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Abstract

We present an in situ STM study on submonolayer Sh electrodeposition on Au(1 11). Different approaches have been
employed to study Sb irreversible adsorption, the redox behavior of the Sb(lll) adspecies with and without the influence of
UPD and vice versa. The oxygenous Sh(lll) is adsorb on Au(11 1) surface at potentials between 0.2 and 0.55V, which is
very likely in the form of in-plane oriented ShQayer conjugated with the sulfate. In the solutions containing only sulfuric
acid, this anion bound film undergoes a subtle structural change after the completion of discharge from Sb(lll) to Sb(0) state
at~0V. In the Sb(lll) containing solutions, the film type of structure of the adspecies is destroyed at the potential where Sb
UPD takes place and more Sb can be incorporated, leading to structural transition to a worm-like network. Alloys at least
involving two top layers of the surface are formed accompanying the structural transition. The Sb UPD without precedent
with the irreversible adsorption proceeds by forming monoatomic high alloy islandd @hm in diameter. The apparent
simple surface morphology provides evidence con that the channels within the complex worm-like network may well be a
result of oxygen removal from the in-plane orientated Sh&yer and alloy formation as well.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction substantially less negative than that required for their
bulk deposition. The immersion method, on the other
It is well known that surface physical and chemi- hand, deals with the reduction as well as the oxidation
cal properties can be changed significantly by foreign of metal adspecies that has been introduced onto the
metal adatoms/adspecies. Underpotential depositionelectrode spontaneously at open circuit from solutions
(UPD) [1-3] and immersion methop#,5] are two ef- containing the metal ions. Metal adatoms/adspecies of
fective electrochemical approaches for surface modifi- varying coverage can be obtained by both approaches,
cation with submonolayer of metal adatoms/adspecies. which provides basis for, e.g. alteration of electrocat-
Metal UPD concerns with electroreduction of metal alytic activities[1,6-9]as well as introduction of sur-
ions from solution at electrode potentials that can be factants crucial for a desired growing mechanism in
metal thin film formation10-12]
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have also been reported. As a matter of fact, UPD may on Au(111) was achieved via immersion method.
be precedent with the reduction of the irreversibly ad- The STM measurements and electrochemical mea-
sorbed species of its owi6,17] Investigation under  surements were performed either on a Sb(lll) covered
this circumstance would provide information that can Au(11 1) surface in a supporting electrolyte of 0.5M
help understand the dynamics of UPD and reduction HoSO4 or on a Au(111) surface in contact with the
of irreversibly adsorbed species (or adspecies) undersulfuric acid solution containing different amount of
the perturbation of each other. However, while exten- Sb(lll) species. Detailed procedures for different ap-
sive work has been carried out to elucidate the UPD proaches will be stated i&ection 3 The in situ STM
adlayer structure utilizing the structural sensitive tech- measurements were performed on Nanoscope llla with
nigues such as scanning tunneling microsci8;3] electrochemically etched and thermosetting polyethy-
and in situ X-ray diffractiorj19], investigations of im- lene insulated W tips. A saturated calomel electrode
mersion prepared adspecies and their redox behavior(SCE) and a platinum wire were used as reference
are limited, in general, to conventional electrochemical electrodes for electrochemical and in situ STM mea-
methods. There is an increasing need to employ struc- surements, respectively. Potentials quoted in this work
tural sensitive techniques to study metal submonolayer are, however, versus SCE. All solutions were prepared

deposition including irreversible adsorption and redox
behavior of the adspecies. Efforts in this aspect would
be valuable for a full understanding of metal submono-
layer deposition.

Sb is one of the typical elements that can be irre-
versibly adsorbed on metal surfaces such apt3
and Au[16]. The Pt single crystal electrodes mod-
ified with the irreversibly adsorbed Sb have shown
enhanced electrocatalytic activities towards electroox-
idation of small organic moleculd20—-22] Sb is of

from AR chemicals with Millipore water.

3. Results and discussions

Solution chemistry suggests that the dominant form
of SkpO3 in acidic solution (pH= 0-1) is oxygenous
Sb(Il) ( SbO") [24]. The amount and stability of the
irreversibly adsorbed Sb(lll) on Au(111) depend on
its equilibrium with the Sb(lll) species in the solu-

interest also because, as a surfactant, it has been foundion as well as the acidity of the solution. The cyclic

in UHV to promote layer-by-layer growth mechanism
in the metal thin film formatior[11]. In this paper,
we report an in situ STM study on Sb electrodeposi-
tion of submonolayer quantity on Au(11 1). With the
strategies for studying the irreversible adsorption, the
redox behavior with and without the influence of UPD
and vice versa, our study aims to provide direct struc-
tural views to help gain deep insight into individual
processes as well as their mutual interference.

2. Experimental

Au single crystal beads were prepared following the
Calavilier method23]. One of the (1 1 1) facets of the
bead was used directly for in situ STM measurements.

voltammograms for reduction and oxidation of the ad-
sorbed Sb(lll) in solutions free of Sh(lll) is shown as
the inset ofFig. 1 It suggests a fractional coverage of
0.29 ML of Sb (either Sb(0) or Sh(lll)), assuming a
three-electron reduction from Sb(lll) to Sb(0) and re-
ported as a fraction of total number of Au(111) sites.
Subsequent cycling causes partial removal of the ad-
sorbed Sh(lll).

In the Sb(lll) containing solutions, with the bulk
deposition at~—0.18V, similar amount of adsorbed
Sh(lll) can be obtained on the surface. Cyclic voltam-
mograms were recorded after stabl& curves were
obtained. Cycling into different cathodic potentials
allows to distinguish the UPD of Sb (marked with
D, at —0.05V in Fig. 1) from the reduction of irre-
versibly adsorbed Sb(lll) (bat ~0V). The anodic

For conventional electrochemical measurements, the peaks A—-A, are mixed features of UPD stripping
single crystal bead was oriented and polished to exposeassociated with P and oxidation of Sb(0) back to

large enough (11 1) plane. Prior to each experiment,
the working surface was subjected to electrochemical
polishing and flame annealing inoHbllowed by cool-

ing under N. The irreversible adsorption of Sh(lll)

Sh(lll) associated with P The difference in the
anodic features in comparison with that recorded
in the solution free of Sb(lll) implies that the irre-
versibly adsorbed Sb(lll) has experienced a structural
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Fig. 1. Cyclic voltammograms of Au(111) in 0.5 M280; solution containing saturated-0.5 mM) SOz with sweep rate of 5 mVs.,
Inset is the CVs of Au(111) electrodes covered with irreversibly adsorbed Sb(lll) in 0.580Hfree of Sb(lll) with sweep rate of
50mVs L. The solid and dashed lines indicate the first and second cycles, respectively.

transformation after the potential excursion into the
UPD region. The charge flux associated with the
UPD is rather small{0.15 ML). In addition, there is

considerably fast adsorption and an Sb(lll) containing
layer covered the entire surface in 18 mikig. 2b
and 9. As is shown inFig. 2l the Au step height is

a steady cathodic residual current in a considerably 0.25nm and the adsorbed Sb(lll) containing layer is

wide potential range marked withzDlt is believed
that Ds; arises from further deposition of UPD Sb
while A1 corresponds to its dissolution. Most likely
the process involves surface alloying at a kinetic lim-
itation with a very slow rate. The general behavior on
the cyclic voltammograms is consistent with that of
previous electrochemical studigis].

In situ STM experiments were performed with four
different approaches in order to follow the irreversible
adsorption of Sb(lll), the reduction of the irreversibly
adsorbed Sbh(lll), the UPD of Sb and the influence

of monoatomic height 0#0.12 nm measured with re-
spect to the uncovered region of the surface. This value
is consistent with the ionic radius of 0.15 nm for’$b
Taking into account the dominant form of SthGor
Sh(lll) under the present experimental condition, the
discrepancy between the apparent full coverage of the
adsorbed Sb(lll) layer and the small charge flux associ-
ated with the reduction of the Sb(lll), which is equiva-
lent of 0.29 ML, suggests an in-plane orientation of the
adsorbed Sb®. It is further inferred that a conjugate
layer of sulfate stabilizes the in-plane oriented ShO

between the later two processes, respectively. In the species. This conjugate sulfate seems to be transpar-

first approach, irreversible adsorption of Sh(lll) onto
Au(111) was monitored under potential control at
0.3-0.4V in the Sb(lll) containing solution. Adsorp-
tion took place at 0.4V but only with very small
amount Fig. 2a) The bright round disks are Au is-
lands squeezed out during the lifting of the thermally
induced reconstruction, while the light small spots are
the Sh(lll) adspecies at the initial stage of immersion.
Slight negative potential shift to 0.36V promotes

ent to STM imaging and does not contribute to the
height of the adspecies layer. Small area images show
that the Sh(lll) layer is highly disordereéif. 2d so

that atomic resolution imaging was not achieved. We
mention that the immersion potential (0.3-0.4V) for
Sb irreversible adsorption falls into the double layer
region of a bare Au(111). Sulfate adsorption on the
bare Au(1 11) in this potential region is wefb,26]
However, this does not violate with the formation
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Fig. 2. Irreversible adsorption of oxygenous Sh(lll) from 0.5 MS@, solution saturated with $B3 at 0.4V (a), 0.36V (b, c, d). An
apparent full coverage of Sb(lll) was reached after resting at 0.36V for 18 min (c). The small area image of the adsorbed layer is given
by (d). Scan size: 200 nm 200 nm (a—c) and 20 nm 20 nm (d).

of a conjugated sulfate layer since it is obvious that ogy with sharp features of the Sh(lll) adspecies but
the highly and positively charged SBOwould in- with significantly decreased coverageid. 3d. The
duce adsorption of correspondingly large amount of surface became smooth in the region where Sh(lll)
sulfate. had been removed. No pits were observed, excluding
In the second approach, the oxidation and reduc- the alloy formation during the redox processes.
tion of the adsorbed Sh(lll) was studied without the It has been reported that anion can have strong
influence from solution species. To do so, the STM influence on the stability as well as the redox be-
measurement was paused after a layer of Sb(lll) ad- havior of the irreversibly adsorbed spec[@3]. The
species was formed to allow for substitution of the film morphological change during the reduction and
solution in the STM cell with that free of Sb(lll) by  oxidation of the Sb(lll) adspecies is subtle in the
sucking and refilling for three to four times under present work and this indicates that it may involve
potential control. The subsequent measurement wasonly processes such as substitution of conjugate
performed in the solution free of Sh(llIF{g. 3). As species while the adspecies remains unchanged in
can be seen, the original sharper and close-packedterms of relative positions within the film. It is con-
features of the morphology at 0.3 ¥ifj. 39 became ceivable that upon discharge of Sb(lll) into Sb(0),
relatively loosely packed at 0.03V after the comple- the conjugate sulfate anions decrease their affinity
tion of the reduction process of Sb(lllFig. 3b. On with Sb(0) and very likely give way to less strongly
reversing the potential, this morphology maintained binding water molecules, making the film with a
until the potential was set back to 0.3 Vig. 39. relatively loose structure. The decrease in coverage
After resting at this potential for about 20 min, the after reduction/oxidation cycles is believed to be a
film was able to restore close to its original morphol- consequence of escape of the Sb(lll) adspecies during
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Fig. 3. Sequence of STM images showing morphological changes during reduction and oxidation of Sb(lll) adspecies on Au(111) in
0.5M H,SOy solution. Sb adsorption onto Au(111) was achieved by immersing in sulfuric acid solution saturated ¥@h &80.3V

for 10 min. The immersion solution was replaced with pure sulfuric acid solutions under potential control. (a) Film of oxygenous Sb(lll)
adspecies with small aggregates at 0.3V, (b) film of loosely packed network after reduction of the adspecies at the potential region
of 0.03 to —0.03V; (c) Reversal of potential back to 0.3V and (d) 20 min after (c) with partial removal of the adspecies. Scan size:
130 nmx 130 nm. Inset: 18 nmx 16.3nm (a), 345nm x 345nm (b) and 32 nnx 32nm (c).

substitution of the conjugate species from sulfate to for these island surfaces. On anodic sweeping of po-
water molecules and vice versa. tential to strip the UPD Sb at 0.4V, islands were left
In the third approach, Sb UPD was studied without over on the surface and pits were formed on the ter-
precedent by the irreversible adsorption. The experi- races as well as those left over islanégy( 4d) indi-
ments were conducted by introducing an Sb(lll) con- cating surface alloying upon Sb UPD.
taining solution at the potential where only UPD could ~ As the final approach, STM measurements were
be initiated. The final concentration of Sb(lll) was 10 performed directly after the formation of a layer of
times diluted than the saturation concentration. Sb was irreversibly adsorbed Sb(lll) in the solution contain-
electrochemically deposited as soon as Sh(lll) speciesing Sh(lll) species to study the reduction of Sh(lll)
diffuses to the surface. Thus, the irreversible adsorp- adspecies with the influence of Sb UPBEYg. 5shows
tion could be avoided before UPD. Large amount of a sequence of potential-dependent surface following
monoatomic high islands were formed immediately at Fig. 2c It can be seen that the film-like morphol-
—0.07 V accompanied by slight reshaping of the step ogy sustained up te-0.09V (Fig. 59, where subtle
edge Fig. 4b. The average height of the islands is changes of the film structure may have been involved
0.28nm, in agreement with the monoatomic height as has just been discussed. A significant structural
of Sb or Au. The islands became bigger when fur- transition occurred at-0.04V where the UPD (cor-
ther deposition was promoted at decreasing potentialsresponding to B in Fig. 1) is completed Fig. 5b
(Fig. 49. Some of the islands coalesce to form deposit and §. The newly evolved surface morphology is
domains. Atomic resolution images were not achieved substantially different from either the film structure
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most layers of the Au surface that are in direct con-
tact with the adsorbed layer were observed, breaking
up integrity of the film as well as the top most Au
surface. This is discerned by the partial exposure of
the surface that was originally covered by the up-
per layers of Au and Sh(lll) (see regions indicated
by arrows inFig. 5a and h In addition, a light but
eye-catching three-dimensional aggregation has been
involved during the process. In a few minutes, a clear
two-dimensional worm-like network structure evolved
with small amount of bright dots scattered especially
at the junctions of the network indicated by circles
(Fig. 59. The height of the connections of the net-
work (or the depth of the channels) i2@ + 0.1 nm
with respect to the lower terrace, and widths of the
connections as well as the channels af@nm on

Fig. 4. STM images of Au(111) in the supporting electrolyte of
0.5M HpSOy at 0.05V (a), after introduction of Sh(lll) contain-  &verage.

ing solution (with final concentration of 0.1 mM) at 0V (b) and Based on the cyclic voltammetric measurements,
—0.08V (c), and after stripping of UPD accompanied by irre- the completion of UPD at-0.04V contributes extra
versible adsorption at 0.4V (d). Scan size: 200200 nm. 0.15 ML to the Sb coverage. Obviously, the worm-like

structure is a result of a UPD-driven structural transi-
of reduced Sh(lll) adspecies in the second approachtion involving oxygen removal that destroys the film
(Fig. 3b or the island morphology of pure UPD of Sb  structure and release considerable amount of surface
in the third approachHig. 4b and ¥ A remarkable sites. The increase in Sb coverage upon UPD also
shrinking of the adsorbed layer and rotten of the top promoted surface alloying. This is further supported

Fig. 5. STM images showing potential-dependent morphological change of Au(111) in 0Z5hté$olution containing saturated 8bs.

(a) Following Fig. 2c and after reduction of the Sb(lll) adspecies at 0.01V; (b) during and (c) after the completion of Sb UPD in 3min;
(d) after stripping of UPD Sb; (e) oxidation and/or re-adsorption of Sh(lll) adspecies; (f) desorption of Sb(lll) adspecies. Scan size:
200 nmx 200 nm.
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by the pits and protrusions generated after stripping of the film morphology. In the Sb(lll) containing

of the UPD Sb by anodic sweeping up to the com- solution where several processes can take place sub-
pletion of Ap at 0.11V €ig. 5d. It is believed that  sequently, the film type of structure of the Sb ad-
the alloyed Sb is only partially stripped at this stage, species is destroyed at the potential where Sb UPD
and the remaining surface is still heavily intermixed takes place and more Sb can be incorporated, leading

so that its structure is in sharp contrast with the
film-like morphologies of Sb(lll) adspecies either in
reduced or oxidized state shown Byg. 3a and b

respectively. Complete dealloying became possible

at higher potential of 0.32V, followed by the irre-
versible adsorption of Sb(lll) on a further fragmen-
tized surface (due to dealloying), making it apparently
three-dimensional protrusiofrig. 56. Complete des-
orption of the Sb(lll) adspecies at potentials positive
of +0.55V restore the surface with two-dimensional
features, though severely fragmentized. This allows
identification of the pits both in the first and second
layers. It clearly indicates that alloy had developed
beyond the first layer of the surface directly under-
neath the Sb. It is known that Augks the only form

of bulk alloy between Au and S[28]. Obviously,
the surface alloy composition is much different from

that of the bulk because otherwise the submonolayer

coverage of Sb would not even alloy with half of the
Au layer directly underneath. The surface alloy in
the present work likely involves two layers of surface
Au atoms though identification of the alloy com-

position is not possible on the basis of the present

data.

4. Summary

With four different approaches, we have monitored
Au(111) surfaces with Sb irreversible adsorption,
the reduction and oxidation of the Sb(lll) adspecies
with and without the influence of solution species of
Sb(lll), and the Sb UPD without precedent with the
irreversible adsorption, respectively. The irreversible
adsorption of the oxygenous Sbh(lll) (SBD onto
Au(111) surface occurs at potentials between 0.2
and 0.55V in the form of in-planed oriented con-
figuration conjugated with sulfate above the Sb(lll)
adlayer. The directional bond of SBQs randomly
oriented on the surface preventing atomic resolu-
tion observation of detailed arrangement of ShO
In the absence of UPD, the reduction and oxidation

of Sb(lll) adspecies corresponds to subtle changes

to the structural transition to a worm-like structure.
The channels within the complex worm-like net-
work may well be a result of oxygen removal from
the in-plane orientated ShiOlayer. Alloy formation
has been involved upon UPD regardless of the irre-
versible adsorption. The results have demonstrated
a close interplay between the irreversible adsorption
of Sb(lll) and UPD of Sh. It is expected that such a
study would provide a better understanding of both
processes.
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