown in Figure 4C",D’. Steps mostly monatomic
in height characterized by an arc shape (rather than straight)
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Figure 4. Cyclic voltammograms of Au(111) electrode in 0.1 M HCIO,
in the absence (black line) and in the presence of 3 mM HCI (red line) (A),
scan rate 50 mV/s. In situ LCM-DIM observation of the process of anodic
dissolution of Au(111) was carried out in 3 mM HCl + 0.1 M HCIO, at
1.2 V (B) and then 10 min later (C) and 15 min later (D) at 1.3 V. Each
image was obtained in 2.4 s. (B"), (C’), and (D) are the corresponding
enlarged areas of the top right corners marked by the squares in (B), (C),
and (D). The anodic dissolution at step edges is illustrated in (A’). (See
video in the Supporting Information to view the dynamic process.)

retracted by ca. 150 nm/min as an averaged rate. On the other hand,
straight steps retracted by ca. 100 nm/min (see Figure 4 in the
Supporting Information). The density of kinks may play arolein
controlling the etching rate. Finally, note that no new pits were
formed under the present experimental conditions, as shown in
Figure 4, while new pits were found to form at more positive
potentials. The etching rate of step lineswas also increased. A more
detailed study is now under investigation.

We conclude that LCM-DIM is a new powerful in situ method
for evaluating various electrochemical reactions with single atomic
layer resolution.
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