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[. Introduction

The study of the structure and dynamics of deposi-
tion of metal adsorbates on solid surfaces is of both
fundamental and technological importance.!™* The
early stages of adsorption/deposition along with the
growth mechanism (e.g. nucleation and growth) can
dictate the structure and properties of the deposited
layer. Metal adatoms and other adsorbates at sub-
monolayer coverage are believed to have electronic
properties that can deviate significantly from those
of the bulk material. In addition, the adsorbate layer
may also alter the electronic properties of the sub-
strate material itself. Such variations in electronic
properties have been studied extensively in terms of
their fundamental aspects as well as in their applica-
tion to catalytic systems.>6 In addition, small metal
clusters have been employed as models for solid
surfaces, particularly with regards to electronic
structure and chemisorptive properties.t=47

The adsorption and deposition of metal atoms on
foreign metal substrates represents a very attractive
family of systems for study because the strong
adatom/substrate bonding can control the growth
behavior and the resulting structures, especially as
a function of surface coverage. Particularly attractive
is the study of such systems by electrochemical
means, especially within the context of underpoten-
tial deposition (UPD).8~%5 This refers to the elec-
trodeposition of metal monolayer(s) on a foreign
metal substrate at potentials that can be significantly
less negative than that for deposition on the same
metal surface as the adsorbate. Such phenomena
allow for the precise and reproducible control of the
surface coverage and for the study of coverage-
dependent properties including the structure of the
metallic adlayer and its electronic properties.

Early UPD studies were carried out mostly on
polycrystalline electrode surfaces.® This was due, at
least in part, to the difficulty of preparing and
maintaining single-crystal electrodes under well-
defined (and controlled) conditions of surface struc-
ture and cleanliness. Although some studies on metal
single crystal were carried out, these typically in-
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volved the use of ultrahigh vacuum systems and
transfer protocols. A wealth of information emerged
from these studies; however, due to their inherent
ex-situ nature they also raised some questions,
especially in cases involving weakly adsorbed species,
as to the precise nature/identity of the surface under
study.

The advent of procedures and protocols for the
preparation and cleaning of single-crystal surfaces,
even of very reactive metals such as platinum,
revolutionized the field, and numerous studies on
single-crystal electrodes emerged.

In addition, the study and applications of UPD
processes evolved from one that was mostly the
domain of electrochemists to one that is now pursued
in numerous disciplines including chemistry, physics,
and materials science. The precise and deliberate
control of surface coverage and, in some cases,
structure (especially when single-crystal substrates
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are employed) made these systems especially appeal-
ing for addressing issues related to interfacial reac-
tivity including corrosion (and its inhibition), elec-
trocatalysis, and others. Moreover, these systems
could also serve as models to study and test predic-
tions from theoretical models of surface structure and
growth.

Although electrochemical techniques are extremely
valuable for the control and measurement of ther-
modynamic parameters such as potential, charge,
and coverage, structural (and other) conclusions
derived from such measurements are of an indirect
nature and dependent on the model employed. The
advent of in-situ techniques eliminated much of the
uncertainties involved and, as a result, generated a
great deal of interest, especially when coupled to
studies on single-crystal surfaces, and the techniques
offered the opportunity of characterizing these sys-
tems under active electrochemical control. Of par-
ticular importance were the application of spectro-
scopic techniques such as FT-IR, Raman, and second-
harmonic generation (SHG). The development of in-
situ structural techniques based on either X-ray
based methods (such as grazing incidence X-ray
scattering, surface SEXAFS, and X-ray standing
waves, among others) or scanned probe microcopies
(STM, AFM, and related methods) further enhanced
the ability to examine surfaces and surface structure
at unprecedented levels of detail.

In this review we examine the underpotential
deposition of metal mono- and multilayers on single-
crystal electrode surfaces. The intent is to provide a
broad overview of the types of systems that have been
investigated and try to derive some general observa-
tions, where appropriate. We make use of not only
electrochemical studies but also information derived
from other techniques (especially in-situ). Although
we have tried to make reference to a significant
number of publications, the intent is not to be all-
inclusive and we apologize for the unavoidable omis-
sions.
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We explored various strategies for presenting the
material and have opted for one based on the identity
of the metal substrate. We have placed most of our
emphasis on platinum, gold, and silver electrodes
since the vast majority of studies on well-defined
single-crystal surfaces have been on these systems.

We hope that the material presented in this review
will be a valuable reference source not only to
electrochemists but also to the entire UPD com-
munity.

[I. UPD on Gold Surfaces

1. Cu UPD on Au(h,k,l) Electrodes

The UPD of Cu on Au(h,k,l) electrodes has been
studied extensively over the past, using virtually all
techniques available to surface electrochemists in-
cluding pure electrochemical methods (voltam-
metry,2-18 chronocoulometry,'®~24 chronoamperom-
etry,?® ring-disk?®), in situ STM,?773% AFM,40~42
X-ray techniques (surface scattering,**~48 SEXAFS/
XANES,#49°57 and X-ray standing waves®®),
EQCM*+59-61 and SHG,%? and ex-situ UHV tech-
niques®-%8 (LEED, AES, and RHEED). In addition
to these investigations, theoretical models have been
applied to Cu UPD on Au(111) electrodes,®6:69-77
which, although initially were at odds with experi-
mental findings, were found to be consistent with
them upon a reevaluation of experimental results,
especially STM and AFM. All of these studies have
provided a detailed knowledge, although still not
complete, of these systems, especially for Cu UPD on
Au(111) electrodes in sulfuric acid media. In fact, Cu
UPD on Au(111l) has been one of the most widely
studied systems and is also a paramount example of
the effects of anions and surface structure on UPD
behavior as well as on surface electrochemistry.

A. Cu UPD on Au(111) in Sulfuric Acid Media

The cyclic voltammogram of Cu UPD on Au(111)
shows two well-defined and sharp pairs of peaks
(Figure 1), corresponding to two different adsorption/
desorption processes. The pair of peaks (deposition/
stripping) at high underpotentials has a broad shoul-
der, whereas the deposition peak at low underpoten-
tials splits in two on high-quality Au(111) single
crystals.’®32 The peak currents for the deposition and
stripping processes exhibit a marked sweep rate
dependence, being proportional to the scan rate for
values below 5 mV-s71.32 However, at higher scan
rates, the peak currents follow a v2 dependence.?
This behavior is the result of very slow charge-
transfer kinetic processes with instantaneous nucle-
ation and growth kinetics.?> The splitting of the
second deposition peak is the result of two different
nucleation processes, one taking place on surface
defects and the other on well-ordered (111) terraces;'®
thus, the dependence on the surface quality of the
electrode is evident.

Two different coulometric charge values have been
reported for the copper underpotential process on
Au(111): one around 460 uC-cm=2 32596063 gnd an-
other around 350 uC-cm™219202666 The difference
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Figure 1. Cyclic voltammogram for a Au(111) electrode
in 0.05 M H,SO4 + 1 mM CuSO,. Scan rate: 1 mV-s™L.
Reproduced with permission from ref 32. Copyright 1991
Elsevier Sequoia SA.

between these values is likely the result of different
measurement criteria, since in arriving at the value
of 350 uC-cm~2 a charge of zero was assigned for a
potential in the middle of the broad shoulder of the
first peak. The addition of the charge that would
correspond to the broad shoulder would give a charge
value that is very close to 450 uC-cm~2. The theoreti-
cal value (based on the surface atom density) neces-
sary for the deposition of a fully discharged mono-
layer of copper would be 440 4C-cm~2. Out of the total
charge for the copper UPD processes, about 2/3
corresponds to the first deposition peak.19202526,32,64

Taking the electrochemical results as a point of
departure, one would expect, a priori, that two
different copper ad-structures would be present, one
after the first deposition peak with an intermediate
copper coverage (ca. 2/3) and one after the second
deposition peak with a coverage close to 1. The first
determinations of the structure of the Cu adlayers
were done in UHV by Kolb and co-workers.53-65
RHEED and LEED revealed two different structures
that were interpreted as a (+/3 x +/3)R30° honeycomb
structure with ©¢, = 0.67 after the first deposition
peak and a (1 x 1) structure (O¢, = 1) after the
second deposition peak. AES measurements also
indicated that (bi)sulfate adsorption on the Cu ad-
layers was stronger than that on the bare Au(111)
electrode, in agreement with radiotracer’®’® and
FTIR® measurements on Cu UPD on polyoriented
gold.

The first in-situ measurements on this system were
done by SEXAFS, which confirmed the Cu-(1 x 1)
structure*®®® (Figure 2). This structure was later
observed by STM3* and AFM.#%41 SEXAFS measure-
ments provided an accurate determination of the
Cu—Cu distance in this structure (2.92 4+ 0.03,%° 2.89
+ 0.03 A%%). This value is the same as the Au—Au
distance (within the error of the experiment) in the
(111) direction (2.92 A), implying that the Cu-(1 x
1) adlayer is commensurate with the Au(111) sub-
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Figure 2. X-ray absorption spectra around the Cu Ka edge
for CU UPD on Au(111) at +0.13 V vs Ag/AgCl. Reproduced
with permission from ref 50. Copyright 1988 American
Chemical Society.

strate,*% as SHG results also suggest.®? In this
structure, Cu adatoms probably sit on 3-fold hollow
sites, as derived from the polarization dependence of
the SEXAFS® or by estimating the number of gold
nearest neighbors.>* SEXAFS spectra also indicate
the existence of oxygen (likely arising) from (bi)-
sulfate on top of the Cu adlayer.®5* The amount of
(bi)sulfate coadsorbed on the Cu adlayer has been
measured with EQCM*45%60 and chronocoulome-
try.1%20 Results from both techniques indicate that
the coverage of (bi)sulfate is the same as the maxi-
mum obtained for a clean Au(111) electrode,9:2024:44559.60
although the EQCM studies**>°~6! yield values for
clean Au(111) electrodes (®anions ~ 0.33) that are
significantly higher than those obtained with chro-
nocoulometry,® STM,®2-84 or radiotracer®! measure-
ments (Oanions &~ 0.20). Chronocoulometric?®2?* results
also suggested that the Cu adlayer was completely
discharged, whereas XANES*®5* indicated that the
oxidation state of copper was approximately +1.
These two apparently contradictory results are prob-
ably a consequence of the formation of a Au—Cu polar
bond (or a surface dipole) in which the Cu atom has
a charge deficiency.?%2* In this way, the complete
redox reaction for the adsorption of a Cu monolayer
can be written as

Au—(bi)sulfate + Cu?* + 2e™ <
Au’”—Cu’—(bi)sulfate (1)

Assuming that the (bi)sulfate coverage is approxi-
mately the same on the clean and Cu-covered
Au(111), the net contribution of the (bi)sulfate to the
total charge would be negligible. Therefore, 440
uC-cm~2 of charge is expected to be transferred for
the complete UPD process, in good agreement with
the experimental results.32.59.60.63

The determination of the structure after the first
UPD peak was more difficult and was, for some time,
controversial. The first STM?72832-3% and AFM*0
images showed a (v/3 x +/3)R30° structure (Figure
3), in which the maxima were interpreted as Cu
adatoms. On the basis of this structure, the total Cu
coverage was 0.33. In some cases, this structure
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Figure 3. STM image of the (v/3 x +/3)R30° structure for
Cu UPD on Au(111) at +0.15 V vs SCE showing two
different phase boundaries. Reproduced with permission
from ref 32. Copyright 1991 Elsevier Sequoia SA.

evolved with time to form a “(5 x 5)” structure,?"28:34
induced by the presence of chloride contamination
form the reference electrode.?*#! The O¢, = 0.33 was
in clear disagreement with the results from chrono-
coulometry and EQCM, which indicated that the Cu
coverage in the adlayer at these potentials was 0.67
and the (bi)sulfate coverage value was 0.33.1920:24.44,59,60
Also theoretical calculations predicted the formation
of a honeycomb (v/3 x +/3)R30° structure,5-74 similar
to that found in UHV.%3765 This apparent contradic-
tion was reconciled by Toney et al. using X-ray
reflectance spectroscopy.*® They found that the Cu
adlayer, at intermediate coverage values, has a
honeycomb (/3 x +/3)R30° structure in which Oc¢,
= 0.67 and with (bi)sulfate anions occupying the
centers of the honeycomb (®anion = 0.33) (Figure 4)
in agreement with the coverage values found with
chronocoulometry and EQCM. This meant that the
scanning probe techniques (STM, AFM) were not
imaging the Cu adatoms but the (bi)sulfate anions
that occupied the centers of the honeycomb and
protruded well above the Cu plane.*® Recent SEXAFS
measurements also support the honeycomb model.5¢
As was the case for the Cu-(1 x 1) structure, XANES
clearly suggested that the oxidation state of the Cu
adatoms after the first UPD peak is approximately
+1,5 again probably as a result of a polar bond or
surface dipoles, in agreement with the results ob-
tained with ring-disk electrodes.?® For this structure,
it has been proposed that the Cu adatoms occupy on-
top positions.*®

Once the structure of the adlayer was resolved, the
features in the cyclic voltammogram could be ex-
plained. In the initial steps, the first Cu adatoms are
randomly deposited on the electrode surface, together
with some (bi)sulfate anions. At this stage, Cu
adatoms are quite mobile on the electrode surface,
as the lack of atomic resolution in STM images would
indicate.®? This part of the process corresponds to the
broad shoulder prior to the first UPD peak. At a
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Figure 4. Interfacial structure of the Cu UPD on Au(111)
after the first UPD peak: (a) top view; (b) side view.
Reproduced with permission from ref 43. Copyright 1995
The American Physical Society.

sulfate coverage of ca. 0.05, the adlayer undergoes a
first-order phase transition to form a honeycomb (+/3
x +/3)R30°, giving rise to the first UPD peak.’2
Finally, the adlayer transforms to a Cu-(1 x 1)
structure with (bi)sulfate adsorbed on top of the
copper adlayer.

B. Influence of Anions on the Cu UPD on Au(111)

The studies of Cu UPD on Au(111) in chloride-
containing solutions exemplify the effects of anions
in UPD processes in general. STM measurements in
sulfuric acid media revealed how trace amounts of
chloride (from contamination) induced the transfor-
mation of the (v/3 x +/3)R30° to a (5 x 5) struc-
ture.?7:2832.34 The observed transformation took place
even when the bisulfate concentration was much
higher than the chloride concentration (ca. 10* times
higher), a consequence of the high affinity that
chloride anions have for copper. This behavior is
reflected in the voltammetric profile in the presence
of chloride (Figure 5). The voltammogram shows two
pairs of peaks, as in the case of sulfuric acid, but the
pair at high underpotentials is reversible and appears
at potentials that are more positive than in sulfuric
acid. The second pair of peaks almost overlaps with
bulk Cu deposition.

After the first deposition peak, STM measurements
showed the formation of a “(5 x 5)” structure.?%:33.3536
Careful measurements indicated that this structure
was not a real (5 x 5) but probably an incom-
mensurate structure, with Cu—Cu distances between
those for a (4 x 4) and a (5 x 5) structure?® (Figure
6). Ex-situ LEED analysis also indicated the presence
of a distorted (4 x 4) structure.’” There were also
signs of compression in these structures when the
potential was scanned in the negative direction.
Chronocuolometric results indicated that the ratio of
copper to chloride in the adlayer for these structures
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Figure 5. Voltammetric profiles of Cu UPD on Au(111):
(a) 0.05 M H,;SO4 + 1 mM CuSO,4 + 0.1 mM KCI; (b) 0.05
M H3SO, + 1 mM CuSO,4 + 0.1 mM KBr; (c) 0.05 M H,SO4
+ 1 mM CuSO, + 0.1 mM KI. The broken curve on (a) is
for 0.05 M H,SO4 + 1 mM CuSO,, given for comparison.
Scan rate: 5 mV-s™1. Reproduced with permission from ref
36. © 1994 Elsevier Science SA.

was equal to 1.>* Therefore, a bilayer structure was
proposed in which chloride is adsorbed on the copper
and where the Cu and the chloride coverage are equal
to 0.62.242° SEXAFS measurements indicated that
the copper adatoms are packed in registry with the
top layer of chloride ions®” (Figure 7). The distances
in the proposed structure are quite similar to those
found in solid CuCl.8

At potentials negative of the second peak, the “(5
x 5)” is still visible, and STM images showed a long-
range corrugation.?®3336 |t has been proposed that
chloride anions are desorbed at these potentials;33:3¢
however, chronocoulometry indicated that the chlo-
ride surface concentration remained stable over the
entire potential range of Cu UPD?%2* for chloride
concentrations above 1074 M.

At chloride concentrations below 1075 M, a (2 x 2)
structure is seen at potentials below +0.14 V vs SCE
(Figure 6). This coincides with the appearance, in the
cyclic voltammogram, of an additional peak at this
potential. For this structure, the Cu coverage is 0.75
and the chloride concentration is 0.25, again in
agreement with the chronocoulometric results.??

In perchloric acid media, the situation is quite
similar to that found at low chloride concentrations
in acid media, since perchlorate solutions almost
always have a residual chloride concentration that
is around 1076 M. Thus, two structures are ob-
served: a“(5 x 5)” structure at high underpotentials
and the (2 x 2) structure at potentials lower than
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Figure 6. Series of three STM images of Cu UPD on Au(111) in 0.1 M HCIO,4 + 0.01 M Cu(ClO,); solution containing

trace amounts of Cl- ions (ca. 10~® M) successively recorded over the same area (110 x 100 A?) at time intervals of 25 s.
Upon a change of the potential from +0.3 to +0.13 V vs SCE at the beginning of image (a) the transformation of the
“(5 x B)” structure into the (2 x 2) structure via an island growth of the (2 x 2) phase is observed. Reproduced with
permission from ref 29. Copyright 1995 Elsevier Science BV.

AR
£
g 9

Figure 7. Model for the bilayer structure formed by the
copper and chloride ions at the Au(111) surface: (A) copper
adsorbed in registry with the Au(111) substrate; (B) copper
adsorbed in registry with the top layer of chloride ions.
Reproduced with permission from ref 57. Copyright 1995
Elsevier Science Ltd.

+0.14 V vs SCE.?° The (2 x 2) structure has also been
observed by AFM.40

In the presence of bromide or iodide, the behavior
is very similar to that found in the presence of
chloride (Figure 5), with a bilayer structure pre-
dicted.???224 For bromide solutions, STM measure-
ments identified two different structures; at high
underpotentials a (v/7 x +/7)R19.1° structure (O¢y
= 0.42)% is observed, and after a peak at +0.12 V vs
SHE the surface structure is (4 x 4) (O¢, = 0.56).3536:39
These results are at odds with chronocoulometric
results?:?224 and with recent X-ray scattering stud-
ies.*647 In these studies, an ordered hexagonal bro-
mide adlayer is formed at the onset of copper depo-
sition and undergoes a phase transition to form a (4
x 4) commensurate structure (Oc, = 0.56) at the
peak at +0.32 V vs Ag/AgCl. This bromide adlayer
remains stable until the bulk deposition of copper
begins.*” Copper is deposited between the gold sur-
face and the bromide layer.#” In the presence of
iodide, the surface structure is (3 x 3).35%

As a general trend for all the Cu—halide systems,
the structures of these adlayers are governed by the
halide—halide and the Cu—halide interactions in
contrast to the Cu—(bi)sulfate adlayers in which the

| | ! | ! |
0.0 01 02 03 04 05

Usce/V

Figure 8. Cyclic voltammogram for a Au(100) electrode
in 0.01 M H,SO,4 + 1 mM CuSO, without (dashed line) and
with the addition of 0.1 mM HCI. Scan rate: 2 mV-s™1
Reproduced with permission from ref 30. Copyright 1995
The American Physical Society.

Cu—Au interaction is dominant. However, clearly all
interactions contribute to the UPD processes.

Cu UPD on Au(111) has also been studied in the
presence of some organic additives, such as crystal
violet,338 coumarin,®” thiourea,® Nafion films,? and
thiols.®

C. Cu UPD on Au(100) and -(110) Electrodes

On Au(100) electrodes and in sulfuric acid media,
Cu UPD occurs in a relatively broad peak”2830
(Figure 8). At low bisulfate concentrations (<1 mM),
the deposition peak splits into two.'” STM® and
AFM“*? studies demonstrated that the surface struc-
ture, after the deposition peak, is a pseudomorphic
(1 x 1) structure (Figure 9) in which the Cu atoms
occupy the 4-fold hollow sites. XSW measurements
also indicated that the Cu adatoms occupy the 4-fold
hollow sites.5® However, SEXAFS measurements
suggested a different picture of the adlayer at full
coverage.>2%% In the model proposed from experimen-
tal data (which is, however, incompatible with STM
and AFM images), the Cu—Cu distance is shorter
than the Au—Au distance in the unreconstructed



UPD at Single-Crystal Electrodes

Ao b -~ )

Figure 9. STM image of the Au(100) in 0.01 M H,SO, +
1 mM CuSO,. Reproduced with permission from ref 30.
Copyright 1995 The American Physical Society.

Au(100) surface and the Cu adatoms occupy atop
sites.52%6 This would imply that the topmost gold
layer is rearranged or reconstructed. As on Au(111)
electrodes, the Cu oxidation state is close to +1.5256

The presence of intermediate coverage structures
in sulfuric acid is doubtful. The quasi-hexagonal
structures identified by STM?27:28 were due to chloride
contamination from the reference electrode.®® An-

other structure, with ©¢, = 0.66 and a % %Lunit

cell has been found at potentials within the broad
peak* and is quite similar to that found in chloride
media.®° In fact, the voltammetric profile for Cu UPD
on Au(100) in sulfuric acid shown in this particular
work?? is different from those previously reported and
was similar to the one found in the presence of
chloride.®

As before, the presence of chloride in the solution
changes the behavior of the Cu UPD system. The
voltammetric profile shows a pair of sharp peaks
followed by a broad shoulder (Figure 8). After the
sharp peak, the Cu adopts an (n x 2) structure, which
is a distorted hexagonal structure.®® The Cu—Cu
distance in the adlayer ranges between 3.6 and 4.1
A, close to the distance found in Au(111) electrodes,3°
where the “(5 x 5)” structure is found.?® This suggests
that, in this case as well, the adlayer structure is
determined mainly by Cu—CI interactions, and a
bilayer is also probably formed.

For Au(110) electrodes, two different structures
have been found, with a (1 x 1) structure found in
sulfuric acid media and a (2 x 1) structure formed
in chloride media.®® The model for the (2 x 1)
structure is based on a CuCIl(111) bilayer, in which,
as in the previous cases, the adlayer structure in
mainly determined by the Cu—Cl interactions.3* A
possible Cu—Au alloy formation was also detected.3!

2. Ag UPD on Au(h,k,l) Electrodes

Although the UPD effect was discovered in 1949
studying silver deposition on gold,** Ag UPD on gold
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Figure 10. Cyclic voltammogram for a Au(111) electrode
(A) in 0.05 M H,SO4 + 1 mM Ag,SO4 and (B) in 0.1 M
HCIO, + 1 mM AgCIO,. Scan rate: 2 mV-s—1. Reproduced
with permission from ref 104. Copyright 1995 Elsevier
Science Ltd.

single crystal electrodes has only been extensively
studied since the late 80's. Apart from an early study
from Lorenz and co-workers,®? this system has been
studied by in situ SEXAFS,%% X-ray diffraction,%~100
STM, 1017111 AEM 1127114 EQCM, 115 SHG,®? and ex situ
UHYV techniques.t14116

The voltammetric profile for Ag UPD on Au(111)
electrodes both in perchloric and sulfuric acid media
shows three well-defined pairs of peaks (Figure 10)
at approximately the same potentials. Peaks in
sulfuric acid media, especially those at the most
positive potentials, are sharper that those in per-
chloric acid. Some studies failed to report the exist-
ence of the third peak for silver UPD on Au(111),
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Figure 11. (a) STM topographic line scans and (b) top
view of the (v/3 x +/3)R30° structure obtained in 0.05 M
H,SO, + 1 mM Ag,SO,4 on Au(111) at +0.5 V vs Ag/Ag™.
Reproduced with permission from ref 102. Copyright 1992
Elsevier Science Publishers BV.

probably because it was mistakenly interpreted as
the onset of bulk deposition.106112-114 The charge
involved in the entire UPD process is 270—285
uC-cm~=2,104 whereas the charge required for the
deposition of a (1 x 1) layer of silver (assuming that
silver exchanges 1 electron upon deposition) would
be 222 uC-cm=2, 50—65 uC-cm~2 lower than the
experimental value. Since the measured charge also
has contributions due to the adsorption/desorption
of anions, it would be expected that some anions
desorb upon silver deposition. EQCM?® measure-
ments have indeed shown that anions are desorbed
during the first UPD deposition peak, probably giving
rise, at least in part, to the excess charge found in
the coulometry.

After the first UPD peak, EQCM measurements
in sulfuric acid media have shown that the silver
coverage is approximately 1/3,1*5 which would suggest
that the silver adlayer has a (+/3 x +/3)R30° struc-
ture. Two different structures have been found
between the first and second UPD peaks by different
groups using different techniques: a (v/3 x +/3)R30°
(®ag = 0.33) structure was observed by STM at
potentials just after the first deposition peak%%104
(Figure 11), and a p(3 x 3) (probably incommensurate
with the gold substrate) (Figure 12) (©ay = 0.44)
structure was found by AFM at potentials slightly
negative of those in the previous case.!'> 114 EQCM!15
and coulometric® measurements revealed that the
silver coverage increased slowly but gradually after
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Figure 12. (A) 5 x
structure obtained in 0.1 M H,SO, + 0.77 mM Ag,SO, on
Au(111) at +0.42 V vs Ag/Ag™. (B) Schematic representa-
tion of the p(3 x 3) structure (striped and shadowed circles
represent the Ag atoms). Reproduced with permission from
ref 112. Copyright 1992 American Chemical Society.

the first peak. In fact, a faint peak can be observed
in this region'* that could correspond to a surface
transition between both structures. This explanation,
although probable, does not preclude other possibili-
ties; i.e., AFM and STM are probing different species
on the interface: silver and (bi)sulfate (recall Cu UPD
on Au(111)). UHYV studies of silver UPD on Au(111)
in sulfuric acid media found two different struc-
tures: a p(3 x 3) at low sulfate concentrations (0.5
mM) and a p(5 x 5) at higher concentrations (50
mM),1* also suggesting the possibility of several
surface structures between first and second UPD
peaks. No ordered structures have been observed
between the second and third peaks.

In perchloric acid solution, only a (4 x 4) structure
was found in the region between the first and second
peaks.t0419% A similar structure (although not unam-
biguously resolved) was observed by AFM.'12 UHV
measurements for this system in hydrofluoric acid
medium (fluoride, as well as perchlorate, are weakly
adsorbing anions) revealed the existence of several
intermediate structures: p(3 x 3); p(5 x 5); (56 x 5);
(6 x 6).116 This fact would suggest that the (4 x 4)
structure found in the in-situ studies is incom-
mensurate with the gold substrate and probably
undergoes compression as the electrode potential is
shifted negatively. STM measurements indicated
that the silver adlayer, after the first deposition peak,
grows through a step growth mechanism.'%® The
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Figure 13. Model for the structure of an underpotentially
deposited monolayer of silver on an Au(111) electrode with
either (A) water or (B) perchlorate bonded to the silver
adatoms through the oxygen. Reproduced with permission
from ref 93. Copyright 1988 American Chemical Society.

same (4 x 4) structure is found in nitric acid
medium.*?

After the third UPD peak, a (1 x 1) commensurate
structure is observed by STM both in perchloric and
sulfuric acid media.'®* In perchloric acid, the Ag—Ag
distance in the adlayer measured by SEXAFS is 2.88
+ 0.03 A% which is, within the error limits, the same
as the Au—Au distance. The existence of a com-
mensurate layer in these cases is not unexpected
since silver and gold have atomic radii that differ only
by 0.3%. SEXAFS studies suggested the existence of
additional oxygen atoms on the adlayer®°* (Figure
13) probably form adsorbed water or perchlorate.
These studies also revealed that silver, unlike cop-
per,*®54 is fully reduced®°* and occupies the 3-fold
hollow sites.®** The 3-fold geometry is also suggested
by SHG.%? Some changes in the Ag—Au distance have
been observed in sulfuric acid solutions by differential
X-ray diffraction,® probably induced by the presence
of adsorbing (bi)sulfate. Upon completion of the first
silver layer, the adlayer grows by the Stranski—
Krastanov growth mode (island growth).101.104.105
Surface interdiffusion between Au and Ag has been
detected for bulk deposits.%

Silver UPD has also been studied on iodine-coated
Au(111).19 The structure, after the first deposition
peak, is a (3 x 3) structure, in which silver adatoms
are deposited underneath the iodine adlayer. This
structure is the same as that found for silver deposi-
tion on iodine coated Pt(111),'*7-119 suggesting that
the Ag—I interactions dominate the adlayer struc-
ture.

Silver UPD on Au(100) also exhibits three pairs of
peaks in perchloric and sulfuric acid media. In both
supporting electrolytes, the surface structures appear
to be the same. After the first UPD peaks, a c(v/2 x
5 /2)R45° structure is found, whereas after the
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Figure 14. Cyclic voltammograms for the stripping of Pb
UPD on Au(h,k,l) electrodes on the three main zones of the
projected stereographic triangle in 10 mM HCIO, + 1 mM
PbF;: (a) (111)—(110) zone; (b) (110)—(100) zone; (c) (100)—
(111) zone. All surfaces are identified with Miller index
notation as well as compact step notation. Reproduced with
permission from ref 123. Copyright 1984 Elsevier Sequoia
SA.

second peak the (1 x 1) structure is found.10819° After
the completion of the first monolayer, the adlayer
grows with a Frank—Van der Merwe growth mode
(layer-by-layer) at low overpotentials,0”1%8 whereas
a Stranski—Krastanov growth mode is observed at
high overpotentials.1%7

3. Pb UPD on Au(h,k,l) Electrodes

Unlike the rest of metal UPD processes on gold-
(h,k,I) electrodes, a complete study of the effects of
surface structure and steps on the Pb UPD process
has been carried out.1?°-122 These studies allowed the
assignment of the voltammetric peaks for the differ-
ent surfaces to deposition processes occurring on
(111), (110), or (100) terraces or steps (Figure 14) and
to observe the influence of the terrace width on the
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Figure 15. Cyclic voltammogram for a Au(111) electrode in 10 mM HCIO,4 + 1 mM PbF,. Different lines represent different
potential scan ranges. Reproduced with permission from ref 120. Copyright 1979 Elsevier Sequoia SA.

shape of the voltammetric peaks. Apart from these
studies, this system has also been studied by elec-
trochemical methods!?1247127 and in-situ UV-vis re-
flectance,'?* STM, 1287135 AFM, 136137 X-ray diffrac-
tion,'%8-140 gand SHG.52

Lead UPD processes take place at potentials that
overlap with the onset of hydrogen evolution on gold
electrodes. However, the presence of lead on the
electrode surface greatly inhibits the hydrogen evolu-
tion reaction, as would be expected given the high
overpotential for hydrogen evolution on bulk lead
electrodes. The voltammetric profile of lead UPD on
Au(111) presents a pair of peaks (which splits in two)
and a series of small and irreversible peaks at high
underpotentials (Figure 15). The splitting is the
result of the kinetics of the process; i.e., the peak at
higher underpotentials corresponds to the growth of
the lead deposited island, whereas the one at lower
underpotentials corresponds to the coalescence pro-
cess.1®

In the presence of lead cations in solution, the
voltammetric profile for all gold electrodes in the
oxide region changes slightly.120127 Studies of elec-
trode resistance have suggested that this change in
the oxide region could be due to the presence of
residual lead on the electrode surface,?” which, in
turn, could be the result of an irreversible adsorption
process of lead species on the gold electrode surface,
similar to the behavior found on platinum single-
crystal electrodes.'#142 At potentials positive of the
main UPD peaks, the height of the adlayer, deter-
mined by AFM,*%¢ is higher than that corresponding
to a single layer of one metallic lead. This would
indicate the presence of hydroxide species at these
potentials, again in agreement with the results on
Pt(111) electrodes.'*1142 Electroreflectance studies
also indicate that partially charged lead adspecies are
present at these potentials.??*

Lead and gold have very different atomic sizes (lead
is ca. 20% larger than gold), which favors the forma-
tion of incommensurate adlayers. In fact, at poten-
tials negative of the main UPD peaks, a hexagonal

Figure 16. Schematic representation of the hexagonal
structure of lead (shadowed circles) on Au(111) (open
circles) with (a) a 2.5° rotation angle between the Pb and
Au lattices and (b) 0° rotation angle between the Pb and
Au lattices. Reproduced with permission from ref 139.
Copyright 1995 American Chemical Society.

incommensurate structure has been found using
X-ray diffraction techniques.'813° The presence of an
incommensurate adlayer was also predicted from
SHG studies.®? This structure was also observed by
STMB013L133 and AFM.1%6 In this structure, the lead—
lead distances are compressed 0.7% with respect to
bulk lead.'®13° The lead adlayer is rotated with
respect to the Au(111) plane with an angle that varies
between 2.5 and 0° depending on the applied poten-
tial**® (Figure 16), which is consistent with the
change in lead—gold distance over the same potential
region observed with another X-ray diffraction tech-
nique, surface differential diffraction.*® Over the
same potential region, a change in the surface stress
has also been observed.'*” The presence of an incom-
mensurate adlayer causes the appearance of Moiré
fringe patterns on the STM!3 and AFM?*3¢ images.
EQCM measurements on polycrystalline gold indi-
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Figure 17. Cyclic voltammogram for a Au(111) electrode
in 0.1 M H,SO4 + 1 mM Hg?". Scan rate: 1 mV-s™1
Reproduced with permission from ref 145. Copyright 1997
American Chemical Society.

cate that the adlayer is completely discharged at
these potentials.43:144

No other additional structures or phase transitions
are found for this system, as predicted by thermo-
dynamic and kinetic measurements.?>126 The initial
stages of lead deposition take place on terrace edges
and are then dependent on the crystal quality.t2%130

It is still not clear whether lead UPD deposits form
alloys with the gold substrate. In some studies no
alloy formation was observed,?0-123.133.139 \whereas
in others a roughening of the surface was ob-
served.1?9713213 The different behavior obtained could
be the result of different negative limits in the
voltammetric scans or differences in the quality of
the Au(111) samples. For instance, in the related
system of mercury UPD (see below and refs 145—
147), the deposit only forms an alloy with the gold
substrate at potentials lower than +0.50 V vs Ag/
AgCI. It is also worth noting that alloy formation has
always been observed in the proximity of edges and
in roughened surfaces,?°~132.135 which would suggest
that alloy formation is restricted only to edges and
defect sites.

On Au(100) electrodes three different lead struc-
tures have been found, ¢(2 x 2),134135 ¢(34/2 x +/2),135
and an incommensurate hexagonal structure which
also shows the presence of Moiré patterns in STM.

4. Hg UPD on Au(h,k,l) Electrodes

The behavior of mercury UPD on Au(111) elec-
trodes resembles in some cases that of copper UPD
on the same electrodes. This UPD system has been
studied by electrochemical methods,'#514¢ STM,#
AFM,13148 and X-ray diffraction techniques.149-154

The voltammetric profile of mercury UPD on
Au(111) electrodes in 0.1 M H,SO, shows several
pairs of peaks (Figure 17). The voltammogram shows
a main deposition/stripping peak (centered at around
+0.90 V vs Ag/AgCI) that splits into two. At positive
(E > 4+0.80 V Ag/AgCl) potentials (bi)sulfate adsorbed
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on the electrode surface forms an ordered (v/7 x +/3)
structure,®28384 This ordered structure has also been
observed in the presence of Hg?" in the supporting
electrolyte at potentials prior to the onset of mercury
UPD.* The initial stages of mercury UPD appear
to trigger an order—disorder transition in the (bi)-
sulfate adlayer that gives rise to the first pair of
peaks (C1/A1)'® (Figure 17). After the second pair of
peaks (C,/A;) an ordered surface structure is found.
STM measurements have shown the existence of two
different ordered structures after this peak:'*’

(:23 g/Z) and (%f i) (Figure 18A). (In HCIO4, how-
ever, the structure found by in-situ STM (Figure 18B)
was ((2) % pointing to the effects of anions.) The

first structure found in 0.1 M H,;SO, was later
observed by in situ X-ray diffraction and identified
as a (v/3 x +/19) surface structure.*® CTR9 and
coulometric!4® measurements indicated that the ad-
layer is likely constituted by Hg,?* cations and (bi)-
sulfate anions. On the basis of the atomic distances
derived form the CTR measurements, an adlayer
structure similar (although distorted) to the honey-
comb structure observed for copper UPD in the same
medium was proposed (Figure 19).14% At +0.82 V vs
Ag/AgCl, the ordered structure disappears, giving
rise to peak C3.'%° Potential step measurements
indicate that the kinetics for formation/dissolution
of the mercury—(bi)sulfate adlayer follows a progres-
sive nucleation and growth mechanism.4¢

In addition to the surface processes of mercury
UPD, a process controlled by diffusion also appears
in the voltammogram at potentials around +0.54 V
vs Ag/AgCI. This redox process corresponds to the
oxidation—reduction of mercury species in solution
according to the following reaction:

2Hg*" + 2e” < Hg,”" E° =+0.698 V vs Ag/AgClI
)

Coinciding with this solution process other additional
ordered structures have been found. AFM measure-
ments have identified a hexagonal structure.l!3148
X-ray diffraction studies identified two different
hexagonal adlayers in this region: one at potentials
between +0.63 and +0.68 V (vs Ag/AgCl) with a Hg—
Hg distance of 3.84 A and another at potentials below
40.63 V (vs Ag/AgCl) with a Hg—Hg distance of 3.33
A0 The first hexagonal adlayer appears to be
metastable and evolves, with time, to give the second
adlayer.1%0

The last peak of mercury UPD on Au(111) appears
at +0.52 V (vs Ag/AgCl) and corresponds to the
formation of a mercury—gold amalgam that leads to
the roughening of the electrode surface!*® (Figure 20).
When mercury is stripped from the surface, pits of
2—5 nm in depth are created on the surface.’®> The
roughening of the surface gives rise to the irreversible
modification of the voltammetric profile of the
Au(111) electrode (Figure 20B).

The effect of anions is also evident in the case of
mercury UPD. In perchloric acid solutions the main
UPD peak is not split and has a quasi-Gaussian
shape (Figure 21), suggesting a Langmuir type
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Figure 18. (A) STM images obtained in 0.05 M H;SO, + 1 mM Hg?" on Au(111): (a) 14 x 14 nm? at +1.05 V vs RHE

11

showing the (4 4) structure; (b) filtered image of (a); (c) structural model of (a). (B) STM images obtained in 0.10 M

0 2

HCIO4 + 1 mM Hg?" on Au(111): (a) 14 x 14 nm? at 1.05 V vs RHE, showing the (2 1) structure; (b) filtered image of (a);
(c) structural model of (a). Adapted with permission from ref 147. Copyright 1996 Elsevier Science SA.

isotherm for the mercury adsorption/desorption pro-
cess. STM and AFM13.148 studies have shown the

formation of a g % and hexagonal structures, re-

spectively. However, due to the unavoidable presence
of chloride in perchloric acid solutions and the
relatively long times required to acquire the images,
these results probably reflect the adlayer structure
in the presence of chloride, in a way similar to what
happened for copper UPD in perchloric acid media
(see above). In fact, CTR measurements in perchloric
acid after the first UPD peak revealed that the
interface is constituted by chloride and mercury
species.!5!

Unlike copper UPD, the voltammetric profile for
mercury UPD on Au(111) in the presence of chloride
resembles that observed in sulfuric acid media alone
(Figure 22).% This would indicate that in both
chloride and sulfuric acid media the UPD process is
governed by mercury—substrate interactions. The
main UPD peak also appears split, with the peak at
higher underpotentials corresponding to an order—
disorder/transition of the chloride adlayer.'#> After
the main UPD peaks, a Hg.Cl, bilayer is formed!!
in which mercury is bonded to the gold surface and
chloride is deposited on top of the mercury adatoms.

The main difference relative to the behavior observed
in sulfuric acid is that bulk Hg,Cl, deposition takes
place instead of the amalgam formation.4®

In acetic acid media, the UPD process is hindered
due to the formation of Hg?*-acetic acid complexes
in solution.*® After the main UPD peak, hexagonal
structures have been observed with AFM® and
X-ray diffraction.!®® The X-ray studies showed a
compression in the hexagonal lattice as the potential
became increasingly negative.

5. Other UPD Systems on Au(h,k,l) Electrodes

There have also been studies of UPD processes of
other metals onto Au(h,k,l) electrodes including
tha||ium712,62,139,140,1567162 bismuth,12’163'164 nickel,56v68’165
zinc,1%6-169 cadmium,1°-175 tin,76 selenium,*”” tellur-
ium,172.173.178-182 and antimony.'?18 These systems
have not been studies in as much detail as those
discussed above but are included for the sake of
completeness. Of particular note, however, has been
the use of UPD methods for the deposition of semi-
conductors via a process that Stickney et al.
have dubbed electrochemical atomic layer epitaxy
(ECALE)_172,173,177,178,184*188
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Figure 19. Distorted honeycomb structure of the co-
adsorbed Hg,—SO, overlayer after C,/A;: (a) top view; (b)
side view. Reproduced with permission from ref 149.
Copyright 1997 American Chemical Society.

[ll. UPD on Platinum Surfaces

1. Cu UPD on Pt(h,k,l) Electrodes

Platinum single-crystal surfaces have been among
the most widely studied within the context of under-
potential deposition. From the systems studied the
one that has received the most attention is, without
a doubt, copper. Many of the initial studies performed
were in an effort to describe the mechanism of
electrodeposition at polycrystalline substrates through
studies on the three low-index planes. As a large
fraction of the body of literature dealing with copper
UPD on platinum single crystals has been on the
Pt(111) surface, we shall begin with that one, fol-
lowed by a discussion of copper UPD on the (100) and
(110) surfaces. Copper UPD has been studied by a
wide variety of techniques including electrochemi-
cal,18-213 reflectance spectroscopy,?'4?® radioactive
labeling,?627 in-situ STM,3536.218-220 |R gpectros-
copy,?1922L X AS,203222-226  X.ray surface scatter-
ing,199227-231 and ex-situ UHV techniques (such as
LEED, AES, and XPS)_193,194,1967199,219,221,2327237 Even
today, there continues to be a great deal of research
done on copper UPD onto platinum substrates.

A. Copper UPD on Pt(111) in Perchloric Acid Media

It has been found that the cyclic voltammogram of
copper UPD onto Pt(111) in the presence of perchloric
acid shows two deposition peaks before the onset of
bulk deposition but only one stripping peak!%1%
(Figure 23). The coulometrically determined copper
coverage varied with scan rate indicating that copper
deposition was a slow process. The coverage deter-
mined from the charge transferred (340 uC/cm~2) was
found to be lower than the theoretical coverage for a
full copper monolayer (480 uC/cm~2) in registry with
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Figure 20. Modification of the voltammetric profile of
Au(111) electrode in 0.10 M H,SO, + 1 mM Hg?* electrode
after a potential excursion to +0.50 V: (A) first scan (full
line) and comparison with the stable voltammetric profile
over the range from +0.70 to +1.05 V (dashed line); (B)
Evolution of the voltammetric profile upon cycling. Scan
rate: 5mV s~1. Reproduced with permission from ref 145.
Copyright 1997 American Chemical Society.

the surface.'®® Coverages determined by UHV tech-
niques such as LEED and AES do confirm that a
complete monolayer is formed prior to bulk deposi-
tion.193194 This charge discrepancy is explained as the
UPD copper monolayers in the electrochemical en-
vironment near their stripping potentials being par-
tially charged. It was found that, for copper coverages
greater 0.5 monolayers, the coulometrically deter-
mined copper coverage was too low by up to 30%. For
coverages less than 0.5 monolayers, the coverage was
too high by up to 50%.%°* This discrepancy is ex-
plained as due to partial discharge of coadsorbed
perchlorate anions during desorption of copper.

B. Copper UPD on Pt(111) in Sulfuric Acid Media

In contrast to the voltammetry of copper UPD in
perchloric acid on Pt(111) electrodes, the deposition
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Figure 22. Voltammetric profile of a Au(111) electrode
in 0.10 M HCIO4 + 1 mM NaCl +1 mM Hg?*. Scan rate:
1 mV-s~1. Reproduced with permission from ref 145,
Copyright 1997 American Chemical Society.

peaks in the presence of high levels (0.1 M) of sulfuric
acid are generally much sharper, showing that the
deposition is facilitated by the presence of sulfate/
bisulfate anions, leaving the stripping profile basi-
cally unchanged98216.222.223 (Fijgure 23). There has
been much controversy surrounding the deposition
profile in sulfuric acid. Some works show a deposition
profile similar to that in perchloric acid with two
deposition peaks, although these peaks are generally
much sharper than in perchloric media.?16223.224
Sometimes the voltammograms show just one depo-
sition peak, although, at very slow sweep rates and
with very high quality crystals, there is a splitting
of the deposition/stripping peaks into two sets of
peaks that are very close together.1982%° The poten-
tials of these peaks vary with sweep rate; as the
sweep rate was increased, the cathodic and anodic
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Figure 23. Cyclic voltammetry of Cu UPD at 1 mM Cu?*
ion concentration on a Pt(111) electrode in different sup-
porting electrolytes. Reproduced with permission from ref
198. Copyright 1993 American Chemical Society.

peaks shift in negative and positive directions, re-
spectively, suggesting that copper UPD in sulfuric
acid media is also a slow process.?®® Given the
differing concentrations of both copper and sulfuric
acid and different experimental conditions, it is not
possible to distinguish a general trend for the volta-
mmetry of copper in sulfuric acid media beyond what
is stated here.

It has also been reported that the deposition of a
small amount of copper onto the platinum surface
cause a redistribution in the states of adsorbed
hydrogen in the voltammogram. This redistribution
has been explained as the initial copper deposition
inducing the adsorption of a small amount of sulfate/
bisulfate anions on the platinum surface in the
vicinity of the deposited copper. This enhanced anion
adsorption in the vicinity of the deposited copper has
also been observed through AES!®® and radioactive
labeling methods.?16

EXAFS studies (Figure 24) have shown that just
as in perchloric acid media, the copper layer in
sulfuric acid media is not completely discharged on
the surface.????23 The effective charge of the copper
species on the Pt(111) surface is close to +1 and not
0 as expected on the basis of complete charge
transfer. The platinum surface appears to retain
some negative charge so that the Cu—Pt bond is
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Figure 24. In-situ X-ray absorption spectra of copper UPD
on Pt(111) from 0.1 M H,SO,4 + 50 uM Cu?* solution in
the (a) absence and (b) presence of 103 M CI-. Potential
was held at +0.1 V. Scan rate: 2 mV-s~1. Reproduced with
permission from ref 225. Copyright 1993 American Chemi-
cal Society.

highly polar. The Cu* species could then represent
the site for bisulfate adsorption.?*6

In-situ IRAS has also shown that bisulfate anions
are adsorbed on the platinum surface prior to copper
deposition.?’® LEED and STM studies have shown
that these anions have a (v/3 x +/3)R30° structure
on the platinum surface.?® After the deposition of

copper, the in-situ STM images show a (% %) struc-

ture for sulfate atop the deposited copper.?'® This
structure is very close to a (v/3 x +/3)R30° structure
which has been observed by ex-situ LEED??' and
previously by in-situ STM.2*® SEXAFS results show
that the copper layer, at full coverage, has a close-
packed structure with a copper—copper distance of
2.77 + 0.03 A. This structure corresponds to the
copper residing in the 3-fold hollow sites of the
Pt(111) surface.???

A possible mechanism for the copper deposition
onto Pt(111) in the presence of sulfuric acid is as
follows. Initially bisulfate anions are adsorbed on the
copper-free platinum surface in a (v/3 x +/3)R30°
structure. As the copper is initially deposited, the
bisulfate is converted to sulfate and the first UPD
peak has copper and sulfate coadsorbed. The evidence
for the bisulfate/sulfate conversion is based largely
on in-sutu IRAS studies.?'® Further copper deposition
causes sulfate desorption from the Pt(111) surface in
the second UPD peak. At full copper coverage, the
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sulfate is adsorbed on the copper surface in a

(% %) structure.

C. Copper UPD on Pt(111) in the Presence of Other
Anions

As it has already been shown with sulfate/bisulfate,
the presence of adsorbing anions greatly affects the
UPD of copper onto platinum single-crystal surfaces
(Figure 25). A great deal of the work on the effects
of anions on the UPD of copper on Pt(111) has been
centered mostly on the halides, with the first such
works concentrating on iodide, in particular. Those
studies involved the use of UHV spectroscopic and
electrochemical techniques to investigate the elec-
trodeposition of copper on Pt(111) surfaces that had
been pretreated with I~ to form a Pt(111)( ~/7 x 7)-
R19.1°-1 superlattice.'® It was found that deposition
took place in two steps. The more positive UPD peak
produced a LEED pattern corresponding to a (3 x 3)
lattice. After the second peak, a (10 x 10) lattice
structure was found. The intensity of the iodine AES
signal was not greatly affected by the deposited
copper (Figure 26), suggesting that iodine resides as
the topmost layer at all copper coverages.’®® In
contrast, in-situ STM studies have shown that when
iodide is in the depositing solution as Kl instead of
on the surface as a pretreatment, the STM images
show a (v/3 x +/3)R30° structure after copper deposi-
tion (Figure 27).353%6 The cyclic voltammogram of the
copper deposition from a Kl-containing solution only
shows the presence of one set of voltammetric peaks
(Figure 25), as opposed to two sets from the iodide
covered electrode suggesting either structural or
kinetic differences when copper is co-deposited with
the iodide. The ex-situ UHV studies were done with
perchloric acid as a supporting electrolyte while the
in-situ STM experiments were performed with sul-
furic acid as the electrolyte which may have also
changed the final structure(s). It has also been found
by SEXAFS measurements that under certain cir-
cumstances, which depend on the structure of the
iodine layer pretreatment, the deposited copper may
form 2-D clusters on the surface.??

Bromide and chloride anions also show a dramatic
effect on copper UPD onto platinum single crystals.
As in the presence of sulfuric acid, the deposition and
stripping again take place in two distinct steps on
Pt(111) (Figure 25).36:195.197-202,225,227-232 |t has been
found that the potential for copper UPD on Pt(111)
decreases in the order of CI~ > Br—> I~ > S~ and
that there is also partial charge transfer from the
adsorbed copper to the coadsorbate.?°* The order of
these potentials correlates well with the half-cell
reaction corresponding to

CuX+e —cCu’+Xx x=cCI,Br,I,s*

suggesting that the copper, as in the previous cases,
is partially charged. Because of this partial charge
transfer, any measurement of the total charge in a
coverage determination is suspect due to the dif-
ficulty in interpreting surface coverage values in the
presence of coadsorbed anions.??’

There has been some controversy regarding the
mechanism for copper UPD onto Pt(111) in the
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Figure 25. Voltammograms for copper UPD on Pt(111) from 1 mM Cu?* and (a) 0.1 M H,S0Oy,, (b) 0.1 M H,SO4 + 1 mM
NacCl, (c) 0.1 M H,SO4 + 1 mM NaBr, (d) 0.1 M H,SO,, pretreated with 1 mM Nal in 0.1 M H,SO,4, and (e) 0.1 M H,SOy,
pretreated with 1 mM Na,S in water. (Dotted lines refer to background currents.) Scan rate: 1 mV-s~1. Reproduced with
permission from ref 201. Copyright 1990 American Chemical Society.

presence of chloride (or bromide) anions. Initial
studies suggested that the more positive set of
deposition/stripping peaks was due to deposition/
stripping of a full monolayer of copper and that the
second set of peaks was due to chloride adsorption/
desorption from atop this copper layer.?®? Ex-situ
LEED patterns with chloride present in solution
showed a (4 x 4) structure after the first deposition
peak. When bromide was present in solution, a (7 x
7) structure was found after the first copper deposi-
tion peak. This was attributed to a densely packed
incommensurate structure of the halides atop the
copper which was in registry with the surface.?®?

In more recent studies, and using a RRDE (in a
shielding mode) with a Pt(111) single-crystal disk and
a Pt ring,199200.227.228 jt was determined that both sets
of voltammetric peaks for copper UPD in the presence
of halides were due to copper deposition/stripping
(Figure 28). The more positive set of peaks was due
to deposition of half a monolayer of copper into a
copper—chloride lattice structure. The full copper
monolayer was then formed by displacement of the
chloride from the superlattice. They determined that
the second set of peaks accounted for nearly half of
the copper deposition charge and that only about 0.1
monolayer of halide was desorbed/adsorbed in this
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Figure 26. Auger spectra of (A) a Pt(111) clean surface,
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second copper UPD peaks for an iodine-treated Pt(111).
Reproduced with permission from ref 196. Copyright 1984
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Figure 27. STM images of copper—halide structures on
Pt(111) in 0.05 M H,SO4 + 1 mM CuSO, + 0.1 mM KClI,
KBr, or Kl: (a) (4 x 4) structure of CuCl after the first
cathodic current peak (sample potential, +0.55 V vs SHE);
(b) Pt(111)-(1 x 1) substrate structure taken before the
cathodic peak of Cu + CI co-deposition (sample potential,
+0.75 V vs SHE); (c) (4 x 4) structure of Cu + Br after the
first cathodic current peak; (sample potential, 0.54 V vs
SHE); (d) (v/3 x +/3)R30° structure of Cu + Br after the
second cathodic current peak (sample potential, +0.40 V
vs SHE); (e) (v/3 x +/3)R30° structure of Cu + | after the
cathodic current peak (sample potential, 0.38 V vs SHE).
Reproduced with permission from ref 36. Copyright 1994
Elsevier Science SA.

voltammetric peak. They were also able to determine
that, after the first copper deposition peak, there is
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Figure 28. Cyclic voltammogram on a Pt(111) disk
electrode in a RRDE assembly at 900 rpm: (top) Cu UPD
on Pt(111) at 10 mV-s~1; (bottom) ring electrode currents
recorded with the ring being potentiostated at —0.275 V;
(inset) Coulombic charging currents on the disk, Qq, and
the ring, Q, (divided by N: Q, = Qgr/N), electrodes during
the positive-going sweep. Reproduced with permission from
ref 199. Copyright 1995 Elsevier Science BV.

a copper—halide bilayer structure on the surface that
is incommensurate with the platinum surface.??7228
This appears to correspond to what was previously
described as a (4 x 4) structure.

At full copper coverage, and in agreement with the
previously proposed mechanism,?3? the copper layer
is in registry with the platinum surface.'%1% It has
also been found that, at submonolayer coverages, the
copper deposition induced the adsorption of chloride
and bromide on Pt(111).198202

In-situ STM measurements (Figure 27) of the UPD
of copper onto Pt(111) in the presence of halides
shows that when chloride is present there is a (4 x
4) structure.®> This (4 x 4) structure is in disagree-
ment with in-situ X-ray surface scattering results
which show that the copper—halide lattice structure
is not commensurate with the Pt(111) surface.??7228
For the case of bromide, the in-situ STM image shows
a (v/3 x +/3)R30° structure after the second UPD
peak as well as a distorted (4 x 4) structure after
the first peak.3536

In agreement with the recently proposed mecha-
nism, SEXAFS findings??® (Figure 24) also indicated
that, in the presence of chloride, the copper—copper
bond distance of the deposited layer was close to that
of bulk copper, unlike that of copper deposited in the
absence of chloride. A mechanism was proposed for
copper deposition in the presence of halides?°® which
included a preadsorbed state, the transient formation
of a copper—halide adlayer which led to a copper
monolayer covered, in turn, by a halide layer.

Most recently, the dynamics of Cu UPD on Pt(111)
electrodes in the presence of chloride (in 0.1 M HCIO,
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supporting electrolyte) were studied in real time
using time-resolved surface X-ray diffraction in con-
junction with potential step cronoamperometry.??° In
these experiments, the acquisition of the X-ray data
was synchronized with the potential step so that the
dynamics of the surface structure formation or dis-
solution could be followed in real time. A most
significant finding of this work was the great time
difference that was observed for the decay of the
current transient (typically less than about 0.5 s) and
the development of long-range order (typically on the
order of seconds) suggesting that these two processes
take place on significantly different time scales. More
recently the same authors reported on a more exten-
sive time-resolved surface X-ray diffraction study
which included nucleation behavior.?%

D. Copper UPD on Other Platinum Single-Crystal
Surfaces

Copper UPD has also been studied on the other
low-index planes of platinum. The first such studies
were done by Scortichini and Reilley!8°-191.207 gnd
Kolb,?* but their surface pretreatment was probably
not the most appropriate and their results will not
be discussed here. For copper UPD onto the Pt(100)
surface in perchloric acid media, the mechanism of
copper deposition has been controversial. The dis-
crepancies appear to arise from the reconstruction
of the Pt(100) surface prior to copper deposition.
When the Pt(100) electrode has a (1 x 1) surface, the
corresponding copper UPD voltammetry gives rise to
sharp reversible peaks.1%82% |f the measurements are
performed on the reconstructed Pt(100)-hex-R0.7°
surface, the corresponding copper UPD voltammetry
is much less reversible and the copper stripping peak
appears at a much more positive value.?°823* From
the Pt(100)-(1 x 1) electrode, there is a stripping
charge of 446 uCl/cm?, which is in good agreement
with the theoretical value of 420 ©C/cm?.208 SEXAFS
experiments performed on the Pt(100)-hex-R0.7°
have shown that copper deposition takes place in two
steps of one-half monolayer each into a c(2 x 2)
structure.??s LEED studies of the same system, on
the other hand, have the copper forming compact
planar islands.?3

When there are chloride anions present in the
depositing solution, the voltammetric profile for
copper deposition onto Pt(100)-(1 x 1) is split into
two stages just as in the case of Pt(111).1971% In this
case the voltammetric splitting is much greater than
in the case of deposition onto Pt(111) and the more
negative peak is spread over a 200 mV range. This
greater split is attributed to the stronger binding of
chloride to the Pt(100) than to the Pt(111) surface.
The first deposition peak corresponds to the forma-
tion of a c(2 x 2) copper structure with possibly
randomly adsorbed chloride, as derived from LEED
experiments.197.1%8 At this potential, AES showed the
presence of half a monolayer of copper which is
consistent with the ¢(2 x 2) structure'®” (Figure 29).
At full monolayer coverage, LEED studies again show
the c(2 x 2) structure (Figure 29).

In-situ STM studies of this system also show a c(2
x 2) structure of the halide when either chloride or
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Figure 29. AES spectrum and LEED pattern (62 eV) for
the emersion on the anodic sweep of a Pt(100) electrode
(insert) from 0.3 M HF (containing 5 x 10~ M CI).
Reproduced with permission from ref 197. Copyright 1993
Vacuum Society.

M CuSO, recorded at increasing potentials: (a) 0.1; (b) 0.2;
(c) 0.35; (d) 0.4 V (110 x 110 A2, I, = 63 nA). Reproduced
with permission from ref 220. Copyright 1995 Elsevier
Science BV.

bromide is present.®® It has been found that the
structures for the chloride layers on the full copper
monolayer on Pt(100)?1%2%5 closely match structures
of chloride on copper single-crystal surfaces.1%7.1%
It has also been found that copper deposition from
sulfuric acid solution onto the Pt(110) surface takes
place in two distinct steps of about half of a mono-
layer (Figure 30).215232 The data have been inter-
preted in terms of copper deposition along the
substrate grooves, with every second row being
occupied until half of a monolayer has been deposited
and then completion of the copper monolayer by
filling in of the resulting troughs. UHV studies of
copper UPD on Pt(110) found that the deposited
copper exhibited the same (2 x 1) periodicity as the
clean platinum (110) surface.?®> In contrast, in-situ
STM experiments revealed a (1 x 1) structure
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throughout the entire copper UPD range.®® In agree-
ment with the others, they found that the copper is
deposited and stripped in two distinct steps. There
has been little systematic work done on copper
deposition onto Pt(110) in the presence of halides.

Studies of copper deposition onto surfaces other
than the low index planes of platinum have also been
conducted. On platinum-stepped surfaces consisting
of (111) terraces of varying width and (100) steps,209210
it was found that, at low coverages, copper prefer-
entially adsorbs at the step sites. In contrast to these
results, studies of copper UPD on Pt(311), a highly
stepped platinum surface, indicated that copper
stripping occurred in two distinct peaks, correspond-
ing to stripping from the (111) and the (100) sites,
with the more negative peak corresponding to strip-
ping from the (100) step sites (Figure 31).2! On
stepped surfaces with (110) step sites and (111)
terraces of varying width, it has been shown that the
(110) step sites induce the adsorption of sulfate/
bisulfate by submonolayer amounts of copper.?*? It
was also found that the maximum amount of induced
adsorption took place on the (221) surface which has
a 3-atom-wide (111) terrace with a (110) step. It
appears that this represents the minimum amount
of space necessary to accommodate both the copper
and the sulfate/bisulfate.

There has been a limited amount of work on the
higher index planes of platinum for copper deposition
in the presence of halides. One such study dealt with
copper deposition in the presence of chloride and
bromide on the Pt(311) surface.?'* In each case, there
were four distinct peaks that are ascribed to copper
and halide adsorption/desorption processes on the
steps and terraces. It was also determined that
copper deposition on the (111) terrace sites was
preferred over the (100) steps (Figure 31B).

In copper deposition on stepped surfaces with (111)
terraces (of varying width) and (110) steps and in the
presence of chloride it was found that there could be
induced adsorption of chloride by electrodeposited
copper and that the site of adsorption ((111) terraces
or (110) steps) was dependent on the electrode’s
surface structure. Induced adsorption on the terrace
sites was only observed on terraces that were wider
than 9 atoms. Induced adsorption on the (110) steps
sites was always observed when steps were present.?3

2. Ag UPD on Pt(hk,l) Electrodes

Although copper deposition is by far the most
studied UPD system onto single-crystal platinum
surfaces, there has also been substantial work done
on silver UPD onto the low-index planes of platinum.
These studies have used mainly electrochemi-
cal,117.119.239=244  radiochemical,?*® electrochemical

STM,?45246 X-ray scattering,?*”?*® and UHV tech-
niqUeS.1177119’239’242’2497253

A. Silver Deposition onto Pt(111)

The initial studies of silver deposition onto poly-
crystalline samples had led researchers to believe
that two monolayers of silver were deposited prior
to bulk deposition. When studies were initiated on
the Pt(111) surface, this was proven to be true. On
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Figure 31. (A) Voltammogram corresponding to the UPD
of copper on Pt(311). Test electrolyte: 0.1 M H,SO,4 + 1 x
103 M Cu?*. Scan rate: 50 mV-s~1. (B) Steady-state
voltammogram corresponding to the UPD of copper on Pt-
(311). Test electrolyte: 0.1 M M H,SO,4 + 1 x 1073 M Cu?*
+ 1 x 103 M NaCl. Scan rate: 5 mV-s™1. Letters refer/
identify corresponding peaks. Reproduced with permission
from ref 211. Copyright 1994 American Chemical Society.

Pt(111), the voltammetric profiles are complicated by
the fact that the initial deposition begins in the region
where oxygen electrosorption would occur in the
absence of silver cations. It was found that, at
relatively high silver ion concentrations (1 mM), the
deposition could be divided into 4 distinct steps?40.242.243
(Figure 32). The first is deposition of 1.25 monolayers
between +0.85 and +0.69 V (vs Ag/Ag/Cl). Next was
the deposition of 0.2 monolayers between +0.69 and
+0.45 V. The third was a very sharp process account-
ing for 0.75 monolayers between +0.45 and +0.36 V,
and finally there was bulk deposition below +0.36
V. There has been some controversy regarding the
voltammetric features of the first step. In one study,
there was evidence of a sharp voltammetric spike
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Figure 32. Cyclic voltammetry of Pt(111) in 0.5 M H,SO,
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observed before development of the broad peak in the
very positive potential region (Figure 32).2*3 This
feature is present only as a shoulder in other stud-
ies?40242 and could probably be attributed to differ-
ences in crystal quality. This sharp spike resembled
the silver stripping peak in the same potential region
when iodine was present on the surface indicating
the possibility of anion interactions.?43

It has also been found that initially, after the
immersion of the electrode into the cell, there is
already the presence of a small amount of silver on
the surface.??® If the potential is adjusted to more
positive values in order to desorb this small amount
of silver, the presence of irreversible oxygen adsorp-
tion complicates any further silver deposition.?® At
high silver concentrations (1 mM), the silver mono-
layer formation is via a well-defined manner and the
LEED patterns from this system showed a (1 x 1)
pattern at all emersion potentials, suggesting a
commensurate silver layer.?*2 However, when the
silver concentration was lowered to 0.005 mM, the
silver deposition was found to be via three-dimen-
sional nucleation and island formation.

Studies performed by angular distribution auger
microscopy (ADAM) indicated that, after the second
monolayer has been deposited, the ADAM image has
6-fold symmetry?52 which could mean that either the
outer silver atoms are deposited atop the first layer
or the outer silver atoms are in one of the two possible
3-fold hollow sites. STM images of silver deposition
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seem to indicate that the first two monolayers grow
layer-by-layer rotationally commensurate with the
Pt(111) substrate.?*®> However, recent X-ray scatter-
ing studies have demonstrated that a commensurate-
to-incommensurate phase transition takes place upon
the electrodeposition of the second silver layer.?47248

Similar to copper deposition onto iodine pretreated
platinum crystals, studies of silver deposition on
iodine pretreated samples of Pt(111) have also been
carried out. When Pt(111) is pretreated with iodide,
there are several different structures that can form
on the surface. The easiest pretreatment and there-
fore the most studied iodide structure is the (v/7 x
V7)R19.1°—1 superlattice. This structure is formed
by exposure of the electrode to an I, vapor beam for
several minutes.117.118.241.246 A cyclic voltammogram
for silver UPD onto this surface shows three distinct
regions prior to bulk deposition.117:118.241.246 The most
positive deposition peak resulted in 0.44 monolayers
of silver being deposited which is virtually equal to
the coverage of iodine on the surface: 0.46. At the
end of second region, almost 1 full monolayer of silver
has been deposited with a silver coverage of 0.84
monolayers. The third distinct region corresponds to
deposition of almost a complete additional monolayer
of silver. The total coverage of silver equals 1.60
monolayers. Auger studies show that the iodine
signal intensity remains nearly constant throughout
silver deposition indicating that the iodine layer was
always the topmost layer and that the deposited
silver lies beneath this iodine layer.'*"1'® After comple-
tion of the first UPD peak, the LEED showed a (3 x
3) pattern with a unit cell containing four silver and
four iodine atoms. During the second voltammetric
peak, the (3 x 3) pattern was transformed into a (v/3
x +/3)R30°. This structure is also seen at the end of
the third UPD peak.117118 Bulk silver deposition also
produced this same pattern. In-situ STM studies of
this system confirm these structures®® (Figure 33).

There exist other possible structures for the initial
iodine layer on Pt(111).1'° This base structure, the
(3+/3 x 94/3)R30°—1 structure, is formed by anneal-
ing the platinum sample in iodine vapor at atmo-
spheric pressure. Other surface iodine structures can
be formed from this structure through thermal de-
sorption. The voltammetry for silver deposition onto
these more disordered surface structures gives pro-
files similar to silver deposition onto a (v/7 x +/7)-
R19.1°—1 superlattice but with differing peak heights,
widths, and potentials.*®

The kinetics of the deposition of the first silver
layer were found to be slower on more ordered
surfaces, suggesting that surface defects accelerate
the deposition possibly by providing nucleation sites.?*
Also, the presence of previously adsorbed organic
molecules has been shown to affect the silver deposi-
tion.?* Pyridine-like adsorbates that bind primarily
through the ring nitrogen inhibit the deposition of
the second silver monolayer but not the first.

B. Silver Deposition onto Other Platinum Surfaces

The voltammetric profile for silver deposition onto
Pt(100) shows just two distinct potential re-
gions?40:250.251 (Eigure 34). In the more positive region,
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Figure 33. STM top views obtained at the Pt(111)(v/7 x
V7)R19.1°—1 electrode: (a) in air with a bias voltage of 50
mV; (b) in 1 M HCIO, + 1 mM AgCIlO,4. The electrode
potentials of Pt(111) and the tip were 1.05 and 1.2 V versus
RHE, respectively. The [110] direction of the Pt(111) lattice
is indicated by an arrow. Reproduced with permission from
ref 246. Copyright 1995 Elsevier Science BV.
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Figure 34. Study of Ag deposition on a Pt(100) electrode.
Solution: 1 M H,SO4 + 1073 M Ag,SO,4. Scan rate: 5
mV-s~1. Reproduced with permission from ref 240. Copy-
right 1984 Elsevier Sequoia SA.

deposition of the first monolayer takes place in the
platinum oxidation region without actual oxidation
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of the surface. As with silver deposition onto Pt(111),
if the potential is moved to more positive values,
oxygen adsorption occurs, hindering further silver
deposition. There is also formation of a second
monolayer just prior to bulk deposition although it
is not as well defined as on the (111) surface.

On Pt(100), it has been determined that if potential
cycling is done in the region including the second
monolayer deposition, the second UPD peak moves
gradually toward the bulk deposition and a new peak
appears in the vicinity of this second UPD peak.2%0:25!
Incidence-dependent Auger electron spectroscopy has
confirmed that repeated cycling of the potential into
the region of the second monolayer does induce
alloying of the silver and platinum.

On the Pt(110) surface, the adsorption/desorption
of silver and oxygen are not distinguishable in the
more positive region of the voltammogram. There is
also formation of a second layer of silver prior to bulk
deposition as there was on the other low-index
faces?*° (Figure 35).

Silver deposition has also been studied on Pt(100)
surfaces containing iodine adlattices.?®*24° The pres-
ence of iodine on the Pt(100) can result in three
different lattice structures. Each of these structures
showed different responses to the silver deposition.
Some of the possible initial structures include a
[cv/2 x +/2]R45°—1 structure, an incommensurate
layer, and a [cv/2 x 5+/2]R45°—1 structure.?*® Again,
Auger studies confirm that, after silver deposition,
the iodine remains the topmost layer.?*° Cyclic vol-
tammograms of silver deposition onto the [c(+v/2 x
2+/2)]JR45°—1 structure showed two sharp sets of
peaks.?*® When the silver deposition was performed
onto the incommensurate structure, the voltammetric
peaks became 10 times broader. Deposition onto the
[c(v/2 x 5+/2)]R45°—1 lattice covered a range of
potentials and formed polycrystalline deposits rather
than monatomic layers.?39.249

3. Irreversible Adsorption of Adatoms on
Platinum Electrodes and Other UPD Process

Electrochemical experiments have also been per-
formed to study bismuth deposition onto platinum
single-crystal electrodes.142254-261 |t was found that
bismuth exhibits not only a UPD process but also an
irreversible adsorption process. In irreversible ad-
sorption, adsorbed adatoms remain on the surface
substrate even in the absence of the depositing cation.
In some cases, the adsorbed adatom can undergo a
redox surface reaction where both species remain
adsorbed onto the substrate. The species remain
adsorbed and no dissolution occurs, so that the
surface coverage is independent of potential. For the
irreversible adsorption of bismuth onto Pt(111), it has
been found that each bismuth adatom blocks three
hydrogen adsorption sites and involves a two electron
transfer.1422% The voltammetric profile of this ir-
reversible adsorption is shown in Figure 36. In the
voltammetric profile there is a reversible charge-
transfer process at +0.62 V due to adsorbed bismuth
atoms. The maximum bismuth coverage obtained was
0.33 monolayers which would correspond well to a
(v/3 x +/3)R30° structure that was found in gas
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Figure 35. Voltammetric studies of a Pt(110) electrode: (a) solution 1 M H,SO4 + 0.5 x 1073 M Ag,SOq,, scan rate 5
mV/s; (b) solution 1 M H,S0,, scan rate 50 mV-s~1. Reproduced with permission from ref 240. Copyright 1984 Elsevier

Sequoia SA.
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Figure 36. Voltammetric profiles for irreversibly adsorbed
bismuth on Pt(111) in 0.5 M H,SO,, at various Bi cover-
ages: (a) 0.33; (b) 0.27; (c) 0.14; (d) 0.06. Sweep rate: 50
mV-s~1. Reproduced with permission from ref 142. Copy-
right 1991 Elsevier, Paris.

dosing LEED measurements.?%? In addition to the
irreversible adsorption of bismuth onto Pt(111), there
is also evidence of a bismuth UPD process, as shown
in Figure 37. This process can be studied when the
deposition is done from a 10~% M Bi(lll) solution.'#?
The first few cycles show the irreversible adsorption
peaks at +0.67 V vs RHE. On subsequent cycles, the

charge associated with the adsorption process in-
creases and the charge associated with adsorption/
desorption of adsorbed hydrogen decreases until its
complete disappearance. At this point, bismuth UPD
begins at +0.61 V vs RHE. With increasing number
of cycles, the charge associated with this new peak
increases until it becomes the most important pro-
cess. There is a 30% increase in the charge obtained
when the UPD process is combined with the irrevers-
ible adsorption as opposed to irreversible adsorption
alone. Possible explanations for this process include
either a second layer being formed over the first
layer, masking the redox process, or possibly a partial
formation of an unstable higher coverage compact
layer, as has been observed for irreversible adsorp-
tion of bismuth on Pt(111) electrodes.?>® When the
bismuth covered electrode is removed from solution,
rinsed, and placed in supporting electrolyte only, the
voltammograms show a decrease of the process at
40.61V and an increase in the one at +0.67 V, which
is associated to the 0.33 coverage layer.1*?

Bismuth deposition onto Pt(100) is less reversible
than on Pt(111) in addition to being shifted to higher
potentials.?>* Each bismuth adatom undergoes a two
electron transfer and blocks two hydrogen adsorption/
desorption sites. There is no evidence of formation
of a second layer or other compact structures. Bis-
muth deposition shows two oxidation peaks and a
single reduction peak with a shoulder.?>* It has also
been found that the stability of the adsorbed layer
depends on surface order.?>42% The surface defects
appear to be preferential sites for dissolution of the
bismuth at high potentials, and the steps may be
blocked preferentially leaving terrace sites free.

There are several other cations that show irrevers-
ible adsorption properties when deposited onto plati-
num single-crystal surfaces which will not be dis-
cussed here. These include tin,?53-265 selenium,?6%
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Figure 37. Voltammetric profiles obtained for Pt(111) in
bismuth UPD conditions ([Bi(l11)] = 107> M) in 0.1 M
HCIO,: (a) evolution in first, second, fifth, and tenth cycles;
(b) after 20 cycles. Reproduced with permission from ref
142. Copyright 1991 Elsevier, Paris.

arsenic,?%8:267.268 gntimony,2°6267.269 germanium,?’°
tha“ium’2717273 pa“adium’2747277 |ead,l4l,142,215,2787284
and cobalt.?®> In addition to these cations and the
species mentioned previously, both zinc?6.287.288 gnd
cadmium?®® also show UPD processes on platinum
single-crystal electrodes.

4. Hydrogen UPD on Pt(h,k,) Electrodes

Although not a metal cation as the other UPD
species are, hydrogen is also considered to be an ion
which displays UPD properties on platinum single-
crystal surfaces. Hydrogen UPD has been extensively
studied 2907321 since the first results on it were
published by Will in 1965.2%° The initial studies
performed were all electrochemical, and the electrode
probably did not have the crystal quality that is now
possible. It was because of this lack of long-range
order that the combined techniques of UHV surface
preparation and electrochemistry were performed.
However, contamination was still a problem on the
highly sensitive platinum surfaces. One technique
often utilized to rid the surface of contaminants was
cycling the potential into the oxygen adsorption/
desorption region. However, this has been found to
disturb the crystallinity of the platinum surface. In
1980, a new thermal treatment for the preparation
of platinum surfaces was introduced.*® This tech-
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nique opened up new venues for studies of hydrogen
adsorption (and other studies as well) as it did away
with the need for UHV chambers. The reproducibility
of results from laboratory to laboratory increased
dramatically. The voltammetry of the single-crystal
surfaces was affected by the long-range order of the
surface. With this, hydrogen adsorption/desorption
voltammetric profiles on the platinum surfaces be-
came a probe and test of surface quality. The work
done since then on hydrogen adsorption on Pt(111)
electrodes has been extensive and deserves attention
beyond the scope of this review. However, as a
general trend, it can be said that hydrogen UPD is a
structure sensitive reaction, in which anion desorp-
tion takes place simultaneously with hydrogen ad-
sorption. The only exception is the Pt(111) electrode
where, depending on the anion adsorption strength
and concentration, both processes can be separated.
This gives rise to the appearance of the so-called
“pbutterfly pattern” (aslo referred to as “unusual
states”) which correspond to the process of anion
adsorption/desorption (Figure 38). The existence of
these states is also tied to the long-range order of the
Pt(111) surface. Many studies have also been per-
formed on the other low-index planes as well as
stepped surfaces of platinum.

[V. UPD on Silver Surfaces

1. Pb UPD on Ag(h.k,l) Electrodes

Several different types of single-crystal silver sur-
faces have been used for studying UPD processes on
silver electrodes. Crystals cut from bulk silver have
obviously been very prevalent, but silver surfaces
formed from evaporation onto mica or grown in a
Teflon capillary have also been used. These surfaces,
especially the capillary grown electrodes, pioneered
by Budevski and co-workers, have been found to give
responses quite close to an ideal Ag(111) single-
crystal surface, and in many cases, they give a far
better response than bulk silver single crystals. By
far, the most studied UPD system on silver single
crystals has been lead deposition. This process has
been studied by a wide variety of techniques includ-
ing electrochemical,16:3227343 optical reflectivity,3?3
SHG, 3% STM, 1353453467353 X_ray absorption spectros-
copy,®®* X-ray scattering,3*57361 and UHV techniques
such as low-energy electron diffraction and Auger
electron spectroscopy.328:362.363 Theoretical models of
lead deposition on silver single crystals have also
been proposed and studied.364-366

A. Pb UPD on Ag(111) Electrodes

Cyclic voltammetry of lead deposition onto Ag(111)
in perchloric acid media shows the presence of three
voltammetric peaks prior to bulk deposition (Figure
39).823-825335342 The characteristics of both the first
and the third peak are highly dependent on the
surface pretreatment and degree of order on the
surface. It has been proposed that the first peak is
due to adsorption at defect sites and that, addition-
ally, the third peak is also associated with some
process at defect sites.3? On crystals grown in Teflon
capillaries, there is little presence of the first and
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Figure 38. (A) Voltammograms of (1) Pt(111), (2) Pt(100),
and (3) Pt(110) cooled in H, + Ar atmosphere after flame
annealing. (B) Voltammograms of Pt(100) cooled in air
(=) or in H, + Ar atmosphere (---) (0.5 M H,SO,). Sweep
rate: 50 mV-s~1. Reproduced with permission from ref 304.
Copyright 1991 Elsevier, Paris.

third peaks, suggesting an extremely well-ordered
sample.®** The middle peak is generally quite sharp
and contains the majority of the lead deposition
charge. This peak appears to be due to a first-order
phase transition.3?

When the lead deposition is performed from chemi-
sorbing electrolytes such as acetate, chloride, bro-
mide, and iodide, the corresponding cyclic voltam-
mograms show only the presence of a single deposi-
tion/stripping peak prior to bulk deposition.36? The
disappearance of the additional peaks has been
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Figure 39. Cathodic (c) and anodic (a) current density—
potential curves. System: Ag(111)/Pb?*, ClO4~; Epppp> =
—900 mV vs RHE; |dE/dt|= 0.42 mV s % T = 298 K.
Reproduced with permission from ref 324. Copyright 1978
Elsevier Sequoia SA.

attributed to the blocking of surface defects by the
strongly adsorbing anions.323:33433%7 This deposition
peak shifted negative from chloride through bromide
to iodide.362

Considerable effort has been expended in an at-
tempt to elucidate the structure of the lead overlayer
on the Ag(111) surface. In-situ SEXAFS has been
performed in acetate medium.3%* These studies have
found that the deposited lead is in a zerovalent state
and that the deposited lead layer is incommensurate
with the silver substrate. There is also scattering
observed from an atom which is most likely oxygen
from water or acetate. This scattering implies that
these molecules are chemisorbed on the deposited
lead layer.

Additional structural information has been gained
from in-situ STM studies.3467348 A Ag(111)-hcp Pb
superlattice structure has been observed, although
originally there were reports of a “filled honeycomb
Ag(111)-3(2 x 2)Pb” layer.34"348 Such a structure
would require a higher atomic density on the Pb(111)
plane, which would introduce a high internal strain
within the adlayer.3*° The final lead structure was
rotated with respect to the Ag(111) surface by a value
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Figure 40. In-situ STM image (filtered) of a Moiré pattern
of a Pb monolayer on a quasi-perfect Ag*(111) substrate
at AE =28 mV and T = 298 K (lwun = 20 NA, Pt—Ir tip).
System: Ag(111)/5 x 1073 M Pb(CIO,), + 1072 M HCIO,.
Reproduced with permission from ref 350. Copyright 1994
Pergamon Press.

Figure 41. Schematic representation of one domain of
UPD lead on silver (111). Open circles represent the silver
atoms of the (111) surface, and shaded circles represent
the lead atoms. The Pb monolayer is incommensurate, and
the rotational epitaxy angle Q is 4.4°. Reproduced with
permission from ref 356. Copyright 1988 American Chemi-
cal Society.

of ~4.4—4.5°. The STM images also indicated the
presence of a distinct Moiré pattern,346:348:34% which
gives evidence for a higher order commensurate hcp
lead superlattice structure. Moiré patterns of en-
hanced atomic interaction between the substrate and
the overlayer can be distinguished at regular inter-
vals as seen in Figure 40.3%° This Moiré structure has
a characteristic length of approximately 1.7 nm and
is rotated 24—29° against the lead layer.34834°

Surface X-ray scattering techniques have also been
employed in structural studies.®¢361 Depositions
done from either perchloric acid or acetate media
show the presence of peaks in the azimuthal scans
at ¢ = +4.5° (Figure 41).357:3%8.361 This marks the
presence of two equivalent domains of an incom-
mensurate lead overlayer with each being rotated
~4.5° from the Ag[011] direction as confirmed by
STM measurements. Grazing Incidence X-ray Scat-
tering (G1XS) has also shown that lead deposited onto
Ag(111) at full monolayer coverage undergoes a
compression of 1.4% relative to bulk lead.®5"73%° The
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Figure 42. Nonequilibrium phenomena of Pb adsorbates
on Ag(111): qualitative investigation by semi-infinite linear
sweep voltammetry. [Pb?"] = 1.43 x 10=2 M. Scan rate:
10 mV-ss1, Eppppzt = —475 MV vs SCE. Ej = Epppp2+ + 475
mV. (a) Cyclic voltammogram starting at E; and covering
the potential range E; > E(t) > E3, where Epppp2t < E3 <
Epnppzt + 70 mV, with and without extended polarization
at Es. (b) Effect of extended polarization t, at E = E> =
Epvepzt +140 mV, following a cathodic potential sweep from
E; to E,. Cyclic test scans were recorded after t, =~ 400 s
(—) and t, ~ 2000 s (—) within the potential range E, <
E(t) < E;, where E; = Eppppzt + 260 mV. (c) Desorption
scan E; < E(t) < E; after extensive polarization (t, ~ 2000
s) at E = E,, followed by cathodic readsorption sweep [E;
> E(t) > Eppprpzt]. (d) Adsorption scan [E; = E(t) > Epypn2t]
after extensive polarization (t, ~ 2000 s) at E = E, followed
by anodic desorption sweep [Eppppzt < E(t) < Ej]. Repro-
duced with permission from ref 327. Copyright 1979
Pergamon Press.

compression increases linearly with the applied
potential until the onset of bulk deposition where the
compression is 2.8%. X-ray studies employing surface
differential diffraction have found that the distances
measured for the lead layer were between 3.00 + 0.05
and 3.2 + 0.1 A3% These distances can be ascribed
to lead atoms being adsorbed between the a-top and
bridge sites.

When lead UPD onto silver single crystals is done
under a voltammetric routine which includes ex-
tended long-time polarization at certain potentials,
the structure of the overlayer in relation to the silver
surface is known to change.327:330,334,336,338-341,352 Thege
changes have been studied extensively using elec-
trochemical techniques and include, among them,
some of the first studies performed on lead deposition
onto silver single-crystal surfaces grown in capillar-
ies. Cyclic voltammetric evidence of the structural
transformation is shown in Figure 42. The “standard”
voltammogram for lead UPD in perchloric acid media
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onto Ag(111) has been reported previously, and shows
the presence of three sets of voltammetric peaks,
labeled A;-As/D1-D5.327:336:338 Extended polarization at
the most negative potential does not change any
subsequent cyclic voltammetric scans, which suggests
that the saturation coverage can be considered stable.

If the extended polarization takes place at a
potential value that is located between the second
and third peak, A; and Az, subsequent voltammetric
scans are significantly altered.3?7:330.334338 There is a
gradual decrease of the A,/D, peaks with polarization
and after a polarization of 2000 seconds, only residual
peaks remain, while peaks A;/D; remain unchan-
ged.327:330338 In g subsequent anodic scan to the initial
starting point, an additional, broad desorption peak,
Do, is now present.3?7:3%0338 |n contrast, if a subse-
guent cathodic scan is made from the polarization
potential, an additional broad adsorption peak, Ag,
is present at more negative values.3?73%0 All subse-
guent voltammetric scans are the same as the
“standard”, suggesting that the original monolayer
structure is again reestablished.

These changes may be ascribed to the extended
polarization inducing the slow transformation of the
overlayer into a more stable coverage accompanied
by partial desorption into solution.3?”:3% These trans-
formations may include a partial exchange between
the sites of the substrate and the deposit, leading to
incorporation of the lead into the silver substrate.330338
This incorporation has been ascribed to the lead
atoms creating incorporated agglomerates close to
growth steps. If the step density is high, the struc-
tural transformation takes place at a much faster
rate than if the step site density is low.33434 The peak
Dy is assigned as due to destruction of the agglomer-
ates located close to the growth steps.®3 It was found
that at coverages less than 20%, the incorporation
of one lead atom into the crystal lattice gives rise to
the blocking of six neighboring adsorption sites, and
at coverages greater than 60%, all of the remaining
adsorption sites are blocked for subsequent adsorp-
tion.38% Given the extended polarization time needed
for this restructuring to occur, the rearrangement of
the substrate must be quite slow and also the rate-
determining step.3° Any excess deposit is subse-
qguently desorbed, leaving, in the final state, about
one lead atom for every four surface atoms of silver.

If the extended polarization is carried out at a more
positive potential; between peaks A; and A;, where
the initial lead coverage is much lower, there are
some subtle changes.®3¢:33° Following polarization, if
the potential is swept anodically, a broad desorption
peak, Do, occurs, as before. This new peak is assigned
to the desorption of lead incorporated into the silver
lattice, but unlike before where the desorption oc-
curred at the growth steps, now the desorption is
ascribed to unstable agglomerates located farther
from the growth steps. It is assumed that all lead
particles adsorbed prior to polarization are trans-
formed into the silver surface instead of being de-
sorbed into solution. It has been proposed that the
structural transformations of the lead layer on
Ag(111) at low coverages are a result of incorporation
of lead atoms mainly on the terraces, while at high
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Figure 43. Cathodic (c) and anodic (a) current density—
potential curves in a twin electrode thin layer cell. Sys-
tem: Ag(100)/Pb?*, ClO;~; Epppp?t = —900 mV vs RHE;
|dE/dt|=0.42 mV s71; T = 298 K (solid line, global current;
dashed line, generator current). Reproduced with permis-
sion from ref 324. Copyright 1978 Elsevier Sequoia SA.

coverage, the incorporation takes place mainly at
steps.336:338.341 |f extended polarization is done at an
intermediate coverage, aspects of both low and high
coverage are seen.33 The incorporation processes at
step sites and terrace sites do not interfere with each
other as the processes at the step sites are much
faster than that on terraces.®*

B. Pb UPD on Ag(100) Electrodes

Lead UPD on Ag(100) surfaces from perchloric acid
media has been studied by cyclic voltammetric
methods, and different profiles have been re-
ported.323:324:325:334335342 The yoltammetric profile shows
two main peaks with a shoulder on the more positive
one at slow sweep rates, in addition to an extra,
smaller peak at more negative potentials (Figure
43).323 It has been proposed that the first peak is due
to a simple adsorption process which fills all favorable
adsorption sites. The second peak would then cor-
respond to a filling in of the remaining sites to a close-
packed monolayer and a phase transition.3?3

In-situ STM studies have confirmed this mecha-
nism structurally.135346.347.349 The jnitial stages of
deposition occur at the step sites.’®> From the images
taken at higher coverages, the interatomic distance
of first nearest neighbors was determined to be 0.40
4+ 0.02 nm and that of the second nearest neighbors
was 0.59 + 0.02 nm. This corresponds well to the top
layer of a Ag(100)—c(2 x 2)Pb—c(2 x 2)Pb bilayer
structure (Figure 44).135346347.349 The underlying
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Figure 44. In-situ STM image of UPD lead monolayer on
Ag(100). System: Ag(100)/5 x 1073 M Pb(ClO,); + 1 x 1072
M HCIO,4 (pH = 2); AE = 40 mV; T = 298 K. Reproduced
with permission from ref 347. Copyright 1992 Pergamon
Press.
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Figure 45. Cyclic voltammograms on Ag(100) (2 x 10* <
L <15 x 10* cm™1): (1) standard curve; (2) curve after t,
= 60 min. Reproduced with permission from ref 334.
Copyright 1986 Pergamon Press.

Ag(100)—c(2 x 2)Pb superlattice could not be ob-
served. This is explained as being due to the rela-
tively high exchange current density of adatoms at
medium coverages.'3>346:3%9 Transient measurements
and electrochemical impedance spectroscopy con-
firmed the enhanced mobility.3*° In-situ STM experi-
ments have also shown the existence of a Moiré
pattern for the lead layer on the Ag(100) surface.'®

If the lead deposited on the Ag(100) surface is
subjected to extended polarization, a transformation
occurs.®** However, the potential chosen for extended
polarization is quite crucial. If the extended polariza-
tion is performed at a potential that lies between the
first two peaks, the subsequent voltammetric profiles
show no change. The extended polarization must be
performed at a potential that lies between the two
more negative peaks.®3* Once this requirement is
met, there is a significant alteration in subsequent
voltammetric profiles as seen in Figure 45. The most
negative adsorption peak disappears, while the first
desorption peak becomes much sharper and higher.33*
These results suggest a kinetic hindrance to the
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Figure 46. Cathodic (c) and anodic (a) current density—
potential curves in a twin electrode thin layer cell. Sys-
tem: Ag(110)/Pb%*, ClO4~; Eppppzt = —900 mV vs RE; |dE/
dt| = 0.42 mV s71; T = 298 K (solid line, global current;
dashed line, generator current). Reproduced with permis-
sion from ref 324. Copyright 1978 Elsevier Sequoia SA.

formation of the lead adsorbate which occurs after a
partial formation of the layer. These alterations in
the voltammetric profiles have been ascribed not to
a structural transformation as seen on the Ag(111)
but rather to either a phase transformation in the
adsorption layer or the competitive adsorption of
anions. 33

C. Pb UPD on Ag(110) Electrodes

Cyclic voltammograms of lead deposition onto
a Ag(110) surface show the presence of three peaks
as shown in Figure 46.323:32433% |t js believed that the
first two peaks represent adsorption and a phase
transformation, respectively.®?® The third peak has
been attributed to deposition occurring atop the
previously formed monolayer.3?® This is the only low-
index plane of silver which shows the presence of the
initial stages of second-monolayer deposition prior to
bulk deposition.

2. TI UPD on Ag(h,k,l) Electrodes

In addition to lead UPD onto silver single crystal
surfaces, thallium UPD has also been extensively
investigated. Thallium UPD has been studied by
electrochemical techniques,11,322,329,330,332,335,337,3677371
radiotracer,®’? optical methods,?%® in-situ STM,3?
x_ray scattering,361'362’373‘375 SHG344374376 gnd UHV
techniques.®®? Theoretical studies have also been
performed.3””

Cyclic voltammetric measurements of the UPD of
thallium onto Ag(111) show the presence of two



1924 Chemical Reviews, 2001, Vol. 101, No. 7

-—®

-50+

1/uAcm—2
O
T

Il
-200

(b)

_50_

|/uAcm~2
@]
T

+50p

(c)

-200

-100 |

x/;_;Acm-2

+100 +

» 200}

*300+

1 L 1
-200 -a00 -600 -800

E/mV

Figure 47. Cyclic voltammograms for thallium deposition
onto chemically polished single crystals of silver: (a) 110;
(b) 100; (c) 111 (0.74 mM TI,S04/0.5 M Na;SO4/1 mM
HCIO,). Sweep rate: 30 mV-s~. Reproduced with permis-
sion from ref 368. Copyright 1974 Elsevier Sequoia SA.

distinct regions (Figure 47).335388370 The more positive
region contains three adsorption/desorption peaks

Herrero et al.

Figure 48. Effect of Tl adsorption in the voltammetric
peak A; upon the nanometer-scale morphology. Images
were recorded in 0.01 M HCIO, + 0.005 M TI*. Window
size: 146 x 146 nm. Gray scale range: 1.1 nm. Tunneling
current: 25 nA. Key: (a) image of the Tl-free surface, AE
= 436 mV; (b) image of the surface after Tl adsorption in
peak A;, AE = 324 mV; (c) difference pattern between
images (a) and (b). Reproduced with permission from ref
352. Copyright 1995 Pergamon Press.

and corresponds to the deposition of one monolayer.
The sharpness of the middle peak of this region
suggests a two-dimensional nucleation and crystal
growth process.3%8 The second region, consisting of
one voltammetric peak just prior to bulk deposition,
also corresponds to the deposition/stripping of one
monolayer. After deposition of one complete mono-
layer onto the silver surface, there are no favorable
sites for adsorption to occur and nucleation and
crystal growth of the second layer starts without any
initial adsorption.358

Attempts to elucidate the structure of the thallium
overlayers on Ag(111) have been made using several
in-situ techniques. STM studies have been performed
before and after the initial adsorption at voltammet-
ric peak A;. These images, seen in Figure 48, show
that the Tl adsorption decorates the step-sites of
Ag(111).%%2 This confirms the assumption that the
first voltammetric peak corresponds to adsorption at
defect sites. Upon completion of adsorption of the first
monolayer, STM images show a hexagonally close-
packed thallium adlayer structure which is com-
pressed in relation to bulk thallium.3%2 The thallium
overlayer is also rotated with respect to the silver
surface by an angle of ~2.3 4+ 0.3°. Upon completion
of the second monolayer of thallium, STM images
again show the presence of a hexagonally close-
packed structure with nearly the same TI-TI near-
est-neighbor distance as seen in the first layer.35?

Many of the in-situ STM measurements have been
confirmed by in-situ X-ray scattering studies.36%.873:374
These measurements have shown that, after com-
plete deposition of one monolayer, there is an incom-
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Figure 49. In-plane X-ray diffraction pattern (Q, = 0) for
a monolayer of Tl on Ag(111). The center of the pattern is
illustrated with a plus sign, the Ag reflections are il-
lustrated with open circles, and the TI reflections are
illustrated with solid circles. There are two observed
domains, oriented £4.6° from the Ag substrate. Reproduced
with permission from ref 374. Copyright 1992 American
Physical Society.

mensurate, hexagonal structure on the surface. This
structure is compressed relative to bulk thallium by
1.4—3.0% and rotated from the Ag[011] direction by
Q ca. 4—5°, which depends on potential 361373374 The
diffraction pattern is shown in Figure 49. This

E/mVvs.E

T
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structure is the same as vapor deposited thallium
onto Ag(111), suggesting that the solvent molecules
do not affect the structure.®”* Upon completion of
deposition of the second monolayer, the thallium
forms a bilayer that is also an incommensurate
hexagonal structure.31373374 The second layer is
commensurate with the layer beneath it, and the
newly deposited thallium atoms sit in the 3-fold
hollow sites of the bottom layer.3’# In this structure,
the compression is 1.0% relative to bulk thallium and
the rotation is 3.9°.37337 Differential X-ray diffraction
showed that, during thallium deposition, there is a
gradual increase in the intensity of the diffraction
peaks, suggesting that thallium deposition seems to
be a gradual adsorption as opposed to a first-order
phase transition which Pb deposition appears to be.*°

As with lead UPD, thallium UPD also shows
structural changes on Ag(111) with extended polar-
ization.330370 |f the extended polarization is performed
after the completion of either the first or second
monolayer, there are no apparent changes in any
subsequent voltammetric scan suggesting that, upon
completion of the monolayer, the resulting structure
is stable.330370 |f the extended polarization is per-
formed at potentials that reside between the second
and third adsorption peaks, E;, the overlayer struc-
ture changes significantly. As seen in Figure 50,
subsequent cyclic voltammograms exhibit a decrease
in peaks A,/D, until their complete disappearance,
while peaks A;/D; remain nearly constant.®”° If the
polarization is followed by an anodic voltammetric
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Figure 50. Nonequilibrium phenomena of Tl adsorbates on Ag(111): Qualitative investigation by semi-infinite cyclic
voltammetry. [TI"] = 1.5 x 1073, v =10 mV-s~1, and E; = Eqy7i* + 570 mV. Key: (a) cyclic voltammograms starting at E;

and covering the potential ranges E; > E(t) = Erymy- (—) and E;

> E(t) = Ey} (--++), with and without extended polarization

at E = E; ~ Eqym* and E = E3 = Eqm+ + 150 mV, respectively; (b) effect of extended polarization at E = E; = E1ym+ + 230
mV with initial cathodic scan (---), E; = E(t) = E,, followed by extended polarization of various duration t, at E = E, and
subsequent cyclic scans within the range E, < E(t) < Eg, e.g. after t, ~ 1000 s (-+**) and t, ~ 2000 s (—) (E1 = Eqym+ + 350
mV); (c) desorption scan (curve 1), E; < E(t) < E;, after extended polarization (t, > 2000 s) at E,, followed by readsorption
sweep (curve 2); (d) adsorption scan (curve 1, —), E; > E(t) > Eqmi+, after extended polarization (t, > 2000 s) at E; followed
by desorption sweep (curve 2, —) and subsequent potential cycling within the range Erm+ < E(t) < E;. Curve 3 (-+-*):
cyclic voltammogram recorded after potential cycling during ~500 s. Curve 4 (—): Readsorption sweep following potential
shift to E;. Reproduced with permission from ref 370. Copyright 1978 Pergamon Press.



1926 Chemical Reviews, 2001, Vol. 101, No. 7

scan, the presence of a new desorption peak, Dy, can
be observed. Subsequent voltammetric scans indicate
that the original profile is reestablished. Only one-
third of the charge associated with peak A, is
recovered in peak Dy, suggesting simultaneous de-
sorption during polarization while the remaining
thallium is bound to the substrate more strongly than
before as seen in the case of lead adsorption. If, on
the other hand, the polarization is followed by a
cathodic scan, the presence of a new broad, adsorp-
tion double peak, A4, is seen. Following this peak,
the second monolayer adsorption is broadened and
split into two peaks.33%370 Repetitive potential cycling
from this state will gradually reestablish the original
profile.

A. TI UPD on Ag(100) and Ag(110) Electrodes

When cyclic voltammetric scans of thallium deposi-
tion onto Ag(100) are performed at slow sweep rates,
the presence of three distinct sets of peaks can be
seen (Figure 47).3%5:368370 The coverage data suggest
that this system is compatible with three successively
built up Ag(100)—c(2 x 2)TI structures.®® If the
voltammetry is performed at sweep rates faster than
~40 mV s71, an additional voltammetric peak is
found at negative potentials.®%® In contrast to the
Ag(111) surface, the Ag(100) substrate does not
exhibit any changes with thallium coverage under
extended polarization conditions.37°

Thallium deposition onto Ag(100) has also been
studied by surface X-ray scattering.®”® In these stud-
ies it has been found that, following deposition in the
first voltammetric peak, there is a disordered phase
until after deposition in the second voltammetric
peak which leads to a full monolayer. These mea-
surements indicated that the first monolayer of
thallium forms a c(px 2) close-packed structure
which compresses uniaxially (p decreasing from 1.185
to 1.168) with decreasing potential.3"®> With deposition
of the second layer, it has been found that the first
layer expands slightly and both layers form a c¢(1.2
x 2) bilayer.

Cyclic voltammograms of thallium deposition onto
Ag(110) show the presence of three sets of adsorption/
desorption peaks that are not as well defined as on
the other low index faces of silver (Figure 47).3%8 As
on the other faces, the deposition of thallium probably
gives total coverages of two monolayers.368

3. Other UPD Systems on Ag(h,k,l) Electrodes

UPD onto the low-index planes of silver has been
studied using other cations although not as exten-
sively as with lead and thallium. Studies of bis-
muth, 362378379 cadmium),337.380-382 Copper’383—385 nickel, 165
and zinc®’® deposition have been performed.

V. Conclusions

In this review, we have explored structural aspects
of the electrodeposition of metal monolayers onto
well-ordered single-crystal electrode surfaces with
emphasis on gold, platinum, and silver substrates.
The electrodeposition appears to take place with the
formation of well-defined surface structures at sub-
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and full-monolayer coverage. The kinetics of elec-
trodeposition/desorption as well as the resulting
structures are greatly dependent on the nature and
concentration of anions. In the presence of weakly
adsorbing anions (e.g. perchlorate), the kinetics of
deposition/desorption are typically sluggish. The
presence of strongly interacting anions (e.g. halides
except fluoride) generally leads to much faster kinet-
ics often ascribed to the formation of coadsorbed
(M—=X) layers. The formation of these layers is
associated in some cases with phase transitions.

In the case of small lattice mismatch between the
adsorbate and the substrate, the resulting structures
are often commensurate. In systems with a large
lattice mismatch, the deposits are generally incom-
mensurate, especially at monolayer coverage. As a
general mechanism for the monolayer formation one
can postulate a sequence of events that involves
electrodeposition of the metal being deposited coupled
with the coadsorption of anions to form a 2-D metal
anion layer. Further reduction results in the disrup-
tion of these layers with additional electrodeposition
leading to the formation of a zerovalent metal ad-
layer. The presence of steps greatly modifies the
structure and kinetics by providing sites of enhanced
reactivity for adsorption of both metal and anions.

VI. Abbreviations and Acronyms

ADAM angular distribution Auger microscopy

AES Auger electron spectroscopy

AFM atomic force microscopy

CTR crystal truncation rod

EQCM electrochemical quartz crystal microbalance

FTIR Fourier transform infrared

GIXS grazing incidence X-ray scattering

IRAS infrared reflection absorption spectroscopy

LEED low-energy electron diffraction

RHEED reflection high-energy electron diffraction

RRDE rotating ring-disk electrode

SEXAFS surface-extended X-ray absorption fine struc-
ture

SGH second harmonic generation

STM scanning tunneling microscopy

UHV ultrahigh vacuum

UPD underpotential deposition

XANES X-ray absorption near-edge structure

XAS X-ray absorption spectroscopy
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