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We report on the development of a new method 1o control the coverage ol a metal [ilm prepared with -
mersion method. An Sb species in solution adsorbed irreversibly at an open circuit potential (~0.2 V) as an ox-
veenous Sh(ITT) on a clean Au clectrode. and the adsorbates showed voltammetnie [eatures in the potential
range from 0.1 V to — 0.4 V. The full coverage of the Sb adsorbates was ~0.45. On the contrary, the Sb
species in solution did not adsorb at all on iodine-covered Au electrode surfaces, when the iodine coverages
were more than .25, As the 1odine coverage deereased below 0.25, however, the irreversible adsorption ol Sb
took place and the coverage of Sb increased accordingly. This electrochemical behavior has been interpreted as
the penetration of the adsorbing Sh species in solution through open spaces among the 1odine adlattices ol cov-
erages less than 0.25, With the manipulation of the iodine coverage. the controllable range of Sb coverage was
from O te 0.43, ie. the full coverage of Sb. In addition, the reversible deposition of Sb on an iodine-saturated

Au cleetrode with vollammetrie sean has been observed, which 1s contrasted with the adsorptive behavior of
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Sb on the clean Au electrode,

Introduction

One of the key issues n the current electrochemistry is
the deposttion of ultrathin metal {ilms on clectrodes (o mod-
itv the electromc and/or steric properties of the electrode sur-
faces. Such a modification is verv important in various
technical aspects, particularly i fuel cell technology. Tor ex-
ample, the deposition of numerous metal atoms onto Pt elec-
trode surfaces enhanees the catalytic activity in the ox-
idation of small organic molecules.”

There are two electrochemical methods to deposit metal
ultrathin {1lms on clectrode surfaces: underpotential de-
position (UUPD) method'and immersion method " In the
UPD method. metal ions m solution are reversibly reduced
to a metallic atomic layer on a metal electrode of different
clement. In the immersion method, after contacting a mctal
electrode with a solution of a metal species to be deposited,
an atomic laver of the metal ionic species is formed via ir-
reversible adsorption. Since the irreversibly  adsorbed
species generally retains its oxidation states as in solution,
an electrochemical reduction of the adsorbates is needed to
oblain melallic films*

In a practical point of view, the immersion method has re-
ceived more attention than the UPD method.” The reason is
that the metallic Tavers deposited with the former method
arc much more stable, duc (o their nreversible nature, than
those with the latter method. Such an attention resulted in
many reeent studies on the metallic layers prepared with the
immersion method, regarding clectrocatalytic moditier.”™

In the modification of electrocatalyst surfaces, the ma-
nipulation of metal adsorbate coverages 15 mmstrumental, be-
cause the calalviic activities of modified clectrodes show de-
pendence on the meodifier coverages.™™'"'*™ In the im-
mersion method, two techniques have been conventionally
utilized 1o control metal adatom coverage™: onc is 1o con-
trol the contacting time and solution concentration tor ir-
reversible adsorption, and the other 15 to control the ox-

idative stripping time and potential of irreversibly adsorbed
lavers.

In this paper. demonstrated 1s a new method o control
the coverages of a metal film prepared with the immersion
method. The model systen is irmeversibly adsorbing Sboon a
polverystalline Au electrode. The basic idea of our method
is the steric hindrance of preadsorbed iodine on Au surtaces
Lo the irreversible adsorption ol Sh. In conjunction with the
new method, the adsorptive behavior of Sb on clean and
iodine-covered Au electrodes is compared.

Experimental

A thin layer clectrochemical cell (TLE), as shown i Fig-
ure 1, was exclusively used in this work. The purpose of
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Figure 1. A schemalic of the thin laver electrochemical (TT.1%)
cell.
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the TLE was last chuange of the clectrolytie solution con-
tfined in the cavity between the working electrode and the
glass wall of the cell. By purging the cell sith N, gas, the
solution in the cavity was expelled out, while the clectrode
was kept 1n the mert atmosphere. When purging was stopp-
ed, the cavity became filled with the solution around the
cell by capillary action. A series of operations to change the
solution n the cavity 15 called “rinse”, thercafier. The
volume of the cavity was measured to be 6.92pL using the
coulometry of I'¢"/Fe  redox couple.”

The working clectrode used in this work was a poly-
crustalline Au cvlinder (99.99%). A clean surface of the Au
electrode was routinely prepared with hvdrogen Name an-
nealing, [INO, treatment and  oxidation/reduction  cveles,
The surface arca of the working electrode was measured (o
be 1.14£0.01 em*with the iodine adsorption method.™

Eleetrochemical measurements were carried out using a
home-built potentiostat. The relerencee clectrode used in this
work was Ag/AgCI|CT=10"M), but the potential scale
reported in this paper is against Ag/AgCI{[CI=1 M), All
evelie voltammograms were taken at a scan rate of 5 mV/
see. All the solutions were made with ultrapure vater (=18
M em, Barnsted). Sh,0,(Aldrich), NaClO,(Aldrich),
HCIO, (Merck) and CTT,COONa (Merek).

Results and Discussion

Electrochemical Behavior of Sb on Clean Au
Electrode. I'igurc 2(a) shows a tvpical evelie voltammo-
gram ol a clean Au clectrode in I M NaClO /200 mM ace-
tate bulter (pH=4) solution(herealler, clean solution). A con-
tact between the clean Au clectrode and 0.25 mM ShQ /1
M NaClO200 mM acetate bulter (plT=4) solution(herealter,
Sb solution) was made, [or immersion, by filling up the cav-
1y with the 8b solution at an open cireult potential (~0.20
V) lor 2 minutes and the rinsing procedure with the Sb solu-
tion was repeated several tmes. Then. the cavity was nnsed

Current
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Figure 2. Cyelic voltammograms of (a) a clean Au ¢leetrode in
the clean solution and (b) the Au cleetrode alter contacting with
the Sb solution {—): the Au electrode in the Sb solution(---).
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scveral times with the clean solution, and the cvelie vol-
tammogram as presented with the solid line in Figure 2(b)
was obtained. Although there was no Sbh species i the cayv-
iy, the voltammetric features in the potential range trom
0.10 V1o = 040 V were discernible. When a clean Au
clectrade was rinsed with the clean solution, no peak was
observed 1n the particular potential range. These observa-
tions indicate that an amount of an Sb species remains on
the electrode surface even aflter the final rinse with the
clean solution.

This electrochemical behavior of Sboon the Au electrode
can be interpreted i lermis of a strong interaction belween
an Sb ospecies 1in solution and the Ao electrode surlace.
When a clean Au clectrode contacts with the Sbosolution,
the Sb species in solution adsorbs strongly and the ad-
sorhales remain. even atter rinsing, on the clectrode surtace.
In the tirst cathodie scan rom the open cireuit polential, the
adsorbed Sb species 15 reduced, and in the lollowing anodic
scun, the reduced Sb species 1s oxidized o the ongmally ad-
sorbed state. In fact, the voltammetrie features in the po-
tential range from 0.1 o — 0.4 V were persistent with ev-
clic voltammetnie scans when the anodic end of the scun
was less than +0.2 V.

The unique way to remove the strongly adsorbed Sh s
an oxidative resorption. When the anodic scan was ex-
panded (0 a potential more than +0.2 V. observed was an
oxtdation current concomitant with the Au swrlace oxidation
current (not shown here). In the tollowing cathodic scan,
onlv reduction peaks related to the Au surface oxide and
the strongly adsorbed Sb appeared. Furthermore, the redue-
tion charge of the Sb adspecies diminished and its de-
creased amount depended on the oxidation time and po-
tential. These observations reveal that the adsorbed Sb ox-
idatively desorbs into solution and that the soluble Sb
species of higher oxidation state s not subjecet (o any clee-
trochemical reduction.

Based on the observations so far, the adsorptive behavior
of the Sb species under study can be classiticd as an ir-
reversible adsorption. The reason for the classification is
that the most distinguishing characteristic of the irreversible
adsorption 1s the uniqueness ol oxidative resorption in re-
moving the adspecics, as exemplitied with 8 and T on PU
To our knowledge. the irreversible adsorption of metal
species on Au clectrode surfaces are rarely studied. while
the phenomena of various metal species are very well-
known tfor Pt electrodes.”™

The chemical nature of the ureversibly adsorbed Sb
speeies is best estimated o be an oxygenous Sb(ITT). Tn this
work, the voltammetric features of the adsorbed Sbh species
on the Au clectrode showed the pIT dependence of ~60 mV/
ptl Tdentical pH dependence of the irreversibly adsorbed
Sh on Pt{111) and P 100) were observed.” This observation
was Interpreted o indicate that the adspecies contains ox-
vgen atom(s) and that an equal number of hvdrogen ions
and electrons are mvolved 1 the rate-determining  step.
Considering the oxidation and reduction of the adsorbed Sb,
1t is concluded that the oxidation state of the Sb adsorbate
is I because the possible oxidation states of Sb are 0, 111
and V. Accordingly, the following reaction scheme is pro-
posed for the nreversible adsorption ol Sb on clean Au elec-
trode,
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Sh{ITl. ag) = oxvgenous Sh(Ill. ad) + 3¢ = Sb(0). ad)

L below +H0.2 V
Sb(V, ag) + 2¢

above +0.2 V

The reduction charge of the irreversibly adsorbed Sb lay-
er was 272 pClem’, which corresponds to the coverage of
~0.43 (defined as ratio of the number of Sb atoms to that of
Au atoms on the electrode surface).

The dashed line shovwn in Tigure 2(b) is a typical cvelie
voltammogram of the Au electrode 1n the cavity filled with
the Sb solution. Clearly, two reduction peaks at — 0.27 'V
and — 0.48 V were observed. When the cavity was rinsed
with the clean solution at 0.2 V_ only the redox process re-
lated to the treversibly adsorbed Sh laver was observed.
The disappearance of the peak at — 0.48 V indicates that
the bulk metallic Sb laver deposits {rom the solution on the
first metallic Sb laver which is formed via the reduction of
the mreversibly adsorbed laver. Under such conditions. the
reduction peak of the wreversible Sbadsorbates shitled
from — 0.20 Vto —0.27 V.

Electrochemical Behavior of Sh on iodine-Cov-
ered Au Electrode. Figure 3(a) is the cvclic vol-
tammogram of an iodine-saturated Au electrode in 1 M Na-
C10 200 mM acctate butter (pH=4) solution. 7.e. the clean
solution. The adsorption of 10dine was carried out by con-
tacting a clean Au electrode with 1 mM Nal solution at an
open cirewit potential (~0.1 V) for 2 minutes. A briel de-
scription of the clectrochemical behavior of 1odine on Au s
as follows™ The oxidative stripping of the adsorbed iodine
o 1odate (I0,) started at 1.0 'V with the surtface oxidation
of the Au electrode. The cathodic peak at 0.65 V cor-
responds to the reduction of the surface oxide and the two

Current
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Figure 3. Cyclic voltammograms of an iodine-saturated Au elec-
trode (a) in the clean solution, (b) in the clean solution. alter con-
tacting at open cirguit potential with the Sb solution. with the po-
tential range between - 0.3 V and -04 V (---). with the po-
tential range between — 0.3 Vand -1.3 V (=), and (¢) m the Sb
solution (=): m the clean solunon after rinsing at +0.2 V (---).
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peaks at 0.0 Vand — (.3 V do (o the reductive adsorption
of 1odate to 1wdine. The full coverage of iodine was measur-
ed to be ~0.45.

The adsorptive ability of the Sh species in solution on the
iodine-saturated Au electrode surface was examined. A con-
tact between the Au electrede fully covered with 1odime and
the irreversibly adsorbing Sb species was made by filling
up the cavity with the Sb solution without potential control.
Then, the cavity was rinsed with the clean solution so that
there was no Sh ospecies mn the cavity. The dashed line in
Figure 3(b) was obtained in the potential range between
—0.5 V and +0.4 V. Clearly, there 1s no redox process
the studied potential range. which indicates that any Sh
species does not exist on the 1odine-saturated Au surtace.
When the voltammelric potential range was expanded, only
the clectrochemical processes related with the preadsorbed
1odine were observed (the solid hne in Figure 3(b)). These
observations reveal that the Sh species in solution does not
adsorb on the 10dime-saturated Au electrode, but does on the
clean one. The reason tor this behavior is that the pread-
sorbed iodine laver keeps the Sb species in solution from
contacting with the electrode surtface.

In spite of the inability for the Sb species to adsorb on
the 10dine-covered Au electrode, a metallic laver of Sh can
be deposited electrochemically on the surtace. The dashed
line in Figure 3(c) is the cvelic voltammogram of the 10dine-
covered Au clectrode in the Shsolution, which s nearly
identical with that of the irreversibly adsorbed Sb laver. A
plausible picture of the situation 1s that the metallic Sb layer
15 deposited on the Au electrode surlace but under the ad-
sorbed 10dine layer, or I/Sh/Au. Such a sandwiched struc-
ture of a metal monolaver was experimentally verified for
the underpotential deposition of Ag and Pb on 1odine-sa-
turated Pt electrode surfaces.™™ It is noteworthv, also, that
the peak at — 047 V became small although there was
cnough Sb speeies in the cavity for the bulk deposition. Ac-
tually, the reduction charge from 0.0 V to —0.5 V was 275
pCfem’, which is close to the {ull coverage of the ir-
reversibly adsorbed Sboon the clean Au clectrode surface.
This phenomenon implies that the iodine adatoms prevent
the bulk deposition ol Sh and that they alter the deposition
polentials of Sb species.

More interesting 1s that the deposition behavior of Sb be-
comes chemically reversible in the presence of 1odine. Alter
rinsing the cavity with the clean solution at 0.2 V, only the
current peaks related to the adsorbed 1odine were observed
as shown with the solid line mm Figure 3(¢). This ob-
servation indicates that the oxidation produet of the metallic
Sh on the Au swrface and under the adsorbed ioding 15 solu-
ble, which 1s contrasted with the nreversibly adsorbed, thus
msoluble one on the clean Au surface. On the 1odme-sa-
turated Au electrode, the electrochemical behavior of the Sb
species n solution can be presented as follows:

Sh{TI. aq) + 3¢ — SK0. ad)

Controlling the Coverage of the Irreversibly Ad-
sorbing Sh. A new idea 1o control the coverage of the ir-
reversibly adsorbing Sb is illustrated m Figure 4. When an
amount of the iodine on the iodine-saturated Au electrade is
desorbed to a submonolaver coverage, the distances bet-
ween the adsorbed 1odine atoms will be inercased unless
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Figure 4. A schematic presentation of a new method control
the coverage of irreversibly adserbing Sb on Au electrode.

the 1slands of 10dine are formed. Then, open spaces will he
formed among the ad-structure of iodine so that only the
Au atoms not covered with 1odine are exposed (o the sur-
rounding solution through the open spaces. 11 the open site
is spacious enough for the Sh species to contact the Au elec-
(rode, then the mrreversible adsorption of Sb will take place.
By controlling the distribution and/or size of the open sites
with the coverage ol 1odine, the swrface amount ol the ir-
reversibly adsorbed Sh can be manipulated.

The irreversible adsorption ol Sh among the preadsorbed
10dine of 0.135 coverage 15 demonstrated in Figure 3. To con-
trol the coverage of 1odine. there are two possible methods
to desorb the 1odine from the iodine-saturated Au surface™:
one 1s (he oxidative resorption of the adsorbed 1odine 1o
1odate and the other 1s the reductive resorption of the ad-
sorbed 1odine (o 1odide. In this work, the coverage of 1odine
was manipulated with the oxidative resorption. Specifically,
an iodmne-saturated Au electrode was held at +1.0 V for 13
scconds for the oxidation of the adsorbed 10dine and the
cavity was flushed to halt the oxidation. Then. the coverage
of the remaming iodine was confirmed with the dashed line
m Figure 5. The cavily, in which there was the Au clee-
trode with the adsorbed i1odine of the pre-determined
amount, was filled with the Sb solution for 2 minutes
withoul potential control to allow the adsorption of Sh. Al-
ter rinsing the cavity with the clean solution, the solid hine
m Figure 5 was obtained, which clearly shows the presence
of the irreversibly adsorbed Sh. The coverage of the Sh ad-
sorbed 1n this wav was (.16, which is below the full cov-
erage of 0.45,

The coverage of the irreversibly adsorbed Sb depends on
that of the preadsorbed 1odine as shown m Figure 6. While

the adsorption ol Sh s neghgible above 0.25 coverage ol

1odine, the amount of Sh 1s mercasing below the particular
coverage. This observation elearly demonstrates that the cov-
crage of Sh is possible (o manipulate from 0 to the full
monoelaver coverage with the adsorbed 1odine. In addition.
such a coverage dependence mnplies that there i1s a cntical
size ol the space formed among Lhe 1odine surface structure
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Figure 5. Cyclic voltammograms of the Au electrode with ad-

sorbed iodine of (.15 coverage belore (---) and alter conlacting
with the Sb solution (-).
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Figure 6. Plot of Sh coverage vs. the preadsorbed iodine cov-
erage on Au electrode.

for the solution Sh species to penetrate through,

Currently. a molecular level investigation using in-situ
scanning probe microscope lechnique s in progress Lo seru-
tinize 2-dimensional structures of irreversibly adsorbing Sb
on clean and 1odine-covered Au single ervstal electrodes.

Conclusion

1. An Sb species in solution adsorbs irreversibly as an ox-
veenous Sh(II on a clean Au electrode and the adsorbates
show vollammetrie features in the potential range trom 0,10
Vi =040 V. The tull coverage of the Sh adsorbates is
~0.45 and the only way to desorb the Sboadatoms is ox-
1dation to an Sh(V) solution species.

2. The Sb species in solution does not adsorb on an iodi-
ne-saturated Au electrode surface, while one monolaver of
Sb reversibly deposits on the particular surface during vol-
tammetric scans.

3. Demonstrated was a new method to manipulate the
coverage ot the rreversibly adsorbing Sbh vig submono-
lavers of 10dine. The controllable range of the Sb coverage
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is from O to the full coverage of 0.45. 265,81,
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