CHAPTER ONE

INTRODUCTION

1.1. Introduction

Electrochemistry is an important area of physical cheynishich is fundamental to a wide
range of phenomena (e.g. electrophoresis, corrosion), to the functionagiais devices
(electrochromic displays, electroanalytical sensors, bastefiiel cells), and to the practice
of important technologies (electroplating, industrial production of alumiand chlorine).
Each application requires an understanding of the basic principésotfode reactions and

the electrical properties of electrode-solution interfaces.

The interface between a solid and a liquid plays a key rold gleaitrochemical processes
[1] and, traditionally, electrochemists have relied on measurenoémotential, current and
charge to characterise this interface [2]. Faraday brought abdigy advance in the
understanding of electrochemical processes through his discovéry gaantitative laws of
electrolysis, and, Gibbs showed how thermodynamics could be appliedctooehemical
cells at equilibrium in order to determine the composition of these interfaces [3]

The study of surfaces and of reactions on or with these surfacems ielectrolytic
environment is most commonly achieved by voltammetric means, byfgseh techniques
as cyclic voltammetry. The voltammetric response of a welki@d surface in a given
electrolyte can be considered as a fingerprint of the spesifiiace structure. Reaction
between a compound in solution and this surface also gives riseath-@defined response
which may be characteristic of that specific reaction only. Téydic voltammetry can be
used in much the same way as spectroscopy or diffraction analysis to aeestth surface
structural changes and reactions of surface compounds. The necesgargment is that
any system is well-defined with a minimum of disturbing specmesent at the

electrode/electrolyte interface.

1.1.1. The electrode/electrolyte interface

New techniques are crucial if we are to understand the stalictoechanistic and dynamic

aspects of interfacial reactions. Thus, techniques have been develojgb are sensitive to



changes in the interfacial composition at sub-monolayer covefdfyemnd which provide
information regarding the strength of bonding of the adsorbed s8tie&ttempts have
been made to combine electrochemistry with other surface mahlytethods, to provide

both in situ and ex situ techniques.

1.1.2. In situ techniques

Various techniques provide new insights into the nature of bonding #ifedddnterfaces.

In these methods the electrode is examined by various “photon in-pitoor “scanning
probe” techniques whilst maintaining an electrochemical environment uypatential
control. These techniques include scanning tunneling microscopy (STM)s(Blace
extended X-ray adsorption fine structure (SEXAFS) [6], and suriacay diffraction
(SXRD) [7], which, between them, provide both long range and local stali@dformation.
These developments have trigged new studies of the atomic andutapleature of the
electrode/electrolyte interface. In particular, information hasn obtained on processes,
such as surface reconstruction and relaxation which are of impertiue to their impact on
the physical and chemical properties of electrode surfadesinA has reviewed in situ

techniques [8].

1.1.3. Ex situ techniques

Ex situ methods, which involve the transfer of electrodes fromdhewvironment directly
to an ultra-high vacuum chamber, provide another way to determinesttheture,
composition and chemical state of electrode surfaces.

In any ex situ investigation, removal of the electrode fronelantrolyte solution must be
achieved without change to the chemical/electrical propertielseoélectrode. This places
extreme demands on the purity of the electrolyte and of thek-filicgas used to prevent
surface contamination during transfer [9]. Hubbard and his colledtaes demonstrated
how an electrode can be transferred cleanly into an ultra-highuwa with retention of
structure and composition, for examination by various surface sdiectwaiques [10]. Ross
and Wagner [11] have shown that it is possible to use ex situ techmgstsly both the
atomic nature of the electrode surface, and the specific adsoggtions. The most widely
applied ex situ techniques have been X-ray photoelectron spectrosdegy [X2], Auger

electron spectroscopy (AES) [13], electron energy loss specpwgEELS) [14], secondary



ion mass spectroscopy (SIMS) [15], reflection high energy eleapectroscopy (RHEED)
[16], and low energy electron diffraction (LEED) [17]. All are lhsa electron diffraction,
scattering, or emission and, therefore, require the use of vachambers and pressures

<10’ mbar.

1.1.4. The present approach

Investigation of the electrode surface under potential contrthespreferred method of
characterisation since the electrical double layer is predeat all stages allowing the
possibility of real-time data collection during electrochemical react

However, at present, in situ techniques cannot match ex situ mdtrodsalysis of the
composition or electronic state of an electrode surface. Henganaiple, ex situ and in situ
approaches should be used in combination in order to obtain the most copngilete of
molecular processes occurring at the electrode/electrolyte naerfa

Currently, single crystal electrodes are widely used inrelelcemical studies, following the
introduction by Clavilier et al. [18] of bead-type electrodeshwitell-ordered surface
structures. Their use allows the study of the surface etdwmical properties of each basic
structural type of surface, and especially of flat, stepped or disliefaces. This approach
provides information on, for example, the preferential adsorption of repdifi promoter
atoms onto the edges of two different surface types, the so-cafled decoration”
phenomenon discussed by Wieckowski et al. [19].

Single crystal surfaces have been employed which enablgtiatahctions to be examined
and varied in a controlled manner. Both in ultra-high vacuum (UHV) argim pressure
studies, precise control of temperature, pressure, surface loystphy and composition is
possible, enabling reactions to be examined under a wide variety sicaghgonditions.
Since the 1970s, studies carried out on single crystal electrogesdeaonstrated the
importance of surface structure in electrocatalytic reactions.

In the present work, it is shown that surface structure and caimpgsday an important role
in electrocatalysis, and new insights are obtained into eleghtian phenomena by use of

well-defined single crystal electrodes.



1.2. Well-Defined Electrodes

Single crystal electrodes are electrodes whose surfaeedefined with respect to their
crystallographic orientation [20]. Will [21] was the first invgstior to study the
electrochemistry of single crystal platinum electrodesneans of cyclic voltammetry [21].
An electrochemical activation procedure was used to produce raasarode surface and
many potential cycles were applied to the single crystdhcaibetween the hydrogen and
oxide regions [22]. Will assigned the hydrogen adsorption state odsenvpolycrystalline
platinum at the more positive potential to strongly adsorbed hydraigei®0) sites and the
state at the less positive potential to weakly adsorbed hydraggil0) sites [23].
Reproducible voltammetric profiles were obtained for all threeihalex surfaces using this
method. Subsequently, many researchers have examined singi¢ elg&irodes in order to
characterise their voltammetric behaviour, and kinetic response6]24=&ctrochemical
kinetic measurements on single crystal electrodes were cewdddcatring the 1960s and
1970s by Piontelli [27], Bockris and Razumney [28], Damjanovic e®8l. 4nd Budevski
[30]. More recently, Clavilier et al. [25] and Hamelin [26] haseamined the degree to
which reaction rate varies depending on the exposed crystatsuHlamelin has extended
such studies to metals other than platinum. As mentioned above, Clavdederated studies
of single crystal electrode surfaces by showing how theyegirepared by a novel, simple
and ingenious flame-annealing method [18]. A polyorientated platinunte stngstal bead
(typically 2-3mm diameter) is formed by melting a statignglatinum wire in a
hydrogen/oxygen flame at 1000 °C. Impurities (C, S) are removedtalytic oxidation
during the heating process. Laser diffraction from the (111) falgggtseof the polyorientated
bead are then used to orientate the crystal, resulting in a cattiugacy of £3 minutes of
arc relative to the basal plane. This method is more preciselthan backscattering for
enhancing the precision of surface orientation [31]. Full detail€la¥ilier's method are
given in Chapter Three, section 3.11.

The simplicity of the flame-annealing approach has opened ttddienany investigators
not equipped with preparative methods involving vacuum instrumentatiors #lé@ paved
the way for new approaches to access the structure of ¢triel double-layer, for
instance, those involving measurements of potentials of zero cheigg forced—
replacement reactions [3].

The electrosorption of hydrogen and oxygen is found to be highly sensitihe surface
crystallography of an electrode [32,33]. Fig.1.1 shows the electrosorption of bgdind



Fig. 1.1. A three dimensional plot o
the platinum CVs of low and hig
Miller index planes in 0.5 M 80,
at sweep rate 50 mV/*§34].
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oxygen on a range of low and high index planes of platinum [34]. Thethntransition in
the voltammograms, on going from one low index plane to another aroustéteegraphic
triangle (Fig. 1.2), via intermediate high index planes, is appa@&htEach voltammogram
acts as a fingerprint for the plane studied and may be useste¢atan the extent of long-
range order present.

Step density and average terrace length can be calculatedttiermtegration of the
hydrogen region between appropriate potential limits. From resuigsneld worldwide, a
database of voltammograms has now been compiled which confirmssitigalar
electrochemical behaviour of different platinum single crystal susface

The use of ex situ UHV-based electron spectroscopies enablesdlsagator to examine an
electrode in vacuum and then analyse it by LEED-Auger elecpectroscopy, in order to

characterise electrochemically—induced surface transformatiohs [20
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Fig. 1.2. The stereographic triangle for the f.c.c. system, depistimge of the platinum

high index planes present between the low index planes. Reprinted from [36].



The utilisation of other modern spectroscopic techniques, which maypliecaboth ex situ
and in situ, has created a minor revolution in our understanding of atoarist molecular

events at the electrochemical surface.

1.3. The Structure of Clean Metal Surfaces

1.3.1. Basal plane notation

Since all experiments presented in this thesis have been conditicezdmth Pt electrodes
or with Pt electrodes modified by a species adsorbed on théacesy only the crystal
symmetry of Pt, which crystallise in the f.c.c. structure, is discussed.

Metal surfaces are heterogeneous and polycrystalline at tmicatscale. They are
atomically rough and contain defects, such as steps, kinks and iescf8i]. Moreover,
they rarely contain atoms of a single element but consist ofy ddferent atom types
arranged in various combinations, each combination exhibiting differlee@mical and
structural properties. Surface properties are critically depénaie both crystallographic
structure and composition, therefore, to extract information concerningaracular
adsorption site, it is necessary to simplify the experimegiiés such that the variation in
adsorption site, and also the site composition, are under the contr@ expgkrimentalist.
Studies at well-defined surfaces have yielded important infasmawith regard to the
chemisorption and physisorption of molecular species.

Further, the identification of site-specific chemical processesonly be accomplished if
surfaces with uniform structural features are studied indivigualerefore, single crystal
facets are employed since they exhibit the simplest adsorpébaviour of all surfaces,
because the variation in adsorption site is limited by the gepmkthe unit cell generating
the crystal. Greater complexity can be introduced by cuttimqugh a polycrystalline metal
surface at a particular angle thereby exposing a surfabevaiious combinations of atomic
arrangement present in small domains of differing crystaljadgc orientation (i.e. surface
defects such as steps and kinks) [26]. Such surfaces are ternmad because they often
consist of flat terraces separated by monoatomic high stepsyrtireetry of the flat terrace
reflecting that of the facet plane. The physical and chemicglepties of such surfaces are
very difficult to predict, although some understanding of their behawiasrbeen derived
from adsorption studies [7]. Moreover, unique and uniform geometric antroeiec

characteristics are discerned only from studying single crystalcas{38].



1.3.2. Miller indices

Metal surfaces possess structure sensitive properties. Thussthibility for various
reactions, such as electrocatalysts, depends on the specific&sposee plane. To define
the surface of a metal crystal it is necessary to speeiyfeatures: the bulk structure and
the surface structure.

A surface may be defined by reference to its bulk struckdegals usually crystallise in one
of three arrangements: face-centred cubic (f.c.c.), hexagarsd placked (h.c.p.) or body
centred cubic (b.c.c.). Platinum, with which this thesis is concerned, is f.c.c.

Cutting through a metal single crystal at various angles, tif@cgssrso produced are denoted
by their Miller indices [39]. The Miller index is a systensed to identify a particular
crystallographic plane. For Pt, the plane is described in terthe dfiree orthogonal vectors
which define the bulk unit cell. To determine the Miller indices qfagticular plane in a

three-dimensional lattice the following procedure is applied.,Rhstintercepts of the plane
with the axes of the basis vectash, ¢ which define the unit cell of the crystal, are found
(Fig. 1.3). Second, the distances from the origin to the intercept pdinke plane with

a, b, c are defined as a, b and c, respectively. The Miller indices h, &e defined

as: |a%: h, ‘% =Kk, an&% =. The triple (hkl) is used to define the crystal

surface plane [40]. Where h, k or | take fractional values, the ihdémes are converted to
the smallest integers having the same ratio as h, k and ulplying by a common factor,
e.g. (1/4,2/4,1), becomes (1,2,4). Where a negative intercept happens to nesul, t
indicated by placing a bar above the appropriate value of the index [36].

The three basal planes of the f.c.c. crystal and the arrangeafetis surface atoms are
shown in Figs. 1.4 and 1.5.

Low Miller index surfaces are the most widely investigated wuéheir low surface free
energy, high symmetries and relative stabilities [41]. Furtheemdne microscopic
properties of smooth polycrystalline surfaces can usually bepreted in terms of the
individual properties of each of these surface planes. Becauge differing geometric
arrangement of the atoms in each case, these planes contaiendiffdsorption sites and
hence the chemical reactivity of each surface may be @liff¢40]. However, because of the
imbalance of forces at the surface of a crystal [41], thaseidtoms may rearrange to give a

quite different symmetry. This phenomenon is termed surface regeciish (Section 1.4). It



may be a property of the clean surface. Clean Au(110) reconstougtge a structure in

which alternate rows of gold atoms in th& 10] direction are “missing” [42]). Some
surfaces are reconstructed by adsorbates (e.g. K on Pd (110) Jdochives rise to a

similar “missing row” reconstruction [43]).

Fig. 1.3. The three vectors,, b and defining the crystal unit cell being intercepted by

plane.
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1.3.3. Microfacet notation

Where a surface plane has unequal contributions from two differeadtfdases of the unit-
cell cube, a stepped surface is obtained, for example, (100) ppesited by (110) steps.
Furthermore, if the surface plane has unequal contributions fraitwred planes of the unit-
cell cube a kinked surface is obtained characterised by, éon@e, (100) planes separated
by kinks of (110) and (111) symmetry. The ratio of the contributionseotlitfierent planes
of the unit cell cube then determines the sizes of the different domains.

High Miller index planes (indices 1) can be produced by cutting a metal crystal in such a
way that the resulting surface is rough on an atomic skatbis case, the surface contains
either (i) terraces of one of the three low-index planesraggghby a simple monoatomic
step (a one atom height step—terrace configuration of the (111), (100) and (110)ionexntat
with the terrace width dependent on the angle of cut with respda ftat low Miller index
surfaces (stepped surfaces), or (i) a combination of terrategs and kinks (kinked
surfaces) [45,46].

Because it is often difficult to envisage a surface as a @14)511) from the Miller index
alone, it is more convenient to follow Lang’s procedure [45] and to sgm@ch “staircase”
structures in microfacet notation as follows. A given Miller indlekl) may be written as
[n(hkdy)” (hkds)] where (hkil;) represents the Miller index of the terracekdl the Miller
index of the step, and n is the number of atoms in the terracacéewidth) [45]. For
example, using this microfacet notation, a f.c.c. (911) plane mayddmoted as:
5(100) (111), i.e. five atom wide (100) terraces separated by ({1Q9) steps.

Fig. 1.2 illustrates the stereographic triangle of a factreé cubic crystal and the
corresponding structures of several high Miller index stepped cegtfaBy careful
preparation, more complex structures can be produced, whereby differmaintrations of
ordered kinks appear along with the steps.

Steps and kinks are “line defects”. However, even the surfaeeflat (low index) plane
contains random “point defects”, such as vacancies and isolated atomesal Qurfaces, line
defects and point defects will be present in significant coratemt at equilibrium. The
objective of careful surface preparation is to reduce as fpossible the concentration of

surface defects [40].
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1.4. Relaxation and Reconstruction of Clean Single Crystal Surfaces

Simple truncation of a perfect single crystal would give d-defined atomic periodicity in
the exposed plane. However, real surfaces exhibit variations irodm#y, both
perpendicular and parallel to the plane, associated with loss of cdmndioéthe surface
atoms. For example, surface atoms in (111), (100), and (110) planes hes®t neighbour
coordination numbers of 9, 8, or 7, respectively, compared with the value of 4®ins in
the bulk (Fig. 1.4). Thus these surface atoms have lost 3, 4, and Stmeaghbour bonds,
respectively and, to compensate, they may undergo ‘surface tr@héxa the form of an
oscillatory change in the interplanar spacind. Vertical multi-layer relaxation takes place
in f.c.c. metals, whereby bond lengths between the surface and bulk planaltered by
either contraction or expansion. The first layer atoms contracrttssmhe second layer
atoms in order to increase their coordination, and third layer atespend by expanding
away from the second layer atoms, to compensate for the over-céiomimathe second
layer (Fig. 1.6). This oscillation iDd penetrates deeper into the surface until it is eventually

completely dampened [36].

Layer 1

Layer 2

I -

AN A\“HL' (_,/"':

. P
-, - p 4 ., -
H\..\ ld..» - \\H._,l/ s ey =

Fig. 1.6. Schematic presentation of relaxation of clean single crystacasf

S
Layer 3

(a) The layer 1/layer 2 distance contracts, increasing the booéliager 1 to
layer 2, and thereby compensating for the co-ordination lost due to the
creation of the surface.

(b) The layer 2/layer 3 distance increases, i.e. the bondingassin order
to compensate for the effect in layer 1/layer 2. Reprinted from [36].
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The region of the surface that may be distinguished from the buléefned by values of
|Dd|> 0) will typically be 5-6 atomic layers thick at stpand is termed the selvedge. The

change in interplanar spacing in the selvedge umllys not greater than 15% of the bulk
value. Surface relaxation is, in general, gredtasthe more open, high energy surfaces. For
f.c.c. metals, surface energy decreases in ther.0(d10)> (100) > (111), and this
represents the relative propensities of these plamandergo relaxation.

If the surface energy is sufficiently large, notiyowill surface relaxation occur but also
gross restructuring of the surface plane, usualyemhance the coordination number of
surface atoms and, hence, to achieve a lower sudaergy. Such “reconstruction” leads to
significant changes in all surface properties. Hig. illustrates the (110) plane of platinum
which reconstructs when clean to a ‘missing-rowudture associated with removal of
alternate close-packed atomic rows. Because thedpety of the reconstructed surface is

doubled in one direction, it is referred to as ‘a(lreconstruction [36].

top second
layer Q layer ‘
atoms atoms

Fig. 1.7. Representation of (1) ® (1 2) reconstruction of a clean (110) surface- the
‘missing row’ model [36].

Atoms in the surface of a solid are unstable nedattd those in the bulk, and, it always costs
energy to create a surfa@urface energis an important parameter and may be regarded as
the rate of change in Gibbs free energy per umt af surface at constant composition,

temperature and pressure. It is often conveniemxpain surface reconstruction, and also
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the growth mode of deposited metal films, in teohthe surface achieving a lowering in its
surface Gibbs free energy. In the late 1980s ang &890s surface reconstructions, either
spontaneous or adsorbate-induced, were acknowlesgydeing of great importance for an

understanding of many surface problems [47].

Surface reconstructions have been identified by émergy electron diffraction (LEED), in
which spots in the LEED pattern in addition to thexpected have been observed. Other
surface sensitive techniques have been utilisech s1$ scanning tunnelling microscopy
(STM) and X-ray diffraction (XRIp[48]. In the last ten years, surface reconstructias
also been observed at liquid/solid interfaces [@9]a result of the development of single
crystal electrodes [25,50], and the compatibilitysd M and XRD with studies in condensed

media.

Several clean low index surfaces reconstruct inuwvag including the (I00) and (110)
surfaces of Au, Pt and Ir [51], the (111) surfat®o and the (100) surfaces of Mo and W
when cooled below room temperature [52]. STM hanatestrated that many simple gas
adsorbates restructure metal surfaces. Reconstnuetay also be induced by other surface
adsorbates, e.g. sub-monolayer amounts of alkalialmeduce (12) "missing row"
reconstructions on (110) surfaces of Ni, Pd and48j. Surface reconstruction is known to

take place on terraces between steps on Au [53%®Pt [60, 61].

Pt(100) is expected to show a simple square armaegeof surface atoms; however, when
clean and annealed the observed arrangement igdmedal62], the surface atom density
being greater by ca. 23%. The same situation edaurAu(100) and Ir(100) [62,63]. For
some time, it was unclear whether or not this retroigtion was induced by low levels of
surface impurities; the current view is that re¢argion is intrinsic to the behaviour of
these surfaces when clean. Fig. 1.8 shows a scleepnasentation of multilayer relaxation

and surface reconstruction.

1.4.1. Reconstruction of (110) f.c.c. surfaces and electrochemical cycling

As mentioned above, clean (110) surfaces of several metals exhibit a reconstruction of
the missing-row (MR) type with every other closextied row missing (Fig. 1.7). Au(110)
[64], Pt(110) [65] and Ir(110) [66] reconstruct whelean to form a {I2) superstructure
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Fig. 1.8 Schematic presentation qf) simple truncation of bulk crystalh) multilayer
relaxation (c) surface reconstruction.
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whereas, for Cu(110), Ag(110), Ni(110) and Pd(110, (I 2) reconstruction is induced by
alkali-metal adsorbates [67]. The missing-row retarction is interpreted as follows. The
surface tends to increase its atomic density bynifog (111) microfacets resulting in a
closely packed surface with lower surface energytthe 11 surface, despite the increase
in microscopic surface area. The lowest order pdagiof such microfaceting is precisely
the (I 2) reconstruction, whereby alternate (110) surfelcains are removed [47,68,69].
Whether or not reconstruction occurs depends orelaéive values of the surface energy per
atom in the unreconstructed (110) and in the (Bltfaces, i.e. the reconstruction will take

place if, approximately: D=5Su- % Swu>0 (1.1)

and thes-termsare surface energies per unit area [68]. [If theguality holds it is necessary
also to consider some additional interactions iheoto show that the” 2 phase is stable
with respect to macroscopic faceting towards theenstable (111) microstructure].

Pt(110) shows a specific voltammetric behavioutsrhydrogen adsorption [70]. Depending
on the manner of cooling [28,71-74], the main hgem state may undergo a "splitting" after
a few cycles, particularly in sulphuric acid sobuti[71,72]. The hydrogen UPD charge
before and after splitting is approximately 1.5ds1hat corresponding to the atomic density
of the topmost layer of the unreconstructed surf@c@? 10" atom cn¥). This suggests that
Pt(110) reconstructs in acidic solution. Moreovehe missing row (12) surface
reconstruction has been invoked to account forctierge associated, in the CV, with the
octahedral sites of the (111) microfacet whichareupied during hydrogen adsorption [70].

1.4.2. Reconstruction of (100) f.c.c. surfaces in relation to electrode pretreant

Reconstructions of Pt(100) and of Au(100) weret filsserved by LEED [63,75]. The top
layer atoms, which display a quadratic unit cellewhthe surface is bulk terminated,
rearrange towards a new equilibrium state by fogmin quasi-hexagonal close packed
structure, the surface hexagon being distortedt thhé quadratic second layer. Ir(100) [62]
reconstructs similarly. The gain in energy seemsettarger than the strain energy caused by
the lattice mismatch to the quadratic substratg. [#fie reconstructed Pt(I00) surface was

4 0
originally described as {20), but is now designatedlO 5 [76] or Pt(100)-hex [77]
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14 1
when the annealing temperature is < 1100 K (mdibstaand 1 5 [77] or Pt(100)-hex-

RO.7" [78] when the annealing temperature is >1100 Ke Ftructure of the reconstructed
phase has also been investigated by Rutherford sxztkering [78] and scanning tunnelling
microscopy [79]. The change in surface electroniacture has been probed by X-ray
photoelectron spectroscopy [80]. Theoretical calitaihs [81] have indicated that the driving
force for the (11) ® hex phase transition may be understood eitheneasitireconstructed
phase being in tensile stress with the reconstmicir the more densely packed "hex" phase
producing a large decrease in surface energy.

Adsorption of gases on the reconstructed Pt(I00fasae has been examined [78,82-84].
Deconstruction to a (1) phase can occur during NO or CO adsorption. dlaesorbates
can then be chemically removed when exposed topi@ssures of oxygen and hydrogen,
resulting in a clean metastable deconstructéd)(surface. The (11) phase is stable up to
390 K [78].

Voltammetric profiles of the Pt(100) surface dep@mdits pre-treatment before contact of
the surface with solution [85]. Such transformagialepend on the exposure of the surface to
oxygen and/or hydrogen adsorbed from the electroct® or gaseous environment.
Adsorption of anions can affect the distributionhgfirogen sites, which can be modified by
changing both the concentration and nature of thena [86]. The voltammetry of adsorbed
hydrogen may be used as a direct method for stgdsunface structure and for probing both
short or long range order on those surfaces wihieladjacent to the (100), (110) and (111)
poles of the stereographic triangle [87,88]. Thikaromogram of Pt(100) in sulphuric acid
media is unusual; a strongly bound hydrogen adsorgtate at 0.34 V has been attributed
to the presence of atomically flat domains in th&ace with good two-dimensional (100)
long range order [89]. The weakly bound hydrogesogation state at 0.23 V has been
ascribed to (100)(111) steps (defects) on the surface [87, 88].

Several researchers [10,90,91] have indicated tti@treconstructed (100) surface is not
stable in an electrochemical environment or evesnugpntact with liquid water [10], water
vapour [88] or argon [91]. Aberdam et al. [92] rdpd the first significant ex sitstudy of
the surface structure of a UHV-prepared reconstdi€tt(100) surface after electrochemical
treatment: the surface reverted to a deconstrydfted) phase with good long range order.

In contrast to previous investigators [10, 90, ®4], they found that the reconstructed surface
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was stable upon exposure to an atmosphere of amgbnhat the surface reconstruction was
not lifted by the adsorption of water [14]. Thelsli&y of a UHV-prepared reconstructed
surface in water, argon and 0.01 M3®, solution at open circuit was confirmed by Kolb
and co-workers [94]. In situ STNB5] confirmed that a flame-annealed Pt(I00) elmaér
quenched in air and immersed in 0.1 MSI, under potential control at about 0.05 to 0.15
V, where bi-sulphate adsorption might be avoideg],[§ave rise to images consistent with a
reconstructed hex phase. Nevertheless, the overall range order in the reconstructed
surface was very much poorer than that observedhmranalogous Au(l00) surface [96].
Also, the structural transformation from hex t6 11 associated with the specific adsorption
of bi-sulphate anions was accompanied by only &dchithanges in the overall surface
topography, again in marked contrast to the belavad Au(100). The topography of a
Pt(100) electrode surface quenched under diffecentditions by in situSTM in 0.5 M
H,SO, was examined by Clavilier et a[97]. A hydrogen-cooled Pt(100) electrode
displayed large atomically flat terraces with snaafiounts of monoatomic high islands and
monoatomic deep vacancies. The small islands acaneges were bordered by (100) steps
parallel to the direction of the dense rows. Foaarguenched Pt(100) electrode, the surface
was less uniform with a series of thin networksiafrow terraces and a random distribution
of monoatomic high islands, which led to a brealetithe two dimensional long range order
of the surface. Attard et al. [98] studied the awitmetric UHV characterisation of the ()
and reconstructed hex-R0.phases of Pt(100). By comparison with the UHV d#tay
reported that both phases may be prepared usilagna-annealing procedure as long as the
conditions of sample cooling are precisely congbll They indicated also that the well-
ordered (11) phase may be formed by cooling in hydrogen. Baaksfer to UHV of the
hydrogen-cooled sample gave rise to d pJILEED pattern. The voltammetry of the UHV—
prepared hex —R(®phase can be obtained only after a flame-anneaiagment by cooling

rapidly in a flow of inert gas such as argon inethoxygen was rigorously excluded [98].

Attard’s results suggest that the p{) and hex-R0.7phases of Pt(100) may be prepared
under ambient conditions in an electrochemical. d&lthough the potentials at which the

reconstructed phase is stable are different fromsehreported by Zei and co-workers [99],
the data support their results showing that thenstructed phase of Pt(100) is stable when

in contact with electrolyte solutions.
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1.5. Interpretation of a Typical Cyclic Voltammogram of Platinum

Throughout this thesis, the term ‘cyclic voltammengt is abbreviated to ‘CV'.

When investigating surface reactions using cycbtammetry it is necessary to take into
account both information about the changed stathefurface and the contribution to the
changed state of the double layer at the interfa@@-102]. The effect of the non-Faradaic
contribution, on the total charge, due to the cimgrgf the double layer, is dependent on the
potential sweep rate. At low sweep rates the cpadnon-Faradaic) charge contribution is
large in comparison with the charge due to theaserprocesses, but is relatively small at the
typical sweep rates (50 mV*sused in this thesis. In the Pt CV the capacitigatribution
correction can be calculated from the double layerent (between 0.35 and 0.75 V (Pd/H)).
When the number of electrons involved in the predesknown the number of molecules
attached to (or removed from) the surface can brileded from the corrected charge. The
charge obtained when desorbing a complete hydrdgger (G in Fig. 1.9) provides
information about the the working electrode, sushieal surface area, since (i) it is assumed
that one hydrogen atom occupies one Pt site ahdh@ number of Pt atoms per square
centimetre can be calculated for the differentaeftypes from crystal structure data.

In the case of polycrystalline Pt a charge of 800cni? is assumed (the average of the three
basal surfaces).

The various regions visible in a CV for a poly ¢ajsne Pt electrode in 0.5 M 430, are
shown in Fig. 1.9.
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Fig. 1.S. CV of polycrystalline platinum in 0.5 M 430, solution at sweep rate 50 mV.s

The main reactions occurring on the surface are divided iotmss indicated
with the letters A through G.
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Region G represents hydrogen desorption:

H @@ H' @) + € (1.2)

A flow of electrons is measured as a consequendheotlesorption of hydrogen from the
platinum surface.

When starting a positive potential sweep at poimidAcurrent flows in the system (apart
from some capacitive current as a consequencesaftthrging up of the double layer).

On reaching region B at approx. 800 mV the adsonptif an oxygen species to form a Pt
surface oxide is under way. Oxygen-containing ggebtiecome strongly chemisorbed and

eventually may enter into the bulk as follows:

Pt + H-O-H® Pt-O-H + H' +e~ (1.3)
Pt-O-H + H-O-H@ Pt-(OH), + H" + e~ (1.4)
Pt- (O-H),® Pt-O + H-O-H (1.5)

If the potential is swept above 1.55 V oxygen gasnhition commences and the potential
sweep direction is therefore reversed at point C.

Section D represents the desorption of the plackanged oxide phase; where the surface
oxide created during the positive going sweep duced by the reverse of the reactions

presented above. This gives rise to significantdrgsis due the slow rate of the process:

Pt-O+2H* + 2e'® Pt + H,0 (1.6)

At section E a hydrogen layer is adsorbed ontsthace in two distinguishable stages, both

peaks corresponding to the process:

Pt+H +e® Pt-H (ads) (1.7)

Sections G and E are symmetrical about the potestia and so these hydrogen electro-

oxidation processes are reversible. The peak antre negative potential (Ex @125 mV)
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corresponds to the so-called “weakly” bonded hydrogvhich has been shown to
correspond to desorption/adsorption on Pt(110)aserkites. The peak at the more positive
potential (Beak @275 mV) corresponds to “ strongly” bonded hydrogen from single

crystal studies has been demonstrated to be atsbeigh Pt(100) sites.
Pt110) + Pt 100+ H+ + é® Pt (100)— H (ads) + Pt 110 (1.8)
Pt (110) + Pt 100)—H (aas)+ H" + €® P (100yH (ags) + Pt 110rH (ads) (1.9)

This interpretation is based on CVs obtained u¢iri) and (110) single crystal surfaces,
where the hydrogen adsorption and desorption petdnpals correspond well with the peak
potentials of the two separate processes visibtearCV for polycrystalline Pt. Thus, a full

hydrogen layer is not created until point F, whigre second process is completed. At this
point, the potential sweep direction is again cleahitp avoid hydrogen gas evolution which
would result from a more negative potential thaat trequired to complete the hydrogen
layer. On sweeping the potential again in a paosittirection from point F, the hydrogen

adlayer is desorbed in two steps in section G, rdations being the reverse of those

presented above.

1.6. Adsorption at Platinum Single Crystal Electrodes

The preferential concentration of ions, atoms armeoules at the surface of a solid is
referred to as adsorption. Adsorption/desorptiorcesses are central to a large number of
phenomena at the solid/gas or solid/liquid inteefajd 03].

There are two important differences between medal-and metal-solution interfaces. The

first is that a dilute phase (gas) is replaced bgoadensed phase (solution); hence, for
electrolytic systems, adsorption always correspdads replacement process. The second is
the greater ease by which the local field may béedaat the electrochemical interface than

at the gas-solid interface.

The fractional coverage of adsorbajgeis defined as:

_ Number of adsorption sites occupied by adsorbate
Total number of adsorption sites on theface of the substra

(1.10)
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Whenq = 1, the adsorbate ensemble is called a monofagéer

1.6.1. Adsorbate bonding of molecules at solid surfaces

Two broad classifications of adsorbates may bengdisished depending on the magnitude of

their enthalpies of adsorption: physisorption ahdmisorption.

1.6.1.1. Physisorption

In physisorption, the bonding interaction betweeafscabate and adsorbent (substrate
surface) is weak (when compared to normal covalembnic bonds) and is associated with
long range van der Waals-type interactions suckxist between molecules in the liquid
state. Hence, bonding is characterised by a réulistvn (a rearrangement) of electron
charge density within the adsorbate and the adsbd®parately. Interaction may include
electrostatic attraction in the case of moleculéh ywermanent dipole moments or induced
dipole moments for readily polarisable moleculdspérsion forces such as those caused by
a slight fluctuation in electron density are thdyoforces of attraction between non-polar
atoms or molecules and the surface [40,104]. Thergsgnreleased when a particle is
physisorbed is of the same order of magnitudesaasnithalpy of condensation; this is a small
energy and can be dissipated as lattice vibra@masthermal motion. A molecule diffusing
rapidly across the surface will gradually loseetsergy and finally adsorb on to it in the
process of accommodation [41]. Enthalpies of ploypison exhibit a somewhat small range
of between 2-30 kJ mobhks found for heats of liquefaction, or vaporisatiBlowever, some
higher values have been reported, especially fghlyipolar molecules such as water
adsorbing on ionic solids [40,104]. Thd&dH .4s is invariably somewhat greater than
DH condensationlS attributed to the fact that there is alwaysidase potential at the interface
between two different phases, and more especiallgod-gas interfaces, whereby an
‘overspill’ of electron charge from the solid intbe gas phase results in an imbalance of
electron density on either side of the interfadee Tesulting surface potential generates an
additional bonding interaction which becomes mogmiBcant as the polarisability of the

adsorbate increases [36].



24

Multilayers by adsorbed molecules can form on afaser Because the bonding in
physisorbed systems is weak, it also tends to wersible, in the sense that the adsorbate
layer is always in equilibrium with the moleculdstive gas phase. As such, physisorbed gas
molecules, such as argon and krypton, are idedlepmolecules for the determination of

surface areas via measurements of their LangmuEGdrisotherms [36].

Interest in physical adsorption exists for both damental and applied reasons [105],
including the study of two dimensional phase triamss [106,107], surface characterisation
[108], cryopumping, surface scattering [109-113jd achemical or isotopic separation.

Physical adsorption is of fundamental interest gsode of electrons and their response to
adatoms [114].

1.6.1.2 Chemisorption

Chemisorption is usually distinguished from phygiion on the basis of the magnitude of
DH°.4s. The enthalpy of chemisorption is very much gredem that for physisorption,
ranging from 40 to 250 kJ mb{- DH°chemisorption> 35 kJ mat).

In this type of adsorption, the molecules form onenore chemical bonds to the surface and
tend to find sites that maximise their co-ordinatrmmber with respect to the substrate [40].
Because chemisorption is characterised by an egehahelectrons between the adsorbate
and the adsorbent (and hence can be discussedria t¢ traditional notions of covalent,

ionic, and metallic bonding), spectroscopic methoals be used to confirm the nature of the

surface bonding involved.

The adsorbate may be associatively adsorbed oodiigively chemisorbed. Associative
adsorption is said to occur when a molecule adsorb the surface from the gas phase
without fragmentation (the adsorbate forms a borid the surface but does not break apart
on doing so). If the adsorbate is dissociativelgmtsorbed the adsorbate is fragmented to a
greater or lesser degree, and the fragments armichley bonded to the substrate.

Dissociative chemisorption is quite common [36].
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The enthalpy of chemisorption depends strongly lo& $urface coverage of adsorbate,

largely as a result of adsorbate-adsorbate lateteactions. For exampld)H® .gsfor CO

on Pd(111) decreases with increased surface cavefagisorbate [36].

Chemisorption provides for the activation and $farmmation of adsorbates, and leads to a
rich variety of surface chemistry which is ofterique in the sense of having no analogue in
organometallic chemistry at the molecular leveldustrial heterogeneous catalytic

processes, such as the Fischer-Tropsch and Hab#resgs, involve such transformations
[115].

A chemisorbed molecule may be torn apart in respdasthe demand of the unsatisfied
valencies of the surface atoms, and the existehoetecular fragments on the surface as a
result of dissociative chemisorption is one reasbiy solid surfaces catalyse reactions [40].
Atomic chemisorption enthalpies may differ profolynfom their molecular counterparts.
For instance, in the case of an adatom A, such,a,Hr O, the values of LQ)heat of
adsorption) decrease on passing from left to rbhg a particular series of transition
elements and also on descending a group [116-Eb®]molecules AB, such as CO and
NO, the periodic changes inagare non-monotonic and may even show a reverse trend
compared with adatoms [116,117]. Chemisorptiorssite flat surfaces always correspond to
the highest (hollow) coordination for atoms [11&1P0] but generally to the lowest
coordination (on-top or two foldbridge) for moleeslsuch as CO or NO [116,117,121].
However, recent surface structural probes, paertulSEXAFS, LEED and XPD, have
demonstrated exceptions. One example of this ®iatketal adsorption on (111) surfaces of
f.c.c. metals at low coverage, which can occupytagn-ssites [122,123]. The activation
barriers for surface migration and dissociationvelapproximately linear dependencies on
the relevant heats of chemisorption. Many indush&erogeneous catalytic processes occur
under high pressure, that is, at high adsorbateregesg. However, there is no a priori
understanding of what should be the Q veguependence. According to the assumptions
of the Langmuir equation, Q does not change witivhereas, for the Frumkin-Temkin

equation to be obeyed Q should decrease lineadyrageases [124].
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1.6.2. Specific adsorption of ions

The underlying phenomenology of the double layeoives the adsorption of ions. The
nature of the forces which cause the adsorptiaors is not only determined by the nature
of the ions, but also by the nature of the metattebde and by other interfacial species,
including dipolar solvent molecules which have agsed with them an ionic hydration
sheath [125].

In electrochemistry, the isotherm plays a fundaertle in determining the phenomenon
of adsorption at interfaces. The corresponding exm@ntal concept is the Gibbsian idea of
specific surface excessi. This is not to be confused simplistically withsadption. Its
unambiguous determination is important in explagnmodels of increasing sophistication
with which progress in understanding the doubleiday associated [125]. In particular, the
anions’ specific adsorption can play an importasie rin the potential distribution of the
multiple hydrogen adsorption states associated tratisition metal electrodes. This can be
modified when the character or concentration ofathi@ns is changed [36].

The specific adsorption of anions plays a predontinle in all kinds of surface
perturbations/reconstructions on platinum, suclthase achieved by cycling the electrode
between various potential limits. The adsorptionoglygen at very high coverage also
induces important surface perturbations indepenodiespecific adsorption [86]. The specific
adsorption of anions does not (in general) induaversible surface reconstruction and the
surface structure of platinum depends solely on dbeling conditions after the flame
annealing procedure [126].

The specific adsorption of anions on the interfapmperties of (100), (110) and (111)
platinum planes may have two effects [86]. Filtstan influence the hydrogen and oxygen
adsorption energies due to the competitive natfitbeoadsorption process without affecting
the electrode surface structure. Second, by madjfitne interaction energies of the surface
platinum atoms with the underlying bulk electrodédage, it can lift the surface
reconstruction.

For Pt(100) and Pt(111), if specific adsorptiorsigng enough, as in the case of chloride
ions, the anions patrtially displace from the swefélte oxygen adsorbed during the thermal
annealing treatment when the sample is broughbmitact with the electrolyte (HCI) at a

controlled potential. This does not occur in sulphor perchloric acid [86].
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The specific adsorption of sulphate anions on B @rticipates directly in the narrowing
of the adsorption state at 0.265 V (versus RHE2B]1In terms of surface structure, this may
be the result of an ordering of the (I00) edgessdng longer rows [72] or it may also
reflect an increase in repulsive interactions betwelectrosorbed species as taken into
account in Frumkin's adsorption equation [127].

1.6.2.1. Definition of specific adsorption

An accurate definition of specific adsorption walvanced by Gouy who investigated the
asymmetric shapes of electrocapillary curves (FI@)L in his studies of the effect of
different ions on the mercury-solution interfac&8l The rate of change of the PZC'’s
cathodic surface tension, where PZC is the potenitizero charge, differed from that of the
PZC’'s anodic surface tension. Hence, this diffeeemt tension could be used as a
characteristic of the anion in solution. As it vedsar that anions tended to be adsorbed at the
mercury solution in preference to cations when retal surface had an excess positive
charge, the concept arose that adsorption on thegiy@oside included an interaction over
and above any Coulombic force, and this additiagpé of bonding was termed specific
adsorptior125].

Bockris [129] defined specific adsorption as theagdtion of ions that have partially or
completely lost their solvation shell [127].

Specifically adsorbed species are bound to thdrelie surface, so the position (locus) of
their centres is the inner Helmholtz plane (IHP@lv&ted ions adsorbed at the outer
Helmholtz plane (OHP), are referred to as non-$igatly adsorbed, and their interaction
with the charged metal involves only long-range eletat@sforces, i.e. their interaction is
essentially independent of the ions’ chemical prioge Non-specific adsorption does not
contribute to the dependence of the electrode iateom the concentration of the electrolyte
[103].

Quantitatively, specific adsorption of ions at theerface between an electronic conductor
and an ionic solution is the extent of adsorptidmclv is in excess of the amount which
would be expected from simple Coulombic considerati Thus, if there is an excess charge

of s, on the metal, the Coulombic adsorption $s,-/nF mole per unit area. When the extent

of adsorption differs froms, the occurrence of specific adsorption is noted]12
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Fig. 1.1C. Interfacial tension of mercury in contact with aqueous smistiof different
electrolytes. T=18 C. Potentials referred to Ez are the potentials of zero
charge for mercury in contact with NaF solution. Reprinted from [125].

1.6.2.2 Equations related to specific adsorption and Gibbs surface energy

If the concentration of a species at the metaltswilunterface is higher than that expected
from electrostatic interactions, the term spec#usorption is used [96]. This effect is
usually due to the chemical interactions betweefase and adsorbate, and is therefore the
result of chemisorption. Adsorption of differenespes occurs at certain specific sites on the
electrode, for example, on top of certain surfaioeng, in the bridge position between two
surface atoms, or in “hollow sites” between three four atoms. The adsorption
characteristics depend both on the adsorbed spactshe metal, and also on the surface
structure of the metal. Adsorption studies are eftge most conveniently performed on
well-defined single crystal surfaces. Since theseaways solvent molecules present at the
electrode surface the interaction between adsodradesurface has to be stronger than the

interaction between solvent molecules and the serfa
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Specific adsorption is always combined with a paxi full removal of the solvation sheath
surrounding the adsorbate (desolvation) and, statiens tend to have a stronger solvation
sheath than anions, they are less likely to beifspaty adsorbed onto the electrode surface.
A convenient way of describing the amount of a taixse A adsorbed on the electrode is by
its coverage)a. Thisga is defined as the amount of the electrode surfasered with the

substrate A,. compared with the saturation coverage; [100,130]. The following

dependence between andga can be noted A=A (1.11)

Hence, by definition, the surface coverage is #i® rof the number of adsorbed species to
the number of surface atoms of the metal substiathe surface structure (or the mix of
different surface structures) and the true surbaea of the electrode are known, the number
of surface atoms can be obtaineded.
When the adsorbate forms a complete monolayer erldctrode surface, this= 1 equals
the maximum amount of adsorbate that can be presetite surface unless multilayers can
be formed. On Pt, for instance, a full monolayehgdirogen is present on the surface at 50
mV vs. RHE, i.e. one hydrogen atom occupies onguFtce site. When starting a positive
sweep this hydrogen layer is desorbed between 8386 mV. The charge resulting from
this desorption can then be used to determineldutrede area since, as already stated, the
number of hydrogen atoms desorbed equals the numbd?t surface atoms. Hence,
information on the surface coverage of a secondiepe&an be obtained from any decreased
hydrogen desorption charge, provided this secoedisp does not undergo any conversion
(for instance oxidise) in the hydrogen desorptiaeptial region (or, if it does undergo
conversion, this must be known). In addition, hypno should not adsorb onto (or desorb
from) this species in this potential region or th@lrogen coverage on this surface species
must be known. Clearly, the number of sites pemator molecule) that this second species
occupies must be known if a coverage estimati@ttésnpted in this way.
The dependence of the surface concentration oé@espon the concentration of a species in
the electrolyte, c, if all the other variables &ept constant, is described by an adsorption
equation [101]. This surface concentratiomgfldepends on the rates of adsorption of the
adsorbate onto, and desorption from, the surfaee.rdte of the adsorption can be expressed
G" -G

as: Vadss=C.c. (1-)exp ———— 1.12
ads (1-)exp o7 (1.12)
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where C is a constant, c is the concentration @kgiecies in the bulk,*@s the molar Gibbs
energy of the activated complex, G is the molaibGibnergy of the species in the bulk,. R is
the gas constant and T is the temperature in K. mbkr Gibbs energy of the activated
complex is related to the change in standard Glildesenergy and the change in Gibbs free

energy of the process as belgw:

o 2
DG' =pge 1+22 *W (1.13)
4DG

Here the work term W = W-W,, describes the work done to bring R to the pldgeaction
from the bulk. The rate of desorption can therg similar fashion to that for adsorption, be
described as

G# - Gads
Vdes= C. .exp ———— 1.14
d P —%7 (1.14)

where Ggsis the molar Gibbs energy of the adsorbate.
When these reactions are in equilibrium, i.e. whis = V4es the equation takes the

following form:

—=cC.exp - (1.15)

where DGads= G - Gag.. This is one form of the so-called Langmuir equrati

Since specific adsorption does not always follow trangmuir equation, when there is
interaction between the adsorbed particles ondhface, a modification by Frumkin may be
introduced:

DGoads
—— — =_(. exp -
@a-) RT

. @ (1.16)

Here the parameter g expresses how the adsorbgdgsmimteract on the surface. When g
has a positive value the adsorbed particles regdl ether and if g is negative, the adsorbed
particles on the surface attract each other. If @ there is no interaction between the
particles, and the equation reduces to the Langeguiation.

In terms of dependence between current responsegdar voltammetric sweep and the
change in surface coverage of the specieg.Aat any point in this sweep, can be expressed

by the time-dependent currepas:

Az L dt (1.17)
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where Q is the charge of a monolayer. When introduthe sweep rate (v), the following
equation for the surface coverage is obtained:
idv
Qv

and the surface coverage can be evaluated by atitegrthe current-voltage profile in the

A= initial, A=

(1.18)

voltammogram between two selected potentials.

1.6.2.3. Definition of specific adsorption in terms of Gibbs surface excess

In terms of Gibbs surface excess, a practical defimof specific adsorption is given in three
parts. First, at the potential of zero charge, ehier specific adsorption if the measured
surface excess of any ionic species is positiveois® at potentials more positive than the
potential of zero charges > 0), there is specific adsorption if the surfageess of any
cation is positive. Third, at potentials more negathan the potential of zero char(g, <

0), if the surface excess of any anion is greduan zero, then specific adsorption has taken
place.

Frumkin [131] used the term “superequivalent adson) instead of “specific adsorption”.
As shown in Fig. 1.11 the charge in the inner Halltzhplane (IHP) is more than equivalent
to the Coulombic charges on the metal, i.e., guperequivalentBockris and co-workers
[129] used the expression "contact adsorption” wtiexy referred to specific adsorption.
According to their definition, specific adsorptioccurs when ions are sufficiently large so
that the primary solution sheath no longer existsthe agueous ion. Thus, the ion can
penetrate into the inner layer and contact thetrelée directly.

The specific adsorption of ions depends on a numbtactors, including the charge density
of the electrode [129], the size of the {@32], its hydratior{132], concentration change$
the electrolyte [129], and temperat(it83]. The degree of specific adsorption will vavigh
electrolyte concentration, just as there should lshange in the potential of zero charge due
to the specific adsorption of ions (the Esin-Markeffect) [127]. The degree of surface
coverage by specifically adsorbed ions can bepné¢ed in terms of monolayer adsorption
isotherms [127].



32

OHP
]
i

@

1
i

OZEOR

i
1 |
el—Selution————
i

O ORE O

//
S

/ ©
7z

L.®gh__

Oiffuse layer

Fig. 1.11. Pictorical representation of superequivalent adsorption. Reprifrom
Bockris, Conway and Yeager [125].

1.6.3. Hydrogen adsorption on platinum single crystal electrodes

The study of hydrogen adsorption on platinum hag Ibeen a major area of investigation
[134]. Hydrogen adsorption phenomena were investijas early as 1934 by Frumkin and
Slygin [135,136]. A monolayer of hydrogen is adsatbn its atomic form on platinum at a
potential of between 0 V (hydrogen equilibrium pdtal) and about +0.3 V. Hydrogen
adsorption/desorption is a fast process on platirsuoh that the reaction approaches
equilibrium. Therefore, the position of hydrogertammetric peaks on the potential scale is
directly related to the Gibbs energy of hydrogesoagtion. The charge transferred gives the
amount of hydrogen adsorbed because there is t@asfer of one electron for each
hydrogen atom adsorbed [33,137].

Will and Knorr (1960 [23]) examined polycrystallinplatinum [138,139], activated

electrochemically by repeated cyclirgLQO cycles) into the oxide region (a techniquet firs
applied to a smooth platinum sample by Hammett9841[138]). Using this method they
investigated hydrogen and oxygen adsorption ongogdyalline platinum and single crystal
platinum. After electrochemically cleaning the #&tede by this activation procedure, two
reversible hydrogen peaks were observed (Fig. Whh were termed weakly and strongly
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Fig. 1.12. CV for polycrystalline platinum electrode in acid solution. Swveste 100 mV &
Reprinted from Will and Knorr [23].

bonded states, respectively. These states reféhegpotential region where they were
observed, with the more strongly bound peak lyiip@ more positive potential.

Various propositions were suggested to explairotigin of the hydrogen adsorption states,
such as adsorption on different crystallographiessidifferent degrees of charge transfer,
different types of co-adsorbed anions. Confirmatdrwhich (model) was correct proved

difficult. The most plausible explanation was thgtrogen adsorption on different crystal

planes of the polycrystalline sample had given tse¢he observed behaviour and single
crystal surfaces were therefore examined in oxézdt this view.

Will showed that the peak at the more negative m@ks (weakly adsorbed (bonded)

hydrogen) was the major species on an electrocladigniactivated Pt(110) electrode [21]

whereas the peak at the positive potentials (styoadsorbed hydrogen) was the major
species observed on an activated Pt(100) surfactr@dle. The hydrogen adsorption peak
found on Pt(111) was observed at the same poteasialhat on Pt(110) and therefore
ascribed to weakly adsorbed hydrogen. Howeves, nbw apparent that this designation was
erroneous and it was the "activation" process ts@tean the Pt(111) electrode that actually

led to the creation of many surface defects [148]demonstrated by investigation of the
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charge under the hydrogen adsorption peak, whiclegmonded to approximately twice the
value expected from an atomically smooth platinwrfage. It was suggested, even in this
early work, that applying the "activation" proceeulsomehow perturbed the surface and
subsequent ex siexperiments confirmed this point [139].

It is evident that for satisfactory proof of the/stallographic origin of hydrogen adsorption
states, the ability to prepare and characteriseladefined surface and then to transfer it to
an electrolyte without inducing any perturbatiomecessary. A number of research groups
[16,141] have attempted to examine polycrystallplatinum using cyclic voltammetry
combined with UHV [10] facilities for surface preption and characterisation. Experiments
carried out in this way confirm Will's conclusiohdt the two hydrogen adsorption peaks are
associated with (110), (111) (weakly adsorbed hyeinp and (100) sites (strongly adsorbed
hydrogen). However, because of platinum’s highlgcteve nature and its propensity to
adsorb impurities, this approach encounters maoplems, for example, contamination,
during transfer of the platinum electrodes from Utd\an electrochemical environment. The
first significant work to overcome this problem wearied out by Hubbard et.4lL0] who
studied Pt(100) and Pt(111) after electrochemicattyvating the electrodes (5 to 10 cycles)
to remove the small amount of contaminant predegt (.14 (a) and (b)). A prominent peak
corresponding to the weakly bound hydrogen on 1id ) surface and a peak at the more
positive potential for the (100) surface, correspog to the strongly bound hydrogen, is
clearly visible. Other research groups have caroat similar studies [16,141-143]. As
regards the Pt(100) surface, they qualitativelyeagwith previous work that the peak for
strongly bound hydrogen is due to adsorption o) Btes. In contrast, results for Pt(111)

have been inconclusive due to irreproducibilitregoltammetric results.

The voltammetric profile depends on whether theepidl range is limited to that of
hydrogen adsorption-desorption or includes a fetivation cycles into the oxide region. In
particular, it is unclear whether the weakly adsorbydrogen is due to (111) or (110) sites.
Kolb and co-workers [16] showed by reflection higtergy electron diffraction analysis of a
Pt(111) surface that after cycling twenty timesr0 to1.3 V significant restructuring of the
(111) surface into predominately (110) facets o@mir Quantitative results differed
markedly, especially for the Pt(111) surface, whbeeextent of hydrogen adsorption varied
from 0.03 to 0.4 of a complete hydrogen monolayet1[143]. By cycling into the oxide
region the extent of hydrogen adsorption increasgth a corresponding change in
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voltammetric profile. Ross and Wagner [91,144] aoméd that discrepancies were due to
the effect of impurities which adsorbed during #f@n to the electrochemical cell. They also
showed that these features could be eliminatedripraved purification, especially in the
back-fill gas used to pressurise the electrochdrolamber [145]

Fundamental differences in the interpretation of toltammetric profile also arose.
Conway [146] reported that for all of the singlgstal electrodes studied, multiple hydrogen
adsorption peaks were always observed, which hebascto lateral interactions between
adsorbed hydrogen atoms on a structurally homogensarface. Ross and Huang et al.
[147,148] contended that the minor multiple peaksrevassociated with the intrinsic
heterogeneity of the electrode surface, or the ®dgethe crystal, supporting wires or
imperfections on the crystal surface introduced thie surface by potential cycling into the
oxide region [147,148]. The variations in voltammaogs, especially for the Pt(111) surface,
were indicative of the imperfect surface preparatiprocedures used in UHV-
electrochemical transfer experiments at the tinkdowever, broad agreement with Will's
initial findings was confirmed.

In 1986, Clavilier's bead method of crystal prepara[25, 50] was modified by Clavilier
and Yeager for use with larger single crystalsnteo to maintain their quality for repeated
treatment [87,149]. The crystals were cooled ireaclosed vessel filled with an inert gas or
a mixture of hydrogen/argon and then quenched tia-plure water while still maintaining
the crystal at a few hundred degrees.

Cyclic voltammograms (CV) obtained for each of tbev index platinum single crystal
surfaces prepared according to Clavilier's improvedthod are shown in Fig.1.13.
However, the results introduced further complexity the understanding of hydrogen
adsorption, especially for the Pt(111) surface. & results contained features that had not
previously been observed and whose origin was materstood. The Pt(111) surface
displayed so-called “anomalous” features (anomakinse such voltammetric peaks had
never been previously observed on other platinystals). The unusual adsorption features
of “Clavilier-prepared” Pt(111) occurred in the gotial region 0.3 to 0.5 V (SHE) which
intimated that their origin was not due to eithgditogen adsorption (based on the total
charge passed) or oxygen adsorption. With sucaegsotential cycling of the Pt(111)
electrode into the oxide potential region, a simiV to that reported by Ishikawa and
Hubbard (Fig. 1.14 (b)) [10] was ultimately obtadn&ig. 1.14 compares the CV obtained by
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Clavilier for the Pt(111) electrode with that oloidl by Ishikawa and Hubbard after cleaning
and characterisation in UHV by LEED and AES [10,25]

(b)

i/mMA cm?

106G

Fig. 1.13. CVs obtained by Clavilier et al. [50] for:
(1a) Pt(111);(2a) Pt(100) and3a) Pt(100) cooled in &, + Ar atmosphere
after flame-annealing.

(b) Voltammograms of Pt(100) cooled in air—) and in aH, + Ar
atmosphere (-----). All voltammograms have been recorded in OtB3D;.
Sweep rate 50 mV’s

Clavilier’s principal finding was that electrosotbydrogen at each low index surface was
highly correlated with both the nature and conadin of surface adsorption sites.
Furthermore, the amount of hydrogen adsorbed ialbbricorresponded to one adsorbed
hydrogen per surface platinum atom. Thus, a cyelittammogram contained more
information than merely the simple interaction betw adsorption at each surface site. One
probable reason for the unusual adsorption stateigleer potentials for the Pt(111), and to a
lesser extent the (100) surface [73], was the piesef long-range order. These adsorption
states have since been extensively studied by edWwbHV-electrochemistry studies by Ross
[88] and others [73,88,140,150,151], and have heearly attributed to the existence of
atomically flat extended surface domains, thaths, presence of two-dimensional surface

long-range order.
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Aberdam et al. [92] and Wagner and Ross [88] showddpendently that potential cycling
as a method of cleaning Pt crystals induces higtsitlesurface defects. Moreover, these
researchers obtained Pt(111) CVs identical to tkpbrted by Clavilier, indicating that

formation of an electrochemical oxide was avoided.

As stated previously, the electronic charge trangéeurring for platinum below 0.6 V, for
all adsorption states (after subtracting the doldgter charge contribution) in sulphuric acid
media, corresponds to one hydrogen adatom perceudktinum atom for the (111) and
(100) orientations. However, for the Pt(110) swefdbe hydrogen charge is significantly
larger. This behaviour is ascribed to the stabdityhe (1x2) reconstructed phase on Pt(110)
in the presence of bi-sulphate anions [152]. Tleetedsorbed hydrogen amount is therefore
directly related to atomic structure and densitybsquent work [92,140] has indicated that
Clavilier's results are almost certainly associat#ti clean, well-ordered platinum surfaces.
The availability of well-characterised platinum lomdex surfaces also allows an
investigator to resolve the various electrosorppoocesses that result from electrochemical
activation on polycrystalline surfaces.

As regards the Pt(111) electrode, the first consege of activation has been shown to be
the attenuation of the anomalous adsorption statd&ating their sensitivity to the degree
of long-range order. Upon electrochemically facgt@nPt(111) surface, a new state appears
at the exact potential of the peak observed witfi1®) electrodes, which increases in
magnitude with the number of electrochemical cyctegs the oxide region, and thus is
considered to be of the same nature.

Subsequent LEED investigations have confirmed ttet Pt(111) electrode used in

observing the anomalous feature is highly orderd@th sharp diffraction spots [153,154],

whilst Hubbard's "activated” Pt(111) electrode @mmmalous region) has lost its long-range
order (diffuse diffraction spots) and is charactedi by a randomly distributed stepped
surface [10].

The study of stepped single crystal surfaces hageprto be a fruitful way of approaching
the problem of electrochemical characterisatiorswfface structure, notably the effect of

long range order on the (111) and (100) atomid&dlydomains.
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Fig.1.14. CVs for: (a) Pt(100) andb) Pt(111). Both voltammogran{g) and (b) have been

recorded in 1 M EBQ, at sweep rate 10 mV1's Reprinted from Hubbard and
Ishikawa [10].

(c) CV for Pt(111) in 0.5 M L8O, at 50 mV &. Reprinted from Clavilier [25].



39

Several studies of stepped surfaces have been ceadii55,156], the most detailed being
that of Furuya et al[34,157] who investigated the distribution of steppsurfaces in the
three crystallographic zones (that is, (111)-(1Q090)-(110) and (111)-(110)). The authors
correlated the different voltammetric profiles dtedively to changes in step density and
terrace width (Fig. 1.1). Each low and high indefane has its own characteristic
voltammogram which serves as a fingerprint of thdage, and may be used to determine
the extent of long-range order. It has been sugddsy others [34,157] that differences in
voltammograms are due to interactions betweendserbed hydrogen and the holes in the
5d band of the platinum atom at the adsorption Jitee degree of isolation of a Pt atom
seems to be reflected in the number of such haldssapostulated to determine the strength
of binding with the hydrogen adsorbate.

Following the advent of Clavilier's method for slagrystal preparation several groups have
performed electrochemical studies on electrodesagung controlled amounts of steps and
other defects, such as kinks [34,35,141,145,156-188 extensive review of results
obtained using stepped crystals has been publish&@rsons and Ritzoulis [33].

After widespread adoption of Clavilier's methodolpgnany studies have been presented
where different modifications were identified, damtrating the sensitivity of the CVs to the
conditions under which the crystal is cooled [1%5%]1 Quenching and cooling conditions
have little effect on the structure of a well-omkrPt(111) electrode [72,92]. However,
Pt(I00) was found to be strongly dependent on kbth quenching conditions [89] and
cooling atmosphere [72,164,98]. Surfaces vicinaPt{l11) containing a regular array of
(100) step sites exhibited a similar dependencegl 8. This behaviour was attributed to an
oxygen-induced reconstruction of the (100) stepmil& changes were reported in gas
phase studies of oxygen-induced facetting of stemtetinum surfaces [60].

However, surfaces vicinal to Pt(111) with (110)pss#tes exhibited much less sensitivity to
the effect of the cooling atmosphere [72,166].

Hence, a large body of work exists on the prepamatif well-defined stepped surfaces of
platinum. The CV is found in all cases to be cailiz dependent on the cooling conditions.
Although recent work has concentrated on the alsotption of the simplest electro-active
species, hydrogen, it is expected that experimexteéss to these well-defined adsorption
sites will generate studies of the electrochenmeattivity of other chemical species.
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1.6.4. Bi-sulphate adsorption on single crystal platinum electrodes

That the source of the anomalous region on Pt(ldléytrodes is bi-sulphate anion
adsorption was first suggested by Kolb [167,188p change was observed in the
anomalous region when changing the pH and holdiagt-sulphate concentration constant.
In contrast, after changing the bi-sulphate comeginh and keeping the pH constant, the
anomalous region was found to move to more negatientials. Hence, it was postulated
that specifically adsorbed bi-sulphate anions @bnktre anomalous region on Pt(111).

The participation of bi-sulphate species in gemegainusual voltammetry, when long range
surface order is present, has been confirmed bgrotperimental methods, including
Fourier transform infra-red spectroscopy (FTIRS) 69l ultra violet visible
electroreflectance spectroscopy [170], and radioetr techniques [171,172]. The propensity
of bi-sulphate anions to adsorb on hexagonal sesfdtas been ascribed to the trigonal
arrangement of oxygen atoms in these anions winighacts effectively with the threefold
hollow site of the substrate (Fig. 1.15) [169,173].
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Fig. 1.15. Three possible orientations of the sulphate molecule on the platintanes[¥69].

The term “anomalous” [151] is vindicated since sb@naviour has not as yet been seen,
either with other low Miller index planes of platim or with Rh(111) or Ir(111) in sulphuric
acid [151]. However, it has been observed withlAd{ [167].

The surface concentration of bi-sulphate on Pt(1P1()100) and polycrystalline platinum
[Pt(poly)] depends on surface orientation and tleeteode potential [95]. The adsorption
isotherm of bi-sulphate on platinum has been rexkaking & —labelled bi-sulphate anions
(Fig. 1.16).

Wieckowski et al[95] found that, at a fixed bulk concentration afghuric acid (1G M),

the surface concentration of bi-sulphate on Pt(128) two-thirds that obtained on Pt(poly),
and less than one- third of that found on Pt(1Fiy.(1.17). The reason for this may be
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related to the complete symmetry match betweerOta¢om termination of the bi- sulphate
and the hexagonal (111) surface geometry [169,1ii44ct, the adsorption of bi-sulphate on

Pt(111) gives rise to a well-ordered Pt(ll];ﬁ( \/7) surface phase in situ [87] and
(+/3"+/3) ex situ [95]. The maximum surface concentration of bi-salgh is pH
independent, indicating that the surface anionraatéon is predominantly with bi-sulphate

rather than sulphate anions [176]. The shift oudphate to sulphate adsorption at higher pH
is most probably due to sulphate/hydronium ion négimation at the surface [177].
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Fig. 1.16. CVs for two platinum single crystal and a polycrystalliecode in clean 10
M HCIO, solution (broken lines) and in a solution containing3 M H,SO,
(solid lines). (a) Pt(100), (b) Pt(poly), (c) Pt(111). Sweep rate 50 mV'.s
Reprinted from Wieckowski et al. [95].
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Fig. 1.17. Potential dependence of bi-sulphate ion adsorptiom,0Rt(100);-, Pt(111); +
Pt(poly). The data were obtained in"1® HCIO, - 10° M H,SQ, solution and

correspond to the voltammograms depicted in Fig. 1.16. Reprinted from
Wieckowski et al. [95].

The anomalous wave of the Pt(111) voltammogramhim presence of sulphuric acid
coincides with the onset of bi-sulphate adsorpfid8]. The combined radio-1labelling and
voltammetric results verify that adsorption of bighate on the ordered surface in the
potential range associated with "normal” adsorbattdgen does not occur [95].

With increasing concentration of bi-sulphate idmg anomalous wave is shifted to a less
positive potential [178]. Correlation of the potaht shift with bulk and surface
concentrations of bi-sulphate indicate that thetwws of the anomalous wave is related to
the ability of bi-sulphate to adsorb on the Pt(1durface.

The adsorption of bi-sulphate on ordered Pt(11drtsat approximately 0.2 V more positive
than on the disordered surface; the maximum surfaceentration of bi-sulphate on an
ordered Pt(111) surface is about 20 per cent highan on disordered Pt(111). Such
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behaviour for ordered/disordered surfaces appedrse & common feature of noble transition
metals [95].

Finally, in situ Fourier transform infrared spesitopy has shown that bi-sulphate ion is the
predominantly adsorbed species in 0.05 b6, solution, at potentials below that at which
platinum oxide formation occurs, but prior to hygeo adsorption [169]. It is proposed on
the basis of IR band assignment that the majoulpkste orientation is that of three-fold co-

ordination to each of the unprotonated oxygenshasvn in Fig. 1.15

1.6.5. The role of defects in the specific adsorption of anions on Pt(111)

Clavilier demonstrated [25] that just a few cyctdsanodic oxidation, as used by others to
clean the surface [16,21,179,180], removed theualugew (111) terrace features. Because
the charge under the new features reappeared agechader the “weak” hydrogen peak,
and since the new features were very reversiblavili@r and co-workers rationalised these
features as a very strongly bound form of hydrogeratomically flat (111). They assigned
the sensitivity of the new features to the effdatomghening the surface. Moreover, within
a short time several investigators using UHV/LEBBtems with improved sample transfer
technology [181] were able to reproduce the Clarilioltammetry with well-ordered (111)
surfaces using conventional bulk single crystalls]91,149,181]. Although there was wide
agreement on the experimental finding, neverthelessseral groups disputed the
interpretation of the features as "strongly adsorbgdrogen”, suggesting that in sulphuric
and hydrochloric acids the anomalous voltammetrg wae to the specific adsorption of
anions [33,88,151,168] whereas in perchloric acittyalrofluoric acid it was attributable to
OH formation [151,168]. Since the origin of thesatfires was unclear, and also due to their
uniqueness to the (111) surface, Wagner and Rasditsa referred to these features as
“anomalous” [91]. Yeager and co-workers using steflR [169] showed that the anomalous
voltammetry on Pt(111) in sulphuric acid was duehi® specific adsorption of bi-sulphate

anions.

The effect of step density and symmetry structwasthe adsorption of ions, notably
protons, has also been investigated by severaandsgroups [33]. Clavilier and co-workers

analysed two series of experiments in which sugfagere examined (i) with a given step

and terrace structure and (i) with various stepsitees. For the] 10) zone [35], the steps
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and terraces both had the (111) structure and @lassified as n(111)J111) surfaces. These
surfaces are electrochemically better described easmbination of (n-1) atom-wide (111)
terraces and (110) monoatomic steps, since théigim@11) (111) defines a (110) site.

In Fig. 1.18, the peak at 0.11 V, which is absemtRPt(111), progressively increases in
magnitude as the step density increases. Thisaserén hydrogen adsorption has been
attributed to adsorption on the steps. The remgirigdrogen can be attributed to the
terraces. Analysis of théd(1 1) zone where the step structure is n(1{190) [32] indicates
that as the step density increases, a sharp pedR%atv appears (Fig. 1.19). This can be
identified with adsorption on the (100) step sitesreasing the concentration of specifically
adsorbed anions (sulphate) changes the voltammesjponse of the crystal. Fig. 1.20 shows
the effect of increasing bi-sulphate concentratonthe Pt(111) and Pt(554) surfaces. It is
clear that by increasing the concentration of lypisate anions a negative shift of the unusual
adsorption states occurs [32].

Two groups independently explored the structuresisigity of the anomalous features using
high Miller-index single crystals. The step-terrasteictures allowed control of the terrace
length, and thus the distance between defectifottm of monatomic steps. As previously
mentioned, Clavilier et al[158] had used crystals cut a few degrees from (i)
orientation in the direction of the (110) orientatiof the stereographic triangle to form the
step-terrace structure Pt(S) [n(11()11)]. Blakely and Somorjai reported [182] thatgh
particularly high Miller index surfaces were theyoones that did not facet in the presence
of oxygen at high temperature, an important requéet for their use with the “bead
technique”. Using [n(111)111)] surfaces, Clavilier et al. evidently estabéd that a critical
terrace length of at least 9 atoms was requiredbgerve all the details of the anomalous
features on Pt(111) [158].

Ross presented [183] a study of the role of surfdeiects in the specific adsorption of

chloride and bi-sulphate anions on Pt(111). He tatbpgwo methods to create defects
deliberately to the surface of Pt(111); one waspgmto ion-bombard the surface in UHV

and to partially anneal the ion damage (the strecti the partially annealed surface was
then analysed quantitatively using LEED spot-peoéihalysis [184]). The other was to use a
series of step-terrace structures of the n(1{lM)1) type using Clavilier's bead technique
[158].
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Fig.1.18. Set of positive sweeps of voltammograms for Pt n(11M1) in 0.5 M
H,SO, recorded at 50 mV's Reprinted from [158].
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1.6.5.1. Effects of defects and of sulphate concentration on thgckic voltammetry of
n[(111)x(111)] stepped surfaces

The voltammetry for a clean, UHV-prepared, wellemetl Pt(111) surface in 0.3 M HF was
studied by Wagner and Ross [91] (Fig. 1.21). Thditewh of H,SO, had no observable
effect on the voltammetry curve until a threshotthaentration was reached, which was
approximately 1 mM. As shown in Fig.1.22, at thiseshold, the anomalous [150] complex
features at 0.6 - 0.8 V disappeared, and were cepldy the complex features occurring
between 0.2 - 0.7 V, the potential depending onstiiphate concentration as described by
Kolb and co-workers [168]. These features in sukphaontaining electrolyte have been
attributed to bi-sulphate adsorption/desorption hy number of research groups
[150,155,168,184].

The charge under the peak of the anomalous regem wery sensitive to the degree of
atomic flatness of the Pt(111) surface [150,154]slaown in Figs. 1.23 and 1.24. Fig. 1.23
shows the voltammetry for a series of Pt(111) sedehaving various degrees of roughness,
and Fig. 1.24 shows the voltammetry for a seriegn@11) (111)] surfaces step-terrace
surfaces. Both types of rough surfaces show tleashiape of the anion feature changes when
the step density reaches a critical value (ca. 6xt8%). A further increase in the step
density causes a significant loss of charge urtueahion feature. The charge lost between
0.4 — 0.7 V apparently reappears as charge in ¢theal hydrogen adsorption/desorption
potential region between 0 - 0.2 V.

180 ————
Pt(111) 0.3M HF

Current Density / mA . cm’?

E (RHEYmV

Fig. 1.21. CV of a well-defined (111) surface in 0.3 M HF, contact with tebdyte
under potential control at 0.6 V. Sweep rate 100 iV Reprinted from
Wagner and Rog91].
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Fig. 1.22. CV of Pt(111) prepared in UHV with addition ob$0, to 0.1 M HF. First
complete cycle after contact at 0.6 V shown. Sweep rate 50smV
Reprinted from Ross [183].
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Fig. 1.23. CV for Pt(111) surfaces with various degrees of surface roughriésst
complete cycle is shown after contact with electrolyte (0.HF5 mM HSQy)
at 0.6 V. Sweep rate 50 mV*.5(1) well ordered and fully annealed surface, (2)
partially annealed surface, (3) ion bombarded surface, (4) adbetmically
roughned surface. Reprinted from Ross [183].
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1.6.5.2. Effects of chloride concentration on the cyclic voltamogramneg n[(111)x(111)]
stepped surfaces

It has been reported [183] that the addition oft€HF provides a threshold effect similar to
that shown by bi-sulphate, as shown in Fig. 1.22afeell-ordered Pt(111) surface.

At a concentration of ca. 1 mM Clthe anomalous feature at 0.6-0.8 V completely
disappeared, and a new feature appeared betweeh®)2 (the potential where the features
appear depending on anion concentration). Hubbadd c@-workers [185] have obtained
curves similar to those shown in Fig. 1.25 for 1 mivi0.3 M HF when they used well-
ordered Pt(111) in 20 mM HCI + 0.05 mM Cadlhe feature at 0.2-0.6 V in dilute acid
containing mM levels of Clis attributed to anion adsorption/desorption. Tlfece of
roughness on the shape and charge under the aatnrd is similar to that on bi-sulphate
and is in direct proportion to the step density.

Current Density / mA. cm™

Pt(111)

—~73

5 1
200 400 800  BCT 1CCO 1200
E (RHE)/mV

Fig. 1.25. CV of a well-ordered Pt(111) surface in 0.3 M HF with additéHCI. The
experiment is comparable that shown in Fig. 1.22. Reprinted from [183].
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1.6.5.3. Effect of step-defects on work function

Fig. 1.26 shows the change in work function verstep density for stepped platinum
surfaces. The presence of step-defects in the BtEliface lowered the work function. The
difference in work function, Df), between the annealed well-ordered (111) surdackthe
various rough surfaces is a linear function of stepsities (for step density <16m’). For
high step densities, the work function lowering egmed to saturate, with the absolute value
of the work function of all surfaces becoming eqtmlthat for the (110)-(21) surface
(which has a [2(111)111)] structure [145]. The negative slope of therkvfunction versus

step density curve indicates that there is a ngitipge charge on the step atom [183].
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Fig. 1.26. The differences in vacuum work functid , between a well-ordered Pt(111) surface

and a stepped surface as a function of step density. Open cigpessent
[n(111) (111)] step-terrace structures; filled circles represeatwtork function of
partially annealed ion-bombarded Pt(111) surface. Reprinted from Ross [183].
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1.6.6. Electro-oxidation characterisation of platinum single crystal electrods

The motivation for studying the electrosorptioroalgen on platinum electrodes stems from
its effect on the reversible electrosorption of fogen. Kim et al. [186], using XPS to
characterise the electrochemical oxide layer formardpolycrystalline platinum surfaces,
identified three platinum oxide states dependenttlan precise electrode potential. The
stoichiometries were Ptg PtO and Pt@ Conway and co-workers made similar deductions
purely from electrochemical observations [187]. Btorer, whereas hydrogen displayed
highly reversible electrosorption states, oxideogoson was clearly an irreversible process.
Conway attributed this irreversibility to a placexckange mechanism between the
electrosorbed oxygen and platinum atoms at theaserfAngerstein-Kozlowska et al. [188]
studied oxide formation on platinum in sulphuricidabdy progressively increasing the
applied potential to more positive potentials (vandopening). The very broad oxide peak
obtained from the platinum CV showed two distinetjions. Reversible oxide peaks were
formed up to about 0.15 V positive from the onskebxide formation. However, at more
positive potentials oxide adsorption/desorption doee irreversible, indicative of the
formation of a more strongly bonded species. A rhodes developed involving first an
ordered overlayer lattice of QK at the single crystal surface with one monolayend
initially formed. The next stage of adsorption wasisidered to correspond to the formation
of a new three-dimensional lattice structure vi@ace exchange mechanism which involved
conversion of platinum atoms to a positively chdrgéate in order to compensate for the
bulk OH species. Thus, upon desorbing this oxide phasgldyhdefective (but clean)
surface was generated. More recently, Conway €ftl88] have proposed a microscopic
model for oxide film development (Fig.1.27).

Wagner and Ross [88] and Aberdam et [@40] using a UHV-EC approach, studied
electrosorbed oxygen in detail and came to sinatarclusions as Conway. LEED intensity
measurements confirmed that surface rougheningpbeuired after electrochemical oxygen
adsorption/desorption cycles. The critical chargeve which place-exchange took place
was found to be between 220 and 2%6/cnf for Pt(100) and Pt(111), respectively,
corresponding to one monolayer of Gdfpecies or a 0.5 monolayer of OHowever, an
ordered OHadlayer phase was not confirmed using LEED. Piatiecycling in this critical

potential region gave rise to a stable distributbplatinum atoms. Increasing the potential
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Initially electrosorbed OH in arrays (reversible)

Reversible OH component Rearranged PtOH (“OHPt”)

Z

Oxidation toward “OPt” from “OHPt” by H+,e transfer

(proton interchange)
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Fig. 1.27. Electro-oxidation of platinum surfaces: schematic diagranstititing the
formation of oxide film. Reproduced from Conway et al. [189].
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beyond this critical point, even for only a few B8 was demonstrated to produce high
density surface defects signified by “halos” arouhd integral order LEED beams. The
drastic change in the voltammogram of platinum he tydrogen region was therefore
attributed to surface roughness brought about lijeoadsorption/desorption. No restoration
of the platinum atoms to their original terrace iposs was found after further cycles into

the oxide region.

1.7. Bimetallic Surface Chemistry

Ultra-thin layers of metals (metal overlayers) sop@d on metal substrates play a
fundamental role in a number of technological arddsdified surfaces (low-dimensional
structures) impart new physical and chemical priogewhich are significantly different
from those of the bulk materials [190]. The forroatbf low dimensional metallic overlayers
also exhibits superior electronic/catalytic prostas compared to the pure elements [191].
Interest in ultra-thin metallic layers from a conmal aspect has focused particularly on
catalysis, including electrocatalysis, where thespnce of monolayer and submonolayer
guantities of an adsorbate can change drastidadlydactivity of a surface, its selectivity and
also its resistance to poisoning in both liquid agak phase environments. Bimetallic
systems, such as Pt-Re, Pt-Ir, Pt-Sn, Pt-Au andWNi-exhibit greater selectivity and
resistance to poisoning with respect to the siegl®ponent metals in a number of catalytic
systems [192]. Applications are also found in theppration of electrically active surface
layers for electron emitters, chemically passivatiogs and magnetic films [193].

More recently, a wide range of experimental methdds surface and thin film
characterisation has become available. By utiligitica thin films, a number of scientific
phenomena may be explored, at both gas/solid apddisolid interfaces. These include
adsorption—desorption processes, nucleation angtigralouble layer charges, corrosion and
passivation, and catalysis [46,194]. This has ageculargely as a result of the development
of UHV surface analysis methods and efficient pdores for surface preparation, which
have enabled the formation of clean well-charasgerisingle crystal bimetallic surfaces.
These developments should ultimately lead to tadpof bimetallic surfaces to produce
desirable catalytic properties.
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1.7.1. Classification of thin film growth

In 1958 Bauer suggested a theoretical descriptibrihim layer growth based on the
thermodynamics of the growing layer [195]. Many esimental investigations of metal on
metal growth seemed to confirm this model [196]e Three basic growth modes are named
after their original investigators.

a) Frank and Van der Merwe (FMyrowth occurs where the deposited metal grows in a
layer-by-layer fashion, with the formation of thecend layer only commencing after the
completion of the first [197,198].

b) Stranski and Krastanov (SK) growth occurs whenyerlagrows up to one or a few
monolayers followed by three-dimensional islandsniag on top of the first (or most
recently) completed layer [199].

c) Volmer and Weber (VW) growth occurs when three-dimenal islands are formed at
all stages of metal deposition [200].

Each of these growth mechanisms is depicted scleathain Fig.1.28.

The thermodynamically stable growth of one mateviatthe surface of another is governed

by two thermodynamic properties: (i) the instapifiee energy of the film, which is the sum

of the surface free energy of the growing film dw tsubstrate @) and the interfacial
energy between the film and the substrate (W) the surface free energy of the substrate

(¥s)-

Comparison of the instability free energy gy yi) and the surface free energy)(yields

the three stable modes of film growth. PseudomarffiV) growth takes place wheg-&+

a) < g at all stages of metal deposition. Three dimeraifviW) growth occurs whergés+

a) > ¢ at all stages of metal deposition. The third (§Kwth is a combination of the two in

that the condition @ys + Vi) < ys must hold for at least one monolayer (FM growthilofived

subsequently by VW growth (¢ + i) > ys)).

The validity of these models in predicting the gtiownode depends on the local surface

equilibrium and kinetic factors, including surfad&fusion, which has to be rapid in

comparison with the rate of vapour impinging on time scale of the deposition. Since
overlayer growth is a dynamic process, the growtbdencan change with substrate
temperature and with crystallographic orientatidnthee substrate, indicating that kinetic
factors can often be more dominant than energetitsiderations. Indeed, if kinetic

limitations prevent the attainment of equilibriurthe whole energetic description is
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inappropriate [201,202]. Thermodynamic models Hasten quite useful for interpreting thin
film growth, but, limitations in the success of ti@dels proposed have been observed with
the application of scanning probe microscopies [208 determine the theoretical growth
mode of a particular system, accurate values ofstimtace and interfacial energies are
required. Such data are generally unavailable. éfbex, gross simplifications are made,
where the surface free energy of the film on thessate ys has to be assumed to be equal
to the surface free energy of the film $uch an approximation is inadequate for filmdhwit
a thickness of only a few atoms and would alsonaecurate if there was any lattice mis-
match involved between the two materials. Latticss-match induces a strain or stress
energy into the film, which gradually increaseshwiitm thickness, causing the film surface
energy to change. It is, therefore, necessary termne the film surface energy as a
function of film thickness. This is not surprisisgce observation of the SK mode depends
upon such a variation with film thickness. Furtlsgmplifications of the thermodynamic
criteria have been made by Bauer and van der MEt0A4, who assumed that the interfacial
energyg, which is generally unknown, was very small in gamson with the surface
energies of the adsorbageand the substratg. They therefore concluded that FM growth
occurred when /< ys) and VW growth when @/> ys). Although g is probably much
smaller than the other surface free energiggwhs significant, it will strongly influence the
initial growth mode of the film [205,206]. Unfortately, there is almost no quantitative data
available on interfacial energies during metal dgjpmn from either experiment or theory.

In the case where the adsorbate and substratecewghergies are approximately equal, the
growth mode is solely dependent on the strain enaverlayer. Strain results from the lattice
mis-match between the adsorbate and substrate.ciitieal values beyond which layer
growth cannot be sustained were determined by Feartk van der Merwe [198] in an
extensionof the Frenkel-Keterenov theory of one-dimensiafislocations [207]. Extending
to two-dimensions it was found that the criticakfitifor layer-by-layer growth at ambient
temperature was 9%. However, Woltersdorf [208] femnout that the Frank and Van der
Merwe paper contained a numerical error, suchttiecritical misfit should have been 7%.
For misfits greater than this, the SK mode shoeldlbserved.

The role of dynamic processes in creating the tiwa@sc growth modes is not described
above. For example, when the adsorbate is relgtikedractory, or when low substrate
temperatures are employed or when the vapour fwery high, an overlayer may undergo

metastable behaviour which is a result of slow tkaserather than equilibrium growth. Two
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additional growth modes; the simultaneous multitay¢SM) and the monolayer plus
simultaneous multilayers (MSM) have been observed. (1.28 (d, e)) [209,210]. The
general form of the SM growth mode has been andliggeKaschiev [211], and found to be
a metastable form of the FM mode. It is often nefeéto as “pseudo-FM” [212]. Between the
SM and FM modes one can envisage a range of plitsssbdepending on the degree of
surface mobility allowed. Recent STM measuremelsts éairow doubt on the assumption of

thermodynamic equilibrium being attained during aheeposition in vacuum [213].

N

N

(d)

- Substrate - Adsorbate monolayer

Fig.1.28. The various growth mechanisms for thin films on metal sulestry
vapour deposition.
(a) Frank-Van der Merwe (monolayer —by-monolayer)
(b) Stranski-Krastanov (monolayer followed by crystallites).
(c) Volmer-Weber (3D crystallite growth)
(d) SM (simultaneous multilayers)
(e) MSM (monolayer plus simultaneous multilayers).
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1.7.2. Methods of preparing bimetallic surfaces

Usually, well-defined bimetallic surfaces are pmeoiaby one of the following methods: (a)
cutting and polishing a bulk single crystal all®14]; (b) Condensing the vapour of one
metal onto a clean and well-defined single crystaface of another pure metal in UHV
[214]; (c) electrodeposition of one metal onto @ad and well-defined single crystal surface
of another pure metal in an electrochemical céll [4

1.7.2.1. Vapour deposition

The epitaxial growth of metals on metals in UHV hbsen the subject of many
investigations. The field was established with giablication by Lassen and Bruk in 1930 of
the first electron diffraction studies of metalljgowth. Progress was slow because of
difficulties in establishing a theoretical desdoptbased on experimental results, due mainly
to the problem of maintaining surface cleanlindssl958, Bauer unified and classified the
various growth modes on the basis of thermodynaooiosiderations [210,212]. Until
recently, when the importance of kinetic parameteas become increasingly recognised,
this model provided a good theoretical interpretatf metal growth.

To classify metal-metal growth, it is necessarydoognise a number of distinct kinetic
events that take place when a gaseous molecuideliith a metal surface. These include
scattering (elastic or inelastic), adsorption (ptaisor chemical), desorption, migration and
random movement, chemical reaction, and penetrafg#b] (Fig. 1.29). For metal
deposition, steps (E) and (G) are more importaah t(B) and (C) because the sticking
probability of metal atoms on a metal surface aselto unity. Growth must be initiated by
nucleation of two or more atoms at a step (G). fénticipation of any other kinetic process,
including inter-diffusion (alloy formation), (D),rahe appearance of random defects on the
substrate (F), will result in a considerable changgrowth behaviour.

1.7.2.2. Electrodeposition of metals

One of the methods for the synthesis of thin filoms metal surfaces is electrodeposition.

Faraday established the theoretical principles tlos method in 1833 [216]. The
electrodeposition method has found widespread egain in a number of investigations
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Fig. 1.29. Schematic diagram of surface nucleation and grogaharrival, (b) rebound, either
elastically without energy loss, or inelastically aftecteanging energy(c) desorption
of adsorbed aton{d) interdiffusion,(e) surface diffusion(f) special site¢g) binding
and nucleation.

concerning the process of crystal growth and #ssification [217]. The mechanism of the

electrodeposition method includes the followingysta[218].

Metallic ions in solution acquire a complete hyaratshell.

2. Transport of such ions to the cathode surface gscender an applied electric field
yielding an adsorbed ion.

3. Charge transfer occurs between the electrode lamdadsorbed ion (reduction of
ion).

4. Gradual loss of the hydration shell occurs as teeahatom becomes adsorbed.

5. Adatoms so created diffuse over the surface toeped adsorption sites, such as
kinks, steps or vacancies which act as nucleaties for further growth.

The total reaction can be represented by:

[M** (H20)n] (ag)+ Z € ® M fatiice + N HO (1.19)
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The morphology of an electrodeposited film depemag$actors such as, the current density,
the nature of the anions and cations in the salutibe presence of additional agents or
impurities, whether the current is continuous ofsed, the morphology of the substrate
surface, metal ion concentration, and tempera@][

Nucleation and growth of metal electrodepositsofelsimilar constraints to those outlined in
Section 1.7.1 [217,219], but the most importantedénce is the environment that surrounds
the crystal surface. Although in both cases thelitmm of a “clean” surface is assumed, the
metal-electrolyte interface consists of a condengkdse of molecules in the so-called
double layer region, which means that the adsargicachieved via a replacement process.
Therefore, the mobility of ions or atoms is expdcte be modified. The charge transfer
reaction will occur only under the effect of thelhielectric fields which are present at the
electrode surface and this highlights another diffee in adsorption from the gas phase.
Whereas, in gas phase deposition, metal atomseaativthe substrate with large thermal
energies, in electrochemical deposition the protasss place at ambient temperatures, and
hence differences in rates of surface diffusion #redefore surface morphology are to be
expected.

1.7.3. Metal underpotential deposition

When metal ions (M) are deposited on a foreign hsetiastrate (S) the interaction can be of
two types [130]. If the Gibbs energy of the adathatom interaction is stronger than that
between adatom and substrate, the adatom will depiopotentials lower than that of the
equilibrium potential for bulk deposition-dissoli, and three-dimensional clusters will be
formed at even low coverages.

In cases where the adatom and substrate intemaistronger than the adatom/adatom
interaction, the adatom will deposit at potentialsre positive than the equilibrium potential
[the Nernst reversible potential] [220-223] for lul deposition of metal
[4,20,48,194,224,225]. This is called underpotérdigposition (UPD) (UPD signifies the
electrochemical adsorption of metal submonolayegotentials positive with respect to the
Nernst potential (E), i.e. prior to bulk deposition) and small evedigpersed domains can
then be formed on the substrate surface, at ledsw@r coverages. Usually interactions
between these small domains cause the formatidargér islands at intermediate or high

submonolayer coverages.
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Adsorption under these conditions and at suffityelow potential sweep rates ensures that
adsorption under thermodynamic equilibrium can t@eved, usually resulting in a partial,

single or double monolayer [4]. Many metals haverbatilised in UPD experiments on a

wide variety of different substrates [4,226].

The deposition of metals onto electrode surfaceg lmeastudied using cyclic voltammetry in

order to generate a monolayer via underpotentiglosion. This process involves the

reduction of a metal ion at an electrode surfageosgntials more positive than the Nernstian
reversible potential [220-223]. This occurs whee thetal electrode (substrate) is of higher

work function than the metal species chosen foodigpn.

Hevesy made the first observation of underpotedeglosition (UPD) in 1912 [227]. A great
deal of research has been targeted at understatiasnghenomenon in the last two decades.
As a result, UPD has been utilised in a wide vgradtelectrochemical applications, most
notably in electrocatalysis [194]. By underpotahtileposition it is possible to deposit
adatoms up to monolayer coverages (or in some cadesre the adsorbate-substrate
interactions are sufficiently strong, up to two ratayers) at a potential slightly higher than
the equilibrium potential for bulk deposition-diasion.

The UPD technique enables the formation of a staid¢al overlayer under equilibrium
conditions, and the film coverages may be variecthgnging the potential. The extent of
UPD can be gauged by using cyclic voltammetry, mssg complete electron transfer from
the metal ion to form a neutral adatom speciesludxay partial charge transfer [22]. The
charge associated with the UPD currents may betoseaiculate the surface coverage.

UPD often results in the growth of a uniform adatlayer structurally identical with that
observed in UHV [228]. Surface imperfections antida strain permit the second layer to
grow prior to first layer completion, with a smalerpotential necessary for second adlayer
growth. Growth from surface imperfections occursaduse these sites are of higher surface
energy, thus leading to an embryonic growth meamaniEpitaxial growth is observed when
the adatom structure matches that of the substfatethis to occur, the lattice mis-match
must be less than 5%, and the adsorbate’s surferg)eless than that of the substrate [222].

UPD of adatoms can also be used as an experinmaathbd to evaluate the effect of anions

on the adsorption isotherms [229] and other dejpositcharacteristics [230-232].
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Information is also obtainable pertaining to thieeff on surface structure [233] and surface

type selectivity [234].

1.7.3.1. Underpotential deposition methods

Several thermodynamic and structural aspects at&ibto UPD in electrocatalysis have
been reviewed by G. Kokkinidis [225] and R. AdzZl®4]. The phenomenon as a whole has
been discussed in a review by Kolb [4]. A classiion of the various methods of
underpotential deposition (UPD) has been propogesl. I5zabo [224] based on the source of
electrons consumed in the reduction and depositibrmetal ions at a foreign metal
electrode.

The two principal categories within his classifioatscheme are (a) deposition by electrical

polarisation and, (b) deposition by chemical reunctThese are discussed in turn below.

1.7.3.1.1. Deposition by electrical polarisation

In this category, the adsorption of metal M on eeiign metal S may occur in two different
potential regions: the underpotential depositia#PD) region when &p> Ey whereby kK
is the Nernst potential of the reversiblé'W couple, (eq.1.20), or in the overpotential range
where Bpp> Ey [224].

M“ +zeé=M (1.20)
Adsorption in the UPD region (at sufficiently lowotential sweep rates) ensures that
adsorption under thermodynamic equilibrium conditis maintained, usually resulting in a
partial, single or double monolayer [4]. Conversealgsorption in the overpotential region
results in a higher probability of producing a th@imensional adlayer on account of the
rapidity of the adsorption process itself (highxflo surface) and consequent kinetic growth.
Nevertheless, even with this difference in growtinditions, some bimetallic systems (e.qg.
silver and copper on platinum) give rise to nedligidifference in structure of the first
monolayer, irrespective of whether or not adsomptekes place positive or negative ¢f E
[4].
In general, for most systems studied, uniform mayel formation is favoured at more
positive potentials with respect to the reversiletential [4]. Also, in the UPD
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adsorption/desorption region it is possible to oanuantitatively the adsorbate amount by
altering the applied potential. This adsorbate cage control offers many advantages in
chemical modification of an electrode surface. Hé tinfluence of the substrate reaches
beyond the first UPD layer, controlled amounts @f®d and even third monolayer can be
produced prior to the onset of the growth of thadgeensional bulk films [4].

Parameters that can influence the structure dPB layer [225], include the structure of the
substrate, the relative sizes of the adsorbateadsdrbent species, the distances between two
adjacent adsorption sites, the extent of UPD adatowerage, and the coadsorption of
anions [225]. Spectroscopic evidence has demoadttagat structural changes occur in the
UPD layer as the adsorbate coverage increases8]28¢potentials more positive of\izthe
growth of the UPD layer is initiated by isolatedatmins M distributed randomly across the
surface in a patrtially or fully discharged stat@][2A highly ordered overlayer [48] can be
obtained as the coverage increases still furthéh whe formation of a series of two-
dimensional periodic super lattice structures bemmmonly observed.

Simultaneous adsorption of anions, such as halidephate and perchlorate, with or
without the UPD layer, has also been found to lmwearked effect on film growth [4,224].
Coadsorption of anions in an underpotential demosisystem was first demonstrated for
sulphate and chloride coadsorption with copper G@atirum electrodes by Horanyi and
Vertes using radio-tracer measurements [235]. At looverage, anions influence the
ordering of adsorbed metal adatoms [236]. Partiarge transfer between metal adatoms
and anions has also been suggested as a driviog fiar co-adsorption to take place [237].
However, analogous effects have not as yet beewrtezp for cations, particularly
coadsorption of cations [4].

Surface alloy formation has been reported durindU#. Two criteria may be used to
distinguish between alloy formation and simple clsemption [4]. First, surface alloying is a
slow process when compared to monolayer adatomatiom due to the higher energy
barrier for bulk diffusion at room temperature. @&, alloy formation can be deduced from
an increase in the amount of charge transferreshgl@dsorption relative to that observed
for monolayer deposition. A secondary effect ist ttiee potential necessary to deposit
adatoms onto the substrate would be modified #élboy has formed. Therefore, because the
bond energy relation in UPD is S-S >S-M >M-M bonidgjal deposition of M should occur
at more positive potentials on the substrate radd the alloy.
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1.7.3.1.2. Deposition of metals by chemical reduction

The deposition of metals onto electrode surfacesbeastudied by cyclic voltammetry, due
to the effect of adspecies on hydrogen and oxydeatresorption, which are structure
sensitive processes. Voltammetric profiles provadejualitative and a semi-quantitative
analysis of the stability and epitaxial relationtloé overlayer to the substrate. Two different
methods of metal deposition have been utilisethismwork.

The immersion technique of irreversible adsorptbrmne metal onto the surface of another
was developed by Janssen and Moolhuysen [238].t&peous deposition does not require
potential control and the metallic adatom is spoatasly adsorbed (deposited) at open
circuit onto the electrode surface (substrate) inyply immersing the electrode into an
aqueous solution of the adsorbate ion. The soufceneo electrons for reduction of the
adspecies is believed to come from the simultanéawsation of platinum hydroxide. The
discharge of an adatom ion at the electrode suifacdves five main steps: (i) transport of
the ion to the electrode surface; (ii) decouplifgalvated water molecules from the agueous
metal ion; (iii) charge transfer from the substratehe ion; (iv) displacement of water (or
any other adsorbed species) from the target adsorpite; (v) the formation of a
chemisorption bond.

In some circumstances, the extent of adsorptidhismmimmersion technique may be limited
to a fraction of a monolayer (submonolayer covesagéherefore, in order to obtain higher
metal loadings the forced deposition method isiseil [239], whereby a droplet of the
aqueous solution of admetal ions is attached tcetbetrode surface and is reduced to the
neutral adatom species, either by applying a paiemiore negative than the Nernst
reversible potential of the electrode, or by flogvinydrogen over the electrode surface and
reducing the ions. Hydrogen gas is commonly used esducing agent but the method is
limited to those metal substrates which can adegdoogen (eg. Pt and Pd). Substrates such
as Au, Ag, and Cu are not amenable to depositioch®mical reduction using hydrogen.
This method has recently been used [239] to depadiadium onto platinum to produce
well-defined palladium films. Reduction has beehieeed via a local-cell mechanism Pd
reduced, H oxidised). Forced deposition has been utiliseegresively by Clavilier et al.
[239]. The potential of the substrate when hydrogas is flowing is between — 0.06 V and
0.1V [224] versus a reversible hydrogen electraxl@, as such, all redox couples positive of
this value should be reduced. The overall reactiay be expressed as:
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M* @ag) + 2 ZH aq)® M (ags) + 2 H' (ag) (1.21)

However, this hydrogen oxidation procedure can leadnultilayer formation which is
controlled by altering the concentration of aquemetal ions contained in the droplet or by
changing the overpotential or the flow of hydroggs across the electrode. In practice, very
dilute metal ion solutions are preferred, sincegtevth of the adlayer is relatively slow and
hence three-dimensional crystallisation due to ghhadsorbate flux to the substrate is
avoided.

Deposition of Pd onto the low index faces of Pgkarcrystal electrodes has been studied by
Attard and Bannister [241] utilising spontaneoupatdtion, and by Clavilier et al. [240]
using forced deposition.

An interesting development of this work has beenapplication of bi-metallic chemistry to
surface molecular reactivity. Adsorbed CO deriveaht the by-products of methanol or
formic acid electro-oxidation is a poison resultingm these important fuel cell reactions on
platinum [242-245]. By adsorbing small amounts akeaond metal, the concentration of the
CO may be reduced significantly. This has beeneadu via underpotential deposition of
submonolayer amounts [4,246-248], by using Pt all@#9-251] or by forced deposition of
a metal [238] onto the surface of another. Palladagsorbed on gold and gold on palladium
exhibits a high resistance towards poisoning by Bénce surface modified Pd makes an
interesting alternative to Pt (which is often quycldeactivated) for organic fuel cell
reactions.

As pointed out by Attard and Bannister [241], trepakition of thin films of palladium on
another metal allows not only epitaxial growth ajtty ordered films but also, because the
film is less than a few atomic layers thick, the@iption of hydrogen into palladium can be
avoided [252]. Single crystals of palladium are endifficult to prepare outside the environs
of a UHV chamber [252] and so epitaxial palladiutm$ grown upon a suitable metal
substrate possess many advantages when well-dgfdiedium films are required for study.
Kolb and co-workers have electrochemically depdskel onto single crystal faces of Au
(111), (100) and (110) [253] and Feliu et al. [239)] have prepared Pd on Pt(100) and
Pt(111) by the method of forced deposition. Incalses, flat well-ordered epitaxial layers
were found, the electrochemical properties of whietre indistinguishable from single
crystals of Pd(100) and Pd(111).
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1.7.4. Metal overlayer growth

The growth modes of metals on metal substrates baga studied extensively using UHV
technigues and documented by Bauer [212]. Resbted under UHV conditions may be
applied to electrochemical systems, with the inflee of solvent and anions taken into
account, together with the substrate potential.d-block metal overlayers, attractive lateral
interactions dominate and cause island growth o$eclpacked planes upon the substrate
surface. The s-block metals vary considerably @rtburface behaviour since strong lateral
interactions arise from dipole-dipole repulsionfw3, s-block adatoms disperse over the
electrode surface, and island growth is not obskrhe sp-block metals exhibit an
intermediate growth pattern, with repulsive lateraéractions taking place between nearest
neighbour adatoms giving rise to ordered phasdisowdh the planes co-exist with large
regions of clean surface.

Surface energies govern the growth modes of naetsbrbates on crystal surfaces [254].
Platinum surfaces possess high surface energads/eeto the Group VB metals (As, Sb and
Bi) and thus the overall effect of bismuth, arseammd antimony adlayer formation on
platinum is a net lowering of the surface energyew considering second and third layer
growth, account must be taken of the lattice miseméetween the substrate and adsorbate
and changes in surface energy (adsorbate-adsodthés than adsorbate-substrate bonding).
For example, when bismuth is adsorbed onto a pliatisurface, microcrystallites are formed
during growth of the second layer since there sgaificant strain energy associated with
the formation of this layer on top of the platingoibstrate due to the large difference in the

atomic radii of platinum and bismuth.

1.8. The Electro-oxidation of Organic Molecules

1.8.1. General comments

Organic molecules, such as methanol, formic acalfarmaldehyde, have been proposed as
possible fuels in platinum based fuel cells [24B{ dence understanding of their electro-
oxidation is of great importance. These fuels,ipaldrly methanol, possess many attractive
features, such as their high energy density and efstorage and handling. Environmental
pollution caused by the burning of coal, oil ang,g@mgether with the problems of waste
disposal in the nuclear power industry, have de@cttention to fuel cells as being a very

attractive source of power. Control over surfacgstailography, composition, and reagent
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purity has enabled electrochemistry to contribotart understanding of the kinetics of such
reactions.

The main disadvantage of using binary organic mdésc as fuels is the low exchange
currents obtained at most electrode surfaces [25%], hence the need for precious metal
catalysts, such as platinum, to overcome kinetnitditions. For economic viability, a cheap
catalyst is needed that will not be poisoned byftled or reaction intermediates. Since the
intensive development of fuel cells in the 1960ssighs have improved, both in terms of
engineering and efficiency, though not in largelescapplication, (because of limiting
economic factors such as the cheap and plentipglguof oil).

One of the principal reasons for the low rate afamic fuel oxidation is that the platinum
catalysts undergo self-poisoning in the presencenwdll, oxygenated organic molecules.
The poison formation reaction and reaction inteniated have been examined both in situ
and ex situ. The poison has been identified byainéd spectroscopy as adsorbed CO
[245,256,257]. In electrochemically modulated infeal spectroscopy [258] an infra-red
beam is reflected from a polished electrode surfatele the electrode potential is
modulated between two limiting values. The diffex@im the infra-red reflectance at the two
potentials is recorded by a phase sensitive detadiah is locked to the frequency of the
electrochemical modulation. Infra-red reflectanbstabance spectroscopy [259] has also
been applied to the study of adsorbed CO. In thehriique the infra-red beam itself is
modulated and is used at constant potential. C€asdy detected by infra-red spectroscopy
because of its high extinction coefficient. Ex d&ghniques, such as XPS, can also provide
information on the oxidation state of any surfacésaabates from chemical shift
measurements [260]. Although CO has been positidaitified as the poisoning species,
there is evidence that a “CHO” species may alssteas a poison and/or reaction
intermediate [261]. Extensive electrochemical artdMUstudies have provided a wealth of
information on organic fuel electro-oxidation reans at precious metal surfaces. However,
when comparing electrochemical and gas phase axmdat organic molecules, difficulties
arise because of physical and electrical differsratethe catalytic surface/fuel interface. To
illustrate this, consider the following mechanisnmietr describes the decomposition of
methanol determined from UHV measurements on gilip(Co, Rh, Ir) and Ib metals
(Cu, Ag, Au), showing preliminary breaking of anHDbond and the formation of the formyl

species as an intermediate:

) - -H
Methanol L» Methoxy L» Formaldehyde » Formyl
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For the electrochemical oxidation mechanism, tret &itep is thought to be the breaking of a
C-H bond, not an O-H bond. The difference in thena@ism is thought to come from the
interaction of ions and water molecules under gakoontrol in an aqueous media which
directly affects the orientation of methanol molesurelative to the surface [262-264].
These observations clearly illustrate that UHV abectrochemical oxidations have to be
treated as two separate areas because of theniolesand solution play with respect to the

chemisorbed layer.

1.8.2. The effect of bismuth adsorption on formic acid oxidation

The electro-oxidation of formic acid proceeds by tpossible pathways, both of which are

structure sensitive:

E
/ Active intermediate LCQ
HCOOH
. . . E2
Poison intermediate —>CQ
where B< B,

For the proposed poisoning intermediate (adsorb@yl-Gnal oxidation to C@ occurs by
reaction with adsorbed water [265]:

Co(ads) + Hzo(ads) ® CO +2H + 2e

Group VB elements (As, Bi, Sn) have been introduasgromoters with the intention of
increasing the selectivity of the catalyst for Hative intermediate pathway whilst avoiding
the formation of the poisoning intermediate. Cliavihas demonstrated that the presence of
bismuth at all surface coverages prevents the fitcomaf the poisoning intermediate on
Pt(111) [191]. Indeed, bismuth prevented the foromabf poison [267], even at very low
coverages. The promotive effect of Bi is so greate(Chapter Four) that it can be interpreted
as Bi promoting the active intermediate pathwaywa$i as preventing the formation of
poison.

For Pt(100), the presence of bismuth does not inpitison formation completely even at
high coverages [266]. Thus the effect of bismutidétermined by the substrate crystal
structure.
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Results obtained by Clavilier [191,266,267] forrbigh on Pt(111) suggested that formic
acid oxidation was occurring on Bi-free sites amduttaneously on the adatom covered sites
depending on electrode potential. In view of thessallts, there is evidence for bifunctional
catalysis whereby the oxidation of the fuel is evdeal by the adsorption of O or OH radicals
adjacent to the reactant [225,268]. Hence, the géieal reaction of the promoter adatom
together with the potential at which the adatonorekaction occurs may also influence the
electro-oxidation rate.

The poisoning intermediate has been detected oRt@€0) [269] and Bi/Pt(100) [266]
surfaces during formic acid oxidation. For the BiIP0) system, the adatom functions as a
non-oxygen-containing adspecies in an oxidatiotestd zero, with the highest inherent
activity for bismuth occurring at a coverage of @dnolayers. However, the As/Pt(100)
system shows clearly the involvement of oxygen gatsm. A third body poison blocking
effect is seen since the concentration of the pingpintermediate decreases with increasing

coverage of the As.

1.9. Chirality at Well-defined Metal Surfaces

1.9.1. Introduction

Chirality is a property commonly associated withrt@@ organic molecules, biological
materials, or inorganic salts. A metal and its aesged surfaces is normally achiral as a
result of the mirror symmetry of its close-packddudures. Chiral enantiomers may,
however, be created at metal surfaces by adsortiiimgl molecules onto the substrate
surface, a phenomenon referred to as ‘chiral mgatitn’. A number of recent studies have
reported on the nucleation and growth of such thstauctures within the adsorbed
molecular monolayer by the adsorption of chiralposchiral molecules onto the surface of
an achiral substrate [270]. Chiral surfaces aréntdrest in fields such as heterogeneous
asymmetric catalysis, chemical sensors, in stunfitise separation of chiral compounds, and
nonlinear optical materials [271].

In early attempts to create a chiral metal surfasagstigators tried to exploit the chirality of
a homochiral substrate material, such as quartzatsfer the chirality to a deposited metal
film [272]. Single crystal metal surfaces havindoav Miller index, for example, (100),
(110), or (111) surfaces, consist of atomically teErraces that are separated by step edges
where one atomic plane meets the next. These siggsecontain a certain fraction of so-

called kink sites, and it has been recently poimtgthat such kink sites possess an intrinsic
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chirality [275,278]. Surfaces that exclusively aintkink sites of a specific chirality can be
formed by cutting single crystals along certainhhigiller index directions [275,277]. A
recent study has indicated that adsorption of inysnto an achiral Cu(100) surface may
lead to the partial formation of chiral kink sitasstep edges during a step-facetting process
[273]. It was found that the adsorption of molesulee. 2,5,8,11,14,17-hexa-(tert-butyl)
decacylene) can bestow chirality on the extendatitérraces of a single crystal surface
[274]. The chirality is caused by a pronouncedfasi restructuring that is induced
chemically by the adsorption of chiral moleculesisTis revealed directly on the atomic
scale by intentionally displacing the molecules thg probe tip in scanning tunneling
microscopy. It was found that at full coverage gvadsorbed molecule is associated with a
chiral hole in the underlying surface. The observedlecule-hole complexes extended
homogeneously over the entire surface and segega@ntaneously into enantiomorphic

domains upon gentle annealing, thereby creatingrf@tly ordered chiral metal surface.

1.9.2. Theoretical consideration of the intrinsic chirality of kink sites

Gellman and co-workers [275] described the conaitithat they thought necessary in order
to observe enantioselective adsorption on singjstar surfaces. They proposed that sites
associated with certain kinked single crystal mstafaces should be considered to be chiral
provided the two steps comprising the kink site evef unequal length [275]. Reflection
through a plane normal to such a surface produceswasurface which cannot itself be
superimposed upon the original, that is, such lgiks should be chiral. Thus, chirality
should be absent when the surfaces contain stegagual length on each side of the kink.

If one tries to place the kink shown in Fig. 1.3(3) onto its mirror image without leaving
the plane of the paper, the images are found toomesuperimposable, i.e. the kink site is
chiral. In contrast, when the kink shown in FIgddA (b) is rotated by 90in the plane of the
page, it is completely superimposable on its mimwage, i.e. because the magnitudes of the
step lengths on either side of the kink are theesdhe kink is achiral.

Gellman and co-workers [275] were the first to eksarthe chirality of metal surfaces in a
systematic and detailed manner. To test their hgsi$ they required a chiral probe. They
chose to investigate the adsorption and desormtidhe simplest chiral alcohol, 2-butanol,

on appropriate chiral kinked surfaces, namely, Agj6and its enantiomorph A§ 4 3.

They examined the difference in desorption entleslmif the alcoholic stereoisomers using

temperature-programmed desorption (TPD). The (@&@)e may be written in microfacet
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notation [276], as 3(111}§310), i.e. a three atom wide (111) terrace seedrll zigzag
(310) steps. Within the precision of their expenad techniqgue no enantioselectivity could
be detected in the desorption of R- and S-2-butanokither of the chiral kinked silver
surfaces; i.e. there was no measurable differemagesorption enthalpies to within 0.1
kcal mol®). In addition, no difference was observed in tleeanposition kinetics of the
enantiomeric alkoxides formed on the preoxidise@648) andAg(6 4 3 surfaces.
Subsequent theoretical work by Sholl [277] confidrteat chiral discrimination between
kink sites and asymmetric molecular centres shgild rise to an enantiospecific energy
difference [277].

However, Attard and co-workers [278,279] disagresith Gellman’s definition of a chiral
kink site. They proposed that the original postilaas an approximation since it failed to
take into account the surface geometry (i.e. thievidual Miller index planes) of the two
steps, the junction of which forms the kink sitdisTis illustrated in Fig. 1.30A (c). A kink
site may be thought of as the junction of threedamental planes, namely (111), (100),
(110). Any one of these may correspond to a teyrtheeother two being the step sites that
form the kink. In this analysis, all kink sites sitab be chiral, even when the two steps have
equal lengths. A detailed analysis of surface allgiraphy for f.c.c. systems reveals that all
single crystal kinked surfaces are chiral, irretipecof the magnitude of step lengths
comprising the kink (save for the meso forms suelstepped” surfaces of the n(11(00)

or n(100) (110) type) This is illustrated in Fig. 1.30B which depictshematically the
stereographic projection, centred on the (001) ,polecrystal planes in face-centred and
body-centred cubic crystals.

A point in the Fig. 1.30B corresponds to a paracWiiller index plane. The x—and y-axes
represent rotations of the crystal in the directiflom (001) to the (111) and (1 1) planes
and the(i 11 and (1 1 D) planes, respectively. The rotation of angles althregx- and y-

axes are denoted ag™ Similarly, the outer circumference of the circkpresents a rotation
of the crystal in a plane orthogonalaan the direction from (111® (110) planes, that is, a
rotation of the crystal around the axis perpendicub the (100) plane. Rotation of the
crystal in this direction is denoted lasHence, any point in the stereographic projectiag.
1.30B), starting from (001) may be reached by appglywo angles of rotation. The firs,

the secondb in the plane orthogonal to.
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() (b)

()

(d) (e)

Fig.1.30A. (a), and (b Schematic representations of surface chirality based o2%8f In (a) the
length of steps forming the kink is different, hence réifbacof the kinked surface in a
plane perpendicular to the surface generates a non-superimposatilenesra In (b),
because the step lengths comprising the kinks are equivalesiiantomeric surface is
generated after reflection in a plane perpendicular to the surface.

(c) Surface chirality based on the microstructure of the individoadponents forming
the kink. The handedness of the kink is decided by viewing thecsuffom the

vacuum/electrolyte side. If the sequence of sites)® (100® (119 runs clockwise, the
kink is denoted R-, if counter-clockwise it is denoted S-. Theilpessonfiguration of

step and terrace sites forming a chiral kink are also tepischematically as the
junction between three components, terrace, step and step.

(d) and (e) Representation of surface chirality based on ref. [279] and [2813.
representation takes into account the surface geometry (tnimtose) of the individual
Miller index planes of the two steps whose junction forms the kink site.
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Fig. 1.3(B. Stereographic projectio
illustrating the nature of surfac
chirality. The fundamental adsorptig
sites for f.c.c. crystals are shown.
stereographic triangles correspond
the sequence (111)® (100® (119

being clockwise and S stereographi
triangles to the  anticlockwis
arrangement.

D =
3R>

o
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The segment of the circle generated by any paaticgaét of (111), (100) and (110) planes is
more commonly referred to as the “stereographangie”. The stereographic triangle may
be thought of as being analogous to a three-conmpgiease diagram in which the poles of
the triangle represent flat (111), (100) and (1tE@)aces (one component), the edges of the
triangle to stepped surfaces (n(11(00), n(100)(111), n(100)(110), n(110)(100),
n(110j (111) and n(111)110) in microfacet notation [276], i.e. consistirg two
components, terraces and linear steps) and altpanside the triangle denoting kinked
surfaces (three components: terraces, steps arld, kin microfacet notation p(111)
g(100y r(110), where p, g and r are integets.

If one assigns a “priority” to each of the planeserms of surface packing density (hence
(111) > (100) > (110) for f.c.c. crystals), then two types of stagraphic triangle may be
distinguished. Hence, modification to the nomenckwriginally introduced in ref [275] is
used to define the absolute stereographic confiiguraf chiral single crystals. It is based on
an analogy with the Cahn-Ingold-Prelog sequenassrinl organic chemistry [280], whereby
the groups associated with the stereogenic cergrgigen a particular order of priority. In
terms of atomic surface density, the hierarchyunfaxe sites becomes (114)100)> (110)

for f.c.c. metals. The kink site is viewed fromoab (i.e. from the vacuum or electrolyte
phase). The sequence of sites forming the kinkoted (Fig. 1.30A (c). If the sequence
(111)® (100® (119 runs clockwise around the triangle, the surfaacgersoted “R” (from
the Latin “rectus”). If, however, the sequen(el1l)® (100® (119 runs anticlockwise,

the surface should be denoted “S” (from the Lasmister”). Using this convention, the

original assignments made in ref [275] of the kohkslver surface Ag(643) as being

Ag(643y and of the Ag6 4 3 surface as being Ag(643pre retained. In Fig. 1.30A parts
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(d) and (e), the individual character of the step &errace sites is now included in the
schematic representations of Fig. 1.30A partsifd)(b). Although the kink in Fig. 1.30A (d)

is still chiral by virtue of its inequality in stefengths, it is also chiral because of the
nonsuperimposability of the kink microstructure. @érticular note, however, is that now
Fig. 1.30A (e) displays chiral properties desite ¢quivalence of the magnitudes of the step
lengths forming the kink. Hence, in this analysil$ kinked single crystal metal surfaces are
chiral so long as the kink site incorporates tidi#ferent types of fundamental sites. A more
detailed exposition of the surface crystallograpiiykinked surfaces may be found in ref.
[281].

Experimentally, the preparation of chiral platinsorfaces is straightforward. To prepare a
Clavilier bead single crystal [25], the electroddfirst oriented (using either a He-Ne laser
[281] or Laue backscattering), whereby the variourystallographic directions are
represented by a family of eight stereographiagies. The stereographic triangles alternate
as R or S, as may be deduced by taking the seqoéstes(111)® (100 (11 for each
triangle.

Kinked surface planes correspond to all pointstkdtavithin a stereographic triangle, and
hence, all points lying on the sides or at the evaa$ of the stereographic triangle are
associated with achiral surfaces. Rotation anglethe plane defined by moving from the
(100) to the (111) pole we defined @asand orthogonal rotation to this plane (rotatitnosn

the (111) to the (110) pole, for example) we deéigb.

If the single crystal is aligned, for example, @jdhe (100) plane, as stated earlier, in order
to produce a kinked surface, two angles of rotaianrequireda followed byb. However,
although an R- or S- surface may be generated wsisggular value o&, for the final
rotation, a choice of ‘" or “-b” is possible, i.e. a rotation of b¥* could generate an R-
surface whereas a rotationb”- would generate the S-surface an equivalent, har-n
superimposable crystal plane. Each “couple” (R- &Adof adjacent triangles is symmetric
about a mirror plane defined by the common edgbotih triangles. Because the sequence
(111)® (100 (11) defines the handedness of kink sites in the regdtal surface
associated with R- or S- stereographic triangkess, lielatively straightforward to produce a
kinked surface consisting entirely of R- or S-kinknce the bead electrodes are oriented,
the R and S planes may be produced by grindingpahshing [281] (see Chapter 3, Section
3.11).
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An alternative way of obtaining R- and S- kinkedffaces would be to purchase a standard
“disc” single crystal of the required kinked cryigtéane from a commercial manufacturer. If
both crystal faces are cut parallel to one anothres,face of the disc would correspond to the
“R” surface and the opposite face to the “S”.

In the case of an “ideal” kinked surface, the ctindifor chirality outlined in ref. [275] is
generally fulfilled because of the two steps forgnihe kink; the first is always monoatomic
in length in the surface plane, whereas the othenultiatomic. The only exceptions to the
Gellman interpretation [275] of chirality occur whthe surfaces are considered to belong to
one of three “turning lines” joining an “apex” dfd stereographic triangle to the (531) pole.
These turning lines represent crystal surfaceon$tant kink geometry but varying terrace
width. All other lines from the (531) pole to thieless of the triangle represent varying kink
geometry at constant terrace width. For kinkedam#$ situated on the turning line, the kink
is made up of two steps, both of which are monoaomlength in the surface plane, i.e.
both steps are of equal length and should not ral@tcording to ref. [275]. However, the
difference in step site symmetry ensures, in fidett such surfaces are chiral (see later for
(321)) and, depending on the type of stereografpiaicgle in which the plane is situated, the
R- and S- symmetry of the plane should be preserved

Deviation from the “ideal kink model” outlined ab®wmay be envisaged as a consequence of
kink coalescence. In this case the two steps fagrine kink are both multiatomic in the
crystal plane. An analogy can be drawn here witfiasa facetting [60]. For many stepped
surfaces, instead of a regular array of monoatdmgjle steps separated by terraces, facetting
may occur such that multiatomic high steps formisTieans that although the nominal
crystal plane direction is preserved, the facetsngirise to the surface do not reflect the
microstructure expected from a simple truncatiothefbulk crystal. In a similar way, kink
reconstruction/coalescence may lead to a nomirahpound-step” direction, but facetting
of the compound-step into varying, multiatomic skepgths may lead to the formation of
“non-ideal” kinks. Nonetheless, on average, evendoonstructed/facetted/non-ideal kinked
surfaces, the R- or S-symmetry of the nominal Milledex plane should be preserved.
Hence, all crystal planes located inside the stgegahic triangle should preserve their R- or
S- symmetry. Equivalent points inside adjacentestgraphic triangles having a common
side should form a pair of chiral surfaces.

It is interesting to note that non-chiral kinks malgo be identified since the (110) site is
actually composed of the intersection of two (1fBnes or two (100) planes, i.e., (110)
©(111) (111) or (110)° (100 (100).
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Hence, stepped surfaces along the (1®0)110) direction actually correspond to three
intersecting planes (although two of the planesoatbee same character) and have therefore
sometimes in the past been referred to as “kink8dth surfaces should not, according to
the previous analysis, exhibit an enantiospecégponse. An example of an achiral “kinked”
surface would be Pt(210) which may be written ircnofiacet notation as 2(10Q)L10)
2(100y (111) (111). When written as 2(10Q)L10), the surface is stepped (two intersecting
planes) whereas when written as 2(1@0)1) (111) it is kinked (three interacting planes).

A theoretical paper by Sholl [277] detailing caktibns of the adsorption properties of a
number of chiral hydrocarbons on chiral platinuns kent further support to the expectation
of enantiospecificity in asymmetric kinked surfacéshe Gellman type described above.

1.9.3. Experimental verification of the intrinsic chirality of kink sites

1.9.3.1. Glucose electro-oxidation on achiral Pt surfaces

Previous electrochemical investigations of gluc@dectro-oxidation are extensive and
include studies on polycrystalline [283-288] andsstalline electrodes [289,290The
structure sensitive nature of glucose oxidatiomjiqaarly in relation to the dependence of
the oxidation rate on terrace width, is discusseierences [291] and [292].

The interpretation of the voltammetric peaks is imgportant for present purposes; rather,
their overall shape is to be regarded as a fingerpf the adsorption and reaction processes
taking place at a particular single crystal surfé®e long as the surface is achiral, whether
D- or L-glucose is being adsorbed, the voltammetticves are expected to be the same.
However, if there is a difference in the voltammnjefall other parameters remaining
constant), then there is the possibility of a dédfece in the electrochemical reaction and this
would constitute an entiomeric response. Such reiffees might be observed for chiral
surfaces.

To demonstrate that kink sites are essential ferotservation of an enantiomeric effect in
the adsorption of glucose, it is first necessargtltow the absence of such affects in achiral
surfaces, such as Pt(111), Pt(211) and Pt(332).

Pt(111) and Pt(211).
Fig. 1.31 shows the first electro-oxidation swedghe CVs corresponding to the initial
adsorption, decomposition and reaction (electralatkon currents) of D- and L-glucose
using achiral Pt(111) and Pt(211) electrodes.
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Pt(111) is a hexagonal close-packed surface whd?g241) (which may alternatively be
written as Pt 3(111)100)) consists of an arrangement of 3-atom widgl)1terraces
followed by a (100) linear step. The CVs (Fig. 3.8how how the rate of glucose electro-
oxidation (as measured by the current density)egaais a function of the potential. The D-
and L-glucose reactions on a given surface arestinduishable, although there are
differences between Pt(111) and Pt(211) which destnate the structure-sensitivity of the
reaction.Thus, the CVs irFigs. 1.31 (a) and (b) show maximum oxidation quireg 0.35 V
corresponding to a maximum rate of glucose decoitiposon Pt(111) terraces. Those in
Figs. 1.31 (c) and (d) show the initial adsorptaomd decomposition of D and L-glucose on
Pt(211). The peak at 0.29 V and 0.35 V may be mssigo adsorption of glucose at
(100Y (111) steps and (111) terraces [291,292] whereapéak at 0.5 V arises from D-
glucose oxidation at sites influenced by a poisgnimiermediate. The (111) terrace sites of
Pt(211) (peak at 0.35 V) appeared to block morédhaphan step sites. This finding was
consistent with an earlier study in which the m@it®-glucose adsorption and oxidation was
found to increase with increasing terrace width1[292]. The greater magnitude of the
electro-oxidation currents at 0.35 V for Pt(111atige to Pt(211) has been attributed to the
increased rate of adsorption of glucose as (11fgde width increases [291,292].

Pt(332).
Similar findings were obtained for the electro-oxidationDsfand L-glucose on the stepped
surface of Pt(332) [278] (Fig. 1.32). Pt(332) mégraatively be written as 6(111(111);
hence, it consists of six-atom—wide (111) terremeyzarated by (111J111) steps. Being a
stepped surface it is achiral. Negligible differesin the voltammetry of the surface toward

() (b)

I/mA cm?

(©) (d)

E/V (RHE!

Fig. 1.31. CVs for the electro-oxidation of 5 mM glucose on achiral Peses in 0.05
M H,SQ, at a sweep rate of 50 m\t.s
(a) D-glucose/Pt(111)(b) L-glucose/Pt(111)(c) D-glucose/Pt(211)(d) L-
glucose/ Pt(211). Reprinted from [279].
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D- and L-glucose oxidation were observed. Becatfiskeowider terrace width exhibited by
Pt(332), the magnitudes of the electro-oxidatiorrents at 0.3 V (associated with glucose
adsorption at (111) terraces) are larger than tHosePt(211). In addition, the peak
corresponding to adsorption at (10@11) sites (0.22 V) is completely absent [sindg0j1
sites are not present] although the initial adsonpbf glucose at (111j111) steps is
observed at 0.07 V.

(@) (b)

Current Density mA cm™

Potential/V Pd/H Potential/V Pd/H

Fig. 1.32. LSVs for 5mM glucose electro-oxidation on Pt(332) in 0.05 M at sweep rate 50:mV s
(a) D-glucose/Pt(332)b) L-glucose/Pt(332). Reprinted from [278].
1.9.3.2. Influence of anions and kink structure on enantioselectivaectro-oxidation of

glucose at chiral Pt surfaces:

1.9.3.2.1. CVs for flame annealed electrodes based on (111) terraces
Pt(643).

Fig. 1.33 shows a hard sphere model of Pt®48) Pt(643) surfaces. Fig. 1.34 shows the
voltammetric response for a fully LEED/AES charaisied Pt(643) electrode. The peak at
0.35-0.7 V is assigned to ionic adsorption ontdljltérraces, that at 0.22 V to n(11@000)
step sites [35], and that at 0.06 V to (IX1)1L1) or “110” sites [32].

Glucose electro-oxidation on Pt(623and Pt(643) was reported by Ahmadi in 1999
[278,279]; the results are shown in Fig. 1.35. daclenantioselective response was obtained.
The linear sweep voltammogram (LSV) for D-glucos&lation at Pt(643)was identical to
that of L-glucose at Pt(643)and the LSV for D-glucose at Pt(643yas identical to that of
L-glucose at Pt(6438)
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Fig. 1.33. A hard sphere model of Pt(643)nd Pt(643)surfaces.

This represented the first experimental confirmabd the intrinsic chirality of kinked metal
single crystals.

Fig. 1.35 shows that, for the [D-glucose/ Pt(648)-glucose/Pt(643) pairing, the peak at
0.33 V (reaction at (111) terraces) was larger th&n0.22 V peak (reaction at (11(300)
steps) whereas the reverse was true for the altegngairing. The conclusion was drawn
that the lower oxidation current at 0.33 V for tfRt(643f/D-glucose + (Pt(64SjL-
glucose] pair represented a blocking of the (1&fates in these systems due to a stronger
adsorption (greater reactivity). Thus, each clataface was able to distinguish between the
D- and L-forms of glucose, and the four reactioakeh together constituted a clear
enantiomeric response, i.e. the kink sites wereaiag as chiral entities. The low current
densities at 0.07 V indicated negligible glucoseameposition on the (110) step site of the
kink.
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Current Density mA cm™

Potential/V Pd/H
Fig. 1.34.CV for Pt(643) in 0.1 M K50, at sweep rate 50 mV* Reprinted from [279].

Peak (a) (b)

(A ’

© Pesk— (d)

Current Densitv mA cm™

Potential/V Pd/H

Fig. 1.35. LSVs for 5 mM glucose electro-oxidation on Pt(643) in 0.1 M@, at sweep rate 50
mV s (a) D-glucose/pt(643) (b) L-glucose/Pt(643) (c) D-glucose/Pt(643) (d) L-
glucose/Pt(643) (The ordinate is scaled from —100 to + 580 cm? and the abscissa
from 0.0 to 0.9 V). Reprinted from [278].

Fig. 1.36shows the diastereomeric relationships found f@43) in perchloric acid [293].
The “shoulder peak” at 0.33 V in sulphuric acid refederistic of reaction at (111) sites is
shifted to more positive potentialsQ(6 V) in perchloric acid. In addition, a diasterezric
relationship in the peak potential was observeé (MR and L/S peaks occur at slightly
more positive potentials than the D/S and L/R ppakke difference in electric current
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density at 0.6 V for both diastereomeric combinatiovas approximately the same. It was
interesting to note that for surfaces vicinal ta@X), the clean surface terrace peak at 0.42 V
is shifted positively to 0.7 V in the absence aé@pcally adsorbing anions [293] mirroring
almost exactly the magnitude of the potential sinifthe main enantioselective feature. In
fact the onset of anion adsorption in both perdbland sulphuric acid coincides with the
enantiospecific voltammetric peak in each of theksetrolytes. Hence the strong specific
adsorption of anions (sulphate or hydroxide) onljlteérrace sites [293] appears to make a

decisive contribution to the enantioselective otiaa of glucose for kink sites adjacent to
extended (111) planes.

(@) (b)

© (d)

Current Density mA cm’

Potential/V Pd/H

Fig. 1.36. CVs for 5 mM glucose electro-oxidation on Pt(643) in 0.1 M HCH#D sweep
rate 50 mV 8 (a) D-glucose/Pt(643) (b) L-glucose/Pt(643) (c) D-
glucose/Pt(643) (d) L-glucose/Pt(643) Reprinted from [293].

Pt(321)
Fig. 1.37 shows a hard sphere model of Pt®32hd Pt(321) surfaces. All steps in the
kinked Pt(321) surface are two atoms long. Thes&skshould not be chiral according to

Gellman’s model [275], but they should be chiradading to Attard’s criteria [282,293].
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Harris studied D- and L-glucose oxidation over P1(8 and Pt(321 and obtained a chiral
response. The LSVs for L-glucose/ Pt(32i)d D-glucose/Pt(321re shown in Fig. 1.38.

A significant enantiomeric response is again ob=grat 0.3 V; indeed its magnitude was
greater than that observed for Pt(643). The kit&ssat this surface were clearly chiral,
thereby supporting the Attard criteria for kinkesthirality.

The enantioselective response was also observed @hand L-glucose electro-oxidation

was allowed to react on Pt(321) in perchloric 4€iig. 1.39).

(@)

N

(b)

Current Density mA cm?

Potential/V Pd/H

Fig. 1.38. LSVs for 5 mM glucose electro-oxidation on Pt(32ih)0.1 M HSQ, at sweep rate 50
mV s (a) D-glucose/Pt(32%) (b) L-glucose/Pt(321)

D-glucose/Pt(321) L-glucose/Pt(321)
. (a) (b)
&
3)
<
o
Pan)
0
c
a
= D-glucose/Pt(325) L-glucose/Pt(321)
y (c) (d)
5
O«

Potential/V Pd/H

Fig. 1.39. CVsfor 5 mM glucose electro-oxidation on Pt(321) in 0.1 M HCH#D sweep rate
50 mV s" (a) D-glucose/Pt(321) (b) L-glucose/Pt(321) (c) D-glucose/Pt(32£)
(d) L-glucose/Pt(32F) Reprinted from [293].
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1.9.3.2.2. CVs for flame annealed electrodes based on (100) terraces

In order to investigate the enantioselectivity okiaked surface based on (100) terraces
glucose oxidation was performed on a Pt(721) sarfa®3]. This surface is analogous to
Pt(643) in possessing a three atom wide averagaceewidth but the (100) and (111) sites
are interchanged (the longest step is of (111) sgtryrwhereas the terrace is of (100)
symmetry). Fig 1.40 shows the electro-oxidatiomefind L-glucose on Pt(721)The sharp
peak at 0.3 V corresponds to electrosorption ath#&) (100) steps and the peak at 0.1 V to
(110) sites. The (100) terrace site was situateti3g V but was somewhat obscured by the
glucose electro-oxidation currents. As observedfIdd) terrace based surfaces, no electro-
oxidation current could be observed at (110) kiitkssand only a negligible oxidation
current at the (111)100) steps. The greatest oxidation currents co@ttiwith the (100)
terrace sites between 0.36 V and 0.5 V. Inspedfdhe current density between 0.36 V and
0.5 V for the D/S combination showed that this c¢stesl of a more intense peak at 0.4 V
followed by a very weak shoulder at more positie¢eptials. For the L/S pair, the intensity
of the peak at 0.4 V was reduced and the “missivagge” displaced into a more pronounced
shoulder at 0.5 V. The magnitude of the peak cpmeding to electro-oxidation of the
“surface poison” at 0.76 V was similar in both aea the first potential sweep but larger on

the second sweep for the S/D combination. Thisltr@gas also found for the diastereomeric
pairing of D/R and L/R.

() (b)

Current DensitymA cm2

Potential/\ Pd/F Potential/V Pd/l

Fig. 1.40. CVs for 5 mM glucose electro-oxidation on Pt(72it) 0.05 M HSQ, at sweep rate
50 mV s" (a) D-glucose/Pt(72£) (b) L-glucose/Pt(721F) Reprinted from [293].

(@) (b)

Current DensitymA cm?

Potential/V Pd/l Potential/V Pd/t

Fig. 1.41. CVs for 0.5 mM glucose electro-oxidation on Pt(72it) 0.1 M HCIQ, at sweep rate
50 mV s": (a) D-glucose/Pt(72f) (b) L-glucose/Pt(721) Reprinted from [293].
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In perchloric acid the variation in surface poigormation between enantiomers was more
marked. Fig 1.41 shows the electro-oxidation ofibd L- glucose on Pt(7Z1)n perchloric
acid and it was clear that a substantial surfaserage of poison species has accumulated
for the L/R combination relative to D/R. Furthermapthe glucose electro-oxidation currents
were situated at more negative potentials relatoveoxidation reactions taking place in
sulphuric acid and close to the potential of th&1§1(100) step electro-sorption peak. The
appearance of a small shoulder on the body of thpmelectro-oxidation peak at 0.33 V
was similar to findings in sulphuric acid. It iscammon feature that the diastereomeric
pairing giving rise to the most intense shouldeakp@ /S, D/R) was of opposite polarity to
that found in sulphuric potentials. This means tlifathe glucose electro-oxidation peaks
observed in both sulphuric and perchloric acid wae to the same surface reaction, then
changing from strongly to weakly adsorbed anionsl lhe effect of changing the
enantioselectivity of the surface reaction. A gaéive comment concerning the Pt(721)
surface would also be that the enantiospecific telebemical processes were less
pronounced in sulphuric acid than kink surfacesebasn (111) terraces of similar surface

kink density.
1.9.3.2.3. CVs for flame annealed electrodes based on (110) terraces

Fig. 1.42 and Fig. 1.48how the diastereomeric relationships obtainediiphsiric acid for
glucose oxidation using chiral Pt(11,7,1) and Pij8dlectrodes, respectively. The lower
density of (110) surface sites on Pt(841) was Hedely the much smaller peak current
density at 0.07 V relative to the same peak obtairseng Pt(11,7,1). In contrast, the greater
number of (100) step sites on Pt(841) relativet{@R7,1) is reflected in the greater intensity
of the 0.21 V peak. Irrespective of the averaged)ltérrace width, a number of electro-
oxidation features are common to both surfacesiiphsiric acid. The first is that all give
rise to three oxidation peaks at 0.21 V, 0.3 V ardV ((Pt(841) or 0.63 V (Pt(11,7,1)). For
Pt(841) and Pt(11,7,1), (L/R and D/S), the 0.21nd 8.3 V peaks were large in relation to
the alternative diastereomeric pairing. However tthied peak at more positive potentials
was generally less intense for the (L/R and D/$)lwoation and more intense for the (D/R
and L/S) pairing. The second point, in common witrsurfaces, was that negligible electro-
oxidation current was seen at the potential of id0) site peak. This clear
enantiodiscriminatory effect should be contrast&ti vesults obtained for kinked (110)
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D-glucose/Pt(11,7,%) L-glucose/Pt(11,7,%)
(@) (b)

D-glucose/Pt(11,7,k) L-alucos¢/P1(11.7.0R%
(€) (d)

Potential/V Pd/H

Fig. 1.42. CVsfor 5 mM glucose electro-oxidation on Pt(11,7,1) in 0.1 Ms@, at sweep
rate 50 mV & (a) D-glucose/Pt(11,7,%) (b) L-glucose/Pt(11,7,%) (c) D-
glucose/Pt(11,7,F) (d) L-glucose/Pt(11,7,) Reprinted from [293].

D-glucose/Pt(841) L-glucose/Pt(841)

() (b)

er

f
L-glucose/Pt(84%)

D-glucose/Pt(841)
(c) (d) ’

Potential/V Pd/H

Fig. 1.43. CVsfor 5 mM glucose electro-oxidation on Pt(841) in 0.1 MbH, at sweep rate
50 mV $" (a) D-glucose/Pt(84%) (b) L-glucose/Pt(841) (c) D-glucose/Pt(841)
(d) L-glucose/Pt(841) Reprinted from [293].



88

terraced surfaces in perchloric acid (Fig.1.44). bath Pt(11,7,1) and Pt(841), the CVs were
essentially identical irrespective of the diastenedc combination used. Hence specifically
adsorbed anions appear to play a crucial role enethantioselectivity of kinked surfaces
based on (110) terraces.

D-glucose/Pt(11,7,%) L-glucose/Pt(11,7,%) (b)

(@)

D-glucose/Pt(11,7,1)  (c) L-glucose/Pt(11,7,T) (d)

Current DensitynA cm?

Potential/V Pd/H

Fig. 1.44. CVs for 5 mM glucose electro-oxidation on Pt(11,7,1) in 0.1 M HGIOsweep rate
50 mV s% (a) D-glucose/Pt(11,7,8) (b) L-glucose/Pt(11,7,8) (c) D-
glucose/Pt(11,7,¥) (d) L-glucose/Pt(11,7,%) Reprinted from [293].

1.9.3.3. Electro-oxidation of other sugars

Attard and co-workers [282] have extended the previexperiments by studying a number
of sugars, including mannose, arabinose, and xylosechiral kinked platinum electrode
(Pt(321) and Pt(643)), and the initial electro-@tidn current was monitored.

Although each sugar gave rise to its own singuémponse, a number of features were
common to all CVs. The most important being thesabe or presence of a peak at (0.35-0.4
V(Pd/H)) corresponding to reaction at (111) tersageak A).
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For D-glucose/R-kinks and L-glucose/S-kinks, peakwAs not present whereas for D-
glucose/S kinks and L-glucose/R kinks it may chkel#g discerned.

Fig. 1.45 shows the diastereomeric results of mganannose with the same R and S
electrodes. Note that, although the CVs differ frinmse of glucose, once again the presence
of peak A was indicated for the D/S and L/R combora whereas it was not present for the
D/R and L/S pairing. Glucose and mannose are epinfiffiering only in the chirality of the
carbon atom at position 2 (Fig. 1.47). This suggésat changing the stereogenic centre at
this position does not in itself alter the chiralationship between the chemisorbate and the
metal surface.

In contrast, when D- and L-arabinose were invewmjait was found that peak A was
present for the D/R combination but not presenttiier D/S (Fig. 1.46). There were two
differences between arabinose and glucose. Thewas the change in chirality at carbon
atom position 3 (Fig. 1.47). The second is thatbiase does not contain a ¢bH
substituent at ring position 5. Either of these ti@atures could mark out arabinose from
glucose. However when xylose was investigated (whie arabinose does not contain a
CH,OH group at position 5 (Fig. 1.47)), the D/S anR Icombinations did give rise to peak
A, just like glucose and mannose. Because xylossgsses the same chirality as glucose
and mannose at position 3 (Fig. 1.47), whereasdhimose the chirality was reversed, it is
suggested that chiral discrimination between tlhieage at carbon 3 and the kink gave rise to
the enantioselective reaction associated with peg82].

1.9.3.4. Electro-oxidation of glucose on a bi-metallic surface

Watson and Attard [294] have investigated the iehesurface chirality of kink sites for the
bi-metallic 6% Pd-Pt(643) surface using the electxmlation of glucose as a chiral probe. It
was found that the reactions of the R-crystal wiith D- and L-glucose solutions were not
similar. From CVs in Fig. 1.48 a peak was obserae@.3 V when D-glucose was reacted
with the R-surface whereas for L-glucose the peals \mbsent. When the crystal was
changed and the S-surface was examined in the ghmese solutions a diastereomeric

result, including two different stereogenic centreas obtained, i.e.

D-glucose + 6% Pd-Pt(643) L-glucose + 6% Pd-Pt(643)
and
L-glucose + 6% Pd-Pt(643)° D-glucose + 6% Pd-Pt(643)
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1.45. LSVs for 3 mM mannose electro-oxidation on Pt(321) in 0.1 J8® at sweep

rate 50 mV §: (a) L-mannose on Pt(321)(b) D-mannose on Pt(323)(c) L-
mannose on Pt(323)d) D-mannose on Pt(321)Reprinted from [282].
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LSVs for 1 mM mannose electro-oxidation on Pt(643) in 0.1 /8 at sweep rate

50 mV s": (a) L-arabinose on Pt(643)(b) D-arabinose on Pt(643)(c) L-arabinose
on Pt(6435, (d) D-arabinose on Pt(643)Reprinted from [282].
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Fig. 1.47. Open-chains and cyclic structure forms of sanmmosaccharides.

(@) (b)

(©) (d)

Potential/V (Pd/H)

Fig. 1.48. CVs for 5 mM glucose electro-oxidation on 6% Pd/Pt(643) 8 at sweep rate
50 mV s: (a) L-glucose/Pd/Pt(643) (b) D-glucose/Pd/Pt(643) (c) L-
glucose/Pd/Pt(6483) (d) D-glucose/Pd/Pt(643) Reprinted from Watson [294].
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This finding is very close to that found for Pt(§48d its electro-oxidation of D- and L-

glucose discussed above [278]. Hence, it is cletrriot only kinked platinum single crystal
surfaces display an enantiomeric response in thegraction with chiral adsorbates but so
too does the corresponding 6% Pd/Pt surface..

This result is further evidence of the validitytbe proposition made in refs. [278,279,282]
concerning surface chirality and, moreover, thbsialgle crystal surface kink sites are chiral

irrespective of the composition of the substra@]2

1.9.4. Temperature effects in the enantiomeric electro-oxidatioaf D- and L-glucose on
Pt(643) [279]
If one determines activation energy for the formatof diastereomeric intermediates of

glucose electro-oxidation the difference in acimatenergy between the two valuB§CE)

can be used to calculate a diastereomeric prodtiot@ [295].

D(CE) =-RTlog, Q (1.22)
For a McKenzie-Prelog or Cram asymmetric synthe3iss given by the mole ratio of the
diastereomeric products [P]/[N], where P refershi like combination of configuration at
the two chiral centres (R, R) or (S, S) and N ®¢hrresponding antipodal combination (R,
S) or (S, R) [295]. Thus, it is possible to evatu#tie relative stereoselectivity (the mole

percentage of the major adsorption diastereomeadyet) from D(DE). To calculate the

activation energy for the adsorption of D-glucoseRi(6435, a deconvolution programme
can be used to break down the different contrilmgtitco the total electro-oxidation. The
absolute value of the current density at 0.39 Vimamaken as a measure of the reaction rate.
Three Gaussian peaks are sufficient to accountther electro-oxidation profile. The
magnitude of the electro-oxidation peak at 0.3%V¥he main difference between D- and L-
glucose.

Fig. 1.49 shows the electro-oxidation of D- andllegse using Pt(643)at 293 and 273 K.
Decreasing the temperature decreases the absaligi@tode of the rate of electro-oxidation
(smaller anodic currents at 273 K than at 293 Kjlevincreasing the resolution of the
individual electro-oxidation peaks (compare theeptial region between 0.3 and 0.45 V at
273 and 293 K, particularly for D-glucose). Thusthe rate of D-glucose adsorption is

measured at 293 and 273 K, an activation energjebarf 9.4 kJ mot is evaluated.
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Repeating the above deconvolution procedure foluceage, electro-oxidation using the

same three Gaussian peak contributions at 293 ABd&K2jives rise to an activation energy
barrier for L-glucose adsorption on Pt(628j 8.0 kJ motf .

The uncertainty as to the slope of a line betwaengoints is unknown, but one may deduce

that the free-energy difference between the coomdipg precursor transition stai¥ DE) is

approximately 9.4 - 8.0 = 1.4 kJ riipl.e. of the order of a kilojoule per mole.

Using this value in eq. 1.22, the diastereomermdpct ratio Q for the glucose electro-
oxidation at 289 K is shown to be 1.8. This, imfunay be translated into a mole percentage
of the major diastereomeric product of 64%.

Although this value is small (50% would be zero rdimaneric effect), it is evident that
glucose electro-oxidation is critically dependenttbe average terrace width of the single
crystal electrode and, therefore, it is conjedubeat this value may be increased by suitable
geometrical manipulation of terrace width and kggometry. In this way, enantioselectivity
at solid surfaces may be investigated at a fundéahkavel.

Fig.1.49. CVs for 5 mM glucose electro-oxidation on Pt(64i8)0.05 M HSQ, at sweep
rate 50 mV 8: (a) D-glucose (293 K)(b) L-glucose (293 K)(c) D-glucose (273
K), (d) L-glucose (273). Reprinted from [279].
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1.10. Enantioselective Hydrogenation @-Ketoesters Using Cinchona-Modified

Platinum

1.10.1. Introduction

1.10.1.1. Catalysis

A catalyst is a substance that increases the fatecbemical reaction without undergoing a
permanent chemical change itself. Catalysts thatrathe same phase as the reactants are
known as homogeneous catalysts while catalystsatfeain different phase to the reactants
are called heterogeneous catalysts. For exampgness that catalyse biochemical reactions
are referred to as homogeneous catalysts while Isnetaoxides used to catalyse gas
reactions are referred to as heterogeneous catalyst

The catalyst provides an alternative pathway byctvitihe reaction can proceed, in which the
activation energy is lowered. It thus increases rdite at which the reaction comes to
equilibrium although it does not alter the positiohequilibrium. Most catalysts are also
highly specific in the type of reaction they cataythis is particularly apparent in enzyme

catalysis.

1.10.1.2. Orito reaction

The notion of being able to control the inherenirailty of a two—dimensional surface,
particularly a metal which is catalytically activis,an attractive proposition. In principle, it
would enable the experimentalist to investigateatity in a new and fundamental manner,
not only in terms of the differences in reactivifyasymmetric centres in molecules, but also
to control the activation of these centres viartivgeraction with particular surface sites of a
preferred handedness. The huge potential of, famgke, synthesising nanostructured
materials with a definite handedness and to prbie& interaction with electromagnetic
radiation, molecules, and other “handed” matenwils probably ensure intensive research
efforts well into this century.

Over the last 20 years some remarkable developmsate reported which have led
subsequently to profound changes in our undersigndf the reactive interface and in
particular the role of surface structure and contosin heterogeneous catalysis.

The first was the discovery of a heterogeneouslytatainvolving the promotion of

enantioselectivity in the hydrogenation of pro-eha-keto esters and some other classes of
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ketones by the addition of cinchona alkaloids [288]. These cinchona alkaloids act to

modify the catalytic surface, which in this casenistallic platinum.

The original reaction in this category, reported@myto and co-workers, was pyruvate ester
hydrogenation catalysed by cinchona-modifiediPthe presence of a supported Pt catalyst

the following reaction occurs:

OH
O\ OCHCH; Hy H. OCHCHs
: \< > . N\
HsC O Pt Catalyst HsC
(1.23)
ethyl pyruvate R-ethyl lactate 50%
H OCH,CHs
HO.,, ! :
' N\
HzC @)
50%

S-ethyl lactat:

in which equal amounts of the two optical isomdrethyl lactate are produced. However, in
the presence of the alkaloid cinchonidine, an eoar@ric excess of 80% with respect to
the R-isomer is achieved and this is accompanied bgnsiderable increase in the absolute

rate of hydrogenation.

OH
O>_<OCuCH* H, Pt Catalyst H,/_<OCHCF£
N \ (1.24)

HsC ®) Cinchonidine HsC @)

\J

Typically > 80%
In this example of the “Orito” reaction, the enantieric excess can be calculated from the

simple formula below,

enantiomeric excess = e.e.(B-S) X 100 {SSFR)X 0%0
(R+S) (S+R)

Which equation you use is dependent upon whichtemaar is formed in excess.
In this example the R enantiomer is formed in ex@ sl this means that the equation used
must be the first one (thé“%equation would give a negative enantiomeric exadts®ugh

its modulus will be the same number).

(90-10), 1 00= 80%

We can calculate the enantiomeric exces®ass
(90 + 10)
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Interestingly, when the alkaloid cinchonine is usedmodifier (in cinchonine two of the
stereogenic centres in the alkaloid are reverdsba),enantiomeric excess favours S-ethyl
lactate.

The reaction is usually carried out in solutioraatbient temperature and elevated hydrogen
pressure. A wide range of solvents has been studieel cinchona-modified supported Pt
catalysts have proved themselves to be the maosttsa catalytic systems for this type of
reaction. Modification by cinchonidine and its detives (such as quinine and
dihydrocinchonidine) provides enantioselectivity favour of the R-product, whereas
cinchonine and its derivatives (quinidine, dihydnotionine) favour S-product formation.
Although an extensive body of literature associatét this reaction has accumulated since
1980 [301-307], the mechanism by which enantioseiecis generated remains subject to
some controversy. This reaction has been investiglay several groups [306,307] but there
is no universal agreement as to the origin of easelectivity in this reaction [308-312].

The role of surface structure in determining eremaiectivity is arguably one of the most
urgent in the whole area of catalytic hydrogenatitims is hardly surprising considering the
overriding importance attached to asymmetric sygighand catalysis in various branches of
chemistry (e.g. the pharmaceutical chemistry) [313].

The mechanistic models referred to above are suisatarbriefly in the following
subsections.

1.10.2.Models for the interpretation of the enantioselective hydrogestion of a-

ketoesters

Early studies of this reaction provided mechanisinas explained three important features:
(i) the sense of the enantioselectivity, (i) 20- 2100-fold increase in reaction rate that
accompanied the presence of a modifier, (iii) #guirement of a relatively large Pt particle
diameter £ 2 nm).

Most investigators have supposed that alkaloidemwdés are adsorbed onto the catalyst
surface and in so doing create a chiral environmegntadjacent sites at which the
hydrogenation is carried out.

This is consistent with the well-known strong agsion of N-heterocyclic compounds onto
platinum group metals; and is consistent with themmodification step used by Orito and
other groups [298,299]. [Premodification involvegesure of the catalyst to the alkaloid in
a pre-reaction step and transfer of the modifidelgst to the reactor]. In other laboratories it
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has been more common to admit solvent reactartelysband modifier to the reactor in one
operation [315]. This method of in situ modificatidhas led some workers, e.g. the
Margitfalvi group, to propose a second model inaltha complex is formed between the
alkaloid and the reactant in solution [316]. Thegmse of this complexation is chemically to
shield one enantioface of the pyruvate and leag@ther enantioface open to attack Qyudi
from the catalyst surface.

In summary, the two models are: (i) the adsorptimodel - in which the catalyst surface
becomes enantioselective by the preferential atlsarpf alkaloid on the surface, and (ii)
the chemical shielding modelin which the catalyst simply acts as a donor ofvated
hydrogen for the reaction and enantioselectivitgrsvided by the shielding supplied by the
alkaloid. Although the latter is not unreasonaliere is some question as to its validity on
kinetic grounds [317]. Furthermore, it would be egfed that any metal that adsorbed
hydrogen dissociatively should catalyse enantictek reaction; in practice, Pt is
exceptional and metals such as Ni are not rendarandtioselective by cinchona alkaloids.
Reviews have been presented by Wells and Wells] [Rit5the adsorption model and by
Margitfalvi [316] for the shielding model. Althoughoth the adsorption and shielding
models use the catalyst as a host and H-atom dondrydrogenation, neither has placed
great emphasis on the role of the particle morgholof the catalyst concerned. However,
some effect of catalyst morphology on enantioseliégthas been worked [307].

An important feature of pyruvate ester hydrogemaisothe dependence of enantioselectivity
on the size of the Pt catalyst particles. Baikedt Braser [318] first reported that a lower
dispersion (larger particle size) was favourablebimth activity and enantioselectivity. They
also reported that use of catalysts with metaligdarsize< 2 nm resulted in catalysts with
less selectivity and low turnovers. Their assertv@s that the effect on dispersion could be
attributed to the adjacent adsorption of a largalald molecule with a pyruvate molecule in
a prescribed geometry. This model would place a sanstraint on the flat surface of the
catalyst particle.

Results obtained by Zuo and co-workers [319] hardlicted with this generalisation. They
found that reaction catalysed by stabilised Ptooddl having a mean particle size of 1.4 nm
gave an e.e. in favour of R-(+)- product up to 9%6 Further interesting catalysts were
prepared by Bhaduri et al. [320] who immobilisedafiralusters of Pt on a polymer support
with the alkaloids cinchonidine and ephedrine. Theists results were for methyl pyruvate
hydrogenation over a Pt-cinchonidine catalyst, Wigave values of the enantiomeric excess
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of up to 80%. Following these results, attentios haned to catalyst particle optimisation
with respect to surface morphology.

Wells et al. [296] have reported that effective ifiodtion of 6.3% Pt/silica (EUROPT-1) by
the alkaloid cinchonidine to achieve fast enantextere hydrogenation of methyl pyruvate
to methyl lactate or of butane 2,3-dione to 3-hyghbmtane-2-one requires adsorption of the
alkaloid in competition with another strong co-athede. Comparison of experiments in
which the catalyst was modified under both aeraipid anaerobic conditions indicated that,
normally, oxygen present as air dissolved in sdhar organic reactant functions as this
strong co-adsorbate. Alternative co-adsorbates flaatlitated effective modification
included nitrous oxide, ethyne, propyne and buBadlene; ineffective co-adsorbates
included propene and carbon monoxide. Product aisalyas shown that co-adsorbate
propyne was removed as propene and propane irathestages of reaction, and this created
the surface conditions necessary for fast enam¢icthee hydrogenation of pyruvate ester or
alkadione. Modification under propyne provides teac rates and values of the
enantiomeric excess under standard conditions &0 293K) that are comparable to, or
higher than those obtained with normal aerobic fication. The ability to modify catalysts
under reducing conditions has provided, for thst filme, a reliable route to the preparation

of an enantioselective Ru catalyst.

More recently, Attard [282] has highlighted thetfttat the platinum particles in supported
catalysts are racemates containing, on averagel egqunbers of left-and right—handed
kinks. He proposed an alternative model as a careseg of his work on well-defined Pt
surfaces, based on preferential reaction of thekhodifier at R- or S- kink sites leaving an
“excess” of the opposite handedness kink to achyalrogenation centres for reaction.
According to this model, selective blocking of sitéwhich is known to occur from
electrochemical studies of organic reactions atases) should enhance reaction rate by
preventing poisoning reactions occurring in patalieile to the requirements of a different
ensemble of surface sites for poisoning and foetrentioselective hydrogenation.

1.10.3. Adsorption of alkaloid and its derivatives on well-defined surfaces
The advent of the surface science approach [321jhéo study of solid surfaces has

contributed greatly to our understanding of manyeats of surface reactivity and

emphasised the importance of surface structurecantgposition in controlling the rates of
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surface reactions [322]. Adsorption studies wasdgoumed on clean single crystal surfaces
[282] because such surfaces provided a very limrtadge of adsorption sites. By
systematically introducing into the surface defestgh as steps, kinks, vacancies, and
adatoms, any changes in surface reactivity maysb@gmed directly to a particular type of
adsorption site. The stability of surface interna¢es as a function of coverage, surface
structure, temperature, and pressure may also &leated in a similar manner. Although
analogous ex situ surface science measurements bmagarried out on well-defined
electrode surfaces, the method is experimentallymateling and expensive
[16,142,143,228,323,324] because it involved the af an ultra-high vacuum (UHV)
apparatus and electron spectroscopies which expisurface sensitivity of electrons [36].
Further, the gap between UHV and electrochemicalr@mments has to be bridged [325]. A
further criticism, often, raised was the questidnhow relevant measurements on well-
defined surfaces under UHV conditions may be tohbaal heterogeneous catalysts
operating at elevated pressures and to aqueousoeleemical interfaces.

In fact, electrochemical processes of adsorptiott deposition should be thought of as
replacement reactions of one surface active spégieanother as potential and electrolyte
composition are varied. Nonetheless, importangsi into the nature of catalytic activity
may be obtained because the electrochemical tesbmfichoice, cyclic voltammetry [326],
is particularly sensitive to changes in the locharge state of different surface regions
(terraces, steps, kinks, adatoms, and chemisorfe8&)327], and hence, perturbation of
these surface sites as a consequence of chemawlore may be readily identified. An
analogous surface science tool would be photoeomdsom adsorbed xenon (PAX) which
not only gives information about the local work ¢tion of a surface site but also provides
quantitative estimates of local surface coveragd2s,328].

The adsorption of dihydrocinchonidine and dihydimobonine on platinum single crystal
electrodes has been studied [282], particularly dugked Pt (531) and Pt(321). No chiral
discrimination was observed (see Fig.1.50 and Eigl), i.e. the attenuation of all clean
surface peaks, irrespective of the alkaloid/chstafface combination, occurred at the same
rate. When such adsorption rate studies were eatetw flat and stepped achiral surfaces,
again little change in the rate of alkaloid adsorptwas observed (see Fig.1.52). This
indiscriminate adsorption by the alkaloid suggéiség structural models from the literature
based on particular terrace widths and particless@o not seem to play a central role in
determining the mechanism of enantioselectivityeast so far as the alkaloid in the absence
of other reactants is concerned. Rather, all qitsp, terrace, and kink) appear to be
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occupied with equal probability during adsorptisaoni solution consistent with a random
distribution of alkaloid chemisorbate.

By consideration of the quinoline and quinuclidigeups, which make up the cinchona
alkaloid molecule, it is also possible to addreesteochemically the configuration of the
molecule adsorbed on the surface. Fig. 1.53 shogvagh of normalised voltammetric peak
area (1= clean surface, 0 = complete blocking) th® number of potential sweeps
(essentially a time axis). It was clear that whes dlkaloid and quinoline were compared at
10°M concentration, the initial rates of the adsomptimatch closely. There was some
divergence at higher coverages, perhaps assocwtbda greater difficulty of packing
cinchona alkaloids by comparison with quinolinegenFor quinuclidine, even for very much
more concentrated solutions, a relatively low rateadsorption was found. From these
measurements, it was concluded that alkaloid atlsarpccurred via the quinoline ring and
that the quinuclidine substituent does not intetobngly with the metal surface [282].
These findings are in agreement with H/D excharaga {829] and recent NEXFAS studies
showing that the quinoline ring of the alkaloid adis parallel to other metal surfaces at
room temperature [330].

Although the results outlined above appear to meghte possibility that preferential
adsorption of the alkaloid at kink sites governsargioselective reaction, it must be
remembered that, under reaction conditions, a digmaquilibrium is achieved with
competition for surface sites between dihydrogékalaid, solvent, anda-ketoester [306].
To assess the stability of the chemisorbed alkalandier reaction conditions, cyclic
voltammetry was used to monitor the surface coweraigalkaloid after exposure of the
surface to 1 atm of hydrogen for a few minutess &vident from Fig. 1.51 that the adlayer is
unstable in the presence of hydrogen gas, as dératats by the substantial recovery of
platinum sites for the adsorption of hydrogen. Famnore, reductive desorption of alkaloid
from the surface appears also to be a racemicioeaustith no evidence of preferential
desorption from R or S kink$dence, the actual concentration of alkaloid on she&face
under average reaction conditions (10 to 50 atmrdgeh pressure) is probably small.
Another noteworthy feature stemming from the measient of the rate of irreversible
adsorption of modifiers was that chemisorbed oxyaggtoms inhibit the uptake of alkaloid
Whether the surface concentration of oxygen adateves reaches the surface coverages
typical of those of a freshly flame-annealed Pstaly(0.25 monolayers) in the presence of
50 atm of hydrogen is debatable, but it is inténgsthat pyruvate ester hydrogenation is
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Potential/V Pd/H

Fig. 1.50. CVs for 1nM dihydrocinchonidine and dihydrocinchonine in 0.1 Y5, at sweep
rate 50 mV &: (a) dihydrocinchonine on Pt(531)(b) dihydrocinchonidine on
Pt(531Y, (c) dihydrocinchonine on Pt(533)(d) dihydrocinchonidine on Pt(531)
Reprinted from [282].

pi(321f Pt(321)

Current densitiA cm
Current desity mA cm

Potential/V Pd/H
Potential/V Pd/H

Fig.1.51. Hydrogen-induced desorption of dihydrocinchonine from Pt(32ayl Pt(321). Clean
surface of hydrogen electrosorption region—); after adsorbing saturated layer of
dihydrocinchonine (- - - -); after holding the dihydrocinchonine adlager 0.2 V
(Pd/H) for two minutes showing recovery of free platinum gitgé4 ). Bubbling B
at 1 atm pressure while holding the electrode potential atgaweé a similar result.
Reprinted from [282].
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Fig. 1.52. Variation in coverage of free metal sites as a functiah@inumber of potential
cycles (time) for achiral platinum electrodes. 0.1 MS8, + 10° M
dihydrocinchonidine. Sweep rate 50 mV, snd the upper and lower potential
limits were 0 V and 0.8 V (Pd/H), respectively. The curveaéant as a guide to
the eye.
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Fig. 1.53. Plot of fractional coverage of free hydrogen sites versus numipeteritial cycles

(time axis) for uptake of various organic compounds from 0.1 }Q4d on
Pt(321F. Compounds from top to bottom: quinuclidine t10M);
dihydrocinchonidine (1® M); dihydrocinchonidine (1® M); quinoline (16° M);
cinchonidine (5x10) [282]



103

reported to give poor enantioselectivity and no aswled rate under strictly anaerobic
conditions [331]. Hence, ironically, the presendehwpdrogen and traces of oxygen in the
reaction mixture, should act to prevent the alldléiom attaining too high a surface

coverage.

1.11. Objectives of the Present Investigation

The present study is directed towards investigafurther notions of chirality at metal
surfaces, proposed initially by Gellman et al. [R@Bd later elaborated upon by Attard and
co-workers [278,279] since fundamental understapdirasymmetric molecular interactions
at solid surfaces is seen as a crucial elemenmpflteeory of enantioselective heterogeneous
catalysis [332]. The approach to be used is oneesstully applied in reference [293]
whereby the surface sensitivity of cyclic voltammgetis exploited to elucidate
diastereomeric properties of glucose and otheathiolecules interacting with well defined
kinked platinum single crystal electrodes. In matar, questions raised by the selective
blocking of chiral kink sites are to be addressisdenantioselective electro-oxidation of
glucose for example still observed when stereogesmtres on the metal surface are blocked
by a second adsorbate? Since complications regultom a second catalytically active
metal being present at the surface needed to hdealydhree catalytically inactive elements
(at least in the present context) have been chimsestientific scrutiny. Bismuth, gold and
silver fulfil this criterion and in order to exangrchanges in surface enantioselectivity as a
function of adlayer coverage, it is proposed thatetailed study of their various growth
modes on platinum is required in order to elucidataucture-reactivity relationships,
particularly the propensity of each metal to sélety decorate kink sites. Another aspect of
the work to be addressed is the dependence of alatestructure and surface morphology in
generating enantioselective surfaces relevant ito-®pe reactions [298-300]. It has already
been proposed/speculated upon in the literaturé ¢beain chiral modifiers exhibit a
particular preference for adsorption at defectssdee to their shape [296]. Is this view
correct? If so then this behaviour should be reackakadily when the uptake of chiral

modifier on a series of flat, stepped and kinkedlases is examined by voltammetry.



104

1.11. References

1. S. GilmanJ. Phys. Chemg7 (1963) 78.
2. Southampton Electrochemistry Group, New Instrumentdethods in
Electrochemistry, Ellis Harwood Ltd., Chicheste985.
3. A. Wieckowski,Interfacial ElectrochemistryilNew York, 1999.
4. D. M. Kolb, Advances in Electrochemistry and Electrochemical Enginegking 11
(Edited by: H. Gerischer and C. Tobias) J. WilegwNYork, (1978) 125.
R. Sonnenfeldand, P. K. Hansnszjence23Z (1986) 211.
6. L. E. Blum, H. D. Abruna, J. White, M. Alberlli, &. Gordon, G. L. Borges, M. G.
Samant, O. R. Melroyl. Chem. Phys85 (1986) 6732.
7. O.R. Melroy, M. F. Toney, G. L. Borges, M. G. Sarhd.. E. Blum, J. B. Kortright,
P. N. RossPhys. RevB 38(1988) 1096.
H. D. Abruna,Electrochemical Interface®¥/CH, New York, 1991.
9. W. E. O'Gradly,Diss. Abstr. Int B 34 (1973) 1454.
10. R. M. Ishikawa, A. T. Hubbard,. Electroanal. Chem6S (1976) 317.
11. P. N. Ross, F. T. WagneAdvances in Electrochemistry and Electrochemical
EngineeringJohn Wiley and Son, New York, 1985.
12. P. A. Breeze, H. L. Hartnagel, P. M. A. SherwoddElectrochem. Socl27 (1980)
454,
13. R. W. Revie, B. G. Baker, J. O'M. BockriSurf. Sci.52 (1975) 664.
14. H. Ibach, S. Lehwaldsurf. Sci.91 (1980) 187.
15. T. E. Pou, O.J. Murphy, V. Young, J. O'M. Bockrs,L. TongsonJ. Electrochem.
Soc, 131(1984) 1243.
16. K. Yamamota, D. M. Kolb, R. Kotz, G. Lempfulll, Electroanal. Chem96 (1979)
233.
17. J. L. Stickney, B. C. Shardt, D. A. Stern, A. Wieulski, A. T. Hubbard,J.
Electrochem. Socl133(1988) 648.
18. J. Clavilier, A. Rodes, K. ElI-Achi, M. A. Zamakhahal. Chem. Phys88 (1991)
1291.
19. G. Tremiliosi- Filho, H. Kim, W. Chrzanowski, A. \&tkowski, B. Grzybowska, P.
KuleszaJ. Electroanal. Chem467(1999) 143.



20.

21.
22.

23.
24,
25.
26.

27.
28.

29.

30.

31.

32.
33.
34.
35.

36.
37.
38.
39.
40.

41.

105

J. O'M. Bockris and S. U. M. Khargurface electrochemistry, “A Molecular Level
Approach”, Plenum Press, New York and London, 1993.

F. G. Will, J. Electrochem. Socl]1z (1965) 451.

R. ParsonsSurface Science of Electrochemical SystBepartment of Chemistry,
University of Southhampton.

F. G. Will and C.F. KnorrZ. Electrochem. 64 (1960) 258.

J. A. Schoeffel, A. T. Hubbard, Electroanal. Chem48 (1977) 2330

J. Clavilier, R. Faure, G. Guinet, R. DuraddElectroanal. Chem107 (1980) 205.

A. Hamelin,Modern Aspects of Electrochemistiyo. 16, Eds B. E. Conway, R. E.
White and J. O’M. Bockris, Plenum Press, New Ydi$g5.

R. Piontelli,Electrochem. Met1 (1966) 1.

J. O'M. Bockris, G. A. Razumneyundamental Aspects of Electrocrystallisation
Plenum Press, New York, 1967.

A. Damjanovic, T. H. V. Setty, J. O'M. Bockrigd. Electrochem. Sqcll1: (1966)
429.

E. B. BudevskiComprehensive Treatise of Electrochemistfgl. 7, B. E. Conway,
J. O’'M. Bockris, E. Yeager, S.U.M. Khan and R. Ehi#¥, Eds., Plenum Press, New
York, 1983.

J. L. Amoros, M. J. Buerger, M. C. de Amord$ie Laue MethagdAcademic Press,
1975, London.

J. Clavilier, K. El Achi, A. RodeChem. Phys141 (1990) 1.

R. Parsons, G. Ritzoulig, Electroanal. Chem31¢& (1991) 1.

N. Furuya, S. KoideSurf. Sci, 22C (1989) 18.

A. Rodes, K. El Achi, M. A. Zamakhchari, J. ClaeiljJ. Electroanal. Chem284
(1990) 245.

G. A. Attard, C. BarnessurfacesOxford University Press, 1998.

G. A. SomorjaiPrinciples of Surface ChemistriPrentice-Hall, New Jersey, 1972.

E. YeagerSurf. Sci, 101 (1980) 1.

M. Buerger Elementary CrystallographyViley, New York, 1963.

P. W. Atkins, Physical Chemistry5th Edition, Oxford University Press, Oxford,
Melbourne, Tokyo, 1994.

G. A. Somorjai,Introduction to Surface Chemistry and Catalyslehn Wiley and
Sons, Inc., New York, 1994,



42.
43.

44.

45.
46.
47.
48.
49.
50.
51.

52.
53.
54.
55.
56.
57.
58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

106

K. Muller, Ber. Bunsenge®hys. Chem9C (1986) 184.

R. J. Behm, D. K. Flynn, K. D. Jannison, G. Ertddn. A. Thie] Phys. Rev. B3€
(1987) 9267.

G. Attard, O. Hazzazi, A. Ahmadi, D. Jenkins, P.IM/eaccepted for publication in
Chem. Phys. Chem(2002).

B. Lang, R. W. Joyner, G. A. Somorj&urf. Sci, 3C (1972) 440.

G. SomorjaiChemistry in Two Dimension€ornell, London, 1981.

J. K. Norskov Surf. Sci, 299/30( (1994) 690.

D. Aberdam, R. Durand, R. Faude,Chem. Phys88 (1991) 15109.

D. M. Kolb and J. Schneidged. Electrochim. Acta31 (1986) 929.

J. Clavilier,J. Electroanal. Chem107 (1980) 211.

M. A. Van Hove, R. T. Koestner, P. C. Stair, J.Bberian, L. L. Kesmoded, I.
Bartos, G. A. SomorjaBurf. Sci, 30(1972) 440.

J. M. Blakely,Introduction to the Properties of Crystal SurfacBergamon, 1973.
M. Sotto, J. C. BoulliardSurf. Sci, 214 (1989) 97.

H. Melle, E. MenzelZ. Naturforsch33¢ (1978) 282.

T. P. Darby, D. Y. Guan, Balluff§urf. Sci, 72 (1978) 357.

G. K. Binnig, H. Rohrer, Ch. Gerber, E. St@lyrf. Sci, 144 (1984) 321.

L. D. Marks, D. J. Smithi\Nature 303 (1983) 316.

W. J. Kaiser, R. C. JakleviBurf. Sci, 181 (1987) 55.

K. Yagi, K. Takayanigi, K. Kabayashi, N. Osakabe, Tdishird, H. HonjoSurf. Sci,
86 (1979) 170.

D. W. Blakely and G. A. Somojasurf. Sci, 65 (1977) 419.

Q. Gao, T. T. TsongPhys. Rev. LettH7 (1986) 452.

H. B. Lyon, G. A. Somorjai)J. Chem. Phys46€ (1967) 2539.

J. T. GrantSurf. Sci, 18 (1969) 282.

W. Moritz, D. Wolf, Surf. Sci, 88 (1979) L 26;16% (1985) L 655; K. M. Ho and K.
P. BohnenPhys. Rev. Lett59(1987) 1833.

P. Fery, W. Moritz, D. WolfPhys. Rey B 38 (1988) 7275; T. Gritsch, D. Coulman,
R. J. Behm and G. ErtRhys. Rev. Lett63 (1989) 723.

C. M. Chang, M. A. Van Hove, W. H. Weinberg, E. Williams, Surf. Sci, 91
(1980) 440.

B. E. Hayden, K. C. Prince, P. J. Davies, G. PanJuk. M. BradshawSolid State



68.
69.
70.
71.
72.

73.
74.
75.
76.

7.
78.

79.
80.

81.
82.
83.
84.
85.
86.
87.

88.
89.
90.
91.
92.
93.

107

Commun, 48 (1983) 325; R. Schuster, J. V. Barth, G. Ertl dandehm,Surf. Sci.
Lett, 247(1991) L 229.

M. Bernasconi, E. Tosattgurf. Sci., Reptl7 (1993) 363.

H. P. Bonzel, R. KuJ. Vaccum, Sci. TechngB (1972) 663Surf. Sci. 33 (1972) 91.

R. Gomez, J. Clavilied]. Electroanal. Chem354 (1993) 189.

D. Armand, J. Clavilier]. Electroanal. Chem26S (1989) 109.

J. Clavilier, K. El-Achi, M. Petit, A. Rodes, M. AZamakhchariJ. Electroanal.
Chem, 295(1990) 333.

S. Motoo, N. Furuya]. Electroanal. Chem17z (1984) 339.

N. Furuya, S. Motoo, K. kunimatsil, Electroanal. Chem23€ (1988) 347.

A. Ignatiev, A. V. Jones, T. N. Rhodi8urf. Sci, 3C (1972) 573.

J. Radink, F. Gitmans, B. Pennemann, K. Oster, Kandl¢lt, Surf. Sci. 287/28

(1993) 330.

K. Heinz, P. Heilmann, K. MulleiSurf. Sci, 83 (1979) 487.

P. R. Norton, J. A. Davies, D. K. Creber, C. WtSitT. E. Jackmar§urf. Sci, 10¢

(1981) 205.

R. J. Behm, W. Hdosler, E. Ritter, Binnirfgjpys. Rev, Lettsb6 (1986) 228.

D. Gibbs, G. Grubel, D. W. Zehner and D. L. AbehyatS. G. J. MochrieRhys. Rev.
Letts, 67 (1991) 3117.

V. Fiorentini, M. Methfessel, M. ScheffledPhys. Rev. Letts71 (1993) 1051.

H. P. Bonzel, C. R. Helms, S. Kelem#&ys. Rev. Letts35 (1975) 1237.

H. B. Nielsen, D. L. AdamsSurf. Sci, 97 (1980) L 351.

M. A. Barteau, E. |. Ko, R. J. Madigurf. Sci, 10z (1981) 99.

J. Clavilier, D. Armand, B. L. Wu]. Electroanal. Chem13E (1982) 159.

J. Clavilier, D. ArmandJ). Electroanal. Chem27( (1989) 331.

J. Clavilier, D. Armand, S. G. Sun and M. Pelit Electroanal. Chem20t (1986)
267.

F. T. Wagner, P. N. RosSurf. Sci, 16( (1985) 305.

J. Clavilier, D. ArmandJ). Electroanal. Chem19¢ (1986) 187.

E. Yeager, A. Homa, B. D. Cahan, D. Schersboi¥ac. Sci. Techngl( (1982) 628.

F. T. Wagner, P. N. Ros3, Electroanal. Chem15C (1983) 141.

D. Aberdam, S. Traore, R. Durand, R. Fadwexf. Sci, 18C (1987) 319.

P. N. Ross, F. T. WagneAdvan. Electrochem. Electrochemical Engineerithg,



108

(1984) 69.
94. D. M. Kolb, M. S. Zei, N. BatinaSurf. Sci. Letts30€ (1994) L519.
95. M. E. Gamboa-Aldeco, E. Herrero, P. Zelenay, A. &Kmvski, J. Electroanal.
Chem, 348(1993) 451.
96. O. M. Magnussen, J. Wiechers, R. J. Behm, N. BathaM. Kolb, Surf. Sci, 29¢
(1993) 310.
97. J. Clavilier, J. Orts, J. M. Felid, De Phys. 1Y4 (1994) 303.
98. A. Al-akl, G. Attard, R. Price, B. Timothyl, Electroanal. Chem467 (1999) 60.
99. M. S. Zei, G. ErtlSurf. Sci, 44z (1999) 19.
100. B. E. Conway, H. Angerstein-KozlowskKalectrocatalysis on Non-Metallic Surfages
National Bureau of Standards Special Publicat&i® (1976) 107.
101. A. J. Bard, L. R. FaulknerElectrochemical Methods: Fundamentals and
Applications John Wiley and Sons Inc., 1980.
102. P.T. Kissinger, W. R. Heinemanh,Chem. Edu¢6(C (1983) 702.
103. G. P. Brivio, T. B. GrimleysSurf. Sci., Reptl7 (1993) 1.
104. G. C. BondHeterogeneous Catalysis: Principles and Applicatjd@dsrendon Press,
Oxford, 1974.
105. G. Vidali, G. Inm, Hye-Young Kim, M. W. Col&urf. Sci. Rept12 (1991) 133.
106. S. K. Sinha, EdtQrdering in Two Dimension®orth Holland, New York, 1980.
107. M. W. Cole, F. Toigo, E. Tosatti, EdsStatistical Mechanics of AdsorptioBurf.
Sci, 125(1983) 1.
108. A. Zangwill, Physics at surface®©xford University Press, Oxford, 1988.
109. F. O. Goodman, H. Y. WachmaBynamics of Gas-Surface Scatterinf§cademic
Press, New York, 1976.
110. J. A. Barker, D. J. AuerbacBurf. SciRept, 4 (1985) 1.
111. T. Engel, K. H. Rieder$pringer Tracts in Modern Physicgol. 91, Springer, Berlin,
1982; K. H. RiederContemp. Phys26 (1985) 559.
112. D. R. FranklProg. Surf. Scj 13 (1983) 285.
113. H. Hoinkes,Rev. Mod. Phys52 (1980) 933.
114. W. Kohn,Interaction of Atoms and Molecules with Solid Surfaéss. V. Bortolani,
N. H. March and M. P. Tosi, Plenum, New York, 1990.
115. E. ShustorovichSurf. Sci. Rept6 (1986) 1.
116. T. N. Rhodin, G. ErtlThe Nature of the Surface Chemical BoAthsterdam, 1979.



117.

118.
119.
120.

121.
122.

123.

124.

125.

126.
127.

128.
129.
130.

131.
132.
133.

134.
135.
136.
137.
138.
139.

109

E. L. Muetterties, T. N. Rhodin, E. Band, C. F. &er, W. R. PretzelChem. Rey
79(1979) 91; E. L. Muetterties, R. M. WexI&ury, Progr, Chem10 (1983) 61.

C. T. Campbell, G. Ertl, H. Kuipers, J. Segriauyf. Sci, 107 (1981) 220.

T. Engel, H. Niehus and E. Bau&urf. Sci, 52 (1975) 237.

M. A. Van Hove,The Nature of the Surface Chemical Bokds. T. N. Rhodin and
G. Ertl, Amsterdam, 1979; G. A. Somorjai and M. Van Hove,Struct. Bonding
(Berlin) 38 (1979) 1.

F. M. Hoffmann,Surf. Sci. Rept3 (1981) 107.

D. Fisher, S. Chandavarkar, I. R. Diehl, P. Kaukasd/. Lindroos,Phys. Rev. Lett
68 (1992) 2786.

R. Davis, X. M. Hu, D. P. Woodruff, K. U. Weiss, Rippel, K. M. Schindler, P.
Hofmann, V. Fritzsche, A. M. Bradsha@urf. Sci, 307-309(1994) 632.

T. M. Thomas, W. J. Thomasntroduction to the Principles of Heterogeneous
Catalysis Academic Press, New York, 1967.

J. O'M. Bockris, B. E. Conway, E. YeageiComprehensive Treatise of
ElectrochemistryVol. 1, Plenum Press, New York, 1980.

A. Rodes, J. Clavilier]. Electroanal. Chem33€ (1992) 317.

C. M. A. Brett, A. M. O. Brett, Electrochemistry: Principles, Methods and
Applications Oxford University Press, Oxford, New York, Toky$993.

M. Gouy,Ann. Chim. Phys28 (1903) 1458 (1906) 2919 (1906) 75.

H. Wroblowa, Z. Kovac, J. O'M. Bockrigrans. Faraday Soc61 (1965) 1523.

V. S. Bagotskii,Fundamental of Electrochemistrigluwer Academic, Plenum Press,
1993.

A. N. Frumkin, A. S. Titievskay&h. Fiz. Khim, 31 (1957) 485.

T. N. Anderson, J. O’'M. Bockriglectrochim. Acta9 (1934) 347.

S. Minc, M. J. Jurkiewicz-Herbichl. Electroanal. Cheminterfacial Electrochem
40 (1972) 229.

M. P. SoriagaProgress in Surface Scien@% (1992) 325.

A. I. Slygin, A. N. FrumkinActo. PhysiochemJRSS.,3 (1935) 791.

A. I. Slygin, A. N. FrumkinCompt. Rend. Acd. S&JRSS. 2 (1934) 173.

R. Durand. Electroanal. Chem97 (1979) 293.

V. W. HammettJ. Am. Chem. Sqa&l€ (1924) 7.

K. Itaya, S. Sugaware, K. Sashikata, N. Furuyavac. Sci., TechnolA 8 (1990)



110

515.

140. D. Aberdam, R. Durand, R. Faure, F. EI-On&urf. Sci, 171 (1986) 303.

141. P. N. Ross). Electrochem. Socl2€ (1979) 67.

142. P. N. Ross). Electroanal. Chem7€ (1977) 139.

143. E. Yeager, W. O’'Grady, M. Woo, P. Hagads,Electrochemical. Socl2t (1978)
348.

144. P. N. Ross, F. T. Wagnel, Electroanal. Chem15C (1983) 141.

145. P. N. RossSurf. Sci, 10z (1981) 463.

146. B. Conway, H. Angerstein-Kozlowska, 159 eeting of the Electrochemical Society,
Electrochem. SocNew Jersey, 1979.

147. J. Huang, W. O’'Grady, E. Yeag@dr,Electrochem. Sacl24(1977) 1932.

148. R. Ross,). Electroanal. Chem7€ (1977) 139.

149. N. M. Markovic, M. Hansen, G. McDougal, E. Yeagér.Electroanal. Chem214
(1986) 555.

150. F. T.Wagner, P. N. Ros3. Electroanal. Chem25C (1988) 301.

151. P. Zelenay, G. Horanyi, C. K. Rhee, A. Wieckowski,Electroanal. Chem 30C
(1991) 499.

152. D. M. Kolb, R. Michaelis,). Electroanal. Chem32¢ (1992) 341.

153. D. Aberdam, C. Corotte, D. Dufayard, R. DurandFRure, G. Guine®roc. 4th Int.
Conf. Solid Surface$1990) 622.

154. F. H. Feddrix, E. B. Yeager, B. D. CohdnElectroanal. Chem33( (1992) 419.

155. B. Love, K. Seto, J. Lipkowskd. Electroanal. Chem199 (1986) 219.

156. N. M. Markovic, N. S. Marinkovic, R. R. Adzid. Electroanal. Chem241 (1988)
309.

157. S. Motoo, N. FuruyaBer. Bunsenges. Phys. Chefi (1987) 457.

158. J. Clavilier, K. El Achi, A. Rodes]. Electroanal. Chem141 (1990) 1.

159. R. R. Adazic, A. V. Tripkovic, V. Vesovic). Electroanal. Chem204 (1986) 329.

160. N. M. Markovic, A. V. Tripkovic, N. S. Marinkov, RR. Adzic, in M. Soriaga (Ed.),
Electrochemical Surface, ACS Symp. Ser. 3Anerican Chemical Society
Washington DC, (1988) P. 497.

161. B. Love, K. Seto, J. LipkowskRev. Chem. Intermed (1987) 87.

162. C. Scortichini, C. N. Reilley]. Electroanal. Chem13€ (1982) 233.

163. C. Scortichini, C. N. Reilley]. Electroanal. Chem15z (1983) 255.



111

164. A. Rodes, M. A. Zamakhchari, K. El-Achi, J. Claeilj J Electroanal. Chem 29t
(1990) 115.

165. A. Rodes, J. Clavilier]. Electroanal. Chem344 (1999) 1.

166. J. Clavilier, A. Rodes]. Electroanal. Chem34¢ (1993) 247.

167. D. Scherson, D. M. Kolh]. Electroanal. Chem17¢€ (1984) 353.

168. K. Al-Jaaf Golze, D. M. Kolb, D. Scherspi Electroanal. Chem20C (1986) 353.

169. P. W. Faguy, N. Markovic and R. R. Adzic, C. A. ffie E. B. YeagerJ.
Electroanal. Chem289(1990) 245.
J. D. E. Mcintyre, W. F. Peck Jr, J. Lipkowski, IBive, The Spring Meeting of the

170. Electrochemical SociepyAtlanta, 1988 The Electrochemical SociétyPennington,
N. J., Abstract No. 520.

171. E. K. Kravskov, L. M. Rice, A. Wieckowskl, Electroanal. Chem244 (1988) 247.

172. K. Varga, P. Zelenay, G. Horanyi, A. Wieckowski Electroanal. Chem327 (1992)
291.

173. R. R. Adzic, F. Feddrix, B. Z. Nikolvic, E. Yeagdr,Electroanal. Chem341 (1992)
287.

174. R. Michaelis, M. S. Zhai, D. Kolhl. Electroanal. Chem33€¢ (1992) 299.

175. B. A. SextonSurf. Sci, 94 (1980) 435.

176. A. Wieckowski, P. Zelenay, K. Vargd, Chim. Phys 88 (1991) 1247.

177. P. Zelenay, L. M. Rice-Jackson, A. Wieckowski,Electroanal. Chem28Z (1990)
389.

178. K. Al-Jaaf-Golze, D. M. Kolb, A. D. Schersod, Electroanal. Chem28¢< (1990)
245.

179. H. V. Euller,Z. Electrochem 28 (1922) 446.

180. A.T. Hubbard, R. M. Ishikawa, J. Katekadu Electroanal. Chem86€ (1978) 271.

181. P. N. Ross and F. Wagner in H-Gerischer, C. W. 8®HliEds.) Advances in
Electrochemistry and Electrochemical Engineeringlohn Wiley, New York,13
(1985) 69-112.

182. D. Blakely, G. SomorjaiSurf. Sci, 65 (1977) 419.

183. P. N. Ross,J. Chim. Phys88(1991) 1353.

184. P. Faguy, N. Markovic, R. Adzic, C. Fieiro, E. Yeag). Electroanal. Chem28¢
(1990) 245.

185. A. T. Hubbard, J. Y. Guiournal de Chimie Physiqu88€ (1991) 1547.



186.
187.
188.

189.

190.
191.

192.
193.

194.

195.
196.
197.
198.
199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.
210.
211.
212.
213.

112

K. S. Kim, N. Winograd, R. E. Davie3, ACS, 93 (1971) 6296.

D. Gilroy, B. E. ConwayCan. J. Chem4€ (1968) 875.

H. Angerstein-Kozlowska, B. E. Conway, W. B. ShaipElectroanal. Chem43
(2973) 9.

B. E. Conway, B. Barnett, H. Angerstein-Kozlowska, Tilka, J. Chem. Phys93
(1990) 8361.

M. W. Ruckman, M. StrongirAcc. Chem. Re)M27 (1994) 250.

J. Clavilier, A. Fernandez-Vega, J. M. Feliu, Adar,J. Electroanal. Chem25¢
(1989) 89.

J. W. Sachtler, M. A. Van Hove, J. P. Biberian AGSomorjai,Surf, 11C (1981) 19.
H. Gerischer and C. W. Tobiashdvances in Electrochemical Science and
Engineering VCH, Weinheim, 1991.

R. Adzic, Advances in Electrochemistry and Electrochemical Engineekfiog 13
(Edited by: H. Gerischer and C. Tobias) J. WilegwNYork, 1984.

E. Bauer/Z. Kristallogr., 11 (1958) 372.

E. Bauer, H. Poppdhin Solid Films12 (1972) 167.

F. C. Frank, J. H. van der Mernroc. Roy. Soc. (Londom 19¢€ (1949) 205.

F. C. Frank, J. H. van der Mernioc. Roy. Soc. (Lond®nA 20C (1949) 125.

J. N, Stranski, L. KrastanoBer. Akad. Wiss. Wierl4€ (1938) 797.

M. Volmer, A. WeberZ. Phys. Chem11¢ (1926) 277.

R. Kinkel, B. Poelsema, L. K. Verheij, G. ComBays. Rev. Lett65 (1990) 733.
R. Stumpf, M. Schefflef?hys. Rev. Lett72 (1994) 254.

W. J. Lorenz, G. StaikoBurf. Sci, 335 (1995) 32.

E. Bauer, J. van der Merwéhys. Rev., B3 (1986) 3657.

C. H. F. Peden, K. B. Kidd, N. D. Shinh,Vac. Sci. TechnglA 9 (1991) 1518.

U. Diebold, J. M. Pan, T. E. MadeSurf. Sci, 287/28¢ (1993) 896.

J. Frenkel, T. Kontorov&hys. Z. Sowjetunion, UR$S3 (1938) 1.

J. WoltersdorfThin Solid Films 85 (1981) 241.

G. E. Rhead, M. G. Barthes, C. Argilghin Solid Films82 (1982) 201.

C. Argile, G. E. Rheadsurf. Sci. Reporfd.C (1989) 277.

D. KaschievJ. Crystal Growth4(C (1977) 29.

E. BauerAppl. Surf. Scj11/1Z (1982) 479.

J. Vrijmoeth, H. A. van der Vegt, J. A. Meyer, Eieg and R. J. BehnRhys. Rev.



214.
215.
216.
217.

218.

219.
220.
221.
222.
223.
224,
225.
226.
227.
228.
229.

230.
231.
232.
233.

234.
235.
236.

237.
238.
239.

113

Lett, 72 (1994) 3843.

C. T. CampbellAnnu. Rev. Phys. Chem1 (1990) 775.
J. VenablesSurf. Sci, 299/30( (1994) 798.

M. FaradayPhil. Trans, (1834) 77.

K. R. Lawless,Physics of Thin FilmsVol. 4 (Edited by: G. Hass and R. Thun)

Academic, New York, 1967.

W. Vielstich, K. H. Hamann, J. Heitbaum, W. SchnéckH. Schmidt, E. Schwarzer

and J. HaleTreatise on Solid State Chemistiyol. 6 B (Edited by: N. Hannay),
Plenum Press, New York, 1976.

R. ParsonsSurf. Sci, 101 (1980) 316.

H. Gerischer, D. M. Kolb, M. Prasnysi8urf. Sci, 43 (1974) 662.

S. Trasatti, Zeitschrift fur Physikalische Chemie Neue Fb61§8 (1975) 75.

D. M. Kolb, M. Przasnyski, H. Gerischek, Electroanal. Chem54 (1974) 25.

D. M. Kolb, H. GerischerSurf. Sci, 51 (1975) 323.

S. Szabo, International Reviews in Physical Chemidto. 2,10 (1991) 207.

G. Kokkinidis,J. Electroanal. Chem201 (1986) 217.

E. Herrero, L. J. Buller, H. D. Abrun@&hem. Rey101 (2001) 1897.

G. HevesyPhysik. Z.13 (1912) 715.

A. T. HubbardChem. Rey88 (1988) 633.

N. M. Markovic, B. N. Grgur, C. A. Lucas, P. N. BpElectrochim. Acta44 (1998)
10009.

A. Al-Akl, G. A. Attard, J. Phys. ChemB 101 (1997) 4597.

N. Markovic, P. N. Rosd,angmuir, 9 (1993) 580.

C. Alonso, M. J. Pascual, H. D. Abruridectrochim. Actad2 (1997) 1739.

J. Clavilier, R. Alabalat, R. Gomez, J. M. Orts, Ml Feliu,J. Electroanal. Chem
360(1993) 325.

R. Gomez, J. M. Feliu, H. D. Abrunaangmuir, 10 (1994) 4315.

G. Horanyi, G. Vertes]. Electroanal. Chem45t (1973) 63.

S. Manne, P. K. Hansma, J. Massive, V. B. ElingeGAwirth,Science251 (1991)
183.

J. H. White, H. D. Abrunal. Phys. Chem94 (1990) 894.

M. M. P. Janssen, J. Moolhuyséfiectrochim. Acta21 (1976) 861.

J. Clavilier, M. J. Llorca, J. M. Feliu, A. Aldad, Electroanal. Chem31C (1991)



240.

241.
242.
243.
244,
245.
246.

247.
248.
249.
250.
251.
252.
253.
254,
255.
256.
257.
258.

259.
260.
261.
262.
263.
264.

265.
266.

114

429.

J. Clavilier, M. J. Llorca, J. M. Feliu, A. Aldad, Electroanal. Chem351 (1993)
299.

G. A. Attard, A. Bannister]. Electroanal. Chem30C (1991) 467.

B. Beden, A. Bewick, C. Lamyj,. Electroanal. Chem14¢ (1983) 505.

A. Bewick, J. Electroanal. Chem15C (1983) 481.

K. Kunimatsu,J. Electroanal. Chem?231 (1986) 149.

R. Parsons, T. Vandernodt,Electroanal. Chem257 (1988) 9.

R. R. Adzic, In advances in Electrochemistry and Electrochemical Enginegring
(Eds. H. Gerischer, C. Tobias) Wiley, New Y01}, (1984) 159.

X. H. Xia, T. lwasitaJ. Electroanal, Chem14( (1993) 2559.

M. Zhang, C. P. Wilde]). Electroanal. Chem39( (1995) 59.

F. Kadirgan, B. Beden, J. M. Leger, C. LardyElectroanal. Chem12t (1981) 89.
E. Rach, J. Heitbaunklectrochem. ActeB2 (1987) 1173.

K. Nishimura, K. Kunimatsu, M. Enyd, Electroanal. Chem26C (1989) 89.

M. Baldauf, D. M. Kolb,J. Phys. Chem10C (1996) 11375.

M. Badaufand, D. M. KolbElectrochim. Actg 38 (1993) 2145.

Jaycock, ParfittChemistry of Interfacegllis Horwood Publishers

J. BockrisJ. Appleby, Energyl1 (1986) 95.

Si Chung, M. J. Weaved, Phys. Chem92 (1988) 4582

Si Chung Chang, Y. Ho, M. J. Weav8urf. Sci, 26& (1992) 81.

A. Bewick, S. PonsAdvances in Infrared and Raman Spectrosgéhyd. H. Clark,
R. E. Hester; Wiley Heyden, New York, Vol. 1 (19&€%pter1.

Kunimatsu, H. Kita,). Electroanal. Chem21€ (1987) 155.

E. Roch, J. Heitbaund, Electroanal. Chem?20t (1986) 151.

J. Willsan, J. Heibaund, Electroanal. Chem18Et (1985) 181.

G. Bolis, G. Corongia, E. Clementhem. Phys. Letts86 (1982) 299.

S. Ching Chang, L. W. Leung, M. J. Weau&rPhys. Chem93 (1989) 5341.

K. Franaszczuk, E. Hevo, P. Zelenar, A. Wieckowdk\Wang, R. I. Masel. Phys.
Chem, 96 (1992) 8509.

P. Schiller, A. B. Andersond, Electroanal. Chem33¢ (1992) 201.

J. Clavilier, A. Fernandez-Vega, mJ. M. Feliu, Adéz,J. Electroanal. Chem?261
(1989) 113.



115

267. A. Fernandez-Vega, J. M. Feliu, A. Aldaz, J. ClavilJ. Electroanal. Chem 30t
(1991) 229.

268. T. Hartung, J. Willson, J. Heitbaumh, Electroanal. Chem20t (1986) 135.

269. A. Fernandez-Vega, J. M. Feliu, A. Aldaz, J. ClavilJ. Electroanal. Chem 25¢
(1989) 101.

270. F. Stevens, D. J. Dyer, D. M. Walbdngew. Chem10¢ (1996) 955.

271. Chiral Reactions in Heterogeneous Catalydtsls.: G. Jannes, V. Dubois), Plenum,
New York, 1995.

272. G. M. Schwab, L. RudolpiNaturwissenschafte2C (1932) 363.

273. X. Zhao,J. Am. Chem. Sqd 2z (2000) 12584.

274. M. Schunack, E. Laegsgaard, |. Stensgaard, Ib Jslean F. Besenbachekngew.
Chem, 113(2001) Nr. 14.

275. C. F. McFadden, P. S. Gremer, A. J. Gellmamgmuir, 12(1996) 2483.

276. M. A. Van Hove, G. A. Somorjakurf. Sci, 92 (1980 489.

277. D. S. Sholl,Langmuir, 14 (1998) 862.

278. G. Attard, A. Ahmadi, J. Feliu, A. Roddsangmuir, 15 (1999) 2420.

279. G. A. Attard, A. Ahmadi, J. Feliu, A. Rodes, E. Hap, S. Blais, G. Jerkiewic3,
Phys. ChemB 103(1999) 1381.

280. R. T. Morrison, R. N. BoydQrganic Chemistry3? ed., Allyn and Bacon, M. A.
Boston, 1973.

281. G. A. Attard, J. Clavilier, J. M. FelilRhysical Chemistry of Chiralityed. J. Hicks,
ACS Symposium Series in press.

282. G. A. Attard,Phys. ChemB 10t (2000 ) 3158.

283. M. L. B. Roa, R. F. Drakel. Electrochem. Socl1€ (1969) 334.

284. S.J.Yao, A. J. Appleby, S. K. Wolfsair, Z. Phys. ChemN. F.,82 (1972) 225.

285. E. Skov,Electrochim Acta,22 (1977) 313.

286. S. Ernst, J. Heitbaum, C. H. HammanElectroanal. Chem10C (1979) 173.

287. Y. B. Vassilyev, G. A. Kharzova, N. N. Nikolaewh,Electroanal. Chem19¢ (1985)
127.

288. L. H. Essis Yei, B. Beden, C. Lamy, Electroanal. Chem24¢€ (1988) 349.

289. G. Kokkiniois, J. M. Leger, C. Lamy, Electroanal. Chem24z (1988) 221.

290. K. Popovic, A. Tripkovic, N. Markovic, P. R. Adzid. Electroanal. Chem 31€
(1991) 175.



291.

292.
293.

294
295.

296.

297.

298.
299.
300.

301.
302.
303.

304.
305.
306.
307.
308.

309.

310.

311.

312.
313.

116

M. J. Llorca, J. M. Feliu, A. Aldaz, J. Clavilieh. RodesJ. Electroanal. Chem31€
(1991) 175.

A. Rhodes, M. J. Llorca, J. M. Feliu, J. Clavilianal. Quim. Int. EJ 92 (1996) 118.
G. Attard, C. Harris, E. Herrero, J. Felkaraday Discuss 121 (2002) 253.

D. Watson, G. Attardilectrochimica Actad6€ (2001) 3157.

S. F. Mason, Molecular Optical Activity and the @hiDiscrimination, University
Press, Cambridge, U.K., 1982.

S. P. Griffiths, P. Johnston, P. B. Welkyplied Catalysis AGeneral191 (2000)
193.

A. Baiker, H. U. Blaser, in: G. Etrl, H. knozingek, Weitkamp (Eds.), Handbook of
Heterogeneous Catalysis, Vol. 5, VCH, Weinheim, 7199 2422.

Y. Orito, S. Imai, S. Niwa, Nippon Kagaku KaishB{@9) 1118.

Y. Orito, S. Imai, S. Niwa, N. G. Hungl, Synth. Org. Chem. Jpi87 (1979) 173.

Y. Orito, S. Imai, S. Niwa, in collected papersthé 43" catalyst Forum, Japan,
(1978) 30.

[. Izumi. Adv. Catal, 32 (1983) 215.

H. U. Blaser,Tetrahedron Asymn® (1991) 843.

H. U. Blaser, M. Muller, IrHeterogeneous Catalysis and Fine Chemitial&uisnet,
M., et al., Eds.; Elservier: Amsterdam, The Netiedls, 1991; p 73.

G. Webb, P. B. WellsCatal. Today,12 (1992) 319.

A. Baiker, J. Mol. Catal, 11£ (1997) 473.

H. U. Blaser, H. P. Jalett, M. Muller, M. Stud€atal. Today37 (1997) 441.

P. B. Wells, A. G. WilkinsonTopics Catal, 5 (1998) 39.

K. E. Simons, P. A. Meheux, S. P. Griffiths, |. Mutherland, P. Johnston, P. B.
Wells, A. F. Carley, M. K. Rajumon, M. W. Rober#s, Ibbotson, Recl. Trav. Chim.
Pays-Bad13(1994) 465.

O. Schwalm, B. Minder, J. Weber, A. Baik@atal. Lett, 23 (1994) 1803.

O. Schwalm, J. Weber, B. Minder, A. Baikek, Molec. Struct. (Theochenm33C
(1995) 353.

K. E. Simons, G. Wang, T. Heinz, T. Giger, T. Mall&. Pfaltz, A. Baiker,
Tetrahedron Assyn6 (1995) 505.

J. L. Margitfalvi, M. Hegedus, E. Tfirsgtud. Surf. Sci. CatalA 101 (1996) 241.

A. O. Chang, K. B. Sharples$, Org. Chem 42 (1997) 1587.



117

314. W. Zhang, J. L. Loebach, S. R. Wilson, E. N. Jaeab&. N.J. Am. Chem. Sqd 1z
(1990) 2801.

315. P. B. Wells, R. P. K. Well€hiral Catalyst Immobilisation and Recyclitgds. I. F.
Vankelecom, P. E. De Vos and P. A. Jacobs, WileyHy.C

316. J. L. Margitfalvi, E. Talas, E. T. First, C. V. Kam A. GergelyAppl. Catal, 191
(2000) 177.

317. A. Baiker,J. Mol. Catal, 165 (2000) 205.

318. J. T. Wehrli, A. Baiker, D. M. Monti, H-U. Blased. Mol. Catal, 61 (1990) 207.

319. X. Zuo, H. Liu, M. Liu,Tetra. Lett, 39 (1998) 1941.

320. S. Badhuri, V. S. Darshane, K. Sharma, D. MukeshChem. Socl5( (1994) 321.

321. For example, se&urf. Sci, 299/30( (1999).

322. D. R. Strongin, J. Carrazz, S. R. Bare, G.A. Soaiglj Catal, 10z (1987) 213.

323. M. Hourani, A. WieckowskiJ. Electroanal. Chem227 (1987) 259.

324. For a recent review of ex situ spectroscopic stidiewell-defined electrodes, see
also: Interfacial Electrochemistry- Theory, Experiment and Applicatiods
Wieckowski, Ed.; Dekker: New York, 1999.

325. A. T. Hubbard, J. L. Stickney, S. D. Rosasco, M. Soriaya, D. J. Song).
Electroanal. Chem150(1983) 165.

326. A. J. Bard, L. R. Faulkner,Electrochemical Methods, Fundamentals and
Applications Wiley: New York, 1980.

327. G. Attard, A. Ahmadi,). Electroanal. Chem389 (1995) 175.

328. A. Jablonski, K. WandelSurf. Sci, 251/25: (1991) 650.

329. G. Bond, P. B. Wells]. Catal, 15( (1994) 329.

330. T. Evans, A. P. Woodhead, A. Gutierrez-Sosa, Griton, T. J. Hall, A. A. Davis,
A. N. Young, P. B. Wells, R. J. Oldman, O. Plasklay; O. Vahtras, H. Agren, V.
Carravetta, Surf. Sci436(2000) 4691.

331. P. B. Wells, K. E. Simons, J. A. Slipszenko, S.@Griffiths, D. F. Ewing,J. Mol.
Catal., A 146 (1999) 159.

332. A. Baiker, T. MalletFine Chemicals Through Heterogeneous Cataly2i301) 449.



