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16.1 Introduction

The remarkable catalytic properties of electrode surfaces modified by monolayer

amounts of metal adatoms obtained by underpotential deposition (UPD) have been the

subject of a large number of studies during the last couple of decades. This interest stems

from the possibility of implementing strictly surface modifications of electrocatalysts in

an elegant, well-controlled way, and these bi-metallic surfaces can serve as models for

the design of new catalysts. In addition, some of these systems may have potential for

practical applications. The UPD of metals, which in general involves the deposition of up

to a monolayer of metal on a foreign substrate at potentials positive to the reversible

thermodynamic potential, facilitates this type of surface modification, which can be

performed repeatedly by potential control. Recent studies of these surfaces and their

catalytic properties by new in situ surface structure sensitive techniques have greatly

improved the understanding of these systems.

In the mid seventies, it was demonstrated that UPD metal adatoms can produce

electrocatalytic effects on various electrochemical reactions. These include oxidation of

small organic molecules, oxygen reduction, reactions of electroorganic synthesis,

electrodeposition of metals, and charge transfers in redox couples. The oxidation of

organic molecules that are potential fuels for fuel cells attracted special attention. In the
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electrodeposition of metals, in addition to causing catalytic effects, the UPD metal

adlayers can cause dramatic improvement in the morphology of the deposits. Inhibition is

also often observed, in particular for H2 evolution and hydration of hydride-forming

metals by the adlayers of metals with high hydrogen evolution overpotentials. Two

reviews exist on the work prior to 1984 [1] and 1985 [2].

In this review, after a brief overview of the structural and electronic properties of

metal adlayers, there are six sections describing catalytic effects on redox couples,

oxidation of organic molecules, carbon monoxide, organic electrosynthesis reactions,

hydrogen evolution, oxygen reduction and metal electrodeposition. Outside the scope of

this review are other UPD processes that play a role in determining the catalytic

properties of electrode surfaces such as the UPD of H and OH.

16.2 Structural and electronic properties of electrode surfaces with metal adlayers

Structural and electronic properties of electrode surfaces covered by foreign metal

adlayers (usually with submonolayer coverage) are expected to be considerably different

from either those of the substrate or the adsorbate bulk metals. The structure of the top

surface layer will be that of the adlayer, determined by the substrate surface structure,

adatom size and coverage, substrate-adsorbate interaction and in some systems, by

interaction with coadsorbed anions (See Chapter 14 in this Volume). Major advances in

the understanding of metal adlayer structural behavior have been achieved by recent

applications of in situ scanning probes [3] and surface x-ray scattering techniques [4]. In

general, for high coverage metal adlayer phases which form at potentials close to the
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reversible potentials of bulk deposition, incommensurate, hexagonal or quasihexagonal

structures are common. The interatomic distances are potential-dependent, often having

values below the distances in bulk materials. This phenomenon has been termed

electrocompression. Commensurate adlayer structures are less common and usually form

with coadsorbed anions.

The structural studies with single crystal surfaces have clarified to a large extent

the questions of electrosorption valences and partial charge of metal adatoms at large

adatom coverages. Close to the reversible deposition potential, the adatoms are neutral

species; otherwise, the electrocompression would not be observed. In low-coverage

phases, electrosorption valences below unity may be expected, with the charge on the

adatoms usually compensated by the coadsorbed anions.

The work function of the metal surface is considerably altered by the adsorption

of foreign atoms. This is well established at the metal/vacuum interface. Pb adlayers on

Ag cause a pronounced decrease in the work function with increasing Pb coverage [5]. A

similar change can be expected at the electrode surface. The potential of zero charge

(PZC) of the electrode surface, which is directly related to the work function, has been

determined for the Pb adlayer on polycrystalline Ag. A value close to that was found for

bulk Pb [6].

Optical properties of metal adlayers were extensively studied in the late seventies

by reflectance spectroscopy, ellipsometry, surface plasmon excitation, and Mösbauer

spectroscopy (See ref. 1 and 2 and references therein). Pronounced changes of reflectivity

are caused by the UPD adlayers, in particular on substrates that exhibit large

electroreflectance signals, viz., Au, Ag, and Cu. The optical properties of submonolayers
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and monolayers of metals were found to be markedly different from the properties of

bulk phases. New insights into electronic properties of these systems have been obtained

by application of synchrotron radiation-based x-ray absorption techniques (XAS).  The x-

ray absorption near-edge structure spectroscopy (XANES) measurements of Pb on Pt

show that in the underpotential deposition region the Pb species are essentially neutral Pb

atoms [7]. Fig. 16.1 shows the effect of changes in potential on the normalized Pb

XANES. The XANES indicate the presence of neutral species at all potentials except at

1.15V where Pb is desorbed and the spectra indicate the presence of Pb2+. There was no

evidence of Pb interaction with oxygenated species in the UPD region.

The electronic properties of a monolayer of Pb [8] and Tl [9] on Ag(111)

electrode surfaces have been calculated by using a density functional formalism.

Calculations show that, as for metal surfaces in general, the excess charge in the

electronic density profile lies in front of the metal surface. The work function of the Tl

monolayer on Ag(111) was found to be close the bulk Tl value [9]. For a Pb monolayer,

calculations predict almost the same interfacial capacity as for a surface of Pb(111). The

latter result is in accord with the experimental data for polycrystalline Ag [6].

16.3 Electrocatalysis on surfaces modified with metal adlayers

16.3.1 Redox reactions

The effects of the UPD adlayers on the rates of electrode reactions were first

investigated for the Fe2+/Fe3+ and Ti3+/Ti4+ redox reactions on Au, which were found to

be slightly increased by adlayers of several metals [10]. The energy levels involved in the
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redox reactions are those of the adsorbates, not of the substrates, and these systems

seemed ideal to provide insights into the unresolved question of the role of the nature of

the metal electrode in the kinetics of the outer-sphere redox reaction. The charge transfer

in these “non-catalytic” reactions takes place in the outer Helmholtz plane. Consequently,

it should not be significantly affected by the metal adlayer. The data reported so far are in

accord with this statement (cf. references [1] and [2]), thus confirming a small role that

the nature of the metal electrode has these reactions.  In a recent work, Nagy et al. [11]

took special care to remove traces of chlorides that can be coadsorbed with metal

adatoms and tha can increase the concentration of cations in the double layer. This effect

could account for the small increase of the redox reactions by metal adlayers. Even in the

absence of trace amounts of chloride, small enhancements in the Fe2+/Fe3+ reaction rates

caused by Bi on Pt and Ag on Au were found. No effect was observed for a Cu adlayer

on the reaction on Au.  Rhodes et al. [12] found an enhanced rate of a Cr3+/Cr2+ reaction

in HCl on Au by Bi, Pb, Tl and Sn adlayers, and attributed this to the enhanced

adsorption of Cl- in the presence of adatoms. Chlorides make bridges that are necessary

for this complex, inner-sphere, redox couple reaction to occur.

Several mechanisms have been proposed to explain the small enhancement effects

of metal adatoms. A change in PZC caused by metal adlayers should induce a change in

the _2 potential and thus affect the rate of redox couples. The calculations of the _2

potential in 1M H2SO4 solution using PZC for bulk Bi showed that the effect is too small

to explain the observed rate increase [13]. The density of electronic states at the Fermi

level was considered by Ad_i_ and Despi_ [10] and analyzed in detail by Schmickler

[14]. He suggested that the difference between the adsorbate density of states at the
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solvent configuration corresponding to the saddlepoint of the reaction hypersurface and

the density of states of the metal electrode could explain the catalytic effects. The

expression for the current was derived in terms of the adsorbate density of states. Nagy et

al. [11] reported electronic structure calculations using the extended H_ckel molecular-

orbital method to determine whether the magnitude of the electronic coupling in the

presence of adlayers can cause catalytic effects. For the reaction at the Cu adlayer on Au,

the calculation shows that the ion can approach 0.04 +/- 0.02 nm closer to the Cu/Au

surface than to the bare Au surface. This can increase the electronic factor by 2-14 times,

thus increasing electronic coupling and the reaction rate, although the nature of the

electronic coupling remains unchanged. Iwasita et al. [15] found no effect of Pb and Tl

adatoms on Pt on the rate of a very fast Ru(NH3)
2+

6/Ru(NH3)
3+

6 couple. Fonseca et al.

[16] measured the effects of Pb, Bi and Cd on the rates of Fe2+/Fe3+, Fe(CN)6
4-/Fe(CN)6

3-

and IrCl6
3-/IrCl6

2- redox reactions, and confirmed small enhancements of the rates of these

redox couples.

In contrast to the simple redox reactions, the rates of the redox processes

involving organic couples are considerably increased by metal adlayers on electrode

surfaces. Some examples include quinhydrone, pyrocatachol/o-benzoquionone,

adrenaline/adrenalinquinone, and other quinone-type redox couples  [2].  Fig. 16.2 shows

data obtained for the pyrocatechol/o-benzoquionone system on Pt/Biad. A considerable

increase in reversibility caused by metal adlayers has been attributed by Kokkinidis [17]

to the change of the reaction mechanism, from an “inner-sphere” mechanism on a Pt

surface with adsorbed intermediates, to an “outer sphere” reaction on Pt/Mad surfaces
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without adsorbed intermediates. Fonseca et al. [16] confirmed large effects of of Pb, Bi

and Cd on the rates of several types of hydroquinone/quinone couples.

16.3.2 Oxidation of organic molecules

16.3.2.1 Formic Acid

Catalytic effects of various magnitudes, some quite striking, are caused by

monolayers of Pb, Bi, Tl, Cd, Sn, Sb, Se and Ge on the oxidation of organic molecules

that are potential fuels for fuel cells viz., HCOOH, CH3OH, HCHO, CH3CHO, CO,

glucose and other monosaccharides, ethylene glycol and some aliphatic alcohols on Pt, as

well as on some other platinum metals (see reviews of previous work in references [1,2].

Slow rates are characteristic of the oxidation of these organic molecules even with the

best catalysts because of the generation of strongly bonded intermediates - poisoning

species - that reduce their activity. Upon adsorption, dehydrogenation and subsequent

oxidation of adsorbed hydrogen are fast reactions that leave strongly bonded fragments

on the surface. Their oxidations require very positive potentials that are impractical for

fuel cells applications. The UPD metal adatoms can reduce the poisoning effects by

several mechanisms (vide infra), thus causing the catalytic effects.

There is a consensus regarding the mechanism of the oxidation of formic acid on

Pt which involves a dual path mechanism [18] with direct oxidation to CO2, and an

indirect mechanism through a blocking intermediate:

       reactive intermediate   _  CO2           ( E1 )

HCOOH    (1)

       blocking intermediate   _   CO2        ( E2 )
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 where  E2 > E1. An indication for the dual path mechanism is provided by isotope-

labeling experiments of Heitbaum et al. [19, 20]. Strong evidence for the reactive

intermediate branch comes from infrared spectroscopy data showing generation of CO2 at

potentials where CO is not oxidized [21]. On the basis of a kinetic isotope effect for the

oxidation of HCOOH and DCOOH on Pt(111) and  Pt(100), it was concluded that the

rate determining step is H-C  bond scission [22].

The nature of the strongly bound intermediate in the oxidation of formic acid,

methanol, and formaldehyde has been a long-disputed issue. CO appears to be the

principal poisoning adsorbate, while other adsorbates, such as COH and CHO, are

difficult to detect. These species appear less stable than CO and may be slow-reacting

intermediates [23]. In the oxidation of HCOOH on Pt, COH and/or CHO were proposed

as poisoning species on the basis of coulometric determination of a number of electrons

per site (e.p.s.) used for the oxidation of adsorbate [18], differential electrochemical mass

spectrometry (DEMS) [19], and radiotracer measurements [24]. Bewick and coworkers

[25] employed electrochemically modulated IR spectroscopy (EMIRS), which clearly

identified CO as the poisoning species. This was strongly supported by further work [26].

Two e.p.s. were found for several single crystal surfaces which also suggest that CO is a

poison [23,27]. More details on this topic can be found in reviews in references

[28,29,30].

The mechanism of the catalytic action of metal adlayers in the oxidation of

organic molecules has been interpreted by using several models including a “third body”

effect, an electronic effect, and the bifunctional catalyst mechanism.

(i) Third-body effect
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A third-body effect, which is equivalent to an “ensemble” effect in heterogeneous

catalysis, is based on the role of metal adatoms in blocking the surface sites for a side

reaction that generates poisoning species, or in blocking the adsorption of the inhibiting

species, which requires more than one surface site for adsorption. The reaction in the

main pathway can proceed at the unoccupied sites that now form smaller ensembles. In

this model, adatoms do not enhance the rate on the uncovered substrate sites. In

electrocatalysis, the effect was proposed by Conway et al. [31] to interpret the effect of

acetonitile on formic acid oxidation on Pt. The third body effect is operative for any

adsorbate statistically distributed on the surface that is not desorbed upon adsorption of

reacting species and intermediates of reactions.

 ii) Bifunctional mechanism

 The bifunctional mechanism, often used in catalysis, has been considered in

electrocatalysis by Cathro [32] and Shibata and Motto [33]. The surface is considered to

have two types of sites that have distinct roles in the reaction. The substrate, such as Pt,

breaks the bonds in organic molecules upon adsorption, while the adatom can adsorb

oxygen-containing species that can oxidize strongly adsorbed intermediates such as CO.

Oxygen adsorption on adatoms is expected to occur at potentials negative of oxygen

adsorption on Pt. This facilitates CO oxidation at potentials more negative than on bare

Pt, thus freeing the surface for the main reaction.

iii) Electronic effects

Electronic effects can result from the modifications of the properties of uncovered

near-neighbor sites and next near-neighbor sites. The adatoms modified in the interaction

with substrates, may, per se, take part in reactions.
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Striking catalytic effects observed in the oxidation of formic acid on Pt modified

by Pb and Bi adlayers are shown in Fig. 16.3 [34]. Currents in anodic sweeps are

enhanced by almost two orders of magnitude, which is also observed in steady state

measurements [34,35,36]. Fig. 16.4 shows quasi-stationary curves for the Pb/Pt system as

a function of Pb coverage†. For the optimum coverage of _Pb = 0.73(0.36) the

enhancement is about three orders of magnitude as calculated per Pb-free Pt surface.

Similar effects were observed with Tl adlayers [34, 37, 38], but the effects of Cd are

considerably smaller [34]. Cd was partially desorbed by HCOOH and reaction

intermediates, while the Pb coverage was unaffected, as determined by reflectance

spectroscopy measurements [39]. In accordance with this observation, IR measurements

show no effect of Cd on CO adsorbate on Rh in HCOOH oxidation, while Pb decreased

the coverage of the bridge-bonded CO [23]. Catalytic effects were observed with other

platinum metals viz, Rh, Pd and Ir [40]. Smaller enhancements were observed than with

Pt, the smallest being observed with Pd [41], which is the least poisoned Pt-metal. The

catalytic effects of less common UPD systems such as Se, Ge, As and Te [42,43], Hg

[37], Ag and Cu [1] on Pt have also been reported and are smaller than those observed

with Pb and Bi.

The results of the studies with single crystal electrodes [44,45,46,47,48] have

demonstrated the existence of a structural dependence of the magnitude of the catalytic

effects. The role of the adlayer structure in determining the observed dependence has not

                                                
† Metal adatom coverages are defined in two ways throughout the literature reviewed in this text.
According to one definition, the coverage is defined as the ratio between the number of covered and total
number of substrate atoms. The coverage is also defined as a number of atoms of adsorbate per one atom of
substrate. The latter definition is becoming used more often. For large adatoms, the difference in the
coverage values from the two definitions can be very large. In order to simplify comparison of results, and
to preserve the link to original work when the coverages are given according to the first definition,
approximate coverages calculated by using the second approach are appended in parentheses.
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been clearly determined so far. In most studies, the adlayer structures were derived from

coverages obtained from voltammetry. It is, however, necessary to determine adlayer

structures during the course of HCOOH oxidation because of the sensitivity of adatom

ordering to the interaction with other adsorbates. For instance, in situ x-ray scattering

techniques show that the ordered (3 x √3) Pb adlayer on Pt(111) vanishes during HCOOH

oxidation, but the Pb coverage remains unaffected [49]. Further work is needed to

determine whether the adlayer structure has an influence on the magnitude of the

catalytic effect, or whether only the adatom coverage is important.

An extension of the UPD modification of the electrocatalytic properties of

electrode surfaces is a process described as an “irreversible” adsorption of metal adatoms

on electrode surfaces. These adsorbates can be obtained by adsorption from cation-

containing solution without the application of external potential. Janssen and Moolhyusen

[50] demonstrated that immersion of clean Pt surfaces in solution containing metal salts,

and subsequent emersion and removal of the excess solution, could produce adlayers of

metal adatoms. Clavilier and coworkers [46] used this procedure with several metal

adsorbates on Pt single crystal electrodes. These “preadsorbed” layers are quite stable. It

is, however, necessary to control the electrode potential, since the adlayer coverage is

potential independent only within certain potential limits. In some cases, as for Bi on Pt,

it is believed that the adsorbate changes oxidation states with potential and that therefore

both species interact with a surface forming adlayer [51]. Ex situ XPS data show that the

charge should be attributed to OH- adsorption rather than to a change in the valence state

of adsorbed Bi [52].
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There is no satisfactory description of the “irreversible” adsorption process. It was

ascribed to chemical reaction with adsorbed hydrogen [50], and to a local cell mechanism

through PtOH formation [53]. The interaction of cations with the surface M-OH species

should also be considered as a possible mechanism, since it is known that they can

strongly interact with oxidized surfaces [54,55]. This was observed even at very positive

potentials, as in the caseof the oxide monolayers on Au and Pt [56]. Except for Bi,

generally small catalytic effects of the preadsorbed adatoms on Pt single crystal

electrodes were reported usually at positive potentials for Sb [57], As [58], Sn [59], Se

[60] and Te [61]. An analysis of metal adlayers causing the most interesting effects is

presented below.

Lead     Pronounced effects of Pb (Fig. 16.3 ) were interpreted in terms of a third-body

effect by Ad_i_  et al. [34]. Pb adatoms suppress adsorption of hydrogen and strongly

bound intermediates, in particular those interacting with two or three surface sites. The

same model was assumed for Bi and Tl. Adsorbed H was considered to take part in the

formation of strongly bound intermediates [18]. Current responses to potential sweeps

into the H adsorption region [18,62], and crystal quartz microbalance measurements [63]

provide evidence for fast poison accumulation in the presence of Hads. An analysis of the

rates for Pb modified Pt showed that, for adatoms covering evenly _ of the sites, there are

no multi-bonded poisoning species adsorbed [40]. In agreement with the experiment, the

model predicted the maximum activity at _M = 0.5(0.25). Pletcher and Solis [35] also

found maximum activity at _M = 0.5(0.25). Shibata et al. [43] found evidence that the

adatom size determines the effect which increases with the number of occupied sites. The

most pronounced effect was found for Bi, the largest adatom. Pb caused the largest
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effects according to the data in references [34,35]. Xia and Iwasita [64] used DEMS

combined with the 13C labeling to make a distinction between CO2 formed from bulk

solution and from adsorbed species (Fig. 16.5). 12C-formic acid oxidation was observed

in the presence of a known Pb coverage and the adsorbate from 13C-formic acid. Pb

catalyzes the HCOOH oxidation from bulk solution on a bare Pt surface, and also helps in

the oxidation of HCOOH adsorbates. The HCOOH oxidation could not take place for Pt

completely covered by Pb and HCOOH adsorbates. The electronic interaction of Pb and

Pt was assumed to take place in order to explain the catalytic effects. The maximum

catalytic effect was found at _Pb = 0.5(0.25) for oxidation potentials >250mV, and _Pb

=0.8(0.4) for potentials <250mV. At _Pb = 0.84(0.42), no adsorbate formation is possible,

but the oxidation of bulk acid still takes place. The increased activity of the remaining

bare Pt has been interpreted by reaction of HCOOH with H2O modified in the interaction

with Pt-Pb sites [65]. This activity is still lower than the intrinsic activity of Pt(100)

determined by pulsed voltammetry [66]. Kita and coworkers [48] reported almost the

same magnitude for the catalytic effects of UPD Pb and preadsorbed Pb on Pt(111). The

maximum effect was observed for a Pb coverage of 0.29, which almost completely

prevented the adsorption of CO. These authors also indicate that a third body effect and a

bifunctional mechanism cannot fully explain the observed effects. To summarize, for Pb,

a part of the observed catalytic effect is due to a third body effect, but there is a growing

evidence for the electronic effect to be partly responsible for the catalysis.

Bismuth   Large effects of Bi have been found in several studies [34,43].  Clavilier et al.

[46] showed that Bi preadsorbed on Pt(111) enhances the kinetics of HCOOH oxidation

in a large interval of coverages from 0 to 0.8(0.27) at potentials below 0.6V. The
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accumulation of strongly bound intermediates is suppressed at very small Bi coverages.

This suggests that the next-nearest neighbors Pt atoms must be affected by Bi and that the

third body effect cannot account for the inhibition of the poison formation. At high Bi

coverages, large currents are measured at potentials where Bi adsorbs OH [52].

Therefore, in that potential region, it could act through the bifunctional mechanism. Fig.

16.6 shows voltammetry curves for Pt(111) with _Bi=0.82(0.27) and the oxidation of

HCOOH on that surface [46]. Weaver and coworkers [67] reported an IR study of this

system which shows small CO coverages on Pt(111), even in the absence of Bi. This

surface is the least poisoned surface from the low-index planes. The optimal coverage of

Bi was 0.2, which was interpreted in terms of an ensemble, i.e., a third body effect. An

enhancement factor of approximately two orders of magnitude is cited in both works

[46,67], and is similar to that observed with the UPD Bi adlayer [34].

Two roles were assumed for Bi on Pt(100) [46]. First, Bi inhibits formation of

poison through a third body type effect. The poison coverage decreases linearly and

becomes zero at _Bi=0.45(0.22). Second, the highest HCOOH oxidation rates are

observed at high Bi coverage, ~ _Bi=0.9(0.45), which indicates a direct role of Bi in the

oxidation of HCOOH, that is, an electronic effect is operative in this system. The

maximum rate is, however, still lower than the intrinsic rate on Pt(100). Bi forms on

Pt(100) a c(2 x 2) adlayer with a coverage of _Bi=0.5, with adatoms residing at bridge

positions [68]. Therefore, at ~_Bi=0.45, a small number of Pt sites apparently remains

uncovered and a direct participation of Bi in the reaction appears likely. Weaver and

coworkers [67] showed by infrared spectroscopy a complete cessation of CO formation at

_Bi = 0.2, which is in good agreement with ref [46]. The catalytic effect of Bi was
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ascribed to the attenuation of the degree of CO poison formation on Pt(100), which the

authors interpreted in terms of a third body effect.

Recent work involved stepped Pt surfaces with controlled adsorption of Bi on step

edges [69]. For the stepped single crystal surfaces Pt(554), Pt(332) and Pt(221), with

nine-, five- and three-atom wide terraces, respectively, the enhancement factor for

HCOOH oxidation increases as the terrace width decreases.  Bi appears to block

adsorption of poison on reactive (110) oriented step sites and decreases the reaction

ensemble size, which increases the rate on narrow (111) terraces.  

Leiva et al. [70] reported the simulation of the catalytic effects of several adatoms

by using the model in which both adatoms and poisoning species block one surface site.

Eight and six near neighbors covered by adatoms protect one site from poison adsorption

on square and hexagonal lattices, respectively. The adatoms are assumed to be adsorbed

randomly at 50 x 50 lattices up to the coverage of _M, and then the poison is adsorbed up

to _p.  The oxidation currents are calculated for such a configuration for several catalytic

cases. In the Pt(111)/Bi system, Bi-Pt pairs were assumed to be responsible for the

catalytic effect, without poison formation.  Fig. 16.7 shows a comparison between the

experiment and the calculated curve. The agreement is surprisingly good considering the

incorrect assumptions that adatoms cover one surface site and that they are randomly

distributed. Bi is known to inhibit three H adsorption sites on Pt(111) [71]. Nevertheless,

the simulation data seem to corroborate the electronic effect for the Bi/Pt system. The

data for Pt(111) and Pt(100) revealed the role of substrate in determining the effect of Bi

in suppressing poison adsorption (the electronic effect for Pt(111), but a third body for

Pt(100)). In addition, on the same surface (Pt(100)), Bi can suppress poison formation by
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a third body effect, and can catalyze the oxidation of HCOOH through an electronic

effect.

Antimony The effect of Sb adlayers on Pt(100) [57] were ascribed to the suppression

of poison formation,  and the maximum oxidation current is obtained at high coverage,

_Sb = 0.9(0.3), when no poison is detected at the surface. Substantial currents are

observed for this surface. The maximum activity, however, does not surpass the intrinsic

activity of Pt(100). A third body effect was found operative for this system.

Kizhakevariam and Weaver [72] found that Sb inhibits the adsorption of CO on Pt (100)

and Pt (111) by decreasing the two-fold binding geometries deduced from the relative

νCO band intensities. The optimum catalysis for Pt(100) is observed at _Sb = 0.35. Sb

causes significant up-shifting of the CO band formed from HCOOH oxidation, which

suggests that dissociative chemisorption is triggered at adjacent sites, electronically

modified by Sb. Fig. 16.8 shows IR spectra for Pt(100) and Pt(100) with an Sb adlayer

(_Sb=0.25) and the corresponding oxidation current vs. _Sb and _CO curves. The

enhancement has been interpreted in line with third body and electronic effects [72].

Good agreement was found between the simulated effects and experimental data for the

Sb/Pt(100) system where Sb was assumed to obey the third body effect [70].

Noble metal monolayers   The systems involving a deposition of ultra thin layers of noble

metals on noble metal substrates, such as Ru on Pt [73,], or Pd on Pt [74] or on Au [75],

exhibit enhancements of the oxidation of organic molecules. These systems are outside

the scope of this review, and will be only mentioned here. In general, deposition of such

layers occurs at overpotentials, and they, unlike the UPD adlayers, cannot be dissolved

except at extreme positive potentials. Usually, such deposition produces 2D or 3D
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clusters, but pseudomorfic deposits can also be formed, as in the case of Pd on Au(111)

[76,77], and Pt on Au(111) [78]. Ru can be “spontaneously” deposited in an electroless

process on Pt [79]. Ru layers catalyze oxidation of methanol on Pt [79], and Pd enhances

the oxidation of HCOOH on Au [75] and Pt [80] single crystal electrodes. The activity of

the Pd-modified surfaces depended markedly on the Pd layer thickness and on their

crystallographic orientation.

16.3.2.2 Oxidation of methanol

 Methanol is considered the most attractive fuel for fuel cells and its reaction has

been thoroughly investigated on surfaces modified by metal adatoms. The overall

reaction involves the exchange of six electrons per molecule:

CH3OH   +   H2O   _   CO2   +   6H+   + 6e-   (2)

This is a multistep reaction, which probably proceeds through a sequential

dehydrogenation that can produce several intermediates, as indicated in the general

scheme proposed by Bagotzky et al. [81]. Details of the dehydrogenation of methanol on

Pt have not been established. From kinetic isotope measurements of CD3OH and CH3OH

oxidation, it was shown that the first removal of H in the reaction

CH3OH     →    CH2OH   +   H+    +   e-                  (3)

is the rate-determining step [82,83].

For methanol, more than for formic acid, evidence points out that besides CO

there is at least one additional adsorbate - the COH species. Three e.p.s. values are found

often for adsorbate oxidation  and show that it has to contain a H atom [84]. Beden et al.

[85] reported from IR measurements the linear, bridge bonded CO and CHO-like species
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or species with a carbonyl bond. By using subtractively normalized Fourier transform

infrared spectroscopy (SNFTIRS), Iwasita et al. [86] have determined absolute absortion

bands for linear-, bridge-, multi-bonded CO and COH adsorbates. Nichols and Bewick

[87], by using a flow IR-electrochemical cell, identified COH and CHxOH species as

reactive intermediates. Recent results with DEMS indicate predominantly a mixture of

CO and COH, or only CO as adsorbed intermediates [84,88, 89]. Model calculations of

methanol oxidation on Pt(111) that provide a good fit to the experimental data without

adjustable parameters involve a reactive intermediate with the stoichiometry H:C:O [90].

Negligible catalytic [2,91,92], and predominantly inhibition effects [93] are

observed for methanol oxidation on Pt in acid solutions. The exceptions are the effects of

Sn [50, 94,95], and Ge [95]. Significant catalytic effects have been observed for Pb, and

Bi on Pt in alkaline solutions [96,97]. However, carbonization of the alkaline electrolyte

with CO2 makes these systems unsuitable for practical applications. For single crystal

Pt(100) and Pt(111) surfaces, the reaction has been found to be inhibited by the Bi

adlayer [47,98].

Some agreement exists on the effects of Sn, although the results are not

reproducible.  The UPD of tin differs from the majority of the UPD systems [99]. Its

oxidation state is extremly potential dependent. The effects of Sn on the oxidation of

CH3OH on Pt are attractive because they occur at very low potentials. The system Pt-Sn

has been investigated in three forms: Sn irreversibly adsorbed, Sn adsorbed by UPD, and

ordered single crystal Pt3Sn alloy [100]. Vassiliev et al. [94] found a Temkin adsorption

behavior of neutral Sn at Pt in the potential region from 0 V to 0.2. Above 0.2 V tin

undergoes a partial oxidation to Sn+, or SnOH at ~0.5V. A ten-fold increase of the rate in
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the presence of Sn has been found and has been ascribed to the bifunctional mechanism

[91]. Frelink et al. [101] demonstrated by ellipsometry that a submonolayer of Sn-oxide

disappears from Pt surfaces in the presence of methanol. The reports of considerable

catalytic effects of Sn [50,95] have not been reproduced in recent studies [23,102,98].

Inhibition was observed for the methanol oxidation on Pt(111) and Pt(100) with Sn

adlayers [98], and for Pt3Sn alloys [100]. Janssen and Moolhuysen [50] concluded that Pt

is modified through a ligand, that is through an electronic effect, while Motoo and

coworkers [103] proposed that a bifunctional mechanism is operative for Sn. Bittins-

Cattaneo and Iwasita [102] found that Sn(II) species are responsible for the catalytic

effect, which can form a hydroxy-complex like Sn(OH)+ that can transfer O to the

organic residue. The activity was ascribed to a suitably oriented adsorbed H2O on a Pt/Sn

surface. Fig. 16.9 shows a linear sweep voltammetry and mass signal of CO2 for Pt and Pt

with adsorbed Sn. The observed enhancement of methanol oxidation is in the middle

range of those reported so far.  Molecular orbital studies demonstrated that Sn atoms on

Pt(111) can weaken CO adsorption [104], but subsequent work showed that Sn in the Pt

surface does not  attract H2O or activate the formation of the OHads species that can

oxidize CO intermediates [105]. The data on Sn indicate that its state on Pt surfaces is

highly dependent on surface structure and on the method of Sn deposition, which

determine its catalytic properties for CH3OH oxidation. Catalytic effects are often

observed with dispersed Pt, while inhibition is usually observed with flat surfaces.  While

the potential for practical application of Sn modified Pt for methanol oxidation is small,

this system provides a strong support for the importance of bifunctional catalysts for

methanol oxidation.
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16.3.2.3 Carbon Monoxide

Carbon monoxide is a model adsorbate for studying molecular adsorption in

catalysis and electrocatalysis. It is a major poisoning species in the oxidation of small

organic molecules, which is an additional motivation for studying its oxidation. The

reaction on metal adlayer covered surfaces can reveal information useful for the design of

new electrocatalysts for the oxidation of methanol and reformate hydrogen.  Metal

adlayers affect the adsorption behavior of CO and can cause small enhancements of its

oxidation. CO interacts so strongly with Pt that it can displace many metal adlayers.

Lukas et al. [68] demonstrated by SXS studies that CO causes displacement of Cu and Pb

adatoms from Pt(100)and Pt(111) surfaces, while a c(2 x 2)-Bi structure on Pt(100) is

unaffected by CO in solution phase. Motoo and coworkers have reported pronounced

effects of Sn and Ge [95], and As [106] on the oxidation of dissolved CO on Pt. Sn

causes a shift of CO oxidation on Pt by 400mV to more negative potentials. This effect

was explained in terms of the bifunctional catalyst. The same mechanism was proposed

for the effects of Pb, As, Sb, and Bi [107], although there is no evidence for oxygen

coadsorption with Pb, while a weak evidence was reported for other three metals.

Preadsorbed Bi adatoms were found to preferentially block CO adsorption at

bridge sites, and at saturation Bi coverage, _Bi = 0.2, only linear CO is observed on

Pt(111) [108]. Bi causes a decrease of CO oxidation [109] on Pt(100), which agrees with

its stabilization of this adsorbate deduced from in situ IR studies [110,111], while As has

an opposite effect [111]. Both adatoms modify the CO stripping process with a small
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catalytic effect observed at very positive potentials (0.7V). The catalysis has been

ascribed to the adatom-mediated oxygen transfer with a possible electronic effect for As

[111]. Similar behavior is observed with Sb, which decreases the adsorption of CO on

Pt(100) and Pt(111) surfaces by removing the two-fold bridging geometry, as deduced

from the relative νCO band intensities [72]. At the saturation Sb coverage only linear CO

is observed.   

Baltruschat and coworkers [112] reported a large negative shift of CO oxidation

to 0.25V caused by Sn adsorbed at step sites on Pt (332) and Pt(755) stepped surfaces

(Fig. 16.10). Sn adsorbs preferentially at the step sites, which can be deduced from the

inhibition of H adsorption on the step sites from voltammetry curves [113]. The effect

has been ascribed to a destabilization of the CO molecules due to repulsion between CO

and Sn. This repulsion shifts the CO molecules into a so-called “high coverage” state,

which can be oxidized at low potentials as shown for Pt-Sn alloy surfaces [114]. (This

state is not formed in oxidation of methanol on this alloy, which was offered as an

explanation of the inhibition effect observed in that reaction.) The CO oxidation rates at

low potentials are, however, very sluggish. The effect of Sn on the reaction on Pt(111)

was found to be negligible. The activity of stepped Pt surfaces is certainly related to the

observed effect of Sn on polycrystalline Pt [91], which usually has a high density of

steps.

16.3.2.4 Other organic molecules

In addition to the oxidation of formic acid and methanol, the oxidation of a

considerable number of organic molecules is catalyzed by metal adlayers on Pt [1,2].
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These include formaldehyde [115], various aliphatic alcohols including ethyl, propyl and

butyl alcohols, ethylene glycol and glycerol [97], propane-diol [116,117,118], ascorbic

acid [119], glucose and other monosacharides [2,120], propane [121] and lactonic acid

[122].  Some of the observed effects are very large, as seen in the oxidation of HCHO on

platinum metals [1,115]. In general, the effects observed seem to be caused by reduction

of adsorption of strongly bonded intermediates. Large inhibition was observed for the

oxidation of hydrazine on Pt (2). The reactions of highly oxygenated molecules such as

squaric, croconic, rhodizonic acids and tetrahydroxy-p-benzoquinone on Pt were also

found to be affected by metal adlayers.  Bi and Se were found to promote the cleavage of

these molecules on Pt(111) by the third body effect.

16.3.3 Electroorganic synthesis

Electroorganic synthetic reactions on surfaces modified by metal adlayers have

not received as much attention as the oxidation of small organic molecules, although it is

quite conceivable that this type of surface modification can have interesting catalytic

effects and can affect the selectivity of various synthetic pathways. In addition to the

elimination of poisoning effects from chemisorbed organic fragments, another useful

effect of metal adatoms is an increased potential window in which the electrode materials

such as Pt can be used for such reactions.  At potentials where the modified electrodes

can be used, the electrodes of metals undergoing the UPD, such as of Pb, Bi or Tl are not

stable. Most of the work in this area was done by Kokkinidis and coworkers [2] who

demonstrated catalytic effects of metal adlayers for the reduction of nitro and nitroso

compounds [123,124], and for the catalytic hydrogenation of some unsaturated
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hydrocarbons [2]. While the reduction of the nitro group is catalyzed by metal adlayers

on Pt, the reduction of nitrobenzene is partially inhibited on Ag by Pb adatoms [125]. A

number of publications exist in the Russian literature about the effect of cation addition

on various electroorganic synthetic reactions that are not discussed in terms of the UPD

effects, although most of the systems probably involve the metal adlayer formation (see

references in [1].

Electroreduction of nitro-compounds is of considerable importance for

electroorganic synthesis. Interesting catalytic effects were reported for the reduction of

aromatic nitro compounds on Pt. Fig. 16.11 shows that Pb, Tl and Bi adlayers shift the

half-wave potential positively by 100-300 mV. The catalytic effect was attributed to a

change in the mechanism of the reduction of the nitro-group from a catalytic

hydrogenation on bare Pt, to an electron transfer mechanism on Pt/Mad, i.e. a direct

electron exchange between the nitro compound and the adatom-covered electrode

surface, viz.,

The same change from the “catalytic” to the “electron transfer” mechanism has been

observed in benzofuroxan reduction on Pt with several metal adlayers [2].

                     2 Had        m Had

(Pt):  R–NO2  + 4 Pt  →  R–NO2     →    R–N–O →  R–N–O     →       Products (4)
         - H2

O           r.d.s.

        2 e-  + 2H
+

              2 e-  + 2H
+

                    2 e-  + 2H
+

(Pt/Mad):    R–NO2     →     R–NO        →  R–NHOH        → R–NH2 (5)
          

- H
2
O - H

2
O
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The reduction of heterocyclic nitro compounds on platinum is also considerably

catalyzed by metal adlayers. The reaction of 3-nitro-1H-1,2,4-triazole on Pt/Mad is a four-

electron reduction also involving the electron transfer mechanism, while the

hydrogenation occurs on bare Pt [126]. This activity surpasses that of mercury electrodes

in alkaline solutions. The reaction on Au follows an electrocatalytic and/or electron

exchange mechanism. The electrocatalytic mechanism gives a diffusion-controlled

cleavage of the N-O bond, while the electron exchange mechanism proceeds through

dihyroxilamine, which can react further. On Au/Mad, the reduction proceeds through

dihydrixilamine [127]. Selective oxidation of lactose to lactobionic acid on Pt/Pbads with a

significant enhancement of the reaction rate in comparison with the one on Pt has been

reported by Druliolle et al. [128].

Motoo and Furuya [129] demonstrated an enhancement of the ethylene reduction

on Pt by Cu and Ag and inhibition by Se and Tl adlayers. Cu and Ag adatoms, which

block  one Pt site, desorb the ethylene molecule which blocks 2.5 Pt sites, thus leaving

1.5 sites available for H adsorption. Hydrogen adatoms at these sites facilitate a higher

rate of ethylene reduction. Tl and Se adatoms cause inhibition since they block 2.5 sites

as ethylene does.

16.3.4 Hydrogen evolution

Hydrogen evolution has been found without exception to be inhibited by adlayers

of Bi, As, Cu and Sn, on Pt [130, 131],  Pb, Tl and Cd on Pt [132] and Au [132], and by

Pb and Tl on Ag [133] electrodes. All these metals exhibit a large overpotential for

hydrogen evolution. Adlayers inhibiting H2 evolution are of interest for fundamental
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electrocatalysis and electrode kinetics, but they also have practical significance in

promoting sorption of H into some metals, altering selectivity for some hydrogenation

reactions, and in corrosion inhibition. The lattermost is possible when O2 reduction is not

enhanced by metal adlayers.

The observed inhibition on Pt has been ascribed to [132]: i) simple geometric

blocking, ii) a decrease in the number of pairs of uncovered Pt atoms, which decreases

the H + H recombination reaction, and (iii) a change of electronic states of uncovered Pt

atoms. Protopopoff and Marcus [134] have analyzed in detail the blocking effects of

sulfur on H2 evolution on Pt(110) and Pt(111) electrodes. For random adatoms

distribution, the zones of deactivation overlap, and this process can be analyzed by using

a simple statistical treatment [135]. For several Pt/Mad systems, considerable H2 evolution

takes place when the UPD of H is completely blocked. This provides an additional proof

that there is no connection between the UPD H and the intermediates in H2 evolution.

The UPD metal adlayers have interesting effects on the reaction mechanism. Pb,

Tl and Cd at small coverages cause pronounced inhibition, but the Tafel slope for the

reaction remains -30mV, as for bare Pt. This means that the recombination of two H

atoms giving H2 ( Had + Had _ H2 ) is the rate determining step for both surfaces. At larger

Pb coverages, the Tafel slopes becomes -120 mV (Fig. 16.12) because there are no pairs

of Pt atoms for a recombination reaction to occur, and the mechanism with the ion-plus-

atom reaction (Had + H+ + e- _  H2 ) rate-determining step becomes operative [132].

Changes of slope from -30 to -60 and -120 mV have been reported for Pt with Ge [131].

No change of Tafel slope was found for H2 evolution on Au/Pb [132] since on bare Au

the ion-plus-atom reaction is the rate-determining step requiring one surface site.
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Inhibition of H2 evolution was reported for stationary single crystal electrodes for

As/Pt(111) [136], Bi/Pt(100), Sb/Pt(100), Bi/Pt(111) and Sb/Pt(111) [137] surfaces. For

the Bi/Pt(111) system, the polarization curves have slopes of –30 to -35mV for _Bi < 0.04

(0.02), and for 0.14(0.07) < _Bi < 0.33(0.18), the slopes are –35 and –54 mV at small and

high overpotentials, respectively [137] (Fig. 16.13). For Pt(100), a linear decrease of the

H2 evolution current as a function of coverage has been observed up to _Bi = 0.35(0.18),

and a steep decrease has been observed above it. For Pt(111), a large  decrease of H2

evolution was observed at small Bi coverages up to 0.1(0.03), and a linear decrease was

seen for larger coverages. A similar observation was made for polycrystalline Pt with Pb

[132]. Small changes of Tafel slope for low Bi coverages were explained by a

hypothetical mechanism in which a slow recombination and an ion-plus-atom reaction

rate determining steps occur in parallel. Inhibition effects of As, which is a prototype

catalytic poison, have been reported for polycrystalline electrodes [138,139] and for a

Pt(111) surface [136]. Surprisingly small inhibition was observed up to _As = 1/3(1/6) for

the latter system.

The mechanism of significant H2 evolution on Pt with large coverage of inhibiting

metal adatoms is not clear. For Bi on Pt(100), the existence of the c(2 x 2) Bi adlayer was

assumed, and it was proposed that H2 evolution takes place through four-fold symmetry

holes in the adlayer [137]. This adlayer exists at Pt(100) [68], but its structure still needs

to be verified during H2 evolution. In situ verification of the adlayer structure during the

course of H2 evolution has been obtained by SXS for Pt(111) with a Tl adlayer [140]. Fig.

15 shows data for Tl adlayers on Pt(111) in solutions of two different pH values. A

significant H2 evolution current flows at Pt(111) despite the close packed configuration of
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the Tl adlayer. The electrocompression of the Tl-Tl distance with decreasing potential is

observed with this system. H2 evolution has no effect on the structure of the Tl adlayer,

but the Tl-Tl distance ceases to contract at its onset (Fig. 16.14). It is likely that in

addition to defect sites, H2 evolution occurs through hollow sites in the structure of the Tl

adlayer. This prevents further compression with decreasing potential. These data seem to

corroborate the assumption for the H2 evolution through the hollow sites in the Bi adlayer

on Pt(100).

Several approaches were used to quantify inhibition effects of metal adlayers.

These involved calculations of currents of H2 evolution based on the order-disorder

theory of alloys [130,132], and simulations based on geometric [137,139], and long-range

electronic effects [137]. Verification of the models used in some simulations seems

necessary in order to obtain a more complete understanding of the inhibition effects.

Related to the inhibition of H2 evolution is the effect cations on the corrosion of

iron. Dra_i_ and Vorkapi_ [141] interpreted a decrease of the corrosion of Fe in sulfuric

acid in the presence of Mn2+, Cd2+ and Zn2+ in terms of the inhibition of H2 evolution by

the UPD of these metals. Similar effects were observed for Pb, Tl [142,143] and for Ge,

Ga [144]. In deaerated solutions, the inhibition effect can be quite pronounced. In the

presence of O2, however, an enhanced O2 reduction can increase corrosion rates.

16.3.5 Oxygen reduction

Oxygen reduction is a multielectron reaction that involves several elementary

steps in the reaction mechanisms. In aqueous solutions, oxygen reduction appears to

occur by two over-all pathways: a "direct" four-electron reduction, and a "peroxide"
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pathway that involves H2O2 as the intermediate [145]. For acid solutions, the reaction in a

dir ect f our-electr on pathway is:

 O 2    +   4H+   +   4e-    →    2H2O   E0  =  1.229 V  vs . N HE ( 7 )

Tw o electrons are exchanged in a “per oxide” pathw ay:

O2    +   2H+   +   2e-   →   H 2O2  E0  =  0.67 V (8)

Peroxide can undergo f ur ther reduction,

H2O2  + 2H+   +   2e-   →   2H2O    E0  =  1.77 V (9)

or  it can catalytically decompos e into O2 and H2O. P eroxide is  the final reduction pr oduct on

some less  active surfaces. On some surf aces, the two pathways can occur in parallel. The

same pathways are oper ative in alkaline solutions  but at different set of potentials  involving

intermediates and products deter mined by the solution pH [145].

16.3.5.1 Alkalin e solut ion s

Foreign metal adatoms  caus e r emarkable catalytic ef fects  on oxygen reduction on

several electr ode s urf aces. The adatoms  of  P b [ 146, 147], Bi [ 148], and Tl [149,150] cause

a shift of the half -wave potential of  the O2 r eduction to mor e pos itive values  and an

appr oximate doubling of the diff us ion limited cur rent density. The latter is due to the change

of  the reaction mechanis m f rom a two- electron r eduction on Au into a vital four -electron

reduction on A u covered with UPD  metal adlayers . Catalytic eff ects were obser ved als o f or 

Pt [ 151], glas sy carbon and graphite [2], and Ru [152] surfaces w ith P b and Tl ads orbates.

The latter thr ee cases  are somew hat dif fer ent f rom the UP D adlayers  on metal surfaces. For

carbons , it appears  that the UPD  occurs  through an interaction of metal with carbon sur face

gr oups.  For  oxidized Ru surf aces, cations  interact with surface oxides.
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Fig. 16.15 s hows rotating dis k-r ing measur ements of O2 r eduction on Au and

Au/P bad. The upper panel show s the UP D of Pb on A u in NaO H solution. The disk curr ent

show s doubling of  the diffusion limited curr ent, which means that f our electr ons are

exchanged in the reaction on Pb/Au. Consequently, the ring cur rent shows  that peroxide

generation is almos t completely suppr es sed. A s er ies  r eaction mechanism, involving a tw o- 

electron reduction to HO 2
-, followed by exchange of another two electr ons  in the reduction

of  H O2
- to O H-, has been found fr om the analysis  of the rotating dis k- ring electrode

meas urements  viz.,:

Au:   O2    +   H 2O   +   2e-   →   H O2
-   +   OH -   (10)

Pb/A u:   O2    +   H 2O   +   2e-   →   H O2
-   +   OH -    (11)

 HO 2
-   +   H2O   +  2e-   →   3OH-    ( 12) 

 A ll rate cons tants  for this complex reaction have been determined fr om these meas ur ements

[148,150]. Tl and Bi adlayers cause s imilar catalytic eff ects. Tafel plots obtained f rom

rotating dis k- ring measurements show slopes of –120mV for  A u/P b and A u/Bi sys tems,

while a s lope of –55mV  w as found f or Au/Tl. The –120mV  slope, as  observed for  bare A u,

indicates  a rate- contr olling fir st electron exchange. The s lope of –55 mV was  also explained

by a slow  firs t electr on exchange. A low electr os orption valency of  Tl (  γTl  = 0.6)  had to be

as sumed to s atisf y this slope [150].

Yeager and cow orker s [ 147] repor ted interesting catalytic effects of Pb and Tl on the

O2 r eduction on smooth and high surf ace area P t in alkaline s olutions . These ef fects  s hif t the

half -wave potential to more positive values than those on bare P t ( Fig. 16.16). Rotating dis k- 
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ring electrode meas urements  indicate a ser ies mechanis m f or  O2 r eduction, instead of  a

direct pathw ay with the O-O  bond s cis sion on bare Pt.

Although Tl and P b ads or bates  on oxidized Ru surf aces in alkaline s olutions dif fer 

fr om the UPD  adlayers, their pronounced catalytic ef fects  are notew or thy. Oxidized Ru

surf aces, which are inactive for  O 2 r eduction, support a four- electron O 2 r eduction after

surf ace modifications upon addition of  Tl+ and Pb2+ to the electr olyte [152]. Traces  of  Tl+

or  P b2+ w er e s uf ficient to pr oduce catalytic effects, which w ere assumed to be due to a

pr onounced modification of the electr onic pr operties  of Ru oxides in the interaction with

thes e cations.

16.3.5.2 Acid  solu tions 

In acid s olutions , metal adlayer s on Au caus e s mall enhancements  of  O 2 r eduction

but, except for Tl, a four- electron r eduction is not observed. F or Pt, a s mall inhibition is 

generally observed. A shift of 150 mV  of the half  wave potentials to mor e pos itive values  is 

caus ed by Bi on A u( 111) (Fig. 16.17), w hile the effect of  P b is ver y small [153,154]. Tl on

Au(111)  [ 155] causes a predominant f our -electr on reduction. O 2 r eduction on silver is a

four -electron reaction and is  inhibited by Tl and Pb adlayers causing H2O2 generation as

shown for Ag( 111) and A g( 100) [156,153]. The inhibition was dependent on the degr ee of 

coverage and the Ag cr ys tal plane. Catalytic ef fects  w ere r eported for the polycrystalline

Pb/A u, Bi/Au and Tl/Au, Pb/Cu, Tl/Cu [157] and Cd/Pb [158] surfaces. Inhibition effects,

however , wer e obs er ved f or Pt with Pb, Tl, Bi [ 159,157,160], Cu [ 159,161] and A g [159]

adlayer s.
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It is s ur prising that Pb and Cd at low cover ages  on P t do not caus e significant

inhibition of a f our-electr on reduction in the kinetic control r egion [160,162]. This  can be

understood ass uming a series mechanis m for  a four -electron reduction on Pt with adatoms .

A somew hat lar ger  inhibition was  observed by Kokkinidis [ 157] in more concentrated

solutions .  These data s trongly suggest that pr oton tr ans fer in O2 r eduction, involving any

kind of  H  interaction with the s ur face, is  not likely to occur  [ 163].

Further  unders tanding of  the catalysis of O2 r eduction by metal adlayer s has  been

achieved by inves tigation of reactions on single crystal surfaces and by s tructure s ens itive

techniques. The catalytic eff ects obs er ved w ith s ingle cr ys tal electr odes are in agr eement

with thos e obtained with polycrystalline s ur faces  [1,149]. S XS studies  during the course of

O2 r eduction helped to r es olve the ques tion of  the cover age-dependent catalytic effect of  Tl.

The close-packed, r otated-hexagonal Tl phase on A u(111) w as  found to support

pr edominantly two-electr on reduction, w hile the aligned hexagonal phase in alkaline

solution and patches of the ( 2 x 2) phase in acid solution, which gradually vanish during the

reaction (see section 16.3.5) , are conducive to a four -electron reduction [155].

A total inhibition of O2 r eduction on Au( 111) by a Cu adlayer  in the potential region

wher e Cu for ms  a honeycomb (√3 x √3) R30 s tr uctur e in the absence of O2 was deter mined

by S TM by Itaya and coworkers  [164]. S ulf ate/bis ulf ate is ads or bed in the center of  a Cu

honeycomb [165,166], w hich could be the cause of the inhibition. A Cu submonolayer  on

Pt(111)  caus es  inhibition by decreasing the cur rent to appr oximately one half , while a Cu

monolayer  caus es complete inhibition. The reduction of  O2 to H2O2 w as  as sumed in the

pr es ence of either the s imple or  the honeycomb (√3 x √3) R30° s ubmonolayer str uctur e. A

change fr om br idge to end-on ads or ption of  O 2 is viewed as a cause of  the gener ation of 
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H2O2 and the decrease of the curr ent by 1/2. This conclusion should be verif ied by RDRE

meas urements . A pseudomorphic Ag monolayer  and a hexagonal aligned bilayer  on P t(111)

caus e a complete inhibition of O 2 r eduction [ 167]. This  inhibition as a function of A g

coverage was  used to determine a bridge adsorption of O2 dur ing r eduction on P t( 111).

16.3.5.3 Hydrogen peroxide redu ct ion 

H2O2, which is inert on most Au s urf aces, except on A u(100) and its vicinals  in

alkaline solutions, is  particularly eff ectively catalyzed by s everal Pb, Tl and Bi adlayers [1,2,

150,153]. G ewirth and coworkers  [168] identif ied by A FM  the (2 x 2)- Bi structure in the

potential region at which a maximum activity for H2O2 r eduction on Au( 111) is  observed.

The rectangular ( p x √3)  Bi high coverage adlayer  on A u( 111) is not catalytically active for

H2O2 r eduction ( Fig. 16.18), which is ver y similar to the inactivity of  a clos e packed Tl

adlayer  on A u( 111) [155]. H 2O2 r eduction is catalyzed on Au(111)  with a low-coverage Tl

phas es, w hile it is  almost completely s uppressed by the r otated close packed hexagonal

phas e [ 169]. F or the A u( 111)/Pb surface, how ever, the highest activity w as  found to occur 

when the sur face is  maximally covered by P b islands [170]. A  four -electron O2 r eduction

would be expected on Bi/Au( 111) based on its  activity for  H 2O2 reduction. This, however  is 

not obs er ved ( cf. F ig. 16.17)  and requires  f urther attention. 

16.3.5.4 Mech anism s of cat alytic eff ects

Several mechanisms have been proposed to explain the catalytic effects of metal

adlayer s. Thes e include i) specific electronic properties of the metal/adlayer surface that

can increase the ads or ption ener gy of  O2 and intermediates [1], ii) redox proper ties of metal
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adlayer s [149], and iii) formation of the bridge bond between O2 and the Au-adatom sites,

which facilitates the weakening of the O-O bond [153,169,168]. Yeager et al. [151]

as sumed a destabilization of anodic f ilms on Au and Pt in the inter action with metal

adlayer s. McIntyr e and P eck [ 149] pr oposed a r edox cycle in w hich Tl adatoms  ar e oxidized

by O 2 and HO 2
- and ar e subsequently redepos ited.  S chrif fr in [171] as sumed a redox couple

in w hich Pb2+ is oxidized by H O2
- to Pb4+. Jüttner et al. [153] assumed a change from an

end-on adsorption of O2 on Au to a bridge adsorption on Au with metal adlayers. This

favors the complete reduction of O2 by weakening the O-O bond. Alvarez and Jüttner

[172] reported a simulation of the catalytic effects of Pb on H2O2 reduction on Au(111)

and Au(100) assuming essentially a lattice gas model for the Pb adlayer at low coverages

and well-defined structures at high coverages. Good agreement between the simulation

and experiment is considered as a support for the bridge adsorption model. However, the

assumptions regarding the Pb adalyer are not in agreement with the results of SXS studies

of the Pb/Au(111) system by Toney et al. [173]. Additionally, the large cover age by P b

is lands , not a specific str uctur e, was found to produce a maximum activity for H2O2

reduction on A u(111) [ 174]. No ordered structure has been reported so far for Pb on

Au(100). Gewirth et al. [168] proposed a heterobimetalic br idge model for H2O2

interaction with the A u/Bi surface as  a caus e of the enhanced catalytic activity.

Ad_i_ and Wang [175] studied the UPD of Tl on Au(111) in the presence of Br-,

which has three potential-dependent, commensurate Tl-Br phases that affect O2 reduction

in different ways (Fig. 16.19).  The catalytically active (3 x √3)-2TlBr phase on Au(111)

was monitored by SXS during the course of oxygen reduction by measuring the structure

factors for its two low-order in-plane diffractions as a function of potential (Fig. 16.19,
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insert). A decrease of their intensity ratio, R0,1/1,1, was directly related to the rate of O2

reduction current. Since Tl has a larger atomic form factor than Br, R0,1/1,1,  decreases as

_Tl / _Br decreases (solid line). The fact that the Tl coverage decreases faster than the Br

coverage with increasing O2 reduction current suggests that the partially charged Tl

adatoms undergo oxidative desorption in catalyzing the four-electron reduction of O2.

The reaction is sustained because Tl adatoms are redeposited on the free lattice sites by

the reduction of Tl+. Similar behavior was observed with the data for the rotated

hexagonal, and hexagonal aligned Tl phases [155]. The latter phase gets easily disordered

under O2 reduction, which is not the case with the (3 x √3)-2TlBr phase because of the

stabilizing effect of Br. A similar mechanism involving a redox cycle for metal

adsorbates was proposed earlier [176], but the lack of clear experimental evidence has

left the question of the origin of the catalytic effect open. The SXS results provide

evidence for the oxidation/reduction of Tl, i.e., the redox property of Tl adatoms as the

origin of their catalytic effect in oxygen reduction. The observed higher activity of the

low coverage Tl phases for a four-electron O2 reduction, as opposed to that of the close

packed Tl phase, can be explained with this mechanism. It appears that Tl adatoms in low

coverage phases are less stable than those in close packed phases, and are consequently

more active in the redox cycle described above. This mechanism should be checked with

other metal adatoms and, in particular, for H2O2 reduction.

16.3.6 Electrodeposition of  Metals

Metal adatoms have profound effects on the processes of electrodeposition of

metals. The effect of the addition of trace quantities of various cations to the plating
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solutions on the morphology of deposits has been known for quite some time from the

plating patent literature. Usually, an increased brightness is observed in the presence of

certain cations in plating solutions. In addition, catalytic effects are observed with some

systems that shift the reactions to positive potentials. McIntyre and Peck [177]

rationalized these observations in terms of the UPD adlayer effects with the example of

the electrodeposition of Au from Au(CN)2
- solutions. The adatoms of Pb and Tl induce a

marked positive shift of the polarization curve and extend the current density range in

which bright, fine-grained deposits are formed. It has been proposed that at sufficiently

high θM, these adatoms can act as 2D nucleation centers, with crystal growth proceeding

around these centers rather than by incorporating Au atoms into the bulk lattice at the

surface defects and dislocations, or by 3D growth. Davidovi_ and Ad_i_ [178,179],

however, have shown that Sb and Tl cause a decrease in the nucleation rate of Au

deposition. The nucleation changes from instantaneous in Au(CN)2
- solutions in the

absence of  Sb or Tl adlayers, into a progressive process in their presence (Fig. 16.20).

For progressive nucleation, the rate can be described by the equation:

I (t) = 2 z F A N∝ π (2 D c) 3/2 M 1/2 t 3/2 / 3 ρ _  (13)

where I is the current at time t, A is the area of the electrode, N is the number of nuclei

that can be obtained at a given condition, and ρ is the density of the metal. As expected

for progressive nucleation, the linear I versus t 3/2 plots based on eq. 13 have been

obtained at constant E from the curves in Fig. 16.20b.

Sb, a well known “wetting” agent in gas phase metal deposition [180], causes

remarkable morphological effects by producing very bright Au deposits at current

densities at which rough deposits were obtained in its absence. Considerable catalytic
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effects of Sb adatoms were ascribed to a change in the CN- adsorption in the presence of

Sb adlayers. No Sb or Tl incorporation was found with AES, or by atomic absorption

spectroscopy of the dissolved deposit.

Sieradzky et al. [181, 182] have recently demonstrated that the UPD of the Pb and

Cu adlayers can mediate growth of ordered multilayer deposits (up to 200 layers) of Ag

on Au. Atomically flat epitaxial multilayers of Ag on Au(111) have been produced in the

presence of the UPD of Pb and Cu. Ag is co-deposited with reversibly deposited UPD

metal. The latter is periodically deposited and stripped from the surface, and this serves to

significantly increase the density of 2D islands of Ag atoms, promoting a layer-by-layer

growth mode. The UPD of the Pb monolayer covers the surface onto which the deposited

Ag atoms undergo interlayer place-exchange with Pb atoms, forming 2D islands below

the Pb adlayer. Upon stripping of the Pb adlayer, Ag continues to deposit with island

growth. Fig. 16.21 shows a scheme of the proposed mechanism for the Pb mediated

deposition of Ag on Au. An ordered multiplayer Ag deposit can also be obtained in a

constant potential electrodeposition, as discussed in [176,178]. Fig. 16.22 shows the Ag

deposits obtained as a function of time at a potential of 0.125 V which maintains θPb=0.8

[182].

Atomic layer control of growth is an ultimate goal of the electrodeposition of

metals and nanofabrication technology, and in this context, the effects of UPD metal

adlayers discussed above are very interesting. The data illustrate remarkable possibilities

for further exploration of the effects of UPD adatoms in electrodeposition of metals. It

would be interesting to see whether this method can produce a layer-by-layer growth in
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systems with larger lattice misfits between substrate and deposit and with different

chemical properties.
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Figure captions

Fig. 16.1 Normalized Pb XANES spectra at various potentials: -0.24 V (−−−), 0.25
V (positive sweep)(), 0.25 V (negative sweep) (•−•−•), 0.6 V (----) and 1.15 V (••••).
Reproduced with permission from reference [7].

Fig. 16.2 Curent-potential curves for a mixture of pyrocatachol (1mM) and o-
benzoquinone (1mM) on Pt and Bi/Pt rotating disk electrodes in 0.5 M HClO4  with 1mM
Bi(ClO4)3. Sweep rate 10 mV/s. rotation frequency (1) 12.5, (2) 25, (3) 50, (4) 75 Hz.
Reproduced with permission from reference [2].

Fig. 16.3 Oxidation of HCOOH (0.26M) on Pt with Pb and Bi adlayers (full lines)
and on bare Pt (dashed line) in 1 M HClO4. Lead concentration 1mM; sweep rate 50
mV/s. Reproduced with permission from reference [34].

Fig. 16.4 Quasi-stationary current-potential plots for HCOOH (0.5 M) oxidation on
sputtered Pt modified by Pb adlayer and HCOOH adsorbates in 0.1M  HClO4. Current
taken 2 min after steping the potental. The current density is given with respect to the
free-Pt surface (16 % of the whole surface). Reproduced with permission from reference
[36].

Fig. 16.5 Current (a) and mass signal (b,c) voltammetry  curves in a 0.01 M HClO4

solution containing 5 mM H12COOH: () for sputtered Pt previously with modified
θPb=0.36 and   θH

13
COOH=0.49; (…..) only H13COOH was adsorbed (θHCOOH=0.84); sweep

rate 100mV/s. Reproduced with permission from reference [36].

Fig. 16.6 (a) Voltammetry curve for Pt(111) with adsorbed θBi=0.82(0.41) in 0.5 M
H2SO4. Current multiplied by 5 for short sweep. (b) First sweep for the oxidation of 0.25
M HCOOH. Insert: Peak currents at 0.5-0.55V versus Bi coverage, (•) anodic and (×)
cathodic sweeps. Reproduced with permission from reference [46].
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Fig. 16.7 Comparison between experimental (•) and calculated () currents versus
θBi curves for the oxidation of HCOOH 0.25M on Bi/Pt(111) in 0.5M H2SO4 ( See text
for details). Reproduced with permission from reference [70).

Fig.  16.8 (a) Single potential alteration infrared (SPAIR) spectra for 0.M HCOOH
in 0.1M HClO4 on Pt(100), and (b)  Sb-modified (θSb=0.25) Pt(100), Spectra obtained
during the 2mV/s anodic sweep. (c) θCO (solid circles) at about 0.25 to 0.5V and peak
currents (open squares) and currents at 0.35V (solid squares) versus θSb plot. Reproduced
with permission from reference [72].

Fig. 16.9 Oxidation of 1M CH3OH in 0.5 H2SO4 on Pt and Pt with Sn adlayer
(θSn=0.34 (0.17)). (a) current and (b) mass intensity during a potential scan of 10mV/s.
Reproduced with permission from reference (102).

Fig. 16.10 (a) Voltammetry curves for the oxidation of CO on a Sn/Pt(332) surface in
0.5M H2SO4. Ead = 70mV; (θSn = 0.26 (solid line); θSn= 0.03 (dotted line); θSn = 0 (dashed
line). (b) mass spectrometric responses for CO2 generation. Reproduced with permission
from reference [112].

Fig.  16.11 Current-potental curves for reduction of PhCH(NO2)2 (1mM) on a Pt
rotating disk electrode in 0.5M HClO4  curve (1) and Pt with adlayers of Bi, Pb and Tl,
curves (2), (3) and (4), respectively. (---) Curve in base solution; concentration of cations
1 mM; sweep rate 10 mV/s; rotation frequency f= 35 Hz. Reproduced with permission
from reference [2].

Fig.  16.12 Hydrogen evolution on a rotating Pt electrode in 1M HClO4 in the
presence of Pb adatoms. The curves 0-6 correspond to _Pb= 0, 017, 0.19, 0.56, 0.67, 0.86,
0.91, respectively. Rotation rate 5000 rpm. Reproduced with permission from reference
(132].

Fig.   16.13 H2 evolution on a Bi/Pt(111) electrode in 0.5M H2SO4. Tafel plots for
different Bi coverages: θBi = 0, 0.13 (0.06), 0.27(0.13), and 0.36 (0.18). Reproduced with
permission from reference (137).

Fig.  16.14 (a) In-plane diffraction pattern from close packed hexagonal Tl adlayer
(open circles) on Pt(111) in 0.05M H2SO4 solution with 1mM Tl+. Solid circles
diffractions from Pt(111). (b) Real space model for Tl adlayer. (c) Tl-Tl interatomic
distance determined from the rocking _ scans at diffraction positions as a function of
potential. The electrocompression increases in solution with pH=3 beyond that observed
at pH = 0, but it ceases to change when H2 evolution starts (see text). Adapted from
reference [140; reproduced with permission.

Fig.  16.15 O2 reduction on rotating Au and Pb/Au electrodes in 1M NaOH containing
1mM HPbO2

-. Ring potential 0.3V, ring area 0.049cm2; sweep rate 50mV /s. Upper
panel: the UPD of Pb on Au. Adapted from reference [146]; reproduced with permission.
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Fig. 16.16 O2 reduction on several substrates in 1M NaOH. Tl+ concentrations:
3.2mM for Pt and 11mM for dispersed Pt Powecat 2000 catalyst. Pb2+ concentration
2mM. Sweep rate 10mV/s, for Powercat quasi steady state measurements. Electrode area
0.196 cm2. Pt I: no pretreatment, Pt II: cathodic pretreatment. Reproduced with
permission from reference [151].

Fig.  16.17 (a) Voltammetry curve for UPD of Bi on Au in 0.5M HClO4 containing
2mM Bi3+. (b) Polarization curves for O2 reduction on a Au rotating disk electrode (curve
1) and Bi/Au (curve 2). Sweep rate 10mV/s; f = 16.6 Hz. Reproduced with permission
from reference (153).

Fig. 16.18  (a) Voltammetry curve for the UPD of Bi on Au(111) in 0.1M HClO4

solution containing 0.5mM Bi3+. (b) Rotating disk polarization curve for H2O2 reduction
in solution as in (a) with 10mM H2O2. Rotation rate 400rpm; sweep rate 5mV/s. Dashed
line: no Bi3+. Adapted from reference [170]; reproduced with permission.

Fig.  16.19 Voltammetry curve for the UPD of Tl in 0.1M HClO4 solution containing
1mM Tl+ and 1mM Br- on Au(111)  (solid line) and initial parts of cathodic going sweeps
for O2 reduction on the Au(111) in the solution containing Tl+ and Br- (dashed line) and
containing Tl+ only ( dash-dot line). Sweep rates: 20 mV/s. Structures of ordered phases
are also shown, with open and shaded circles representing Br and Tl respectively. Insert:
Current-potential curve obtained with O2 reduction current (squares, left ordinate) as a
function of the measured structure function intensity ratio, R0,1/1,1, which is equal to I (0,1) /
I (1,1). The solid line shows the calculated R0,1/1,1 (abscissa) as a function of the Tl/Br
coverage ratio (right ordinate). (a) Diffraction pattern for (3 x √3)-2TlBr adlayer (open
circles) on the Au(111) substrate (solid circles). The adlayer peaks indexed using the
primitive (1.5 x √3) rectangular cell. Reproduced with permission from reference [175].

Fig.  16.20 (a) Potential step transients for Au deposition on Au from 0.1M Na2SO4

containing 50mM KAu(CN)2, pH=8.5,; (b) Potential step transients for Au deposition on
Au with Sb adlayer. Solution as in (a) with addition of 10mM Sb2+. Adapted from
reference [178]; reproduced with permission.

Fig. 16.21 Proposed mechanism of the UPD of Pb mediated deposition of Ag. The
Ag and Pb atoms are green and gray spheres, respectively. Arrows indicate depositing
metal cations. (a) Pb mediation: at potentials close to reversible Pb deposition, a Pb
monolayer covers the surface. The deposited Ag adatoms undergo interlayer place-
exchange with Pb adatoms (light green sphere) forming 2D islands below the Pb adlayer.
(b) On the reverse cycle, the Pb adlayer is stripped from the surface as Ag continues to
deposit resulting in island growth. Reproduced with permission from reference [181].

Fig. 16.22  In situ STM topographs showing the time evolution of the Ag layer
morphology for a deposition at 0.125 V (vs. Pb/Pb2+) which maintains the θPb = 0.8 in
10mM HClO4 containing 0.1mM AgClO4 and 10mM Pb(ClO4)2. Scan size in each image
764 x 764 nm. Reproduced with permission from reference [182].
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